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adjustable method, the hydrothermal route has occurred as an
alternative synthesis route to control the properties of the
inorganic materials, including size, structure, morphology,
components, etc. In those processes, unstable particles are
dissolved and recrystallized to form more stable particles,
leading to crystal growth. The shape of the particle is usually
connected with the intrinsic structure of the crystals and the
environmental conditions and the shape of the crystals are
determined so that their total surface energy can be minimized.
The processing time depends on the final size of the crystals
required usually, it takes few hours or days. Some of the
experimental results found that the growth parameters such as
surface energy, growth rate, capping molecules, reaction
temperature, and the pH of the reaction mixture to be critical in
determining the behavior of the ultimate nanostructures [8].
Understanding the growth mechanism and the shape-guiding
process is essential for the synthesis of the particles with
desired shapes and sizes [9].
Boehmite, as one of the two polymorphs of the aluminum
oxyhydroxide (the other one is diaspore, α-AlOOH), and it is
partly dehydrated aluminum hydroxides which is a primary
precursor for the preparation of different aluminas, such as γAl2O3 and corundum (α-Al2O3), is a material widely useful in
several commercial applications, for example, ceramics,
abrasive materials, fire-retardants, adsorbents, coatings,
catalytic process (catalysts and catalyst supports), and fillers for
polymeric composites [10-12]. According to the recent reports,
boehmite nanoparticles have also found some of the
technological utilities as dielectric microelectronic,
biomaterials, and optical devices [13]. Since there is a close
relationship between the morphology and/or size and properties
and further applications, enormous attention has been paid to
synthesize boehmite samples with different shapes and
dimensions, such as nanorods, nanotubes, nanofibers,
nanowires, dispersed nanosheets, nanoflakes, and even their
assembled superstructures, such as flowers, hallow
microspheres, and cantaloupe-like architectures [14-17]. For
example, T. He et al. reported hydrothermal synthesis of
boehmite nanocrystals with varying morphologies by freshly
precipitated Al(OH3) gel at 2400C for 16 h in different solutions
and their studies shows, the anisotropic adsorption of the anions
on the facets of the boehmite was considered to be responsible
for the formation of boehmite nanocrystals with various
architectures [18]. X. Y. Cheon et al. reported the hydrothermal
synthesis of 1D nanorods and 2D nanoflakes and they
concluded that the acidity of the reaction mixture plays a
significant role in determining the size and morphology of the
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INTRODUCTION
Over the past few decades, tremendous efforts have been
devoted to the fabrication of inorganic nanomaterials with
different shapes such as 1D nanowires, nanorods, nanotubes,
nanostrips, 2D nanoflakes, nanosheets, and their selfassembled 3D lamellar architectures, and nanoflowers, as the
material properties, such as physical, chemical, magnetic,
optical and catalytic properties and their potential applications
are largely dependent on sizes and/or morphologies [1-5].
Several Techniques have been developed to fabricate the
inorganic materials with controlled morphologies, chemical
vapor deposition (CVD) [3], template-confined method [4],
vapor-liquid-solid (VLS) methods, soft lithography, laser
ablation and solution-phase approaches [6-8], etc.
Hydrothermal and solvothermal crystallization is a well-known
method used to grow inorganic crystals. As a moderate and
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resulting nanocrystals [19]. More recently, W. Jiao et al.
reported the different sizes and morphologies of boehmite with
enhanced aspect ratios by adjusting the molar ratios in an
organic additive-free cationic-anionic double hydrolysis
method [20].
As stated above, many groups have been developed and
documented numerous procedures of controlling the
morphologies and sizes of boehmite nanoparticles, however
herein we present a simple surfactant-assisted hydrothermal
synthesis of well-crystallized boehmite nanostructures with
different morphologies varying from flower like architectures,
lamellar architectures, nanoflakes to nanorods, nanostrips, and
even nanowires with enhanced aspect ratios (i.e., [length along
the a-axis]/[length along the c-axis]) by simply controlling the
Al3+/CTAB concentration, reaction time, temperature, and the
pH of the reaction mixture.
EXPERIMENTAL SECTION
All of the chemical reagent used in our experiments were
analytical grade and used as purchased without further
purification. Aluminum nitrate nonahydrate (Al(NO3)3·9H2O),
hexadecyl trimethyl ammonium bromide (CTAB), and
ammonia (NH3) were purchased from Sigma-Aldrich.
Deionized water was used directly without further purification.
In a typical synthesis, a calculated amount of Al(NO3)3·9H2O
was dissolved into 20 ml of distilled water under magnetic
stirring. Similarly, a certain mole ratio of CTAB was dissolved
into 20 ml of distilled water under magnetic stirring. Then, the
CTAB solution was subsequently added drop by drop to the
Al(NO3)3·9H2O solution, and the resulting mixture was stirred
for several minutes until a clear solution was formed.
Subsequently, some amount of concentrated NH3·9H2O was
added dropwise to the above solution to get certain pH of the
reaction mixture. Finally, the resultant solution was transferred
into a 60 ml Teflon-lined, stainless steel autoclave, which was
then sealed and kept in the electric oven at 200 0C for 24 h.
After the hydrothermal treatment, the autoclave was slowly air
cooled to room-temperature. The resultant colloidal product
was centrifuged and washed several times with deionized
water, followed by ethanol, and then dried it under vacuum at
60 0C for 8h.
The phase identification of samples was carried out on X-ray
diffraction (XRD) patterns, using a Rigaku miniflex 600 with
Cu-Kα radiation (λ=1.54056 Å). The morphology and sizes of
the samples were studied by field emission scanning electron
microscopy (FESEM; Nova 200). Fourier transform infrared
(FTIR) spectra were performed with PerkinElmer-Frontier FTIR Spectrometer.

