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ABSTRACT

We report the synthesis of nano-scaled alumina of varied dimensions through a novel optimized processing of aluminum
nitrate. The X-ray diffractometry confirmed the formation of o- and y- phases of alumina particles in the nano region,
depending on the annealing conditions during processing. Subsequently, a detailed microscopic investigation revealed the
morphological alterations and crystallographic information even at lattice scale. The presence of different bonds and band
energies were investigated by employing infra-red and photoluminescence spectrometry, respectively. The evolution of
fascinating microstructure, phase formations and optical bands has been presented and discussed to elucidate the systematic
evolution of different crystalline phases (a and y) from an amorphous alumina with increased annealing temperature. Copyright

© 2011 VBRI press.
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Introduction

In an era dominated by efforts towards miniaturization of
electronic and mechanical devices, structures with a size in
the nanometer (10° m) realm have perked up intensive,
worldwide research activities. Various inorganic oxide
nanostructures, both pure and doped have been subjected to
extensive research activities, not only because of their wide
range of applications but also because of the intrigue, they
present with their typical properties [1-9]. Among such
nanostructures, various amorphous, poriferous and 1-D
shaped nanostructures of alumina make for engaging
studies because of the multi-functionality that can be
consorted with their respective peculiar shapes and surface
lineaments [10, 11]. These tremendous possibility for
potential applications though, requires cautious mastery
over the skill to tailor the shape and size, as well as low
cost and hazard free methods for mass production — both
great challenges for either of bottom up and top down
access to such nanostructures.

Alumina or aluminium oxide nanostructures are such a
breed of materials which, because of its rich array of
existing and potential applications require smooth and
highly effective synthetic strategy. Alumina is known to
exist in a number of metastable polymorphs in addition to
the thermodynamically stable a-Al,O3 or corundum form.
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Much of the Greek alphabets have been exhausted in
labeling these phases (e.g. v, 8, m, 6, k, B, x etc), among
which y-alumina is an extremely important material in
catalytic surface activity [12-17]. Corundum nanopowder
has considerable potential for a wide range of applications
which includes high strength materials, electronic ceramics,
catalyst and electrochemical sensors [18, 19]. High quality
nanocrystals of corundum are also used as electronic
substrates, bearing in watches and other fine precision
equipments [20] and abrasive materials [21]. Because of its
large band gap (8 eV) alumina serves as a tunneling barrier
for magnetic sensors (which are based on the tunneling
magnetoresistance effect) and for organic transistors [22].
Nano a-alumina can be used as a microwave dielectric
material for lowering the sintering temperature [23].
Alumina has also got vital applications in biomedical field
as nano alumina fiber has been used for the separation of
virus and protein because of its rapid dynamic response for
absorbing bacteria, virus and nucleic acids from biological
solutions [24]. Because of its high compressive strengths,
very low co-efficient of friction, negligible wear rate and
extreme chemical inertness in physiological environment,
alumina has been well exploited in the construction of
orthopedic joints such as hip-joint or knee joint [25]. In the
past various synthesis methods, both physical and
chemical, have been employed to synthesize nanoscaled
alumina nanoparticles, e.g. spray pyrolysis [26,27],
precipitation [28], combustion synthesis [29], sol-gel [30],
hydrothermal [31], spark plasma sintering [32] etc.
Synthesis of alumina ultrafine powders generally results in
a mixture of phases (0, y, 8) and these phases transform to
the more stable phases of a-alumina by heating at a high
temperature. As a result it is quite difficult to formulate a
processing route in order to obtain a single phase such as y-
alumina.

In this work, nano-sized alumina has been produced by
using a simple novel processing method of annealing the
saturated solutions of aluminum nitrate. The synthesis
procedure was carried out without the usage of any costly
templates or chemicals and without using any complicated
instrumentations and even though, the method was
extremely simple, the yield of the product alumina was
remarkably high and suitable for industry level
manufacturing. The resulting ultrafine powder of alumina
was studied with respect to its morphological and band
energies. The phase transformation with annealing
temperatures was observed and efforts were made to co-
relate with the nano-scaled morphological characteristics.

