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Abstract: This paper reports on the results concerning the sol-gel preparation and characterization of Sr-substituted perovskite lanthanum co-
baltates La, Sr,Co0,  (x = 0.0, 0.25, 0.5 and 0.75). The metal ions, generated by dissolving starting materials in diluted acetic acid
were complexed by 1,2-ethanediol to obtain the precursors for the non-substituted and Sr-substituted LaCo0,. The influence of the
synthesis temperature, heating time and the amount of substituent on the phase purity of La, ,Sr,Co0, , were investigated. The phase
transformations, composition and micro-structural features in the gels and polycrystalline samples were studied by thermal analysis
(TG/DTA), infrared spectroscopy (IR), powder X-ray diffraction analysis (XRD) and scanning electron microscopy (SEM).
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1. Introduction

Perovskite ~ABO, and related materials are
technologically important for many possible applications.
This is a result of the variety of interesting properties
of these compounds due to their compositional
and structural diversity. Namely, these compounds
exhibit ferroelectricity, pyroelectricity, ferromagnetism,
superconductivity, colossal magnetoresistance, catalytic
properties etc. [1-8], which render them as some of
the most important technical materials. The perovskite
LaCoO, system is a promising thermoelectric material
due to its high Seebeck coefficient of 600 mV/K at room
temperature. The thermopower of LaCoO, is positive
due to the partial disproportionation 2Co%* «<» Co?* + Co**.
Nevertheless the electrical resistivity is rather high which
lowers the conversion efficiency. Lanthanum cobaltates
are perovskites in which a proportion of A-site La cations
may commonly be substituted by divalent atoms such as
Ca or Sr [9-12]. They have high electron and ionic (O%)
conductivities and are considered for use as cathode
materials in solid oxide fuel cells, oxygen permeable
membranes and are effective in catalytic oxidation of

CO and hydrocarbons. The amount of charge carriers
and thus the electrical conductivity and thermoelectric
properties in this system can be tuned by suitable Co-
site and La-site substitution [13-22]. There has been
substantial recent interest in strontium-doped rare earth
perovskites (Ln, Sr. CoO, ,) as cathode materials for solid
oxide fuels cells [19, 23-28], as an ideal substrate for the
deposition of lead zirconium titanate (PZT) films [29], and
as high temperature ceramic membranes [30-32]. These
phases also display novel magnetic behaviour, including
glassiness and room temperature ferromagnetism
[33-42].

In the context of doped materials, the incorporation
of homogeneously-distributed nanosized secondary
phases in a host matrix, which can be realized by
the molecular level fabrication of new materials, is of
significant interest. In order to prepare these mixed
oxides, the oxide-mixing method based on the solid
state reaction between the component metal oxides is
still utilized because of its lower manufacturing cost and
simpler preparation process. This method, in general,
however, requires the calcining temperature to be higher
than 1000°C in order to eliminate the unreacted starting
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Figure 1. TG and DTA profiles of (a) La-Co-O, (b) La(0.75)-Sr(0.25)-Co-

The heating rate was 10°C min‘.

oxides and to obtain the final product as a single phase.
In order to overcome these inevitable disadvantages
arising from the solid state reaction, some methods
including sol—gel, hydrothermal and coprecipitation
techniques can be used.

