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a b s t r a c t

Anode-supported planar solid oxide fuel cells (SOFCs) with an active area of 81 cm2 (9 cm × 9 cm) and
nano-structured La0.6Sr0.4Co0.2Fe0.8O3−ı + Y2O3 stabilized ZrO2 (LSCF + YSZ) composite cathodes are suc-
cessfully fabricated by tape casting, screen printing, co-firing and solution impregnation, and tested using
H2 fuel and air oxidant at various flow rates. Maximum power densities of 437 and 473 mW cm−2 are
vailable online 26 February 2010
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achieved at 750 ◦C by loading 0.6 and 1.3 mg cm−2 of LSCF in the composite cathodes, respectively. The gas
flow rates, particularly the air, have a significant effect on the cell performance. Cell performance degra-
dation with time is also observed, which is considered to be associated with the growth and coalescence
of the nanosized LSCF particles in the composite cathode. The use of the LSCF cathode in combination
with YSZ electrolyte without a Gd-doped CeO2 (GDC) buffer layer is proved to be applicable in large cells,
even though the thermal stability of the nanosized LSCF needs to be further improved.
athode

tability

. Introduction

The reduction of operating temperature of solid oxide fuel
ells (SOFCs) from conventional high temperatures near 1000 ◦C
o intermediate temperatures between 600–800 ◦C is beneficial
or increasing the long-term stability of fuel cells and widening
he breadth of materials selection, thus reducing the cost of SOFC
ystems. However, the cell performance is also decreased as a
esult of reduced operating temperature due to increased resis-
ances in electrodes and electrolyte [1–3]. The electrolyte resistance
an be minimized by using thin film electrolyte and/or alternative
lectrolyte materials with higher ionic conductivity at interme-
iate temperatures, such as doped lanthanum gallate and ceria
4,5]; however, development of cathodes with low polarization lose
nd high stability remains challenge for intermediate temperature
OFCs (IT-SOFCs).

Electrochemical performance of an electrode strongly depends
n its microstructure; and nano-structured microstructures

btained by wet impregnation technique have been shown to sig-
ificantly enhance the performance of the electrodes in SOFCs [6,7].
here are two approaches for development of nano-structured
lectrodes by impregnation techniques. One is to introduce
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nano-sized catalytically active oxide or metal particles to the con-
ventional electrodes such as Ni/YSZ cermet anodes and Sr-doped
LaMnO3 (LSM) cathodes [8–13]; another is to impregnate cata-
lyst nano-particles into the ionic conducting scaffold such as YSZ
[14–17].

Mixed ionic and electronic conducting (MIEC) perovskites, such
as (La, Sr)(Co, Fe)O3, have been under intensive investigation as
promising cathode materials for intermediate and low temperature
SOFCs [18,19]. With much higher oxygen ionic conductivity than
that of the conventional cathode material LSM for high temperature
SOFCs, (La, Sr)(Co, Fe)O3-type perovskites have been proved to be
highly active for the O2 reduction reaction in IT-SOFCs [20]. But, this
type of materials is likely to chemically react [21] and thermally
incompatible [22] with the most reliable Y2O3 doped ZrO2 (YSZ)
electrolyte at high temperatures, and their use in combination with
YSZ electrolyte is practically limited.

In order to take full advantage of (La, Sr)(Co, Fe)O3-type
perovskites and YSZ electrolyte, efforts have been made to pre-
pare nano-structured electrodes via solution impregnation [6],
such as Sr-doped LaCoO3 (LSCo)-YSZ [14] and Sr-doped LaFeO3
(LSF)-YSZ [15]. In a recent study [17], the authors have demon-
strated an impregnated composite cathode La0.8Sr0.2Co0.5Fe0.5O3−ı
(LSCF) + YSZ with an electrode polarization resistance as low as
0.047 � cm2 at 750 ◦C for the O2 reduction reaction. Nevertheless,
the majority of reported results of the nano-structured electrodes
made by solution impregnation were obtained from button cells
with a small active area; and the effectiveness of such prepared

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pujian@hust.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.02.061
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lectrodes in large planar cells has not been confirmed so far. The
erformance of small button cells does not necessarily represent
he performance of larger cells as the scalability of electrodes, par-
icularly the cathode, is a major concern in the development of
OFCs [23].

