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The influence of titanium doping level in BagSro.4Co1_yTiy03_s (BSCT) oxides on their phase structure,
electrical conductivity, thermal expansion coefficient (TEC), and single-cell performance with BSCT cath-
odes has been investigated. The incorporation of Ti can lead to the phase transition of BaggSrp4Co03_s
from hexagonal to cubic structure. The solid solution limitation of Ti in BagSrg.4Co1_,Ti,03_s is 0.15-0.3
under 1100 °C. BSCT shows a small polaron conduction behavior and the electrical conductivity increases
steadily in the testing temperature range (300-900°C), leading to a relatively high conductivity at high

gzy W;rrdséo T temperatures. The electrical conductivity decreases with increasing Ti content. The addition of Ti deterio-
Cazﬁodlj: 1y iy rates the cathode performance of BSCT slightly but decreases the TEC significantly. The TEC of BSCT is about

Electrical conductivity 14 x 10-8 K-1, which results in a good physical compatibility of BSCT with Gdg 2 Ceos0,_5 (GDC) electrolyte.

Thermal expansion BSCT also shows excellent thermal cyclic stability of electrical conductivity and good chemical stability

SOFC with GDC. These properties make BSCT a promising cathode candidate for intermediate temperature solid
oxide fuel cells (IT-SOFCs).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The solid oxide fuel cell (SOFC) is one of the most realistic candi-
dates for a new generation power system due to its higher efficiency
and fuel flexibility [1]. However, the current state of the art SOFC
still has many problems related to its longevity or long term sta-
bility due to its high operation temperature of around 1000°C [2].
Thus, the reduction of operating temperature is a critical issue in
SOFC, and the majority of current researches is concentrated on
the development of intermediate temperature SOFCs (IT-SOFCs)
that can be operated below 800°C [3]. The decrease of operating
temperature, however, leads to a significant decrease in electrode
activity, especially for the conventional SOFC cathode, strontium-
doped lanthanum manganite (LSM) [4-7]. It shows low electrical
conductivity and poor catalytic activity below 800°C and thus not
suitable for IT-SOFCs. So it is necessary to find new cathode material
to enhance the performance of IT-SOFCs.

Cobalt-based perovskite compounds (ABO3) have attracted a lot
of attention as an IT-SOFCs cathode due to their mixed-conducting
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characteristics and higher ion-conductivity in the intermediate
temperature range [8-16]. The mixed conductivity extends the
active oxygen reduction site from the typical electrolyte-electrode-
gas triple-phase boundary to the entirely exposed cathode surface,
therefore greatly reducing the cathode polarization at low operat-
ing temperatures. Among those perovskite-type mixed conducting
oxides, Bag 5Srg5Cog gFep205_s (BSCF5582) composite shows great
potential as a cathode material and has received considerable atten-
tions in recent years [17-22]. Although very promising results
were reported, there are still some disadvantages, such as the high
thermal expansion coefficient (TEC) as large as 19-24 x 1076 K~1
[23-25] and the poor chemical compatibility with CeO,-based elec-
trolytes [23,26]. From the viewpoint of SOFC applications, the good
chemical compatibility and the matched TEC of the cathode with
electrolyte is crucial for the operation stability of SOFCs.

In general, the larger TEC values observed with the cobalt-based
perovskite compounds can be attributed to the electronic spin state
transitions associated with the Co3* ions and the formation of oxide
ion vacancies [27,28]. The replacement of Co by more stable Ti ions
is expected to decrease the TEC of the compounds and improve the
chemical stability with CeO,-based materials. Our previous study
showed that the cathode performance of BagSrg4CoggFep203_s
is better than that of Bag 5Srg5CoggFeg203_g5 [29]. In this contri-
bution, Bag gSrg4Co1_,TiyO3_s (BSCT) was prepared to investigate
the effect of Ti content on the properties of BSCT, including
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electrical conductivity, thermal expansion coefficient, chemi-
cal compatibility with CeO,-based electrolyte, as well as cell
performance.

