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� A low-carbon chemical solution method is established and scaled up to prepare high performance LSM powders.
� The organic compound emission is reduced to a quarter of that in the citric acidenitrate method.
� The conductivity of the sintered LSM is about 220 S cm�1 in air at 700e1000 �C.
� As-prepared symmetric and unit cells with LSMeYSZ cathode show excellent performance.
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a b s t r a c t

A novel low-carbon chemical solution method is established and successfully scaled up to prepare
(La0.75Sr0.25)0.95MnO3�d(LSM) nano-powders, in which acetate and acrylic acid have been used as raw
materials. Distinguish from the traditional chemical solution methods, nitrate and amino compound are
non-used in this method and without causing any fire hazard or explosion condition which are usually
found in most of the solution synthesis reactions. The organic compound emission is reduced to a quarter
of that in the citric acidenitrate method. This optimization is attributed to the low application amount
and high effect of acrylic acid by means of the co-operation of ethylenic linkage and carboxyl group.
As-prepared powders are high purity, single phase, slight aggregation with grain size less than 100 nm.
The conductivity of the sintered LSM sample is measured about 220 S cm�1 in air at 700e1000 �C. The
polarization resistance of LSMeYSZ cathode is less than 0.1 U cm2 at 800 �C. Anode supported Cells with
configuration of Ni þ YSZ/YSZ/LSM þ YSZ exhibit the power density of 0.54 W cm�2 at 800 �C and 0.7 V.
These results indicate that the novel acetateeacrylic method is very suitable for mass synthesis of high
performance LSM powders.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Perovskite-type strontium doped lanthanum manganite
(La1�xSrxMnO3�d abbreviated as LSM) is of interest for several
possible applications due to its unique physical chemical properties
such as catalysis [1e5], giant magneto-resistance (GMR) [6,7], and
possibly for use as cathode materials for solid-oxide fuel cell (SOFC)
[8e16].

It is well known that the properties of perovskite particles are
strongly influenced by their compositions and microstructures,
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which are sensitive to the preparation methodologies. Various
methods have been used to prepare LSM powders, solid state re-
action is a conventional method [5,17,18], the powders made by this
method usually have larger particle size and poorer catalytic ac-
tivity. The solution chemistry methods are the state-of-the-art
methods, such as combustion synthesis [8e10], co-precipitation
[6,7,11,12], celluloseeglycine nitrate process (GNP) [13], spray py-
rolysis [14], solegel and Pechini [15], they provide interesting al-
ternatives because the mixing of species occurs on the atomic scale,
cations being dissolved in solution may give rise to more homo-
geneous nano-powder with controlled stoichiometry.

However, for the different chemical behavior of each cation,
these synthetic procedures cannot be applied to large-scale
(above 1 kg) and economic production because they require
expensive and often toxic reagents [19], complicated synthetic
steps, and high reaction temperature and long time. For example:
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in our lab, a modified Pechini method [15] was established and
used to prepare high performance LSM nano-powder about 500 g
per batch, five years ago. But, when the synthetic amount was
increased to above 1 kg per batch, this method was no longer in
force for the reason of predecessor explosion or flame.

To the best of our knowledge, there is no report on preparation
of LSM nano-powder by in situ polymerization of the mixed
aqueous solution of acrylic acid in the absent of nitrate followed by
a pyrolysis process. This method has the advantage that it can be
readily scaled up in the form of a batch process producing highly
homogeneous LSM nano-powder with excellent electrical
performance.

