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A B S T R A C T

Ce0.9Gd0.1O1.95 (CGO) protective layers are prepared by two different methods to prevent the reaction between
the Zr0.84Y0.16O1.92 (YSZ) electrolyte and the La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) cathode. In the first method, the
CGO layers are deposited by an airbrushing technique from an ink containing CGO particles without and with
cobalt as sintering aids. The second strategy consists in preparing both a dense CGO barrier layer and a porous
LSCF cathode by spray-pyrolysis deposition, in order to further reduce the fabrication temperature and minimize
the reaction between the cell components. The samples prepared by spray-pyrolysis exhibit better performance
and durability than those obtained by conventional sintering methods. The results suggest that the interfacial
reactivity between YSZ and LSCF as well as the Sr-enrichment at the cathode surface can be avoided by using
low-temperature fabrication methods and by operating at temperatures lower than 650 °C.

1. Introduction

Solid Oxide Fuel Cells are considered as one of the most efficient
technologies for electrical power generation. However, their high op-
erating temperatures involve a number of disadvantages, regarding the
durability and potential application of these devices [1–3]. In this
context, the main research trends in SOFCs are focused on reducing
their operation temperature.

Nowadays, it is considered that the SOFC performance is mainly
limited by the cathode polarization resistance. The most commonly
used cathode material, La0.8Sr0.2MnO3-δ (LSM), is physically and che-
mically compatible with the standard Zr0.84Y0.16O1.92 (YSZ) electrolyte
[4]. However, it exhibits low catalytic activity for oxygen reduction
reactions at low operating temperatures. More efficient cathodes could
be used, such as La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [5–7]. Unfortunately,
LSCF is well known to strongly react with YSZ, forming insulating
secondary phases like SrZrO3 and La2Zr2O7 [8,9]. The formation of
these low conducting phases at the cathode/electrolyte interface occurs
during the SOFC fabrication and operation, resulting in a drastic loss of
performance over time [10].

A possible solution to avoid the reaction between YSZ and LSCF is
the introduction of a diffusion barrier layer of Ce0.9Gd0.1O1.95 (CGO)
between both materials [11–14]. Such interlayer needs to be suffi-
ciently thin and dense to avoid the introduction of additional ohmic

resistance. The screen-printing is the most commonly used method to
prepare the CGO interlayer. In this case, the sintering temperature is a
crucial factor to ensure an adequate adhesion with the YSZ electrolyte
without loss of performance. In particular, a low sintering temperature
produces a porous interlayer with high electrical resistance. Moreover,
recent studies have reported that Sr species from LSCF easily diffuse on
the porous surface of the CGO grains and react with YSZ [15–17]. Sr
diffusion across the grain boundary of dense CGO layers has been also
observed, although the diffusion rate is much slower. In contrast, high
sintering temperatures result in a dense CGO layer but also interdifus-
sion of Ce and Zr, leading to the formation of a solid solution (Zr1-xCex)
O2-δ with lower conductivity than YSZ [18].

The use of sintering aids, such as Co, Zn and Li, is an alternative
strategy to improve the densification of CGO at a lower sintering tem-
perature. The effect of these additives on the densification and transport
properties of CGO ceramic pellets has been widely investigated in dif-
ferent studies [19–21]. However, only few works have reported the
influence of these additives on the performance of CGO interlayers
[22,23].

Alternative physical and chemical deposition methods have been
employed to fabricate dense CGO interlayers, including magnetron-
sputtering [24–27], pulsed laser deposition [28] and spin-coating [29].
In general, most of these methods are usually expensive or less attrac-
tive from an industrial point of view as they require multiple steps in

https://doi.org/10.1016/j.jeurceramsoc.2018.03.024
Received 12 January 2018; Received in revised form 12 March 2018; Accepted 16 March 2018

⁎ Corresponding author. Present address: Dpto. de Física Aplicada I, Laboratorio de Materiales y Superficies, Facultad de Ciencias, Campus de Teatinos, Universidad de Málaga, 29071-
Málaga, Spain.

E-mail address: marrero@uma.es (D. Marrero-López).

