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Abstract

This work investigates the effect of synthesis parameters (calcination temperature, milling conditions and sintering temperature) on the structural,
morphological and electrical properties of La0.7Sr0.3Co0.5Fe0.5O3 (LSCF) powders prepared by the solid state reaction. The thermogravimetric profile
showed that the minimum temperature needed for the carbonate decomposition and formation of perovskite phase is 800 1C. SEM analysis revealed
the loose and porous structure of the powder materials. The XRD patterns demonstrate that milling parameters such as grinding balls:sample ratio,
rotational speed, and milling time influence the structural properties. The results revealed that powders synthesized with grinding balls:sample ratio
of 8:1, 500 rpm and 4 h of milling present pure LSCF phase. Porosity of the pellets decreased with increasing sintering temperature from 950 to
1100 1C. Electrical conductivity was measured at 400–1000 1C and correlated with sintering temperature.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite-type oxides LaMO3 (M¼Mn, Co, Fe and Ni)
have been widely investigated as potential oxidative catalysts
and electrodes for solid oxide fuel cells (SOFC), because they
are able to reduce molecular oxygen and transport oxide ions
[1]. Particularly, La1−xSrxCo1−yFeyO3 (LSCF) compositions
have attracted substantial interest because of their superior
mixed electronic–ionic conduction, which make them promis-
ing cathode materials for intermediate temperature solid oxide
fuel cells (IT-SOFC) [2,3].

The structural and electrical properties of LSCF oxides
depend greatly on their composition and synthesis method. An
appropriate synthesis condition of powder is very important
because this affects several properties such as phase purity and
particle size. A coarse structure improves gas permeability and
ionic and electronic conductivities, while a fine structure leads
to a high specific surface area and therefore to a large number
of reaction sites [4].
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Several synthesis methods have been used for preparation of
perovskite powders, such as solid state reaction, combustion
method and some chemical solution methods, for example,
sol–gel, coprecipitation, and citrate process [5–8]. The solid
state reaction is a conventional method of ceramic processing;
it is simple and low-cost to operate and uses cheap and easily
available oxides as starting materials. However, this method
usually involves high temperatures and leads to large particle
sizes and limited degree of chemical homogeneity [9,10].
Thus, more detailed studies regarding the influence of synth-
esis parameters are needed to reduce the processing tempera-
tures and improve structural properties.
Zhang et al. [9,11] synthesized LaMnO3 using a high-energy

ball mill at room temperature, producing fine powders with large
surface area. It is known that the chemical reactivity of starting
materials can be improved significantly after mechanochemical
activation and, subsequently, the calcination temperature is
reduced [12]. The mechanochemical method is characterized by
the repeated welding, deformation and fracture of the constituent
powder materials. With continued mechanical deformation there
is an increase in surface energy, which may affect the structural
and physico-chemical properties of the material [13]. Using the
ghts reserved.
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Fig. 1. TGA curve of the as-synthesized LSCF powder prepared by solid state
reaction.

R.V. da Côrte et al. / Ceramics International 39 (2013) 7975–79827976
mechanochemical processing, it is possible to produce nanopar-
ticles with narrow size distribution and uniformity of crystal
structure and morphology [14].

Although many studies use solid state reaction for synthe-
sizing perovskite oxides, there is a lack of a systematic study
of the influence of the main synthesis parameters on the
powder properties. The objective of this work is to study the
effect of the calcination temperature and milling parameters
(balls:sample weight ratio, rotational speed and milling time)
on the structural properties of La0.7Sr0.3Co0.5Fe0.5O3 (LSCF)
powders synthesized by solid state reaction. The porosity and
electrical conductivity of LSCF pellets were also investigated
after sintering at different temperatures.

2. Experimental

2.1. Synthesis

The starting materials used in this study were metal oxides
(La2O3, Fe2O3 and Co3O4) and strontium carbonate (SrCO3).
All reagents were supplied from Vetec (Brazil), with purity
499.9%. The mixture of oxides and carbonate was placed in a
zirconia pot of 125 mL together with zirconia balls of 10 mm
diameter and milled in a planetary ball mill Retsch PM 100.
The mass ratio of balls and starting materials (8:1 and 6:1), the
rotational speed (300, 400, 500 and 600 rpm) and milling time
(2, 4 and 6 h) were evaluated.

