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The performance of PrBaCo2O5+ı + Sm0.2Ce0.8O1.9 (PrBC + SDC) composites as electrodes of intermediate-
temperature solid oxide fuel cells is investigated. The effects of SDC content on the performance and
properties of the electrodes, including thermal expansion, DC conductivity, oxygen desorption, area spe-
cific resistance (ASR) and cathodic overpotential are evaluated. The thermal expansion coefficient and
electrical conductivity of the electrode decreases with an increase in SDC content. However, the electri-
cal conductivity of a composite electrode containing 50 wt% SDC reaches 150 S cm−1 at 600 ◦C. Among
olid oxide fuel cells
lectrochemical impedance spectroscopy
omposite cathode
raseodymium barium cobalt oxide
ayered perovskite

the various electrodes under investigation, an electrode containing 30 wt% SDC exhibits superior elec-
trochemical performance. A peak power density of approximately 1150 and 573 mW cm−2 is reached
at 650 and 550 ◦C, respectively, for an anode-supported thin-film SDC electrolyte cell with the optimal
composite electrode. The improved performance of a composite electrode containing 70 wt% PrBC and
30 wt% SDC is attributed to a reduction in the diffusion path of oxygen-ions within the electrode, which

nsion
is a result of a three-dime
in PrBC.

. Introduction

Solid oxide fuel cells (SOFCs) are high-temperature electro-
hemical devices that can convert chemical energy to electrical
ower with high efficiency and low emissions. SOFC single cells are
ypically composed of a cathode, an anode and an electrolyte, where
xygen reduction reactions occur at the cathode. La0.8Sr0.2MnO3
LSM) is a state-of-the-art cathode material for high-temperature
OFCs [1,2], which performs well at temperatures between 750
nd 1000 ◦C; the higher temperatures represent the cathode-
nd electrolyte-supported cells, the lower the anode-supported
nes. It is well accepted that the reduction in operating temper-
tures to the low-to-intermediate temperature range (500–750 ◦C)
ould greatly accelerate the wide application of this attractive
ew technology [3–6]. However, a reduced operating temperature

ntroduces new challenges for the electrodes, electrolytes and fuels.
elow 650 ◦C the SOFC can be operated only either with hydrogen

r with another gas but not the typical ones such as natural gas due
o carbon deposition.

The active sites for oxygen reduction reaction over a pure elec-
ronic conducting electrode are typically located around the triple
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al oxygen-ion diffusion path in SDC and a one-dimensional diffusion path

© 2010 Elsevier B.V. All rights reserved.

phase boundary (TPB) regions, where the electrolyte, electrode and
gas phase meet [7]. Introduction of an ionic conducting path into
the electrode is an effective way to increase TPB length and improve
cathode performance. An ionic conducting path can be created by
introducing a second phase with high ionic conductivity to form
a composite electrode [8–11]. Alternatively, an ionic conducting
path can be produced by tailoring the composition of single-phase
electrodes to introduce oxygen vacancies into the lattice [12,13].
Many mixed oxygen-ionic and electronic conducting oxides have
been developed and investigated as potential cathode materials of
intermediate temperature (IT) SOFCs [14–18].

Over the past several years, LnBaCo2O5+ı has become one of the
most desirable types of single-phase cathode materials for interme-
diate temperature (IT) SOFCs [19–25]. These oxides possess a lattice
structure related to perovskite, where ordered A-site cations (Ln3+

and Ba2+) and oxygen vacancies are localized into layers. The ideal
structure of these compounds can be represented by the stacking
sequence |LnOı|CoO2|BaO|CoO2, which is based on the structure of
cubic perovskite. The transformation of a simple cubic perovskite
with randomly occupied A sites into a layered crystallite with alter-
nating lanthanide and alkaline-earth planes reduces the strength

of oxygen bonding and provides disordered free channels for ionic
motion. Therefore, the oxygen in LnOı and BaO layers displays high
diffusivity, and electron transport in CoO2 layers is facile. As a result,
selected materials display both high ionic and electronic conduc-
tivity. Furthermore, these materials may also show high surface

dx.doi.org/10.1016/j.jpowsour.2010.05.018
http://www.sciencedirect.com/science/journal/03787753
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xchange kinetics at a reduced temperature [26,27]. Recent investi-
ations from different groups have demonstrated that LnBaCo2O5+ı

