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Abstract

(Lag g5519.15)0.0MnO5_s (LSM)-Smg ,Ce( 3019 (SDC) (50:50 wt.%) composites, which are potential cathodes for intermediate-temperature
solid oxide fuel cells, were prepared with a two-step fabricating process including screen-printing and ion-impregnation. SDC frame was screen-
printed on electrolyte substrates and LSM was subsequently ion-impregnated to the SDC frame. The interfacial polarization resistances (area
specific resistances) of the resulted electrodes were much lower than those prepared with a conventional screen-printing technique and also lower
than those with impregnated SDC. At 700 °C, the total resistance was only 0.35 Q cm?® for an LSM—-SDC electrode with impregnated LSM
compared to 0.94 Q cm? for a conventional electrode. Impedance spectroscopy was used to study the oxygen reduction kinetics within the
electrodes. Three arcs were typically observed on the impedance spectrum. The high-frequency arc was attributed to oxygen ion transfer from the
three-phase boundary to the electrolyte, while the intermediate-frequency arc was attributed to oxygen dissociation and adsorption. At high

temperature, the arc due to gas phase diffusion was observed in the low frequency region, with size varying as (Po,)

energy.
© 2009 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

La;_,Sr,MnO; perovskite (LSM) is regarded as one of the
most promising cathode materials for solid oxide fuel cells
(SOFCs) because of its high thermal and chemical stability [1].
It has shown promising performance for SOFCs operating at
temperatures above 800 °C. However, due to its low ionic
conductivity and high activation energy for oxygen disassocia-
tion, it is limited in the application of cathodes for intermediate-
temperature SOFCs. To improve cathode performance, one
strategy has been to replace LSM with higher catalytic activity
at lower temperatures, particularly cobaltite-based cathodes.
For example, (La,Sr)(Co,Fe)Os-based cathodes have been
optimized for the application in intermediate-temperature
SOFC, especially with ceria-based electrolyte [2,3,4]. How-
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ever, there are potential problems for mixed conductors
including increased thermal expansion and higher apparent
reactivity between electrode and electrolyte. An alternative
strategy has been to combine a LSM with an ionic conducting
second phase, such as ytrria-stabilized zirconia (YSZ) and
doped ceria (DCO), in a composite matrix. This strategy has
proven to be very promising to improve the electrochemical
performance by extending the electrode—electrolyte interface.
For example, Murray et al. [5,6] reported that, at 700 °C the
interfacial resistance decrease from 7.82 Q cm” for a LSM
electrode to 2.49 Qcm? for a LSM-YSZ (50:50 wt.%)
composite, and further to 0.75 Qcm? for a LSM-DCO
(50:50 wt.%) composite. Xia et al. [7] prepared LSM-SDC
composite cathode via a sol-gel process and found the
polarization resistance of the composite cathode was only
0.28 Q cm?>. Generally, the extent of the active interface
extending for composite electrodes is very sensitive to the
details of their microstructure, which is no doubts dependent on
the fabrication processes. Often, the electronic conducting
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phase, LSM, and the ionic conducting phase are simultaneously
coated onto the electrolyte substrate using a slurry-based
process involving a mixed powder precursor, such as screen-
printing. A more effective two-step process has been developed
by Jiang et al. [8] to fabricate the composite cathode. In this
process, nanosize GDC particles have been successfully
introduced into the LSM cathode by ion-impregnation method
and a pretty low cathode polarization resistance of 0.72 Q) cm?
at 700 °C has been achieved. Recently, LSM-GDC
(70:30 wt.%) composite powder was prepared through mod-
ification of LSM powder by Gdy,Ce(s(NO3), by Jiang et al.
[9]. The electrode polarization of the LSM-GDC composite
cathode at 700 °C under 500 mA/cm? was 0.42 Q) cmz, which is
close to that of pure LSM cathode at 850 °C under the same
current density.

In our previous work, LSM—-SDC composite electrodes were
fabricated with the two-step fabricating process, where porous
LSM frame was screen-printed onto dense electrolyte
substrates and SDC was deposited into the frame using the
ion-impregnation technique [10]. In this work, a different two-
step process was developed for the fabrication of LSM-SDC
electrodes. In this process, porous SDC frames were formed
onto electrolyte substrates and LSM nanoparticles were then
deposited into the SDC frame with the ion-impregnation
process. The interfacial polarization resistances of the resulted
LSM-SDC electrodes were compared with those prepared with
the previous reported two-step process as well as the
conventional screen-printing process. The highest electrode
performance was observed for the electrode with impregnated
LSM. In addition, oxygen transfer processes of the LSM—-SDC
electrode was also investigated using impedance spectroscopy.

