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Abstract

The electrode reaction of the perovskite phases Sr;—.La,Cog gFep»03-5 (x=0.1 and 0.6) on Ce oGdy 10, o5 has been investigated by impedance
spectroscopy in the temperature range 600 <7< 800 °C. Thick porous electrodes (¢ ~20 pm) were sprayed on Ce( 9Gd, ;01 95 and ac impedance
spectra were recorded on symmetrical cells at the equilibrium. The analysis of the complex impedance diagrams clearly indicates the presence of two
contributions. The low frequency one was assigned to the gas phase oxygen diffusion through the porous electrode and a finite length diffusion
(Warburg) impedance was used to describe the high frequency (HF) data. The polarization resistance of the HF impedance contribution (R,,) is higher
for x=0.1 while the activation energy of R, is higher for x=0.6. The variations of R, versus the La content, temperature and thickness indicate that the
Warburg-type impedance contains information of both bulk oxygen diffusion and surface processes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) are regarded as a feasible
technology for generating electricity from hydrogen or hydro-
carbon fuels. Nowadays, one of the main research efforts is
devoted to decrease the SOFC operating temperature [1,2]. To
reach this objective a new set of materials including electrolyte
and electrodes should be considered to improve the perfor-
mance in the temperature range 500 < 7'<700 °C with respect
to the SOFC based on yttria stabilized zirconia (YSZ). Among
the electrolytes, gadolinia-doped ceria Ce;_,Gd,0,_,» (CGO)
with x~0.1 is a strong candidate to replace YSZ [1-3]. Con-
cerning cathodes, the perovskite phases (La,Sr)(Fe,Co)Os
(LSCF) fulfill the requirements of high electronic (o) and
ionic (o;) conductivities [4,5], good catalytic activity [6], high
oxygen permeability [7] and are chemically and thermally
compatible with CGO [8,9]. Accordingly, lanthanum ferrite-
based perovskites are the most promising cathode materials for
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intermediate temperature SOFC (IT-SOFC) [10,11]. It is known
that the ionic conductivity o; in the LSCF system increases with
Sr and Co contents [4,5] whereas there is an opposite tendency
for chemical stability [12,13]. Indeed, the limit compound
SrCo0O;_4 is a mixture of two phases at room temperature: the
SrsCos0;5 phase with a hexagonal crystal structure and the
spinel phase Co304 [14]. The substitution of Fe for Co helps to
stabilize the pseudo-cubic structure at lower temperatures for
high Sr contents [15]. In particular, the SrCoggFey,05-5
compound was found to exhibit a o;~1S cm™" at 800 °C in
air [4], related to the large oxygen nonstoichiometry () that this
phase is able to accommodate [15,16]. However, the large
concentration of oxygen vacancies yields a structural transfor-
mation from a cubic or pseudo-cubic phase to the brownmiller-
ite phase with orthorhombic symmetry, which can be hindered
by the partial substitution of La for Sr [17]. As for ionic
conductivity, the thermal expansion coefficient of the perovskite
phases also increases with Sr and Co contents [18], yielding
thermal mismatch between CGO and the cathode layer.

Since LSCF can be regarded as a mixed ionic electronic
conductor above typically 600 °C [19], large oxygen fluxes are
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expected and electrode losses should be lowered compared with
electrodes where the reaction occurs only at the three phase
boundary (TPB) points. Recently, the behaviour of MIEC
cathode materials has been numerically modeled [20]. The
reported results suggest that the electrochemically active zone is
broadened by increasing the ionic conductivity of the electrode
material, although it is still confined in the vicinity of the TPB.
Accordingly, enhancing ionic conductivity without deteriora-
tion of chemical stability should reduce electrode polarization
losses.

The electrode characterization of LSCF cathodes on CGO
electrolytes has been mainly performed on porous cathodes with
high La and Fe contents, emphasizing that composite electrodes
yield better performances [21,22]. However, few information is
available on perovskite phases with high Sr and/or Co contents
[23,24]. Thus, in this study, the polarization resistance of thick
porous electrodes of Sry_,La,Cog gFeg ,03_s with x=0.1 and 0.6
sprayed on Ce(oGdy 0,95 was determined by impedance
spectroscopy between 600 and 800 °C.

2. Experimental

The Sr;_,La,Cog gFeq,05_5 samples with x=0.1 and 0.6 were
prepared by an acetic acid-based gel route [25]. Stoichiometric
amounts of SrCO3, La,03, Fe(CH3COO),, and Co(CH3;COO),-
4H,0 were weighed and dissolved in acetic acid. With the
addition of water and small amounts of hydrogen peroxide, the
mixture was refluxed at 7~80 °C until a clear solution was
obtained. Then, solvents were evaporated in a hot plate to form a
reddish transparent gel, which was first dried and subsequently
decomposed at 400 °C during 30 min. The resulting powder was
fired at 900 °C during 24 h in air. At this stage, the formation of
perovskite phases was checked by X-ray powder diffraction.