athodes perform well in IT-SOFCs [19–25].
Among the various LnBaCo2O5+ı oxides, PrBC has received
considerable amount of attention due to its high surface

xchange kinetics and bulk diffusion rate [26,28–34]. Recently,
e applied a PrBC cathode in reduced temperature SOFCs with

n oxygen-ion-conducting samaria-doped ceria electrolyte or a
roton-conducting electrolyte [28–31]. A peak power density
PPD) as high as 620 mW cm−2 with an anode-supported thin-film
DC electrolyte fuel cell and a PrBC cathode and an interfacial
olarization resistance as low as 0.4 � cm2 based on symmet-
ic two-electrode cells were achieved at 600 ◦C [28]. The high
hermal expansion coefficient (TEC) of PrBC is a significant lim-
tation and is common in cobalt-based perovskite oxides. A
econd ion-conducting phase composed of the same material as
he electrolyte has been added to electrode materials such as
SM, La0.6Sr0.4Co0.2Fe0.8O3-ı (LSCF) and Sm0.5Sr0.5CoO3−ı (SSC) to
roduce a composite electrode that is thermo-mechanically com-
atible with the electrolyte. Typically, the introduction of a proper
mount of a highly conductive second phase to an electrode with
oor ionic conductivity significantly increases electrode perfor-
ance. However, the effect of composite formation on the electrode

erformance of PrBC cathodes is controversial. For example, Zhu
t al. reported a significant improvement in electrode perfor-
ance by introducing a proper amount of SDC as second phase

33], while Zhou et al. reported a slight increase in cathodic ASR
ased on a symmetrical cell test [34]. Thus, further investigation
f the performance of PrBC + SDC composite electrodes is neces-
ary.

In this study, PrBC was synthesized and investigated as a cath-
de in IT-SOFCs containing an SDC electrolyte. SDC was introduced
s the second phase to form a composite electrode with PrBC by
conventional mechanical mixing technique. The effect of weight

atio of SDC on the thermal expansion behavior and electrode per-
ormance was systematically investigated and an explanation for
mproved electrode performance was proposed.

. Experimental

.1. Synthesis and fabrication

PrBC and SDC oxide powders were prepared by a combined
DTA-citrate complexing sol–gel process. A detailed procedure for
he preparation of PrBC and SDC was reported in a previous publi-
ation [35]. Composite oxides of PrBC + SDC were prepared by high
nergy ball milling (Pulverisette 6) of PrBC (calcined at 950 ◦C) and
DC powder (calcined at 850 ◦C) in ethanol liquid media for half an
our.

SDC electrolytes for symmetric cell and three-electrode cell
abrication were prepared by dry pressing and high-temperature
intering (1450 ◦C). To prepare two-electrode symmetric cells,
athode materials were dispersed into a solution of EG, ethanol
nd isopropyl alcohol. The resultant slurry was symmetrically
eposited onto both surfaces of the electrolyte by an air-drive spray
echnique and was fired at 1000 ◦C in air for 2 h. To prepare three-
lectrode cells, a slurry of the composite cathode was deposited on
ne side of a SDC electrolyte with an area of 0.26 cm2 and was fired
t 1000 ◦C in air for 2 h. The resultant electrode was used as a work-
ng electrode (WE) in a three-electrode cell. To obtain the counter

lectrode (CE), a Pt electrode with the same shape as the WE was
eposited on the other side of the SDC electrolyte and was fired at
00 ◦C in air for 30 min. To obtain the reference electrode (RE), a
ilver electrode was encircled around the CE, maintaining a 4 mm
ap.
urces 195 (2010) 7187–7195

Anode-supported dual-layer cells with a thin-film SDC elec-
trolyte were fabricated via dual dry pressing [28]. A green anode
pellet was obtained by pressing pre-mixed NiO and SDC powder at
a 60:40 weight ratio with a 15-mm stainless steel die. To form a
dual-layer pellet, a specific amount of SDC powder was dispersed
homogeneously over the open surface of the green anode pellet and
was pressed with the aforementioned die. The resultant dual-layer
pellets were sintered at 1450 ◦C for 5 h in air. A suspension of cath-
ode material was spray-deposited over the electrolyte surface and
was fired at 1000 ◦C in air for 2 h to form complete cells with an
effective cathode geometric surface area of 0.48 cm2.

