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ABSTRACT

LapSro.4-xCaxCop2Fegg03 (LSCCF) powders were prepared from relative oxides and carbonate powders
by a gel-casting process. Phase structure of the obtained powders with different calcium dosages (x=0.0,
0.2, 0.4) was investigated. Density and porosity of the sintered LSCCF samples were measured by the
Archimedes method. Microstructure was observed by scanning electron microscope (SEM) and electrical
conductivity of the specimens was tested using the four-probe method. Effects of calcium dosage on the
thermal expansion coefficient (TEC) of the sintered LSCCF samples were also studied. The results showed
that superfine and well-dispersed LSCCF powders with perovskite structure were obtained when the dried
gels were calcined at temperature above 1000 °C. The calcium dosage and sintering temperature have an
obvious influence on the density and pore characteristics of the LSCCF samples. Open porosities of LSCCF
samples sintered at different temperature vary from 4.7% to 50.2%, decreasing as calcium dosage and
sintering temperature increase. Thermal expansion coefficients of the LSCCF materials also greatly depend
on calcium dosage. A typical TEC value of 13.05 x 10-6 K~ for LaggSro2Cag2C0g2Fegg03 samples was
obtained at 800 °C, lower than values obtained for samples with no calcium dosage. Electrical conductivity
of the LSCCF samples decreases as calcium dosage increases, but all samples showed a conductivity value
above 300Scm~! at 400-800 °C, which can satisfy the requirements of cathode materials for solid oxide

fuel cells.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have nowadays received
considerable attention due to their high electrical efficiency, envi-
ronmentally friendly nature and high flexibility of fuels [1-3].
However, the conventional SOFCs have to operate at high tem-
peratures (800-1000°C), which may cause several problems
associated with the corrosion of metal interconnect materials
and the decrease of triple phase boundary (TPB) by sintering
of electrode particles during long-term operation [4]. In order
to overcome these drawbacks, there is an increasing interest
in developing intermediate-temperature (600-800 °C) solid oxide
fuel cells (IT-SOFCs) [5]. Lowering the operation temperature to
intermediate-temperature rang can allow for a wide choice of
cell materials, reduce the cost of SOFCs system through the use
of metallic components [1,6]. Nevertheless, such low tempera-
ture necessarily leads to low cell performances because of the low
ionic conductivity of electrolyte and the over potential of the elec-
trode. In particular, cathode polarization appears to have a greater
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negative effect on cell performance than anode polarization for
SOFCs operated at low temperature [4]. Therefore, development
of new cathode materials for low temperature operation becomes
a crucial issue for the practical applications of IT-SOFCs [1].
Recently La;_xSrxCoq_yFey05_s (LSCF) perovskite oxides have
drawn much attention in use as cathode materials for SOFCs to
replace the conventional La; _4SrxMnO;_s (LSM) materials, because
of the high catalytic activity of LSCF for oxygen reduction (about
one order of magnitude higher than that of LSM) [7]. Up to now,
LSCF with composition of LaggSrg4Cog2Feqgg03_s (LSCF6428) has
been widely investigated as alternative cathode material because
ofits high electronic and oxygen ion conductivity as well as electro-
catalytic activity [8]. Doping of strontium can efficiently improve
electrical conductivity of this cathode material. However, it also
causes the accretion of thermal expansion coefficient (TEC) of the
material, which may result in the mismatch between the electrode
and the electrolyte [9,10]. Therefore, further research has been
aimed at overcoming the shortfalls associated with LSCF6428 cath-
ode materials by partial substitution of strontium (Sr) ions with
calcium (Ca) ions (smaller ionic radius) or barium (Ba) ions (larger
ionicradius) to perturb the crystal structure differently for studying
the effects of such a perturbation on the defect chemistry and the
transport properties [11,12]. But by now, the effects of Ca dosage
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on the crystallographic characteristic, electricity conductivity and
thermal property of Lag gSrg 4_xCaxCog 2 Feg 03 material have been
less studied.

