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Abstract The electrochemical properties of La0.8Sr0.2FeO3−δ

(LSF)–La0.45Ce0.55O2−δ (LDC) composite cathodes coated
on LSGM electrolyte were studied by electrochemical
impedance spectroscopy and cathodic polarization technique.
Results showed that the composite cathodes possessed
superior electrochemical performance compared to that of
pure LSF cathode. The cathodic overpotential of Cathode C
was only 100 mV at 0.3 A cm−2, and the charge transfer
resistance and the gas phase diffusion resistance were
decreased to 0.105 Ω cm2 and 0.257 Ω cm2, respectively at
800 °C. The improvement of the electrochemical perfor-
mance is contributed to the increase of the triple-phase
boundary, enlargement of the effective area for electrode
reaction, and increase of the porosity of the cathode by
adding LDC to the cathode material.
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Introduction

Solid oxide fuel cells (SOFCs) are promising energy
conversion devices that generate electric power through
electrochemical reactions between an oxidant and a fuel [1].
Lowering the operating temperature of SOFC would bring
very significant cost benefits within the scope of intercon-
nect, manifold and sealing materials [2]. However, it is
found that it leads to electrochemical performance deteri-
oration of cathodes over time. One important approach to
this problem is the application of mixed ionic and electronic
conductivity cathode material such as La1−xSrxFeO3−δ

(LSF), which has high catalytic activity for oxygen
reduction reaction [3–5].

Optimization of the structure and composition of
composite electrodes for application in SOFC are critical.
Functionally graded materials have been developed as a
method of joining dissimilar materials that are usually
incompatible [6, 7]. Instead of an abrupt change in
composition and/or microstructure between the two materi-
als, functionally graded materials have a graded interface at
which the composition gradually changes from one material
to the other [8]. The aim of this work is to apply this
concept to the cathode of LaGaO3-based SOFC utilizing
two materials with lanthanum-doped ceria (LDC) and
strontium-doped lanthanum ferrite (LSF).

Experimental

Synthesis of powders

La0.45Ce0.55O2−δ and La0.9Sr0.1Ga0.8Mg0.2O3−δ (LSGM)
powders were prepared via co-precipitation method and
solid-state reaction method, respectively, as in our previous
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study [9], and samples of LSF were synthesized by
azeotropic distillation [10].

Cathode fabrication

Three cathodes were screen-printed on a tape casting
LSGM electrolyte substrate and then sintered at 1,250 °C
for 2 h. After sintering, the resulting cathode films were
30±1 μm thick. Table 1 and Fig. 1 show their compositions
and constructions. The bottom layer for Cathode C consists
of a mixture of 50 wt.% LDC and 50 wt.% LSF, the second
with the composite of 30 wt.% LDC and 70 wt.% LSF, and
the top layer is LSF only.

Testing and characterization

The electrochemical impedance spectroscopy (EIS) and
cathodic polarization measurements were carried out using a
Princeton Applied PARSTAT 2273 by a three-electrode
configuration [7]. They were performed at the open circuit
voltage in the frequency range of 0.01 Hz to 100 kHz with an
amplitude of ac signal of 5 mV at equilibrium potential. The
impedance spectra were analyzed in terms of equivalent
circuits with the ZSIMWIN software. A four-probe method
was employed to measure the electronic conductivity of the
composite cathode materials by a Keithley 2400 sourcemeter.

Results and discussion

Electronic conductivity of the composite cathode

In order to enlarge the triple-phase boundary, the electrolyte
material should to be mixed into the cathode material.
Nevertheless, the cathodic conductivity decreased significant-
ly with the increase of the LDC content in the cathode
material. Figure 2 presents the electronic conductivities of
composite cathode materials at 800 °C. Pure LSF cathode
showed a high conductivity of 115.5 S cm−1. The value
dropped to 11.6 S cm−1 rapidly when the LDC content
reached 50 wt.%.

Cathodic polarization of cathodes with various structures

The cathodic overpotentials of LSF-based cathodes with
different structures were measured when the half cell was

operated at 800 °C. Figure 3 shows the overpotentials of
Cathode A, Cathode B, and Cathode C as a function of
current density.

When the cathodic polarization test was carried out at
800 °C in air, Cathode C demonstrated the lowest
overpotential among the cathodes. The cathodic over-
potential was 100 mV at the current density of 0.3 A cm−2,
while the values increased to 185 and 302 mV for Cathode
B and Cathode A in the same measure, respectively
(Fig. 3). The reduction of the cathodic polarization was
attributed to optimization of the microstructure by adding
LDC to the cathode material, which would increase triple-
phase boundary and enlarge the effective area for the
electrode reaction.

Electrochemical impedance performances

Figure 4 shows the impedance spectra and the equivalent
circuit for the half cells with various cathodes, which were
measured by using a three-electrode configuration at 800 °C.
The impedance spectra of cathodes were fitted using a
nonlinear least squares fitting program (EQUIVCRT), and
the results of these cathodes were given in Table 2.

