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ABSTRACT

The transport properties of layered perovskite GdBaCo,0s.5 (GBCO), which has recently been proposed
as a cathode material for intermediate-temperature solid oxide fuel cells (IT-SOFCs), are investi-
gated as a function of oxygen partial pressure (OPP) over the oxygen partial pressure range of
10~% < p0, (atm) < 0.21 at 1073 < T(K) < 1323. The increase in total conductivity with increasing temper-
ature below the low-temperature, order-disorder transition indicates a semiconductor-type behaviour
with an activation energy of 0.42 eV. When OPP is increased to air pressure at a fixed temperature, the
total conductivity increases with an apparent slope (dlogo/dlogp0,) of 1/10 to 1/22. The maximum
oxygen ion conductivity, as extracted from the oxygen permeation measurements, is around 0.01 Scm™!
under the nitrogen condition, which strongly supports the potential for cathode application. The chemical
diffusion coefficient (D) and surface exchange coefficient («) are also calculated from the d.c. conductivity
relaxation measurement and the values are best fitted by the following two equations:

D (cm?s7')=1.88 x 102 exp <7

0.77eV 0.86eV
kT kT

) , Kk (cms ') =1.37 x 10%exp (7

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fast oxygen ion conducting, double-layered perovskites have
recently received considerable research attention because of their
potential application in solid-state electrochemical devices, such
as cathode materials for intermediate-temperature solid oxide fuel
cells (IT-SOFCs), and oxygen separation membranes [1-3]. Particu-
larly at low-temperatures, the experimental and theoretical results
for the mixed conducting property of GdBaCo,Os.5 (GBCO) support
its attractiveness as a material for IT-SOFCs because the decrease in
the required operating temperature of SOFCs reduces the cost and
enhances the material compatibility. Several studies have exam-
ined various properties of GBCO, such as total conductivity [4],
oxygen diffusion [5], structural analysis [6], and non-stoichiometry
with thermogravimetric analysis (TGA) [7]. The very high elec-
tric conductivity with increasing temperature was attributed to
the charge disproportionation of Co3* — Co%* + Co** [8]. It was also
reported that the GBCO showed excellent stability in air (<600 ppm
CO,) for long periods of time (100 h) at intermediate temperatures
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(500-700°C) [9]. The chemical stability of GBCO has been stud-
ied with different oxide-ion conductors, e.g., 8 mol% Y,03-ZrO,,
Lag gSro2GapsMgo203_5, Cep9Gdo.102_s [9].

Protonic ceramic membrane fuel cells with layered GBCO cath-
ode were also evaluated. GBCO was found to be a good cathode
candidate for operating at or below 700 °C with a simple and poten-
tially commercial method of manufacture, such as gel-casting or
suspension spray [10].

The oxygen transport properties with respect to temperature
and oxygen partial pressure (OPP) remain incompletely under-
stood because of the difficulty in identifying the contribution of
the oxygen ion conductivity to the measured total conductivity.
Oxygen ionic conduction measurements are difficult due to the low
ionic transport number of GBCO. Furthermore, even though oxygen
transport kinetics are an important parameter in understanding
the defect chemistry and optimizing SOFC performance, very few
reports have attempted such optimization.

This study aims to determine the chemical diffusion coefficient
and surface reaction rate constant in a N,-0, atmosphere and the
oxygen ion conductivity from oxygen permeation measurements
to clarify both the mixed conductivity of GBCO and the effect of
OPP on the transport kinetics. The thermal expansion coefficient,
a basic physical property which can be of considerable importance
in SOFC design is measured to confirm the phase transition from
thermogravimetric/differential thermal analysis (TG/DTA) mea-
surements.
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Fig. 1. Room temperature X-ray diffraction patterns of GdBaCo,0s.s calcined at
1273 K in air.

2. Experimental

Layered perovskite GBCO powders were prepared by a conven-
tional solid-state reaction method. The starting materials of Gd;03
(Aldrich, 99.99%), BaCO3 (Aldrich, 99.99%), and Co304 (Aldrich,
99.9%) were weighed in the stoichiometric proportions of GBCO.
The powders were mixed, ground in a ball mill with stabilized
zirconia balls, and calcined at 1273 K for 24 h in air. The calcined
oxide powders were then crushed, sieved to <45 pm, pressed into
pellets, cold-isostatic-pressed, and sintered at 1430K for 10 min
in a microwave furnace for oxygen permeation measurements.
The densities of the resultant discs are 96% of the theoreti-
cal values. As shown in Fig. 1, X-ray diffraction spectra confirm
the attainment of single-phase orthorhombic GBCO (space group,
Pmmm) via a microwave sintering procedure, in agreement with
previous reports [3,11]. The specimens for d.c. conductivity relax-
ation measurements were cut out of the sintered disc in the

Feed gas flow mp

Sweep gas flow »

M.-B. Choi et al. / Journal of Power Sources 195 (2010) 1059-1064

Fig. 2. Thermally etched surface microstructure image of GdBaCo,0s.4 sintered at
1430K in air.

form of an elongated, parallelepiped shape with dimensions of
1.94mm x 1.94mm x 16.71 mm [3].

