Journal of Alloys and Compounds 489 (2010) 586-591

journal homepage: www.elsevier.com/locate/jallcom

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

ALLOYS
AND COMPOUNDS

Microwave-assisted solid-state decomposition of La[Co(CN)g]|-5H,0 precursor:
A simple and fast route for the synthesis of single-phase perovskite-type

LaCoO3; nanoparticles
Saeid Farhadi*, Shahnaz Sepahvand

Department of Chemistry, Lorestan University, Khoramabad 68135-465, Iran

ARTICLE INFO ABSTRACT

Article history:

Received 9 August 2009

Received in revised form

19 September 2009

Accepted 22 September 2009
Available online 25 September 2009

Pure and single-phase nanoparticles of perovskite-type LaCoO3; were prepared via microwave-assisted
solid-state decomposition of La[Co(CN)s]-5H,0 precursor in the presence of CuO powder as a strong
microwave absorber within a very short reaction time of 10 min. Product was characterized by X-ray
diffraction (XRD), Fourier-transformed infrared spectroscopy (FT-IR), Raman spectroscopy, UV-visible
spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM) and surface area measurement. The method is simple, fast and energy
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related compounds.

efficient and resulted in fine particles (10-30 nm) with high specific surface area and narrow size dis-
tribution. This hybrid microwave heating route is promising for the synthesis of other mixed oxide and

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite-type oxides (ABO3; A=a rare earth cation and B=a
transition metal cation) constitute an important class of strategic
materials due to their outstanding properties [1]. The electrical,
mechanical, optical, magnetic and catalytic properties these mate-
rials find numerous technological uses. These oxides have been
used in: solid oxide fuel cells as electrode materials [2-6], chemical
sensors [7-10], oxygen-permeating membranes [11] thermoelec-
tricdevices [12] and as catalyst for combustion of CO, hydrocarbons
and NO, decomposition [13-19]. For these applications, it is impor-
tant to prepare high-quality and homogeneous powders with
controlled stoichiometry and microstructure. In most cases, the
presence of secondary phases will decline in the functional prop-
erties, so that single-phase materials are preferred.

Among perovskite-type oxides, LaCoO3; and related materials
exhibit interesting electrical and electrocatalytic properties. Also,
LaCoOs3 has very high electronic conductivity and good ionic con-
ductivity. The properties of this material are strongly dependent on
the preparation method which affects its numerous applications.

Generally, LaCoO3 has been prepared by conventional solid-
state reaction of pure oxides of La;03 and CoO, carbonates and/or
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oxalates of metal components at temperature greater than 1000 °C
[20-22]. Although the solid-state reaction is very simple, this
process is not entirely satisfactory because of several serious draw-
backs such as high reaction temperature, long calcination times,
introducing impurities during extensive grinding and milling, lim-
ited degree of chemical homogeneity, large particle sizes, high
aggregation of particles with low specific surface areas and ease
of formation of the secondary phases.

In order to overcome above problems, extensive investigations
have been performed for preparing finer and more homogeneous
LaCoOs3 at lower temperatures using soft chemical processes. Vari-
ous low temperature chemical routes such as coprecipitation [23],
decomposition of heteronuclear complex [24-27], mechanochem-
ical synthesis [19], combustion method [28], sol-gel [29] and
pechini-type polymerizable complex [30-33] have been reported
for obtaining pure phase LaCoO3 nanopowder with high surface
area and well-defined chemical compositions. However, most of
these processes are either complex or expensive and limit their
large-scale production. Therefore, introduction of an inexpensive,
green and novel method for preparing pure phase and nano-sized
LaCoOs is still an interesting research topic.

