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Abstract A bi-continuous porous cathode consisting of
nano-particles of strontium substituted lanthanum cobaltite
(LSC) covering the surface of a Ce0.9Gd0.1O1.95 (CGO10)
backbone has been produced. The polarization resistance
(RP) of this cathode was measured to ∼35 mΩ cm2 at
650 °C. The area-specific resistance at 650 °C (ASR) when
applied onto an anode supported cell (ASC) was found to
increase from 540 to 730 mΩ cm2 when subjected to a
thermal cycle to 850 °C. This effect was attributed to par-
ticles coarsening but also to a reaction with the electrolyte.
The results imply that a CGO10 barrier is required for this
type of nano-structured cathode.

Introduction

Perovskite type oxides such as (La1−xSrx)sMnO3+δ (LSM),
(La1−xSrx)sFeO3−δ (LSF) and (La1−xSrx)sCoO3−δ (LSC) have
been studied extensively as materials for SOFC cathode
applications [1]. A specifically interesting material is LSC
due to its good mixed ionic and electronic (MIEC) conduct-
ing properties and its high catalytic activity towards oxygen
reduction [2, 3]. Unfortunately, its reactivity toward
(Y2O3)0.08(ZrO2)0.92 (8YSZ) forms the insulating products
SrZrO3 and La2Zr2O7 and prevents the direct use of LSC on
the conventional 8YSZ electrolyte [4]. Additionally, the
comparably high thermal expansion coefficient (TEC) of
LSC results in an expansion mismatch between the cathode

and the rest of the cell that may cause mechanical rupture
during the fabrication process or thermal cycling of the
SOFC stack [5].

This paper presents data measured on an electrode struc-
ture that is built up of a thin layer of LSC particles covering
the surface of a porous backbone of CGO10. Such a struc-
ture reduces the tensile strain induced by the TEC mismatch
as the tensile stress decreases with layer thickness. Further-
more, a porous CGO10 backbone offers the possibility to
substantially increase the surface area of the LSC thin film
and thus the electrode area active for oxygen reduction. The
suggested structure finally provides two full percolated
phases as both CGO10 and LSC are formed sequentially
and not randomly which is favorable in terms of electronic
and oxide ion transport. The electrochemical performance of
such a structure has been described earlier [6].

The thin film is typically prepared by infiltrating dis-
solved cations followed by sintering carried out, either prior
to or in situ during test. The procedure results in nano-
particles adhering to the backbone surface. The method
has previously been applied to produce LSM:YSZ compos-
ite cathodes by infiltrating LSM into a porous YSZ scaffold
[7]. Additionally, it has been shown that nano-particles of
Ce1−xYxO2−δ [7, 8] infiltrated into conventional LSM:YSZ
cathodes can significantly reduce its polarization resistance.
There is also work reported on LSC [6], LSCF [9, 10], and
Sm0.5Sr0.5CoO3 (SSC) [11] infiltrated into porous CGO
backbones with excellent electrochemical performance.
These three compositions are all known to react with YSZ
at elevated temperatures, preventing YSZ to be used as the
backbone material. In conventional SOFCs with MIEC ox-
ygen electrodes made of the aforementioned materials, an
inter-diffusion barrier of CGO is used. This additional layer
makes manufacturing and sintering more complex and costly.
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The infiltrated electrodes are different from the conventional
counterparts in several aspects: (1) The sintering temperature
of infiltrated electrodes is substantially lower than for conven-
tionally sintered ones. (2) The loading of the electro-catalytic
compound is low. (3) The electro-catalyst is to a very low
degree in direct contact with YSZ only if the entire thickness
of the electrode becomes infiltrated. It is therefore of techno-
logical relevance to study the performance of such an elec-
trode when applied directly onto the YSZ electrolyte.

Infiltrated electrodes are conceptually new structures that
have only recently received attention and the reasons why
synthesizing nano-particles within the electrode structure
have such a positive effect are still unclear [12, 13]. This
paper does not attempt to answer this question but tries to
address this question by discussing experimental results on
electrodes fabricated by infiltrating and sintering LSCwithin a
porous film of CGO10.