The TG/DTA was performed with a SDT Q600 V8.0 Build 95
thermal analyzer at a heating rate of 10°Cmin~! from room tem-
perature to 1173 K in air at a 100 cm?® min~! flow rate.

The total d.c. conductivity was measured by a standard, four-
probe method using a measurement system that included a digital
multimeter (Keithley 2700) combined with a programmable cur-
rent source (Keithley 220). For d.c. relaxation measurements, a
specimen was completely equilibrated in a given thermodynamic
condition and then the oxygen chemical potential was abruptly
changed to a different value while recording the electrical con-
ductivity of the specimen with time until a new equilibrium was
reached. In order to maintain a constant chemical diffusivity, a suffi-
ciently small change of OPP was chosen. The overall measurements
were repeated over the OPP range of 10~% <p0O, (atm)<0.21 at
1073 < T(K) < 1323. Thermal expansion was measured using a Net-
zch L75 PT1600 dilatometer from room temperature to 1273 K at
2°Cmin~! with an air purge at a flow rate of 50 cm® min—1.
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Fig. 3. Schematic of oxygen permeation measurements.



M.-B. Choi et al. / Journal of Power Sources 195 (2010) 1059-1064

0.201

AL, %

0.15

AL/L,,%
(=]
=

0.05F

0.00F

900 1000 1100
1 1 1 1 1 1

400 600 800 1000 1200 1400
Temperature / K

Weight(%)

1061
0.03
100.0
o
99.5 =
{000 §
(]
99.0 e
1
[
=
98.5 &
1003 o
5
98.0 5
[
g
97.5 [
4-0.06
97 0 1 1 1 1 1 1 1 1 1 1 1 1

400 600 800 1000 1200
Temperature / K

1400

Fig.4. (a) Thermal expansion curve for GdBaCo,Os.s5 over temperature range of 303-1173 K and (b) TG/DTA curve for GdBaCo,Os.s showing reversible structural transitions.

The oxygen permeation was measured using dense discs (~96%
of theoretical density, 13 mm in diameter, 1.14 mm thick). A scan-
ning electron micrograph (SEM; Shimadzu, SS-550) image of the
as-sintered surface, Fig. 2, shows well-developed grains and low
porosity. The planar surface of each disc was polished with 600-
grit SiC paper and then fixed to an alumina tube, as shown in Fig. 3.
A seal was formed when the assembly was heated to 1233 K and
spring-loaded rods were used to squeeze a gold ring between the
membrane and the alumina tube. The sweep-side flow consisted of
ultra-high purity helium at a constant flow rate of 100 sccm, while
the feed gas flow consisted of an air/N, mixture at a flow rate of
100 sccm. The sweep gas flow during permeation measurements
was controlled with a mass flow controller and the rate was mea-
sured with a flow calibrator (Digital flowmeter, Optiflow 570). The
oxygen content of the permeate stream was measured with a gas
chromatograph (Agilent 6890N) equipped with a TC detector. Any
gas leakage through pores in the sample or through an incomplete
seal was checked by measuring the N, content of the permeate
stream. Data were collected only when the leakage rate was less
than 1%. From the oxygen content measured on the sweep-side of
the permeation assembly and the sweep gas flow rate, the total
oxygen permeation rate was calculated for ideal gas behaviour.
Then the permeation flux was calculated by dividing the perme-
ation rates by the flat surface area of the disc membrane. In order
to minimize edge contribution to the permeation, the membrane
edge was sealed with a ceramic sealant.

3. Results and discussion

The thermal expansion curve of GBCO increases linearly with
temperature between 303 and 1373K, as seen in Fig. 4a. Three
inflexions are revealed at about 373, 673, and 1073K, and are
respectively attributed to order—disorder transitions, as reported in
a previous study [4], a phase transition from orthorhombic Pmmm
to tetragonal P4/mmm [4], and thermally induced loss of lattice
oxygen and the formation of oxygen vacancies due to cobalt cation
reduction from Co*" to Co3* for charge neutrality [12]. A further
inflexion around 1273 Kis also present, but cannot be matched with
any reported, structure analysis. The average thermal expansion
coefficient is about 13 x 10~ K1 between 303 and 1373 K in air.
The trend thermal expansion trends agreed well with the results
from thermal gravimetric analysis and differential thermal analy-
sis of the GBCO powders, as shown in Fig. 4b. The hysteresis in the
cooling and heating processes demonstrates the reversibility of the
oxygen uptake process, along with the phase transition.

