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HIGHLIGHTS

o The effect of the operation mode (SOEC, SOFC) on SOC degradation was investigated.
e Ni coarsening occurs regardless of the SOC operation mode.

o Ni depletion at the electrode/electrolyte interface is observed only in SOEC mode.

e Ni depletion is a major cause of SOEC performance degradation.

o A gradient in Ni/YSZ contact angle as the main driving force for Ni depletion.
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Solid oxide cells are electrochemical devices used for the conversion of chemical energy to electrical energy
(Solid Oxide Fuel Cells-SOFC) and vice versa (Solid Oxide Electrolysis Cells-SOEC). However, long-term per-
formance degradation impedes the widespread commercialization of the technology. To investigate the effects of
operation mode on the degradation of Ni/yttria-stabilized zirconia (YSZ) electrodes, two cells from the same

Microstruct
Cc:;:gzni‘;; e production batch are tested for 1000 h at 800 °C; one as SOFC and the other as SOEC. The cells are fed with the
Depletion same gas composition at the fuel inlet side (p(H20)/p(Hz) = 0.5/0.5) while the direction of the current (£1 A

em~2) is reversed. It is found that Ni coarsening occurs to a similar extent in both operation modes while Ni
depletion is only observed in SOEC mode, in the region close to the electrode/electrolyte interface. Here, the Ni/
(Ni + Zr + Y) atomic ratio decreases from ~0.49 before operating the cell to ~ 0.28 and the SOEC shows a
pronounced decrease in percolating triple phase boundaries (TPBs). The wettability of Ni on YSZ is studied and
hypotheses are presented to correlate the phenomena of Ni coarsening and Ni depletion with the cell operation
mode.

1. Introduction Several years of stable operational lifetime are required to reach the
widespread commercialization of the technology [1-4]. Several studies
have related performance degradation of the cell to the degradation

processes occurring in the cell components at the micro-level [5-9]. In

The increased spread of intermittent electricity production over the
last decades has introduced the need to overcome mismatches between

electrical energy production and consumption. In this context, the
development of efficient energy conversion devices such as solid oxide
fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs) may play a
key role. Solid oxide cells (SOCs) are electrochemical devices able to
convert chemical energy to electrical energy when operated as SOFCs
and vice versa when operated as SOECs. The same cell can be operated in
both modes allowing electricity production or energy storage, depend-
ing on the grid demand.

* Corresponding author.

particular, microstructural changes occurring in the Ni/yttria-stabilized
zirconia (Ni/YSZ) electrode during long-term operation have been found
to have a strong impact on the performance loss of the cell [6,10-16].
Several studies have reported on the evolution of the microstructure
during SOFC [10,17-23] and SOEC [9,20-25] testing. Main degradation
phenomena reported for Ni/YSZ electrodes contributing to loss of per-
formance in SOFC mode are: Ni coarsening and re-distribution [10,
17-20], sulfur poisoning [26-29], carbon deposition [30-34], and
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impurity segregation [35,36]. For what concerns SOEC operation,
several degradation phenomena responsible for the microstructural
degradation of the fuel electrodes have been identified; carbon deposi-
tion [30,33,37], impurity segregation [38], percolation loss due to for-
mation of ZrO5 nanoparticles [39], Ni coarsening and Ni depletion [9,
20-25].

It is well-known that Ni coarsening occurs during operation and that
it produces a decrease in the number of active electrochemical sites
when the cell is operated for extended times both in SOFC [11-14] and
in SOEC mode [15,16,40-42]. Tanasini et al. [10] used Scanning Elec-
tron Microscopy (SEM) and galvanostatic tests to relate microstructural
changes with performances degradation of an SOFC. The authors
concluded that there is no relation between microstructural changes and
initial cell activation. However, the experiments highlighted a relation
between performance degradation and Ni coarsening [10]. In particular,
the more pronounced increase of Ni particles size was observed within
the first 200 h of testing [10]. More recently The et al. [22] observed Ni
coarsening and Ni depletion in the innermost region of the active fuel
electrode for SOECs tested at — 0.75 A cm~2 (6100 h) and - 1 A cm ™2
(9000 h). While a similar degree of Ni coarsening was observed in both
cells, the quantification of Ni concentration in the fuel electrode showed
that the phenomenon of Ni migration away from the electro-
de/electrolyte interface was much more pronounced for the cell oper-
ated at — 1 A cm ™2 SEM micrographs were used by Fang et al. [24] for
the post-test analysis of a SOEC tested for 20000 h as part of a stack and
by Hoerlein et al. [25] for investigating the effect of different operating
parameters on 20 single electrolysis cell tests. Ni coarsening and Ni
depletion at the interface with the electrolyte were observed in both
studies [24,25]. In particular, it was observed that the migration of Ni
away from the electrode/electrolyte interface is affected by current
density, cathode overpotential, humidity, and temperature. Mogensen
et al. [43] observed Ni depletion in the innermost area of the fuel
electrode for SOEC operating temperature lower than 950 °C. The au-
thors hypothesized that the main cause for the Ni migration at testing
conditions is the polarization of the electrode [43], as no Ni depletion
was observed for cells exposed to same gas and temperature but no
current for the same number of hours.

