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Abstract

This study reports the successful preparation of a single-phase cubic (Bag 5Srg s)o.sLag2Co0O3_s perovskite by the citrate—-EDTA complexing
method. Its crystal structure, thermogravimetry, coefficient of thermal expansion, electric conductivity, and electrochemical performance were
investigated to determine its suitability as a cathode material for intermediate-temperature solid oxide fuel cells (IT-SOFCs). Its coefficient of
thermal expansion shows abnormal expansion at 300 °C, which is associated with the loss of lattice oxygen. The maximum conductivity of a
(Bag 5Srg.5)0.8Lag 2C005_selectrode is 689 S/cm at 300 °C. Above 300 °C, the electronic conductivity of (Bag 551 5)0.sLag,CoO;_ 5 decreases due
to the formation of oxygen vacancies. The charge-transfer resistance and gas phase diffusion resistance of a (BagsSrg.s)o.glag,CoOz_s—
Ce.gSmy 0, 9 composite cathode are 0.045 () cm? and 0.28 Q cm?, respectively, at 750 °C.
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1. Introduction

Solid oxide fuel cells (SOFCs) have many advantages over
traditional fuel cells, such as high-energy conversion
efficiency, high power density, environmental friendliness,
and flexibility in using fuels [1-4]. Lowering the operation
temperature of SOFCs to 600-800 °C, on the basis of the
performance of high-conductivity electrolyte materials [5-8],
not only widens the choice of possible materials for
interconnectors and significantly reduces production and
application costs but also improves the SOFC’s stability and
reliability. However, the conductivity and electrochemical
performance of cathode materials decrease significantly at low
temperatures. Therefore, it is important to develop new, high-
performance cathode materials for intermediate-temperature
SOFCs (IT-SOFCs).

Recently, several kinds of perovskite oxides have been used
as cathode electrodes for IT-SOFCs [9-11]. Bag 5Srg5Coq.g
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Fep,05_5 (BSCF) has good oxygen permeation and an
acceptable conductivity and has been used as an oxygen
separation membrane [12,13]. Recently, BSCF was applied as
a new cathode material for IT-SOFCs by Shao [14]. It exhibited
a high power density of 1010 mW/cm® at 600 °C when
hydrogen was used as fuel and air as the cathode gas. Despite
these favorable results, significant problems remain, especially
the low electrical conductivity of BSCF, which is nearly
one order of magnitude less than that in commonly used
cathodes and may limit electron transmission in the cathode. Li
reported doped-BSCF perovskite-type oxides with high
electrical conductivity, such as (BaysSrys);_,Sm,Cogg
FCQ.203,5 (BSSCF) [15,16] and (Bao_ssl‘()j)l,xLaxCOO.gFGOQ
O5_s (BSLCF) [17]. The maximum conductivities of BSSCF
and BSLCEF are 85.6 S/cm at 500 °C and 376 S/cm at 392 °C,
respectively.

In this study, (BagsSrgs)oslapg,CoO5;_s (BSLC) was
prepared by the citrate—EDTA complexing method, which
allows the formation of single-phase perovskite oxide. The
crystal structure, lattice oxygen loss, coefficient of thermal
expansion, electrical conductivity, and electrochemical perfor-
mance of BSLC were investigated.
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2. Experimental

Bag 5S19.5C00.8Fe0203_s (BSCF) and (Bag 551 .5)0.8Llag2
Co0O;_5 (BSLC) powders were prepared using the citrate—
EDTA complexing method. First, 0.08 mole of ethylenediami-
netetraacetic acid (EDTA, Riedel-dehaen, 98%) was mixed with
100 ml of 6 M NH4OH solution to make an NH;—EDTA solution.
Then, 0.016 mole of Ba(NOs), (J. T. Baker, 99.6%) and 0.008
mole of La(NOs)3-6H,O (Alfa Aesar, 99.0%) were added, and
the mixture was heated and stirred. Next, 0.016 mole of Sr(NO5),
(Alfa Aesar, 99.0%) and 0.04 mole of Co(NO3),-6H,O (J. T.
Baker, 99.8%) were dissolved in another 100 ml of 6 M NH,OH
solution. These two solutions were mixed and stirred before
adding 0.12 mole of citric acid. The resulting mole ratios of
EDTA:citric acid:total metal ions were 1:1.5:1. The pH was
adjusted to 6 by adding a further 6 M of NH,OH solution. The
final solution was heated to 100 °C on a hotplate and stirred until
water evaporated from it, leaving behind a sticky gel. This gel
was then heated further at 200 °C for 3 h, calcined at 950 °C for
12 h, and sintered at 1050 °C for 5 h.

