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Investigation of Ion and Electron Conduction in the Mixed Ionic-
Electronic Conductor- La-Sr-Co-Fe-Oxide (LSCF) Using
Alternating Current (AC) and Direct Current (DC) Techniques
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Among many mixed ionic electronic conductors (MIECs), lanthanum strontium cobalt iron oxide (LSCF) has been proven as a
promising material for use as cathode in SOFCs. The ion and electron conduction in LSCF need to be studied separately. To
measure the ionic conductivity of LSCF, YSZ disks were applied to block the electronic current, and multilayered samples were
made with YSZ disks in series with an LSCF disk. Both AC and DC techniques were used for the measurements. An LSCF
(porous)/LSCF(dense)/LSCF(porous) bar-shaped sample was made to measure the electronic conductivity of LSCF. DC technique
was utilized for the measurement. Results show that the ionic conductivity of LSCF is much lower than its electronic conductivity.
The ionic conductivity of LSCF increases with increasing temperature (600 °C-900 °C), and the electronic conductivity decreases
with increasing temperature (600 °C-900 °C). Measurements were also made on a foil of silver to investigate oxygen transport
through it. From this, oxygen ion conductivity through silver was estimated.
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Sr and Fe-doped LaCoO3, commonly described by the acronym
LSCEF, is a good electronic conductor and also exhibits some level of
oxygen ion conductivity, depending upon the composition and
temperature. As a result, it is called a mixed ionic-electronic
conductor (MIEC). The typical electronic conductivity is p-type. It
is generally thus considered a good candidate for an oxygen
electrode in solid oxide fuel cells (SOFCs), solid oxide electrolyzer
cells (SOECs), and pressure-driven oxygen separation membranes.
For oxygen separation in a pressure driven system, no external
voltage is applied. Transport of oxygen occurs as a coupled process
of transport of 0?" and electrons (holes). For this reason, transport
as well as electrochemical processes, are often described in terms of
a surface oxygen exchange coefficient (k..,) and a chemical
diffusion coefficient of oxygen (Dye,).'™ The same terminology
is often used in cases where the transport is electrically driven (fuel
cells, electrolyzers) when LSCF is used as electrodes. The typical
measurement of D, and kg, is done by radio-isotope
measurements™® or by conductivity relaxation.”” The latter tech-
nique involves exposing a bar-shaped sample (fully dense or porous)
to an abrupt change in atmosphere with a different oxygen partial
pressure. If the abrupt change in oxygen pressure involves an
increase in oxygen partial pressure, oxygen is incorporated into
the sample via two series steps; surface exchange (dictated by k)
and chemical diffusion (D,.,,,). Oxygen is incorporated by filling up
some oxygen vacancies and releasing electron holes into the sample

Vo + %02 — Op + 2h). This leads to a change in the conductivity

(mostly electronic) as a function of time. The time dependence is
typically analyzed and fit to a combined surface exchange chemical
diffusion equation, from which D, and k.., are obtained.””
Transport through the porous electrodes and dense membranes of
LSCF (and other MIEC materials) is often described using these
parameters. However, transport does not require any close associa-
tion between O®  and electrons/holes. Thus, the description of
transport can be equally done using ionic and electronic conductiv-
ities under small applied voltages and minimal oxygen pressure
difference across the membrane.

Though the electronic conductivity of LSCF is high enough, its
ionic conductivity is quite low, especially when compared to YSZ.'°
Some researchers use ionic conductors such as yttria-stabilized
zirconia (YSZ) or gadolinium doped ceria (GDC) to make LSCF
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+ YSZ or LSCF + GDC composite materials (often by infiltration
of salts solutions followed by firing) to improve the ionic con-
ductivity of the electrodes; thus reducing the polarization
resistance.''™'> However, measurement of ionic conductivity is
difficult since the electronic current needs to be completely blocked.
The objective of this work was to measure ionic and electronic
conductivities of LSCF using DC and AC methods.

