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Abstract

Combined chromium and sulfur poisoning for Laop.sSrooMnQO3-5 (LSM) cathodes of solid
oxide fuel cells (SOFCs) were investigated with cathodic current of 200 mA c¢cm™ under 800
°C for 22 hours. After polarization in chromium and sulfur at 800 °C for 22 hours,
polarization and ohmic resistance for LSM electrodes were 5.1 Q-cm? and 7.62 Q-cm?, which
were larger than values of LSM electrodes after chromium deposition only and sulfur
deposition only. EDS, XPS and XRD results showed chromium and sulfur deposition
occurred especially in bulk of the electrode, forming SrCrO4 and SrSOs. Compared with
chromium deposition only, sulfur deposition only, combined chromium and sulfur deposition
was not random and the degradation phenomenon of chromium and sulfur poisoning was
much more severe. The combined chromium and sulfur deposition of LSM electrodes was
induced by interaction among CrO, SO> and segregated SrO from LSM electrode.
Thermodynamic predictions have been carried out utilizing CALPHAD approach, which
were found in agreement with observed experimental results.
Keywords: Solid oxide fuel cells; LSM electrodes; Chromium and sulfur deposition.
1. Introduction

Scientists are focusing on developing efficient methods to produce power. Solid oxide
fuel cells (SOFCs) are excellent devices due to high energy conversion efficiency operating
between 600 and 800 °C [1-5]. For SOFCs to be commercial, they must exhibit durability as
high as those of other conversion and storage devices. LaogSro2MnOs3.5 (LSM) [6] electrodes
are used as cathodes for the oxygen reduction reaction (ORR) due to good electronic and

catalytic activities, compatible with traditional YSZ. Moreover, LSM electrodes are always
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operating at temperatures as high as 800 °C. However, one of technical problems is due to the
performance deterioration relating to cathodes deactivation caused by contaminants including
chromium (Cr), sulfur(S) and boron that can be in air or from glass sealant and so on [7-20].
Recently, NEDO projects regarding to the durability for SOFC stacks [21] have already
showed interesting features related to degradation phenomenon. Major impurities influencing
electrode performance can be regarded as chromium and sulfur for cathodes and phosphorus
and sulfur for anodes.

Under operating temperature, Cr species were produced through chromium level,
poisoned cathodes including LSM and LSCF and leaded to cell performance rapid
degradation. Previous results have already shown that volatile Cr species deposited on
electrode surface and/or interface, degrading the LSM cathodes performance [9, 22-24].
Chemical deposition was essentially a chemical reaction, induced by nucleation agents.
Recently, Takeshi Daio et al. [25] reported that sulfur poisoning degradation phenomena of
LSM cathodes by atomic-resolution analysis, who showed that SrSO4 nano-particle and
La>Os was formed after exposed to SO,. Our previous results indicated that sulfur deposition
and poisoning was correlated with operating temperature and it was most severe at low
temperature. Sulfur deposition at LSM electrode was initiated by chemical reaction among
SO and segregated SrO [15]. Deposition as well as poisoning of chromium and sulfur
contaminants were previously studied on dense LSCF samples between 900 and 600 °C [26].
SrCrO4 formed at 900 °C and 800 °C, while SrSO4 formed from 900 °C to 600 °C.

The combining effect of Cr and S degradation on electrocatalytic performance for LSM

and its potential mechanism has not been investigated extensively. In this paper, the
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combining Cr and S poisoning and deposition on the electrocatalytic performance of LSM
electrodes were investigated at 800 °C. All experimental results show that the interaction
among Cr, S and LSM leaded to LSM decomposition, forming SrCrO4 and SrSO4 on the
interface of LSM/YSZ, inner as well as outer surface of LSM electrodes. The deposition at
LSM electrodes was controlled by nucleation reaction among Cr, S and segregated SrO on
LSM electrode surface.

