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Symmetrical cells consisting of Lag sgSro4CogoFers0s.s (LSCF) oxygen electrodes screen printed on both sides of a
Ce.9Gdp 10,25 (CGO) electrolyte were tested at 800 °C while being held close to a piece of Crofer 22 APU alloy. The alloy
was either just pre-oxidized or coated with MnCo,0, and heat treated prior to the exposure test to elucidate the effects of different
Cr vaporization rates. Degradation of the symmetrical cells was monitored by electrochemical impedance spectroscopy, and TOF-
SIMS, SEM and EDX analysis were used to examine Cr deposition on the electrodes after the exposure. The results show that the
degradation rate of the symmetrical cell is directly proportional to the concentration of gaseous Cr(VI)-species, which had been
assessed in a previous experiment. The Cr vaporization rate from Crofer 22 APU with a dense MnCo,0, coating was measured in
moisturized air up with up to 40% H,O and found to be invariant with respect to the steam activity. The degradation rate of
symmetrical cells was accelerated by humidity in the air, but, noteworthy, this was found also in the absence of a Cr source.
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Solid oxide electrolysis cells (SOEC) offer an electrically
efficient way to convert any surplus electricity from periods where
production from wind or solar power exceeds demand into hydrogen
and/or CO. The produced chemicals can be stored and converted
back to electricity using a solid oxide fuel cell (SOFC), or
catalytically upgraded to synthetic liquid fuels for the transport
sector.!? This makes solid oxide cells (SOC) an attractive tech-
nology for use in the future energy system. However, the costs need
to be decreased and the lifetime needs to be improved to make this
technology more attractive commercially.’

The lifetime of state-of-the-art SOC stacks is limited by
degradation of both the cell itself and stack components such as
the metallic interconnect and the glass(-ceramic) sealant.*® There
are many different causes for the degradation and the dominant
mechanism typically depends on the cell or stack operating condi-
tions and the purity of the feed gasses.®” On the air/oxygen side of
the cell, some of the most severe degradation is caused in the
presence of gaseous Cr(VI)-species, leading to so-called “Cr-
poisoning” of the oxygen electrode.'®'* The Cr(VI)-species origi-
nate from the ferritic stainless steel interconnect material and
balance of plant components, and are released primarily in the
form of CrOj; (g) under dry (<0.1% H,0) oxidizing conditions and
CrO,(OH), (g) under humid oxidizing conditions.'*!

The Cr poisoning mechanism depends on, among other factors,
the oxygen electrode material. In case of (La,Sr)MnO3 (LSM)-based
electrodes, Cr-deposits in the form of (Mn,Cr);0,4 and Cr,0O5 have
been observed close to the electrode/electrolyte interface, typically at
the trigle phase boundaries between the electrode, electrolyte and
pore.'® Because Cr is deposited mainly on the most electrochemi-
cally active sites, the degradation mechanism is believed to be an
electrochemical reduction process.'>”'* This implies that the Cr
poisoning of LSM is more severe in fuel cell than in electrolysis
mode of operation. For electrodes based on mixed ionic and
electronic conductive (MIEC) materials such as (La,Sr)(Co,Fe)O5_s

“E-mail: belma.talic @sintef.no

(LSCF), Cr has ty}i)ically been observed in the form of SrCrO, on the
electrode surface.'’”'® The degradation mechanism of MIEC elec-
trodes is not well established, but according to the widely held
nucleation theory, the StCrO, deposits are formed via the reaction of
gaseous Cr(VI)-species and SrO segregated on the electrode
surface.”?! The degradation due to Cr-poisoning is thus closely
linked to surface segregation and de-mixing/decomposition occur-
ring on the electrode material, a phenomena which also in itself leads
to a deterioration of the oxygen surface exchange properties.'**>2
Since the interaction between Cr-species and MIEC electrodes is
chemical and not electrochemical, Cr induced degradation would be
a challenge both in fuel cell and electrolysis mode of operation.'”**
In the comparison between the behavior of LSM and LSCFE'®™"?
based electrodes it should further be noted that the LSM studied in
Ref. 16 is superstoichiometric in Mn and that LSM is thermo-
dynamically more stable than LSCF, which renders the formation of
Sr-Chromate more likely for the LSCF case.

There have been two main approaches taken to mitigate the
degradation caused by Cr-poisoning. One is to modify the electrode
material to decrease its sensitivity towards Cr.>>?® While this may be
a feasible approach, several electrode materials that initially were
claimed to be “Cr-tolerant,” such as La(Nig¢Feo4)O3; (LNF),2>27
have later been shown to degrade in the presence of gaseous
Cr(VI)-species.”® The second approach is to limit the release of
gaseous Cr—s%)ecies by applying a protective coating on the steel
interconnect.”>*® This approach seems more promising as coatings
such as MnCo,0,4 or MnCo, ;Fe( 30,4 can reduce the Cr vaporization
from the steel interconnect by up to a factor of 1000.*'> However,
the question remains as to whether this reduction is “enough” to
attain an acceptable oxygen electrode lifetime, as there is no
established correlation between the amount of Cr released from
the interconnect and the degradation rate of the oxygen electrode.

