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a  b  s  t  r  a  c  t

The  electrochemical  performance  of  nanostructured  cathodes  for  IT-SOFCs  based  on  perovskite-type
mixed  ionic/electronic  conductors  (MIECs)  is investigated.  Different  compounds  (La0.6Sr0.4CoO3−ı and
Sm0.5Sr0.5CoO3−ı) and  synthesis  methods  (freeze-drying  and  citrate  complexation)  were  evaluated.
These  materials  exhibited  excellent  performance  (area-specific  resistance  values  in  the  range  of
0.05–0.20  �  cm2 for an  operating  temperature  of  700 ◦C),  which  improved  with  decreasing  grain  size.
eywords:
anocrystalline materials

ntermediate-temperature solid-oxide fuel
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This  performance  can  be attributed  to  the high  specific  surface  area  of  these  nanostructured  cathodes,
thus  dramatically  increasing  the  number  of  active  sites  for  the  oxygen  reduction  reaction.  Under  these
conditions,  the  electrochemical  properties  are  mainly  controlled  by oxide  ion  diffusion  through  the  MIEC
cathode,  which  becomes  faster  with  decreasing  grain  size.

© 2011 Published by Elsevier B.V.
obaltite

. Introduction

Nanostructured materials attract great interest due to their
ovel properties. They have already been used in power gen-
ration and storage devices, such as lithium-ion batteries,
ow-temperature fuel cells, among others [1].  These materials have
imited applications in Solid-Oxide Fuel Cells (SOFCs) because grain
rowth is expected to occur at the typical operation temperatures of
hese devices. Nevertheless, their use in intermediate-temperature
OFCs (IT-SOFCs) is currently under investigation because grain
rowth is reduced by operating in this temperature range. Cath-
des based on nanostructured mixed ionic/electronic conductors
MIECs) are particularly interesting because the number of active
ites for the oxygen reduction reaction (ORR) is expected to
ncrease dramatically due to the increase in the specific surface
rea [2–6].

Recent works showed that nanostructured cathodes prepared
rom La0.6Sr0.4CoO3−ı nanotubes exhibit low polarization resis-

ances at intermediate temperatures [2,6]. Initially, their enhanced
erformance was mainly attributed to their high surface-to-volume
atio, increasing the number of reaction sites with the surround-
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euquén, Pcia. de Neuquén, Argentina. Tel.: +54 299 4490350; fax: +54 299 4490329.

E-mail address: diego.lamas@fain.uncoma.edu.ar (D.G. Lamas).

378-7753/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2011.07.067
ing gas, when compared to an ordinary microstructured cathode
[2]. However, a subsequent study showed that oxide ion diffusion
enhances with decreasing particle size [6].  This result is simi-
lar to the improvement of ionic transport previously reported
in nanostructured CeO2-based electrolytes [7].  Therefore, fur-
ther investigation is essential to elucidate the electrochemical
processes behind the enhanced electrochemical performance of
nanostructured MIEC cathodes. In this sense, the study of other
compositions and/or nanostructures could be very important. The
Sm0.5Sr0.5CoO3−ı perovskite deserves particular attention because
it is considered as a serious candidate for IT-SOFC cathode due to
its high performance for the ORR [8–11].

In this work, we  evaluated nanostructured La0.6Sr0.4CoO3−ı

(LSC) and Sm0.5Sr0.5CoO3−ı (SSC) cathodes prepared from
nanopowders synthesized by two different wet-chemical methods:
freeze-drying and citrate complexation. They were used to pre-
pare pastes with an organic vehicle and deposited on Gd2O3-doped
CeO2 (GDC) electrolytes. To retain the original nanostructures in the
final cathodes, we use a conventional sintering process at moder-
ate temperatures. The area-specific resistance (ASR) was  evaluated
using electrochemical impedance spectroscopy (EIS) on symmet-
rical [cathode/electrolyte/cathode] cells, measured in air. These
nanostructured cathodes exhibit very high performance, which is

enhanced significantly with decreasing grain size, as in the case
of the above-mentioned studies on cathodes based on LSC nan-
otubes. Their electrocatalytic properties for the ORR are discussed
in detail.

dx.doi.org/10.1016/j.jpowsour.2011.07.067
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:diego.lamas@fain.uncoma.edu.ar
dx.doi.org/10.1016/j.jpowsour.2011.07.067
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Table  1
Phase (space group) and morphological data of LSC and SSC powders synthesized by citrate and freeze-drying (FD) methods and calcined at different temperatures. d: average
crystallite size determined by Scherrer’s equation. DSEM: average grain size determined from SEM observations. SBET: BET specific surface area. DBET: average particle size
determined from BET specific surface area (see text).

