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a  b  s  t  r  a  c  t

This  work  aims  to  compare  the  effect  of  combined  chromium  and  sulfur  contaminating  conditions
to  the  Cr  contamination  alone  on the  Cr  poisoning  mechanisms  in  (La,Sr)MnO3-(Zr,Y)O2 solid  oxide
fuel  cell  (SOFC)  cathodes.  Whereas  Cr2O3 and  (Cr,Mn)3O4 are  found  at active  triple  phase  boundaries
under  the  Cr-poisoning  condition,  the  formation  of SrCrO4 is  promoted  under  combined  Cr  and  S  con-
taminating  conditions,  where  Cr accumulations  act  as  getters  incorporating  sulfur,  to  form  Sr(Cr,S)O4

compounds.  The  identification  of this  phase  is  validated  on  the  synthesized  and  simulated  species  by
scanning/transmission  electron  microscopy  (SEM/TEM)  techniques;  its  possible  formation  is predicted
athode
egradation
hromium
ulfur
r-poisoning

by  thermodynamic  analysis  of the  stability  of  perovskite  compounds  in  the presence  of  combined  Cr and
S polluting  conditions.  In contrast,  sulfur  alone  is  not  found  to  poison  active  sites  in these  composite  cath-
odes. These  findings  suggest  that  the  Cr  poisoning  degradation  mechanism  is  altered  when (La,Sr)MnO3

is  exposed  to  Cr vapors  in  the  presence  of  sulfur  contamination;  the  access  to  electrochemical  active  sites
may be  hindered  by  the  formation  of  Sr(Cr,S)O4 in a  similar  manner  to a Cr-getter  effect  in (La,Sr)(Co,Fe)O3
cathodes.

. Introduction

Since the early seventies, Sr-doped perovskites have been sug-
ested as substitutes to noble metals as lower cost electrode
aterials for fuel cells [1] and for the catalytic treatment of

xhaust gas [2].  However, perovskites suffer from limitations in
heir applicability in some industrial processes, in particular from
heir susceptibility to poisoning by sulfur dioxide [3].  Originally
roposed as potential automotive catalysts, the early perovskite
ompositions, mostly manganites and cobaltites, have failed to
ecome practical because of their low resistance to sulfur, i.e. low
emperature stable sulfate formation occurs [4,5].

In the field of solid oxide fuel cells (SOFCs), where sulfur in
he fuel is a known issue [6],  less attention was brought so far
o sulfur on the cathode side, as only a trace of SO2, in the ppb
ange, is found in environmental air [7].  Recently, Yamaji et al.
s well as Liu et al. showed high tolerance of (La,Sr)MnO3-based

athodes (LSM) towards deliberate S contamination [8–10], sug-
esting that S-poisoning is not a barrier in optimized manganite
ompositions [5].  In contrast to LSM cathodes, sulfur contamination

∗ Corresponding author at: Laboratoire d’Energétique Industrielle (LENI), Ecole
olytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.
el.: +41 021 693 4827; fax: +41 021 693 3502.
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378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.123
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significantly affects the cathode performance of (La,Sr)(Co,Fe)O3
(LSCF) or related active cathodes [8–10]. In this sense, the chemical
stability of the cathode is directly related to the degradation in the
presence of sulfur.

A contrasting situation is found in the so-called Cr-poisoning
phenomenon, i.e. cathode degradation is caused by its accumula-
tion of Cr vapor species generated by Cr-containing cell-proximal
stack compounds. LSM, which is the most stable composition
among the perovskite cathodes, undergoes the most severe Cr poi-
soning degradation as Cr vapors are preferentially deposited on
electrochemical active sites. Contrariwise, in LSCF cathodes, where
the major effect is recognized as SrCrO4 formation near the cath-
ode surface and remote from the active sites, Cr-poisoning is less
severe [11].

The investigation of differences between these two  contamina-
tions Cr and S and plausible combined effects is therefore of interest.
Nevertheless, testing of cathode poisoning by sulfur remains scarce,
especially in the stack configuration, where S contamination arises
in combination with other pollutant species. This study addresses
this specific point, by prospecting the effect of combined Cr and S
poisoning in SOFC cathodes. It was based on the observation of hav-
ing identified Sr/Cr/S-oxides in stack post-test samples, reported

earlier [12–14].

