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Abstract

The compositions of Sr doped BaCeO, synthesized by citrate gel method have been investigated as a potential proton
conducting electrolyte for intermediate temperature solid oxide fuel cell (IT-SOFC). The average grain size of Ba ,Sr; ,CeO,
after sintering at 1,300°C decreased as compared to base material, however it increased with the amount of Sr. The highest
grain conductivity is obtained from Ba ,Sr, CeO, and its value at 700°C is 8. 86x10™*S.cm™. In addition, Y dopant was
selected to further improve the electrlcal conduct1v1ty of Ba ,Sr  CeO,. The grain boundary conductivity at 700°C of
Ba Sr, Ce Y, O, 1s934><10 S.cm™.
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1. Introduction

Solid oxide fuel cell (SOFC) electrolyte based on yttria
stabilized zirconia (YSZ) is required to operate at high
temperature above 850°C to maintain the ionic conductivity
(Lee et al., 2003). A high operating temperature has many
problems such as high cost, limit of materials for the unit
cell components, thermal expansion mismatch and others.
To solve these problems, many researchers have developed
new electrolyte materials to reduce the operating temperature
down to 500-650°C. The candidate materials such as ceria
(Wang et al., 2006), lanthanum gallate, barium cerate (Lin
et al., 2007; Chiodelli ef al., 2009) and other electrolyte
materials have been extensively investigated to replace YSZ.
For ceria, Gd and Sm dopants gave high ionic conductivity.
However, doped ceria is required to sinter at high tempera-
ture to achieve high density electrolyte. In addition, it shows
electronic conductivity at low oxygen partial pressures due
to the reduction of Ce*" to Ce’". For lanthanum gallate,
strontium and magnesium dopants increase its ionic conduc-
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tivity but encounter the chemical instability with electrode
materials (Fergus et al., 2006; Li et al., 2010). BaCeO, has
been considered as a candidate for high proton conducting
electrolyte operating at 400—700°C. There are many research
works on BaCeO, with the dopants on B-site such as Y, Zr,
Ti, Nb, Sm, Nd, Dy and Gd(Su et al., 2006; Liou et al., 2008;
Zunic et al., 2009). The grain conductivity at 600°C of
BaCeO, synthesized by solid state method is 3x107 S.cm™
(Lorldant et al., 1995). For Nd doped BaCeO,, the value of
grain conductivity at 500°C is between 1.78-2. 26><10'4 S.cm™”
depending upon the preparation methods (Su et al., 2006).
The conduct1v1ty of Nb and Sm co-doped BaCeO, is 2.26x
10°S.cm™ at 700°C (Xie et al., 2009). With 10 mol% on
dopant, the conduct1v1ty of BaCeO, is 9. 6x10* S.cm™ at
700°C and 3.1x10*S.cm™ at 500°C (Matsumoto etal.,2008).
Only a few works have been published on A-site dopant,
such as Sr and K (Yan et al., 2009). The conductivity of
Ba, Sr, Ce Y O, prepared by conventional solid state
and sintered at 1,600 °C is 2.3x10”S.cm™ at 750°C (Hung
etal.,2009).

In this work, the compositions of Ba,_Sr CeO, (x =
0-0.3) were synthesized by citrate gel method The phase
microstructure and electrical conductivity of all com-
positions have been investigated using X-ray diffractometer



558

(XRD), scanning electron microscope (SEM) and solartron
impedance analyzer, respectively. To further improve the
electrical conductivity, Y is selected as co-dopant with Sr of
Ba,_Sr CeO, compositions, which the exhibit highest con-
ductivity.

2. Materials and Experimental Procedures

Sr and Y doped BaCeO, were synthesized by citrate
gel method. The starting materials using Ba(NO,), (99.5%
purity), Ce(NO,),.6H,0 (99% purity), citric acid and other
doped materials, such as Sr(NO,), (99.5% purity) and
Y(NO,),.6H,0 (99.9% purity), were dissolved in deionized
water. After mixing with a magnetic stirrer, nitric acid was
added to complete dissolution and followed by citric acid as
the polymerizable combustion fuel. The mole ratio of the
metal ions and citric acid was 1:2. The mixed solution was
introduced and heated on a hot plate. After the water evapo-
rated, the solution became viscous and changed to yellow
gel. During continuous heating, the auto-combustion started
at 110°C until the reaction completed and appeared to be
dark gray residues.