2. Experimental

Electrolyte supports were prepared with Smg,Ce( g0 9
(SDC) powder that was fabricated using an oxalate co-
precipitation route with Ce(NOj3); and Sm,Oj3 [11]. The
resulted precipitate was pre-fired at 800 °C for 2 h to yield the
SDC powder, which was then cold pressed into discs, sintered at
1350 °C for 5 h in air to form 1-mm-thick SDC pellets. The
pellets were used as the electrolytes for cathodes. Electrode
materials, (LaggsSrg 15)0oMnO; (LSM) and SDC, were
prepared using glycine—nitrate method with nitrate salts [12].
The ash, produced through self-sustaining combustion of the
nitrates and glycine, was heated in air at 800 °C for 2 h to
remove possible carbon residue. SDC exhibited a fluorite
structure and LSM a perovskite structure, which were
confirmed with X-ray diffraction (X’pert PRO diffractometer
with Cu K« radiation) measurements.

Symmetrical LSM-SDC (50:50 wt.%) electrodes were
fabricated onto SDC electrolytes using three routes. The first
route concerns screen-printed SDC and impregnated LSM.
SDC was ball-milled with the binder in acetone for 24 h to form
uniform inks. SDC coating was applied to the electrolyte
substrates by screen-printing, followed by sintering at 1000 °C
for 2 h in air. SDC framework was therefore formed on the
substrate. An aqueous solution containing 40.3 mol% La,

7.1 mol% Sr and 52.6 mol% Mn was prepared by dissolving the
nitrate salts in distilled water. The solution was then deposited
into SDC framework with an ion-impregnating technique, dried
at room temperature and fired at 850 °C in air for 2 h. The mass
of the electrode coating before and after the impregnation
treatment was measured to estimate the impregnated oxide
loading. The impregnation treatment was repeated to increase
LSM loading until the weight of the impregnation matter is
equivalent to that of the printed SDC. The derived electrode was
named as LSM-SDC electrode with impregnated LSM.
Microstructures and elemental mapping were revealed using
JSM-6700F scanning electron microscopy. The second route
consists of screen-printed LSM and impregnated SDC [10].
LSM was screen-printed onto the electrolyte substrates, while
SDC was ion-impregnated into the porous LSM framework.
The impregnation treatment was repeated until the weight of
the impregnating SDC is equivalent to that of LSM. The
resulted electrode was named as LSM-SDC electrode with
impregnated SDC. And the third rout is the conventional
electrode deposition technique. LSM-SDC composite was
screen-printed onto the electrolyte substrates. The printed
slurry was dried at about 200 °C under infrared lamp for 30 min
and fired at 1000 °C for 2 h. The thickness All electrodes was
approximately 40 wm with an effective area of 1 cm?.

Interfacial polarization resistances were determined on
symmetric cells with two-electrode configuration using AC
impedance spectroscopy (ZAHNER IM6e). The frequency
range was 0.01-10° Hz with signal amplitude of 5 mV.
Measurements were conducted over a temperature range of
550—750 °C at oxygen partial pressures from 107> to 1 atm. We
controlled the partial pressure of O, by mixing O, and N, gas
streams. The flow rates of these gas flows were controlled by
mass flow controlled and Po, was monitored by an oxygen
Sensor.

Thales software was used to fit the impedance data and to
obtain equivalent circuits. In cases, one or two arcs overlapped,
Thales was also used to determine the resistance values
associated with each of the arcs.

3. Results and discussion

3.1. Effects of preparing procedure on interfacial
polarization resistance

As shown in Fig. 1 LSM is most likely formed after the
decomposition of impregnated lanthanum-strontium—manga-
nese nitrate solution. Shown in Fig. 2 is the effect of preparing
processes on area specific resistance (ASR) of LSM-SDC
electrodes. ASR is typically used in the field of SOFC to
quantify all resistances associated with the electrode, whether
they occur at the gas/cathode interface, within the bulk of the
cathode, or at the cathode/electrolyte interface [13]. The
electrode prepared with the first route, impregnated LSM, has
the lowest resistance while the one with the third route,
conventional screen-printing, has the highest resistance. For
example, at 700 °C the resistance decreases from 0.94 () cm?
for screen-printed electrode to 0.48 Q) cm? for LSM-SDC
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Fig. 1. XRD pattern for an LSM-SDC composite electrode with impregnated
LSM.

