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a b s t r a c t

The effect of the synthesis route on the microstructure and reducibility of lanthanum cobaltates (LaCoO3)
perovskites was examined. Two synthesis methods were used: thermal decomposition of freeze-dried
La–Co-citrates and the Pechini method. The crystal structure, morphology and defect structure of LaCoO3

were characterized by XRD powder diffraction, TEM and SEM analyses and electron paramagnetic reso-
nance spectroscopy. The reducibility was tested by thermal programmed reduction with hydrogen. The
intermediate stage of reduction was determined by ex situ XRD experiments. LaCoO3 powders obtained
xide materials
ol–gel processes
eduction
-ray diffraction
EM
lectron paramagnetic resonance

by the Pechini method were reduced relatively easier as LaCoO3 obtained from freeze-dried citrates. The
LaCoO3 reduction yielded Co metal and La2O3 via the formation of oxygen deficient Brownmillerite-type
La3Co3O8 and La2Co2O5 oxides. For LaCoO3 obtained from freeze-dried citrates and annealed at higher
temperatures, Co metal, in addition to oxygen deficient perovskites, was formed at the initial stage of
the reduction. The different reducibility of LaCoO3 obtained by the Pechini method and that from the
freeze-dried citrates was discussed taking into account the formation of oxygen-deficient phases from

uddle
the Brownmillerite and R

. Introduction

Lanthanum cobaltates (LaCoO3) with a perovskite type structure
re recognized as promising cathode materials for intermediate-
emperature solid oxide fuel cells, as well as automotive exhaust
atalysts [1–3]. The state-of-the-art research is mainly devoted to
he improvement of the performance of LaCoO3 by development
f rational methods of synthesis that influences the morphology
nd microstructure. Among several synthesis procedures including
olution-based and solid-state reactions [4–19], the most widely
sed method is the Pechini method [20]. This method is based on
he mixing of La and Co ions at an atomic scale by the use of citric
cid as a chelating agent and of ethylene glycol to form a polyester-
ype resin [8,9,21–23].

One of the factors determining the LaCoO3 application is
he mobility of lattice oxygen [24–26]. To evaluate this factor,
emperature-programmed reduction with H2 is often used as a fast
creening method [24,25]. The reduction of LaCoO3 has been con-

roversially discussed. Some authors [27–29] propose a two step
rocess via intermediate oxygen-deficient oxides before the final
eduction to Co metal and La2O3. Other reports [30–33], however,
uggest one-step reduction directly to Co metal based on XRD, IR

∗ Corresponding author. Tel.: +359 2 9793915; fax: +359 2 8705024.
E-mail address: radstoy@svr.igic.bas.bg (R. Stoyanova).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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sden–Popper series during the reduction.
© 2009 Elsevier B.V. All rights reserved.

and XPS evidence. Irrespective of the intensive studies on the mech-
anism of LaCoO3 reduction, the relationship between the synthesis
procedure and reducibility of LaCoO3 has only been studied sporad-
ically [34]. The examination of this relationship is further initiated
by the fact that the synthesis procedure affects the microstructure
of LaCoO3 [35–39].

The present study is aimed at examining the effect of the syn-
thesis route on the microstructure and reducibility of LaCoO3. Two
solution-based methods were used for the preparation of LaCoO3.
The first one is the Pechini method. The second one is based on the
formation of mixed La–Co-citrate precursors by freeze-drying of the
corresponding solutions. To analyse the effect of the organic com-
ponent on the morphology of LaCoO3, the same metal-to-citric acid
ratio (La:Co:citric acid = 1:1:10) was used for both methods. Ther-
mal properties of freeze-dried citrates and Pechini-type precursors
were followed by DTA and TG analysis. Structural and morphologi-
cal characterization was made by XRD powder diffraction, TEM and
SEM analysis. Electron paramagnetic resonance (EPR) spectroscopy
was used to analyze the defect structure of LaCoO3. The reducibility
was tested by thermal programmed reduction (TPR) with hydrogen.
The intermediate study of reduction was determined by ex situ XRD
experiments.
2. Experimental