Journal of the European Ceramic Society 38 (2018) 3518–3526

Available online 19 March 2018
0955-2219/ © 2018 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2018.03.024
https://doi.org/10.1016/j.jeurceramsoc.2018.03.024
mailto:marrero@uma.es
https://doi.org/10.1016/j.jeurceramsoc.2018.03.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2018.03.024&domain=pdf


the preparation of the cell. In contrast, spray-pyrolysis is an economic
and industrially scalable technique to prepare thin films materials,
which has been widely used to obtain different SOFC components
[30–32]. The morphology of the films, e.g. their thickness and porosity,
can be easily tailored by varying the deposition parameters, such as
temperature and deposition time [33,34]. Several studies have reported
the preparation of CGO interlayers by spray-pyrolysis [35–37]; how-
ever, the LSCF cathode is commonly deposited by traditional screen-
printing at high sintering temperatures, favoring the cation interdiffu-
sion between the materials layers.

In the present study, both the CGO interlayer and the LSCF cathode
are prepared by spray-pyrolysis deposition to reduce the fabrication
temperature at only 800 °C, and minimize the reaction between the cell
components. For the sake of comparison, the CGO and LSCF layers were
prepared by conventional deposition methods, airbrushing and screen-
printing. The microstructure and polarization resistance evolution of
the symmetrical cells are investigated as a function of the annealing
time. Moreover, the results are compared with those obtained for cells
without CGO interlayer.

2. Experimental

2.1. Materials preparation

Zr0.84Y0.16O1.92 (YSZ) substrates were prepared by pressing com-
mercial powders (Tosoh) into disks of 13 and 1.5 mm of diameter and
thickness, respectively, followed by sintering at 1400 °C for 4 h in air
(relative density> 95%).

For the preparation of the Ce0.9Gd0.1O1.95 (CGO) interlayers by
airbrush deposition, an ink was obtained by mixing 1 g of CGO powder
(particle diameter of 50 nm, Rhodia), 1 g of DecofluxTM as organic
binder and 10ml of ethanol as solvent. A suspension of particles was
obtained after ultrasonic agitation. The resulting ink was deposited
symmetrically onto the YSZ pellets by using a commercial airbrush;
followed by sintering at 1100 °C for 2 h.

In order to improve the densification of the CGO layer, 2 mol.% of
Co(NO3)2·6H2O was added to the starting CGO powders and the sin-
tering temperature was reduced to 1000 °C for 2 h. Notice that this is
the optimum Co-content to obtain dense CGO pellets at 1000 °C without
altering significantly their transport properties [19]. The porosity of the
CGO layers was estimated from their thickness by electron microscopy
and the deposited mass by the weight difference between the pellets
with and without CGO layer. La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) powder
cathode was obtained by a freeze-drying precursor method as described
in detail elsewhere [38,39]. An ink was prepared by mixing the pow-
ders with Decoflux and then deposited onto the CGO interlayer by
screen-printing and sintering at 1000 °C for 2 h.

For the preparation of the CGO layers by spray-pyrolysis; an aqu-
eous precursor solution with a concentration 0.025mol L−1 was ob-
tained from Ce(NO3)3·6H2O, Gd(NO3)3·6H2O (> 99%) and citric acid
(0.0125mol L−1) as chelating agent; all of them supplied by Sigma-
Aldrich. The precursor solution was sprayed symmetrically onto the
YSZ pellets at 400 °C with a solution flow rate of 20mL h-1 at a pressure
of 2 bar. The nozzle-substrate distance and deposition time were of
20 cm and 1 h, respectively. Afterwards, the CGO layers were treated at
650 °C for 2 h to remove the residual species. Finally, the LSCF cathode
was deposited by spray-pyrolysis at 250 °C for 1 h, following the pro-
cedure described in [40]. The deposition parameters were optimized in
order to obtain porous LSCF layers of ∼3 μm thickness. Notice that the
electrode thickness could be tailored by modifying the deposition
parameters such as temperature and time. The symmetrical cells were
finally treated at 800 °C for 2 h to improve the crystallization.

