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A novel fabrication method for porous LSM (lanthanum strontium manganite) powders using a pore-forming agent was
developed by an ultrasonic spray pyrolysis (USP) method. The spray solution was prepared for the chemical composition of
LSM ((La0.85Sr0.15)0.9MnO3-δ) by dissolving proper amounts of La-, Sr- and Mn-nitrates in distilled water. To form a porous-
structured LSM powder, hollow polymer particles as a pore-forming agent were mixed with a solution of nitrates. The solution
of this mixture was atomized by an ultrasonic nebulizer. The atomized droplets were decomposed and synthesized in the hot
zone of a furnace at 650 oC. The morphology and crystal phases of the powders were studied by SEM, TEM and XRD.
Thermal analyses of the nitrate precursors and synthesized powders were performed using DSC/TG. The particle size of the
prepared powders was determinate by a particle size analyzer. The structure of the porous cathode layer for a cell was
fabricated by a dip-coating process using porous LSM powders. The morphology and microstructure of the coated porous
cathode layer were characterized by SEM. 
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Introduction

The overall losses in a solid-oxide fuel cell (SOFC)
are controlled to a great extent by the cathodic reaction.
Cathodic polarization resistance is caused by the
oxygen reduction reaction (ORR) and the associated
reaction and transport processes. The ORR kinetics
often significantly limits the performance of a SOFC.
To obtain a high level of performance from a cathode,
optimizing the porous cathode layer with regard to the
material and the microstructure of the cathode is
necessary. Many attempts have been made to enhance
the cathode performance by optimizing the material,
the microstructure, and the electrolyte interface of the
cathode [1-3]. The ORR in porous electrodes occurs
around the triple-phase boundary (TPB) region, where
the reactive gas comes in contact with the electrolyte
and electrode. The reaction rate of the ORR is
controlled by the interfacial reactions in the TPB
region. The cathodic polarization resistance is closely-
related to the material and microstructure of the
cathode and the TPB. Therefore, optimizing the TPB in
SOFCs is very important to improving the performance

of fuel cells. Studies of the TPB are extensive in the
literature on SOFCs, and much effort has been made to
delineate the properties of the TPB clearly [4-6]. 
The properties of the cathode material require

stability at 1200 K in air, high electronic conductivity,
high electro-catalytic activity, and low reactivity with
electrolyte materials. Perovskite metal oxides with the
composition of La1-x SrxMnO3 (strontium doped lanthanum
manganite, LSM) are most commonly used as cathode
materials for SOFCs due to their high electro-catalytic
activities, good chemical stability and electronic conductivity
in oxidizing atmospheres. Strontium doping enhances
the electronic conductivity of LaMnO3 due to the
increased the Mn4+ content which results from the
substitution of La3+ by Sr2+ [1-3]. The performance of a
LSM cathode material of SOFC is influenced by not
only the chemical stability and thermodynamics
characteristics of the LSM of the cathode material but
also by its microstructure, grain and pore size, and pore
size distribution. In particular, a porous microstructure
and the pore size distribution play significant roles in
terms of the permeability of oxygen gas and in
reducing oxygen to oxygen ions. 
Thus far, many different methods have been utilized

to synthesize LSM powder, such as co-precipitation
[7, 8], sucrose combustion [9] and sol-gel [10, 11]
methods. However, there are only a few reports on the
preparation of porous LSM powder. Recently, many
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researchers have focused on the fabrication of porous
ceramic materials. It has been recognized that porous
ceramic materials can be fabricated using a mixture of
ceramic powder and additional polymers as pore-
forming agents, which burn out at low temperatures
and form small and homogenous pores. Porous zirconia
[12] and PZT (lead zirconate titanate) [13] ceramics
were fabricated using ceramic powder and different
volume percentages of polymethylmethacrylate (PMMA)
powders as pore-forming agents. Porous M/Ti (M = Zr
or Ta) oxides [14], Mg-Al hydroxides [15], 3Y-ZrO2

