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Abstract

Sry_La,MnOy,s (x=0.4, 0.5, 0.6) oxides were studied as the cathode material for solid oxide fuel cells (SOFC). The reactivity tests indicated
that no reaction occurred between Sr,_,La,MnQO,,s and CGO at annealing temperature of 1000 °C, and the electrode formed good contact with
the electrolyte after being sintered at 1000 °C for 4 h. The total electrical conductivity, which has strong effect on the electrode properties, was
determined in a temperature range from 100 to 800 °C. The maximum value of 5.7 S cm™" was found for the x = 0.6 phase at 800 °C in air. The cathode
polarization and AC impedance results showed that Sr; 4LagsMnQOy,s exhibited the lowest cathode overpotential. The area specific resistance (ASR)
was 0.39 @ cm? at 800 °C in air. The charge transfer process is the rate-limiting step for oxygen reduction reaction on Sr; 4Lag¢MnOy,; electrode.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

To realize low cost intermediate temperature solid oxide fuel
cells (IT-SOFCs), the operating temperature must be reduced to
800 °C or lower. An issue of significant importance for the devel-
opment of IT-SOFC is the selection of an appropriate cathode
material.

Up to now, most of the studies concerned with cathode
materials for IT-SOFC are devoted to perovskite-type oxides,
such as LSCF. It was reported that La; _,Sr,Co1_gFegO3_s has
unacceptably high thermal expansion coefficient for 0.4 <o < 1
and 0.5<pB<1 [1,2]. AoMO4 oxides with the K;NiFs-type
structure, which can accommodate large amount of oxygen
non-stoichiometry, have much higher thermochemical stability
compared to the related AMO3-type materials [3]. Preliminary
results are promising in terms of oxygen diffusion and thermal
expansion coefficient [4,5]. The majority of these investiga-
tions have concentrated on the suitability of Cu, Ni, Fe and
Co substituted materials due to their excellent electrode perfor-
mance [6—10]. Munnings et al. prepared Sry_,La,MnQOg44s and
studied their structure, stability and electrical conductivity. The
investigation indicated that Srp_,La,MnQO44s has good thermo-
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chemical stability over a wide range of oxygen partial pressures
and the thermal expansion coefficient is also comparable to the
most commonly available electrolyte materials [11]. This would
lead to interesting engineering possibilities in terms of develop-
ing cathode structures. In this work, Sro_La,MnOu445 (x=0.4,
0.5, 0.6) materials were synthesized through glycine-nitrate
process and their electrocatalyst properties were investigated
systematically in relation to the requirement of SOFC cath-
ode.

2. Experimental

Srp_,La,MnO44s powders were synthesized using the
glycine-nitrate process (GNP). According to the formula
Srr_La,MnOy4.s (x=0.4, 0.5, 0.6), stoichiometric amount of
La(NO3)3, Sr(NO3); and Mn(NO3), solutions were mixed in
a beaker, to which glycine (aminoacetic acid, HyNCH,CO,H)
was added at 1:2 molar ratios of metal ions/glycine. After dry-
ing and firing, the resultant powders were calcined in air at
1373 K for 12 h. Ce9Gdp.101.9 (CGO) powders were prepared
according to ref. [12]. CGO powders were pressed uniaxially at
220 MPa and then sintered at 1400 °C for 10h to form a den-
sified pellet. The Srp_ La,MnOy4,s powders were mixed with
terpineol to form a slurry, and subsequently painted on one side
of the CGO electrolyte to form an electrode area of 1.0cm?,
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used as working electrode (WE). Platinum paste was painted
on the other side of the CGO pellet in symmetric configuration,
as the counter electrode (CE). A Pt wire was used as reference
electrode (RE) and painted on the same side that of the work-
ing electrode. The cathode was first heated at 400 °C for 2h to
eliminate organic binders, followed by sintering at 1000 °C for
4h in air, with a heating/cooling rate of 3°Cmin~!. The sam-
ple was characterized using X-ray diffraction (XRD) (Rigaku,
D/MAX-3B) and scanning electron microscopy (SEM) (Hitachi,
S-4700 FEG), respectively. The electrical conductivity of the
Srp_La,MnOy4,s materials was measured by the standard four-
probe DC method. Rods of Srr_,La,MnO4,s were sintered at
1350 °C for 6 h in air. The density of the sintered rods was mea-
sured by Archimedes method. The relative density of specimens
ranged from 85% to 91%. Rectangular bars with dimension of
5mm x 5 mm x 20 mm were obtained from the sintered rods. Pt
lead was attached to the rectangular bar with Pt paste and fired
at 800 °C for 1 h to obtain good electric contact. Measurements
were performed from room temperature to 800 °C with a heat-
ing rate of 5°Cmin~!. AC impedance spectroscopy was done
using Autolab PGStat30 (Holland) in the frequency range of
0.1 Hz—1 MHz at temperatures between 600 and 800 °C. Oxy-
gen partial pressure was varied between 1.0 x 1073 and 1.0 atm
using Oy/N; gas mixtures.