2. Experimental
2.1. Powder synthesis and sample preparation

A conventional solid-state reaction synthesis method with high
purity BaCO3, SrCO3, TiO, and C4HgCo004-4H, 0 as starting materials
was used to prepare BaggSrg4Coq_yTiyO3_s (y=0.10-0.35) cath-
ode materials. Required amounts of the starting materials were
mixed and fired in air at 900°C for 10h. The so-obtained pow-
ders were ground slightly to destroy agglomerates, mixed with
2 wt% PVA (polyvinyl alcohol) as binder and then pressed into bars
(40mm x 7 mm x 3 mm) by uniaxially pressing (ca. 150 MPa). The
green bars were sintered at 1100°C for 10 h to get dense samples.
Sintered bars were polished for density and electrical conductivity
measurements.

2.2. Cell preparation

Single-cells consisting of porous BSCT cathode and a dense
Gdp2Cepg0,_s (GDC) electrolyte were fabricated. Uniaxially
pressed (ca. 115MPa) disks of GDC were sintered at 1550°C for
10h in air to obtain the dense GDC electrolyte. BSCT electrodes
with active area of 0.5cm? were screen printed on one side of
GDC electrolyte disks with a diameter of 12 mm and a thickness
of 300 wm. The electrode pastes were prepared by mixing the
1100 °C-calcined BSCT powder with carbon powder as the pore-
forming reagent and ethylic cellulose solution. Then, the pastes
were screen-printed twice on the same side of the electrolyte disk,
followed by sintering at 850 °C for 0.5 h and 900°C for 5 h respec-
tively after printing. A current collector platinum layer was further
coated onto each side of the single-cell and calcined at 800°C for
0.5h.

2.3. Characterization

The crystal structure of synthesized powders was character-
ized by X-ray diffraction (XRD, Rigaku D/max-A X-ray) using Cu
Koy radiation. The relative density of BSCT pellet was about 90%,
as measured by the standard Archimedes method using distilled
water as medium. Sintered bars for conductivity measurements
were wrapped with four Pt wires which were held in place by
small notches cut on the sample surfaces. Electrical conductiv-
ity was measured using the four-terminal method from 300 to
900°C in air. The electrical power was supplied by a constant
voltage/current source and the current and voltage drop were mon-
itored by potentiometer (+0.1 mV) and ampere meter (+0.01 mA).
All measurements were taken after holding at each temperature to
equilibrate for at least 15 min when no significant change in con-
ductivity was observed. To examine the compatibility of BSCT with
GDC, the 1100 °C-fired BSCT was mixed with GDC in the weight ratio
of 1:1, followed by uniaxially pressing (ca. 150 MPa) and sintering
at different temperatures. The sintered pellets were crushed and
examined by XRD to identify the phases present. Thermal expan-
sion coefficient of the samples was measured in the temperature
range of 50-1050°C, using standard dilatometry technique (Net-
zsch DIL 402 PC). The heating rate for dilatometry measurements
was 3°Cmin—.

I-V and I-P curves which were used to characterize the single-
cells performance were collected using a HP 3468A multimeter to
get the voltage and a UNI-T UT60A amperemeter to get the current.
H, saturated with room temperature water was fed into the anode

chamber as fuel at a flow rate of 50 mlmin~! (STP) and static air
was used as oxidant gas for the cathode chamber. Gas flow rates
were controlled by mass flow controllers.

3. Results and discussion
3.1. Crystal structure

BaCo0O3_g and SrCo03_g usually show hexagonal structure [30].
For perovskite ACoO3 compounds with A-site co-occupied by
Ba and Sr, for example, BapsSrg5Co05_s, the obtained struc-
ture is still hexagonal perovskite [29]. In order to achieve cubic
perovskite structure to ensure the excellent oxygen ion trans-
portation performance [31], other metal ions with more stable
oxidation valence state were introduced to replace partial Co
content, e.g. BagsSrgs5CoggFep203_s and BaCogsFegs_xNbxOs3_s
[17-19,32]. Fig. 1 shows the X-ray diffraction (XRD) patterns of the
Bag 6Sro.4Co1_yTiyO3_s powders calcined at 1100 °C. The introduc-
tion of Ti-ions could apparently make the materials exist in cubic
perovskite structure. A 0.1 mol Ti-ion in Bag §Srg 4Co1_, TiyO3_s was,
however, insufficient. A certain amount of hexagonal phase still
remained. Single-phased powders with a cubic ABO3 perovskite-
type structure were obtained when 0.15 <y <0.3.