2.2. Basic characterization

Rectangular-shaped bars with dimensions of
2 mm × 5 mm × 12 mm were sintered at 1100 ◦C for 5 h in air
and were used for TEC and electrical conductivity measurements.
TECs of sintered samples were measured using a Netzsch DIL 402C
dilatometer at temperatures between 30 and 900 ◦C at a heating
rate of 5 ◦C min−1 in air. Electrical conductivity was measured
according to a four-probe DC method. Two silver wires were used
as current leads, while a second set of silver wires were attached
to the electrodes and used as voltage probes. A constant current
was created between the two current wires, and the voltage was
recorded by a Keithley 2420 source meter. The data acquisition
and instrument control were performed by Labview (National
instrument) software. Measurements were performed between
900 and 300 ◦C at 10 ◦C decrements, where a cooling rate of
5 ◦C min−1 was employed. At each temperature, sufficient time
was allowed for the conductivity stabilization. Conductivity was
calculated by the following relationship:

� = 1
R

× l

S
(1)

where l, S and R represent the length, cross-sectional area and DC
resistance, respectively.

In oxygen temperature-programmed desorption (O2-TPD)
experiments, 0.15 g of powdered sample with a mesh size of 40–60
was placed into a U-type quartz reactor with an inner diameter
of 3 mm. High-purity helium (>99.999%) was fed into the reac-
tor at a rate of 15 ml min−1 (STP). After circulating helium gas at
room temperature for half an hour to remove any weakly adsorbed
species, the reactor was heated to a final temperature of 930 ◦C
at a rate of 10 ◦C min−1. During the heating process, helium trans-
ported oxygen molecules, which released from the oxide lattice, to
a mass spectrometer (Hiden, QIC-20) for on-line oxygen concen-
tration analysis.

2.3. Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was performed
with a Solartron 1260 frequency response analyzer and a Solartron
1287 potentiostat. Impedance measurements were conducted
between 10−1 and 105 Hz, where an ac signal amplitude of 10 mV
and zero dc bias were applied. The area specific resistance of
the electrode was determined from EIS. The oxygen partial pres-
sure of the atmosphere during EIS measurements was controlled
at 0.04–1 atm by mixing O2 and N2 with mass flow controllers.
The overall impedance data were collected with ZPlot 2.9c soft-
ware program and fitted by a complex non-linear least squares

(CNLS) fitting program within ZView 2.9. Cathodic overpotential
was measured using a Solartron 1287 potentiostat/galvanostat and
Corrware 2.9 c software. The IR drop, originating from the elec-
trolyte and lead/contact resistances, was combined with EIS data
to establish IR-free I/E data.
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Fig. 2. Temperature dependence of DC conductivities for PrBC and PrBC + SDC com-
posites with various amounts of SDC between 300–900 ◦C in air.
ig. 1. Thermal expansion curves of SDC, PrBC, 80 wt% PrBC + 20 wt% SDC, and
0 wt% PrBC + 50 wt% SDC composites at 30–900 ◦C in air, with a heating rate of
◦C min−1.

.4. I–V polarization test

The performance of composite cathodes was evaluated in com-
lete cells at an in-lab SOFC test station. To obtain a fuel cell reactor,
he cell was attached to one end of a quartz tube with the anode
nside by using silver for sealing. Humidified hydrogen was fed into
he anode at a flow rate of 80 ml min−1, while oxygen in ambient
ir was fed to the cathode. A thermocouple was positioned near the
urface of the cathode to monitor and control the temperature. I–V
olarization tests were based on a four lead configuration and were
easured with a digital source meter (Keithley 2420).

. Results

.1. Thermal expansion coefficient

Fig. 1 shows the thermal expansion curves of SDC, pure PrBC,
0 wt% PrBC + 20 wt% SDC and 50 wt% PrBC + 50 wt% SDC compos-

tes at 30–900 ◦C in air atmosphere and a heating rate of 5 ◦C min−1.
ll thermal expansion curves showed a gradual increase in dL/L0
ith an increase in temperature. In a single-phase SDC pellet, linear

hermal expansion curves were observed over the entire temper-
ture range (30–900 ◦C). However, the thermal expansion curves
f PrBC revealed an obvious change in slope around 300 ◦C. Similar
esults were also observed for 80 wt% PrBC + 20 wt% SDC compos-
tes, while a change in slope was less obvious in curves derived from
0 wt% PrBC + 50 wt% SDC composites.

