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a b s t r a c t
The electrochemical performance of porous La0.6Sr0.4Co0.2Fe0.8O3 − δ (LSCF) cathodes is improved by inserting
a dense LSCF layer. A 200 nm thin layer is deposited on the electrolyte substrate by pulsed laser deposition,
prior to the screen printing process. This procedure enhances the adherence of the porous cathode layer to
the electrolyte and allows a lower sintering temperature, which reduces grain growth during sintering. In air
a decrease in polarization resistance with a factor of 3 is observed for electrodes sintered at 1100 °C. The
apparent electrolyte resistance is also reduced with the dense PLD layer. A remarkable change in PO2
dependence is observed for the Gerischer parameters that describe part of the electrode impedance,
indicating a possible change in the oxygen transfer mechanism.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The optimization of the SOFC performance at intermediate temperatures (600–800 °C) depends strongly on efﬁcient cathode materials and
structures. The La0.6Sr0.4Co0.2Fe0.8O3 − δ perovskite material (LSCF) is an
interesting candidate. Its reactivity with the standard zirconia electrolyte
can be suppressed by using an yttria-stabilized ceria interlayer. The
polarization resistance of the cathode is also dependent on the
microstructure and thus on the preparation process [1,2]. In a separate
report the inﬂuence of the sintering temperature on microstructure and
polarization resistance of screen printed LSCF cathodes is presented [3]. A
very strong sintering temperature dependence was noted, cathodes
sintered at 1100 °C showed poor adherence, while cathodes sintered at
1300 °C suffered from excessive grain growth, leading to a low porosity
structure and hence a high polarization resistance. The optimum in
cathode properties was found for a sintering temperature of 1200 °C.
Lowering the sintering temperature has the advantage of smaller grain
sizes, which will increase the active surface area for the oxygen exchange
and reduction reaction. To improve the adherence of the porous electrode
to the electrolyte it is proposed to apply a thin, dense LSCF layer to the
electrolyte before the screen printing process. Pulsed laser deposition
(PLD or laser ablation) has the advantage of stoichiometric transfer and a
strong bonding with the substrate of the deposited composition. In this
report the performance of a PLD-enhanced cathode structure is studied
with electrochemical impedance spectroscopy (EIS) as function of
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temperature and oxygen partial pressure. The results are compared
with the performance of the regular screen printed cathode.
2. Experimental
Symmetrical two-electrode cells were prepared by tape-casting
and screen printing processes. Tape-casted yttria-partially stabilized
zirconia (3YSZ, Tosoh) was used as electrolyte. Yttria-doped ceria
(YDC, Praxair) was provided as interlayer by screen printing and
sintered at 1400 °C on both sides of the tape-casted 3YSZ electrolyte.
Two identical porous electrodes of La0.6Sr0.4Co0.2Fe0.8O3 − δ (LSCF,
Praxair) were then screen printed on both sides of the electrolyte and
sintered at 1100 °C to complete the reference samples (further
denoted by P). For the PLD-enhanced samples (denoted by DP)
dense thin layers of LSCF were deposited by pulsed laser deposition on
the YDC interlayer, prior to the screen-printing of the porous LSCF
electrodes. The pulsed laser deposition was performed with a KrF
excimer laser, using a ﬂuency of 2.6 J/cm2 and a frequency of 20 Hz.
The LSCF target was provided by placing an isostatically pressed LSCF
pellet on a rotating holder. The laser ablation occurred in a vacuum
chamber in 0.02 mbar oxygen ambient. The YDC/3YSZ/YDC substrates
were heated to 750 °C during deposition. Schematic representation of
the two different samples (P and DP) is presented in Fig. 1.
The measurement of the electrochemical properties of the different
cells were performed at open-circuit voltage in synthetic air as a function
of temperature between 800° and 300 °C at 50 °C intervals, and as a
function of oxygen partial pressure at 600 °C. The impedance characteristics were measured with a Solartron 1250 FRA combined with a 1287
electrochemical interface over a frequency range of 65,535 Hz to 10 mHz
in a pseudo 4-electrode set up (separate current and voltage probe leads).
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and the electrolyte are separated by a YDC interlayer approximately
3 μm thick. Mean grain size of the porous LSCF cathode sintered at
1100 °C is 0.50 μm. In the DP sample the dense PLD-LSCF layer is
200 nm thick, completely covering the rough YDC surface. Fig. 3
shows that there is a very good adhesion to the YDC interlayer.

