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ABSTRACT: Nanowires have a wide range of applications, such as
transparent electrodes, Li-ion battery anodes, light-emitting diodes,
solar cells, and electronic devices. Currently, aluminum (Al)
nanowires can be synthesized by thermally induced substitution of
germanium (Ge) nanowires, chemical vapor deposition on other
metal substrates, and template-assisted growth methods. However,
there are still challenges in fabricating extremely high-purity
nanowires, large-scale manufacturing, and simplifying the synthesis
process and conditions. Here, we report for the first time that single-
crystal Al nanowires can be one-step, in situ synthesized on a reduced
graphene oxide (RGO) substrate on a large scale without using any
catalysts. Through a simple high temperature treatment process,
commercial micro-sized Al powders in RGO film were transformed
into a single-crystal Al nanowire with an average length of 1.2 μm and
an average diameter of 18 nm. The possible formation mechanism of the single-crystal Al nanowires is proposed as follows: hot
aluminum atoms eject from the pristine aluminum/alumina core/shell structure of Al powders when they build up enough
energy from the thermal stress under high temperature and confined space conditions, which is supported by both experimental
and computational results. The method introduced here can be extended to allow the synthesis of one-dimensional highly
reactive materials, like alkali metal nanowires, in confined spaces.
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■ INTRODUCTION

Aluminum (Al) nanowires have a wide range of potential
applications, such as transparent electrodes,1,2 Al−air bat-
teries,3,4 Al-ion batteries,5−7 Li-ion batteries,8−12 transis-
tors,13,14 transient energy devices,15−17 and energetic devices.
Compared with the most widely used nanowires, such as Ag
and Si nanowires,17−21 Al nanowires are highly electronically
conductive, extremely low in cost, and resistant to harsh
environments due to the naturally compacted oxide layer on
the surface. To the best of our knowledge, thermally induced
substitution of germanium (Ge) nanowires, chemical vapor
deposition (CVD), and template-assisted methods are the
main approaches to produce high-quality Al nanowires at
present.22−25 An individual Al nanowire synthesized by the
CVD method with a reaction temperature range of 125−300
°C is typically with a diameter in the range of 20−120 nm, and
its straight length rarely exceeds 300 nm. Besides, Al nanowires
can only grow on a substrate made of catalyst materials, such as
copper and gold.22 However, the abovementioned methods for
synthesizing Al nanowires are not suitable for scalable
manufacturing because of the high cost for these processes

and the need of environmentally unfriendly chemicals as
catalysts in these processes, which impedes the widespread
applications of Al nanowires. Moreover, metallic nanowires
synthesized on reduced graphene oxide (RGO) automatically
form a conductive composite with an extremely high
conductivity.26,27 Such an architecture matches the need of
designing advanced electronic devices,28 but it is challenging
for current scalable synthesis methods as carbon is not a typical
catalyst material. Therefore, a facile and scalable synthesis
strategy for Al nanowires and advanced structures is highly
desired to broaden the applications of Al nanowires.
Here, we demonstrate for the first time that a one-step,

catalyst-free, scalable in situ synthesis of single-crystal Al
nanowires is achievable in confined graphene spaces. Before
synthesizing, commercial micro-sized Al powders and graphene
oxides (GO) are assembled as a laminated matrix with the
assistance of vacuum filtration. After the water drains out of the
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film, the micro-size Al powders are imbedded in the confined
spaces created by the GO matrix. The matrix is then
transferred to a furnace and is annealed at 1273 K for 1 h.
The powders transform from zero-dimensional particles into
one-dimensional nanowires with a uniform size distribution.
Meanwhile, the GO matrix is reduced to the RGO matrix, as
shown in schematic Figure 1. The proposed formation

mechanism is that the Al powders squirt hot Al atoms when
the thermal stress, caused by the thermal strain between the
aluminum core and alumina shell because of different thermal
expansion coefficients, accumulates to a level high enough to
crack the pristine alumina shell structure of Al powders and
push the aluminum atoms out. The nanowires keep growing

