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Abstract

In the past years, a major interest has been devoted to decrease the working temperature of solid oxide fuel cells (SOFCs) down to about 700 °C.
Apatite materials (La,o_,S1,SicO27_,) are attractive candidates for solid electrolytes, with a high ionic conductivity at 700 °C, a chemical and a

dimensional stability for a pO, ranging from 10723 to 0.2 atm. A perovskite oxide (Lag75Sry>5MnggCoy,03_;s) has been used as a cathode material.
Symmetrical cathode/electrolyte/cathode cells were fabricated by stacking layers obtained by tape casting of apatite and perovskite powders and

co-sintering at 1400 °C for 2 h in air.

Impedance spectroscopy measurements were performed on these cells in order to determine the electrode resistance. It has been shown that the
latter decreases with the porosity content of the cathode and with the use of a composite material (apatite/perovskite) instead of a simple perovskite.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lowering the working temperature of a solid oxide fuel cell
(SOFC) system down to 700 °C has a great importance to reduce
thermal stresses, then to improve the lifetime of the system and
to decrease its cost by reducing the price of the interconnector
materials. In this respect, the development of new electrolyte
and electrode materials with high ionic conductivities at 700 °C
is required.

One candidate for the electrolyte material is a ceramic with
an apatite structure: LagSr|SigO2¢ 5. This material has attracted
considerable attention because of its high ionic conductivity at
700°C and its chemical and dimensional stability for a pO,
varying from 1072 to 0.21 atm.'~© Brisse et al.” have shown
that the electronic transport number of the apatite material
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LagSr;SigOo¢5 is close to 0, indicating that this material is a
pure ionic conductor.

The cathode material is a perovskite oxide
Lag75Sr925MnggCogr03_s which exhibits mixed ionic
and electronic conducting properties. The cathode should have
an open porosity of 30% for efficient gas transportation and no
chemical reactivity with apatite material.

Symmetrical cathode/electrolyte/cathode cells have been
fabricated by tape casting of suspensions of LagSr;SigOz¢ 5
electrolyte and Lag 75Sr9.25MnggCop203_s cathode powders,
lamination, debinding and co-sintering. The dilatometric behav-
iors during sintering of the two materials have been adapted by
means of the powder characteristics and suspension formula-
tion, in order to prevent cracks, delaminations or deformations
during co-sintering. The thermal expansion coefficients (TEC)
of the electrolyte and cathode materials are closely matched
(Aa=2.6 x 107°K~1), that is necessary to minimize stresses
in the co-sintered half-cell.

The aim of this work is first to measure the Lag75Srg.25
Mng gCog203_s cathode electrical conductivity and then its
resistance on a symmetrical cell, with a LagSr;SigO»¢ 5 apatite
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material instead of classical yttria-stabilized zirconia as elec-
trolyte.

2. Experimental procedure
2.1. Powder synthesis

The LagSr;SigOs65 powder was synthesized using solid-
state reaction. Ultra-pure oxide and carbonate precursors, i.e.,
La;03 (99.99%, Ampere Industrie, France, dsg = 1.5 pm), SiO»
(99.99%, Cerac, France, dso =22 pum) and SrCO3 (99.99%, Alfa
Aesar, France, dso =4.3 um) were used. The mixture of the three
powders was attrition-milled using 0.8-mm-diameter zirconia
balls in water for 3 h 30 min, dried and calcined at 1400 °C for
4 h. Then, the synthesized powder was attrition-milled in alcohol
using a dispersant (phosphate ester, 1 wt% on the powder base).
Attrition milling was stopped when the particle size reached a
monomodal distribution with a mean particle size of 0.75 pm
(laser granulometer—Mastersizer 2000, Malvern Instruments).
Finally, the suspension was dried.

The Lag 75510925MnggCog203_s powder was provided by
Praxair, USA (dsg=0.75 wm). The perovskite powder was cal-
cined at 1150 °C for 2 h in order to adapt its sintering reactivity
to the apatite powder with the objective of co-sintering. After
calcination, the perovskite powder has a bimodal particle size
distribution centered respectively on 1.2 pm and 9.5 pm.

2.2. Samples preparation

The gas-tight LagSr; SigO2¢ 5 apatite ceramic and the porous
layers of Lag755109.25MnggCop203_s perovskite were elabo-
rated by tape casting.

