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Abstract

LSM (Lag g5Srg.1sMnO3_5)—SDC (Smg,Ce(30;9) composites, which are based on LSM matrices embedded with SDC particles, were
fabricated with an ion-impregnation technique as cathodes for intermediate and low temperature solid oxide fuel cells(SOFCs). Effect of heat-
treatment temperatures for both LSM matrices and SDC particles was investigated on cathodic interfacial polarization resistances. When the
matrix was fired in the range of 800—1000 °C, low temperature resulted in high specific surface area, and therefore low resistance. On the contrary,
high temperature enhanced the bonding between the particles and matrices, and consequently caused increased electrochemical performance when
the impregnated SDC was heated at temperature from 700 °C to 800 °C. With the impregnated LSM—SDC composite as the cathode, a single cell
generated 138 mW/cm? at 600 °C when humidified H, was used as the fuel, suggesting that it is possible to use LSM as the cathodes for SOFCs
that operated at low temperature when the microstructure is further optimized.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Strontium-doped lanthanum manganate (LSM) is the classical
material as cathodes for SOFCs. But its low ionic conductivity
and high activation energy for oxygen disassociation limit its
application in SOFCs, especially at intermediate and low
temperatures. To increase the ionic conductivity in the cathode,
second phase electrolytes such as yttria-stabilized zirconia (YSZ)
and doped ceria are mixed with LSM to form a composite cathode
with various techniques [1-3]. Among these techniques, ion
impregnation technique is a very effective method to add the
second phase. In addition, this method can optimize the mi-
crostructure that would increase the length of triple-phase
boundary (TPB) between the electrolyte, electrode, and oxygen
gas phase [4,5]. It consists of a series of steps including LSM
matrix formation and second-phase ion impregnation, which are
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both close associated with heat-treatment temperature. The matrix
must be fired to strengthen the electrode—electrolyte bonding;
moreover heating of the impregnated ions is necessary to form the
second phase with desired structure. For example, SP Jiang et al.
reported LSM—GDC (Gd doped CeQO,) electrodes with the ion-
impregnation process. The LSM matrix was fired at 1150 °C for
2 h while GDC was heated at 850 °C for 1 h [2]. In our previous
report, LSM—SDC (Sm doped CeQ,) electrodes were fabricated
on SDC electrolytes. The matrix was fired at 1000 °C for 2 h and
SDC was heated at 850 °C for 1 h [3].

The performance of a composite electrode is known to be
greatly affected by its microstructure, which depends upon
sintering temperature and starting materials. For example, LSM—
YSZ cathodes have shown less dense microstructure and smaller
grains as the sintering temperature was decreased to the range of
1300—1150 °C [6]. This increased the active TPB amount,
leading to a decrease in interfacial polarization resistance with
decreasing sintering temperature. Similarly, the performance of
an ion-impregnated composite cathode should be also sensitive to
heat-treatment temperature, since the temperature usually has
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significant influence on its microstructure, on adhesion of the
electrode to the electrolyte, and on reactivity between the two
phases.

However, reports are seldom available upon the heat-
treatment conditions for impregnated electrodes. In this work,
correlation between the heat-treatment temperature, morphol-
ogy and performance has been investigated on symmetrical
cells with composite LSM—SDC electrodes prepared with the
ion-impregnation process. In addition, single cells with
impregnated cathodes were characterized at 600 °C with
humidified hydrogen as the fuel.

2. Experimental

Lag g5S19.15sMnO3_5 (LSM) and Smg ,Ce( 301 o (SDC) oxide
powders, were prepared using a glycine—nitrate combustion
method [7]. The substrates were prepared by pressing SDC
powders to disks 15-mm in diameter and sintering at 1400 °C
for 5 h. LSM-SDC electrodes were fabricated by an ion-
impregnation method, including screen-printed LSM matrix
and ion-impregnated SDC particles. Slurry of grinding LSM
powders mixed with an organic binder was screen-printed to
both sides of the SDC substrates to form symmetrical layers.
The printed layers were then dried and fired at 800, 900, and
1000 °C for 2 h to produce porous matrices. The LSM matrix
thickness and area were about 60 pum and 1.0 cm?, respectively
on each side. To conduct the impregnating process, an SDC
solution of 0.3 mol/L was dropped to the LSM matrix, dried and
heated at 600 °C. The process was repeated until the weight of
SDC was equal to that of LSM [3]. The impregnated SDC was
finally heated at 700, 750, 800 and 850 °C for 2 h. Anode
supported single cells with NiO—SDC as the anodes and SDC as
electrolytes were prepared using a dry-pressing technique [8].

LSM-SDC cathodes were fabricated onto the SDC films with
the impregnation method as mentioned above.