There have been several studies seeking to quantify the correla-
tion between the rates of oxygen electrode degradation and Cr
vaporization. Stanislowski et al.?® estimated that for every
3.96 mg cm 2 of Cr released from the interconnect, the cell voltage
of an SOFC stack operated at Research Center Jiilich would decrease
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by 1% due to degradation of the LSM electrode. There was however
no information about the operating conditions of this stack, making
it difficult to utilize this correlation for modelling and prediction of
the stack lifetime. In another study, Jiilich stacks operated with
LSCF electrodes were reported to contain 0.1-0.2 mg Crem ™2 of
cathode area after 17 000 h of operation at 700 °C and 0.5 A cm™>
with a MnCo; oFeo 0, coated Crofer 22 APU interconnect.’®>’
However, the amount of Cr released from the interconnect and the
degradation rate of the oxygen electrode relative to the other stack
components was not specified. Evaluation of whether or not a
coating is protective enough on stack level is costly and complicated
since the degradation of the oxygen electrode may be overshadowed
by degradation of the other cell components such as the Ni-YSZ fuel
electrode,”®*%3 which dominates degradation in cells with Ni-YSZ
electrodes operated in electrolysis mode at high current density.*
Furthermore, since the temperature, the humidity level, and the gas
velocity typically vary within the stack and during operation,*' the
Cr vaporization rate from the interconnect also varies.

A simpler approach to study the effect of Cr poisoning is by
using a “three electrode pellet”'® or a symmetrical cell.>*** The
latter is preferable, as the microstructure of the electrode is more
similar to that in a full cell and there is no ambiguity related to the
placement of the reference electrode.** Konysheva et al.'®***> has
used both set-ups to study the effect of Cr poisoning on LSM and
LSCEF electrodes. Both electrodes showed an increased degradation
rate when exposed to an uncoated interconnect steel, but the
increased degradation rate did not correlate with the amount of Cr
found in the electrodes after testing. Also Ni et al.*® reported that the
amount of Cr incorporated into a LSCF electrode did not correlate
with the decrease in performance. Both groups exposed the oxygen
electrodes to relatively high amounts of Cr, as released from bare
steel. Thus, to the best of our knowledge, a clear correlation between
the rates of oxygen electrode degradation and Cr vaporization has
not yet been established. This work explores whether such a
correlation exists by using a new approach for exposing the oxygen
electrode to controlled amounts of gaseous Cr(VI)-species.

We recently showed that the Cr evaporation rate of
MnCoy 7Fe( 304 coated Crofer 22 APU varies with the coating
density, which may be controlled by modifying the sintering
procedure.’' In this work, symmetrical cells with LSCF electrodes
are exposed to interconnects that are either just pre-oxidized or
covered with a coating of a controlled density, to investigate the
correlation between degradation rate and the amount of Cr that the
cell is exposed to. The degradation of the cells is monitored by
impedance spectroscopy and the nature of the Cr-deposits is
investigated by a combination of SEM-EDX and TOF-SIMS
analysis of the tested cells.

Experimental

Sample preparation.—Symmetrical cells were prepared by
screen printing Lag sgStg 4Cog ,Fep 305 (LSCF, H.C. Starck GmbH)
electrodes on both sides of a 180um thick 5 x 5 cm?
Ce9Gdy 10195 (CGO, Kerafol) electrolyte. The symmetrical cells
were sintered in air at 930 °C for 24 h with 60 °C/h heating and
cooling rate. The electrode thickness after sintering was ca. 20 ym.
The cells were laser cut into 7 x 7 mm? pieces and the edges lightly
grinded with #1000 SiC paper to remove short circuits introduced
during cutting. Cross sectional images of the as-prepared cell are
provided in the Supplementary Material (Fig. S1).

Crofer 22 APU (Thyssen Krupp) was used as the interconnect
material and source of Cr. A 0.3 mm thick steel sheet was cut into @
8 mm pieces and 37 holes of @ 0.8 mm were drilled into each piece
to allow for gas access. The geometrical surface area of each
interconnect was 99 mm?®. The interconnects were cleaned in an
ultrasonic bath for 10 min in acetone and 10 min in ethanol. A
MnCo,0, coating was deposited on the cleaned interconnects by
electrophoretic deposition using a suspension with MnCo,04
powder (Fuel Cell Materials). Details about the deposition method

are described in Ref. 47. The coating was sintered either at 900 °C in
air for 2 h, or at 1100 °C in N,-H, for 2 h followed by a treatment at
800 °C in air for 5 h. The coating sintered at 1100 °C consists of a ca.
4 pm thick inner part, which is fully dense, and a ca. 10 ym outer
part containing ca. 17% open porosity. For simplicity, this coating is
referred to as “dense” throughout the paper. The coating sintered at
900 °C was significantly more porous, and shall be refer to as the
“porous coating.” The porous coating was additionally heat treated
in air at 800 °C for 24 h to stabilize the Cr evaporation rate, which
decreases during the first 150 h of exposure due to partial densifica-
tion of the coating.”'

Bare Crofer 22 APU pieces were pre-oxidized in air at 800 °C for
24 h in order to thermally grow a scale of Cr,O3 and (Mn,Cr);0,4 on
the steel surface. The different pre-treatments and the resulting Cr
evaporation rate of the interconnects, measured in Ref. 31, are
summarized in Table I. Cross sectional images of the porous and
dense coatings are shown in Figs. 1c and 1d, respectively. Lower
magnification images are shown in Fig. S6 in the Supplementary
Material. Although the coating thickness varies slightly along the
length of the sample, EPD was successful in completely covering the
steel surface with a coating layer.