Figure 1- XRD patterns of the hydrothermal products formed
with 3.0 mmol Al(NO3)3 and 1.25 mmol CTAB at 200 0C for
24 h, at pH 3 (a); at pH 5 (b).

a

b

RESULT AND DISCUSSION
Fig.1 shows the typical XRD patterns of the obtained samples
prepared at pH= ~3 (a) and ~5 (b) at 200 0C for 24 h. Under
these acidic conditions, all the sharp and strong reflection peaks
can be easily indexed to the orthorhombic boehmite phase,
which is in good agreement with the previous reports [19-21].

Figure 2- FE-SEM images of the hydrothermal products
formed at 200 0C with Al3+/CTAB molar ratio of 3.0/1.25 for
12h (a); 24 h (b).
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No peaks from the other phases were observed, indicating the
high purity and crystallinity of the as-prepared γ-AlOOH. The
XRD patterns were almost identical for the both samples which
are nonowires (a), nanorods (b), the little broadening and less
intensity of XRD pattern (b) compared to (a) should be related
to the small size of the as-prepared product.

a

Figs. 2a and 2b shows the FE-SEM images of the γ-AlOOH
samples synthesized at pH= ~5 with Al3+/CTAB molar ratio of
3.0/1.25 at 200 0C for 12h and 24 h respectively. The FE-SEM
image Fig. 2a, reveals that the γ-AlOOH sample is composed
of so many uniform nanorods having the lengths and the
diameters are approximately 470 nm and 50 nm respectively
leading to the aspect ratio of ~9.5. The FE-SEM image Fig. 2b,
reveals that the less agglomeration and enhancement in the
aspect ratio of γ-AlOOH nanorods to ~15, which is probably
due to the increased in the reaction time from 12h to 24h
leading to morphology growth of the Boehmite.
To understand the effect of the reaction time on the morphology
of the resulting product, we have increased the reaction time
from 24 h to 36 h and by keeping all the other reaction
conditions as constant and its FE-SEM images were obtained.
FE-SEM image Fig.3 clearly shows the result of above effect
by having the mixed aspect ratio ranging from 12 to 17, also
the image clearly demonstrates the bundles of nanorods due to
the self-assembly of several individual nanorods, possibly as
the result of the presence of hydrogen bonds between the
adjacent single nanostrips through the fallowing suggested
mechanism [22].
In the boehmite lattice, oxygen ions are located in a distorted
octahedral arrangement around aluminum and organized in
parallel layers connected by hydrogen bonds [23]. Therefore,
the individual boehmite nanorods self-assemble laterally due to
the surface hydrogen bonds and form bundles of boehmite
nanorods as indicated in Fig. 3.