In  these previous studies, Cr2O3/MnCr2O4 phases in the
LSM/(Y,Zr)O2 composite cathode as well as SrCrO4 and SrSO4
phases in the (La,Sr)(Co)O3 (LSC) current collection layer (CCL) were

dx.doi.org/10.1016/j.jpowsour.2011.10.123
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:andreas.schuler@epfl.ch
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Fig. 1. Schematic description of Cr contaminating conditions, in combination with S for type A cell (segmented 1-cell stack; left) or for Cr alone for type B cell (multicathode
button  cell; right), respectively. The S-containing insulating paste for segmentation of type A cell generated increasing S concentrations along the airflow in the cathode
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ompartment. Preferential distribution of Cr accumulations at the cathode air inlet
ere  extracted at air inlet and air outlet regions, respectively, for post-analysis pur

ot found as expected under the combined Cr/S poisoning condi-
ions, but an Sr(Cr,S)O4 compound was identified in both cathode
nd CCL.

In the present investigation, the focus is placed on the identifi-
ation of the important factors governing the Cr poisoning of LSM
athodes in the presence of sulfur, by analyzing the chemical form
f the Cr phases and their distribution within the cathode layers.

. Materials and methods

This work compares post-test observations from stack test-
ng under combined Cr and S contaminating conditions (hereafter
amed type A), to those from a button cell (type B) tested under
ontrolled Cr poisoning conditions, without S, in a multicathode
onfiguration.

Both A and B type cells were Ni-YSZ anode-supported
ith thin 8YSZ electrolyte and (La,Sr)MnO3/(Y2O3)0.08(ZrO2)0.92

LSM/YSZ) composite cathodes, with slightly different per-
vskite compositions (La0.75Sr0.25)0.95MnO3±ı for type A and
La0.70Sr0.30)0.90MnO3±ı for type B, respectively, due to develop-

ent reasons. The earlier used cathode stoichiometry, used for type
 cell, was later found less stable towards zirconate formation than

he more recent composition (due to a higher A-site deficiency),
hich became standard in our activities after cell test A. By the

ame token, different CCLs were used in both test types: type A
athodes were covered with (La0.8Sr0.2)CoO3, type B with LSM (the

ame stoichiometry as for the active cathode composition). With
espect to the contamination issue dealt with in this study, i.e. that
n the active cathode region (not CCL), the A and B active cathode
ompositions can be regarded as close enough for the purpose of
s from trapping of Cr species by reactive/protective LSC layers. Samples A1 and A2
.

comparison, and one can assume that the current collection layer
does not significantly alter our conclusions, for the active cathode
behavior under combined Cr and S contamination.

Type A cell (200 cm2) was  tested for 1900 h at 1073 K on a highly
instrumented, so-called segmented, 1-cell stack unit. Owing to the
cathode segmentation, Fig. 1, it provided in situ local information
with time of operation. The test was  followed by post-mortem
analysis (reported recently in [13,14]) and coupled to model stud-
ies of detailed electrochemistry and the generation, transport and
deposition of contaminants, which enabled to establish a strong
correlation between local performance degradation and distribu-
tion of contaminant accumulations [15].

Combined contamination in the type A test was, for Cr, due to
stack-upstream alloys (1.4828, 1.4849 and Incoloy800) used to feed
hot air, and for S, due to an insulating high-temperature sealing
paste (type1500 Coltogum, composition: atomic %: 36 Si, 6 Na, 4 Ba, 3
S, 3 Al, 2 Mg,  <1 Ca, K, Fe, balance O) used for the galvanic separation
between cathode segments, besides SO2 from compressed air.

During operation, Cr vapor species accumulated preferentially
at air inlet regions locally causing higher degradation rates. Differ-
ences between global and local performance of the cell, polarized
with a current density of 0.4 A cm−2 around 0.75 V, underlined
these findings: air inlet regions showed a higher overpotential
(mainly attributed to cathode losses) of ca. 0.35 V compared to
the air outlet with only 0.25 V. Contrariwise, as S contamination
from the insulating paste is generated within the complete airflow
along the cell (due to its segmentation), S accumulations are found

equally distributed on the cell; its impact on performance, however,
is far less pronounced [15].

Type B cell was smaller (28 cm2) and carried 4 cathode seg-
ments of 1 cm2 each (Fig. 1). In this test, NiCrFe alloy (Inconel 602)
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Table  1
Summary of post-test observations performed on different cathode samples to link sample type and location from Fig. 1 to electron microscopy results from Figs. 2–5.
Numbers  in brackets refer to previous post-test observations.