2.2. Materials characterization

The materials were analyzed by X-ray powder diffraction (XRD)

with a PANalytical Empyrean diffractometer and CuKα1,2 radiation. The
phase identification and structural analysis were performed by using
the X´Pert HighScore Plus and GSAS software [41,42].

The chemical compatibility between YSZ and CGO was reexamined
because the co-sintering temperature of CGO and YSZ layers varies in
the literature in a broad range from 1100 to 1500 °C [43]. For this
purpose, YSZ and CGO powders (weight ratio of 1:1 and average par-
ticle size of 100 nm) were intimately mixed in a ball-mill machine at
150 rpm for 1 h. The resulting mixture was calcined in a furnace be-
tween 800 and 1400 °C for 24 h and then analyzed by the XRD-Rietveld
method [44].

The microstructure and cation interdiffusion at the LSCF/CGO/YSZ
interfaces were analyzed by Field Emission SEM (FEI, Helios Nanolab
650) coupled with energy-dispersive X-ray microanalysis (EDX, Oxford
instruments).

The polarization resistance was determined by impedance spectro-
scopy in symmetrical cells using a Solartron 1260 FRA. The data were
acquired in the frequency range of 0.01–106 Hz with 0.1 V ac ampli-
tude. Platinum paste and meshes were used as current collectors. The
measurements were initially performed on cooling process in the tem-
perature range of 300–800 °C and then at isothermal temperatures of
650 and 800 °C for 300 h at open circuit voltage under air atmosphere.
The spectra were analyzed by equivalent circuit models with the ZView
software [45].

3. Results and discussion

3.1. Phase analysis and compatibility

Fig. 1a shows the XRD patterns of the CGO-YSZ powder mixture
after calcining at different temperatures between 800 and 1400 °C for
24 h. No evidence of reaction is observed at temperatures below
1000 °C, and both the cells parameters and phase fractions remain si-
milar to the pristine materials (Fig. 1b). However, reactivity is clearly
observed after calcining at only 1100 °C, appearing new diffraction
peaks associated with the formation of a new fluorite related phase. On
the other hand, the diffraction peak intensity of the CGO decreases,
confirming a significant cation interdiffusion between the materials.
The XRD patterns are refined by the Rietveld method by considering
different fluorite-type phases. In a first stage, the unit cell parameter
and weight fraction of YSZ increase with the firing temperature, in-
dicating that the Ce4+ is mainly incorporated in the YSZ lattice
(Fig. 1b). Simultaneously, the weight fraction of CGO decreases with
the firing temperature, and at last two reaction products with different
Zr:Ce ratio appear between 1200 and 1300 °C. Finally, only a fluorite-
type phase is observed above 1400 °C, confirming the complete reaction
between the materials and the formation of a solid solution.

It is evident that the reaction between CGO and YSZ is favoured in
an intimate mixture of submicrometric particles after long term an-
nealing due to high contact area between the materials. However, the
present results confirm a significant cation interdiffusion between YSZ
and CGO at temperatures as low as 1100 °C, which would negatively
affect the transport properties of a SOFC [18]. Thus, the co-sintering of
YSZ and CGO needs to be limited at temperatures lower than 1100 °C.

Bearing in mind these results a stronger chemical reaction between
YSZ and nanocrystalline CGO films is expected. For this reason, the
compatibility between spray-pyrolysis CGO films and YSZ substrate was
investigated. Fig. 1c shows the evolution of the XRD patterns after firing
in a furnace between 600 and 1400 °C for 24 h. The intensity of the XRD
peaks of CGO increases gradually with the firing temperature due to the
improved crystallinity and the grain size growth; however, no appre-
ciable bulk reactivity is detected up to 1100 °C. Moreover, the unit cell
parameters remain almost constant with the temperature, suggesting
that the reaction is limited at the CGO/YSZ interface (Fig. 1d). Above
1100 °C, the diffractions peaks become asymmetric due to the inter-
diffusion of cations between the material layers. Three different
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fluorite-type phases are necessary to fit the data adequately, i.e. the YSZ
substrate, the CGO protective layer and a reaction product. Above
1300 °C, the peak overlapping makes difficult the Rietveld analysis and
the cell parameters are not determined. The unit cell variation clearly
indicates that the bulk reaction is significant above 1100 °C (Fig. 1d).