b

c

Figure 3- FE-SEM image of the hydrothermal product formed
at 2000C with Al3+/CTAB molar ratio of 3.0/1.25 for 36h.

Figure 4- FE-SEM images of the hydrothermal product formed
at 200 0C with Al3+/CTAB molar ratio of 3.0/1.25 for 24h at pH
3.0 (a); (b) and (c) are the magnified FE-SEM images at
different orientations.

In order to investigate the effect of the acidity on the
morphologies of the resulting products, we have maintained the
pH of the hydrothermal reaction mixture at 3.0 by keeping all
other reaction conditions as same, which were, reaction
temperature 200 0C, Al3+/CTAB molar ratio of 3.0/1.25 and the

reaction time was 24 h, later FE-SEM images of the resulting
products were obtained. From the FE-SEM images in Fig. 4
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a

clearly, demonstrates the sample consist of many high aspect
ratio nanowires with length scales ranging from 800 nm to ~2
µm and diameter of nanowires are about 18 nm to 35 nm. The
aspect ratio of the nanowires is about 100. The Figures 4a-4b.
clearly shows the self-assemble bundles of nanowires in an
enormous number due to the presence of hydrogen bonds
between the adjacent single nanowires, which can be
understood by the mechanism explained earlier. The Fig. 4c
reveals the magnified image of the self-assembled bundle of
nanowire in the morphology growth direction. The good
crystallinity of the nanowires can be seen from the XRD pattern
in the Fig. 1(a). From the figures 2 and 4, we can conclude that,
the high acidic conditions are more favorable toward the
formation of high aspect ratio 1D nanostructures. A similar
conclusion was given by X.Y. Chen et al. even without using
the surfactant [19].
To investigate the influence of the CTAB concentration on the
obtained product morphology and sizes, a series of experiments
were carried out. Varying amounts of 2.50, 3.75, and 5.0 mmol
CTAB were added to the system to replace the 1.25 mmol
CTAB, and the reaction mixture was maintained at 200 0C. The
crystallinity of the products decreased with the increasing
CTAB concentration, which can be clearly seen from the XRD
patterns in the Fig. 5 by comparing the XRD patterns in the Fig.
1. Initially, to investigate the time-dependent evolution of the
hydrothermal products, we have done few experiments for 12
h and 24 h and by keeping hydrothermal reaction at 200 0C with
Al3+/CTAB molar ratio of 3.0/1.25. The result of this products
can be seen in the Fig. 6. The FE-SEM image Fig. 6 a
demonstrated a thin layered structure which was the product
obtained for 12 h.

b

c

Figure 6- FE-SEM images of the hydrothermal product formed
at 200 0C with Al3+/CTAB molar ratio of 3.0/2.50 for 12 h (a);
24 h (b); Al3+/CTAB molar ratio 3.0/5.0 for 24 h (c).

Figure 5- XRD patterns of the hydrothermal products formed
at 200 0C for 24 h and for Al3+/CTAB molar ratio 3.0/2.50 (c),
3.0/3.75 (d), and 3.0/5.0 (e).

the flake can be seen from the Fig. 5 (c). By increasing the
amount of CTAB further, the sheets become compact. When
the usage of CTAB is more than or equal to 5.0 mmol complete
product was lamellar structures, the gaps between lamellar
structures became larger, decreasing the appearance of flakes.
The Fig. 7 shows the magnified image of the lamellar γ-AlOOH