Experimental

Powder of CGO10 (Rhodia, France) was dispersed into an
ink and screen printed onto both sides of a 200 μm thick and
50×50 mm2 large, commercial (Kerafol, Germany) sintered
CGO10 tape (cell A) and 8YSZ ((Y2O3)0.08(ZrO2)0.92) tape
(cell B). Cell A and cell B were sintered at 1,150 °C which
results in an approximate porosity of 64 % and thickness of
50 μm [6]. The symmetrical cells were cut into samples of
an approximately nominal area of 5×5 mm2. Samples from
cell A and cell B were subsequently infiltrated with an
aqueous solution consisting of a surfactant (P-123, BASF)
and metal nitrates with a cation molar ratio corresponding to
the nominal composition (La0.6Sr0.4)0.99CoO3. The infiltration
was repeated 6 times with intermediate heat treatments at
350 °C for 2 h which results in an estimated volume loading
of 12 %. The infiltration methodology is described elsewhere
[7]. High temperature X-ray diffraction (HTXRD) was
employed to confirm the perovskite phase and detect any
possible secondary phases (STOE Theta-Theta diffractometer,
40 kV, 30 mA, Cu Kα-radiation). A Zeiss Supra 35 electron
microscope was used to study the electrode microstructure.

The CGO10 ink was screen printed (40×40 mm2) onto
53×53 mm2 large anode supported cell (ASC) consisting of
a Ni:8YSZ support, Ni:8YSZ anode, and a 8YSZ electrolyte
and sintered at 1,150 °C. The 50 μm thick, porous CGO10
backbone was infiltrated in exactly the same way as were
the symmetrical cells and is thus identical to the electrode of
cell B. A LSM current collection layer was finally screen
printed on top of the electrode to improve electrical contact.
This layer was not sintered prior to testing.

Four identical samples of cell A and cell B were painted
with Pt paste (Ferro GmbH) on both sides to ensure electri-
cal contact. The painted cells were connected to current and
voltage leads using Pt mesh and were measured with elec-
trochemical impedance spectroscopy (EIS) using either a
Solartron-1260 frequency response analyzer or a Hioki im-
pedance analyzer. The measurements were carried out at
open circuit voltage (OCV), under an ambient air flow of
6 lh−1 according to the temperature profile in Fig. 1 and
under various oxygen partial pressures (PO2) ranging from
0.06 to 0.6 atm. Data were treated with a linear least square
fit program, ZsimpWin3.21 in order to retrieve the polari-
zation (RP) and serial (RS) resistances and the capacitance
associated with the electrode polarization (CP). An algo-
rithm to extract the distribution of relaxation times (DRT)
of the measured impedance was used in the data analysis
[14]. All EIS are corrected for inductive contributions from
the test setup, and all resistances are reported with a 95 %
confidence interval based on the four measured samples.

The ASC was tested using the Risø SOFC test setup
described elsewhere [15]. Glass frames with a glass transi-
tion temperature and a softening point of approximately
670 °C and 790 °C, respectively, were used to assemble
the anode and cathode gas flow compartments. Gold and
nickel mesh were used as contacting and current collect
components on the cathode and anode side, respectively.
Weight (8 kg) was applied on top of the cell house to ensure
gas tight sealants and electrical contact. The flow compart-
ments were sealed at 850 °C for 2 h prior to anode reduction
in 9 % H2 in N2 for 2 h and 4 % H2O in H2 for 1 h. All EIS
measurements are corrected for inductive contributions from
the test setup. The cell was tested from 850–650 °C with
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50 °C increments using i–v polarization and EIS measure-
ments under a total air flow of 140 lh−1 to the cathode side
and 24 lh−1 H2 with 20 % humidity to anode side. The cell
was tested according to temperature profile in Fig. 1.

Results

Figure 2 plots the X-ray diffractogram measured on cell B at
600 to 850 °C. No significant difference with respect to
crystal phase between cell A and cell B was found The
results confirmed that the degree of the infiltrate in cell B
consisting of the perovskite phase increased at higher sinter-
ing temperature. The results show further that there is still a
substantial degree of secondary phases even after heat treat-
ment at 850 °C. This appears to consist of cubic SrO.
Secondary phases were also reported in a paper by Samson
et al. which discusses this aspect in more detail [6]. The
presence of secondary phases makes it difficult to conclude
the exact composition of the perovskite phase. However, it
is plausible to assume that the strontium content is lower
than the nominal composition (La0.6Sr0.4)0.99CoO3 if the
secondary phase consists of SrO.