The first step in the preparation of a tape casting suspension
consisted in the dispersion of the ceramic powder in a solvent.
This was performed by planetary ball milling with alumina balls
during 1h in MEK-ethanol (60/40) containing 1.5 wt% of a
phosphate ester dispersant. Then, an acrylic binder and a phtha-
late plasticizer were added to the suspension and mixed during
16 h. The binder is probably the most important processing addi-
tive. It confers the mechanical properties to the green sheets
and also controls the rheology of the suspension. The plasti-
cizer improves the flexibility and enables the green tape to be
manipulated and punched without cracking.® The optimum con-
centrations for the binder and plasticizer were determined to be
10.8 wt% for both additives on the base of the ceramic powder
for the electrolyte and 8 wt% for the cathode.

The porous structure of the cathode was obtained by intro-
ducing a pore forming agent (PFA) in the perovskite tape casting
suspension. Fifteen micrometers mean diameter corn-starch par-
ticles were used as PFA because of their narrow particle size
distribution and their total combustion during the thermal treat-
ment. PFA volume fractions of 42.2% and 49.7% (on the base
of the ceramic powder) were used in order to obtain an intercon-
nected porosity. A subsequent 4 h mixing time led to a uniform
distribution of the PFA in the suspension.

Finally, the suspensions were de-aired at a low rotating speed
during 48 h before being tape-casted onto a plastic film using a
moving double blade device on a laboratory tape casting bench.

After drying, the green tape thickness was 260 um for
the electrolyte and 95 wm for the cathode. Thirty millimeter-
diameter disks were then punched in the green tapes.

A symmetrical cathode/electrolyte/cathode cell was elabo-
rated by stacking five electrolyte layers and two cathode layers
on each side of the electrolyte. The stacks were then lami-
nated under 40 MPa at 85 °C. The organics introduced in the
tape casting suspensions were burn out by slow heating rate
(0.3 °C/min) in air up to 600 °C. Co-sintering of the symmetri-
cal cathode/electrolyte/cathode cell was performed in air during
2 h at 1400 °C with a 5 °C/min heating rate.

Conductivity tests on cathode materials were performed
on rectangular green compacts with nominal dimensions
Smm x Smm x 50mm, prepared by uniaxially pressing the per-
ovskite powder under 100 MPa. A porous sample was obtained
by mixing a PFA volume fraction of 49.7% with the perovskite
powder. The compacts were then sintered in air at 1400 °C for
2 h, with a 5 °C/min heating rate.

2.3. Structural and microstructural analyses

The densification kinetics and the final shrinkages of the
electrolyte and cathode were controlled by dilatometric mea-
surements performed on green tape-casted materials in air at
1400 °C with a 2-h dwell-time (dilatometer DI24, ADAMEL,
LHOMARGY).

The densities of the sintered materials were measured using
the Archimedes method. Microstructures were observed by
S.E.M. (S-2500, Hitashi) on polished cross-sections after a ther-
mal etching of grain boundaries.

The eventual interface reactions between LagSr; SigO2¢.5 and
Lag 75S19.25Mng §Cop 2033, after co-sintering, were verified by
EDS on fractured sections.

2.4. Electrical and electrochemical characterizations

The electrical conductivity of the dense and porous sintered
cathode samples was measured in air by standard four-probe DC
techniques. Measurements were performed from room tempera-
ture to 1000 °C at a rate of 5 °C/min. A direct current of 100 mA
was passed through the two outside terminals, and the voltage
was measured between the two inside terminals.

Electrochemical measurements on symmetrical cathode/
electrolyte/cathode cells were carried out using AC impedance
spectroscopy. The measurements were performed in air between
300 °C and 800 °C, witha30 mV signal amplitude at open circuit
voltage in the 10~3~10° Hz frequency range. Nyquist diagrams
obtained were fitted using Zview software.”

3. Results and discussion

3.1. Elaboration of a symmetrical
cathode/electrolyte/cathode cell

Dilatometric measurements were performed on green tape-
casted electrolyte and cathode materials (Fig. 1).
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Fig. 1. Dilatometric curves during sintering of the Lag 75Srp25Mng g Cop 203_s cathode (PFA volume fraction of 49.7%) and the LagSr; SigO26 5 electrolyte materials,

in air, at 1400 °C for 2 h.