Not many studies have focused on the investigation of the different
microstructural degradation occurring in Ni/YSZ electrodes when
operating identical cells in SOFC or SOEC mode. Nakajo et al. [44] used
3D Focused Ion Beam — Scanning Electron Microscopy (FIB-SEM) serial
sectioning and 3D Energy Dispersive Spectroscopy (EDS) elemental
mapping for the post test characterization of cells tested as either SOFC
or SOEC. The microstructures of the tested cells were compared with the
microstructure of a cell in its pristine state (only reduced not long-term
tested). However, different operating conditions (i.e. temperature, gas
composition, and current density) were applied during the tests.
Furthermore, the microstructure of the SOFC was characterized after
1900 and 4700 h, while only one characterization was performed for the
SOEC after 10700 h. These differences complicated the comparison,
however, the authors detected that Ni coarsens similarly for both
operation modes. While in the SOFC the microstructural degradation
was observed to be homogeneous throughout the electrode, in SOEC
mode Ni depletion was observed to occur in the first 2.5 pm close to the
electrode/electrolyte interface where also the connectivity of the triple
phase boundaries (TPB) was found to be strongly decreased. Hubert
et al. [23] investigated the degradation of microstructure and electro-
chemical performance in cells tested as SOFC and SOEC in the time
range 1000-9000 h in the temperature range 850-950 °C applying
current density of £0.5 A cm™2 (- 0.75 A cm ™2 was used for one test in
SOEC mode). The authors focused on the effect of nickel coarsening
showing that the sign of the electrode polarization does not affect the
coarsening rate. However, a more pronounced performance degradation
was observed for the cells operated in SOEC mode. It is noteworthy that
no significant Ni depletion was observed for the particular test condi-
tions [23].
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In this study, we aim to investigate the main differences in micro-
structural degradation of Ni/YSZ cermets when cells from the same
production batch are operated in either SOFC or SOEC mode. The two
cells used for the analysis were tested in galvanostatic mode under the
same externally set conditions (i.e. 800 °C, 50% H0-50% Hj as fuel at
the fuel inlet side, and 1000 h of testing) using a current density of 1 A
cm™2 for SOFC and —1 A ecm ™2 for SOEC mode. After the long-term test,
the Ni/YSZ electrode microstructure at the inlet side of the two operated
cells was compared with a reference cell from the same production batch
where NiO was just reduced to Ni and the cell was not tested further. The
three samples (i.e. reference, SOFC, and SOEC) were characterized using
SEM, EDS, and FIB-SEM tomography. We believe that exposing the cells
to the same operating conditions and reversing the current between the
two operating modes make the aged cells here characterized more
directly comparable than in previous studies reported in the literature
[23,44].

2. Experimental
2.1. Electrochemical testing

Three cells from the same production batch were used for the anal-
ysis. They are fuel electrode supported planar type cells, consisting of a
thick Ni/YSZ support (300 pm), a Ni/YSZ active fuel electrode, a YSZ
electrolyte, a Cep.9Gdp.101.95 (CGO) interdiffusion barrier layer, and a
Lag ¢Srp.4Co0.2Fep 8035 (LSCF)/CGO composite oxygen electrode
(Fig. 2a). The cells have a footprint of 5.3 x 5.3 cm? with an active
electrode area of 4.0 x 4.0 cm?. Further details on the cells are published
in Ref. [45].

Each cell was mounted in a single cell test house. Additional details
on the testing procedure can be found elsewhere [46,47]. For these
experiments, the reduction from NiO to Ni in the Ni/YSZ electrode was
carried at 850 °C. One cell, hereafter labeled “reference”, was cooled
down to room temperature immediately after reduction (for 2 h at 850
°C). The other two cells were further exposed to long-term galvanostatic
durability tests and performance characterization. The SOFC was tested
at 800 °C, +1 A cm 2 for 1000 h. The fuel utilization was ~56% with 24
1 h™! Hy/H,0 (50/50) to the Ni/YSZ electrode, 50 1 h™' Oy to the
LSCF/CGO electrode. The SOEC was exposed to the same conditions
except for the change in current direction, i.e. —1 A cm ™2,

Fig. 1 shows the electrochemical durability of the cells operated
either as SOFC or SOEC. Fig. 1a depicts cell voltage as a function of time
during the durability test. The initial cell voltages were measured to be
1.246 and 0.790 V for the SOEC and SOFC, respectively. The cell tested
as SOFC shows an overall voltage degradation of 0.8%,/1000 h, while a
higher degradation rate of 8.3%,/1000 h was observed for the cell tested
as SOEC. Fig. 1b compares the current-voltage (I-V) curves recoreded
before and after the durability tests. For SOFC the two I-V curves are
almost overlapping, while for SOEC there is an obvious shift of the I-V
curve after test, showing a higher overpotential at a certain current
density. This result is consistent with the voltage versus time trends
during the galvanostatic testing; it confirms the larger degradation of the
cell when operated as SOEC. Fig. 1c shows the Nyquist plots of elec-
trochemical impedance spectroscopy (EIS) data recorded before and
after the durability tests under OCV conditions. For SOFC operation,
after the durability test, there is no observable change in the ohmic
resistance (Ronm) and only a slight increase in polarization resistance
(Rp). By contrast, after the aging under SOEC conditions there is a slight
increase in Ronm and a clear increase in Ry, much larger than observed
for SOFC test. In order to clarify the different contributions to the in-
crease of Rp, the EIS data shown in Fig. 1c were analyzed considering the
distribution of relaxation times (DRT). In the DRT plots shown in Fig. 1d,
each peak represents an electrode process and the integral area under
each peak represents the resistance of the process. On the basis of pre-
viously reported analyses [48-50], the peak centered at ~10 kHz
(marked by dashed circle) is likely associated with the electrochemical
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process at the TPBs of the Ni/YSZ fuel electrode, and the peak centered
at ~50 Hz (marked by solid circle) is most likely associated with the
electrochemical process at the TPBs of the LSCF/CGO electrode as well
an impedance contribution attributed to gas diffusion in the same
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Fig. 1. Comparison of electrochemical durability for
SOFC and SOEC operation. a) Voltage profile as a
function of time. b) I-V curves recorded before and
after the durability tests. ¢) Nyquist plots of imped-
ance data recorded before and after the 1000 h
durability tests under OCV conditions. d) Corre-
sponding DRT plots for the impedance data shown in
Fig. 1lc. Durability tests were performed at 800 °C
under constant current densities of + 1.00 A cm ™2
with 24 1 h™! Hy/H,0 (50/50) to the Ni/YSZ elec-
trode and 50 1 h™! O, to the LSCF/CGO electrode.

frequency range. The peaks centered at ~10 kHz show a significant
increase after both SOFC and SOEC tests, while the increase for SOEC is
much larger than that for SOFC. Furthermore, the peaks centered at
~50 Hz only have a slight increase after both SOFC and SOEC tests.