Electrochemical characterization.—Electrochemical degrada-
tion of the symmetrical cells was studied using a two-electrode
four-wire set-up, shown in Fig. 1. Platinum paste (64021015 Pt
Paste, Ferro GmbH) was painted on both sides of the symmetrical
cell to aid with the current collection. The use of the specific Pt-paste
has in previous studies been shown to be an adequate method of
current collection for well-performing electrodes that neither intro-
duces significant additional activity nor accelerated degradation.*®
The symmetrical cells were placed between two platinum meshes
that were loaded with a small weight to facilitate electrical contact
between the cell and the Pt mesh. The interconnect was placed under
the Pt mesh to separate it physically from the cell and ensure that Cr
could only reach the electrodes via the gaseous phase.

The symmetrical cells were tested at 800 °C and at OCV with
5L h~! of atmospheric air flushed through the rig. The air was either
dry, or humidified by bubbling through a water flask heated to 24 °C,
resulting in an absolute humidity of 3 vol%. Electrochemical
impedance measurements were carried out using a Solatron 1260
impedance analyzer in the frequency range 100 kHz—0.1 Hz with a
measurement amplitude of 0.05 A. The Ohmic/series resistance (Rs)
was obtained from the high frequency intercept of the impedance
curve and the polarization resistance (Rp) was obtained from the
difference of the low and high frequency intercepts. The resistances
were normalized to the geometrically measured area of the symme-
trical cells and the Rp values were divided by two (accounting for
both electrodes of the symmetrical cell). For each test condition, four
cells were tested simultaneously in the same atmosphere to check for
reproducibility. The temperature was monitored throughout the test
by a S-type thermocouple positioned close to one of the sample
holders and varied by +5 °C between each test.

Between each test with a Cr source the rig was cleaned by
immersing the sample holder and furnace tube in a 50/50 vol%
mixture of HCl and HNOj; overnight to dissolve any deposited Cr
species. The rig was confirmed to be clean by re-measuring the
degradation rate without any Cr source in the test rig.

Characterization of microstructure and composition.—The
tested symmetrical cells were analyzed using scanning electron
microscopy (SEM, Zeiss Supra) and energy dispersive X-ray
spectroscopy (EDX, Noran System Six). For this purpose, the cells
were cast in epoxy and thereafter ground and polished to reveal the
cross section. A carbon coating was deposited to avoid surface
charging by the electron beam. All EDX analysis was made at an
acceleration voltage of 15 kV.

The epoxy embedded cells were additionally analyzed using time
of flight secondary ion mass spectrometry (TOF-SIMS, ION-TOF
GmbH, Miinster, Germany). 25-ns pulses of 25keV Bi* (primary



Table I. Overview of interconnects used as Cr source and the expected Cr evaporation rate according to Ref. 31. Porosity was determined by SEM image analysis of polished cross sections.

Interconnect Pre-treatment Coating porosity [%] Cr evaporation rate [kg/m?s)
Pre-oxidized Pre-oxidation in air at 800 °C for 24 h. N/A 4.6 x 10710
Porous coating MCO coated and sintered in air at 900 °C for 2 h and aged at 800 °C for 24 h. 53+5 4.8 x 107"
Dense coating MCO coated and sintered in N>-H, at 1100 °C for 2 h and in air at 800 °C for 5 h. 17+3 12 x 10711
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Figure 1. Illustration of the experimental set-up: (a) picture of the symmetrical cell mounted in one of the sample holders of the test rig, (b) schematic cross
section of the sample and sample holder, (c) SEM cross sections of the “porous” (0900) MCO coating, (d) SEM cross section of the “dense” (R1100) MCO

coating.

ions) were bunched to form ion packets with a nominal temporal
extent of <0.9ns at a repetition rate of 10 kHz, yielding a target
current of 0.7 pA. These primary ion conditions were used to obtain
mass spectra and ion images. The analyzed areas were first subjected
to a mild sputter cleaning procedure (Xe*, 30nA, 3keV, 10s) to
remove adventitiously adsorbed hydrocarbons and any other surface
impurities. Image analysis was performed on a 50 x 50 pum? surface
area of each sample.

Cr vaporization of coated steel—The effect of H,O on the Cr
vaporization from MnCo,0, coated Crofer 22 APU was measured
using the denuder method, described in Ref. 49. For this purpose,
Crofer 22 APU of 0.3 mm thickness was cut to 15 x 15 mm? pieces
and washed in an ultrasonic bath in acetone and then in ethanol. The
MnCo,04 (Fuel Cell Materials) coating was deposited on the
cleaned interconnects by electrophoretic deposition as described
above. The coating was densified by heat treating for 1h in
N,—4%H, at 1000 °C and 5 h in air at 800 °C. This heat treatment
was chosen as it has been found to provide a good compromise
between a high coating density and limited oxidation of the under-
lying steel.® SEM imaging of the samples revealed a coating density
similar to that shown in Fig. 1d.

