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Abstract

By regulating the pH values of the reaction solution, the boehmite (y-AIOOH) nanowires and nanoflakes were successfully synthesized with a
simple hydrothermal route using anhydrous AlCl;, NaOH and NH;-H,O as starting materials. Crystalline y-Al,O5 nanowires with diameter of 10—
30 nm and length of several hundreds of nanometer have been prepared by thermal decomposition of y-AIOOH precursor. X-ray diffraction
(XRD), transmission electron microscope (TEM), selected area electron diffraction (SAED), and high resolution transmission electron microscope
(HRTEM) were used to characterize morphology and structure feathers of the synthesized samples. The pH values of the solution play important
roles in the formation of y-AIOOH nanowires. After calcinated at 500 °C for 2 h, the obtained y-Al,O5 with a linear structure is similar to the y-

AlOOH precursor.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since the discovery of carbon nanotubes [1], materials with
one-dimensional (1D) nanostructures have received continuous
attention because of their unique electronic, mechanical and
chemical properties and their application on building blocks for
nanodevices [2,3]. Many methods have been developed for the
preparation of the 1D nanostructures, including vapor—liquid—
solid (VLS) methods [3,4], chemical vapor deposition (CVD)
[5], thermal evaporation [6], template assisted approaches [7],
and solution-phase methods [8,9]. Among the varieties of
approaches, the solution-phase methods seem to be low-cost
and efficient for large-scale production [10].

As a kind of important structural ceramic materials, alumina
have been used as absorbent, catalyst carrier and reinforce of
ceramic composites for its high strength, corrosion resistance,
chemical stableness, low thermal conductivity, and good
electrical insulation [11,12]. The synthesis of nanometer-sized
alumina, especially one-dimensional nanostructures, has
received considerable interest due to their novel properties,
such as high elastic modulus, thermal and chemical stability,
and optical characteristics [13]. Up to date, the most common
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synthetic strategy of crystalline alumina nanowires is based on
vapor-based synthetic methods. Single-crystal Al,Os fibers
were first produced at Lawrence Berkeley laboratory, using a
basal sapphire (single crystal) substrate [14]. Zhou et al.
synthesized crystalline alumina nanowires with diameter about
50 nm and length about 2 pm in a catalyst-assisted process
using iron as catalyst [14]. Tang et al. grew Al,O3 nanowires by
heating a mixture of Al, SiO, and Fe,O; catalyst [15].
Recently, considerable efforts have been focused on the
preparation of boehmite (y-AlIOOH) nanostructures by solu-
tion-phase routes because they are usually used as the precursor
for the synthesis of alumina nanostructures. Chen et al. present
a hydrothermal route to synthesize 1D and 2D vy-AlIOOH
nanomaterials under either acidic or basic conditions by using
aluminum nitrate, ethylenediamine or hexamethylenetetramine
as starting materials [16]. By manipulating the acidity of the
reaction solution, the y-AIOOH with two distinct 1D nanowires
(or nanowire bundles) and 2D nanoplatelets was prepared under
hydrothermal conditions [17]. vy-Al,O3 single-crystalline
nanorods with diameter about 20 nm and length about
200 nm were synthesized by thermal decomposition of
boehmite precursor, which was prepared by solvothermally
treating AlCl5-6H,0, NaOH, sodium dodecyl benzene sulfo-
nate in water and dimethylbenzene mixed solvents [18]. In this
paper, we report a simple hydrothermal route to the synthesis of
v-AlOOH nanostructures by using anhydrous AlCl;, NaOH and
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NH;3-H,O as starting materials. The y-AIOOH nanowires and
nanoflakes were prepared by regulating the pH values of the
reaction solution. The y-Al,O3 nanowires with linear structure
were obtained by using y-AIOOH nanowires as the precursor.