Loty AL

FIB Milling Front Direction

Fig. 2. Different SEM micrographs of the reference cell cross-section illustrating the data acquisition procedure. a) Overview image of the layers composing the cell
with highlights on the regions used for EDS analysis (light blue rectangle) and for the 3D reconstruction (red rectangle). b) Image of one of the locations used for the
acquisition of EDS line scan. The locations used for the line scan are represented with yellow horizontal lines. ¢) Image acquired with EsB detector and used for the
porosity quantification. The yellow rectangles indicate the sub-regions used for the analysis. d) FIB-SEM cross-sections recorded with the Inlens detector while milling
the sample along the milling front direction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)



M. Trini et al.

These EIS results suggest that the performance degradation both in SOFC
and SOEC mode originates mainly from the Ni/YSZ electrode. Further-
more, in SOEC mode, the degradation of the Ni/YSZ electrode is much
more severe. A more detailed electrochemical characterization will be
published elsewhere.

2.2. SEM sample preparation

After testing, three cross-sections were selected for microstructural
analysis: one for the reference cell, one for the SOFC and one for the
SOEC. The location for the microstructural characterization was chosen
at the inlet side of the cells to ensure that the cells were exposed to the
same gas composition, i.e. the main difference during the aging is the
direction of the current (this will of course affect the sign of the polar-
ization and the direction of the introduced gas-phase gradient). The
three samples were embedded in epoxy resin, ground and polished for
the SEM analysis and FIB-SEM tomography.

2.3. Energy dispersive X-ray spectroscopy — EDS

The EDS analysis was performed with a field emission gun (FEG)
scanning electron microscope (Zeiss Merlin) equipped with an X-ray
detector (Quantax X-ray detector — Bruker). The region characterized by
the EDS analysis is highlighted in Fig. 2a with a light blue rectangle.
Fig. 2b illustrates one of the SEM images (~100 pm width micrograph)
of the reference cell used for EDS line scans. An acceleration voltage of
15 kV was used giving an interaction volume of approximately ~600
nm?®. Four line scans were recorded for each image at different distances
from the electrode/electrolyte interface: ~2, 8, 12, and 30 pm corre-
sponding to “inner” part of active fuel electrode, “outer” part of active
fuel electrode, “inner” part of electrode support layer and “support”
layer, respectively. A spectrum was obtained for each of the 100 points
along each line. The yellow horizontal lines in Fig. 2b are placed in
correspondence with the lines scan recorded on each image. The
Quantax Esprit 1.9 Bruker software was used with ZAF correction and
the acquisition time for each line was 10 min. Fig. 3 illustrates the
quality of the EDS spectra recorded at each of the 100 points scanned
along each line. Two images were analyzed for each sample covering an
electrode/electrolyte length of ~200 pm. The Ni/(Ni + Zr + Y) atomic
ratio was computed for each point scanned along the lines. The results
were then averaged and the average was considered representative for
the location at a specific distance (2, 8, 12, and 30 pm, respectively)
from the electrode/electrolyte interface.

2.4. SEM analysis

Low voltage SEM micrographs as the one illustrated in Fig. 2c were
recorded for quantifying the porosity in the active fuel electrode. The
FEG Zeiss Merlin SEM equipped with an Energy selective Backscattered
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Fig. 3. EDS spectrum of one of the 100 points recorded for the line scan ob-
tained for the reference cell at a distance of 8 pm from the electrode/electro-
lyte interface.
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(EsB) detector was used for recording low voltage and high current
images (2.5 kV and 18 nA, respectively). The working distance was
~3.9 mm and the filtering grid was set to 1.5 kV. More details on the
microscope setup are published elsewhere [51]. The 10 pm thick active
electrode was divided into five regions of ~2 x 28 pm? area each
(yellow rectangles in Fig. 2c) to quantify the porosity variation in the
direction perpendicular to the electrode/electrolyte interface. The sta-
tistical power analysis was used to determine the number of images to
analyze [52]. To keep the number of images low while still being able to
detect nickel depletion in the innermost area of the electrode, 30 images
were acquired and analyzed (details on the statistical power analysis are
reported in Fig. S1 in the supplementary materials). An overall area of
approximately 1680 pm? was covered for each of the five regions
analyzed. The average pore fraction obtained from the 30 images for
each region was used as the representative value of the specific region.
The SEM images used for the qualitative analysis of Ni network perco-
lation were obtained with the FEG Zeiss Merlin SEM using the Inlens
detector at 1 kV. The images recorded with the Inlens detector using the
microscope low voltage setup allow to clearly detect the percolating Ni
network which appears much brighter than the other phases. More de-
tails on this imaging technique can be found elsewhere [53].

2.5. FIB-SEM tomography and 3D characterization

The FIB-SEM tomograms used for three-dimensional reconstructions
were acquired with a Zeiss XB1540 Crossbeam microscope. Fig. 2d il-
lustrates a few raw images acquired with the Inlens detector during the
FIB-SEM serial sectioning and the direction of the milling front. The
three-dimensional reconstructions were performed on the representa-
tive area highlighted by the black rectangle in Fig. 2d. The microstruc-
tural parameters computed on the 3D reconstructions were used as a
complementary dataset to the results obtained from the analysis of EDS
and SEM micrographs (the data are more detailed but less representative
due to the limited volume). The area selected for the three-dimensional
characterization starts approximately 1 pm away from the electrode/
electrolyte interface and ends ~1 pm before reaching the interface be-
tween the active fuel electrode and the support layer. To analyze the
same volume for the three samples, the maximum size of the sub-volume
extractable from the data sets was ~8.7 x 8.0 x 10.1 pm?>. Slightly
different microscope set-ups were used for the three samples resulting in
different voxel sizes: 25 x 25 x 46.8 nm° for the reference cell, 25 x 25
x 35.0 nm?® for the SOFC and 25 x 25 x 42.3 nm® for the SOEC tested
cell. The dimensions of the sub-volumes used for the 3D characterization
were 374 x 321 x 216 pixels, 374 x 321 x 289 pixels, and 374 x 321 x
239 pixels for the reference, SOFC, and SOEC, respectively. Two images
(from the Inlens detector and from the SE2 detector) were simulta-
neously acquired and used for post-processing and segmentation as
described in Ref. [54]. More details on the FIB-SEM serial sectioning and
the image’s post-processing can be found in Refs. [15,54].