Powder Synthesis method/calcination temp. Space group d (nm) DSEM (�m) SBET (m2 g−1) DBET (�m)

LSC
Citrate/1100 ◦C R3̄c >200 ≈1 2.1 0.44
FD/1100 ◦C R3̄c >200 ≈0.5 2.1 0.44
FD/900 ◦C Pm3̄m 30 ≈0.25 6.1 0.16
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synthesis methods studied in this work, i.e., citrate complexation
and freeze-drying.

In the case of LSC-citrate powders calcined at 1100 ◦C, the
reflections in Fig. 1 exhibit the typical splitting of a rhombohe-
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. Experimental procedure

.1. Synthesis and characterization of LSC and SSC nanopowders

LSC and SSC nanopowders were prepared by freeze-drying and
itrate complexation methods, starting from Sr(NO3)2 (Aldrich,
9%), La(NO3)3·6H2O (Aldrich, 99.999%), Co(NO3)2·6H2O (Aldrich,
8%) and Sm(NO3)3·6H2O (Aldrich, 99.9%). These nitrates were first
ssessed by thermogravimetric analysis to assure the correct cation
omposition.

The citrate complexation route was carried out using citric acid
Aldrich, 99%) as the complexing agent [12,13]. Each nitrate com-
ound was dissolved in distilled water separately and then mixed
o obtain a nitrate solution with the appropriate stoichiometry. A
itric acid solution was added at a ligand/metal ratio (L M−1) of

 and left under continuous stirring for 24 h. Afterwards, evapo-
ation at 200 ◦C yielded a homogeneous gel, which was  calcined
t 1100 ◦C for 1 h to eliminate the organic material and to obtain
he perovskite phase. Samples obtained using this method will be
eferred hereafter as LSC-citrate and SSC-citrate.

Using the freeze-drying method [14], a stoichiometric solu-
ion was prepared from metal nitrates in distilled water, and an
mmonium-EDTA solution was added at a molar ratio L M−1 = 0.5
s a complexing agent. The pH was adjusted to 7 by adding nitric
cid. The solutions were flash frozen in liquid nitrogen and then
ehydrated in a Heto Lyolab 3000 freeze-dryer. The resulting pre-
ursors were treated at 300 ◦C for 1 h, grounded and finally calcined
t 900 ◦C for 5 h. These materials will be referred hereafter as LSC-FD
nd SSC-FD.

For structural characterization, X-ray power diffraction (XPD)
atterns were collected with a PANalytical X’Pert PRO diffractome-
er equipped with a primary monochromator (Cu K�1 radiation)
nd an X’Celerator detector. Scans were recorded in the range of
� = 20–80◦, with steps of 0.03◦ for 2 h. The average crystallite size
d) was calculated using Scherrer’s equation [15].

BET-specific surface areas (SBET) were determined using a sur-
ace area analyzer (GeminiTM 2365, Micromeritics Instrument)
ith nitrogen as the adsorptive. Prior to the analysis, all samples
ere degassed at 250 ◦C under vacuum for several hours. The aver-

ge grain size was estimated from these results using the equation
BET = 6/(SBET �), where � is the theoretical (crystallographic) den-
ity.

The powder morphology and electrolyte/electrode interfaces
ere analyzed with scanning electron microscopy (SEM) with a

EOL JSM-6300 microscope.

.2. Preparation and characterization of LSC and SSC cathodes

The electrocatalytic properties of the LSC and SSC cathodes

or the ORR were studied with electrochemical impedance spec-
roscopy (EIS) using symmetric [cathode/electrolyte/cathode] cells.

