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LaCoOj, nanoparticles with perovskite-type structure were prepared by a microwave-assisted colloidal method. Lanthanum nitrate,
cobalt nitrate, and ethylenediamine were used as precursors and ethyl alcohol as solvent. The thermal decomposition of the
precursors leads to the formation of LaCoO, from a temperature of 500°C. The structural, morphological, and compositional
properties of LaCoO; nanoparticles were studied in this work by X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force microscopy (AFM). Pellets were manufactured in order to test the gas
sensing properties of LaCoO; powders in carbon monoxide (CO) and propane (C;Hg) atmospheres. Agglomerates of nanoparticles
with high connectivity, forming a porous structure, were observed from SEM and TEM analysis. LaCoOj pellets presented a high
sensitivity in both CO and C;Hj at different concentrations and operating temperatures. As was expected, sensitivity increased

with the gas concentration and operation temperature increase.

1. Introduction

In the last years, inorganic materials have been widely studied
due to their attractive characteristics, such as capacity to
modify its microstructure, morphology, and other physical
properties as a function of the method and conditions
of synthesis [1-3]. Novelty synthesis methods have been
developed for preparing inorganic materials, such as aerosol,
sol-gel, solution, coprecipitation, solution-polymerization,
colloidal method, and solid-state reaction (ceramic method),
among others [4-10]. It is well known that a particular
synthesis route induces to physical changes in the volume and
surface characteristics of the material, for example, structure,
morphology, porosity, and particle size [11], and consequently
the electrical, optical, magnetic, and sensing properties are
modified as well [12, 13].

In particular, diverse research groups have focused their
interest in performing synthesis of materials through col-
loidal routes, since this method has led to process materials
with particle size around a few nanometers, with attrac-
tive morphologies of a great relevance due to its potential
applications [14, 15]. For example, Michel et al. obtained
porous microspheres by using colloidal synthesis of trirutile-
type CoSb,0Oq [16]. Sun et al. also reported the formation
of nanostructured microspheres of organic-inorganic hybrid
materials by using the colloidal methods [17]. Nanoparticles
synthesized by colloidal routes that can be applied in different
fields, such as pigments for diverse applications, record-
ing materials, ceramics, catalysis, drug delivery systems,
biosensors, photonic crystals, colloidal lithography, porous
membranes, and formation of hollow spheres, among others
(17-19].



On the other hand, lanthanum cobalt oxide (LaCoO;)
with perovskite-type structure has acquired great importance
by its magnetic, electrical, and catalytic properties that
make it attractive for different technological applications.
For example, it has been reported that LaCoO; exhibits
catalytic activity in the oxidation of different compounds, like
carbon monoxide (CO) and methane (CH,), and also exhibits
photocatalytic activity in the oxidation of methyl orange and
water [20-27]. In addition, the LaCoOj; is a material that
presents good thermoelectric properties [28].

In this work, LaCoO; nanoparticles were synthesized
by a colloidal route for studying their physical properties.
Additionally, the synthesized LaCoO; powders were used to
manufacture pellets to be tested as gas sensors in two different
atmospheres, namely, CO and propane (C;Hg).

2. Experimental Procedures

2.1. Synthesis of LaCoO5 Nanoparticles. LaCoO; nanoparti-
cles with perovskite-type structure were prepared employ-
ing a colloidal method. Firstly, three different solutions
were separately prepared. The first one consisted of 1.7316 g
of La(NO;);-6H,O (Alfa Aesar), the second 1164g of
Co(NO,),-6H,0 (Jalmek), both dissolved in 5 mL of absolute
ethyl alcohol (CTR), and the third 2 mL of ethylenediamine
(Sigma) dissolved in 10 mL of the same alcohol. The three
solutions were stirred vigorously for 20 min and then mixed
all together. Finally, the resultant solution was kept in stirring
for 24 h at room temperature.

Later, the solution was put into a domestic microwave
oven (LG model, MS1147 X) in order to evaporate the solvent
by a low power radiation of microwaves (~145W). The
evaporation rate was controlled by applying the microwave
radiation in steps of 25s in order to keep the solution at a
temperature around 70°C; the temperature was monitored by
an Extech IR 403255 thermometer. The control of heating
time and temperature was decisive to avoid the splashing
and the consequent loss of material, namely, a better process
yield. After entire evaporation of solvents a yellow paste was
obtained, which was dried at 200°C during 8 h in a normal
atmosphere. The resultant powder was divided in five parts,
and they were calcined at different temperatures, namely, 300,
400, 500, 600, and 700°C. The calcination process consisted
of a heating rate 0of 100°C/h, up to reach the set point, and then
an annealing for 5 h at constant temperature. The calcinations
were carried out in an oven Vulcan 3-550, which has a
programmable temperature controller.

