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a b s t r a c t

A series of compounds with composition Pr0.7Ca0.3Cr1−yMnyO3−ı (y = 0.2, 0.4, 0.6, 0.8) were prepared
from an alternative freeze-drying precursor method to obtain polycrystalline powders at relatively low
temperature. These perovskite-type materials were tested simultaneously as both anode and cathode in
a symmetrical SOFC. The effect of the ratio Mn/Cr on the structure, microstructure and electrochemical
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properties was studied. The performance is rather modest at low temperature and only interesting values
were obtained at high temperatures. An assembled symmetrical SOFC rendered performances of 250 and
160 mW cm−2, at 950 ◦C, under humidified H2 and CH4 respectively.

© 2008 Elsevier B.V. All rights reserved.
hromium-manganite
SZ

. Introduction

A typical solid oxide fuel cell (SOFC) is an electrochemical device
ade of three main ceramic components, i.e. an anode, a cathode

nd a solid electrolyte. The state-of-the-art solid electrolyte, cath-
de and anode materials at high temperature are yttria-stabilised
irconia (YSZ), lanthanum strontium manganate La1−xSrxMnO3−ı

LSM) and Ni/YSZ cermet respectively. Regarding the anode mate-
ial, the Ni/YSZ cermet material presents mixed ionic-electronic
onductivity and excellent catalytic properties for fuel oxidation. All
f them should fulfilled some general and specific requirements to
e properly used in a SOFC, such as phase stability and compatibility
ith the other cell components [1,2].

An alternative approach to this configuration is to use simul-
aneously the same material as both anode and cathode. This
ymmetrical configuration is typical in the polymeric electrolyte
embrane fuel cells (PEMFCs), where the electrode material is

sually Pt-C with high content of Pt, therefore the cost of these

evices is a drawback. On the contrary, SOFCs have high versa-
ility on the election of electrode materials, e.g. mixture oxides,
ermets, etc. Symmetrical solid oxide fuel cells (SSOFC) present
everal advantages compared to conventional SOFCs, because the

∗ Corresponding author at: Avda. Astrofisico Fco. Sanchez s/n, E-38200 La Laguna,
enerife, Spain. Tel.: +34 922318501; fax: +34 922318461.

E-mail address: pnunez@ull.es (P. Núñez).

378-7753/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2008.11.050
number of cell components are reduced facilitating the assembly
of a fuel cell in a single thermal treatment and minimising com-
patibility requirements [3,4]. Furthermore, this configuration could
overcome two of the main drawbacks associated to SOFC technol-
ogy when operating directly with hydrocarbon fuels, i.e. reversible
sulphur poisoning and carbon deposition, due to the possibility –
despite the engineering issue – to reverse the gas flow oxidising
any sulphur specie or C-deposit and hence recovering any loss of
performance.

There has been a growing interested in the last few years in
the research of potential symmetrical electrode materials for
SOFC applications [3–12]. The requirements for candidate sym-
metrical electrode materials are rather restrictive as they should
include all the conditions applicable to an anode and cathode
simultaneously [3]. Thus the symmetrical electrode must operate
as a cathode under oxidising conditions and an anode under
reducing conditions. The typical performances obtained from
SSOFCs are somewhat lower compared to traditional Fuel Cell due
to the extreme difficult to find a perfect material that fulfils all
the requirements. The SSOFC concept has been already proved
with several materials such as: chromites, chromium-manganites,
titanates activated under oxidising conditions and its composites

with electrolytes as YSZ and gadolinium-doped ceria (CGO) [3–12].
The chromites generally used as interconnects fulfil almost all the
conditions required for a potential symmetrical electrode material.
The main problem of the chromites is related to their rather modest
catalytic activity towards hydrocarbon oxidation [13,14], although

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pnunez@ull.es
dx.doi.org/10.1016/j.jpowsour.2008.11.050
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his activity can be enhanced by partial substitution of chromium
or manganese [15–18].