3.2. Temperature dependence

Fig. 1. Scheme of (a) sample P and (b) sample DP.

The impedance data were validated with a Kramers–Kronig transform
program [4] and analysed with the software package ‘Equivalent Circuit’
[5].

3. Result and discussion
3.1. Microstructure
The cross section of a typical symmetrical cell is shown in the SEM
micrograph in Fig. 2a. The electrolyte thickness is 92 μm, the
electrodes on both sides of the cell are 53 μm thick, the electrode

Fig. 2. (a) SEM micrograph of a cross section of the symmetrical cell. (b) SEM
micrograph of the microstructure of the LSCF porous cathode.

Fig. 4a shows the impedance characteristics of the samples D and
DP at 400 °C in air. The high frequency semicircle that becomes visible
at low temperatures is attributed to the grain boundary dispersion of
the electrolyte. The low frequency dispersion represents the electrode
response. Fig. 4b shows the impedance characteristics at 600 °C in air.
In this range of temperature, only the electrode response can be
observed. At high temperatures (800 °C, Fig. 4c) a low frequency
semi-circle develops which can be attributed to gas phase limitation
in the porous electrode. The introduction of the PLD-LSCF layer results
in a decrease of the apparent electrolyte resistance by a factor 1.25
and of the polarization resistance by a factor of 3, see Fig. 4d. A
comparison of typical values for both samples is presented in Table 1.
The temperature dependence of the electrolyte resistance and the
polarization resistance is presented in Fig. 4d. The observed activation
energies for the electrolyte conductivity are 0.74 eV (DP) and 0.73 eV
(P). As the YDC/3YSZ/YDC electrolytes are similar for type P and DP
samples, the decrease of the electrolyte resistance by a factor of 1.25
for DP samples can only be explained by an improvement in the
contact between the electrode and the electrolyte. Gazzarri et al. [6]
observed a shift to the right of the electrode dispersion in the
impedance graph when comparing a normal electrode and an
electrode with delaminated cathode area. This phenomenon was
explained by a reduction in the ion conduction area, caused by
delamination thus apparently increasing the electrolyte resistance. In
the case of type P and DP samples, a porous electrode with a porosity
estimated to 20% covers at most 80% of the surface. Hence by
introducing a dense layer, the contact between the electrode and the
electrolyte becomes 100% which is a factor 1.25 higher than 80%.
For the polarization resistances 1.29 eV (DP) and 1.34 eV (P) are
found, which values are consistent with literature data [7–10]. All
spectra for both types of samples could be modeled with the
equivalent circuit presented in Fig. 5a. The high frequency grain
boundary contribution is only observable at low temperatures, while
the low frequency gas phase limitation dispersion is only visible at
high temperatures (∼ 800 °C). The main feature is the well-

Fig. 3. SEM micrograph of a cross section of a symmetrical cell with a LSCF layer
deposited by pulsed laser deposition.
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Fig. 4. (a) Impedance characteristics of sample D and DP in air at (a)400 °C, (b) 600 °C and (c)800 °C. (d) Electrolyte and polarization resistance as a function of temperature in air.

documented Gerischer dispersion (or chemical impedance [11–13]),
here expressed as:
ZG ðωÞ = Z0 =

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ka + jω:

ð1Þ

PO2 oxygen partial pressure. The polarization resistance decreases with
increasing oxygen partial pressure obeying:
−n

Rp = R0 ⋅PO2

ð2Þ

Besides this Gerischer element, which is typical for the LSCF-type
cathodes, an overlapping semicircle contribution (Rlf Q lf) was
systematically observed. This dispersion, which has not been reported
previously, is tentatively assigned to the redox process in the LSCFcathode. The overall CNLS-modeling error was generally less than 1%,
as can be seen from the typical residuals graph in Fig. 5b. For the DP
and P type samples, Z0 and Rlf were following an Arrhenius behaviour
with activation energies equal to 0.80 eV and 1.31 eV, respectively. For
the temperature dependence in air, the comparison of the circuit
parameters for the DP and P type samples did not reveal signiﬁcant
differences that would directly explain the improved performance of
the DP-cathodes. However, as will be shown in the next paragraph,
the oxygen partial pressure dependence shows remarkable differences between the DP and P type samples.
3.3. Oxygen partial pressure dependence.
The PO2 dependence of both types of cathodes was measured at 600 °C.
The electrolyte resistance in both cases was, as expected, independent of