In this paper, a novel acetateeacrylic polymer-pyrolysis
method was established and successfully scaled up to prepare
about 6 kg LSM nano-powder with a yield above 95%. Distinguish
from the traditional chemical solution method, nitrate and amino
compound were non-used in this method and without causing
any fire hazard or explosion condition which are usually found in
most of the solution synthesis reactions. The microstructure and
electrical characteristics of the LSM powders were studied and
discussed.
Fig. 1. The XRD patterns of the LSM powders prepared using different L/M values.
2. Experimental

2.1. Powder synthesis and characterization

Nanocrystalline LSM powders were prepared by a novel ace-
tateeacrylic polymer-pyrolysis method, in which lanthanum ox-
ide, strontium acetate, manganese acetate, acetic acid and acrylic
acid were used as raw materials. Briefly, the solutions with stoi-
chiometric ratio (La0.75Sr0.25)0.95MnO3�d of lanthanum acetate,
strontium acetate, manganese acetate were prepared separately
and mixed with gentle stirring. Different amount of acrylic acid
with the mole ratio to overall metal ions (L/M) of 0.3, 0.6, 1.2 and
2.4 were added to the solution respectively to study the influence
on morphology and structure of the oxide particles. The mixtures
were kept in a water bath at 80 �C with constant stirring until
gelationwas completed, and then the as-prepared gels were dried
at 120 �C and 250 �C, respectively. The ultrafine LSM powders
were obtained by calcining the dried gel at 500, 600, 800 and
950 �C for 5 h.

To study the pyrolysis behavior and the phase evolution of the
gel precursor dried at 120 �C, TG/DTA analysis was carried out
with heating velocity of 5 �C min�1 in air. Phase formation and
crystallinity of the resulting powders were characterized by
means of X-ray diffraction (XRD) in a Bruker D8 Advance with Cu
Ka radiation. The microstructures of the LSM powders and sin-
tered samples were observed by field emission scanning electron
microscope (SEM, Hitachi S4800) and the high resolution trans-
mission electronic microscopy (HR-TEM, Tecnai F20, FEI, USA). The
purity of the synthesized LSM powders was measured by XRF
(Rigaku ZSX Primus II). Specific surface areas of LSM powders
were measured by the BrunauereEmmetteTeller (BET) isotherm
technique with nitrogen adsorption using a Micromeritics ASAP
2020M physisorption analyzer. Particle size distribution (PSD)
analysis was made by Zatasizer nano ZS Malvern Instruments Ltd.
(UK).

The nanocrystalline LSM powders sintered at 950 �C for 5 h
were grounded by hand for about 1 h. Pressed bars of
25 mm � 8 mm � 3 mm were shaped by uniaxial pressing at a
pressure of about 200 MPa, and then sintered at 1250 �C for 5 h.
The electrical conductivity of the sintered LSM samples was
measured by four probe DC measurement in the temperature
range of 25e1000 �C in air.
2.2. Symmetric and unit cells fabrication and measurement

The symmetric cells with configuration of LSM þ YSZ/YSZ/
LSM þ YSZ, anode supported cells with configuration of Ni þ YSZ/
YSZ/LSM þ YSZ were prepared and measured. The half cell was
produced by tape casting the anode support, spraying the
NiO þ YSZ active anode and YSZ electrolyte layer, followed by co-
sintering. The thicknesses of the sintered anode support, active
anode and electrolyte layers are about 450, 15 and 10 mm,
respectively. The NiO and YSZ were commercial powders, TZ-8Y
(ZrO2 with 8 mol% Y2O3, Tosoh Corporation). The LSM powders
with the nominal compositions (La0.75Sr0.25)0.95MnO3�d have
been produced by the acetateeacrylic polymer-pyrolysis method.
The ethanol based slurry of LSM and YSZ was produced by ball
milling and sprayed on both sides of a sintered YSZ foil with the
thickness of approximately 200 mm and one side of the Ni þ YSZ/
YSZ/half cells, then sintered at 1100 �C for 2 h. The sintered
symmetric cells were painted with platinum paste and cut to
dimensions of 7.1 mm � 7.1 mm. The tests were performed as
two-electrode four-wire measurements, and the polarization
resistance was determined as half of the measured electrode
polarization resistance [15]. Impedance measurements were
carried out using a Solartron 1260 frequency response analyzer
over the frequency range from 2 MHz to 0.1 Hz and 20 mV
excitation voltage at 650e850 �C in air. The microstructure of the
sintered cells was investigated using the FESEM (Hitachi SU70).
As-prepared unit cell with an active electrode area of 4 � 4 cm2

was tested in a stainless steel testehouse using dry hydrogen as
fuel and air as oxidant.

