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Abstract

The accelerated degradation of a commercial LSCF/YDC/YSZ/Ni-YSZ solid oxide electrolyzer cell (Lag ¢Sty 4CogFegsO3.s/
Y0.1Ce01.95/Y0.08Z19 9,01 .9¢/Ni-YSZ) contaminated by Si-containing impurities is studied with time under up to — 1.7 A cm 2
applied. Above ~— 0.6 A cm 2, a new region appears in the polarization curve. This region corresponds to electronic conduction
in the yttria-stabilized zirconia (YSZ) electrolyte, induced by the reduction under high current conditions. A shift in the typical
frequencies (relaxation times) toward lower frequencies is then observed for the entire impedance spectra. This shift results
finally in the disappearance of the positive loop related to the polarization resistance and the appearance of a negative (inductance
type) loop which crosses the real axis (Z°) at the lowest frequencies to become positive again. This is characteristic for an
electrode process mode in which the electrochemical redox reactions vanish while the cell current becomes mainly electronic
due to the reduction of the YSZ electrolyte. This trend increases with time. Such a characterization of the electronic conduction of
the YSZ electrolyte by electrochemical impedance spectroscopy has not been reported to date under electrolysis mode, to the best
of our knowledge. Post-mortem analysis by scanning electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM/EDX) shows detrimental degradation of the electrolyte after only 360 h of overall testing duration with numerous
micropores in the YSZ volume, and cracks and delamination at the yttria-doped ceria (YDC)/YSZ interface. EDX analysis
reveals (i) a migration of La, Sr, Co, and Fe elements from lanthanum strontium cobalt ferrite (LSCF) anode to YDC layer and
YSZ electrolyte and (ii) a very important shift of Ni from Ni-YSZ cathode to YSZ and YDC, and also to LSCF anode in a lower
proportion. This study highlights the critical issue that impurities represent for solid oxide electrolysis cell operation.

Keywords Hydrogen - Solid oxide electrolysis cell - Electrochemical impedance spectroscopy - Degradation - Yttria stabilized
zirconia - Electrolyte electronic conduction

Introduction coal, and partial oxidation of heavy hydrocarbons [1-4]. In the

case of water electrolysis, a solid oxide electrolysis cell
Hydrogen production through high-temperature electrolysis ~ (SOEC) is used to reduce H,O to H, with electricity.
(HTE) is a clean and renewable alternative way to fossil =~ Operating at high temperature, typically between 600 and
fuel-based processes such as steam reforming, gasification of 800 °C, allows reducing the amount of electrical energy need-
ed balanced by thermal energy. Besides, no expensive catalyst
such as Pt is needed. However, operating at high temperature
favors cell degradation, one of the key issues that still prevent
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stabilized zirconia, among which (i) controlling and monitor-
ing oxygen partial pressure through oxygen pump or oxygen-
trapping device, (ii) controlling the oxygen stoichiometry in
oxide superconductors during solid-state electrochemical re-
actions, and (iii) wetting of zirconia by pure metals, alloys, or
molten alloys [5-7]. Between the 1950s and the 1970s, vari-
ous works focused on the conduction properties and mecha-
nisms of stabilized zirconia with yttria, ceria, or calcia, and the
rate-limiting mechanisms responsible for the onset of black-
ening [8—18]. These studies were followed by an investigation
of Casselton on detrimental electrochemical reductions of
polycrystalline and single crystals of stabilized zirconia con-
sequently to the application of high current densities in the
case of MHD (magnetohydrodynamics) electrodes [19].
Original electrochemical studies were carried out by Fabry
and Kleitz to further understand the electrochemical colora-
tion and redox reactions in solid ionic conductors, including
stabilized zirconia [20]. In the 1990s, Janek et al. performed
electrochemical reduction at 500 °C on both single crystals of
YSZ and polycrystals of calcia-stabilized zirconia (CSY) [21].
More recently, the influence of the grain size on the redox
stability of YSZ was evaluated by Boulfrad et al. [22]. Even
if several reaction schemes have been suggested, discussion is
still alive regarding the nature of the defects at the origin of
zirconia blackening.

