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Nanosized  metal  aluminates  (CoAl2O4, NiAl2O4 and  CuAl2O4)  were  prepared  by sol–gel  method.  The  for-
mation  of  metal  aluminate  nanoparticles  and  their  particle  size  were  found  to depend  upon  the calcination
temperature.  CoAl2O4 nanoparticles  were  obtained  at 700 ◦C, which  is much  lower  than  that  required
for  its preparation  through  solid  state  reactions.  The  formation  of  NiAl2O4 and  CuAl2O4 nanoparticles
occurs  at  900 ◦C  and  800 ◦C,  respectively.  Characterization  of  the  metal  aluminate  nanoparticles  were
vailable online 9 December 2011
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carried  out  by  X-ray  diffraction,  thermal  gravimetric  analysis,  UV–vis  diffuse  reflectance  spectroscopy,
FT-IR  spectroscopy,  scanning  electron  microscopy  and  transmission  electron  microscopy.  The  chemical
reactivity  of  the synthesized  metal  aluminate  nanoparticles  were  also  tested  using  paraoxon  destructive
adsorption  and  catalytic  reduction  of  4-nitro  phenol.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Nanocrystalline metal aluminates possess important applica-
ions in various fields such as heterogeneous catalysis, pigments,
ensors and ceramics [1–6]. Aluminate spinels have been used
s catalysts in the decomposition of methane, steam reform-
ng, dehydration of saturated alcohols to olefins, dehydrogenation
f alcohols, etc. [7–11]. Aluminate nanoparticles have also been
eported as good photocatalysts, e.g. for the degradation of methyl
range [12].

The general formula of spinels is AB2O4. In the spinel struc-
ure, the anions are arranged in a cubic close packed array with
he cations arranged in the holes of the array. There are eight tetra-
edral and four octahedral holes per molecule. In the case of normal
pinels, the A2+ ions occupy tetrahedral holes and B3+ ions are
resent in the octahedral holes. In the case of inverse spinels, one
alf of A2+ ions occupy tetrahedral holes and the remainder of A2+

ons and all B3+ ions occupy the octahedral holes [13]. It is known
hat the nature of occupancy of tetrahedral and octahedral sites
epends on the calcination temperature [14].

Metal aluminate nanocrystalline powders are generally pre-

ared using solid state high temperature reactions. The tem-
erature is usually greater than 1000 ◦C which influences the
article size [15,16]. One of the disadvantages of the high

∗ Corresponding author. Tel.: +91 1332 285444; fax: +91 1332 286202.
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temperature method is that the product obtained usually pos-
sesses low surface area. Solution based methods that have been
reported for the preparation of metal aluminate nanoparticles
include co-precipitation, polymeric precursor method, combus-
tion and sol–gel method [17–20].  The preparation of spinels
by co-precipitation often leads to non-uniform materials since
it is difficult to precipitate, homogenously, materials in large
batches. Metal aluminate nanoparticles have been prepared by
other methods such as solvothermal synthesis [21,22],  supercritical
method [23], spray pyrolysis [24], flame synthesis [25], thermolysis
[26], chemical vapour deposition [27] and sonochemical synthesis
[28].

Sol–gel method has been a good option to produce homoge-
nous materials since in this method, the chemical elements become
uniformly distributed during the gel formation step [17]. Sol–gel
method also offers good stoichiometric control and production of
ultrafine particles with narrow size distribution at comparatively
low temperatures [29,30]. Sol–gel method has been used to pre-
pare the metal aluminate nanoparticles by different authors. For
example, Stranger and Orel have reported the synthesis of CoAl2O4
nanoparticles using ethylacetoacetate as the chelating agent [31].
Cui et al. have reported the preparation of NiAl2O4 nanoparticles
using propylene oxide as the gelation agent [32]. The synthesis
of nickel, copper and cobalt aluminate nanoparticles using single

source heterobimetallic alkoxides as precursors is also known in
the literature [30]. In the present study, metal aluminate nanopar-
ticles such as CoAl2O4, NiAl2O4 and CuAl2O4 have been synthesized
without using any chelating/gelating agent. Two  different metal

dx.doi.org/10.1016/j.jallcom.2011.11.080
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. XRD patterns of metal aluminate nano

recursors were used instead of bimetallic alkoxide precursors dur-
ng the sol–gel process.

