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The carbonate co-precipitation route was applied for batch La0.85Sr0.15MnO3 (LSM) preparation as an alternative synthesis
method to the solid-state reaction. Because co-precipitation is a wet-chemistry solution process, the maximum LSM
homogeneity was achieved. The microstructural characteristics, such as the porosity and grain size of the prepared LSM
elements, were controlled by subjecting the green bodies to various sintering conditions. The LSM sintered bodies with relative
sintered densities as high as 95 % were prepared at sintering temperatures not higher than 1100 °C. The microstructure of the
prepared LSM was characterized by digital online image analysis and the microstructural parameters were determined for the
ceramic phase as well as for the porosity. The electrical characteristics of the sintered LSM elements were, for the first time in
the literature, described with respect to a model for the sine-wave approximation of the conductivity change for porous
materials. The observed results of the relative conductivity σ/σ0 vs. the relative density ρ/ρ0 dependence were essentially
consistent with the sine-wave approximation. As an absolute value, the highest σ = 65 S/cm at 800 °C was measured for a
sample with ρ/ρ0 = 99.58 %.
Key words: LSM co-precipitation, microstructure, electrical conductivity, sine-wave approximation of conductivity

La0,85Sr0,15MnO3 (LSM) je bil pripravljen po metodi karbonatne koprecipitacije kot alternativa metodi reakcije v trdnem. Z
uporabo koprecipitacijske metode kot ene izmed tehnik mokre kemije nam je uspelo pripraviti zelo homogene LSM-prahove.
Mikrostrukturne lastnosti kon~nih, pripravljenih LSM-elementov, kot sta poroznost in velikost zrn, smo spreminjali s sintranjem
LSM-surovcev pri razli~nih pogojih. Uspelo nam je pripraviti sintrane LSM-elemente z relativno sintrano gostoto ≈95 % pri
temperaturtah sintranja, ki niso bile vi{je kot 1100 °C. Bolj podrobna karakterizacija mikrostrukture sintranih elementov je bila
opravljena z analizo digitalnih slik. Elektri~ne lastnosti sintranih LSM-elementov smo pojasnili s teoreti~nim modelom vrtenine
za opis elektri~ne prevodnosti porozne keramike, kar je tudi prvi tovrsten opis LSM-keramike. Rezultati dolo~itve relativne
prevodnosti σ/σ0 LSM-keramike kot funkcije njene relativne gostote ρ/ρ0 relativno dobro sledijo predlaganemu teoreti~nemu
modelu. Najvi{jo absolutno izmerjeno vrednost elektri~ne prevodnosti σ = 65 S/cm pri 800 °C je imel vzorec z relativno gostoto
ρ/ρ0 = 99,58 %.
Klju~ne besede: LSM-koprecipitacija, mikrostruktura, elektri~na prevodnost, "sine-vawe" model prevodnosti

1 INTRODUCTION

Lanthanum strontium manganite (La1–xSrxMnO3,
LSM) has been extensively used as a cathode material
for solid-oxide fuel cells (SOFCs). It offers a high elec-
tronic conductivity, a high catalytic activity for oxygen
reduction as well as chemical and thermal compatibility
with the yttria-stabilized zirconia (YSZ) electrolyte at
the operating temperature1,2. In the present generation of
SOFCs, the nominal composition of La1-xSrxMnO3 (x <
0.2) is normally used3,4. The use of LSM-based cathode
materials depends not only on their chemical, structural
and thermodynamic characteristics, but also on their
final microstructure, grain size, pore size and pore-size
distribution5–7.

Various preparation techniques have been reported
for LSM synthesis. In general, perovskite manganites are
synthesized at high temperatures using a standard cera-
mic technique. However, when utilizing a solid-state
reaction for LSM preparation, the homogeneity and final
microstructure of the material are more difficult to con-
trol, due to the fact that the conventional ceramic syn-
thesis process is based on the diffusion of components in
the solid state at high temperatures. In this respect,

several preparation techniques based on solution
chemistry methods, such as the citrate-gel process8-12, the
sol-gel process13-15, combustion syntheses16,17 and the
co-precipitation technique18,19 have also been tested for
the preparation of highly homogenous and fine LSM
powders.