Over the last few decades, the sol-gel techniques
have been used to prepare a variety of mixed-metal
oxides, nanomaterials and nanoscale architectures,
nanoporous oxides, organic-inorganic hybrids [43-47].
Lanthanum cobaltate has been synthesized in the form
of single crystals [48] and thin films by metal-organic
chemical liquid [29] and chemical vapor deposition
[49] techniques. For the preparation of bulk lanthanum
cobaltate ceramics, different methods, such as solid
state [50-52], co-precipitation [53,54], spray-pyrolysis
[55], microemulsion [56], combustion [19,57,58] and
reactive grinding [59] techniques could be used. Sol-gel
chemistry routes using citric acid [18], EDTA [60] and
glycine [61] as complexing agents were also suggested
for the preparation of LaCoO_-based ceramics. Recently
for the preparation of different garnets, aluminates and
superconductors, we elaborated an aqueous glycolate
sol-gel processing route [62-67]. In this paper we
present results of a systematic study of similar aqueous
sol-gel synthetic approach to pure LaCoO, and Sr-
substituted lanthanum cobaltates, La, Sr,CoO, .. The
results illustrate the influence of annealing temperature,
heating time and strontium concentration on the phase
purity and crystallinity of the end products.
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0O, (c) La(0.5)-Sr(0.5)-Co-0, and (d) La(0.25)-Sr(0.75)-Co-O precursor gels.

2. Experimental Procedures
2.1. Synthesis

Lanthanum cobaltate LaCoO,and lanthanum-strontium
cobaltate La, Sr.CoO,, (x = 0.0, 0.25, 0.5 and 0.75)
ceramic samples were synthesized by an aqueous
glycolate sol-gel method. The gels were prepared
using stoichiometric amounts of analytical-grade
lanthanum nitrate La(NO,),, strontium nitrate Sr(NO,),
and cobalt acetate tetrahydrate Co(CH,COO),-4H,0
as La* Sr**and Co® raw materials, respectively. For
the preparation of unsubstituted samples by the sol-gel
process, lanthanum nitrate was first dissolved in 50 mL
of 0.2 mol L' CH,COOH at 65°C. To this solution, cobalt
acetate dissolved in 50 mL of distilled water was added
and the resulting mixture was stirred for 1 h at the same
temperature. For the preparation of Sr—substituted
samples the appropriate amount of strontium nitrate
dissolved in 50 mL of 0.2 mol L' CH,COOH at 65°C
was added and the resulting mixtures were stirred for
1 h at the same temperature. In a following step, 1,2-
ethanediol (2 mL) as complexing agent was added to
the reaction solution. After concentrating the solutions by
a slow evaporation at 65°C under stirring, the La-Co-O
or La(Sr)-Co-O nitrate-acetate-glycolate sols turned
into mauve transparent gels. The oven dried (100°C)
precursor gel powders were ground in an agate mortar
and preheated for 5 h at 300°C and 3 h at 500°C in
air. After grinding in an agate mortar, the powders were
additionally sintered in air for 3 h and 10 h at 1000°C
with an intermediate grinding.
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Figure 2. TG and DTA profiles of (a) LaCoO,, (b) La,,.Sr,,,Co0,;, (c) La,Sr, ,CoO,; (d) La,,.Sr,,.CoO, ; materials obtained after heating the
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precursor gels for 5 h in 300°C and 3 h in 500°C. The heating rate was 5°C min.

2.2. Measurements

The thermal decomposition processes of the precursor
gels were studied in airatmosphere by thermogravimetric
and differential thermal analyses (TG and DTA,
respectively) using a Netzsch STA 409 thermal analyzer
ata heating rate 5-10 °C min'. The infrared spectrain the
range of 4000—400 cm'were recorded on an EQUINOX
55/SINIR FTIR spectrometer. Samples were prepared
as KBr pellets. Powder X-ray diffraction measurements
were performed at room temperature on a Siemens
D5000 diffractometer operating with CuK radiation. A
scanning electron microscope (SEM) JEOL JSM 6400
was used to study the morphology and microstructure
of the samples.

