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Abstract

We investigated the electrochemical properties of Co–Fe perovskites, which can be used as cathodes for intermediate-temperature solid-oxide
fuel cells (IT-SOFCs). We studied the electrochemical properties of nanostructured mixed ionic-electronic conductors for IT-SOFC cathodes with
compositions of La0.6Sr0.4Co1�yFeyO3 (y¼0.2, 0.5 and 0.8). We analyzed the performance of two types of nanostructures: nanorods and
nanotubes. Our results show that the electrochemical performance is highly influenced by the form of nanostructure, whereas the effect of
composition is less significant.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Fuel cells, which convert chemical energy directly into
electrical energy, are one of the most promising devices for
large-scale environmentally clean power generation [1–3].
Among the fuel cell types, solid-oxide fuel cells (SOFCs)
have the advantage of allowing the use of different fuels, such
as hydrogen or hydrocarbons. However, the typical operating
temperature of SOFCs is approximately 1000 1C, leading to
degradation of the composing materials. Thus, significant
effort has been devoted to decreasing the operating tempera-
ture of these devices to produce intermediate-temperature
SOFCs (IT-SOFCs) that operate at 500–700 1C, thereby
10.1016/j.ceramint.2015.10.104
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avoiding degradation problems due to thermal cycling or
diffusion at the interfaces and reducing the cost of the
interconnection materials [2,4,5].
Nanostructured materials have recently attracted great interest

due to their new and/or enhanced properties. For this reason,
fabrication of nanostructures using different materials and methods
is a rapidly growing field of interdisciplinary research. Nanos-
tructures displaying a wide variety of useful properties have been
developed in recent years [6–8]. Carbon nanotubes and semicon-
ductor and metallic nanowires are of interest for their optical and
electronic properties. In the case of SOFCs, the novel properties of
such nanostructures have improved the performance of cathodes
[9–13], anodes [14] and electrolytes [15–17]. These nanostructures
have already been used in power generation devices, such as
lithium-ion batteries [18,19] and other energy and storage devices
[20]. In conventional SOFCs, which operate at �1000 1C, the use
of nanostructured materials has not been pursued because grain
growth is expected to occur at such high temperatures. However,
the use of nanostructured materials in IT-SOFCs is possible
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because grain growth can be minimized at the lower operating
temperature range.

Nanostructured cathodes based on mixed ionic/electronic
conductors (MIECs) are particularly interesting because the
number of active sites for the oxygen reduction is expected to
increase dramatically due to the increase in the specific surface
area. Fig. S1 of the Supplementary material [21] shows a
schematic representation of the processes occurring in MIEC
cathodes. Oxygen can be adsorbed onto the entire cathode
surface and dissociate. As a result, electrons can reduce oxygen
to form oxide ions that subsequently reach the electrolyte
through ionic conduction across the cathode volume. However,
the increase in the specific surface area is not the only factor that
could potentially enhance the cathodes performance. As men-
tioned above, ionic conduction has been demonstrated to
increase in both electrolytes [15,16] and cathodes [9,11]. This
enhancement is due to the emergence of a significant influence of
grain boundary anion conduction in nanostructured materials.

Recently, the synthesis of nanotubes and nanowires of perovskite-
type mixed oxides has been investigated. For example, the synthesis
of rare-earth manganese mixed oxide nanotubes via a pore wetting
technique [22,23] and the hydrothermal synthesis of single-crystal
Fig. 1. Electrochemical Impedance Spectroscopy data for the LSCF(y�2) cathode in ai
(d) 750 1C.

Table 1
Average particle sizes determined from SEM observations for all of the
cathodes.