The reactivity between YSZ and LSCF was also confirmed after an-
nealing a powder mixture of both materials at 800 °C for 24 h. The
corresponding XRD pattern showed an additional peak at 2θ=31°,
which is assigned to SrZrO3 (ICSD #650) (Fig. S1, supplementary in-
formation).

Fig. 2 shows the XRD patterns of the LSCF/CGO/YSZ cells prepared
by conventional and spray-pyrolysis deposition methods at 1100 °C and
800 °C, respectively. The patterns show similar features and three dif-
ferent phases are identified. The most intense peaks correspond to the
top LSCF layer and the less intense ones are assigned to the bottom CGO
interlayer and YSZ substrate. Notice that the XRD peaks of the sample
prepared by spray-pyrolysis are broad due to the lower preparation
temperature, and consequently, the lower crystallinity and smaller
particle size of the materials. It is also important to highlight that bulk
reactivity with the presence of secondary phases are not detected.
Moreover, the unit cell volume of CGO, YSZ and LSCF phases are si-
milar to the pristine materials, indicating that the same compounds are
obtained, independently on the deposition method used.

3.2. Microstructural characterization

Fig. 3 compares the microstructure of the CGO layers without and
with 2mol% of cobalt as sintering aid. The layers without Co are highly

Fig. 1. Evolution of XRD patterns and unit cell parameters of (a–b) LSCF-CGO powder mixture calcined at different temperatures for 24 h; (c–d) CGO layer deposited by spray-pyrolysis on
YSZ after calcining at different temperatures for 24 h. Arrows indicate the asymmetry of the peaks due to bulk reaction between CGO and YSZ layers.

Fig. 2. XRD patterns of the cells prepared by conventional deposition methods at 1000 °C
and spray-pyrolysis at 800 °C. The different compounds are identified with symbols.
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porous, above 45%, and exhibit poor adhesion to the electrolyte, which
makes them unsuitable for practical application in SOFCs (Fig. 2a and
b). As a consequence, these layers are not further characterized in the
present study.

In contrast, the layers with Co addition present lower porosity,
∼30%, and larger grain size of ∼500 nm due to the sintering effects of
cobalt, which improves the densification and the grain growth. Notice
that sintering temperatures above 1100 °C lead to a decrease of the
relative density, which is explained by Co evaporation and the con-
sequent loss of densification [20,21]. It is also important to comment
that full dense CGO pellets with Co-addition are obtained at 1000 °C;
however, the shrinkage of the analogous layers is mechanically con-
strained by the YSZ substrate, hindering their densification.

As commented in the experimental section, the LSCF cathode was
symmetrically deposited by screen-printing and sintering at 1000 °C for
1 h on the CGO layers. Afterwards, the cells were annealed at 800 °C for
250 h and then analyzed by combined SEM and EDX (Fig. 4). The cross-
sectional images reveal that the CGO layer has a thickness of approxi-
mately 4 μm and is well adhered to the electrolyte without delamina-
tion or cracks. The microstructure of LSCF cathode remains practically
unchanged after the annealing treatment; thus significant grain growth
and loss of porosity are not observed. The most remarkable difference
with respect to the as-prepared sample is the presence of a reaction
zone at the CGO/YSZ interface. The EDX mapping reveals that this
region is Sr-rich due to the Sr-diffusion through the CGO barrier and the
consequent formation of SrZrO3. Hence, the level of densification of
these CGO layers (70% of relative density) is not enough to prevent the
Sr diffusion from the cathode to the electrolyte. It is also important to
mention that the EDX mapping of Ce and Zr reveal certain interdiffu-
sion at the interface, which mainly occurs during the fabrication pro-
cess at 1000 °C, because this behavior is not observed in samples pre-
pared by spray-pyrolysis at lower sintering temperatures as discussed
below.