The ink for electrode deposition was prepared mixing the as
prepared powder with ethanol, terpineol, polyvinyl butyral, and
polyvinyl pyrridone in appropriate ratio. The electrolyte
Cey.9Gd 101 .95 (CGO) was prepared by the solid state reaction
method. Stoichiometric quantities of highly pure CeO, and
Gd,05 were weighed and then ground by ball milling during 1 h.
The powder was then pressed uniaxially into 12.5 mm diameter
discs, ~ 1 mm thick and fired at 1600 °C during 6 h in air. After
sintering, the diameter of the pellets was 11 mm.

The electrochemical cell was prepared with the symmetrical
configuration. Both sides of the electrolyte were rectified before
spraying the cathode ink on them. Afterwards these assemblies
were heat treated at 1000 °C for 1 h in air to reach a sufficient
adherence between electrodes and electrolyte. The heating rate
was 4 °C/min, while the cooling rate was of 10 °C/min. The
reported procedure was the same for both compounds.

The formation of the perovskite phase was verified by means of
powder X-ray diffraction (XRD) measurements (10 <26 <70°) by
using a Philips PW1700 diffractometer with Cu—K,, radiation and a
graphite monochromator. The thickness and morphology of the
electrodes were determined with a Philips 515 scanning electron
microscopy (SEM).

Impedance spectroscopy measurements were carried out on
heating from 600 to 800 °C in air, by steps of 50 °C, by using a

potentiostat/impedance analyzer Autolab (Eco Chemie BV)
between 10> and 10*Hz. In addition, electrochemical mea-
surements were also performed at 600 °C at pO, values ranging
from 1.5 10°% to 1 atm. The oxygen partial pressure was
monitored by mixing O, and Ar (or He) by means of an
electrochemical pump and an oxygen gauge [26]. The gas flow
rate was fixed equal to 100 mL/min. An ac signal of amplitude
equal to 50 mV was applied to the cell, under zero DC polari-
zation, in respect of the linearity of the electrical response.
Platinum grids, slightly pressed on porous electrodes, were used
as current collectors. Impedance diagrams were resolved using
EQUIVCRT software [27].

Fig. 1. Scanning electron micrographs: a) cross-section of the x=0.6 electrode,
surface of the electrodes, b) x=0.1 and c) x=0.6.
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3. Results and discussion

In Fig. 1a is presented a scanning electron micrograph of the
cross-section of the x=0.6 electrode, which shows that the
electrode adheres well on the electrolyte after the heat treatment
at 1000 °C. The electrode thickness determined from SEM
observations was in the range 15—-20 pum for both samples.

The difference in the thermal expansion coefficients [18,24]
with CGO [28] impeded the adherence of the x=0 cathode layer
to the electrolyte. By other side, it was possible to attach the
x=0.1 layer to the electrolyte allowing the impedance
spectroscopy measurements. Another observation related with
the microstructure of the electrodes was the presence of many
cracks in the x=0.1 layer (Fig. 1b). The density and magnitude
of the cracks clearly decrease for the x=0.6 layer (Fig. 1c). The
origin of these cracks may be related with differences in the
shrinkage during the heat treatment performed at 1000 °C. The
formation of the perovskite phase was checked by X-ray
powder diffraction. The main reflections were assigned to the

a)
i Sroslay €0, sFey ;05,5
-
§ -1.04 2‘ 1
©} 4 C’i........,..’\.
()
E o 750 °C ’\u
0'0 T T T T T
30 31 32 33 34
o -3
5
2 2 1
g 4 3 ’ XK |
[ ) [ )
RIS weese®’ Soee, -l
= 0 700 °C
49 50 51 52 53 54 55 56 57
—_ -4-
o
§ -9 1 0
o] 2] 2 R ’. o0 ® 0 o ° |
N 4 RETL ®e -1
£ 1] | ee® *
= -~ 650 °C )
0+ . . : . . :
58 60 62 64 66 68 70
— 6
[ 0
o -4 ‘
] 1, s0®°®”® c e, 1
~ 2 [ ) [ )
N 2] 4 T " o2
E . ~ 600 °C ‘\‘

perovskite phases and weak ones to the electrolyte below the
porous films. No secondary phases were detected.