2. Experimental

Powders with following compositions were used in the work: Y203-ZrO> (YSZ) from
Tosoh Company and Lao gSro2MnO3 from Fuel Cell Materials Company. The detailed process
of fabricating half-cells can be found in our published papers [12]. Firstly, YSZ pellets were
fired at 1450 °C for 5 hours with thickness of 0.5 to 0.9 mm and the diameter of 20 mm.
Secondly, LSM powders were mixed with organic inks (SOFC ink vehicle, terpineol based
ink vehicle, Fuel Cell Materials Company) according to the weight ratio of 50:50 to form
slurries, and they were brushed onto the YSZ surface with 0.5 cm?, and half-cells were fired
at 1100 °C for 2 hours.

Three-electrode methods were used to test the electrocatalytic performance of the cell. Pt
inks were used as counter electrodes and reference electrodes. Fe-Cr alloy (RA446)
purchased was machined into coupons with channels (1.2 x 1.2 mm) and it was placed on top
of the LSM electrode. Air was put into channels through an alumina tube. The cell was sealed
on cathode side to prevent the leakage of SO>. Dry SO» containing air (100 mL/min) (1 ppm
SO») was put into the cathode. Fe-Cr alloy was regarded as the current collector when LSM

electrodes were tested in the presence of Fe-Cr alloy only, Fe-Cr alloy and 1 ppm SO, while
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Pt mesh was used as the current collector when LSM electrode was tested in the presence of 1
ppm SOa.

At 800 °C, the cell was tested by Gamry Reference 3000 Potentiostat to obtain the
polarization and impedance curve. Impedance data were obtained from 0.1 Hz to 100 000 Hz
under open circuit voltage condition. Ohmic resistances (Rq) and electrode polarization
resistances (Rg) were obtained with different frequencies. For comparison, the cell was tested
under four conditions including ambient air, Fe-Cr alloy only, 1 ppm SO only and Fe-Cr
alloy and 1 ppm SO..

The phase of LSM electrodes before as well as after poisoning was detected by XRD
from Bruker D8 Advances. XPS was tested by the ESCALAB 250Xi instrument (Thermo
Fisher). SEM as well as mapping from NEON 40EsB was used to identify microstructural
change of interface of LSM/YSZ and surface of YSZ electrolytes.

3. Results and Discussion
3.1 Electrocatalytic performance of LSM electrodes

Figure 1 illustrated the electrocatalytic performance of LSM electrodes at a cathodic
current of 200 mA cm in the ambient air at 800 °C for 22 hours. According to Fig. 1a, it can
be seen that overpotential decreased from 0.45 V to 0.3 V after polarizing for 2 hours, and
finally changed to 0.1 V after polarization for 20 hours. The obvious reduction in the
overpotential was identified by impedance behavior as well (Fig.1b and Fig.1c). Rg was 18
Q-cm? and decreased after cathodic polarization. After polarized at 200 mA cm™ of 2 hours,
Re decreased to 5.38 Q-cm? and achieved to 1.63 Q-cm? for 22 hours. Moreover, Rq was 2.6

Q-cm? after polarized at 200 mA cm™ of 22 hours.
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Figure 2 showed the electrocatalytic performance for LSM cathodes in the presence of
Fe-Cr alloy at cathodic current of 200 mA cm? at 800 °C of 22 hours. Overpotential
obviously increased from 0.3 V to 0.6 V after polarization for 2 hours, and then finally
changed to 1.35 V after polarization for 22 hours. Significant increase of overpotential can be
directly correlated with Cr poisoning effect of LSM electrodes, which was similar with
previous results [7]. Rg was 12 Q-cm? and reduced to 6.71 Q-cm? at 200 mA cm for 2 hours
and reached to 4.52 Q-cm? after polarization for 22 hours. Moreover, Rq increased from 2.41
Q-cm? to 3.09 Q-cm? during polarization period.

