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ABSTRACT: We report here a tunable synthesis of single crystalline hierarchical a-Al,O3 nanobelts and nanowires by selectively
applying a vapor—liquid—solid (VLS) and vapor—solid (VS) strategy in a chemical vapor process. The resultant nanostructures were
characterized by scanning electron microscopy, transmission electron microscopy, high-resolution transmission electron microscopy,
energy dispersive X-ray spectroscopy, and X-ray powder diffraction. The hierarchical nanobelts were generated by a noncatalytic
oriented growth of Al,O; vertical to the {110} planes enclosed with {001} and {100} planes following a VS mode. The hierarchical
nanowires were obtained through a catalytic growth in a VLS process. This well-controlled synthesis strategy is expected to be
applicable to fabrication of other hierarchical nanobelts or nanowires.

One-dimensional (1D) nanostructured material, as a well-
defined building block, plays an important role in constructing
nanoscaled smart systems.' As high density interconnects,? hier-
archical 1D nanostructures that possess a distinct trunk-branch
feature have been recently developed and can be used in various
nanodevices such as optical,® opto-electronic,* electronic,” gas-
sensing,® energy scavenging devices,’ fuel cells,® and solar cells.” It
is known that the development of hierarchical 1D nanostructures
with improved properties depends not only on the alternation of
electronic states by creating interfacial regions,'” but also on their
morphological arrangement, shape, and crystallographic orienta-
tion.!! Therefore, research toward morphology and structure
control of complex 1D nanostructures has attracted more and
more attention.

Alumina is a well-studied traditional structure material with
valuable applications in photoluminescence,'? dielectric re-
sponse,'® and selective catalysis.'* Doubtlessly, tailored hierarch-
ical 1D alumina nanostructures are promising for the realization
of multifunctional nanodevices. In addition, excellent mechanical
properties and thermal stability of alumina promise their unique
applications in nanodevices under extreme conditions such as
high temperature.

The growth of a-Al,O; nanowires and nanobelts has been
reported previously.'> Recently, cantaloupe-like and microsphe-
rical hierarchical y-Al,O3 nanostructures have been synthesized
by low temperature wet chemical routes.'® However, there have
been few reports on hierarchical 1D alumina nanostructures up to
now. Vapor—liquid—solid (VLS) and vapor—solid (VS) mechan-
isms are two commonly recognized modes in dominating the
growth of 1D nanostructures. In this study, VLS and VS modes
have been selectively applied to produce hierarchical alumina
nanobelts and nanowires in well-controlled chemical vapor de-
position (CVD) processes, respectively. The hierarchical nano-
belts were generated by a noncatalytic oriented growth following
a VS mode, while the hierarchical nanowires were obtained
through a catalytic growth in a VLS process. Interestingly, trans-
mission electron microscopy reveals that the second-generation
nanobelts keep an angle of 60° with the longitudinal axis of the
first-generation nanobelt. The second-generation nanowires are
almost perpendicular to the longitudinal axis of the first-genera-
tion nanowires. The correlations between the first- and the
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second-generation nanostructures as well as their growth
mechanisms are discussed.

Experimental Procedures. A vacuum free hot-wall chemical
vapor deposition (HWCVD) system'> was employed to synthe-
size the hierarchical alumina nanostructures. Figure 1 demon-
strates the schematic diagram of the setup.

An alumina tube (outer diameter, 2 in., length: 48 in.) was
mounted horizontally inside the furnace, where temperature and
gas flow rate were controlled. Hierarchical alumina nanobelts
were synthesized at 1350 °C using a mixture of aluminum and
alumina powder (weight ratio: 4:1) as the starting materials.
Hierarchical alumina nanowires were obtained at 1250 °C using
a mixture of aluminum, alumina, and tin (weight ratio: 4:1:0.2) as
the starting materials. An alumina plate was put onto the top of
the alumina boat to collect the product. High-purity argon
(99.999%) was passed through the tube at a rate of 400 sccm
(standard cubic centimeters per minute) for 30 min to purge
oxygen from the furnace before the furnace was heated to target
temperatures. Then, the temperature was kept for 1 h with argon
gas being flowed through the reaction chamber. The reaction
chamber was finally cooled to room temperature under flowing
argon gas.

The synthesized products were examined initially by using a
Hitachi S-4500 field emission scanning electron microscope
(FESEM). Further characterization of the 1-D nanostructures
was carried out using a Rigaku-MiniFlex powder X-ray diffrac-
tion spectrometer (XRD), a JEOL 2010 transmission electron
microscope (TEM) equipped with energy dispersive X-ray (EDX)
analysis capability, and a Tecnai G* F30 high-resolution trans-
mission electron microscope (HRTEM).