The microstructure of the cell prepared by spray-pyrolysis before
and after the annealing treatment at 800 °C for 250 h is shown in Fig. 5.
The as-prepared cell shows a CGO interlayer of 0.5-1 μm thickness
(Fig. 5a). This layer is dense and is formed by fine particles of ap-
proximately 30 nm of diameter. The EDX analysis does not show any
sign of reactivity, either cation interdiffusion at the interface between
the different layers. Regarding the LSCF cathode, this exhibits high
porosity and is comprised by nanometric particles of 100 nm of dia-
meter. However, after the annealing treatment at 800 °C, the micro-
structure reveals noticeable changes (Fig. 5b). In particular, the grain
size of CGO and LSCF grows to 150 nm and 250 nm, respectively, as a
consequence of the coarsening effects after long term annealing at high
temperatures. Moreover, despite the fact that the CGO layer is dense,
Sr-segregation is observed in certain regions at the CGO/YSZ interface,
possibly due to Sr diffusion through the grain boundaries of CGO bar-
rier as other authors have reported [14,15]. It is also important to
comment that the reaction zone in dense CGO barrier is significantly
smaller compared to the porous CGO layer. These results are consistent
with previous studies, where the Sr diffusion mechanism is faster
though the porous than the grain boundary of CGO interlayer [14]. In
addition, the EDX mapping reveals a negligible interdiffusion between
Zr and Ce, contrary to the CGO barriers prepared by airbrushing at
higher firing temperatures.

3.3. Polarization resistance over time

The polarization resistance of the symmetrical cells was determined
by impedance spectroscopy in the temperature range of 300–800 °C.
Fig. 6 compares the overall polarization resistance of the different
samples as a function of the temperature. It is important to comment
that these measurements correspond to the as-prepared samples,
without any previous annealing treatment. The cell without CGO in-
terlayer exhibits a polarization resistance (Rp) of 0.10Ωcm2 at 800 °C,

Fig. 3. SEM image of the surface and cross-section of the CGO layers deposited by airbrushing (a–b) without sintering aids at 1100 °C and (c–d) with Co-addition at 1000 °C.
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somewhat higher than that of LSCF deposited on CGO electrolyte, 0.055
Ωcm2 [46]. This result indicates that the possible reaction between
LSCF and YSZ has not significant effects on the electrochemical prop-
erties during the fabrication process at 1000 °C for only 1 h. The con-
ventional cell with CGO interlayer shows somewhat lower Rp, about
0.051Ωcm2 at 800 °C, which is possibly attributed to the oxygen in-
corporation improvement at the cathode/electrolyte interface as a
consequence of the higher ionic conductivity of CGO compared to YSZ.
This value of polarization resistance is almost identical to that obtained
for LSCF in contact with the CGO electrolyte [46]. The cells with spray-
pyrolysis layers exhibit the lowest Rp values, about 0.014Ωcm2 at
800 °C, which is clearly related to the fine particle size of these elec-
trodes and the extended triple-phase-boundary length for the oxygen
reduction reactions [32–34]. Regarding the activation energies, these

vary between 1.71 and 1.43 eV with the highest value for the conven-
tional cell without CGO interlayer and the lowest one for the cell with
spray-pyrolysis electrodes. This last value is similar to that reported for
LSCF in contact with CGO electrolyte, 1.47 eV [46].

The variation of the overall polarization resistance over time at
isothermal annealing temperatures of 800 and 650 °C are shown in
Fig. 7. In the high temperature range (Fig. 7a), the sample without CGO
interlayer suffers a fast degradation of both the ohmic (Rohm) and po-
larization (Rp) resistances, nevertheless, the ohmic resistance is less
affected than the polarization resistance, suggesting that the degrada-
tion is mainly associated with the alteration of the electrolyte/cathode
interface. For instance, Rp increases from 0.1 to 3Ω cm2, while Rohm

increases from 13.1 to 13.6Ωcm during a period of time of 125 h (Fig.
S2).

Fig. 4. SEM and EDX image of the cross-section of the cells prepared by airbrushing (CGO) and screen-printing (LSCF) after annealing at 800 °C for 250 h, showing a thick region with Sr-
enrichment at the CGO/YSZ interface.