Figure 3 showed the electrocatalytic performance for LSM cathodes in the presence of 1
ppm SO: at cathodic current of 200 mA cm™ at 800 °C of 22 hours. Overpotential obviously
increased from 0.2 V to 0.35 V under polarization for 20 h. Significant increase of
overpotential can be related to S poisoning effect of LSM electrodes, which was similar with
previous published results [15]. Rg was 30 Q-cm? and reduced to 3.33 Q-cm? under
polarization under 200 mA cm™ for 2 hours and reached to 3.38 Q-cm? after polarization for
22 hours. Moreover, Rq was 2.1 Q-cm? and kept stable during the whole polarization period.
For comparison, Table 1 clearly illustrates the overpotential, Rg and Rgq in the Fe-Cr alloy and
1 ppm SO2, 1 ppm SO2 and Fe-Cr alloy at cathodic current of 200 mA cm™ at 800 °C of 22
hours. SO, deposition and poisoning on the electrochemical activity of LSM electrodes is
characterized by a distinct two-stage degradation behavior (Fig.3), like that reported for O>
reduction reaction on LSM electrodes in the presence of Fe-Cr metallic interconnect (Fig.2)
and our previous reported literatures. O reduction reaction on LSM electrodes was primarily

controlled by oxygen dissociative adsorption and diffusion on the LSM surface. Thus,
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adsorbed SO; on the active sites of LSM electrode, SO;-Stsm would be most effective to
inhibit the dissociation and diffusion of oxygen and this was indicated by the rapid increase
of overpotential in Region I. The much slower increase in overpotential in Region II was
most likely due to the saturation of adsorbed SO: on the electrode surface. However, the
adsorbed SO», SO>-Sism can also be desorbed and this was indicated by the almost
reproducible initial polarization behavior of overpotential as a function of cathodic current
passage.

Figure 4 showed electrocatalytic performance for cathodes in the presence of Fe-Cr alloy
and 1 ppm SOz at cathodic current of 200 mA c¢cm™ at 800 °C for 22 hours. Overpotential
obviously increased from 0.5 V to 1.5 V after being polarized for 2 h, and then changed to
1.85 V after being polarized for 22 hours. Significant increase of overpotential can be directly
correlated with Cr and S poisoning effect of LSM electrodes, which was in accordance with
previous published results. Rg was 18 Q-cm? and decreased to 4.56 Q cm? at 200 mA cm for
2 hours and reached to 7.62 Q-cm? after polarization for 22 hours. Moreover, Rq increased
from 2 Q-cm? to 5.1 Q-cm? during polarization period. It is worth mentioning that the
reproducible initial polarization behavior of overpotential as a function of cathodic current
passage after being in the presence of Fe-Cr alloy and 1 ppm SO was not more obvious than
that of Fe-Cr alloy only and 1 ppm SO> only. As was shown before, both the adsorption and
desorption rates of SO, was dependent on the temperature, one of the possible reasons that
the adsorption and desorption rates was also dependent on the kinds of impurities and the
different competitive adsorption/desorption of Cr and S. It can also be indicated from Fig.4

that the overpotential increased more obviously than that of Fig.2 and Fig.3, which can show
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that the more severe Cr and S poisoning effect of LSM electrodes.
3.2 Microstructural Change of LSM electrodes

Figure 5 showed cross sectional SEM images for LSM cathodes at cathodic current of
200 mA cmin the absence of Fe-Cr alloy and 1 ppm SOz (a), the presence of Fe-Cr alloy (b),
Fe-Cr alloy and 1 ppm SO (c), 1 ppm SO- (d) at 800 °C for 22 hours. For as-prepared LSM
electrodes, the particle size of LSM was around 0.3-1 pm and particles were smooth (Fig.5a).
However, there was obvious microstructural change after exposed to Fe-Cr alloy, Fe-Cr alloy
and 1 ppm SO2, 1 ppm SO;at 800 °C. From Fig.5b, the LSM particles became quite rough
and irregularly particles were distributed around the interface contact area. Moreover, it can
be seen from Fig.5c, irregular tiny particles with size of 10-20 nm and large spinel particles
with the size of 100-200 nm were clearly observed for LSM electrodes after being poisoned
in combined Fe-Cr alloy and 1 ppm SO». While LSM electrodes were poisoned by SO, it can
be seen that a large number of tiny particles were formed near the interface (Fig.5d). EDS
results detected Cr and Zr on the interface of LSM electrodes (Fig.6b). The presence of Zr
might illustrate Sr/La zirconate formation around the interface. LaZrOs was also identified
around the interface of fresh LSM electrodes. Moreover, Cr and S peaks were both identified
near the interface between LSM and YSZ from Fig.6c¢, it might indicate the forming of Sr/La
sulfate or Sr/La chromite compound among the interface. According to the current result, no
S peaks were clearly observed for LSM electrodes after being poisoned by SO» (Fig.6d).
3.3 EDS and Mapping of LSM electrodes