. Experimental

In the present study, MAl2O4 (M = Co, Ni, Cu) nanoparticles were synthe-
ized  using suitable precursors by the sol–gel method. The as prepared precursors
ere subjected to calcination in the temperature range 500–900 ◦C to obtain the
anocrystalline spinels.

The chemicals used for synthesis of the spinels were aluminum isopropox-
de (Aldrich), cobalt acetylacetonate (Alfa Aesar), nickel acetate (Aldrich), cupric
cetate (RANKEM), ethanol, toluene and Millipore water. All the chemicals were
sed  as received. More details on the synthesis of MAl2O4 nanoparticles are as
ollows.

Metal precursors (Co-aceylacetonate, Ni-acetate, and Cu-acetate for CoAl2O4,
iAl2O4 and CuAl2O4, respectively) and Al-isopropoxide were taken in a 1:2 molar

atio and placed in a round bottom flask. Then, a mixture of 100 ml toluene and
0  ml ethanol were added and the suspension was  stirred vigorously to prepare a
omogenous mixture. Afterwards, about 1.0 ml  of distilled water was  added drop
ise with continuous stirring. The mixture was stirred overnight at room tempera-

ure  (25 ◦C). The sol obtained was then evaporated at 80 ◦C to get a gel. The gel was
ried for a few hours at 80 ◦C inside a drying cabinet and then grounded to obtain
he xerogel powder. The as prepared powders were subjected to heat treatment in
ir  at 500–900 ◦C (heating rate = 2 ◦C/min).

X-ray powder diffraction patterns were recorded using a Bruker AXS-D8 diffrac-
ometer (Cu K� radiation) with a step size of 2� = 0.02◦ . FT-IR spectra were recorded
ith a NEXUS Thermo Nicolet IR-spectrometer using KBr pellets. The range stud-

ed was 4000–400 cm−1. Diffuse reflectance spectra were recorded with the help of
 Shimadzu UV-3600 UV-Vis NIR spectrometer attached with a diffuse reflectance
ccessory. BaSO4 was used as the reference. Field emission-SEM images of the alu-
inate nanoparticles were obtained with the help of FEI Quanta 200F electron

icroscope operating at an accelerating voltage of 20 kV. TEM measurements were

erformed on a JEOL model 1200EX instrument operated at an accelerating voltage
f  120 kV. The powder samples were dispersed in isopropanol using low power son-
cation before putting a drop over carbon coated copper grid followed by drying for
he measurements.
les: (a) CoAl2O4, (b) NiAl2O4 and (c) CuAl2O4.

3. Results and discussions

The powder XRD patterns of as prepared and calcined cobalt
aluminate samples are shown in Fig. 1a. The as prepared sample is
X-ray amorphous. It can be noted that the sample calcined at 500 ◦C
is less crystalline compared to that calcined at 700 ◦C. The observed
‘d’ values of the sample calcined at 700 ◦C was  found to match with
that of CoAl2O4 (JCPDS file no. 82-2252). It should be noted that
the XRD pattern of Co3O4 is close to that of CoAl2O4, however, with
a minor difference [33]. The crystallite size of CoAl2O4, calculated
using Debye Scherrer formula, is about 13.7 nm.  The XRD patterns
of nickel aluminate samples calcined at 700–900 ◦C along with that
of the as prepared are shown in Fig. 1b. The samples calcined at
700 ◦C as well as at 800 ◦C were of light-green color. After calci-
nation at 900 ◦C, a light blue colored compound characteristic of
NiAl2O4 was obtained [32]. The XRD pattern of the sample calcined
at 900 ◦C clearly shows the spinel structure (JCPDS file no. 10-0339).
The calculated crystallite size of NiAl2O4 is about 8.7 nm. The X-ray
diffraction patterns of products corresponding to the CuAl2O4 syn-
thesis (Fig. 1c) indicate that the sample calcined at 700 ◦C consists
of two  phases; CuAl2O4 (JCPDS file no. 78-1605) and CuO (JCPDS file
no. 78-0428). The XRD peaks due to CuO disappear on calcination
at 800 ◦C and the XRD pattern shows the formation of monophasic
copper aluminate nanoparticles with a crystallite size of 9.7 nm.