When the growth period was prolonged to 24 h, the structures
of the sample comprised several flakes by assemble of few lay
ers. The sizes of the flakes (Fig. 6b) were increased for 24 h
reaction having smaller gaps in between flakes when compared
to flakes obtained for (Fig. 6a) 12 h reaction. XRD patterns of

2784

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 11 (2017) pp. 2781-2787
© Research India Publications. http://www.ripublication.com
architecture and it reveals that the approximately 1.5 µm length
lamellar superstructures consist of flakes with a thickness of
approximately 20 nm. The XRD pattern of the lamellar
architectures can be seen from the Fig. 5 (e), the crystallinity of
the products was decreased due to the increase in CTAB
concentration as discussed previously.

a

b

Figure 7- Magnified FE-SEM image of fig. 6 (c) product.
The FE-SEM images in Fig. 8 was obtained for the
hydrothermal products synthesized under the conditions where
Al3+/CTAB molar ratio of 3.0/3.75 at 200 0C with for 24 h. The
Fig. 8 a consists of very fine lamellar architectures along with
few flower-like architectures. The flower-like superstructures
are approximately 2.0 µm in size consisting of flakes spread in
all the a, b and c axis. Figure 5d shows the XRD pattern of the
Flower like γ-AlOOH architectures. These results indicate that
CTAB concentration has a very significant effect on controlling
the morphology of synthesized γ-AlOOH architectures. A
lower acidic and lower CTAB concentration results in 1D
structures such as nanorods and nanowires, a little higher
CTAB concentration results in 2D flakes and 3D architectures
such as nanoflowers along with lamellar architectures, and a
higher surfactant concentration gives complete multilayered
3D superstructures such as lamellar architectures.
Figure 9 shows the FT-IR spectra of the hydrothermal
products obtained with 3.0 mmol Al(NO3)3 and 1.25 mmol
CTAB at 200 0C for 24 h. The FT-IR spectrum Fig. 9(a) is
obtained for the resultant product synthesized at pH 3, and
another spectrum Fig. 9(b) is obtained for the resultant product
which was synthesized at pH 5. There is no distinct difference
between these FTIR spectra. It is clear that the 1D boehmite
nanostructures (Fig. 2b and Fig. 4a) obtained by simple hydro
thermal conditions showed absorption bands of Fig. 9 (a) at
3296, 3092, 2095, 1644, 1154, 1067, 747, 628, and 467 cm -1,
and absorption bands of Fig. 9 (b) at 3304, 3090, 2101, 1973,
1646, 1157, 1067, 742, 619, 473 cm-1, which agree precisely
with those reported in the literature [24]. In detail, the intensive
bands at 3304, 3296 and 3090, 3092 cm-1 can be assigned to the

Figure 8- FE-SEM images of the hydrothermal product formed
at 200 0C with Al3+/CTAB molar ratio of 3.0/3.75 for 24 h (a);
Magnified FE-SEM image (b).

Figure 9- FT-IR spectra of the hydrothermal products obtained
with 3.0 mmol Al(NO3)3 and 1.25 mmol CTAB at 200 0C for
24 h, at pH 3 (a); at pH 5 (b).

2785

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 11 (2017) pp. 2781-2787
© Research India Publications. http://www.ripublication.com
υas (Al)O-H and υs (Al)O-H stretching vibrations respectively.
The two weak band at 2101 and 1973 cm-1 can be assigned to
combination bands. The intense band at 1067 cm-1 and the
shoulder at 1154 cm-1 are ascribed to the δs Al-O-H and δas AlO-H bending vibrations in the boehmite lattice. The three
strong bands at 747, 628, 476 cm-1 can be assigned to the
vibration mode of AlO6. In addition, the shoulder at 1644 cm-1
can be assigned to the bending mode of adsorbed water. A
similar interpretation can be applicable to the FTIR spectrum
(b) in Fig. 9. Consequently, FTIR analysis also confirms that
the as prepared hydrothermal products are pure-phase γAlOOH.

