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One of the most important challenges for further development of solid oxide fuel cells is to design new
electrodes which operate at intermediate temperatures. In this sense, the formation of nanostructures of
the ProgSro.4FepsC00203:CepgSmp,0, composite and their characterization have been carried out. These
nanostructures have been synthesized using polymeric membranes with 0.1 wm pore size as templates.

The electronic microscopy has been used in order to confirm the dimensions of the obtained nanotubes
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with a wall thickness of 20 nm. The impedance spectroscopy measurements reveal the good performance
of these nanostructured materials and the effect that the nanostructures and the addition of a pure
ionic conductor have on the electrochemical performance. The synthesized nanostructured composite
exhibits an area specific resistance (ASR) value smaller than that obtained for the sample without the
nanostructured morphology together with the addition of the pure ionic conductor.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The scientific research is focusing their interest on the develop-
ment of energy related devices looking for possible alternatives to
solve the energetic dependence of petrol. Some of the most promis-
ing devices are lithium batteries and fuel cells [1]. In addition,
the supercapacitors are other energy storage alternative. Nanos-
tructured materials emerge as potential materials to enhance the
performance of these systems [2-4].

The field of fuel cells has been researched for decades because
they enable the direct conversion of chemical energy into the elec-
trical one. The proton exchange membrane fuel cells (PEMFC) and
the solid oxide fuel cells (SOFC) are the fuel cell types which exhibit
the more interesting characteristics for technological devices. The
main advantages that the SOFCs present are their high efficiencies
and the fuel flexibility [5]. However, lower operating temperatures
are necessary in order to be a realistic and commercially energetic
alternative [4]. This temperature decrease allows the reduction of
the manufacturing costs and the increase of the cell durability [5-8].

In order to be used as SOFC electrodes, the materials must fulfil
the following requirements: good electronic and ionic conductiv-
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ity, adequate porosity, thermal and chemical compatibility with the
electrolyte, and stability with time [9]. Although there are many
materials which satisfy these conditions for their application as
SOFC electrodes, the perovskite-type oxides are the most promis-
ing, and therefore studied, materials [10-13]. Nevertheless, both
the mentioned conditions of the SOFC electrodes and the reduc-
tion of the temperature can be also taken into account. For that
purpose, two leading approaches are being widely researched: the
optimization of the microstructure and the synthesis of composite
materials. In the field of the microstructural optimization, the nano-
materials are being employed due to its great active area [14,15].
In addition, the influence that the different morphologies in the
nanometric scale could have on the electrochemical performance
of these cells is also considered and studied [16,17]. On the other
hand, the composite materials are also of a great interest due to the
improvement of the ionic conductivity that can achieve when the
perovskite oxide is mixed with a pure ionic conductor [18,19]. Fur-
thermore, this mixture could also provide an improvement in the
thermal stress of the fuel cell stack, if the thermal expansion coef-
ficients of the electrolyte and the composite cathode are closer to
each other than without considering the addition of the pure ionic
conductor [20-22].

The aim of this work is to join these two approaches (the
microstructural optimization and the synthesis of composite mate-
rials) in order to obtain a new material with potential application
in the intermediate temperature solid oxide fuel cells (IT-SOFCs)
which operate in the range of 500-700°C. For this purpose, the
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Prg gSrg.4FepgCop 203 (PSFC)-Smg,Cerg0, (SDC) composite nan-
otubes were synthesized using soft templates of polycarbonate
with micropores. The powerful non difficult and economical route
to synthesize nanostructured materials presented herein enables
the attainment of materials with great surface area, and conse-
quently, good electrochemical behaviour. This way, this synthetic
route gives rise to the attainment of materials with excellent prop-
erties for their application in both energy conversion systems as
solid oxide fuel cells and energy storage devices as lithium batteries
and supercapacitors.