2.2. Physical Characterization of LaCoO5; Powders. All cal-
cined powders were analyzed by X-ray diffraction (XRD)
by using a Siemens D500 diffractometer with a Cu-Ka«
radiation. The 26 scanning range was from 10° to 70° with
a step size of 0.02° and a step time of 1s. Lattice parameters
were calculated from the XRD patterns. Powder Cell 2.4
software [29] was employed for analyzing the XRD spectra.
Morphology of LaCoO; powders was analyzed by scanning
electron microscopy (SEM) by using a JEOL JSM-6390LV
microscope in modality of high vacuum and secondary
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electron emission. A surface composition analysis was devel-
oped by energy dispersive X-ray spectroscopy (EDS-SEM)
with an XFlash Detector 5010 from Bruker. Surface area
analysis was performed by nitrogen adsorption at 77 K, with
a Minisorp II equipment from BEL Japan. In this character-
ization, previous to the N, adsorption process, the chamber
with the sample was outgassed and kept in vacuum for 24 h,
at room temperature. Surface area was calculated from the
BET equation. Size and shape of the nanoparticles were
analyzed by transmission electron microscopy (TEM) in a
JEM-2010 equipment from JEOL, with an acceleration voltage
of 200kV. The surface topography was analyzed by atomic
force microscopy (AFM) by using a JSPM-5200 microscope
from JEOL under intermittent contact operation. For the
topographical study, 0.1g of LaCoO; powder was dispersed
with isopropyl alcohol in a container, by using an ultrasonic
bath for 5 minutes. Later, by a syringe, a drop of material
disperse was deposited over the surface of a 15 mm diameter
bronze disc and finally dried at room temperature during
24 h.

2.3. Pellets Preparation for Gas Sensitivity Analysis. The sens-
ing properties of synthesized LaCoO; powders were probed
in two different atmospheres, namely, carbon monoxide (CO)
and propane (C;Hg), at different gas concentrations and
operation temperatures. The sensing measurements consisted
of monitoring the electrical resistance of 12mm diameter
and 0.5 mm thick pellets, manufactured by using a Simplex
Ital Equip-25 Tons pressing machine. After several trials,
optimal pressing conditions were found for 15 tons during
90 min. For electrical measurements two ohmic contacts were
manufactured onto the pellets by using pure silver paint
(Alpha Aesar). Then, these pellets were put onto a sample
holder in a chamber, which allows the introduction of gases
in a controlled way. For controlling gas concentration, the
partial pressure into the chamber was monitored by a TM20
Leybold detector. The experimental setup used for measuring
the sensing response is shown in Figure 1.

The pellets sensitivity, S, was estimated by the relative dif-
ference of the electrical conductances (1/electrical resistance),
according to the following equation:

, @

where G, and G, are the electrical conductance of the
LaCoO; pellets measured in gas (CO or C;Hg) and air,
respectively. The conductance was measured by using a
Keithley 2001 digital multimeter as a function of operating
temperature and gas concentration. Corresponding graphs
are reporting results for three temperatures, namely, 150, 250,
and 350°C, and five different gas concentrations, 5, 50, 100,
200, and 300 ppm. This temperature range was selected since
lower operating temperatures do not lead to any conductance
changes.
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(1) Vacuum chamber (7) Vacuum valve

(2) Probes (8) Pumping system
(3) Heating resistance plate (9) Temperature controller
(4) Sample (10) Pressure meter

(5) Thermocouple (11) Multimeter

(6) Gas valves

FIGURE 1: Schematic diagram of the system used for monitoring the
sensing properties in controlled atmosphere and temperature.
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FIGURE 2: XRD patterns of the precursor material calcined from 200
to 700°C.

