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The oxygen electrodes from two solid oxide electrolysis stacks that performed high-
temperature steam electrolysis (HTSE) and produced hydrogen for 1000 and 2000 h,
respectively, were examined using X-ray fluorescence, X-ray absorption near edge struc-
ture (XANES), four-point resistivity, scanning electron microscopy, energy dispersive
spectroscopy, X-ray diffraction and Raman micro-spectroscopy to determine possible
causes for the degradation in stack performance over the test periods. These techniques
yielded information such as elemental distribution, oxidation state, phases present, elec-

Keywords: trode delamination, and porosity within the electrode layers. From these studies, we found
Steam electrolysis two phenomena that were likely the cause of increasingly poor oxygen electrode perfor-
Stack mance over time. The first source of degradation was chromium substitution into the
Oxygen electrode oxygen electrode bond layer, which serves to bond the cell to the flow field and inter-
Degradation connect. This is caused by migration of a chromium species from the bipolar plate. The
effect of this is a significant increase in the electrical resistance of the bond layer material.
The other source of degradation identified was oxygen electrode delamination. The cause
of electrode delamination, which is locally catastrophic to the operation of the cell, is
unclear; however, we will discuss two possible mechanisms that might cause this

phenomenon.
© 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights
reserved.
1. Introduction arranged in “stacks”, which are identical to solid oxide fuel
cell designs, however, for HTSE, the stacks are operated with
High-temperature steam electrolysis (HTSE) is a high-effi- a reversed current flow and use a mixture of steam and
ciency process that generates hydrogen by water-splitting hydrogen as the feed gas. The “stacking” of cells provides for
using electricity and heat from an advanced nuclear power a reasonable electrolysis voltage and current, as well as a cell
plant [1,2]. The process utilizes multiple ceramic cells size that is easy to manufacture. However, both increased cell
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area and a multiplicity of components in the stack introduce
many potential sources of defects that can lead to perfor-
mance degradation over time.

A recent article from Idaho National Laboratory reports the
results of a 1000-h test of a Ceramatec, 25-cell planar HTSE
stack [2]. This test was conducted under constant applied
voltage at 830 °C using a feed gas composition of 54% H,0, 37%
N, and 9% H,. The stack, which had generated hydrogen at
a mean rate of 177 NL/h, experienced an overall performance
degradation of ~20% over the duration of the test [2]. In 2006,
Ceramatec conducted an HTSE demonstration using an inte-
grated laboratory scale (ILS) half-module, which consisted of
two stacks of 60 planar solid oxide electrolysis cells, along
with the necessary bipolar plates and flow fields assembled in
a cross-flow configuration [3]. The test was conducted for
2055 h under constant applied voltage. The temperature of the
stack was initially 800-825 °C and had risen to 845-865 °C near
the end of the test. The initial feed gas composition was 85%
H,0, 12% H, and 3% N,. After 168 h, CO, was fed in with the
steam (H,0:CO, = 1:1) to generate syngas (CO + H,) for 1000 h,
then the feed gas was returned to the initial composition for
the duration of the test. This stack produced 1250 NL/h of
hydrogen initially, but experienced an overall performance
degradation of ~46% over the duration of the test, most of
which occurred in the first 1000 h. This degradation did not
appear to be affected by the introduction of or cessation of CO,
into the feed gas.

After each of these two tests, the stacks were disassembled
and a few cells, along with bipolar plates and flow fields, were
provided to Argonne for post-test analyses. The objective of
this work was to identify the causes of performance degra-
dation within the HTSE stacks. Our approach was to map the
surface characteristics of cells and bipolar plates obtained
from the disassembled stacks using four-point resistivity
measurements and X-ray fluorescence (XRF), followed by
closer examination of selected areas using X-ray absorption
near edge structure (XANES) measurements, Raman micro-
spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and X-ray energy dispersive spectroscopy
(EDS). These techniques yielded information such as in-plane
resistance, elemental distribution, oxidation state, phases
present, electrode delamination and porosity within the
electrode layers. In this study, we discuss the results of our
investigation of the oxygen electrode compartment of the
solid oxide electrolysis (SOEC) cells.

