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Abstract:
The fuel cells are distinguished as generating of green allocable energy and are electrochemical devices of 
low environmental impact. Porous nanocrystalline strontium-doped lanthanum manganite La0.8Sr0.2MnO3 
(LSM) cathode materials were prepared by mechanochemical route in various grinding times. Carbon 
black was employed to produce pores. The formation of LSM single phase was studied by X-ray diffraction 
patterns. Porosity and density amounts were measured by means of Archimedes method, furthermore, 
contraction of sintered samples was comparably evaluated. Scanning electron microscopy (SEM) images 
were used for  morphological study. It is shown that the open and total porosity generally decrease with 
sintering temperature, however the milling time increase these factors. Relying on open porosity amount and 
distribution, relative density and microstructural scrutiny the proper sintering temperature was determined. 
The microstructural investigation indicates that the grains grow as the sintering temperature increases 
which leads to decrease the number of the open pores.
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1. INTRODUCTION

The fuel cells are distinguished as generators of 
distributed energy and are electrochemical devices 
of low environmental impact. As one of the key 
materials of solid oxide fuel cells (SOFCs) the 
cathode materials are extensively studied [1]. 
Among the cathode materials, (La,Sr)MnO3 based 
perovskites due to their good chemical and thermal 
stability, high electrocatalytic activity for oxygen 
reduction at high temperatures, thermal expansion 
coefficient similar to the electrolyte (yttria stabilized 
zirconia) and high electrical conductivity are the 
most widely investigated materials for solid oxide 
fuel cells [2]. 
Different synthesis methods have been developed 

for production of LSM powders, such as solid-
state reaction, sol–gel technique, hydrothermal 
synthesis, co-precipitation, citrate (pechini process) 
and combustion [3]. The solid-state reaction is 
an uncomplicated and single-step method of 
ceramic processing, which usually involves high 
temperatures and leads to nano-sized particles as 
well as rather high chemical homogeneity [4]. The 
optimum sintering temperature of LSM cathode is 
impressively depended on the synthesis procedure. 
In a general aspect the firing temperature of 
chemically prepared products [3,5-7] is lower than 
those of mechanochemical routes [8,9]. This paper 
shows that the sintering manner of the LSM cathode 
material must also be considered and its relevant 
criteria needs to be still researched.
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2. EXPERIMENTAL

MnO2, La2O3, and SrO (Merck, with purity > 
99.9%) were used as starting reagents. MnO2 was 
heated at 600 oC for 12 hours in order to convert it 
into Mn2O3. The formation of single-phase Mn2O3 
was confirmed by X-ray powder diffraction before 
its use. After that the proper weight ratio of dried 
reactants: La2O3, Mn2O3, MnO2, and SrO were 
completely mixed in aceton liquid media with an 
appropriate stoichiometric ratio as per reaction 1 
[8].

0.4(La2O3+Mn2O3)+0.2(SrO+MnO2)
= La0.8Sr0.2MnO3              (1)

The principle stage of fabrication method was 
carried out by means of a planetary ball mill 
(PMV2, Tajhizceram co.). The batch of 50 gr of 
the aforementioned mixture was taken into the 
zirconia bowl. Later, 15-mm diameter zirconia balls 
were added into it as ball/powder ratio was 15. The 
rotational speed of the planetary mill was 300 rpm 
(revolution per minute). Finally, after sampling in 
different grinding times (0,3,12,24,36 and 48 hours) 
the ground samples were calcinated at 600oC for 
2 hours in air for completing the phase formation 

process as well as remove the possibly absorbed 
moisture and impurities. 
The LSM phase formation was determined by XRD 
diffractometry test (Philips. Pw 3710 mpd control). 
Then the pellet samples were obtained in the form 
of circular discs of 13 and 1.4-mm in diameter and 
thickness, respectively, by pressing the well-ground 
powder uniaxially at 300 MPa using hydraulic 
press. Carbon black in 12% wt was applied as pore 
former agent. 
Subsequently, these green compressed speci-mens 
were sintered at various temperatures (1050, 1100, 
1150, 1200 and 1300) with constant heating rate 
of 10oC/min for 4 hours. After the firing procedure 
the porosity and density amount of porous pellets 
measured with Archimedes method [10]. Finally the 
morphology and microstructure of sintered pellets 
at three various temperatures was investigated by 
SEM (S360 Cambridge, 1990) image analysis.