The thermal gravimetric analysis patterns for as prepared pow-
der samples corresponding to all the three aluminates show three

steps weight loss (Fig. 2). The first two weight loss steps in the
temperature range 25–200 ◦C correspond to the loss of adsorbed
water molecules [34]. The third weight loss step at about 300 ◦C
and 326 ◦C in case of CoAl2O4 and NiAl2O4 precursors, respectively
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Fig. 2. Thermal gravimetric analysis patterns of metal aluminate precursors: (a) CoAl2O4, (b) NiAl2O4 and (c) CuAl2O4.

Fig. 3. FT-IR spectra of metal aluminate nanoparticles: (a) CoAl2O4, (b) NiAl2O4 and (c) CuAl2O4.
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Fig. 4. Diffuse reflectance spectra of metal aluminat

nd at 253 ◦C, in the case of CuAl2O4 precursor, is attributed to
ecarboxylation and condensation of Al(OH)3 [35].

The FT-IR spectra of as prepared and calcined aluminate sam-
les show broad bands at about 3430 cm−1 which can be attributed
o hydroxyl stretching (Fig. 3). The band at 1635 cm−1 is assigned
o the bending vibrational mode of water molecules. There is no IR
and present in the region 1028–1157 cm−1 in all the three alumi-
ate samples which confirms the absence of Al OH bending mode
36]. In all the three spinels, the metal-oxygen stretching frequen-
ies are reported in the range 500–900 cm−1, associated with the
ibrations of M O, Al O and M O Al bonds [5].  The FT-IR spec-
rum of CoAl2O4 precursor calcined at 500 ◦C exhibits two broad
ands at about 570 and 674 cm−1 (Fig. 3a) and these bands are
ssigned to Co3O4. On heating the sample at 700 ◦C, new bands
ppear around 502, 554 and 662 cm−1 that can be attributed to the
ibrational bands of CoAl2O4 [31]. The Ni O stretching is observed
t about 503 cm−1 in the IR spectrum of NiAl2O4 (Fig. 3b). In the
R spectrum of CuAl2O4 sample calcined at 800 ◦C (Fig. 3c), two IR
ands appear at about 596 and 702 cm−1 which indicate that the
roduct is spinel [37].

Fig. 4 shows the diffuse reflectance spectra of metal alumi-
ate nanoparticles calcined at different temperatures. The color
f the metal aluminates is due to d–d transitions. CoAl2O4 is a
ormal spinel in which Co2+ is tetrahedrally coordinated. Thus,
hree electronic transitions are spin allowed (4A2 (F) → 4T1 (P))
here as another three are spin forbidden (4A2 (F) → 2T1 (G))

37]. The UV–visible spectrum of as prepared precursor to CoAl2O4

xhibits no characteristic absorption bands. The sample calcined
t 700 ◦C shows bands at about 549, 585 and 633 nm and these
hree bands are attributed to 4A2 (F) → 4T1 (P) transitions [38,39].
iAl2O4 is an inverse spinel. The DRS spectrum of NiAl2O4 cal-
particles: (a) CoAl2O4, (b) NiAl2O4 and (c) CuAl2O4.

cined at 900 ◦C (Fig. 4b) shows two  bands at about 603 nm and
644 nm.  These bands are attributed to Ni2+ in octahedral sites and
tetrahedral sites, respectively [40,41]. The diffuse reflectance spec-
trum of CuAl2O4 sample calcined at 800 ◦C (Fig. 4c) has a broad
adsorption band at about 465 nm which can be assigned to CuAl2O4
spinel [42].

The FE-SEM images of the aluminate nanoparticles showed
irregular morphology of nanoparticles with agglomeration. The
EDX analysis data for CoAl2O4 calcined at 700 ◦C and NiAl2O4
sample calcined at 900 ◦C indicated the expected atomic ratio of
elements (i.e. at.% of Co to Al = 1:2 and Ni to Al = 1:2). The atomic
ratio of Cu to Al in the case of CuAl2O4 nanoparticles (calcination
temperature = 800 ◦C) was 1:2.8, and it is proposed that the product
is a mixture of CuAl2O4 and amorphous Al2O3. The TEM images of
the aluminate nanoparticles are shown in Fig. 5. It can be noticed
that the aluminate nanoparticles are agglomerated. The average
particle size for CoAl2O4, NiAl2O4 and CuAl2O4 nanoparticles, as
calculated from the TEM images, were 9.4 nm,  6.3 nm and 24.1 nm,
respectively.