Homogeneous La–Co-citrate precursors were obtained by freeze-drying and by
a Pechini-type reaction. Lanthanum–cobalt citrates were prepared by adding a 5 M

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:radstoy@svr.igic.bas.bg
dx.doi.org/10.1016/j.jallcom.2009.02.096
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sitive towards the synthesis route (Fig. 4). At 900 ◦C, all studied
LaCoO3 samples studied exhibited the identical lattice parameters,
which coincide with those for LaCoO3 reported in the literature
[47,48]. The organic components of the precursors affect the oxi-
80 S. Ivanova et al. / Journal of Alloy

queous solution of citric acid (CA) to a suspension of CoCO3 in aqueous solution
f La(NO3)3·6H2O (1 M La). The ratio between the components was La:Co:CA = 1:1:2
nd 1:1:10, the La:Co ratio being carefully controlled. After stirring, a clear solu-
ion was obtained, which was diluted to 0.25 M La (Co). For the preparation of
reeze-dried precursors this solution was frozen instantly with liquid nitrogen and
ried under vacuum (20–30 mbars) at −20 ◦C in an Alpha-Christ Freeze-Dryer. For
he precursors obtained by the Pechini-type reaction the La–Co–CA solution with
a:Co:CA = 1:1:10 was heated up to ∼90 ◦C and ethylene glycol (EG) was added
CA:EG = 1:4). The solution thus obtained was continuously stirred with a magnetic
tirrer on a hot plate to remove the excess of water and to accomplish the polyester-
fication reaction. Prolonged heating produced a more and more viscous and bubbly
ink mass. The thermal decomposition of the La–Co-precursors was achieved at
00 ◦C for 3 h in air. Thus obtained solid residue was annealed between 600 and
00 ◦C for 20 h in air, then cooled down to room temperature with a rate of 5◦/min.
or the sake of convenience, the samples were further on denoted as P-LaCoO3 and
D-LaCoO3 for oxides derived from Pechini-type precursors and from freeze-dried
itrates, respectively.

LaCoO3 samples were also obtained by a conventional solid-state reaction
etween La2O3 and CoCO3 at 800 and 900 ◦C for 20 h. The regime of thermal treat-
ent of the latter samples was similar to that of the ex-citrate oxides.

The lanthanum and cobalt content of the initial salt used was determined com-
lexometrically. The mean oxidation state of the cobalt ions in the LaCoO3 samples
as established iodometrically after dissolution of the powdered sample in HCl
nder argon.

X-ray structural analysis was made by a Bruker Advance 8 diffractometer with Cu
� radiation. Step-scan recordings for structure refinement by the Rietveld method
ere carried out using 0.02◦2� steps of 5 s duration. The computer program FULL-

ROF was used in the calculations [40]. The crystallite size of oxides was calculated by
he Scherrer equation from the line width of the (0 1 2) and (0 2 4) reflection peaks:

h k l = �/((ˇ2 − ˇ2
o)

1/2
cos �h k l) where � is Cu K� radiation, ˇ is the peak width at

he half height corrected with instrumental broadening and �h k l is the Bragg angle.
he line width was determined by profile analysis using a WinPlotr program.

The thermal analysis (simultaneously obtained DTA-, TG- and DTG-curves) of
he precursors was carried out by a “Stanton Redcroft” apparatus in the temperature
ange up to 650 ◦C in air, a heating rate of 5 ◦C/min and sample mass of 10 mg.

The EPR spectra were recorded as the first derivative of the absorption signal
f an ERS-220/Q spectrometer within the temperature range of 90–400 K. The g
actors were determined with respect to a Mn2+/ZnS standard. The signal intensity
as established by double integration of the experimental EPR spectrum.

SEM images of powders coated with gold were obtained by a Zeiss DSM 962
icroscope and by Philips XL30 scanning electron microscopes. TEM analysis was

arried out with a Philips/FEI CM20 microscope, at an accelerating voltage of 200 kV.
Temperature programmed reduction experiments were carried out in the

easurement cell of a differential scanning calorimeter (DSC), model DSC-111
SETARAM), directly connected to a gas chromatograph (GC), in the 300–973 K range
t a 10 K/min heating rate in a flow of Ar:H2 = 9:1, the total flow rate being 20 ml/min.
cooling trap between DSC and GC removes the water obtained during the reduc-

ion. To obtain the ex situ XRD patterns of the partially reduced oxides, the reduction
rocess was interrupted at selected temperatures and then the samples were cooled
own to room temperature in an Ar:H2 flow followed by Ar treatment for 10 min.