The crystal structure of the samples was determined using a
powder diffractometer (LabX, XRD-6000) with Ni-filtered Cu
Ka radiation; the diffraction angle was ranged from 15° to 85°
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Fig. 1. XRD patterns of BSCF calcined at (a) 850 °C (b) 900 °C, (c) 950 °C, (d)
1000 °C and (e) 1050 °C for 6 h.

in 0.01° increments at a rate of 1°/min. The conductivity was
measured in air by the DC four-terminal method using Agilent
Technologies 34970A and 6645A data acquisition/switch units
with silver as the metallic electrode and wire. Thermogravi-
metry analysis (TGA) was performed from 30 °C to 700 °C at a
heating rate of 5 °C/min in air using TA Instruments SDT-Q600
DSC-TGA. The coefficient of thermal expansion (CTE) was
measured from 30 °C to 700 °C using a Seiko Instruments
TMA/SS 6100 dilatometer with a heating rate of 5 °C/min in
air. BSLC-30 wt% CeygSmg,0; 9 (SDC, Gimat) or BSCF-
30 wt% SDC composite films were screen printed on one side
of SDC disks to prepare cells for electrochemical impedance
spectroscopy (EIS). The SDC substrate disks, 10 mm in
diameter and 0.5 mm thick, were prepared by solid-state
sintering at 1550 °C for 6 h. A slurry with proper viscosity for
screen printing was typically obtained by ball-milling a mixture
of 0.3 g BSLC or BSCF powder with 0.13 g SDC powder and
0.0258 g ethyl cellulose-terpineol (J. T. Baker) binder. After
screen printing, the cells were baked at 120 °C and then sintered
at 1050 °C for 5 h. Pt was used as the reference and counting
electrodes on the other side of the electrolyte. The EIS was
measured using an impedance analyzer (HIOKI, 3532-50) set to
30 mV over a frequency range from 0.01 Hz to 1 MHz.
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Fig. 2. XRD patterns of BSLC calcined at (a) 850 °C (b) 900 °C, (c) 950 °C, (d)
1000 °C and (e) 1050 °C for 6 h.
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Fig. 3. SEM photographs of (a) BSCF and (b) BSLC and cross-section SEM photographs of (c) BSCF-SDC/SDC and (d) BSLC-SDC/SDC cells showing the

electrode—electrolyte interfaces.

3. Results and discussion

Figs. 1 and 2 show the XRD patterns of the BSCF and BSLC
powders calcined at various temperatures. Single-phase cubic
perovskite BSCF and BSLC (JCPDS 75-0227) were formed at
calcination temperatures above 950 °C and 1050 °C, respec-
tively, whereas BSLC has an orthorhombic BaCoQOj3_ 4 structure
(JCPDS 47-0211) at calcination temperatures below 950 °C.
The structure of BSLC transfers from orthorhombic to cubic at

(a) 700

—4@— BscF
—E&— BsLe

600 |
500 |-
400 |
300 |-

200

Conductivitye (S/cm)

100

0 b PR B B [ |

0 100 200 300 400 500 600 700
Temperature (°C)

800

calcination temperatures above 1000 °C. Apparently, the
structure transfer temperature of BSLC from orthorhombic
to cubic is higher than that of BSCF. For cubic perovskite BSLC
and BSCF samples calcined at 1050 °C, the peaks for BSLC
was found to shift to the high-angle direction with a lattice
parameter a of 3.892 A, which is much smaller than that of
BSCF, 3.987 A. The substitution of the smaller La** (0.150 nm)
cation instead for the Ba** (0.175 nm) and Sr** (0.158 nm)
cations is expected to causes lattice shrinkage in BSLC crystals.
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Fig. 4. (a) Conductivity of BSCF and BSLC at different temperatures and (b) Arrhenius plot of the conductivity of BSCF and BSLC.
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Fig. 5. Impedance spectra of BSCF-SDC and BSLC-SDC composite electrodes. The operating temperature was (a) 600 °C (b) 650 °C (c) 750 °C and (d) 800 °C.