Figure 7 showed cross sectional SEM and EDS line scan results of LSM cathodes at

cathodic current of 200 mA cmin combined Fe-Cr alloy and 1 ppm SOa. According to Fig.
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7b, the relative intensity of Cr and S peak (Cr,S/La) became much stronger for region 1 than
region 2 and region 3, which might indicate that the Cr and S poisoning of LSM electrodes
was most severe near the interface, especially near YSZ electrolytes. This result was in
accordance with previous results regarding to Cr poisoning of LSM electrode under the same
situation [6].

Figure 8 showed the mapping profiles of cross section for LSM cathodes at cathodic
current of 200 mA cm™2in combined Fe-Cr alloy and 1 ppm SO; at 800 °C for 22 hours. Cr
element was easily accumulated near the interface region (LSM/YSZ), however, S element
was not distributed well around the bulk of LSM electrode due to the detection limit. It can
also indicate that Cr poisoning was more severe than S poisoning of LSM electrodes. This
result was also in accordance with previous results regarding to Cr poisoning of LSM

electrode under the same situation.

3.4 XRD and XPS analysis of LSM electrodes

Figure 9 shows XRD patterns for LSM electrodes at cathodic current of 200 mA cm?in
the absence of Fe-Cr alloy and 1 ppm SO (a), the presence of Fe-Cr alloy (b), Fe-Cr alloy
and 1 ppm SO (c), 1 ppm SOz at 800 °C for 22 hours. For as-prepared LSM electrodes, no
other peaks were detected except LSM and YSZ peaks. For LSM electrodes after being
poisoned in combined Fe-Cr alloy and 1 ppm SO, small peak around 25.6° was probably
associated with SrCrO4 phase, and the whole spectrum shifted a little bit comparing with
curve a, which is probably related to the sample testing position difference (curves c).
Moreover, regarding to the LSM electrodes after being poisoned in 1 ppm SO, SrSO4 peaks

appeared at both 25.5° and 44° were detected. Regarding to the LSM electrodes after being
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poisoned in Fe-Cr alloy, no other peaks were identified except LSM and YSZ phase, which is
due to the detection limit of XRD.

Figure 10 showed XPS spectrum of La 3d, Sr 3d, Mn 2p, Cr 2p as well as S 2p for outer
and inner LSM electrodes under cathodic polarization of 200 mA c¢cm™ in combined Fe-Cr
alloy and 1 ppm SO; at 800 °C for 22 hours. Binding energies of La 3d agreed well with
reported values for Lag gSro2CrO3 compound [27, 28]. The position for La 3d peaks were the
same for outer and inner LSM electrodes at 200 mA cm™ in combined Fe-Cr alloy and 1 ppm
SO». Mn 2p spectrums were hard to analyze by a simple deconvolution analysis regarding to
Mn?*, Mn*", as well as Mn** compounds [28], Mn ions oxidation state could not be
confirmed in this case.

For the outer surface of LSM electrodes in combined Fe-Cr alloy and 1 ppm SO», the
Sr3ds; peak for LSM at 132.3 eV was related to Sr**ions in the lattice of LSM [29], Sr3ds.
peak was obtained at 134.1eV, and was related to SrCrO4 or SrSO4[30], which was consistent
with XRD result. While for the inner surface of LSM electrodes, the main Sr3ds,» peak for
LSM electrodes appeared at 132.3 eV and 134.1 eV were also corresponded to Sr**ions and
SrCrO4 or SrSO4. After deconvolution of the outer surface of LSM electrodes, the binding
energies of Cr2pi» was 586.2 eV and 588.4 eV, while the binding energies of Cr2psz» were
576.5 eV and 579.4 eV, respectively. For the binding energy of 576.5 eV for Cr 2p3.2 peak,
which was consistent with Cr’* compounds[31]. For the binding energy of 579.4 eV for Cr
2psn2 peak, which was correlated to Cr®" compounds, Cr®* compounds were identified by Cr
2psn2 peaks ranging from 578.3 to 580.1 eV according to chemistry form i.e., CrOs, CrO4> or