Perovskite powders for SOFC cathodes are commonly synthe-
sized by solid state reaction, and some other chemical methods
such as co-precipitation method, glycine nitrate process and EDTA-
citrate complexing method [5,13,14]. Recently, a new soft chemical
route named gel-casting has been successfully employed to syn-
thesize perovskite ceramic powders and porous ceramics. In the
gel-casting process, insoluble or low-solubility precursors are
employed to form a dense suspension, which are solidified by the
polymerization of organic monomers. The homogeneous gelcasts
are subsequently dried and calcined to obtain ceramic powders or
sintered bodies [15]. The gel-casting method has unique advan-
tages of simple processing, combining solid state reaction and
sintering processin one step [16]. It has been shown that SOFC cath-
ode materials with favorable microstructure and electrochemical
performance can be produced by this process [17,18].

In this paper, calcium was co-doped with strontium to
prepare LaggSrg4_xCaxCog,FepgO3 (LSCCF) materials using the
gel-casting process from relative oxides and carbonates, and
the effects of calcium doping on the crystallographic char-
acteristic, electrical conductivity and thermal property of the
Lag gSrp4_xCaxCog2Fegg03 (LSCCF) material were investigated.

2. Experimental
2.1. Sample preparation

Analytical pure lanthana (La;0s3), strontium carbonate (SrCOs), cobalt oxide
(C0,03), calcium carbonate (CaCOs3 ) and iron oxide (Fe, O3 ) were used as raw materi-
als. The chemicals, in stoichiometric ratio of Lag ¢Sro.4-xCayCog2Feos03 (LSCCF, x=0,
0.2, 0.4), mixed in aqueous monomers (acrylamide, AM and N,N’-methylenebis-
acrylamide, MBAM, AM:MBAM = 20:1 (wt.%) solution with a concentration of 5 wt.%
of LSCCF) were ball-milled for 24 h. The resulting slurry with initiator ammonium
bisulphate (NH4),S,0s (about 1.5 wt.% of organic monomers) was cast into a mold
and solidified by heating to a moderate temperature. The dried gels were then cal-
cined at a temperature range from 800 °C to 1100°C for 5 h. The obtained powders
were pressed into discs of 18.5 mm in diameter and bars of 40 mm x 5 mm x 5 mm
in size, followed by sintering at 1100-1250°C for 5 h.

2.2. Characterization

Simultaneous differential thermal analysis and thermogravimetry (DTA-TG)
were carried out on the dried gelcasts. Samples were heated from room temper-
ature to 1000 °C at a heating rate of 10 °C per minute under a dynamic air flow. The
gelcasts were calcined at temperature ranging from 800°C to 1100°C in static air
for 5h. The calcined powders with different calcium dosages were characterized
by X-ray diffraction (XRD), and powder morphology was observed by transmission
electron microscope (TEM). Density and porosity of the LSCCF samples sintered at
different temperature were determined using the Archimedes method. Microstruc-
ture of the sintered samples was observed by scanning electron microscope (SEM).
Electrical conductivity of the LSCCF samples was obtained by the four-probe method.

Average linear thermal expansion coefficients (TECs) of the sintered LSCCF sam-
ples with different calcium dosage were tested using a dilatometer (DIL 402C,
Netzsch, Germany). The machined samples with 10 mm x 4.5 mm x 4.5 mm in size
were heated in air from room temperature to 1000°C at a heating rate of 5°C/min,
and relative changes of the sample length were continuously recorded.

3. Results and discussion
3.1. DTA-TG of the dried gelcasts

DTA-TG was used to analyze the thermal decomposition and
phase evolvement of the Lag gSrg 4_xCaxCog 2 FeggO3 gelcasts. Fig. 1
shows DTA-TG results of the gelcasts with x=0.2. At T<250°C,
there is about 10% mass loss, which may be caused by the endother-
mic removal of the occluded water in the polymer network of the
gelcasts. In temperature range 250-450°C, there is a big exother-
mic DTA peak accompanied by a large mass loss. This may be
attributed to the burn-out of the cross-linked polymer networks.
At 650°C, another mass loss starts and completes at 850°C. This
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Fig. 1. DTA-TG curves of the dried gelcasts.

may be ascribed to the thermal decomposition of SrCO3; and CaCOs3
due to solid-state reaction among the carbonates and oxides and
the formation of LSCCF perovskite phase, as evidenced by XRD. No
apparent mass loss occurs above 900 °C, indicating that the decom-
position of the carbonates is completed.