electrode with impregnated SDC, and further to 0.35 Qcm? for
the one with impregnated LSM. The reason is probably that
electrodes prepared by ion-impregnating have small particles
and increase TPBs, and then decrease the interfacial resistance
[10]. While LSM-SDC electrode with impregnated LSM not
only increases TPBs, but also improves catalytic performance
due to large surface area of small LSM particle, resulting in
promoted oxygen adsorption and dissociation rate, and
therefore obtains the minimum resistance. The resistance of
0.35 Q cm? for the one with impregnated LSM is about 2 times
lower than that of LSM-GDC (50:50 wt.%) prepared by
impregnated GDC [6], but slightly higher than that of LSM—
GDC (50:50 wt.%) composite cathode via a sol-gel process [7].
Therefore, the extent of the active interface extending for
composite electrodes is very sensitive to the details of their
microstructure, which is no doubts dependent on the fabrication
processes. Shown in Fig. 3a and b is SEM microviews for
LSM-SDC electrodes prepared with the third and first route,
respectively. Fig. 3a is a typical microstructure for porous
composites electrode prepared by a conventional screen-
printing technique. Before LSM impregnation, SDC frame had
similar microstructure as shown in Fig. 3a. However, after
impregnating process, the structure changed significantly. As
shown in Fig. 3b, small LSM particles uniformly cover
submicron SDC particles and increase TPBs. Shown in Fig. 4a
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Fig. 2. Area specific resistance for LSM—-SDC cathodes prepared with a screen-
printing technique and two-step processes with ion-impregnated SDC and ion-
impregnated LSM.

is Mn, and Ce elemental dot maps, where LSM and SDC can be
clearly identified. Shown in Fig. 4b is the corresponding line
mapping. The content distribution curves are not smooth, but
wave a lot. The waving is possibly due to the fact that the
electrode is porous. However, the Mn mapping shows obviously
that Mn was uniformly deposited inside porous SDC layer.
Therefore, the high performance resulted from the ion-
impregnation method is possibly due to effectively extending
TPBs and large surface area of small LSM particle which
promotes oxygen adsorption and dissociation rates.

3.2. Impedance spectroscopy of LSM-SDC electrodes with
impregnated LSM

Shown in Fig. 5 is the impedance spectra for LSM-SDC
electrodes with impregnated LSM. The impedance was
measured at temperatures between 550 and 750 °C and oxygen
partial pressure, Po,, between 0.001 and 0.21 atm. The
composition and microstructure etc. with relation to the
oxygen reduction process can influence the measurement
results. Besides, the measurement equipment can also influence
the measurement results [14]. The conclusion is that although
the standard resistor affects the measured impedance, the total
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Fig. 3. SEM imagines of LSM-SDC cathodes prepared with (a) screen-printing technique and (b) process with ion-impregnated LSM.
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Fig. 4. Elemental dot mapping for an LSM-SDC electrode with impregnated LSM: (a) showing the elements Mn and Ce and (b) showing the variation in composition

with distance from the SDC electrolyte.

polarization resistance may be determined with low error once
the artifact has been recognized. Shown in Fig. 5, no poorly
impedance spectroscopy can been observed; therefore, our
experiment system has little effect on the measurement results.
Complex impedance measurements typically produce two
arcs at 550 °C, as shown in Fig. 5a. It indicates that two
electrochemical processes control oxygen reduction at the
cathode. With temperature increasing, high-frequency arc
gradually disappears and an additional arc is present at low
frequency, which indicates that the rate-limiting step changes.
The impedance response at high frequency appears to be
independent oxygen partial pressure, while those at inter-
mediate frequency and low frequency show a significant
dependence on the oxygen partial pressure.

These results were evaluated by using the equivalent circuit
of Fig. 5d using Thales software. The first resistor, R,
corresponds to the resistance of the electrolyte and the lead
wires. (R;Q), (R,Q,) and (R5Q5) represent the high-frequency
arc, intermediate-frequency arc and low-frequency arc,
respectively, where R is the resistance of the corresponding
arc, and Q is a constant phase element representing time-
dependent capacitive effects.

Fig. 6 shows the dependence of R on Po,. The dependence of
R, on Po, yields a slope n = —0.03. The weak Po, dependence of
R, suggests that neither atomic oxygen nor molecular oxygen are
involved in the step [15]. Therefore, the high-frequency arc could
be interpreted as oxygen ion transfer from the TPB to the SDC
electrolyte [5]. For composite electrodes, the electrochemical
history can affect he measurement. A series of impedance
measurements were performed; first at OCV, and then the

electrode was polarized for certain time. After 200 mA/cm?
current passing for 5, 30, 60 min, impedance was measured at
OCV. Shown in Fig. 7 is the impedance responses measured at
600 °C, Po, = 0.21 atm, and different current passing time. It can
be seen that with increasing time, the high-frequency arc
remained nearly unchanged. This is understandable in that the
oxygen vacancies created on the LSM surface do not affect
oxygen ion transfer, which is a reaction between oxygen ions at
the TPB and those in vacancies in the electrolyte.