The characterization of LSM and some other perov-
skite powders such as SOFC cathodes or oxygen mem-
branes prepared by different chemical routes was made
by Sfeir et al.20, while a comprehensive study of the
effect of the synthesis route on the catalytic activity of
LSM was performed by Bell et al.21. The results of these
studies implied that the carbonate co-precipitation syn-
thesis route is especially interesting since it delivers a
finer powder with a more homogeneous composition and
surface structure and is, thus, more suited to mixed-con-
ductor applications in SOFC systems. The groundwork
of the co-precipitation method for the LSM preparation
was done by Tanaka et al., where Na2CO3 was used as
the precipitating agent22. However, one of the serious
drawbacks of the method is the incorporation of Na+ ions
into the precipitate due to the use of Na2CO3. Another
co-precipitation-based LSM preparation was developed
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by Ghosh et al.,19 using ammonium carbonate as the
precipitating agent.

LSM is a perovskite oxide ABO3 where the La3+ ions
at the A-sites are partially substituted by Sr2+ ions.
LaMnO3 is a p-type semiconductor due to the small
polaron hopping of holes23 between the Mn3+ and Mn4+

ions. The doping of Sr into LaMnO3 increases the
electrical conductivity considerably because of the
increased number of holes24. However, in order to serve
as a cathode material in an operating fuel cell, besides
the appropriate electro-catalytic properties, the LSM also
has to exhibit suitable microstructure characteristics,
including ≈30 % open porosity. Changing the porosity,
going from a dense to a more porous structure, will again
alter some of the electrical characteristics of the material,
since the apparent conductivity of sintered materials is
sensitive to their relative density. To describe the rela-
tionship between the conductivity of the porous material
and its relative density, a novel mathematical approach
was proposed25. In this new method of interpretation,
where as a first approximation, porous material is
represented by a uniaxial string of spheres along the
direction of the potential gradient and then remodeled
into a rotating body, the conductivity of highly porous
ceramic materials can be expressed with a model of a
rotating sine-wave function. By changing the ratio of the
contribution of two sine-waves, one representing the
shape of each grain and the other the shape of the
bottleneck between the particles, the change of the
electrical conductivity σ vs. the change of the material’s
relative density ρ/ρ0 can be represented.

In the present work, the carbonate co-precipitation
route for batch LSM preparation was applied. Being a
solution process, the maximum product homogeneity
with minimum secondary-phase addition can be
achieved. The aim of the study is a description of the
electrical conductivity behavior of the prepared LSM
bodies with respect to the material’s microstructure
characteristics. For the fist time, the specific electrical
conductivity of porous LSM is explained with the model
of a rotating sine-wave function.

2 EXPERIMENTAL PROCEDURE

In order to prepare stock solutions of 0.5-M lantha-
num nitrate and strontium nitrate, lanthanum oxide (La2O3)
and strontium carbonate (SrCO3) were separately,
carefully dissolved in concentrated nitric acid, while
manganous nitrate (Mn(NO3)2 · 4H2O) was dissolved in
distilled water. For the La0.85Sr0.15MnO3 preparation,
predetermined amounts of each solution were then
mixed. The mixed solution was added drop-wise to a
precipitating bath containing an aqueous solution of
ammonium carbonate in which the amount of ammo-
nium carbonate was in 50 % excess for the complete
precipitation of the mixed La-Mn-Sr-precursor. The pH
of the precipitating bath was kept constant at 8.0 by

small additions of aqueous ammonia. The temperature of
the reaction mixture in the precipitating bath was
adjusted to 65 °C and kept constant. The precipitation
reaction took place under a CO2 atmosphere to prevent
any undesired oxidation of the manganese to MnO2. The
reaction time for the complete co-precipitation process
was approximately 3 h.

Typical quantities of the initial precursors consumed
in one cycle of the bath precipitation were 100 g of
(NH4)2CO3 dissolved in 2.5 L of H2O, 854 mL of 0.5-M
Mn-precursor solution, 363 mL of 0.5-M La-precursor
solution, and 128 mL of 0.5-M Sr-precursor solution.
Such a reaction mixture yielded approximately 100 g of
the final, calcined LSM powder.

The filtered precipitate was washed several times
with a 0.125-M aqueous ammonium-carbonate solution
and then dried first at room temperature in a CO2

atmosphere for several hours and afterwards for six
hours at 110 °C in air. Prior to calcination in a muffle
furnace at 1000 °C for one hour, the dried powder was
ground in an agate mortar. Calcined LSM powders were
then wet milled in a ball mill in isopropanol. To achieve
a higher morphological homogeneity the wet-milled
powders were further subjected to atritor milling.