In the present study, we take a different approach from that
mployed in previous development of impregnated cathodes by
sing large-scale anode-supported planar SOFC cells (active area
cm × 9 cm) as the vehicle to evaluate the effect of the impregnated
SCF + YSZ cathodes on the cell performance at various tempera-
ures with H2 fuel and air oxidant. The purpose of this study is to
emonstrate the possibility of using LSCF cathode material in com-
ination with YSZ electrolyte in large-scale SOFC cells, without the
resence of a Gd-doped CeO2 (GDC) buffer layer in between LSCF
nd YSZ.

. Experimental

Fig. 1 shows the procedure for fabricating the planar
node-supported cells with an active area of 9 cm × 9 cm and nano-
tructured LSCF + YSZ composite cathodes. The anode substrates
ere produced by tape casting using a slurry containing NiO (Inco.

ype A, USA) and YSZ (Tosoh TZ-8YS, Japan) powders at a weight
atio of 40 to 60. The anode functional layer (AFL) of 40 wt.% NiO
Inco. Type F, USA) and 60 wt.% YSZ (Tosoh TZ-8YS, Japan), and
SZ electrolyte (Tosoh TZ-8Y, Japan) were screen printed on the
ried tape-cast substrate in sequence. The tape-cast/screen-printed
ssembly was dried at ambient temperature for 10 h, debindered at
rate of 1 ◦C min−1 and sintered at 1370 ◦C for 3 h to obtain porous
node and dense electrolyte. To prepare an YSZ porous structure
n top of the dense YSZ electrolyte, a layer of YSZ (Tosoh TZ-8YS,
apan) slurry was screen printed, followed by sintering at 1200 ◦C
or 0.5 h in air. The thickness of the porous YSZ layer was ∼9 �m.
he LSCF impregnation solution was prepared from La(NO3)3·6H2O,
r(NO3)2, Co(NO3)2·6H2O, Fe(NO3)3·9H2O (Sinopharm Chemical
eagent Co. Ltd.) and fluorocarbon surfactant, isopropyl alcohol and
eionized water.

The LSCF impregnation solution was prepared from
a(NO3)3·6H2O, Sr(NO3)2, Co(NO3)2·6H2O, Fe(NO3)3·9H2O
Sinopharm Chemical Reagent Co. Ltd.) and fluorocarbon sur-
actant, isopropyl alcohol and deionized water. Impregnation
as carried out by dropping the LSCF nitrite solution into the

re-sintered porous YSZ scaffold, and then fired at 800 ◦C in air for
h. The formation of perovskite LSCF phase under this condition
as confirmed by X-ray diffraction [17]. The loading of LSCF
as increased by repeating the impregnation process in order to

chieve sufficient conductivity of the nano-structured LSCF + YSZ

Fig. 1. Procedures to fabricate a planar anode-supported SOFC with n
rces 195 (2010) 5201–5205

electrodes. Two similar cells were prepared with different LSCF
loadings in the LSCF + YSZ composite cathodes, ∼0.6 mg cm−2

for Cell-1 and ∼1.3 mg cm−2 for Cell-2, respectively. The weight
fraction of the LSCF in YSZ scaffold was about 17 wt.% for Cell-1 and
37 wt.% for Cell-2. Ni mesh and screen-printed LaCo0.4Ni0.6O3−ı

paste were used as current collectors for the anode and cathode,
respectively.

The cell was sealed in the testing jig under compressive load
by cast tape seals (alumina), and the NiO-YSZ anode substrate was
reduced in situ during start up and at 750 ◦C for 12 h in flowing
N2–5%H2 atmosphere before cell testing. The current–voltage data
were recorded in the temperature range of 600–750 ◦C using a SOFC
testing system (SF-30, Lixing Testing Equipment, Ltd.) with current
density change in between 0 and 1 A cm−2. H2 and air were flowed
to the anode and cathode, respectively, at a rate of 2 L min−1.

In order to identify the mechanism for performance degrada-
tion of the cells with impregnated LSCF cathodes, a half-cell, which
had a LSCF + YSZ working electrode (LSCF loading ∼0.6 mg cm−2

and active surface area 0.5 cm2) and a YSZ electrolyte (1.3 mm
thick), was employed as a vehicle to isolate the effect of cathode
on cell performance. The cathode performance was measured at a
constant current density of 200 mA cm−2 against a Pt counter elec-
trode opposite to the cathode and a Pt ring reference electrode
located ∼5 mm away from the working electrode. Electrochemi-
cal impedance spectra were taken in a frequency range of 0.1 Hz to
100 kHz with a signal amplitude of 10 mV at temperatures between
600 and 750 ◦C using an impedance/gain phase analyzer (Solartron
1260) and an electrochemical interface analyzer (Solartron 1287)
at open circuit. A Sirion 200 scanning electron microscope (SEM)
was employed to examine the microstructure of the cells before
and after the testing.