2. Experimental
2.1. Synthesis of PrggSrg4Fe.gCog203/Smg2Ceg g0, nanotubes

The Prg gSrg4Feq.gCo0203 (PSFC) perovskite-type oxide precur-
sor and the samarium doped ceria (SDC) have been synthesized
by the conventional sol-gel route. This technique has been par-
ticularly investigated because it provides the attainment of very
fine powders with a low agglomerating degree together with its
simplicity to apply this technique in the use of membrane tem-
plates [23,24]. Commercial polycarbonate membranes (Millipore)
with porous diameter of 0.1 wm have been used as template in
order to synthesize nanotubes with nanometer scale dimensions
[25]. Metal nitrate salts were used as the starting materials for
the final product and citric acid as chelating agent. Pr(NOs3 )3.5H,0,
Sr(NO3);, Fe(NO3)3-9H,0 and Co(NOs3),-6H,0 (Sigma-Aldrich)
were weighed stoichiometrically according to the nominal compo-
sition of Pr0.65r0‘4F60.8C00'203, while Sm203 and CE3(NO3 )36H20
were employed for the synthesis of the SDC. Then, these nitrates
were dissolved in distilled water adding later the citric acid and
ethylene glycol into the solution. Once the solutions were com-
pletely dissolved they were mixed together and homogenised.
Subsequently the solution was poured onto the polycarbonate
membranes. A heating process at 700°C in air was carried out in
order to remove the polymeric templates and reach the crystal-
lization of the compounds. Bellino et al. reported that a thermal
treatment slightly above the crystallization temperature could
improve the mechanical resistance of the nanotubes without affect-
ing the sinterization (or surface area) of the nanostructures [26].

2.2. Structural characterization

The X-ray powder diffraction (XRD) data were used to charac-
terize the obtained crystal structure of the as-calcined materials,
using a Philips PW1710 diffractometer, with CuK, radiation and
a scanning step 0.02° (20) over the angular range 5-70° (20). The
obtained data were fitted using the FULLPROF program [27].

The pairing of oxide ion conducting electrolytes with chemically
compatible electrode materials is very important to the perfor-
mance of SOFCs. In this way, chemical compatibility tests were
performed to determinate the interaction between the cathode and
the electrolyte. For this purpose, PSFC and SDC powders were inti-
mately mixed (weight ratio of 1:1) and isopressed to form a pellet.
These pellets were fired at different temperatures for one week.
Quartz was used as standard material. Then, it was characterized
by XRD to investigate the appearance of any reaction products.

Thermal expansion measurements as a function of tempera-
ture up to 1000°C in air were carried out with a LINSEIS vertical
dilatometer (L75 Platinum Series). The phases were prepared as
dense sintered compounds exhibiting coplanar surfaces.

2.3. Microstructure analysis

The powder morphology was examined by transmission elec-
tron microscopy (TEM) using a Philips CM200 transmission
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Fig. 1. Fitted diffraction profile of PSFC:SDC showing observed (crosses), calculated
(line) and difference (lower) profiles.

electron microscope and by field emission scanning electron
microscopy (FESEM) with Schottky emitter using a JEOL JSM-7000F
microscope at 20 kV accelerating voltage.

2.4. Electrochemical measurements

The electrical conductivity of sintered bars of approximate
1 mm x 3mm x 7mm dimensions was measured in air from 500
to 800°C at 50°C intervals by the Van der Pauw’s four probe tech-
nique. Electrical contacts were made using Pt wires and Pt paste
placed over whole end faces ensuring a homogeneous current flow.
The conductivity (o) was determined from a set of V-I values by
taking o =1/p=LJA x dI/dV, where L is the distance between volt-
age contacts and A is the sample cross section. A current load of
5-100 mA was applied with a Keithley 6221 DC and AC current
source. The corresponding voltage drop was recorded with a2182A
nanovoltimeter.

Electrochemical characterization of the nanostructured com-
posite cathode was carried out by means of impedance spec-
troscopy using a two-electrode configuration, being necessary to
obtain the impedance spectra for symmetrical cells. In this manner,
the cells were performed of electrolyte pellets onto which symmet-
rical electrodes were deposited. Synthesized electrolyte (Sm-doped
ceria, SDC) and platinum as current collector have been used. The
SDC powder was pressed under 10T uniaxial forces to form green
pellets. The pellets were sintered at 1050 °C (4 h) and subsequently
at 1500°C (4 h). The density of the obtained pellets is higher than
93% opposite to the theoretical value. The surface of the pellets was
polished with grit paper and then cleaned with ethanol and acetone
solutions. In order to prepare the electrodes, the obtained nanos-
tructured composites were dispersed ina vehicleinkina 1:1 weight
ratio forming a paste. This paste was painted with a paintbrush in
both faces of the pellets forming symmetrical cells which were sin-
tered at 1000 °C for 4 h to form porous electrodes well adhered to
the surface of the electrolytes.