The catalytic activity of the synthesized metal aluminate
nanoparticles was tested using reduction of aqueous 4-nitrophenol
by sodium borohydride. This reaction has been used for testing
the catalytic activity of metal oxide nanoparticles by many authors
[1,43,44]. An aqueous solution of 4-nitrophenol is yellow colored
and this is due to the presence of nitrophenolate ions. These ions
on reduction with NaBH4 form 4-aminophenolate ions which are
colorless. The rate of this catalytic reduction depends on the con-

centration of reagents, temperature and surface area of the catalyst.
It is well known, for the reactions involving nanocatalysts, rate of
the reaction also depends on the size and shape of the nanoparticles
[44].
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nanocrystalline metal oxides via destructive absorption [46,47]. In
the present study, the reactivity of different synthesized metal alu-
minate nanoparticles were tested using paraoxon. Paraoxon shows
ig. 5. TEM micrographs of (a) CoAl2O4 nanoparticles after calcination at 700 ◦C, (
alcination at 800 ◦C.

For the catalytic activity test of the synthesized aluminate
anoparticles [1],  four 250 ml  beakers were taken. In each beaker,
0 ml  aqueous solution of 4-nitrophenol (0.1 mmol) was  added and
0 ml  of freshly prepared aqueous solution of NaBH4 (0.529 mol/L)
as added. Then, about 1 × 10−4 M of the catalyst (metal aluminate
anoparticles) was introduced into the mixture. The mixtures were
tirred at room temperature. A blank reaction was  also carried out
ithout the catalyst. The time required for the decolorization of

ellow color for each set was noted (Table 1). It can be observed
rom Table 1 that CuAl2O4 nanoparticles decolorize 4-nitrophenol
uickly (2 min) indicating the highest catalytic activity compared
o NiAl2O4 and CoAl2O4 nanoparticles. According to the reported

echanism [45], the borohydride ions absorb on the surface of
he metal aluminate nanoparticles and transfer a surface hydrogen

pecies to the surface. The nitrophenolate ions are adsorbed on the
urface of the nanoparticles and then reduced to aminophenolate
ons which are desorbed afterwards.

able 1
ime required for the complete decolorization of yellow color of 4-nitrophenol in
he presence of different metal aluminate nanoparticles as catalysts.

Sl. no. Reaction condition Time required for
decolorization (min)

1. 4-Nitrophenol + NaBH4 (no catalyst) 97
2. 4-Nitrophenol + NaBH4 + CuAl2O4 nanoparticles 2
3.  4-Nitrophenol + NaBH4 + NiAl2O4 nanoparticles 14
4. 4-Nitrophenol + NaBH4 + CoAl2O4 nanoparticles 47
l2O4 nanoparticles after calcination at 900 ◦C and (c) CuAl2O4 nanoparticles after

Paraoxon (diethyl 4-nitrophenyl phosphate) is an organophos-
phate and has been used to test the chemical reactivity of
Fig. 6. UV–vis spectra for monitoring the destructive adsorption of paraoxon on
different aluminate nanoparticles.
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 characteristic UV–visible absorption band at about 265 nm and
y following this absorption band, the reactivity of the metal alu-
inate nanoparticles can be monitored. For testing the chemical

eactivity of synthesized aluminate nanoparticles with paraoxon, a
olution of 5 �l paraoxon in 100 ml  pentane was prepared. Three
ets of 100 ml  round bottom flasks were taken. Then, 25 ml  of the
araoxon solution was taken in each flask and 50 mg  each of the alu-
inate nanoparticles were introduced. The mixtures were stirred

or 3 h at room temperature and then UV–vis spectra were recorded
Fig. 6). The UV–vis spectral results indicate that NiAl2O4 nanopar-
icles show better destructive adsorption compared to the CoAl2O4
nd CuAl2O4 nanopaticles.

. Conclusions

MAl2O4 nanoparticles (M = Co, Ni, Cu) were synthesized by
 simple sol–gel method without using any gelating agent. The
anoparticles were characterized using an array of techniques. It
as found that the calcination temperature affects the formation

f nanopartices. The method used here may  be extended for the
ynthesis of other spinel nanoparticles. On the basis of the cat-
lytic activity test using 4-nitrophenol decolorization, it has been
ound that CuAl2O4 nanoparticles possess better catalytic activity
ompared to CoAl2O4 and NiAl2O4 nanoparticles. In the destruc-
ive adsorption reaction of paraoxon, the performance of NiAl2O4
s better than that of CoAl2O4 and CuAl2O4 nanoparticles.
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