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Polycrystalline strontium-doped lanthanum manganite (LSM) powders with 0.15, 0.22, and 0.30 mol % Sr 
were synthesized by the polymeric precursor route using a molar ratio of 3:1 citric acid and metal cations. The 
powders were characterized by Fourier transform infrared spectroscopy, thermal analysis, high-temperature X-ray 
diffraction to determine the crystalline perovskite phase and crystallite sizes, scanning electron microscopy for 
the morphological analysis, nitrogen adsorption to determine the specific surface area, and laser scattering to 
evaluate the particle size distribution. The LSM perovskite-type oxides containing intermediate 0.22 mol % Sr 
were found to exhibit a tendency to decrease in crystallite size and increase in specific surface area and, when 
calcined at 700–900 °C exhibited a pure phase of perovskite, had a crystallite size of about 17–20 nm and a 
specific surface area for 900 °C of 34.3 m2.g-1.
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1. Introduction

Strontium-doped lanthanum manganite perovskite oxides 
(La

1‑x
Sr

x
MnO

3±δ, 
LSM) have been widely studied in recent years 

due to their interesting applications in solid oxide fuel cells 
(SOFC), oxi‑reduction catalysts (automotive catalysis), sensors and 
memories1-6. These latter applications are due to the outstanding 
magnetotransport properties of these oxides7-9. In the LSM perovskite 
structure, Mn3+ or Mn4+ ions are the network formers, occupying the 
octahedral B sites and are associated to the oxygen reduction, whilst 
the ion La3+, partially replaced in the twelve-fold oxygen coordinated 
sites A, are related to the property of electronic conduction. The 
intrinsic properties of these materials can be affected by small network 
distortions (stoichiometry), by the crystallite size, specific surface 
area and working temperature10,11. The LSM oxides as the cathode 
have proved to be very poor oxide ion conductors, but their electronic 
conductivity is high enough to make them attractive SOFC cathode 
material, which is particularly interesting when the strontium content 
is 0.1 to 0.3. The La

0.8
Sr

0.2
Mn0

3
 gives a good combination of electronic 

conductivity and expansion coefficient matching, and is now available 
commercially for SOFC applications. Higher conductivity can be 
obtained at higher dopant levels, but the expansion coefficient then 
becomes too high12-20.

There are several routes to synthesize perovskite structured 
materials. These routes include the polymeric precursor route or the 
Pechini method21-23, which stands out for its enhanced stoichiometric 
control, allowing for doping in a ppm order of magnitude, with good 
composition homogeneity, depending on the system’s composition. 
This method also allows one to obtain relatively high specific surface 
area powders when compared with other traditional solid state 
reaction methods24-26.

The key point of this route is to obtain a polymeric precursor 
resin, a branched chain polymer, in which the cations are distributed 
randomly. The method involves the complexation reactions of citric 
acid with the metal ions and polyesterification with ethylene glycol. 
The progressive heating in air up to around 95 °C promotes the 

condensation reaction with the formation of water molecules. At this 
temperature the polyesterification reaction takes place and excess 
water is eliminated, resulting in a polymeric resin from which the 
powder is obtained. In the present work, the polymeric precursor 
method was used to prepare strontium-doped lanthanum manganite, 
La

1-x
Sr

x
MnO

3
, where x = 0.15, 0.22 and 0.30, with the purpose of 

obtaining powders with high specific surface areas.

2. Experimental

2.1. Chemical synthesis

The La
1-x

Sr
x
MnO

3
 samples were synthesized by the polymeric 

precursor route, based in Pechini method, which has been used to 
synthesize polycation oxides. The starting materials were lanthanum 
nitrate (>99.0%, Vetec), strontium nitrate (>99.0%, Vetec), manganese 
nitrate (>97.0%, Vetec), citric acid (>99.0%, Chromato), ethylene 
glycol (>99.5%, Vetec) and distilled water. The concentrations of 
nitrate solutions were previously determined by gravimetry.

Manganese citrate solution was prepared from Mn(NO
3
)

2
.4H

2
O 

and citric acid, using the citric acid/metal cation molar ratio of 3:1, 
under stirring at 70 °C for 2 hours. The network modifier and the 
dopant were later added. The resulting solution was subjected to 
mechanical stirring and heating at 90 °C. Afterwards ethylene glycol 
was added at a 60:40 citric acid/ethylene glycol mass ratio.