Fig. 5. SEM and EDX image of the cross-section of the cells prepared by spray-pyrolysis (a) as-prepared and (b) after annealing at 800 °C for 250 h. Minor Sr-segregation is observed at the
CGO/YSZ interface after the annealing treatment.
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A more interesting finding, the cathode prepared by spray-pyrolysis
directly onto YSZ electrolyte exhibits somewhat lower degradation rate,
compared to the samples deposited by conventional methods, i.e. Rp

increases from 0.04 to 0.21Ω cm2. This behavior could be related to
several factors, such as the lower fabrication temperature and lower
crystallinity of the electrodes obtained by spray-pyrolysis, which limit
the Sr diffusion at the electrolyte/electrode interface [47]. These issues
are further discussed below.

The introduction of the CGO interlayer by airbrushing improves
notably the performance and durability of the cell; however, degrada-
tion is still observed at high operating temperatures, i.e. Rp increases
from 0.048 to 0.09Ω cm2. In the case of the cell prepared by spray-
pyrolysis, the polarization resistance increases significantly for the first
50 hours, due to microstructural changes, i.e. grain growth and densi-
fication, since this cell was prepared at a reduced temperature of only
800 °C. Afterwards, Rp increases more slowly from 0.016 to
0.039Ω cm2.

It is also important to comment that the performance of LSCF decays

over time at high operating temperatures due to phase segregations on
the electrode surface, such as Sr-enrichment, which blocks the active
sites for oxygen reduction reaction [48–50]. Thus, the performance
degradation of these cells at high operating temperatures includes two
different contributions, interfacial reactivity at the CGO/YSZ interface
and surface phase segregation. This issue is further discussed below by
studying separately the different processes to the electrode polarization.

Hence, it is evident that the potential application of LSCF should be
restricted at the low temperature range. For this reason, the stability of
the samples was also evaluated at 650 °C (Fig. 7b). Hereafter, only the
samples prepared by spray-pyrolysis with improved performance are
further analyzed. The polarization resistance of LSCF in contact with
YSZ increases from 0.32 to 0.61 Ωcm2, indicating that the reaction
between YSZ and LSCF is still significant at a reduced temperatures of
650 °C. In contrast, the sample with CGO interlayer exhibits a stable
polarization resistance over time of 0.15Ω cm2. Hence, the Sr-diffusion
though the dense CGO barrier and the loss of performance associated
with surface segregation are negligible at 650 °C for samples prepared

Fig. 6. Temperature dependence of the overall polarization resistance for the as-prepared symmetrical cells by conventional and spray-pyrolysis deposition methods without and with
CGO interlayer.

Fig. 7. Evolution of the polarization resistance at open circuit voltage of the symmetrical cells prepared by conventional and spray-pyrolysis deposition methods without and with CGO
interlayer at (a) 800 °C and (b) 650 °C.
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by spray-pyrolysis. In addition, these samples exhibit improved per-
formance and durability when compared to LSCF cathodes deposited on
CGO electrolyte by conventional screen-printing technique in a pre-
vious work, i.e. Rp increased from 2.8 to 7Ω cm2 at 650 °C for 200 h
[46].

In order to obtain further insights on the different processes of the
electrode polarization, the impedance spectra of the samples prepared
by spray-pyrolysis are analyzed by equivalent circuit models (Fig. 8a
and b). Two different processes are distinguished at medium (MF) and
low frequency (LF), which are fitting by considering two (RQ) elements,
where R is a resistance in parallel with a pseudo-capacitance Q. A serial
resistance (Rohm) and an inductance (L) are also included to take into
consideration the ohmic losses of the samples and parasitic inductance
effects introduced by the setup, respectively (inset Fig. 8b).

The MF contribution appears at a relaxation frequency of approxi-
mately 15 kHz and possesses a capacitance of about 0.1mFcm−2,
consistent with a charge transfer process at the electrode/electrolyte
interface. The LF contribution at ∼100 Hz has a higher capacitance,
∼10mFcm−2, and is assigned to the dissociation adsorption of oxygen
molecules on the electrode surface [51–53].