3. RESULTS AND DISCUSSION

3.1. X-ray powder diffraction

The diffraction patterns of not-milled and milled 
powder samples which calcinated at 600oC are 
illustrated in Figure 1. As can be seen diffracted 

Tamaddon and Maghsoudipour

of the planetary mill was 300 rpm (revolution 
per minute). Finally, after sampling in 
different grinding times(0,3,12,24,36 and 48 
hours) the ground samples were calcinated at 
600 oC for 2 hours in air for completing the 
phase formation process as well as remove the 
possibly absorbed moisture and impurities. 
The LSM phase formation was determined by 
XRD diffractometry test (Philips. Pw 3710 
mpd control). Then the pellet samples were 
obtained in the form of circular discs of 13 and 
1.4-mm in diameter and thickness, 
respectively, by pressing the well-ground 
powder uniaxially at 300 MPa using hydraulic 
press. Carbon black in 12% wt was applied as 
pore former agent. Subsequently, these green 
compressed specimens were sintered at 
various temperatures (1050,1100,1150,1200 
and 1300) with constant heating rate of 10 
oC/min for 4 hours. After the firing procedure 
the porosity and density amount of porous 
pellets measured with Archimedes method 
[10]. Finally the morphology and 
microstructure of sintered pellets at three 
various temperatures was investigated by SEM 
(S360 Cambridge, 1990) image analysis. 

 
3. RESULTS AND DISCUSSION 

 
3.1. X-ray powder diffraction 
The diffraction patterns of not-milled and 
milled powder samples which calcinated at 
600 oC are illustrated in Figure 1. As can be 
seen diffracted lines of not ground powder 
sample just according with primary oxide 
ingredients. For the samples which milled for 
12 hours and more, compared with ideal 
perovskite LaMnO3 pattern (JCPDS: 75-440) 
the diffraction peaks indexed well to single 
phase LSM with perovskite structure and 
cubic symmetry. This phase formation process 
was completed along with grinding time 
increase which suggested that Sr2+ is 
successfully incorporated into the A-site (La 
situations) of the LSM lattice. 
The milling operation causes the decrease in 
the mean crystallite size, also the d values vary 
with grinding time which is possibly ascribed 
to the introduction of substitution-induced 
non-stoichiometric defects into the perovskite 
lattice. Furthermore the strontium as a 
relatively large dopant is expected to expand 
the lattice parameter. As a result the d value 
increase. 

Figure 1. X-ray powder diffraction patterns of not 
ground (a) and ground samples in 3 h (b), 12 h (c), 

24 h (d), 36 h (e) and 48 h (e) 

The peak broadening in XRD patterns confirm 
the grain size reduction down to 10.4 nm 
which reported in Table1. 

Table 1. The positions and d values corresponding 
to the strongest peaks and the mean crystallite sizes 

of milled LSM powder samples 
milling time 

(hour) 
2θ 

(degree) d (Ao) grain 
size (nm) 

12 
24 
36 
48 

32.6058 
32.5444 
32.5844 
32.5676 

2.74406 
2.74909 
2.74581 
2.74719 

13.5 
13.1 
12.4 
10.4 

3.2.  Sintering trend 
The dependency of open and total porosity of 
the sintered samples on the sintering 
temperature is clearly shown in Figure 2, 3 
respectively. It can be obviously found that 
this factor reciprocally vary with sintering 
temperature, however the grinding time of 
mechanochemically synthesized samples has a 
direct influence on porosity level.  

