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bstract

his study reports the successful preparation of single-phase perovskite (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ (x  = 0–0.2) by the citrate–EDTA com-
lexing method. The crystal structure, thermal gravity analysis, coefficient of thermal expansion, electrical conductivity, and electrochemical
erformance of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ were investigated to determine its suitability as a cathode material for intermediate-temperature
olid oxide fuel cells (IT-SOFCs). The lattice parameter a  of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ decreases as the amount of Mn doping increases.
he coefficients of thermal expansion of the samples are in the range of 21.6–25.9 × 10−6 K−1 and show an abnormal expansion at around 400 ◦C
ssociated with the loss of lattice oxygen. The electrical conductivity of the (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ samples decreases as the amount of

n-doping increases. The electrical conductivity of the samples reaches a maximum value at around 400 ◦C and then decreases as the temperature

ncreases. The charge transfer resistance, diffusion resistance and total resistance of a (Ba0.5Sr0.5)0.8La0.2Fe0.8Mn0.15O3-�–Ce0.8Sm0.2O1.9 composite
athode electrode at 800 ◦C are 0.11 �  cm2, 0.24 �  cm2 and 0.35 �  cm2, respectively.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Solid oxide fuel cells (SOFCs) efficiently convert chemical
nergy into electricity in a silent and environmentally friendly
anner. The SOFCs have many advantages, such as high power

ensity, low pollution and fuel flexibility when using hydro-
arbon fuels.1–3 However, the high operating temperatures of
OFCs result in poisoning of the cathode by chromium species
rom Cr-based metallic interconnector and material compatibil-
ty between the electrolyte, electrode and interconnector is a
hallenge.4 However, as the operating temperature of SOFCs

◦
ecreases to an intermediate temperature range of 600–800 C,
he activation polarization of the cathode electrode clearly
ncreases and the electrical conductivity and electrochemical

∗ Corresponding author. Tel.: +886 3 4638800x2569; fax: +886 3 4630634.
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erformance of the cathode decrease. Therefore, it is impor-
ant to develop a new high performance cathode material with
ow active polarization for intermediate-temperature SOFCs (IT-
OFCs).

Cobalt or iron-based perovskite cathode materials are known
o exhibit higher ionic and electronic conductivities than other
inds of cathode materials, but they also have many disad-
antages, such as a high coefficient of thermal expansion
CTE), the high cost of cobalt, and the easy evaporation
nd reduction of cobalt, which must be resolved.5–8 The
TE of the cobalt-based (∼20 ×  10−6 K−1) cathodes is much
igher than that of the manganese-based cathode materials
∼11 ×  10−6 K−1) due to the formation of oxygen vacancies,
pin-state transitions associated with Co3+, and the relatively

9–11
eaker Co–O bond as compared with the Mn–O bond.
ron-based perovskite cathodes have the advantage of elec-
ron or hole mobility and a low thermal expansion coefficient.
hao reported a high power density SOFC of 718 mW/cm2

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.029
mailto:imhung@saturn.yzu.edu.tw
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samples are shown in Fig. 1(b). The lattice parameter a  of
(Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ decreased from 3.912 Å to
3.895 Å and the cell volume decrease from 59.79 Å3 to 59.09 Å3
096 I.-M. Hung et al. / Journal of the Europ

sing Ba0.5Sr0.5Fe0.8Cu0.2O3−δ as cathode electrode. The con-
uctivity of Ba0.5Sr0.5Fe0.8Cu0.2O3−δ is 57 S/cm at 600 ◦C.12

herefore, iron-based perovskite materials may be a good can-
idate cathode for IT-SOFCs.

Recently, the citrate–EDTA complexing method had been
idely used to prepare the SOFC cathode materials, such as
a0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), Ba0.6Sr0.4Co0.9Nb0.1O3−δ

nd La0.6Sr0.5Co0.2Fe0.8O3−δ (LSCF).13–16,18,19,21 The cath-
de powder prepared from citrate–EDTA complexing method
xhibits many advantages such as homogeneous element dis-
ribution, high specific surface area, nano-crystallite and low
emperature synthesis, therefore, a cathode made by this method
an have better electrochemical properties. In this study,
Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ (x  = 0.0–0.20) was prepared
y a citrate–EDTA complexing method, which enabled the for-
ation of single-phase perovskite oxide. The crystal structure,

attice oxygen loss, coefficient of thermal expansion, electrical
onductivity, and electrochemical performance of samples were
nvestigated in detail.

