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Improvement on the electrochemical
performance by morphology control of
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The effect of the particle’'s shape of Gdgi1CepoO,_g (GDC) nanopowders on the electrochemical
performance of LageSro4CoOs_; (LSC)-GDC composite cathodes was experimentally studied by electro-
chemical impedance spectroscopy (EIS). Composites were made of nanostructured LSC perovskite (aver-
age crystallite size D = 30 nm) mixed with nanostructured GDC powder (D = 8 nm) of irregular
particle shape or with spherical particles of 200 nm diameter. Symmetrical cells (cathode/electrolyte/
cathode) with different weight ratios of LSC:GDC (100:0, 75:25, 50:50 and 25:75 wt%) thick cathodes
were fabricated by the screen-printing method and tested by EIS in the temperature range of 500-700 °C
under a synthetic air flow of 100 mL min™. These nanostructured composite materials exhibited excellent
performance (area-specific resistance — ASR — values in the range of 0.019-0.032 Q cm? for an operating
temperature of 700 °C). The best performance was achieved at a weight ratio of 75:25 wt% (LSC: GDC)
when nanostructured GDC spheres were employed. This enhanced performance can be attributed to
GDC morphology along with GDC anionic conduction, which prevent the blocking of LSC electrochemical
reaction sites on surface, keeping them active by depleting its surface of adsorbed and reduced oxygen.
The limiting processes were determined to take place on the LSC surface. New insight on cobalt's
speciation under working-like conditions, determined by in situ X-ray Absorption Spectroscopy (XAS)
experiments, suggests that the ease of cobalt atoms for changing their oxidation state is the key feature
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Introduction

The solid oxide fuel cells (SOFCs) are energy conversion devices
that convert the chemical energy of fuels (hydrogen, natural
gas, and other hydrocarbons) directly into electrical energy with
high efficiency and low emission of pollutants." However, at the
high working temperature of SOFCs (800-1000 °C), several
undesirable effects, such as further chemical reaction and
diffusion, which affects the materials’ structure, take place
and reduce the SOFC’s lifespan and performance. So, there is
great interest in developing new materials for intermediate-
temperature SOFC (IT-SOFC) devices, which can be operated
between 500 and 700 °C.> In particular, materials with
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that rules the electrochemical activity of LSC and an atomistic model that explains it is proposed.

perovskite structure have long been investigated due to their
excellent mixed ionic and electronic conduction (MIEC) properties,
which make them suitable for application as electrodes in
IT-SOFCs. Lag¢Srp.4C003;_s5 is one of most the promising
cathode materials for IT-SOFCs due to its significantly high
ionic conductivity and surface exchange kinetics, along with
excellent electronic conduction.>”

Nanostructured materials have attracted attention due to
the size dependence of the crystallographic parameters and
electronic structure that may favour its physical and electro-
chemical properties.®® One of the common goals of many
researchers is to prepare nanostructured electrodes with high
surface area and controlled morphology. The nanostructured
cathodes prepared by different methods have significantly
increased surface area for the oxygen surface exchange
reaction. In order to evaluate the effect of cathode morphology
on the oxygen reduction reaction (ORR) performance, cathodes
based in LSC nanotubes with different diameters were reported
by Sacanell et al and Bellino et al.®'® The resulting ASR
was significantly higher at 600 °C (1-2 Q ¢cm?) than that for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanostructured LSC powders
(0.395 Q cm?).”

Dieterle et al. reported an ORR with ASR of 0.023 Q cm?” at
600 °C where a dip coating technique was employed to obtain
nano-porous LSC thin films with the thickness in the range of
150-200 nm."" The use of the thin-film deposition method is
promising but there are several issues such as optimization of the
electrode microstructure, substrate choice and component dur-
ability that need to be addressed before commercialization."*™**
One successful strategy to improve chemical stability of LSC thin
films is to deposit several LSC/GDC bilayers with a thickness of
tens of nm on a substrate of NdGaO; by pulsed laser deposition
(PLD)."”

The presence of the solid electrolyte phase in the porous
cathode should serve to enhance the thermomechanical com-
patibility of the electrode with the electrolyte by improving the
adhesion and matching the thermal expansion coefficient
(TEC) of the materials.'® Thus, composite cathodes are generally
favoured over single-phase MIECs. In particular, Gdy ;Ce, 904 05
is considered to be one of the best electrolytes for IT SOFC
applications,'” and it is known by its low reactivity with LSC,
what made the LSC-GDC composite cathode extensively
investigated.">'®>* Moreover, GDC layers are employed to
prevent chemical reaction and ion migration between LSC and
YSZ or SSZ (Ytria or Scandia-Stabilized Zirconia, respectively)
electrolytes.'®'®** It is assumed that improved ionic diffusion
and additional triple phase boundary (TPB) reaction lead to
performance enhancement, but it is still not clear how cathode
performance can be correlated with microstructure characteristics
for the LSC-GDC composite cathode. In addition, there is no
consensus about the processes and reactions that take place in
the cathode and different models were proposed.”® This difficulty
is based on the lack of information, coming from direct probes at
atomic scale, on the chemical properties of cobalt atoms in LSC
under working-like conditions of IT-SOFCs. The knowledge of the
“oxygen diffusion mechanisms at an atomic scale is of vital
importance” for the development of strategies for improving
IT-SOFC performance.”®

The use of indirect methods, such as neutron diffraction,
X-ray diffraction or iodometric or coulometric titration, led to
the conclusion that cobalt atom plays a secondary and passive
role in LSC electrochemical activity and to identify vacancies as
the main feature behind the electrochemical activity of LSC
material.””">° The last type of experiments is known by its high
accuracy, but it only provides the average oxidation state of a
sample. In addition, it is a destructive experiment and do not
allow for reproducing special environment conditions as those
found in SOFC’s electrodes.