The transient total conductivity of GBCO was measured with
increasing temperature at a ramp rate of 2°Cmin~! and the value
of the equilibrium total conductivity was also collected from each
of the conductivity relaxation profiles, as shown in Fig. 5. The
total conductivity increases with increasing temperature below the
low-temperature order-disorder transition (373 K), thereby indi-
cating semiconductor-type behaviour with an activation energy of
0.42 eV, consistent with Ref. [11]. Note that this value differs sub-
stantially with the reported value in Ref. [4]. The reason for this
difference is not clear at this point. Above the phase transition from
orthorhombic Pmmm to tetragonal P4/mmm, the total conductiv-
ity decreases with increasing temperature, in line with the metallic
behaviour reported in other studies [2,4].

The equilibrium total conductivities as a function of OPP at dif-
ferent temperatures are shown in Fig. 6a. When the OPP is increased
to the value in air at a fixed temperature, the total conductivities
increase with an apparent slope (dlog o/dlog pO,) of 1/10 to 1/22.
Such behaviour has been generally observed in p-type conductors
and is attributed to the generation of electron holes from the exter-
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Fig. 5. Total conductivity of GdBaCo,0s.s as function of temperature measured by
four-probe d.c. conductivity method.
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Fig. 6. (a) Total conductivity of GdBaCo,Os.; as function of oxygen partial pressure (OPP) measured by four-probe d.c. conductivity method, and (b) dependence of equilibrium

oxygen content on oxygen partial pressure for GdBaCo,Os.; at reference [5].

nal reaction with the atmosphere, as described in Egs. (1) and (2)
with Kroger and Vink notations:

0% +2Cog, = V +2C0¥, + 10,4 (1)
0% +2Co¥, = V; +2Cog, + 102(g) (2)

The apparent slopes may be related to the concentration of the
multivalent cobalt cation and oxygen vacancies with increasing
OPP by external reaction, as shown in Egs. (1) and (2). The slopes
observed from the conductivity measurement cannot, however, be
derived by considering the given external reactions at a tempera-
ture. As shown in Fig. 6b, Taskin et al. [6] demonstrated that the
equilibrium oxygen conent of GBCO is dependent on OPP by the
thermogravimetric analysis (Xin Fig. 6b represents the oxygen non-
stoichiometry). The OPP dependence found by Taskin et al. [6], i.e.,
a 0.11 power of OPP, is consistent with the dependences observed
in the present conductivity measurements. This suggests that the
conductivity enhancement with increasing oxygen partial pressure

can be directly related to the oxygen content of GBCO. It should be
noted, however, that these slopes cannot be predicted simply from
Egs. (1) and (2).

To elucidate potential application of GBCO as a cathode, the
ionic conductivity was determined from oxygen permeation mea-
surements. This technique is highly suitable as the electronic
conductivity is expected to be several orders of magnitude higher
than the oxygen ion conductivity in such a material. The influence
of the applied oxygen chemical potential gradient on the oxygen
permeability of GBCO is shown in Fig. 7 as a function of tempera-
ture. At high temperatures, the oxygen permeation flux increases
monotonically with increasing oxygen chemical potential gradi-
ent, to yield a maximum of 0.03 cm3 min~! cm~2 under an air/N,
condition for the 1.14 mm thick GBCO specimen above 1173 K. By
constrast, at low-temperature, the oxygen permeation flux exhibits
a point of inflection with increasing oxygen potential gradient,
which may be related to structural variation with temperature. If
bulk diffusion is assumed [13], the oxygen permeation flux across
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Fig. 7. Oxygen permeation flux as function of oxygen partial pressure (OPP) on feed side at 1173 K for 1.14-mm thick GdBaCo,0Os.s specimen.
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Fig. 8. (a) Transference number of oxygen ion at 1173 K in oxidizing atmosphere and (b) partial oxygen ion conductivity vs. total conductivity as function of oxygen partial

pressure (OPP) at 1173 K.

an oxide membrane can be derived from chemical diffusion [14]:

lnP(/)/2 OO
elYion din P02
np/ Oel tOion

0y

RT
16LF2

3)

Jo, =

where o and oj,, are the electronic and ionic conductivities,
respectively; Fis the Faraday constant; d In Py, is the oxygen chem-
ical potential gradient across an oxide membrane.