In recent years, the microwave-assisted method has been used
extensively for the synthesis of inorganic material [34,35]. This
method has unique effects and significant merits such as easy
workup, rapid volumetric heating, high reaction rate, short reaction
time, energy saving and production of inorganic nanoparticles with
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Fig. 1. Schematic illustration of the crucible system: (1) large crucible, (2) CuO
powder, (3) small crucible, and (4) precursor pellet.

narrow size distribution as compared with other methods. Various
inorganic nanomaterials have been synthesized using microwave
irradiation technique for different applications [36-44]. In this
context, we have prepared perovskite-type LaFeO3 nanoparticles
from La[Fe(CN)g]-5H,0 precursor under microwave irradiation
with assistance of SiC as a strong microwave absorber [45].

In this work, we report a fast, simple and clean route to prepare
LaCoO3 nanoparticles in pure phase through microwave-assisted
solid-state decomposition of La[Co(CN)g]-5H,0 precursor in the
presence of CuO as a secondary heater to initiate the reaction. The
obtained product was identified by X-ray diffraction (XRD), Fourier-
transformed infrared spectroscopy (FT-IR), Raman spectroscopy,
UV-visible spectroscopy, X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). In addition, the possibility for synthesizing
other Lanthanide cobaltites, LnCoO3; (Ln=Sm, Nd, Gd), has been
discussed.

2. Experimental
2.1. Preparation

First, the La[Co(CN)g]-5H,0 precursor was prepared by mixing aqueous solu-
tions of equal molar of K3[Co(CN)s] and La(NOs);-6H,0 with continuous stirring
[45]. The mixture was stirred at room temperature for 30 min. The resulting yellow-
ish precipitate was separated and washed with water, ethanol, and diethyl ether and
dried in air. To prepare LaCoO3 nanopatrticles, the precursor powder was pressed into
pellets (10 mm x 3 mm) with a pressure of 200 MPa and put in a porcelain crucible.
This crucible was placed in the middle of another larger porcelain crucible filled with
CuO powder as a secondary microwave absorber. A schematic diagram of the cru-
cible system is shown in Fig. 1. This assembly was placed in a domestic microwave
oven (LG-30L, 900 W, MW frequency 2.45 GHz) and irradiated at the highest power
level of 900 W in air. After an irradiation time of 10 min that the CuO powder became
fully red hot, the complete decomposition of the precursor pellet was occurred.
The product was cooled to room temperature and collected for the characteriza-
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Fig. 2. TG curve of La[Co(CN)g]-5H,0.

tion. In a similar manner above, other lanthanide cobaltites were prepared from the
decomposition of their corresponding Ln[Co(CN)g]-5H,0 precursors.

2.2. Characterization

The crystal structure and phase compositions of the obtained product were
identified with a Bruker D8 Advance X-ray diffractometer using Cu Ka radiation
(A=0.15418 nm). Infrared spectra were recorded on a Schimadzu system FT-IR 8400
spectrophotometer using KBr pellets. Thermogravimetric analysis of the precursor
was performed in air using a STA 449C thermal analyzer. Raman spectrum mea-
surement was carried out on a Spex 1403 Raman spectrometer. Optical absorption
spectrum was recorded on a Shimadzu UV-vis spectrophotometer with the wave-
length rang of 200-500 nm at room temperature. The sample for UV-vis studies was
well dispersed in distilled water to form a homogeneous suspension by sonicating
for 25 min. The morphology and particle sizes of product were revealed by a trans-
mission electron microscope (TEM, LEO-906E) and a scanning electron microscope
(SEM, Philips XL-30). The TEM image of product was obtained at the accelerating
voltage of 200 kV. TEM sample was prepared by dropping the ethanol dispersion on
a carbon-coated copper grid. Specific surface area was calculated by the BET method
using nitrogen. XPS measurement was performed on a PHI-5300/ESCA system with
Mg Ka radiation as the exciting source.