until the atoms hit and attach to the surface of the opposite
RGO sheet. The dense oxidation shell of pristine Al powders
plays a critical role during the Al nanowire synthesis process,
which keeps the constrain of the core part at any temperature
lower than 1273 K until the Al atoms can obtain enough
kinetic energy from the thermal stress. The confined space
created by the laminated GO/RGO matrix is critical to
stabilize the Al nanowires, which prevents the growth from
interruption by gas flow, due to the impermeability of RGO to
any gas including H2 and He. In addition, the confined
environment helps the formation of straight nanowires and
reduces the defect density, which is extremely meaningful to
exert the potential of single-crystal Al nanowires in their
application on electronics. The experimental results for Al
nanowire synthesis can be repeated without a precise condition
control, which is essential to the scalable production and
commercial manufacturing. The single-crystal Al nanowires
embedded in a highly conductive matrix have great potential in
various applications, such as batteries, catalysts, and trans-
parent electrodes.

■ RESULTS AND DISCUSSION
To characterize the dimensional evolution, scanning electron
microscopy (SEM) was conducted. The images and size
distribution histograms are shown in Figure 2. An aqueous Al−
GO solution is prepared under sonication for 2 h with an Al
powder concentration of 2.5 mg/mL and an Al to GO weight
ratio of 1:1. The dispersed GO flakes enlarge the total solid−
liquid contact area and help the uniform dispersion of micro-

Figure 1. Schematic of catalyst-free, in situ nanowires self-assembly
process. Left: Micro-sized Al powders are wrapped in between GO
flakes. Right: Micro-sized Al powders are self-assembled into Al
nanowires with two heads attached to the nearest RGO layers,
through a one-step, catalyst-free, in situ synthesis process at a high
temperature of 1273 K and in a confined space.

Figure 2. Transformation during the Al nanowires growth process (a) SEM image of Al powders embedded in GO film before thermal treatment
with (b) an average diameter of 700 nm. (c) Al nanowires grown in the RGO film after keeping the sample at 1273 K for 1 h in argon protection
with (d) an average length of 1.2 μm and (e) close-up of the RGO film with Al nanowires attached in between and (f) an average diameter of 18
nm.
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sized Al powders, allowing the Al powders to attach on the GO
surface. An Al−GO thin film is made from the prepared
solution by vacuum filtration. The suction force not only
subtracts the water from the solution but also helps the self-
assembling of GO flakes.29 Furthermore, the interlayer
distance of the complex layered structure is tunable,30 which
makes the composite more flexible to different applications.
Viewed from the top view of the film surface, the pristine
commercial Al powders that are held tightly by the GO matrix
have a typical spherical morphology with an average diameter
of 700 nm (Figure 2a,b). The spherical Al powders
disappeared after 1 h high temperature annealing at 1273 K
in an argon atmosphere, and the RGO film is filled by
nanowires with an average length of 1.2 μm in a range of 0.6−
2.4 μm (Figure 2c,d), which is about four times longer than
that reported using the CVD method.22 We found that 1273 K
was almost the lowest temperature where a large number of Al
nanowires formed, and Al powders converted into ultrafine
nanoparticles after much higher temperature treatment as we
reported in recent work.31−36 The long and straight nanowires
in Figure 2c indicate that not much stress accumulates during
the nanowire formation process. The Al nanowires synthesized
by our method have a high growing rate and the surface stress
tends to decrease rather than increase when the Al powders
transfer from zero dimension to one dimension. On the
contrary, for the Al nanowires grown by CVD,22 with a slow

growing rate, the strain accumulates during the formation
process thus their straight segment rarely exceeds 300 nm. The
nanowires have an average diameter of 18 nm in a range of 1−
40 nm filling the gap between two neighbor RGO flakes
(Figure 2e,f). More SEM images for Al nanowires are shown in
Figure S1 (Supporting Information). In addition, the atomic
force microscopy (AFM) image confirms the morphology of
the Al nanowire (Figure S2a−c, Supporting Information),
which is consistent with the above statistical results. The single
Al nanowire in the AFM image is prepared by dropping the Al
nanowire ink onto glass, and experimental details are shown in
Supporting Information
To characterize and evaluate the morphology and the