Dense GDC pellets of about 1.0 mm  thickness and 10 mm diam-
ter, prepared from commercial powders (Ce0.8Gd0.2O1.9, Nextech
>200 ≈2 0.62 1.4
150 ≈1 1.5 0.61

25 ≈0.25 4.0 0.22

Materials) and sintered at 1400 ◦C for 5 h, were used as electrolytes.
A slurry of the different powders mixed with DecofluxTM as the
binder was deposited on each side of the GDC electrolyte, and then
sintered at different temperatures in the range of 850–950 ◦C to
determine an optimum sintering temperature that yields both an
appropriate electrolyte–electrode adherence and the lowest ASR
values. Platinum paste (MetalorTM) fired at 800–850 ◦C for 30 min
was  used as the current collector.

The impedance spectra of these symmetric cells were measured
in static air in the temperature range of 400–700 ◦C using a fre-
quency response analyzer (Solartron 1260) in the frequency range
from 0.02 Hz to 1 MHz  with an excitation voltage of 50 mV.

3. Results and discussion

3.1. Crystal structure and morphology of LSC and SSC powders

Table 1 summarizes the space group (phase), the average crys-
tallite size and the results of the morphological analysis for all the
as-synthesized LSC and SSC nanopowders.

Single-phase perovskite-type powders were obtained after cal-
cination of LSC-FD and SSC-FD at 900 ◦C for 5 h and LSC-citrate and
SSC-citrate at 1100 ◦C for 1 h. Figs. 1 and 2 show XPD patterns of
LSC and SSC powders, respectively. These figures compare the two
Fig. 1. XPD patterns of LSC powders: (a) synthesized by the citrate complexation
method and calcined at 1100 ◦C and (b) synthesized by the freeze-drying method and
calcined at 900 ◦C. In the former case, all reflections correspond to the rhombohedral
phase, while in the latter, they are ascribed to the cubic phase.
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Fig. 2. XPD patterns of SSC powders: (a) synthesized by the citrate complexation
method and calcined at 1100 ◦C and (b) synthesized by the freeze-drying method
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nd calcined at 900 ◦C. In both cases, all reflections correspond to the tetragonal
hase.

ral perovskite-type phase (R3̄c space group), as expected for this
omposition according to the literature [16]. A similar pattern was
btained for the LSC-FD powders calcined at the same tempera-
ure (not shown). Conversely, only the reflections ascribable to the
ubic phase (Pm3̄m space group) were found in the case of LSC-FD
owders calcined at 900 ◦C (see Fig. 1). This may  be attributed to
he small crystallite size of this sample that stabilizes the high-
emperature cubic phase at room temperature due to the influence
f the surface free energy. It is worthwhile to mention that although
itrate and freeze-drying methods yield powders with different
hases at room temperature, both materials are expected to have

 cubic phase in the temperature range of 500–700 ◦C because the
hombohedral phase transforms to the cubic one at relatively low
emperatures [16].

On the other hand, SSC powders exhibited the tetragonal phase
I4/mmm).  In the case of the citrate complexation method, single-
hase materials were achieved at 1100 ◦C, while it was  possible to
se a much lower calcination temperature of 900 ◦C in the case of
he freeze-drying method (see Fig. 2).

The XPD patterns displayed in Figs. 1b and 2b for the freeze-

rying powders exhibit diffraction peak broadening due to the
maller crystallite size, as a consequence of the lower calcina-
ion temperature needed to obtain the single perovskite phase.
y means of Scherrer’s equation, the average crystallite sizes

ig. 3. SEM images of LSC powders: (a) synthesized by the freeze-drying method, calcined
t  1100 ◦C for 1 h.
ources 196 (2011) 9276– 9283

of powders synthesized by freeze-drying were calculated to be
approximately 30 nm.

Figs. 3 and 4 show the morphology of the LSC and SSC powders,
respectively. Fig. 3a corresponds to LSC-FD calcined at 900 ◦C for 5 h.
It can be observed that most of the particles were of 150–250 nm
size. On the other hand, Fig. 3b shows that the LSC-citrate pow-
der calcined at 1100 ◦C for 1 h was  mainly composed of aggregate
particles of approximately 1 �m.  This is because of the higher cal-
cination temperature needed to obtain the single-phase materials
in the case of the citrate route.