The structure type of perovskite compound is usually deter-
mined by the tolerance factor t, as described in Eq. (1).

ra+To
‘ V2(rs +10) W
where ra, g and rg correspond to the effective ionic radius of the
lattice constituents. When t=1, the material reaches a standard
cubic perovskite structure. The cubic phase can be maintained with
0.95 <t < 1.04, while orthorhombic and hexagonal phases will be
obtained when 0.75<t<0.9 and t>1.04, respectively [33]. Accord-
ing to the ionic radius from literature [34], the tolerance factor t
for compound Bag 5Srg5C005_g is much higher than 1 regardless of
the valence state of Co-ion (by Co3* and/or Co**), which thus results
in the hexagonal type structure of Bag 5Srg 5C003_g. The ionic radii
involved in this study are listed in Table 1. Based on Eq. (1), doping
on B-site with large ions has the possibility to decrease the toler-
ance factor, and thus making the materials exist in cubic structure.
Ti** has a relatively large size, 0.0605nm, hence the replacement
of Ti for Co in Bag gSrg 4Co1_,Tiy03_s could lead to the existence of
cubic perovskite structure. Because the titanate-based perovskite
usually needs high temperature to synthesize and densify due to
their high melting point and low diffusion coefficient. With increas-
ing Ti content in Bag Srp 4Co1_, TiyO3_s, the synthesis temperature
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Fig. 1. XRD patterns of Bag¢Sro.4Co1-,Ti,05_s after fired at 1100°C for 10 h in air.
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Ionic radii involved in Bag ¢Sro4Co1-yTiyO3_s compound [34].

lon

Coordination number

Ionic radius (nm)

0% 6 0.14
Ba2* 12 0.161
Sr2* 12 0.144
Co3*(LS) 6 0.0545
Co** 6 0.053
Ti%* 6 0.0605
4.000 64.0
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Fig. 2. Lattice constant and cell volume as a function of Ti content in
Bag,ssrg‘4C01,yTiy03,g.

may be increased. The 0.3 mol Ti should be the upper limitation for
Ba0.55r0,4C01_yTiy03,5 at 1100°C.

It can be seen that the main peaks for BSCT shift gradually
to the lower angle direction with the increasing content of Ti
in the materials. The shift to lower angle direction, correspond-
ing to a lattice expansion, is due to the larger ionic radius of Ti
compared with Co. The lattice parameters and unit cell volumes
calculated by Rietveld refinement method are plotted in Fig. 2. It
is obvious that both of them increase constantly with increasing Ti
content.

3.2. Electrical conductivity

The temperature dependence of the total electrical conductiv-
ity of BSCT samples is shown in Fig. 3. The electrical conductivity
increased with increasing temperature in air within the whole
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Fig. 3. Electrical conductivity of BagsSro.4Co1_yTiyO3_s as a function of temperature.
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Fig. 4. logoT versus 1000/T in air for BaggSro4Coq_yTiy05_s.

investigated temperature range, showing a positive temperature
coefficient. No maximum electrical conductivity was found for all
the investigated samples in the temperature range of 300-900°C.
While many p-type mixed conductors showed electrical conductiv-
ity change with a maximum value, such as Bag 55rg 5CoggFeg203_g
[30], PI'1,XSI‘XCOO_2F60.3O3_5 [34] and La0.35r0_2C01,yFeyO3_(; [35].
The logarithm of electrical conductivity versus reciprocal temper-
ature of different BSCT compositions is shown in Fig. 4. At low
temperatures, there was a good linear relationship for all inves-
tigated samples, indicating the thermally activated small-polaron
conduction behavior of BSCT.