This solution was kept at mechanical agitation and heating at 
95 °C for 2 hours to form the polymeric resin, which was later 
heat‑treated at 300 °C for 2 hours, yielding a fragile and porous 
solid. Such material was initially disaggregated in a mortar and later 
ground for 2 hours in a planetary mill (Pulverisette 2000, Fritsch). 
Subsequently, the powders were calcined at 450, 700 and 950 °C for 
4 hours at a heating rate of 5 °C/min. The heat-treated powders were 
again dried and disaggregated in the planetary mill down to a mesh 
size of less than 200 in a Tyler sieve.
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2.2. Characterization methods

The heat-treated powders were subjected to Fourier transform 
infrared spectroscopy analyses (FTIR, Perkin-Elmer/16PC), in a range 
of 500 to 4000 cm-1. The TG/DTG (Shimadzu/TGA-50H) curves 
for the samples synthesized and pre-calcined powders at 300 °C for 
2 hours were obtained in air, at a heating rate of 10 °C/min, up to 
1000 °C. The average crystallite sizes and the constituent phases were 
determined by high-temperature X-ray diffraction, using the Cu-Kα 
radiation at a step of 0.02o/s with 2θ = 10 to 60o (Shimadzu/XRD‑6000 
diffractometer). Scherrer’s equation was used to calculate the average 
crystallite size (t), adopting an average of the five most intense XRD 
peaks, as follows:

 t
cos
κλ=

β θ
	 (1)

where κ is a constant equal to 0.9; λ is the X-ray wavelength, and β 
is the full width at half-maximum of the X-ray reflection.

The average particle sizes (d
50

) of powders were obtained by 
laser scattering (CILAS/1064) in distilled water with an ultrasonic 
treatment for 120 seconds. The wide of distribution particle sizes was 
analyzed using the values of the relation d

90
/d

50
.

The specific surface area (S
BET

) values were determined by the 
BET method (Nova 2000, Quanta-Chrome) in five points of linear 
region in the adsorption isotherm. The average pore size (D

p
) was 

calculated by the BJH method27. The equivalent spherical diameter, 
d

BET
, was calculated by Equation 2, in which d

BET 
is the equivalent 

spherical diameter, S
BET 

is the specific surface area (m2.g-1) and r 
is the theoretical phase density. The adopted density values were 
6.6 g.cm-3 for La

0.85
Sr

0.15
MnO

3
, 6.5 g.cm-3 for La

078
Sr

0.22
MnO

3
 and 

6.4 g.cm-3 for La
0.70

Sr
0.30

MnO
3
.

BET
6d

BETS
=

r
	 (2)

The morphology of the powders was analyzed by scanning 
electron microscopy (SEM, Philips/XL-30 FEG).

Apparent density (% of theoretical density) measurements were 
taken by the Archimedes method, using samples pressed at 37 MPa 
and sintered at 1350 °C for 4 hours in air (Jung/2314 furnace).

3. Results and Discussion

Figure  1 shows the infrared spectra of the synthesized 
La

1‑x
Sr

x
MnO

3 
precursor powders (x = 0.15, 0.22 and 0.30) heat-treated 

at 450 °C for 4 hours. The broad band in the region of 3500 cm-1 is 
related to the O-H group, which is associated to citrates and/or water 
molecules coordinated with the metal ions. The band positioned 
between 3200 and 2500 cm-1 was referred to the intramolecular 
hydrogen with C=O bond. A band observed at 1750 cm-1 is related 
to the C=O bond of acid with axial deformation. The bands observed 
between 1546 and 1362 cm-1 are ascribed to the stretching vibrations 
of the carboxilate (COO-) groups, or C-H bonds. At 1000 cm-1, the 
band observed was referred to C-O bond from esters28. It was observed 
for the strontium doping sample with x = 0.15 a strong band related 
to metal–oxygen bond at 600 cm-1, indicating the formation of the 
respective oxide.

For the synthesized precursor powders heat-treated at 700 °C for 
4 hours (Figure 2), only the strontium-doped sample with x = 0.22 
showed the band related to O-H bond, in the region of 3500 cm-1. 
This same composition showed a band related to the metal–oxygen 
bond at 600 cm-1, indicating the formation of the respective oxide. 
The remaining absorption bands were similar to the ones described 
for the samples calcined at 450 °C.