On the other hand, La-based chromites have a structural
ransformation from orthorhombic to rhombohedral at high tem-
erature, which can be detrimental for practical applications [19].
evertheless, the substitution of Pr by La shifts this transformation
elow room temperature [20]. Furthermore, Ca-doping in the
-site of the perovskite helps to reduce the thermal expansion
ismatch between the oxidised and reduced form of the La-based

hromite [1].
In the communication presented herein, the electrochemical

roperties and potential use of Pr0.7Ca0.3Cr1−yMnyO3−ı (y = 0.2, 0.4,
.6, 0.8) as symmetrical SOFC electrodes have been studied. An
lternative synthetic route based on freeze-dried precursors was
sed to obtain powders of submicrometric particle size at low tem-
erature and to avoid the formation of secondary phases, which
sually appears by conventional solid state reaction method.

. Experimental

.1. Synthesis of electrode

Polycrystalline materials with composition Pr0.7Ca0.3Cr1−yMny

3−ı (x = 0.2, 0.4, 0.6, 0.8) were prepared by the traditional ceramic
ethod and also by a modified freeze-dried precursor method

sing ethylenediaminetetraacetic acid (EDTA) as complexing agent.
The ceramic route was carried out by ball-milling stoichiometric

mounts of Pr6O11 (99.9%, Aldrich), CaCO3 (99.9%, Aldrich), MnO
99%, Aldrich) and Cr2O3 (99.9%, Aldrich) in acetone using a Fritsch
-7 planetary ball mill with zirconia vessel and balls at 150 rpm for
h. The resulting mixture was dried and fired in air up to 1200 ◦C

or 12 h and further ground. A final thermal treatment at 1400 ◦C
as necessary to obtain a single phase.

The reagents used in the freeze-drying method were
r(NO3)3·6H2O (99.99%, Aldrich), Ca(NO3)3·4H2O (99.0%, Aldrich),
r(NO3)3·9H2O, (99.0%, Aldrich) and Mn(CH3COO)2·4H2O, (Aldrich,
9.9%). Stoichiometric cation solutions containing Pr, Ca, Cr and Mn
ere prepared by dissolving their respective salts in distilled water.

hese solutions were mixed and EDTA was added in a relation
igand:metal of 1:1 to obtain a homogeneous and transparent
olution without any visible formation of precipitation. Droplets of
hese solutions were flash frozen by projection on liquid nitrogen
etaining the cation homogeneity of the starting solution. The
rozen drops were freeze-dried at a pressure of 1–10 Pa in a Heto
yolab freeze-dryer for 3 days. In this way, dried and amorphous
olid precursors were obtained. The amorphous precursors were
eated in air at 5 ◦C min−1 up to 1000 ◦C for 12 h and finally cooled
own at 5 ◦C min−1 to room temperature.

The samples Pr0.7Ca0.3Cr1−yMnyO3−ı are hereafter labelled as
CCMy as a function of the Mn-content.

.2. X-ray characterisation

X-ray powder diffraction (XRD) patterns were acquired using
Philips X’Pert Pro diffractometer, equipped with a Ge(1 1 1) pri-
ary monochromator and an X’Celerator detector. XRD patterns
ere collected with a scanning step of 0.016◦ over the angular 2�

ange 20–100◦ with a collection time of 2 h. Structure refinements
ere performed using the FullProf software [21]. All the graphi-

al representations concerning XRD patterns were performed using
inPlotr program [22].
.3. Stability and chemical compatibility

The phase stability of the materials under reducing conditions
as investigated up to 950 ◦C flowing 5%H2-Ar for 24 h. Chemical
Sources 188 (2009) 230–237 231

compatibility tests were performed to determine the stability of the
electrodes in contact with the electrolyte. For this purpose, powder
mixtures of PCCM and YSZ in relation 1:1 (%wt.), were ground and
fired at 950 ◦C in air and 5%H2-Ar for 24 h. The materials were then
characterised by XRD to investigate the presence of any degradation
or reaction products.

