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a b s t r a c t

La2CuO4þd cathode layers are prepared by spray-pyrolysis deposition and their structural, microstruc-
tural and electrical properties are compared with those of submicrometric powders obtained from
freeze-dried precursors. In order to improve the cathode performance, three different electrode archi-
tectures have been proposed: (i) powder cathodes obtained by conventional screen-printing and sin-
tering, and cathodes deposited by spray-pyrolysis on: (ii) as-prepared electrolyte surfaces and (iii) porous
electrolyte backbones. The cathode activity for the oxygen reduction reaction has been investigated as a
function of the microstructure and the sintering temperature. The microstructural optimization of the
cathodes and the low fabrication temperature minimize the instability problems between the electrolyte
and the cathode materials, leading to polarization resistances as low as 0.14U cm2 at 600 �C.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Solid Oxide Fuel Cells (SOFCs) and Solid Oxide Electrolyzer Cells
(SOECs) are efficient and environmentally friendly technologies for
power generation and storage [1,2]. However, the degradation
problems associated with the high operating temperature of these
devices, such as chemical reaction between the materials, surface
phase segregations and delamination of the materials layers during
thermal cycling, are the main obstacle for their widespread
commercialization [3e5]. Different strategies have been explored
to lower the SOFC operating temperature below 700 �C, including
the development of alternative solid electrolytes to the commonly
used Zr0.84Y0.16O1.92 (YSZ) and the deposition of thin film electro-
lytes to reduce the ohmic resistance of the cell [6,7]. Hence,
nowadays, the SOFC performance at low temperature is mainly
limited by the cathode polarization resistance [8].

Numerous cathode materials with enhanced performance,
compared to the conventional La0.8Sr0.2MnO3-d, have been identi-
fied in the last few years, including La0.8Sr0.2Fe0.8Co0.2O3-d,
Ba0.5Sr0.5Co0.8Fe0.2O3-d (BSCF), BaCo0.4Fe0.4Zr0.2O3-d and
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pain.
ez).
LnBaCo2O5þd (Ln¼Gd and Pr) [9e12]. However, these cobalt-based
electrodes often suffer from several drawbacks, such as the high
cost of cobalt, high thermal expansion coefficients and phase
degradation in the case of BSCF [13,14]. Among other studied
compounds, Ruddlesden-Popper phases, Ln2MO4þd (Ln¼ La, Pr and
Nd; M¼Ni and Cu), are of particular interest due to their high
mixed ionic and electronic conductivity, moderate thermal
expansion coefficients and mechanically compatible with the
electrolyte. In addition, cathode materials without alkaline-earth
elements are less prone to surface carbonation and degradation
[15e17].

In this family of compounds, lanthanum nickelates have
received a great deal of attention because of their higher electronic
conductivity [15,16,18]. However, one of the main drawbacks
associated with these materials is the chemical reactivity with the
electrolyte. For instance, Sayer et al. have reported reactivity be-
tween La2NiO4 and Ce0.9Gd0.1O1.95 (CGO) above 800 �C, while
Montenegro-Hern�andez et al. observed reactivity by transmission
electron microscopy at only 700 �C, which is accompanied by an
increase of the electrode polarization resistance over time, from 7
to 10U cm2 for 85 h at 750 �C [19e21]. Recently, Cetin et al. have
also observed the decomposition of La2NiO4 in Sm0.2Ce0.8O2-
La2NiO4 composite cathodes [22].

It is well known that the reactivity between the electrolyte and
electrode materials mainly depends on the fabrication method and
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the sintering temperature. In general, electrode powders obtained
by conventional preparation methods require of high sintering
temperatures in order to achieve sufficient adherence between the
electrode and the electrolyte, and consequently, it is difficult to
avoid the reactivity between the materials. On the other hand, the
electrode performance is not only determined by the intrinsic
properties of thematerials, and it can be tailored bymicrostructural
engineering (e.g. particle size, porosity, tortuosity, etc.). In this
context, different electrode preparation methods have been re-
ported in the literature to obtain nanostructured electrodes with
improved properties, such as those based on infiltration, spin-
coating and spray-pyrolysis [23e25].