XAS experiments, comprising XANES and EXAFS regions
(Near Edge and Extended X-ray Absorption spectrum, respec-
tively), are direct probes for the chemical and local order
properties of a selected element in a material, they are not
destructive and can be performed under controlled environ-
ment conditions. Previous studies,®>°>* were not able to
analyse cobalt’s speciation in LSC because of the lack of proper
Co(wv) standard. Some of them studied the sample only at room
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temperature. In all cases, they made qualitative analyses, such
as comparing the XANES profile of Co-K edge in LSC with some
reference standards or following the Co-K edge energy shift as
function of strontium content, sample’s temperature or oxygen
partial pressure. Those qualitative analyses only gave, in the
best cases, the average oxidation state (near +3) of cobalt atom,
leading to the same conclusion found in the others works
that used indirect methods, namely, that the electrochemical
activity of LSC (and also changes in the electronic and spin
configuration of Co atoms) can be explained only by vacancy
formation and crystal structure distortions, such as octahedron’s
tilting of oxygen atoms or phase transitions. “Most of the studies
of LSC, however, did not discuss the correlations among MIEC,
crystal structure parameters, electron densities, band structures,
and spin configurations, quantitatively.”*> Some works that
focused the attention on the spin state properties at low or room
temperature, made assumptions on cobalt’s oxidation state from
oxygen vacancy concentration or changes in the pre-edge-energy
region of the Co-K edge XANES.*

On the other hand, Takeda et al. stated that the electro-
chemical activity of LSC (adsorption, diffusion, dissociation
and reduction of oxygen and delivering of oxygen anions to the
electrolyte phase, GDC, for instance) would partially rest on the
ability of Co atoms for changing their oxidation state according
to environment conditions and the electrochemical potential in
a cell.’® Experimental evidence of this was observed by Acufia
et al.® In this last approach, it was observed that Co atoms easily
change their oxidation state in nanostructured LSC powders in
response to increasing temperature from 20 to 500 °C under air
flow. In the same way, Baskar and Adler pointed out the strong
dependence of electron transport properties in LSC with spin
states and oxidation states, which clearly justifies the use of
XANES to address these issues.*” Finally, the lack of detailed
fundamental studies of the chemical properties of active materials
at the atomic scale has prevented breaking the performance limits
through the rational development of advanced materials.

Therefore, in this study, the effect of the particle’s shape of
GDC nanostructured powders on the electrochemical performance
of LSC-GDC composite cathodes were studied on symmetrical cells
(cathode/electrolyte/cathode) by varying the relative content of
nanostructured LSC (D = 30 nm) and nanostructured GDC powders
(D = 8 nm) of irregular (standard) particle shape or spherical
particle shape of 200 nm diameter. The analysis of EIS data
(recorded in the temperature range of 500-700 °C) showed an
enhanced performance of the composite made of spherical parti-
cles of GDC and that the observed improvement takes place in the
LSC phase. EIS analysis also suggests that the rate limiting
processes take place on LSC surface. In order to analyse the LSC
activity at atomic scale, in situ XAS experiments were performed on
LSC nanopowders under working-like conditions of IT-SOFC’s
cathodes. Novel information about cobalt speciation gave new
insight on the chemical activity of cobalt atom in LSC, and a model
at the atomic scale that describes the path of oxygen anions in the
composite cathode is proposed. Additionally, we found evidence
that, once the oxygen vacancies in the LSC reaches a maximum
concentration, disproportionation reaction in cobalt atoms is
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triggered, possibly acting as a stabilizing mechanism that prevents
nanostructured LSC from phase instability.

XANES analysis also offers a possible explanation on how
GDC particle’s shape can contribute to improve LSC perfor-
mance. We offer in this work a hypothetical mechanism that
integrates the results coming from every experiment performed
in this study, by which GDC particle shape can contribute to
this factual enhancement of LSC performance. Nevertheless,
experiments contributing with conclusive evidence of the
relationship between GDC particle shape and LSC performance
are out of the boundaries of the present study. Despite this, we
believe that the results presented in this work will encourage
future defining works on this issue.

Experimental

In order to obtain different morphologies of nanostructured
Gdy1Ce90;.05 solid solutions, two chemical methods, previously
reported by the authors, were employed: cation complexation
(CC) and microwave assisted hydrothermal homogeneous co-
precipitation (MW).***° Nanostructured GDC powders obtained
by CC method will be denoted as GDC¢¢ and those obtained by
MW, as GDCyy-

Synthesis of nanostructured GDC¢c powders

Ce(NO3)3-6H,0O (99.99%, Alfa Aesar) and Gd(NO3);-6H,0
(99.9%, Alfa Aesar) were employed as precursors. Each nitrate
was dissolved in deionized H,O separately and then the solutions
were mixed to obtain nitrate solutions with molar ratios of Ce:Gd
appropriate for the preparation of products. Citric acid (99.5%,
Merck) was dissolved in d.i. water and this was added to the
cation nitrate solution in appropriate amounts to give a molar
ratio of final total oxide to citric acid of 1: 2. After homogenization
of this solution, the temperature was raised to 80 °C, and the
solution maintained under stirring to remove excess water and to
convert it to a transparent gel. While raising the temperature, the
solution became more viscous with evolution of foam, and finally
it gelled without any visible precipitation or turbidity. During the
dwell at 80 °C there was an increase in viscosity and simultaneous
elimination of water and NO,. The initial thermal decomposition
of the precursor was carried out at 250 °C for 1 H in air and the
resulting ash-like material was calcined at 500 °C for 1 H in air.

Synthesis of spherical particles of nanostructured GDC

Ce(NO3)3-6H,0 (99.99%, Alfa Aesar) and Gd(NO3);-6H,0
(99.9%, Alfa Aesar) were employed as precursors. Each nitrate
was dissolved in pure deionized H,O separately and then the
solutions were mixed to obtain a 0.1 M nitrate solution with
molar ratios of Ce:Gd and Ce:Pr appropriate for the preparation
of GDC and PrDC, respectively. Urea was added in order to give
a molar ratio of urea:final oxide of 4:1 and 60 ml of the
resulting solution was placed in a Teflon lined autoclave.
A Milestone ETHOS 1 Advanced Microwave Digestion system
was employed. The sealed autoclave was placed in the oven and
was heated to 120 °C with a ramp rate of 30 °C min~" - with
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oven power set to 550 W - and then kept at this temperature for
1 h. After cooling, the white powder product was collected by
centrifugation (2.5 min at 7830 rpm) and dried at 37 °C for
12 H. After calcination at 500 °C in air for 1 H, the nanos-
tructured GDC spheres were obtained.>”

Synthesis of nanostructured LSC powders

LSC nanopowders were synthesized by the gel-combustion (GC)
method, starting from Sr(NO3), (Aldrich, 99%), La(NO3);-6H,0
(Aldrich, 99.999%) and Co(NOj3),-6H,0O (Aldrich, >98%) as
precursors. Glycine (C,H;0,N) (Merck, >99%) was used as
the complexing agent and the fuel for the combustion step.®

Synthesis of Co(m) and Co(v) standards

LaCoO; was synthesized from La(NO;);-6H,O (Aldrich, 99.999%)
and Co(NOj3),-6H,0 (Aldrich, >98%) precursors and citric acid
(Aldrich, 99%) following the procedure described by Taguchi
et al.*® BaCoO; was synthesized using Ba(NO3), (Sigma-Aldrich,
99.999%) and Co(NOs3),.6H,0 following the procedure described
by Milt et al.*' Commercial CoO (Sigma-Aldrich, >99.99%) was
employed as Co(u) reference material.