The evolution of the resistance contributions, RMF and RHF, at an
annealing temperature of 800 °C is displayed in Fig. 8c. The HF con-
tribution, related to charge transfer, increases more slowly for the
sample with CGO barrier, indicating a lower degradation of the elec-
trode/electrolyte interface. The MF contribution suffers a stronger in-
crease during the first 40 h for both samples without and with CGO
barrier, which is related to the microstructural changes likely coar-
sening and grain growth as previously commented. Such as grain
growth, reduces the number of reaction sites for oxygen dissociation on
the surface, and consequently the associated resistance increases.
Afterwards, RMF increases almost linearly over time. Notice also that
the degradation for prolonged times is similar for samples without and
with CGO interlayer. Hence, this behavior may be attributed to super-
ficial Sr-enrichment at the electrode surface, which blocks the active
sites for oxygen reduction reactions [50].

More importantly, the samples prepared by spray-pyrolysis exhibit a
lower degradation of the MF contribution compared to those prepared
by conventional methods [46,54]. This behavior could be explained by
the different level of surface segregation, depending on the synthetic
method used [47]. In general, the level of cation segregation is de-
termined by the nature of the cathode, such as composition, cation
deficiency and crystallinity; and the environmental conditions, such as
temperature, atmosphere, and electrical polarization. For instance,

cation segregation is favored at elevated temperatures and prolonged
annealing time. A-site surface segregation in ABO3 perovskites is gen-
erally suppressed by cathodic polarization. Finally, several studies have
reported that materials with a higher crystallinity present a more or-
derly arrangement with less free space in the lattice, driving the do-
pants with larger radii, such as Sr2+, to the surface [47,55,56]. Hence,
the lower crystallinity of the samples prepared by spray-pyrolysis with
respect to those obtained by conventional methods could explain the
different degradation rate of the RMF and RLF contributions to the po-
larization.

In summary, at very high operating temperatures, both reactivity at
the electrode/electrolyte interface and surface segregation are serious
drawbacks for the performance and durability of LSCF cathodes. Hence,
the application of LSCF cathodes needs to be restricted at the low
temperature range.

4. Conclusions

CGO barrier layers were prepared by conventional airbrushing and
spray-pyrolysis deposition methods to prevent the interfacial reactivity
between the YSZ electrolyte and the LSCF cathode.

The chemical compatibility studies between YSZ and CGO showed a
significant reactivity between both materials above 1100 °C and the
subsequent worsening of the electrical properties; therefore sintering
procedures at lower temperatures and shorter times are necessary.

An airbrushing technique was employed to obtain uniform and thin
CGO layer of 4 μm of thickness. The use of Co as sintering aids allowed
reducing the sintering temperature to 1000 °C, giving rise to protective
layers with adequate adhesion to the YSZ electrolyte and relative
density above 70%. However, the level of densification of these layers
was not sufficient to avoid Sr-diffusion from LSCF cathode to the CGO/
YSZ interface.

Dense CGO interlayers and porous LSCF cathodes were subsequently
deposited by spray-pyrolysis onto the YSZ electrolyte. Minor Sr-segre-
gation was observed at the CGO/YSZ interface after annealing at 800 °C
for 250 h, which was accompanied by an increase of the electrode po-
larization resistance.

The phase segregation on the LSCF surface was another important
performance degradation mechanism at high annealing temperatures,
which was identified by studying separately the different contributions
of the impedance spectra.

Polarization resistance studies after long term annealing confirmed
that the LSCF cathode deposited by spray-pyrolysis exhibit better

Fig. 8. Impedance spectra of the symmetrical cells prepared by spray-pyrolysis (a) without and (b) with CGO interlayer after annealing at a measured temperature of 800 °C for 250 h. (c)
Variation of the MF and LF resistance contributions to the polarization resistance.
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stability than those prepared by conventional deposition methods. This
was mainly attributed to its lower particle size and crystallinity, which
partially suppress the interfacial reactivity and the surface phase seg-
regation.
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