Type Sample Location Observations in this study Previously reported observations

A A1 Air inlet SEM-EDS (Fig. 2) SEM-EDS (cathode) [12]
STEM-EDS (Fig. 3) SEM-EDS (CCL) [7,13]
TEM-SAED (Fig. 3) TEM-EDS [14,15]
EFTEM XRD (CCL) [13]

A  A2 Air outlet SEM-EDS (Fig. 2) SEM-EDS [13]
XRD (CCL) [13]

Synthesized pellets Sr(Cr,S)O4 – SEM-EDS (Fig. 4)
XRD
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ubing was used for hot air feeding and deliberate generation of
olatile Cr species [16]. This cell was operated at 1125 K over 700 h
aving as scope the evaluation of Mn-doping of the YSZ phase to
revent zirconate formation in the composite cathode but which is
ot addressed in the present study.

The investigation methods carried out on both A and B cells
re summarized in Table 1, including references to the different
esult figures (Figs. 2–5)  in this paper. For the large A type cell, sam-
les from both the air inlet (A1) and air outlet (A2) regions were
nalyzed (Fig. 1).

In addition to post-test analysis including X-ray diffraction
XRD), energy-dispersive X-ray spectroscopy (EDS) in both scan-
ing and transmission electron microscopes (SEM/TEM) and

ocused ion beam (FIB) also described in previous publications
13,14,17], selective area electron diffraction (SAED) were per-
ormed on a CM20 TEM (FEI-Philips), using JEMS software (P.
tadelmann [18]) for diffraction indexing, as well as energy-filtered
EM (EFTEM) with an in-column omega filter on a Jeol TEM (type
200FS).

To profile contamination accumulations through the cathode
hickness, a methodology based on the quantification of thin cath-
de slices, extracted from an EDS mapping is used according to
ur protocol described elsewhere [16] and that can be summa-
ized as follows. To bypass the quantification issue for small Cr
uantities within LSM-YSZ composite cathode, due to the strong

verlap of the Cr X-ray emission lines with the ones from La, Mn
nd O, Cr is quantified using an empirical law based on the La

�2.15/L�1 peak height ratio and calibrated on Cr-doped LSM-YSZ
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ig. 2. Cr and S contamination profiles for two  samples of the segmented cell; samples 

btained by space-averaging EDS data for thin cathode slices. For comparison, a Cr profile
s  shown on the right. For both samples A1 and B, Cr profiles indicate active sites near the
SEM-EDS (Fig. 2)
STEM-EDS (Fig. 5)

standards. Cr within the LSC CCL, as well as S in both cath-
ode and CCL, were quantified using INCA (Oxford Instruments)
software.

In addition, also included in Table 1, a Sr/Cr/S-compound was
synthesized in a separate experiment in this study, by blending
chromium oxide Cr2O3, strontium carbonate SrCO3 and ammonium
sulfate (NH4)2SO4 powders (28, 63 and 9 wt%, ratio; all from Alfa
Aesar) and pressing into pellets. A pellet was  sintered at 1473 K for
10 h in stagnant air: these experimental conditions are known to
favor the formation of SrCrO4 [19–21].  Resulting reaction phases
were crushed in an agate mortar and deposited onto an YSZ plate
for analysis purpose.

The main data for thermodynamic analysis of per-
ovskite stability is taken from the thermodynamic database
MALT (Materials-oriented Little Thermodynamic database;
http://www.kagaku.com/malt). Thermodynamic stability results,
under Cr, SO2 and simultaneous Cr and SO2 contaminating condi-
tions, are obtained for (La0.8Sr0.2)1MnO3, (La0.75Sr0.2)1MnO3 and
(La0.7Sr0.25)1MnO3 cathode compositions. The latter composition
is assumed closest to the actual (La0.75Sr0.25)0.95MnO3±ı composi-
tion, as this cathode with A-site deficiency has a Sr content around
0.2–0.25. In this analysis, the effect of Cr contamination is evalu-
ated by reaction of 1 mole LSM with 0.1 mole CrO3, although the
major gaseous species is CrO2(OH)2. The effect of S contamination
on perovskite compounds is investigated for various SO amounts.
2
A prior reading of previous studies from Yokokawa et al. using
the MALT database [11] should facilitate the interpretation of the
resulting thermodynamic stability graphs.
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F egion from sample A1. EDS mapping indicates S to be incorporated into the Sr-chromate
g exation of the diffraction pattern.
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Fig. 4. Space-averaged EDS spectrum quantification over some Sr-chromate grains,
from a macroscopically yellow region of the sintered Sr/Cr/S-oxide pellet synthe-