Preparation of symmetrical cell for EIS

Slurries of nanostructured LSC-GDC composite cathodes with
different weight ratios of LSC:GDC (100:0, 75:25, 50:50 and
25:75 wt%)and DECOFLUX vehicle were prepared using a
weight ratio powder:vehicle close to 3:1, pursuing a viscosity
similar to that exhibited by commercial paints. As an example
of the nomenclature used in this work, cathode composite with
a 75 wt% of nanostructured LSC powder and 25 wt% of
nanostructured GDC¢c or GDCy powder will be denoted as
LSC75-GDCcc25 or LSC75-GDCyw25, respectively.

Dense electrolytes of 1 mm thick and 10 mm diameter were
obtained from commercial Sm, ,Cej 50, o powder (SDC, NexTech
Materials) uniaxially pressed under 20 kPa and then sintered in a
tubular furnace at 1400 °C for 5 H. Thick films of area 0.24 cm?*
and thickness of near 75 um were then screen printed onto both
faces of the SDC electrolytes and fired in a range of temperatures
between 800 °C and 950 °C for 2 H. As LSC phase is an excellent
electronic conductor in the range of temperatures of interest for
this study, no other current collector was used (such as Pt paste),
as LSC itself acts as current collector.*? This approach has the
advantage of eliminate any possible contribution of the current
collector phase to the EIS spectra or any interaction between the
noble metal and the cathode phase itself that could modify the
electrode performance.

Characterization of LSC-GDC cathodes

X-ray powder diffraction (XPD) was employed for preliminary
structural characterization using a Philips PW 3710 diffracto-
meter with Cu K-o radiation at room temperature (RT). Scans
were collected in the range of 20 = 20-80° with steps of 0.02°
and step counting time of 4 s.

The morphology of nanostructured LSC-GDC cathodes was
studied with a scanning electron microscope SEM FEI
Quanta 200.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Electrochemical measurements

Electrochemical properties of LSC-GDC cathodes were studied by
EIS using the symmetrical cell configuration, cathode/electrolyte/
cathode. EIS measurements were carried out using an Autolab
PGSTAT302N instrument (Metrohm, Echo Chemie) in the
temperature range of 500-700 °C under a synthetic air flow and
10 and 5% O,/N, flow (100 ml min~ ). The symmetric cells were
excited with a sine wave of 20-50 mV amplitude in the frequency
range of 0.1 Hz to 1 MHz sampling ten points per decade on a log
scale. The EIS spectra were fitted by means of the equivalent
circuit method using the ZView 2 software (Version 3.0, Scribner
Associates, Inc.). The fittings were performed in the confidence
range for this equipment, at frequencies below 30 kHz, according
to manufacturer’s recommendation and the quality of
experimental data.

X-ray absorption measurements

X-ray Absorption Near Edge Structure (XANES) experiments
were carried out at the DOSB-XAFS2 beam line of the Brazilian
Synchrotron National Laboratory (LNLS), Brazil, in transmission
mode.*® The energy was selected with a Si(111) monochromator. 8
mg of LSC, LaCoO3;, BaCoO; and CoO powders were mixed with
92 mg of boron nitride and uniaxially pressed applying 0.2 kg m >
to a 13 mm diameter die. The pellets were placed in an iron
sample holder and introduced in the tubular quartz chamber of a
furnace with refrigerated Kapton™ (DuPont) windows. Experi-
ments were performed under synthetic air flow and 5% O,/N, flow
(50 ml min~"). The entrance and exit of the gas flow were at the
ends of the tube. Samples were heated from room temperature to
700 °C at a rate of 10 °C min~" and a stabilization time of 10 min.
XAS spectra of Co-K edge were measured from 6900 to 8700 eV.
Energy step of 0.3 eV and counting time of 4 s was used for
the XANES region. The data reduction was done following the
standard procedure®** using WinXAS 3.1 software.”> A detailed
description of the procedure can be found in the ESI's XANES
section.

No XAS experiments we carried out on LSC-GDC mixtures
because the XAS signal of Gd-L, (with edge energy E, = 7898 eV),
that lies within the energy range of the EXAFS signal of Co-K
edge, and the EXAFS oscillations of Gd-L; edge (E, = 7211 eV),
may complicate the XANES analysis of the Co-K edge. In
addition, self-absorption in LSC-GDC powders considerably
diminishes XAS signal of the Co-K edge (between 30 and 70%
of signal loss). The XANES of Sr-K and La-L; edges were not
measured because no relevant information for this study was
expected, as these cations exhibit only one oxidation state
(+2 and +3, respectively).

Results and discussion

In this section is analyzed the effect of GDC particle’s morphology
on the electrochemical activity of LSC-GDC composite cathodes
and a model describing reactions that involve molecular and
atomic oxygen on the cathode’s surface will be developed, based
on the chemical properties of cobalt atoms in LSC. The effect that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the morphology of LSC particles (nanopowders of irregular shape,
nanotubes of different diameters, nanowires and others) may
have on the electrochemical performance of LSC-GDC composite
cathodes is a very interesting question that deserves to be devel-
oped in another work, due to the amount of data that it is needed
to be analyzed and the different issues to be discussed.

Morphological and structural characterization

The thickness of the porous thick electrodes was approximately
75 pm in every case. The microstructure of the electrode layer
is highly porous and the interface between the electrode and
the electrolyte shows good contact between these two layers
(Fig. 1 and 2). LSC75-GDC¢¢25 cathode consists of particles
with two distinct particle size. The larger ones, in the scale of
the pm can be ascribed to the LSC phase, which are partially
covered with smaller ones that can be related to the GDC phase
(Fig. 1 and Fig. S4, ESIY).