Thus prepared, the LSM powders were pressed into
tablets (Φ = 6 mm, h � 4 mm, P = 200 MPa) and sintered
at various temperatures from 1000 °C to 1330 °C for one
hour.

The samples were characterized with the X-ray
powder-diffraction technique using a D4 ENDEAVOR
diffractometer. The shrinkage during the sintering was
measured with a LEITZ WETZLAR heating microscope.
After sintering and polishing the samples were thermally
etched and analyzed by SEM (Zeiss FE SUPRA 35 VP).
The quantitative analysis of the microstructures was
performed using a Zeiss KS300 3.0 image analyzer. In
order to get accurate data on the electrical resistivity of
the prepared and sintered pellets as a function of
temperature, the four-point electrical resistivity method
was used.

3 RESULTS AND DISCUSSION

The precipitated and calcined powders were sub-
mitted for an XRD examination (Figure 1). For XRD
study purposes the calcination of the precursor carbo-
nate-hydroxide powder was carried out in the tempera-
ture range 1000–1400 °C. According to Figure 1,
calcination at 1000 °C is quite sufficient for a complete
perovskite LSM phase formation. Another apparent
characteristic from the XRD results is that only traces of
the residual secondary phases La2O3 or La(OH)3 are still
present after the calcination (La(OH)3 resulting from the
reaction of the La2O3 with moisture). Additionally, no
Mn-oxide secondary phases were detected with the XRD
analysis. During the calcination at higher temperatures
(1100–1400 °C) the secondary phases are completely
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dissolved in the perovskite structure. The relatively small
amount of secondary phases in the sample calcined up to
1000 °C makes the co-precipitation method favorable
when compared to synthesis processes that are based on
the diffusion of components in the solid state. Namely, if
the solid-state reaction is employed for the LSM prepa-
ration, the amount of secondary phases is normally
greater.

At this point, it is necessary to mention that secon-
dary phases may nevertheless appear in the LSM struc-
ture, even in the case when the calcination temperature
exceeds 1100 °C. Specifically, a precise SEM analysis
revealed that calcination or sintering of the prepared
LSM at temperatures above 1100 °C caused the repre-
cipitation of MnO2 at the LSM grain-boundary region
(Figure 2). The amount of reprecipitated MnO2 at 1100
°C is relatively low (the volume fraction below 1 % of
the material) but is increased to 3.9 % when the material
is thermally treated at 1330 °C for 1 h.

One of the principal characteristics LSM has to
exhibit is sintering at relatively low temperatures (less
than 1200 °C). This is very important from the applica-

tion point of view. If the material is used as a cathode in
SOFC systems and co-sintered with other cell layers,
then sintering at temperatures above 1200 °C may cause
some highly undesirable reactions with neighboring
materials26,27. For this reason, the morphological homo-
geneity of LSM powders is essential for achieving
material densification at relatively low temperatures.
During LSM sinterability tests, the best results were
achieved when a combination of milling methods was
used (grinding in an agate mortar, wet milling in a ball
mill and atritor milling). After wet milling in a ball mill
in isopropanol, the average particle size dav. was deter-
mined to be 2.45 µm (standard deviation σ 1.98 µm).
After 3 hours of additional atritor milling dav. was
lowered to 0.57 µm (σ 0.52 µm). Such a combination of
homogenization operations substantially lowered the
sintering temperature of the LSM tablets (Figure 3).

After successfully reducing the sintering temperature,
a series of tablets in the green state was prepared and
sintered at various temperatures in order to alter the
densities of the sintered elements. Prior to establishing
the LSM’s electrical characteristics with respect to its
microstructure, a complete, quantitative microstructure
analysis was performed on sintered and polished
elements (Table 1, Figure 4). According to the results
summarized in Table 1, rather dense elements with
relative densities of more than 92 % can be prepared at
sintering temperatures Ts as low as 1090 °C. This is of
prime importance when multilayered structures of
SOFCs are prepared; it is very important that the
material is capable of densification at relatively low
temperatures, resulting in good particle-to-particle
connections, especially in cases where a high electrical
conductivity is required.