Similar results were obtained in the case of the SSC powders
(Fig. 4). Again, the difference is clear between SSC-FD calcined at
900 ◦C for 5 h (Fig. 4a) and SSC-citrate calcined at 1100 ◦C for 1 h
(Fig. 4b). The former showed submicrometric grains, while the lat-
ter exhibited a wider grain size distribution, from submicrometric
grains of approximately 1 �m diameter grains. To verify the strong
influence of the calcination temperature on the powder morphol-
ogy, SSC-FD powder was subjected to a short thermal treatment at
1100 ◦C for 15 min. As it can be observed in Fig. 4c, a strong grain
coarsening was  found, with grains of approximately 1 �m or even
bigger.

The results of BET specific surface areas, presented in Table 1,
were in qualitative agreement with SEM observations. Samples
synthesized by freeze-drying and calcined at 900 ◦C exhibited much
larger specific surface areas, about 3 times larger than that of sam-
ples calcined at 1100 ◦C. Table 1 summarizes the average particle
sizes determined from BET specific surface areas, DBET, and those
estimated from SEM images, DSEM. Both particle sizes resulted in
good agreement.

3.2. Microstructure of LSC and SSC cathodes

The nano/microstructure of the different cathodes sintered on
GDC electrolytes are shown in Figs. 5 and 6. From these figures, the
difference is clear between cathodes obtained with the different
synthesis routes analyzed in this work. LSC-citrate and SSC-citrate
cathodes synthesized using the citrate method exhibit larger parti-
cle sizes than those obtained by the freeze-drying method. Because
the as-synthesized powders were calcined at 900 or 1100 ◦C to
obtain the single perovskite phase, using moderate sintering tem-
peratures (850–900 ◦C) prevents grain growth during the sintering
process. This result is clearly shown in Fig. 6a and b, where the

SSC-FD cathode consists of fine submicrometric particles (Fig. 6b),
in contrast to the SSC-citrate cathode, which exhibited grains of
approximately 1 �m.  These typical grain sizes are similar to those
observed in Figs. 3 and 4.

 at 900 ◦C for 5 h and (b) synthesized by the citrate complexation method, calcined
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ig. 4. SEM images of SSC powders: (a) synthesized by the freeze-drying method, c
100 ◦C for 1 h; and (c) synthesized by the freeze-drying method, calcined at 1100 ◦

To study the influence of the synthesis method on the
ano/microstructure of the cathodes and on their electrochemical
erformance, cathodes prepared from LSC-FD and SSC-FD powders
alcined at 1100 ◦C were sintered at 875 ◦C and 900 ◦C. Typical SEM
icrographs are shown in Figs. 5c and 6c. It can be clearly observed

hat, in these cases, the grain sizes are smaller than those obtained
y the citrate method and bigger than those obtained by the freeze-
rying method after calcination at 900 ◦C. The insets in Fig. 5b and

 reflect this feature.
The high porosity of these cathodes is another important aspect

o consider because oxygen gas-phase diffusion may  play an impor-
ant role in the electrochemical performance of the cathode. In this
ay, the resistance due to this process can be minimized, thus

nhancing the overall electrochemical performance.
It also can be seen that, at the sintering temperatures of

75–900 ◦C, very good contact is achieved between cathodes and
DC electrolyte. In these samples, the thickness of the cathodes
as approximately 15 �m.

.3. Electrochemical performance of LSC and SSC cathodes

EIS spectra recorded in the temperature range of 400–700 ◦C
ere fitted with different equivalent circuit models. The most reli-

ble model consists of a high frequency (HF) R//CPE in series with
 low frequency (LF) Finite Length Warburg (short) element (WS).
he equivalent circuits used for fitting the spectra are shown in
ig. 7d and Fig. 9d. For all the samples, the Warburg element domi-
ated the spectrum. This indicates that the main contribution to

he polarization resistance is attributable to oxide ion diffusion
hrough the cathode, as expected for nanocrystalline porous MIECs
ith a large number of active sites for the ORR. In some cases,

 third arc at very low frequencies, which, according to the lit-
d at 900 ◦C for 5 h; (b) synthesized by the citrate complexation method, calcined at
5 min.

erature, can be attributed to oxygen gas-phase diffusion [17,18],
was  detected. As will be discussed below, the best results were
obtained for cathodes with thicknesses of approximately 15 �m,
prepared by painting three layers of LSC or SSC pastes. There-
fore, the results obtained for this thickness will be presented
first.