LSC75-GDCyw25 cathode is made of two types of particles
with well differentiated particle shapes: particles of irregular
shape with particle size on the order of the pm, ascribable to LSC,
and spherical particles of about 200 nm diameter, corresponding
to GDCyw (Fig. 2 and Fig. S4, S5, ESIt). From now on, we will refer
to the latter simply as GDCyw spheres, in opposition to GDCcc
nanopowder. At high magnifications it is possible to observe
GDCumw particles of spherical shape (Fig. 2b and c) embedded
in the LSC powder. Some trend to agglomeration in GDC spheres
is observed and may play an important role in composite
cathode’s performance.

All the reflections observed in the XRD patterns of LSC-GDC
cathodes correspond to the LSC (rhombohedral phase: R3¢
space group, No. 167,) or to the GDC phase (cubic phase: Fm3m
space group) and no reaction or segregated phases are observed
neither in the fresh cathodes (Fig. 3) nor in the LSC75-
GDCyw25 cathode after the long term stability test (Fig. S6,

Fig. 1 SEM micrographs of LSC75-GDccC25 cathode. (a) Top view at low
magnification. (b) Detail of top view. (c) Cross section with SDC electrolyte
at the bottom. The smallest particles in the cathode belong to the GDC
phase.

Energy Adv., 2022, 1, 344-356 | 347
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GDCwuw
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Fig. 2 SEM micrographs of LSC75-GDuw25 cathode. (a) Top view (low
magnification). (b) Detail of top view. Arrows spot GDC spheres. (c) Cross
section including SDC electrolyte. Largest cathode's particles belong to
LSC phase.

ESIT). Detailed Rietveld refinement results are listed in Tables
S1 and S2 (ESIY). The lattice parameters obtained by means of
the Rietveld refinement method are in excellent agreement with
reference data found in the literature (Tables S3 and S4, ESIT).
The exception is the work of Gwon et al. (later reproduced in the
review of Jun et al.), who studied the La; ,Sr,CoO;_; phases as
function of Sr content x.***” While Gwon et al. reported that the
cubic phase is present at room temperature in the
La; ,Sr,CoO;_s; samples with low Sr content (x < 0.4), Petrov
et al. and Closset et al., among others, have identified at room

a)

Intensity (a.u.)

d)

20 30 40 50 60 70 80 90
26 (degree)

Fig. 3 XRD patterns. (a) LSC nanopowders; (b) GDC powder with particles
of spherical shape; (c) LSC75-GDCuw25 cathode before the sintering
process; (d) LSC75-GDCuw25 cathode after 2H at 850 °C.
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temperature the rhombohedral phase for 0 < x < 0.6 and the
cubic phase for 0.6 < x < 1.>*"4%%

EIS studies

Electrochemical impedance spectra were measured in the
temperature range of 500-700 °C for the half-cells constructed
from LSC-GDC cathodes with various LSC:GDC weights and
different sintering temperatures. Every Nyquist plot exhibits
two distinct arcs, and the Bode phase plots, two well resolved
peaks (Fig. 4). The plots of polarization area specific resistance
(ASR,,1) as function of sintering temperature show that the
lowest value of ASR;, is obtained for LSC75-GDC25, LSC50~
GDC50 and LSC25-GDC75 sintered at 850, 875 and 925 °C,
respectively (Fig. S7, ESIt). The best performance is achieved
with a GDC load of 25 wt% (powder or spheres). This is in
agreement with several works dedicated to LSC-GDC compo-
sites, that obtained the best results with the 30 wt% GDC load
(among 20, 30, 40 wt% GDC).'®**?! Nevertheless, Kim and
Shikazono, in a combined theoretical and experimental work,
reported that the lowest polarization resistance is achieved with
a 70 wt% GDC load.”®

EIS spectra were fitted with different equivalent circuit
models. Fig. 5a shows a scheme of the equivalent circuit that
will be discussed here, while Fig. 5b and c are examples
corresponding to LSC75-GDCgc25 sample at 700 °C under
synthetic air flow along with the fitting curve and the contribution
of each circuit element.

Between 600 and 700 °C the electrolyte contribution to the
EIS spectra is pure resistive and it was fitted to the R1 resistance
(Fig. 5a). The inductance contribution of the wires was modelled
with a parallel L,//R, (L, in the order of 10" Hand R, =~ 1.9 Q).
The high frequency (HF) and low frequency (LF) arcs where
represented with two parallel R//CPE. A middle frequency (MF)
circuit was also used to improve the fit to EIS spectra in LSC and
LSC75-GDCc25 cathodes. It was tested an R//CPE and a Finite
Length Warburg-short (Ws) elements with similar quality of
fit.>'>* The use of either model didn’t affect the values obtained
for the parameters of other circuit elements. Here we present the
results obtained for the Wy element and the reason for this will
become apparent in the course of the discussion of the results.

Examination of Arrhenius plot indicates that LSC75-
GDCy\w25 exhibits the lowest polarization losses in the whole

a) -20 ——1sC b) o754
NE ——LSC75-G DCCCZS
o e LsCT5- = -0.50-
% 10 /il_;'j"'_“‘ = ;SC7S GDCMWZS E
= S a 2 ©
g P S o & 025
£ e A A yl}‘"'g
LTINS
/E 2 -1 - -1 0.00
0 10 20 30 40 100 10 10' 100 100 10° 10°
Re(Z) (mQ.cmz) Frequency (Hz)
Fig. 4 (a) Nyquist plot of normalized EIS spectra and (b) bode-phase plot

for LSC, LSC75-GDCcc25 and LSC75-GDmw25 cathodes at 700 °C under
synthetic air flow. Inserted numbers close to red data points are their
log(frequency) value. In (a), the pure resistive contribution of the electro-
lyte was subtracted from the data for easy comparison.
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cathode at 700 °C under synthetic air flow. (a) Scheme of the equivalent

circuit used to fit the spectrum. (b) Normalized Nyquist plot and (c) bode

phase diagrams of the experimental data along with the fitting function.

In (b) and (c) it is also included the contribution of each circuit element to

the fitting curve. In (b) the contribution of R; element was subtracted from

the experimental data and fitting function.

temperature range (Fig. 6a), where ASRyorar, = ASRyr + ASRyr +
ASR;r. The analysis of each contribution points out that the
improvement is related to the processes represented by the HF
and MF arcs (Fig. 6b and c, respectively). In fact, ASRyr in
LSC75-GDCyw25 is negligible (Table 1).