Spray-pyrolysis has been previously used to obtain lanthanum
nickelate layers with different morphologies by varying the prep-
aration conditions; however, these materials require temperatures
as high as 1000 �C to stabilize the Ruddlesden-Popper structure
[26,27]. In contrast, the analogous lanthanum cuprates are single
phase compounds at much lower temperatures, minimizing the
compatibility problems between the electrolyte and electrode
layers [28e31]. In addition, nickel is highly toxic by inhalation, and
consequently the preparation of nickel-containing compounds by
spray-pyrolysis deposition is not recommendable [32].

In this work, La2CuO4þd (LCO) and La1.7Sr0.3CuO4þd (LSCO)
cathodes are prepared for the first time by using three different
approaches. In the first one, polycrystalline powders are obtained
from freeze-dried precursors and then deposited by screen-
printing onto a CGO electrolyte (Fig. 1a). In the second and third
approaches, the electrodes are prepared in a single deposition step
by spray-pyrolysis on as-prepared electrolyte surfaces (Fig. 1b) and
onto porous electrolyte backbone layers (Fig. 1c). The latter is an
alternative to the traditional wet infiltration technique with several
advantages, including shorter preparation time and simplicity of
implementation at industrial scale. The structure, microstructure
and electrochemical properties of these electrodes are investigated
as a function of the sintering temperature.

2. Experimental

2.1. Materials preparation

The Ce0.9Gd0.1O1.95 (CGO) electrolyte pellets were prepared by
pressing the powders (Rhodia) into disks (10 and 1mm of diameter
and thickness, respectively) and then sintered at 1400 �C for 4 h.
Porous backbone layers were formed on the dense pellets by
screen-printing a slurry containing CGO powders and Decoflux
(Zschimmer and Schwarz), followed by sintering at 1200 �C for 1 h.

In the spray-pyrolysis technique: La(NO3)3$6H2O,
Cu(NO3)2$3H2O and Sr(NO3)2 (Aldrich, purity >99%) were dissolved
in distilled water using ethylenediaminetetraacetic acid (EDTA) as
chelating agent to obtain the precursor solution of LCO and LSCO.
Fig. 1. Microstructural strategies used for the preparation of LCO cathodes: (a) freeze-
dried powders, spray-pyrolysis deposition on: (b) as-prepared electrolyte surface (SP)
and (c) porous electrolyte backbone (SP-CGO).
Cation and EDTA concentrations were of 0.01 and 0.005mol L�1,
respectively. The spray-pyrolysis procedure was similar to that
previously reported for related materials: solution flow rate of
0.02 L h�1, substrate temperature of 350 �C and deposition time of
1 h [33e36]. The deposition was made through a circular shadow
mask of 0.25 cm2 placed symmetrically on both faces of the CGO
pellets without and with porous backbone layers. The as-deposited
amorphous layers were fired between 600 and 750 �C for 1 h at
heating/cooling rates of 2 �C min�1 to achieve crystallization.

Polycrystalline powders were also prepared by a freeze-drying
precursor method as described elsewhere for similar materials
[37]. The corresponding nitrate salts were dissolved in stoichio-
metric amounts in distilled water with an EDTA:metal molar ratio
of 1:1, resulting in a solution with cation concentration and pH of
0.1mol L�1 and 7, respectively. The solutions were frozen in liquid
nitrogen and then dehydrated in a Scanvac Coolsafe freeze-dryer
for one day. The dried precursors were calcined at 800 �C for 2 h
in order to obtain the single-phase compounds. After that, the
powders were ball-milled with Decoflux at 250 rpm for 2 h to
obtain a slurry, which was screen-printed on both faces of the
pellets, and then sintered at different temperatures between 800
and 1000 �C for 2 h.

For simplicity reasons, the different LCO cathode designs are
hereafter denoted as FD, SP and SP-CGO for the electrodes obtained
from freeze-dried powders (Fig. 1a) and by spray-pyrolysis depo-
sition on the surface of CGO pellets (Fig. 1b) and CGO backbones
(Fig. 1c).

2.2. Materials characterization

The composition and structure of the electrodes in form of
powders and layers were studied by X-ray powder diffraction
(XRD) with an Empyrean PANalytical diffractometer and CuKa1,2
radiation. The structural analysis was performed with X'Pert
HighScore Plus and GSAS suite softwares [38,39].