The average TEC of each sample was derived from ther-
al expansion data. Results indicated that the TEC of SDC was

2.0 × 10−6 K−1 between 30 and 900 ◦C, which is similar to the
EC reported by Pikalova et al. (12.3 × 10−6 K−1) [36]. Pure PrBC
ossessed a TEC of 23.8 × 10−6 K−1 between 30 and 900 ◦C, which

s similar to the results of Zhou et al., who reported a TEC of
1.5 × 10−6 K−1 [34]. A high TEC is frequently observed for cobalt-
ich perovskite oxides such as Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) [37]
nd SSC [38].

Compared to pure PrBC, the introduction of SDC into PrBC led
o a decrease in TEC. Specifically, higher amounts of SDC caused a
ecrease in the TEC, while a TEC of 21.3 and 17.9 × 10−6 K−1 was
bserved for 80 wt% PrBC + 20 wt% SDC and 50 wt% PrBC + 50 wt%
DC composites, respectively. Furthermore, the TEC of composite

lectrodes were fitted to the following equation:

ECComposite (y%A+(1−y%)B) = y%TECA + (1 − y%)TECB (2)

here y, A and B denote the volume fraction, PrBC and SDC, respec-
ively.
3.2. DC conductivity

For practical applications, the electrode materials should
possess sufficient electrical conductivity to ensure efficient cur-
rent collection and to minimize contact resistance, especially
under a high polarization current density. Fig. 2a shows the DC
conductivity of PrBC and various PrBC + SDC composites with
various amounts of SDC between 300 and 900 ◦C. The total
conductivity of pure PrBC was between 1065 S cm−1 (900 ◦C)
and 320 S cm−1 (300 ◦C), which is comparable to the results
reported in the literature [34]. A linear decrease in con-
ductivity with a decrease in temperature was also observed,
suggesting that PrBC displays conduction behavior similar to met-
als.

By introducing SDC as a second phase, a drop in electrical con-
ductivity was observed, where higher amounts of SDC resulted
in a decrease in conductivity. For example, the total conductiv-
ity at 600 ◦C was 590, 454, 377, 312, 248 and 152 S cm−1 for PrBC
and PrBC + SDC composites containing 90, 80, 70, 60 and 50 wt%
SDC, respectively. However, even 50 wt% PrBC + 50 wt% PrBC com-
posites displayed high conductivity, which reached approximately
200 S cm−1 at 300 ◦C and 90 S cm−1 at 900 ◦C, as shown in Fig. 2a.
Moreover, the effect of temperature on electrical conductivity was
less prominent with an increase in SDC content. In Fig. 2b, elec-
trical conductivity data are presented as a plot of log(�T) vs.
1000/T. The results clearly indicate a change in the temperature

dependence of electrical conductivity with an increase in SDC con-
tent.
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ig. 3. O2-TPD profiles of PrBC (a), 90 wt% PrBC + 10 wt% SDC (b), 80 wt%
rBC + 20 wt% SDC (c), 70 wt% PrBC + 30 wt% SDC (d), 60 wt% PrBC + 40 wt% SDC (e),
0 wt% PrBC + 50 wt% SDC (f) and SDC (g), calcined at 1100 ◦C for 5 h.

.3. O2-TPD

O2-TPD is a facile and effective technique for the analysis of bulk
xygen mobility and surface oxygen activity of the oxide. In a typ-
cal O2-TPD experiment, the sample is programmatically heated in
flowing inert atmosphere, resulting in the thermal reduction of

obalt in the oxide lattice and a subsequent release of oxygen. The
elease of oxygen from the oxide involves both bulk diffusion and
urface reactions. The shape of the O2-TPD profile is closely related
o the bulk and surface properties of the oxide. Fig. 3 shows the
2-TPD profiles of PrBC and PrBC + SDC composites with various
mounts of SDC, calcined at 1100 ◦C for 5 h. All peaks were normal-
zed based on the amount of PrBC in the composite. For comparison,
he O2-TPD profile of SDC is also presented, where the dissociation
f oxygen from SDC was not observed because cobalt oxides are
ot present in SDC. In pure PrBC oxide, oxygen was released in two
emperature zones, where the first dissociation began at 300 ◦C and
nded at approximately 500 ◦C, while the second release began at
00 ◦C. These two peaks were identified as the � peak and � peak,
espectively. A progressive change in the shape of the � peak and

peak was observed with an increase in SDC content.
.4. Symmetric two-electrode measurement