The W;s contribution in LSC (Fig. 6c) is truncated at
temperatures below 625 °C, due to the decreasing weight that
the Wy element has on the overall ASR with decreasing
temperature. As consequence, the statistical error on the related
parameters Wy (Warburg resistance) and Wy (Warburg charac-
teristic time) is higher at lower temperatures. Therefore, we
chose to focus our analysis at T = 700 °C. At this temperature,
every arc is resolved more easily and, in consequence, results are
more reliable. Within LSC-based thick cathodes, the ASRrgrar
values achieved in this work are among the best reported in
literature to the best of our knowledge (Table S5, ESIT).

The W; contribution to the total ASR of LSC-GDCcc is very
low at high temperatures but, at 500 °C, it became comparable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Comparison of the electrochemical performance of LSC, LSC75-
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Arrhenius plots for (a) ASRrotaL; (b) ASRur; (c) ASRme and (d) ASR ¢. The
colours correspondence to each sample is inserted in panel (a). Straight
lines are the linear regression for the experimental data. Dashed line
in panel (a) represents the extrapolation of the linear regression and
spots the departure of the experimental data from the straight line at
T > 650 °C.

to that of the HF arc (Fig. 6b and c) of the same sample. This
fact is in opposition to the trend observed in the case of LSC
cathode. The total E, (calculated from the analysis of Fig. 6) is
in good agreement with Hjalmarsson et al (Table 2).>' The
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Table 1 Total polarization resistance and contributions from different
processes

ASR at T = 700 °C (mQ cm?)

Cathode Total HF MF LF

LSC 41(2) 29.2(1) 5.2(8) 6.4(1)
LSC-GDCc¢¢ 39(1) 24.7(7) 5.5(8) 8.6(1)
LSC-GDCpw 18.6(2) 12.4(1) — 6.2(1)

origin of the different activation energy of each arc will be
discussed later in this section.

The low frequency arc proved to be weak dependent on
temperature (Fig. 6d). As the temperature decreases, it gets
more difficult to resolve this LF arc from the HF or MF arcs.
This is the reason why we chose to fix R to the value obtained
from the fit to the spectra at 700 °C in air for LSC and LSC-
GDCcc. This weak dependency on temperature makes its
relative contribution more important as ASRyr and ASRyp
decreases with increasing temperature. This is the reason why
the Arrhenius plot of the ASRyorar, of LSC75-GDCyw?25 departs
from the straight line above 650 °C (Fig. 6a). Above this
temperature, the HF and LF arcs become comparable.

Several works found in the literature have stated a relationship
between the value of 7 (the slope of the linear function that fits the
plot of log(1/ASR) as function of the logarithm of the oxygen
partial pressure, log(P,,)), and specific processes in cathodes
(Table 3 and Fig. S8, ESIt). According to Takeda et al,*® the HF
process (that exhibits n &~ 0.25 in every case) would be related to
Langmuir’s type oxygen atom adsorption, where there is a very low
fraction of adsorption sites occupied by O atoms. This reaction is
represented by the equation:

Oug + 26" + Vg — OF 1)

which means that this limiting process consists in a charge
transfer process on the surface. Here, O,q is an oxygen atom
adsorbed in surface and Og is the oxygen anion in a normal
lattice site. Although the E, of the HF process is lower in
the LSC75-GDCcc25 sample, the ASRyr value is lower in the
LSC75-GDCyw25 sample between 500-700 °C. This result would
be related to a better electrical connectivity between grains, as will
be discussed later.

On the other side, the low frequency arc in Fig. 5b exhibits a
simple inverse law (n ~ 1) as function of P, . Always according
to Takeda, this corresponds to a reaction in which molecular
oxygen is involved in this rate limiting process, which consists

Table 2 Activation energy of the electrodes and of the high and middle
frequency arc

B, (eV)
Cathode Total HF MF
LSC 0.96(1) 1.07(1) 0.83(1)
LSC-GDCcc 0.94(1) 0.88(4) 1.30(3)
LSC-GDCpw 0.94(3) 1.01(2) —
350 | Energy Adv., 2022, 1, 344-356
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Table 3 Analysis of the slope (n) of ASR™ as function of P,
Slope of log(1/ASR) vs. log(P,,) at T = 700 °C

Cathode HF MF LF
LSC 0.25(1) 0.52(7) 1.3(1)
LSC-GDCcc 0.25(7) 0.32(3) 1.15(3)
LSC-GDCyw  0.18(8) 0.9° 1.18(5)
¢ Estimated.
of three steps described by the equations:

0,(g) + 024

02‘ad hd 02‘ad,ers (2)

Oz,ad,ers « 2Oad,ers

where Ojad.ers and Ougers iS an oxygen molecule or atom
adsorbed at the electrochemical reaction site (ers),
respectively.’® As the LF arc proved to be weakly dependent
on temperature, it is possible that the rate limiting process
associated to this arc consists in molecular oxygen adsorption
and diffusion, without the contribution of a dissociative
adsorption step.

The process that contributes to the middle frequency arc is
more difficult to analyse because of its low ASR value (close to
15% of the total ASR at 700 °C in air) and its high associated
uncertainty. Its dependency with P, in LSC cathode is n = 0.5.
This is in accordance with an atomic oxygen diffusion and
reduction process, described by*®

OZ,ad,ers A 2Oad,ers
2Oad g 2Oacl,ers (3)
Oad,ers +2¢ + V(.). A OS

Eqn (3) shows that the process can consist of three steps: (1)
dissociation of adsorbed O,; (2) diffusion of O atoms to ers; and
(3) CT process. The analysis suggests that the CT process is
present in both HF and MF arcs. This is possible because the
HF arc is related to Langmuir’s type oxygen absorption and the
MF arc to oxygen adsorption with diffusion steps, and each
process exhibits a different characteristic time.

The lower value of n = 0.32 calculated for the LSC75-
GDCc25 cathode (Fig. S8b, ESIT) and the higher value of n =
0.9 for LSC75-GDCpw25 cathode would indicate that the
weight of each step in eqn (3) is different in them. We can
see in eqn (3) that the first step describes the same reaction
observed in the last step of eqn (2). On the other hand, the last
step in eqn (3) consists in the same reaction described by
eqn (1). So, it is possible that n = 0.32 is indicating that the
CT step in eqn (3) is the major contributor to the ASRyr in
LSC75-GDCc25. Following the same reasoning, n = 0.9 would
be indicating that the two last reactions in eqn (3) have a lower
weight than the first one, the dissociation of adsorbed O,.