3. Results and discussion
3.1. Characterization of LaCoO3 nanoparticles

In the present study, LaCoO3 nanoparticles were prepared
from the decomposition of La[Co(CN)g]-5H,0 precursor under
microwave irradiation in the presence of CuO powder. It is known
fact that in microwave synthesis of materials at least one of
the reactants should be a good microwave absorber. When the
reactants are poor absorbers, hybrid method in the presence of
a strong absorber is a suitable route. In the present study, the
La[Co(CN)g]-5H,0 precursor does not absorb microwaves and
remained unchanged without the assistance of a strong secondary
absorber. For this purpose, CuO powder was used as shown in
Fig. 1. At the initial stage, the microwave radiation is mainly
absorbed by the CuO powder and its temperature increases very
quickly. Subsequently, the sample is heated by the hot heating
medium of CuO and the LaCoO3 can be obtained within several
minutes. It seems that the decomposition of La[Co(CN)g]-5H,0
pellet was accompanied by the evolution of various gases (such as
CO,, NOy and water vapor) and this gas evolution breakdown the
pellet to a fine powder. The microwave reaction involved in the
formation of LaCoOs is as follows:

La[Co(CN)g] - 5H>0

microwave+Cu0 1 4 C0C0O3 + 6CO, + 6NOy + 5H,0

Solid-state reaction in air

Thermal behavior of the La]Co(CN)g]-5H,0 precursor was first
investigated with thermal gravimetric analysis (Fig. 2). From TG
curve in Fig. 2, two major weight losses were observed. The first
weight loss is attributed to the loss of five molecules of crystal-
lization water, whereas second one is due to the decomposition of
the cyanide groups, followed by a gradual weight loss until 650 °C.
The total weight loss is about 42%, which is close to the theoret-
ical value for the formation of LaCoO3; according with the above
chemical equation.

Fig. 3 shows the XRD pattern of La[Co(CN)g]-5H,0 precursor.
All diffraction data, especially interplanar d-spacing assigned to
the peaks in this pattern match very well with those reported in
literature for the pure La|Co(CN)g]-5H, 0 (JCPDS card no. 36-0674).

Fig. 4 shows the XRD pattern of the obtained powder
from the decomposition of La[Co(CN)g]-5H,0 precursor under
microwave irradiation. From the comparison of Fig. 4 with Fig. 3,
it is very clearly evident that all diffraction peaks related to
La[Co(CN)g]-5H,0 were disappeared and the new peaks were
appeared. All diffraction peaks in Fig 4 can be readily indexed
to rhombohedral structure of perovskite-type LaCoO3 with lattice
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Fig. 3. XRD pattern of the La[Co(CN)g]-5H, 0 precursor.

constants ag =bg =0.5441 and ¢y =1.3088 nm (JCPDS, card no.: 25-
1060). The splitting of peak at 260=33.5 confirms rhombohedral
symmetry of LaCoOs. The diffraction angle, interplanar d-spacing
and intensity of the characteristic peaks of the product are well
consistent with those of the standard JCPDS card of LaCoO3. No
characteristic XRD peaks of possible impurity phases such as
La(OH)s, Lay03, LayCOs5, Co,03, Co304 and unreacted precursor
were observed, indicating the preparation of pure single-phase
LaCoO3 by this method.

The average particle size was estimated from the X-ray line
broadening of the diffraction peaks using the Scherrer formula,
D=0.89A/(hq, cos ), where D is the particle size in nm, A is the
wavelength of the X-ray radiation (0.15418 nm), 6 is the Bragg angle
and hy; is the full width at half maximum (FWHM) intensity [46].
Based on a FWHM of the (0 1 2) peak positioned at 260 =23.5°, we
estimate the average particle size to be ~16 nm.

The FT-IR spectra of the precursor and its decomposition prod-
uct are shown in Fig. 5. In the FT-IR spectrum of precursor (Fig. 5a),
the U(C=N) stretching band at about 2160 cm~! and §(H,0) band at
about 1620 cm~! were observed [47]. The v(Co-CN) was detected
in 450 cm~!. Also, the broad band in the range of 3650-3150 cm™!
attributed to v(OH) of the lattice water molecules. As can be seen
in Fig. 5b, all of these bands were disappeared after microwave-
assisted decomposition of precursor. In the FT-IR spectrum of the
product (Fig. 5b), two strong bands around 620 and 410cm™!
are quite characteristic. These bands correspond to Co-0 stretch-
ing vibration and O-Co-0 bending vibration of CoOg octahedra in
perovskite LaCoOs3, respectively [47,48]. This finding proves the for-
mation of the perovskite LaCoO3 and is in accordance with XRD
data.