Fig. 4 shows EIS data of PrBC and PrBC + SDC composites at 600 ◦C
n air under open circuit voltage (OCV) conditions. For a more clear

ig. 4. Typical EIS of PrBC and PrBC + SDC composites at 600 ◦C in air under open
ircuit conditions.
urces 195 (2010) 7187–7195

comparison, the ohmic resistance of cells was eliminated in the
EIS. The difference between the axis intercepts of the EIS plot can
be considered the electrode polarization resistance (Rp). EIS plots
clearly indicate that the SDC content had a significant effect on the
electrode polarization resistance of the electrodes, where the calcu-
lated values are shown in Fig. 4. The Rp decreased with an increase
in SDC content, reached a minimum at a SDC content of 30% and
increased sharply with a further increase in SDC. The polarization
resistances were 0.386, 0.362, 0.271, 0.252, 0.365 and 0.561 � cm2

for PrBC and PrBC + SDC composites containing 0, 10, 20, 30, 40 and
50 wt% SDC, respectively.

Fig. 5 shows the EIS of various PrBC + SDC composite elec-
trodes at 600 ◦C under selected atmospheres, where the pO2 varied
from 0.04 to 1 atm. As shown in Fig. 5f, the equivalent circuit
L–Rohm–(RE1–CPE1)–(RE2–CPE2) was adopted to fit EIS data. L cor-
responded to the high-frequency induction tail caused by the
device and leads, Rohm was the ohmic resistance of the cell and
(RE1–CPE1) and (RE2–CPE2) corresponded to the high and low arcs,
respectively. The solid lines in Fig. 5 are the fitted curves by using
the aforementioned equivalent circuit, while the points indicate
experimental data. The impedance data and fitted curves were in
good agreement, which suggests that the equivalent circuit is an
appropriate approximation for both single-phase and composite
cathodes.

Fig. 6 presents the RE1 and RE2 of PrBC and the various PrBC + SDC
composite electrodes, derived from Fig. 5, as a function of the
oxygen partial pressure at 600 ◦C in Arrhenius plots. The results
indicate that the slope of ln(1/RE1) vs. ln(pO2) was between 0.18 and
0.20, while the slope of ln(1/RE2) and ln(pO2) was between 0.33 and
0.40 for PrBC and PrBC + SDC electrodes. In general, each elemental
process displays a unique dependence on the pO2, where a value of
0.25 usually corresponds to a charge transfer process and a value of
0.5 corresponds to surface diffusion [39]. Based on the aforemen-
tioned results and previous observations of PrBC electrodes [28],
the high-frequency arc was likely associated with charge transfer
processes, while the low frequency arc was associated with surface
diffusion. As shown in Fig. 2, PrBC is highly conductive; thus, RE1
was less likely due to electron charge transfer process while RE1
may be a result of oxygen-ion charge transfer process.

The results shown in Fig. 7 analyzed to determine the effect of
SDC content on the RE1 and RE2 of PrBC + SDC composite electrodes.
In general, RE1 decreased monotonously with an increase in SDC
content. As to RE2, it decreased slightly with an increase in SDC
amount at low SDC content until it reached 20–30 wt%, then the
RE2 increased sharply with the further increase in SDC content. A
similar trend was observed at all investigated oxygen partial pres-
sures. Clearly, the best performance achieved for the PrBC + SDC
composite electrode containing 30 wt% SDC is due to both small
RE1 and RE2, while the large Rp at high SDC content is mainly due to
the sharp increase in RE2.