These results would indicate that the ad-atomic diffusion
process has more active paths in the composite than in the LSC
cathode. Maybe, the diffusion path to the electrochemical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reaction sites is shorter (or faster) in the composites. This,
along with a lower contribution of the adsorbed O, dissociation
(1st) step in eqn (3) to the ASRyr of LSC75-GDC25, makes the
whole process more similar to that described in eqn (1) (involving
a Langmuir’s type oxygen atom adsorption). This hypothesis is
consistent with the values obtained for the diffusion characteristic
time, Wy-T, in LSC (4.3 x 10™* s) and in LSC75-GDC¢c25 (1.5 x
10* s) cathodes. Another possibility is related to the fact that the
ionic conduction in GDC at 700 °C is high compared to that
exhibited by LSC perovskite,>* suggesting that the GDC phase is a
possible path for oxide ions. This would contribute to deplete the
LSC surface of oxygen species, maintaining in this way the
electrochemical reaction sites active. This is more apparent in
LSC75-GDCy\w25 cathode, where the contribution of this middle
frequency arc is negligible at 20% O,/N,. The value it would take
under these conditions is represented by the extended line that
fits the experimental data in Fig. S8b (ESIt). The extrapolated ASR
value is 0.81 mQ cm?, which is relatively very low if it is compared
to the other contributions and explains the difficulty of including
the Wy element in the fitting of the data under these conditions.
This result, along with its lower ASRrorar, (Table 1), means that
the LSC75-GDCyw25 cathode has more active sites on its surface
compared to the other film.

The higher value of n = 0.9 for the MF arc of LSC75-
GDCyw25 (Fig. S8b, ESIf), along with its lower ASRyg
and the lower ASRyorar, may rest on the possibility that the
combination of GDCyy spheres with LSC powder optimizes
the connectivity between the two phases and also improves the
percolation of GDC spheres, resulting in faster CT reaction in
eqn (3). This is also consistent with the lower ASR values of the
HF arc that this cathode exhibits (Fig. 6b).

Factually, the only difference between the two cathodes is
the shape of GDC particles. Therefore, the origin of the
improvement in LSC-GDC composites is possibly related to
the spherical morphology of GDCyw. In fact, the area of the
contact surface between one LSC particle and one GDCyw
sphere is smaller than that between two particles LSC-LSC or
LSC-GDCcc. This has at least two positive aspects. One,
GDCyw spheres would prevent that two LSC particles be in
contact and sinter during the sintering procedure. In that way,
they would keep available more superficial area for reaction
(eqn (1)-(3)). This picture is consistent with the differences
exhibited by each cathode in the values of the ASR;g. They
would suggest that a greater LSC surface is covered by GDC¢¢
powder than by LSC itself or GDCyw spheres. But it has to be
mentioned that the variations observed in ASR;y are small
enough to be conclusive. The other, already mentioned, is that
the GDC phase would contribute to deplete the LSC surface of
oxygen anions, keeping low the number of occupied active sites
with oxygen species. We will explain this issue in detail after
discussing XANES results.

Finally, in order to check the stability of LSC75-GDCyw25
cathode, EIS spectra were recorded at 700 °C after several dwell-
times. The experimental data was analysed using the equivalent
circuit shown in Fig. 5a. After 101 H at 700 °C in air, ASRyorar, of
LSC75-GDCy\w25 cathode showed an increment of 30%, due to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the growth of the HF arc (Fig. 7 and Fig. S9, ESI¥). The LF arc,
associated to diffusion of adsorbed O, molecules, remained
essentially unchanged, suggesting that no sintering process
took place during the test. The small contribution of the
MF arc became noticeable and was fit to the Wy element
(Wg = 1.1(1) mohm cm?®), and it was constant with time. The
increment in the HF arc was observed during the very first
hours of the experiment, remaining without any noticeable
change for the next 70 hours, in accordance with Tao et al.'®
The increment observed in ASRrorar, and ASRyy, at the end of
the test (Fig. 7) is more likely to be due to the fall of 0.8 °C in
sample’s temperature. All these evidences point to loss of
efficiency in the CT process, probably due to a small surface
reaction between LSC and GDC phases or to element segrega-
tion in the surface of the particles."® This was not possible to
detect by means of XRD analysis. Also, it was observed a small
shift in the HF pure resistance R, towards higher values (AR, =
3 mohm cm?, what represents 0.5% of its initial value of 639
mohm cm?, or 12% of the initial ASRtorar), probably due to the
same causes.

XANES of Co-K edge

In this section we offer new insight on cobalt’s speciation
in LSC powders. The sensibility of Co atoms to changes in P,
was studied by linear combination fitting (LCF) of Co(u,um,v)
experimental standards to cobalt’s XANES spectra in LSC
(Fig. S1, ESI).®

XANES experiments showed that the average oxidation state
of Co atoms decreases from +3.4 to +3.0 as temperature
increases from 20 to 700 °C in air, starting with a mixture of
60% Co>" and 40% Co*" (Fig. 8a and b). This result is in
agreement with indirect calculations made by others researchers
through, for example, iodometric titration experiments.>”** For
the first time, it was observed that the Co speciation then
gradually evolves to approximately 25% Co®>" and Co** and
50% Co’* with increasing temperature in air. This balance is
modified to 17% Co*' and Co™ and 66% Co®' when P,
decreases to 5% O,/N, at 700 °C.

40
35 698.8
699.4 699.8 699.6 °
— 3016986 o——0 o
£
§ 25 /
c ¢ ———A/A/_O_A
é 204 / ASRTDTAI.
o A —A— ASR
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Fig. 7 Long-term operation test of LSC75-GDuw25 cathode at 700 °C
during 101 h under synthetic air flow. The evolution of each component
with time shows the origin of the increment in ASRrotaL Observed during
the first hours of operation. The inserted numbers indicate the tempera-
ture of the sample in °C when the measurement was performed.
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Fig. 8 Analysis of cobalt’s oxidation state in LSC nanopowders as function
of temperature and under different O, concentration in the O,/N, atmo-
sphere. (a) Average oxidation state, and (b) speciation of cobalt atoms in
LSC according to Co-K edge XANES analysis using the LCF method.