. Results/discussions

.1. Structural characterization of LaCoO3

Fig. 1 compares TG, DTG and DTA curves of FD-LaCoO3 and P-
aCoO3. Both precursors have the same metal-to-citric acid ratio
1:1:10). As one can see, freeze-dried La–Co-citrates are decom-
osed at a lower temperature (T ≥ 120 ◦C) in comparison to the
echini-type precursors. There are two endothermic processes, at
35 and 170 ◦C, followed by exothermic processes at 323 and 343 ◦C.
ased on the thermal properties of citrate complexes [41–44],
he endothermic processes can be assigned to the dehydration
nd to the transformation of the citrate into aconitate, while the
xothermic processes correspond to the combustion of the residual
rganics. In the presence of ethylene glycol, the citrate precursors
re decomposed at a temperature higher than 250 ◦C. The higher
emperature of thermal decomposition can be related to the ester-
fication reaction between the citric acid and the ethylene glycol,
hich proceeds together with complexation of the metal ions by
itric acid [23,45,46]. There are several exothermic peaks due to
he vigorous combustion of the organics. The process is finished
t 440 ◦C (a temperature higher than that of freeze-dried La–Co-
itrates, 360 ◦C). Above 440 ◦C, a slight weight loss (about 1%) is
Fig. 1. TG, DTG and DTA curves of freeze-dried La–Co-citrate precursors (dotted line)
and Pechini-type precursors (full line). The ratio between metal ions and citric acid
is 1:1:10.

observed due to the burning of the deposed carbon. The same pro-
cess of carbon burning is well established during thermal treatment
of citrate complexes containing ethylene glycol [45,46].

At 400 ◦C and a heating time of 3 h, the product of thermal
decomposition of both freeze-dried and Pechini-type precursors is a
mixture of LaCoO3, La2O2CO3 and Co3O4 spinel (Fig. 2). This means
that irrespective of the precursors used, the formation of LaCoO3
proceeds by the interaction of La2O2CO3 with the spinel oxide. It is
worth mentioning that, at 400 ◦C, metastable cubic modification of
LaCoO3 is formed.

At 600 ◦C, a well-crystallized single phase of a rhombohedrally
distorted LaCoO3 perovskite was obtained by both methods (Fig. 3).
In addition, the metal-to-citric acid ratio in the precursors did not
affect the phase purity. Contrary to the metal-organic precursors, a
solid-state reaction between La2O3 and CoCO3 yielded single phase
LaCoO3 at T ≥ 800 ◦C. Fig. 4 gives the unit cell parameters (a and
c) and oxidation state of Co ions as a function of the prepara-
tion temperature for three series of samples: FD-LaCoO3, P-LaCoO3
and LaCoO3 obtained by a solid-state reaction. Lattice parameters
slightly change with the annealing temperature and are insen-
Fig. 2. XRD patterns of the thermal decomposition products of freeze-dried La–Co-
citrates (a) and La–Co–CA–EG precursors (b) at 400 ◦C. Bragg reflections for cubic
LaCoO3 (LCOh k l), monoclinic La2O2CO3 (loch k l) and spinel phase (sph k l) are given.
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Fig. 3. XRD patterns of LaCoO3 obtained from freeze-dried La–Co-citrates and
annealed at 600 (upper curve) and 900 ◦C (lower curve) for 20 h. Asterisk denotes
the impurity spinel phase.