Electrochemical impedance spectroscopy (EIS) measurements
of symmetrical test cells were conducted using a Solartron 1260
Impedance Analyzer. The frequency range was 10-2-10° Hz with
an AC perturbation signal of 50mV. All these electrochemical
experiments were performed at equilibrium from room temper-
ature up to 700°C and down to room temperature, under both zero
dc current intensity and air.

3. Results and discussion

The obtained diffractogram reveals the presence of two dif-
ferent phases in each nanotube (Fig. 1). The orthorhombic phase
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Fig. 2. X-ray diffraction patterns of equimolecular PSFC/SDC mixtures after anneal-
ing in air at different temperatures for 1 week (W, PSFC; @, SDC; ¢, quartz).

corresponds to the perovskite-type oxide PSFC (space group Pbnm),
which is similar to GdFeO3, while the cubic phase corresponds
to the SDC (space group Fm-3m). The obtained cell parameters
for the perovskite type structure are a=5.4733A, b=5.4716A,
c=7.7385A. In turn, the cell parameters achieved for the SDC are
a=b=c=5.4178 A. Percentages of perovskite and fluorite phases
can be obtained from the fitting of X-ray diffraction data, taking into
account the total integrated intensity. This way, the ratio of PSFC to
SDCin the composite nanotubes is 12% of the fluorite phase and 88%
of the PSFC phase, which agrees with the theoretical composition.

The reactivity of perovskite materials with most electrolytes,
which leads to the formation of secondary phases, can affect the
electrical conductivity along either the nanostructured composite
or the cathode/electrolyte interface. This is an important problem
that must be taken into consideration in the use of these materials
for SOFC applications [9,28,29]. Due to chemical reactions between
the perovskite and the ionic conductor, secondary phases usually
appear at elevated temperatures during the processing and fixa-
tion of the cell components. PSFC sample and SDC electrolyte were
mixed together to form a pellet which was sintered at 800, 900,
1000 and 1100 °C during a week to study their chemical compatibil-
ity. XRD patterns of the chemical reactivity test are shown in Fig. 2.
After calcination at temperatures up to 1000 °C, no extra diffrac-
tion peaks appear indicating that no significant chemical reactions
occur between both materials. In contrast, at 1100 °C, diffraction
reflexions corresponding to secondary phases are detected (see the
new peak observed at 31°). In this way, we can ensure the presence
of a high moisture tolerance of PSFC:SDC composite cathodes at
temperatures below 1000 °C.

Another important factor to be considered is the thermal expan-
sion coefficient (TEC). The TEC values for cathodic materials must
be similar to that of the electrolyte in order to avoid the ther-
mal stresses which can cause delamination and cracks, leading
to a poorer adhesion of the components. The TEC value of the
PSFC:SDC composite was determined by dilatometry and compared
with the thermomechanical properties of the PSFC and SDC mate-
rials (Fig. 3). It is worth mentioning that these experiments have
been carried out in dense bars. This fact implies the destruction
of the obtained nanotube shaped structure, as a consequence of
the sinterization process. Nevertheless, the TEC data of the mate-
rial allow knowing whether the selected cathodic material, in bulk,
and the electrolyte are compatible for SOFC applications. So, these
data can be extrapolated as estimation to the nanostructured mate-
rial. The SDC electrolyte exhibits very stable thermomechanical
behaviour along the measured temperature range. In contrast, the
TEC value of PSFC strongly depends on temperature, showing a
decrease between 400 and 600 °C. This anomalous behaviour can
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Fig. 3. Thermal expansion coefficients (TEC) measured in air for PSFC, SDC and
PSFC:SDC samples in the temperature range between 400 and 1000°C.

be attributed either to the presence of a phase transition where the
cell volume decreases or changes in the oxidation states of Pr and
Fe. In order to determine the presence of a possible phase transi-
tion, diffraction patterns at different temperatures were recorded.
The results indicated that the perovskite phase was stable during
the experiment, being possible to ensure that no structural changes
were produced. In this manner, a change in the oxidation states of
Pr and/or Fe accompanied by a loss of oxygen is expected, giving
rise to an expansion of the crystal lattice. This fact is in good agree-
ment with the results previously reported by Yin et al. [30]. The
curvature change in the composite is smoother than that observed
in the PSFC sample, showing an atypical behaviour also observed in
the PSFC:SDC composite. When SDC is added to the PSFC powder
(1:1 weight ratio), the TEC value decreases from 14.83 x 10~6 K1
to 13.74 x 10-6K-1, indicating that PSFC becomes more compati-
ble with the SDC electrolyte for the composite phase, as reported
by other authors [31-33].

