LSCF-CGO nanocomposite cathodes deposited in a single step by spray-pyrolysis
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ABSTRACT

La.¢Sr9.4C00.2Fe0.503.5-Ce.9Gdo.101.95 (LSCF-CGO) nanostructured cathodes with different LSCF-
content are prepared in a single step by spray-pyrolysis deposition, simplifying notably the fabrication
process compared to the traditional methods. The phase formation, structure, microstructure and
electrochemical properties of the cathodes are investigated as a function of the CGO-content and the
temperature by using X-ray diffraction, electron microscopy and impedance spectroscopy. The addition of
CGO to LSCF limits the grain growth, giving rise to fine particles of approximately 30 nm of diameter after
sintering at 800 °C. A small particle size of 50 nm is retained even after sintering at 1000 °C. However, the
polarization resistance, determined by impedance spectroscopy, is not significantly improved with the CGO-
addition. The performance of these nanocomposite electrodes, investigated in NiO-CGO anode-supported
cells, shows an improved power density of 0.9 Wem™ at 650 °C, compared to 0.56 Wem™? for a conventional

screen-printed cathode.
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1. Introduction

Solid Oxide Fuel Cells are efficient electrochemical devices for direct conversion of fuels to
electrical energy with low pollutant emissions [1-3]. However, the commercialization of this technology is
still hindered by the high operation temperatures, and the consequent premature performance degradation.
For this reason, lowering the operation temperature to the range of 400-650 °C would lead to significant
advantages, including the use of less expensive fabrication materials and lower degradation rates [4].

Nevertheless, the performance at low operating temperature is limited by the slow kinetic of the
cathode for the oxygen reduction. The most commonly used cathode is the strontium doped lanthanum
manganite, LaosSro2MnOs.s (LSM), which has high electronic conductivity and acceptable activity for
oxygen reduction reaction (ORR) at temperatures above 800 °C [5]. However, LSM is a predominant
electronic conductor with negligible ionic conductivity, and therefore, the oxygen reduction reaction is
mainly limited at the three phase boundary (TPB) near the electrolyte/electrode interface. Thus, the
development of efficient cathode materials with high catalytic activity for the ORR is one of the main goals
to improve the performance at low operating temperature. In this regard, Lao¢Sro4Coo2Fe030s3.5 (LSCF)
exhibits improved mixed ionic-electronic conductivity, and therefore suitable for applications at low
temperatures [6,7].

The use of nanostructured electrodes with greatly increased TPB sites for the ORR is an alternative
approach to improve the cathode performance [8]. Different preparation methods have been used to obtain
nanostructured LSCF cathodes, including nanoparticles from precursor routes, infiltration into a porous
electrolyte scaffold and spray-pyrolysis deposition [9-14]. In particular, spray-pyrolysis is an attractive
method for producing large-area electrodes, with a number of advantages, such as low cost and feasibility for
industrial implementation. In this method a precursor solution is sprayed onto a heating substrate and films
with different morphology, i.e. dense, porous, cracked and coral-type, are obtained by tailoring the
deposition conditions [15-18]. These nanostructured electrodes exhibited polarization resistance as low as
0.1 Qcm? at 600 °C; one order of magnitude inferior to that reported for a traditional cathode deposited by
screen-printing method.

The addition of a second phase with high mixed ionic electronic conductivity to LSCF, is another
strategy to increase the TPB sites, and consequently, the performance. Typically, CGO and LSCF are
combined due to the high compatibility between both materials. All the previous studies concluded that the
LSCF-CGO cathodes exhibit lower polarization resistance [19-25]. The optimum CGO content in LSCF-
CGO cathodes, corresponding to electrical percolation threshold, varies in the literature between the 40 and
60 wt.%.

The use of nanocomposites electrodes are expected to further improve the performance. However,
the polarization resistance of LSCF-CGO, prepared by a single solution spray-pyrolysis, varies in broad
range from 0.1 to 2 Qcm? for 60 wt.% LSCF-CGO at 600 °C [26-29]. These differences are explained by
differences in the microstructure of the electrodes as well as the different electrolyte used, YSZ and CGO
[26,27]. Moreover, to the best of our knowledge, there are not studies on the performance of these

nanocomposite electrodes in real SOFC devices.



In this study, LaosSr04Co02Fe0sOs5 - CeooGdo.101.95 (LSCF-CGO) nanocomposite cathodes with
different fractions of LSCF, between 50 and 100 wt.%, are prepared in a single step by a spray-pyrolysis
deposition method and a precursor water solution containing all cations in stoichiometric amounts. The
nanostructured materials have been deeply investigated by different structural, microstructural and electrical
techniques, including X-ray diffraction; scanning and transmission electron microscopy; and impedance
spectroscopy. Finally, for the first time, the performance of a nanocomposite cathode obtained from a single
solution is investigated in anode supported SOFCs, and the results are compared with conventional

electrodes deposited by screen-printing method.