When the precursor powder was heat-treated at 950 °C for 
4  hours, the spectrum did not show any characteristic band of 
organic compounds in a range from 4000 to 500 cm-1, as depicted 
in Figure 3. Accordingly, the band observed at 600 cm-1, which was 
ascribed to the metal–oxygen bond, indicates the formation of the 
corresponding oxides.

The thermogravimetric and differential thermogravimetric 
(TG/DTG) analyses of La

0.85
Sr

0.15
MnO

3
 precursor powder are shown 

in Figure 4. The first stage of thermal decomposition from 30 to 
200 °C was related to the elimination of water, derived from the 
esterification reaction, and from ethylene glycol excess. The second 
stage, from 300 to 570 °C, corresponded to the breakage of the 
polymeric chain formed by the polyesterification, whereas the third 
thermal decomposition stage, from 600 to 820 °C, was ascribed to 
decomposition of the remaining organic compounds. For higher 
temperatures, mass losses associated to organic compounds were no 
longer detected. The overall mass loss was approximately 12%. For 
temperatures as higher as 830 °C the material became stable in terms 
of mass loss, with only the formation of the oxide.

Figure 1. FTIR absorption patterns of La
0.85

Sr
0.15

MnO
3
, La

0.78
Sr

0.22
MnO

3
 and 

La
0.70

Sr
0.30

MnO
3 
powders, calcined at 450 °C for 4 hours.

Figure 2. FTIR absorption patterns of La
0.85

Sr
0.15

MnO
3
, La

0.78
Sr

0.22
MnO

3
 and 

La
0.70

Sr
0.30

MnO
3
 powders calcined at 700 °C for 4 hours.
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The thermal decomposition process of La
0.78

Sr
0.22

MnO
3
 took 

place in five steps, according to Figure  5. The overall mass loss 
was 11%, which occurred between 30 and 750 °C. The first thermal 
decomposition stage, from 30 to 200 °C, was attributed to the exit 
of water molecules associated to the organic matter. In the second 
and third steps the polymer decomposition took place, characterized 
by an abrupt mass loss at approximately 500 °C, whereas in the 
subsequent steps from 600 to 760 °C, the mass loss was attributed 
to the decomposition of carbonaceous materials. After these events, 
only formation of the respective oxide occurred at a temperature of 
about 880 °C.

The TG/DTG curves of the sample La
0.70

Sr
0.30

MnO
3
 are depicted 

in Figure 6 and presented a thermal behavior similar to the ones of 
the samples La

0.85
Sr

0.15
MnO

3
 and La

0.78
Sr

0.22
MnO

3
. The overall mass 

loss was 14%, most of it associated to decomposition of the organic 
matter. The first stage from 30 to 200 °C referred to the exit of water, 
either from the polyesterification reaction or coordination water. The 
second stage, from 300 to 570 °C, corresponded to the breakage of 
the polymer chain formed by the polyesterification reaction and 
the third and the fourth stages, from 600 to 820 °C, referred to 

Figure 3. FTIR absorption patterns of La
0.85

Sr
0.15

MnO
3
, La

0.78
Sr

0.22
MnO

3
 and 

La
0.70

Sr
0.30

MnO
3
 powders calcined at 950 °C for 4 hours.

Figure 4. Thermogravimetric and differential thermogravimetric analyses of 
La

0.85
Sr

0.15
MnO

3
 precursor powder.

Figure 5. Thermogravimetric and differential thermogravimetric analyses of 
La

0.78
Sr

0.22
MnO

3 
precursor powder.

Figure 6. Thermogravimetric and differential thermogravimetric analyses of 
La

0.70
Sr

0.30
MnO

3 
precursor powder.

decomposition of organic compounds. Sample mass increased at 
temperatures exceeding approximately 850 °C owing to oxidation of 
the material. With regard to the higher mass loss of La

0.70
Sr

0.30
MnO

3
 

powder precursor, it is probably attributable to the higher content of 
strontium, which was added in the form of nitrate.

By the thermal analyses of the three compositions synthesized in 
this work, it was possible to observe a small mass gain from about 
820 °C, which was associated to oxidation of lanthanum manganite 
and strontium manganite in the perovskite structure, due to the 
variation of oxidation state of manganese cation. For the case of 22% 
strontium doping, in which the mass loss is finished at a temperature 
lower than the case of the remaining doping levels, this oxidation 
also took place.