Fig. 4. Oxidation state of cobalt ions (OS, Con+) and unit cell parameters (a, c) for
rhombohedrally distorted LaCoO obtained from freeze-dried citrate precursors
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Fig. 5. EPR spectra at 103 K of LaCoO annealed at 700 ◦C and obtained from freeze-

F

3

ith metal-to-citric acid ratio 1:2 (triangle) and 1:10 (circle), by the method of
echini (square) and by solid-state reaction (SSR, diamond). The annealing tem-
erature varies between 600 and 900 ◦C.

ation state of Co ions. For FD-LaCoO3 with La:Co:CA = 1:1:2, the
xidation state of Co ions is slightly higher than 3. By increasing
he amount of the organic component, the oxidation state of Co
ecreases below 3 for P-LaCoO3 reaching 3 for FD-LaCoO3 with
a:Co:CA = 1:1:10. The observed changes in the oxidation state of Co
f LaCoO3 samples imply different defect structures of the oxides

epending on whether they are prepared from citrate or EG-citrate
recursors.

EPR spectroscopy is a suitable experimental technique for mon-
toring the defect structure of LaCoO3 and Ni-substituted LaCoO3

ig. 6. SEM images of LaCoO3 annealed at 600 ◦C and obtained from freeze-dried citrates w
3

dried La–Co-citrates with La:Co:CA = 1:1:2 (a) and La:Co:CA = 1:1:10 (b) ratio and by
the method of Pechini (c). The black lines are the experimental spectra, while grey
lines correspond to the simulated Lorentzian signals.

[34,38,39,49]. Thus, for LaCoO3 prepared from freeze-dried citrates
with a La:Co:CA ratio of 1:1:2, defects including ferromagnetic cou-
pled Co3+ and Co4+ ions were detected by EPR [34]. These defects
are located mostly on the interface between the primary parti-
cles which form aggregates [34]. Here, we are extending the EPR
study to LaCoO3 obtained from citrate and EG-citrate precursors
with La:Co:CA = 1:1:10. Fig. 5 gives the EPR spectra of LaCoO3 oxides
annealed at 700 ◦C. It is worth mentioning that defectless LaCoO3
does not give the EPR response in the X-band experiments (9.2 GHz)
[34,38,39,49]. This picture is observed for P-LaCoO3. Well-resolved
EPR spectra are only observed for FD-LaCoO3. The intensity of the
EPR signals decreases with increasing Co-to-CA ratio. When LaCoO3
is prepared from freeze-dried citrates with La:Co:CA = 1:1:2, the
EPR spectrum consists of two overlapping signals having different
line widths and g-factors: at 103 K the broader signal exhibits a line
width of about 170 mT and a g-value of 2.8, while the line width
of 40 mT and the g-value of 2.3 correspond to the narrower signal.
Going to FD-LaCoO3 with La:Co:CA = 1:1:10, only the broader signal
becomes visible. According to our previous studies [34], both sig-
nals are due to the ferromagnetic ionic couples comprising Co3+ and
Co4+ ions. It seems that the density of these defects is higher when
LaCoO3 is obtained from precursors containing lower contents of
organics.

As in the case of the defect structure of LaCoO3, the morphol-
ogy of LaCoO3 samples also depends on the synthesis procedure
(Fig. 6). After decomposition of freeze-dried citrate precursors,

plate-like aggregates are formed, their dimensions increasing with
the decrease of the Co-to-CA ratio: from 5 to 20 �m to about 5 �m
from oxides with La:Co:CA = 1:1:2 to oxides with La:Co:CA = 1:1:10.
In comparison with freeze-dried citrate precursors, particles with

ith La:Co:CA = 1:1:2 (left), and 1:1:10 (centre) and by the method of Pechini (right).
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Fig. 7. TEM images of LaCoO3 annealed at 600 ◦C and obtained from freeze-dried citrates with La:Co:CA = 1:1:2 (left), and 1:1:10 (centre) and by the method of Pechini (right).
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ig. 8. HR-TEM images of LaCoO3 annealed at 600 ◦C and obtained from freeze-dr
ndicated.

lower extent of agglomeration are formed by the Pechini method.
he effect of the organic component in the precursors on the parti-
le agglomeration of target LaCoO3 can be related to their thermal
ehavior. It is noticeable that, for Pechini-type precursors, the car-
on burning process takes place simultaneously with the formation
f LaCoO3.