2. Experimental
2.1. Materials preparation.

Lag6Sr0.4Co0sFe0203.5 - Ce09Gdo. 10195 (LSCF-CGO) composite cathodes with different LSCF
content (100, 70, 60 and 50 wt.%) were prepared by using a conventional spray-pyrolysis deposition method.
The composition of the composite cathodes is hereafter denoted as XLSCF, where X represents the content of
LSCF (wt.%).

The precursor solutions were obtained by dissolving stoichiometric quantities of La(NO3);-6H-0,
Sr(NO3)2, Co(NOs)2-6H20, Fe(NO3)3-9H,0, Ce(NO3);-6H,0 and Gd(NO3)3-6H>0O in distilled water. All of
them supplied by Sigma-Aldrich and purity above 99%. The solutions with concentration 0.02 mol L were
pumped to the spray gun with a flow rate of 0.30 mL min™! and atomized with air at a pressure of 2 atm. The
substrates are previously heated onto an aluminium plate at 250 °C. The temperature is monitored with a
thermocouple placed just below the substrates. The substrates are continuously moved at a constant speed
underneath the spray nozzle [30,31]. The deposition time and nozzle-substrate distance were 60 min and 25
cm, respectively. After the deposition, the electrodes were calcined in a furnace between 650 and 1000 °C for
2 h in air atmosphere.

The electrodes were deposited on amorphous quartz plates for a more accurate structural analysis
and on CGO electrolyte in symmetrical cells for the electrochemical characterization. The CGO pellets were
prepared by pressing the commercial CGO powders (Rhodia) into discs of 10 and 1 mm of diameter and

thickness, respectively, followed by sintering at 1400 °C for 4 h.

2.2. Characterization.

Phase analysis was carried out by X-ray powder diffraction (XRD) with a PANalytical Empyrean equipped
with CuKa., radiation. The phase identification and structural analysis were performed with X'Pert HighScore
Plus and the GSAS suite programs, respectively [32,33].

The morphology and composition of the electrodes were investigated by field emission scanning electron
microscopy (FEI-SEM, Helios Nanolab 650) and high-angle annular dark-field scanning transmission electron

microscopy (HAADF-STEM) (FEI, Talos F200X).



The electrode polarization resistance of the cathodes in symmetrical cell configuration was investigated by
impedance spectroscopy with a Solartron 1260 Frequency Response Analyzer (FRA). Pt-ink and meshes were
used as current collectors. The spectra were collected in the 0.01-10° Hz frequency range with an AC perturbation
of 50 mV between 350 and 650 °C in static air atmosphere. The data were fitted to equivalent circuits using the

ZView software [34].

Anode supported half cells, NiO(60wt.%)-CGO/CGO, were fabricated following the procedure described
elsewhere [35]. The 60LSCF composite cathode was deposited by spray-pyrolysis through a circular shadow
mask of 0.3 cm? placed onto the electrolyte layer. The single cell was sealed on an alumina tube support with
a ceramic paste (Ceramabond 668, Aremco). The current—voltage and impedance plots of the single cells
were collected using a Bio-Logic VSP potentiostat/galvanostat/FRA at operating temperatures between 450
and 650 °C. Static air and humidified H, (3 vol.% water) were used as the oxidant and fuel gases,
respectively. For the sake of comparison, a similar cell with a traditional cathode was prepared and tested
under identical conditions. For this purpose, 60 wt.% CGO and 40 wt.% LSCF powders, obtained from
freeze-drying precursors, were mixed in a planetary ball milling with Decoflux as binder material. The

resulting ink was screen-printed onto the electrolyte and sintered at 1000 °C for 1 h [18].

3. Results and Discussion
3.1. Phase composition

Fig. 1 shows representative XRD patterns for the blank cathode (100LSCF) and a nanocomposite
cathode with 50 wt.% of LSCF (50LSCF) deposited by spray-pyrolysis at 250 °C on quartz plates. All the as-
prepared samples are amorphous at 250 °C. 100LSCF crystallizes with thombohedral perovskite structure at
650 °C without the presence of secondary phases (Fig. 1a). In the case of the SOLSCF, broad diffraction
peaks are observed after calcining at 650 °C, and it is not possible to distinguish between the CGO and LSCF
reflections (Fig. 1b). The increase of temperature at 800 °C improves the crystallinity and two different
crystalline phases with perovskite and fluorite-type structures are clearly discernible. The position of the
peaks matches well with the theoretical patterns of LSCF and CGO (ICSD 187793 and 1848585) [36].