The morphology of the synthesized samples is given in Fig. 4.
The images show nanostructured morphology homogenously dis-
tributed along the sample (Fig. 4c). Looking at the images with more
detail, the diameters and length of the perovskite nanotubes can
be observed (Fig. 4a). The PSFC: SDC hollow 1D nanotubes present
nanoscale dimensions with diameters between 45 and 60nm.
These nanotubes are single walled measuring a few nanometers in
diameter (controlled by the dimension of the template) and several
microns in length.

The TEM images reveal the presence of nanotubes with the
thickness and length limited by the template dimensions (Fig. 5).
The external surface of these nanotubes is rough, and the different
nanoparticles which form the nanotubes can be easily detected. The
observed roughness could promote the increase of the surface area
caused by the nanostructured morphology. The existence of small
pores along the wall of the nanotube will produce a higher contact
between oxygen and the cathodic material, giving rise to a larger
amount of double phase boundaries (gas/cathode interface) which
enhance the electrochemical performance of the system [34,35].
The crystallite size of the nanoparticles is below 20 nm fitting well
with the wall thickness of the nanotubes (Fig. 5c and d), in good
agreement with previous results obtained in our laboratory [17].
Energy-dispersive X-ray spectroscopy (EDX) was used to visualize
the element profiles in the nanotubes. EDX analysis demonstrated
that stoichiometry was formed for both phases in each nanotube.
In order to identify the grains corresponding to each phase in the
nanotubes, electron diffraction patterns were recorded. The high
degree of sinterization suffered by the grains and the similarity
between d spaces of both phases, make not possible the identifica-
tion of each phase.

The electrochemical tests of this nanostructured composite
material have been carried out at high temperatures. The nan-
otubes could suffer a collapse after high temperature sintering (at
1000°C). The morphology of the cathodic material after electro-
chemical tests is shown in Fig. 6. A good adhesion of the cathode on
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Fig. 4. SEM images of the morphology of the PSFC:SDC nanotubes.

(a)

(b)

Fig. 5. TEM images of the morphology of the PSFC:SDC nanotubes.
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Fig. 6. (aand b) SEM and (c) TEM images of the morphology of the PSFC:SDC nanos-
tructured material after electrochemical tests.

the surface of the electrolyte is observed, giving rise to the existence
of an optimum cathode/electrolyte interface. As shown in Fig. 6b,
the nanostructure of the material is maintained and the nanotubes
do not experiment any collapse after sintering temperature. As can
be expected, the porosity of the walls of the nanotubes has been
reduced. After the electrochemical tests, the obtained nanotubes
have denser walls due to the growth of the grains, but maintaining
the nanotube shape (see Fig. 6¢).

The electrical conductivities for the PSFC and PSFC:SDC sam-
ples performed in air are shown in Fig. 7. For these experiments,
dense pellets were obtained in order to get data directly referred
to the bulk material and not to the nanostructured synthesized
samples. Conductivity measurements were carried out in order to
deduce the potential application of the materials as cathodes being
the required conductivity o higher than 100S cm™!. In addition, if
the bulk material fulfils this requirement, it is supposed that the
nanostructured material also satisfies this condition. The electri-
cal conductivity of PSFC first increases, reaching a maximum at
600°C and after that it decreases with increasing temperature. At
temperatures lower than 600 °C, where the electrical conductivity
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Fig. 7. Variation of the electrical conductivity with temperature for the PSFC and
PSFC:SDC materials.