The temperature dependence of electrical conductivity for semi-
conductors can be described by:

o= (?) exp (_k?) (2)

where A is the material constant containing the carrier concen-
tration term, E, is the activation energy for hopping conduction,
k is Boltzmann'’s constant and T is the absolute temperature. The
term A will be a constant if the charge carrier concentration is
constant over the temperature range studied. Two different tem-
perature dependences of electrical conductivity are expected. The
exponential term, exp(—E,/kT), and the pre-exponent factor, (A/T),
will result in the electrical conductivity increasing at low tem-
perature and decreasing at high temperatures, respectively, with
increasing temperature. The maximum electrical conductivity will
be achieved at temperature:

Ea
Tmax - ? (3)

From the linear part of Fig. 4, the activation energy of BSCT
for small polaron conduction can be calculated. They were ca.
0.17+0.008 eV for BaggSrg4Co1_yTiyO3_5 (y=0.15-0.3). Accord-
ingly, the transition temperatures for electrical conductivity were
ca. 1973 K based on Eq. (3), which are too high to excess the tem-
perature range investigated, thus leading to the steadily rise of
electrical conductivity in the testing temperature range. On the
other hand, the lattice oxygen loss of p-type semi-conductors at
high temperatures would also cause the decrease of electrical
conductivity due to the reduction of charge carrier concentration
(electron holes), as expressed by Eq. (4):

2Cog, + 0y — 2Coy, + Vg + 104(g) (4)

where Cog, refers to Co** localized on Co3*-site and Co(, stands
for Co3*. 0 is lattice oxygen and Vi represents oxygen vacancy.
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This will result in the decrease of electrical conductivity to occur
in advance, namely, the practical transition temperature for elec-
trical conductivity decrease is much lower than the calculated one
(Tmax), as observed in literatures [30,36,37]. However, there was
only an electrical conductivity fluctuation for BSCT at ca. 550°C,
corresponding also to the lattice oxygen loss of materials [37,38], no
permanent decrease of electrical conductivity was observed in the
test temperature range, indicating the little lattice oxygen loss and
thus relatively good structural stability of BSCT. The fluctuation of
conductivity became obscure with increasing Ti content. The lattice
oxygen loss will result in the decrease of electronic charge carrier
concentration [Cog, | and the increase of oxygen vacancy concentra-
tion [V{'], according to Eq. (4). The little lattice oxygen loss, thus,
produces small amount of oxygen vacancy, which is beneficial to
the suppression of the thermal expansion coefficient of materials.
This will be discussed in detail in Section 3.3.

The electrical conductivity of BSCT decreased with increasing Ti
content. For BSCT, the electrical conductivity depends on the con-
centration of charge carriers, i.e. [Cog,]. The substitution of Ti for
Co resulted in the decrease of [Co**] due to the stable valence state
of Ti** in oxidizing atmosphere, and thus leading to the decrease of
electrical conductivity with Ti content in BSCT. Nevertheless, BSCT
showed a steadily increasing tendency of electrical conductivity
with temperature rather than BSCF with a maximum conduc-
tivity value; therefore, they possessed relatively high electrical
conductivity at high temperature range, which is desirable by the
SOFCs.

After the temperature corresponding to the lattice oxygen loss
(550°C), the electrical conductivity increased at a reduced rate,
but still with a linear relationship in Arrhenius plots (Fig. 4),
suggesting that the conduction behavior was still controlled by
the small polaron hopping process. The activation energy E, was
ca. 0.11 £0.005 eV, which was apparently lower than that at low
temperatures. The decreased E, should come from the defect dis-
sociation between the positive and negative defects due to the
decrease of electronic defect concentration [39,40]. For a sys-
tem with low defect concentration, the average distance between
defects is relatively long and thus resulting in weak interaction
between these defects. This will lead to lower thermal activation
energy for defect migration, including the hopping process of elec-
tron holes.