The approach reported here involves the use of dense LSCF disks
(and bars) with porous surfaces layers of LSCF. For the measurement
of electronic conductivity, a thin, long bar-shaped sample was used,
because the electronic conductivity of LSCF under the measurement
conditions is very high. These measurements were conducted by using
a standard DC method. Measurement of the ionic conductivity of the
MIEC is more difficult since the ionic conductivity is much lower than
the electronic conductivity; the electronic current must be completely
blocked. To study ion conduction in LSCF, YSZ was selected to block
the electronic current since it has good oxygen ion conductivity and
negligible electronic conductivity, esgecially at typical SOFCs oper-
ating temperatures (~800 °C).'®?" The measurement of ionic
conductivity was done using two 8YSZ disks in series for electron
blocking. Measurements were made using both DC and EIS methods
(over a frequency range between 1 Hz and 1 MHz). DC and EIS
measurements were also made with 2 YSZ disks in series and with a
silver foil sandwiched between the two YSZ disks. The objective of
making DC measurements on a silver foil was to estimate the
transport of oxygen through silver.

Experimental

LSCF (porous)/LSCF (dense)/LSCF (porous) disk-shaped sample.—
LSCF ((Lag6Sr9.4)0.95C002Fe0s05_x) powder (Fuel Cell Materials,
LSCF-HP) was used to make the samples. Figure 1 shows a schematic
of the symmetrical LSCF(porous)/LSCF(dense)/LSCF(porous) disk-
shaped sample. Dense LSCF disk was obtained by die-pressing, followed
by sintering at 1350 °C in air for 1 h. LSCF powder was dispersed into
ethanol to make LSCF ink. Porous LSCF electrodes were applied by
brush-painting the LSCF ink on both surfaces of the sintered dense
LSCEF disk followed by firing at 1000 °C for 1 h. Gold mesh was applied
on each of the porous LSCF electrodes and fired at 500 °C for 1 h.

1) LSCF (porous)/YSZ/LSCF (porous)/LSCF (dense)/LSCF (porous)/
YSZ/LSCF (porous) (YLY) multilayered sample, 2) LSCF(porous)/
YSZ/LSCF (porous)/LSCF (porous)/YSZ/LSCF (porous) (YY) multi-
layered sample, and 3) LSCF(porous)/YSZ/LSCF (porous)/Ag/LSCF
(porous)/YSZ/LSCF (porous) (YAY) multilayered sample. Notations 1)
(YLY)- L for LSCF, 2) (YY)- Y for YSZ, and 3) YAY—A for Ag are
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Figure 1. A schematic of the LSCF(porous)/LSCF(dense)/LSCF(porous)
disk-shaped sample.

used as abbreviations.—To measure the ionic conductivity of LSCF,
EIS and DC tests were performed on the multilayered samples. A dense
disk of LSCF was obtained by die-pressing and sintering at 1350 °C for
1h. The thickness of the dense LSCF disk was ~1.20 mm. YSZ disks
were fabricated by pressing 8YSZ powder (Tosoh, TZ-8Y) in a die and
then sintering at 1600 °C for 4 h. This high temperature was used,
because the disks were not isostatically pressed. The thickness of the
YSZ disk was ~1.54 mm. Both surfaces of each YSZ disk were brush-
painted with a thin layer of LSCF and then fired at 1000 °C for 1 h. For
LSCF(porous)/Y SZ/LSCF(porous)/LSCF(dense)/LSCF(porous)/YSZ/
LSCF(porous) (YLY) multilayered sample, dense LSCF disk was
sandwiched between two LSCF brush-painted YSZ disks, Fig. 2a. For
LSCF(porous)/YSZ/LSCF(porous)/LSCF(porous)/Y SZ/LSCF(porous)
(YY) multilayered sample, only two LSCF brush-painted YSZ disks
were pressed together, Fig. 2b. Also, LSCF(porous)/YSZ/LSCF(porous)/
Ag/LSCF(porous)/YSZ/LSCF(porous) (YAY) multilayered sample was
prepared, a piece of silver foil (Alfa Aesar, 1.0 mm thick, 99.9%) was
sandwiched between two LSCF brush-painted YSZ disks to obtain this
sample (Fig. 2c). Gold mesh was applied on each end of the porous
LSCF electrode of all the multilayered samples and fired at 500 °C for 1
h for EIS and DC measurements. The sample with Ag foil was made to
determine oxygen transport properties through silver.