Chemical compatibility between LCO and different electrolyte
materials, i.e. Ce0.9Gd0.1O1.95 (CGO), Zr0.84Y0.16O1.92 (YSZ) and
La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM), was reexamined because of the
contradictory results reported in the literature [28,40e42]. For this
purpose, cathode and electrolyte powders were mixed in a 1:1wt
ratio, fired in a furnace between 800 and 1000 �C for 24 h, and then
analyzed by XRD.

The microstructure of the electrodes was observed by electron
microscopy, SEM (FEI, Helios Nanolab 650) and TEM (FEI, Talos
F200X) equipped with energy dispersive X-ray spectrometer (EDX,
X-Max Oxford).

The electrode polarization resistance was determined by
impedance spectroscopy (Solartron 1260 FRA) in a symmetrical cell
configuration at open circuit voltage (0 V dc bias). The data were
collected in static air between 350 and 700 �C, frequency range of
10mHz - 1MHz and an AC amplitude of 100mV. Platinum ink and
meshes were used as current collectors. The impedance spectra
were also acquired as a function of the oxygen partial pressure to
identify the different processes involved in the oxygen reduction
reactions [35]. The data were fitted by equivalent circuit models
using the ZView software (Scribner Associates).

3. Results and discussion

3.1. Structural analysis

Fig. 2 compares the XRD patterns of La2CuO4þd (LCO) and
La1.7Sr0.3CuO4þd (LSCO) obtained from freeze-dried powders (FD)
and spray-pyrolysis (SP). All materials are single phase compounds
after firing between 750 and 800 �C. Below this temperature,



Fig. 2. XRD patterns of La2CuO4þd (LCO) and La1.7Sr0.3CuO4þd (LSCO) prepared by (aeb) freeze-dried powders at 800 �C and (ced) spray-pyrolysis layers at 750 �C.
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impurities associated with lanthanum oxide carbonates are
observed (Fig. S1, supplementary material). The undoped and Sr-
doped compounds crystallize with orthorhombic and tetragonal
symmetries, respectively, regardless of the preparation method
used.

XRD data for the powder samples have been analyzed by the
Rietveld method using the different structural models available in
the literature [43e45]. The best fit for LCO is obtained with an
orthorhombic Fmmm space group with the following agreement
factors: Rwp¼ 3.69% and RF¼ 2.22%. Rietveld refinements in other
space groups, such as orthorhombic Bmab, lead to a worse fitting:
Rwp¼ 4.32% and RF¼ 3.23%. The refinement of LSCO is carried out
in the tetragonal I4/mmm space group, leading also to good
agreement factors: Rwp¼ 3.91% and RF¼ 2.81%.

In the case of the layers deposited by spray-pyrolysis onto CGO
substrates, two different phases, ascribed to La2CuO4 and CGO
(s.g. Fm3m), are considered during the Rietveld refinement. The
results are analogous to those obtained for powder samples, with
rather similar agreement factors (Fig. 2c and d). Regarding the
lattice cell parameters, these are similar for both polycrystalline
powders and layers, further confirming that the same materials are
obtained by both freeze-drying and spray-pyrolysis methods
(Table S1, supplementary information).

The average crystallite size was estimated by using the Scher-
rer's equation, taking into account the instrumental broadening
with LaB6 as standard reference material. The sizes are approxi-
mately of 93 and 75 nm for the freeze-drying and spray-pyrolysis
samples, respectively (Table S1, supplementary material).

3.2. Chemical compatibility

Fig. 3 compares the XRD patterns of the electrolyte-cathode
powder mixtures after calcining at different temperatures for
24 h. No evidence of reaction is observed at temperatures below
800 �C, indicating appropriate chemical compatibility between the
materials at low temperature. These results are further confirmed
by the XRD Rietveld analysis, where the unit cell parameters
remain very close to those of the pristine materials. Analogous re-
sults are observed for LSCO.

Additional diffraction peaks are observed in the YSZ-LCO
mixture at 900 �C, which are assigned to La2Zr2O7 with a
pyrochlore-type structure [41]. As expected, the reaction becomes
more important at higher annealing temperatures with 80wt% of
La2Zr2O7 at 1000 �C (Fig. 3a).