The specific surface areas of LSM powders fired at 800, 900,
and 1000 °C was measured using Brunauer—Emmett—Teller
method (BET, Deckman Coulter, SA3100). Microstructure was
revealed by scanning electron microscope (SEM, FEI XL.30).
Crystalline size of the impregnated SDC was also estimated
with X-ray diffraction (XRD, Philips X’pert PROS). Area
specific resistance (ASR) was measured with the symmetrical
cells using a two-probe model. Symmetrical cells consisted of
SDC substrates and LSM—-SDC electrodes were used for the
measurement of interfacial polarization resistances. Single cell
performance was characterized at 600 °C, using humidified
(3% H,0) hydrogen as the fuel and stationary air as the oxidant.
Zahner IM6e electrochemical workstation was used for elec-
trochemical characterizations.

3. Results and discussion
3.1. Microstructure characterization

Shown in Fig. la is the cross-sectional view of an LSM
matrix which was fired at 900 °C and supported on an SDC
substrate. It can be seen that the matrix was porous and
consisted of particles with average size of 2~3 um. A porous
characteristic was further observed on the LSM particles.
Shown in Fig. 1b is the enlarged image of an LSM particle.
Although LSM was fired at 900 °C, the particles themselves
were porous with micropores that were possibly caused by gas
emission during the combustion reaction occurred in the glycine
nitrate procedure [7]. The highly porous character might result
in high electrode performance since oxygen reduction is be-
lieved to take place at the surface of LSM particle. In addition,

Fig. 1. SEM micrographs a) cross-sectional view of LSM matrix; b) LSM particle; c¢) cross-sectional view of impregnated LSM—-SDC electrode; and d) SDC grains

covered on LSM.
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the highly porous character makes it possible to increase the
amount of impregnated SDC. Shown in Fig. lc is the cross-
sectional view of an LSM—SDC electrode. It seems very likely
SDC deposition has an effect on enhancing the bonding
between the electrode and electrolyte. Fig. 1d shows LSM
covered with small SDC grains, which was less than 100 nm.
The grain was consisted of smaller crystallines, about 17 nm as
estimated with XRD pattern using Scherrer formula when SDC
was heated at 800 °C. The small size of SDC grain and
crystalline was an important reason for the high-performance of
impregnated electrodes [4]. Due to the high porous character of
LSM and small size of SDC, ASR as low as 0.17 Q-cm” was
achieved at 700 °C. As comparison, ASR at the same
temperature was 0.75 Q-cm? for LSM—SDC and 0.49 Q-cm?
for LSM—GDC electrodes prepared with a screen printing
technique [3,9].

3.2. Effect of LSM firing temperature

Shown in Fig. 2 is the effect of heat-treatment temperature on
ASR measured at 500, 600, and 700 °C. As shown in Fig. 2a,
when LSM matrix was fired at elevated temperature of 800,

Fig. 2. Area Specific Resistance(ASR) measured at 500, 600, and 700 °C for
impregnated LSM—-SDC composites with (a) LSM fired at 800~1000 °C and
SDC heated at 800 °C, and (b) LSM at 900 °C and SDC at 700~850 °C. The
specific surface area for LSM powders and crystalline size of SDC particles fired
at different temperature is also shown in Fig. 2(a) and (b), respectively.

900, and 1000 °C ASR increased with firing temperature,
indicating low temperature results in high electrode perfor-
mance. However, firing at temperature below 800 °C resulted in
very poor bonding between the matrix and electrolyte. The
bonding between electrode and electrolyte was observed to be
enhanced with fewer holes on the interface at increased
temperature. But, as also shown in Fig. 2a, with increased
firing temperature the specific surface areas decreased, which
was 9.6, 5.0 and 2.1 (£0.1) mz/g at 800, 900, and 1000 °C,
respectively. Consequently, the LSM particle size increased.
And higher firing temperature resulted in loss of porosity
which influences the oxygen reduction. Therefore, a low TPB
was expected and high ASR was observed at high firing
temperature.