After grinding, the residue powders were calcined in
air and held at the reaction temperatures determined from
differential thermal analyzer (DTA) using the temperature
range from room temperature to 1,200°C in air with a heating
rate of 10°C/min. The room temperature phase of calcined
powder was investigated by means of X-ray diffraction using
Bruker D5005 with Cu K in the 2-theta range 0f20°-90°. The
disk specimens were formed by cold-isostatic press at 150
MPa and sintered at 1,300°C for 2 hrs in air.

The microstructure of sintered specimens was
observed by scanning electron microscope (SEM, Jeol
JSM6400). The samples were polished and thermally etched
before gold sputtering. The AC impedance spectra of sintered
compositions were collected from 300°C to 800°C by a
Solartron impedance analyzer (SI 1260A) as a function of
frequency. All data were measured in air and sample
temperatures were recorded with a thermocouple type K
mounted close to the sample.

3. Results and Discussion

The DTA result of Sr doped BaCeO, after synthesized
by citrate gel method shows in Figure 1. The reactions occur
as indicated by the arrows at 280°C, 580°C, 810°C and 900°C,
respectively. Although the reactions complete at 900°C, the
actual calcination temperature at 950°C with a soaking period
for 4 hrs is employed for a large amount of powder to obtain
a single phase for all compositions.

Figure 2 shows the results of XRD for Ba,_Sr CeO,
(x=0-0.3) powder after calcination at 950 °C for 4 hrs in air.
All compositions show a single phase in agreement with
JCPDS No. 82-2425. With an increasing amount of Sr dopant,
the peaks shift to higher two-theta angles, indicating a
decrease of the lattice parameter. This is due to the partial
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substitution of smaller ionic radius of Sr for Ba.

The SEM micrographs of Ba_Sr CeO, (x = 0-0.3)
sintered at 1,300°C for 2 hrs show in the Figure 3a-d. The
average grain size of BaCeO, is 4-5 mm (Figure 3a) which is
higher than that of Ba St CeO, (Figure 3b). Addition of Sr
with x = 0.1 not only decreases the average grain size but
increases the density of BaCeO,. However, further increasing
amount of Sr tends to increase the average grain size and
porosity as shown in Figure 3c-d. Therefore, an increasing
amount of St decreases the density of BaCeO,.

The impedance spectra measured in air at 400°C for
undoped and Sr doped BaCeO, are shown in Figure 4. The
results of two arcs for Ba, Sr CeO, (x =0 and 0.1) respond
to the contributions from grain and grain boundaries. They
are associated with the capacitances in the pF and nF ranges,
respectively. However, the impedance of grain boundaries
for the compositions of x = 0.2-0.3 cannot be obtained due to
the limited frequency of equipment. Ba, Sr, CeO, shows the
lowest resistance for both of grain interior and grain bound-

10
St
6F
~ 4
¥
= 2f
< 810°C
OF
2F
N 900“(/
0 200 400 600 800 1000 1200
Temperature (°C)
Figure 1. DTA of Sr doped BaCeO, residue composition.
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Figure 2. XRD patterns of calcined powders prepared by citrate gel
method.
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Figure 3. SEM micrographs of sintered compositions (a) BaCeO,, (b) Ba ,Sr, CeO,,
(c) Ba,Sr,,CeO, and (d) Ba_Sr, .CeO,.

ary determined from the width of each arc as compared to
other compositions. This is possibly due to smaller grains
and lower number of pores obtained for this composition. An
increasing amount of Sr dopant tends to increase the grain
resistance and x = 0.3 shows the highest grain resistance of
this study. These results indicate that the grain size and
porosity affect the conductivity of BaCeO,.