Cathode Particle size (nm) Cathode Particle size (nm)

LSCF(0.2�2) 138 LSCF(0.2�8) 147
LSCF(0.5�2) 142 LSCF(0.5�8) 111
LSCF(0.8�2) 137 LSCF(0.8�8) 144
La0.5Sr0.5MnO3 nanowires [24] have been reported. Because these
nanostructures have a high specific surface area, they have been
proposed for use in SOFC cathodes [25]. However, manganites
typically have low catalytic activity for oxygen reduction at
intermediate temperatures [4,26,27]. For this reason, most of the
research studies on nanostructured cathodes for SOFCs are focused
on MIEC materials. Note that this focus on MIEC materials does not
mean that it is not worth studying nanostructured LSM cathodes. In
fact, our group is currently studying nanostructured manganites to
understand how to improve their performance as a cathode operating
in the temperature range of 700–800 1C.
In previous works, we presented a new type of highly porous

nanostructured cathodes that exhibit very low polarization resis-
tance; such cathodes were prepared from La0.6Sr0.4CoO3 (LSC)
nanotubes, following a very simple procedure [10,11]. The
obtained cathodes showed significantly lower polarization resis-
tance than that corresponding to microstructured cathodes, making
these nanostructured cathodes good candidates for IT-SOFCs
cathodes. We used tubular structures of submicrometric diameter
formed by assembled nanoparticles. A detailed description of the
synthesis procedure can be found elsewhere [22,23]. Similar
improved performance has been obtained on several nanostruc-
tured SOFC cathodes [9,12,13]. We showed that the smaller the
diameter of the precursor nanotubes is, the better are its electro-
chemical properties, in particular, the best performance was
obtained for nanorods [11]. In addition, we observed that if
nanotubes or nanorods are formed by smaller particles, then the
bulk diffusion of oxide ions is improved. This improved ionic
conduction is reminiscent to that observed in nanostructured
electrolytes, in which it has been shown that fast grain boundary
ion conduction is responsible for that behavior [15–17].
r at (a) 500 1C and (b) 750 1C; for the LSCF(y�8) cathode in air at (c) 500 1C and
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The partial substitution of Fe instead of Co is generally used to
induce long-term stability of this material under operating condi-
tions. Because we have been able to obtain La0.6Sr0.4Co0.2Fe0.8O3

nanotubes [28], we propose here to extend our study of the
electrochemical properties of La0.6Sr0.4Co1�yFeyO3 nanotubes as
a function of the partial substitution of Co by Fe. We analyze the
effect of the microstructure by using precursors of different
diameter, and the effect of composition by varying the partial
substitution of Co by Fe.
Fig. 2. Arrhenius plot of ASR for all cathodes in air. (a) LSCF(0.8�n),
(b) LSCF(0.5�n) and (c) LSCF(0.2�n) (200 nm: rod-like nanostructure;
800 nm: tubular nanostructure).

Table 2
ASR and Ea values for LSCF(y�n) cathodes.

Cathode ASR (Ω cm2) Ea(eV)

750 1C 500 1C

LSCF(0.2–2) 0.08 28.5 1.54
LSCF(0.2–8) 0.15 33.3 1.39
LSCF(0.5–2) 0.11 80.7 1.74
LSCF(0.5–8) 0.20 60.5 1.48
LSCF(0.8–2) 0.10 25.8 1.45
LSCF(0.8–8) 0.22 73.7 1.51
2. Materials and methods

To obtain La0.6Sr0.4Co1�yFeyO3 (LSCF), 1 M stoichiometric
nitric solutions were prepared by dissolution of Sr(NO3)2,
La(NO3)3

. 6H2O, Co(NO3)2
. 6H2O and Fe(NO3)3

. 9H2O in pure
water. All reagents were purchased from Merck, Germany
(99.99% purity). Templates of porous polycarbonate films were
used as filters in an adequate system for syringe filtration to
ensure that the total volume of the pores was filled. Porous
polycarbonate films were commercial IsoporeTM membrane
filters from Millipore. Membranes with pore sizes of 200 nm
and 800 nm were used as templates and filled with a nitrate
precursor solution. The membranes were further treated under
microwave radiation for a few minutes and then calcined at
900 1C for 10 min, obtaining the desired perovskite structure, as
confirmed by X-ray diffraction. Nanostructured samples calcined
at 900 1C exhibited a crystallite size of approximately 30 nm. A
detailed description of the synthesis procedure can be found in
[11,22,27]. The samples and cathodes will be hereafter referred
to as LSCF(y�n), where y denotes the Fe doping, and n¼2 and
8 for the cathodes made with membranes with pore size of
200 nm and 800 nm, respectively.
The compositions of the samples were confirmed using the