2.4. Conductivity measurements of the electrodes

Polycrystalline powders were uniaxially pressed into disks of
7 mm of diameter at 130 MPa. Dense pellets with relative density
higher than 95% were obtained after sintered at 1400 ◦C for 10 h.
Pellets with very high geometrical factor (thickness = 3 mm and
diameter = 5 mm) were prepared to enhance the pellet resistance
and to be able to use the impedance spectroscopy. All samples
were prepared in the same conditions to compare the electrical
results. The pellet was fixed in an electrochemical setup of alumina
with Pt-wires for the electrical connections and then inserted into
a quartz flow-through tube furnace. Impedance spectra (IS) under
air and humidified 5%H2-Ar atmospheres were obtained using a
Solartron 1260 impedance analyser in the frequency range 10−1 to
106 Hz, with an ac perturbation voltage of 100 mV for the temper-
ature range 400–950 ◦C. The conductivity values of some samples
were also measured by the Van der Pauw’s four probe method to
compare with the results obtained by IS, rendering similar results
by both methods.

2.5. Area-specific resistance (ASR) from symmetrical
measurements

Area-specific resistance measurements were carried out by
impedance spectroscopy on a 2-electrode arrangement [4], using
∼1.5 mm thickness and ∼20 mm diameter YSZ dense pellets as elec-
trolyte. Dense YSZ pellets were obtained after uniaxially pressing
8%-YSZ (Pikem) powders at 200 MPa and then sintered at 1500 ◦C
for 10 h.

A slurry of the electrode powder was prepared using DecofluxTM

(WB41, Zschwimmer and Schwartz) as binder in a weight ratio pow-
der:binder of 1:1 and a thin film of the slurry was coated onto both
surfaces of the electrolyte and then fired at 1200 ◦C in air for 2 h. Cur-
rent collector was formed by coating platinum paste on both sides
of the pellets and then fired at 950 ◦C in air for 2 h to ensure good
adherence. The impedance spectra were measured under symmet-
ric atmosphere (air and humidified 5%H2-Ar) using an impedance
analyser (Solartron 1260) in the frequency range 10−1 to 106 Hz and
with an excitation voltage of 100 mV.

2.6. Fuel cell tests

Fuel cell tests of the YSZ-based electrolyte supported systems
using PCCM as symmetrical electrode material (cathode and anode)
were carried out. The thickness of the dense YSZ-electrolyte was
around 370 �m. The electrode material was deposited on both
sides (electrode surface of 0.49 cm2) of YSZ pellets at 1200 ◦C for
2 h in air. A Pt-based ink was used to form current collectors
after firing at 950 ◦C in air for 2 h. The cell was introduced in a
fuel cell setup and sealed using a glass-ceramic-based material
(Ceramabond 668, Aremco). The current–voltage characteristics
of the single cells were determined by cyclic-voltammetry at a
scan rate of 10 mV s−1 using a Zahner IM6e electrochemical anal-
yser. Fuel cell tests were carried out using humidified 5% H2-Ar,

pure H2 and CH4 as fuels and air as oxidant, at temperatures
ranging between 850 and 950 ◦C. The water content was fixed
by bubbling the gas through a humidifier thermostated at 20 ◦C.
The concentration of water at that temperature was estimated
as 2.3%.
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.7. Microstructural characterisation

The morphology of the powders, sintered pellets and the
lectrode–electrolyte interfaces were analysed by scanning elec-
ron microscope (Jeol, JSM-6300) operating at an accelerating
oltage of 20 kV. All the preparations were covered with a thin film
f gold for better image definition.

. Results and discussion

.1. Structural characterisation

Fig. 1a and b show the XRD patterns for a representative sam-
le with composition PCCM0.6 prepared by conventional solid state
eaction and freeze-drying method as a function of the firing tem-
erature.