As mentioned above, cell degradation generally occurs
from high applied current densities. Knibbe et al. examined
the behavior of cells under high current densities (— 1, — 1.5,
and —2 A cm 2) for up to 900 h [23]. Important degradation of
the cell was observed, characterized by a large increase in the
electrolyte or series resistance, R, while increase in the polar-
ization resistance, R,, was not systematic. The observed R
increase was attributed to oxygen formation in YSZ grain
boundaries close to the Sr-doped LaMnO; (LSM)-YSZ/YSZ
interface, based on the observation by transmission electron
microscopy (TEM) and SEM of increased porosity and frac-
tures in these YSZ grain boundaries. Such an increase of R
was also noticed by Laguna-Bercero et al. in the case of a
microtubular Ni-YSZ-supported cell with current densities
up to —2.5 A cm “ [24]. Also in this paper, it was attributed
to YSZ electrolyte degradation with presence of voids and
cracks at the grain boundaries, probably due to the electro-
reduction of the electrolyte. YSZ degradation under applica-
tion of a high current was also reported by Kim et al. for a
symmetrical cell LSM-YSZ/YSZ/LSM-YSZ operated for
120 h [25]. This was characterized by an increase of Ry attrib-
uted to intergranular fractures appearing along the YSZ elec-
trolyte grain boundaries. An increase of the middle frequency
part of the impedance diagram after starting the test was ob-
served followed by the low-frequency part with time. These
increases were associated with deactivation of LSM and den-
sification of the O, electrode, respectively. Chen et al. tested
several Ni-YSZ-supported cells at current densities above
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— 1 A cm 2 over a period of 1256 h [26]. In their case, degra-
dation mainly occurred at the Ni-YSZ electrode with forma-
tion of ZrO, nano-particles on Ni surface, deteriorating Ni-
percolation and possibly decreasing the density of triple phase
boundaries (TPBs). It is suggested to be the result of Ni-YSZ
interfacial reactions occurring under strong polarization con-
ditions. Sun et al. studied the co-electrolysis of H,O and CO,
on several cells, applying — 1 and — 1.5 A cm > forup to 932 h
[27]. Degradation of the cells was observed, and results from
impedance measurements indicated that the initial degradation
(first 100 h) was mainly due to an increase in R, while the
long-term degradation (above 100 h) was, as for Knibbe et al.,
caused to a large extend by an increase in Ry, indicating struc-
tural changes of the electrodes. Thus, based on the analysis of
the difference in impedance spectra (ADIS) of the measured
impedance diagrams, the gas shift study by electrochemical
impedance spectroscopy (EIS), and conclusions from other
studies made in solid oxide fuel cell (SOFC) mode [28-32],
cell degradation at — 1 A cm 2 was associated with the LSM-
YSZ electrode, while both Ni-YSZ and LSM-YSZ electrodes
were considered to contribute to cell degradation at —
1.5A cm .