2. Experimental procedures

Cells and bipolar plates were separated from the 25-cell
Ceramatec stack [2] and % -ILS module [3] for analysis. The
electrolyte-supported cells have a 200-pm-thick scandia-
stabilized zirconia electrolyte, graded oxygen electrodes con-
sisting of strontium-doped rare earth manganese perovskite
oxide mixed with zirconia and (La,Sr)CoO; bond layers. The
steam/hydrogen electrodes consisted of a nickel-ceria cermet
and a nickel bond layer. A schematic representation of a stack
repeat unit is shown in Fig. 1. The electrolyte was 10 x 10 cm
in dimension, while the electrodes were 8 x 8 cm in dimen-
sion, giving a cell active area of 64 cm?. The bipolar plates were

fabricated from ferritic stainless steel. As cells were separated
from bipolar plates, separation usually occurred at the bond
layers. These layers are applied to either side of the cells and
bipolar plates during the stack assembly process to provide
good electrical contact. For the 2000-h stack cells, areas where
the oxygen electrode and bond layer had delaminated from
the zirconia electrolyte could be seen on most of the cells that
were sent to Argonne. These areas were primarily along the
sealed edge where the steam and hydrogen inlet was located
for the steam electrode that was on the other side of the cell.
These areas appeared to be the same dark brown color as the
electrode material, not white, suggesting that the delamina-
tion occurred somewhere within the oxygen electrode near,
but not at, the electrode-electrolyte interface. Delaminated
areas could not be seen visually on the 1000-h cells.

First, we mapped the resistivity of the exposed surfaces of
the cells and bipolar plates using a linear four-point probe
(Jandel) to identify possible degraded regions by abnormal
increases in resistivity. The outer two contact probes applied
a current of 1 mA, while the inner two probes measured the
voltage response. The local bulk resistivity, p, of the exposed
layer of material was calculated using the following equation
[4,5].

4532Vt
p=—7 1)

where V is the measured voltage, t is the thickness of the
conductive layer and I is the applied current. The four-point
probe measures mainly in-plane resistivity with unknown
depth information, and the measurements are taken at room
temperature. Therefore, the resistivities do not relate directly
to the actual resistances during high-temperature stack
operation. Nevertheless, regions that have degraded show up
as regions of high resistivity compared to the unaffected
areas. After testing the as-separated cells, the bond layers
were removed with adhesive tape to expose the electrodes
and the resistivity mapping procedure was repeated for the
1000-h cells. When we attempted to remove the bond-coat
from one of the 2000-h cells, a significant portion of the
oxygen electrode layer was peeled away as well. Because of
this, we could not make four-point resistivity measurements
of the oxygen electrode layer on the 2000-h cells.

To obtain sub-surface information, X-ray fluorescence
maps of a 1000-h cell without bond-coat and a 2000-h cell with
bond-coat were obtained at Argonne’s Advanced Photon
Source (APS). The spatial resolution of the maps and images
was defined by a scanning step size of 1.5 mm. The X-ray
fluorescence spectrum from each position on the sample was
collected using a multi-element germanium detector (MED)
consisting of 14 probes positioned at various take-off angles
ranging from 5° to 35°. The X-ray beam was incident along the
z-axis, normal to the sample surface, and the sample was
moved in the x-y plane for scanning. The MED was located to
the outboard side of the sample with respect to the incident
beam. The fluorescence maps were made by analyzing the
intensity data from the appropriate energy ranges for each
element of interest. Since the MED probes were positioned at
different angles with respect to the sample surface, it was
possible to obtain a limited depth-dependent profile of
elemental distribution. At low take-off angles, the detected
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Fig. 1 - Illustration (not to scale) of an HTSE stack repeat unit. The direction of air flow is out of the plane of the page. For

clarity, only one set of seals is shown.