Microstructural parameters were computed on the segmented vol-
umes to compare the Ni/YSZ microstructures after operation in SOFC
and SOEC mode with the one of the reference cell. The phase fraction of
each volume was calculated by dividing the volume occupied by one of
the three phases (i.e. Ni, YSZ, and pores) by the overall volume analyzed.
The particles size was computed using the continuous particle size dis-
tribution (PSD) approach [15,54,55]. For computing the continuous
PSD, a distance map is calculated for each phase to find the center of the
spheres used for fitting the network without overlapping with other
phases. The radius of each sphere is dilated to cover all the volume of the
analyzed phase. For each spheres radii, the volume occupied is
measured and the continuous PSD is given by the histogram of the
volumes covered. Additionally, total and percolating TPB are computed
[21,54]. In a TPB site the three phases (Ni, YSZ, and pores) coexist. From
the segmented volumes, each phase is triangulated and the single edge
of a triangle that separates both Ni/pore, Ni/YSZ, and YSZ/pore at the
same time is considered as a TPB segment. The total TPB density is the
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total length of those segments divided by the analyzed volume. The
percolating TPB density is obtained by summing up the TPB segments
being connected through all three phases to each side of the analyzed
volume.

3. Results
3.1. SEM images

Fig. 4 shows SEM micrographs recorded with the EsB detector for
porosity quantification (Fig. 4a, b, and c) and low voltage images ob-
tained with the Inlens detector, qualitatively showing Ni percolation
(Fig. 4d, e, and f). In Fig. 4a—c porosity is black, nickel is dark gray and
the YSZ is light gray while in Fig. 4d—f the white phase is the percolating
Ni, non-percolating nickel and YSZ are gray, and porosity is black. The
SEM micrographs in Fig. 4 illustrate the Ni coarsening upon aging.
Comparing the microstructure of the tested cells (Fig. 4b, c, e, and f)
with the reference (Fig. 4a and d) it is evident that the Ni networks tend
to coalesce during operation, resulting in bigger clusters after 1000 h of
operation for both SOFC and SOEC. In addition to the Ni coarsening, the
cell operated as SOEC shows an increase in pore fraction and pore size
close to the electrode/electrolyte interface (Fig. 4c). The YSZ network
appears to be unaffected by the applied test conditions [10,14,15].
Therefore, assuming an invariant YSZ scaffold, an increase in pore
fraction must correspond to a decrease of Ni content in the investigated
region.

The percolating Ni is illustrated for the three samples in Fig. 4d
(Reference), Fig. 4e (SOFC), and Fig. 4f (SOEC). Clearly, the fraction of
percolating Ni in the innermost part of the fuel electrode in SOEC mode
is decreased compared to SOFC and reference. The red dashed lines in
Fig. 4d-f highlight the region where percolating Ni decreases more in
the SOEC (Fig. 4f) than in the other two cases. In contrast, the SOFC does
not show a visible decrease in the fraction of percolating Ni (Fig. 4e).

3.2. Ni depletion - EDS and SEM micrographs

Fig. 5 summarizes the results for the Ni distribution in the active fuel
electrode and in the support, quantified based on EDS data and SEM
micrographs. Fig. 5a shows a significant Ni depletion in the SOEC at a
distance of 2 pym from the electrode/electrolyte interface, the ratio (Ni/
(Ni + Zr + Y)) decreases from ~0.49 for the reference sample to ~ 0.28
for the cell aged in SOEC mode. Based on data from cell manufacturing,
the ratio in the reference cell is expected to be ~0.48 (gray dashed line
in Fig. 5a), very well in line with experimental findings. Noteworthy, the
depletion was not observed for the SOFC showing Ni/(Ni + Zr + Y) ~

Reference

LR
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0.46. Fig. 5a shows changes in the Ni ratio moving from the electrode/
electrolyte interface towards the support layer. The ratio was measured
to be between ~0.45 and ~0.55 for all the samples at the distance of 8
and 12 pm from the electrode/electrolyte interface. The line scan
recorded in the support layer closest to the active electrode (~12 pm
from the electrode/electrolyte interface) shows a slight increase of Ni
content for the SOEC, however, this increase is within the error of the
measurements. Finally, the line scan recorded in the innermost area of
the support layer (~30 pm from the electrode/electrolyte interface)
shows similar Ni/(Ni + Zr + Y) ratio values for both SOFC and SOEC
(~0.51), and reference cell (~0.47). Hence, in summary, in SOEC mode
Ni is depleted at the electrode/electrolyte interface and seems slightly
enriched at the electrode/support interface, while in SOFC mode such
phenomenon is not observed.

