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Polarization losses associated with the cathode oxygen reduction
reaction and degradation of cathode materials remain as hurdles for
widespread implementation of solid oxide fuel cells (SOFC). Rates
of degradation depend significantly on the operating temperature
and gas conditions, such as the presence of unwanted oxygen-
containing compounds, namely H,O and CO,. In this study we
explore degradation mechanisms for a common composite cathode
material, Lao_6SI‘0_4C00_2Feo_gO3-5 (LSCF) - Ceo_goGd0_1001_95 (GDC)
Three-electrode cells have been tested under various temperatures,
POys and contaminant conditions in order to observe changes
through electrochemical impedance spectroscopy (EIS). EIS is a
powerful tool, which allows us to identify changes in the reaction
steps comprising the overall ORR. Our EIS results indicate a
strong correlation between blocking effects, caused by CO; and
H,O, and the operating temperature of the cell. Using EIS to de-
convolute the overall cathode polarization helps to identify the
mechanisms by which degradation occurs.

Introduction

Solid oxide fuel cells (SOFCs) are a promising technology for the generation of
electricity through the electrochemical oxidation of fuels (1-3). However, there are key
challenges remaining for the widespread use of SOFCs, most notably high polarization
losses associated with the oxygen reduction reaction that occurs at the cathode, and the
degradation of cathode materials under contaminant environments. The contributions of
the cathode to overall polarization losses are derivative of the mechanistic steps involved
in the ORR.

Some of the most common and promising cathode materials for SOFCs are LSM
(La;xSrxMnO3) and LSCF (La;.«SrxCoyFeiyO3.5). LSM is an electron conducting oxide
that is highly catalytic toward the ORR. However, LSM provides limited oxygen ion
conductivity, confining reactions to the triple phase boundary (TPB) region where
oxygen gas, cathode and electrolyte meet, and restrict LSM to high temperature
operation. On the other hand, LSCF is a mixed ionic-electronic conductor (MIEC) that
has promise as an SOFC cathode for the intermediate temperature range. With the ability
to conduct ions and electrons, LSCF can extend the active region of the cathode beyond
the TPB (4). However, there are still a number of factors limiting the performance of
LSCF, namely the instability of the material in typical operating environments, which
often contain water vapor and CO; (5-7). The presence of CO, and water vapor can cause

773
Downloaded on 2018-04-08 to IP 108.48.172.117 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 68 (1) 773-784 (2015)

significant degradation in LSCF through the formation of secondary phases, such as SrO.
It has been proposed that the presence of these contaminants will increase surface
decomposition by reducing the number of sites available for oxygen reduction and the
formation of SrCOs;, in the case of CO, (8). In addition, lowering of operating
temperatures may increase the detrimental effects of the contaminants (9).

Electrochemical impedance spectroscopy (EIS) is a powerful tool that allows us to
identify changes in conductivity for the reaction steps comprising the overall ORR. EIS
can provide information about bulk, interfacial, and chemical properties of the material
through proper analysis (10-14). We have developed a strategy for identifying the steps in
the ORR that contribute to the overall impedance spectra, and how each contribution
changes as a function of operating conditions and aging time. In this investigation we
used EIS to determine the effects of the common cathode contaminants, water and CO,,
on the ORR kinetics and material stability of LSCF-GDC (50% weight
Lao_6osro_40C00,20Feo_8003-X - 50% weight (CeoigoGdo_lo)Ol_gs) composite cathodes. Our
previously reported gas phase isotope exchange data indicates a strong interaction
between water and LSCF powders near 450°C, with decreasing exchange as the
temperature was increased up to 800°C (15). Based on these results, cells were aged in
water environments at both 450°C and 750°C and impedance spectra were recorded as a
function of aging time. LSCF-GDC three-electrode cells were also tested under CO,
environments at both 450 and 750°C. However, gas phase isotope exchange data showed
a strong interaction of LSCF with CO;across the entire temperature range studied, from
100 to 800°C (15). In addition, impedance spectra were gathered under a wide range of
conditions to determine the dependence of the various contributions to impedance as a
function of testing conditions (i.e. temperature, PO,, PCO,).