In order to evaluate the influence of calcination temperature
on the perovskite phase formation, one sample was synthesized
with balls:materials ratio of 8:1, 500 rpm and total milling time
of 6 h. The powder was then calcined at 500, 600, 700, 800,
900 and 1000 1C for 10 h, with a heating rate of 10 1C min−1.

The powders were uniaxially pressed with 2 t loading and
the green pellets (13 mm diameter and 2 mm thickness) were
sintered at 950–1100 1C for 4 h with a heating rate of
10 1C min−1.

2.2. Characterization

Thermogravimetric analysis (TGA) of the as-prepared
powder was carried out using a TA thermal analyzer (SDT
Q600), with a heating rate of 5 1C min−1 from room tempera-
ture to 1000 1C in air.

The prepared powders were analyzed by X-ray diffraction
(XRD), in a Rigaku Miniflex II diffractometer with mono-
chromator, using CuKα radiation (λ¼1.5405 Å), speed of
21 min−1 and over the 2θ range of 101 and 901. The crystallite
sizes (DXRD) and microstrain (ε) were calculated using the
model proposed by Williamson and Hall [15], by means of the
following formula:

βcos θ=λ¼ 1=DXRD þ 4εsin θ=λ ð1Þ
where θ is the diffraction angle, λ is the wavelength of incident
radiation and β is the full width at half maximum (FWHM) of
the peak. Plotting the β cos θ/λ versus 4 sin θ/λ a straight line
yields the crystallite size from interception with the ordinate
and microstrain from the slope.
The microstructure of LSCF powders and pellets was
investigated by scanning electron microscopy (SEM) using
Hitachi TM-1000 equipment. The acceleration voltage was
15 kV, using backscattering electron.
The apparent densities of the LSCF sintered pellets were

determined by the Archimedes method using water and the
porosity was calculated by the following equation:

P¼ ½ðρt–ρAÞ=ρt�100 ð2Þ
where P is the porosity (%), ρt is the theoretical density
(g cm−3) and ρA is the apparent density (g cm−3).
Electrical conductivity of the sintered pellets was measured

by DC two-probe technique, with a HP 34420A multimeter,
using platinum electrodes in a thermoelectric furnace MAI-
TEC, at temperature range of 400–1000 1C. The electrical
conductivity measurements were repeated twice on each pellet;
the values varied less than 10% under the experimental
conditions used.
3. Results and discussion

3.1. Effect of the calcination temperature

Fig. 1 shows TGA curve of the as-synthesized LSCF
powder, before calcination. Thermal decomposition takes place
in two stages and the weight loss is complete at about 800 1C.
The first decomposition stage, up to 400 1C, can be assigned to
the loss of adsorbed water and carbon dioxide, which is a
common feature in mechanically activated materials [16]. The
second stage, at about 550–800 1C, can be associated with
complete decomposition of carbonate that remained after
milling, as also observed by Moure at al. [17]. The total
weight loss is about 8%, and the second stage represents 6%.
Fig. 2 shows the XRD patterns of the as-synthesized sample

and samples calcined at different temperatures, from 500 to
1000 1C. The non-calcined sample presented an incipient
formation of perovskite phase, with peaks attributed to SrCO3

(JCPDS 5-418). This carbonate phase is still present in the



Fig. 2. XRD patterns of LSCF powders: non-calcined (a) and calcined at
different temperatures: (b) 500 1C, (c) 600 1C, (d) 700 1C, (e) 800 1C, (f)
900 1C and (g) 1000 1C.

Table 1
Average crystallite size (DXRD), microstrain (ε) and lattice parameters of LSCF
samples calcined at different temperatures.

Calcination temperature (1C) DXRD (nm) ε(%) Lattice parameters (Å)

700 9.6 1.09 a¼5.471770.0082
c¼3.302070.0450

800 15.5 0.68 a¼5.459270.0047
c¼13.325270.0258

900 22.5 0.46 a¼5.462270.0036
c¼13.346370.0198

1000 25.9 0.40 a¼5.465970.0034
c¼13.330070.0186
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samples calcined up to 600 1C. The perovskite phase (ICSD
512822) appears with well defined peaks after calcination at
700 1C and its peak intensity increases gradually as the
calcination temperature increases to 1000 1C. The carbonate
phase completely disappears after calcination at 800 1C, in
agreement with TGA results. This temperature will be used for
calcination of all samples prepared hereafter.