LSCF (porous)/LSCF (dense)/LSCF (porous) bar-shaped sample.—
A thin bar-shaped sample was fabricated by pressing LSCF powder in a
bar-shaped die and then sintering at 1350 °C for 1h. Porous LSCF
electrodes were applied on both ends of the sintered LSCF bar by brush-
painting and then firing at 1000 °C for 1h. Three platinum strip
electrodes (P1, P2, and P3) were applied along the length of the LSCF
bar circumferentially at different places. The electronic conductivity was
measured by using the DC method, as shown in Fig. 3. Platinum wires
were attached to the three platinum strip electrodes. Gold mesh was
applied on each surface of the porous LSCF electrodes and fired at 500 °
C for 1 h. For DC measurements, voltage was applied across the end
electrodes, and voltage between each two platinum strip electrodes was
measured. Also, the current that passed through the sample was
measured. The electronic conductivity was then calculated.

The morphology of the porous LSCF electrode and the dense
LSCF disk was examined by using a scanning electron microscope
(FEI Nova Nano SEM 630). EIS was performed by using a Solartron
electrochemical interface (SI 1287) and an impedance/gain-phase
analyzer (SI 1260) using a 2-probe method from 1 Hz to 1 MHz. EIS
measurements were performed on the LSCF(porous)/LSCF(dense)/
LSCF(porous) disk-shaped sample and the multilayered samples
from 600 °C to 900 °C. DC measurements were performed on the
multilayered samples and the LSCF(porous)/LSCF(dense)/LSCF
(porous) bar-shaped sample. For DC measurement, DC voltage
was applied by using a voltage generator (BK precision DC
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regulated power supply 1621 A). Keithley 2000 meters were used
for voltage and current measurements from 600 °C to 900 °C.

Results and Discussion

Figure 4a shows a cross-sectional SEM image of the dense LSCF
disk sintered at 1350 °C. It is clear that a relatively dense
microstructure can be obtained when LSCF is sintered at 1350 °C.
Only closed porosity was observed. Figure 4b shows an SEM image
of the porous LSCF electrode fired at 1000 °C. The electrode is
porous with both, connected and contiguous LSCF and connected
and contiguous porosity. This facilitates the transport of gaseous
species through the electrode and transport of O®~ and electrons/
holes through the contiguous LSCF.

Figure 5a shows the impedance spectra of LSCF(porous)/LSCF
(dense)/LSCF(porous) disk-shaped sample over a temperature range
from 600 °C to 800 °C. There is no arc above the x-axis; only a tail is
observed below the x-axis in the impedance spectra. Since LSCF is a
mixed ionic-electronic conductor, one would expect reduction and

oxidation reactions at the two electrodes; %02 + 2¢’ - 0% and

0> - %02 + 2¢’ (even though the ionic conductivity of LSCF is

quite low, as will be discussed later). If so, one would expect a
semicircle (or a Warburg type arc; both due to gas transport as well
as that related to chemical diffusion and surface exchange) above the
x-axis.'>?! The fact that none is observed may be interpreted as due
to both the electrodes and the disk being of LSCF, and LSCF is a
good electronic (p-type) conductor. The associated polarization is
negligible. Also, increasing resistance (corresponding to low fre-
quency, 1 Hz) with temperature represents the resistance of lead
wires; as the leads are of metallic Pt. This shows that the electronic
conductivity of LSCF is very high, which should be much higher
than its ionic conductivity. This was confirmed by making EIS
measurements without the LSCF disk and shorting the leads. The
measured spectra were almost identical (Fig. 5b), consistent with the
expectation that the resistance of the lead wires is much greater than
that of the LSCF disk.