Results and Discussion. Figure 2a shows the SEM image of the
nanostructures prepared at 1350 °C. A large amount of hierarch-
ical wire-like features was observed. A close examination of the
SEM image revealed that the wire-like features are composed of
two generations of nanobelts, as shown in Figure 2b,c. Our SEM
observations indicate the oblong geometric cross-section of the
first-generation nanobelt. Interestingly, it can be seen that the
angles between the second-generation nanobelts and the first-
generation nanobelts are kept constant at approximately 60°. No
particles are observed at the tip of the second-generation nanobelt,
indicating a VS growth mechanism of the nanobelts.!” Figure 2d
shows the XRD pattern of the nanobelts. The diffraction peaks
can be well assigned for a rhombohedral structure of o-Al,O5 with
R3¢ (167) symmetry (based on JCPDS Card No: 46-1212).
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Figure 1. Schematic diagram of the setup for growing hierarchical
Al,O3 nanobelts and nanowires.
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Figure 2. (a) Low magnification, (b) and (c) high magnification
SEM images, and (d) XRD pattern of the hierarchical Al,O3
nanobelts.

Figure 3a shows the SEM images of the product synthesized at
1250 °C with addition of a tin source, revealing hierarchical
nanowires. SEM observations reveal a square or nearly round
geometric cross-section of the first-generation nanowire. Again,
the XRD pattern of the nanowire can be indexed as o-Al,O3
(Figure 3b). Increased magnification image of Figure 3¢ shows
nearly perpendicular growth of the second-generation nanowires
on the first generation ones. In addition, fine particles are evident
at the tip of each second-generation nanowire. The observation
of the hierarchical nanowires along the longitudinal axis exhibits
an aligned growth of the second-generation nanowires on the
first-generation ones, as shown in Figure 2d. TEM observations
provide more detailed morphological and structural information
of the resultant nanostructures.

TEM images of a typical nanobelt are shown in Figure 4,
confirming the hierarchical structure of the nanobelt. It is clearly
evident that a hierarchical nanostructure is composed of the first-
generation nanobelt trunk and the second-generation nanobelt
branches. All second-generation nanobelt branches grow in
directions with an angle of 60° or 120° to the first-generation
nanobelt trunk, as indicated in Figure 4a. Figure 4b shows an
increased magnification TEM image of the hierarchical nanobelt.
Although these nanobelts have complex shapes, their quasi-single
crystal structure is confirmed by selected area electron diffraction.
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Figure 3. (a) A low magnification SEM image, (b) XRD pattern, (c)
and (d) high magnification SEM images of the hierarchical Al,O3
nanowires.
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Figure 4. Panels (a) and (b) bright field TEM images, (c) selected
area electron diffraction pattern, (d) high resolution TEM image, of
the hierarchical Al,O5 nanobelts.

Diffraction patterns have been taken from the trunk nanobelt,
branch nanobelt, and interface between the trunk and branch
nanobelts, with the incident electron beam along the [001] zone
axis, revealing a single crystal, as shown in Figure 4c. By using a
three-index notation (Miller indices), the spots are indexed as
(110), (210), (120) planes of a-Al,O3, which are (1120), (2110),
and (1210) planes in a four-index notation system (Miller-Bravais
indices). These three planes are actually equivalent crystallo-
graphic planes in a hexagonal unit cell of a-Al,O; since there is
a 6-fold symmetry around the c-axis, which will be illustrated later
in Figure 6. These three crystal planes all belong to the family of
{110} planes.