When solid state reaction is used to synthesize perovskites
without previous milling, the calcination is carried out at
higher temperatures and/or longer times. Wandekar et al. [18]
calcined oxides of La, Mn, Co and SrCO3 during 6 days at
900 1C to obtain La0.76Sr0.19Mn1−yCoyO37δ. Nityanand et al.
[19] obtained pure perovskite phase for LSCF samples
synthesized by solid state reaction only after calcination at
950 1C for 10 days, while Möbius et al. [20] used calcination
at 1150 1C for 24 h. Thus, the activation by milling is an
essential step to synthesize LSCF powders with single phase at
low calcination temperatures.

Table 1 shows the average crystallite size (DXRD) and micro-
strain (ε) of the samples calcined from 700 to 1000 1C, and the
lattice parameters of the perovskite structure. All samples presented
rhombohedral structure (space group R3c) with lattice parameters
close to those of ICSD 512822 (a¼5.460 and c¼13.244 Å). The
rhombohedral symmetry was also observed by Tai et al. [21] for
La0.8Sr0.2Co1−yFeyO3 samples with 0≤y≤0.7. The crystallite size
increases with increasing calcination temperature while the micro-
strain decreases. The crystallite sizes obtained here are very similar
to those reported for LSCF samples prepared by the combustion
method and calcined at 750 1C (9–20 nm) [8] or 825 1C (19–
24 nm) [22]. The crystallite size of LSCF sample prepared by the
solid state reaction and calcined at 950 1C for 10 days was 22 nm,
according to Nityanand et al. [19].
The morphology of the particles in ceramic materials is a

consequence of the preparation method and thermal treatment.
Fig. 3 shows SEM analysis of LSCF powders calcined at
different temperatures. The materials prepared by solid state
reaction showed a spongy aspect and the particles are linked
together in agglomerates of different sizes with no significant
local sintering among them. The particle size slightly increases
with increasing calcination temperature, while the apparent
porosity decreases.

3.2. Effect of the milling parameters

The first parameter studied was the mass ratio between the
balls and the sample. XRD patterns of the samples synthesized
with 500 rpm, 6 h of milling and different balls:sample ratios
are shown in Fig. 4A. The sample synthesized with 8:1 ratio
presented a single perovskite phase, while secondary phases of
SrCO3 and La2O3 (JCPDS 5-602) are also observed when 6:1
ratio was used. Attempting to decrease the formation of these
secondary phases, the milling time for the sample prepared
with 6:1 ratio was increased to 8 and 10 h, and XRD patterns
are shown in Fig. 4B. The increase in the milling time up to
10 h was not enough to provide single phase formation,
showing that an adequate amount of balls is essential in
mechanochemical activation.
The second parameter investigated was the rotational speed,

which was varied from 300 to 600 rpm, for the sample prepared
with balls:sample ratio of 8:1 and 6 h of milling. XRD patterns
(Fig. 5A) show the formation of the perovskite phase for all
samples, but that synthesized at 300 rpm also presented second-
ary phases of La2O3 and Co3O4 (JCPDS 42-1467), indicating that
oxide precursors are still present when this low speed is used. The
crystallite sizes of the perovskite phase are 12–15 nm, with lower
microstrain (0.68%) for the sample synthesized at 500 rpm,
indicating a crystalline lattice with lower internal stress.
Finally, the effect of milling time was investigated, using balls:

sample ratio of 8:1 and 500 rpm, on the phase formation of LSCF
powders (Fig. 5B). The samples synthesized with 4 and 6 h of
milling presented single perovskite phase formation, while it is
possible to observe a very small contribution of SrCO3 for the
sample milled for only 2 h. Thus, a minimum of 4 h milling is
desirable for complete formation of the perovskite phase. Table 2
shows the crystallite size and microstrain of the samples
synthesized with different milling times, and the lattice para-
meters of the perovskite structure. There is a slight increase in the
crystallite size with milling time, while microstrain decreases.