Fig. 5b shows the average pore fraction obtained from the analysis of
30 SEM images. Five points are obtained for each sample, each point
corresponds to the estimated porosity of one of the areas in the yellow
rectangles in Fig. 2c. The values in Fig. 5b are interpolated with a cubic
spline (dashed lines) for each sample. It is a clear observation that the
pore fraction in the reference cell and in the SOFC varies less than in the
SOEC. A pore fraction fluctuation in the range ~24-28% is observed for
the reference cell (green line in Fig. 4b) while the variation for the SOFC
is between 23 and 28%. When the cell is operated in SOEC mode (red
line in Fig. 4b), the pore fraction decreases form ~ 33%-~22% by
moving from the electrode/electrolyte interface towards the support
layer. It is worth noticing that the pore phase of the SOEC shows high
porosity until ~4 pm from the electrode/electrolyte interface before it
assumes a lower value than in the reference. The theoretical minimum
limit for the pore fraction of a Ni/YSZ electrode with a Ni/YSZ volume
ratio of 40/60 will be 21.8% (gray dashed line in Fig. 5b) based on fully
dense structure prior to reduction ie. porosity only originating from the
reduction of NiO to Ni. In SOEC mode, the porosity variation is consis-
tent with the observed Ni variation; Ni is depleted at the electrolyte/
electrode interface (increased pore fraction at 1 pm) and enriched be-
tween 8 and 12 pm from the interface, which corresponds well to the
reduced pore fraction in the region 5-10 pm from the interface.

3.3. 3D reconstructions and microstructural parameters

Fig. 6 shows the three-dimensional reconstructions of three sub-
volumes (~8 x 8 x 8 pm? including part of the electrolyte) of the FIB-
SEM datasets for the reference cell, the SOFC, and the SOEC. In Fig. 6,
the Ni phase is colored in red, YSZ in gray and the pores are transparent.
Microstructural parameters are computed on sub-volumes extracted
from the innermost part of the electrode, to include only the active

Fig. 4. SEM images of the three samples; reference a) and d), SOFC b) and e), and SOEC c) and f). In the low voltage ESB images a)-c) porosity is black, YSZ is light
gray, and Ni is dark gray. In the low voltage images recorded with the Inlens detector d)-f) porosity is black, YSZ and non-percolating Ni are gray and the percolating
Ni is white. The dashed lines in d)-f) indicate the area where the decrease of percolating Ni is more visible.
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Fig. 5. EDS results a) and porosity quantification performed on SEM images b) for the three samples analyzed. The nominal value for the Ni ratio in Fig. 5a (0.48) is
calculated based on cell manufacturing data. The theoretical minimum limit for the pore fraction shown in Fig. 5b (21.8%) is calculated based on porosity only
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Fig. 6. Three-dimensional renderings of sub-volumes extracted from the FIB-SEM datasets for the reference cell a), the SOFC b), and the SOEC c). Ni is red, YSZ is
gray, and pores are transparent. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

electrode in the calculations. Fig. 6 shows a more pronounced micro-
structural degradation of the SOEC by simple visual inspection of the
three-dimensional renderings. It is worth noting that whereas more
detailed data can be extracted from the 3D reconstructions than the
SEM/EDS cross sections discussed in section 3.1 and 3.2, the data are
less representative due to the limited volume size.

Fig. 7 shows the continuous PSD of the analyzed cells for each of the
three phases (i.e. Ni, YSZ, and pore). For the Ni phase (Fig. 7a), the peak
of the continuous PSD curve shifts from ~400 nm observed on the
reference cell to approximately ~ 600 nm after SOFC and SOEC oper-
ation. Interestingly, the continuous PSD distribution of the pores and the
YSZ shows different trends over time for the two cells tested. Fig. 7b
shows similar pore phase PSD for the SOFC and the reference with a peak
at approximately 300 nm. The peak for the SOEC is observed at ~350
nm and is broader than the ones for the reference cell and the SOFC. An
unexpected trend for the PSD of YSZ is found for the SOFC (Fig. 7c)
showing a more pronounced peak for a particle radius of ~300 nm.

Table 1 summarizes the microstructural parameters computed on the
three volumes. Errors in image post-processing and segmentation
together with the limited volume size result in large uncertainty on the
computation of the phase fractions (+2.50, see Table 1). Finite sampling
volume leads to the unexpected differences in the YSZ phase fraction
which is known to be stable during the test. The apparent variations in
the YSZ phase fraction illustrate the level of accuracy of this measure-
ment. 41 + 2.50% of the analyzed microstructure of the reference cell
was occupied by YSZ while 39 + 2.50% and 43 + 2.50% was obtained
for the SOFC and SOEC, respectively. The fact that the phase fractions
(Table 1) are computed over the entire three-dimensional volumes
prevents the detection of local changes in the different regions of the
active fuel electrode (Fig. 2c) as was observed in the EDS data and the 2D
SEM micrographs (Fig. 5). The total and percolating TPB length show a
much more pronounced decrease after the SOEC operation compared to
the SOFC operation tested cell. Indeed, starting from a TPB density of
2.44 ym pm~> for the reference cell, 2.40 um pm ™ is computed on the
SOFC volume and only 1.47 pm pm™> on the SOEC. Similarly, the
percolating TPB length decreases from 2.19 pm pm ™ on the reference

cell to 2.09 pm pm > and 1.36 pm pm~> on the SOFC and SOEC,
respectively.

The results of interface and surface areas are further summarized in
Table 1. The Ni surface area decreases after the operation in both SOFC-
and SOEC-mode. Similarly, a decrease of Ni/pore and Ni/YSZ interface
areas is observed when comparing the reference cell with both tested
cells. On the other hand, the surface area of the pores remains un-
changed after the SOFC test while a decrease is observed after the SOEC
test. More pronounced changes in surface and interface areas are
recorded when the cell is operated as SOEC. In particular, the surface
area of Ni decreases from 1.46 pm? pm™3 for the reference cell to 1.33
pm? pm~3 and 1.17 pm? pm ™2 for SOFC and SOEC, respectively. Like-
wise, the Ni/pore and Ni/YSZ interface areas are computed to be 0.61
pm? pm ™~ and 0.85 pm? pm ™3 for the reference cell, respectively, while
only 0.40 pm? pm 3 and 0.77 pm? pm 2 for the SOEC, respectively. Also,
small changes in the YSZ surface area are observed and will be discussed
further in the Discussion section.