Experimental

LSCF-GDC/GDC/LSCF-GDC symmetrical cells were fabricated for electrochemical
testing. Gdo.10Ce09002x powder (Fuel Cell Materials) was uniaxially pressed in a 10mm
diameter die and sintered at 1450°C for 6 hours. The sintered pellets were then ground to
a thickness of Smm, and a thin groove was cut along the center of the pellet (2.5mm from
both the top and bottom) for placement of a reference electrode. Subsequently, LSCF-
GDC composite cathode paste (Fuel Cell Materials) was printed on the top and bottom of
the GDC pellets and then sintered at 950°C for 2 hours. Pt paste was painted inside the
previously cut groove and a Pt wire wrapped around the pellet, held in place by the
groove, to act as a reference electrode. The Pt paste was dried at 900°C for 30 min.
Finally, a thin layer of Au paste was painted on both the working and counter electrodes
and dried at room temperature for 1 hour. The cells were then loaded into a custom built
single-environment reactor and heated to 875°C for 15 minutes to finish drying the Au
paste before being cooled to the temperature of interest to begin testing. An image of an
as-prepared LSCF-GDC/GDC/LSCF-GDC cell before painting on Au paste, and an SEM
image of the LSCF-GDC/GDC interface is shown in Figure 1.

EIS measurements were performed using a 1400 Frequency Response Analyzer and a
1470 Cell Test System (Solartron Analytical). During aging tests, cells were held at a
constant temperature, in a constant gas environment, and EIS spectra measured
throughout the aging process. A thermocouple was placed inside the reactor, near the cell
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to ensure accurate temperature measurements. Gas flow rates and mixtures were
controlled using a set of mass flow controllers (MKS). Aging studies were performed at
an O, concentration of 20%, with either 5% CO,, controlled by a mass flow controller, or
3% H,0, introduced through a glass impinger at room temperature. Cells aged at 750°C
were aged for 500 hours, while cells aged at 450°C were cooled after 350 hours. All
samples were aged and EIS spectra measured, under open circuit voltage. Post-analysis
X-ray diffraction of cells was performed with a Bruker D8 Advance, Cu K.

LSCF-GDC/GDC/LSCF-GDC
Symmetrical cell ~

< s . LSCF-GDC

Figure 1. (a) LSCF-GDC/GDC/LSCF-GDC three-electrode symmetrical cell, as
fabricated. (b) SEM imaged of LSCF-GDC interface.

Results and Discussion

A common degradation mechanism for LSCF is the formation of secondary phases,
namely SrO. This is especially true for LSCF aged in the presence of CO,, as it is
believed that strontium carbonate (SrCOs) is an effective intermediate for Sr segregation
(16, 17). Figure 2a-b shows the result of x-ray diffraction (XRD) on cells aged in 20%0;
with the presence of CO, and H,0, at 450°C and 750°C. The presence of LSCF, GDC
and Au is seen in the diffraction pattern, but no secondary phases are discernable. It is
possible that the resolution of XRD is such that a small amount of surface segregates will
not be detected. While the total amount of segregation may be small compared to the bulk
of the cathode material, degradation of the surface can have significant effects on the
performance of the material. EIS can give insight into the surface properties of LSCF-
GDC cathodes that ex-situ post-analysis techniques may not be able to provide.

EIS Fitting and De-convolution

In order to understand the effects of contaminants and aging on LSCF-GDC
composite cathodes, a discussion of the analysis of EIS data is necessary. It is crucial to
develop a reliable global equivalent circuit to quantitatively describe the degradation
mechanisms of CO, and H,O. Figures 2a-d show Bode plots for three-electrode cell
measurements between 450°C and 750°C. The impedance spectra shown are for an
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LSCF-GDC cell in 20%0,, balance N, prior to aging. Looking at the evolution of the
impedance spectra as a function of temperature we can identify changes that occur in the
various arcs. At 450°C there appear to be at least two distinct arcs, one with a peak
frequency of 1kHz and a second lower frequency arc with a peak near 3Hz. As the
temperature of the cell is increased to 550°C, 650°C and finally 750°C, we can see
thatthe sizes of both the high and low frequency arcs are decreasing. The low frequency
arc, with a characteristic frequency of 3Hz, in comparison to the high frequency arc,
appears to be decreasing more rapidly, suggesting that the low frequency arc may contain
the rate-limiting surface exchange step, due to it’s higher activation energy. In addition
one can see a shift to higher characteristic frequencies for both the low and high
frequency arcs, which can be expected.
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Figure 2. X-ray diffraction of LSCF-GDC/GDC/LSCF-GDC symmetrical cells after
aging in (a) 3%H,0 and (b) 5%CO, at both 450°C and 750°C. No secondary phases are
discernable from the diffraction data under any of the tested conditions.