.  Experiment

(Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ (BSLFMn) pow-
ers were prepared using the citrate–EDTA complexing
ethod.13–15 First, ethylenediaminetetraacetic acid (EDTA,
iedel-dehaen, 98%) was mixed with 6 M NH4OH to form
n NH3–EDTA solution. Then, Ba(NO3)2 (J.T. Baker, 99.6%)
nd La(NO3)3·6H2O (Alfa Aesar, 99.0%) were added, and the
ixture was heated and stirred. Sr(NO3)2 (Alfa Aesar, 99.0%),
n(NO3)2·4H2O (Fluka, 99.0%) and Fe(NO3)2·6H2O (J.T.
aker, 99.8%) were dissolved in another 6M NH4OH solution.
hese two solutions were mixed and stirred before citric acid
as added. The resulting molar ratio of EDTA:citric acid:total
etal ions was 1:1.5:1. The pH was adjusted to 6 by adding a

urther 6 M of NH4OH solution. The final solution was heated
o 100 ◦C on a hotplate and stirred until water evaporated
rom it, leaving behind a sticky gel. This gel was then further
eated at 200 ◦C for 3 h, calcined at 950 ◦C for 9 h, and sintered
t 1050 ◦C for 5 h. The samples with different Fe/Mn ratios
ere designated as BSLFMn00, BSLFMn05, BSLFMn10,
SLFMn15 and BSLFMn20.

The structure of the (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ

owders was determined using a powder diffractometer (LabX,
RD-6000) with Ni-filtered Cu K�  radiation and a diffraction

ngle scanning from 20◦ to 85◦ with a step of 0.01◦ and a rate of
◦ min−1. The electrical conductivity was measured in air using

 DC four-terminal method using Agilent Technologies 34970A
nd 6645A data acquisition/switch units with silver as the
etal electrode and wire. Thermogravimetry analysis (TGA)
as performed between 30 ◦C and 1000 ◦C at a heating rate of
◦C/min in N2, air and O2 using TA Instruments SDT-Q600
SC-TGA. The coefficient of thermal expansion (CTE) was
easured between 50 ◦C and 1000 ◦C using a Seiko Instruments

◦
MA/SS 6100 dilatometer with a heating rate of 5 C/min in
ir. BSLFMn–30 wt% Ce0.8Sm0.2O1.9 (SDC, Gimat) composite
lectrodes were screen printed on both sides of SDC disks
o prepare symmetry cells for electrochemical impedance

F
B
x
(

eramic Society 31 (2011) 3095–3101

pectroscopy (EIS). The SDC substrate disks, 10 mm in
iameter and 0.5 mm in thickness, were prepared by solid-state
intering at 1600 ◦C for 4 h. A slurry with proper viscosity for
creen printing was typically obtained by ball-milling a mixture
f 0.3 g BSLFMn (x  = 0.0–0.20) with 0.13 g SDC powder and
thyl cellulose–terpineol (J.T. Baker) binder.14 After screen
rinting, the cells were baked at 120 ◦C and then sintered at
050 ◦C for 5 h. The EIS was measured using an impedance
nalyzer (HIOKI, 3532-50) at 30 mV, operating at frequencies
anging from 0.01 Hz to 1 MHz at temperatures ranging from
00–800 ◦C.