The densification kinetics and the final shrinkages of the elec-
trolyte and cathode are close, that is critical to avoid deformation
and cracking of the symmetrical cell during the sintering process.

Symmetrical cathode/electrolyte/cathode cells, with cathode
of two porous volumes (35.8% and 42.7%), were then co-
sintered in air at 1400 °C-2h (Fig. 2). The thickness is about
760 wm for the dense electrolyte and 92 wm for the ex-corn-
starch porous cathodes.

No delamination was observed at the interface of electrolyte
and cathode materials (Fig. 2).

Fig. 2. Cross-section of the cathode/electrolyte/cathode cell (cathode poros-
ity =35.8%) and zoom on the interface between electrolyte and cathode
materials.

EDS analysis revealed no diffusion of the perovskite ele-
ments (Co, Mn) in the apatite structure (Fig. 3). However,
La, Sr and O diffusion between apatite (LagSr;SigO265) and
perovskite (Lag75Srp25MnpgCo0203_5) cannot be neglected
because these elements are present in both materials. Further
analyses could be necessary to determine more precisely this
diffusion.

3.2. Electrical and electrochemical properties of the
Lag 75510.25Mng.8Cop.203—s perovskite material

3.2.1. Electrical conductivity of the
Lag 758r9.25Mnp.8Cop.203—s perovskite material

Fig. 4 shows the electrical conductivity plots (log oT) versus
inverse temperature for a dense and a 42.7% porous per-
ovskite samples, measured from room temperature to 1000 °C
in air.

The cathode Lag 75Srg 25Mng §Cop 203_5 is a good electronic
conductor (o =113 S/cm at 700 °C) and its conductivity is logi-
cally decreasing with the introduction of porosity (o =45 S/cm
at 700 °C).

As the ionic transport value in this composition is less than
1%,'0 the bulk conductivities obtained by dc four terminal mea-
surements are representative of the electronic conductivity, with
a mean activation energy of 0.15eV.

3.2.2. Electrochemical properties of a symmetrical
cathode/electrolyte/cathode cell

3.2.2.1. Influence of the cathode porous volume. Impedance
spectroscopy measurements were performed on symmetrical
cathode/electrolyte/cathode cells, with cathode of two porous
volumes (35.8% and 42.7%) (Fig. 5).

The Nyquist diagrams behaviors are similar for the two
symmetrical cells with a similar frequency distribution. The
electrode resistance is lower for the more porous cathode.

The kinetic of O, reduction on a mixed-conducting electrode
has been treated by the Adler—Lane—Steele (ALS) model.! 114
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Fig. 4. Temperature dependence of the electrical conductivity for a dense and a
42.7% porous cathode materials.

In this model, the electrode reaction
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is assimilated to the conversion of an electronic current to an
ionic one over the cathode thickness.
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Fig. 5. Nyquist diagram at 700°C of symmetrical Lag75Sro25MnggCog2
03_5/LagSr;SigOxr¢.5/Lag.75Sr9.2sMng §Cog 2035 cells sintered at 1400 °C—
2 h. The logarithm of the relaxation frequencies is reported on the diagram.

The impedance of a symmetrical cell can be expressed as

Z = Relectrolyte + Zinterfaces T Zchem (2)

where Relectrolyte 18 the electrolyte resistance, Zipterfaces the
impedance of the electron-transfer and ion-transfer pro-
cesses occurring at the current collector/electrode and
electrolyte/electrode interfaces respectively and Zgpem includes
oxygen surface exchange, solid-state diffusion of 0%~ and gas-
phase diffusion inside and outside the electrode.

The electrode resistance is constituted by two semicircles,
the first at middle frequency (MF) and the other one at lower
frequency (LF). The aim of the study is to verify if MF and LF
contributions correspond to those proposed in the ALS model
(Zinterfaces and Zchem respectively).

The Nyquist diagram in Fig. 5 can be fitted on the basis of
an equivalent circuit constituted of electrical elements associ-
ated with a specific electrochemical process: a high frequency
resistance (HFR), in series with two parallel elements (R//CPE)
(Fig. 6).

