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a  b  s  t  r  a  c  t

Solution  impregnated  La0.8Sr0.2Co0.8Ni0.2O3 +  Gd-doped  CeO2 (LSCN  +  GDC)  cathodes  for  intermediate
temperature  solid  oxide  fuel  cells  (IT-SOFC)  are  prepared  and  their  electrochemical  properties  are
evaluated  and  compared  with  the  conventional  LSCN  cathodes.  The  results  indicate  that  the  cathode
performance  can  be  enhanced  by the presence  of the  nanosized  microstructure  produced  with  the  solu-
eywords:
olid oxide fuel cells
olution impregnation
lectrochemical impedance
olarization resistance

tion impregnation  method.  It is  determined  that  the  amount  of LSCN  loading  in  the  LSCN  +  GDC  composite
cathode  needs  to  be higher  than  35  wt%  in order  to  achieve  a performance  superior  to  that  of  the  con-
ventional  LSCN  cathode.  The  optimum  amount  of LSCN  loading  is  in  the  range  of  45–55  wt%  with an
activation  energy  near  1.32  eV for oxygen  reduction.  At  temperatures  between  600  and  750 ◦C,  the  polar-
ization  resistance  of  the  55  wt%  LSCN  loaded  LSCN  +  GDC  cathode  is  in the range  of  1.07  and  0.08  �  cm2,
which  is only  about  one  half  of  that  for  the conventional  cathode.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

As the operating temperature of solid oxide fuel cells is reduced
rom conventional high temperature range around 1000 ◦C to the
ntermediate temperature range between 600 and 800 ◦C, the state-
f-the-art cathode material, Sr-doped LaMnO3 (LSM), is facing
hallenges of high overpotential and low electrochemical activ-
ty [1].  Up to 60% of the cell voltage loss is attributable to the
olarization resistance associated with oxygen reduction reaction

n the cathode [2].  This problem has stimulated intensive studies on
lternative cathode materials, aiming to reduce the cathode polar-
zation loss in the intermediate temperature solid oxide fuel cells
IT-SOFCs). The most frequently investigated alternative cathode

aterials for IT-SOFCs are the mixed electron-oxygen ion conduct-
ng perovskite ceramics such as Sr-doped LaCoO3 and LaFeO3 [2,3].
hey possess excellent electrical and electrochemical properties
ith a thermal expansion coefficient (TEC) that is adjustable by

lement doping, and extends the oxygen reduction reaction away
rom the triple phase boundary in the cathode.
By integrating the good electrical property of Sr-doped LaCoO3
LSC) [4,5] and the high stability of Sr-doped LaFeO3 (LSF) [6,7],
a1−xSrxCo1−yFeyO3−ı (LSCF) has received extensive attention due

∗ Corresponding author. Tel.: +86 27 87558142; fax: +86 27 87558142.
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378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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to its sufficiently high mixed conductivity and suitably adjusted
TEC; and polarization resistances as low as 0.24 � cm2 can be
achieved by using La0.6Sr0.4Co0.2Fe0.8O3 as the cathode at 726 ◦C
[8]. Furthermore, it has been demonstrated that, with partial
substitution of Co by Ni in LSC, the mixed conductivity can be
further increased and a more favorable TEC match to the elec-
trolyte can be obtained at the same time [9],  which makes
La1−xSrxCo1−yNiyO3−ı a promising alternative cathode material for
IT-SOFCs. More recently, Chen et al. [10] has studied the chemical
compatibility, electrical conductivity, TEC and electrochemical per-
formance of La0.8Sr0.2Co0.8Ni0.2O3 (LSCN). It is found that the LSCN
reacts with Y2O3 doped ZrO2 (YSZ) electrolyte at temperatures
above 900 ◦C but is inert to Gd-doped CeO2 (GDC) electrolyte such
as Gd0.2Ce0.8O2; and it has a conductivity of 1243 S cm−1 at 800 ◦C
and an average TEC of 16.7 × 10−6 K−1 between 30 and 1000 ◦C.
Polarization resistances of 0.30 and 0.10 � cm2 at 700 and 750 ◦C
have been achieved with the porous LSCN cathode on the GDC inter-
faced YSZ. Hjalmarsson et al. [11,12] have also evaluated a variety
of La1−xSrxCo1−yNiyO3−ı; and even higher electrical conductivity
(over 1500 S cm−1 at 800 ◦C) and lower TEC (16.5 × 10−6 K−1) have
been reported.