3.3. Effect of SDC heating temperature

As shown in Fig. 2b, ASR reduced with increasing SDC
heating temperature ranging from 700 °C to 800 °C. For
example, ASR measured at 600 °C was 1.63 (2-cm® when the
heating temperature was 700 °C, it decreased to 1.13 Q-cm?
when the heating temperature was 800 °C. However, further
increasing the heating temperature caused a slight increase in
the resistance, which was 1.14 Q-cm? at 600 °C when SDC was
heated at 850 °C. XRD investigation showed that fluorite SDC
was formed at 600 °C. As shown in Fig. 1d, the impregnated
SDC was consisted of nanoparticles with much smaller
crystalline. Estimated by the XRD pattern, the crystalline size
was 13 nm when SDC was heated at 700 °C, it increased to
17 nm at 800 °C, and further to 19 nm at 850 °C. However, the
crystalline size was smaller than 20 nm even when it was heated
to 850 °C. Meanwhile, high firing temperature might result in
strong bonding between the LSM and SDC particles, as well as
between the electrolyte and electrode interface. Consequently
the electrochemical activity was improved by increasing the
heating temperature. It was reported that the crystalline size of
doped ceria was almost constant when the heating time was
prolonged while the temperature was unchanged [10]. Hope-
fully, heating SDC for longer time will further increase the
electrode activity because a better bonding was expected for
longer heating time. When the SDC heating temperature was
increased to 850 °C or higher, the ASR become larger, which
may be caused by increased SDC grains filled the LSM pores
and the effect of TBP becomes more important than interfacial
bonding.

3.4. Single cells performances

Shown in Fig. 3 is the electrochemical performance of single
cells using the impregnated cathodes with SDC heated at 600
and 800 °C and LSM matrix fired at 900 °C. The data were
measured after the system was stabilized for 15 h at 600 °C.
Since the anodes were fabricated with an identical procedure,
the same anodic resistances were expected. Therefore, the
difference in ASR shown in Fig. 3a could be reasonably
attributed to the cathodes. With increased heating temperature,
reduced ASR was observed. This is consistent with the result
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Fig. 3. Electrochemical performance of single cells with impregnated SDC
heated at 600 and 800 °C and LSM matrix fired at 900 °C. Measurement was
conducted at 600 °C with humidified (3% H,O) H, as the fuel and stationary air
as the oxidant. a) Impedance spectra under open circuit conditions; and b) cell
voltage and power density vs. current density.

obtained on the symmetrical cells. In addition, a slight decrease
in electrolyte resistance was observed. It can be inferred that
higher heating temperature enhanced bonding between the
electrode and electrolyte and/or between SDC particles while
SDC was heated at high temperature. At low frequency there
was an inductive behaviour, which can be related to the
adsorption of intermediate species (oxygen ions O, O”) in the
multistep transfer reaction of oxygen reduction [11]. Shown in
Fig. 3b is the cell voltage and power density measured at
600 °C. Open Circuit Voltages (OCV) is 0.808 mV when the
impregnated SDC was heated at 600 °C, and it increased to
0.838 mV when the heating temperature was 800 °C. With
doped ceria as the electrolyte, fuel cells exhibited severe internal
shorting at 600 °C due to the mixed conductivity of the
electrolyte [12]. A simple model is reported for OCV with
internal shorting current density, i, and Nernst potential, Ey.
OCV=EN—i.R,, where R, is the total resistance including the
electrolyte and interfacial polarization resistance. As shown in
Fig. 3a, higher heating temperature resulted in lower resistance,
and consequently, a higher OCV was observed.

The power density for the cell with SDC heated at 800 °C was
higher than that heated at 600 °C. This agrees well with the
impedance measurement since low cell resistance corresponding
to high power output. The maximum power density at 600 °C was

138 mW/cm®. This is much lower than those reported for cells
with Sm0_58r0.5C003 [13], Ba0.5Sr0_5C00_gFeo_203,5 [14], and
BiCuVOX [15] as the cathodes. However, the result here reported
was achieved with LSM, which is usually used as cathodes for
SOFCs operated at temperature higher than 800 °C. LSM
cathodes are more stable than the others since its thermal
expansion coefficient matches these of electrolytes.. It will be
therefore possible to develop low temperature SOFCs with LSM,
the most stable cathode of the state-of-the-art materials.

4. Conclusion

LSM-SDC composite electrodes for low and intermediate
temperature were fabricated with an ion-impregnation techni-
que. The heat-treatment temperature of both LSM matrix and
impregnated SDC had significant effect on the interfacial
polarization resistance. When the LSM matrix were fired at
temperature range 800—1000 °C, the specific surface areas in-
creased and therefore the electrode performance increased at
reduced temperature. However, firing below 800 °C resulted in
poor bonding between the matrix and electrolyte substrates.
When the impregnated SDC was heated at temperature from
700 °C to 800 °C, the electrode performance increased at
elevated heating temperature, possibly due to the enhanced
bonding between SDC and LSM, as well as the bonding on the
electrolyte/electrode interface. But heating above 800 °C caused
increased electrode polarization resistance. With the impreg-
nated LSM—-SDC as the cathode, single cells generated power
density of 138 mW/cm? at 600 °C, suggesting that it is possible
to use LSM as the cathode for low-temperature SOFCs.
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