CrO7*. While for inner surface of LSM electrodes, binding energies of Cr 2pi» were 585.6
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eV and 587.3 eV, respectively, while the binding energies of Cr 2p3» was 576.2 eV and 579.3
eV, respectively. The dominant spectra associated with Cr** might indicate that Cr deposit
particles were covered by Cr.03 while the Cr®* was SrCrOs (Fig.9c¢).

Binding energy of deconvoluted S 2p3;» peak was 168.5 eV, which was similar to the
binding energy of S 2ps.2 of 168.5 eV for SO4>" and the XPS results of SrSO4, which was not
identified by XRD results mentioned above (Fig.8c) [30]. SrSO4 was observed after exposed

of Lag.6S104C003.5t0 >1ppm SO: of 24 hours [32].

3.5 Computational Thermodynamics

CALPHAD method has been produced on the basis of Gibbs energy minimization of
single phases according to standardized Gibbs energy of pure elements in unary systems.
Higher order systems can be assessed by calculated unary and binary systems. The
thermodynamic databases utilized in the work have been optimized by Thermo-Calc® based
on the compound energy formalism (CEF) model [33]. Two main thermodynamic databases,
which are the La/Sr/Cr/Mn/O [34] and La/Sr/Mn/O [35] were examined in this work and
merged with SSUB-5 database by SGTE [36]. The accuracy of all databases has been assessed
by many experimental results.

3.5.1. La-Sr-Cr-Mn-O-S Thermodynamic Database

Assessment of La-Sr-Cr-Mn-O and La-Sr-Mn-O thermodynamic databases has been
comprehensively discussed in previous works by Darvish et al. [37-39]. Similar works on
La/St/Mn/O/C, La/Sr/Cr/Mn/O/H/S, La/Sr/Co/Fe/O/S and La/Sr/Co/Fe/O/C databases [37,
38, 40, 41] were carried out to examine the effect of atmosphere impurities, such as CO,,

H>O as well as chromium and SO;, on LSCF and LSM perovskites. In current work, the
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concept of the chromium and sulfur poisoning impact has been investigated by two
thermodynamic databases listed in Table 2, i.e. (i) La/Sr/Cr/Mn/O database and (ii)
La/Sr/Mn/O, which were merged with database [36]. Gibbs energies of solid phases as well
as gas phase from SSUB-5 were added to (i) La/Sr/Cr/Mn/O database and (ii) La/St/Mn/O
databases and merged La/Sr/Cr/Mn/O/S databases were assessed. The main difference of
these two databases is that in database (i), the solubility of Cr in perovskite structure has been
considered, therefore, the perovskite can be expressed as (LajxSrx)(MnyCri.y)O3+s; However,
in database (ii) it is assumed that Cr does not dissolve into the perovskite structure and it can
only react at the surface of LSM perovskite.

Accordingly, for database (i), the global equilibrium has been simulated to achieve in the
system that Cr has enough time to react and dissolve in LSM perovskite and database (ii) can
be applied to simulate the local equilibrium at the surface of LSM, where SrO, MnOx may
precipitate out from LSM and react with Cr. In this case, the dominant reaction is controlled
by the interfacial thermodynamics. Overall, predictions from both cases are critical and lead
to investigate the dominant mechanism for experimental or operation conditions.

3.5.2.  Computational Thermodynamics Predictions

In current thermodynamic prediction, phase stability of perovskite and possible
secondary phases has been examined for 1 mole per formula of LaogSro2MnO3+s (LSM-20)
exposed to Pso, =1 ppm and 0.1 mole Cr. Figure 11-(a), corresponding to the database (i),
shows that in temperature below 800 °C, SrSO4 and (Mn,Cr)203 are highly possible to form
as secondary phases in global equilibrium condition. The existence of SrSOs is directly

observed from XRD analysis, while (Mn,Cr)>03; may correlate to the Cr** peak observed by
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XPS results. In addition, in higher temperatures (>1050 °C) a tiny amount of spinel phase
Mn(Mn,Cr),04 is predicted to precipitate from the perovskite. XPS results also verified the
formation of SrCrOs phase for the samples tested at 800 °C, which is not observed from the
prediction with database (i). It is suspected that its formation is due to the local equilibrium at
the interface.

