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bstract

a1−xSrxMO3 (M = Mn, Fe, Co, Ni, x = 0–0.3) powders were obtained by solution combustion technique using metal nitrates and �-alanine. The
s-prepared powders, resulted by the combustion reaction, were annealed at different temperatures to investigate the evolution of crystalline phases.
or the strontium-doped lanthanum-based perovskites, higher annealing temperatures than for the corresponding pure lanthanum-based perovskites
re needed to obtain single-phase compounds depending on M-site metal and strontium content. The oxide powders were investigated by FT-IR
pectra, X-ray diffraction (XRD), scanning electron microscopy (SEM) and specific area measurements. Based on our results we propose different

echanisms for La1−xSrxMO3 (M = Mn, Fe, Ni, x = 0–0.3) obtaining, depending on the intermediary compounds formed in the combustion reaction

r during the thermal treatment of the as-prepared powders.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Perovskite-type oxides, LaMO3, where M is a transition
etal, are interesting materials for catalytic applications, solid

xide fuel cells, electrochemistry, sensors, etc.1–4 One of
he soft chemistry route applied to synthesise a large vari-
ty of oxide powders is the solution combustion method,
hich has some advantages as relatively cheap raw com-
ounds (metals nitrates and easily available organic molecules)
nd set-ups, fast reactions, preservation of the metallic
ations stoichiometry in the obtained oxides, and low energy
onsumption.5,6 The success of the solution combustion tech-
ique in the oxide powders synthesis at low temperature
s due to the formation of a chelating compound between

etallic cations and a suitable fuel (e.g., urea, glycine, and
itric acid) that helps in preventing metal cations selective

recipitation and maintains compositional homogeneity. The
xide powder morphology, like particles size, surface area
nd degree of agglomeration depend on the enthalpy and

∗ Corresponding author. Tel.: +40 214023986.
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ame temperature generated during combustion, which itself
s influenced by the nature of the fuel and oxidiser/fuel
atio.5,6

Previously, we have reported studies on the synthesis of
ome perovskite oxide powders by solution combustion method
sing different fuels like urea, oxamic hydrazide, �-alanine, etc.
t different oxidizer/fuel ratio values.7–10 Though, the com-
ustion method is a simple and fast route to prepare pure
anthanum-based perovskite, LaMO3 (M = Mn, Fe, Co, Ni), at
ow temperatures, we have noticed that higher temperatures
re necessary to obtain strontium-doped lanthanum-based per-
vskites, and depending on the transition metal, M, only a limited
mount of Sr2+ ions can replace La3+ cations in the perovskite
rystalline structure by this method. These important aspects of
he solution combustion synthesis are scarcely presented and/or
xplained in the literature.11

The aim of our work was to give a deep insight into the
echanism of pure and Sr-doped lanthanum-based perovskite

ynthesis by combustion method and the paper presents the

ffect of transition metal, M, on the evolution of crystalline
hase pure and of Sr-doped LaMO3 (M = Mn, Fe, Co, Ni) using
lanine–nitrate synthesis at Sr:La molar ratio values, x:1 − x
x = 0–0.3).

mailto:danaberger01@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.07.032
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gravimetric analysed performed in air) and the crystallinity of
LaMnO3.15 single-phase compound with orthorhombic symme-
try increases.8
18 D. Berger et al. / Journal of the Euro

. Experimental

Lanthanum-based perovskites, La1−xSrxMO3 (M = Mn, Fe,
o, Ni, x = 0–0.3), were obtained by solution combustion tech-
ique from metal nitrates (oxidizing agents) and �-alanine (fuel),
n fuel-rich conditions with 25% excess of alanine. More details
bout the experimental procedure are presented elsewhere.7,8

Briefly, the reaction mixture was heated on a hot plate with
agnetic stirring, to evaporate the water, followed by the ignition

nd combustion of the precursor producing a fine ash (named as-
repared powder), which was annealed at different temperatures
nd durations to investigate the mechanism of La1−xSrxMO3
M = Mn, Fe, Co, Ni; x = 0–0.3) formation.

The isolated precursors (before the ignition of the reaction
ixture), as-prepared powder and annealed compounds were

nalysed by infrared spectroscopy performed on a Bruker Ten-
or 27 Spectrometer (KBr-pellet technique). XRD data were
ollected using a Rigaku Miniflex II diffractometer with CuK�

adiation at a step of 0.01◦ in the range 2θ = 10–70o. The aver-
ge crystallite size values (D) were calculated by means of the
igaku PDXL software and specific surface areas were mea-

ured by using Quantachrome Autosorb 1. Scanning electron
icrographs of pure and doped lanthanum-based perovskites
ere obtained by using a Hitachi S 2600N scanning electron
icroscope.