. Results  and  discussion

Fig. 1(a) shows the XRD patterns of the BSLFMn sam-
les sintered at 1050 ◦C for 5 h. All the samples were found
o have an ABO3 cubic perovskite type structure. The XRD
eaks of all samples fitted well with the standard peaks of
aFeO3−δ (JCPDS 75-0426). The peaks were found to grad-
ally shift toward the high-angle direction but no other second
hases were detected as the amount of Mn-doping increased.
he lattice parameter a and unit cell volumes of the BSLFMn
ig. 1. (A) XRD patterns of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ. (a)
aFeO3 JCPDF 75-0426, (b) x = 0.00, (c) x = 0.05, (d) x = 0.10, (e)

 = 0.15 and (f) x = 0.20. (B) Lattice parameter and cell volume of
Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ depends on x.
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Fig. 2. Thermogravimetry analysis (TGA) plots of (Ba0.5Sr0.5)0.8La0.2F

s the amount of Mn-doping increased from 0 to 20 mol%. The
attice parameter and cell volume of samples decreased as the
mount of Mn4+ substituting for Fe4+ increased because the ion
adius of Mn4+ (0.53 Å) is much smaller than that of the Fe4+

0.585 Å).
Fig. 2 shows thermogravimetric analysis (TGA) curves of

amples measured in a three cycle process in N2. The mass loss
f TGA values is due to oxygen loss indicating the formation of
xygen vacancies. From room temperature to 300 ◦C, the weight
educed slightly due to the evaporation of water adsorbed on the
urface of the samples.16 As the temperature increased from 300
o 1000 ◦C, the mass of the sample obviously decreased as the
emperature increased due to the loss of oxygen and the forma-
ion of oxygen vacancies. The mass loss decreased from 2.403%
o 1.985% for samples as the amount of Mn-doping increased to
0 mol% in the temperature range of 300–1000 ◦C. The concen-

ration of oxygen vacancies in the samples affected the charge
esistance that was measured by the AC impedance, as discussed
n more detail later. After the three heating and cooling cycles,

s
t

nxO3−δ. (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20.

he mass loss of the samples showed good reproducibility, indi-
ating that all samples captured and released oxygen according
o the temperature.17 In order to identify the weight of samples
s due to loss of oxygen in lattice, the TGA of BSLFMn0 and
SLFMn15 samples were conducted in N2, air and O2 atmo-

pheres as shown in Table 1. Comparing the mass loss and
ncrease of samples during the heating and cooling process in 3
ycles, it was found that the mass loss during heating are similar
ith the weight increase during cooling in O2 and air atmo-

pheres for BSLFMn0 and BSLFMn15 samples. However, the
ass loss of samples during heating are much larger than the
eight increase during cooling in N2 atmosphere because the
xygen partial pressure in N2 atmosphere is much lower than
hat in O2 and air atmospheres. Therefore, only a little amount
f oxygen is resumed to the lattice during cooling process in N2
tmosphere.
The thermal expansion curves and values of the BSLFMn
amples are shown in Fig. 3 and Table 2, respectively. The
hermal expansion curve of the BSLFMn samples was linear



Journal Identification = JECS Article Identification = 8281 Date: September 17, 2011 Time: 1:36 pm

3098 I.-M. Hung et al. / Journal of the European Ceramic Society 31 (2011) 3095–3101

Table 1
The oxygen mass loss (%) and increase of BSLFMn0 and BSLFMn15 in N2, air and O2 in 3 cycles.

Cycle Sample

BSLFMn0 BSLFMn15

N2 Air O2 N2 Air O2

1st 300–1000 ◦C (heating) −1.90 −1.85 −1.78 −1.63 −1.59 −1.35
1000–200 ◦C (cooling) 0.02 1.82 1.78 0.23 1.25 1.33

2nd 300–1000 ◦C (heating) −0.09 −1.83 −1.83 −0.27 −1.45 −1.37
1000 –200 ◦C (cooling) 0.03 1.82 1.83 0.15 1.45 1.33

3rd 300–1000 ◦C (heating) −0.09 −1.84 

1000–200 ◦C (cooling) 0.04 1.80 
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temperature increased further. The formation of oxygen vacan-
cies at high temperatures results in a reduction of B site
cations and an increase in the concentration of electron holes.
ig. 3. Thermal expansion curves of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ from
oom temperatures to 1000 ◦C.