All the impedance spectra have been normalized to the elec-
trode area and divided by two  because the symmetrical cell
configuration was used for this study. Impedance spectra were
shifted to the origin in the Z′ axis for easier comparison.

Fig. 7 shows the Nyquist plots obtained for LSC cathodes
measured at 700 ◦C (a typical working temperature in SOFC appli-
cations) and the corresponding fitting curves and components. All
of the Nyquist plots of LSC cathodes exhibit two  main contributions
and, in the case of LSC-FD calcined at 900 ◦C, a third smaller one at
lower frequency. Table 2 summarizes the ASR values at 700 ◦C and
the results of the parameters corresponding to the Warburg ele-
ment obtained by the fitting procedure. The lowest ASR value at
700 ◦C obtained for LSC cathodes, ASR(700 ◦C) = 0.084 � cm2, was
obtained for cathodes prepared from the LSC-FD powder synthe-
sized at 900 ◦C. This value is among the best reported in the litera-
ture for LSC cathodes [19,20]. It should be noted that the time con-
stant of the Warburg element, WT, of the LSC-FD cathodes is shorter
than that of the LSC-citrate ones. In addition, the WT of the LSC-FD
cathode prepared from the powder calcined at 900 ◦C is shorter
than that corresponding to the cathode prepared from the powder
calcined at 1100 ◦C. Therefore, it can be concluded that the perfor-
mance of the LSC cathodes improves with decreasing grain size,

which is mainly due to the faster oxide ion diffusion (shorter WT).

Fig. 8a and b shows the Arrhenius plots of LSC cathodes for
the ASR and the Warburg resistance (WR), respectively. As can be
observed in Fig. 8a, LSC cathodes prepared from citrate and freeze-
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Fig. 5. Cross-section SEM images corresponding to LSC cathodes prepared from the different powders: (a) synthesized by the citrate complexation method, calcined at
1100 ◦C; (b) synthesized by the freeze-drying method, calcined at 900 ◦C and (c) synthesized by the freeze-drying method, calcined at 1100 ◦C. For the sake of comparison,
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nsets  show in detail the grains of the cathodes prepared from both LSC-FD powd
lectrochemical studies is shown in (c), where it can be observed that the collector

rying powders calcined at 1100 ◦C exhibit a marked change in the
lope at temperatures of approximately 450 and 380 ◦C, respec-
ively, while no changes are detected in the cathodes prepared
rom freeze-drying powders calcined at 900 ◦C. These results are
n agreement with Petrov et al. [16] and can be interpreted in view
f our XPD study at room temperature: LSC powders synthesized
y both routes calcined at 1100 ◦C exhibit the rhombohedral phase
uch that the rhombohedral-cubic phase transition is expected to
ccur for increasing temperature, while the freeze-drying powder
alcined at 900 ◦C exhibits the cubic phase and therefore no phase
ransition takes place. The difference in the transition temperature
etween both LSC cathodes prepared from powders calcined at
100 ◦C is probably due to a difference in the average crystallite
ize (a higher transition temperature is expected for cathodes with
arger average crystallite size).
As far as we know, this is the first time that the retention
f the cubic phase of LSC in metastable form at room temper-
ture for small average crystallite sizes (∼ 30 nm)  is reported.

able 2
elationship between structural data of LSC powders and electrical properties for 15 �m th
f  the Warburg element, respectively. This element dominates the impedance spectra in
nergy.

Synthesis method/calcination temp. ASR (700 ◦C)(� cm2) WR (700 ◦C)

Citrate/1100 ◦C 0.154 0.117 

FD/1100 ◦C 0.170 0.137 

FD/900 ◦C 0.084 0.061 
ll cathodes were sintered on GDC electrolytes at 875 C. The Pt collector used for
t penetrate into the LSC layer.

For instance, Heel et al. reported the synthesis of nanopow-
ders with an average crystallite size of 26 nm that exhibit the
rhombohedral phase [21]. These authors reported an ASR value
of 0.14 � cm2 at 700 ◦C for screen-printed cathodes on GDC
electrolytes.