In addition to the two distinct arcs present for all four temperatures, there is a
significant contribution of inductance in the high frequency region, most likely due to the
reactor set-up and the high temperature operation of the cell. Although the inductance
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does not provide any directly useful information about the cells themselves, it is
important to consider the impact inductance can have on extracting quantitative
information through fitting programs. In order to minimize the effects of inductance on
“real” cell components, a constant inductance value is added to the equivalent circuit to
fit all aging data. To establish a robust and consistent fitting process all aging data has
been fit using ZSimpWin (EChem Software). The equivalent circuit used to fit the data is
shown in Figure 4a and is composed of three main parts. First, there is a series inductor to
account for the inductance caused by the high temperature set-up, followed by a resistor
in series. Typically, the series resistor is attributed to the overall resistance of the
electrolyte, both bulk and grain boundary, and can be denoted Rq. Finally, there are two
resistor-constant phase element parallel pairs (R-CPE) following, in series. The R-CPE
parallel component provides both capacitive and resistive information about charge
transfer processes. At high temperature we also often see the growth of a third arc. Due to
the low frequency nature, and growth at high temp and low PO,, we attribute this arc to
gas diffusion, and therefore do not consider it in our analysis.
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Figure 3. Nyquist plots for LSCF-GDC three-electrode cells at (a) 450°C, (b) 550°C, (¢)
650°C, (d) 750°C. There appear to be at least two arcs present across the whole
temperature range. The lower frequency arc appears to be decreasing more than the high
frequency arc as temperature increases.

The equivalent circuit shown in Figure 4a provides the fits shown in Figures 3b-c, for
LSCF-GDC cells at 450 and 750°C respectively (18). Utilizing the circuit shown, one can
maintain fit results with errors of less than 1%, providing reliable quantification of
parameters. Fitting results provide information about the characteristic frequencies and
capacitances of the arcs, which help to determine what the various contributions to the
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impedance are. In addition, one can look at how the resistance of each contribution
changes as a function of operating conditions and time.
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Figure 4. All impedance spectra have been fit with (a) the equivalent circuit using
ZSimpWin, never exceeding overall fitting errors greater than 1%. Also shown are
representative impedance spectra (symbols) for (b) 450°C, and (¢) 750°C and calculated
fitting values (line).

Figure 5a-b is representative plots of Ro, Rur, and Ry as functions of temperature. In
Figure 5a one can see the Arrhenius dependence for the ohmic portion of the measured
impedance spectra. The conductivity clearly increases as a function of temperature, with
an activation energy of ~66kJ/mol. This is in close agreement with literature values for
the Arrhenius dependence of the GDC electrolyte. Xia et al. (19) reports an activation
energy of 65.5 kJ/mol and Steele (20) reports a value of 64 kJ/mol. Further, we can see
from Figure 5b how the resistance of the high and low frequency arcs, Ryr and Ryp,
change with temperature. The plot shows that Ryr has an activation energy of ~70kJ/mol
while Ryr has a higher activation energy of ~100kJ/mol. Using Equation [1], where R is
the resistor value, Q the capacitive portion of the CPE, and » the depression of the CPE
arc, in a R-CPE parallel circuit component, we can extract Ceq, an equivalent capacitance
of the circuit component. Understanding the value of the equivalent capacitance can
provide information on the type of process occurring.