3. Results and Discussion
3.1. TG/DTA analysis

It is well known that thermal characterization of
synthesized samples is important both for control of the
reaction process and for the properties of the materials
obtained. In this context, thermal analysis is a versatile
aid to monitor preparative studies. The mechanism of
the thermal decomposition of La-Co-O and La(Sr)-Co-O
precursor gels in flowing air was studied by TG/DTA
measurements. The TG/DTA profiles for the precursor
gels are shown in Fig. 1. TG curves showed that in all
cases the thermal decomposition proceeded in a similar
way in that all the curves show two main weight losses
in the temperature ranges ~20-200°C and ~200-500°C.
Decomposition started below 200°C with a loss of
crystallization water and/or water from the coordination

sphere of the metal complexes. The observed weightloss
between 200°C and 500°C is associated with thermal
decomposition of nitrates, acetates and glycolates. The
final weight loss on the TG curves of the gel samples
was observed in the temperature range ~600-900°C,
which indicates the formation of intermediate carbonates
or oxycarbonates during pyrolysis of metal-organic
components. The thermal decomposition behaviour is
associated with endothermic and exothermic effects in
the DTA curves.

The oven dried precursor gel powders
were initially preheated for 5 h at 300°C and 3
h at 500°C in air. The TG/DTA curves for the
intermediate products obtained at a heating rate of
5°C min" are shown in Fig. 2. The weight loss between
600-900°C is seen in all cases due to the decomposition
of carbonate or oxycarbonate phases. Thus, it is obvious
from the measurements that significant amounts of
carbonate-containing phases (possibly SrCO,, and
La,0,C0,) [6] have formed during the initial calcination
of the La-Co-O and La(Sr)-Co-O precursor gel samples.
This observation is corroborated by well-resolved
endotherms in the DTA curves at approximately 600—
650°C. Furthermore, well-resolved endotherms are also
seen at around 900-920°C which must correspond to
LaCoO, crystallization. Thus, according to the thermal
analysis data, the crystallization of LaCoO, and
La, Sr.CoO,, ceramic oxides could vary from 900 to
1000°C. Therefore, the final annealing temperature
of 1000°C for the sol-gel preparation of lanthanum
cobaltate could be selected.
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Figure 3. Infrared spectra of (a) La-Co-O, (b) La(0.75)-Sr(0.25)-
Co-0O, (c) La(0.5)-Sr(0.5)-Co-O, and (d) La(0.25)-
Sr(0.75)-Co-O precursor gels.
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Figure 5. Xray diffraction patterns of LaCoO, ceramics synthesized
using the sol-gel method at different temperatures: (a)
500°C, (b) 700°C, (c) 900°C, (d) 1000°C. Annealing time
was 3 h. The Miller indices of LaCoO, phase are marked.
Impurity phases: e - Co,0,, ¢ - La,0,.

3.2. IR spectroscopy

Fig. 3 shows the IR spectra of La(Sr)-Co-O precursor

gels.Asseen, allIRspectraare almostidenticalregardless

of the strontium substitutional level. The bands observed
in the IR spectra of the La(Sr)-Co—0O gels schematically

Relative intensity (a.u.)

may be divided into four regions: 3700-2700,
1800-1300, 1200-900 and 800-500 cm”. Broad
adsorption bands around 3400 cm™ are the

characteristic feature of absorbed water. The bands
due to the CH, and CH, stretching can be observed
at around 2900, 2800, and 1400 cm™ whereas the
strong bands at 3550-3200 (broad) and 1100-1050
cm' are due to CH,-OH stretching [68]. The -CO-OH
stretching frequencies can be identified at 1610-1600
and 1320-1290 cm™. A series of bands in the range
1700-1650, 1480-1450 and 950-910 cm” can be
assigned to the nitrate groups [69,70]. Thus, it is not
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Figure 4. Infrared spectra of (a) LaCoO,, (b) La,,.Sr,,.C00, . (c)
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Figure 6. Xray diffraction patterns of LaCoO, ceramics synthesized
using the sol-gel method at different temperatures: (a)
500°C, (b) 700°C, (c) 900°C, (d) 1000°C. Annealing time
was 10 h. The Miller indices of LaCoO, phase are marked.
Impurity phases: o - Co,0,, ¢ - Co,0,, ¢ - La,0,.

possible to state that only one precursor compound

was formed; however, the IR and TG analyses of the
gels show the 1,2-ethanediol, acetate and nitrate
ligands to be present in the metal coordination spheres.