3.5. Three-electrode measurement

Cathodic overpotential is an important component of electrode
performance. To further investigate the effect of SDC content on
electrode performance, three-electrode cells were constructed and
cathodic polarization analysis was performed on PrBC + SDC com-
posite electrodes. Fig. 8 presents the IR-corrected Tafel plots of
PrBC + SDC composite electrodes with various amounts of SDC at
600 ◦C in air. The cathodic overpotential decreased with an increase
in SDC and reached a minimum at 30 wt% SDC. A further increase

in SDC content caused an increase in the cathodic overpotential. A
similar trend was observed in the symmetric cell test. At an overpo-
tential of −0.15 V, the current density was approximately 198, 344,
430, 174 and 110 mA cm−2 for PrBC + SDC composite electrodes
with a SDC content of 10, 20, 30, 40 and 50 wt%, respectively.
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Fig. 5. Nyquist plots of EIS data obtained from symmetrical two-electrode cells measured under open circuit voltage conditions with oxygen partial pressure from 0.04 to
1 atm at 600 ◦C. Cells contained composite electrodes with 90 wt% PrBC + 10 wt% SDC (a), 80 wt% PrBC + 20 wt% SDC (b), 70 wt% PrBC + 30 wt% SDC (c), 60 wt% PrBC + 40 wt%
SDC (d) and 50 wt% PrBC + 50 wt% SDC (e). Equivalent circuits (f) adopted for fitting EIS data.



7192 D. Chen et al. / Journal of Power Sources 195 (2010) 7187–7195

F
a

i
t

i

I
i
i

L

w
c
c

˛

w
r
r
t

1
3
i

600 ◦C. A PPD and 0.7PD of 620 and 400 mW cm−2 was achieved
with a pure PrBC cathode. The PPD and 0.7PD increased progres-
sively with an increase in SDC content until the concentration of
SDC reached 30 wt%. The cell containing a composite cathode com-
ig. 6. Arrhenius plots of RE1 and RE2 from PrBC and PrBC + SDC composite electrodes
s a function of oxygen partial pressure at 600 ◦C.

The exchange current density, i0, is a direct reflection of the
ntrinsic electrocatalytic activity and was calculated according to
he Bulter–Volmer equation:

= i0

[
exp

(
˛aF�

RT

)
− exp

(−˛cF�

RT

)]
(3)

n high field overpotential, the anodic reaction can be ignored and
0 can be obtained from the y-intercept of a plot of log i vs. �. Thus,
0 was calculated according to the following equation:

og i = Log i0 − ˛cnF

2.303RT
� (4)

here � is the cathodic overpotential and ˛c is the cathodic coeffi-
ient, n is the total number of transferred electrons, F is the Faraday
onstant, R is the gas constant and T is the absolute temperature.

The cathodic coefficient can be calculated by:

c = �

� + rˇ
here �, r and ˇ are the number of electrons transferred before the
ate limiting step, the number of electrons transferred during the
ate limiting step, and the symmetry coefficient (typically assumed
o be 0.5), respectively.

The i0 of PrBC + SDC composite electrodes with a SDC content of
0, 20, 30, 40 and 50 wt% was approximately 65, 114, 200, 55 and
5 mA cm−2, respectively. Again, the composite electrode contain-

ng 30 wt% SDC showed the highest exchange current density.
Fig. 7. Effect of SDC content on RE1 and RE2 of PrBC + SDC composite electrodes.

3.6. Single cell performance

The electrochemical performance of the various electrodes was
further investigated in a complete cell. Anode-supported cells
with a Ni + SDC anode, a thin-film SDC electrolyte (approximately
25 �m) and PrBC + SDC cathodes were fabricated. Fig. 9 shows the
peak power densities (PPD), power densities at 0.7 V (0.7PD) and
shorted current densities (SCD) of cells with different cathodes at
Fig. 8. IR-corrected Tafel plots of PrBC + SDC composite electrodes with various
amounts of SDC at 600 ◦C in air.
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ig. 9. Peak power densities, power densities at 0.7 V and shorted current densities
f cells with different PrBC + SDC composite electrodes at 600 ◦C.

osed of 70 wt% PrBC + 30 wt% SDC delivered a PPD of 875 mW cm−2

t 600 ◦C, which is comparable to a similar cell with a BSCF electrode
5]. However, a composite electrode with a greater SDC content led
o decreased cell performance. For example, the PPD and 0.7PD of
fuel cell with a 50 wt% PrBC + 50 wt% SDC composite cathode was
nly 425 and 197 mW cm−2, which is even lower than a cell with
pure PrBC cathode. Except for the composition of the cathode, all

ell materials and fabrication processes were identical in each cell;
hus, significant differences in cell performance were due to the

erformance of the cathode. The observed trend in single cell per-
ormance matched the electrochemical performance of PrBC + SDC
omposite electrodes in a symmetric cell test and three-electrode
verpotential test.