Inside the aggregates, well-crystallized hexagonal individual
articles become visible (Fig. 7). The particle dimensions fall in
he nanometric scale and do not depend on the type of pre-
ursor used: 65 ± 15, 75 ± 15 and 80 ± 15 nm for FD-LaCoO3 with
a:Co:CA = 1:1:2, FD-LaCoO3 with La:Co:CA = 1:1:10 and P-LaCoO3.
he insensitivity of particle dimensions is further supported by

he crystallite sizes determined from the broadening of (0 1 2)
nd (0 2 4) diffraction lines: 40, 33 and 37 nm, respectively. It is
mportant that the particle dimensions determined from TEM anal-
sis match the crystallite sizes determined from diffraction line

Fig. 9. SEM images of LaCoO3 annealed at 800 ◦C and obtained from freeze-dried
rates with La:Co:CA = 1:1:2 (left), and 1:1:10 (right). The value of the d-spacing is

broadening, indicating the formation of nanometric crystallites of
LaCoO3.

The HR-TEM images show that impurity particles with dimen-
sions of 10–15 nm are deposited on the surface of LaCoO3 particles
obtained from freeze-dried citrates only (Fig. 8). The lattice fingers
correspond to d-values of about 4.80 and 4.85 Å. These d-values can
be related to an impurity spinel phase with a lattice parameter of
8.40–8.45 Å. For the sake of comparison, the lattice parameter of
the Co3O4 spinel is 8.08 Å. This indicates that the impurity cobalt
spinel phase contains some La additives. (By a way of comparison,
the ionic radii of octahedrally coordinated Co3+ (LS), Co2+ and La3+

ions are 0.525, 0.73 and 1.06 Å, respectively [50].) It is noticeable

that impurity spinel phase is poorly visible in the XRD patterns of
LaCoO3 (the asterisk in Fig. 3).

By increasing the annealing temperature, the plate-like aggre-
gates disappear leaving behind larger particles. At 800 ◦C, the

citrates with La:Co:CA = 1:1:10 (left) and by the method of Pechini (right).
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ig. 10. Particle dimensions (determined from SEM analysis, left) and crystallite size
square) and 1:1:10 (circle) and by the method of Pechini (triangle) and annealed b

owders obtained from freeze-dried citrates are porous and show
n uniform morphology with an open network of well shaped par-
icles, while the Pechini method yields submicron particles loosely
onnected by each other (Fig. 9). Fig. 10 compares the particle
rowth process for oxides obtained by both methods. The particle
imensions and crystallite sizes were determined by SEM analysis
nd XRD line broadening. As one can see, FD-LaCoO3 powders con-
ist of smaller particles. The sintering process is easier for P-LaCoO3
xides. These results show that even at a higher annealing temper-
ture (900 ◦C), the morphology of LaCoO3 is still determined by the
ethod of synthesis. The effect of the synthesis procedure on the
orphology of LaCoO3 has been reported for perovskites obtained

y combustion, co-precipitation and citrate-gel methods [17,36].

.2. Reducibility of LaCoO3

Based on the structural, morphological and defects character-
zation of LaCoO3 it is now possible to examine the reducibility
f LaCoO3. Fig. 11 compares the TPR curves of FD-LaCoO3 and
-LaCoO3. The TPR curves of all oxides studied display two well sep-
rated signals: the low-temperature signal (LT) developed between
00 and 500 ◦C and a high-temperature signal (HT) appearing above
00 ◦C. Table 1 gives the areas ratios of the HT-to-LT peaks. The

eak areas were determined by numerical integration of the curves
etween 250 and 480 ◦C and between 480 and 700 ◦C for LT and
T peaks, respectively. As one can see, P-LaCoO3 displays a lower

eduction stability. For oxides annealed at 600 ◦C, the HT-to-LT area

ig. 11. TPR curves of LaCoO3 annealed at 600, 800 and 900 ◦C and obtained from
reeze-dried citrates with La:Co:CA = 1:1:2 and 1:1:10 and by the Pechini method.
errer size, right) of LaCoO3 obtained from freeze-dried citrates with La:Co:CA = 1:1:2
n 600 and 900 ◦C.

ratio is close to 2 for P-LaCoO3, while for FD-LaCoO3 this ratio is
slightly lower than 2. In addition, the LT reduction peak shows
a complex structure as compared to the HT reduction peak. By
increasing the annealing temperature, the LT reduction peak is
spread in a wider temperature range and the HT reduction peak is
shifted towards higher temperatures (Fig. 11). In the same sequence,
the HT-to-LT area ratio decreases significantly (Table 1). This means
that more Co ions are reduced in the low-temperature region. Of
importance is that even at the highest annealing temperature used
(900 ◦C), the area ratio for FD-LaCoO3 remains lower in comparison
to that for P-LaCoO3.