n the low temperature range of 50–400 ◦C, with a low CTE
f 14.7–15.5 ×  10−6 K−1. A significant inflection occurs above
00 ◦C, with a high CTE of 26.4–33 ×  10−6 K−1 between
00 ◦C and 1000 ◦C, due to the loss of the lattice oxygen and
he formation of oxygen vacancies followed by the reduction
f Mn4+ to Mn3+ or Fe3+ to Fe2+. Obviously, the CTE of the
SLFMn samples decreased as amount of Mn doping increased

rom 25.9 ×  10−6 K−1 (x  = 0.0) to 21.6 ×  10−6 K−1 (x  = 0.2).
he reduction of the B-site cations to the lower states is expected

o occur to maintain electrical neutrality, according to Eq. (1):

BX
B +  OX

O ↔  2B′
B +  V ••

O + 1

2
O2 (1)

The reduction of Fe4+ (0.585 Å)/Mn4+ (0.53 Å) is associated

ith an increase in the Fe3+ (0.645 Å)/Mn3+ (0.645 Å) ionic

adius; therefore, thermal expansion values of the BSLFMn
amples increased as the temperature increased. According to

able 2
oefficient of thermal expansion (CTE) of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ

lectrodes.

 value 50–400 ◦C (x
10−6 K−1)

400–1000 ◦C
(x 10−6 K−1)

25–1000 ◦C
(x 10−6 K−1)

0 15.5 33.0 25.9
5 14.8 30.8 24.3
0 15.3 30.1 24.0
5 14.7 27.7 22.4
0 14.7 26.4 21.6

F
n
v

−1.80 −0.22 −1.44 −1.38
1.78 0.12 1.45 1.36

auling’s second rule, the reduction of B4+ to B3+ is associated
ith an increase in the B-site ionic radius, resulting in a decrease

n the B–O bond enhancing the lattice thermal expansion.18,19

An ideal cathode material should exhibit two conductive
echanisms, which include the electronic and ionic conductiv-

ty for IT-SOFCs. Fig. 4(a) shows the electrical conductivity
f the BSLFMn samples as a function of temperature. The
lectrical conductivity of all samples was found to increase
o a maximum at around 400 ◦C and then decreased as the
ig. 4. (a) Conductivity of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ and (b) Arrhe-
ius plot of conductivity of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ with different x
alues.
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Table 3
The activation energy of conductivity of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ.

x value Ea (kJ/mol)

0 41.63
5 34.08

10 21.75
15 20.85
2
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at 600 C in air for 100 h is shown Fig. 7. The conductivity
0 18.95

he maximum conductivity of (Ba0.5Sr0.5)0.8La0.2FeO3−δ is
7 S/cm at 400 ◦C, and decreased to 7 S/cm as the amount
f Mn doping increased to 20 mol%. Even the electrical con-
uctivity of the BSLFMn samples is not as high as that
f the other cathode materials; however, a high power den-
ity of SOFC was reported using Ba0.5Sr0.5Co0.8Fe0.2O3−δ

BSCF) as the cathode. It is well known that the maxi-
um conductivity of Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) is only

bout 45 S/cm, but it displays a good electrochemical perfor-
ance for oxygen reduction.20 The conductivity mechanism of

erovskite-type oxides depends on Zerner double exchange.21

ig. 4(b) shows the Arrhenius plots of the conductivity of
Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ, which is described by the
ollowing equation:

 = A

T
exp

(
− Ea

KT

)
(2)

here Ea is the activation energy, T  is the temperature
n Kelvin, k  is Boltzmann’s constant, and A  is the pre-
xponential factor. The calculated activation energy (Ea) values
re listed in Table 3. The activation energy of the sam-
les decreased from 41.63 kJ/mol to 18.95 kJ/mol as the
mount of Mn-doping increased to 20 mol%. The activation
nergy of the BSLFMn samples is a little higher than that
f (Ba0.5Sr0.5)0.8La0.2CoO3−δ.14 The activation energy of the
SLFMn samples decreased with an increase in the Mn content
ay be due to the bandwidth decreased and the polaron binding