As indicated in Figure 4b, the growth direction of the trunk
nanobelt is perpendicular to the (110) plane, while that of the two
nanobelt branches is perpendicular to (210) and (120) plane,
respectively. In addition, the angles of (110)/(210) and (110)/(120)
are both 60°, which is consistent with the measured angles
between the nanobelt trunk and the nanobelt branches from
SEM and TEM images of Figures 2 and 4. Figure 4d shows high
resolution lattice fringes of the nanobelt. The spacing of the lattice
fringes is measured as around 0.234 nm, consistent with the d
value of the {110} crystal plane of a-Al,O3. As demonstrated in
Figure 4d, the lattice fringes can be assigned to the (110), (210),
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and (120) plane, respectively, confirming that the growth of the
two generation nanobelts in Figure 4b is achieved through the
atoms stacking along the direction perpendicular to the (110),
(210), and (120) plane, respectively. TEM image of Figure 5a
shows a typical hierarchical nanostructure of two-generation
hierarchical Al,O; nanowires. Unlike the growth of the nano-
belts, the branched nanowires were grown in the direction
perpendicular to the trunk nanowire. In addition, particles can
be observed at the tip of each branch nanowire. Figure 5b shows
the EDX spectrum taken from a particle at the nanowire tip.
Sn was detected along with Al, O, and Cu. Copper yields are from
the TEM copper grid. The presence of tin particles at the tips of
nanowires indicates tin-catalytic growth of the nanowires, that is,
the VLS growth mechanism of the nanowires. Selected area
electron diffraction with the incident electron beam along the
[001] zone axis indicates that the branched nanowires are single
crystalline, as shown in Figure Sc. The diffraction pattern can be
indexed as o-Al,Oz. The growth direction of the branched
nanowire is vertical to the (110) plane. As shown in Figure 5d,
the HRTEM image shows that the spacing between sets of
parallel fringes in the length direction of the branch nanowire is
about 0.237 nm, equal to the d value of {110} planes of a-Al,Os.

We have performed a series of experiments to control the
morphology of the nanostructures. We found that the morphol-
ogy control of 1D Al,O3 nanostructures is a complex process.
Several growth parameters, such as growth temperature, amount
of the starting materials (ASM), and usage of catalyst, are
primary factors in determining the product morphology. Gen-
erally speaking, small ASM and low temperature favored the
growth of regular nanowires.'> The two-generation hierarchical
nanobelts can be produced at increased ASM and higher tem-
perature without catalyst. While catalyst was applied, greater
ASM favored the growth of two-generation hierarchical nano-
wires. Although two-generation hierarchical nanowires could

also be obtained without using catalyst, following the VS growth
mechanism, the product was a mixture of two-generation hier-
archical nanowires with regular nanowires and nanobelts. The
employment of tin as catalyst ensured identical morphology of
two-generation hierarchical nanowires in the product. Detailed
dependence of the product morphology on the growth para-
meters is demonstrated in Table 1; the experimental conditions
marked with “¥” means the involved parameters.

To further control the growth of hierarchical nanobelts and
nanowires, it is essential to get insight into their growth mechanism.
For the growth process from aluminum and alumina powder to 1D
alumina nanostructures, the involved reactions have been discussed
previously.'> In this case, the reaction between the alumina and
aluminum powder generates a volatile alumina suboxide (Al,O)
vapor,'® which reacts with oxygen and results in the formation of
the hierarchical nanobelts and nanowires. There are probably three
sources which provide the oxygen in the synthesis: (1) the argon gas
(99.999% purity), which contains a small amount of oxygen with
the partial pressure of 10> atm, ' (2) residue oxygen in the reaction
chamber after the purge, and (3) possible air leakage. Figure 6a,b
schematically demonstrates the growth processes of the two-gen-
eration hierarchical nanobelts and nanowires, respectively.

The growth of the two-generation hierarchical nanobelts is
likely governed by the VS mechanism, while the production of the
two-generation hierarchical nanowires follows the VLS mechan-
ism. Nucleation and growth are two essential steps during the
growth of nanostructures. The growth of the two-generation
hierarchical nanobelts can be regarded as the two-dimensional
nucleation and atom stacking along certain crystallographic
directions in a VS growth process.'” It has been theoretically
established that the possibility of two-dimensional nucleation is
related to surface energy of the crystal, temperature, and super-
saturated ratio of vapor based on the following equation:>°
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Figure 5. Panel (a) bright field TEM image, (b) EDX spectrum of
the nanowire tip with the catalyst particle (c) selected area electron
diffraction pattern, (d) high resolution TEM image, of the hier-
archical Al,O5; nanowire.

VLS growth

Figure 6. Schematic diagram of (a) a hexagonal Al,O5 cell unit and
growth of the hierarchical Al,O3 nanobelts via the VS mechanism, (b)
growth of the hierarchical Al,O3 nanowires via the VLS mechanism.