chemical component of the nanowires, high resolution
transmission electron microscopy (HRTEM) and energy
dispersive spectroscopy (EDS) were carried out. The SEM
image shows a randomly picked single Al nanowire grown in
between the RGO layers (Figure 3a). Its straight segment
length is beyond 1 μm, and no bending or folding is observed.
The HRTEM image of an Al nanowire shows that a crystalline
structure grows along (111) with a lattice distance of 0.286
nm, presenting a clear single-crystal structure surrounded by a
layer of amorphous alumina with a typical thickness of ∼2 nm
(Figure 3b).37 There is no twining boundary found throughout
the nanowires, which indicates not much strain built during the
growth. According to previous computational work, twinning

Figure 3. Characterization of Al nanowires formed in the RGO network. (a) SEM of a single Al nanowire linking two RGO layers. (b) HRTEM
image of a single Al nanowire, presenting a clear single-crystal structure surrounded by a layer of amorphous alumina with a typical thickness of ∼2
nm. (c−e) TEM image and the corresponding EDS mapping of Al nanowires, indicating the aluminum/alumina core/shell structure.

Figure 4. Formation and variation of Al nanowires under different conditions. (a,b) Schematic and experimental result illustrate that Al
nanoparticles instead of Al nanowires are found on the RGO surface after high temperature treatment at 1273 K for 1 h. (c,d) Schematic and
experimental result show that only trace number of Al nanowires are found on the carbon cloth surface after high temperature treatment at 1273 K
for 1 h. (e,f) Schematic and SEM image show that the embedded Ni powders etch the RGO film instead of transforming to Ni nanowires after high
temperature treatment at 1273 K for 1 h.
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only appears when the Al crystal deforms at a high strain
rate.38,39 This observation provides the evidence and support
to our purposed formation mechanism that strain is released at
the beginning of the synthesis. More TEM images for single-
crystal Al nanowires are shown in Figure S3 (Supporting
Information). The TEM image and the corresponding EDS
mapping of Al nanowires in Figure 3c−e exhibit the core/shell
structure with an aluminum core and an aluminum oxidation
shell, confirming the amorphous alumina layer in Figure 3b.
The chemical composition of a single Al nanowire detected by
EDS displays an Al−O ratio of about 2.2:1 in atoms (Figure
S4, Supporting Information). The oxygen atoms mainly come
from two sources: the oxygen released during the reduction of
GO, and the alumina shell of the Al powders. Besides
aluminum, carbon, and oxygen; no other elements are
observed from EDS studies.
To investigate the synthesis conditions and underlying

mechanism for Al nanowires, a series of control experiments
were conducted. It is worthy to note that no nanowire can be
found after receiving the same high temperature treatment
process when the pristine Al powders were only distributed on
the surface of a RGO film, as shown in the schematic and SEM
image (Figure 4a,b). The result indicates that the confined
space created by RGO flakes can prevent the growth from
interruption by gas flow, due to the impermeability of RGO to
any gas including H2 and He.40 When the substrate was
changed to a carbon cloth, that is, a porous carbon base, the Al
powders cannot be fully blocked away from the influence of
the gas flow under a high-temperature treatment. As expected,
only a few nanowires were observed, confirming that the
confined space greatly affects the yield of nanowires (Figure
4c,d). To fully understand the role that the oxidation layers
(alumina layer) of the pristine Al powders play, we switched
the embedded material to nickel powders that do not naturally
have a dense oxidized layer due to the reason that nickel metal
is not as easily oxidized as aluminium. The schematic and SEM
image (Figure 4e,f) show that Ni powders etched the RGO
film instead of forming any one-dimensional structure under
the same high temperature treatment condition.
The formation mechanism of the catalyst-free synthesized Al