The evolution of the crystalline phase with increasing temperature 
at the three levels of doping, which was observed by high-temperature 
XRD, is illustrated in Figures 7, 8 and 9. The XRD patterns indicated 
that the formation of the perovskite structure of La

1-x
Sr

x
MnO

3
 was 

completed at a temperature of 600 °C. The occurrence of secondary 
phases was attributed to oxidation of Mn cations on the surface. 
A decomposition of manganite phases above 900 °C is a possible 
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Figure 7. High temperature XRD patterns of La
0.85

Sr
0.15

MnO
3
.

Figure 8. High temperature XRD patterns of La
0.78

Sr
0.22

MnO
3
.

Figure 9. High temperature XRD patterns of La
0.70

Sr
0.30

MnO
3
.

immiscibility gap of the perovskite, lanthanum manganite and 
strontium manganite phases at high temperatures, which was more 
evident with larger amounts of strontium.

Analyzing the average crystallite sizes obtained at different 
temperatures (Table 1), it can be noticed that the LSM perovskite-
type oxides containing the intermediate 22% strontium showed a 
tendency to decrease the crystalline size and increase the specific 
surface area (Table 2). This result was not in agreement with that 
verified for La

x
Sr

1-x
FeO

3
[29] and La

1-x
Sr

x
CoO

3
 perovskites30 in which 

a size increase, associated to the increase of doping level took place. 
This can be attributed to the change of orthorhombic phase, for 10% 
of strontium, to rhombohedral phase for 22% or more of strontium. 
Substitution of La with lower valence cations (such as Sr2+ and Ca2+) 
or A-site deficiency increases the concentration of Mn4+ in the LaMn0

3
 

lattice. This eventually decreases the orthorhombic to rhombohedral 
(> 600 °C) transformation temperature.

The XRD patterns of the specimens calcined demonstrated the 
existence of a structure of which was identified as perovskite-type 
in all the compositions. The lattice parameter of each sample was 
obtained considering JCPDS information card (Nº 35-1353) existing 
of undoped lanthanum manganites material, which it allowed to find 
the lattice parameters at 800 °C. The identification was of visual 
and comparative character. The lattice parameter decreases with 
increasing Sr2+ concentration from 5.5318 to 5.4960 Å when the 
doping level changes from 0.15 to 0.22 mol %, and then increases 
again with addition of 0.30 mol % to 5.5391 Å. Since the ionic 
radii of Sr2+ and La3+ are 1.44 and 1.36 Å respectively31, there is a 
substitutional solid solution as the La3+ was replaced by the larger 
Sr2+ cation, which presents the largest ray, limiting the substitution of 
the La3+ by the Sr2+ in the LaMnO

3
 perovskite-type structure. When 

two moles of SrO dissolves into LaMnO
3
, there form a negative 

charged divalent substituted strontium site and a positive charged 
divalent oxygen vacancy. And it is implied by the lattice parameter 
that the perovskite-type changes from orthorhombic distortion to 
rhombohedral when the doping level was greater than 0.22 mol %. 
The nonlinear variation of the lattice parameter is attributed to this 
phase change.

Table 2 shows the values of specific surface area, equivalent the 
spherical diameter, average particle size and average pore diameter, 
determined for the three doping levels of La

1-x
Sr

x
MnO

3
 system, for 

different heat treatment temperatures studied in this work, as well as 
the apparent density after sintering at 1350 °C for 4 hours.

The average crystallite size was in the range of 20 nm. The 
average particle size (d

50
) for the powders heat-treated at 450, 700 and 

950 °C for 4 hours revealed the presence of agglomerates, since 
approximately 100-fold higher values were obtained, as well as the 
width of the distribution (D

90
/D

50
), which was very wide for all the 

powders. The wide particle size distribution, allied to the presence 
of agglomerates, contributed to the formation of density gradients, 
thus generating internal stresses in the pressed bodies.

The average pore diameter indicated that the powders were in the 
inferior region of porosity, classified as mesoporous (200-500 nm). 
The apparent density after sintering at 1350 °C for 4 hours was in 
the range form approximately 70 to 80% of the theoretical density 
in these conditions. These physical characteristics indicate possible 
applications such as in solid oxide fuel cells or in catalysis.

Table 1. Average crystallite size (nm) of La
0.85

Sr
0.15

MnO
3
, La

0.78
Sr

0.22
MnO

3 

and La
0.70

Sr
0.30

MnO
3 
from 600 to1000 °C.