3. Results and Discussion

3.1. XRD Analysis. Figure2 shows the X-ray diffraction
patterns of the LaCoO; powders obtained after thermal treat-
ments carried out from 200 to 700°C. From the spectra array
it can be observed that powders calcined at 200 and 300°C
are totally amorphous, since the corresponding diffraction
patterns do not show defined peaks. The spectrum of powders
calcined at 400°C shows a weak peak corresponding to the
La,O; phase according to the JCPDS file number 05-0602,

whereas the spectrum of powders calcined at 500°C fit well
to the crystalline structure of LaCoO; with the presence of
the (012), (110), (104), (202), (006), (024), (122), (116), (214),
(018), and (220) planes, according to the JCPDF file number
48-0123 card. At higher calcination temperatures, 600 and
700°C, the peaks in the spectra are higher and better defined.
This result is associated with a better crystallinity. These
two spectra prove the formation of the LaCoO; perovskite
with rhombohedral structure with space group R-3c. The
symmetry is consistent with other XRD studies reported
previously [28, 30]. The lattice parameters estimated were a =
5.434 A and ¢ = 13.110 A. The wide peaks in the diffraction
spectra indicate the nanocrystalline nature of the material;
therefore, the mean size of crystal (t) was estimated by using
the Scherrer equation [31], t = 0.91/f3 cos 0, where A is the
wavelength of the radiation used (1.5406 A), 0 is the Bragg
angle, and f3 is the full width at half maximum (FWHM) of
the diffraction peak. Considering all reflections, the crystal
size estimated was around 30 nm.

Traditionally, LaCoO; has been synthesized through a
solid-state reaction, employing La, O, as precursor material,
whereas Co,0; or Co;0, were required to mix, press, and
calcinate the solid precursors at temperatures as high as
1000°C and long times for reactions (in the order of days)
for having a complete formation of the compound [28, 32].
Comparing the solid-state reaction with the synthesis by
colloidal method, the formation temperatures of 600 and
700°C and the annealing time of 5 h are relatively low for the
formation of LaCoOj.

Recently, other research groups have reported different
methods for preparing LaCoO;, where calcination temper-
atures between 600 and 700°C were used. Carabali et al.
[33] synthesized LaCoOj; by the acrylamide polymerization
method using y radiation, reporting that the compound
begins its formation at 500°C and the formation of the single
phase was around 700°C. Jung and Hong [24] reported the
formation of LaCoO; at 650°C when it was prepared from
an aqueous solution of metallic nitrate salts in presence of
malic acid, later a drying process by microwave radiation,
and finally a thermal treatment. Similarly, Sompech et al. [34]
synthesized perovskite at 600°C employing a mechanochem-
ical method. In the present work, LaCoO; powders were
obtained employing a microwave-assisted colloidal method
in presence of ethylenediamine and a further calcination
process from a temperature of 500°C and higher. Then, we
can state that temperatures around 600°C are suitable for the
formation of LaCoO; employing soft synthesis methods.

3.2. Scanning Electron Microscopy Analysis. Figure 3 shows
two typical SEM images of LaCoO; powders after calcination
at 700°C. These images present two different magnifications:
(a) 500x and (b) 15000x. In Figure 3(a) it can be observed that
the surface presents lots of pores with different sizes, around
a few micrometers. The smallest pores are around 0.5 ym,
whereas the biggest are around 30 ym. Also a grid of particles
was observed forming net-like structures and some particles
disperse over the surface of material. This can be more clearly
observed at higher magnifications; as is shown in Figure 3(b)
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FIGURE 3: SEM images of LaCoO, powders calcined at 700°C at two different magnifications: (a) 500x and (b) 15000x.
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FIGURE 4: EDS-SEM spectrum of LaCoO; powders showing char-
acteristic lines of La, Co, and O.

the gridding is due to the great connectivity among the
particles. The porous microstructure obtained is attributed
to the released gases during the thermal decomposition of
the organic species, mainly water vapor, NO,, and CO,,
among others [35]. BET surface area of LaCoO; was around
14.2m%/g.

The preparation of inorganic compounds employing
colloidal methods has been widely studied by Matijevic [36].
The author states that these methods give rise to a better
control on the nucleation process and the growth of the
particles. Thus, compounds with different morphologies can
be obtained. These morphologies follow the crystallization
principles given by Lamer and Dinegar [37], which were
described in three theoretical stages; the first stage states
that the concentration of the reagents in colloidal dispersions
gradually increases, the second one states that the concentra-
tion of the reagents reaches a limiting state of supersaturation
and the nucleation happens forming the nuclei of the crystals,
and finally the third stage states that the growth of stable
nuclei to form discrete particles is originated by diffusion of
the dissolved species to nuclei.