The XRD patterns for samples prepared by conventional solid
tate reaction between 900 and 1200 ◦C consist mainly in a mix-
ure of two phases with similar structure. This is clearly visible
n the inset of Fig. 1a, where all the diffraction peaks exhibit two
omponents attributed to Mn and Cr-rich phases. A single phase is
rogressively formed as the temperature increases, although tem-
eratures higher than 1200 ◦C are required to obtain a nearly pure
hase. On the contrary, single perovskite-type structures have been
ynthesized by the freeze-dried precursor method after one ther-
al treatment at only 800–900 ◦C (Fig. 1b). This is an advantage to

repare polycrystalline materials with fine grain sizes, which can
ontribute to improve the physicochemical properties of the SOFC
lectrodes. Low temperature synthesis methods give rise to materi-
ls with lower grain size and better reactivity and therefore they are
ore appropriate for the preparation of SOFC electrodes than those

btained by conventional solid state reaction. This contributes to a
eduction of the deposition temperature of the electrodes, avoiding
xcessive reaction in the electrolyte–electrode interface that could
ompromise the SOFC performance. In addition, a more homo-
eneous porosity is obtained, which generally results in a better
iffusion of gases towards the electrodes and an increase of reac-
ion sites, where electrochemical reaction occurs. All these factors

enerally contribute to enhance the electrochemical performance
f the electrodes. Another issue to be considered is that freeze-
ried method has several advantages compared to other alternative
recursor routes. For example, in sol–gel routes, the pH, cation
oncentration, ligand–metal ratio and gelification temperature are

ig. 1. Evolution of XRD patterns of Pr0.7Ca0.3Cr0.4Mn0.6O3−ı prepared from (a) convention
ures. Two similar phases are observed in samples prepared by solid state reaction up to 1
Fig. 2. XRD patterns of Pr0.7Ca0.3Cr1−yMnyO3−ı series prepared from freeze-dried
precursors at 1000 ◦C.

critical factors to be controlled and to avoid undesirable precip-
itation during the gelification process. On the contrary, the only
parameters that affect the freeze-dried product are: the cation con-
centration and the pH of the starting solution, which are easier
controllable. It should be also noted that many cation-solutions
are unstable and tend to precipitate in a short period (few min-
utes or hours), however this is prevented after the fast frozen of
the solution in liquid nitrogen. It should be also considered that
freeze drying is a process which is used to dehydrate in large scale
a wide variety of industrial products, e.g. foods, pharmaceuticals,
etc. Therefore, the preparation of large quantities of precursor for
the synthesis of almost any ceramic material is possible. In fact,
the use of freeze-dried precursors has proved to be a very versatile
method for obtaining different materials as mixed oxides [23,24],

metal nitrides [25], etc.

XRD patterns for Pr0.7Ca0.3Cr1−yMnyO3−ı (y = 0.2, 0.4, 0.6 and
0.8) after thermal treatment of the respective amorphous freeze-
dried precursors at 1000 ◦C are shown in Fig. 2. The XRD patterns

al solid state reaction and (b) freeze-dried precursor method at different tempera-
200 ◦C indicated by arrows in the inset.
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ig. 3. Rietveld refinement of polycrystalline Pr0.7Ca0.3Cr0.4Mn0.6O3−ı calcined at
000 ◦C.

ndicate that all the compositions are single orthorhombic phases
nd isostructural with LaCrO3 (s.g. Pnma).

The structure of the Pr0.7Ca0.3Cr1−yMnyO3−ı phases have been
efined in the space group Pnma from room temperature X-ray
iffraction data, using the Rietveld method. The starting struc-
ural model was that of LaCrO3. The fits were performed using
pseudo-Voigt peak-shape function. In the final runs, usual pro-
le parameters (scale factors, background coefficients, zero-points,

alf-width, pseudo-Voigt, asymmetry parameters for the peak-
hape and atomic positions) were refined. The results of the Rietveld
efinement for PCCM0.6 sample are shown in Fig. 3. The crystallo-
raphic parameters for all the composition are listed in Table 1. The
ain effect of substitution of Cr by Mn in Pr0.7Ca0.3Cr1−yMnyO3 is

able 1
rystallography parameters of Pr0.7Ca0.3Cr1−yMnyO3−ı (y = 0.2, 0.4, 0.6, 0.8) series obtaine