maximum is observed, a small-polaron semiconducting behaviour
is found. The decrease in conductivity after 600 °C could be assigned
to the loss of oxygen from the lattice at high temperatures. This
result agrees with the behaviour described in the dilatometric mea-
surements and those observed in the literature for other related
compounds [36,37]. At low temperatures, the conduction is meanly
electronic and is produced by the charge compensation, where
some Fe cations change from trivalent to tetravalent oxidation
state. At higher temperatures, ionic compensation becomes signif-
icant as the oxygen content of the material decreases. The PSFC
sample exhibits a conductivity of 2190Scm~! at 600°C, one of the
highest conductivities for similar compounds described in the lit-
erature [38]. Furthermore, on having mixed the PSFC sample with
SDC, a drop in the electrical conductivity (400Scm~! at 600°C)
is obtained. This fact can be explained by the introduction of an
ionic conductor (SDC) in the PSFC sample. The PSFC:SDC compos-
ite exhibits an increasing conductivity with the temperature up
to 650°C. The electronic conductivity of the PSFC:SDC compos-
ite is over 100Scm~! over a wide temperature range, satisfying
the general requirement for electrode materials in intermediate
temperature SOFC. Sm-doped ceria (SDC) is considered to be a
promising electrolyte for low temperature SOFC. One of the draw-
backs associated to this material is related to the partial reduction
of Ce** to Ce3* at intermediate temperature (>600 °C), which leads
to electronic conductivity that reduces performance due to elec-
tronic leakage currents between the anode and cathode. In the
PSFC:SDC composite, the partial reduction of cerium in the SDC
material is an advantage because an increase in electronic con-
ductivity is caused at temperatures above 600 °C, giving rise to a
maximum conductivity for the PSFC:SDC composite of 402 S cm~!
at 650 °C. The temperature dependence of the electronic conductiv-
ity is relatively strong, as quantitatively expressed by the activation
energy of about 0.085 eV for the title compound. The conductivity
of PSFC fits well according to a small polaron mechanism at lower
temperatures (E; =0.068 eV) but start deviating from linearity at
approximately 650°C increasing the E, value to 0.0998 eV. These
results agree with those reported in the literature for Co containing
perovskites [39].

The impedance spectra for PSFC:SDC/SDC/PSFC:SDC cell mea-
sured in air at different temperatures during the heating (H)
and cooling (C) processes are shown in Fig. 8a. In the Nyquist
plots, the existence of two depressed semicircles indicates that
at least two different processes related to the oxygen reduction
reaction (ORR) might take place. Investigation of the ORR mech-
anism is important for the improvement of the electrochemical
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ent temperatures (H, heating process; C, cooling process). The impedance data are
plotted after electrolyte ohmic drop correction for comparison of polarization resis-
tance. (b) Bode plot of the variation of the imaginary part of impedance as a function
of frequency at different temperatures.

properties of SOFCs. Fig. 8b shows the log-frequency dependence of
the impedance part (Z”) of PSCF:SDC electrode on SDC electrolyte
measured at different temperatures. The curves show two maxima
at high (10° Hz) and low (1-102 Hz) frequencies. The contribution
at high frequencies (Process I) corresponds to a process related to
the electrode/electrolyte interface and not to the electrode surface.
However, the low frequency arc (Process II) is ascribed to the disso-
ciative adsorption of O, followed by electrochemical reduction and
transfer of oxygen species at the triple phase boundary (TPB) [40].
As can be observed in Fig. 8b, the symmetric cell is dominated by
the low frequency arc. This process shifts to higher frequencies with
increasing temperature from 1 to 102 Hz. indicating the existence
of a thermally activated process [41].

In order to elucidate the conducting processes occurring in the
composite/electrolyte system, impedance data have been fitted
using the equivalent circuit shown as inset in Fig. 8a. The equiva-
lent circuit represents three different contributions which result in
the total resistance of the system. R-SDC corresponds to the ohmic
resistance of the electrolyte, R1 is due to charge transfer and R2 is
attributed to dissociative adsorption on the electrode surface and
gasdiffusion [25,42].R1 and R2 have constant phase elements (CPE)
in parallel to simulate the distribution of relaxation time in the real
system.