Additionally, the IR bands at 800-550 cm™ can be

attributed to metal-oxygen M-O (possibly Co-O, Sr-O,

La-O) vibrations [69,70]. Fig. 4 shows infrared spectra

of the La(Sr)—Co—-O0 gels heated at 1000°C. As seen, the

IR spectra of samples calcined at 1000°C do not show

any band attributable to carbonates, and only M-O

stretching frequencies are observed. These results are

consistent with the crystallization process observed by

TG and X-ray diffraction measurements.
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Figure 7. Xray diffraction patterns of La,,Sr,,.CoO,, ceramics
prepared at different temperatures: (a) 500°C, (b) 700°C,
(c) 900°C, (d) 1000°C. Annealing time was 3 h. The Miller
indices of LaCoO, phase are marked. Impurity phases:
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057705

pared at different temperatures: (a) 500°C, (b) 700°C, (c)
900°C, (d) 1000°C. Annealing time was 3 h. The Miller
indices of LaCoO, phase are marked. Impurity phases:
o-Co,0,, » -Co,0,, - SrO, * - SrCO,.
3.3. X-ray diffraction
The XRD patterns of LaCoO, ceramics heated at
500°C, 700°C, 900°C, 1000°C for 3 h and 10 h are
shown in Figs. 5 and 6, respectively. According to the
XRD analysis, a fully crystallized, almost single-phase
oxide LaCoO, with the well pronounced perovskite
crystal structure has formed already after annealing the
precursor for 3 h at 700°C (see Fig. 5b) (JCPDS file
48-123). Impurity phases in the samples, attributable to
Co,0, (diffraction lines at 20 ~ 31.272, 36.853, 65.238),
and La,0, (20 ~ 29.961, 44.635) however, also have
been detected. With prolonged annealing time (10 h)
the monophasic lanthanum cobaltate has formed at
1000°C (see Fig. 6).
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Figure 8. Xray diffraction patters of La, ,.Sr, ,.Co0, , ceramics pre-
pared at different temperatures: (a) 500°C, (b) 700°C, (c)
900°C, (d) 1000°C. Annealing time was 10 h. The Miller
indices of LaCoO, phase are marked. Impurity phases:
o-Co,0,, ¢ -Co0,0,,=-Sr0, * - SrCO,.
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Figure 10. Xray diffraction patterns of La, ;Sr, ,CoO, , ceramics pre-
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pared at different temperatures: (a) 500°C, (b) 700°C,
(c) 900°C, (d) 1000°C. Annealing time was 10 h. The
Miller indices of LaCoO, phase are marked. Impurity
phases: o - Co,0,, ¢ - Co,0,, = - SrO, * - SrCO,.
The XRD patterns of the strontium-substituted
La,,Sr,,,CoO,, sample heated at the same
temperatures for 3 and 10 h are shown in Figs. 7 and
8, respectively. Evidently, the samples obtained at
700°C are multiphase materials despite the formation of
perovskite phase already having started. The impurity
phases in the samples can be attributed to Co,O,,
Co,0,, and SrCO,. The crystalline perovskite structure
of strontium-substituted lanthanum cobaltate is obtained
at higher temperature (900°C). The XRD data clearly
confirm La,,Sr,,,CoO, . to be the main crystalline
component, independent of the annealing time.
The XRD patterns of Laj,Sr,,CoO,, and
La,,Sr,,,Co0,, samples heated for 3 and 10 h are
shown in Figs. 9-12. It may be seen that, with further

increasing strontium substitutional level, the obtained
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Figure 11. Xray diffraction patterns of La,,.Sr,,.CoO, , ceram-