Experimental

The processing of nano alumina particles was carried out
by taking saturated aqueous solution of aluminum nitrate
nonahydrate, which was transformed to the gel form by
heating it for 30 minutes at 100°C. Subsequently the gel
was annealed at a muffle furnace for three different
temperatures of 400, 800 and 1000 °C for 2 hours each.
After annealing the obtained white powder was used for
further characterization. In these experiments, aluminum
nitrate nonahydrate [Al (NO3)3.9H,0] (99.9%) of analytical
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grade was procured from M/S alfa aesar and was used
without any further purification.

The crystallographic phase identification and the purity
determination of the obtained samples were carried out by
X-ray diffraction (XRD, Bruker AXS D8 Advance X-ray
Diffractometer) using monochromatized Cu-ko radiation
(A=1.54059A) and scanning in 26 range from 20° to 80°.
The FTIR spectra were recorded with a single beam Perkin
Elmer instrument (Spectra BX-500) FT-IR Model
spectrometer. The morphological characteristics and sizes
of the synthesized samples were revealed by the scanning
electron microscopy images recorded on a Zeiss EVO MA-
10 SEM equipped with an energy dispersive spectrometer
(OXFORD INCA ENERGY 250), which assisted in the
elemental analysis of the sample. Further the surface
topography of powder particles was analyzed by scanning
helium ion microscopy (HIM, model: Zeiss ORION). The
three dimensional surface topography was determined
using Atomic Force Microscopy. Microstructural
characterization at high magnifications and reciprocal
space analysis was performed using a high resolution
transmission electron microscope (HR-TEM: FEI Tecnai
G2 F30 STWN at 300 keV). The optical properties of the
powdered samples were investigated by photoluminescence
spectroscopy using a Perkin-Elmer LS-55 luminescence
spectrometer (Xe source) and the UV-Vis spectroscopy of
the samples were carried out using the Perkin-Elmer
Lambda 25 spectrometer.

Results and discussion
Crystallographic phase identification

Fig. 1 shows the XRD patterns of the nanoparticles
synthesized under three different processing conditions.
Pattern "a’ corresponds to the samples obtained after
annealing the precursor at 400 °C for two hours. From the
pattern it is clearly observed that the sample is largely
amorphous and thus no clear peak was visible. But to
authenticate the formation of alumina particles under this
condition the corresponding EDS pattern is given in (Fig.
2) The EDS analysis reveals the weight content of Al and
O to be 54.54% and 45.46% respectively, giving the atomic
content ratio AlI/O of 41.57/58.43; almost 2/3, which
verifies the formation of alumina particles to a large extent,
since no other element was detected. There is also the
minor possibility of some phase other than alumina being
present in the sample; however that requires further
experimental probe and analysis. Pattern 'b’ corresponds
to the samples obtained after annealing the precursor at 800
OC for two hours. Unlike the samples synthesized at 400 °C,
this sample clearly shows crystalline nature and
simultaneous presence of two different alumina phases; a
and y. The visible diffraction intensities corresponding to
the a phase agrees well with the peaks of rhombohedral
crystal structure of alumina (JCPDS No0.46-1212) with unit
cell parameters of a = 0.47587 nm, ¢ = 1.29929 nm. The
diffraction intensities corresponding to the y phase were in
agreement with the peaks of cubic crystal system (JCPDS
N0.50-0741) and unit cell parameter of a = 0.7939 nm.
Pattern ‘¢’ corresponds to the samples obtained after
annealing the precursor at 1000 °C for two hours. It reveals
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the presence of a-phase only in the corresponding sample.
So the XRD patterns obviously indicate the transformation
from v to a at a high temperature and from amorphous to
crystalline material at a lower temperature.