2. Experimental

All chemicals were of analytical grade reagents and used as
received without further purification. All experiments were
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conducted under air atmosphere. In a typical synthesis
experiment, anhydrous AICl; (10 g) was dissolved in 50 ml
distilled water under vigorous magnetic stirring at room
temperature to form solution A. NaOH (4 g) was dissolved in
50 ml distilled water under magnetic stirring, and then 6.8 ml
NH;3-H,O was added dropwise to prepare solution B.
Subsequently, solution B was added drop by drop to the
solution A to give lacteous precipitates immediately. The
obtained suspension was transferred into a 100 ml Teflon-lined

Fig. 1. TEM images of y-AIOOH synthesized under different pH value of reaction solution: (a) pH 4, (b) pH 5, (d) pH 6, (e) pH 7, (f) pH 10, (c¢) HRTEM image of

sample in (b) and SAED pattern (inset).
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stainless steel autoclave. The autoclave was sealed and
maintained at 200 °C for 12 h, then allowed to cool naturally
to room temperature. The product was separated from the
solution by centrifugation, washed by water and ethanol several
times and dried at 60 °C in vacuum for 12 h. Finally, the white
powder (boehmite) was put into an alumina crucible in a tube
furnace and heated to the specified temperature for 2 h in air
with a heating rate of 5 °C/min.

The X-ray diffraction (XRD) patterns of the obtained
products were recorded on a BRUKER-AXS X-ray powder
diffractometer with a graphite monochromator and Cu Ka
radiation (A = 0.154178 nm) at 40 kV and 60 mA in a 20 range
from 10° to 70° at room temperature. Transmission electron
microscopy (TEM) images, selected area electron diffraction
(SAED) pattern and high resolution transmission electron
microscopy (HRTEM) images were taken with a JEOL-2010
transmission electron microscope.

3. Results and discussion

Itis generally accepted that many experimental factors could
affect the morphologies and size of the nanomaterials. In order
to investigate the influencing of processing parameters on the
formation of the ~vy-AIOOH nanowires and the growth
mechanism, different experiments were carried out by changing
the reaction conditions. In our studies, the pH value of the
solution played important roles in the formation of v-AIOOH
nanowires.

The morphologies of the y-AIOOH obtained with pH value
at4, 5, 6,7, and 10 were investigated with TEM. As shown in
Fig. 1, the samples exhibit distinct morphologies when the pH
values of the reaction solution vary from 4 to 10. At pH 4, the
samples show linear structures (Fig. 1a). However, only a few
products were obtained at this reaction condition. In the further
experiment, we also found that when the pH was changed to
lower values (pH < 4), no precipitates were observed in the
solution after hydrothermal reaction. Fig. 1b shows the samples
synthesized at pH 5, which exhibits a large quantity of
nanowires with diameters of 10-30 nm and lengths of several
hundreds of nanometer. A further HRTEM image of a single
nanowire in Fig. lc illustrates a lattice fringe of ~0.32 nm,
corresponding to the separation between the neighboring (120)
lattices. The symmetrically scattered spots of the insetin Fig. 1c
show the single crystallinity of the as-synthesized y-AIOOH
nanowires. However, when the pH value of the reaction solution
varies to 6, the samples have needlelike morphology with
diameters of 10-30 nm and lengths of 100-200 nm, and their
surface exhibit zigzag patterns (as shown in Fig. 1d). With the
increasing of pH values, the morphology of the as-synthesized
samples changes dramatically. When the pH varies to 7, there
are a large number of nanoflakes present in the as-synthesized
products. A very few rod-like samples can also be find from
Fig. le. Fig. 1f shows the sample prepared at pH 10 consist of
nanoflakes with the width of tens of nanometers. This indicates
that the y-AIOOH nanowires are significantly sensitive to the
pH value. By varying the pH from 4~ 10, the 1D nanowires and

2D nanoflakes of y-AIOOH nanostructures could be prepared
by this facile hydrothermal method.

The detailed growth mechanism is still not well understood,
but it is believed that the growth of y-AlIOOH nanowires could
be attributed to the characteristic structure of AIOOH, which
has a lamellar structure of linked octahedral AlOg¢ units to form
an infinite plane perpendicular to the [0 1 0] direction [19].
Hydroxyl groups sustain the lamellar structure by hydrogen
bonding. The lamellar surfaces are covered with the hydroxyl
groups, in which the oxygen lone pairs are directed outwards.
Under acidic conditions, the reaction solution contains protons
that would combine with the hydroxyl oxygen-lone pairs to
give aqua ligands [19] and therefore destroy the y-AIOOH
layers. The separated layers subsequently curl to form 1D
nanostructures via the scrolling-growth route [20]. By contrast,
the 2D lamellar nanostructure would be retained in basic
solutions, because both bases are not strong enough to
deprotonate the surface OH groups to dissemble the y-AIOOH
layers [16,17].