To determine the products of LaCoO3 reduction, ex situ XRD
measurements of partially and completely reduced oxides were
undertaken (Fig. 12). The reduced compositions were obtained
after interruption of the reduction process at selected tempera-
tures shown in Fig. 12. Taking into account the difference in LaCoO3
reduction, two compositions were chosen: LaCoO3 obtained by
the Pechini method and annealed at 600 ◦C and LaCoO3 derived
from freeze-dried citrates and annealed at 900 ◦C. For P-LaCoO3,
the reduction up to 420 ◦C does not produce significant changes
in the perovskite structure, while a mixture of Co metal and
La2O3 is formed during the reduction up to 650 ◦C. At the ini-
tial stage of reduction of FD-LaCoO3 (up to 420 ◦C), two distinct
perovskite compositions from Brownmillerite series (LanConO3n−1)
were detected: La3Co3O8 and La2Co2O5. In the course of reduction
(up to 490 ◦C), Co metal is formed in addition to the Brownmillerite-
type oxides LanConO3n−1. At high temperature (up to 695 ◦C),
FD-LaCoO3 is finally decomposed to Co metal and La2O3. Contrary
to P-LaCoO3, a La2CoO4 oxide from the Ruddlesden–Popper series
(Lam+1ComO3m+1) is also observed.

To rationalize the observed difference in reducibility of the
LaCoO3 oxides, the mechanism of interaction of LaCoO3 with H2
has to be taken into account. It has been proposed that the reduc-
tion of the cobalt ions in LaCoO3 is a two-step process comprising
the reduction of Co3+ ions to Co0 metal via Co2+ ions [26–28]. At

the first stage, there is a release of oxygen from the LaCoO3 per-
ovskite leading to the formation of perovskite-related phases from
the Brownmillerite series where La-to-Co ratio is equal to 1 [51].
Above 500 ◦C, irreversible reduction of the oxygen deficient per-

Table 1
The high temperature (HT) to low temperature (LT) area ratio for LaCoO3 as a function
of the annealing temperature and the type of the precursors used.

Samples T = 600 ◦C T = 800 ◦C T = 900 ◦C

La:Co:CA = 1:1:2 1.7 1.3 1.2
La:Co:CA = 1:1:10 1.9 1.1 1.1
Method of Pechini 2.0 1.8 1.7

The error of the determination is up to 10%.
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Fig. 12. XRD patterns of partially reduced oxides derived from P-LaCoO3 annealed
at 600 ◦C (A, a) and FD-LaCoO3 annealed at 900 ◦C (B, a). The temperature where
the reduction process is interrupted is shown in inset: 420 ◦C (A, b) and 650 ◦C (A,
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) for P-LaCoO3; and 435 ◦C (B, c), 490 ◦C (B, c) and 695 ◦C (B, d) for FD-LaCoO3.
ragg reflections for La2Co2O5 (La2Co2h k l), La3Co3O8 (La3Co3h k l), La2CoO4 (La2Coh k l),
a2O3 (LOh k l) and Co metal (Coh k l) are given. The inset shows the temperature where
he reduction process is interrupted.

vskites to cobalt metal and lanthanum oxide takes place. The
wo-step reduction process can be presented as [51–54]:

ow-temperature peak : LaCoO3 + 1
2 H2 → 1

2 La2Co2O5 + 1
2 H2O (1)

igh-temperature peak : 1
2 La2Co2O5 + H2 → 1

2 La2O3 + Co + H2O

(2)

As the LaCoO3 reduction proceeds by consecutive formation of
o2+ and Co0 phases, the HT-to-LT area ratio has to be equal to 2.