y = 0.8 y = 0.6

(Å) 5.4507(1) 5.4359
(Å) 7.6712(2) 7.662(
(Å) 5.4279(1) 5.4204
(Å3) 226.96(8) 225.76(7)

r (4c)/Ca
x 0.0325(2) 0.0306
y 0.25 0.25
z 0.0102(4) 0.0092
B 1.30(3) 1.47(2)
Occ 0.7 0.7

r (4b)/Mn
x 0 0
y 0 0
z 0.5 0.5
B 1.48(5) 1.41(4)
Occ 0.2 0.4

1(4c)
x 0.485(2) 0.488(
y 0.25 0.25
z −0.066(3) −0.062(
B 2.2(3) 1.8(1)
Occ 1 1

2(8d)
x 0.281(2) 0.289(
y 0.033(1) 0.031(1
z −0.292(2) −0.293(
B 2.3(2) 1.8(1)
Occ 1 1

wp (%) 18.0 15.4
exp (%) 11.3 11.0
B (%) 15.6 8.5
Sources 188 (2009) 230–237 233

a slight expansion of the unit cell volume without any appreciable
structural change detectable by XRD in the whole compositional
range studied 0.2 ≤ y ≤ 0.8. Moreover, the R-factors obtained in the
Rietveld refinement are similar for all compositions.

3.2. Chemical compatibility and redox stability

Fig. 4 shows the XRD patterns corresponding to individual YSZ
and PCCM0.6 at room temperature and 1:1 wt.% PCCM:YSZ compos-
ites calcined at 950 ◦C for 24 h and 1200 ◦C for 2 h. After calcined
at 950 ◦C the main diffraction peaks do not shift significantly and
moreover there are no extra diffraction peaks, which may indicate
that no significant reaction occur between the electrolyte and the
electrode materials.

Although no degradation of PCCM electrodes was observed in
air conditions, it should be pointed out that under fuel cell work-
ing conditions a decrease of performance is observed during the
time when the Mn content is higher than 50%. Redox stability
studies were performed exposing the powder electrodes under dry
5%H2-Ar flow for 24 h at 950 ◦C. The XRD patterns of the reduced
phases are shown in Fig. 5. No apparent degradation or phase
transformation is observed for samples with Mn content y ≤ 0.4
after annealing under these conditions. However, a significant loss
of crystallinity is observed for samples with higher Mn content
(y ≥ 0.6) as can be observed in the diffraction peak broadening in
Fig. 5. This crystallinity loss is due to some grade of amorphisation
in the material, possibly because of an excessive reduction and oxy-

gen losses and it seems to explain the decrease of efficiency during
the fuel cell operation. Another issue to be considered is that these
electrode materials do not exhibit any structural transformation
during reduction, contrary to the lanthanum chromium-manganite,
La0.75Sr0.25Cr0.5Mn0.5O3−ı [26].

d by XRD Rietveld refinement.

y = 0.4 y = 0.2

(9) 5.4238(1) 5.4228(1)
1) 7.6532(1) 7.6513(1)
(9) 5.4127(1) 5.4099(1)

224.68(7) 224.46(7)

(2) 0.0296(2) 0.0301(2)
0.25 0.25

(3) 0.0088(4) 0.0091(3)
1.65(3) 1.37(3)
0.7 0.7

0 0
0 0
0.5 0.5
1.58(4) 1.37(3)
0.6 0.8

2) 0.486(2) 0.488(2)
0.25 0.25

3) −0.076(4) −0.066(4)
1.6(1) 1.37(1)
1 1

9) 0.294(3) 0.291(2)
) 0.025(2) 0.028(1)

2) −0.293(3) −0.298(2)
1.7(1) 1.3(1)
1 1

17.4 14.6
11.3 10.8
9.9 7.9
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ig. 4. XRD patterns for PCCM0.6 and YSZ at room temperature and composite of
CCM-YSZ after fired at 950 ◦C for 24 h and 1200 ◦C for 2 h.