3. Results and discussion

Fig. 2 shows the performance of the Cell-1 and Cell-2 measured
at different temperatures under the flow condition of 4 L min−1

H2 and 4 L min−1 air. The open circuit voltage (OCV) is in between
1.182 and 1.220 V for both cells at temperatures between 600 and
750 ◦C, indicating a robust sealing was achieved for the test of the
cells. For the Cell-1 with 0.6 mg cm−2 impregnated LSCF in the cath-
ode, the maximum power density decreases from 437 mW cm−2

at 750 ◦C to 210 mW cm−2 at 600 ◦C (Fig. 2a). With the increase

of LSCF loading to 1.3 mg cm−2, the maximum power density is
increased in the Cell-2 to 473 and 301 mW cm−2 at the same tem-
peratures as above. It is understood that the voltage loss at low
current density is mainly contributed by activation polarizations
of the electrodes. From Fig. 2, it can be seen that at current den-

ano-structured LSCF + YSZ cathode by impregnation technique.
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Fig. 2. Cell performance of the anode-supported planar cells with impregnated
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result in considerable dependence of cell performance on air flow
rate.

The performance stability of the Cell-1 was studied at 750 ◦C,
in comparison to that of a small half-cell with 0.6 mg cm−2 of LSCF
SCF + YSZ composite cathode measured at different temperatures under 4 L min−1

f H2 and 4 L min−1 of air: (a) Cell-1, LSCF loading ∼0.6 mg cm−2 and (b) Cell-2, LSCF
oading ∼1.3 mg cm−2.

ities lower than 0.05 A cm−2, the voltage of both the cells falls
rom the OCV gradually, with a higher voltage for the Cell-2 than
he Cell-1 at 0.05 A cm−2; however, no significant difference can
e observed among those obtained at various testing tempera-
ures. This suggests that the impregnated LSCF cathode possesses
n excellent electrocatalytic activity at temperatures above 600 ◦C
nd increasing LSCF loading improves the electrochemical activ-
ty of the cathode. Also seen in Fig. 2, the “ohmic loss” contributed
y the electrolyte, electrodes and contact interfaces between elec-
rodes and current collectors is increased as testing temperature is
owered and such loss can be decreased by increasing the amount
f the impregnated and electronically conductive LSCF. There is a
otential disadvantage associated with the increase of LSCF load-

ng in the cathode, that is, overloading the cathode with the LSCF
ay result in lack of porosity for gas diffusion in the composite

athode, especially at low testing temperature of 600 ◦C. Further
ptimization of LSCF loading is necessary for achieving a higher
ell performance.

The effect of air and hydrogen flow rates on cell performance at
50 ◦C is shown in Fig. 3, with the result obtained from the Cell-2 as
n example. It is clearly presented that the change of flow rates does
ot vary the activation and ohmic losses; nevertheless, the voltage

oss associated with gas diffusion is significantly affected. At a con-

tant H2 flow rate of 2 L min−1 on the anode side, the maximum
ower density of the cell decreases rather significantly from 452
o 373 mW cm−2 as the air flow rate changes from 6 to 2 L min−1.
n the other hand, at a constant air flow of 4 L min−1 on the cath-
Fig. 3. Performance of Cell-2 under various flow rates of air on the cathode side and
H2 on the anode side.

ode side, the peak power density decreases from 473 mW cm−2

at 4 L min−1 of H2 to 435 mW cm−2 at 2 L min−1 of H2. According
to the calculation of H2 and air usage [24], the supply of fuel and
oxidant gases was excessive at the peak power density for all the
cases, which indicates that the reduction of peak power density
with decreasing gas flow rate is not caused by the shortage of gas
supply; and the critical issue is the access of fuel and oxidant gases
to the reaction sites of the electrodes. It is also can be seen from
Fig. 3 that the air flow rate affects the cell performance more signif-
icantly than the H2 flow rate in this specific test, and therefore the
concentration polarization caused by the impregnated composite
cathode seems to be more decisive on the cell performance. Fig. 4 is
the SEM micrograph of the post-test LSCF + YSZ cathode in Cell-2.
It clear shows, on one hand, that the impregnated LSCF particles
are well connected to ensure adequate electrical conductivity of
the cathode; and on the other hand, the surface of the impregnated
cathode appears to be densely packed with nanosized LSCF parti-
cles, which are considered to obstruct air flow into the cathode and
Fig. 4. SEM micrograph of post-test LSCF + YSZ cathode in Cell-2, showing a densely
packed morphology of impregnated LSCF particles in porous YSZ structure.
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Fig. 5. Performance stability of Cell-1 at 750 ◦C, with LSCF + YSZ composite cathode.
The current density for Cell-1 is 494 mA cm−2.
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ig. 6. Impedance spectra of the button half-cell as a function of cathodic current
assage of 200 mA cm−2 for 100 h.