3. Results and discussion

3.1. Results of LSM powders research

The XRD patterns of the LSM powders prepared using different
L/M values are shown in Fig. 1. All powder samples were calcined at
950 �C for 5 h. For three kinds of powders with L/M ¼ 0.6, 1.2, 2.4,
only the XRD patterns of crystalline La0.74Sr0.26MnO3 (PDF Number:
00-056-0616) were observed, while for the powders with L/
M ¼ 0.3, besides La0.74Sr0.26MnO3 phase, the presence of La2O3
phase was observed in the XRD patterns. The average crystallite
size of the powders prepared in this study was about 30 nm as
deduced from the XRD pattern by DebyeeScherer equation after
subtraction of the equipment widening.
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It suggests that a precursor solution with L/M � 0.6 seems to
favor the chelation between metal ions and acrylic acid and facili-
tate the crystallization. The L/M value of the solution has an evident
effect on the chelating process. For the citric acidenitrate method
(CA) the mole ratio of citric acid to overall metal ions (L/M) usually
above 2. However in this experiment the application amount of
acrylic acid can be as low as L/M¼ 0.6. It can be explained as follow:
The acrylic acid is an organic acid with conjugated double bond.
The carbonecarbon double bond in AA conjugated with the double
bond of carboneoxygen double bond. This conjugated double bond
leads to a delocalization effect on the whole molecule. This makes
the electron density of the oxygen atom in the acrylic acid reduce.
As a consequence of this delocalization effect, the complexing of
the acrylic acid with the metal ions weakened when compared to
the poly acrylic acid (PAA). The mix solution of AA and metal
acetates was heated in an 80 �C water bath and the AA polymerized
into PAA by thermal initiation through a free radical polymeriza-
tion. Then the PAA complexing with the metal ions. The mix solu-
tion turned into a gel. So, the low application amount and high
effect of acrylic acid are attributed to the co-operation of ethylenic
linkage and carboxyl group [20].

The SEM images of the LSM powders prepared using different L/
M values are shown in Fig. 2. All powder samples were calcined at
950 �C for 5 h. It’s obvious that the morphology of these four LSM
powders is not significantly dependent on the L/M value. All LSM
powders have few aggregates, the particles are spherical and the
particle size is about 100 nm with a narrow distribution. The par-
ticle usually included several crystalline grains, so the particle size
measured from SEM, TEM and PSD is always larger than the average
crystalline grain size calculated from the XRD. From SEM images
showed in Fig. 2, it can be seen that fine morphology of LSM
powders can be obtained in a wide range of the dosage acrylic acid.
For the samples with low application amount such as: L/M ¼ 0.3,
0.6, the high effect of acrylic acid are attributed to the co-operation
of ethylenic linkage and carboxyl group [20,21].

As a whole, in this experiment the optimization conditions of
prepared the LSM powders are using acrylic acid as complexing
Fig. 2. The SEM images of the LSM powders prepared using different L/
agent, and L/M ¼ 0.6. Furthermore, this preparation process was
successfully scale up to prepare 6.6 kg LSM nano-powder.

In order to seek the essential distinguish, the flow charts of LSM
powder synthesis by Pechini: citric acidenitrate method (CA) [15]
and acetateeacrylic polymer-pyrolysis (AA) method are showed
in Fig. 3. There are two main differences, first is the metalesalt, for
CA method lanthanum nitrate, strontium nitrate and manganese
nitrate are used, while for AA method lanthanum acetate, stron-
tium acetate and manganese acetate are used as source materials.
The second difference is for CA method citric acid and ethylene
glycol are used, while for AA method only acrylic acid is used as
additive agent.