Figure 2. Variation of open porosity as a function 
of sintering temperature and grinding time 

Figure	1: X-ray powder diffraction patterns of not ground (a) and ground samples in 3 
h (b), 12 h (c), 24 h (d), 36 h (e) and 48 h (e)
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lines of not ground powder sample just according 
with primary oxide ingredients. For the samples 
which milled for 12 hours and more, compared 
with ideal perovskite LaMnO3 pattern (JCPDS: 
75-440) the diffraction peaks indexed well to 
single phase LSM with perovskite structure 
and cubic symmetry. This phase formation 
process was completed along with grinding time 
increase which suggested that Sr2+ is successfully 
incorporated into the A-site (La situations) of the 
LSM lattice.
The milling operation causes the decrease in 
the mean crystallite size, also the d values vary 
with grinding time which is possibly ascribed 
to the introduction of substitution-induced non-
stoichiometric defects into the perovskite lattice. 
Furthermore the strontium as a relatively large 
dopant is expected to expand the lattice parameter. 
As a result the d value increase.
The peak broadening in XRD patterns confirm 
the grain size reduction down to 10.4 nm which 
reported in Table 1.
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of the planetary mill was 300 rpm (revolution 
per minute). Finally, after sampling in 
different grinding times(0,3,12,24,36 and 48 
hours) the ground samples were calcinated at 
600 oC for 2 hours in air for completing the 
phase formation process as well as remove the 
possibly absorbed moisture and impurities. 
The LSM phase formation was determined by 
XRD diffractometry test (Philips. Pw 3710 
mpd control). Then the pellet samples were 
obtained in the form of circular discs of 13 and 
1.4-mm in diameter and thickness, 
respectively, by pressing the well-ground 
powder uniaxially at 300 MPa using hydraulic 
press. Carbon black in 12% wt was applied as 
pore former agent. Subsequently, these green 
compressed specimens were sintered at 
various temperatures (1050,1100,1150,1200 
and 1300) with constant heating rate of 10 
oC/min for 4 hours. After the firing procedure 
the porosity and density amount of porous 
pellets measured with Archimedes method 
[10]. Finally the morphology and 
microstructure of sintered pellets at three 
various temperatures was investigated by SEM 
(S360 Cambridge, 1990) image analysis. 

 
3. RESULTS AND DISCUSSION 

 
3.1. X-ray powder diffraction 
The diffraction patterns of not-milled and 
milled powder samples which calcinated at 
600 oC are illustrated in Figure 1. As can be 
seen diffracted lines of not ground powder 
sample just according with primary oxide 
ingredients. For the samples which milled for 
12 hours and more, compared with ideal 
perovskite LaMnO3 pattern (JCPDS: 75-440) 
the diffraction peaks indexed well to single 
phase LSM with perovskite structure and 
cubic symmetry. This phase formation process 
was completed along with grinding time 
increase which suggested that Sr2+ is 
successfully incorporated into the A-site (La 
situations) of the LSM lattice. 
The milling operation causes the decrease in 
the mean crystallite size, also the d values vary 
with grinding time which is possibly ascribed 
to the introduction of substitution-induced 
non-stoichiometric defects into the perovskite 
lattice. Furthermore the strontium as a 
relatively large dopant is expected to expand 
the lattice parameter. As a result the d value 
increase. 

Figure 1. X-ray powder diffraction patterns of not 
ground (a) and ground samples in 3 h (b), 12 h (c), 

24 h (d), 36 h (e) and 48 h (e) 

The peak broadening in XRD patterns confirm 
the grain size reduction down to 10.4 nm 
which reported in Table1. 

Table 1. The positions and d values corresponding 
to the strongest peaks and the mean crystallite sizes 

of milled LSM powder samples 
milling time 

(hour) 
2θ 

(degree) d (Ao) grain 
size (nm) 

12 
24 
36 
48 

32.6058 
32.5444 
32.5844 
32.5676 

2.74406 
2.74909 
2.74581 
2.74719 

13.5 
13.1 
12.4 
10.4 

3.2.  Sintering trend 
The dependency of open and total porosity of 
the sintered samples on the sintering 
temperature is clearly shown in Figure 2, 3 
respectively. It can be obviously found that 
this factor reciprocally vary with sintering 
temperature, however the grinding time of 
mechanochemically synthesized samples has a 
direct influence on porosity level.  