The average oxidation state of Co (Fig. 8a), calculated from
the cobalt’s speciation, is in good agreement whit previous works
found in the literature.?”*"° In addition, the initial amount of
40% Co™" exactly compensates the 40% of Sr** cations in the A-
site, what leads to the conclusion that no vacancies are present
in the fresh LSC powder at room temperature. Mineshigue et al.
have found metal-like behaviour in La; ,Sr,CoO3_;5 (x > 0.3 and
0 = 0) in the temperature range of 20-1200 °C when no oxygen
vacancies are found in the lattice.>**® On the other hand, when
x =0.3 and 0 > 0.06 they observed insulator-like behaviour at
low temperatures (below 200 °C). Mineshigue et al. related the
oxidation of Co*" to Co*" (as response to Sr** doping), to
electronic conductivity by means of the creation of holes in the
electronic band of Co atoms. In the same way, the loss of Co**
with increasing temperature (Fig. 8b) is in accordance with the
metallic-like behaviour.>

The low intensity peak between 7709 and 7712 eV in Co
K-edge XANES spectra contains information about the electronic
configuration and spin state of cobalt atoms and it is originated
in the electronic excitation from Co-1s to Co-3d orbitals. This
forbidden transition is possible due to the hybridization between
the Co-3d and O-2p orbitals, though some researchers have
found evidence for quadrupolar transition nature.**?>*”°% In
any case, it is clear that its features are closely related to the
electronic conductivity properties of LSC and that it is strongly
affected by the crystal field.”®>° The reader is invited to consult
the ESI,f for a more detailed discussion about this topic. It is
worth to mention that the detailed analysis of this peak regard-
ing the electronic conductivity of LSC is beyond the scope of the
present study.
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Fig. 9 Analysis of the low intensity peak at £ < Ep in the Co-K edge
XANES of LSC at 700 °C under synthetic air and 5% O,/N,.

The differences observed between both XANES spectra of
LSC (Fig. 9) would be related to desorption of 0,.°° On going
from 20 to 5% O,/N,, the slight shift towards higher energies
and the disappearance of the weak peak at 7712 eV would be
associated to the mentioned loss of oxygen in LSC bulk or
surface with decreasing P, as, in this case, the hybridization
between Co 3d and O 2p orbitals also decreases.’®*"** This is
because when these orbitals are hybridized a charge transfer
from Co 3d to O 2p orbitals takes place, creating empty states of
lower energy in the hybridized Co 3d orbitals. A very detailed
and complementary analysis of this peak can be found in the
work of Itoh et al.*®

One final consideration regarding the results in Fig. 8 is
that, as temperature increases and O>~ vacancies are created,
the system seems to evolve to a speciation in which Co*" is
exactly compensated by Co®* at 700 °C in air (Fig. 8b). Even
though the growth rate followed by the population of each
species leaves open the possibility that Co** overcomes the
population of Co*", an examination of the evolution under low
oxygen content shows that, once both species are balanced,
they continue in that way at higher temperatures. This result
may point out some kind of thermodynamical equilibrium in
which, once reached, the disproportionation reaction rules the
evolution of the speciation. The analysis suggests that this
change of behaviour would be triggered by an upper limit for
0>~ vacancy concentration in the lattice (Fig. 8a and b). This
hypothesis is based on the fact that cobalt’s average oxidation
state remains essentially constant once it reaches the value
of +3 under low oxygen content, while speciation continues
evolving by means of the disproportionation reaction. The limit
for oxygen vacancy concentration was determined by Petrov
et al. in microstructured La, ,Sry 3C005_5,® They found a value
of 6 = 0.2 at 1160 °C and P, ~ 0.01 beyond which, the sample
decomposes. The limit 6 = 0.2 is the same that our results
suggest. The lower temperature (500 °C) and higher P, (0.05) at
which we observed it in our sample may be due to its smaller
grain and crystallite size. These results point out the outstanding
feature nanostructured LSC has, namely, once nanostructured
LSC reaches the maximum oxygen vacancy concentration, it
uses the disproportionation reaction as a mechanism to keep
stabilized the perovskite phase against decomposition. To the
best of our knowledge, this is the first time that this mechanism
is observed. In addition, the reaction 2Co*" — Co*" + Co*" would

© 2022 The Author(s). Published by the Royal Society of Chemistry
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help to improve the electrical conductivity by increasing the Co*"
concentration, as suggested by Mineshigue et al.>>° This last
hypothesis would be very interesting to test. Our results are also
in agreement with Abbate el al., who have seen no disproportio-
nation reaction below 360 °C in LaC005.”®

This experiment was intended to have an approach to the
behaviour of cobalt atoms in LSC under oxygen demanding
conditions (such as in the electrode/electrolyte interface in a
SOFC with high oxygen vacancy concentration on the electrolyte
side) or under oxygen excess conditions (such as on the
electrode/gas interface). The experimental results show that
Co atoms in LSC are very sensitive to changes in oxygen
concentration in the gas in contact with the LSC particle’s
surface. This property can be extrapolated to the case of LSC
particles in LSC-GDC composite cathodes. Under these condi-
tions, LSC particles are in contact with other particles of LSC or
GDC (Scheme S1, ESIt). It is possible that atoms in the vicinity
of the contact area with GDC phase exhibit a speciation that
resembles that observed during the low oxygen concentration
experiment. On the other hand, cobalt atoms near the LSC
surface exposed to the gas phase would adopt a chemical
speciation resembling that observed under synthetic air condi-
tions. Hence, the improvement in the performance is not only
because of more superficial active sites for the electrochemical
reactions (favoured by the spherical shape of the GDC particles
and the possible agglomeration of them, that keeps apart the
LSC particles), and better connectivity between GDC spherical
particles, but also because of the action of a breathing structure
composed of Co**, Co*" and Co*" that facilitates anionic
conduction to the LSC/GDC interface. The fast paths created
by the better GDC connectivity complete the cycle, taking away

anionic conduction

electrolyte

LsC
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the oxide species from the LSC phase, preventing the modifica-
tion of the balance of cobalt species, the loss of oxygen
vacancies, and active sites blocking by accumulation of
adsorbed oxygen. This subtle relationship between GDC mor-
phology, cobalt speciation and LSC electrochemical activity
represents the key feature in the enhanced performance of
LSC-GDC composite cathode with control of morphology. This
hypothesis, however, needs to be tested by more specific
experiments. Our work aims to highlight this relationship
and encourage further investigations on this issue.