.3. Overall conductivity

The Nyquist plots of dense PCCM ceramics only show the
resence of inductive effects indicating predominant electronic
ontribution in this material. The overall resistance, under both
ir and 5%H2-Ar conditions, was obtained from the high frequency
′-intercept. The values obtained, Fig. 6, are comparable to those
eported in the literature for similar compositions [19]. The Arrhe-
ius plot of the overall conductivity for a representative sample
ith composition PCCM0.6 is shown in Fig. 6a. A lineal dependence
s observed in the temperature range studied 400–950 ◦C, which
ndicates a thermally activated hopping polaron mechanism, with
n activation energy of 0.094 and 0.49 eV under air and 5%H2-Ar
tmospheres, respectively. The lower conductivity under reducing

ig. 5. XRD patterns of Pr0.7Ca0.3Cr1−yMnyO3−ı samples after annealed under 5%H2-
r for 2 h at 950 ◦C.
Fig. 6. Arrhenius plot of the overall conductivity for a representative sample with
composition Pr0.7Ca0.3Cr0.4Mn0.6O3−ı (a). Variation of the overall conductivity for
Pr0.7Ca0.3Cr1−yMnyO3−ı series as a function of the Mn-content at 750 and 850 ◦C (b).

conditions evidences that these perovskites exhibit a predomi-
nant p-type electronic conductivity with a behaviour similar to
(La,Sr)(CrMn)O3 anodes. The lower conductivity values under low
oxygen partial pressure are due to Mn reduction and the conse-
quently oxygen losses that causes a reduction of the charge carrier
concentration, thus decreasing the electronic conductivity from
10 S cm−1 in air to 1 S cm−1 in humidified 5%H2-Ar for PCCM0.6.
On the other hand, the dependence of the overall conductivity in
Pr0.7Ca0.3Cr1−yMnyO3−ı series increases with the Mn-content in
both oxidising and reducing atmospheres (Fig. 6b). Furthermore,
the conductivity in air is up to one order of magnitude higher com-
pared to humidified 5%H2-Ar. It should be also noted that PCCM0.8
sample is not stable in 5%H2-Ar atmosphere at least at high temper-
ature, undergoing a significant decrease of the conductivity during
the time.

3.4. Electrode microstructure

Characteristic SEM images of the electrode–electrolyte inter-
faces for electrodes with different Mn-composition are illustrated

in Fig. 7. Powders of PCCM are made of uniform particles with
a homogeneous particle-size distribution in the submicrometric
range. One can also see that the grain size of the electrodes increases
with the Mn content (Fig. 7). This is explained by the lower sinter-
ing temperature of samples containing Mn. In fact, ceramic pellets
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Fig. 7. SEM images showing the microstructure of el

ith higher Mn composition exhibit higher relative density and also
arger grain size. Therefore, Mn-substitution contributes to increase
he sinterability and grain growth in Pr0.7Ca0.3CrO3−ı materials.
he electrodes after the electrochemical characterisation under oxi-
ising and reducing conditions show porous and homogeneous
icrostructure with adequate adherence to the YSZ electrolyte,

ndicating good thermal compatibility between both materials. The
lectrode thickness is about 40 �m. No reaction or diffusion region
s observed in the electrode–electrolyte interface.
.5. Polarisation resistances

The ASR values determined under oxidising and reduction
onditions are shown in Fig. 8. The minimum values for PCCM

ig. 8. Area-specific resistance (ASR) values for Pr0.7Ca0.3Cr1−yMnyO3−ı as a function
f the Mn-content at different temperatures.
e–electrolyte interfaces for Pr0.7Ca0.3Cr1−yMnyO3−ı .

correspond to the sample with high Mn-content. However, as
previously mentioned, samples with Mn-composition y > 0.6 are
unstable under reducing conditions (Fig. 5).