In the case of the LSGM-LCO mixture (Fig. 3b), additional
diffraction peaks are detected at 1000 �C, which have not been
identified. However, a noticeable variation of the unit cell volume is
observed with respect to pristine material, i.e. the unit cell volume
of LCO changes from 95.14Å3 to 94.64Å3 after firing the sample at
1000 �C. A similar behavior occurs for the CGO-LCO mixture at the
same temperature, where diffraction peaks associated with the
formation of a new fluorite-type compound are visible (Fig. 3c). The
diffraction peaks of this new phase are shifted to lower 2q
compared to those of the pristine CGO, indicating that it has a larger
unit cell volume, i.e. 39.78 and 41.77Å3 for the pristine and the
reaction product materials, respectively. The formation of this re-
action productmay be explained by La3þ diffusion from LCO to CGO,
giving rise to a new compound with composition, (Ce0.9Gd0.1)1-
xLaxO2-d, and a larger unit cell volume than that of CGO, since the
ionic radii of La3þ (1.16 Å) is larger than that of Ce4þ (0.97 Å) in an 8-
fold coordination.

It has to be commented that these results are similar to those
reported by Ruíz-Bustos et al. [40]; however, they are contradictory
with the findings of Li et al. [31], where no reaction was observed
after firing both materials at 1000 �C for 140 h in air. It is also worth
noting that the reaction product, (Ce,Gd, La)O2-d, is an oxide ion



Fig. 3. XRD patterns of (a) YSZ-LCO, (b) LSGM-LCO and (c) CGO-LCO powder mixtures calcined at 800, 900 and 1000 �C for 24 h.
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conductor with slightly lower conductivity than CGO, and conse-
quently, the cathode performance is expected not to be seriously
affected by the formation of this phase at the electrode/electrolyte
interface. In fact, CGO-LSCO composite cathodes showed improved
values of polarization resistance when compared to those of the
blank cathode, i.e. 0.28 and 0.15UU cm2 for La1.96Sr0.04CuO4þd and
20wt% CGO-La1.96Sr0.04CuO4þd, respectively at 650 �C [46]. In
contrast, the formation of an insulating La2Zr2O7 phase at the YSZ/
LCO interface blocks the oxygen transport, affecting seriously the
cell performance [21,47].

All these results indicate that the fabrication and application of
La2CuO4-based cathodes should be restricted at temperatures
below 800 �C. For this reason, low temperature fabrication
methods, such as spray-pyrolysis deposition are needed.
3.3. Microstructure

Fig. 4 shows the cross-section SEM images of the different
Fig. 4. Cross-sectional SEM image of LCO cathodes prepared by (a) freeze-dried powders a
pyrolysis at 350 �C and sintered at 750 �C for 1 h. (f) LCO deposited by spray-pyrolysis onto
cathode designs prepared by screen-printing and spray-pyrolysis
deposition. As previously commented, the FD powders were sin-
tered at different temperatures in order to investigate the influence
of the reactivity on the electrochemical performance. These elec-
trodes have a thickness of approximately 20 mm and exhibit an
adequate adherence to the electrolyte, without any visible delam-
ination, at a sintering temperature as low as 800 �C (Fig. 4a). The
average grain size is about 330 nm and no evidence of reactivity is
observed at the electrode/electrolyte interface (Fig. 4b). The in-
crease of sintering temperature up to 1000 �C leads to a significant
coarsening of the microstructure and a grain growth to 800 nm
(Fig. 4c). Moreover, nanometric particles, highlighted by arrows in
Fig. 4c, are observed at the electrode/electrolyte interface, which
are possibly attributed to the reaction product (Ce,Gd,La)O2-d. The
crystallite and particle sizes of the reaction product are about 25
and 35 nm, respectively. It has to be noticed that the cation
composition of these particles is not determined by EDX due to the
similar composition with the electrolyte.
nd sintered at (b) 800 and (c) 1000 �C for 2 h. (d,e) LCO cathode deposited by spray-
porous CGO backbone.
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The same electrodes deposited by spray-pyrolysis at 350 �C and
fired at 750 �C exhibit improved microstructural features (Fig. 4d
and e). The electrode thickness is comparable to that obtained by
screen-printing powders, ~15 mmwith uniform andwell-connected
particles of 220 nm of diameter. In addition, the porosity is more
homogeneous when compared to those electrodes obtained by
screen-printing. The porosity, estimated from the thickness and
mass of the electrodes, takes values of approximately 50 and 40%
for the freeze-drying and spray-pyrolysis samples, respectively.