Rutherford backscattering spectrometry (RBS) technique. These
experiments were performed at Laboratório de Materiais e Feixes
Iônicos (LAMFI), Instituto de Física, Universidade de São Paulo,
Brazil using a Heþ beam with energy of E¼3.05 MeV. RBS data
were analyzed through the SIMNRA code. The results of this
study are included in the Supplementary material [21], where it
can be observed that they are close to those expected according to
their nominal compositions.
X-ray powder diffraction was performed on the D10B-XPD

line of the Brazilian Synchrotron Light Laboratory (LNLS,
Campinas, Brazil), using a high-intensity configuration (low
resolution) and a wavelength of 1.61017 Å.
The morphologies of the LSCF nanomaterials were examined

via scanning electron microscopy (SEM) using a FEI Quanta 200
instrument (Laboratorio de Microscopia Electrónica, Laboratorio
de Microscopía Electrónica, Unidad de Actividad de Materiales,
Centro Atómico Constituyentes, CNEA, Argentina) and a FEI
QUANTA 250 (Centro de investigación y desarrollo en mecá-
nica, INTI, Argentina).
Electrolytes were prepared from commercial Ce0.8Gd0.2O1.9

powders (GDC, Nextech MaterialsTM) by uniaxial pressing at
200 MPa and sintering at 1350 1C for 3 h, obtaining 0.6 mm thick
samples with a relative density higher than 96%. The density of the
electrolytes was determined from their mass and dimensions and
compared with the theoretical density of this material (7.23 g cm�3).
GDC was selected to compare our results with those reported in the
literature because it is the most commonly used electrolyte.
LSCF nanomaterials were made into an ink for cathode

deposition, using a commercial ink vehicle (IV) from Nextech
MaterialsTM. We tested different LSCO/IV mass ratios to obtain the
best film adherence. We made inks for all of the samples, using a
1:2 LSCF:IV mass ratio in all cases, to optimize the viscosity of the
ink and also to make equivalent samples for comparison. We
painted several samples with the ink made by each of our powders
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to check the reproducibility and also to compare the different
procedures described above. Next, we smeared this ink with a brush
on both sides of the electrolyte to fabricate symmetrical [LSCF/
GDC/LSCF] cells. Once painted, the samples were dried at 50 1C
in air for approximately 20 min. Afterwards, a conventional
sintering of 1 h at 1000 1C, with a heating and cooling rate of
10 1C min�1 was conducted to attach the cathode to the electrolyte.
The electrode area was approximately 0.2 cm2.

The Area-Specific Resistance (ASR) of the cathodes was
determined from Electrochemical Impedance Spectroscopy (EIS)
measurements using a Metrohm Autolab PGSTAT 302 N
potentiostat-galvanostat with an FRA module (CINSO-CONICET-
CITEDEF, Argentina) in the frequency range from 0.02 Hz to
1 MHz with an excitation voltage of 20 mV. The performance for
temperatures between 500 and 750 1C was analyzed. Pt paste was
used as the current collector. The measurements were performed at
zero bias. Under these conditions, our results were found to be
Fig. 3. ASR of LSCF(y�n) cathodes as a function of Fe content: (a) cathodes with
and (b) cathodes with tubular nanostructure (membranes with pores of 800 nm dia

Fig. 4. Electrochemical Impedance Spectroscopy data for the LSCF(y�2
highly reproducible. EIS measurements were performed in air, in
pure oxygen and in a mixture of 95% of N2 and 5% of O2.
3. Results and discussion

The XRD patterns for all of the precursor nanostructures
studied in this work are presented in Fig. S2 of the Supplementary
material [21]. A pure perovskite-type phase with rhombohedral
crystal structure was found for all samples. The nanocrystalline
nature of the samples is evidenced by the broadening of Bragg
peaks. The average crystallite size, estimated by the Scherrer
equation, is approximately 30 nm for all samples.
The LSCF(y�2) samples exhibit a rod-like nanostructure,

while the LSCF(y�8) display a tubular morphology. In both
cases, those morphologies are a consequence of the agglomeration
of the nanoparticles, and a porous structure was observed. SEM
rod nanostructure (prepared using membranes with pores of 200 nm diameter)
meter).

