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Lag gSro.oMnO3 5-Cep 9Gdp 101,05 (LSM-CGO) nanostructured cathodes are successfully prepared in a single
process by a chemical spray-pyrolysis deposition method. The cathode is composed of nanometric particles of
approximately 15 nm of diameter, providing high triple-phase boundary sites for the oxygen reduction reactions.
A low polarization resistance of 0.046 Q cm? is obtained at 700 °C, which is comparable to the most efficient
cobaltite-based perovskite cathodes. A NiO-YSZ anode supported fuel cell with the nanostructured cathode

generates a power output of 1.4 W cm ™2 at 800 °C, significantly higher than 0.75 W cm ™2 for a cell with con-
ventional LSM-CGO cathode. The results suggest that this is a promising strategy to achieve high efficiency
electrodes for Solid Oxide Fuel Cells in a single preparation step, simplifying notably the fabrication process
compared to traditional methods.

1. Introduction

Solid Oxide Fuel Cells are considered as one of the most efficient
electrochemical devices for electrical energy production; however, their
commercialization is still hindered by the high operating temperatures
and the premature degradation of the cell components [1-3]. In this
context, the main research trend in SOFCs in last years is to reduce the
operating temperature to the range of 600-800 °C.

The ohmic resistance of the conventional electrolyte,
Z10.84Y0.1601.02 (YSZ), has been significantly reduced by using thin film
electrolytes [4]. Regarding the tradition cathode material,
Lag gSrp.oMnO3 s (LSM) is physically and chemically compatible with
the YSZ electrolyte but exhibits poor catalytic activity for oxygen re-
duction reaction at temperatures below 800 °C. This is mainly related to
its low ionic conductivity, which restricts the triple-phase boundary
(TPB) sites, where the electrochemical reactions take place, near the
electrolyte electrode-interface [5-7].

The addition of a second phase with high mixed ionic electronic
conductivity to LSM is the main strategy to increase the TPB, and
consequently, the cathode performance. Numerous studies have com-
bined LSM with different ionic conductors, such as Zryg4Yo.1601.02
(YSZ), Ceo,ngo,gol,g (CGO) and Bi1.5Y0_503_5 (BYO) [8-10]. The best
results have been obtained by the addition of BYO due to the highest
ionic conductivity and the fast oxygen incorporation in the lattice.
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However, the long term stability of this composite cathode is ques-
tionable because of the structural instability of Bi,O3-based electrolytes
at intermediate temperatures [11]. Thus, LSM is usually combined with
YSZ or CGO electrolytes.

The conventional composite cathodes are prepared by mechanically
mixing the pristine materials, followed by sintering at high temperature
onto the dense electrolyte. Unfortunately, it is difficult to control the
composition distribution and architecture of the electrodes.

New microstructural designs and processing methodologies have
been proposed in order enhance the electrocatalytic activity and dur-
ability of the cathodes. This includes, for example, electrode nanofibers
and the infiltration/impregnation of an electrocatalytic active material
into porous scaffold layers [12-20]. Most of these methods involve
multiple preparation steps, and hence are unsuitable for industrial ap-
plication. In addition, the high sintering temperatures needed to obtain
an adequate adherence between the electrodes and the electrolytes,
during the cell fabrication, leads to an excessive grain growth of the
active material and the loss of performance [21]. In this context, spray-
pyrolysis deposition is a simple and economic method to obtain films
over large area at reduced temperature, which has been widely used to
obtain different materials for SOFCs [22-25].

Recently, LSM-YSZ and LSM-BYO nanostructured powder cathodes
have been obtained by co-sintering methods. It has been observed that
the grain growth is limited during the sintering process due to the
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presence of the two phases, resulting in a mixture of nanometric par-
ticles with enhanced electrocatalytic activity and durability at inter-
mediate temperatures [26,27].