In consequence, the XANES results of our work substitutes
the static picture with all cobalt atoms in a unique oxidation
state (near +3), for a more dynamical model in which cobalt
atoms reacts in a very specific way in response to changes in
their surroundings (Scheme 1). The local cycling of cobalt
atoms between +3 and +2/+4 oxidation states would be impor-
tant for the O,(g) adsorption, O, dissociation and O reduction
reactions, which were identified as the limiting process by our
EIS study. This is in agreement with Tsvetkov et al, who
showed that oxygen vacancies play a secondary role in surface
activity.”> In addition, this local redox cycling (probably
favoured by the electronic conduction of the material), along
with the co-existence of the three cobalt cations (with their
different ionic radius), would be beneficial for 0>~ transport
and transfer to the electrolyte phase. Some researchers have
guessed this possibility through indirect methods, such as
neutron powder diffraction.®® Our results represent strong
new evidence in favour of this picture.

In our case, EIS analysis suggests that the limiting processes
in LSC-GDC composite cathodes take place on the surface of
the LSC phase. Consequently, the existence of vacancies in bulk
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Scheme 1 Dynamical model for surface reactions and ionic conduction in LSC-GDC composite cathode based on the most important results found in
this work. The ease of Co atoms for changing oxidation state, and disproportionation reaction, along with electronic conduction, are the key features to
explain the LSC electrochemical properties. Better percolation of GDC spherical particles yield fast and efficient ionic paths from LSC to the electrolyte.
This enhanced ionic flow depletes LSC surface electrochemical reaction sites and favours higher oxygen vacancy concentration, which lower the
polarization losses of LSC-GDC composite cathode. “1°" indicates that charge transfer from Co?* to Co** promotes vacancy conduction (2™ in one
way, and anionic conduction in the inverse direction (3. Inserted Fig. 4b and 5a-c, and eqn (1)-(3) are explained in terms of this schematic
representation.
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is not as important as the ease of cobalt atom for changing its
oxidation state for the charge transfer process that takes place
in the surface during oxygen reduction reaction or at the LSC/
GDC interface. Our analysis cannot answer the question
whether there is mass transport through the bulk of LSC phase,
(mass transport would be fast enough so to not contribute
significantly to the total ASR), or whether surface diffusion is
favoured against bulk diffusion.

XANES and EIS analyses suggest that ease of cobalt atoms
for changing its oxidation state along with surface oxygen
vacancies are complementary key features that prompt oxygen
surface diffusion.

Conclusions

In the present study, the electrochemical performance of
nanostructured Lag STy 4C00;_5-Gdg1Cep901.95 (LSC-GDC)
composite cathodes for solid oxide fuel cell (SOFC) with different
morphologies (LSC: nanostructured powders; GDC: nanostructured
powders composed of particles with irregular shape or spherical
particles) were experimentally evaluated.

The results obtained from complementary techniques
suggest that the LSC phase in LSC-GDC composite cathodes
is the active phase for O,(g) adsorption, diffusion, dissociation
and reduction of atomic oxygen reactions, which seem to be the
limiting processes. Composite cathodes made of 75 wt% LSC
and 25 wt% GDC nanostructured spheres exhibited an
enhanced performance as cathode in symmetrical cells using
Sm, ,Ce, 30,4 electrolytes. The decrease in the polarization
resistance (ASRrorar = 18.6(2) mQ cm?) was attributed to a
faster depopulation of oxygen species on LSC surface, which
kept active a high number of electrochemical reaction sites.
This was favoured by the spherical shape of GDC particles, that
provided good electrical contact and high speed paths for
oxygen diffusion to the electrolyte (through a good percolation
between GDC spherical particles), along with a minimum area
of contact between LSC and GDC phases.

X-Ray absorption spectroscopy experiments proved to be a
powerful probe to unveil the atomic origin of the electrochemical
properties that cathode materials exhibit. Our study suggests
that the electrochemical activity of LSC reported in this paper is
based on the chemical properties exhibited by cobalt atoms.
Novel information about cobalt’s speciation in LSC under
working-like conditions was presented in this work. The
easiness with which cobalt atoms change their oxidation state
according to the environment conditions of temperature and
0,(g) concentration would be a key feature for adsorption of
0,(g), diffusion and dissociation of O, and reduction of O
atoms reactions, on one hand, and for 0>  transfer to the
electrolyte phase, on the other. The spherical shape of the GDC
particles may indirectly modify the chemical speciation of
cobalt atoms, favouring the existence of Co** and Co*" species
and the local cycling of cobalt atoms between the three
oxidation states. Importantly, this effect would contribute to
the creation of a “breathing structure” in the LSC phase that
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favours the anionic conduction. A model describing the under-
lying mechanism is proposed.

In addition, and to the best of our knowledge, this is the first
time that a transition from the regime of O*~ vacancy creation
to disproportionation reaction in cobalt atoms was observed in
nanostructured LSC upon heating, between 500 and 700 °C.
After reaching a maximum oxygen vacancy concentration in the
LSC lattice (associated to 6 ~ 0.2), the onset of the dispropor-
tionation reaction was interpreted as a mechanism that
prevents nanostructured LSC from phase instability at higher
temperatures and that would favour the electrochemical
reactions between LSC and O,(g) on surface, and diminish
the electronic resistance growth with increasing temperature.
The coexistence of Co**"** species would mechanically favour the
oxide anion diffusion through the LSC lattice due to the different
ionic radii, and the cycling in the local order of Co species between
+2, +3 and +4 oxidation states would also dynamically drive the
transport of O®~ anions.

As it was observed that for temperatures higher than 500 °C
the amount of Co”" starts to grow, exactly compensating the
amount of Co>", it would be interesting to prove the hypothesis
that the existence of Co*" cations is the responsible for or, at least,
contributes to, the electronic conduction in nanostructured LSC
at high temperatures.

The effect of LSC particle’s morphology (irregular nanopowders,
nanotubes of different diameter, nanowires and others) on the
electrochemical and thermomechanical properties of LSC-GDC
composite cathodes represents an interesting issue to be explored
in future works.
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