Fig. 6 shows Raman spectrum of the obtained LaCoO3 nanopar-
ticles in the range of 100-700 cm~!. There are three characteristic
peaks at around 135, 415 and 640 cm~! in the Raman spectrum of
product, which are very similar to those of LaCoO3 reported in the
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Fig. 4. XRD pattern of the LaCoO3; nanoparticles.
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Fig. 5. FT-IR spectra of (a) La[Co(CN)g]-5H,0 precursor and (b) LaCoO3 nanoparti-
cles.

Intensity (a.u.)

100 200 300 400 500 600 700
Raman shifts (cm™)

Fig. 6. Raman spectrum of the LaCoO3; nanoparticles.

literature [30,33]. On the other hand, the widening of these lines
suggests that the size of particles is very small [49].

The obtained LaCoO3 was also examined by XPS for further eval-
uation of its purity. Fig. 7 shows the XPS spectra of the La 3d and
Co 2p core levels. The binding energies of the La 3ds;, and Co 2ps3);
are observed at around 835 and 780eV, respectively, which are
consistent with the literature values of La3* and Co3* [50]. From
the peak areas of the La 3d and Co 2p cores, the molar ratio of La
to Co was estimated to be 1:1 using the sensitivity factors [50]. So,
the composition and valance analysis results of product by XPS also
confirm its stoichiometric composition of LaCoO3. The La 3d5, peak
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Fig. 7. XPS spectra of the La 3ds); and Co 2ps; levels of the LaCoO3 nanoparticles.
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Fig. 8. SEM image of the obtained LaCoO3; powder.

is associated with a strong shoulder at 838.5eV that is separated
from the main peak by ~3.5eV. This peak was observed in XPS of
other LaMO3; (M =Ti, Cr, Mn, Fe, and Co) and can be interpreted in
terms of the excitation of an electron from the anion valence band
into the lanthanum 4f band (O — Lays) [51,52].

Fig. 8 shows the SEM image of the obtained LaCoO3; powder. As
can be seen, the product consists of extremely fine particles which
loosely aggregated. Because of the extremely small dimensions and
high surface energy of the obtained LaCoOj3 particles, it is easy for
them to aggregate as seen in Fig. 8.

TEM image of the obtained perovskite-phase LaCoO3; powder
is shown in Fig. 9. TEM sample was prepared with the disper-
sion of powder in ethanol by ultrasonic vibration. As evident from
image, the powder comprises uniform nanoparticles in the range
of 10-30 nm. This is consistent with the average size obtained from
the peak broadening in X-ray diffraction studied. Such consistence
implies that the LaCoO3 nanoparticles are single-phase.

The specific surface area of LaCoO3 nanopowder measured by
the BET method tobe 27 m2 g~! which s the reported greatest value
for the pure phase powder of LaCoO3 up to now [31,33]. The par-
ticle size was calculated from the data of specific surface area, by
the equation Dggt =6/(0S), where Dggr is the average diameter of
a spherical particle, S is the BET specific surface and p is the the-
oretical density of LaCoOs. The average particle size based on this

Fig. 9. TEM image of the obtained LaCoO3; powder.
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Fig. 10. UV-vis spectrum of the LaCoO3; nanoparticles (*satellite band).

equation is about 17.5 nm which is consistent with XRD and TEM
results.

The optical properties of the LaCoO3; nanoparticles was investi-
gated by UV-vis spectroscopy. Fig. 10 shows the UV-vis absorption
spectrum of LaCoO3 nanoparticles dispersed in water with a strong
absorption at about 265 nm. The strong absorption can mainly be
attributed to the band gap electronic transition from the valence
band to conduction band (0?3, — C0o3*34). It is clear that sample
can absorb the light up to visible region. The spectrum allows us
to estimate the optical band gap (Eg) which to be 3.02 eV corre-
sponding to absorption edge close to 410 nm. This indicates that
the LaCoO3 nanoparticles prepared by this method could be a kind
of photocatalytic material.