[16], Ce1-xZrxO2 beads [17], TiO2 (Titania) hollow
spheres [18] and ZnO porous thin film [19] were
prepared by impregnation or surface-coating processes
using a polystyrene (PS) sphere as a template. PS
spheres were chosen because they can be easily
removed by dissolution or after slight calcination.
However, while these methods have been applied for
the production of porous ceramic bodies or coated
hollow spheres, they are limited when used for the
synthesis of porous ceramic powders.
Ultrasonic spray pyrolysis (USP) is thought to be an

effective technique for an inexpensive and continuous
ambient-pressure process of creating non-agglomerated
powders with homogeneous compositions. This process
is considered to be a method which can produce
multicomponent powders and films such as ZrO2 and
CeO2 [20], PZT [21], LSM-YSZ [22], LiMxMn2-xO4

(M=Al, Cr, Fe and Co) [23], metal Co powder [24],
YSZ [25], nano-sized MgO [26], nano-sized Y2O3 [27],
nano-sized BaTiO3 [28]. These methods have been
used to prepare ultrafine spherical powders. Skrabalak
and Suslick [29] applied the USP method to prepare
porous MoS2. However, in their study the prepared
SiO2/MoS2 composite required a special treatment with
HF to remove the silica used as a sacrificial template
and leave the porous MoS2. Suh and Suslick [30] used
the USP process to prepare a cobalt-doped porous silica
nano-sphere from a silica/organic polymer (ethylene
glycol) composite, followed by a second heating to
pyrolyze and remove the polymer. This process has
some disadvantages in that the morphology of the final
porous sphere is very sensitive when varying the silica-
to-polymer ratio. Moreover, the pore size is not
homogeneous. 
The USP method was employed in this work to

synthesize porous-structured LSM powders with the
composition of (La0.85Sr0.15)0.9MnO3-δ. In order to increase
the porosity of the LSM powders, hollow polymer
particles as a pore-forming agent were added to the
mixture of a metal nitrate solution and water. The
powder was characterized for its microstructure and
pore size distribution. The structure of the porous
cathode layer for a cell was fabricated by a dip-coating
process using the porous LSM powders. The morphology
and microstructure of the coated porous cathode layer
were characterized.

Experimental

The LSM ((La0.85Sr0.15)0.9MnO3-δ) powder was prepared
by the USP method. The metal nitrates La(NO3)3 •

6H2O (Sigma-Aldrich Co.), Sr(NO3)2 (Sigma-Aldrich
Co.), and Mn(NO3)2 • 4H2O (Sigma-Aldrich Co.) were
used as starting raw materials. The nitrate solution was
prepared from a stoichiometric mixture of nitrate in
distilled water for the USP method. The concentration
of nitrates was fixed at 0.1 mol/l. LSM powders was
prepared by the USP method using nitrate solutions
(denoted as LSM-N). To form a porous-structured LSM
powder, the hollow polymer particles (polystyrene (PS)
sphere) as a pore-forming agent were mixed with the
solution of nitrates (denoted as LSM-NP). The concen-
tration of the hollow polymer particles in the nitrate
solution ranged from 0.5 to 4 wt%. The mean particle
diameter (d50) of the hollow polymer particle was about
0.5 μm. They had a very homogenous size distribution
and were smooth and perfectly spherical. The solution
containing this mixture was atomized by an ultrasonic
nebulizer with a resonant frequency of 1.7 MHz. A
carrier gas (air) was used to carry the sprayed droplets
through a quartz tube (50 mm in diameter) at a flow rate
of 20 l/min. Droplets of the solution were decomposed
in the hot zone of a furnace at 650 oC, The prepared
particles were annealed at 650 oC to crystallize the
powders and to decompose the residual organic content.
To compare the microstructures of the coated LSM
layers depending on the LSM powder type and the
sintering temperature, LSM powder was also prepared
by a solid-state reaction (at 1000 oC for 5 h.) using a
mixture of La2O3, SrCO3, and MnO2 as the starting
materials (denoted as LSM-S).
The morphology of the synthesized LSM powder was

investigated using a scanning electron microscope (FE-
SEM, S-4700, Hitachi) equipped with an energy dispersive
X-ray analyzer (EDX) and a transmission electron
microscope (FE-TEM, Carl Zeiss, EMP12 Omega).
The particle size distribution and pore size of the
synthesized LSM powder were investigated by means
of electrophoretic light scattering (ELS-8000, Otsuka
Electronics) and BET (Tristar 3000, Micromeritics).
The crystal phases of the synthesized powders were
confirmed by powder X-ray diffractometry (XRD, Rigaku).
In addition, the thermal decomposition properties of the
mixture of the nitrates and hollow polymer particles
were investigated using a DSC/TGA (STA 409PC,
Netzsch).
Ni/YSZ cermet, ScMnSZ [(ZrO2)0.89(Sc2O3)0.1(MnO2)0.01],