X-rays emanate predominantly from nearer the sample
surface, whereas X-rays detected at higher take-off angles
emanate from locations deeper in the sample. This is due to
the strong dependence of the path length on the sine of the
take-off angle. To determine the oxidation state of selected
elements, XANES measurements were also conducted at five
selected points on one of the cells from the 2000-h stack.

From the analyses described above, several regions were
identified where performance degradation had likely
occurred. We then used SEM, EDS, XRD and Raman micro-
spectroscopy to further assess the causes for the degradation
in these selected areas. For SEM (JEOL JSM-6400) and EDS
(Oxford) analyses, both unpolished plan view samples and
polished cross-sections were examined for both the 1000-h
and 2000-h cells. XRD (Hitachi) was done on two plan view
samples from the 2000-h cell. One XRD pattern was obtained
for a piece cut from the area of the cell where the electrode
had delaminated and one pattern was obtained from a piece
cut from an area where the bond-coat and electrode were still
attached to the electrolyte.

Raman micro-spectroscopy was also used to detect known
constituent phases and identify unknown impurities within

0, Electrode

Resistivity
(Q-cm)
)

Resistivity

the bond layers and electrodes of a cell from the 1000-h stack.
A Renishaw RM2000 Imaging Raman Microscope equipped
with a 633 nm HeNe laser excitation source was used for the
measurements. Raman spectra were recorded using a 6-um-
diameter laser spot size. The laser power at the sample was 2
mW. This near-surface technique is useful for analyzing
features in a non-destructive manner with a variably focused
excitation laser. Subsurface phases below the penetration
depth of the laser could not be detected without scraping off
the surface. Nevertheless, this method was chosen because of
the relative ease of identifying known impurities and unex-
pected phases without having to cut the cells or to coat them
with a conductive layer.

3. Results
3.1. Four-point resistivity probe
The four-point probe is a simple and fast method to identify

areas of degradation by mapping the resistivity of the
surfaces. The maps in Fig. 2 illustrate the resistivities of

450
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Flow

Fig. 2 - Room-temperature, four-point resistivity maps from the 1000-h stack of (a) an oxygen electrode and (b) the O,-side
surface of a bipolar plate with the bond layer. The sealed edges were along the two edges of the cell that are parallel to the

oxygen flow.
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a 1000-h cell and bipolar plate in the oxygen compartment.
Fig. 2(a) shows the results for the oxygen electrode surface
after the bond layer was removed. Maps of the bond layer and
the electrode for this cell showed similar results. The resis-
tivity is reasonably constant over most of the electrode
surface; however, it rises to a maximum along the sealed edge
where the hydrogen/steam flow exited the stack (see Fig. 2a).

On the O,-side of the bipolar plate, mapping of the residual
bond layer (Fig. 2(b)) shows a similar ridge of high resistivity
along the edge where hydrogen exits the stack. These resis-
tivities are 25 times higher than those of the unaffected
regions. The stack performance, however, did not correspond
to such high resistances in operation. The reason for this may
be that the particles in the bond layer were not as well sintered
as were the electrode and bipolar plate surfaces, which made
it more difficult to make room temperature four-point resis-
tivity measurements using our apparatus. Nevertheless, the
increase in resistivity along the hydrogen exit edge of
the stack is clearly evident and it suggests a possible leak in
the seal along this edge, affecting both the bond layer and the
electrode. This is likely a contributor to the observed long-
term degradation [2].

The resistivities measured on the 2000-h cells with bond
coat were orders of magnitude higher than those of the 1000-h
cells across the whole surface of the cells’ active area. The
likely cause for this was found when we did our SEM, EDS and
XRD analyses, as discussed below.

3.2.  X-ray fluorescence (XRF) mapping

X-ray fluorescence is a phenomenon that occurs when X-rays
are absorbed by atoms. Upon the absorption of an incident X-
ray beam, each element emits X-rays with a characteristic set
of energies, creating a unique signature for each element [6].
This signature is not dependent on the electronic state of the
element, but the intensity of the peaks of the energy signature
can indicate the relative concentration of each element. Two
types of information were obtained from the X-ray fluores-
cence experiments. Elemental maps showed the distribution
of elements on the surface of the cell with undefined depth
information. Rudimentary depth profiles showed the relative
abundance of elements as a function of depth into the porous
electrode area.