nanowires in a confined space is proposed, as presented in
schematic Figure 5a. A tensile stress accumulates inside the
aluminium oxide shell with increasing temperature because of
the difference of thermal expansion coefficients of Al and
Al2O3. The particle squirts hot Al atoms when the stress is high
enough to crack the oxidation layer. We propose that Al
nanowires grow toward the free space confined by graphene
flakes driven by the temperature gradients and pressure
gradients, and amorphous Al2O3 continuously diffuses to the
nanowire surface. The Al2O3 shell terminates the growth in the
lateral direction so as to induce the growth of nanowires in the
one-dimensional direction. Single-crystal Al nanowires are
formed and stabilized in the confined space after the sample
cools down. To shed light on the mechanism of the hot Al
atoms squirting out at such a high temperature, we have
conducted molecular dynamics simulations to validate our
hypothesis. We have constructed a model in which an Al
nanoparticle with a radius of 2.3 nm is pressured by an artificial
sphere whose radius is 2.5 nm (see Supporting Information for
simulation details).41,42 We use the large-scale atomic/
molecular massively parallel simulator (LAMMPS) to perform
molecular dynamics simulations. The nonbonded interaction
between artificial points in the sphere and the Al atoms in the

nanoparticle is modeled by the Lennard-Jones 12-6 potential,
while the embedded atom (EAM) potential file with the
LAMMPS distribution to describe the bonded interaction
between Al atoms in the nanoparticle. We model the sudden
fracture of the aluminum oxide shell by suddenly removing a
shallow spherical cap after 10 ps, and thereby forming a vent.
The simulation is performed on a canonical ensemble,
controlled by a Nose−́Hoover thermostat. For the case of
1300 K, the Al nanoparticle begins to squirt Al atoms through
the vent on the artificial sphere. At 22 ps, an increasing number
of Al atoms come out from the vent and reach as high as 10 nm
above the vent (Figure 5b). Such squirting is caused by the
high pressure in the Al nanoparticle built up from the increased
temperature. For a control simulation, we have also
investigated the dynamics of the Al nanoparticle at 300 K. In
this case, the built-up pressure is not able to induce a
significant squirting behavior (see Supporting Information for
simulation details).

■ CONCLUSIONS
For the first time, we report single-crystal Al nanowires with an
average length of 1.2 μm and average diameter of 18 nm, can
be in situ synthesized inside a conductive RGO matrix driven
by high-temperature treatment. The synthesis process of Al
nanowires is simple (one-step), scalable, and cost-efficient
using commercially available Al powders as the starting
material, which shows great commercial potential. Moreover,
this in situ methodology for Al nanowire production does not
need any catalyst, exhibiting promising potential toward
environmentally friendly manufacturing. The possible for-
mation mechanism of Al nanowires, supported by molecular
dynamics simulations, is proposed that the Al powders squirt
hot Al atoms when the thermal stress, caused by the thermal

Figure 5. Formation mechanism of Al nanowires (a) schematic shows
the formation of nanowires. The fracture of the aluminum oxide shell
allows the enclosed Al atoms to form nanowires. (b) Molecular
dynamics simulation illustrates the formation process. Sudden fracture
of the aluminum oxide shell is modeled by suddenly removing a
shallow spherical cap of the shell after 10 ps. With the temperature of
1300 K, the Al nanoparticle begins to squirt Al atoms through the
vent. An increasing number of Al atoms come out from the vent and
thus initiate the formation of nanowires. Such squiring is not observed
at the temperature of 300 K.
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strain between the aluminum core and the alumina shell due to
different thermal expansion coefficients, accumulates to a level
high enough to crack the pristine alumina shell structure of Al
powders. This method for synthesizing nanowires can be
potentially applicable to a wide range of materials by designing
the pristine core/shell structure, which calls for further
investigation. The as-synthesized single-crystal Al nanowires
embedded in a highly conductive matrix can be widely used for
energetic materials, Li-ion/Al-ion batteries, catalysts, trans-
parent electrodes, flexible devices, and many other emerging
applications.