Figure 3 shows SEM micrographs of Cell A after being
heated to 650 °C (a) and 850 °C (b) and demonstrates that
the entire thickness of backbone is covered with nano-
particles all the way into the electrolyte. Additionally, the
figure confirms that the crystallite size of the infiltrated
electro-catalyst in cell A increases at higher sintering tem-
perature. No significant difference in crystallite size was
found between cell A and cell B.

Figure 4 shows the Nyquist plots measured on cell A at
600 °C and ambient air after treatment at different maximum
temperatures (see Fig. 1). The first EIS measurement at
600 °C revealed RP values as low as 61±3 mΩ cm2 and
106±18 mΩ cm2 for cell A and cell B, respectively. The

activation energy (EA) for RP of cell A for RP of cell B was
calculated to 1.0 and 1.1 eV, respectively. There was no
significant change in EA with the maximum temperature.

Figure 5 plots RS and RP of cell A and cell B measured at
600 °C and OCV after treatment at different maximum
temperatures. The results demonstrate that the electrochem-
ical response of cell A is relatively stable with a small
increase in RP and a small gradual decrease in RS with
increasing maximum T. For cell B, a strong increase in
both RP and RS is seen after heated to 850 °C. It plots
further the capacitance, CP, of the electrode response of
both cell A and cell B. The results show a gradual increase
in CP for both cells.

Figure 6 plots the the PO2 dependence of two samples of
cell A. The main electrode response was found to be ap-
proximately RP∝(PO2)

−n with n00.21±0.02. These results
are in close agreement to what was reported in the afore-
mentioned study [6]. Previous papers have found a PO2

dependence of the resistance associated with oxygen diffu-
sion of n00.38±0.03 for single phase porous LSC electro-
des [16] and n00.5 for thin dense LSC electrodes [17]. A
second RQ response showed up at low PO2 and f. The
resistance of this low frequency response (RGAS) had a
strong PO2 dependence. It was found to be independent on
T and to have a very high capacitance of above 1 Fcm−2.
This strongly indicates that this resistance is related to a
concentration polarization, possibly related to the experi-
mental setup. This response will not be discussed further
as it is not directly related to the electrode kinetics.

The increase in resistance with thermal cycling was also
seen in the single cell test of the ASC. The results, reported
in Fig. 7, show an increase in the ASR at 650 °C with about
35 % and 15 % after the two consecutive thermal cycles to
850 °C (see Fig. 8). AC impedance recorded at OCV (Fig. 8)
showed that both RP and RS increased as a consequence of
thermal cycling, in accordance with the results from the tests
of cell B.

Figure 9 plots the distribution of relaxation times DRT of
cell A, cell B, and the ASC at 650 °C after thermal cycling
according to Fig. 1. From the data of cell A and cell B, it is
observed that the summit frequency of the main electrode
process shifts from about ∼20–30 to 3–4 kHz as a result of
the thermal treatment. From the data of the ASC, a minor
peak can be observed at around 3–4 kHz after the first cycle
to 850 °C, in accordance with cell A and cell B.

Discussion

Electrode kinetics

The weaker PO2 dependence of infiltrated electrodes as
compared to micrometer sized LSC electrodes indicates that

Fig. 2 High temperature XRD patterns of cell B. The peaks P and F
corresponds to the perovskite (LSC) and fluorite (CGO) structures,
respectively. A secondary phase, believed to consist of cubic SrO,
appears to decrease with increasing T, while the perovskite peak is
seen to increase with increasing T
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the oxygen exchange kinetics is mechanistically different
for infiltrated electrodes compared to conventional screen
printed ones. Additionally, the reaction mechanism of mixed
conducting oxygen electrodes are often described as co-
limited by the surface exchange reaction (kEX) and oxygen
vacancy diffusion (DV) which is expected to give rise to
either a Gerischer- or a finite length Warburg impedance
characteristics [18, 19]. However, such features were not
observed in the impedance spectra of neither cell A nor cell
B. Finally, the capacitance of the electrode response is
substantially lower than the typical chemical capacitance of
single phase LSC cathodes. This can range up to 0.1–1 Fcm−2

as a consequence of oxygen non-stoichiometric changes in the
bulk [20].