The Mn and Co transition metals are defining elements for
the electrode and bond layers, whereas Cr is an impurity that
diffuses out of the stainless steel bipolar plate. Fig. 3 shows
maps of the distribution of these three elements in an oxygen
electrode from the 1000-h stack. Lighter shades of gray indi-
cate a greater elemental abundance. The horizontal lines were
tracks left by the flow field channels, which were a corrugated
metal, see Fig. 1. The Mn and Co maps (Fig. 3(a and b)) are
virtually the negative image of each other on this scale (1 mm),
which shows that over the 1000 h of operation, interdiffusion
between the two elements was limited. The large patch in the
upper left corner is a residue of the bond layer that had sin-
tered to the electrode and could not be removed.

Chromium had deposited in all areas of the active elec-
trode, particularly along the edges near the gas seals, as
shown in Fig. 3(c). In these areas, excess Cr is a result of the
bipolar plate edge rail being in proximity to the electrode.

These areas also correspond to the areas of high resistivity in
Fig. 2(a). However, chromium did not deposit on the exposed
zirconia edges of the cell. This demonstrates that Cr deposi-
tion is confined to the electrically active region in the elec-
trode. Additionally, the Cr transport appears to be affected
somewhat by carrier gas flow, as flow patterns can be seen
that are related to the flow of air through the cell. Chromium
has been shown to poison the oxygen reduction reaction in
solid oxide fuel cells [7], and it is suspected that the same
phenomenon causes degradation in steam electrolysis cells as
well. This is of particular concern when Cr deposits at the
electrode-electrolyte interface where the oxygen reaction
occurs. Depth information was needed to determine if, in the
cell being examined, Cr had deposited at the electrode-elec-
trolyte interface.

The depth profile illustrated in Fig. 4 was constructed using
the Mn or Cr ratio of data obtained from two detectors posi-
tioned at high and low take-off angles. The zirconia at the
cell’s edges has been masked to cover the background noise
associated with taking the ratios of small numbers. In this
figure, the darker gray indicates that Mn or Cr is near the
surface and lighter shades indicate that the element has
diffused deeper into the electrode. The patch in the upper left
corner of Fig. 4(a) shows that the electrode is buried under the
bond layer, whereas Cr (Fig. 4(b)) lies near the surface. In the
exposed electrode region, Mn is at the surface and, in
comparison, Cr has migrated deeper towards the electrolyte
interface. The high relative abundance of Cr near the elec-
trolyte interface may have contributed to stack degradation.

The Cr XRF map of an oxygen electrode with bond coat
layer from the 2000-h stack is shown in Fig. 5. The inactive
edges of the cell and areas where the electrode had delami-
nated did not contain appreciable Cr and appear dark. The
lighter areas show that there was significant Cr in the bond
layer of the 2000-h cell. As compared to the 1000-h cell
(Fig. 3(c)), the Cr found in the 2000-h cell does not appear to be
concentrated near the sealed edges. This is likely due to the
fact that the stainless steel edge rails were placed further from
the electrodes in the 2000-h stack.