To investigate the variety of the structure and morphology of
the samples, the y-AIOOH precursors, which were prepared via
hydrothermal route with pH at 5, were calcined at different
temperatures. Fig. 2 shows the XRD patterns of the samples
calcined at 400 °C, 500 °C, 1200 °C, 1250 °C, and 1300 °C for
2 h, respectively. The diffraction peaks of the samples calcined
at 400 °C (as shown in Fig. 2a) can be indexed to an
orthorhombic phase of y-AIOOH, indicating that the phase of
precursors hardly transformed at the calcined temperature of
400 °C for 2 h. The cell parameters, a = 5.293 A, b =5.264 A
and ¢ =5.318 A are compatible with the literature values of -
AIOOH (Ref: JCPDS No. 21-1307). When the calcined
temperature increases to 500 °C, the samples transform to +y-
Al,O5 as indexed in Fig. 2b. Fig. 2c shows the samples remain
as y-Al,Oj at the calcined temperature up to 1200 °C. With the
increasing of the calcined temperature to 1250 °C, the y-Al,O3
transform to hybrid phases with 6-Al,05 and a-Al,O3, which
was shown in Fig. 2d. At the calcined temperature of 1300 °C
for 2 h, the samples completely convert to a-Al,O3 with a
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Fig. 2. XRD patterns of the samples calcined at different temperatures: (a)
400 °C; (b) 500 °C; (c) 1200 °C; (d) 1250 °C; (e) 1300 °C.
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hexagonal phase (Fig. 2e). The lattice constants, a =9.739 A of - to a-Al,O5 according to the studies by Tsukada et al. [21],
and ¢ = 2.876 A are also consistent with the values of a-Al,O3 it is important to investigate the detail structures of obtaining y-
(Ref: JCPDS No. 10-0425). Since the crystallite size of , 8- and a-Al,O5 from boehmite.

boehmite show a strong correlation with the formation Fig. 3 shows the morphology of the samples, which was
temperature of y-Al,O; and the phase transition temperature calcined at 500 °C, 1200 °C, 1250 °C, and 1300 °C for 2 h,

Fig. 3. TEM images of the samples calcined at different temperatures: (a) 500 °C; (c) 1100 °C; (d) 1200 °C; (e) 1300 °C, (b) HRTEM image of sample in (a) and
SAED pattern (inset).
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respectively. After the y-AIOOH transformed to y-Al,Oj3 at
500 °C for 2 h, the linear structure was retained as shown in
Fig. 3a. The size and morphology of y-Al,O3 are similar to
those of the y-AlOOH precursor, which exhibit the diameters at
10-30 nm and length at 1-2 wm. The HRTEM images clearly
show that the lattice fringe is ~0.2 nm, consistent well with that
of the (5 1 1) plane of y-Al,O5 crystals (Fig. 3b). The inset of
Fig. 3b presents the selected area electron diffraction pattern
taken from a single nanowire, which can be indexed as single-
crystalline cubic structural +v-Al,O;. When the calcined
temperature increases to 1200 °C, the samples remain the
linear structure as shown in Fig. 3c. However, some of the
samples sinter with each other after calcined at 1250 °C for 2 h
(Fig. 3d). If the calcined temperature increases to 1300 °C, the
samples accumulate together with severe sintered (Fig. 3e).
This result indicates that the transition of y- to a-Al,O3 requires
a reconstructive recrystallization process because of the
different cubic close-parked and hexagonal oxygen sublattice,
which lead to the linear structure crimping and sintering.

4. Conclusions

In this study, the boehmite (y-AlIOOH) nanowires and
nanoflakes were synthesized with hydrothermal method by
regulating the pH values of the reaction solution. The growth of
v-AlIOOH nanowires could be attributed to the lamellar
structure of AIOOH. Crystalline vy-Al,O; nanowires with
diameter of 10-30 nm and length of several hundreds of
nanometer have been prepared by thermal decomposition of y-
AlOOH precursor. The size and morphology of y-Al,O5 can be
well preserved during the transformation from y-AlOOH to +y-
A1203
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