In the present study, Lag gSro oMnO3 s - Cep 9Gdp 101,95 (LSM-CGO)
nanocomposite cathodes are prepared for the first time in a single step
by a spray-pyrolysis deposition method, reducing the preparation time
and costs compared to traditional methods. The nanostructured mate-
rials have been investigated by different structural, microstructural and
electrical techniques, including X-ray diffraction, and scanning and
transmission electron microscopy. Finally, the performance of the na-
nocomposite cathode is evaluated in anode supported SOFCs.

2. Experimental

50 wt% Lao.gsro_zMnO}g - CeolngQAlollgs (LSM-CGO) cathodes
were deposited by chemical spray-pyrolysis. A precursor solution was
obtained by dissolving in water stoichiometric quantities of Ln
(NO3)36H,O (Ln=La, Ce and Gd), Sr(NOs3), and Mn(NO3),-6H,O
(Sigma-Aldrich, purity above 99%). The solutions with concentration of
0.02 mol L.™! and flow rate of 20 mL min~" were atomized in a spray
nozzle, and deposited through a shadow mask of 0.3 cm® onto the
substrates. Quartz plates were used as substrates for the structural
analysis, and YSZ pellets and anode supported cells for the electro-
chemical characterization. The anode supported half cells, NiO(60 wt
%)-YSZ(40 wt%)/YSZ, were fabricated following a procedure similar to
that described elsewhere [28].

The spray-pyrolysis parameters: deposition temperature, time and
nozzle-substrate distance were 250 °C, 1h and 25 cm, respectively.
Thereafter, the cells were treated in a furnace at 800 °C for 4 h in order
to achieve crystallization of the cathode materials.

The structural analysis was performed by X-ray powder diffraction
(XRD) with a PANalytical Empyrean diffractometer. The XRD patterns
were analyzed by the Rietveld method using the GSAS program. During
the analysis the usual parameters, such as scale factors, background and
peak shape factors were refined, while the cation occupations were
fixed to their stoichiometric values and not refined.

The morphology of the electrodes was examined by field emission
scanning electron microscopy (FEI-SEM, Helios Nanolab 650) and high-
angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) (FEL, Talos F200X). Further experimental details can be
found in [29,30].

The polarization resistance of the electrodes was determined by
impedance spectroscopy in symmetrical cell configuration by using a
frequency response analyzer (Solartron 1260 FRA) in the temperature
range of 300-800 °C under open circuit voltage in air. Platinum ink and
meshes were used as current collectors.

For the fuel cell tests, the single cells were sealed on an alumina
tube support with a ceramic paste (Ceramabond 668, Aremco). The
current-voltage and impedance plots were collected using a Bio-Logic
VSP potentiostat/galvanostat/FRA at operating temperatures between
550 and 800 °C. Humidified H, (3 vol% water) and static air were used
as fuel and oxidant, respectively. For the sake of comparison, a similar
cell with conventional cathode was prepared and tested under identical
conditions. For this purpose, 50 wt% CGO (Rhodia) and 50 wt% LSM
(Praxair) powders were mixed in a ball-milling apparatus with zirconia
vessel and balls at 100 rpm for 1 h, using Decoflux™ as organic vehicle.
The resulting ink was screen-printed onto the electrolyte and sintered at
1100 °C for 1 h.

3. Results and discussion
3.1. Phase composition
The as-prepared LSM-CGO cathodes, deposited by spray pyrolysis at

250 °C, are amorphous and begin to crystallize above 650 °C (not
shown). Since the operation temperature was limited at the
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Fig. 1. (a) XRD pattern of the LSM-CGO nanocomposite cathode prepared by spray-
pyrolysis deposition at 800 °C. (b) HRTEM image and electron diffraction patterns,
showing nanometric particles of LSM and CGO.

intermediate temperature range, the cathodes are finally treated at
800 °C before further characterization.

Fig. 1a shows the XRD pattern of LSM-CGO deposited onto quartz
plates. Two different crystalline phases, with perovskite and fluorite-
type structures, are clearly identified. In addition, the position of the
peaks matches well with the theoretical patterns of LSM and CGO (ICSD
51655 and 28796) [31]. Additional phases are not observed despite the
co-sintering of LSM and CGO. Similar XRD patterns are obtained for the
samples deposited on YSZ pellets.