) cathodes under different oxygen partial pressures and temperatures.



Fig. 5. Electrochemical Impedance Spectroscopy data for the LSCF(y�8) cathodes under different oxygen partial pressures and temperatures.

Table 3
ASR values for LSCF(0.2�2) and LSCF(0.2�8) cathodes in different
atmospheres.

Cathode p(O2) (atm) ASR (Ω cm2)

750 1C 650 1C 600 1C 500 1C

LSCF(0.2�2) 1 0.06 0.49 1.52 22.08
0.21 0.08 0.58 1.85 28.47
0.05 0.12 0.69 2.14 34.97

LSCF(0.2�8) 1 0.13 0.80 2.42 27.88
0.21 0.15 0.90 2.84 33.34
0.05 0.22 1.11 3.44 37.12
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micrographs of LSCF(y�2) and LSCF(y�8) samples are shown
in Fig. S3(a) of the Supplementary material [21]. The morphology
of the cathodes (i.e., after the sintering procedure) do not depend
on composition but do depend on the average pore size of the
membranes used in the synthesis route (see Fig. S3(b) and (c) of
the Supplementary material [21]). The nanostructure of the
material is retained after performing the sintering procedure, even
though grain size growth is observed. The average sizes,
determined from SEM observations for all of the cathodes, are
summarized in Table 1.

Fig. 1(a) and (b), show the imaginary part vs. the real part of
the impedance, i.e., the Nyquist plots, for the LSCF(0.2–2),
LSCF(0.5–2) and LSCF(0.8–2) cathodes, measured at 500 1C
and 750 1C in air, respectively. By this technique, processes
with different characteristic times can be separated. All EIS
spectra show a dominant impedance arc. The frequency always
increases from right to left. We observed that in the LSCF
(y�2) cathodes (those made with nanotubes of 200 nm of
diameter), a low frequency component starts to develop at
700 1C, which is evident at 750 1C.
Fig. 1(c) and (d) show the EIS data corresponding to the

LSCF(y�8) cathodes, made with nanotubes of diameter of
800 nm. We can see an overall similar behavior, but the low
frequency contribution, evident for the LSCF(y-2) cathodes, is
practically absent. We will return to this result after performing
a detailed analysis of the different contributions to the
impedance as a function of the oxygen partial pressure (p(O2)).
An indication of the cathode performance that can be

obtained from EIS data is the ASR value, defined as the
difference between the low frequency and the high frequency
interceptions of the curves with the real axis. A lower ASR
corresponds to an improved performance. We see that cathodes
with lower Fe content exhibit improved electrochemical
response, reaching the lowest ASR values compared with the
other compositions. As a reference, an ASR of 0.07 Ω cm2 is
obtained for the cathode with rod-like nanostructure at 750 1C
and 0.15 Ω cm2 for the cathode prepared with nanotubes.
In Fig. 2 we show the Arrhenius plot of the ASR values.

From these data, we obtain the values for the activation energy
(Ea) in the ranges of 1.45–1.74 eV for the LSCF(y�2)
cathodes and 1.39–1.51 eV for the LSCF(y�8) cathodes.
Those values are in close agreement with the values obtained
previously for LSCO cathodes of similar characteristics
[10,11]. We also see that, in agreement with previous data
measured on LSC, the best electrochemical performance is
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displayed by the cathodes made using membranes of smaller
pore size (200 nm) that exhibited rod-like nanostructure.

3.1. Influence of the microstructure and composition at
atmospheric pressure

From data of Figs. 1 and 2, we can observe the influence of
the microstructure of the precursors on the electrochemical
performance. We can see that cathodes with rod nanostructure
present the lower ASR values. This result is very clear for
y¼0.2 and y¼0.8, whereas for y¼0.5 this feature, although
present, is less significant. In particular, cathodes with rod
nanostructure display promising values of ASR of the order of
0.1–0.2 Ω cm2 for T¼700 1C, a temperature usually consid-
ered as "intermediate-temperature".

In Table 2, we show the values for the activation energy (Ea) and
ASR at 500 and 750 1C, measured in air, for all cathodes.