Fig. 3. Micrographs of LSCF powders calcined at different temperatures: (a) 700 1C, (b) 800 1C, (c) 900 1C and (d) 1000 1C.
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The milling time used here is much lower than that used in
several works of solid state synthesis of LSCF powders. Li
et al. [23] and Han et al. [24] milled the oxides/carbonate
mixture for 24 h, followed by calcination at 900 and 1000 1C,
respectively. Our work pointed out that it is possible to
synthesize LSCF powders with single phase using mild
conditions: only 4 h of milling and calcination at 800 1C.

3.3. Effect of the sintering temperature

The structure of the LSCF pellets sintered at different
temperatures (950–1100 1C) was investigated by XRD, as
shown in Fig. 6. All patterns showed pure perovskite phase
and no secondary phase was identified. It thus suggests that no
phase transition occurred from lower to higher temperatures
during the calcination or sintering process of the LSCF powder
precursors synthesized by the solid state reaction.

Table 3 shows the average crystallite sizes, microstrain and
lattice parameters of the sintered LSCF samples. The crystallite
sizes increase with sintering temperature, while there is only a
small decrease in microstrain. The rhombohedral structure was
maintained in the temperature range investigated, differently
from some authors who reported a change of LSCF phase from
cubic to rhombohedral when the temperature increases from
800 to 1000 1C [25].
Fig. 7 gives the SEM images of the surface of the sintered

pellets. Evidently, with increasing the sintering temperature,
the grains agglomerate and grow, and the number of open
pores reduces. The sample sintered at 950 1C has a lot of pores
of different sizes, while only small pores are observed in the
sample sintered at 1100 1C, with a more homogeneous
distribution. The porosity of the LSCF pellets measured by
Archimedes method is presented in Table 4. The porosity
decreases with increasing sintering temperature, as observed in
the SEM images. These values are very close to those reported
for LSCF samples prepared by the combustion method and
sintered in the same temperature range [8]. Li et al. [26]
observed a decrease in porosity from 38% to 26% when the



Fig. 4. XRD patterns of the LSCF powders synthesized at 500 rpm, (A) 6 h of
milling, with different balls:sample ratios: (a) 6:1 and (b) 8:1, and (B) balls:
sample ratio of 6:1, with different milling times: (a) 6 h, (b) 8 h and (c) 10 h.

Fig. 5. XRD patterns of the LSCF powders synthesized with balls:sample ratio
of 8:1, (A) 6 h of milling and different rotational speeds: (a) 300, (b) 400,
(c) 500 and (d) 600 rpm, and (B) 500 rpm and different milling times: (a) 2 h,
(b) 4 h and (c) 6 h.

Table 2
Average crystallite size (DXRD), microstrain (ε) and lattice parameters of LSCF
powders synthesized with balls:sample ratio of 8:1, 500 rpm and different
milling times.

Milling time (h) DXRD (nm) ε(%) Lattice parameters (Å)

2 12.4 0.87 a¼5.470570.0050
c¼13.312270.0274

4 13.7 0.77 a¼5.469770.0046
c¼13.296970.0249

6 15.5 0.68 a¼5.459270.0032
c¼13.325270.0172

R.V. da Côrte et al. / Ceramics International 39 (2013) 7975–7982 7979
sintering temperature increases from 1000 to 1100 1C, for
La0.8Sr0.2MnO3 samples, and they concluded that the proper
sintering temperature for cathode application was 1100 1C.
The ideal porosity for use as cathode in SOFC is in the range
of 20–40% [2].

The perovskite structures doped with transition metal oxides
of Fe, Co, Mn, etc. are well known for their mixed ionic and
electronic conductivity (MIEC) properties [27,28]. Fig. 8
shows the Arrhenius plots of ln (sT) versus 1/T for LSCF
pellets sintered at different temperatures. All samples exhibited
a linear dependence over a wide range of temperatures (400–
1000 1C), as predicated by the following equation:

lnðsTÞ ¼ lnA� Ea

RT
ð3Þ

where s, A, T, R and Ea are respectively the conductivity of the
material, a constant associated with crystalline structure and
composition of material, absolute temperature, gas constant, and
activation energy of conductance. The conductivity of the sintered
samples increases with temperature, as expected in a semiconduct-
ing behavior, which is consistent with small polaron conduction (i.
e., localized electronic carriers having a thermally activated
mobility) [21,27].