Fig. 11. SEM images (in two different magnifications) of the LaCoO3; powder pre-
pared by thermal decomposition of La[Co(CN)s]-5H, 0 in an electric furnace.
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Fig. 12. XRD patterns of microwave-assisted synthesis of (a) SmCoQOs3, (b) NdCoO3
and (c) GdCoO3 nanoparticles.

In order to make a comparison, the LaCoO3; powder was also pre-
pared by thermal decomposition of La[Co(CN)g]-5H,0 in an electric
furnace. The XRD and FT-IR results (not shown here) confirmed that
the pure phase LaCoO3; was formed at high temperature of 1000 °C
after 2 h. For an instance, SEM images of the obtained LaCoO3 by
this method are shown in Fig. 11. It is evident that the particle size
is in range of 0.2-1 pm.

In Table 1, the preparation time, particle size and specific
surface area of LaCoOs; prepared from the decomposition of
La[Co(CN)g]-5H,0 in microwave oven (the present work) and elec-
tric furnace were compared.

From Table 1, it is evident that the use of microwave heating
dramatically accelerated reaction rate. Clearly, the reaction time
has been reduced by almost 12 times in comparison with the con-
ventional heating (10 min versus 120 min, Table 1). In addition, the
microwave synthesis of LaCoOj3 gives smaller particles with higher
specific surface area. The decreased crystal size might be related
with the increased nucleation rate. The nucleation rate should be
high because of high heating rate under microwave irradiation.

Table 1
Comparison between the properties of LaCoO3 prepared from solid-state decompo-
sition of La[Co(CN)g]-5H, 0 by microwave heating and conventional heating.

Decomposition method

Properties Microwave Conventional
heating? heating®
Reaction conditions 900W, 10 min, 1000°C,
in air 120 min, in air
Particle size (nm)® 10-30 200-1000
Average particle size (nm)d 16 500
Specific surface area (m? g!)¢ 27 6.5

2 In a domestic microwave oven.

b In an electric furnace.

¢ Estimated by TEM/SEM images.

d Calculated by the Scherrer formula.

¢ Calculated from N, adsorption measurement by BET method.

The difference in morphology of products from two reaction meth-
ods also shows that the reaction mechanism differs from each
other.

3.2. Preparation of SmCoO3, NdCoO3 and GdCoO3 nanoparticles

The synthesis of other lanthanide cobaltites, LnCoO3 (Ln=Sm,
Nd, Gd) have also been carried out through the present method.
The nanoparticles of these oxides were prepared in a similar man-
ner with LaCoOs3 by the microwave-assisted decomposition of their
corresponding bimetallic complexes, Ln[Co(CN)g] (Ln=Sm, Nd, Gd),
within 10 min. Fig. 12 shows the XRD patterns of the obtained
products. All cases give us the patterns of SmCoO3 (JCPDS card no.
8-0149), NdCoOs3 (JCPDS card no. 25-2064) and GdCoOj3 (JCPDS card
no. 25-1057) as pure and single-phase. The results indicate that the
present method is useful to prepare nano-sized and homogeneous
perivskite-type ABO3 materials.

4. Conclusion

LaCoOs can be simply synthesized by rapid decomposition of the
La[Co(CN)g]-5H,0 under microwave irradiation with the assistance
of CuO as the secondary heater. The obtained LaCoO3 nanoparticles
have narrow size distribution (10-30 nm) with high specific sur-
face area (27 m2 g—1). The smaller particles of the LaCoOs with high
purity and short reaction time are other significant advantages of
this method compared with most reported methods. This method
has been used for synthesizing other LnCoO3 such as SmCoOs,
NdCoO3; and GdCoO3; and we foresee that the LaCoO3 nanopar-
ticles are more attractive in electrical and catalytic applications.
This method is promising for preparation of other mixed oxide and
related compounds.
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