The high-frequency arc (R1) is assigned to the charge transfer
of oxide species across the electrode/electrolyte interface [43-45].
The semicircle of medium-low frequencies (R2) is attributed to the
surface diffusion (0,9~ — Oelectrode/electrolyte ) [46,47]. The oxide
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Fig. 9. Comparative evolution of the polarization resistances (a) during the cycle
of heating and cooling down the cell and (b) between PSFC:SDC nanostructured
composite and PSFC nanotubes at 700°C (R,: polarization resistance).

ions formed in the double and triple phase boundary (DPB and TPB)
sites must move to the interface electrode/electrolyte to be able to
cross the electrolyte. The contribution due to the gas diffusion pro-
cess that can be observed usually at low frequencies is overlapped
with the surface diffusion process making difficult to distinguish
it. Anyway, using the equivalent circuit proposed in this work, it
is possible to assign a resistance to each process (R1 and R2), as
shown in Fig. 9a. By comparing the evolution of the resistances
with the temperature, two conclusions can be deduced: (i) there are
no changes in the resistance values when the heating and cooling
cycles are analysed and (ii) the major contribution to the polariza-
tion resistance (R1+R2) is caused by the R2 process. This way, the
dominant resistive process (R2) is the electrochemical resistance
associated with the oxygen exchange at the surface of the cathodic
electrode. The corresponding semicircle in the impedance spec-
tra is observed at low frequencies (right side of the Nyquist plot),
indicating a large capacitance. As stated before, R2 is associated to
diffusion processes (adsorption-desorption of oxygen, oxygen dif-
fusion at the gas/cathode surface interface and surface diffusion of
intermediate oxygen species) [48]. All these processes are related
to the surface, while the R1 contribution is assigned to the con-
duction across the bulk material. At low temperatures (500 °C) the
contribution due to diffusion processes (R2) is dominant and limit-
ing process. Oxygen atom must be dissociated into oxide ion before
diffusion, needing this reaction a thermal energy to overcome the
activation barrier. The energy absorbed at low temperatures is not
enough to compensate this barrier, giving rise to a slower kinetic.
If the R1 and R2 resistances of the nanostructured PSFC:SDC
composite are compared with those of the PSFC nanotubes (see
Fig. 9b), an important decrease of R1 value can be clearly dis-
tinguished [17]. Consequently, when nanocomposite is tested an
improvement in conduction across the bulk is obtained while con-
tribution related to the surface (R2) is almost the same. Although
the PSFC is a MIEC material, the addition of an ionic conduc-
tor as the SDC improves the transport of the formed oxide ions
through the material, as shown in Fig. 10. This fact implies that
the charge transfer processes at the interfaces (current collec-
tor/cathode and cathode/electrolyte interfaces), can easily occur
in the nanostructured composite across the wall of the nanotube.
This resistance may be related to reaction kinetics determined
by the electrochemical activity of the cathodic material, electrical
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Ionic
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Fig. 10. Schematic diagram of the different processes that take place in PSFC:SDC
nanocomposite and PSFC nanotubes (MIEC, mixed ionic and electronic conductor;
TPB, triple phase boundary).

conductivity of electrode/current collector, and ionic conductiv-
ity of electrode/electrolyte [30]. Taking these considerations into
account, the decrease observed in R1 indicates a good intercon-
nectivity between PSFC and SDC grains along the nanotube in the
PSFC:SDC composite.

In order to normalize the obtained polarization resistance val-
ues, the area specific resistance value (ASR) has been calculated
taking into account the measured area, as shown in Fig. 11.
The polarization resistance decreases dramatically with increas-
ing temperature obtaining ASR values as good as 0.46 Qcm? at
700 °C for the PSFC:SDC nanotube structured composite. It is worth
mentioning, that at 700°C, the nanostructure is maintained and
the growth of the crystallites could be negligible [17]. The ASR
values obtained in the present study are comparable even better
than those reported in the literature [32,49,50]. The good behaviour
exhibited by the PSFC:SDC nanocomposite indicates that this cath-
ode can be used for the intermediate temperature SOFCs.