F
P

ig. 3. Dark-field scanning-TEM (DF-STEM) imaging of a near-electrolyte cathode r
rain,  confirmed by quantification results of the EDS spectrum as well as by the ind

. Results: compound identification

This section aims to investigate the effect of the presence of
ulfur on the Cr-poisoning mechanism in LSM/YSZ cathodes, by
dentifying the phase and composition of the Cr deposits. For
his purpose, three different cell locations, with differences in the
ature and the severity of contamination were investigated, i.e.
igh Cr and some S for sample A1, high S with minor Cr for sample
2 and Cr without S for sample B1. Fig. 2 compares contamination
rofiles for samples A1, A2 and B. These cross-section profiles are
btained by an EDS space-averaging technique that is described
lsewhere [16] and summarized above.

.1. Chromium contamination

As mentioned in Section 2, Cr contamination is generated by
eCr-alloy compounds located upstream of the cell and exposed
o the hot air flux. The gaseous partial pressure of Cr-vapors in
he air flow was estimated from oxide scale growth on these
igh-temperature alloys as well as from the quantification of Cr
ccumulations in the cell [7].  This value is in agreement with an
n situ measurement of Cr species [22], which had shown saturation
f the air flux with Cr vapors in these testing conditions. A par-
ial pressure of 9 × 10−9 atm is therefore expected for CrO2(OH)2(g)

pecies at the air entry location of the cell.

Cr accumulations are subsequently found at the elec-
rolyte/cathode interface of sample A1 taken at the air inlet location
cf. Fig. 2; left profile), causing cathode performance degradation

ig. 5. DF-STEM-EDS imaging of a near-electrolyte cathode region from sample B of the mu
oint-analysis of Cr-rich phases indicates a mixed Cr,Mn-oxide composition close to (Mn
sized  in this study, suggests the S-added Sr-chromate phase to have a composition
close to the compound found in cathode sample A1.

by Cr-poisoning [12]. Further downstream along the air channel,
only minor Cr amounts are found, confined to the interface (see
Fig. 2; middle profile, sample A2). Part of the Cr contamination
is trapped in the LSC CCL, mainly at the surface of this Cr getter
layer. The Cr-trapping nature of LSC is underlined by increasing

amounts of Cr near the CCL surface (see Fig. 2; left profile) that lies
ca. 30 �m distance from the interface. This finding is in agreement
with previous observations of the CCL surface, where Cr was  found

lticathode-type cell. Thin Cr accumulations are found along active phase boundaries.
,Cr)3O4.
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o accumulate in the form of a SrCrO4-related phase [13], as well
s with reaction schemes between LSC and acidic pollutant species
ike Cr described in the literature [23–25].  The Cr-getter effect of LSC
hus mitigated the extent of Cr-poisoning in active cathode regions
f sample A1. Nevertheless, the amounts of Cr near the interface in
ample A1 are found comparable with the value of Cr accumulations
or cell B, without LSC CCL but exposed to lower Cr vapor concen-
rations (Fig. 1); which we believe validates their comparability in
his study.

.2. Sulfur contamination

In the case of sulfur contamination (sample A), this experiment
id not enable to determine the exact nature and the partial pres-
ure of gaseous S species. The lowest prognosis can be set at the SO2
oncentration in environmental air which is around 10 ppb. Addi-
ional S contamination, originated from the insulating paste in the
icinity of the cathode segments, is poisoning the cathode (cf. Fig. 2;

 profiles) with increasing contamination load along the airflow.
Therefore, highest S-poisoning is found at cathode outlet

egions, especially at the LSC CCL surface (cf. Fig. 2; middle profile).
ear-electrolyte/cathode interface regions are free of S-poisoning

n sample A2, as expected by the nature of the SrSO4 formation
eaction (as reported previously [13]), which is oxidative and does
ot take place at active sites for oxygen reduction [9].  The effect on
athode performance of sulfur alone is thus expected to be small,
nd further investigations were not undertaken for sample A2.

The amounts of S measured in sample A1 are low, but are close
o follow a profile corresponding to Cr accumulations; S deposits
re both found on the CCL surface and near the cathode/electrolyte
nterface. No S is observed, and therefore not reported, for sam-
le B, as was expected and intended. These SEM/EDS observations
eported in Sections 3.1 and 3.2 suggest an interaction between
he two contaminant species Cr and S. This situation is aimed to be
larified at higher magnification by TEM investigations.