According to the ALS model, the high frequency intersection
HFR (Fig. 5) should correspond to the electrolyte resistance. The
evolution of the conductivity with temperature calculated from
HFR for the symmetrical cells is compared to the electrolyte one
in Fig. 7.

The conductivity values, calculated from the resistance HFR,
close to the electrolyte LagSr SigO2¢ 5 one, confirm that the HFR
could be attributed to the ohmic loss of the electrolyte.

The impedance response of the electrode is observed in the
frequency range 1072 to 10° Hz (Fig. 5).

The mean capacitance (CPEMF) of the middle frequency
contribution has been calculated as 1.2 x 1078 F/em® and
6 x 1072 F/em? respectively for the 35.8% and 42.7% porous

HFR R1 R2
CPEMF CPELF
K >— K —

Fig. 6. Equivalent circuit accounted for the electrochemical response of the
symmetrical cells.
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Fig. 7. Arrhenius diagram of the high frequency resistance (HFR) of the sym-
metrical cells, compared to the electrolyte one.

cathode. In previous studies on Ndj 95sNiO4/YSZ/Nd; 95NiO4
symmetrical cells,’ a similar middle frequency arc has also
been observed with a capacitance of the same order of mag-
nitude. This arc has been assigned to the electrode/electrolyte
charge-transfer reaction. So, the resistance R could correspond
to the ionic-transfer resistance occurring at the interface.

The values of R decrease with temperature (Fig. 8), which
means that the ionic transfer at the interface electrolyte/electrode
is a thermally activated process.

The low frequency contribution LF (R2//CPELF) has a mean
capacitance of 1072 F/cm?. According to previous studies, ' this
arc could be assigned to the chemical impedance (Zchem in
the ALS model) associated with non-charge-transfer processes
occurring in the electrode.

The electrode resistance is lower for the cathode contain-
ing a porosity of 42.7% indicating better gas-phase diffusion
inside the more porous cathode material and/or a better absorp-
tion of Oy molecules. As the cathode material is a mixed ionic
and electronic conductor, the triple phase boundary surface is
increasing with the porous volume, resulting also in a decrease
of the charge-transfer resistance.

However, the electrode resistance remains high and some
improvements concerning the cathode material are required
in order to increase its catalytic activity for oxygen reduc-
tion. Firstly, the cobalt content could be increased in the

9004
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7004
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600+
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¥ 400/
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Fig. 8. Evolution of the middle frequency contribution with temperature for the
symmetrical cell containing a 42.7% porous cathode.

perovskite material in order to enhance its ionic conduc-
tivity. However, it has been shown that increasing the
cobalt content leads to an increase of the thermal expan-
sion coefficients of perovskite materials (for instance, the
TEC of the Lag ¢Srg.4Mng2Cog §O03_s composition is equal to
182 x 1076 K’l)lo. Then, the mismatch of thermal expansion
coefficients between the apatite and perovskite is increasing,
leading to stresses and risks of delaminations. In this respect,
this solution could not be retained. Secondly, a composite cath-
ode consisting of a mixture of perovskite and apatite materials
could be elaborated in order to increase the triple phase bound-
ary surfaces. In this case, the reduction of oxygen is extended
on the whole electrode volume.!o-18

3.2.2.2. Composite cathode material. A composite cathode
is consisting in a mixture of the ionic conducting apatite
and the mixed-conducting perovskite. The perovskite powder
Lag 75S19.25Mng §Co0203_5 provides the electronic pathways
and catalyzes the formation of surface oxygen species O?~.
These oxygen species are then injected into the apatite particles
which transport most of the ionic flux to the cathode/electrolyte
interface. The apatite/perovskite volume ratio should be adapted
in order to establish parallel conduction paths for ions and elec-
trons within the cathode material.!”

Using a composite cathode presents some advantages. Firstly,
the chemical compatibility between the electrolyte and cath-
ode materials is enhanced. Secondly, the thermal expansion
coefficient mismatch between electrolyte and cathode mate-
rials is reduced, improving their adherence during the cell
operation.?%-2?

The electrode—electrolyte volume ratio has been chosen at
50:50 because it has been shown that the minimum charge-
transfer resistance is achieved for this volume ratio.”> For the
fabrication of the composite cathode, the apatite and perovskite
powders were mixed in stoichiometric proportions and a tape
casting suspension was elaborated. A PFA volume fraction of
49.9% was used.