TG/DTA curves of LSM-CA and LSM-AA precursors dried at
120 �C are showed in Fig. 4. For the TG curve of LSM-CA, there are
three main weight loss steps, the first weight loss about 20% occurs
during the heating step from room temperature to 150 �C, resulting
from the dehydration. The second weight loss step is from 150 �C to
250 �C with a weight loss of about 40% is observed, which corre-
sponds to the decomposition of nitrates. The third weight loss step
is from 250 �C to 400 �C with another 20% weight loss, which
corresponds to the decarbonization of the residual organic com-
pound. The DTA curve of LSM-CA reveals two strong and sharp
exothermic peaks with vertex at 240 �C and 350 �C, which are likely
due to the decomposition of nitrates and combustion of the chelate
complex, respectively. For the TG curve of LSM-AA, there are only
two main weight loss steps, the first weight loss about 10% occurs
during the heating step from room temperature to 150 �C, resulting
from the dehydration. The second weight loss step is from 250 �C to
400 �C with a weight loss of about 40% is observed, which corre-
sponds to the decomposition of acetates and the decarbonization of
the residual organic compound. The DTA curve of LSM-AA reveals
one strong and sharp exothermic peak with a vertex at 360 �C,
which is likely due to the decomposition of acetates and combus-
tion of the chelate complex. Above 400 �C the TG-DTA curves shows
no further endo- or exo-thermal peak, and very little weight loss
was observed. The absence of nitrates in LSM-AAmethod can avoid
nitrate violent thermolysis and restrain the volumetric expansion
M values, (a) L/M ¼ 0.3, (b) L/M ¼ 0.6, (c) L/M ¼ 1.2, (d) L/M ¼ 2.4.



Fig. 3. Flow charts of LSM powder synthesis by CA (left) and AA (right) method.
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and fierce combustion phenomena. The total weight loss of LSM-AA
is about 50%, that means the ratio of weight loss to outcome is 1:1,
while the total weight loss of LSM-CA is about 80%, that means the
ratio of weight loss to outcome is 4:1, so to obtain the same
outcome, the organic compound emission of AA method is only a
quarter of that in CA method. This optimization is attributed to the
replace citric acid with acrylic acid, which can heavily reduce car-
boxylic acid application amount. The low application amount and
high effect of acrylic acid are attributed to the co-operation of
ethylenic linkage and carboxyl group [20,21].

The XRD patterns of the LSM-AA powders calcined at 500, 600,
800 and 950 �C are shown in Fig. 5. It can be seen that the powders
calcined at 500 �C consists of amorphous materials, while powders
calcined above 600 �C have well crystallized perovskite structure of
LSM and obvious La2O3 impurity phase. Although a small amount of
La2O3 phase could be observed in the pattern of powders calcined
at 800 �C, the impurity phase totally disappears and a single
perovskite phase is formed completely when the sintering tem-
perature reaches 950 �C. It can be seen that with an increase in the
calcination temperature, the intensity of peaks increases and the
diffraction peaks become sharper and narrower, which indicate
that the crystallite size of the LSM powders grown larger gradually.

The TEM images shown in Fig. 6 correspond to four kinds of the
LSM-AA powders calcined at 500, 600, 800 and 950 �C. It can be see
that all powders have fewaggregates, and the particles are spherical
Fig. 4. TG/DTA curves of the as-synthesized LSM precursors dried at 120 �C.
and the particle sizes are less than 100 nmwith a narrow distribu-
tion.With the increase of the calcination temperature, LSMpowders
grow larger gradually, from less than20 nmat 500 �C to about 80nm
at 950 �C.