In addition, the ionic radius of Co** (0.053 nm) is smaller than
that of Fe** (0.0585 nm). Therefore, BSLC is expected to have
a smaller lattice parameter than BSCF. The broadness of the
XRD peaks of BSLC revealed that BSLC grains are smaller
than those of BSCF. Fig. 3 shows the microstructure of the
BSCF and BSLC electrodes and the electrode—electrolyte
cross-sections of BSCF-SDC/SDC and BSLC-SDC/SDC
sintered at 1050 °C for 5 h. The grain size of BSLC is about
1 wm, which is much smaller than that of BSCF (about 10 pm).
The thickness of the BSCF-SDC and BSLC-SDC composited
electrode was about 20 wm, and no cracks were observed.
Fig. 4(a) shows the conductivity of BSCF and BSLC
electrodes as a function of temperature. After an initial increase
with rising temperature, the conductivities reach maximum
values at 400 °C and 300 °C for BSCF and BSLC, respectively,
and then decrease with further increases in temperature. The
maximum conductivity of BSLC is 689 S/cm at 300 °C, which
is approximately 13 times higher than that of BSCF (50.2 S/cm
at 400 °C). The Arrhenius plots in Fig. 4(b) show linear

behavior over temperature ranges from 50 °C to ~300/400 °C,
for both samples. The gradients in these regions yield activation
energies E, =30.8 kJ/mole for BSCF and 10.6 k]J/mole for
BSLC. The activation energies E, of BSCF in this study is
smaller than that of BSCF reported by Wang [18] and Wei [19].
The activation energy of BSLC is similar to that of BSLCF [17]
but much smaller than that of BSSCF [16]. Apparently, the
introduction of La®* in A-sites of BSLC improves the
conductivity and decreases the activation energy.

Fig. 5 shows the impedance spectra of BSCF-SDC and
BSLC-SDC composite electrodes measured at 600-800 °C in
air. The equivalent circuit is presented in Fig. 6(a). The
elements of the equivalent circuit correspond to electrochemi-
cal processes. R; corresponds to the resistance of the
electrolyte; R, corresponds to the resistance of the charge-
transfer process. R; corresponds to the diffusion resistance of
oxygen [15,20,21]. R, and R; for BSCF-SDC and BSLC-SDC
composite electrodes at various temperatures are shown in
Fig. 6(b) and (c). The R, value of BSLC is much lower than that
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Fig. 6. (a) equivalent circuit for AC impedance spectra and (b) R, resistance
and (c¢) R; resistance of BSCF-SDC and BSLC-SDC composite electrodes as a
function of temperature.

of BSCEF, particularly in the low-temperature range of 550 °C to
700 °C. Evidently, the development of a new cathode material
by introducing the La** ion at the A-site results in a significant
reduction in charge-transfer resistance. For example, at 550 °C,
R,=0.390Q cm? for BSLC, compared to 1.41 Q cm? for BSCF
(representing a 261% reduction) and 1.31 Q cm® for BSSCF
(representing a 236% reduction) [16]. The gas-diffusion
resistance R; of BSLC is a little lower than that of BSCF in
the low-temperature range of 550 °C to 650 °C. Fig. 7 shows
the Arrhenius plots of R, and R3 over a temperature range from
550 °C to 800 °C. The activation energy for R, of BSLC is
50.9 kJ/mole, comparable to that of BSCF (73.4 kJ/mole) and
BSLCF15 (78 kJ/mole) [17]. However, the activation energy
for R3 of BSLC shows a large value of 122.8 kJ/mole, which is
lower than that for BSCF (135.6 kJ/mole) but much higher than
that for BSLCF15 (69.7 kJ/mole) [17].
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Fig. 7. Arrhenius plots of (a) R, resistance and (b) R; resistance of BSCF-SDC
and BSLC-SDC composite electrodes.

Although the conductivity mechanism of BSCF-based
cathodes is complicated, the concentration of charge carriers
in BSCF and BSLC is expected to depend on oxygen valences
[23]. Under Po, = 0.21 atm, the filling of oxygen vacancies will
produce electron holes according to Eq. (1):

(]/2)02(g) +Vo** — Oox—|—2h. (D

The conductivity and TGA data imply that the BSLC
samples were p-type conductors below 300 °C in air. The
conductivity of this p-type BSLC conductor increases due to
hopping between Co®* and Co**. At temperatures above
300 °C, electrons are produced due to the formation of oxygen
vacancies, according to Eq. (2):

0," — Vo** + 2¢' + (1/2)0y) 2)
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Fig. 8. Thermogravimetry and thermal expansion curves of BSCF and BSLC.