3.2. XRD and morphology of the calcined LSCCF powders

LageSrg4-_xCaxCogFegg03 gelcasts with different calcium
dosages were calcined at temperature 800-1100°C for 5h, at an
interval of 100°C, and the products obtained were identified by
XRD. Fig. 2 shows XRD patterns of the LSCCF powders calcined at
different temperatures. After calcining at 1000 °C, the gelcasts with
different calcium dosage were almost converted into perovskite
phase (Fig. 2a). Small peak shifts were found with the substitution
of calcium. This may be attributed to the lattice parameter changes
caused by the radius difference of the doping ions. It can also be
seen that most perovskite phase forms at 800 °C (Fig. 2b), and only
a small amount of carbonates and oxides remain. When the cal-
cination temperature increases to 900 °C, the solid-state reaction
results in the formation of perovskite phase with a corresponding
decrease in carbonate and oxide phases. Pure LSCCF powders with
perovskite structure are formed when the calcination temperature
increases to 1000 °C. This indicates that pure perovskite phase can
be obtained at a relatively low calcination temperature compared
with the conventional solid-state reaction method [19]. When the
calcination temperature further increases to 1100°C, the samples
retain perovskite structure, but diffraction peaks become sharper
and narrower than those of 1000 °C, indicating grain growth of the
calcined powders. Mean grain size calculated from XRD patterns,
according to the Scherrer formula are 29.99 nm and 36.17 nm for
the powders with x=0.2 calcined at 1000°C and 1100°C, respec-
tively. Fig. 3 shows TEM graphs of the calcined LSCCF powders. The
powders are well-dispersed and have a narrow particle size dis-
tribution, and as calcination temperature increases, the powder
becomes smooth and spherical. Fig. 3 also indicates that particle
size of the LSCCF powder decreases with calcium dosage. While
the powder with x=0.2 has a mean particle size of about 200 nm,
the powder with x=0.4 only has a mean particle size of about
100 nm. The particle sized determined by TEM is bigger than the
mean grain size determined by XRD, which can be ascribed to the
polycrystalline structure of the particles.
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Fig. 3. TEM photos of the LSCCF powders: (a) x=0.2, 1000 °C; (b) x=0.2, 1100°C and (c) x = 0.4, 1000°C.

3.3. Porosity and microstructure of the sintered LSCCF samples

Fig. 4 shows porosity of the LSCCF samples sintered at differ-
ent temperatures. Both total and open porosity of the samples
decreases as sintering temperature increases. Fig. 4 also shows that
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the samples sintered at 1100°C and 1150°C have a total poros-
ity above 20%, and in this case the open porosity is only slightly
lower than the total porosity. This means that most pores are open
(connected) when the total porosity of the LSCCF sample is above
20%. It can also been seen from Fig. 4 that calcium dosage has an
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Fig. 4. Porosity of the LSCCF samples with different Ca dosages sintered at different temperature: (a) total porosity and (b) open porosity.
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Fig. 5. SEM photographs of the sintered LSCCF samples: (a) x=0.0, 1100°C; (b) x=0.0, 1150°C; (c) x=0.2, 1100°C; (d) x=0.2, 1150°C; (e) x=0.4, 1100°C and (f) x=0.4,

1150°C.

obvious influence on the pore characteristics. When there is no cal-
cium dosage (x=0.0), the open porosity is 46.2%; but this value
reduces to 38.3% and 28.5% for x=0.2 and x=0.4 respectively. It
has been shown in Fig. 3 that particle size of the LSCCF powders
decreases as calcium dosage increases, and the reduction of par-
ticle size can facilitate the sintering densification. Therefore, total
and open porosity of the LSCCF samples decrease as calcium dosage
increases.

Fig. 5 shows SEM micrographs of the LSCCF samples sintered
at 1100°C and 1150°C with different calcium dosages. Fine grains
and pores with homogenous distribution are also observed in Fig. 5,
which is beneficial to the transmission of oxidation gas and to the
increase of the area of the tripe phase boundary (TPB).However, The
samples become dense as sintering temperature, as well as calcium
dosage increases, and samples with x=0.4 have higher density and
bigger grain size than the others. This is consistent with the results
shown in Fig. 4. Because the microstructure (pore characteristic)
of the cathode plays an important role in transporting oxidation
gases and in determining the three-phase zones during SOFC oper-
ation, the present work has shown that sintering temperature and
composition of the cathode material should be properly designed

to optimize the cathode performance of intermediate temperature
solid oxide fuel cells.