Sample / temperature 600 °C 700 °C 800 °C 900 °C 1000 °C

La
0.85

Sr
0.15

MnO
3

17.0 20.1 23.4 24.7 31.2

La
0.78

Sr
0.22

MnO
3

15.1 16.8 18.4 19.8 23.4

La
0.70

Sr
0.30

MnO
3

18.2 22.9 24.0 25.0 34.8
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Table 2. Results of specifi c surface area (S
BET

), equivalent spherical diameter (d
BET

), average particle size (d
50

), width of particle size distribution (D
90

/D
50

) and 
average pore diameter (Dp) for La

0.85
Sr

0.15
MnO

3
, La

078
Sr

0.22
MnO

3
 and La

0.70
Sr

0.30
MnO

3 
calcined at different temperatures (T) and apparent density (r

a
 ), after 

sintering at 1350 °C/4 hours.

Sample T (°C) S
BET

 (m2.g-1) d
BET

 (nm) d
50

 (µm) d
90

/d
50

Dp (nm) r
a
 (%TD)

La
0.85

Sr
0.15

MnO
3

450 30.6 29.7 1.4 4.2 545 75.9

La
0.78

Sr
0.22

MnO
3

450 103.6 8.9 2.1 6.1 446 73.0

La
0.70

Sr
0.30

MnO
3

450 25.9 36.2 2.3 3.6 513 79.5

La
0.85

Sr
0.15

MnO
3

700 26.7 34.0 1.0 2.6 294 76.1

La
0.78

Sr
0.22

MnO
3

700 57.5 16.1 1.8 3.1 448 74.3

La
0.70

Sr
0.30

MnO
3

700 58.6 16.0 1.3 2.7 339 82.4

La
0.85

Sr
0,15

MnO
3

900 19.6 46.4 4.4 2.3 399 77.2

La
0.78

Sr
0.22

MnO
3

900 34.3 26.9 2.1 9.1 425 76.3

La
0.70

Sr
0.30

MnO
3

900 14.0 67.0 2.3 3.6 412 83.9

Figure 10. SEM micrograph of La
0.85

Sr
0.15

MnO
3 
calcined at 450 °C/4 hours.

Figure 11. SEM micrograph of La
0.85

Sr
0.15

MnO
3 
calcined at 950 °C/4 hours.

Figure 12. SEM micrograph of La
0.70

Sr
0.30

MnO
3 
calcined at 450 °C/4 hours.

It has been reported a value of 20.2 m2.g-1 for the specifi c surface 
area of La

1-x
Mn

x
MnO

3
[8], synthesized by the polymeric precursor 

method, when heat-treated at 700 °C for 6 hours. When the synthesis 
was carried out by the co-precipitation method, the specifi c surface 
area value obtained was only 8.3 m2.g-1. Accordingly26, it was reported 
a comparison between the different specifi c surface area values 
for strontium-doped lanthanum manganite obtained from different 
sources, carbonates, oxalates and citrates, in which the highest 
specifi c surface area value, 30 m2.g-1, was obtained for the synthesis 
starting from citrates. Some disparity in values is due to a fl uctuation 
in the texture of the particles, showing morphologies with different 
degrees of agglomeration, as can be observed for the sample with 
30% strontium treated at 700 °C.

The morphology of La
0.85

Sr
0.15

MnO
3 

and La
0.70

Sr
0.30

MnO
3 

powders heat-treated at 450 and 950 °C is illustrated in the SEM 
micrographs of Figures 10 to 13. These micrographs confi rmed the 
powder agglomeration. Such agglomerates formation can be reduced, 
adopting lower heat treatment temperatures and also by means of 
more effi cient milling and de-agglomeration processes after the 
heat treatment, which should improve the size homogeneity of the 
sintered samples.
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Figure 13. SEM micrograph of La
0.70

Sr
0.30

MnO
3 
calcined at 950 °C/4 hours.

4. Conclusions

The synthesis by the polymeric precursor method proved to be 
adequate for the production of La

1-x
Sr

x
MnO

3
 powder oxides, with a 

formed perovskite structure starting from 600 °C. These powders 
show a low crystallite sizes and also relatively high specifi c surface 
areas. The nanocrystallite sizes of the powders ranged between 17 to 
35 nm. It can be noted that the average crystallite sizes obtained for 
LSM perovskite-type oxides containing the intermediate 0.22% Sr 
showed a tendency for decreasing crystallite size and increasing 
specifi c surface area.
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