The Cr vaporization rate was measured at 800 °C in air with 3, 10
or 40% H,O. Steam was introduced by bubbling the air through a
water bath heated to 24.4, 46.1 or 76.3 °C, respectively. The total
flow rate of the inlet gas was kept at 6 L min~', corresponding to a
gas flow velocity of 23.7 cm s, Three samples of MnCo,0, coated
Crofer 22 APU were placed in an alumina sample holder and
inserted into the furnace at 800 °C with the surface parallel to the gas
flow direction. The amount of Cr(VI)-species released from the
samples was determined by analyzing the amount of sodium
chromate collected in a sodium carbonate coated denuder tube at
the furnace outlet. The denuder tube was removed and analyzed
periodically (ca. every 2 d) during the exposure, which lasted a total
of 144 h. More details of the set-up, calibration and analysis may be
found in Refs. 49, 51.

Results and Discussion

Effect of Cr concentration.—Figure 2 shows the impedance
spectra of two symmetrical cells tested either in a Cr-free atmo-
sphere (Figs. 2a, 2b), or while exposed to bare, pre-oxidized Crofer
22 APU (Figs. 20 2d). Both tests were run at 800 °C and OCV with
dry air (5 Lh™") flushed through the rig. At the start of the test, the
two cells had an impedance comparable to each other and to that
previously reported for symmetrical cells with LSCF or LSCF:CGO
electrodes.’>™> The impedance response consists of two arcs. The
low frequency arc is typically observed in well-performing

electrodes and attributed to gas transport, while the high frequency
arc is related to the electrochemical processes.”® The two cells
shown in Fig. 2 have a small difference in the series resistance (Rs),
which may be attributed to differences in contacting between the cell
and the Pt current collector mesh. In general, the Rs variation
between duplicate samples was less than 10%.

During aging, the polarization resistance (Rp) of both cells
increased while the Rs remained constant. The increase in Rp was
notably larger for the cell exposed to bare Crofer 22 APU (+200%
over 144 h) compared to the cell tested in a Cr-free atmosphere
(+15% over 130 h). The Bode plots (Figs. 2b, 2d) indicate that the
main increase in resistance was in the intermediate frequency range
(ca. 10-1000 Hz). Similar impedance results were obtained for cells
exposed to Crofer 22 APU with a dense or porous MnCo,0, coating,
only that in these cases, the increase in Rp with time was
intermediate of the two measurements shown in Fig. 2.

The average change in Rp with time for all the tested cells is
shown in Fig. 3a (average of 2—4 samples tested in each condition).
The degradation rates determined by a linear fit of these curves
(excluding the first 24 h of degradation) are given in Table II. There
was no significant change to the Rs during any of the tests (see Fig.
S2 in the supplementary material). The symmetrical cell measured
without any Cr source in the test rig had a degradation rate of +12 +
2mQem?1000h. This degradation rate was reproducible after
cleaning the rig with acid and can therefore be taken as the
“baseline” degradation of the symmetrical cells used in this work.
The degradation rate almost doubled when the cell was exposed to a
steel interconnect with a dense MnCo,0, coating (+20 =+
3 mQem?/1000 h). With a porous MnCo,0, coating the degradation
rate further increased to +55 = 16 mQcm?/1000 h, while the highest
degradation rate was measured for the cell exposed to bare Crofer 22
APU (4109 + 16 mQcm?/1000 h).

In Fig. 3b, these degradation rates are plotted as a function of the
Cr vaporization rate of bare and coated Crofer 22 APU measured in
Ref. 31 (see Table I). The plot shows that there is a strong
correlation between the two parameters. It should be noted that the
Cr vaporization rate depends strongly on the mass flow
conditions,***® which were different during the two tests. During
measurement of the Cr vaporization rate in Ref. 31 a relatively high
flow rate of air (360 L h™') was used. It is assumed that the volatility
under these conditions is limited by the mass transfer of gaseous Cr
(VI)-species across a boundary layer above the interconnect surface
such that the flux (for a flat plate geometry) is given by:>">®

k
J = —m L — 1
C RT(pl Do) [1]
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Figure 2. Nyquist and Bode plots of the impedance of LSCF-CGO-LSCF symmetrical cells during aging in dry air at 800 °C and OCV. (a) and (b) aged in a Cr-
free atmosphere. (c) and (d) aged while exposed to bare Crofer 22 APU. Note the different scale of the axis.
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vaporization rate measured in Ref. 31.

Where J¢, is the flux of gaseous Cr(VI)-species, k,, is the mass
transfer coefficient, p; is the partial pressure of Cr(VI)-species at the
interconnect surface, p, is the partial pressure of Cr(VI)-species
outside the boundary layer (in the bulk-gas), R is the universal gas
constant, and 7 is the temperature.

A considerably lower flow rate of air was used during the
symmetrical cell tests (5 L h™"). The lower flow rate will result in a
lower rate of Cr vaporization, but a higher concentration of gaseous
Cr-species in the test atmosphere because less of the Cr(VI) is
flushed away by the air stream. The maximum concentration of Cr

(VI)-species in the test atmosphere is equal to p; in Eq. 1, which is
thermodynamically limited by the activity of Cr at the sample
surface.”> Accordingly, p; will be proportional to the Cr-content in
the outermost layer of the coating or oxide scale. The Cr-content in
turn depends on the thermodynamics, the stability of the phases
present in the oxide scale/coating, and on the transport properties in
the oxide scale/coating, e.g. the diffusion coefficients of Cr and Mn
in the formed phases. It may also depend on the flow conditions,
since these via Eq. 1 define the flux of Cr leaving the surface. For
bare Crofer 22 APU, the sample surface comprises of (Mn,Cr);0,,
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Table II. Overview of test conditions and degradation rates (average and standard deviation of 2—4 measurements).