.3. Combined Cr an S contamination: a comparative study
etween contaminant accumulations in active cathode regions of
amples A1 and B

In both samples A1 and B, the active cathode regions are con-
ned to the cathode/electrolyte interface and are poisoned with
imilar amounts of Cr accumulations. These samples are therefore
een close enough for direct comparison of the Cr deposit’s nature
o investigate the effect of sulfur presence (sample A1 only) on the
r-poisoning mechanism.

STEM-EDS observations of a near-interface region of sample
1, shown in Fig. 3, reveal the presence of a Sr/Cr/S-oxide grain
ithin the LSM/YSZ composite cathode. The composition of the

rain is identified by EDS as Sr(Cr0.85,S0.15)O4, in agreement with
bservations of Sr/Cr/S-phases on the CCL surface published pre-
iously [13]. Indeed, always the same composition is measured
n multiple analysis locations in both active cathode and CCL
urface regions, whereas the impurity levels are very different
bove/beneath the LSC CCL (see thermodynamic analysis in Section
.2) given by its trapping property. The following text reports addi-
ional proofs of the Sr(Cr0.85,S0.15)O4 phase within LSM/YSZ near
he cathode–electrolyte interface.

EFTEM imaging of the Sr(Cr,S)O4 grain confirms the homo-
eneous distribution of its constituting elements; the following
nergies were used for this analysis: Sr (1940 eV), Cr (574 eV), S
228 eV) and O (532 eV). Indexing the electronic diffraction pattern,

sing JEMS TEM simulation software [18], confirms the compound
s monoclinic SrCrO4 with 15% Cr substituted by S.

To further investigate the existence of this phase, a Sr/Cr/S com-
ound was synthesized in the separate experiment by sintering
Sources 201 (2012) 112– 120

a pellet pressed from the SrCO3/Cr2O3/(NH4)2SO4-blend (see Sec-
tion 2). It macroscopically shows yellow, black and green colors,
indicating the presence of SrCrO4, Sr3Cr2O8 and unreacted Cr2O3
[20]. EDS quantification reveals S to be incorporated into both
the yellow (SrCrO4), illustrated in Fig. 4, and the black (Sr3Cr2O8)
structure (not shown here), underlining the S-gettering nature of
Sr/Cr-compounds [26].

As previously reported for SrCrO4 compounds found on the
CCL surface with identical S incorporation [13] – SrCrO4 is the
main reaction product in the LSC-Cr system – [11], shifts in the
XRD pattern of SrCrO4 are expected, caused by the radii ratio
S/Cr of ca. 0.6. Indeed, the XRD pattern from the synthesized
Sr(Cr,S)O4 phase shifts from the ICDD-35743 (SrCrO4) structure
towards ICDD-730529 (SrSO4), as reported for the conversion of
celestite to Sr-chromate [27].

For sample B, with Cr contamination without the additional
presence of S (cf. Fig. 2; right profile), Cr accumulations are found in
the form of Cr–Mn-spinel phases as illustrated in Fig. 5. Contrarily
to the bulky-chromate grains found for sample A1, the observed
Cr accumulations in sample B are distributed as small grains along
phase-boundaries.

The observations reported here strongly suggest that the SrCrO4
formation in LSM, although not directly expected from a thermo-
dynamic point of view (cf. Fig. 6a), is enabled by the presence of
sulfur dioxide in terms of formation of a solid solution between
SrCrO4 and SrSO4 with higher stability in the air inlet location of the
type A cell. This formation possibility is strengthened by the more
oxidative atmosphere and lower temperature conditions, which
are typically observed at the cathode air entry location (cf. Fig. 1;
sample A1). SO2 is suggested to act as chromate formation pro-
moter [26] and to incorporate into this phase to form a Sr(Cr,S)O4
compound.

This hypothesis is evaluated here by means of thermodynamic
analysis for the different contaminating conditions: Cr only, S
only, as well as Cr and S simultaneously. As this post-test analysis
comprises a single snapshot after SOFC operation, kinetic consid-
erations of Cr-phase formation cannot be addressed in the present
work.