The XRD patterns of cathodes with different CGO-content and deposited on CGO pellets are given
as supplementary content in Fig. S1. For all compositions, LSCF and CGO phases are formed at 800 °C
without secondary phases. The main difference between the patterns is the relative intensity of LSCF and
CGO reflections, which varies depending on the LSCF-content. Note that unlike Figure 1, the narrower
diffraction peaks of the CGO substrate overlap with those of the composite electrode, which results in an
inaccurate phase quantification by Rietveld method. For this reason, the phase quantification is only
presented for those samples prepared on amorphous quartz substrates.

The XRD patterns were analyzed by the Rietveld method in the space groups Fm3m for CGO and
R3c for LSCF (supplementary content Fig. S2) [33]. In the case of the composite cathodes, deposited on
CGO pellets, a second fluorite phase associated with the substrate was considered for the fitting. During the

Rietveld analysis, the following parameters were refined: scale factors, background, zero shift, pseudo-Voigt,
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asymmetry for the peak-shape and preferential orientation. The occupation factors for the cation sites were
fixed and not refined. Fig S2 shows some examples of the Rietveld fitting for SOLSCF deposited onto quartz
and CGO substrates; and the resulting structural parameters are listed in Table S1. The agreement factors are
rather good, Rr varies between 3.2 and 5.4%. In addition, the phase quantification, estimated by the Rietveld
refinement, is in accordance with the nominal one. Regarding the unit cell volume of LSCF and CGO, these
vary slightly for the different compositions and substrates. The volume of LSCF varies between 352.09(4)
and 352.58 A3, while the CGO volume takes values in the range of 159.11(1)-159.32(2) A3, which is similar
to that of the CGO substrate, about 159.25(2)-159.32(4) A>. These results seem to indicate that LSCF and
CGO electrodes have similar cation stoichiometry, independently of the CGO-content. Nevertheless, the
incorporation of minor amounts of Fe, Co and La into the CeO; lattice is not ruled out as observed in
previous studies [37]. It has to be also mentioned that minor cation interdiffusion between LSCF and CGO
has not detrimental effects on the electrical conductivity or electrocatalytic activity for oxygen reduction. For
example, Co incorporation into the CGO lattice increases the electronic conductivity, which is beneficial for

the performance of the composite cathode [37].
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Fig. 1. XRD patterns of (a) I00LSCF and (b) SOLSCF cathodes deposited by spray-pyrolysis onto quartz substrates and
calcined at 650 and 800 °C for 2 h.

3.2. Microstructure

The morphology of the cross-section of the cathodes was examined by SEM (Fig. 2). The thickness
of the cathodes is about 6 um and they exhibit large porous due to the removal of residual solvents during the
post-thermal treatment at high temperature (Fig. 2a). The porosity, about 50%, was estimated from the

deposited mass and the thickness of the electrodes. It is also worth noting that the electrodes show lower
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porosity near the electrode/electrolyte interface due to the faster evaporation rate of the solvents at the
beginning of the deposition. This leads to graded porous electrodes with greater porosity on the cathode
surface, which ensures efficient oxygen transport towards the reaction sites near the electrolyte/electrode
interface (Fig 2a).

The most remarkable difference between the electrodes is the average grain size, which decreases
after the CGO addition (Fig. 2b and 2c¢). The blank 100LSCF shows an average grain size of 80 nm after
sintering at 800 °C for 2 h. In the composite electrodes, no morphological differences between the CGO and
LSCF particles are observed and their atomic numbers are not sufficiently different to distinguish both
materials by backscattering SEM. The average particle size and grain size distribution of SOLSCF is smaller
compared to 100LSCF, about 30 nm (Fig. 2c). This fact is explained by the presence of CGO as secondary
phase, which limits the cation diffusion and the growth rate of LSCF particles, in accordance with previous

studies [26,27,38].
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Fig. 2. SEM image of (a) - (b) 100LSCF at different magnifications and (c) SOLSCF calcined at 800 °C for 2 h. The

inset figures of (b) and (c) show the grain size distribution.

HAADF-STEM image and EDS elemental mapping reveal that CGO and LSCF particles are well
distinguished and homogenously distributed, ensuring percolation of both phases and therefore increased
TBP sites for the ORR (Fig. 3a). The increase of temperature at 1000 °C results in a significant grain growth
from 30 nm at 800 °C to 50 nm at 1000 °C as well as a drastic reduction of the porosity (Fig. 3b). This results
in oxygen diffusion limitations, and therefore, the application of these electrodes was restricted at

temperatures below 800 °C.
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Fig. 3. HAADF-STEM image and EDS mapping of S0LSCF calcined at (a) 800 °C and (b) 1000 °C for 2 h. The inset
figures show the grain size distribution.