. Results and discussions

The FT-IR analyses have been performed in order to check
he coordination of the organic compound (�-alanine) to the

etallic cations in the precursors and the presence of carbonate-
ype species or residual organic compounds in the as-prepared
owders, respectively. The FT-IR spectra of La1−xSrxMO3
lanine-based precursors are very similar and the metallic
ations form complex compounds with �-alanine.7,8,10 The
oordination of the aminoacid molecules by oxygen atom of
arboxilate group is proved by the shift of νas(CO) of �-alanine
t higher frequencies, from 1597 cm−1 to 1620 cm−1, and by
itrogen of amine group, by the shift of ρr(NH2) at lower fre-
uencies, from 1237 cm−1 to 1200–1205 cm−1, depending on
he transition metal (Fig. 1a and b).12 The FT-IR spectrum of
a0.8Sr0.2MnO3 as-prepared powder (Fig. 1c) shows the intense
and of the perovskite oxide (at 600 cm−1 assigned to the vibra-
ion of Mn–O bond in the octahedral coordination).

The oxide powders were characterised by XRD, SEM and
pecific surface area measurements. The as-prepared powders
ere annealed at different temperatures and durations to study

he evolution of crystalline phases.

.1. Pure lanthanum-based perovskites

The perovskite single-phase compound with orthorhombic
ymmetry is obtained directly from combustion reaction, only in

he case of LaFeO3 as it can be noticed in Fig. 2. XRD patterns
f LaFeO3 as-prepared powder have been indexed by ICDD
8-0641 and no phase modification has been observed in the
nnealed sample at 400 ◦C, 3 h (Fig. 2). XRD patterns of lan-
ig. 1. FT-IR spectra of: (a) �-alanine, (b) alanine-based precursor of
a0.8Sr0.2MnO3 and (c) La0.8Sr0.2MnO3 as-prepared powder.

hanum manganite (Fig. 3) show that the as-prepared powder
resents some amorphous phases and the perovskite one. At
00 ◦C, 3 h, single-phase lanthanum manganite rich in oxygen,
aMnO3.15, with distorted perovskite structure is obtained. If the
nnealing treatment is performed at 600 ◦C, 3 h, the amorphous
esidual carbon is removed completely (checked by thermo-
Fig. 2. XRD patterns of LaFeO3 samples.
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Fig. 3. XRD patterns of LaMnO3+� powders.

Previously, we have reported that pure lanthanum cobaltite
ith rhombohedral distorted perovskite-like structure was
btained by annealing the as-prepared powder at 600 ◦C, 3 h

nd the as-prepared powder was mainly amorphous.7 LaNiO3+�

ith perovskite structure and rhombohedral symmetry is formed
y annealing as-prepared powder at 700 ◦C, 5 h or 800 ◦C, 3 h,

ig. 4. XRD patterns of LaNiO3+� samples prepared by calcining as-prepared
owder at different temperatures and durations.

Fig. 5. XRD patterns of La0.8Sr0.2MnO3 obtained at different temperatures.

Fig. 6. XRD data for La0.7Sr0.3MnO3 prepared by annealing as-prepared pow-
ders at different temperatures.
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strontium content and temperature in a similar manner as for
La1−xSrxMnO3, but no strontium carbonate phase has been
detected by XRD or FT-IR investigation in the as-prepared
powders. By annealing La0.7Sr0.3FeO3 as-prepared powder at
ig. 7. XRD data for La0.9Sr0.1FeO3 samples obtained by nitrate–alanine syn-
hesis at different temperatures.

espectively (Fig. 4). At 600 ◦C a mixture of spinel La2NiO4,
iO and perovskite LaNiO3 phases have been formed (Fig. 4).

.2. Strontium-doped lanthanum-based perovskites

For Sr-doped lanthanum-based perovskites, higher anneal-
ng temperatures than for the corresponding pure LaMO3 are
eeded for obtaining single-phase compounds depending on
-site metal.
In the case of strontium-doped lanthanum manganites,
a0.9Sr0.1MnO3 single-phase is formed by annealing as-
repared powder at 800 ◦C, 4 h,8 and by rising the strontium
ontent of La1−xSrxMnO3 (x = 0.2, 0.3), SrLaMnO4 (tetragonal
2NiF4-type structure) is formed as secondary phase and its

able 1
ome data for lanthanum-based perovskite oxide samples.

ample (symmetry) Annealing conditions D (nm) S (m2/g)

aMnO3 (O) 600 ◦C, 3 h 16 25.6
a0.9Sr0.1MnO3 (O) 800 ◦C, 4 h 19 8.8
a0.8Sr0.2MnO3 (R) 1000 ◦C, 4 h 31 5.9
aFeO3 (O) As-prepared powder 40 4.0
aFeO3 (O) 400 ◦C, 3 h 42 3.9
a0.9Sr0.1FeO3 (O) 1000 ◦C, 2 h 49 3.1
a0.8Sr0.2FeO3 (O) 1000 ◦C, 2 h 49 3.0
aCoO3 (R)7 600 ◦C, 3 h 19 39.6
aNiO3+� (R) 800 ◦C, 3 h 34 5.2