4. Discussion: thermodynamic analysis

4.1. Cr-LSM reaction

Additional thermodynamic analysis to that published earlier by
Yokokawa et al. [11] is shown in Fig. 6, where the temperature
dependence of the reaction products between LSM and Cr (0.1 mole
CrO3) at pO2 = 1 atm indicates that SrCrO4 formation can take place
at the lower temperature region; n represents the mole number of
each phase formed as a function of temperature and oxygen partial
pressure.

At 1073 K, the average operating temperature of the segmented
cell A, on the one hand no SrCrO4 is expected; on the other hand
1073 K is close to those temperatures at which SrCrO4 can be
formed, and it must be taken into account that the inlet zone (where
sample A1 was  taken) will be colder than the 1073 K average (by at
least 20 ◦C [15]).

To underline this finding, the thermodynamic activity of plausi-
ble reaction products between LSM and Cr, in particular of SrCrO4,
is given in Fig. 6c (log-scale) and d (linear-scale). The thermody-
namic activity, a(SrCrO4), is close to unity, i.e. SrCrO4 is formed,
in oxidative atmosphere and decreases with decreasing oxygen

potential.

Cr,Mn-spinel phases are on the other hand stable at the mean
SOFC operating temperature of 1073 K, at low pO2 (Fig. 6b), thus
typically under conditions found at active cathode regions, near
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Fig. 6. (A) Temperature dependence of the reaction products between 1 mole LSM and 0.1 mole CrO3 at pO2 = 1 atm; SrCrO4 formation takes place at lower temperature
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.2. S-LSM and S-LSC reactions

Besides severe sulfur-poisoning in sample A2, S contamination,
lthough in minor extent, is also identified in sample A1 (Fig. 2).
herefore the effect of sulfur on LSM and LSC perovskite cathode
ayers is investigated to know if and how the LSC CCL traps SO2
efore this contaminant reaches the active LSM cathode.

Reactions of LSC from the CCL with SO2 can be separated into
hree regions (I–III) and described by the following Eqs. (1)–(3),  as
llustrated in Fig. 7a; the respective equilibrium partial pressures
lateaus for SO2 for the three reactions are given in Fig. 7b.

egion I (La1−ySry)CoO3 + ySO2 = (1 − y)LaCoO3 + ySrSO4 + yCoO

(1)

Region II (1 − y)LaCoO3 + 0.5(1 − y)SO2 = 0.5(1 − y)La2O2SO4

+ (1 − y)CoO (2)

egion III CoO + SO2 + 0.5O2 = CoSO4 (3)

Similarly, the reactions between LSM and SO2 are described by
qs. (4)–(7),  which are graphically represented in Fig. 7c with the

orresponding partial pressure plateaus given in Fig. 7d.

Region 0 (La1−ySrx)MnO3 = (1 − z)(La1−y′ Srx′ )MnO3

+ z�-SrMnO3 (4′)
the low pO2 region. (C) Oxygen partial pressure dependence of the activity of the
4 is close to unity.

z�-SrMnO3 + z(SO2 + O2) + (1 − z)(La1−y′ Srx′ )MnO3

= zSrSO4 + (La1−ySrx−z)MnO3 (4)

Region I (La1−ySrx−z)MnO3 + (x  − z)SO2 + dO2

= (1 − x + z)La(1−y)/(1−x+z)MnO3 + (x  − z)SrSO4

+ (1/3)(x  − z)Mn3O4 (5)

Region II (1 − x + z)La(1 − y)/(1 − x+z)MnO3 + 0.5(1 − y)SO2 + dO2

= 0.5(1 − y)La2O2SO4 + (1/3)(1 − x + z)Mn3O4 (6)

Region III (1/3)Mn3O4 + SO2 + (1/3)O2 = MnSO4 (7)

This reaction scheme indicates the alpha-SrMnO3 phase to be
precipitated from LSM even without SO2 gas in the air; this is due
to the A-site deficiency of the LSM perovskite composition (cf. Eq.
(4′)). However, in practice, the precipitation of alpha-SrMnO3 is not
observed and the reaction of LSM with SO2 first yields SrSO4 alone
without precipitation of manganese oxides. This precipitation is
expected to be kinetically hindered, comparable to pyrochlore
phase formation between LSM and YSZ that also results without
the precipitation of manganese oxides. No Region O is observed for
LSC in Fig. 7a, due to its stoichiometry (no A-site deficiency).