R, varied as (Po,) %% and the corresponding activation
energy was 1.1 eV, abstracted from the slope of the linear plot
of In(1/R) vs. I/T. The weak oxygen partial pressure
dependence and high activation energy are similar to that of
LSM-YSZ composites [16], which produced an activation
energy of 1.49 and n = —0.29. This suggests the same rate-
limiting mechanism, which is oxygen dissociation and
adsorption. The effect of electrochemical history on the
intermediate-frequency arc was shown in Fig. 7. There was no
clearly change of the impedance responses for the LSM-SDC
electrode with impregnated LSM. Such initial impedance
behavior is quite different with that of conventional LSM-SDC
and LSM-YSZ electrodes [17]. However, it is similar to those
observed on Lag ¢Sty 4Cog.2Feo 303 (LSCF) electrode [18]. This
phenomenon indicates that LSM-SDC electrodes with impreg-
nated LSM can provide abundant oxygen vacancies. Therefore,
the oxygen vacancies appeared at LSM surface under cathodic
polarization can be ignored.

As shown in Fig. 6, the Po, dependence of the low-frequency
arc results in a slope n = —0.76, which illuminates that the low-
frequency arc changes significantly with Po,. The slope also
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Fig. 5. AC impedance spectra measured at different oxygen partial pressure for
an LSM-SDC electrode with impregnated LSM: (a) 550 °C, (b) 650 °C, (c)
750 °C, and (d) the model circuit.
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Fig. 6. Po, dependence for an LSM-SDC electrode with impregnated LSM.
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Fig. 7. Impedance responses measured at 600 °C, Po, = 0.21 atm and different
200 mA cm 2 passing time for an LSM—SDC electrode with impregnated LSM.

indicates that the low-frequency arc represents a complex step
related to oxygen diffusion since n = —0.5 is usually considered
to correspond to a surface diffusion step whilen = —1.0 to a gas
phase diffusion process [19,20]. Fig. 8 shows the impedance
spectra measured at various temperatures (700 °C, 750 °C and
800 °C) and Po, = 0.001atm. It can be seen that the variation of
the low-frequency arc is comparatively small in the range of
measuring temperature. The activation energy of the low-
frequency arc is therefore low. This reaction could be interpreted
as the diffusion of oxygen molecules in electrode pores or surface
diffusion. The activation energy of low-frequency arc is only
0.14 eV as calculated from the temperature dependence of Rj. If
surface diffusion is the dominating step, the activation energy is
usually about 2 eV, relatively higher than that of gas phase
diffusion [21]. Therefore the low-frequency arc is attributed to
gas phase diffusion, the activation energy of which is very low,
and the gas phase diffusion flux resulting from the gradient in the
chemical potential of the gas is proportional to the gas pressure.

The characteristics of LSM—-SDC composite electrodes with
impregnated SDC were also investigated by impedance
spectroscopy [10]. Three arcs were observed in the impedance
spectra. Oxygen ion transfer, charge transfer and surface
diffusion of oxygen ions were found to be possible rate limiting
steps for the high-frequency arc, intermediate-frequency arc,
and low-frequency arc of the impedance spectra. While the
LSM-GDC composite cathode prepared by slurry-coating was
limited by oxygen ion transfer and oxygen adsorption for the
high-frequency arc and low-frequency arc of the impedance
spectra [6]. In this work, there is no unanimous agreement on
the details of the oxygen reduction mechanism since the
different microstructure of LSM-based composite electrodes
prepared by three routes play an important role.
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o
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0 1 . i T L . 1

40 45 50 55 60 65 7.0 75 80 85 90
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Fig. 8. AC impedance spectra measured at Po, = 0.001 atm for an LSM-SDC

electrode with impregnated LSM.
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4. Conclusion

LSM-SDC composite electrodes were fabricated using a
two-step fabricating process with ion-impregnated LSM. The
interfacial polarization resistance of this electrode is much
lower than those of electrodes prepared with a conventional
screen-printing technique or a process with ion-impregnated
SDC. The -characteristics of LSM-SDC electrodes were
investigated by ac impedance spectroscopy. The high-
frequency arc was attributed to oxygen ion transfer from the
three-phase boundary to the electrolyte. The intermediate-
frequency arc was attributed to oxygen adsorption and
dissociation. The low-frequency arc was attributed to gas
phase diffusion with a (P02)70'76dependence and low activation
energy. Under applied cathodic potential, the interfacial
resistance of LSM—SDC with impregnating LSM for the O,
reduction were essentially independent of the cathodic current
passage treatment, while the performance of cathode with
impregnating SDC was affected by its electrochemical history,
the interfacial polarization resistance decreases sharply at first
and then slowly with time increasing.
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