Figure 11-(b) summarizes the prediction of phase stability from the database (ii), i.e. the
local equilibrium condition. It confirms formation of SrSQO4, (Mn,Cr)>03 (below 800 °C), and
more specifically SrCrOs as the main secondary phases in 1 ppm SO>. Moreover, formation
of new perovskite (LaCrOsxs) has also been predicted above 900 °C.

Thus, from the computational thermodynamics point of view the main secondary phases,
i.e. SrSO4 and Cr,03, form when LSM is exposed to 1ppm SO; and 0.1 mol Cr. However, as
concentration of SO» decreases and Cr amount increases, the stability of SrCrOs rises in
temperatures below 800 °C due to the local equilibrium.
3.6 Mechanism of chromium and sulfur deposition and poisoning for LSM electrodes

The experiment and thermodynamic calculation results of chromium and sulfur
deposition and poisoning for electrodes were summarized below.

1. For LSM electrodes after polarized for 200 mA cm™ under different poisoning
conditions including Fe-Cr alloy, Fe-Cr alloy and 1 ppm SO>, 1 ppm SO», the
electrocatalytic performance behaved differently. After polarized in combined Fe-Cr
alloy and 1 ppm SO», overpotential obviously increased from 0.5 V to 1.85 V, Rg
reached to 7.62 Q cm?, and Rq increased from 2 Q cm? to 5.1 Q cm?. This indicated

the prominent chromium and sulfur poisoning effect on the electro catalytic
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performance of LSM electrodes. Rg and Rq both increased with polarization time for
LSM electrodes in Fe-Cr alloy and 1 ppm SO».

2. XRD, XPS, EDS results indicated formation of SrCrO4 and SrSOs in inner surface
and outer surface for LSM electrodes under polarization at 200 mA cm™. Under
conditions of this study, it might indicate preferential deposition of chromium and
sulfur at interface of LSM/YSZ.

3. Thermodynamic computational simulation confirmed that the reaction between LSM
electrodes and Fe-Cr alloy together with 1 ppm SO is favorable, leading to the
formation of SrCrOs4, SrSOs4, (Mn,Cr);0s; at the experiment conditions. The
co-existence of two mechanisms, i.e. the reactions between the perovskite and the gas
impurities from local equilibrium at the interface and the global equilibrium which
considered the probability of the Cr diffusion into the perovskite were predicted to
govern the Cr and S poisoning of LSM.

4. Conclusions

In this paper, combined chromium and sulfur deposition and poisoning on the
electrocatalytic performance and microstructures of LSM cathodes were investigated under
cathodic polarized conditions. Chromium and sulfur species affected electrocatalytic
performance and microstructures of LSM electrodes, accelerating LSM degradation,
compared with chromium only and sulfur only. Chromium and sulfur depositions were likely
to occur among the interface, forming SrSO4/SrCrOs compounds, and caused obvious
microstructural change among interface. In addition, thermodynamic computational analysis

utilizing CALPHAD approach has been carried out to investigate the impact of chromium
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and sulfur poisoning of LSM cathodes, which were in good agreement with experimental
results.
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Figures and Table captions

Table 1. The summarized ohmic resistance and electrode polarization resistance for LSM
electrodes in the presence of Fe-Cr alloy, 1 ppm SO,, Fe-Cr alloy and 1 ppm SO» at a
cathodic current of 200 mA cm™ for 22 hours at 800 °C (electrode was also polarized in the
ambient air as comparison).

Table 2. Databases Description.