Then the LSM powders as-prepared were characterized by XRF,
BET and PSD analysis. The XRF results show that the LSM powders
are composed of La2O3 55.3 wt%, MnO 32.1 wt%, SrO 12.6 wt%,
which indicate that the powders composition is near the nominal
(La0.75Sr0.25)0.95MnO3�d, the purity of the LSM powders is higher
than 99.9%. The special surface area of the LSM powders is found to
be 5.7 m2 g�1 at the calcination temperature of 950 �C and
10.6 m2 g�1 after ball-milled 4 h. Using the surface area and
assuming all particles are spherical, the average particle size (DBET)
can be estimated as 86 nm, using the equation [22]:

DBET ¼ 6
rSv

Where r is the density of LSM (6.6 g cm�3) and Sv is the surface area
of the sample. The result is in good agreement with the observed
particle size from FESEM, TEM and XRD, suggesting the majority of
particles are nano-structured. PSD analysis shows that the particle
size of LSM powders are around 200e300 nm with a narrow
distribution.
Fig. 5. The XRD patterns of the LSM-AA powders calcined at 500, 600, 800 and 950 �C.



Fig. 6. TEM photos of the LSM-AA powders calcined at (a) 500, (b) 600, (c) 800 and (d) 950 �C.
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In view of all characterizations of the LSM-AA powders, it can be
concluded that the process optimization has lead a high purity,
single phase, homogenous and slight aggregation LSM-AA powders
with grain size less than 100 nm.
Fig. 7. The electrical conductivity of the sintered LSM samples.
3.2. Electrical conductivity of the LSM bulk

Fig. 7 shows the electrical conductivity of the sintered LSM
samples LSM-AA from the acetate-acrylic method and LSM-CA
from pechini method [15], respectively. Obvious phase transition
is observed in the thermal dependence of the conductivity at about
80 �C on both sintered (La0.75Sr0.25)0.95MnO3�d samples. Both
curves show the same tendency and can be divided into three
stages. In the first stage, from 30 �C to 80 �C, the conductivities
show a metallicity, which rapidly drop accompany the increase of
temperature. In the second stage, from 80 �C to 700 �C, the con-
ductivities continuous ascend accompany the increase of temper-
ature and show a typical semiconductor feature. Similar results, the
conductivities of sintered (La0.75Sr0.25) MnO3 sample continuous
ascend from about 110 S cm�1 at 500 K to about 180 S cm�1 at
1000 K, reported by Takanori Itohc et al. [23]. The conductivity
mechanism of the second stage can be attributed to the hopping of
p-type small polarons. In the third stage, from 700 �C to 1000 �C,
the conductivities reach a platform and ascend very slow accom-
pany the increase of temperature. In this temperature range, both
samples exhibit high electronic conductivity, LSM-AA is almost
220 S cm�1, while the conductivity of LSM-CA is around 200 S cm�1

[15]. The high conductivity of the LSM-AA sample could be
attributed to the excellent performance of nanocrystalline powders
prepared from the acetate-acrylic method.

3.3. Cell performance

Fig. 8 displays the fracture cross-section morphology of LSMe

YSZ cathode sintered at 1100 �C-2 h. The coat is about 20 mm thick
and has a homogeneous porous structure composited with LSM,
YSZ and pores. The LSM and YSZ grains are clear and round with



Fig. 8. The cross-section SEM pictures of the LSMeYSZ cathode sintered at 1100 �C-2 h.

Fig. 9. IeV characteristics of anode-supported Ni þ YSZ/YSZ/LSM þ YSZ cell.
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grain size less than 400 nm, they were sintered together forming a
3D network, the LSM and YSZ phases cannot be distinguished
clearly for the reason of their backscattered coefficients are very
close to each other. The sintering necks between the grains are
thickset, which indicates good connection between LSM/LSM,
LSM/YSZ and YSZ/YSZ grains. Furthermore, the LSMeYSZ coat is
firmly adhered to the YSZ substrate. It can be seen that all the
available “branches” of the coat at the interfacial region are firmly
connected to the YSZ substrate. Such sturdy and homogeneous
porous structure can offer strong and large extended contacts
between ionic conductor electrolyte YSZ, electronic conductor
LSM and the pore, which will enlarge the number of the active
TPBs of the cathode.