and LSM [(La0.85Sr0.15)0.9MnO3-δ] powder were used as
the materials for anode-supported tube, the electrolyte,
and the cathode, respectively. The ScMnSZ powder
used as a dense electrolyte layer was prepared by the
Pechini method. The extruded anode-supported tube
serves as the fuel electrode, and the other cell
components were coated in the form of thin layers onto
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it. The ScMnSZ electrolyte layer was coated on the
pre-sintered anode tube by a slurry dip-coating process
to form a dense layer. It was sintered at 1400 oC. The
porous LSM cathode layers was also coated by a dip-
coating process on a dense electrolyte layer and sintered
at 1200 oC. The electrode area of the anode-supported
tubular single cell was 9.4 cm2. The length and
circumference of the electrode were 5 cm and 1.8 cm,
respectively. The microstructure of the porous cathode
layer for a single cell was investigated by means of SEM.

Result and Discussion

Fig. 1 shows a SEM micrograph of the hollow
polymer particles (polystyrene (PS) sphere) used as
pore-forming agent. The hollow polymer particles were
extremely uniform with a mean particle diameter (d50)
of 0.5 mm [15-16]. They had a very homogenous size
distribution and were smooth and perfectly spherical,
as shown in Fig. 1. To prepare a porous-structured
LSM powder by the USP method, the hollow polymer
particle as a pore-forming agent were mixed with a
solution of nitrates for the composition of LSM
((La0.85Sr0.15)0.9MnO3-δ). The concentration of the
hollow polymer particles in the nitrate solution ranged
from 0.5 to 4 wt%. 
The curves of the simultaneous DSC and TGA

behavior of the mixture of the nitrates and the hollow

polymer particles used as a pore-forming agent are
shown in Fig. 2. The endothermic peak below 150 oC
may be due to the loss of adsorbed water, while the
exothermic peak in the temperature range of 150 -
200 oC can be attributed to the partial decomposition of
the nitrates and the charring of the hollow polymer
particles. The endothermic peak between 200 oC and
400 oC corresponds to the complete dissociation of the
nitrates and the polymer and initiation of the formation
of the LSM phase. This result shows that the hollow
polymer particles can be used as a pore-forming agent
for the preparation of porous LSM powder by the USP
method. 
SEM micrographs of the LSM-N, which was calcined

at 650 oC for 5 h are shown in Fig. 3. Fig. 3(a) shows a
SEM photograph of typically synthesized LSM-N,
where small particles between 0.05 and 0.1 μm in size
constitute one large spherical particle (0.1 - 1 μm) of
LSM powder. The primary particles appeared as single
spherical crystals with a nearly uniform size. Moreover,
the directional linkage of the particles was observed.
Fig. 3(b) shows a SEM photograph of a hollow particle
with an open shape. This type of particle was not found
often. This result shows that the LSM-N consists of a
hollow sphere and that the hollow spheres consist of
small particles.
Typical SEM micrograph of the porous LSM-NP,

which was calcined at 650 oC for 5 h presented in Fig.
4(a). Fig. 4(b) is an enlarged image of the porous
regions shown in Fig. 4(a). A cluster of small particles
on the surface of the synthesized spherical powders
was observed, as shown in Fig. 4(b). The clusters of
small particles resemble sea anemones with isolated
regions. These clusters are 0.3 - 0.5 μm in size, as

Fig. 1. SEM image of the hollow polymer particles used as a pore-
forming agent.

Fig. 2. DSC/TG curve of the mixture of metal nitrates and hollow
polymer particles.

Fig. 3. SEM images of the LSM-N (a: closed hollow spheres, b:
open hollow spheres) (calcined at 650 oC).