3. Results and discussions

The powder XRD patterns are plotted in Fig. 1. Only
three compositions of Sro_,La,MnO445 (x=0.4, 0.5, 0.6) were
obtained as single phases by heating the precursors at 1100 °C
in air for 12h (Fig. 1(a)). The other compositions with x <0.4
and/or x>0.6 cannot be prepared as pure phases in air. The
similar conclusion has been made before by Munnings et al.
when they prepared Srp_,L.a,MnQOy,s by solid-state reaction
[11]. The XRD patterns of Sry_,La,MnQOq4,s were indexed on
a body-centered tetragonal unit cell, consistent with a structure
related to KoNiF4. Fig. 1(b) shows the XRD patterns of mix-
tures of Srp_,La,MnQOy4.s and CGO powders after heat-treated
at 1000 °C for 12 h. Obviously the CGO and Sry_,La,MnOu4,s
remained their structures unchanged. There are no new peaks
identifiable in the patterns, indicating that there is no reaction
between Sry_,La,MnQOy4,5 and CGO.

Arrehnius plots for the electrical conductivity of
Srp_,La,MnO44s (x=0.4, 0.5, 0.6) are given in Fig. 2.
The conductivities, o, were measured in the temperature
range 100-800°C in air. The electrical conductivity of the
Srp_La,MnO4,s oxides increased with temperature, indicating
thermally activated semiconductivity. The highest electrical
conductivity was obtained for x=0.6 and the value is about
5.7Scm™!. The activation energy of conduction was deter-
mined from the plot, using the following expression derived for
the small polaron mechanism:

A —E,
0= —exp
T kT

where A is the pre-exponential factor, « is the Boltzmann con-
stant, T is the absolute temperature and E, is the activation
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Fig. 1. The XRD patterns of (a) Sro—yLa,MnO44s as synthesized and (b)
Lag Sr; 4MnOy,s +CGO after heat-treatment at 1000 °C for 12 h.

energy. It can be seen from Fig. 2 that the electrical conductiv-
ities obtained in this work were similar with those reported by
Skinner and coworkers [11] and Daroukh et al. [13], especially
at high temperature. But the activation energies are relatively
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Fig. 2. Temperature dependence of the electrical
Lay_,SryMnOyys (x=1.4, 1.5, 1.6).
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Fig. 3. Surface (a) and cross-sectional micrographs (b) of LagSr;4MnO4ys
electrode on CGO electrolyte.

higher than the reported values. The possible reason may come
from the different preparation methods of these oxides.

The microstructure of Lag ¢Sri 4MnQO4,5/CGO test cell was
given in Fig. 3. The Lag¢Sr14MnQOa,s electrode sintered at
1000 °C for 4 h shows a structure with reasonable porosity and
well-necked particles. The good adhesion between electrode and
electrolyte is also observed. The average particle and pore sizes
were in the range of 200-300 nm and the thickness of the cathode
layer was about 10 pum, respectively.

Fig. 4 shows the typical Nyquist plots vs. temperature for
Lag 6Sr; 4MnOy,s cathode. The intercept value of the impedance
arcs with the real axis at high frequency side corresponds to
the resistance of the electrolyte and lead wires, while the value
between the high frequency x-axis intercept and the low fre-
quency one is attributed to the total polarization resistance (Rp)
of Lag 6Sr;.4MnQy.s electrode. The electrode area specific resis-
tance (ASR) was calculated by multiplying the total polarization
resistance with the electrode area. As expected, the electrode
ASR increased with the decrease of temperature, showing that
the electrode activity changes monotonously with the temper-
ature. At low temperature, significant overlap was observed
between the high- and low-frequency arcs, giving the appearance
of a single pressed arc. At 800 °C, however, we can obviously
observed two arcs.

The temperature dependence of polarization resistance for
Lay_,SryMnOy4s5 (x=1.4, 1.5, 1.6) materials is shown in Fig. 5.
The polarization resistance reduced with the decrease of Sr-
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Fig. 4. Impedance spectra taken from Lag ¢Sr; 4MnOy.4s cathodes in air at vari-
ous temperatures. (The electrolyte resistance was deduced in the Nyquist plot).

doping content over the entire examined temperature range. The
lowest ASR was obtained when the value of x reached 1.4.
From the Arrhenius plot of the electrode ASR, the activation
energy can be calculated. The values are around 1.39-1.55eV
for all the samples studied. These values are quite similar to the
reported activation energy of the oxygen surface exchange pro-
cess that occurred on LapNiOy4,5 and Laj 9Srg | NiOy, s electrode
[14]. Considering the structural similarity of Lag ¢Sr1 4MnQOg4s
and LapyNiOg4, 5, we proposed that the oxygen reduction reaction
on Lag¢Sr; 4MnOy,s electrode was mainly determined by the
oxygen surface exchange process.