Figure 1. Polarization as well as impedance curves for Oz reduction reaction on porous LSM
cathodes at a cathodic current of 200 mA cm™ for 22 hours at 800 °C in the ambient air.
Figure 2. Polarization and impedance curves for O; reduction reaction of porous LSM
cathodes in Fe-Cr alloy at a cathodic current of 200 mA cm for 22 hours at 800 °C.

Figure 3. Polarization and impedance curves of porous LSM cathodes in the presence of 1
ppm SO: at a cathodic current of 200 mA cm for 22 hours at 800 °C.

Figure 4. Polarization and impedance curves of porous LSM cathodes in the presence of
Fe-Cr alloy and 1 ppm SOz at a cathodic current of 200 mA cm™ for 22 hours at 800 °C.
Figure 5. Cross sectional SEM micrographs of LSM cathodes at a cathodic current of 200
mA cm?in the ambient air (a), presence of Fe-Cr alloy (b), presence of Fe-Cr alloy and 1
ppm SOz (¢), presence of 1 ppm SO (d) at 800 °C for 22 hours.

Figure 6. EDS spectra of selected areas cross sectional LSM cathodes at a cathodic current of
200 mA cmin the ambient air (a), presence of Fe-Cr alloy (b), presence of Fe-Cr alloy and 1
ppm SOz (¢), presence of 1 ppm SO (d) at 800 °C for 22 hours.

Figure 7. (a) Cross-sectional SEM images of LSM cathodes and (b) EDS line scan profiles of

selected area of (a). LSM was polarized at a cathodic current of 200 mA cm™in the presence



10

11

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

of Fe-Cr alloy and 1 ppm SO; at 800 °C for 22 hours.

Figure 8. Cross-section of mapping image of LSM cathodes at a cathodic current of 200 mA
cm?at 800 °C in the presence of presence of Fe-Cr alloy and 1 ppm SOz at 800 °C for 22
hours.

Figure 9. XRD patterns of LSM cathodes at a cathodic current of 200 mA cm™at 800 °C in
the ambient air (a), presence of Fe-Cr alloy (b), presence of Fe-Cr alloy and 1 ppm SO: (¢),
presence of 1 ppm SO» (d) at 800 °C for 22 hours.

Figure 10. High resolution XPS spectrum of La3d, Sr3d, Mn2p, S2p as well as Cr2p for
outer (a) and inner (b) surface of LSM cathodes at a cathodic current of 200 mA cm at 800
°C for 22 hours in the presence of Fe-Cr alloy and 1 ppm SO..

Figure 11. Phase stability diagrams for 1 mole per formula of LSM-20 at 1 ppm SO; and 0.1

mole Cr utilizing (a) database (i) (b) database (ii).
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Table 1.

Polarized | 800 °C 800 °C 800°C 800 °C
time fresh Cr Cr+S S

Ro/g.cm® | Re/o.em”® | Rofa.em® | Ri/g.em® | Ro/a.em? Re/o.cm” | Ro/g.em® | Re/.em”
0 min 1.84 18.17 | 2.38 13.23 | 2.01 18.67 | 1.8 30
5 min 1.86 14 2.39 12.51 |2.02 8.48 1.9 18.12
10 min 1.86 8.19 2.41 11.65 | 2.07 6.85 1.95 6.3
20 min 1.89 5.8 2.45 10.24 | 2.85 6.0 1.96 4.65
30 min 1.93 5.47 2.47 8.81 2.90 5.21 1.97 3.72
1h 2.07 5.38 2.46 6.71 3.10 4.56 1.98 3.33
4h 2.66 3.99 2.68 3.69 3.25 4.80 1.98 2.75
8h 2.67 2.98 2.84 3.61 3.50 6.22 2 2.86
12 h 2.62 2.43 2.94 4.02 4.1 6.48 2.02 3.02
16 h 2.64 1.96 3.01 4.5 4.7 7.46 2.06 3.18
20h 2.63 1.64 3.09 4.52 5.1 7.62 2.1 3.38
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Table 2.

Database Name

Database (i)

Database (i)

Main Elements

La-Sr-Cr-Mn-O
La-Sr-Mn-O

Elements
SSUB-5
S

S, Cr

Added

from
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Figure 5.
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Figure 7.
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Figure 8.
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Figure 10.
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