mpregnated in the composite cathode; the results are shown in
ig. 5. In the case of the Cell-1, a current of 40 A was applied over
n effective area of 81 cm2 (∼500 mA cm−2) during the durability
est. The voltage decreases from 0.684 to 0.650 V in 5 h, showing
significant high degradation of ∼5%. In the case of the half-cell,
oth the polarization and ohmic reissitances of the cathode at

50 ◦C in air increased with the time of cathodic current passage at
00 mA cm−2 in a testing period of 100 h, as shown in Fig. 6, from
.02 to 0.65 � cm2 (32.5 times increase) and 1.38 to 1.59 � cm2

∼1.2 times increase), respectively. As a result, the performance
f the LSCF cathode degraded simultaneously about 3.4% for the

Fig. 8. SEM micrographs of the button half-cell cros
Fig. 7. Polarization curves of the half-cell with LSCF + YSZ composite cathode as a
function of cathodic current passage of 200 mA cm−2 at 750 ◦C.

first 5 h of test and the overall degradation within the 100 h test
was 15.6%, which is shown in Fig. 7. Both the cell and half-cell
tests presented the same order of magnitude in performance degra-
dation, suggesting that the performance degradation of the cells
with impregnated LSCF cathodes is mainly caused by the composite
cathode.

The performance degradation of cells with the LSCF-based
cathodes has been studied previously [3,19,25,26], two possible
mechanisms for the degradation have been proposed [19], that is,
the instability of the LSCF, which leads to either forming resistive
SrZrO3 by reaction with the YSZ electrolyte or Sr releasing from
the LSCF to form probably SrO at interfaces and reduce Sr content
in the LSCF; and the coarsening of the microstructure of the LSCF
cathodes, which increases both the ohmic and activation polariza-
tions due to reduction in the connection between LSCF particles
and the active surface area. If a new resistive phase were formed
at the interfaces, the ohmic resistance would have increased sig-
nificantly. However, this is not suggested by the result from the
half-cell test, in which the ohmic resistance increased only to 1.2
times in contrast to an increase to 32.5 times in the polarization

resistance within 100 h of test. On the other hand, all the tests
were conducted at 750 ◦C, at which the reaction between the LSCF
and the YSZ is not expected in such a short period of testing time.
Therefore, microstructure coarsening of the impregnated LSCF in

s-section: (a) before testing; (b) after testing.
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he composite cathode is considered the reason for the performance
egradation of the cells. Fig. 8 shows SEM micrographs of fractured
ross-section of the half-cell before and after the test. Uniformly
istributed and well connected fine LSCF particles were observed
n the surface of the YSZ scaffold in the LSCF + YSZ composite cath-
de prior to the test (Fig. 8a), and the LSCF particles became larger
fter 100 h test without the presence of well connected fine LSCF
articles (Fig. 8b), which supports the above expectation that the
icrostructure coarsening is the reason for the fast cell perfor-
ance degradation and indicates the need for further development

n preventing the growth of the impregnated LSCF particles during
ell operation.

. Conclusions

From the present study, the following conclusions can be made:

1) Mixed conducting perovskite LSCF can be used in cells with
large active area (9 cm × 9 cm) as the cathode, together with
the YSZ electrolyte, in the absence of the GDC buffer layer by
solution impregnation method at lower temperature, which
circumvents issues caused by thermal coefficient mismatch and
high temperature chemical incompatibility between LSCF and
YSZ.

2) The amount of the LSCF loaded in YSZ porous structure is crit-
ical for the cell performance, and a peak power density of
473 mW cm−2 was achieved at 750 ◦C with a LSCF loading of
1.3 mg cm−2. Overloading the YSZ scaffold with LSCF caused
significant mass transport polarization.

3) The performance degradation of the cells with the LSCF + YSZ
composite cathodes is attributed to the growth and coalescence
of fine LSCF particles, a method that prevents the microstruc-
ture coarsening is desired.
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