It has been shown using conductivity relaxation data that
the kinetic constant for the oxygen surface exchange reac-
tion (kEX) of LSC has a relatively strong PO2 dependence
(kEX∝(PO2)

−n with n approximately equal to 0.5 [21, 22]. In
contrast, the oxygen vacancy diffusion is relatively indepen-
dent on PO2. de Souza et. al. [23, 24] have determined kEX
and DV with the isotope exchange/depth profiling technique
and found a strong correlation between the two constants
irrespective of material. It was later argued that this corre-
lation could only be rationalized if oxygen incorporation
into the bulk is the rate determining elementary step (rds)
of the oxygen exchange reaction [25]. One of the arguments
was that this is the only elementary step involving oxygen
vacancies.

This argument is not necessarily valid. Adler et al. [26]
have developed a rigorous kinetic model based on transi-
tions state theory and non-equilibrium thermodynamics. By
fitting the model to available non-stoichiometry data, the
authors argued that in the specific case of LSC, oxygen
dissociation at two adjacent oxygen vacancies is the rds.
This has later been supported by density functional theory
(DFT) calculations [27]. A PO2 dependence, RP∝(PO2)

−n

with n00.5, has repeatedly been observed for LSM electro-
des. This dependence was further interpreted as an effect of
a dissociation limited reaction [3, 28, 29]. A PO2 depen-
dence of 0.5 has also been found for the impedance of
conventional LSC electrodes if one takes into account the
PO2 dependence of oxygen vacancy concentration (1/R0
[VO

··]×PO2
½) [21]. The weaker PO2 dependence of cell A

could therefore be interpreted as if dissociation is not rate
limiting the overall reaction of LSC infiltrated cathodes to
the same degree as conventional micrometer-sized ones.

The size of the nano-crystals, and thus the bulk volume of
LSC, is substantially smaller for infiltrated cathodes as
opposed to conventional porous ones synthesized from
pre-sintered micrometer sized powder. This means that the
chemical capacitance of infiltrated LSC cathodes should be
lower than normal single phase LSC electrodes. More
importantly, the characteristic length (LC0(DV)/kEX) of
LSC has been determined to several micrometers thus sub-
stantially larger than the size of these LSC nano-particles
[30]. The oxygen nonstoichiometry of LSC nano-particles

Fig. 3 a SEM micrographs of
cell A heated to 650 °C for 2 h.
b Cell A after test and thus
heated to maximum 850 °C.
Note the increase in particle
size with increasing maximum
temperature

Fig. 4 Nyquist plots showing the impedance measured on cell A at
600 °C and ambient air after treatment at different maximum temper-
atures (see Fig. 1). Numbers denote 10log f. The lines represent the

depressed semi-circles of two RQ circuit elements in parallel. These
represent a typical CNLS equivalent circuit fit to the impedance mea-
sured after 850 °C
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can therefore be assumed to be in equilibrium which in turn
suggests that the chemical capacitance does not arise as a
consequence. Another effect is that oxide ion diffusion is
most likely fast enough not to contribute to the electrode
resistance. A negligible resistive contribution from oxide
ion diffusion through MIEC thin films has previously been
shown for LSCF electrodes [31].

The capacitance of an oxygen electrode controlled by
adsorption/surface diffusion has been reported to
∼10−3 F cm−2 [32], whereas the double layer capacitance
for a true interfacial O2− charge transfer processes in the
vicinity of the SOFC electrode/electrolyte/air three phase
boundaries (TPB) is typically about 10−5–10−6 F cm−2

[33]. The capacitance (CP) of both cell A and cell B were
found to be somewhere in between that typically seen for

adsorption and charge transfer processes, respectively, mak-
ing it difficult to draw mechanistic conclusions on the basis
of the measured capacitance. However, the idea of a reaction
mechanism being limited by a single elementary step, i.e.,
the bottle neck principle, has for a long time been rightfully
questioned when it comes to SOFC electrodes. One of the
arguments is that several peaks are often seen when differ-
entiating measured impedance spectra of single electrodes
[34].