Fig. 4. SEM images of the LSM-NP (a), and an enlarged image of
the porous regions (b) (calcined at 650 oC).
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shown in Fig. 4(b). This size is similar to that of the
hollow polymer particles used a pore-forming agent
(d50 = 0.5 μm). This may indicate that the formation of
this cluster is related to the properties and states of the
hollow polymer particles. The morphology of the
powder can be attributed to the solubility of the nitrates
and the viscosity of the sprayed solution [20]. In our
earlier studies of USP methods using ZrO2-based
materials, the morphologies of the synthesized powders
were found to vary significantly with the concentration
and the viscosity of the sprayed solutions [21]. 
TEM images and the electron diffraction (ED)

patterns of the LSM-N (a), and the LSM-NP(b) are
presented in Fig. 5. The TEM images in Figs. 5(a) and
(b) indicate that the powders are hollow, showing
clusters of particles. The ED patterns indicate that the
compositions exhibit polycrystalline structures. 
Fig. 6 shows SEM images of LSM-NP with different

powder shapes as synthesized by the USP method at
650 oC using a mixture of the nitrate solution and hollow
polymer particles. The cluster of small particles on the
surface of the synthesized spherical powders shows
slightly different shapes. However, the size of this
cluster was mainly in the range of 0.3 - 0.5 μm, as
shown in Fig. 6. The size is also similar to that of the
hollow polymer particles used as a pore-forming agent
(d50 = 0.5 μm). The morphology of the powder can be
attributed to the solubility of the nitrates and the
viscosity of the sprayed solution [20]. 
The XRD patterns of the as-synthesized LSM

powder samples, and the samples calcined at different
temperatures (650 oC - 1200 oC) for 5 h are exhibited in
Fig. 7. The as-synthesized LSM-N (Fig. 7(a)) and LSM-

NP (Fig. 7(b)) were prepared by the USP method at
650 oC. The as-synthesized LSM-N and LSM-NP show
a non-crystalline phase, which was not identified in the

XRD results. Calcination of the as-synthesized powder
in air above 650 oC for 5 h significantly changed the
XRD patterns [22]. A single LSM perovskite phase
was obtained for all the samples calcined in air above
650 oC for 5 h, as shown in Figs. 7(a) and 7(b). Enlarged
XRD patterns in the range 2θ = 31.5 ~ 34 o are shown in
Fig. 7(b). The crystal phases of the calcined samples at
temperatures of 650 oC and 800 oC showed an orthorhombic
structure, whereas when the samples were calcined at
1000 oC and 1200 oC, the structure of the material was
transformed into a rhombohedral structure, as shown in
Fig. 7(b). This type of phase transformation of the
crystal structure was also observed in the samples shown
in Fig. 7(a).
Fig. 8 shows the N2 adsorption-desorption isotherms

(a) and the corresponding BJH (Barrett-Joyner-Halenda)
pore diameter curves (b) of the LSM-S, LSM-N, and
LSM-NP, respectively. An abrupt increase in the
adsorption volume of adsorbed N2 was observed and
was associated with a P/P0 value greater than 0.85 (by

Fig. 5. TEM images and ED patterns (inset) of the LSM-N (a) and
the LSM-NP (b) samples.

Fig. 6. SEM images of the LSM-NP with different shapes of powders synthesized by the same process shown in Fig. 4.

Fig. 7. XRD patterns of the as-synthesized LSM powder, and
calcined LSM-N (a) and LSM-NP (b) samples at different
temperatures (650 oC - 1200 oC) for 5 h.
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the USP method). This sharp increase is generally
associated with the capillary condensation of nitrogen
in pores. In the porous structures of the LSM-NP, the
absorption/desorption isotherm curve is more reversible
than that of the LSM-N. This result indicates that the
porous structure of the LSM-NP has fewer closed pores
and no obvious pore-blocking effects [14, 18]. 
The mean particle diameter, BET surface area, mean

pore diameter and mean pore volume of the LSM-S,
LSM-N, and LSM-NP powders obtained via the BJH
method by calculating the desorption branch of the
nitrogen isotherm are shown in Table 1. The mean
particle diameter, BET surface area, mean pore diameter
and mean pore volume The average pore diameters of
the LSM-S, LSM-N, and LSM-NP powders were
determined to be 15.38, 20.54, and 17.27 nm, respectively
(Fig. 8(b)). The corresponding BJH desorption cumulative
pore volumes of the LSM-S, LSM-N, and LSM-NP