Schefold et al. tested a lanthanum strontium cobalt ferrite
(LSCF)/YSZ/Ni-YSZ cell by applying — 1 A cm ™ for 9000 h
with a comparatively low degradation rate of 3.8% (40 mV)/
1000 h [33]. In this case, impedance increase in the contribu-
tion from 10 kHz to 300 Hz was observed after 7615 h, here as
well possibly associated with interfacial charge transfer
[34-37]. Moreover, a similar impedance increase in the same
contribution was also observed in initial measurements. Both
observations support a possible H, electrode deactivation with
time. Furthermore, increase in a small contribution with a
phase peak at 30 Hz was observed, attributed by the authors
to mass transport at the H, electrode. Nevertheless, impedance
diagrams showed that important part of cell degradation was
due to the ohmic contribution since large increase in R; was
observed with time. This study was completed by Tietz et al.
with a post-test analysis of the cell by SEM and EDX [38].
Hence, cell degradation was mainly characterized by (i) inter-
nal pore formation in YSZ electrolyte due to cation migration;
(i) compositional inhomogeneities and cation demixing in the
LSCF anode; and (iii) destabilization of the Ni-YSZ/YSZ in-
terface due to material transport toward LSCF anode. This
post-test analysis is in accordance with Schefold’s impedance
diagram analysis mentioned above [33]. More recently,
Schefold et al. reported a 23,000-h (~2.6-year) electrolysis
study performed on a scandia/ceria-doped zirconia
electrolyte-supported cell [39]. A current density of —
0.9 A cm 2 was applied for 20,000 h, with a voltage increase
of only 0.57% (7.4 mV)/1000 h. The degradation observed
was principally ohmic and mainly due to ionic conductivity
decay in the electrolyte. Additional interesting studies are
reviewed or reported elsewhere [3, 40-50].
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Our previous work considered the appearance and evolu-
tion with time of a premature cell degradation resulting from
the sealing of the cell holder and the support pieces providing
and releasing H, electrode gas [4]. This degradation was char-
acterized by a deformation of the i-U curve, several frequency
shifts in the impedance diagrams, and the appearance of a new
impedance contribution at the lowest frequencies assigned to a
“reactivation” contribution. Post-mortem cell analysis by
SEM/EDX revealed the presence of Si, Al, Na, K, and Ca at
the H, electrode surface, a few ten microns deep from the
surface and at the Ni-YSZ/YSZ interface. This degradation
was associated with Si deposition, including at the Ni/YSZ/
H,O TPBs, and the reactivation contribution to an H,O ad-
sorption phenomenon. Si impurities originate from the glass
sealant (Schott 8422) used to avoid H; electrode gas leakage
between the cell holder and the support pieces. Analysis of the
impedance diagrams allowed to clearly distinguish four to five
contributions related to separate processes in the cell as iden-
tified by their respective time constants: (i) HF part (f, = [100—
1000 Hz]; C=10 mF cmfz) associated with charge transfer at
the Ni-YSZ/YSZ interface; (ii) MF1 part (fy=10 Hz; C=
100 mF cm ?) related to an H,O diffusion phenomenon at
the H; electrode; (iii) MF2 part (fy=1 Hz; C=1F cm ) as-
sociated with H,O gas conversion at the H, electrode; (iv) LF
part (fy=0.1 Hz; C= 10 F cm ™) also related to an H,O diffu-
sion phenomenon at the H, electrode; (v) VLF part (fo =[1-10
mHz]; C=]100 F cm ?)) associated with an H,O adsorption
phenomenon at the H, electrode. HF, MF, LF, and VLF cor-
respond here to high frequency, middle frequency, low

Fig. 1 Schematic of the
experimental setup used for this
study. Based on [34]
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(Schott 8422)

cell holder +
H, electrode gas

inlet and outlet 7 cathode

(alumina)

frequency, and very low frequency, respectively, while f,
and C correspond to the relaxation frequency and the capaci-
tance, respectively. A mechanism was proposed to explain the
cell behavior after appearance of the premature degradation.

Using a similar methodology, we herein report that appli-
cation of high current densities for a short duration to the cell
contaminated by impurities containing Si leads to accelerated
detrimental degradation consequently to electronic conduc-
tion of the YSZ electrolyte. This electronic conduction is
clearly characterized by EIS, with appearance of an imped-
ance contribution that, to the best of our knowledge, has not
been reported to date under electrolysis mode.

Experimental

In this study, a LSCF//YSZ//Ni-YSZ commercial anode-
supported SOFC used in HTE mode (HC Starck) was consid-
ered in a two-electrode experimental setup. An intermediate
YDC (yttria-doped ceria) layer is present between LSCF
(Lag 6Srp 4CoqFeq305.s5) and YSZ (yttria-stabilized zirconia,
8-YSZ). In the same way as our previous work [4], the cell
holder and the support pieces providing and releasing H, elec-
trode gas were sealed using Schott 8422 glass. A schematic of
the experimental setup is shown in Fig. 1. More details of the
cell and the experimental setup are given elsewhere [4, 34].
Figure 2 displays a SEM cross-section image of the different
layers constituting the cell before the test. The cell was tested
at 800 °C with PH,O/PH, =5 at the cathode side (50% H,O +
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Fig. 2 SEM cross-section image
of the different layers constituting
the cell before the test, as follows
from bottom to top: Ni-YSZ H,
electrode, YSZ electrolyte, YDC
intermediary layer, LSCF O,
electrode

2 %

) 2 L ‘., &
15.QkV 18 2mim x T. 00K SEAL) co »

10% H, +40% N,), O, at the anode side, and a gas flow rate
of 2.26 NL h™" at each side. The results presented here were
obtained between 288 and 360 h of test, i.e., 72 h, with up to —