XRD patterns were analyzed by the Rietveld method in the space
groups R3c for LSM and Fm3m for CGO. The agreement factors were
rather good, Rywp = 2.4% and Rg = 1.1% and 2.2% for CGO and LSM,
respectively. The phase quantification was also in accordance with the
nominal one: 52.2(1) wt% of LSM and 47.8(1) wt% of CGO. Regarding
the unit cell volume, LSM exhibits a value of 351.48(21) AB, which is
somewhat lower than the bulk material, 351.8 A% and can be explained
by differences in oxygen stoichiometry and particle size effects [32]. In
the case of CGO, the difference between the calculated and theoretical
value is more important, 160.63(7) and 159.48 A%, respectively. This
result indicates that CGO has a cation stoichiometry different from the
proposed one, possibly due to minor cation incorporation of La3+ into
the Ce4 + site with the consequent increase of the unit cell volume. It
has to be commented that minor cation interdiffusion is not expected to
negatively affect the electrical conductivity or electrocatalytic activity
for the oxygen reduction [33].

The high-resolution transmission electron microscopy image
(HTEM) analysis confirm that the composite cathode consists of a
mixture of well crystallized particles, without the presence of amor-
phous domains after sintering at 800 °C (Fig. 1b). Moreover, the in-
teratomic distances and selected area electron diffraction patterns for
the different crystals are consistent with those reported for the bulk
materials.

The microstructure of the cross-section of the cells was examined by
SEM (Fig. 2a). The electrolyte is dense and has a thickness of about
6 um. The electrodes exhibit excellent adhesion to the electrolyte and
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Fig. 2. (a) SEM image of the cross-section of the cells and (b) details of the cathode microstructure. (c) HAADF-STEM image and (d) EDS mapping of the nanocomposite cathode. The inset

figure of (c) displays the grain size distribution.

high porosity for gas diffusion. The LSM-CGO cathode is formed by fine
particles without appreciable morphological differences between the
two compounds (Fig. 2b). In this case, the resolution of the FE-SEM
instrument is not sufficient to distinguish between both phases by
backscattering SEM and EDX.

HAADF-STEM image and EDX elemental mapping reveal an in-
timate mixture of LSM and CGO particles, ensuring proper ionic and
electronic percolation paths, and therefore extended TPB sites for the
ORR (Fig. 2c and d). The grain size, determined from the HAADF image,
shows a typical Gaussian distribution with average grain size of
15.0 = 4.5 nm (inset Fig. 2c).

Pure LSM cathodes were prepared in a previous work by spray-
pyrolysis under similar synthetic conditions [34]. The most remarkable
difference between pure and LSM-CGO cathodes is the average grain
size, which decreases after the CGO addition, i.e. 50 nm for LSM and
15 nm for LSM-CGO. A small grain size of 50 nm is retained for LSM-
CGO after sintering at 1000 °C for 2 h; however, under the same con-
ditions, the blank LSM suffers a significant grain growth up to 200 nm
as well as microstructure coarsening, which results in oxygen diffusion
limitations, and consequently, poorer performance [34]. This behavior
is explained by the presence of CGO as secondary phase, which limits
the cation diffusion and the grain growth rate. A similar behavior was
observed for related composite cathodes, such as LSCF-CGO and LSM-
YSZ [26,35]. In comparison, the traditional LSM-CGO cathode sintered
at 1100 °C for 1 h shows a particle size of approximately 300 nm, about
20 times larger than those of the nanocomposite.

3.2. Polarization resistance

The polarization resistance, R, of the cathodes was determined
under symmetrical cell configuration by impedance spectroscopy. Since
different contributions are involved in the polarization resistance, de-
pending on the sample type, only the overall polarization resistance is
determined and compared in Fig. 3. Note that the electrodes have been
measured under identical experimental conditions for the sake of
comparison.