The FT-IR investigations (Fig. 3) also assist us in
determining the phase and its transformation nature to
some extent. The presence of peaks 2914 and 3498 cm™ in
the first two samples could be attributed to the presence of
—OH species, indicating the presence of AI-OH bonds in
these samples. The absorbance peak at 1456 cm™, for the
sample annealed at 400 °C  corresponds to Al=O bond
stretching [27]. The other two peaks may have their origin
in adsorption of atmospheric CO, and other impurities. For
the second sample (annealed at 800 °C), the peaks at 584
and 868 cm™ can be attributed to Al-O-Al bending mode
and Al-O stretching mode respectively [32]. The other
peaks may be due to some unwanted impurities in the
sample. For the third sample (annealed at 1000 °C) there is
only one prominent intense sharp peak at 513 cm™, which
corresponds to O-Al-O bending mode. The FT-IR study
tends to suggest the formation of pure alumina sample
occurs through the intermediate formation of a hydroxy
species. The plausible chemical reaction that occur leading
to formation of alumina is given below:

2 Al (NO3)3.9H,0 — 2 Al (OH) 5 + 6 HNO; + 3H,0
Al (OH) ; — AIOOH
AIOOH — A1203 + Hzo
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Fig. 1. XRD patterns of alumina nanoparticles synthesized by sol-gel
method at different annealing temperature; a) 400 °C, b) 800 °C and c)
1000 °C. al: alpha (o) phase; ga: gamma () phase.

Table 1 and 2 gives the crystallite sizes of the
synthesized nanoparticles (corresponding to annealing
temperature of 800 °C and 1000 °C), calculated from the
XRD patterns using the Debye-Scherrer equation:

D = K\Mpcos6
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Crystallite size calculation for the first sample
(annealed at 400°C) could not be performed owing to the
absence of any proper peak in the XRD pattern of that
sample. From the two tables it is pretty clear that the
crystallite sizes of the nanoparticles show an upward trend
in their dimensionalities as the annealing temperature was
increased from 800 to 1000 °C indicating a fascinating
crystal transformation and regeneration process along with
phase transmutation.
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Fig. 2. EDS pattern of the alumina nanoparticles processed by annealing
the precursor at 400 °C.

160 1742 .
age
5 M0 N : sl b
o 120 3 | 3498
o |
@ 100 ® 172{ | a
g ® I 2014 e | |
- . ® 176 \
5 40 1 |I | ‘g '\ 1526 1544
@ 20f el / @ -1.80 AR 280 '
a e —J_ a [\ i~ \
< 0 — < 1.84 - _
1000 2000 3000 4000 o 1000 2000 3000 4000
-1
Wavenumber/icm Wavenumber/icm™”
14760
12 c
E
&1
[}
g ol
@ 6 |
2 4
-] 2
7] |
8 2{y
<,

1000 2000 3000 4000
Wavenumberfcm™

Fig. 3. FT-IR spectra of alumina samples synthesized by annealing the
precursor at different temperature; a) 400 °C, b) 800 °C and c) 1000 °C

Microstructural characterization

Fig. 4 shows the SEM micrographs of the as synthesized
nanoparticles under different reaction conditions. (Fig. 4
(a)) shows the micrographs of the alumina particles
synthesized annealing the gel at 400 °C. Several scattered
micro-pores (pores of dimension in the micrometer) are
clearly visible from these images and the formation of
grain like particles is also observed (Fig. 4a (inset)). The
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presence of porosity in the sample indicates that this
material can be extremely useful in catalytic applications.

Table 1. Crystallite size at different 2 theta values for the sample annealed
at 800 °C.

2 theta Phase d-value (hkl) FWHM

Intensity  Crystallite

Value A () Count Size(nm)
(degrees)
37.36 Y 2.407 311 1.96 539.48 4
39.88 y 2.265 222 1.95 508.83 4
45.84 y 1980 400 1.96 529.63 4
67.10 o 1.400 214 1.83 551.52 5

Table 2. Crystallite size at different 2 theta values for sample annealed at
1000 °C.

2 theta Phase d-value (hkl) FWH Intensity Crystallite

Value A M Count Size
(degrees) ® (nm)
25.90 o 3.501 012 0.19 1073.48 43
35.52 o 2.525 104 0.20 1163.22 42
38.18 o 2.407 110 0.21 962.96 40
43.76 o 2.082 113 0.22 1199.32 39
52.92 [ 1.750 024 0.26 938.88 34
57.98 o 1.604 116 0.28 1068.65 32
61.60 o 1.510 018 0.36 833.83 26
66.90 o 1.400 214 0.30 923.57 32
68.50 o 1.375 300 0.31 972.81 31
77.18 o 1.242 119 0.54 852.44 19