4. Discussion
4.1. Ni coarsening

From the qualitative illustration of Ni coarsening (Fig. 4) and the PSD
quantification (Fig. 7), it is clear that Ni coarsens to a similar extent
when operating the cell as SOFC or SOEC. Ni coarsening does not appear
to be affected by the direction of the current in the cell in line with the
finding of Nakajo et al. [44] and Hubert et al. [20] and such coarsening
was observed to take place even at OCV (no current) as reported also by
Mogensen et al. [43]. The PSD was computed also for pores and YSZ.
While the porosity PSD of the SOFC was similar to the one of the
reference cell, the PSD of the SOEC shifted towards higher values of pore
radii (Fig. 7b). In fact, the migration of Ni away from the electro-
de/electrolyte interface leaves empty areas that increase the overall
porosity (Fig. 4c) and its characteristic size (Fig. 7b). For what concerns
the YSZ, the PSD of the SOEC shows a similar trend to the reference cell
while the SOFC curve has a peak around 350 nm not observed for the



M. Trini et al.

Nickel
a) | |

°\?6 +Reference
ik -~SOFC
'q'é ~SOEC
4t
o
15)
g
5 2
=)
> 0 ‘ ‘
0 200 400 600 800 1000

Particle radius [nm]

Pore

b)

[e)

Volume covered [%]
N8} BN

S

200 400 600 800 1000
Particle radius [nm]

YSZ

=]

()
N’

[o)}

Volume covered [%]
9] N

S

200 400 600 800 1000
Particle radius [nm]

o

Fig. 7. Continuous PSD computed for each phase (Ni, pore, and YSZ) on the
three samples analyzed (reference cell, SOFC, and SOEC).

Table 1
Microstructural parameters calculated on the three-dimensional reconstructions
of the three samples analyzed.

Reference SOFC SOEC
Ni Phase Fraction [%] 29 + 2.50 30 + 2.50 27 + 2.50
Pore Phase Fraction [%] 30 + 2.50 31 + 2.50 31 + 2.50
YSZ Phase Fraction [%] 41 + 2.50 39 + 2.50 43 £+ 2.50
Total TPB Length [um pm 3] 2.44+0.10 240+0.10 1.47 £0.10
Percolating TPB Length [pm pm 3] 219+0.15 2.09+0.15 1.36+0.15
Nickel Surface Area [pm? pm~2] 1.46 £ 0.05 1.33+0.05 1.17 +0.05
Pore Surface Area [pm? pm 2] 1.83 £0.05 1.84+0.05 1.52 + 0.05
YSZ Surface Area [um? pm 3] 2.07 £0.03 213+0.03 1.89 +0.03
Ni/Pore Interface Area [m? pm~>] 0.61 +0.05 0.52+0.05 0.40 = 0.05
Ni/YSZ Interface Area [pm? pm 3] 0.85+0.05 0.81+0.05 0.77 + 0.05
Pore/YSZ Interface Area [pm? pm ] 1.22 £ 0.05 1.3240.05 1.12 + 0.05

other two samples. This fact is a consequence of the local nature of the
FIB-SEM characterization which here was limited to small volumes.
Therefore, the FIB-SEM results are affected by errors due to the lack of
representative volumes. In fact, the EDS analysis shows that the Zr
content in the three samples varies over segments of length of 8 ym
(edge length of the FIB-SEM volume) taken along the 100 pm line scan
(Fig. S2 in the supplementary materials) while the Zr content computed
over the entire 100 pm line does not change in the three samples

Journal of Power Sources 450 (2020) 227599

analyzed. This illustrates that with a segment of 8 pm one is at a rather
“short” length scale considering the characteristic length scale of
compositional variations introduced by imperfections in the mixing and
shaping process applied in the cell manufacture.

4.2. Ni depletion as a major cause of SOEC degradation

From the EDS analysis, we observe a pronounced decrease of the Ni/
(Ni + Zr 4 Y) atomic ratio for the SOEC at a distance of 2 pm from the
electrode/electrolyte interface. Such a decrease is not observed for the
SOFC (Fig. 4a). This loss of Ni in the region close to the SOEC electrode/
electrolyte interface reduces the electronic conductivity and the number
of active sites for electrochemical reaction, as confirmed by FIB-SEM
results, which show the decrease of both total and percolating TPB
density. These microstructural changes are responsible for the degra-
dation of the electrical performance of the SOEC. We suggest that the
more pronounced voltage deterioration observed in the SOEC mode
compared to the SOFC (Fig. 1) is mainly ascribed to the Ni depletion in
the innermost area of the fuel electrode. In fact, while Ni coarsening
seems to occur to a similar extent showing similar Ni PSD for both tested
cells (Fig. 7), the more pronounced decrease of TPB observed for the
SOEC indicates that Ni depletion plays the primary role to the increase of
the overpotential.

The percolating TPB density is a good microstructural parameter that
can be correlated with the electrochemical performance of the cell. The
fact that the decrease of percolating TPBs for the SOEC mode is beyond
what would be expected by simple Ni coarsening as observed for the
SOFC suggests that the electrode polarization itself (and its sign) is the
triggering factor for the microstructural changes that leads to the loss of
cell performance. A reduction of TPB length density of tested Ni/YSZ
electrodes has previously been observed for both SOFC [12,20,56,57]
and SOEC [15,20,51] operation.

Previous studies have reported that Ni coarsening is the main
microstructural degradation process occurring at low current densities (-
1A cm? [39,45,58]. From our observations, Ni depletion in the
innermost part of the active SOEC electrode is an even more severe
degradation process for the SOEC Ni/YSZ electrode microstructure,
affecting the cell electrochemical performance. This is in line with re-
sults reported in Refs. [22-24,47]. However, in the area of the support
layer closer to the electrode, the Ni/(Ni + Zr + Y) ratio of the SOEC is
higher than in the reference, in line with the experimental observations
of Sun et al. [47]. By moving further outwards into the support layer at
~30 pm from the electrode/electrolyte interface, both the SOFC and the
SOEC show a slight enrichment in Ni compared with the reference.