ig. 10. I–V and I–P curves of a cell with 70 wt% PrBC + 30 wt% SDC composite cath-
de at various temperatures (a) and the corresponding cell impedance of a single
ell measured at OCV conditions (b).
rces 195 (2010) 7187–7195 7193

Fig. 10 shows the I–V and I–P curves of the cell containing
a 70 wt% PrBC + 30 wt% SDC cathode at various temperatures. A
PPD of 1150 mW cm−2 was achieved at 650 ◦C. The correspond-
ing cell impedance of the single cell at OCV conditions is shown
in Fig. 10b. At 650 ◦C, the ohmic resistance of the cell was approxi-
mately 0.1 � cm2, while the electrode polarization resistance of the
cell was 0.05 � cm2. At 550 ◦C, the electrode polarization resistance
(0.16 � cm2) was still lower than the ohmic resistance of the cell
(0.215 � cm2). The electrode polarization resistance began to play
a dominant role in total cell resistance at 450 ◦C.

4. Discussion

4.1. Thermal expansion behavior

The thermal expansion of oxygen deficient perovskites can be
contributed to two phenomena; actual thermal expansion created
by atomic vibration of the lattice or chemical expansion associated
with a change in valence and spin state of the cations. In connection
with O2-TPD results in Fig. 3, thermal expansion at temperatures
less than 300 ◦C (before the change in slope) was caused by atomic
vibrations of the lattice. The dramatic increase in thermal expan-
sion after the change in slope was a result of chemical expansion
due to the generation of oxygen vacancies and changes in the spin
or/and oxidation state of B-site cations (cobalt).

It has been reported that a physical mixture of two compounds
with different TECs results in a composite TEC that is a volumetric
average of the constituent materials [40]. However, phase reactions
between components may alter thermal expansion behavior [41].
Previously, we demonstrated that a phase reaction between PrBC
and SDC does not occur at temperatures up to 1100 ◦C [28]. Further-
more, the TEC of composites was equal to the volumetric average
of PrBC and SDC, which further supported a lack of phase reactions
between PrBC and SDC in the composites. Thus, an increase in SDC
content results in a reduced TEC and produces an electrode that is
thermo-mechanically compatible with a SDC electrolyte.

4.2. Electrode performance

The introduction of a highly ionic conductive second phase
and subsequent formation of a composite electrode is frequently
conducted to improve electrode performance at reduced temper-
atures. For example, the introduction of YSZ or GDC to LSM to
obtain LSM + YSZ/GDC composites can significantly increase elec-
trode performance between 650 and 850 ◦C as compared to pure
LSM [8,42]. It is believed that the creation of ionic diffusion paths
within the bulk of the electrode is the main cause for such obvi-
ous improvement in electrode performance. The creation of ionic
conduction paths within the interior of the electrode extends the
active sites of oxygen reduction from the traditional TPB region to
the entire exposed surface of the cathode. This theory also explains
the improved performance of LSCF + SDC and SSC + SDC compos-
ite cathodes compared to pure LSCF or SSC electrodes at reduced
temperatures. It is well known that LSCF and SSC are mixed con-
ductors and possess considerable ionic conductivity at elevated
temperatures. However, at temperatures lower than 650 ◦C, the
ionic conductivity of LSCF and SSC is negligible. The introduction
of a second phase containing SDC, which has a reported ionic con-
ductivity of approximately 10−2 S cm−1 at 600 ◦C, can effectively
increase the apparent conductivity of the electrode and improve

cell performance.

GdBaCo2O5+ı (GdBC) has an ionic conductivity of 10−2 S cm−1

at 500 ◦C [27], which is comparable to SDC at 600 ◦C. Moreover,
greater bulk diffusion is observed in PrBC than GdBC [26], which
indicates that PrBC has a higher ionic conductivity than SDC at
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ig. 11. Schematic shows of oxygen-ion diffusion paths in a pure PrBC cathode (a)
nd a PrBC + SDC composite cathode (b).

ntermediate-to-low temperatures. The enhanced performance of
rBC + SDC composite electrodes cannot be fully explained by the
reation formation of ionic conduction paths. Indeed, we previ-
usly demonstrated that the performance of BSCF + SDC composite
lectrodes was not significantly improved compared to pure BSCF
lectrodes because pure BSCF is a good ionic conductor at reduced
emperatures [43].