As we study the SEM micrographs of the sample
synthesized by annealing the gel at 800 °C (Fig. 4b), the
formation of bigger grain like particles are observed.
Interestingly the size of the pores also witnessed an
increment. This annealing temperature dependent size
variation of the pores can be utilized in selective catalysis
where the size of the pores plays an important role in
deciding the catalytic activity of the material. The SEM
micrographs of the samples synthesized annealing the gel
at a temperature of 1000 °C (Fig. 4 (c, d)), although doesn’t
bear witness for much of a microstructural variation from
the previous sample, but it clearly shows the paucity of
pores on the surface. Although on increasing annealing
temperature the size and density of pores are
conventionally supposed to go up, but here this peculiar
anomalous behavior can be rationalized keeping in mind
that this sample is composed entirely of the a phase of the
alumina, whereas the other phase was a concoction of both
a and v, as has been confirmed by the XRD patterns of the
respective samples and the porous structure of alumina is
normally associated with the y phase of this ceramic
material. Although the porous structure somewhat got
disappeared, formation of nano-channels and grooves are
observed (Fig. 4d), which defines another intriguing
dimension of this sample.

The surface topographical characteristics of the sample
were subjected to extended exploration employing helium
ion microscope. (Fig. 5) shows the HIM images of the
samples corresponding to annealing temperatures of 800 °C
(Fig. 5a) and 1000 °C (Fig. 5b). The first one, which is
comprised largely of the y phase of alumina, shows
uniform cellular surface topography. The second one which
is comprised of only the a phase of alumina, shows a
tendency of grain growth and a globular surface
topography. The grain like structures of this sample is
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further confirmed by the AFM images of this sample (Fig.
6). The 2D image of the sample (Fig. 6a) reveals the
globular grain like morphology; the inset provides
indication of cluster formation. whereas, the 3D image
(Fig. 6b) shows the presence of slight porosity in the
sample; reaffirming the fact that by annealing at higher
temperature the morphology of the sample along with its
phase composition takes a new identity.

Fig. 4. SEM micrographs of alumina nanoparticles processed under
different annealing temperatures recorded in &) 400 °C, b) 800 °C, ¢ and
d) 1000 °C. The inset image in a shows an isolated grain-like particle.

Fig. 5. Helium lon Microscope images of the alumina samples
synthesized at two different annealing temperatures; a) sample
corresponding to annealing temperature of 800 °C, showing a cellular
surface topography, b) sample corresponding to annealing temperature of
1000 °C, revealing a globular superficial topography.

Fig. 6. AFM micrographs of the alumina samples synthesized at 1000 °C
a) 2D and b) 3D representation. Inset in a shows low magnification image.

Fig. 7-9 shows the HRTEM images of the three
alumina samples synthesized by annealing the precursor at
three different temperatures. The HRTEM image of the
sample processed by annealing the precursor at 400 °C
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(Fig. 7) shows the featureless amorphous-structure of the
sample. The featureless contrast confirms the fact that was
already established from the XRD data of the
corresponding sample. The SAED (inset in Fig. 7) also,
exhibits a diffused pattern further corroborating the
amorphous nature of the sample. The HRTEM micrograph
of the sample corresponding to the annealing temperature
of 8000C reveals the formation of ultra-fine nanoparticles
(Fig. 8a) with the polycrystalline nature of the sample
being confirmed by the ring pattern of the SAED
(displayed as inset). Expectedly, the ring pattern also
exhibits the simultaneous presence of o and y phase of
alumina (with ring 1 and 4 corresponding to o phase, ring 2
and 3 corresponding to y phase) further strengthening the
facts already obtained from XRD data. However, from the
microstructure, it is difficult to distinguish between the a-
and y- phases. In this figure we could observe several
randomly oriented crystallites. Most of these crystallites are
abutting each other and forming an ultrafine network
structure of alumina particles. The simultaneous existence
of vast featureless area in the image also denotes that the
sample contains some amorphosity.

Fig. 7. HRTEM image of the alumina nanoparticles obtained by annealing
the precursor at 400°C . Inset shows corresponding SAED.