3.4. Electrical conductivity of the sintered LSCCF samples

Fig. 6 shows Arrhenius plots of electrical conductivity of the
LSCCF samples. The LSCCF material shows behaviors of ionic-
electronic mixed conductors. In low temperature range, the
electrical conductivity increases as testing temperature rises. This
behavior is consistent with small polaron conduction (localized
electronic carriers having a thermally activated mobility) [19].
In high temperature range, however, the electrical conductivity
decreases as testing temperature increases. This may be ascribed
to the formation and aggregation of oxygen vacancies in the LSCCF
materials at relatively high temperature. In addition, the increase
of intrinsic oxygen spillage and oxygen vacancy concentration
facilitates the ionic compensation and weakens the small polaron
conductivity, which also results in the deviation of Ln (¢T) and T-!
in high temperature range.

The effects of calcium dosage on the electrical conductiv-
ity are also shown in Fig. 6. As calcium dosage increases, the
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Fig. 6. Arrhenius plots of electrical conductivity of the LSCCF samples (sintered at
1100°C) with different calcium dosages.

electrical conductivity decreases. Ca2* has an ionic radius of
0.99 nm, smaller the ionic radii of Sr2* (1.12 nm) and La3* (1.06 nm),
and when La3* is partially substituted by Ca2*, instead of Sr2*, in
the Lag gSrp.4_xCaxCogaFeggO3 system, the vacancy concentration
in the lattice structure is lowered. This leads to the reduction of
ionic conductivity. Furthermore, the replacement of Sr2* by Ca2*
also reduces the electrical conductivity of LSCCF materials due to
the increase of the Co-O covalency and bandwidth [20]. On the
other hand, as calcium dosage increases, porosity of the sintered
LSCCF samples decreases and pore size increases (Figs. 4 and 5),
which may results in the decrease of grain interfaces and vacancy
concentration, and reduces the conductivity of the LSCCF materials.

3.5. Thermal expansion coefficient of the sintered LSCCF samples

Thermal expansion coefficient (TEC) of
Lag 6Srg.4_xCaxCogFeg g03 samples with different calcium dosage
sintered at 1150°C is shown in Fig. 7. TEC values of all samples
increase as testing temperature rises, and when the testing tem-
perature reaches a value (about 400 °C), the curves go up sharply.
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Fig. 7. Thermal expansion coefficients of the LSCCF samples with different calcium
dosages sintered at 1150 °C.

This may be ascribed to the anomalistic lattice expansion caused
by the formation of oxygen vacancies [21]. Fig. 7 also shows the
effect of calcium doping on the thermal property of the LSCCF.
Because TEC is mainly related to the bonding, when Sr2* is partially
replaced by CaZ* in the LSCCF system, the bonding strength of Ca-O
is higher than that of Sr-O. Therefore, the TEC values of the LSCCF
materials decreases as calcium dosage. On the other hand, calcium
doping increases sintered density of the LSCCF samples. This may
also increase the thermal stabilization of the LSCCF materials, and
reduces TEC values at same testing temperature.

4. Conclusions

Lag gSrg4_xCaxCogFegg03 (LSCCF, x=0, 0.2, 0.4) powders were
successfully synthesized by the gel-casting method using lan-
thana (La;03), strontium carbonate (SrCO3), cobalt oxide (Co,03),
calcium carbonate (CaCO3) and iron oxide (Fe,03) as starting mate-
rials. Perovskite LSCCF powders were obtained when the gelcasts
were calcined at temperature above 1000 °C. Porosity of the LSCCF
samples decreases as the sintering temperature increases. Calcium
dosage and sintering temperature also greatly affect the conduc-
tivity and the thermal expansion coefficient of the LSCCF materials.
While electrical conductivity of the LSCCF samples decreases as
calcium dosage increases, the thermal expansion coefficient (TEC)
shows a reverse change. Lag gCag4CogFepgO3 samples show the
lowest TEC values. The present work has revealed that the LSCCF
material may be a favorable candidate for cathode material of inter-
mediate temperature solid oxide fuel cells.
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