In contrast to the sintered density, the porosity of the
sintered elements decreased with an increased sintering
temperature. The elements’ porosity was determined
from the material density as the geometrical porosity ε (ε
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Figure 2: Microstructure of LSM sample thermally treated at 1330 °C
for 1 hour
Slika 2: Mikrostruktura LSM-vzorca, obdelanega pri 1330 °C 1 h

Figure 3: Shrinkage curves of LSM tablets after powder wet milling
or after additional atritor milling
Slika 3: Krivulje sintranja LSM-surovca po mokrem mletju prahu
oziroma po dodatnem atritorskem mletju prahu

Figure 1: XRD patterns of the synthesized powders calcined at diffe-
rent temperatures
Slika 1: Pra{kovni posnetki sintetiziranih vzorcev, kalciniranih pri
razli~nih temperaturah



= 1 – ρ/ρ0) and from the quantitative microstructure
analysis ε’. Both values, ε and ε’, are in relatively good
agreement. The sintering temperature also substantially
influences the size of the LSM particles. The mean
particle size in each case was determined as a diameter
of the area analogue circle d as well as the intercept
length in the x or y directions dx and dy. With increasing
sintering temperatures, all the values d , dx and dy

increased and the LSM particles become increasingly

spherical (shape factor Ψ). As mentioned previously,
temperatures above 1100 °C may cause re-precipitation
of the secondary phase MnO2. The values d , dx, dy and Ψ
describing the formed MnO2 particles are summarized in
Table 1 in brackets.

Since the LSM in SOFC applications is prepared as a
relatively thin porous layer, it is necessary to establish
the relationship between the material’s microstructure
and its electrical characteristics. The appropriate
electrical conductivity of the material prepared as a
dense element is one of the principal requirements.
However, considering only the electrical conductivity
data of the dense element without relating this data to the
real material microstructure is insufficient. The electrical
conductivity of the porous material is described not only
by its specific electrical conductivity σ0 but also by the
element’s relative density and the degree of connection
between the particles along the potential gradient. In this
respect, the sine-wave approximation considers a highly
porous ceramic element as the repeating pattern of a
uniaxial string of spheres. In this simplified approach to
describing the microstructure, the volume of the rotating
string is controlled by the contribution of two sine-
waves. The progress of the sintering is described by
changing the ratio of the contribution of the two
sine-waves to the string volume (changing the parameter
c as described by Mizusaki et al23). Finally, the change of
the relative specific electrical conductivity σ/σ0 vs. the
change in the material’s relative density ρ/ρ0 can be
presented.

Results describing the apparent conductivity of the
sintered materials vs. the temperature with respect to
their relative density or porosity are shown in Figure 5.
The apparent conductivity increases with temperature,
indicating the semi-conductive nature of the LSM cera-
mics. Since the LSM’s density was controlled through a
sintering process (higher densities were obtained if Ts

was higher) it was to be expected that the specific con-
ductivities σ should also reach higher values with
progress in the particle-to-particle contact. As an
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Table 1: Microstructural parameters of the sintered LSM bodies
Tabela 1: Mikrostrukturne zna~ilnosti sintranih LSM-tabletk

sample A B C D E F G
sintering temperature Ts / °C 1000 1015 1024 1060 1090 1100 1330
relative sintered density ρs / % 57.3 65.8 70.1 83.0 92.7 94.1 98.2
porosity (geometrical) ε / % 42.7 34.2 29.9 17.0 7.3 5.9 1.8
porosity (microstructural) ε' / % 43.2 28.6 25.4 15.9 6.0 4.4 0.9
mean particle diameter d ·102 / µm 5.7 8.9 20.0 28.0 29.0 34.0 (16.0) 506.0 (33.0)
standard deviation ζ·102 / µm 4.9 5.9 7.9 12.6 18.8 25.4 163.2
shape factor Ψ 0.53 0.69 0.73 0.79 0.94 0.93 (0.63) 0.90 (0.51)
intercept length in x dx

. 102 / µm 8.7 11.1 24.0 31.0 38.0 40.0 (16.0) 520.0 (39.0)
intercept length in y dy

. 102 / µm 8.2 8.2 22.0 33.0 30.0 43.0 (15.0) 749.0 (24.0)
No. of analyzed particles 782 855 848 419 136 110 90
vol. fraction of MnO2 phase / % / / / / / 1.16 3.94

Figure 4: Microstructure of LSM elements sintered at various tempe-
ratures
Slika 4: Mikrostruktura LSM-tabletk, sintranih pri razli~nih tempera-
turah



absolute value, the highest σ = 65 S/cm at 800 °C was
measured for a sample with ρ/ρ0 = 99.58 %.