Figure 5a shows that the resistive component of the sample/lead
wires increases with increasing frequency. This observation has been
made in numerous studies, but does not appear to have been
discussed in the literature. If the equivalent circuit is considered to
be an inductor and a resistor in series, both primarily associated with
the lead wires, one would expect a straight vertical line below the x-
axis. The increasing resistance with frequency appears to be
associated with the well-known skin effect, which shows that as
the frequency is increased, the electrical current tends to be confined
to a thin layer near the surface of the wire.?> The effective resistance
depends on the skin depth (6),% for wire is given by

5= [2 75 oo + poe i

wp

where p is the resistivity of the conductor, @ is the angular frequency
of current, y is the permeability of the conductor, and € is the
permittivity of the conductor.
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Figure 2. A schematic of (a) the LSCF(porous)/YSZ/LSCF(porous)/LSCF(dense)/LSCF(porous)/YSZ/LSCF(porous) (YLY) multilayered sample, (b) the LSCF
(porous)/YSZ/LSCF(porous)/LSCF(porous)/YSZ/LSCF(porous) (YY) multilayered sample, and (c) the LSCF(porous)/YSZ/LSCF(porous)/Ag/LSCF(porous)/

YSZ/LSCF(porous) (YAY) multilayered sample.



Journal of The Electrochemical Society, 2022 169 014506

VP1—P2

S

0% -0, +2e

1
-0, +2e" > 0>
Gold end electrode

‘ ==p Gold end electrode
- PooTmTEEEmEEEEEE T /
+ C -

LSCF bar 1

Platinum strip
electrode (P1)

Porous LSCF electrode

Platinum strip

Platinum strip
electrode (P2)

electrode (P3)

Porous LSCF electrode
[ (D)
I \”/

Figure 3. A schematic of the DC measurement on LSCF(porous)/LSCF(dense)/LSCF(porous) bar-shaped sample. The dense LSCF bar is ~4.1 cm in length,
~1 cm in width, and ~0.15 cm in thickness.

Figure 4. (a) Cross-sectional SEM image of the dense LSCF disk sintered at 1350 °C. (b) SEM image of the porous LSCF electrode sintered at 1000 °C.
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Figure 5. (a) Impedance spectra of LSCF(porous)/LSCF(dense)/LSCF(porous) disk-shaped sample over a temperature range from 600 °C to 800 °C. (b)
Impedance spectra of leads resistance/inductance and LSCF(porous)/LSCF(dense)/LSCF(porous) disk-shaped sample at 700 °C.
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Figure 6. Potential vs current for (a) the YLY multilayered sample, (b) the YY multilayered sample, and (c) the YAY multilayered sample.

To measure the ionic conductivity of dense LSCF, DC measure-
ments were performed on the multilayered samples. YSZ is a good
oxygen ion conductor, and its electronic conductivity is negligible.
Thus, YSZ disks were used to block the electronic current. Porous
LSCF electrodes were applied on both surfaces of the YSZ disk to
improve the contact between different layers. Figure 6 shows the
applied potential vs the measured current for (a) the YLY multi-
layered sample, (b) the YY multilayered sample, and (c) the YAY
multilayered sample. Since YSZ blocks the electronic current, only
ionic current can pass through the multilayered samples. Then the
ionic resistance of each multilayered sample can be calculated by
using the Ohm’s law. Linear fitting was used to fit all the plots at low
current, and the slopes give the resistances of the multilayered
samples at different temperatures. The plots are not perfectly linear
at higher currents. Table I shows the resistances of the multilayered
samples and the oxygen ion conductivities of dense LSCF and Ag.
The ionic resistance of dense LSCF was obtained by subtracting the
resistance of the YY multilayered sample from the resistance of the
YLY multilayered sample. From this, the ionic conductivity of the
dense LSCF can be calculated.