Cr source Load Test atmosphere Average degradation (+-mQcm?/1000 h)
None ocv Air (SLh™) 12+£2

Dense MCO coating ocv Air GLh™Y 20+3

Porous MCO coating oCcVv Air GLh7YH 55+ 16

Bare Crofer 22 APU ocv Air SLh™h 109 + 16

Bare Crofer 22 APU OoCVv Stagnant air 760

None OoCVv 3%H,0-Air (SLh™h) 42+4

Dense MCO coating OoCVv 3%H,0-Air (5Lh™Y) 65+4

while in case of the coated samples, the surface comprises of
MnCo,0O, with small amounts of Cr, ie., MnCo,Cr,O4. In
previous work it was shown that the surface of the porous coating
(densified part) contains ca. 5 wt% Cr while the surface of the dense
coating contains less than 1 wt% Cr, and it was concluded that it is
this difference that resulted in the difference in the Cr evaporation
rate.’’

We shall here assume that the relative amount of Cr released for
the three different types of samples during the symmetrical cell test
is proportional to that previously measured during the Cr-evapora-
tion experiment in Ref. 31, despite the fact that these were
established under different flow conditions. The good correlation
obtained between the two measurements (Fig. 3b) supports this
assumption. Thus, Fig. 3b suggests that there is a linear relationship
between the electrode degradation rate (AR, (¢)) and the logarithm of

the Cr vaporization rate (J¢,).

As mentioned in the introduction, the Cr poisoning mechanism
and the Cr “tolerance” varies among different oxygen electrode
materials. The tolerance will likely also depend on the electrode
microstructure and thickness.’>® The correlation obtained here is
thus only valid for a LSCF electrode with a specific microstructure
and the experiments should be repeated with other electrode
materials and microstructures to investigate whether similar correla-
tions hold.

It should also be noted that during the tests in this work, the
symmetrical cells are exposed to a higher partial pressure of gaseous
Cr(VI)-species than what can be expected in a SOC stack where the
gas flow rate is much higher, especially during fuel cell operation
where a high air flow is used to control temperature within the stack.
According to one analysis, only 20% of the Cr released from the
interconnect was found deposited in the stack; the rest was carried
away by the gas stream.’® For this reason, the degradation rate
measured here with a low gas flow, that is not directed over the
sample surface, is higher than what would be observed for the same
combination of electrode and coating in a real stack. Thus, the
symmetrical cells tests reported on here do not answer the question
of whether the coating is protective “enough.” However, the
correlation obtained between the degradation rate of the symmetrical
cells and the Cr vaporization rate can serve as input to SOC stack
models and facilitates comparison between experiments carried out
under different conditions. Furthermore, the results here demonstrate
that testing symmetrical cells can serve as an alternative way to
evaluate the Cr vaporization with different coating densities and
materials. Also, the correlation reported here can be considered to
represent a “worst case” limit compared to the situation operating the
same interconnects and electrodes in fuel cell mode, where, for
cooling requirements, an airflow many times the stoichiometrically
needed is forced to flow over the interconnect.

Microstructural analysis.—To determine where and in which
form the Cr was deposited on the LSCF electrode, post-test analysis
was made using TOF-SIMS on symmetrical cells embedded in
epoxy. Figure 4 shows TOF-SIMS ion images recorded on the as-
prepared cell, a cell tested with no Cr in the rig, and a cell tested
while exposed to bare Crofer 22 APU. The ion images cover a 50x50

um? area and show the cross section of one of the LSCF electrodes
and a part of the CGO electrolyte. For all three samples, a very weak
Cr signal was obtained within the LSCF electrode. TOF-SIMS is not
directly quantitative but can be considered semi-quantitative under
these circumstances by comparing the relative intensities of the Cr
signals. Comparing the ion images suggests that the as-prepared
sample and the cell tested with no Cr in the rig are similar, while the
cell exposed to bare Crofer 22 APU clearly contains a greater
amount of Cr. The mapping shows that Cr is deposited evenly across
the whole electrode.

For a semi-quantitative estimate of the amount of deposited Cr,
the ion mass spectra were analyzed at three different surface
locations of each sample, each covering a 50 x 50 um? area. Like
the ion images, the mass spectra indicated a higher Cr intensity
(counts/s) for the sample exposed to bare Crofer 22 APU compared
to the sample tested without Cr and the as-prepared cell (Fig. S3 in
the Supplementary material). To eliminate possible instrument
effects and errors due to different surface coverage (i.e. variations
in LSCF thickness), the Cr ion intensities were normalized to the
intensities of Fe, La and Sr for each of the recorded spectra. The
normalized intensities ratios are plotted in Fig. 5 and clearly show
that the sample exposed to bare Crofer 22 APU contains a greater
relative amount of Cr. From the intensity ratios it appears that also
the sample tested with no Cr in the rig contains slightly more Cr than
the as-prepared cell, but the differences in this case are very close to
the measurement uncertainty. Note that the normalized intensity
ratio does not provide a true measure of the Cr concentration relative
to the concentration of electrode elements (Fe, La, Sr), instead, this
ratio can be used as an indication that the relative concentration of
Cr is higher in the tested cells compared to the as-prepared cell.