LnBaCo2O5+ı double perovskite oxides are one-dimensional
aterials with respect to oxygen diffusion, where fast oxygen

iffusion channels exist only in the LnOı planes. Alternatively,
he oxygen diffusion rate perpendicular to LnOı planes is negli-
ible [27,44,45]. Under the experimental conditions, LnBaCo2O5+ı

as polycrystalline and was composed of many small crystals
n a random orientation. The polycrystalline structure and one-
imensional oxygen diffusion characteristics of PrBC could result in
tortuous path for oxygen diffusion. Therefore, the apparent ionic

onductivity of polycrystalline LnBaCo2O5+ı cathodes may be sig-
ificantly lower than the conductivity of the single crystal. Indeed,
e demonstrated that a ceramic membrane composed of poly-

rystalline PrBC displayed a lower oxygen permeation flux than a
SCF membrane, which possesses a cubic perovskite structure and
hree-dimensional oxygen diffusion paths [31]. As shown in Fig. 5,
he large RE1 of polycrystalline PrBC electrodes clearly supported a
elatively low apparent ionic conductivity.

Based on the above analysis, the improved performance of
rBC + SDC composites can be explained by the mechanism shown
n Fig. 11. In a pure PrBC electrode, due to its polycrystalline struc-
ure, the oxygen diffusion path is very tortuous (Fig. 11a). As a
esult, porous polycrystalline PrBC electrodes possess relatively
ow oxygen conductivity, and the effective thickness of the active
rBC layer for oxygen reduction is relatively thin. Due to the rela-
ively low ionic conductivity and high surface exchange kinetics of
rBC, the electrode polarization resistance of polycrystalline PrBC
lectrodes was contributed to oxygen-ion charge transfer processes
nd resulted in a RE1 that was greater than RE2. As shown in Fig. 11b,
he introduction of an ionic conducting phase allowed SDC par-
icles to connect PrBC grains, which shortened the path for ionic
iffusion and extended the effective thickness of the active layer

f the electrode for oxygen reduction. Thus, the introduction of a
mall amount of SDC (10–30 wt%) reduced RE1 and RE2; however,
he reduction in RE1 was greater than the reduction in RE2. Clearly,
n increase in SDC decreased the tortuosity of the oxygen diffusion

[
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path and caused a monotonous decrease in the RE1 associated with
the charge transfer process, as shown in Fig. 7.

The sharp increase in RE2 at SDC concentrations greater than
30 wt% may be explained by surface exchange kinetics. Although
the introduction of SDC increased the apparent conductivity of the
electrode, it also decreased the surface activity, as PrBC has much
higher surface exchange kinetics than SDC. At high concentrations
of SDC, a large area of the PrBC surface was likely covered by SDC,
blocking oxygen diffusion, which can also be directly observed in
O2-TPD curves in Fig. 3. As a result, the polarization resistance
associated with surface diffusion (RE2) increased sharply with an
increase in SDC concentration greater than 30 wt%.

5. Conclusions

The amount of SDC in PrBC + SDC composites has a significant
effect on the thermal expansion coefficient, total conductivity,
oxygen release rate, oxygen-ion conduction in the electrode and
oxygen diffusion at the surface of PrBC. The introduction of SDC
into PrBC reduced the TEC and electrical conductivity of the elec-
trodes. However, even at SDC concentrations as high as 50 wt%, the
total conductivity of the composite remained high, and the com-
posite electrodes could be successfully used as cathodes in SOFCs.
By adopting a 70 wt% PrBC + 30 wt% SDC composite electrode, a
low area specific resistance of only 0.25 � cm2 was achieved at
600 ◦C, which is smaller than the resistance of pure PrBC electrodes.
The improved performance of PrBC + SDC composite electrodes
is due to an increase in the apparent oxygen-ionic conductivity.
With an anode-supported thin-film electrolyte cell containing a
70 wt% PrBC + 30 wt% SDC composite electrode, a peak power den-
sity of 1150 and 573 mW cm−2 was successfully achieved at 650
and 550 ◦C, respectively. These exciting results indicate that PrBC-
based composite electrodes can be applied to reduced-temperature
SOFCs.
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