The commercial LSM cathode with submicrometric particle size
exhibits high values of polarization resistance at intermediate tem-
perature, e.g. 3.5 Q cm? at 700 °C. This value is drastically reduced for
the traditional LSM-CGO cathode, 0.31 Q cm? due to extended TPB
length after CGO-addition. A similar value is obtained for the
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Fig. 3. Polarization resistance of different LSM-based cathodes with micrometric and
nanometric grain size, obtained by screen-printing and spray-pyrolysis deposition, re-
spectively. The inset figure shows the impedance spectra collected at 700 °C and different
times.

nanostructured LSM cathode prepared by spray-pyrolysis, about
0.5 Qcm? The lowest polarization resistances are obtained for the
LSM-CGO nanocomposite cathode with values of only 0.045 and
0.01 Q cm® at 700 and 800 °C, respectively. Thus, the polarization re-
sistance of the nanostructured cathode, obtained by spray pyrolysis, is
decreased by a factor of six compared to the conventional composite
electrode. It has to be commented that these values of polarization
resistance are, in general, lower than those previously reported in the
literature for LSM - based cathodes with different compositions and
microstructures (Table 1). For instance, 0.12Qcm? for LSM-CGO
powder mixture [36], 0.05Q cm? for LSM-YSZ nanofibers [12],
0.27 Q cm? for LSM-infiltrated YSZ nanofibers [13] and 0.05 Q cm? for
CSO-infiltrated LSM at a measured temperature of 800 °C [37]. More-
over, these R, values are even comparable to those reported for co-
baltite-based  perovskite cathodes, ie. 0.01 Qcm?  for
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Table 1

Polarization resistance (R;,) at open-circuit voltage and maximum power density (Pmax)
for different LSM-based cathodes. Note that some data are given at different tempera-
tures.

Composition R, (Qem?) / Phax Wem~™2) /T [Refs.]
T(°C) (§9)]

LSM (conventional) 0.72 / 800 This work

LSM-CGO (conventional) 0.08 / 800 0.75 / 800 This work

LSM-CGO (nano) 0.01 / 800 1.40 / 800 This work

LSM-YSZ (conventional) 0.06 / 800 1.00 / 800 [12]

LSM-YSZ (conventional) 1.00 / 800 - [13]

LSM-CGO (conventional) 0.12 / 800 - [35]

CSO-infiltrated LSM 0.05 / 800 1.16 / 800 [36]

LSM-YSZ (nanopowders) - 2.65 / 800 [26]

LSM-Bi; ¢Erp 403 0.08 / 600 2.00 / 750 [27]
(nanopowders)

LSM-YSZ (nanofibers) 0.05 / 800 1.15 / 800 [12]

LSM-infiltrated YSZ 0.27 / 800 - [13]
(nanofibers)

Bag sSrosCopgFen2035 and 0.05Qcm? for  nanostructured

Smyg 5Srp.5C003.5 at 700 °C [38,39]. This performance improvement is
clearly attributed to the fine microstructure of the LSM-CGO nano-
composite cathode with increased LSM/CGO interfaces for the oxygen
reduction reactions.

A short stability test was carried out by annealing the nano-
composite cathode at 700 °C in air (inset Fig. 3a). The polarization re-
sistance increased slightly for the first 30 h possibly due to minor mi-
crostructural changes, such as grain size growth. After that the values of
resistance remained almost constant over time, confirming an excellent
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stability of the electrodes for applications at intermediate temperatures.

3.3. Single cell performance

The performance of the nanocomposite cathode is finally in-
vestigated under real SOFC conditions in anode supported cells with the
following configuration: NiO-YSZ/YSZ/LSM-CGO. Fig. 4a and b com-
pare the current-voltage (I-V) and current-power density (I-P) curves of
two cells with traditional and nanocomposite cathodes, respectively,
using humidified hydrogen as fuel and static air as oxidant. The OCV of
both SOFCs is similar to the theoretical one, about 1.1 V, confirming
excellent gas-tight sealing of the cell.