3.3. Polarization resistance in symmetrical cells

The impedance spectra of the different LSCF-CGO/CGO/LSCF-CGO symmetrical cells, acquired
under open circuit voltage at 600 °C in air, are shown in Fig. 4. The electrode polarization is composed of
two different contributions, which are simulated by using two serial (RQ) elements in series, where R is a
resistance and Q a constant phase element (inset Fig. 4). The subscripts MF and LF denote the medium and
low frequency responses, respectively. A serial resistance R, and an inductance L are included to take into
consideration the ohmic resistance of the electrolyte and the inductive effects of the setup, respectively. It is
clear from Fig. 4 that the LSCF-CGO nanocomposites exhibit somewhat lower polarization resistance when
compared to the blank 100LSCF. The lowest values of polarization resistance are found for the composite

cathodes, containing between 50 and 60 wt.% of LSCF, in accordance with previous studies [22-24].
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Fig. 4. Impedance spectra of the different LSCF-CGO composite cathodes in air at 600 °C under open circuit

voltage.



The different parameters, obtained from the equivalent circuit fitting, were used to determine the
relaxation frequency fand capacitance values C, according to the following equations:

f=QzRC)" (Eq. 1)

C = Rl (Eq. 2)

The variation of these magnitudes as a function of the temperature for 100LSCF and 50LSCF
samples is shown in Fig. 5. The relaxation frequencies follow a typical Arrhenius behavior with the
temperature. Despite the frequencies appear at somewhat higher values for the nanocomposite cathodes, the
processes involved in the ORR for both samples seem to be similar (Fig. 5a).

Regarding the values of capacitance, these are clearly larger for SOLSCF than 100LSCF and this may
be explained by the smaller particle size and larger contact area between CGO and LSCF particles (Fig. Sb).
A similar behavior has also been observed for different nanostructured cathodes and attributed to their higher
TPB length [30,39]. The LF response, typically associated with the dissociation adsorption of oxygen
molecules, exhibits average capacitances of 15 and 70 mFecm? for 100LSCF and 50LSCF, respectively
[40,41]. In contrast, the MF process has lower capacitance with respect to LF, i.e. 3 and 9 mFem™? for
100LSCF and 50LSCF, respectively, which is consistent with a charge transfer process [42,43].

The variation of the resistance contributions is plotted in Fig. 5c. For both samples, the resistance
associated with the LF process is the dominant contribution, indicating that oxygen dissociation adsorption
is the main rate limiting step to ORR. The activation energy of LF is also higher than that of MF, in
accordance with the literature data, since the oxygen dissociative adsorption usually requires more energy to
be activated than electron transfer [44]. The activation energy for MF is similar for both samples, about 1.08
eV. In contrast, the LF process exhibits lower activation energy for SOLSCF, 1.34 eV, than for 100 LSCF,
1.43 eV, indicating that the oxygen dissociation in the nanocomposite cathode is easier as the TPB sites

increases with the CGO-addition.

100LSCF  50LSCF

1000 | (a) ) = W (c) 100LSCF _ 50LSCF
100 | o LF o LF o o MF = MF
o o LF o LF
o 5] o "o 0 g
100 |
1k
- o © “E
T 5 CR o g
T 10f w =
= ot [ 10 P " ,,,,f,,,,,.,,,,,,,,!,,1,,,.,,,45,,1 v
P £ a
ey o 0.1
il o A 100LSCF  50LSCF ¢« o o
-6 ———————— | o
e e MF = MF | [ ctmtotooooos
Lt o LF o LF S e
il ‘ e, . ‘ ‘ e 001 ‘ N S
450 500 550 600 650 700 750 450 500 550 600 650 700 750 450 500 550 600 650 700 750
T(°C) T(°C) T(°C)

Fig. 5. Variation with the temperature of (a) the relaxation frequencies, (b) capacitances and (c) polarization resistances
of the MF and LF contributions to the overall polarization for 100LSCF and S0LSCF cathodes.