Subtracting DC resistance of YY multilayered sample from the
DC resistance of YAY multilayered sample effectively gives the DC
resistance across the Ag foil. The only transport that can occur under
DC measurement is of O?~. This means the following reactions
occur at the YSZ/Ag and Ag/YSZ interfaces, respectively;
0> = O + 2¢' and O + 2¢’ — O*~. This means the transport of
0%~ occurs as O + 2¢’. Both O and 2¢’ in metallic Ag are expected to
be dissociated. Since the electronic conductivity of silver is very
high, the transport of 0%~ is dictated by the ionic conductivity of O~
in silver; thus mainly dictated by the concentration and the diffusion
coefficient of O in silver. The oxygen ion conductivity of silver thus
is given by

= =% CyDy

2
T (2]

62

where kg is the Boltzmann constant, 7' is the absolute temperature,
Co is the concentration of oxygen dissolved in silver, and Dy is the
oxygen diffusivity in silver.

If thus one can measure the concentration of dissolved oxygen in
silver, Cp, one can in principle determine the diffusion coefficient of
oxygen in silver, Dy. In principle, one can heat treat silver foils in
atmospheres containing different oxygen partial pressures to change
the oxygen concentration in Ag and then conduct a similar
experiment as done here. This will allow one to estimate the
conductivity of oxygen ions in silver as a function of oxygen
concentration. This technique can also be extended to any other
metal (even the ones that oxidize in air). This is because what

transports through the metal foil is O*~ not O. Thus, there will be no
oxidation. As an example, if a sandwich structure is made with
metallic Ni, and edges are sealed by some impervious glass, one
should be able to measure oxygen ion conductivity through metallic
nickel. Then by measuring whatever may be the oxygen concentra-
tion, one can estimate the diffusion coefficient of oxygen through it.
A potentially good example is metallic Zr which can dissolve up to
29 at% oxygen in its lattice.

The oxygen ion conductivity of Ag should be very small. Table I
shows the resistance of the multilayered samples and the calculated
oxygen ion conductivity of dense LSCF and Ag. The measured ionic
conductivity of dense LSCF is 8.48 x 10~*S cm™" at 900 °C, which
is much lower than the reported value (~0.18 S cm ™! at 900 °C) by
Teraoka et al.** using a four-probe ionic DC technique (electron-
blocking method). For their tests, not all of the electronic current
was blocked by using the ionic DC technique (electron-blocking
method). That may be the reason why the reported value is high. The
ionic conductivity of the dense LSCF in the present work is 2.63 X
107 and 9.29 x 107> S em™' at 800 and 700 °C, respectively,
which is higher than the oxygen ion conductivity of Ag, which is
6.81 x 107> and 5.07 x 107> S cm™' at 800 °C and 700 °C,
respectively. But at a lower temperature (600 °C), the dense LSCF
exhibits lower ion conductivity (1.47 x 107> S cm™ ') than that of
Ag (1.88 x 107> S ecm™h).

The oxygen ion conductivity of silver exhibits Arrhenius relation

given by equation
-E,
kgT

In this equation, o is the ionic conductivity, g, is the pre-exponential
factors, and E, is the activation energy for oxygen ion diffusion in
silver. Based on the fit shown in Fig. 7, the activation energy for
oxygen ion conductivity of silver is 0.61 eV at a temperature range
from 873 to 1073 K. Outlaw et al.> reported an activation energy for
oxygen diffusion in silver, which is 0.48 eV at a temperature range
from 903 to 1073 K. Our result is comparable with the reported
value.

Dense LSCF exhibits low ionic conductivity, especially at low
temperatures. Figure 8 shows an Arrhenius plot of LSCF ionic
conductivity. The ionic conductivity of dense LSCF exhibits
Arrhenius relation. The activation energy for ionic conductivity of
dense LSCF is 1.26 eV. This activation energy is higher than the
activation energy for ionic conductivity of common electrolytes such
as YSZ and GDC. LSCF has a perovskite structure, and many
perovskite oxygen ion conductors exhibit activation energy above
1 eV, depending on the composition.?®

EIS tests were also performed on the multilayered samples.
Figure 9 shows the impedance spectra of (a) the YLY multilayered
sample including leads resistance/inductance, (b) the YLY

ﬂ=%m{ [3]



Table 1. Resistances of multilayered samples and ionic conductivities of dense LSCF and Ag.