The high total electrical conductivity of GBCO is generally
attributed to the hopping of p-type small polarons, associated with
the charge disproportionation of Co cations. Because the electronic
transference number is believed to be dominant (oj,, <o), the
ionic conductivity may be obtained by differentiation of Eq. (3), i.e.,

16F2L
RT

dJo,
dln P(/)2 ol
0

(4)

Ojon =

The data set of different OPP gradients was obtained while the OPP
at the reference side was kept constant. In this calculation, the mean
slope at a given P(/)2 is determined by using the datum at I;'(/)2 and
interpolating between its nearest neighbours, as reported previ-
ously [15,16]. The calculated ionic conductivity vs. OPP at 1173 K
is shown in Fig. 8b. Note that this temperature is above the high-
est temperature phase transition shown in Fig. 4. The maximum
oxygen ion conductivity is around 0.01Scm~! in nitrogen, which
strongly supports the potential of this material for cathode appli-
cation [17]. The oxygen exponent m, Gjo, = sz' is assigned a value
of —2/3 at 1173 K. The transference number of oxygen, as calcu-
lated from the ion/total ratio, is around 10~> at 1173 K, as shown
in Fig. 8a.

Fig. 9 gives the typical relaxation profiles of the mean total con-
ductivity, on oxidation and reduction across an identical oxygen
activity window, in the exclusively p-type regime of the con-
ductivity shown in Fig. 6a. During the redox reaction, oxygen is
incorporated in the GBCO or released from the GBCO. The transient
behaviour in the equilibrium process can be best fitted with Fick’s
second law [18], i.e.,

2

o0

=1- Z

n=1

o(t)—a(0)
o(o0)—0(0)

2(By tan Bn)?exp(—(B2(7 — o))
B2(B3 + (Bntan Bn)* + Bn tan Bn)

(5)

where B, is the positive root of

ak
Batanfp =L, L= )

- (5a)
and o (0) and o (o) denote the equilibrium total conductivity
before (t=0) and after the relaxation (t=o0), respectively, L is the
diffusion length, i.e., half the thickness of the bar-shaped speci-
men, t is the time, « is the surface reaction rate constant, and D
is the chemical diffusion coefficient. Non-linear-least-squares fit-
ting of the relaxation data in Fig. 9 enable the determination of the
chemical diffusion coefficient.

The temperature dependence of the chemical diffusion coef-
ficient and the surface exchange coefficient of GBCO obtained
from the d.c. conductivity relaxation in the temperature range of
1073 <T(K) <1323 and an OPP of 0.21 atm are shown in Fig. 10. The
uncertainty level is within the symbol size of the data. Literature-
sourced D values [7] are also included in Fig. 10, and the chemical
diffusion coefficient values in air at different temperatures are com-
pared with those reported in the literature. As seen from Fig. 10,
the present data are an order of magnitude higher than those pub-
lished in the literature over the complete temperature range, but
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Fig. 9. Typical d.c. conductivity relaxation profiles for GdBaCo;Os.s.
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Fig. 10. Temperature dependence of chemical diffusion coefficient and surface
exchange coefficient in GdBaCo;0s.s.

the activation energy values are similar. This difference may be due
to the high temperature phase transition and is under further inves-
tigation. Nevertheless, GBCO may be taken as the fast oxygen ion
conductor based on the above chemical diffusivity data at these
temperature. The D and « values are best fitted by the following
two equations:

D(ecm?s™ 1) =1.88 x 1072 exp (—M) (6)
kT
k(cms™1) =1.37 x 10%exp (7$) (7)

The kinetic values of D and « are 1.75x10-5cm?s~! and
53x10"%cms~! at 1273K, respectively. The surface exchange
kinetics are of an order of magnitude faster than bulk diffusion.

4. Conclusions

Layered perovskite GBCO powders have been prepared by a
conventional solid-state reaction method and their transport prop-
erties have been measured as a function of: (a) OPP over the
range of 10~4 <p0,(atm)<0.21 and (b) temperature over the
range of 1073 <T(K)<1323. Below 1173 K, the average thermal
expansion coefficient is about 13 x 10~6 K-1. The total conductivity
increases with increasing temperature below the low-temperature

order-disorder transition, thereby indicating semiconductor-type
behavior with an activation energy of 0.42eV. The maximum
oxygen permeation flux is 0.03 cm® min~! cm~2 under an air/N,
condition for the 1.14-mm thick GBCO specimen, and the maximum
oxygen ion conductivity is around 0.01Scm~! under nitrogen,
which strongly supports the potential for cathode application. The
oxygen exponent m, Ojo, :sz, is assigned a value of —2/3 at

1173 K. The chemical diffusion coefficient (D) and surface exchange
coefficient (k) values are best fitted by the following two equations:

D(ecm?s1)=1.88 x 102 exp (—%) ,
k(cms 1) =1.37 x 10%exp (—%)
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