It is notable that the activation energy was greater for the
cathodes with larger average grain sizes (see Fig. 8 and Table 2).
Activation energies, Ea, in Table 2 correspond to the 500–700 ◦C
temperature range.

Fig. 9 shows that the Nyquist plots, measured for SSC cath-
odes, are also mainly dominated by one arc associated with oxide
ion diffusion. Again, the Finite Length Warburg element fitted sat-
isfactorily to the experimental curves. In the case of the SSC-FD
cathodes prepared from the powder calcined at 900 ◦C, the War-
burg resistance was  small enough [ASR(700 ◦C) = 0.028 � cm2] to

separate the high- and low-frequency arcs. Table 3 summarizes
some of the relevant information obtained for SSC cathodes, while
Fig. 10 displays the Arrhenius plots and activation energies. As can

ick cathodes sintered at 875 ◦C. WR and WT are the resistance and the time constant
 all cases. T = 700 ◦C was chosen as a typical operating temperature. Ea: activation

(� cm2) WT (700 ◦C)(×10−3 s) Ea (ASR)(eV) Ea (WR)(eV)

7.7 1.23 1.30
4.0 1.30 1.17
2.1 1.03 1.13
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Fig. 6. Surface SEM images corresponding to SSC cathodes: (a) synthesized by the citrate complexation method, calcined at 1100 ◦C and (b) synthesized by the freeze-drying
method, calcined at 900 ◦C. (c) Cross-section SEM image of SSC-FD cathode calcined at 1100 ◦C. All cathodes were sintered on GDC electrolyte at 900 ◦C.

Table  3
Relationship between the structural data of the SSC powders and electrical properties for 15 �m thick cathodes. Cathodes prepared from the powders synthesized by the
citrate method calcined at 1100 ◦C were sintered at 850 ◦C, while freeze-drying cathodes were sintered at 900 ◦C. Note that WR = ASR in the case of cathodes based on powders
calcined at 1100 ◦C.

Synthesis method/calcination temp. ASR (700 ◦C)(� cm2) WR (700 ◦C)(� cm2) WT (700 ◦C)(×10−3 s) Ea (ASR)(eV) Ea (WR)(eV)

Citrate/1100 ◦C 0.110 0.055 18.9 1.07 0.97
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FD/1100 ◦C 0.060 0.043
FD/900 ◦C 0.049 0.028

e observed, the lowest ASR value was obtained for the SSC-FD
athode sintered at 900 ◦C [ASR(700 ◦C) = 0.049 � cm2]. Again, this
erformance is excellent, among the best reported in the litera-
ure for this compound [22–25].  From Table 3, it is clear that the
SR improves with decreasing average grain size. As in the case of
SC cathodes, WT and Ea decrease with decreasing average grain
ize, showing that the enhancement of the electrochemical prop-
rties of SSC-FD powders calcined at 900 ◦C is due to faster oxide
on diffusivity.
The influence of the crystallite size on ionic transport was also
tudied by analyzing the WT parameter on samples sintered at
ifferent temperatures. Fig. 11 shows the dependence of WT as a

able 4
nfluence of thickness on the electrochemical properties of the LSC-FD cathodes. All catho

Thickness ASR (700 ◦C)(� cm2) WR (700 ◦C)(� cm2) 

7 �m (1 layer) 0.211 0.095 

15  �m (3 layers) 0.084 0.061 

40  �m (6 layers) 0.097 0.035 
21.6 0.99 0.96
4.5 0.88 0.97

function of sintering temperature for samples prepared from pow-
ders with different average grain sizes. Again, it is evident that the
oxide ion diffusion is faster for cathodes with smaller average grain
sizes.

The influence of the thickness of the cathode on its performance
was  also analyzed. This is an important issue because thin cath-
odes could have poor performance due to a lower number of active
points for the ORR (considering the fast oxide ion diffusion of these
materials), while very thick cathodes may  have a higher resistance

due to oxygen gas-phase diffusion. In all cases, we found an opti-
mum  thickness of approximately 15 �m (3 layers). For thicker or
thinner thicknesses, the total ASR value at 700 ◦C increases. For

des were calcined at 900 ◦C and sintered at 875 ◦C.