The cell with traditional cathode generates maximum power den-
sities of 0.75 and 0.30 Wcem ™2 at 800 and 650 °C, respectively. In
comparison, the cell with the nanocomposite cathode achieves higher
power densities of 1.4 and 0.43 W cm ™2 at 800 and 650 °C, respec-
tively. Hence, the performance of this cell increases by a factor of 1.9
and 1.4 in the high and low temperature range, respectively. Table 1
compares the power density extracted from the literature for SOFCs
with different LSM-based cathodes. The values vary in a wide range,
depending on the cathode composition, microstructure and the elec-
trolyte thickness, e.g. 1.0 W cm ™2 for a commercial LSM-YSZ cathode
[12], 1.15 W cm? for LSM-YSZ nanofibers [12], 1.16 W cm? at for CSO-
infiltrated into LSM [37], 2.65 W cm ™2 for LSM-YSZ nanocomposite
powder cathode at 800 °C [26]; and 2 W cm? for LSM-Bi, ¢Erg 403 na-
noparticles at 750 °C [27].

Fig. 4c shows representative impedance spectra at different tem-
peratures for the cell with the nanocomposite cathode. The ohmic (Ry)
and polarization resistances (R;,) are separated from the low and high
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Fig. 4. Voltage and power density curves of NiO-YSZ/YSZ/LSM-CGO cells with (a) a traditional and (b) a nanocomposite cathode. (¢) Impedance spectra acquired at different tem-
peratures and (d) ohmic and polarization resistances for the cell with nanocomposite cathode at 0.5 V. (e) Variation of the power density over time at 700 °C.
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frequency intercepts with the real axis (Fig. 4d). The ohmic resistance
for both cells is practically identical because of the same anode/elec-
trolyte microstructure. The cell with nanocomposite cathode exhibits
lower overall polarization resistance (Rp,); and as the YSZ electrolyte
and Ni-YSZ anode are the same in both cells, the performance im-
provement is clearly related to cathode. Note also that Ry, is higher than
R; for both SOFCs, indicating that the polarization contribution of the
anode is significant, and hence, the performance might be improved by
optimizing the anode microstructure.

After the I-V measurements, the durability of the cell was tested at
700 °C (Fig. 4e). After an initial improvement of the performance due to
the current effect, which enhanced the catalytic activity of the elec-
trodes, the power density shows no appreciable degradation [40]. Al-
though the cathode is composed of very small particles, the cathode
performance is maintained at 700 °C. Such high performance is asso-
ciated with the highly dispersed LSM and CGO particles in the cathode,
which prevent the grain growth during the SOFC fabrication and op-
eration. These results demonstrate that LSM-CGO nanocomposites,
prepared in a single process by spray pyrolysis, are potential cathode
materials to operate efficiently at low temperature with performance
comparable to cobaltite-based perovskite cathodes. A further inter-
esting issue is that the nanocomposite cathodes are prepared in only
one step, which is a clear advantage for industrial implementation.

4. Conclusions

Nanocomposite cathodes of LSM-CGO were prepared by using a
single spray-pyrolysis deposition method from a precursor solution
containing all cations in stoichiometric amounts. In this way, LSM and
CGO were formed simultaneously, reducing drastically the preparation
time, which is an important improvement for potential industrial ap-
plication.

The CGO addition suppressed the grain growth of the nanocompo-
site cathodes, rendering lower particle size with respect to the blank
LSM cathode, i.e. 15 nm for LSM-CGO and 50 nm for LSM after an-
nealing at 800 °C. These differences were more important at high an-
nealing temperatures, i.e. 50 and 200 nm at 1000 °C for LSM-CGO and
LSM, respectively.

A single cell with LSM-CGO nanocomposite cathode generated a
high power density of 1.4 W cm ™2 at 800 °C, compared to 0.75 W cm ™~ 2
for a traditional cathode. Durability test of the cell over time showed a
negligible degradation.
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