The evolution with temperature of impedance diagrams for
Sro.9Lag.1Cog gFep 2035 and Srg 4Lag cCog sFep 2035, respec-
tively is shown in Fig. 2. The shape of experimental impedance
diagrams is rather similar to those previously reported in the
literature [10,21,29]. The low temperature (7=600 °C) spectra
clearly show the contribution of at least two processes referred
as low frequency (LF) or high frequency (HF) depending on the
frequency range within they are described. Accordingly,
electrode impedance diagrams were fitted to an equivalent
circuit containing two distributed elements. The high frequency
intercept of the electrode impedance on the real axis can be
unambiguously related to the total resistance of the CGO pellet.
The oxygen reduction mechanism on porous MIEC electrodes
may involve several processes such as charge transfer at the
current collector/electrode interface and electrode/electrolyte
interfaces, oxygen exchange at the electrode surface, bulk and
surface diffusion of oxygen species and gas phase diffusion.
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Fig. 2. Evolution of the impedance spectra with temperature, in air (pO,=0.209 atm), for the x=0.1 and 0.6 electrodes. The numbers indicate the logarithm of the

measuring frequency.
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Fig. 3. Variation of the complex impedance spectra with the pO, at 600 °C for
the x=0.6 electrode. The numbers indicate the logarithm of the measuring
frequency.

Moreover, the effectiveness of the MIEC/gas interface can be
influenced by these sequential processes [30].

Regardless of both lanthanum content of the electrode and
oxygen partial pressure, the electrode impedance is always
composed of a straight line at the highest frequencies (Figs. 2
and 3). At temperatures higher than 700 °C, the high frequency
straight line fades away due to an increasing effect of the wires’
inductance with a decreasing electrode resistance. In the
absence of any significant additional high frequency semicircle
on experimental impedance diagrams, one can assume that the
electron transfer and ion transfer processes, occurring at the
current collector/electrode and electrode/electrolyte interfaces,
respectively, are sufficiently fast [31,32] and thus can be
neglected. In case of cathodes with mixed conductivity, the
whole electrode/electrolyte contact area can be used for the
oxygen transfer if solid state diffusion through the electrode
material can take place.
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Fig. 4. Complex impedance diagrams of the x=0.6 electrode recorded at 600 °C
under pO, values of 10”2 and ~ 10~ atm. The gas atmospheres were prepared
by mixing O, and Ar or O, and He. The numbers indicate the logarithm of the
measuring frequency.
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Fig. 5. Complex impedance diagrams recorded at 600 °C under pure O,
(pO,=1 atm) of the x=0.6 electrode with a thickness of 20 um and 85 pm. The
solid line corresponds to the fit of the experimental data with a Warburg-type
impedance and the dashed line to the fit with a Gerisher-type impedance. The
numbers indicate the logarithm of the measuring frequency.

As shown in Fig. 3, the magnitude of the LF contribution is a
decreasing function of the oxygen partial pressure and it
vanishes under pure O,, while the high frequency part of the
impedance remains unchanged. The low frequency extra arc
was best fitted to an equivalent circuit consisting of a parallel
combination of a resistance and a constant phase element
Zcpe=1/(jw)’. The experimental p values are typically higher
than 0.9, which is close to the value for a pure capacitance
(p=1) as could be expected for gas phase diffusion polarization
[33]. Moreover, the low frequency resistance depends on the gas
component: replacement of Ar with He decreases the LF
resistance because of a higher effective O, diffusivity in the
He—0, mixture [34]. Fig. 4 shows this behaviour in the case of
the x=0.6 sample at 600 °C for the pO, values 10 % and
~10 atm. All these results infer that the low frequency
contribution in the electrode characteristic of LSCF compounds
can be primarily attributed to gas phase diffusion. Nevertheless,
since the gas flow rate was kept constant during experiments
(as well as the apparatus geometry), one can not distinguish
between boundary layer diffusion above the porous electrode
(and through the current collector) [35] and pore diffusion
through the porous electrode [34]. Impedance diagrams reveal
that gas phase diffusion is evident even in air at 600 °C (Fig. 2).

Without any gas phase diffusion limitations (i.e. under pure
oxygen), the impedance of MIEC based cathodes has the form
of a Gerischer-type impedance one [31]. Nevertheless, the
straight line can be also regarded as the high frequency
characteristic of a finite-length diffusion process which can be
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Fig. 6. a) Complex impedance diagrams recorded at 600 and 750 °C in air (pO,=0.209) for both electrodes fitted with a Warburg-type impedance at HF and a circuit
element of a resistance and a capacitor at LF. The numbers indicate the logarithm of the measuring frequency. b) Equivalent circuit of the electrode reaction.

related to a Warburg-type impedance [36]. In the latter case, the
expression of the electrode impedance is [37]:

_RT 1 th(l\/jo/Dy) 0

7 -
W) = 15356, ioD,

where R and F are the gas and Faraday constants, S the
electrode/electrolyte interface area, C, the oxygen vacancy
concentration in equilibrium with air, D, the oxygen vacancy
diffusion coefficient, w the angular frequency.