3.3. X-ray absorption near edge structure (XANES)

XANES is an element-specific technique in which an increase
in absorption of the incident beam is observed when the
energy of that beam is equal to the binding energy of a core-
level electron. Chemical information such as valence and
coordination environment can be derived from XANES
spectra. For a detailed explanation of XANES, please see Ref.
[8]. XANES was used to determine the oxidation state of the Cr
because it is the only nondestructive method available for the
type of samples that we have [9]. To determine the oxidation
state of the chromium found in the oxygen side bond coat
layer of the 2000-h cell using XRF mapping, XANES measure-
ments were conducted in five different locations, which are
marked as A-E in Fig. 5, on the 2000-h cell in regions where the
bond-coat was still attached. The results of all five XANES
measurements are shown in Fig. 6. The primary finding from
these measurements is the presence of hexavalent chromium
in all five areas measured. The pre-edge peak at 5994 eV
indicates the presence of Cr®" in the bond layer [10,11]. The
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Fig. 3 - X-ray fluorescence maps of (a) Mn, (b) Co and (c) Cr abundance in the oxygen electrode of a 1000-h cell. Lighter
shading corresponds to a greater concentration of the element. The direction of the oxygen flow over the cell was from right
to left. The sealed edges were along the top and bottom edges of the cell.
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Fig. 4 - Depth profile of (a) Mn and (b) Cr in the 1000-h oxygen electrode. Darker shading corresponds to more of the element
near the surface and lighter shading corresponds to greater buried element abundance. Oxygen flowed over the electrode
from right to left. The zirconia edges have been masked.
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Fig. 5 - X-ray fluorescence map of Cr for a 2000-h cell
oxygen electrode with bond-coat layer. The edges of the
cell were masked on the bottom and left side of the image.
Lighter areas correspond to the highest concentration of Cr
and the black area indicates no Cr present. The markers
A-E indicate the five positions where XANES
measurements were made on this sample. The oxygen
flowed from bottom to top during stack operation.

order of Cr®" abundance found for the five areas measured
(see Fig. 4) is C>B > A >E>D. The results indicate that the
highest concentration of Cr®* is near the center of the elec-
trode, area C. It is noteworthy that Cr®" is a very volatile form
of Cr at 800 °C [12-15].

3.4.  Scanning electron microscopy (SEM) and X-ray
energy dispersive spectroscopy (EDS)

Selected pieces of both the 1000-h and the 2000-h cells were
examined by SEM in plan view and cross-section. One sample
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Fig. 6 — Cr XANES spectra for the five locations shown in
Fig. 5, on the oxygen electrode of a 2000-h cell. The pre-
edge peak at 5995 eV indicates the presence of Cr®* in the
bond layer.

was a plan view of the oxygen side of the 2000-h cell that
contained a delaminated region and a region of the air elec-
trode and bond layer still intact. It was taken from the steam-
in, oxygen-out corner of the cell. An SEM image of the
delaminated region is shown in Fig. 7. The dark area in the
center of the image is bare electrolyte, whereas the lighter
areas are where a very thin layer of the electrode remains. EDS
results taken from the dark central region labeled area 1
reveals only the elements in the electrolyte. The EDS results
taken from the region labeled area 2 show all of the elements
in the electrolyte and in the oxygen electrode. Most of the
delaminated areas viewed by SEM resembled area 2, with
grains from the electrode material still visible, which explains
why the delaminated areas looked dark brown (cathode) and
not white (electrolyte). An SEM image of the region that still
had the electrode and bond layer attached is shown in Fig. 8.
Looking down on the electrode in the plan view, the top layer
is the bond-coat layer of Sr-doped LaCoOs. In Fig. 8, this
appears as fine-grained material with cracks in it. The large
grains on top of the bond layer were unexpected. These were
found to contain primarily Cr, Co, and O by EDS, with a Cr to
Co ratio of approximately 9:7. Grains containing primarily Cr,
Co, and O were also found on the bond-coat top surface of the
1000-h cell. In this case, the grains were much smaller, about
1-3 um in diameter and the Cr:Co ratio was 2:3.