The small enrichment observed in the Ni/(Ni + Zr + Y) ratio for the
SOEC hints that, in SOEC mode, Ni migrates from the electrode/elec-
trolyte interface towards the support. In SOFC mode, the trend for Ni
migration is not that clear. It is worth noting that the phenomenon of Ni
migration is not described by the three-dimensional characterization
presented here and in Ref. [20]. Indeed, each phase fractions value re-
ported in Table 1 represents an average computed over the entire
analyzed volume.

The gas composition also varies along the electrode/electrolyte
interface from the fuel inlet to the fuel outlet of the cell. SEM images
recorded along the electrode/electrolyte interface (at the fuel inlet, in
the middle, and the fuel outlet) are reported in the supplementary ma-
terials (Fig. S3 and Fig. S4). Microstructural differences could not be
observed from simple visual inspection of the images at the inlet and
outlet side. We have previously analyzed the down stream variations in
microstructural aging in a very similar set of samples. Results can be
found in Refs. [15,51].

4.3. Driving force for Ni migration

The depletion of Ni close to the electrode/electrolyte interface has
already been observed and discussed in several studies in the literature
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[15,43,46-51]. However, the mechanisms of the Ni migration are not
completely understood. Mogens et al. [43] proposed that the driving
force for the Ni migration is the formation of Ni(OH)x volatile species
which diffuse down the steam partial pressure gradients. In this section,
we present an alternative explanation of the phenomenon of Ni migra-
tion based on postulating a variation in the Ni/YSZ contact angle with
local oxygen potential, which leads to a transport of Ni when an oxygen
potential gradient is established in the electrode and interface is pulled
out of equilibrium with the gas phase during operation.

At high temperatures, Ni atoms diffuse along the surface of the Ni
network from regions characterized by high chemical potential towards
regions of low chemical potential until the free energy of the system is
minimized [59]. In simple two-phase systems, spatial gradients of
chemical potential result from gradients of surface curvature [59]. In the
case of Ni coarsening in Ni/YSZ electrodes, the chemical potential is also
a function of the different interface energies present at each interface (i.e
Ni-pore, Ni-YSZ, and YSZ-pores). In the proximity of the triple junctions
(corresponding to the TPBs), the balance of these interface energies
determines the Ni/YSZ contact angle.

It has been reported that the contact angle is a function of the oxygen
partial pressure (pO2) [60]. The pOs in the electrode is established by
the equilibrium between Hj, H,O and O, according to the equation:

1 szO
0,=— (— P22 1
P22 =%, <1 —pHZO/Ptot> ®

where Ky is the equilibrium constant for the Hy/O5 reaction and equal to
2.33 x 10'® at 800 °C [60]. The dependency of the Ni/YSZ contact angle
on log(pOy) is shown in Fig. 8 (black solid line) and was obtained
applying the procedure reported by Jiao et al. [60].

During cell operation, p(H20) and p(Hy) gradients arise in the fuel
electrode in the direction perpendicular to the electrode/electrolyte
interface [43,60]. The local gas composition varies in the electrode due
to the electrochemical reactions occurring at the TPB producing steam
when operating in fuel cell mode and hydrogen in electrolysis mode.
Regions of the electrode where the contact angle assumes lower values
(high wettability) are characterized by lower chemical potential
compared to regions having higher contact angles. Therefore, it is
reasonable to assume that the gradient in contact angle due to the
gradient in pOy causes the migration of Ni atoms from low wettability
regions towards high wettability regions (i.e. from high to low chemical
potential). Computing the exact gas distribution (pH2O/pH3) in the
electrode is not trivial and requires an accurate three-dimensional model
of the cell operation. Here we assume that the gas composition at the gas
channel is equal to the nominal composition of the inlet gas (pH20/pH2
= 0.5/0.5) while the pO, at the electrode/electrolyte interface can be
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Fig. 8. Relation between contact angle and log(pO.) with the log(pO,) value
obtained for the fuel gas composition at the inlet side (pH,O/pHz = 0.5/0.5)
(green line) and the log(pO-,) ranges for the SOEC and the SOFC overpotentials
at the electrode/electrolyte interface (red and blue areas, respectively). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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estimated from the cell overpotential by using the relation [39] relating
the overpotential to the pO; variation via Nernst law:

—RT (p(OZ)Local Gas )>
Nijysz = —In | ————2424%= @
NijYSZ T 4R < (p(Oz)WYSz)

In Eq. (2) ny;vs; is the fuel electrode polarization, R is the universal
gas constant equal to 8.314 J K~! mol ! and F is the Faraday constant
equal to 96485 C mol ™. The local gas composition in the direction
perpendicular to the electrode/electrolyte interface generates a gradient
of (pO2)1ocal Gas in the same direction. The gradient is different between
the two modes of operation, in SOFC mode steam is generated close to
the electrolyte and in SOEC mode this is the place of hydrogen genera-
tion hence different partial pressure distributions prevail in the gas
phase ((pO2)1ocal Gas) in the two modes. In addition, and more important,
the local electrical polarization pulls the interface out of equilibrium
with the gas phase in direction of more oxidizing conditions in SOFC and
SOEC mode, respectively (this is a more significant effect in terms of
equivalent pO, variation than the variations in the gas phase due to
steam and hydrogen partial pressure gradients). As a result, the pOg
values at the electrode/electrolyte interface estimated via Equation (2)
will be significantly different between the two cases. The overpotential
of the Ni/YSZ electrode for the two tested cells (SOFC and SOEC) is
estimated from electrochemical impedance spectroscopy analysis where
the measured impedance corresponds to fuel electrode overpotential
ranges of 0.03-0.09 V and -(0.11-0.26) V for SOFC and SOEC, respec-
tively. One vertical line and two marked areas are plotted in Fig. 8 for
the log(pO2) value computed for the gas channel (green line), the elec-
trode/electrolyte interface obtained for the SOEC (red area) and the
SOFC (blue area). Fig. 8 illustrates that, in SOEC mode, the electrode/
electrolyte interface presents a higher contact angle compared to the
region in the proximity of the gas channel. Therefore, accordingly, Ni
should migrate from the active electrode towards the support layer, as
observed experimentally in this work and in previous studies [15,43].