ics prepared at different temperatures: (a) 500°C, (b)
700°C, (c) 900°C, (d) 1000°C. Annealing time was 3 h.
The Miller indices of LaCoO, phase are marked. Impu-
rity phases: e - Co,0,, * - SrCO,, & - unknown.
X-ray diffraction results are very similar. The formation
of certain amounts of the impurity phases, such as SrO,
SrCO,, Co,0,, Co,0,, is evident at lower temperatures.
Fully crystalllne single-phase oxides La, .Sr, .CoO, ; and
La, ,.Sr,,,C00, ; with the well pronounced perovskite
crystal structure have formed at 900°C. This observation
is opposite to the results obtained by investigating
lanthanum [6] and gadolinium [71] substitution by
strontium in perovskite aluminates. It was determined
thatwhen the Srcontentis higher than 25%, the formation
of perovskite lanthanum or gadolinium aluminates is
problematic. It is interesting to note that the annealing
time (3 and 10 h) has no influence on crystallinity and

phase purity of La, Sr CoO, ;oxides.

3.4. SEM analysis

Fig. 13 shows the SEM micrographs of oven dried
La(Sr)-Co—O precursor gels. In all cases the scanning
electron micrographs indicate the formation of monolithic
gels. Fig. 14 shows the SEM micrographs of La(Sr)-
Co-0 gels heated at 1000°C. It is interesting to note that
almost identical surface microstructure was observed
for all ceramic samples. The particles of different
shapes and sizes formed with very well pronounced
agglomeration, indicating a good connectivity between
the grains. The SEM micrograph suggests that the La,_
Sr.Co0, , solids synthesized by the sol-gel route are
composed of irregular submicron grains with an average
grain size of less than 3 ym.
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Figure 12. Xray diffraction pattemns of La,,.Sr,,,CoO, , ceram-
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ics prepared at different temperatures: (a) 500°C, (b)
700°C, (c) 900°C, (d) 1000°C. Annealing time was 10
h. The Miller indices of LaCoO, phase are marked. Im-
purity phases: ¢ - Co,0,, * - SrCO,.

4. Conclusions

From the present study it can be concluded that
homogeneous gels in the La(Sr)-Co-O system were
prepared by the complexation of metal ions with 1,2-
ethanediol followed by a controlled hydrolysis and
condensation in an aqueous media. The obtained gels
have been used for the low-temperature synthesis of
lanthanum cobaltate (LaCoO,) and strontium-substituted
lanthanum cobaltate (La, Sr,CoO,;) ceramics. The
present study demonstrates the versatility of the
solution method to yield a monophasic LaCoO, sample
at low sintering temperature (up to 900-1000°C) when
compared with the temperature required for the solid-
state synthesis (>1400-1600°C). Furthermore, the Sr-
substituted La, ,Sr,CoO, ; ceramics (up to 75% of Sr)
also have been successfully obtained by this method.
To our knowledge, La,,.Sr,,.Co0O, ; cobaltate with the
perovskite structure has been prepared by a soft sol-
gel chemistry approach for the first time. The annealing
time was found to be an important parameter only for
the nonsubstituted LaCoO, ceramics. Moreover, the
proposed sol-gel method of preparation of lanthanum
cobaltate in aqueous media is inexpensive and thus
appropriate for the large scale production of ceramics
of this type.

461




Sol-Gel Preparation and Characterization
of Non-Substituted and Sr-Substituted
Lanthanum Cobaltates

10 pm —

Figure 13. Scanning electron micrographs of (a) La-Co-O, (b) La(0.75)-Sr(0.25)-Co-O, (c) La(0.5)-Sr(0.5)-Co-0O, and (d) La(0.25)-Sr(0.75)-Co-O
precursor gels.

Figure 14. scanning electron micrographs of sol-gel derived (a) LaCoO,, (b) La,,.Sr, ,,C00,,, (c) La,Sr,,Co0,, (d) La,,.Sr,,,Co0, , ceramics
heated for 10 h at 1000°C.
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