1.7 A cm 2 applied to the cell. A succession of impedance
diagrams were measured, preceded and followed by current
density-potential (i-U) curves. The overall 8-h procedure was
performed nine times successively. Between 0 and 288 h of
test, the same overall 8-h procedure was repeated with no
more than — 0.6 A cm 2 applied to the cell, leading to the same
behavior as what previously reported [4]. The i-U curves were
recorded in potentiostatic mode with a rate of 1 mV s'. The
electrochemical impedance diagrams were recorded applying
a dc-current with a 30-mA amplitude perturbation in the fre-
quency range from 10 kHz to 0.01 Hz with 10 points per
decade. A Biologic SP-150 frequency analyzer with a 20-A
booster was used for both chronopotentiometry and EIS mea-
surements. Post-mortem analyses of the tested cell were per-
formed using a Hitachi SU-70 SEM-FEG equipped with an
Oxford X-Max 50 mm* X-ray microanalysis system for the
energy-dispersive X-ray spectroscopy (detection limit:

1.0 wt%). In our case, analyses were carried out with an ac-
celeration voltage of 1 and 5 kV. No additional coating was
required to clearly observe by SEM the surfaces and the con-
sidered layers.

Results and discussion
Appearance of YSZ electronic conduction

In a similar study recently reported [34], the i-U curve mea-
sured showed three functioning regions: region I where R,
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(referring to the polarization resistance) decreases with in-
creasing current densities corresponding to a decrease in the
activation resistance; region II where R, reaches a minimum
and remains constant while current density increases showing
an optimal use of the cell; and region III where R, increases
with current density resulting mainly from an increase of con-
centration overpotentials. As previously introduced [4], in the
present study, these regions are affected by the deposition of
Si-containing impurities, leading to the appearance of two
additional functioning regions corresponding to the cell reac-
tivation (region I'V) until limitation by H,O transport becomes
the predominant phenomenon governing the cell functioning
(region V). According to Fig. 3, above — 0.6 A cm > applied,
the system does not remain in the region V defined before
where H,O transport limitation dominates the cell functioning
[4]. A new region appears, region VI, characterized by a slope
change of the i-U curve. According to Fig. 4a, this slope
change corresponds to a significant decrease of the total resis-
tance R, which is equal to 3.4 Q cm” for —0.6 A cm * and
reaches 123 mQ) cm? for — 1.5 A cm  (after 288 h). Figure 4b
shows that the appearance of region VI is also characterized
by a large increase of the ohmic resistance Rg. Indeed, R,
equal to 270 mQ cm? on average between 0 and —

0.6 A cm 2, increases to stabilize at 380 m$) cm? above —

1.0 A cm 2, which means a 29% increase. Figure 4c shows
that the polarization resistance R, decreases in the same way
as R, from —0.6 A cm 2. However, contrary to R, this de-
crease is so large that R, becomes negative above —

0.9 A cm 2, reaching — 258 m{2 cm? for — 1.4 A cm 2. All
this suggests that the appearance of region VI results from an
electronic conduction of the YSZ electrolyte. Indeed, the i-U
curve slope occurs for a cell voltage of 1.57 V. According to
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Fig. 3 Polarization curve (i-U curve) of the cell after 288 h (A) and 360 h
(0) of test. The i-U curve measured shows six functioning regions: region
I corresponding to a decrease in the activation resistance, region II to an
optimal use of the cell, region III resulting mainly from an increase of
concentration overpotentials, region IV corresponding to the cell
reactivation until limitation by H,O transport becomes the predominant
phenomenon governing the cell functioning (region V). Above —
0.6 A cm ? applied, region VI appears, resulting from an electronic
conduction of the YSZ electrolyte characterized by a slope change of
the i-U curve. T=2800 OC, PHzo/PHZZS with 50% H20+ 10% Hz +
40% N, (H, electrode), O, (O, electrode), standard flow rate of
2.26 NL h™' on both sides