For the repeated start-up process of SOFCs, the thermal-cyclic
performance of cathode material is of great importance for cell
operation durability. Sample Bag gSrg 4C0og g Tig203_5 was subjected
to thermal cyclic examination, during which the electrical con-
ductivity was recorded. The process of heating a sample to each
designated temperatures for electrical-conductivity measurement
and then cooling down to room temperature in a furnace is defined
as the 1st cycle. For the same sample, the following repeated
process is defined as 2nd cycle. Fig. 5 shows the cyclic electrical
conductivity of BaggSrg4CoggTip203_g as a function of tempera-
ture. BSCT have good conductivity stability, there was no distinct
decay after repeated test of electrical conductivity. This result also
demonstrates the good structure stability of BSCT materials. A good
thermal stability of conductivity and structure of BSCT is desired
when applied as SOFC cathode.

3.3. Thermal expansion coefficient

The thermal expansion measurements for BSCT were carried out
in the temperature range of 50-1050°C. The thermal expansion
curves are shown in Fig. 6. They show linear dependences with
temperature in the range of 50-550°C and 550-1050°C, respec-
tively. There is a turning point at 550 °C, after which the curves go
fast with increasing temperature. This temperature corresponds to
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Fig. 5. Thermal cyclic performance of electrical

BagSro.4Co0sTip203_s as a function of temperature.

conductivity  of

the transition temperature of electrical conductivity (Fig. 3), where
lattice oxygen begins to lose and thus resulting in the severe lattice
expansion. The linear thermal expansion coefficients in high tem-
perature range are 16.7 x 1076 K-1 and 15.9 x 10~ K- for y=0.15
and y=0.2 samples, respectively. The average TECs in whole tem-
perature range are 14.3 x 1076 K- for y=0.15 and 13.6 x 10-6 K-
for y=0.2, respectively. They are much smaller than the reported
values for BSCF [23-25] and very close to that of GDC electrolyte
(12 x 10~ K-1 approximately [41]), demonstrating that Ti-doping
can decrease the TEC of cobalt-based perovskite materials signifi-
cantly.

Generally, cobalt-based perovskite oxides exhibited large TEC
values, which is attributable to the electronic spin state transitions
associated with the Co3* [27]. Co3* ions will transform from the
low-spin state tg’g to high-spin state tg‘geé with increasing temper-
ature, and the ionic radius is larger for high-spin state compared
to the low-spin state. On the other hand, Ti%* ions are much stable
at high temperatures, while the Co** ions are apt to be reduced to
Co3* ions with the generation of corresponding amount of oxide
ion vacancies. Both the formation of Co3* with large size than Co**
and the generation of oxygen vacancy will lead to the lattice expan-
sion. As a result, the substitution of Ti for Co in BSCT can apparently
decrease the electronic spin state transition of Co3* jons and reduce
the Co3* and oxygen vacancy concentrations, thus consequently
resulting in the lower thermal expansion coefficient.

0 200 400 600 800 1000 1200
T(°C)

Fig. 6. Thermal expansion curves for BagsSro4Co1_yTiy03_5 (y=0.15 and 0.2).
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Fig.7. SEM micrograph of cross-sectional view of GDC/Bag Sr0.4C00 8 Tip203_s inter-
face.

3.4. Physical and chemical compatibility with GDC electrolyte

To assess the physical compatibility of BSCT with GDC elec-
trolyte, BaggSrp4CopgTip203_5 was screen-printed on the GDC
electrolyte, followed by firing at 900°C for 5h. The SEM micro-
graph of cross-section of BaggSrp4CoggTip203_s layer on GDC
electrolyte after firing is shown in Fig. 7. Good adhesion between
the BaggSro4CosTip203_5 layer and electrolyte was observed
and no apparent cracks were present between them, which is
attributed to the similar TEC of BSCT with GDC. Furthermore,
the X-ray powder diffraction patterns of BagSrg4C00gTig205_s
and GDC mixtures after heating at different temperatures for
5h indicated no interfacial reaction between the BSCT cathode
material and GDC electrolyte below 900°C (Fig. 8). However, a
small amount of impurity was detected in 950°C-heated sam-
ples.