Using the data from the X-ray fluorescence measurements,
2-cm-long sections were cut out of both the 1000-h and 2000-h
cells near the edge of the electrode. Fig. 9 shows SEM images of
one of the 2000-h cell cross-sections, which was cut from the
steam-in, oxygen-out corner of the cell. Fig. 9(a) shows that
the electrode had delaminated even though this area
appeared to have been attached when initially inspected. This
was also seen in the cross-section of the oxygen-in, hydrogen-
out corner of the cell, which did not appear visibly delami-
nated. Only one small oxygen electrode delamination was
found in the cross-sections of the 1000-h cell examined.
Fig. 9(b) shows a high magnification image of the bond-coat
and oxygen electrode in an area of the sample where both
were attached to the electrolyte. EDS data were taken

Fig. 7 - SEM plan view micrograph of a delaminated area on
the oxygen side of a 2000-h cell. Area 1 - bare electrolyte.
Area 2 - electrolyte + oxygen electrode.
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Fig. 8 - SEM micrograph of the plan view (top surface) of the
bond-coat layer of the oxygen electrode from a 2000-h cell.
The large particles on top of the bond layer surface are

a reaction product phase that formed during operation of
the stack.

Bond Layer/
Oxygen Electrode

Electrolyte

Steam Electrode

Fig. 9 - SEM micrographs of a polished cross-section of

a cell from the 2000-h stack (near the oxygen exit, steam
inlet corner): (a) area where the oxygen electrode
delaminated, (b) area where the bond-coat and oxygen
electrode are still attached to the electrolyte.

throughout the bond-coat layer and both electrode layers. For
the 2000-h cell there was as much as 10 at.% Cr at the upper
boundary of the bond-coat. At the lower boundary of the
bond-coat (approximately half way down in the SEM image of
Fig. 9(b)), we observed only about 3 at.% Cr. Using EDS to
determine Cr content in the oxygen electrode layers becomes
difficult because the lines for the elements in the oxygen
electrode overlap with the Cr lines. Nonetheless, we estimated
that there was less than 1% Cr in the oxygen electrode based
on the analysis models provided by the EDS software (INCA). It
appears that the (La,Sr)CoO; did absorb most of the Cr
migrating from the bipolar plates and flow fields in the 2000-h
cells. This pattern of Cr contamination was found in every
location that we examined. In the 1000-h cell, the concentra-
tion of Cr at the free surface of the bond layer was 3-4 at.%,
indicating that the amount of Cr contamination increased
over time.

3.5.  X-ray diffraction

Glancing angle X-ray diffraction measurements on a piece of
the 2000-h cell, with the bond-coat entirely intact, taken from
the air inlet side of the cell revealed a spinel phase, (AB)304,
which is the expected crystal structure of a Cr-Co-O
compound. This pattern is shown in Fig. 10(a). No evidence of
a free lanthanum oxide or strontium oxide phase was
observed in any of the patterns. X-ray diffraction of a delami-
nated area from the air inlet side of the cell (Fig. 10(b)) revealed
a peak that corresponds to SrZrOs, which is an undesirable
reaction product that can be formed between the Sr-contain-
ing electrode material and the electrolyte. This phase is an
insulating phase that has also been observed to form in solid
oxide fuel cell materials studies [16]. However, because the
relative intensity of the SrZrO; peak is small and was only
found in this one location, it is unlikely that the formation of
this phase made a large contribution to the stack performance
degradation that was observed.

3.6. Raman micro-spectroscopy

The exposed surface of a cell from the 1000-h stack was
examined by Raman micro-spectroscopy to identify any
reaction phases that may have been formed during stack
operation. Raman spectra of the electrode matrix (Fig. 11(d))
showed the prominent presence of cubic ZrO, and a perov-
skite phase. Areas of tetragonal and monoclinic ZrO, were
also identified, but were mostly located around the edges of
the electrolyte plates, as shown in Fig. 11(a and b). The tran-
sition from tetragonal to monoclinic ZrO, can either be
beneficial through a toughening mechanism, or it can be
damaging, leading to cracking, depending on the volume
fractions and grain sizes of the cubic, tetragonal and mono-
clinic phases [17]. The spectrum of a cobalt-containing spinel
phase (Fig. 11(c)) was observed in a few locations on the
surface of the bond-coat of the 1000-h cell.