nergy increased.22

The resistance data of the BSLFMn–SDC composite
lectrodes fitted using the equivalent circuit and mea-
ured at 600–800 ◦C in air correspond to electrochemical
rocesses.15,23,24 R1 includes the electrolyte, electrode and lead
hmic resistance; R2 corresponds to the resistance of the charge
ransfer process. R3 corresponds to the adsorption–desorption of
xygen, oxygen diffusion at the gas–cathode interface, and the
urface diffusion of intermediate oxygen species. Fig. 5 shows
2, R3 and area specific resistance (ASR)25 at various temper-
tures and the values are listed in Table 4. It was found that
he R2 of BSLFMn0–30%SDC was much smaller than that of
he other samples, because of the high vacancy concentration
f the BSLFMn0 sample, which led to faster oxygen ion trans-
ort and surface exchange, and this was supported by the TGA
esult.26 However, R3 of BSLFMn0–30%SDC was much higher
han that of the other samples, which was due to the low gas dif-

usion on the surface of the BSLFMn0 sample. Fig. 6 shows
he microstructure of the BSLFMn composite electrodes sin-
ered at 1050 ◦C for 5 h. The grain size of BSLFMn0 is about

o
1
s

ig. 5. (a) Charge-transfer resistance, (b) oxygen ion diffusion and (c) total
esistance of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ with different x values.

–5 �m, which is much higher than that of the other samples
about 1 �m); therefore, the gas diffusion pathway on the surface
f BSLFMn0 is lower than that of the other samples. Compar-
ng the total resistance of all samples, shown in Fig. 5(c), the
SLFMn15 sample was found to have a lower resistance than

he other samples at 700–800 ◦C. The material with 15% Mn
hows a potential candidate as a cathode material for IT-SOFC.

The conductivity of BSLFMn0 and BSLFMn15 samples
◦

f BSLFMn0 and BSLFMn15 respectively was 40.8 S/cm and
6.2 S/cm at 600 ◦C for 100 h. The conductivity of these two
amples did not significantly decrease after long time testing.
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Fig. 6. SEM micrographs of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ sintered at 1050 ◦C for 5 h. (a) x = 0.00, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20.

Fig. 7. The conductivity of (Ba0.5Sr0.5)0.8La0.2Fe1.0Mn0O3−δ and (Ba0.5Sr0.5)0.8La0.2Fe0.85Mn0.15O3−δ at 600 ◦C for 100 h.
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Table 4
Resistance values (� cm2) of (Ba0.5Sr0.5)0.8La0.2Fe1−xMnxO3−δ at different
temperatures.

x value ◦C

600 650 700 750 800

Mn0 R2 0.37 0.32 0.14 0.12 0.03
R3 14.61 6.20 2.87 1.02 0.62
ASR 14.98 6.52 3.01 1.14 0.65

Mn05 R2 0.44 0.29 0.07 0.05 0.04
R3 14.24 4.95 2.57 1.08 0.46
ASR 14.68 5.24 2.64 1.13 0.5

Mn10 R2 4.38 1.58 0.85 0.30 0.23
R3 7.83 2.94 1.06 0.70 0.82
ASR 12.21 4.52 1.91 1.00 1.05

Mn15 R2 1.83 0.80 0.42 0.30 0.11
R3 6.32 2.59 1.01 0.37 0.24
ASR 8.15 3.39 1.43 0.67 0.35

Mn20 R2 0.73 0.66 0.64 0.17 0.12
R3 3.73 1.88 0.86 0.66 0.51

4

a
b
s
a
t
a
g
0
C

A

N
N
a
a
a
E

R

ASR 4.46 2.54 1.5 0.83 0.63

.  Conclusion

Ba0.4Sr0.4La0.2Fe1−xMnxO3−δ (x  = 0–0.2) cathode materi-
ls with cubic perovskite structure were successfully prepared
y the citrate–EDTA complexing method. The lattice con-
tant of Ba0.4Sr0.4La0.2Fe1−xMnxO3−δ clearly decreased as the
mount of Mn-doping increased. The thermal expansion and
hermogravimetry analysis curves show abnormal expansion at
round 400 ◦C, which was attributed to the loss of lattice oxy-
en. AC impedance measurements reveal a low resistance of
.35 �  cm2 for a (Ba0.5Sr0.5)0.8La0.2Fe0.8Mn0.15O3−�–30 wt%
e0.8Sm0.2O1.9 composite electrode at 800 ◦C.
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