Regions I–III present similar reaction paths leading to SrCrO4

formation (Region I) and other phases (Regions II and III) in LSM-
SO2 and LSC-SO2 systems. Differences in SO2 equilibrium pressures
are found for these regions and the two  perovskites; they are gen-
erally lower (i.e. more reactive) for LSC reactions compared to those
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ig. 7. (A) LSC reaction with SO2; Regions I, II and III correspond to Eqs. (1), (2) and
1)–(3).  (C) LSM reaction with SO2; Regions O–III correspond to Eqs. (4)–(7).  (D) Equ

or LSM, i.e. four orders of magnitude between LSM and LSC systems
or the SrSO4 formation (Region I), below two orders of magnitude
n the Region II for the La2O2SO4 formation, and below one order
n Region III, for Mn-  or Co-sulfate formation.

The partial pressure of SO2 in the type A cell test being unknown,
 lower and a higher level case is considered. Considering also these
wo materials not individually but in cell configuration with LSC on
op of the LSM cathode, where the LSC CCL is thought to act as an
O2 getter, the above findings, in particular for Fig. 7, indicate the
ollowing:

i) With a partial pressure of SO2 lower than 1 ppm, nearly all SO2 is
captured by LSC in the CCL to form SrSO4 (LSC-Region I, Fig. 7b).
The remaining SO2 passing through this trapping layer has a par-
tial pressure of around 10−10 atm. The amount of sulfur reaching
the cathode is therefore too low to affect LSM. The LSC protects
the active cathode region unless the trapping layer becomes
saturated.

i) When the SO2 partial pressure is between 1 and 500 ppm, LSC
is decomposed into SrSO4 and LaCoO3 (LSC-Region II, Fig. 7b);
the trapping effect of LaCoO3 reduces the SO2 partial pressure
to a level of 1 ppm. This remaining amount of SO2 penetrates
until the active cathode regions and reacts with LSM according
to reaction Eqs. (4) and (5) (LSM-Regions O and partly I, Fig. 7d).
In such cases, up to 0.1 mole of SO2 can react with one mole of
LSM to form SrSO4.
.3. Cr/S-LSM reactions

As it was shown that up to 1 ppm SO2 can react with active
athode regions exposed to high SO2 contamination, the effect of
spectively. (B) The equilibrium partial pressures of SO2 for respective reaction Eqs.
um partial pressure for SO2 in Regions I–III.

Cr on LSM in simultaneous S contaminating conditions is therefore
considered as follows (Fig. 8):

1st case: 1 mole LSM + 0.1 mole CrO3: the reaction between LSM
and CrO3(g) favors Cr absorption into the B-site of the perovskite
lattice. The A-site deficiency of LSM limits on the one hand the
amount of Cr to be integrated into the perovskite lattice, but favors
on the other hand the precipitation of manganese oxides. SrCrO4
is not formed in LSM as this composition is the most stable among
La,Sr-based perovskite compounds.

Chemical reactivity and electrochemical degradation are how-
ever not necessarily in relation as the chemically stable LSM suffers
most from Cr-poisoning by other means than the SrCrO4 formation,
namely the preferential deposition of Cr species at active sites for
oxygen reduction.

Two  Cr-deposition descriptions for Cr-poisoning in LSM-YSZ
composite cathodes are found in literature [26,28]; by the direct
electrochemical reduction of Cr(VI) to Cr(III) (cf. Eq. (8)), or via Mn(II),
generated in LSM under polarization, as nucleation sites (cf. unbal-
anced Eqs. (9) and (10)).

CrO2(OH)2(g) + 3/2 VO
•• + 3e− ↔ 1/2Cr2O3(s) + H2O(g) + 3/2OO

x

(8)

CrO2(OH)2(g) + Mn2+
(s) + e− ↔ Cr–Mn–Onucleus + H2O(g) (9)

Cr–Mn–Onucleus+CrO2(OH)2(g) ↔ Cr2O3(s)+H2O(g) + Mn4+
(s) + e−
(10)

Either way, Cr2O3 reacts with LSM to form the (Cr,Mn)3O4 spinel
phase, which is the thermodynamically favored phase, at active
sites for oxygen reduction where pO2 is low (cf. Figs. 6b and 8a),
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nd which is found to be formed at the active phase boundaries, as
llustrated in Fig. 5.