Fig. 6. XRD patterns of LSCF pellets sintered at different temperatures:
(a) 950 1C, (b) 1000 1C, (c) 1050 1C, and (d) 1100 1C.

Table 3
Average crystallite size (DXRD), microstrain (ε) and lattice parameters of LSCF
samples sintered at different temperatures.

Sintering temperature (1C) DXRD (nm) ε(%) Lattice parameters (Å)

950 25.9 0.40 a¼5.476970.0032
c¼13.292970.0172

1000 27.3 0.38 a¼5.474370.0027
c¼13.321170.0145

1050 28.4 0.37 a¼5.472970.0022
c¼13.307470.0122

1100 31.7 0.31 a¼5.470170.0030
c¼13.309370.0165

Fig. 7. Micrographs of LSCF pellets sintered at different tempera
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Table 4 shows the conductivity of the samples at 800 1C and the
activation energy calculated from the slopes of the Arrhenius
curves. The sintering temperature had a negligible effect on the
electrical conductivity at high temperatures (4600 1C), as
observed by Kharton et al. [29] for LaCoO3. On the other hand,
there is an increase of the activation energy for electrical
conduction with the decrease of sintering temperature, which
demonstrates the increasing difficulty for the electron conduction
with increasing porosity [30].
The values of activation energy reported here are very

similar to those of other studies. According to Tai et al. [21],
activation energies for La0.8Sr0.2Co1−yFeyO3 range from 0.04
to 0.14 eV when y varies from 0 to 1, assuming the adiabatic
hopping of small polarons. Dutta et al. [22] calculated the
activation energy of conduction in the range of 0.1–1.2 eV for
LSCF samples sintered at 900–1100 1C. The activation energy
for electrical conduction reported by Pakzad et al. [31] was
0.14 eV for La0.6Sr0.4Co0.2Fe0.8O3 prepared by solid state
reaction, calcined at 1000 1C and sintered at 1200 1C.
The conductivity values in this study are much lower than those

measured by other authors using the four-probe method. For
example, Dutta et al. [22] measured a conductivity of 24 S cm−1 at
800 1C for La0.8Sr0.2Co0.8Fe0.2O3 sample sintered at 1050 1C. The
value measured by Zeng et al. [30] was 50 S cm−1 at 800 1C for
La0.6Sr0.4Co0.2Fe0.8O3 sample sintered at 1000 1C. The two-probe
method is not appropriate for a precise measurement, and it tends
to include a large experimental error in the electric resistance
change owing to the electric resistance change at the electrodes.
The four point probe is preferable over a two point probe because
the contact and spreading resistances associated with the two point
probe cannot be measured [32]. The two-probe method was
adopted here because of the simplicity; the conductivity values
are valuable to indicate a tendency among the samples and
calculate the activation energy, not to obtain real values.
tures: (a) 950 1C, (b) 1000 1C, (c) 1050 1C, and (d) 1100 1C.



Table 4
Porosity, electrical conductivity and activation energy (Ea) of the LSCF pellets
sintered at different temperatures.

Sintering temperature
(1C)

Porosity
(%)

Conductivity at 800 1C
(S cm−1)

Ea

(eV)

950 49.1 0.264 0.154
1000 42.8 0.259 0.111
1050 37.6 0.275 0.109
1100 32.6 0.230 0.070

Fig. 8. Electrical conductivity of LSCF pellets as a function of reciprocal
absolute temperature, for different sintering temperatures.
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4. Conclusions

A solid state reaction from oxides of La, Co, Fe and SrCO3

has been used to prepare LSCF powders using a mechan-
ochemical activation in ball mill, followed by calcination.
According to our results, phase formation and crystallite size
are strongly dependent on the calcination temperature and
milling parameters. The minimum calcination temperature to
obtain pure LSCF phase is 800 1C, with complete decomposi-
tion of the carbonate precursor. All samples have rhombohe-
dral structure with space group R3c. The crystallite size
increases from 9.6 to 26 nm when the calcination temperature
increases from 700 to 1000 1C. The powders form loose
agglomerates of different sizes. Single LSCF phase formation
can be obtained when using balls:sample mass ratio of 8:1,
rotational speed of 500 rpm and only 4 h of milling. The
porosity of the pellets decreased with increasing sintering
temperature, as well as the activation energy for electrical
conduction.
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