In order to enhance the cathode performance and circumvent

thermal and chemical incompatibility between cathode and elec-
trolyte materials, impregnation or infiltration technique, instead
of the conventional method involving high temperature sinter-
ing, is extensively employed for preparation of the composite

dx.doi.org/10.1016/j.jpowsour.2011.07.055
http://www.sciencedirect.com/science/journal/03787753
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Fig. 1. SEM micrographs of the porous GDC structure and LSCN cathodes: (a) GD

athodes that consist of mixed conducting perovskite and elec-
rolyte [13–16].  The impregnated LSM–YSZ [17–20] and LSCF–YSZ
ano composite cathodes [21,22] have demonstrated higher
han usual performance. In the present study, the impregnated
SCN + GDC composite cathodes with various LSCN loadings are
valuated and compared with that prepared by the conventional
ethod.

. Experimental

A 0.5 mol  L−1 solution for LSCN impregnation was prepared
y dissolving stoichiometric amounts of La(NO3)36H2O, Sr(NO3)3,
o(NO3)26H2O and Ni(NO3)26H2O into distilled water. A part of the
bove solution, with addition of glucose and acrylamide (99.9%,
inopharm Chemical Reagent Co. Ltd) as the fuel and dispersant
10], was dried in an oven at 180 ◦C for 10 h and calcined at 800 ◦C for

 h to obtain LSCN powder for fabrication of the conventional cath-
de. The GDC (Gd0.2Ce0.8O2) powder, which was used for making
he buffer layer between the LSCN and YSZ (TZ-8Y, Tosoh, Japan),
as synthesized by the same method as that used for making the

SCN powder but at a higher calcining temperature of 900 ◦C. Dense
SZ electrolyte disks with a dimension of �20 × 1.2 mm  were pre-
ared by sintering the die-pressed YSZ green disks at 1500 ◦C for

 h in air. The phase formation of the LSCN and GDC was  confirmed
n the previous study [10].

For preparation of the half cell with impregnated LSCN + GDC

athode, the GDC slurry was  screen printed onto the YSZ electrolyte
ubstrate and sintered in air at 1200 ◦C for 2 h to form a porous GDC,
nto which the prepared LSCN solution was impregnated. The LSCN-
mpregnated GDC was then dried and sintered at 750 ◦C in air for
ffold; (b) 35 wt% LSCN loaded; (c) 55 wt% LSCN loaded; (d) screen-printed LSCN.

2  h. The LSCN loading in the cathode was  increased by repeating
impregnation/drying cycles. For preparation of the half cell with
conventional LSCN cathode, a GDC interlayer was slurry printed on
the dense YSZ electrolyte substrate and sintered at 1250 ◦C in air for
2 h to form the buffer, on which the LSCN slurry was  screen printed
and sintered at 1000 ◦C in air for 2 h. All the cathodes prepared have
a thickness in the range of 8–10 �m and an active area of 0.5 cm2.

In order to electrochemically evaluate the prepared cathodes, a
Pt paste was  painted symmetrically on the opposite side of the YSZ
electrolyte as the counter and reference electrodes. The distance
between the circular-shape counter electrode and the ring refer-
ence electrode was 4 mm (3 times larger than the thickness of the
electrolyte), avoiding the possible interference of electrical field on
the electrochemical measurement [23]. Using an impedance/gain
phase analyzer (Solartron 1260) and an electrochemical interface
analyzer (Solartron 1287), the electrochemical impedance of the
half cell was measured in static air in a frequency range of 0.1 Hz
to 100 kHz with 10 mV  signal amplitude in the temperature range
of 600–750 ◦C at open circuit. A cathodic current of 200 mA  cm−2

was applied for different periods of time to characterize the cathode
stability. The electrode interface resistance (RE) was  determined by
the difference between the low- and high-frequency intercepts on
the real impedance axis.

3. Results and discussion
Fig. 1 shows the cross-sectional views of the porous GDC layer,
the LSCN impregnated and conventional LSCN cathodes. The porous
GDC was well sintered at 1200 ◦C in air for 2 h, forming a three-
dimensional rigid network with a porosity of ∼45% (Fig. 1a). With
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Fig. 2. Electrochemical impedance spectra of LSCN + GDC cathodes with various
LSCN loadings measured in air at open circuit, in comparison with that of the con-
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Fig. 3. Temperature dependence of RE for LSCN + GDC cathodes with various LSCN
entional LSCN cathode, at (a) 600 ◦C, (b) 650 ◦C, (c) 700 ◦C and (d) 750 ◦C.

epeated impregnation of the LSCN solution, the amount of LSCN
oading in the porous GDC scaffold, which is defined by the weight
atio of LSCN to GDC, was increased gradually, as typically seen in
ig. 1b and c for loadings of 35 wt% (impregnated twice) and 55 wt%
impregnated three times), respectively. The impregnated LSCN
articles, averagely smaller than 60 nm,  were well connected and
niformly distributed on the GDC backbone. The cross-sectional
iew of the conventional screen printed LSCN cathode is shown in
ig. 1d for comparison.