Figure 2. Variation of open porosity as a function 
of sintering temperature and grinding time 

3.2. Sintering trend

The dependency of open and total porosity of the 
sintered samples on the sintering temperature is 
clearly shown in Figure 2, 3 respectively. It can be 
obviously found that this factor reciprocally vary 
with sintering temperature, however the grinding 
time of mechanochemically synthesized samples 
has a direct influence on porosity level. 
As the firing temperature increases the open 
porosity of porous pellets generally varies with an 
downward trend, especially in the range of 1100-
1300oC. This trend can be confirmed by comparing 

with the relative density curves which illustrated in 
Figure 4. 

of the planetary mill was 300 rpm (revolution 
per minute). Finally, after sampling in 
different grinding times(0,3,12,24,36 and 48 
hours) the ground samples were calcinated at 
600 oC for 2 hours in air for completing the 
phase formation process as well as remove the 
possibly absorbed moisture and impurities. 
The LSM phase formation was determined by 
XRD diffractometry test (Philips. Pw 3710 
mpd control). Then the pellet samples were 
obtained in the form of circular discs of 13 and 
1.4-mm in diameter and thickness, 
respectively, by pressing the well-ground 
powder uniaxially at 300 MPa using hydraulic 
press. Carbon black in 12% wt was applied as 
pore former agent. Subsequently, these green 
compressed specimens were sintered at 
various temperatures (1050,1100,1150,1200 
and 1300) with constant heating rate of 10 
oC/min for 4 hours. After the firing procedure 
the porosity and density amount of porous 
pellets measured with Archimedes method 
[10]. Finally the morphology and 
microstructure of sintered pellets at three 
various temperatures was investigated by SEM 
(S360 Cambridge, 1990) image analysis. 

 
3. RESULTS AND DISCUSSION 

 
3.1. X-ray powder diffraction 
The diffraction patterns of not-milled and 
milled powder samples which calcinated at 
600 oC are illustrated in Figure 1. As can be 
seen diffracted lines of not ground powder 
sample just according with primary oxide 
ingredients. For the samples which milled for 
12 hours and more, compared with ideal 
perovskite LaMnO3 pattern (JCPDS: 75-440) 
the diffraction peaks indexed well to single 
phase LSM with perovskite structure and 
cubic symmetry. This phase formation process 
was completed along with grinding time 
increase which suggested that Sr2+ is 
successfully incorporated into the A-site (La 
situations) of the LSM lattice. 
The milling operation causes the decrease in 
the mean crystallite size, also the d values vary 
with grinding time which is possibly ascribed 
to the introduction of substitution-induced 
non-stoichiometric defects into the perovskite 
lattice. Furthermore the strontium as a 
relatively large dopant is expected to expand 
the lattice parameter. As a result the d value 
increase. 

Figure 1. X-ray powder diffraction patterns of not 
ground (a) and ground samples in 3 h (b), 12 h (c), 

24 h (d), 36 h (e) and 48 h (e) 

The peak broadening in XRD patterns confirm 
the grain size reduction down to 10.4 nm 
which reported in Table1. 

Table 1. The positions and d values corresponding 
to the strongest peaks and the mean crystallite sizes 

of milled LSM powder samples 
milling time 

(hour) 
2θ 

(degree) d (Ao) grain 
size (nm) 

12 
24 
36 
48 

32.6058 
32.5444 
32.5844 
32.5676 

2.74406 
2.74909 
2.74581 
2.74719 

13.5 
13.1 
12.4 
10.4 

3.2.  Sintering trend 
The dependency of open and total porosity of 
the sintered samples on the sintering 
temperature is clearly shown in Figure 2, 3 
respectively. It can be obviously found that 
this factor reciprocally vary with sintering 
temperature, however the grinding time of 
mechanochemically synthesized samples has a 
direct influence on porosity level.  