However, based on X-ray photoelectron studies and magnetic
easurements, the appearance of Co metal has been established

n the low-temperature range [31,32]. This can be explained tak-
ng into account the instability of Brownmillerite-type oxides. In
ir, LanConO3n−1 oxides with n = 2 and n = 3 accept rapidly oxy-
en, this leading to recovery of the initial LaCoO3 phase [51]. In
nert atmosphere, LanConO3n−1 oxides are irreversibly decomposed
o CoO and Ruddlesden–Popper phases Lam+1ComO3m+1 [51,55]:
anConO3n−1 → n/(m + 1)CoO + n/(m + 1)Lam+1ComO3m+1, where the

xidation state of Co is preserved. Under the conditions of the
PR experiment, CoO is unstable and is easily reduced to Co metal
above 400 ◦C [56,57]). The proceeding of several concomitant reac-
ions is the reason that the HT-to-LT area ratio is lower than 2
34,58,59].
ompounds 480 (2009) 279–285

Returning to the samples studied by us, it is clear that two-step
reduction of LaCoO3 is accomplished only for oxides obtained by
the Pechini method and annealed at 600 ◦C. The lack of detection
of Brownmillerite-type oxides at the initial stage of reduction indi-
cates that these phases are easily reoxidized to LaCoO3 during the
air exposure of the oxide for ex situ XRD experiments. In compari-
son with P-LaCoO3, the re-oxidation of Brownmillerite-type oxides
LanConO3n−1 derived from FD-LaCoO3 proceeds slowly, as a result
of which these oxides are detected by ex situ XRD experiments.
The recovering of the FD-LaCoO3 composition is achieved by heat-
ing the reduced oxides at 100 ◦C in air for 2 h (not shown). These
results show that the lower the reduction stability of LaCoO3; the
higher the oxygen ability of its reduced product. By increasing
the annealing temperature, as well as by using the freeze-dried
citrates instead of Pechini-type precursors, the reduction reac-
tion of LaCoO3 at the initial stage is divided into the formation
of Brownmillerite-type oxides and Co metal. The appearance of
Co metal and the Ruddlesden–Popper phases Lam+1ComO3m+1 con-
tributes, on its turn, to the increase in temperature of the final
reduction to Co metal and La2O3.

4. Conclusions

The formation of LaCoO3 perovskites starts at 400 ◦C by the
reaction between La2O2CO3 and a Co-spinel phase after the decom-
position of the organic components. Further annealing at 600 ◦C
yields well-crystallized LaCoO3 with excess of oxygen when freeze-
dried La–Co-citrates are used as precursors, while LaCoO3 with a
slight oxygen deficiency is obtained by the Pechini method. A lower
organic content in the precursor gives rise to the stabilization of
structural defects comprising highly oxidized ferromagnetic cou-
pled Co ions (such as Co4+). The type of the citrate precursor affects
the powder morphology: plate-like aggregates are obtained from
freeze-dried citrates, while loosely bonded particles are formed by
the Pechini method. The different morphology is a consequence
of the thermal properties of precursors: the decomposition of
the Pechini-type precursors is accompanied by the deposition of
carbon, which burns exothermally at temperatures above 400 ◦C.
Inside the aggregates, nanometric hexagonal individual particles
are observed, the particle dimensions being insensitive towards the
organic components in the precursors (60–80 nm). With increase
in annealing temperature, the crystallite growth is favored for
P-LaCoO3.

The complete reduction of LaCoO3 with H2 proceeds to Co
metal and La2O3. The synthesis procedure has a strong impact
on the intermediate stage of LaCoO3 reduction. For an oxide
obtained by the Pechini method, the reduction of Co3+ ions
is completed via the formation of Brownmillerite-type phases
(LanConO3n−1), while for the oxides obtained from freeze-dried
citrates, oxygen-deficient phases together with Co metal are
formed. By increasing the annealing temperature, the formation
of Co metal and Ruddlesden–Popper-type oxides as intermediate
reduction products become more significant. The appearance of
Ruddlesden–Popper phases and Co metal leads to an increase in
temperature of the final reduction to Co metal and La2O3.
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