WT (700 ◦C)(×10−3 s) Ea (ASR)(eV) Ea (WR)(eV)

1.7 1.04 1.09
2.1 1.03 1.13
1.2 1.01 1.25
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Table  5
Influence of thickness on the electrochemical properties of the SSC-FD cathodes. Both cathodes were calcined and sintered at 900 ◦C.

Thickness ASR (700 ◦C)(� cm2) WR (700 ◦C)(� cm2) WT (700 ◦C)(×10−3 s) Ea (ASR)(eV) Ea (WR)(eV)

7 �m (1 layer) 0.093 0.033 3.0 0.90 1.01
15  �m (3 layers) 0.049 0.028 4.5 0.88 0.97

Fig. 7. Normalized Nyquist plots of [LSC/GDC/LSC] symmetric cells, measured at
700 ◦C (open circles) and fitting curves (solid lines) of (a) the citrate complexation
method, calcined at 1100 ◦C; (b) the freeze-drying method, calcined at 1100 ◦C; and
(c)  the freeze-drying method, calcined at 900 ◦C (note the change in scale of Z′ and
Z′′ axis). (d) Equivalent circuit. Elements connected with dotted lines simulate the
l
i
i

e
f
s
O
t
f

Fig. 9. Normalized Nyquist plots of [SSC/GDC/SSC] symmetric cells, measured at
700 ◦C (open circles) and fitting curves (solid lines) of (a) the citrate complexation
method, calcined at 1100 ◦C and sintered at 850 ◦C; (b) the freeze-drying method,
calcined at 1100 ◦C and sintered at 900 ◦C; and (c) the freeze-drying method, calcined

F
c

ow  frequency arc in (c). All cathodes were sintered at 875 ◦C. For easier comparison,
mpedance spectra were shifted to the origin in the Z′ axis. Numbers in the graphics
ndicate the logarithm of frequency.

xample, Tables 4 and 5 show our results for cathodes prepared
rom LSC-FD and SSC-FD nanopowders calcined at 900 ◦C, demon-

trating that cathodes of 3 layers exhibited the best performance.
n the other hand, the Ea was almost the same for the different

hicknesses, varying in the ranges of 1.01–1.04 and 0.88–0.90 eV
or LSC-FD and SSC-FD, respectively.
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The stability of nanostructured IT-SOFC cathodes is an impor-
tant issue for technological applications. A good behavior is to be
expected in this case taking into account that the typical operation
temperatures are much lower than the sintering temperatures cho-

sen for the preparation of the cathodes. However, our investigation
was  focused on the electrochemical properties of nanostructured
perovskite-type cathodes and therefore we  have only tested their
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Fig. 11. Influence of the grain size on the oxide ion diffusivity of the cathodes, eval-
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SC and SSC cathodes prepared from powders synthesized by different routes and
ubjected to different sintering temperatures.

tability during a few hours. Further studies should be conducted
o analyze their long-term behavior.

. Conclusions

In this work, we have presented an electrochemical study
f nanostructured LSC and SSC cathodes for IT-SOFCs prepared
rom nanopowders synthesized by freeze-drying and citrate com-
lexation methods by sintering at moderate temperatures. These
aterials exhibited excellent performance for the ORR, with ASR

alues at 700 ◦C of 0.054 � cm2 for SSC-FD and 0.084 � cm2 for LSC-
D, which are among the smallest values reported in the literature
or these compounds.

Our investigation shows that the electrochemical properties of
hese cathodes is mainly dominated by the oxide ion diffusion pro-
ess through the cathode, as expected for nanocrystalline porous
IECs with a large number of active sites for the ORR.
In agreement with previous investigations on the properties of

athodes based on LSC nanotubes [6],  our EIS study shows that

lectrochemical performance improves with decreasing grain size,
hich can be attributed to faster oxide ion diffusivity.

We  have also demonstrated that the high-temperature cubic
hase can be retained in nanostructured LSC-FD cathodes prepared

[
[

[
[

f SSC cathodes. Activation energies, Ea , are indicated in both cases.

from nanopowders calcined at 900 ◦C. In this way, it is possible to
avoid the stable rhombohedral phase, which exhibits poor electro-
catalytic properties for the ORR.
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