2nd case: 1 mole LSM + 0.1 mole CrO3 + 0.01/0.1 mole SO2
Fig. 8b and c): when sulfur contamination occurs at the same time
s Cr-poisoning, SrSO4 is formed depending on the sulfur contam-
nation level. This SrSO4 formation enhances the formation of a
olid solution between SrCrO4 and SrSO4; an ideal solid solution
s assumed in the thermodynamic analysis. The amount of precip-
tated Mn  oxides also increases, due to the decrease in the A-site
ccupancy in the perovskite lattice (Sr-consumption by chromate
nd sulfate formation), leading to a decreased mole number of the
erovskite lattice.

.4. Contamination effect on cell performance

Thermodynamic analysis, predicting the co-existence of SrSO4
nd SrCrO4 phases in LSM (cf. Fig. 8b and c), with the assumption
hat these two phases form a solid-solution, is consistent with the
bserved formation of S-added Sr-chromate. The effect of combined
r and S contaminating conditions in terms of cathode performance
egradation is now evaluated as follows:

SrCrO4 is (and Sr(Cr,S)O4 is expected to be) poorly conduc-
ive and reduces the cathode porosity [11]. Impurities like S can
nhance sintering leading to morphological changes [26]. Similarly,
ation-depletion of LSM, after Sr consumption, favors perovskite
oarsening. SrCrO4 has a high thermal expansion coefficient (ca.
7.5 × 10−6 K−1), and could therefore induce spallation between

he different phases during thermal changes, especially in coars-
ned microstructures [19] as observed in Fig. 3. In addition, the
epletion of Sr in LSM leads to a change of the perovskite ther-
al  expansion coefficient. In summary, Sr(Cr,S)O4 formation can
 minor amounts of SrCrO4 and SrSO4, compared to Cr B-site integration, are formed.
nd increased amounts of precipitated Mn-oxides.

possibly induce a delayed deleterious effect on the cathode
performance, whereas the immediate effect, i.e. sparse and
bulky chromate formation (cf. Fig. 3), is expected to be smaller
compared to the formation of Cr/Mn-oxides along the triple-phase-
boundaries (cf. Fig. 5) in Cr-poisoning conditions [11].

Here, the total accumulated Cr amount for type A cell
(18 �g cm−2 for cathode and CLL per 1 kh operation) and the
observed performance degradation (ca. 1% kh−1) [7] indicates
serious cathode poisoning, comparable with findings from cell
endurance testing performed elsewhere [29] (15 �g cm−2 for tests
with less than 1.5% k h−1 degradation [7]). The important difference
between global and local degradation rates of a repeat-element
suggests however that correlations can only be done between
local distribution of pollutant species and the causes of local
degradation rates [12], i.e. locally high performance degradation
rates at the air inlet regions are consistent with the localization
of high contamination accumulation, whereas the main part of
the type A cell remained free of degradation-causing contamina-
tion.

The actual amount of the Sr(Cr,S)O4 phase in the cathode, by
its conductivity decrease and grain spallation contribution, cannot
directly be linked to the observed decrease of local power density.
The complexity of superimposed degradation effects, not limited
to Cr and S (e.g. a silicon-poisoning was observed on the same
cell [17]), precludes such direct correlations. A different situation
is expected from type B cell, with only Cr accumulation near the
cathode–electrolyte interface. From a multicathode-cell test [16]

performed in identical conditions than for cell type B, we can derive
that the Cr amounts observed in sample B1 should be correlated to
a degradation rate of 2.5–3% k h−1. The observed degradation was,
with ca. 5% voltage decay after 700 h of testing, actually higher; the
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qs. (9) and (10)) and caused additional superimposed degradation
30].

. Conclusions

The present study reveals SOFC cathode poisoning mechanisms
n the case of chromium contaminating conditions in combination

ith high sulfur concentrations.
This special case of pollution, far above trace SO2 levels in air, is

ot a generic situation in SOFC operation but can be representative
f accelerated testing. Indeed, S-rich Sr-chromate compounds are
requently observed in LSCF-cathodes after long-term (10,000 h)
OFC operation, where S contamination arises from environmental
ir. Our observations especially point out the possibility of multiple
r combined poisoning phenomena, which lead to interdependent
r superimposed degradation effects, hence complicating quantita-
ive correlations between contamination amounts and degradation
ates.

In many studies facing the Cr-poisoning phenomenon, differ-
nt contamination levels, not limited to Cr alone, are suggested to
e at least partially responsible for disagreements in the literature
elated to Cr accumulations. Such differences in contamination can
lso mitigate the severity of Cr-poisoning.

Finally, this study suggests to carefully select SOFC proximal
omponents to limit S contamination to only the trace amounts
ehicled by environmental air.
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