_ (R

Ceq R

[1]

Ceq values for the high frequency arc are on the order of 10”°F, indicating that this is
likely a double layer effect, i.e. the interface of two materials. Ryr may therefore be
attributed to interfacial resistance between the LSCF and GDC phases. The low
frequency arc has C.q values a couple orders of magnitude lower, at approximately 10°F,
more closely associated with chemical processes. One can therefore attribute the low
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frequency arc to chemical reaction processes between oxygen gas and the cathode.
Therefore, this work will now refer to the Ryr and Ry r as Ry and Repem, respectively.
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Figure 5. Representative Arrhenius plots for the (a) ohmic, (b) higher frequency, and
lower frequency contributions to the impedance spectra. The activation energy for Rg is
~66kJ/mol, which is in agreement with literature values (19, 20). The high frequency arc,
Rur, has a lower temperature dependence than the lower frequency arc, with an apparent
activation energy of ~70kJ/mol. Ry r has an apparent activation energy of 100kJ/mol. The
capacitance values and temperature dependence indicates that Ryr may be attributed to
interfacial processes, while Ry p can be attributed to chemical process (i.e. ORR).

Effects of H,O

Figure 6 is an Arrhenius plot showing the effects of the presence of 3% H,O on Riy
and Rcpem. There is almost no change in Rjy across the entire temperature range. In
contrast, Rehem appears to increase in resistance due to 3%H,O. The increase in Rchem 1S
more prevalent at 450 and 550°C than at higher temperatures. This results in an increase
of the activation energy of Repem for this cell from 97kJ/mol to 111kJ/mol. The results
indicate that the presence of 3%H,0O impacts how O, interacts with the surface of LSCF,

impeding the overall ORR.

This result is in strong agreement with results obtained from gas phase isotope
exchange data. Isotope saturated temperature programmed exchange (ISTPX), a detailed
description of which is provided in (15), shows that the presence of water tends to
decrease the exchange between O, and LSCF at lower temperatures (300-500°C), an
effect that becomes less prevalent at higher temperature (500-800°C). From EIS and
ISTPX one can see that the effect of water at low temperature is relatively quick,
indicating that blocking of O, surface reaction sites is highly likely.
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Figure 6. Arrhenius plots for LSCF-GDC cells in 20% O, with (closed symbols, solid
lines) and without (open symbols, dashed lines) 3%H,0. There is a clear increase in the
activation energy of Repem from ~97kJ/mol to ~111kJ/mol, caused by increased resistance
as temperature decreases.

EIS spectra of cells aged in 3%H,0 at 450 and 750°C are shown in Figures 6a-c.
3%H,0 has almost no impact on the cell aged at 450°C. Figure 7a shows Nyquist plots
for 0 and 350 hours of aging time at 450°C with 3%H,0, where there is negligible
change in the impedance spectra. However, for LSCF-GDC cells aged at 750°C in
3%H,0, Figure 7b, a change is observed in the cell’s impedance spectra. First, there is an
increase in Rq as a function of aging time. This increase in Rq is accompanied by a slight
decrease in Rjy and a slight increase in Repem. Fitting results for selected aging times are
shown in Figure 7c. The equivalent circuit discussed previously, Figure 4a, was used to
extract values for Rg, Rin, and Rehem. The majority of the increase in R occurs between
0-400hours and begins to level off slightly afterwards. In addition, small changes were
observed in Ry and Repem. Overall, aging in 3%H,0 at 750°C appears to mostly impact
the ohmic portion of the impedance. This may be a result of the high temperature, and
less likely due to the presence of water. However, it has been proposed that humidity in
the presence of other electrolyte materials, namely yttria stabilized zirconia (YSZ), can
cause significant degradation and cannot be fully ruled out (21-23).
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Figure 7. Impedance spectra for LSCF-GDC cells aged in 20%0; and 3%H,0 at (a)
450°C and (b) 750°C. For the cell aged at 450°C there is almost no change after 350
hours of aging in 3%H20. In contrast at 750°C there is a significant change in both Rq
and Ri,.. The change in these two parameters is likely a result of sintering effects from the
high temperature operation. The percent change in the individual parameters is shown in

(©).