powders are 0.0094, 0.0713, and 0.0658 cm3/g, respectively.
The measured BET surface areas of the LSM-S, LSM-N,
and LSM-NP powders are 2.72, 12.0 and 14.73 m2/g,
respectively. The cumulative pore volumes and BET

surface areas of the powders synthesized by the USP
method (LSM-N and LSM-NP) are much higher than
that of by the solid-state reaction method (LSM-S). The
pore diameter of LSM-NP exists in almost every region
(2-140 nm), but the pore diameter of the LSM-N only
exists in one region (2-40 nm) due to the single hysterics
loop.
SEM images of the fractured cross-section and

surface of a cell composed of various cathode layers
using the LSM-S, LSM-N, and LSM-NP powders are
shown in Fig. 9. The extruded anode-supported tube
composed of Ni/YSZ cermet serves as the anode (C),
and the other cell components (electrolyte (B) and
cathode (A)) were coated by a slurry dip-coating
process in the form of the thin layers on the pre-
sintered anode tube. The porous LSM cathode layer
(A) was also coated by the dip-coating process on a
dense ScMnSZ electrolyte layer (B), after which it was
sintered at 1200 oC. The LSM layer sintered at 1200 oC
exhibits a porous microstructure. The porous LSM
layer adhered well to the electrolyte layer, showing a
high surface area, as shown in Fig. 9. The cathode
layer prepared from the LSM-S powder has a relatively
low porosity and larger grains, whereas the samples
with the LSM-N and LSM-NP powders have higher
porosities and smaller grains. The cathode layer
prepared from the LSM-NP powder shows relatively
fine pores and smaller grains compared to that prepared
from the LSM-N powder. The microstructures of the
LSM layer are affected by both the powder type and
the sintering temperature [11]. The cathode layer
sintered at 1000 oC and 1100 oC using the LSM-N and
LSM-NP powders also showed high porosities and
small grains than that sintered at 1200 oC. However,

Fig. 8. N2 adsorption-desorption isotherm (a) and pore diameters
(b) of the LSM-S, LSM-N, and LSM-NP powders.

Table 1. Mean particle diameter, BET surface area, mean pore
diameter and mean pore volume of the LSM-S, LSM-N, and
LSM-NP powders.

Samples Mean particle 
diameter (nm)

BET
(m2/g)

Mean pore 
diameter (nm)

Mean pore 
volume (cm3/g)

LSM-S 274 2.72 15.38 0.0094

LSM-N 534 12 20.54 0.0713

LSM-NP 346 14.73 17.27 0.0658

Fig. 9. SEM images of the cross-section and surface of a single cell
composed of various cathode layers using the LSM-S, LSM-N, and
LSM-NP powders (A: cathode (LSM), B: electrolyte (ScMnSZ)
and C: anode (Ni/YSZ cermet)).
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those coated LSM layers did not adhere well to the
electrolyte layer and show poor connections between
their cathode particles. 

Conclusions

LSM powder was prepared by the USP method using
a nitrate solution (LSM-N). To compare the micro-
structures of the coated LSM layers depending on the
LSM powder type and the sintering temperature, the
LSM powder was also prepared by a solid-state
reaction method (LSM-S). To form a porous-structured
LSM powder using the USP method, hollow polymer
particles (PS) of 3 wt% as a pore-forming agent were
mixed with the nitrate solution (LSM-NP). The primary
particles resembled single spherical crystals of a nearly
uniform size, showing directional linkages of the
particle. A cluster of small particles on the surface of
the synthesized spherical powders (LSM-NP) was also
observed. The clusters of small particles resembled sea
anemones with isolated regions. In the porous structures
of the LSM-NP, the absorption/desorption isotherm
curve is more reversible than that of the LSM-N. This
result indicates that the porous structures of the LSM-

NP have fewer closed pores and no obvious pore-
blocking effects. The cumulative pore volumes and
BET surface areas of a powder synthesized by the USP
method are much higher than those of LSM-S. The
LSM layer sintered at 1200 oC exhibits a typical porous
microstructure. The porous LSM layer adhered well to
the electrolyte layer showing a high surface area. The
sample with LSM-S has a relatively low porosity, whereas
the samples with LSM-N, and LSM-NP have higher
porosities. The cathode layer prepared from the LSM-NP

powder shows relatively fine pores and smaller grains
compared to the pores and grains of the LSM-N.
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