: orthorhombic symmetry; R: rhombohedral symmetry.
F
t
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oncentration increases with strontium content. This secondary
hase disappears at high temperature, 1000 ◦C for x = 0.2 and
200 ◦C for x = 0.3, respectively (Figs. 5 and 6). The mecha-
ism of La0.7Sr0.3MnO3 obtaining is different than the one of
a1−xSrxMnO3 (x = 0.1, 0.2) because of the formation of stron-

ium carbonate during the combustion reaction. The XRD data
f La0.7Sr0.3MnO3 as-prepared powder (Fig. 6) have shown
he formation of a multiphase compound that contains two
erovskite phases, rhombohedral La0.8Sr0.2MnO3 (ICDD 40-
100) and orthorhombic LaMnO3.15 (ICDD 50-0298), as well
s SrCO3 phase (ICDD 84-1778). The annealing treatment of
he as-prepared powder at 900 ◦C, 4 h or 1000 ◦C, 4 h leads to
he formation of La0.7Sr0.3MnO3 and SrLaMnO4 phases. The
ast phase concentration diminishes with the increasing of the
nnealing temperature and disappears completely after the ther-
al treatment at 1200 ◦C, 4 h (Fig. 6).
Although, LaFeO3 is easily formed by nitrate–alanine

ynthesis, strontium-doped lanthanum ferrites, La1−xSrxFeO3
x = 0.1–0.3) are obtained by annealing as-prepared powders at
igh temperatures (1000 ◦C, 2 h for x = 0.1; 0.2). The high sta-
ility of SrLaFeO4 secondary phase (tetragonal K2NiF4-type
tructure), produced directly as crystalline phase in the combus-
ion reaction, is responsible for the difficulty of La1−xSrxFeO3
btaining. The concentration of the secondary phase varies with
ig. 8. XRD patterns of La0.7Sr0.3FeO3 samples obtained by different annealing
reatments.
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ig. 9. SEM micrographs of: (a) LaFeO3 (as-prepared powder); (b) LaNiO3 (8

000–1200 ◦C, 2–4 h, it has been obtained La0.7Sr0.3FeO3 with
rthorhombic symmetry (ICDD 89-1269) besides SrLaFeO4
econdary phase (ICDD 29-1305) (Figs. 7 and 8).

Strontium-doped lanthanum cobaltite powders,
a1−xSrxCoO3, were prepared as single-phase compounds by
alcining as-prepared powder at 1000 ◦C up to x = 0.3 as we
ave previously reported.7

The crystallite size and specific surface area values of some
ure and strontium-doped lanthanum-based perovskite samples
re listed in Table 1.

The SEM micrographs reveal that the lanthanum-based per-
vskite samples present relatively similar morphology with
ne primary particles with tendency of agglomerates formation
ith irregular shape, high porosity and spongy aspect (Fig. 9).
anthanum-based perovskites have different specific surface
rea values depending on the transition metal; pure and Sr-
oped lanthanum cobaltite samples have the highest values7 and
ave showed good catalytic activities.13 Generally, the Sr-doped
amples have lower specific surface area values because they
re obtained at higher temperature. Among pure LaMO3 per-
vskites, lanthanum ferrite has the lowest specific surface area
4 m2/g), lower value than LaNiO3 (5.2 m2/g), though the last
ample was obtained at higher temperature (Table 1).

. Conclusions

La1−xSrxMO3 powders (M = Mn, Fe, Co, Ni; x = 0–0.3) were
ynthesised by a simple technique, nitrate–alanine synthesis.

nly LaFeO3 is obtained directly in the combustion reaction.
hough LaMO3 perovskites are relatively easy synthesized
t low temperature by combustion method, strontium-doped
anthanum-based perovskites are obtained at high tempera-

7
e

, 3 h); (c) La0.9Sr0.1FeO3 (1000 ◦C, 2 h); (d) La0.8Sr0.2MnO3 (1000 ◦C, 4 h).

ures depending on the transition metal and strontium content.
a0.7Sr0.3FeO3 single-phase compound has not been obtained
ven at 1200 ◦C, 4 h by nitrate–alanine synthesis.

We have noticed the formation of different intermediary com-
ounds function of the transition metal and strontium content.
ased on the XRD data, we propose different reaction mech-
nism for La1−xSrxMO3 powders formation. For example, in
he case of La0.7Sr0.3MnO3, in the combustion reaction results
aMnO3.15, La0.8Sr0.2MnO3 and SrCO3 compounds, which

eact in solid-state at 900–1000 ◦C with La0.7Sr0.3MnO3 and
rLaMnO4 formation, that produce at 1200 ◦C La0.7Sr0.3MnO3
ingle-phase compound. In the case of strontium-doped lan-
hanum ferrite samples, only crystalline compounds and no
arbonate-type species are formed directly in the combus-
ion reactions. The mechanism of Sr-doped lanthanum ferrites,
a1−xSrxFeO3 (x = 0–0.3) similar with La0.8Sr0.2MnO3 forma-

ion, consists in a solid-state reaction between the perovskite
nd SrLaMO4 (M = Fe or Mn) phases. The secondary phase
btained directly in the combustion reaction makes difficult to
roduce La1−xSrxMO3 single-phase compounds, especially at
igh dopant content.

The morphology of the lanthanum-based perovskites is rela-
ively similar, but the specific surface values are very different
epending on the transition metal and strontium content, the
ighest specific surface area values are measured for lanthanum
obaltite samples.7
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