Resistance of YLY Resistance of YY Dense LSCF Ionic Dense LSCF Ionic Resistance of YAY Oxygen Ion Oxygen Ion Conductivity
Temperature °C multilayered sample 2 multilayered sample €2 Resistance (2 Conductivity S/cm multilayered sample €2 Resistance of Ag 2 of Ag S/cm
900 126.5 28.6 97.9 8.48 x 107+ N/A N/A N/A
800 409.6 93.9 315.7 2.63 x 107* 4273 3334 6.81 x 107°
700 1330 436.4 893.6 9.29 x 107° 884.7 448.3 5.07 x 107°
600 7580 1940 5640 147 x 1072 3150 1210 1.88 x 1077
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Figure 8. Arrhenius plot of LSCF ionic conductivity.

multilayered sample without leads resistance/inductance, (c) the YY
multilayered sample including leads resistance/inductance, (d) the
Y'Y multilayered sample without leads resistance/inductance, (e) the
YAY multilayered sample including leads resistance/inductance, and
(f) the YAY multilayered sample without leads resistance/induc-
tance. The leads resistance/inductance was subtracted point-by-point
to minimize the effects from the lead wires and to obtain more
accurate EIS spectra for further analysis. Table II shows the
comparison of the high-frequency intercepts (after subtracting the
leads resistance/inductance) of the multilayered samples, and high
frequency intercepts of YLY multilayered sample and YAY multi-
layered sample after subtracting high frequency intercepts of YY
multilayered sample from EIS spectra. The high-frequency intercept
of the YY multilayered sample is very small, which is 9.7 €2 at 800 °
C. The thickness of each YSZ disk is ~1.54 mm. This result is
consistent with our previous results on LSCF(porous)/YSZ/LSCF

(porous) disk-shaped sample (thickness: ~0.8 mm), which high-
frequency intercept from impedance spectra is ~2.3 Q at 800 °C.%
The thickness of the YY multilayered sample is about 4 times of the
LSCF(porous)/YSZ/LSCF(porous) disk-shaped sample, and the
high-frequency intercept of YY multilayered sample is also about
4 times higher than that of the LSCF(porous)/YSZ/LSCF(porous)
disk-shaped sample. However, the high frequency intercept of the
YLY multilayered sample and the YAY multilayered sample is
much higher than that of the YY multilayered sample. This is
possibly because of the skin effect. For high-frequency AC within a
conductor, the current density decreases exponentially from the
surface towards the inside, which reduces the effective cross-section
area of the conductor and increases its effective resistance.”> The
skin effect can be boosted if the permeability of the conductor is
very high.*® LSCF exhibits ferroma%netic behavior below 235 K,
paramagnetic behavior above 235 K.”' The permeability of LSCF
should be very high, which may contribute to the skin effect at high
frequency. That is why the measured resistance of the dense LSCF
or Ag by EIS is much higher than expected. Qualitatively, high
resistance of dense LSCF or Ag caused by the skin effect for the
multilayered sample with dense LSCF or Ag increased the measured
high-frequency intercept.

Figure 10 shows the Arrhenius plots of the resistance of (a) the
YLY multilayered sample after subtracting high frequency intercept
of the YY multilayered sample, (b) the YAY multilayered sample
after subtracting high frequency intercept of YY multilayered
sample. The resistances of the dense LSCF and Ag are taken from
the high-frequency intercepts from the impedance spectra after
subtracting the leads resistance/inductance (Figs. 9b and 9f) and
also subtracting the high frequency intercepts of the YY multi-
layered sample (Fig. 9d). The obtained resistances of the dense
LSCF and Ag exhibits Arrhenius relation given by Eq. 4

R E
T RDexp[ﬁ] [4]