In all of the cases, cathodes made with nanostructured tubes
of 200 nm display the best electrochemical performance. We
have observed a similar behavior in a previous work performed
on LSCO cathodes [11]. We showed that this result is a
consequence of the morphology of the cathodes. The rods of
the LSCF(y�2) cathode expose a larger surface area compared
with the tubes of the LSCF(y�8) cathode. We observed that
the whole diameter of the rods that arise from 200 nm diameter
membranes, approximately fits into the walls of the tubes that
result in the cathode made with 800 nm ones. A schematic
picture is shown in Figure 9 of reference [11] that illustrates
this idea. Consequently, LSCF(y�2) cathodes exhibit a larger
number of active sites for the oxygen reduction reaction and
thus a better performance.
Fig. 6. Normalized Nyquist plots for [LSCF(0.2–2)/GDC/LSCF(0.2–2)] and [LSCF
p(O2) values of 1 atm, 0.21 atm and 0.05 atm are indicated in each graph. Fitting
A comparison of the results for cathodes made with different
precursors (Fig. 1) shows that the low frequency process, clearly
observed for LSCFO(y�2) cathodes, appears to be less significant
in the LSCFO(y�8) ones. A possible reason for this behavior is
the following: the low frequency process is likely to be related
with gas phase diffusion of oxygen [28] and represents a slight
contribution to the overall EIS spectra measured in air; thus, its
relative influence is expected to be more significant for the
cathode in which all additional contributions are improved, which
in our case are those with rod-like nanostructure.
Fig. 3 depicts the dependence of ASR with composition for

LSCF(y�2) and LSCF(y�8) at 750 1C and 600 1C. We see
that, in the case of LSCF(y�2), cathodes with y¼0.2 and
0.8 display similar ASR values and show better performance
when compared with y¼0.5. In contrast, for LSCF(y�8), a
monotonous decay in the performance is obtained when
increasing Fe content (y).

3.2. Influence of the oxygen partial pressure: oxide-ion
conduction and gas phase diffusion

Fig. 1(a) and (b) shows that the appearance of low frequency
process whose relative influence depends on the type of
nanostructure, being more significant in the LSCF(y�2)
cathodes formed by nanorods. To gain further insight on this
behavior, we performed measurements in different p(O2). In
Figs. 4 and 5, we show the EIS spectra at 500 1C and 750 1C
for LSCF(y�2) and LSCF(y�8), respectively, with the
measurements performed at p(O2)¼0.05, 0.21 and 1 atm. In
all of the samples, the low frequency process becomes more
evident at high temperature and low p(O2). In addition this
(0.2–8)/GDC/LSCF(0.2–8)] symmetric cells measured at 750 1C (open circles).
curves are shown in solid lines.
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process is found to be much more significant for the LSCF
(y�2) cathodes than for the LSCF(y�8) cathodes, a fact that
is clear, even at atmospheric pressure (p(O2)¼0.21). All
compositions display a similar behavior.

As a reference, the ASR values for LSCF(0.2–2) and LSCF(0.2–
8) cathodes, measured in different p(O2), are presented in Table 3.

We see that the improved performance of cathodes with rod
nanostructure, previously observed at atmospheric pressure, is
repeated for all atmospheres. As mentioned above, this result is
probably related to the greater surface area of these cathodes formed
by nanorods (and consequently a greater number of active sites for
the oxygen reduction reaction) and to enhanced oxide-ion diffusion.

To independently analyze each of the contributions to the
overall ASR, we modeled the EIS spectra using the following
equivalent circuit shown in Fig. S4 of the Supplementary
material [21]. We used a finite length Warburg element (Ws) in
series with a parallel (R-CPE) element for the low frequency
(LF) contribution to fit the data. A short explanation for each
of the components can also be found on the Supplementary
material [21]. The EIS spectra is characterized by a dominant
finite length Warburg element, an indication of bulk diffusion,
as is typical in MIEC conductors.