Table 1
Comparison of polarization resistances for samples DP and P in air.
Temperature

800 °C

600 °C

500 °C

DP
P

0.015
0.025

0.21
0.67

2.0
6.8

[Ω cm2]
[Ω cm2]

Fig. 5. (a) Equivalent circuit used to ﬁt the impedance spectra. (b) Error between
measurement and model as function of frequency for DP sample at 500 °C in air.
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with n = 0.20 for the P-sample and n = 0.17 for the DP-sample.
According to Takeda et al., a PO−0:25
dependence can be attributed to
2
adsorption and surface exchange limitation [14]. Again, the polarization resistance was reduced by a factor between 3 and 4 when
comparing sample DP to sample P (Fig. 6). Following the ALS model
[11] the Gerischer parameters Z0 and Ka from Eq. (1) are related to
material and microstructure parameters by:
Z0 =

RT
1
2F 2 cv ð1−εÞ

rﬃﬃﬃﬃﬃﬃ
τ
Aar0 ðαf + αb Þ
; and Ka =
Dv
cv ð1−εÞ

ð3Þ
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on the electrolyte. This allows the transfer of oxygen ions from the
cathode bulk to the electrolyte over the entire interface, while surface
diffusion and transfer in the triple phase boundary zone is suppressed.
Besides the Gerischer parameters, the overlapping semicircle contribution (Rlf Q lf) was also studied. Whereas Q lf was nearly PO2
independent, the values for Rlf were virtually identical for P and DP
type samples and had a reaction order of − 0.30. The (Rlf Q lf)
contribution could thus be attributed to a bulk process in the cathode
rather than to the electrolyte/cathode interface.
4. Conclusion

with cv the vacancy concentration, ε the cathode porosity, τ the
tortuosity. Dv is thevacancy
diffusion coefﬁcient, A the thermody
namic factor (=∂ ln PO2 = 2∂ ln ðcv Þ), a is the speciﬁc surface area, r0
is the exchange neutral ﬂux density and αf and αb are constants of the
order of unity that depend on the speciﬁc mechanism of the exchange
reaction [11].
For the regular porous cathode, P, the PO2 dependence of Z0 and Ka
were PO0:17
and PO0:62
respectively. This is in reasonable agreement with
2
2
the results obtained by Adler et al.: a PO0:30
dependence for Z0 and a PO0:64
2
2
dependence for Ka However, the DP-cathodes showed a much higher
PO2 dependence for Z0, with Z0 ÷ PO0:76
, while for Ka the opposite was
2
found: Ka ÷ PO0:25
,
less
than
half
the
value
for the regular cathode. The
2
addition of a thin dense layer thus seems to change the oxygen
reduction/incorporation mechanism signiﬁcantly. On the one hand, Ka
increases by a factor 2 at low PO2 and a factor of 4 at high PO2 for the
enhanced DP-cathode, indicating a more effective surface exchange.
On the other hand, Z0 decreases by a factor of 3 at low PO2 and a factor
of 30 at high PO2 for the DP-cathode. As the cathode composition is the
same for the DP- and P-cathode assemblies, the improvement of the
surface exchange can be due to an improved ‘footprint’ of the cathode

The cathode/electrolyte interface is playing an important role in
the overall performance of the cathode. Introduction of a thin, dense
La0.6Sr0.4Co0.2Fe0.8O3 − δ layer is introduced by Pulsed Laser Deposition
at the electrolyte/cathode interface improves the adherence of the
cathode to the electrolyte and allows a lower sintering temperature
during the process. A thin, dense LSCF layer results in a decrease of the
polarization resistance of the cathode by a factor 3. The oxygen partial
pressure dependence shows that the mechanism of oxygen reduction
changes possibly indicating an improvement in the surface exchange
step. Further analysis with a Finite Element Method modeling
software will be carried out to fully understand this improvement
and mechanisms change.
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