The Nyquist plots seem to consist of two depressed
semi-circles. The semicircle at the higher frequency part,
Rct, may correspond to charge transfer of oxygen ions at
the electrolyte/electrode interface [11–13]. The low-
frequency arc, Rc, is related to gas phase diffusion within
the cathode [12, 13]. L is the inductance, which can be
attributed to the platinum current–voltage probes or the
high-frequency phase shift of electrochemical equipment.
The ohmic resistance (Rs) from the electrolyte, electrodes,
and the connection wires was deleted in Fig. 4 in order to
compare the Rct and Rc of various cathodes. The
equivalent circuit consists of one RQ element. Symbol Q

Sample Compositions

Cathode A 100 wt.% LSF

Cathode B 50 wt.% LSF/50 wt.% LDC 100 wt.% LSF

Cathode C 50 wt.% LSF/50 wt.% LDC 70 wt.% LSF/30 wt.% LDC 100 wt.% LSF

Table 1 Compositions of three
cathode samples

LSGM electrolyte

100wt.% LSF

50wt.% LSF/50wt.% LDC 70wt.% LSF/30wt.% LDC

Cathode A Cathode B Cathode C

Fig. 1 Schematic structures of Cathode A, Cathode B, and Cathode C
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denotes the constant phase element whose impedance,
ZCPE, is defined as:

ZCPE ¼ Y�1 jwð Þ�n:

For n=1, the Q element reduces to an ideal capacitor with
the capacitance Y and for n=0 to a simple resistor with the
admittance Y [14].

From Fig. 4 and Table 2, it can be seen that the charge
transfer resistance (Rct) and gas phase diffusion resistance
(Rd) gradually decreased from the Cathode A, Cathode B to
the Cathode C composite cathode. For the Cathode C, a Rct

of 0.105 Ω cm2 and a Rd of 0.257 Ω cm2 were obtained at
open circuit voltage, and the values of Cathode B and
Cathode A were 0.240 Ω cm2 (Rct), 0.356 Ω cm2 (Rd),
0.665 Ω cm2 (Rct), and 0.386 Ω cm2 (Rd). It can be
attributed that Cathode C optimized the microstructure of
electrode/electrolyte interface and increase oxygen vacan-

cies concentration at this interface by adding LDC to the
cathode material. Adding appropriate excellent ionic con-
ductor (LDC) to a mixed conducting perovskite (LSF)
would increase the catalytic activity of the resultant
composite cathode because additional ionic pathways are
afforded for carrying reduced oxygen ions to the electrolyte
[15]. Murray et al. indicate the better electrochemical
performance of LSCF–GDC may be explained that the
addition of GDC could extend the electrochemical reaction
zone of each electrode further into the electrode and
provide an easy path for ionic transport that bypasses the
LSCF/YSZ interfaces [13]. Bi et al. (and Ding et al.)
reported that the addition of LDC (SDC) to LSCo (LSCu)
matrix effective suppressed the growth of the LSCo (LSCu)
particles grain and increased the porosity of the cathode
[16, 17]. Thus in our study, the addition of LDC to LSF
may increase the porosity of the inner layer because of the
same reason. In the interface of electrolyte and the cathode
and the cathode bulk, the addition of LDC effectively
enlarged the three-phase boundary (TPB) for oxygen
reduction reaction. The extended TPB resulted in a much
lower polarization resistance toward oxygen reduction and
higher diffusion of oxygen ions upon the addition of the
ionic phase.

In our experiments, all three cathodes’ films con-
sisted of LSF, and LDC were 30±1 μm thick. However,
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Fig. 2 Conductivity of cathode material versus LDC content at
800 °C
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Fig. 3 Polarization performances of cathodes with different structures
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Fig. 4 Nyquist plots and the equivalent circuit of cathodes with
different structures

Table 2 Results of fitting EIS of different cathodes

Cathodes Rs/Ωcm
2 Rct/Ωcm

2 Rd/Ωcm
2

Cathode A 1.325 0.665 0.386

Cathode B 1.318 0.240 0.356

Cathode C 1.312 0.105 0.257
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the magnitudes of ionic conductivity were substantially
higher for LDC than LSF. After the ionically conducting
material, LDC, was added to the LSF cathode, electro-
chemical reactions could occur within the electrode. So,
it shortened the transport path of the oxygen ion and
reduced the gas diffusion resistance for the composite
cathodes. Cathode C possessed the optimal structure that
exhibited the lowest gas diffusion resistance. From
Fig. 4, it can be seen that the charge transfer resistance
was larger than the gas phase diffusion resistance for
Cathode A and the converse for Cathode C. It demon-
strated that the limited step of oxygen reduction trans-
ferred from the charge transfer process to the gas phase
diffusion process. Making further improvements on the
electrochemical performance of LSF–LDC composite
cathode could be obtained by fabricating a gradient
structure, which possesses the coarse collecting current
layer and the fine functional layer.

Conclusion

The performance of the La0.8Sr0.2FeO3−δ and La0.45Ce0.55O2−δ

composite cathodes was investigated. The cathodic polariza-
tion and EIS test results showed that composite cathodes
possessed superior electrochemical performance compared
with the pure LSF cathode. Cathode C showed the lowest
cathodic overpotential magnitude 100 mV at 0.3 A cm−2

and the smallest charge transfer resistance as well as gas
phase diffusion resistance among the LSF–LDC compos-
ite cathodes. These improvements to the electrochemical
performance for LSF–LDC composite cathodes were attrib-
uted to the increase of triple-phase boundary, enlargement of

the effective area for electrode reaction and increase the
porosity of the cathode.
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