At temperatures above 300 °C, the conductivity of this p-
type BSLC conductor decreases with increasing electron
concentration due to the formation of oxygen vacancies. It is
well known that BSCF-based perovskite tends to lose lattice
oxygen on heating [22]. Along with the thermally induced
lattice oxygen loss, the reduction of the Co cation to lower
states is expected to occur to maintain electrical neutrality,
according to Eq. (3):

2Coco" + 05"« 2Coc,’ + Vo' + (1/2)0, 3)

The equilibria given in Eq. (3) will shift to the right with
increasing temperature. In addition, the introduction of La**
increases the average valence of A-sites, causing the Co ions to
change from IV to III, according Eq. (4):

La203 —|—2COC0x—|—OOX — ZLHBa. (Lasr.) + ZCOCOI + 202
“4)

Therefore, the concentration of oxygen vacancies and
electron carries increases according Eq. (3). A higher
concentration of oxygen vacancies in BSLC samples above
300 °C may be the main reason that the conductivity of BSLC
decreases more rapidly than that of BSCF.

Fig. 8 shows the TGA and thermal expansion curves for BSCF
and BSLC samples. There is an apparent weight loss above
300 °C and 400 °C for BSLC and BSCF, respectively. These
weight losses are due to the loss of lattice oxygen and the

Table 1
Specific CTE values of BSCF, BSLC, BSLCF and BSSCF.
Sample CTE (107°K™h

30-300"/400 °C 3007/400-700 °C 30-700 °C
BSCF 7.1 21.8 13.7
BSLC 122 31.8" 242
BSLCF20 [17] 14.4 31.0 25.8
BSSCF15 [16] 13.1 26.7 20.3

* The CTE data of BSLC divided into two parts: one is between 30 °C to
300 °C and another one is between 300 °C to 700 °C.

formation of oxygen vacancies [22]. Apparently, the weight loss
of BSLC (1.14%) is much larger than that of BSCF (0.85%); this
suggests that the BSLC electrode has a higher oxygen vacancy
concentration. The specific CTE values of BSCF and BSLC are
shown in Table 1. The thermal expansion curve of the BSLC
sample was linear in the low-temperature range of 50 °C to
300 °C, with a small CTE of 12.2 x 107 °K~'. A significant
inflection occurs above 300°C, with a high CTE of
31.8 x 107° K" between 300 °C and 700 °C, due to the loss
of lattice oxygen and the formation of oxygen vacancies followed
by reduction of Co** to Co**. The reduction of Co*"to Co’" is
associated with an increase in the Co ionic radius. In addition, the
reduction of Co** to Co™* will also decrease the Co—O bond
according to Pauling’s second rule, resulting in an increase in the
size of CoOg octahedra, thus enhancing the lattice thermal
expansion of BSLC [24]. The CTE of BSLCis 24.2 x 10 ®K ™!
from 30 °C to 700 °C, which is a little smaller than that of
BSLCF20 (25.8 x 107*K™") [17] but much larger than that of
BSCF (14.1 x 10~° K™ "). The large thermal expansion of BSLC
is due to its higher oxygen vacancy concentration, which was
supported by the TGA result.

These results showed that the BSLC cathode exhibits
superior electrical conductivity and excellent electrochemical
performance and could be a promising cathode material for I'T-
SOFCs. However, the CTE value of BSLC is nearly twice that
of commercially used SDC electrolytes. This extraordinarily
high CTE value could become a major obstacle for BSLC use as
a cathode electrode in advanced IT-SOFCs. Preparation of a
higher ratio of SDC/BSLC composite cathode electrode is one
possible method of overcoming the problem of thermal
expansion mismatch. However, the introduction of a high ratio
of SDC/BSLC composite cathode may degrade the cathode
electrode’s performance. The other method is to replace the Co
ion by other ions to decrease the CTE of BSLC. In addition, the
chemical reaction between BSLC and SDC electrolyte and the
performance of a BSLC-SDC composite cathode electrode in a
single cell are worthy of future investigation

4. Conclusion

A cubic (Bag 551(.5)9.8Lag ,Co0;_s perovskite with a small
lattice parameter of 3.892 A and grain size of 1 um was
synthesized by the citrate—EDTA complexing method.
(Bag 5519 5)0.8Lap.2Co05_s showed a maximum conductivity
of 689 S/cm at 300 °C and more than 200 S/cm in the
operating temperature range of 600-750 °C, which is high
enough for use as a cathode electrode in an IT-SOFC. The
thermal expansion curve showed an abnormal expansion
above 300 °C that was attributed to the loss of lattice oxygen
and reduction of Co cations. AC impedance measurements
revealed a low charge-transfer resistance of 0.045 () cm? for
(Bao_sSr0_5)0.8L30.2C003,5—30 wt% Ceo_gsmozol_g at 750 °C.
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