In case of dense electrodes, / is determined by the electrode
thickness while for porous ones, it represents a characteristic
length describing the size of the region where the electrode
reaction is active [31]. The corresponding polarization resis-

tance (Warburg resistance Ry,) depends linearly on / according:

RT 1 I
== 2

VT 4F2SCy D, @)

Under pure oxygen, when the gas phase diffusion contribution

to the electrode resistance is eliminated, impedance diagrams were

analyzed according to a Gerischer- or a Warbug-type impedance
(Fig. 5). The best fit was obtained with the latter approach. A
similar description of the HF contribution of the LSCF impedances
has been performed in air (Fig. 6a). Accordingly, experimental data
were best fitted to an equivalent circuit consisting of a series
association of a high frequency Warburg-type impedance and a
low frequency semicircle related to the gas phase diffusion process.
This result indicates that solid state diffusion through LSCF is one
of the elementary processes of the electrode reaction mechanism. It
is worth mentioning that the existence of only one Warburg-type
impedance does not ensure that bulk diffusion is mainly the rate
determining step of the electrode reaction. According to theoretical
predictions [38], such an impedance contribution can be recorded
at the equilibrium even if the O, reduction is limited by an
interfacial step and solid state diffusion, in agreement with the
results of Adler [31]. The occurrence of a mixed kinetics control of
the oxygen reduction has been already emphasized from oxygen
permeation measurements through (La,Sr)(Co,Fe)O; perovskite-
type oxides [39,40]. According to experimental data on Fig. 5, one
can deduce that the electrode resistance increases with the
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Fig. 7. Arrhenius plot of the Warburg resistance R, obtained for the Srj_,
La,Cog gFen,05-¢ electrode with x=0.1 and 0.6 in air (pO,=0.209 atm).

electrode thickness in rather well agreement with Eq. (2), as
already reported for strontium-doped manganite and cobaltite
dense electrodes [36,41]. This result suggests that the electrode
kinetics is not dominated by the TPB points [30]. Although only
two points are available, a resistance can be deduced from
extrapolation to zero thickness. This residual resistance could be
attributed to the interfacial step at the gas/electrode interface,
further suggesting a mixed kinetic control of the electrode reaction.
Since the gas phase diffusion resistance depends on several
microstructural parameters [42,43], which were not controlled in
the investigated samples, we will focus now our discussion on the
behaviour of the Warburg resistance.

Fig. 7 shows the Arrhenius plot of R, for SrgolLag;
Cog gFep»03_s and Sryslag¢CoggFep,05-5 electrodes. The
reproducibility of the experimental data is shown in Fig. 7 by
plotting R,, values obtained for two samples with the same La
content (x=0.6). The related activation energy value is
E,=1.0eV for x=0.1 and E,=1.6¢eV for x=0.6, in agreement
with those previously reported for the perovskite phases (La,Sr)
(Fe,Co)O3 [36,44,45]. According to Eq. (2), R, depends
inversely on the oxygen vacancy concentration C, and the
oxygen vacancy diffusion coefficient D,. For a given temper-
ature between 500 and 900 °C the oxygen non-stoichiometry for
Sr;_La,Cog gFeq 035 electrodes (0 <x <0.6) increases mono-
tonically as the La content decreases [17], which suggest that R,
should be lower for x=0.1. The fact that the R,, data show the
opposite trend indicates that the variation of the Warburg
resistance versus the lanthanum content may include other
contributions of the oxygen reduction mechanism, further
suggesting a mixed kinetic control. However, we do not rule out
the influence of the electrode microstructure on R,,. Further
work is needed to understand this behaviour.

4. Conclusion

Thick porous electrodes (thickness~20 pm) of Sryglag
Cog gFep»05-5 and Sty 4Lag ¢Cog gFeg ,05-5 were symmetrically

sprayed on CGO pellets. Impedance spectroscopy data clearly
indicate that the polarization resistance of Sr;_,La,Cog gFe 03¢
electrodes in air between 600 and 800 °C originates from two
different contributions. At high frequencies, the complex impe-
dance was simulated with a Warburg-type impedance that
accounts for a finite length oxygen diffusion process. The low
frequency contribution to the polarization resistance is due to a
gas phase oxygen diffusion process. The variation of R, with the
La content, temperature and thickness indicates that surface pro-
cesses are contained in the HF complex impedance besides lattice
oxygen diffusion.
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