The symmetrical composite cathode/electrolyte/composite
cathode cell was then co-sintered in air at 1400°C for 2h.
Fig. 9 shows a S.E.M. microstructure of the composite cathode,
correlated with EDS analyses.

According to EDS analyses, the light-gray particles cor-
respond to apatite phase and the dark-gray particles to the
perovskite phase. Both ionic and electronic conduction paths
are provided in the composite cathode material.

Impedance spectroscopy measurements were per-
formed on the symmetrical composite cathode/electrolyte/
composite cathode cell and compared to the Lag75S1925Mng g
C00.2035/LagSr(S104)602.5/Lag.75510.25Mng.§Cop 2035
one (Fig. 10).

The use of acomposite cathode in a symmetrical cell leads to a
decrease by a factor of 5 of the cathode resistance (R =31 Q/cm?
at 700 °C).

The evolution of the conductivity calculated from HFR for
the symmetrical cell is almost the same as the electrolyte one.
So, the high frequency resistance could be assimilated as the
electrolyte resistance.
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Fig. 9. Microstructure of the composite cathode associated with EDS analyses (a) on a light-gray particle and (b) on a dark-gray particle.

The impedance response of the composite electrode is
observed in the frequency range 102 to 10* Hz.

According to the capacitance values for each arc
(1.1072 F/cm? for the LF contribution and 1.1073 F/cm? for
the MF contribution, Fig. 11) and with respect to previ-
ously reported values for other cathode materials,!*2%2425
the arc located in the middle frequency range could originate

350

from the ionic transfer occurring at the electrode/electrolyte
interface, and the low frequency arc may be due to
non-charge-transfer processes occurring in the electrode mate-
rial.

In order to determine the rate-determining step in the oxygen
reduction reaction, a further study would consist in using the
slope of the electrode resistance as a function of oxygen partial

200 + Cathode P=42.7% .
= Cathode composite P=42.7%
250 -
~—~
:g- 200 -
N ; . . ‘
35 40 45 50
150 - Z(Q)
100 - P g L*
2 *
50 4 : | «*
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0 : - : - -
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Fig. 10. Nyquist diagrams between two symmetrical Lag75S1925MnggCo0203_5/LagSr;(Si04)602.5/Lag 755r025MnggCop203_5s and composite

cathode/LagSr(SiO4)6 02 5/composite cathode cells at 700 °C.
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pressure, according to the relation:
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The m value would give information about the species involved
in the electrode reaction.?®

Concerning the composite cathode, the conductivity of the
MF and LF contributions are thermally activated and the acti-
vation energy calculated from the Arrhenius diagram is lower
for the middle frequency contribution (0.93 eV) than for the low
frequency one (1.33eV) (Fig. 12).

Furthermore, the conductivity of the MF contribution is rais-
ing with the use of a composite cathode, suggesting that the ionic
transfer at the interface electrolyte/cathode is enhanced.

Finally, when a symmetrical cell is constituted by a composite
cathode, the triple phase boundary surface is increased through
the whole volume of the cathode material, leading to a more
important ionic flux towards the electrode/electrolyte interface.

Some improvements are currently in progress in order to still
decrease the electrode resistance, for instance by reducing the
cathode thickness to make easier the gas progress towards the
interface.

log (oT)

® composite cathode P=42.7% MF contribution Ea=0.934 eV|
3| 4 composite cathode P=42.7% LF contribution Ea=1.33 eV
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Fig. 12. Arrhenius plots of the conductivity of composite cathodes deposited
on apatite electrolyte and comparison of the MF contribution for composite and
classical electrodes.

4. Conclusion

Electrical and electrochemical analyses have been performed
on cathode and on symmetrical cathode/electrolyte/cathode
cells. These materials were elaborated by tape casting and co-
sintering at 1400 °C-2h in air.

Neither delamination nor reactivity between apatite and
perovskite materials has been observed. The electrode resis-
tance, measured by impedance spectroscopy, decreased with an
increase of the cathode porosity content and with the use of a
composite cathode material, leading to an enhancement of the
triple phase boundary surface through the cathode material.

The electronic conductivity of the
Lag 75S19.25Mng §Co0203_5 perovskite material, measured by
a standard four-probe DC technique, is equal to 113 S/cm.
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