B

In this equation, R is the resistance, R, is the pre-exponential factors,
and E is the activation energy in the multilayered sample. The
activation energy for the dense LSCF is 0.78 eV, and the activation
energy for Ag is 0.34 eV. Intuitively, one would expect that because
of the good electronic conductivity of LSCF and the excellent
electronic conductivity of silver, the high frequency intercepts (after
the stated subtractions) should exhibit very low resistance, corre-
sponding to predominantly electronic conduction through LSCF and
Ag. But that is not the case. Once again, we believe this is related to
the skin effect. At very high frequencies (1 MHz), because of the
skin effect, the current remains confined to a thin region near the
outer edges through both Ag and dense LSCF. This effectively leads
to a very high resistance. The observed Arrhenius type behavior for
Ag may be fortuitous. No thermally activated mechanism is present
in silver. The possible explanation is that some effects of other
components (e.g. YSZ disks) may contribute to this Arrhenius type
behavior of Ag. Also, it is not possible to make a theoretical
estimate. To our knowledge, there is no information available in the
literature on the effect of complex experimental arrangement (e.g. 2
YSZ disks in series) would have in conduction through LSCF and
Ag at high frequencies. Results are clear in DC measurements where
YSZ disks serve as electron blocking electrodes, thus permitting the
determination of oxygen ion conductivity through LSCF and through
Ag.

For the YY multilayered sample, the total area polarization
resistance of each electrode on the multilayered sample can be
calculated by subtracting the high-frequency intercept from the
measured DC resistance, and then dividing that number by 4 (4
layers of porous LSCF) and multiplying the surface area of the
electrode. The polarization resistance of each electrode on the
multilayered sample is comparable to the electrode polarization
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Figure 9. Impedance spectra of (a) the YLY multilayered sample including leads resistance/inductance, (b) the YLY multilayered sample without leads
resistance/inductance, (¢) YY multilayered sample including leads resistance/inductance, (d) the YY multilayered sample without leads resistance/inductance, (e)
the YAY multilayered sample including leads resistance/inductance, and (f) the YAY multilayered sample without leads resistance/inductance.

resistance of each electrode on a symmetrical LSCF(porous)/YSZ/
LSCF(porous) bar-shaped sample our group has measured by using
both EIS and DC methods.?® Table III shows the comparison of
electrode polarization resistance on YY multilayered sample and

LSCF(porous)/YSZ/LSCF(porous) bar-shaped sample. The average
total area specific electrode polarization resistance of each electrode
on the multilayered sample is lower than that on the LSCF(porous)/
YSZ/LSCF(porous) bar-shaped sample. We note that the examined
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Table II. Comparison of high-frequency intercepts of the multilayered samples (after subtracting the leads resistance/inductance), and high
frequency intercepts of the YLY multilayered sample and YAY multilayered sample after subtracting high frequency intercepts of the YY

multilayered sample from EIS spectra.

High-frequency intercept from EIS spectra 2

Resistance calculated from high- frequency intercepts from EIS spectra 2

Temperature °C

YLY YY YAY Dense LSCF Ag
900 50.8 6.1 N/A 44.7 N/A
800 137.0 9.7 245.8 127.3 236.1
700 176.3 27.0 369.8 149.3 342.8
600 624.4 58.3 506.4 566.1 448.1
(a) T(°C) (b) T(°C)
i 900 850 800 750 700 650 600 800 750 700 650 600
-0.6 4
0.5 =
-1 -0.8
T )
g™ 8 -1
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2.5 0.78 eV R
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Figure 10. Arrhenius plots of the high-frequency resistance of (a) the YLY multilayered sample from which the resistance of the YY multilayered sample has
been subtracted, and (b) the YAY multilayered sample from which the resistance of the YY multilayered sample has been subtracted.

current density regimes of these two samples are different. The
examined current density regimes for the multilayered sample are
higher than that for the LSCF(porous)/YSZ/LSCF(porous) bar-
shaped sample. For example, at 800 °C, the average total area
specific electrode polarization resistances of each electrode on the
multilayered sample and the bar-shaped sample are 25.3 and 85.8
Qcm?, respectively. Nevertheless, the examined current density
regimes for the multilayered sample and the bar-shaped sample are
650-2500 and 70-1400 pA cm™ 2, respectively. Since the current
density for the bar-shaped sample is much lower than the exchange
current density, the measured polarization resistance is much higher
than the typical disk-shaped sample. However, the current density of
the multilayered sample is lower than that of the bar-shaped sample
but still higher than that of the typical disk-shaped sample, so the as-
determined polarization resistance is lower than the bar-shaped
sample but still higher than the typical disk-shaped sample.