In order to further understand the oxygen reduction mech-
anism on the electrodes, impedance measurements were done
as a function of oxygen partial pressure. Fig. 6 shows the
impedance spectra of Lag ¢Sr1 4MnOy.s cathode at 800 °C under
various oxygen partial pressures (Po, ). Two impedance arcs are
observed at low and high frequencies side, which indicates that
the oxygen reduction reaction was limited at least by two elec-
trode processes. In order to separate the different contributions,
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Fig. 5. Arrhenius plots of the polarization resistances of Laz_,SryMnOgys
(x=1.4, 1.5, 1.6) electrodes under air.
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Fig. 6. Impedance spectra for the Lag ¢Sr; 4MnQOy,s cathode on CGO at 800 °C
under various oxygen partial pressures.

an equivalent circuit with two distributed elements was used to
fit the data. As shown in Fig. 6, R is the combination of elec-
trolyte resistance, electrode ohmic resistance, lead resistance
and contact resistance between cell and Pt mesh, CPE is the
constant phase element in parallel with a resistance (R), Ry and
Ry are the resistance corresponding to the high-frequency and
low-frequency arc, respectively. It was found that R.] remains
unchanged with the change of oxygen partial pressure. The elec-
trode polarization resistances of LageSr; 4MnOg4.s at 800 °C
under various Po, are shown in Fig. 7, from which the Po,
dependence of the ASR can be calculated.

Generally, ASR of the electrode varies with the oxygen partial
pressure according to the following equation [15,16]

[ASR] = [ASR]o(Po,) ™

The magnitude of m provides an insight into the rate-limiting
step of the oxygen reduction reaction on the electrodes. For metal
and metal oxide electrodes on solid electrolytes, m=0.25 has
been attributed to the charge-transfer reaction at the triple-phase
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Fig. 7. Polarization resistance of Lag 6Sr1.4MnOy,s electrode vs. Po, at various
temperatures. (ll, Ry, 750°C; ¥, Ry, 800 °C; , Ry, 700°C; [, Ry 750°C; V, Ry
800 °C; 5%, Ry 700°C).
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Fig. 8. The overpotential-current density curves measured in air at various tem-
peratures.

boundary, m=0.5 to the surface diffusion of the dissociative
adsorbed oxygen at the triple-phase boundaries (TPBs), and
m=1 to gaseous diffusion of oxygen molecules in the porous
structure. As can be seen from Fig. 7, the polarization resis-
tance of high-frequency arc is larger than that of low-frequency
arc. A 0.55-0.65 Pp, dependency of Ry was observed. Con-
sidering that this value locates between 0.5 and 1, we suggest
this process relate to a mixed control mechanism, both includ-
ing the surface diffusion of the dissociative adsorbed oxygen
at the triple-phase boundaries, and the gas phase diffusion phe-
nomena. The characteristic of Ry of Lag ¢Sr; 4MnQy,s in this
study showed 0.25 Po, dependency, which could be related to
the charge-transfer reaction at the triple-phase boundary. So in
this study, the charge-transfer reaction becomes the major rate-
limiting step in the whole range of measurement oxygen partial
pressure.

Cathode overpotential is an important factor representing
the electrode performance. Fig. 8 showed the dc polarization
curves measured at different temperatures in air. It was observed
that the current density increases with increasing temperatures.
The lowest polarization overpotential, 44 mV was obtained for
Lag.¢Sr; 4MnOgy,s cathode at a current density of 123 mA cm™2
at 800°C in air. This value is better than that of the reported
Smy_ . Sr,.NiO4 materials in literature [8]. Here, we should note
that the total conductivity of LageSr;4MnOyys is quite low
compared to LapNiOg4s [17] and LSCF [18]. It seems that the
use of this material as SOFC cathode would be limited. How-
ever, we found that the polarization resistance of this material
is much lower than the reported Lay_,Sr,NiO4 [19]. We pro-
pose the improved oxygen exchange and diffusion properties
of Lagp¢Sr; 4MnO44s material would play a critical role in the
oxygen reduction reaction, as that observed before for LSCF
material [20]. Further study is needed to investigate the oxygen
ions transfer properties of Lay_SryMnQOq4.s material.

4. Conclusions

Sro_,La,MnOy4.s (x=0.4, 0.5, 0.6) materials have been
investigated as prospective cathode for IT-SOFC based on ceria
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electrolytes. No reaction was found between Lag Sr; 4MnO44s
electrode and CGO electrolyte after heat-treatment at 1000 °C
for 12h, indicated high chemical compatibility of these mate-
rials at high temperature. The reaction rate-limiting step for
oxygen reduction on the electrode is the charge transfer pro-
cess. The lowest R, value was achieved for Lag ¢Sr1.4MnOgys
(0.39 Q2 cm?) at 800°C and the highest current density is
123 mA cm 2 at overpotential of 44 mV. The Sry_,La,MnOu,s
materials can be used as new cathode materials for
SOFC.
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