Arrhenius plots of grain conductivities for all com-
positions are show in Figure 5. The grain conductivity of
Ba, Sr, CeO, is higher than that of the other compositions
for all measured temperatures and the lowest conductivity
occurs in Ba Sr .CeO,. The conductivity value of
Ba,Sr, CeO,at 700°C is 8.86x10™S.cm™.

In order to improve the electrical conductivity of
Ba  Sr  CeO,, Y dopant was selected as co-dopant in
Ba, Sr; ,Ce, Y O, (y=0-0.2). The single phase of Y dopant
for these two compositions can be achieved as shown from
XRD results in Figure 2. The impedance spectra results of
Y dopant decrease the grain boundary resistivity of
Ba, Sr, CeO, as shown in Figures 6 and 7. In addition, y =
0.1 shows the lowest resistance of grain boundaries as
compared to the all compositions. However, an increasing
amount of Y to y = 0.2 increases the grain boundary resis-
tivity.

Figure 8 shows the Arrhenius plots of conductivities
for Ba, Sr; ,Ce, Y O, , (y=0-0.2). Grain boundary conduct-
ivity of Ba Sr  Ce Y O, is higher than that of
Ba, Sr  CeO, and Ba  Sr, Ce Y O, at all measurement
temperatures. The SEM in Figure 9 exhibits uniform and
small grain sizes of Y doped Ba,Sr, CeO, resulting in a
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Figure 4. Impedance spectra at 400°C for Ba,_Sr CeO,.
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Figure 5. Arrhenius plots of conductivity for Ba, Sr CeO.,.
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Figure 6. Impedance spectra at 400°C for Ba ,Sr; CeO, and
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Figure 7. Impedance spectra at 400°C for Ba St  ,Ce Y O,
and BaO,erO,lceO,8Y0,203»6'

lower resistance of this composition. The grain boundary
conductivity value of Ba ,Sr; Ce Y O, ;at 700 °C is 9.34x
10° S.cm™. The conductivity increases as the temperature
increases and its values at 500, 600, and 700°C including
activation energies determined from the slope of the plot for

all compositions are given in Table 1.
4. Conclusions

The single phase of Ba, Sr CeO, (x = 0-0.3) synthe-
sized by citrate gel method can be obtained after calcination
at 950°C for 4 hrs in air. The average grain size and porosity
of Ba Sr; CeO, are lower than those of other compositions
after sintering at 1,300°C for 2 hrs. In addition, Ba, Sr, CeO,
shows the highest total conductivity as compared to the
other compositions at all measuring temperatures. The con-
ductivity of Ba, ,Sr, ,CeO, at 700°C is 8.86x10™*S.cm™. Y as
co-dopant, Ba  Sr  Ce Y O, exhibits the highest grain
boundary conductivity at low sintered temperature of
1.300°C and its conductivity value at 700°C is 9.34x10"

S.cm™.
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Figure 8. Arrhenius plots of grain boundary conductivity for Ba
S, ,Ce, Y O, (v = 0-0.2).
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Figure 9. SEM micrographs of sintered compositions () Ba,Sr,
Ce,,Y, 0, and (b) Ba St Ce Y O
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Table 1. Grain boundary conductivity of Ba, SrCe Y O, and

the activation energies.

Compositions o (S.cm™) c(S.cm™) o(Sem’)  E (eV)
T=500°C  T=600°C  T=700°C
x=0,y=0 5.13x10° 1.13x10™ 2.29x10™ 0.70
x=0.1,y=0 2.55%x10* 6.28x10™ 8.86x10™ 0.61
x=0.2,y=0 5.12x10° 1.55x10™ 4.05x10™ 0.69
x=0.3,y=0 4.97x10° 1.53x10™ 3.89x10™ 0.73
x=0.1,y=0.1  2.48x10° 4.19x10° 9.34x10° 0.54
x=0.1,y=0.2 1.17x10” 2.75x10° 5.25x10° 0.52
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