The morphology of LCO cathode deposited on CGO backbone is
shown in Fig. 4f. This is comprised of a double layer electrode;
where the inner layer is a porous composite of a CGO backbone
(2 mm thickness) coated with LCO nanoparticles and, therefore,
providing an extended TPB length for the oxygen reduction re-
actions (Fig. S2, supplementary material). A second layer of LCO
particles is formed onto the backbone as a consequence of the
excess of material deposited during the spray-pyrolysis process,
which is not infiltrated inside the backbone. This layer has a
thickness of about 10 mm and exhibits high electrical conductivity
compared to the inner CGO-LCO composite layer. Thus, this second
layer acts mainly as a current collector and is partially responsible
for the enhanced electrochemical properties of this novel electrode
architecture.

Scanning transmission electron microscopy-high-angle annular
dark-field image (STEM-HAADF) and EDX mapping show a homo-
geneous distribution of the different elements in LCO samples
(Fig. 5aed). The cation stoichiometry, determined in different
points of the cathode layer, is similar to the nominal one within the
accuracy limits of the instrument. The materials are highly crys-
talline after sintering at 750 �C for only 1 h and amorphous phase
domains are not detected. Moreover, the interplanar distances are
consistent with those determined from XRD data (Fig. 5e).
3.4. Electrochemical characterization

The overall polarization resistance of LCO and LSCO cathodes,
prepared from freeze-dried powders, is investigated as a function
Fig. 5. (a) STEM-HAADF image, (bed) cation distribution an
of the sintering temperature. As can be observed in Fig. S3 (sup-
plementary material), the values of the overall polarization resis-
tance (Rp) for the undoped material (LCO) depend slightly on the
sintering temperature, varying from 0.27 to 0.35U cm2 at a mea-
surement temperature of 700 �C. In contrast, a substantial increase
of Rp is observed for Sr-doped compounds (LSCO) as the tempera-
ture increases from 800 to 1000 �C, with values of 0.44 and
0.81U cm2 respectively, at the same measurement temperature of
700 �C. This variation is attributed to two main effects, the micro-
structure evolution (i.e. grain growth and densification) as the
sintering temperature increases, as well as the possible chemical
reaction at the electrode-electrolyte interface, as was previously
mentioned.

It is also worth noting that LCO, despite having lower electronic
conductivity than LSCO (e.g. 20 and 100 S cm�1 for LCO and LSCO,
respectively [28]), exhibits a lower polarization resistance in the
whole temperature range. Thus, the higher Rp variation of LSCO is
possibly explained by its stronger reactivity with the CGO electro-
lyte. These results further demonstrate that the co-sintering tem-
perature of LCO-based materials and CGO should be limited at
temperatures as low as possible.

Representative impedance spectra for the different electrode
designs are shown in Fig. 6. The spectra are acquired at 600 �C in air
atmosphere. It has to be noticed that the electrolyte resistance is
subtracted for a better comparison of the electrode response. All
the spectra are comprised of two different processes and they are
analyzed using the equivalent circuit displayed in the inset of Fig. 6.
Two serial resistance-pseudocapacitance (RQ) elements located at
low (LF) and high (HF) frequencies are used to model the electrode
response. In addition, an inductance (L) and a serial resistance (Rs)
are included to consider the electrolyte and the experimental
equipment contributions, respectively.

In order to gain further insights on the different contributions
involved in the oxygen reduction reaction, the impedance spectra
of SP-CGO are collected as a function of the oxygen partial pressure
(pO2) and the different processes are analyzed separately (Fig. 7).
The HF contribution possess a capacitance of about 0.5m Fcm�2
d (e) HR-STEM image of LCO in the [1e20] zone axis.



Fig. 6. Representative impedance spectra of LCO cathodes with different microstruc-
tural designs at a measured temperature of 600 �C in air atmosphere. The inset figure
shows the equivalent circuit model used to fit the data.

Fig. 7. Variation of the HF and LF contributions to the overall polarization resistance of
SP-CGO as a function of the oxygen partial pressure at 600 �C. The inset figure shows
the impedance spectra under various pO2.