Interestingly, in SOFC mode, the contact angle at the electrode/
electrolyte interface is lower than in the region close to the gas channel.
Therefore, following our hypothesis, Ni should migrate from the support
enriching the active electrode. Furthermore, assuming the values of pO,
at the electrode/electrolyte interface obtained from the electrode
overpotential, a greater difference in contact angle between the gas
channel and the active electrode is observed for the SOFC case. There-
fore, a higher driving force for Ni migration should be expected
(assuming the contact angle pOs relationship postulated in Ref. [60]).
However, a Ni enrichment of the active electrode in the SOFC is clearly
not observed here.

Several reasons can lead to the mismatch between above hypothesis
on local contact angle variations as the Ni migration driver and the
experimental observations in the SOFC case. Firstly, the Ni migration
from the electrode/support interface towards the electrode/electrolyte
interface would likely lead to the Ni enrichment in the electrode region
close to the electrolyte, causing increase in Ni phase fraction and Ni
mean radii. Contrarily to the SOEC case, where Ni depletion can be
easily observed at the electrode/electrolyte interface, the enrichment of
Ni at the electrode/electrolyte interface can be more challenging to
detect. This is due to the fact that an increase in Ni phase fraction and Ni
continuous PSD could be small and below the sensitivity in the imaging
techniques employed in this work.

More importantly, a big uncertainty remains in the dependence of
the Ni/YSZ contact angle on log(pO3) proposed by Jiao et al. [60], i.e.
the black solid line in Fig. 8. In their work, the enhanced Ni wettability
on YSZ was experimentally observed under SOFC polarization only, i.e.
for values of pO, > 10~!° bar. The procedure introduced by Jiao et al.
[60] is used here to obtain the black solid line shown in Fig. 8 in the log
(pO2) range from —25 to —17, approximately. However, this part of
curve, corresponding to SOEC polarization, has not been experimentally
validated. In fact, it is unlikely that a dependence like the one depicted
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in Fig. 8 imposes contact angle variations large enough across the active
Ni/YSZ electrode to result in the observed Ni migration. A much steeper
slope of the curve for pO, < 1071 bar is therefore required as indicated
by the stronger postulated dependence illustrated by the black dashed
curve in Fig. 8. In addition, the current authors have recently succeeded
in reproducing Ni migration in SOEC mode via phase field simulations
(the results will be reported elsewhere). The Ni migration is achieved in
the model calculations by imposing a large postulated contact angle
gradient (95-120°) across the active Ni/YSZ electrode. This would imply
that the contact angle variations over a polarized electrode are stronger
than predicted from the methods suggested in Ref. [60] as indicated by
the postulated curve included in Fig. 8. Future experimental determi-
nation of the Ni/YSZ contact angle as a function of local pOs is required
to confirm or veto our hypothesis that the Ni migration is driven by
spatial variations in Ni/YSZ contact angle that are introduced by
polarizing the electrode and that these variations are very significant
over an electrode strongly polarized in SOEC direction. It should be
noted that in the SOEC-range it is not trivial to measure the contact angle
as such reducing conditions are experimentally difficult to realize. In the
SOFC-range one can investigate samples in different gas-mixtures real-
izing the relevant oxygen activities. In the range relevant for strongly
polarized electrodes operating in electrolysis mode the oxygen activity
requires electrochemical polarization. It would require development of a
specially dedicated methodology enabling simultaneous assessment of
contact angle and accurate control of polarization. Another strategy to
arrive at the wetting angle under strong cathodic polarization is to try
and deduce it from the reconstructions — analyzing the pictures and the
contact angles experienced in the microstructures aged under polariza-
tion, which are pursued by the current authors.

5. Conclusion

In this work, we examined the Ni/YSZ electrode microstructure of
two nominally identical cells tested for 1000 h, one in SOFC mode and
the other in SOEC mode. Identical operating conditions (i.e. 800 °C and
p(H20)/p(H2) = 0.5/0.5 at the fuel inlet side) were applied varying the
direction of the current (1 A cm~2 for SOFC and —1 A em ™2 for SOEC).
The analysis highlights a more pronounced performance degradation
and Ni/YSZ microstructure change of the SOEC compared to SOFC.
Similar Ni particle size distributions were observed for the two aged cells
indicating that Ni coarsening is not affected by the mode of operation. In
addition, interface and surface areas computed for the SOFC and the
SOEC show only minor differences that can be considered to be in the
margin of error of the measurement.

On the other hand, a significant Ni migration away from the elec-
trode/electrolyte interface was detected only for the SOEC case. Ni
migration in the SOEC leads to loss of percolating nickel and an increase
in the porosity in the active region of the fuel electrode. Furthermore,
the more pronounced decrease of the SOEC total and percolating TPB
density will affect the electrical performance of the cell. From the results
we emphasize that local Ni depletion should be considered a major
source of the SOEC performance degradation.

A hypothesis on the driving force generating the depletion of Ni in
the active fuel electrode is presented. In SOEC mode, Ni diffuses from the
electrode/electrolyte interface towards the support. The Ni moves from
the position of very low pO» (strongly polarized zone close to the elec-
trolyte) where the Ni/YSZ contact angle is high (de-wetting) towards the
higher pO; in the outer parts of the electrode, that are less polarized and
where also the gas phase pO; is higher, resulting in a locally lower Ni/
YSZ contact angle (wetting behavior).
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