The relationship relative conductivity (σ/σ0) vs.
relative density (ρ/ρ0) or porosity (ε) is demonstrated in
Figure 6. For the σ0 value, the highest measured σ value
was adopted (σ0 = 65 S/cm), while ρ0 was the theoretical
density of La0.85Sr0.15MnO3 (ρ0 = 6.595 g/cm3). The
observed results of the relative conductivity σ/σ0 vs.
relative density ρ/ρ0 dependence are essentially consi-
stent with the sine-wave approximation of the conduc-
tivity change for porous materials. The scattering of the
observed results around the theoretically predicted
curves may be attributed to the inaccuracy of the con-
ductivity measurements or some microstructure defects
in the measured bodies. Because of the simplification of
the sine-wave modeling regarding the material’s
microstructure, it is impossible to discuss precisely the
relationship between the theoretical predictions and the
experimental results. That is to say, contrary to the
assumption used in the mathematical model, the grain
size and shapes are not homogeneous and the packing of
the grains is disordered. To incorporate the inhomo-
geneity and disorder, such as micro-cracks, the low-scale
material inhomogeneity, the inhomogeneous grain size
and shape or the local packing disorder into the
sine-wave model, a more advanced approach to a
mathematical description of the microstructure will be
needed.

However, a comparison of the results presented in
Figure 6 revealed that the LSM’s relative conductivity
convergences on 0 at the relative density 0.45–0.55, a
value close to the relative density of as-pressed powders
(green density). Such a relationship is not surprising;
ceramics are generally prepared from green parts that
consist of isolated particles of material. In as-pressed
powders, the particles are isolated, except for the

point-contacts between them, i.e., it is not the material
but the void space that is continuous. The electrical
conduction in green wares is strongly hindered by the
limited contact between the particles, although the
apparent density is normally in the range 40–60 %. With
increasing sintering temperatures, the relative sintered
densities increase, ensuring a better contact between the
particles, which is demonstrated through higher relative
conductivities.

4 CONCLUSIONS

LSM was prepared using the carbonate co-precipi-
tation route. The relatively small amount of secondary
phases in the synthesized and subsequently calcined
sample up to 1000 °C makes the co-precipitation method
favorable when compared to synthesis processes that are
based on the diffusion of components in the solid state.
During LSM sinterability tests, the best results were
achieved when a combination of milling methods was
used (grinding in an agate mortar, wet milling in a ball
mill and atritor milling). Such combinations of homoge-
nization operations may substantially lower the sintering
temperature of the LSM tablets. Rather dense elements,
with relative densities greater than 92 %, can be prepared
at sintering temperatures Ts as low as 1090 °C. The
electrical conductivity behavior of the prepared LSM
bodies was determined with respect to the material’s
microstructure characteristics. The apparent conductivity
of the prepared LSM bodies increased with temperature,
indicating their semi-conductive nature. The relationship
between the relative conductivity (σ/σ0) vs. the relative
density (ρ/ρ0) or the porosity (ε) was essentially con-
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Figure 6: Calculated relationships between the relative conductivity
σ/σ0 and the relative density ρ/ρ0 or porosity ε for different parameters
c; (solid, dashed and dotted lines as described by Mizusaki et al25) and
the observed trend of the measured data (� LSM tablets). The relative
shape parameter c determines the contribution of the two sine-waves
in describing the shape of the cross-section of the particle during
sintering.
Slika 6: Odnos med relativno prevodnostjo σ/σ0 in relativno gostoto
ρ/ρ0 oziroma poroznostjo ε LSM-tablet z ozirom na mikrostrukturni
parameter c (polna in ~rtkane ~rte). Parameter c dolo~a prispevek obeh
sinusnih funkcij, ki opisujeta obliko delca med sintranjem.

Figure 5: Specific conductivity vs. temperature for a series of LSM
elements cermets with various relative densities
Slika 5: Specifi~na prevodnost LSM-keramike razli~ne relativne
gostote kot funkcija temperature



sistent with the sine-wave approximation of conductivity
change for porous materials.
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