4, Discussion

From the results presented above, we concluded that there are
two primary degradation phenomena affecting the oxygen
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Fig. 10 - X-ray diffraction patterns from different regions of the oxygen side of the 2000-h cell: (a) top surface of the bond-
coat, * = (La,Sr)Co03, + = C0,CrO,, (b) delaminated area at the steam inlet edge, # = zirconia electrolyte, 1 = electrode

material, 2 = SrZrOs.

electrodes in high-temperature steam electrolysis stacks. The
first is the chromium contamination of the bond-coat layer
and, to a lesser extent, the oxygen electrode layers beneath.
The second and more damaging phenomenon is delamination
of the oxygen electrode. The proposed mechanisms by which
these two phenomena occur and their implications on stack
performance are discussed below.

Cr is a known poison for SOFC oxygen electrodes [12], and
we suspect that the amounts that we have detected in the

oS-

b
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d
T T T T T T T T T
200 400 600 800 1000
WAVENUMBER

Fig. 11 - Raman spectra of the oxygen electrode side of the
1000-h cell: (a) monoclinic ZrO, spectra observed on the
bare electrolyte at the edge of the cell, (b) tetragonal ZrO,
observed on the bare electrolyte at the edge of the cell, (c)
characteristic five-peak cobalt-spinel spectrum observed at
various places on the surface of the bond-coat and (d)
spectra of the matrix of the electrode layer showing

a perovskite peak at 500 cm™ and a cubic ZrO, peak at
640 cm™.

bond layer using EDS, i.e., up to 10 at.%, contributed to the
stack performance degradation. The evidence of Cr®* seen in
the XANES spectra shown in Fig. 6 indicates that Cr is trans-
ported from the stainless steel separator plate via a vapor
phase, such as CrO; or CrO,(OH),, to the bond-coat surfaces
below. This has also been reported to occur in the solid oxide
fuel cell literature [12]. Thermodynamic data show that the
relative magnitudes of the Gibbs free energies of formation
(AG¢°) of compounds similar to those in our materials system
at 800 °C are as follows: LaCrOs; (—1250 kJ/mol [18]) < LaMnOs
(-1149 kJ/mol [19]) < CoCr,0, (—1056 kJ/mol [20]) < LaCoO3
(—942 kJ/mol [21,22]). This makes LaCrO; and CoCr,04 more
thermodynamically stable than LaCoOs;. The EDS data
combined with the XRD and Raman results indicate the
following scenario. No non-perovskite strontium or
lanthanum containing phases were observed either by XRD or
Raman. Therefore, we conclude that the cobalt must have
been liberated from the bond-coat of (La,Sr)CoOs to form the
(Cr,Co)304 spinel. Co must have been replaced in the (La,Sr)-
CoOs structure by Cr because the perovskite crystal structure
is not very stable with vacancies on the B-sites [23]. While the
(Cr,Co)304 crystals shown in Fig. 8 would not be expected to
affect the performance of the stack, the level of substitution of
Cr for Co on the B-site in the perovskite bond-coat could be as
much as 50% of the B-site atoms, based on the EDS data. This
could lead to an increase in the resistance of the bond-coat by
as much as an order of magnitude at 800°C [24,25]. An
increase in resistance of this magnitude is consistent with our
four-point resistivity measurements at room temperature.
As mentioned above, on most of the 2000-h cells, we found
areas where the oxygen electrode delamination appeared to
have occurred prior to separating the cells from the stack. The
largest delaminated areas were found at the sealed edge
where the steam inlet was located. This is the edge of the
oxygen electrode that experiences the highest current density
and, thus, the highest amount of oxygen evolution. It was also
noted above that we were able to easily remove a significant
portion of the oxygen electrode layers on one of the 2000-h
cells with cellophane tape even though, after 2000 h, the
electrodes should have been well bonded. The ease with
which we were able to peel away these layers, and the SEM
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micrograph in Fig. 7 of an area that was apparently delami-
nated during stack operation, indicates some defect(s) at or
near the oxygen electrode-electrolyte interface. There has
been only one other report of oxygen electrode delamination
during high-temperature steam electrolysis [26]. Oxygen
electrode delamination when solid oxide fuel cells have been
operated in electrolysis mode has been reported in a few
instances [27-29], and electrode delamination has also been
reported in a proton exchange membrane (PEM) fuel cell that
was operated as a water electrolyzer [30]. We offer two
possible reasons for the observed delamination of the oxygen
electrode. First, a restriction in the ability of the oxygen to
diffuse into the flow field above the electrode due to over-
sintering of the electrode or bond layer could cause enough
pressure build up to cleave the oxygen electrode grains and
cause delamination. Our SEM investigation does show some
possibility for over-sintering in the Electrode 1 layer, as seen in
Fig. 9(b), but it is difficult to determine if the flow was con-
stricted enough to cause a pressure build-up large enough to
cleave the electrode. Second, high oxygen flux at the elec-
trode-electrolyte interface may lead to a mismatch between
the greater ability of zirconia to release oxygen and the lesser
ability of the electrode material to conduct oxide ions away. If
this is the case, then any defect at the solid-solid interface
between the two materials could serve as a nucleation point
where oxygen could be released after the electron is trans-
ferred to the electrode. Under continuous operation, more
oxygen would be released into this defect, pressure would
build up, and the defect would grow into a crack that would
eventually cleave the perovskite-zirconia interface(s). Since
the electrode material in our cells was a mixture of zirconia
and perovskite, this might explain why the delamination
occurred more often within the electrode, but close to the
electrolyte interface, as seen in Fig. 7. At present, we can
neither prove that this phenomenon was occurring in our cells
nor eliminate this possibility, however, evidence for this
delamination mechanism was shown by Brichzin et al. [29].
They found that bubbles formed at the electrode-electrolyte
interfaces of their dense film samples under high anodic
polarization. Further investigation is needed to verify the
cause of the oxygen electrode delamination, whether it is
a pressure build-up within the electrode layer due to over-
sintering, defects acting as nucleation sites for localized
cracking of the perovskite-zirconia interfaces within the
electrode layer, or a combination of the two phenomena.