In a previous work, PSFC nanoparticles were obtained using car-
bon nanotubes as grain size controllers [51]. The obtained PSFC
nanoparticles exhibit lower polarization resistance than that of
the PSFC:SDC nanotubes presented in this work. This fact is due
to the existence of SDC particles in the surface of the compos-
ite nanotubes. These particles are mainly ionic conductors, which
implies that the oxygen reduction will not be carried out where the
SDC nanoparticles are located, reducing therefore the performance
of the cathodic material. However, these nanotubes are supposed
to be more structurally stable than the mentioned nanoparticles
under the operation temperatures of the cell. It is worth mention-
ing that the operation temperature will produce a sinterization
of the nanoparticles with time, and therefore, their surface area
will be decreased. In the case of the nanotubes, the effect of the
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Fig. 11. Thermal evolution of the area specific resistance (ASR) during the heating
and cooling processes.

sinterization process is supposed to be not so strong. On the other
hand, the addition of the SDC to the cathodic material implies an
improvement in the compatibility between the cathode and the
electrolyte which leads to mechanical advantages.

Other similar materials have been proposed as SOFC cathodes.
Park et al. studied the effect of the sintering temperature on
the electrochemical response of Prg 3Srg7Cog3Feq703_5 [31]. They
obtained ASR values as good as 0.115 £ cm? at 700 °C when cathode
is sintered at 1200 °C. In our case, taking into account the reactivity
study, the higher sintering temperature that can be used is 1000 °C.
Park et al. obtained an ASR value of about 2.5 €2 cm? at 700 °C when
cathodes were sintered at 1000°C. The decrease in the cathodic
performance when CGO (Gdg 1Ceg90;) is added was also observed
by these authors.

Several authors have tried to improve the performance of
the cathodes by nanostructuring composite materials [52-54]. It
is worth mentioning the interesting results obtained by Zhang
et al. with similar composite nanotubes made of Lag gSrg>MnO5_g
(LSM)/Zro.92Y0.0802 (YSZ) [52]. Anyway, the drawback associated to
this kind of composite nanotubes is to control the diffusion of oxide
ions trough the ionic conductor. The grains of the fluorite phase
must be interconnected and provide to the ions an easy way to the
electrode/electrolyte interface. In order to solve this point, Zhi et al.
proposed a new design consisting on YSZ nanofiber scaffold with
the infiltrated LSM where the continuous nanofibers provide an
uninterrupted path that facilitates the charge transport [54]. Using
this novel design, a polarization resistance of 0.48  cm? at 700°C
is reported, similar to that obtained for PSFC:SDC composite nan-
otubes. Infiltrated nanofibers have also been used for improving
the performance of SOFC anodes [55].

Most of SOFC cathodes based on Co such as
Bag5Srg5CoggFeg,03 present larger surface area for the oxy-
gen reduction reaction, not restricted to the vicinity of the three
phase boundary (cathode/air/electrolyte) [56]. The drawback
associated to this kind of Co containing oxides is the high ther-
mal expansion coefficients (TEC) [57]. The composite described
in this paper presents excellent performance as shown in the
electrochemical impedance measurements. The greatly improved
performance of this novel material is related to two main issues: (i)
creation of composite cathodes looking for an enhancement of the
ionic conduction through the cathodic material and (ii) integration
of different composition nanoparticles in a nanostructure with
a high surface-to-volume ratio, without using organic binders,
increasing the active area of the material. Another additional
advantage is the low thermal expansion coefficient obtained for
these compounds, with TEC values of 13.74 x 10-6K~!, making
these materials compatible with samarium doped ceria (SDC)
electrolyte and Ni-SDC anodes.

4. Conclusions

The data presented herein show that the use of nanotubes of
the PSFC:SDC composite as cathode for intermediate temperature
solid oxide fuel cells can deliver an area specific resistance (ASR)
value of 0.46  cm? at 700 °C. This value significantly improves the
performance of conventional cathodes in these devices. By nano-
structuring the electrode material, an increase of the active area is
obtained, giving rise to a larger amount of double phase boundaries
(DPB) where gas and cathode meet. Besides, by the addition of the
pure ionic conductor (Sm-doped ceria, SDC), a creation of triple
phase boundaries (TPBs) is obtained.

The new synthetic route described for this compound con-
tributes to the scientific research opening a new perspective in
the utilization of the nanotechnology, designing nanomaterials, in
which several parameters as the pore size and distribution, surface
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area or functionalization of the surface can be controlled. These
parameters have a great influence on the performance of the mate-
rials used for energy conversion and storage, which means that this
method is an important starting point for the design and optimiza-
tion of these types of energy devices.
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