the δs Al-O-H of γ-AlOOH. Therefore, FTIR analysis of Fig.10
resultant products also confirms that the as prepared
hydrothermal products are pure-phase γ-AlOOH.
These results confirm CTAB serves a vital role in the obtaining
the different boehmite nanostructures. Usually, CTAB is used
as template micelle molecules to synthesize nanomaterials.
When CTAB dissolves in water it can completely ionize and
the resultant cation is a positively charged tetrahedron that
possesses a long, hydrophobic tail. When it is in the solution,
OH- can adsorb to a cationic head of CTAB by electrostatic
forces. The orthorhombic AlOOH exhibits a lamellar structure
in which the Al3+ ions exist distorted, edge sharing octahedral
arrays of oxide ions that form a double layer with zigzag chains
of H-bonds that connect the layers [21]. At the initial growth
and higher concentration of CTAB, lamellar structures are
readily formed in solution, followed by a growth process,
which results in multi-layered metastable structure (Fig. 6(c)).
When the hydrothermal reaction temperature is high and in the
presence of CTAB, the metastable structures could be
controlled to form the lamellar structures by conventional
Ostwald ripening (Fig.7). The solution with the lower
concentration of CTAB, the metastable layered structure could
be disturbed and split into rod like forms (Fig.2) and even wire
like (Fig.4) structures, later when self-assembly procedure
happened flower like architectures can be produced. In the
crystallization process CTB serves as a growth controller and
an agglomeration controller, with the growth of the γ-AlOOH
crystal, the amorphous Al(OH)3 dehydrates to form AlOOH.
Due to the preferential adsorption of CTA+ head groups, only
uniform architectures with preferential growth direction may be
formed. In addition, this hydrothermal treatment is used to
improve the crystallinity [25].

Figure 10- FT-IR spectra of the hydrothermal products
obtained at 200 0C for 24 and for Al3+/CTAB molar ratio
3.0/2.50 (c), 3.0/3.75 (d), and 3.0/5.0 (e).

CONCLUSION

The Fourier transform infrared spectrometry spectra of the
hydrothermal products synthesized at 200 0C for 24 and with
Al3+/CTAB molar ratio 3.0/2.50, 3.0/3.75, and 3.0/5.0 were
shown and denoted as (c), (d), (e) respectively in the Figure 10.
The FTIR spectrum (c) corresponds to the obtained product of
flakes like morphology, FTIR spectrum (d) corresponds to the
hydrothermal product of flower like architectures, and The
FTIR spectrum (e) corresponds to the lamellar architectures.
The spectrums in the Fig. 10 has slight difference probably due
to the different morphology of the obtained products which is
consistent with the XRD results (Fig.5) which have poor
crystallinity. As discussed above the absorption bands of Fig.
9; the fig.10 absorption bands at 3314, 3088, 2924, 2854, 1652,
1068, 749, 627, and 480 cm-1, also agree precisely with those
reported in the literature. The typical C-H bands are not visible
in the spectra of prepared samples, which indicate that CTAB
is not present in the products. The broad 3310 cm-1 the weak
bands at 1640 cm-1 account for the stretching and bending
modes of the absorbed water. The product peaks 3314 cm-1 and
3088 cm-1 can be assigned to the υas (Al)O-H and υs (Al)O-H
stretching vibrations respectively. The band 2105 cm-1 also
observed in the spectrum of γ-AlOOH product. The three
torsional modes 747, 627, 480 cm-1 can be assigned to the
vibration mode of AlO6. The band at 1069 cm-1 is assigned to

In summary, the synthesis of different morphology of boehmite
(γ-AlOOH) such as nanorods, nanowires, nanoflakes, lamellar
and flower like architectures by hydrothermal route was
studied. The effect of the acidity of the reaction mixture and the
CTAB concentration on the morphologies of the resulting
products were investigated, which revealed that the under
acidic conditions with lower CTAB concentration 1D, with
higher CTAB concentration 2D and 3D morphology of
boehmite nanostructures formed. CTAB served as a structure
directing agent and precipitator in this controlled formation of
the architectures and morphologies.
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