The samples analyzed by TOF-SIMS were also investigated by
SEM/EDX and XRD, however, with these instruments no Cr could
be detected even on the sample exposed to bare Crofer 22 APU. This
indicates that the amount of Cr deposited on the sample is very low
(<0.1 wt% based on detection limit of EDX). To obtain a better
understanding of where the Cr deposits on the electrode, one cell
was tested under more aggressive conditions, by exposing it to bare
Crofer 22 APU in stagnant air. Having no air flow in the furnace rig
effectively increases the concentration of the gaseous Cr(VI)-
species, which greatly increased the degradation rate of the cell.
The impedance results of this test are provided in the Supplementary
material (Fig. S4). During the 170 h of testing, the Rs remained
constant, while the Rp increased linearly with time at a rate of
760 mQem?/1000 h. This corresponds to a nearly seven times higher
degradation rate compared to the cell tested with bare Crofer 22
APU and 5L h™" air flushed through the rig.

A SEM image and EDX elemental maps of the cell tested in
stagnant air is shown in Fig. 6a. Cr deposition was observed across
the entire electrode cross section, similar to what was seen by TOF-
SIMS on cells exposed to a lower concentration of Cr (Fig. 4). The
EDX elemental maps show that some areas containing Cr also
contain more Sr relative to the rest of the electrode. Surface
crystallites composed of Sr, Cr and O were observed, but only on
a limited part of the sample (see Fig. S5 in the Supplementary
material). According to EDX point analysis, the surface crystallites
had a Sr/Cr ratio close to 1, indicating the formation of a SrCrOy
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a) As-prepared

b) Tested w/o Cr

c) Tested w/bare Crofer 22 APU
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Figure 4. TOF-SIMS element maps of a 50 x 50 pm? area of the symmetrical cells with the brightness indicating the relative intensity of each element (black
corresponds to zero intensity and white corresponds to 100% intensity). (a) As-prepared (not tested) sample, (b) Sample tested with no Cr in the rig, (c) Sample

tested while exposed to bare Crofer 22 APU.
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Figure 5. TOF-SIMS analysis of symmetrical cells showing the Cr ion
intensity in a 50 x 50 pm? area normalized to the Fe, La and Sr intensities in
the same area. Error bars indicate standard deviation among three measure-
ment points.

species. Figure 6b shows XRD analysis of this cell and a cell tested
without any Cr in the rig. In both cases, peaks belonging to LSCF
(JCPDS 89-5720) and CGO (JCPDS 75-0161) were detected. The
XRD pattern of the tested cell shows some additional peaks between
25-30° 26. The intensity of these peaks is too low for a conclusive
identification, but the peak positions fit well with those indexed for
SrCrO4 (JCPDS 35-0743). Thus, combining the EDX and XRD
results shows that the gaseous Cr(VI) species react with Sr from the
LSCEF electrode to form SrCrOy.

It should be emphasized that the formation of SrCrO, and the
surface crystallites was only observed when the cell was exposed to

a very high concentration of Cr (on the order of 107%
1077 atm®”®"), far exceeding what may be expected during operation
in a SOC stack with coated interconnects. This suggests that
previous studies on the Cr-poisoning of LSCF electrodes that have
reported the formation of SrCrO,4 mainly on the electrode surface
may have exPosed the electrodes to unrealistically high Cr
concentrations.' ""'824260 When testing stacks with a LSCF elec-
trode, SrCrOy species have been observed both on the electrode
surface and at the electrode/barrier layer interface,”” as well as
within the bulk of the electrode.'® In these studies, the interconnects
were either coated with MnO, via wet powder spraying, or left
uncoated, respectively.

Cr poisoning mechanism.—Figure 7 shows an analysis of the
difference in impedance spectra (ADIS) between the start (ca. 1 h)
and the end (ca. 150 h) of each aging test, which was calculated
according to:?

[Zl/?(wn+l) - Zl/i(a)n—l)] - [Zf/x (wn+l) - Z//\ (a)n—l)]

AZ (w,) =
@) In(@pqi/rad sV — In(@,—i/rad s~

(2]

where Zg is the impedance at the end and Z, is the impedance at the
start of the aging test. This analysis (Fig. 7) shows that the main
changes in the impedance during the aging are in the frequency
interval between 10-1000 Hz, and that the peak of the ADIS curve is
shifted towards lower frequencies with increasing concentration of
Cr(VI)-species in the test atmosphere. Previous studies have
suggested that the impedance in this frequency range is dominated
by surface exchange and/or surface transport of oxide ions®® and that
an increase in impedance may be related to changes of the electrode
surface.’> Temperature programmed isotope exchange on LSCF
powder has shown that Cr deteriorates the surface exchange
process.'® The impedance results in the current work are thus in
accordance with previous studies, suggesting that the observed
degradation may be attributed to blockage of the surface exchange
sites by deposited Cr-species.
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Figure 6. Analysis of symmetrical cell tested in stagnant air while exposed to bare Crofer 22 APU. (a) SEM of cross section and EDX maps showing Sr+Cr
enriched areas. (b) XRD of the tested cell and a cell tested with no Cr in the rig. Right hand side shows an excerpt of the plot between 22-30° 26 with peaks not

belonging to LSCF or CGO indicated by an X.
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Figure 7. ADIS analysis of the impedance at the start (ca. 1 h) and the end
(ca. 150 h) of each aging test.