As an example, in a previous paper studying LCN:
CGO10 (LaCo0.4Ni0.6O3) composite electrodes, two pro-
cesses, clearly separated in the impedance spectra, were
found. The spectrum was described using a constant non
linear least square (CNLS) equivalent circuit models con-
sisting of a RQ element in series with a Gerischer imped-
ance element. In this case, it was postulated that the reaction
proceeded by a mechanism in which oxygen adsorption to
and diffusion along the surface is followed by a subsequent
charge transfer processes reaction at the TPB. One of the
arguments for the hypothetical mechanism was that only the
Gerischer impedance decreased when the surface was “mod-
ified” by infiltrated LSC nano-particles indicating that only
this impedance response was closely related the oxygen
adsorption/surface diffusion processes [35].

The relatively low capacitance and comparatively weak
PO2-dependence of cell A and cell B could indicate that the
reaction proceeds in a similar way for these nano-structured
electrodes. The impedance of an electrode reaction con-
trolled by a single process, such as a charge transfer step,
is often fitted using a RQ CNLS equivalent circuit, visible as
a depressed semi circle in the Nyquist plot. It was not
possible to find an equivalent circuit model that could de-
scribe the measured impedance consistently throughout the
experiments. However, the measured impedance spectra in

Fig. 5 RS, RP and CP as
function of maximum sintering
temperature measured at 600 °C
in ambient air. The figure
illustrates that RS and RP of cell
A is substantially more stable
towards increasing
temperatures as compared to
cell B

Fig. 6 PO2 dependence of RP and RGAS of two identical samples of cell
A measured at 750 °C after treatment at 850 °C
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Fig. 4 do not seem to be represented by such a simple
explanation. This is supported by DRT analysis, plotted in
Fig. 9, which shows indications of two peaks after heat
treated at 850 °C. Additionally, impedance spectra of similar
electrodes have previously been argued to consist of two
arcs [6]. The difficulty in discriminating the processes in the
time domain can be due to partial overlap in frequency.
However, the results suggest the oxygen exchange reaction
of this electrode type consist of more than one process
contributing the DC resistance.

In fact, the impedance is not very different from that of
the conventional micron-sized LCN:CGO10 composite
electrode. The difference in this case is that the backbone
is an ion conductor (CGO10) with a surface covered by a
mixed conductor (LSC). Such a combination of materials
opens up the bulk path way and thus a larger fraction of the
nano-particle-CGO10 interface than only the TPB. The ef-
fect is that diffusion of oxygen can follow either of two
ways as illustrated in Fig. 10. Irrespective of which pathway
is the predominant, diffusion lengths are substantially shorter
compared to electrodes made of micron-sized particles for
which we often see Gerischer/Warburg type impedance aris-
ing as a consequence of diffusion limitations.

Electrode stability

The increase in RP with maximum sintering temperature,
despite the expected positive effect from an increasing de-
gree of the LSC perovskite phase (see Fig. 2), is well known
[6, 8]. Operating these in situ sintered nano-structured elec-
trodes may thus raise concerns about the electrode stability
compared to conventional pre-sintered cathodes, which are

structurally and chemically “stabilized” at a few hundred
degrees above the SOFC operating temperatures.

Perhaps the most plausible reason for the increase in RP

with maximum temperature is nano-particle coarsening
which decreases their surface area available for oxygen
reduction. Growth of the infiltrated LSC particles with
higher maximum temperature is also evident from Fig. 3
which further supports a correlation between RP of the
infiltrated electrodes and the size of its constituting nano-
particles. Similar correlations have also been obtained for
electrodes with LSM infiltrated into an 8YSZ backbone
[36]. However, there could also be other reasons for the
correlation between maximum temperature and electro-
chemical performance. Several reports have correlated low-
er performance with segregation of strontium to the cathode
surface [37, 38]. Additionally, Mogensen et al. [12] have
argued that infiltrated nano-particles can react with glassy
impurities which otherwise may block the surface or change
the surface chemistry of the TPB region. The latter sugges-
tion was supported by the observation of change in the Sr
chemistry by impregnation of ceria nano-particles [39]. As
redistribution of strontium cations and impurity migration
towards, and passivation of, the surface are thermally acti-
vated processes, high temperature treatment may then re-
duce the catalytic activity of the nano-particle surface.