3.5. Single cell performance

GDC electrolyte supported single-cells were prepared to eval-
uate the cathode performance of BaggSro4Co1_,TiyO5_s. Fig. 9(a,
b) shows the performances of the Pt |GDC| BSCT single cells, with
humidified hydrogen as fuel and stationary air as oxidant. The
open-circuit voltages of the tested half-cells were lower than the
theoretical values, and decreased with increasing temperature, as
presented in Fig. 9(a). This is mainly due to the electronic con-
duction characteristics of CeO,-based electrolyte, which originates
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Fig. 8. XRD patterns of BagsSrg.4C00gTip203_5 and GDC mixture co-fired at different
temperatures.

from the generation of Ce3* ions in reducing atmosphere and at
high temperatures.

The power densities increased obviously with the operating
temperature, mainly because of the decreased electrolyte resis-
tance and the improved electrical conductivity and catalytic activity
of the cathode materials at high temperatures (Fig. 9a). In order
to assess the effect of Ti content on the cathode performance of
Bag 6Sro4Co1_Tiy03_s, Pt |GDC| Bag 6Sro.4Co1_, TiyO3_s single cells
were prepared under the same processing condition to ensure
the similar inner-structures of single-cells. The power densities
decreased with Ti content in Bag Srg 4Co1_,TiyO3_s, which is con-
sidered to be caused by the low electrical conductivity when more
Ti was added to the B-site (Fig. 3). The lower electrical conductiv-
ity would result in higher electrode polarization, thus affecting the
power output of cells. Besides, the decreased electrocatalytic activ-
ity due to different surface chemistry could also be the cause of
the increase in electrode polarization with increasing Ti content.
Fortunately, the decrease in power density was not remarkable
(Fig. 9b), but the improvement for TEC of BSCT was significant.
It is reasonable to state that BSCT is a potential cathode mate-
rial for GDC-based IT-SOFC. The maximum power density (MPD)
of 74.04mW cm~2 of these cells was obtained when y=0.15 at
800°C, which is apparently lower than the reported value of SOFCs
with BSCF cathode. This is the electrolyte supported character-
istics. The thick electrolyte caused large ohmic loss across the
electrolyte during the operation of SOFCs and thus deteriorated the
cell performance. By the optimization of cathode microstructure
and the minimization of the electrolyte thickness, the power den-
sity of the cell with BSCT as cathode material could be improved
further.
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Fig. 9. Performances of the Pt |GDC| BSCT cathode single cell: -V and I-P curves
for y=0.15 at different temperatures (a) and for BSCT with different Ti contents at
700°C (b).
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4. Conclusions

Cubic perovskite-type BaggSrg4Coi_yTiyO3_5 (BSCT, y=0.15-
0.3) was successfully synthesized and characterized as a novel cath-
ode for IT-SOFCs. The conductivity of BSCT increased steadily when
heating up in the temperature range from 300 to 900°C with an
electrical conductivity fluctuation at about 550°C where lattice
oxygen was lost and oxygen vacancies thus being formed. Ti addi-
tion can minimize the lattice oxygen loss and thus increase the
structure stability of BSCT. BSCT exhibited a small polaron con-
duction behavior and the electrical conductivity decreased with Ti
content due to the decreased charge carrier concentration, [Cog, .
The TEC values for BSCT materials were ~14 x 10-6 K1 in the tem-
perature range of 50-1050 °C, which were very close to that of GDC
electrolyte. BSCT materials had good thermal cyclic stability of con-
ductivity, and good physical and chemical compatibility with GDC
electrolyte below 900 °C. Incorporation of Ti in BSCT decreased the
cathode performance slightly but improved the TEC values remark-
ably. Using BSCT as cathode, GDC as supported electrolyte, the
single cell exhibited maximum power density of 74.04 mW cm—2
when y=0.15 at 800 °C. Further modification of the cathode com-
position and optimization of the cell structure could result in
improved performance, making BSCT a prospective cathode mate-
rial for the IT-SOFCs based on doped ceria electrolytes.
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