In Fig. 6, we present the fitting of the EIS data of LSCF(0.2–2)
and LSCF(0.2–8) at 750 1C using the aforementioned model for the
different values of p(O2).
Fig. 8. (a) ASR and (b) ASRW as a function of

Fig. 7. ASRW for LSCF(y�n) cathodes at 750 1C (200 nm: rod-like nanos-
tructure; 800 nm: tubular nanostructure).
We considered the low frequency process from the data and
analyzed its resistive part (RLF) as a function of oxygen partial
pressure; the response is fitted by the following equation:

RLF ¼ ¼ a pO2ð Þ�n ð1Þ
with n¼1.1, which is a signature of gas phase transport [29–
32]. This result is also consistent with the appearance of the
process on reducing p(O2) and its negligible contribution at
atmospheric pressure. This last observation is expected beha-
vior in MIEC conductors, in which there is no requirement for
oxygen gas to travel and reach the triple phase boundary for
oxygen reduction because the process can occur at the entire
surface of the cathode.
In cathodes made with tubular nanostructure, the relative

influence of the low frequency process is found to be less
significant. This behavior is a consequence of the fact that, as
observed in similar samples, in the cathodes made with
nanorods, all of the other processes that contribute to the
electrochemical properties (charge transfer, dissociative
adsorption and bulk diffusion) are optimized, and thus, the
appearance of gas phase diffusion at low p(O2) is more
evident.
The intermediate frequency process, modeled with a finite

length Warburg element, was extracted from the data to
analyze its dependence with composition, morphology and p
(O2).
In Fig. 7, we show the p(O2) dependence of the resistive part

of the Warburg element (ASRW) at 750 1C.
As a first observation, ASRW is improved for cathodes with

rod nanostructure. Additionally, a reduction of its value is
observed while increasing p(O2). These first results are
consistent with previously published results on LSC [11].
ASRW can be fitted with

ASRW ¼ a pO2ð Þ�n ð2Þ
with n values between 0.11 and 0.14. Such a small dependence is
consistent with bulk diffusion through oxygen vacancies [33].
In the case of LSCF(y�2) cathodes, an improved and

similar performance is observed for y¼0.2 and y¼0.8, and for
the LSCF(y�8) cathodes, the performance increases mono-
tonically from y¼0.8 to y¼0.2. Fig. 8 shows the dependences
of the overall ASR and ASRW with composition at different
composition at 500, 600 and 750 1C.
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temperatures measured in air. The behavior of the total ASR
(Fig. 8a) and ASRw (Fig. 8b) is practically the same, which is
to be expected, given the significant influence of bulk diffusion
in the cathodic properties.

In all cases, cathodes made with nanorods display a better
performance than those of tubular nanostructure. However, the
dependence with composition is less significant because
similar results were obtained for samples with different Fe
contents. Samples with y¼0.2 exhibited the best performance
at 750 1C for both types of nanostructures.

Thus, the overall behavior revealed by our results clearly
indicates that the electrochemical properties of the cathodes are
highly influenced by the type of nanostructure whereas the
influence of composition is not very important because no
change of the chemical composition can compensate for the
effect caused by the nanostructure.

4. Conclusions

In summary, we produced La0.6Sr0.4Co1�yFeyO3�δ nanos-
tructured samples with y¼0.2, 0.5, 0.8 by a pore wetting
technique. Our nanostructures consist of an agglomeration of
nanoparticles into the form of rods or tubes depending on the
average pore size of the membrane. We used these precursors
to produce nanostructured cathodes for SOFCs and studied
their electrochemical properties in symmetrical cells.

The analysis of the Nyquist plots show a dominant Warburg
process with small p(O2) dependence, which indicates that
oxide-ion diffusion is the dominant process, as expected in
MIEC cathodes. In agreement with our previous works for
La0.6Sr0.4CoO3, cathodes composed of nanorods display lower
ASR values than cathodes composed of nanotubes if they are
formed by nanoparticles of similar mean size. A small
dependence with composition was also observed, but the
influence of composition is much less significant compared
with the effect produced by the nanostructure.

In conclusion, all of the materials considered display
excellent properties for use as IT-SOFC cathodes. Therefore,
the next step towards this direction is to test the performance of
these materials in the operation of IT-SOFCs using different
fuels. We are currently performing such a study and also
comparing the performance of these nanomaterials with other
nanomaterials, such as La0.6Sr0.4CoO3 and La0.8Sr0.2MnO3.
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