The lattice fringe image (Fig. 8b) exhibits the regular
spacing of the clear lattice plane to be 0.204 nm which
corresponds well to the (400) lattice plane of the y-phase of
alumina. The atomic scale imaging (Fig. 8b) of the
nanocrystallites were carried out from a small region as
indicated by an arrow in Fig. 8a. The HRTEM micrograph
of the third sample, corresponding to annealing temperature
of 1000 °C, shows the formation of larger grain like
particles (Fig. 9a), the clear lattice plane spacing (Fig. 9b)
of 0.26 nm matches well with the lattice plane (104) of the
a-phase of alumina. So the HRTEM images prove to be
compatible with the data that we obtained from the XRD
measurements. Starting from the transformation from
amorphous to crystalline state of the materials and also the
phase transubstantiation between y and o, both these
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phenomena has been well established through the HRTEM
studies.

Fig. 8. HRTEM image of the nano alumina processed at 800 °C showing
a) particles along with the SAED pattern, b) lattice scale fringes. SAED
pattern (inset in a) marked for different rings; 1: d spacing 0.14nm (214
lattice plane of a phase), 2: d spacing 0.2nm (400 lattice plane of y Phase),
3: d spacing 0.25nm (311 lattice plane of y phase), 4: d spacing of 0.32nm
(012 lattice plane of a phase).

Fig. 9. HRTEM images of the alumina sample processed at 1000 °C
showing a) the presence of grain like particles, b) the lattice scale fringes.

Emission characteristics of optical bands

Emissivity of optical bands of nano-alumina was evaluated
with photoluminescence (PL) spectroscopy. (Fig. 10 (a),
(b), and (c)) show the room temperature PL spectra of the
three samples of alumina annealed respectively at
temperatures 400, 1000 and 800 °C. All the samples were
excited at a wavelength of 340 nm under identical
conditions with a Xenon lamp light source and emission
cut filter of 290 nm. It can be seen that the peaks are found
at same positions in all the three samples, in the violet and
blue band region (at around 410 nm and 450 nm). The most
noteworthy change is observed in the PL emission band
intensities. The change in intensity may be because of the
change in pore size of the material. Increasing pore size
offers increasing surface area to the source which causes
more absorption of photons and high intensity radiation.
The sample corresponding to the annealing temperature of
800 °C shows the most intense bands, probably due to the
presence of large pores. A very recent work has shown that
the emissivity of alumina is molded by the presence and in
particular the concentration of pores present on the surface
[32]. It was shown that the emissivity of alumina decreased
with increase in pore size and increased as the pores
became denser. But the results that we obtained contradict
their results to some extent. The energy band gap observed
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from photoluminescence spectroscopy is around 3.0 eV in
all the three samples. The other emission bands may be
because of some defect levels (probably interstitial
aluminium) present in the sample. One interesting
phenomena is the slight shift that occurs in the spectrum.
As we observe from the sample corresponding to 400 °C
annealing temperature to 1000 °C annealing temperature,
the spectra shows slight red shift in the higher wavelength
region (for the violet blue bands), but it manifests blue shift
in the lower wavelength region (violet bands), although the
crystallite sizes showed an upward surge (Table 1 and 2).
Apparently for the violet bands the effect of crystallite
sizes is outweighed by some other factors. Detailed
explanation for this anomalous behavior requires further
experimental analysis.
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Fig. 10. Photoluminescence spectra of alumina nanoparticles processed
under different annealing temperatures; a) 400 °C b) 1000 °C c) 800 °C.

Conclusion

Nanosized alumina powders have been prepared via a
simple processing of saturated solutions aluminum nitrate
under different annealing conditions. The XRD analysis
showed that the complete transformation from y- Al,O3 to
o- Al,O; was observed at 1000 °C. The crystallite size
increased with increasing annealing temperature. The
resulting o alumina nanopowder exhibits particle
agglomerates in the range of 25 to 40 nm in average
diameter occur when they annealed at 1000 °C. Moreover,
electron micrographs revealed that on increasing the
annealing temperature the material becomes porous. The
emission bands were in visible range with violet and blue-
violet emissions being prominent. The energy band gap
observed from photoluminescence spectroscopy is around
3.0 eV in all the three samples. The synthesis process is
remarkably simple, low cost and free of any hazardous
instrumentation and to the best of our knowledge has not
been reported before. A detailed structure-property
correlation has been established for its potential
applications.
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