Figure 4 shows an EDS-SEM spectrum of LaCoO; oxide.
From this, it is possible to observe the characteristic peaks of
La, Co, and O in concordance to the chemical composition of

the material. For lanthanum (La), more intensive peaks corre-
spond to the L& and Lp lines, localized at 4.65 and 5.04 keV,
respectively. For cobalt (Co), the three peaks present in the
spectrum correspond to the characteristic lines La, K«, and
Kﬁ, localized at 0.77, 6.92, and 7.65 keV, respectively. Finally,
for oxygen (O), the corresponding line is Ke, with an energy
value of 0.525 keV. On the other hand, the line localized close
to 0.28 keV indicates that carbon (C) element is present in
the composition, which is a residue of the combustion of the
organic material [38]. This fact is a disadvantage of employing
the organic reagents in the synthesis of inorganic compounds.

3.3. Transmission Electron Microscopy Analysis. Figure 5
shows typical images obtained by transmission electron
microscopy and their corresponding particle size distribution
of LaCoOj; perovskite powders. In Figure 5(a) we observed
that LaCoO; oxide is constituted by nanoparticles that
present irregular shape and a rough surface texture. In
addition, a continuous connectivity among the particles was
observed as well, in a similar way to that observed in the SEM
image Figure 3(b). This micrograph evidences the formation
of necks for giving rise, one more time, to the coalescence
of particles. Figure 5(b) shows the particle size distribution
of LaCoOj; oxide obtained through the analysis of various
TEM images. The particle size has been estimated in a range
of 25 to 144 nm, and around 78% of the particles were in
the 40-100 nm range, with an average size estimated around
68 nm, with a standard deviation of 27nm. HRTEM was
performed in a selected zone of the sample. The HRTEM
image reveals that the interplanar distance is around 3.86 A,
which corresponds to (012) planes. This image reports the
electron diffraction pattern, where the characteristic rings of
the reflections of the nanometric polycrystalline material can
be observed.

3.4. Atomic Force Microscopy Analysis. Topography of the
LaCoO; powders was analyzed by using the atomic force
microscopy (AFM) technique. Figure 6 shows a typical AFM
image in a 322nm X 322nm scanned area. From this
micrograph, a topography can be observed that is conformed
by grains of different height, associated directly with the
contrast of the image. The estimated particle size of the
scanned area was around 64 nm. These results are consistent
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FIGURE 5: TEM analysis of LaCoO; powders: (a) LaCoO, nanoparticles and electron diftfraction pattern (inset), (b) particle size distribution,

and (c) HRTEM image showing the lattice fringes.
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FIGURE 6: Topographical image obtained by AFM of LaCoO,
powders.

with those obtained from TEM, shown in Figure 5(a). The
mean planar roughness estimated over the scanning area
was around 4.84 nm. From AFM analysis it is evident that

the texture observed from TEM images can be associated to
the roughness on the nanoparticles surface.

3.5. Sensing Properties. Figure7 shows the sensitivities of
the LaCoO; pellets as a function of the CO and C,;Hg
concentration. LaCoQOj pellets are clearly sensible to both
gas concentration and operating temperature; nevertheless,
at temperatures below 150°C no resistance changes were
registered. We observed an increase in the sensitivity mag-
nitude with increase in the operation temperature for both
CO and C;Hg. This result is associated to the increase
of the oxygen desorption at higher temperatures. Chang
reported the adsorption of different oxygen species as a
function of the temperature [39]. So, at temperature below
150°C the O, oxygen species is present in a dominant way,
whereas other oxygen species, like O™ and O””, are present
at higher temperatures, which are more reactive species than
previous ones. At room temperature no resistance changes
are registered, since there is not enough thermal energy to
produce the desorption of oxygen species, irrespective of the
gas concentration.
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FIGURE 7: Sensitivity of LaCoO; pellets versus (a) CO concentration, (b) operating temperature and CO, (c) propane (C;Hg) concentration,

and (d) operating temperature and propane (C,;Hg) concentration.

At 350°C and 200 ppm of CO and C;Hj, the sensitivities
calculated were around 10 and 15, respectively. Neverthe-
less, in case of C;Hg, the sensitivity was around 42, at
300 ppm; thus, it was thrice increased. On the other hand,
the sensitivity was increased with the gas concentration,
irrespective of the gas type, as was expected, since the more
gas concentration the more desorption reactions.

4. Conclusions

LaCoO; nanoparticles with perovskite-type structure were
successfully synthesized employing a colloidal method. This
synthesis route is a convenient way to synthesize the com-
pound at temperatures relatively low. LaCoO; nanoparticles
are clearly sensible to both operating temperature and gas
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concentration. As was expected, sensitivity of LaCoOj; pellets
increased by increasing the CO and C;Hg concentration
and the operation temperature. Maximum sensitivity, around
42, was obtained in C;Hg at 350°C for a concentration of
300 ppm.
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