Fig. 2 illustrates the electrochemical impedance spectra of oxy-
en reduction in the cathodes measured under the condition of
pen circuit at various temperatures between 600 and 750 ◦C in
ir for the LSCN cathodes prepared via the solution impregnation
nd conventional methods, respectively. The impedance spectra of
he conventional cathode at various temperatures were character-
zed by two distinguished arcs with labeled peak frequency. The

ow-frequency polarization resistance decreased from 0.43 � cm2

o 0.03 � cm2 as temperature increased from 600 ◦C to 750 ◦C,
ven though its contribution to the overall polarization resistance
loadings and conventional LSCN cathode, derived from Fig. 2.

increased from 15.8% at 600 ◦C to 23.9% at 750 ◦C. This phenomenon
was similar to the impedance behaviour of LSCN cathode reported
previously [12]. The overall electrode polarization resistance RE was
2.74, 0.85, 0.33 and 0.14 � cm2 at 600, 650, 700 and 750 ◦C, respec-
tively. These values were smaller than those of the conventional
LSCF cathodes reported in the literature [24]. The electrochemical
impedance spectra of the impregnated LSCN + GDC cathodes at var-
ious temperatures showed a feature of a flatten arc. With increase
of the measurement temperature, the size of the arc decreased and
the inductance loop in the fourth quadrant became increasingly
larger at lower frequencies. Such inductance loop has been fre-
quently observed for the impregnated cathodes [21,22,24–27] and
is considered to be related to the enhanced adsorption/desorption
of oxygen species on the surface of nano-structure electrodes at
higher temperature, but clarification of the detailed mechanisms
requires further studies.

Fig. 3 shows the dependence of the polarization resistance of
various prepared cathodes on temperature, which was  derived
from Fig. 2. With 15 and 25 wt%  loadings of LSCN, the RE of the
impregnated LSCN + GDC cathode was higher than that of the
conventional cathode at various temperatures measured, but the
difference became less significant as measurement temperature
increased. For example, at 750 ◦C, the RE for the 25 wt% loaded
LSCN + GDC cathode was 0.13 � cm2, which was comparable with
that for the conventional cathode at 0.14 � cm2. The RE for the
LSCN + GDC cathodes with a loading at 35 wt%  or above was con-
siderably smaller than that for the conventional LSCN cathode,
especially at temperatures below 700 ◦C. As the amount of the
LSCN loading increased in the composite cathode, the RE decreased
dramatically. For instance, at 750 ◦C, it decreased from 0.14 to
0.08 � cm2 as the amount of loading increased from 15 to 55 wt%.
It can also be seen from Fig. 3 that the RE of each prepared cathode
decreased linearly with increase in the measurement temperature,
suggesting that the Arrhenius relation was obeyed. The activation
energy determined in this study for the conventional LSCN cath-
ode was 1.54 eV, which was somewhat smaller than that reported
previously [10,11]. The activation energy for the LSCN + GDC cath-
odes varied in the range of 1.32–1.83 eV, with a minimum occurring
in the neighborhood of 45–55 wt%  loading. These results sug-
gest that the cathode performance is enhanced by the nanosized

microstructure via solution impregnation of LSCN and the amount
of LSCN loading for the optimum electrochemical performance of
the LSCN + GDC cathode is in the range of 45–55 wt%.
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. Conclusions

Nanostructured LSCN + GDC composite cathodes and conven-
ional LSCN cathode were successfully fabricated by solution
mpregnation and screen printing-sintering processes, respec-
ively; and their electrochemical performance was evaluated by
lectrochemical impedance at various temperatures. Based on the
esults obtained, the following conclusions are made.

1) Solution impregnation is an effective method for the enhance-
ment of electrochemical performance of the LSCN cathodes
those are featured with nanosized LSCN particles formed at
relatively low temperature and uniformly distributed on the
scaffold of well sintered GDC.

2) For obtaining electrochemical properties superior to those of
the conventional LSCN cathode, the amount of LSCN loading
in the LSCN + GDC composite cathode should be higher than
35 wt%; and the optimum amount of LSCN loading is in the
range of 45–55 wt%.

3) At temperatures between 600 and 750 ◦C, the RE for the 55 wt%
LSCN loaded LSCN + GDC cathode is in the range of 1.07 and
0.08 � cm2, which is approximately only one half of that for
the conventional cathode.
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