Effects of CO,

The performance and stability of LSCF-GDC cathodes was also tested with the
presence of CO,. Figure 8a-c shows Nyquist plots for cells aged in 5%CO, at 450 and
750°C. At 450°C, shown in Figure 8a, there is little to no change in Rq and Rj.
However, there is a steady increase in Rgpem at this temperature. Although Rehem does
grow significantly with the presence of 5%CO,, after 250 hours of aging, the flow of CO,
is ceased, flowing only 20% O, balanced in N, resulting in a rapid decrease in the size of
Rchem. At 450°C it appears that the presence of CO, can play a significant role in the
overall polarization of the cell. However, further results show the effect of CO, can be
considered reversible; after only 30 minutes of 0% CO,, the size of Repem is almost
completely reversed back to what it was before the introduction of CO,. In addition, some
assumptions can be made about the mechanism of CO, interaction with LSCF-GDC
based on these results. Due to the gradual increase in Rehem With time, it is likely that CO,
is loading onto the surface of the cathode, blocking sites for O, to adsorb on. This low
temperature process may be very important as the operating temperature of SOFCs is
decreased. Figure 8b demonstrates the aging of LSCF-GDC in 5%CO, at 750°C. For this
temperature, there are changes in the size of Riy and a shift to higher values in Rq. The
size of Renem, however, appears to stay constant throughout the entire aging process, even
after stopping the flow of 5% CO,. The trends for Rq, Rin, and Rehem are shown in Figure
8c for aging at 750°C.
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Figure 8. Impedance spectra for LSCF-GDC cells aged in 20% O, and 5% CO, at (a)
450°C and (b) 750°C. At 450°C Rchem increases gradually with aging time. After aging
for 350 hours at 450°C, CO; flow to the cell was shut off and within 30 minutes the large
increase in Rehem 1S almost completely reversed. At 750°C there is an increase in Rp and a
decrease in Riy. The resistance trends are shown in (c). Similar to the cell aged in water at
750°C, these changes are likely due to cathode sintering effects.

Figure 9 shows the temperature dependence of LSCF-GDC before and after aging, as
well as after aging with the presence of 5% CO,. From the fit lines apparent activation
energy for Riy and Repem are extracted to observe how this activation energy is affected
by aging. For all three cases, the activation energy of Riy, at ~68kJ/mol has almost no
change. However, the apparent activation energy for Renem increases after aging from
~97kJ/mol to 115kJ/mol. This increase in the apparent activation energy of Rchem can be
attributed to some permanent change in the surface of the LSCF, which becomes more
pronounced at lower temperatures. Further investigation using ex-sifu characterization
techniques need to be performed to help determine possible mechanisms for the change
in activation energy of Rchem.

The data obtained from EIS measurements on the effect of CO, for LSCF-GDC cells
has been compared with ISTPX data under comparable conditions (15). Using ISTPX
there is a strong interaction between CO, and LSCF across the entire temperature range
explored (100-800°C). The exchange of CO, with LSCF tends to cause blocking of O,
exchange sites, and under high concentrations of CO; can cause the formation of SrO (17,
24). From EIS data one can also see that the presence of CO, can change the oxygen
reduction reaction, through an increase in the low frequency arc that we denote Rchem.
Unlike CO,, the interaction of H,O appears to be dominant in the low temperature region,
for both isotope exchange and EIS experiments.
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Figure 9. Arrhenius plots for LSCF-GDC cells before (closed symbols, solid lines) and
after (open symbols, dashed lines). The activation energy of Renem is affected by aging
with the presence of 5% CO,.

Conclusions

Electrochemical impedance spectroscopy was performed on composite LSCF-GDC
cathodes to investigate the short-term and long-term effects of water and CO, on the
ORR and cell performance. We have established a robust approach to de-convolute
impedance data and extract meaningful quantities for the various contributions, i.e. the
capacitance and resistance of individual components. The presence of 3% H,O appears to
increase the low frequency, chemical process of the ORR, especially as temperature
decreases. However, despite the short-term effect of water at lower temperature, the long-
term aging affects appear to be non-existent. To induce any changes in the LSCF-GDC
cathode, it seems to be necessary to increase the operating temperature. The short-term
effects of CO, are similar to those of H,O. There is a definite increase in Reperm at both
450 and 750°C, but there are limited changes in the cell after low temperature aging. EIS
results are in agreement with previously obtained data from gas phase isotopic oxygen
exchange experiments.
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