Table 1. Morphology Dependence of the Product on the Growth Parameters

involved experimental parameters

temperature (°C) amount of the starting materials (mg) catalyst
1350 1250 500 200 with Sn no Sn morphology of the product
v v v two generation nanobelts
v v v two generation nanowires
v v v two generation nanobelts and two generation nanowires
v v v two generation nanowires, regular nanowires and nanobelts
v v v regular nanowires and nanobelts
v v v regular nanowires and nanobelts
v v v regular nanowires (diameter is more uniform)
v v v regular nanowires (diameter is less uniform)
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where Py is the nucleation possibility, Bis a constant, ois surface
energy, K is the Boltzmann constant, 7" is growth temperature,
and a is the supersaturation ratio of the vapor. According to the
equation, two-dimensional (2D) growth of crystal is preferen-
tially enclosed by low index crystal planes. Figure 6a shows a
hexagonal unit cell of a-Al,Os, indicating that the growth direc-
tion of the trunk nanobelt and branch nanobelts is vertical to the
{110} planes, and enclosed by + (001) planes at the top and
bottom plane of a hexagonal unit cell, and by {100} planes at the
lateral plane of each nanobelt. While the critical value of tem-
perature and vapor supersaturation ratio is achieved, growth of
two-generation hierarchical nanobelts is triggered.

On the basis of SEM and TEM observations, solidified sphe-
rical droplets were observed at the tips of the nanowires, which is
commonly considered to be evidence for the VLS growth mechan-
ism. At the reaction temperature, aluminum and tin vapor were
generated by thermal evaporation from the molten aluminum—tin
alloy. In this case, AlI—Sn—O eutectic liquid droplets were formed
on the surface of the alumina substrate,”' providing energetically
favored sites for condensation and absorption of aluminum and
oxygen species from the vapor phase. While the central axial wire
grew quickly with the catalyst particle at the tip, smaller alloy
droplets could be formed on the axial nanowire surface, which
leads to the growth of the second-generation nanowires. There-
fore, we propose that the growth of the hierarchical Al,O3
nanowires can be separated into two stages, as shown in
Figure 6b. The first stage was a fast growth of the ALO; trunk
nanowire with the eutectic alloy liquid as the catalyst; the second
stage of the growth was the nucleation and epitaxial growth of the
branch due to the aggregation of the vapor onto the trunk Al,O3
nanowire surface. It should be mentioned that it still remains
unclear why the second-generation nanowires are perpendicular
to the first-generation nanowire, instead of keeping a 60° angle
with the longitudinal axis of the first-generation nanowire as the
two-generation nanobelts growth. For aligned growth of nano-
wires dominated by a VS mechanism, there is always a crystal-
lographic relationship between nanowires and the substrate.
Similar to the two-generation nanobelts growth in our work, the
nucleation of the second-generation nanostructure occurs follow-
ing an epitaxial growth mode along certain crystallographic planes
of the first-generation nanostructure, and the growth orientation
of the second-generation nanostructure is related to surface energy
of the crystal, temperature, supersaturated ratio of vapor, and so
on. For vertically aligned growth of nanowires via a VLS growth
mechanism, however, there is not necessarily a crystallographic
relationship between the nanowires and the substrate. We propose
two possible reasons to explain why the second-generation nano-
wires are perpendicular to the first-generation nanowire: (1) when
the liquid catalyst is formed on the surface of the first-generation
nanowire, the catalyst droplet may dissolve the surface of the first-
generation nanowire and creates some degree of surface rough-
ness, which offers larger interfacial area for noncrystallographic
nucleation. In this case, the nucleation of the second-generation
nanowires proceeds vertically to the catalyst/first-generation na-
nowire interface and the growth direction is confined by the
catalyst, which is similar to the case described in the literature;?
(2) the other possibility is that vertical growth of the nanowires are
obtained due to the epitaxial growth of the second-generation
nanowires on lattice-matched first-generation nanowire, similar
to the case in the previous report.” In this case, the growth
direction of the first-generation nanowire is perpendicular to that
of the second-generation nanowires in crystallography. Further
work is underway.

Conclusion. In conclusion, we have developed a well-controlled
synthesis route via chemical vapor deposition under ambient
pressure to fabricate hierarchical Al,O; nanobelts and nanowires.
The hierarchical Al,O; nanobelts are obtained through the
oriented growth of Al,O5 vertical to the {110} planes enclosed with
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{001} and {100} planes following a VS growth model. The
second-generation nanobelts keep an angle of 60° with the long-
itudinal axis of the first generation nanobelt. The growth of the
hierarchical Al,O3 nanowires can be achieved by introducing tin
as the catalyst in a VLS process. The second-generation nano-
wires are almost perpendicular to the longitudinal axis of the first-
generation nanowires. On the condition that temperature and
supersaturation ratio of vapor are carefully controlled, the
growth strategy proposed in this report is expected to be applic-
able to the growth of other hierarchical nanobelts and nanowires,
which is essential in constructing various nanodevices with
complex structures.
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