In our previous work [15], similar nanostructure structure of
LSMeYSZ composite cathode was obtained from LSM-CA powder
and sintered at 1000 �C-2 h. The main differences are the grain size
is finer (about 200 nm), while the connection is not enough strong,
when compared to the structure of LSMeYSZ cathode from LSM-AA
powder sintered at 1100 �C-2 h in this work. The connection of
electrode and electrolyte is much important for a unite cell, which
means stably operated performance.

The area specific polarization resistance of less than 0.2 U cm2 at
750 �C and 0.1 U cm2 at 800 �C have been achieved in symmetric
cells with the LSMeYSZ sintered at 1100 �C. This polarization
resistance is slightly larger than that (0.175 U cm2 at 750 �C) of
LSMeYSZ cathode obtained from LSM-CA powders [15]. This is
attributed to the lower porosity and larger aggregation of particle in
the LSMeYSZ cathode from LSM-AA powders sintered at 1100 �C
than that from LSM-CA powders sintered at 1000 �C. This perfor-
mance indicates that the anode supported cell with the LSMeYSZ
composite cathode prepared from LSM-AA powder and sintered at
1100 �C has the potential to be stably operated with a satisfactory
power density.

An YSZ-based anode-supported SOFC was fabricated in the
configuration of NiOeYSZ/YSZ/LSMeYSZ. The cathode was sin-
tered at 1100 �C and the active electrode area was 4 � 4 cm2. Fig. 9
shows the IeV curves and corresponding power densities of the
cell. Unit cell was tested in a stainless steel testehouse using dry
hydrogen as fuel and air as oxidant (H2:Air ¼ 800:2000 Sc cm).
The open cell voltage reaches 1.1 V, which indicates the tight
electrolyte, good cell sealing and optimal electrical potential
through the cell. The IeV curves exhibits the power density of
0.54 W cm�2 at 800 �C and 0.8 W cm�2 at 850 �C (H2/air, 0.7 V,
active electrode area of 4 � 4 cm2), respectively. These perfor-
mances are almost as same as that of the anode-supported cells
reported in our previous work [24], in which LSMeYSZ cathode
was obtained from LSM-CA powders. These results indicate that
the LSM-AA powders are very suitable for synthesis of high per-
formance LSMeYSZ cathode.
4. Conclusion

In this study, a novel acetateeacrylic polymer-pyrolysis method
was established and successfully scaled up to prepare about 6 kg
(La0.75Sr0.25)0.95MnO3�d (LSM) nano-powder with a high yield
above 95%, in which lanthanum oxide, strontium acetate, manga-
nese acetate, acetic acid and acrylic acid have been used as raw
materials. Distinguish from the traditional chemical solution
method, nitrate and amino compound were non-used in this
method and without causing any fire hazard or explosion condition
which are usually found in most of the solution synthesis reactions.
To obtain the same outcome, the organic compound emissions of
AAmethod is only a quarter of that in CAmethod. This optimization
is attributed to the replace citric acid with acrylic acid, which can
heavily reduce carboxylic acid application amount. The low
application amount and high effect of acrylic acid are attributed to
the co-operation of ethylenic linkage and carboxyl group.
Microstructure characterizations show that as-prepared powders
are high purity, single phase, slight aggregation with grain size less
than 100 nm. The conductivity of the sintered LSM sample
prepared from this powders was measured about 220 S cm�1 in air
at 600e800 �C. The area specific polarization resistance of less than
0.2 U cm2 at 750 �C and 0.1 U cm2 at 800 �C have been achieved in
symmetric cells with the LSMeYSZ cathode sintered at 1100 �C.
Anode supported Cells with configuration of Ni þ YSZ/YSZ/
LSM þ YSZ exhibited the power density of 0.54 W cm�2 at 800 �C
and 0.8 W cm�2 at 850 �C (H2/air, 0.7 V, active electrode area of
4 � 4 cm2), respectively. These results indicate that the novel ac-
etateeacrylic method is very suitable for mass synthesis of high
performance LSM powders. Given the advantage and easiness of
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this method it can be considered that this approach could be
applied to many other oxide systems.
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