An  LSCF(porous)/LSCF(dense)/LSCF(porous)  bar-shaped
sample was made for electronic conductivity measurements. DC
method was used for measuring the electronic conductivity of dense
LSCF. Figure 11 shows the resistance as a function of distance,
measured between the three platinum strip electrodes on the LSCF
(porous)/LSCF(dense)/LSCF(porous) bar-shaped sample over a
temperature range from 600 °C to 900 °C. The distance between
P1 and P2 is ~1.76 cm, and the distance between P2 and P3 is
~1.62cm. A certain voltage was applied across the two end
electrodes. The slope gives the resistance per unit len%th, which is
272 x 107%,243 x 1072 2.14 x 1072, 2.12 x 107> Q cm ' at
900, 800, 700, and 600 °C, respectively. The corresponding
electronic conductivity of LSCF is 245.1, 274.3, 311.5, and 314.5 S
cm~ ! at 900, 800, 700, and 600 °C, respectively. The electronic
conductivity of dense LSCF is much larger than its ionic conduc-
tivity. Also, the electronic conductivity of dense LSCF increases

0.12
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—~0.08 4
)
(]
=
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»
‘®
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X 0.04 A
| 900°C
® 800°C
0.02 4 A 700°C
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Figure 11. Resistance as a function of distance, measured between the three
platinum strip electrodes on the LSCF(porous)/LSCF(dense)/LSCF(porous)
bar-shaped sample over a temperature range from 600 °C to 900 °C.

with decreasing temperature. Tai et al.*> reported that the electronic

conductivity of Lag¢Srg4CogoFeqg0s is ~280 S cm™! 800 °C.
Their results also show that the electronic conductivity of LSCF
reaches the maximum (at ~600 °C) as the temperature is increased
and then it decreases as the temperature is increased. Our results are
comparable to their published results.



Table III. Comparison of electrode polarization resistances on YY multilayered sample and LSCF(porous)/YSZ/LSCF(porous) bar-shaped sample.

YY multilayered sample

LSCF(porous)/YSZ/LSCF(porous) bar-shaped sample®®

Sample
Average total area specific electrode polarization

Temperature °C resistance of each electrode Qcm?

Current density

Average total area specific electrode polarization resis-
regime pA/cm?

Current density
tance of each electrode Qcm? From DC data

regime pA/cm’

800 253
700 122.8
600 564.5

650-2500 85.8 70-1400
140-530 146.2 30-650
28-120 1209.9 6-110
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Conclusions

The ion conduction and electron conduction in MIECs can be
studied by using EIS and DC techniques. The ionic conductivity and
electronic conductivity of dense LSCF were measured separately.
LSCF(porous)/YSZ/LSCF(porous)/LSCF(dense)/LSCF(porous)/
YSZ/LSCF(porous) and LSCF(porous)/YSZ/LSCF(porous)/LSCF
(porous)/YSZ/LSCF(porous) multilayered samples were made for
measuring the ionic conductivity of dense LSCF.

LSCF(porous)/Y SZ/LSCF(porous)/Ag/LSCF(porous)/YSZ/LSCF
(porous) multilayered sample was also made for both EIS and DC
measurements. YSZ disks were used in series in these samples to block
electronic current for DC measurements. The ionic conductivity of
dense LSCF was measured. EIS was also performed on these multi-
layered samples. The high frequency intercepts of YLY and YAY
were much higher than expected. This is attributed to the possible skin
effect. An LSCF(porous)/LSCF(dense)/LSCF(porous) bar-shaped
sample was made for measuring the electronic conductivity of dense
LSCF. The electronic conductivity of dense LSCF (2743 S cm ™' at
800 °C) is much higher than its ionic conductivity (2.63 x 107 S
em™" at 800 °C). The present approach allows the measurement of
ionic conductivity and electronic conductivity of LSCF separately.
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