In some previous studies, also the Rs was reported to increase
during Cr poisoning of the LSCF electrode and this was attributed to
the formation of poorly conductive SrCrO, on the electrode
surface.”®® We found that the Rs remained constant even when
the cell was exposed to a very high concentration of gaseous Cr(VI)-
species, leading to the formation of some SrCrO, crystallites on the
surface. A likely explanation for this discrepancy could be the use of
different methods to expose the electrode to Cr. Here, the inter-
connect was separated from the electrode by a platinum mesh,
allowing for Cr poisoning only via the gaseous phase. A similar set-
up was used by Konysheva et al.,'® who also reported Cr deposition
within the bulk of the electrode. In other studies, Cr was introduced
by infiltrating the electrode with Cr(NO3); x 9H,0,* depositing
Cr,05 paste on the electrode surface,** or by placing the electrode in
direct contact with an uncoated interconnect.'’?® This allows for
direct solid-state reaction between the electrode and the Cr-source,
which could explain why a greater amount of SrCrO, is formed on
the electrode surface and, consequentially, why the Rs was observed
to increase.

Recent TEM investigations by Ni et al.>> have shown that the Cr
poisoning of LSCF takes place at the nanoscale through Cr grain
boundary segregation, Cr substitution in LSCF, exsolution of Fe and

Co, and Fe valence reduction. Our results further demonstrate how
severe degradation due to Cr poisoning can take place even at very
low (by SEM-EDX non-detectable) concentrations of Cr. These
results indicate that the degradation of LSCF due to Cr poisoning
cannot be attributed only to surface blockage by SrCrOy, as has been
suggested in earlier studies. Rather, the degradation is likely caused
by changes of the electrode composition at the nano-scale, as also
suggested by Ni et al.?

We may consider three limiting cases for how interactions
between Cr and LSCF perovskite impede the oxygen exchange: 1)
Sr enrichment is expected on the LSCF surface even in the absence
of any reactive gasses.®*%> When exposed to volatile Cr(VI)-species,
Sr-chromate will form by chemical reaction with the surface-
segregated Sr SrCrQy, is a very stable compound with poor transport
properties, thus, oxygen exchange will be impeded due to surface
blockage. 2) The reacted Sr can leave behind small amounts of Sr-
vacancies in the perovskite, however, since LSCF can only handle
little A-site sub-stoichiometry (<5%°), further depletion of Sr due
to reaction with Cr will make it thermodynamically favorable to also
form secondary Fe-Co-oxide (possibly containing some Cr). These
oxides also have inferior exchange properties to LSCF and will thus
lead to a reduced rate of oxygen exchange. 3) Cr may to a certain
extend dissolve in the perovskite B-site by replacing Co and/or Fe.
This will also lead to formation of secondary Fe-Co-oxides that
reduce the oxygen exchange. Furthermore, as the oxygen exchange
reaction activity is known to decrease in the order LSC > LSF >
LSCr,67 Cr substitution in the LSCF perovskite will reduce the rate
of oxygen exchange. The above three reactions may occur in
parallel.

Effect of water vapor on Cr vaporization from coated inter-
connects.—The Cr-vaporization of Crofer 22 APU with a dense
MnCo,04 coating was measured at 800 °C in air with 3%, 10% and
40% H,0, while keeping the total gas flow rate constant (6L h™',
23 .7cms ). To the best of our knowledge, this is the first time the
Cr-vaporization rate of coated steel has been measured under such
high H,O contents. The Cr evaporation rate of bare NiCr-based
alloys has been measured under similar conditions previously, where
the Cr volatilization rate was shown to strongly dependent on the
H,O content.’! Here, the amount of Cr released from the MnCo,0,
coated interconnect was for all levels of H,O below the detection
limit of the analysis instrument, corresponding to approximately <5
x 107" kgm™2s~". Hence, with this quality of coating, the Cr-

evaporation rate stays below 5 x 107'* kgm ™ %s~' even with
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increasing the steam activity to 40%. Thermodynamics of Cr,O;
volatilization Eredict that the rate should increase with increasing
H,O content.”> Thus, the invariance to the water vapor content for
coated samples indicates that the rate of Cr vaporization from
MnCo,0, coated steel is not controlled by a surface reaction, but
instead is likely controlled by the diffusion of Cr through the
coating, which must in this case be slower than the surface reaction.

The Cr vaporization from the MnCo,0,4 coating measured in this
work is lower than the Cr vaporization rate previously reported for a
densely sintered MnCo;;Feq30,4 coating on Crofer 22 APU
measured at 800 °C in air-3%H,0 (1.2 x 107" kgm %713 It
should be emphasized that this value is close to the detection limit of
the analysis instrument. The difference in Cr vaporization rates
between the two samples could originate from differences in
composition but could also be a consequence of the different
sintering conditions applied in the two cases; 1000 °C in case of
MnCo,04 and 1100 °C in case of MnCo; ;Fey304. Although a
higher sintering temperature results in a higher coating density, it
also increases the rate of solid-state Cr diffusion through the coating.
This implies that the Cr content in the MnCo,; ;Fey 30,4 coating is
likely higher at the start of the measurement than the Cr content in
the MnCo,0, coating, resulting in a detectable Cr-evaporation for
the MnCo, ;Fe( 30,4 sample in the denuder experiment.