Fig. 6 compares the variation of the overall polarization resistance with the temperature for the
different electrodes. The data for a traditional composite cathode, 60LSCF, deposited by screen-printing at
1000 °C for 1 h, are also included for the sake of comparison. As can be observed, the nanocomposite
cathodes exhibit a polarization resistance one order of magnitude inferior to the traditional cathode. It is also
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important to comment that all nanostructured electrodes exhibit similar polarization resistance, and
especially in the high temperature range, e.g. 0.046 Qcm? for 100LSCF and 0.032 Qcm? for S0LSCF at 700
°C. The differences are more important in the low temperature range, i.e. 16.4 Qcm? for 5S0LSCF and 43.6
Qcm? for 100LSCF at 400 °C. Thus, the increase of TPB length by using LSCF-CGO nanocomposite
cathodes has not drastic benefits in term of efficiency when compared to the blank cathode. The main
advantage of CGO addition is the grain growth suppression, resulting in smaller particles with better
microstructural stability at high annealing temperatures.
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Fig. 6. Temperature dependence of the overall polarization resistance for the different LSCF-CGO nanocomposite
cathodes. The data of a traditional 60LSCF cathode prepared by screen-printing method is also included for the sake of
comparison.

3.4. Single cell performance

In order to test the performance of the nanocomposite cathodes in real SOFC conditions, NiO-
CGO/CGO/60LSCF anode supported cells were prepared. Fig. 7 compares the current-voltage and power
density curves of two cells with traditional and nanocomposite cathodes, using humidified hydrogen as fuel
and static air as oxidant. It is worth noting that the anode supported cells were fabricated in a same batch to
minimize performance variations associated with the anode and the electrolyte. Thus, the different
performance of the cells is mainly attributed to the different cathode used.

The open circuit voltage (OCV) increases as the temperature decreases from 0.82 V at 650 °C to 0.96
V at 500 °C due to the n-type electronic conductivity of the CGO electrolyte under reducing atmosphere.
These values are comparable to those previous reported, confirming excellent gas-tight sealing of the cell
[47].

The cell with traditional cathode generates maximum power densities of 0.56 and 0.10 Wem™ at 650
and 500 °C, respectively. In comparison, the cell with the nanocomposite cathode achieves improved power
densities of 0.9 and 0.29 Wem™ at 650 and 500 °C, respectively. Thus, the performance of this cell increases
in a factor of 1.6 and 2.9 in the high and low temperature range, respectively. Note that the performance
improvement is more important at low temperature, in accordance to the lowest values of polarization

resistance obtained in symmetrical cells.



A short stability test of the cell was performed at 600 °C during 72 h of operation. The power density
increased slightly during the first hours and then remained almost constant over time (Fig. 7c), confirming
negligible degradation of the cell.

Fig. 7d shows a cross-sectional image of the cell after the electrochemical characterization, the
electrolyte is dense and has a thickness of about 20 um and both cathode and anode present good porosity
and adherence with the electrolyte. In addition, no appreciable microstructural coarsening of the cathode is
observed with respect to the as-prepared material due to the low operating temperature used.

In summary, nanocomposite cathodes exhibit improved electrocatalytic properties for ORR
compared to traditional electrodes prepared by screen-printing method. On the other hand, LSCF cathodes
usually suffer performance degradation, caused by surface composition changes after long-term annealing at
high temperature, i.e. superficial Sr-enrichment [45-47]. However, in these nanocomposite cathodes, the high
contact between LSCF and CGO particles reduces the surface of LSCF exposed to air, and consequently,
they would be less susceptible to surface carbonation. Thus, the long term stability in CO, containing

atmospheres needs to be further investigated.
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Fig. 7. Voltage and power density curves of NiO-CGO/CGO/60LSCF cells with (a) a traditional and (b) a
nanocomposite cathode. (c) Variation of the power density for the cell with nanocomposite cathode over time at 600 °C;
(d) SEM cross-sectional image of the cell after the electrochemical test.

CONCLUSIONS

Nanocomposite cathodes of LSCF-CGO with different LSCF content from 50 to 100 wt.% were
prepared by using a single spray-pyrolysis deposition method. A precursor solution containing all cations in
stoichiometric amounts was used. In this way, LSCF and CGO are prepared simultaneously, reducing
drastically the preparation time, which is an important improvement for industrial applications. No secondary

phases were detected between 800 and 1000 °C despite the co-synthesis of LSCF and CGO.
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The CGO-addition partially supresses the grain growth of the nanocomposite cathodes, rendering
lower particle size with respect to the blank cathode, i.e. 30 nm for SOLSCF and 80 nm for 100LSCF. The
reduction of the grain size is the main reason for the polarization resistance improvement. This takes values
at 600°C of 0.30 and 0.15 Qcm? for 100LSCF and 50 LSCF, respectively.

A single cell with SOLSCF nanocomposite cathode generated an improved power density of 0.90
Wem? at 650 °C, compared 0.56 Wem™? for a traditional cathode. Stability test over time at 600 °C showed a

negligible degradation of the cell.
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