Figure 2. Variation of open porosity as a function 
of sintering temperature and grinding time 

Figure	2: Variation of open porosity as a function 
of sintering temperature and grinding time

 
The most important point in this Figure is the 
reduction of density with milling time increase. 
The 36 h ground sample which sintered in 1300oC 
has the greatest open porosity and lowest relative 
density amount. This case can be selected as 
optimum sample due to the necessity of open 
porosity presence in cathode materials in order to 
O2 reduction and fuel transportation.

Figure 3. Total porosity change trend of sintered 
pellets by various temperatures 

As the firing temperature increases the open 
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which illustrated in Figure 4. The most 
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Base on the comparison between size 
contraction percent amounts which are shown 
in Figure 5, it reveals that the milling process 
enormously affect on the trend as well as 
quantity of this factor. As can be seen along 
with the grinding time increase the contraction 
percent has been grown, also the temperature 
dependency of this property is ascending 
which may be interpreted by particle size 

decrease and suitable distribution due to the 
milling procedure. 

Figure 5. Contraction rate of sintered samples as a 
function of sintering temperature 

3.3. Morphology 
In comparison with anode electrode, the study 
of the microstructure of cathode electrode 
surface is somewhat more difficult due to its 
materials composition, much finer 
microstructure and presence of open as well as 
closed porosities [11]. Figure 6 gives the SEM 
images of the surface of the 36 h ground 
samples sintered at different temperatures. 
Evidently, with increasing the sintering 
temperature, the grains growth occur and the 
number of the open pores reduces, however 
the volume and size of these pores increase. 
On the other hand the open pores are located at 
multi-grain boundaries. At sintering 
temperature of 1100 oC the open porosities are 
well distributed but the sintering process has 
not been completed as the observed necking 
phenomenon between grains certify it. The 
higher temperature is, the larger the volume of 
the open pores is, specifically the sample 
sintered at 1300 oC. At this firing temperature 
there is an adherent microcrostructure with an 
optimum pore size and amount. 

Figure	3: Total porosity change trend of sintered 
pellets by various temperatures

Base on the comparison between size contraction 
percent amounts which are shown in Figure 5, it 
reveals that the milling process enormously affect 
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3.3. Morphology

In comparison with anode electrode, the study of 
the microstructure of cathode electrode surface 
is somewhat more difficult due to its materials 
composition, much finer microstructure and presence 
of open as well as closed porosities [11]. Figure 6 
gives the SEM images of the surface of the 36 h 
ground samples sintered at different temperatures.

Figure 6. Comparison of scanning electron 
microphotographs of sintered porous pellets at 

1100 (a), 1200 (b) and 1300 oC (c) 

4. CONCLUSION 
 

Considering the comprehensive properties, it 
is suggested that the proper sintering 
temperature is 1300 oC, however the optimum 
milling time in order to reach the maximum 
amount of open porosity is 36 h. The effect of 

milling process in sintering behavior 
improvement is to produce the nano-sized 
LSM cathode samples with more open 
porosity along with well distribution. 
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Evidently, with increasing the sintering temperature, 
the grains growth occur and the number of the open 
pores reduces, however the volume and size of 
these pores increase. On the other hand the open 
pores are located at multi-grain boundaries. At 
sintering temperature of 1100oC the open porosities 
are well distributed but the sintering process 
has not been completed as the observed necking 
phenomenon between grains certify it. The higher 
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temperature is, the larger the volume of the open 
pores is, specifically the sample sintered at 1300oC. 
At this firing temperature there is an adherent 
microcrostructure with an optimum pore size and 
amount.

4. CONCLUSION

Considering the comprehensive properties, it is 
suggested that the proper sintering temperature is 
1300oC, however the optimum milling time in order 
to reach the maximum amount of open porosity 
is 36 h. The effect of milling process in sintering 
behavior improvement is to produce the nano-sized 
LSM cathode samples with more open porosity 
along with well distribution.
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