In any case, ASR values are rather high compared to other SOFC
electrodes, even working at high temperature as 950 ◦C. Never-
theless, the ASR values obtained from symmetrical measurement
under the same gas composition (without chemical potential
gradient) can be different to those obtained from fuel cell tests
[4], because SOFC operates under an oxygen chemical potential
gradient with oxidant and reducing gases in the cathode and anode
respectively, and the current across the cell affects the polarisation
of both electrodes. Nevertheless, the symmetrical cell electrode
measurement is a useful and easy method to compare different
materials.

3.6. Fuel cell tests

Two symmetrical fuel cells were assembled using PCCM0.4
(selected composition of Mn that seems to be stable under reducing
condition) and PCCM0.8 (composition of Mn that renders minimum
values of ASR, Fig. 8) and the performances were evaluated using
different fuels (Fig. 9) and as a function of the measured tempera-
ture for the PCCM0.4-based system (Fig. 10).

As expected from the ASR measurements, the performance val-
ues obtained were rather modest, in both cases, and the highest
one was obtained under humidified pure H2 at 950 ◦C, rendering
250 and 300 mW cm−2 for PCCM0.4 and PCCM0.8 respectively, Fig. 9.
These values correspond with 70% and 84% of the maximum theo-
retical power density [8], respectively. The PCCM0.8-based system
exhibits higher performance as expected from its corresponding

symmetrical ASR values, Fig. 8. However PCCM0.8 shows a decrease
of about 6% in just 30 min under pure hydrogen and a significant
performance loss of more than 30% after one day of cycling under
oxidising (air) and reducing conditions (5%H2-Ar). Whereas sta-
bility is the main feature for the PCCM0.4-based system, in the
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ig. 9. Fuel cell test of (a) PCCM0.4/YSZ/PCCM0.4 and (b) PCCM0.8/YSZ/PCCM0.8 sym-
etrical cells under different humidified fuels at 950 ◦C.

ame experimental conditions, although with lower performances.
ore remarkable is the performance under methane, in this system,

ielding 160 mW cm−2 and OCV of 0.95 V. The lower OCV observed
or PCCM0.8 is mainly related to the degradation of this material
nder reducing conditions. Note that the cell is first tested under

%H2-Ar, at several temperatures, then under pure hydrogen and
nally with methane, and at this stage, the material has been deeply
ffected by the reducing working conditions.

Although the low performance obtained with other chromite-
ased materials tested in similar conditions in a previous work [8]

ig. 10. Fuel cell test of PCCM0.4/YSZ/PCCM0.4 symmetrical cell under humidified
ure hydrogen at several temperatures.

[

Sources 188 (2009) 230–237

was partially attributed to the high sintered microstructure. In the
present work, the microstructure and porosity distribution seem
to be adequate for an SOFC electrode material (Fig. 7). Thus, the
low performance seems to be attributed to the low catalytic activ-
ity under reducing conditions as observed from the symmetrical
cell measurements, Fig. 8. Note that in this work the electrode was
prepared without YSZ composite, hence the triple phase boundary
(TPB) area was reduced to the interface between electrode and elec-
trolyte, limiting the achievable performance. Thus an improvement
of the performance would be expected using YSZ- or doped-ceria-
based composites.

4. Conclusions

In this work the simultaneous use of a based interconnect
material as both cathode and anode material for SOFCs has been
investigated. Its application is restricted at high temperatures due
to the high area-specific resistance values. Samples with high
Mn-content exhibited the lower area-specific resistances, however
electrochemical and XRD studies and cell characterisation shown
that samples with Mn-content higher than 0.6 are unstable under
5%H2-Ar, e.g. performance losses of more than 30% in one day were
observed for PCCM0.8-based symmetrical fuel cell.

An alternative synthetic route based in freeze-drying precur-
sors allows obtaining powder with smaller grains size and at lower
sintering temperatures compared to traditional solid state reaction.

Finally, PCCM0.4/YSZ/PCCM0.4 fuel cell achieved performances
of 250 and 160 mW cm−2 at 950 ◦C using humidified H2 and CH4,
respectively as fuels, and air as oxidant.
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