Effect of water vapor on degradation of LSCF electrodes.—
Figure 8 shows the impedance of a LSCF-CGO-LSCF symmetrical
cell measured in air-3%H,0 at 800 °C and OCV without any Cr
present in the test rig. The cell has initially a higher polarization
resistance (4+47%) compared to a cell tested in dry air (cf Fig. 2a).
The increase in Rp with time (Fig. 8c) was also higher in air-3%H,0
(+42+4 mQcm?/1000 h) compared to what was observed in dry air
(+12 £ 2 mOcm?/1000 h). The increase in impedance in the absence
of a Cr source, i.e. solely due to exposure to water vapor, was in the
same frequency range as the increase in impedance due to exposure
to gaseous Cr(VI)-species (10-1000 Hz). The series resistance was
within the range of values measured in dry air and did not change
significantly with time.

0.020 ————————————1—————

Symmetrical cells exposed to Crofer 22 APU with a dense
MnCo,0, coating also experienced a higher increase in Rp with time
in air-3%H,0 (+65 + 4 mQem?1000 h) than in dry air (+20 *
3 mQcm?/1000h). Based on the Cr-vaporization measurements
reported above the amount of Cr released from the MnCo,0, coated
interconnect is in both cases very low (<5.6 x 107" ?kg m™%s7")
and thus unlikely to be the main reason for the greater degradation
rate observed in air-3%H,0 compared to dry air. It is more likely a
direct adverse effect of the water vapor. Indeed, comparing the ratio
of the degradation rates for the cells measured with a dense
MnCo,04 coating in dry air and in 3%H,0-air with the degradation
rates measured without a Cr source under the same conditions shows
that in both cases the humidification leads to an increase in
degradation rate by a factor of 3.1-3.5 (see Table II).

The results show that the direct effect of 3%H,0 in air is more
damaging to the oxygen electrode (a factor 3.1-3.5 on the degrada-
tion rate) than a relatively low concentration of gaseous Cr(VI)-
species released from an interconnect with a well-protecting, dense
MnCo,0, coating (a factor 2 on the degradation rate). Thus, adding
steam to the oxygen electrode purge gas to identify the contribution
from Cr-poisoning is a bad strategy in complex degradation studies
where multiple mechanisms are in play and should be avoided unless
the effects of H,O and Cr are assessed individually as well.
Furthermore, this suggests that the air used for operating SOC
systems should be dried before it is fed to the stack.

The detrimental effect of water vapor on the performance of
LSCF electrodes, even in the absence of a Cr source, has been
reported previously.®*~7° Gas phase isotope exchange measurements
suggest that the poorer performance in a H,O-containing atmosphere
is due to competitive adsorption of water and oxygen on the
electrode surface, resulting in a decrease of available sites for
oxygen exchange.'®”"”> While this mechanism is a likely explana-
tion for the poorer performance in humidified air, it does not explain
the increase in degradation rate. It has been suggested that an
increased degradation rate during exposure to water vapor could be
related to electrode sintering (coarsening)’> or an increased volati-
lization of impurities such as Si that deposit on the electrode.”” We
have recently found that purging the oxygen electrode with
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Figure 8. Impedance of LSCF-CGO-LSCF symmetrical cells in air-3%H,0 at 800 °C and OCV. (a) Nyquist plot of cell tested with no Cr source, (b) Bode plot
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of cell tested with no Cr source, (c) Change in polarization resistance with time for cells tested with no Cr source and dense MnCo,0, coating.
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40%H,0-0, during SOEC operation leads to loss of Co and Sr from
the LSCF electrode due to evaporation.”* This type of electrode
degradation could not be observed by SEM-EDX for the symme-
trical cells tested in the current work, likely due to the lower
concentration of H,O in the air and the shorter exposure time (130 h
vs >1000 h in Ref. 74). Nevertheless, evaporation of Co and Sr from
LSCF is, with view to Ref. 74, a likely reason for the increased
degradation rate observed also here for the lower concentrations of
H,O0.

Conclusions

The Cr poisoning of LSCF-CGO-LSCF symmetrical cells
exposed to controlled concentrations of gaseous Cr(VI)-species
was studied by impedance measurements and post-test SEM,
XRD, and TOF-SIMS analysis. It can be concluded that:

® The degradation rate of LSCF-CGO-LSCF symmetrical cells
scales proportionally with the logarithm of the evaporation rate of Cr
(VI)-species that the cell is exposed to.

* Even a very low concentration of Cr, (as released from a dense
MnCo,0, coating showing an evaporation rate of less than 1.2 x
107" kg m~?s™"), is sufficient to cause measurable difference in the
degradation of the LSCF electrode.

® Cr deposits all over the LSCF electrode, not only on the surface
as reported in some previous studies.

® The direct damaging effect of 3%H,0 in the air may have a
stronger effect on the electrode degradation rate than any indirect
effect it has via increasing the Cr-activity above a well-protected
MnCo,0, coated interconnect.

® The Cr vaporization rate from Crofer 22 APU with a dense
MnCo,0, coating stays below ca. 5 x 10~ 2 kg m s~ irrespective
of steam activity in the air up to 40%.

® Adding steam to the oxygen electrode purge gas to identify the
contribution from Cr-poisoning is a bad strategy in complex
degradation studies where multiple mechanisms are at stake.
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