Fig. 8. Temperature variation of the electrode polarization resistance of the different
LCO designs. The data of LSCO powder cathodes extracted from the literature [28] are
included for comparison purpose.
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and the resistance is nearly pO2-independent, suggesting that this
process is associated with the oxygen ion incorporation from the

TPB to the electrolyte (O2�
TPB þ V ::

O/Ox
o). The LF process with a higher

capacitance, 10mF cm�2, shows a ~(pO2)�1/4 dependence, which is
assigned to a charge transfer process on the electrode surface
(Oads þ 2e� þ V ::

O/Ox
o) [48,49]. It has to be commented that these

results are similar to those obtained by Li et al. [28], suggesting that
the same processes are involved in micro- and nanostructured
cathodes. For all electrode designs, the resistance associated with
the LF process is higher than that of the HF process, indicating that
change transfer is the rate limiting step to the oxygen reduction
reaction (Fig. S4, supplementary material).

The overall polarization resistance of the different LCO designs
as a function of the temperature are compared in Fig. 8. The FD
electrode exhibits a polarization resistance of 2U cm2 at 600 �C,
which is comparable to those previously reported [28,46]. The SP
cathode, deposited on as-prepared CGO electrolyte surfaces, has
somewhat lower polarization resistance ~1U cm2, and this is
drastically reduced to 0.14U cm2 for the SP-CGO cathode deposited
by spray-pyrolysis onto a porous CGO backbone. Thus, the
polarization resistance of SP-CGO is reduced by a factor of 14
compared to FD. This improvement is clearly attributed to the novel
architecture of this electrodewith a larger contact area between the
ionic conductor CGO and the mixed conductor LCO, and conse-
quently, a larger TPB length for the oxygen reduction reactions.
Moreover, the porous CGO backbone provides an ionic conducting
pathway between the electrode and the electrolyte, improving the
oxygen incorporation from TPB to the electrolyte. Finally, the top
LCO layer, with a higher electronic conductivity, achieves a homo-
geneous current distribution within the CGO-LCO composite elec-
trode, leading to further enhancement of the electrical
performance. On the other hand, it has to be commented that the
polarization resistance results of LSCO are similar to those obtained
for the undoped LCO, and for this reason they are not included in
Fig. 8.

It is also worth noting that the values of Rp are lower than those
previously reported in the literature for lanthanum cuprates, i.e.
1U cm2 for LSCO [28] and 0.75U cm2 for CGO-LSCO composite
cathode [46] at 600 �C, and they are even lower than the best value
reported previously in the literature for lanthanum nickelates ob-
tained by electrostatic spray deposition, i.e. 0.21U cm2 at 600 �C
[27]. Finally, a short-term stability test (~100 h) shows a negligible
degradation of both the polarization and serial resistances of SP-
CGO cells at 650 �C (Fig. S5, supplementary material).

In summary, spray-pyrolysis is a simple and economic method
to obtain high efficiency La2CuO4þd cathodes for SOFCs. The low
fabrication temperature, used in the present work, minimizes the
reaction between LCO and CGO electrolyte. In addition, the opti-
mizedmicrostructural design of SP-CGO leads to significantly lower
values of polarization resistance.

4. Conclusions

La2CuO4þd and La1.7Sr0.3CuO4þd cathode materials with different
microstructural architectures have been prepared by screen-
printing of freeze-dried powders, and by spray-pyrolysis deposi-
tion on CGO pellets without and with porous CGO backbones. XRD
analysis showed that La2CuO4þd and La1.7Sr0.3CuO4þd crystallize in
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orthorhombic and tetragonal structures, respectively, regardless of
the preparation method. Compatibility studies of lanthanum cup-
rates with different electrolytes (YSZ, LSGM and CGO) demon-
strated reactivity between the materials at sintering temperatures
higher than 800 �C, limiting the fabrication and application of these
cathodes at the low temperature range.

The electrodes prepared by spray-pyrolysis at lower sintering
temperatures showed improved microstructural features, such as
smaller grain size and uniform porosity. In addition, the cathode
prepared by spray-pyrolysis onto a CGO backbone exhibited the
lowest values of polarization resistance, i.e. 0.14U cm2 compared to
2U cm2 for FD at 600 �C, which is related to the optimized micro-
structural architecture of these electrodes.
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