5. Conclusions

Two high-temperature steam electrolysis stacks that had
operated for over 1000 and 2000 h, respectively, at ~830°C
were disassembled and the oxygen electrodes in some of the
cells were examined to identify potential causes of stack
performance degradation over the test periods. Using the
composition and conductivity mapping approaches with XRF
and four-point resistivity measurements, we were able to
identify regions of interest where performance degradation
most likely occurred. We then used XANES, SEM, EDS, XRD and
Raman micro-spectroscopy to further analyze those regions.
Our results revealed two primary causes of stack degradation:

(1) Cr substitution for Co in the (La,Sr)CoO3 bond-coatlayer that
significantly lowered the electrical conductivity of the bond-
coat and (2) partial oxygen electrode delamination. XANES
measurements indicated that a vapor phase containing Cr®*
had diffused from the ferritic stainless steel bipolar plate
towards the electrode-electrolyte interface. SEM, EDS, XRD and
Raman micro-spectroscopy identified a cobalt and chromium
containing spinel phase on the surface of the bond-coat layers.
EDS, XRD and Raman results indicated that as much as 50% of
the Co in the perovskite lattice of the bond-coat had been
replaced by Cr. Areas of oxygen electrode delamination were
observed visually, particularly on the steam inlet side of the
cell. SEM of cell cross-sections revealed that delamination was
also present in areas that had appeared to be intact. Electrode
delamination is catastrophic and is probably the largest
contributor to stack performance degradation. The exact
reason for the delamination is not clear, but a high rate of
oxygen release into any defect at the perovskite-zirconia
interfaces within the electrode layer may have caused local-
ized pressure-induced cracking of the interfaces. There is also
the possibility that over-sintering of the electrode layer lead to
the formation of closed porosity that blocked the flow of
oxygen away from the triple-phase boundaries, which caused
a pressure build-up in the electrode layer that caused the
observed delamination. More study is needed to characterize
and prevent this phenomenon from occurring in HTSE stacks.
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