■ EXPERIMENTAL SECTION
Synthesis of Al Nanowires. Commercial micro-sized Al powders

(99.5%, Sigma-Aldrich) in ethanol (4 mg/mL) were mixed with GO
solution (2 mg/mL) by shaking and sonication to form a uniform Al−
GO suspension. The GO was synthesized by an improved Hummer’s
method. A freestanding Al−GO film was obtained by filtering the Al−
GO solution through a 0.65 μm pore-sized membrane (Millipore,
USA) followed by drying in air for 12 h in order to detach the film
from the membrane. The as-obtained film containing precursors was
then transferred to a tube furnace under argon atmosphere and was
held at 1273 K for 1 h.
Material Characterization. The morphology of the Al nanowire

was investigated by a Hitachi SU-70 field emission scanning electron
microscope (FE-SEM), JEOL JEM 2100 transmission electron
microscope at an accelerating voltage of 200 kV, and Veeco
NanoScope-III MultiMode AFM.
Molecular Dynamics Simulations. We use the LAMMPS to

perform molecular dynamics simulations. The nonbonded interaction
between artificial points in the sphere and the Al atoms in
nanoparticles is modeled by the Lennard-Jones 12-6 potential

( )V r( ) 4
r r

12

6

6

6ε= −σ σ with the parameters ϵ = 0.0122492 eV, σ =

0.40 nm. The parameters are the average between Al−Al and Al−O
interaction parameters (ϵAl−Al = 0.0218968 eV, σAl−Al = 0.4499 nm,
ϵAl−O = 0.0026016 eV, σAl−O = 0.35 nm), which are developed
through the customary Lorentz−Berthelot mixing rules from the
universal force field (a full periodic table force field for molecular
mechanics and molecular dynamics simulations42). We use the EAM
potential file with the LAMMPS distribution to describe the bonded
interaction between Al atoms in the nanoparticle. The simulation is
performed on a canonical ensemble, controlled by a Nose−́Hoover
thermostat. The time step is 0.0001 ps. Two temperatures, 300 K and
1300 K, are considered. Before running dynamic simulations, the
energy of the system is first minimized by using conjugate gradient
algorithm until either the total energy change between successive
iterations divided by the energy magnitude is less than or equal to
10−6 or the total force is less than 10−5 eV/Å. The first 100 000
timesteps (total equal to 10 ps) are performed with the artificial
sphere intact. Then the aforementioned spherical cap is suddenly
removed while the dynamic simulation keeps running.
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Morphology of Al nanowires

Figure S1. (a) SEM image of Al nanowires, (b) shows the morphology at a higher magnification.
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Figure S2. (a, b) AFM image of a single Al nanowire showing the height profile. (c) AFM Phase 

image of the single Al nanowire. (d) Al nanowires disperse uniformly in ethanol by sonication the 

RGO-Al nanowires film for 15 minutes. 
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Figure S3. HRTEM images of single-crystal Al nanowires.

Figure S4. EDS on Al nanowire spot using TEM with 25.4% Al, 62.95% C and 11.64% O in 

atoms.
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Molecular dynamics simulations

The artificial points have equal nearest neighbor spacing of approximately  =0.19 nm 𝑙

(representing the Al-O bond length in the crystal of Al2O3), whose radius is =2.5 nm. The 𝑅𝑣

spherical cap was suddenly removed has a height of 0.1 nm, and a basal radius of about 0.8 nm.  

A spherical Al nanoparticle with radius of 2.3 nm is placed inside this artificial sphere (Figure S5).

Figure S5. Atomistic model of artificial sphere containing spherical Al nanoparticle (not shown).

For 300K case, the result is shown as in Figure S6.  No significant squirting of Al atoms is 

observed.

0 ps 10 ps 12 ps 16 ps 18 ps 22 ps

Figure S6. With the temperature of 300 K, Al nanoparticle begins to squirt Al atoms through the 

vent, but there are not enough Al atoms coming out from the vent for initiating the formation of 

long nanowire, in contrast to that of 1300 K.
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