LSC is a very good electronic conductor, especially in
contrast to the oxides La2O3, SrO, and CoO [40], but the
electrode is nevertheless expected to suffer to some degree
from current constriction due to the small loading of elec-
tronic conducting materials. The higher degree of the LSC
phase which is formed after treatment at higher T (see
Fig. 2) is thus expected to improve RS of these electrodes.
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Additionally, enhanced percolation and particle necking will
improve the microstructure in terms of electronic conduc-
tivity. Evidence of such a trend was also found for cell A
which showed a decrease in RS with increasing maximum
heat treatment temperature (see Fig. 5). In contrast, cell B
demonstrates an opposite behavior with a strong increase in
RS when heated to 850 °C. This suggests that a thermally
activated process occurs that has a negative impact on the
serial resistance of cell B counteracting the positive effect of
LSC formation. The correlated increase in RP and RS of cell
B during the heating cycle implies that this degradation
process will have detrimental effects on both the electrode
and electrolyte performance. Since cell B is supported by an
8YSZ electrolyte, one explanation could be that the inner-
most LSC nano-particles react with 8YSZ to form insulating
phases of SrZrO3 and La2Zr2O7. Additionally, the Sr activ-
ity and mobility is relatively high in LSC allowing it to
diffuse along grain boundaries to the YSZ interface [41].

Such a reaction is known to occur between LSC and YSZ at
>900 °C as evidenced by XRD for conventional powder
[42] and for infiltrated electrodes [43]. In fact, Peters has
used thermodynamically modeling to argue that it occurs at
temperature >500 °C and argued that lack of evidence from,
e.g., XRD is due to slow kinetics at low T [44].

An increase in resistance as a result of thermal cycling
was also found in the ASC test as seen in Figs. 7 and 8. It is
important to note that the first measurement is carried out
after treatment for about 7 h at 850 °C at which the cell is
sealed and contacted. It is possible to observe a small peak
at 3–4 kHz in the DRT of the ASC (see Fig. 9) which
corresponds well to the summit frequency of cell A and cell
B after sintering at 850 °C. The summit frequency shifts
towards lower frequencies as the cathode resistance contin-
ues to increase and start to overlap with the anode response,
earlier argued to occur at ∼1 kHz for this cell type [45]. This
makes it very difficult to conclude to which degree the
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increase in resistance is an effect of the observed cathode
degradation.

Whether the decrease in performance is due to thermal
cycling or simply an effect of being kept at high temperature
for a long time is difficult to conclude. The results show
nevertheless that the innermost LSC nano-particles appear
comprise an active region of the cathode and that a CGO10
barrier is required if this in situ sintered nano-structured
LSC electrode is to be used in SOFCs.

Conclusion

Electrodes consisting of a porous CGO10 scaffold impreg-
nated with nano-sized LSC particles were found to possess
high electro-catalytic activity towards oxygen reduction
resulting in a RP as low as 35 mΩ cm2 at 650 °C. Increasing
the electrode sintering temperature increased both the size of
the nano-particles and the degree to which they consist of
the LSC perovskite phase. EIS measurements found an
increase in RP as an effect of this chemical and structural
change. Furthermore, the increase in RP was significantly
stronger for the cell in which the electrolyte was made of
YSZ instead of CGO10. The results suggested that the
innermost LSC nano-particles had reacted with the YSZ
electrolyte.

The electrode was successfully integrated into an anode
supported cell with an ASR of 540 mΩ cm2 at 650 °C. This
value increased when the cell was thermal cycled to 850 °C
further indicating the thermal instability of the cathode when
applied directly onto YSZ. The results demonstrate the
requirement of a CGO10 barrier to prevent any reaction
between the LSC nano-particles and the 8YSZ electrolyte
if the cell is to be operated at higher temperatures.
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