Boulfrad et al., it is known that, in the case of YSZ electrolyte
and with the conditions of this study, YSZ electronic conduc-
tion phenomenon appears from 1.5 V after deduction of the
ohmic voltage drop [22]. More generally, when the cell is
under a significantly increased current demand while in the
gas transport limitation regime, a reduction of the electrolyte,
which becomes partially electronically conductive, occurs.
The voltage then remains almost constant while the current
increases quickly. In the case of YSZ electrolyte, this phenom-
enon appears between 1.5 and 1.9 Vat 7=800 °C [51, 52].
Hence, R, and R, decrease, resulting from a change in the
“functioning mode” of the cell. Indeed, from —0.6 A cm_z,
current circulation is less based on the electrochemical redox
reactions at the electrode/electrolyte interfaces, in favor of the
less resistive YSZ electronic conduction. This change be-
comes more important when the current applied increases,
the system favoring the less resistive “functioning mode”,
until —0.9 A cm * above which R, is zero and finally nega-
tive, which means that the current is henceforth mainly circu-
lating via YSZ electronic conduction. On the other hand, an
increase in Ry is characteristic of the YSZ electrolyte degrada-
tion resulting from a use of YSZ which goes against the in-
trinsic property of this material, i.e., the very low electronic
conductivity.

Figure 5 contains the impedance diagrams recorded for dif-
ferent current densities applied corresponding to region VI after
288 h of test. Figure 5a shows that the appearance of YSZ
electronic conduction leads to a contraction of the whole im-
pedance diagram characteristic of the R, drop from 5.2 to
0.6 Q cm? between — 0.6 and — 0.8 A cm 2. Thus, all the main
phenomena governing the cell functioning so far, i.e., charge
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Fig. 4 a Total R, b ohmic R, and ¢ polarization R,, resistances of the cell
after 288 h (A) and 360 h (0) of test. 7= 800 °C, Pyjr0/Py2 =5 with 50%
H>0 + 10% H, + 40% N, (H, electrode), O, (O, electrode), standard flow
rate of 2.26 NL h™' on both sides. The open symbols correspond to the
appearance of the reactivation contribution [4]

transfer and H,O transport phenomena at the Ni-Y'SZ electrode,
are now less involved because of this electronic conduction. R;
decrease continues between —0.8 and — 1.0 A cm_z, as illus-
trated in Fig. 5b. Besides, the contraction of the impedance
diagram is accompanied by a frequency shift of the whole dia-
gram to the lowest frequencies, starting when i changes from —
0.6 to —0.7 A cm 2. This trend continues above —0.7 A cm >
with the appearance, at — 0.8 A cm 2, of a kind of “knot” at the
lowest frequencies which suggests the beginning of a new con-
tribution. This trend is still present at —0.9 A cm 2 before a
radical change at — 1.0 A cm . Indeed, as observed in Fig. 5c—
d, from —1.0 A cm_z, the positive arc of the diagram corre-
sponding to R, decreases, to finally disappear at —1.2 A cm 2,

@ Springer
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Fig. 5 a—d Impedance diagrams measured between — 0.6 and —
1.4 A cm 2 after 288 h of test. T =800 °C, Pyoo/Pra =5 with 50%
H>O0+10% H, +40% N, (H, electrode), O, (O, electrode), standard

in favor of a negative loop which crosses the real axis (Z°) at the
lowest frequencies to become positive. This negative loop be-
comes more dominant with further increased current density.
Consequently, the passing of R, to negative values coincides
with the radical trend change observed at — 1.0 A cm 2, char-
acteristic of a “functioning mode” where the phenomena asso-
ciated with the electrochemical redox reactions are no longer
involved. Moreover, the frequency shift of the impedance dia-
gram toward the lowest frequencies until appearance of this
combined “negative = positive” loop is characteristic of the
YSZ electronic conduction phenomenon.

Evolution with time of YSZ electronic conduction

In order to study the evolution of the YSZ electronic conduction
phenomenon with time, the cell is considered after 72 additional
hours, which means 360 h of total test duration. Figures 3 and
4a show a change in the cell behavior: the polarization curve at
360 h (Fig. 3) presents a quasi linear trend until —0.3 A cm 2
followed by a slope increase until — 0.6 A cm™ 2. However, even
if R, variations between 0 and —0.4 A cm > are not very
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flow rate of 2.26 NL h™! on both sides. It should be noted that from i =
-0.9Acm? R, was calculated based on R, and R; values obtained from
the impedance diagrams and the i-U curve, respectively

important, regions I to IV are still distinguishable between 0
and —0.3 A cm 2 as well as region V between —0.3 and —
0.6 A cm 2 (Fig. 4a). Region VI is then reached from —
0.6 A cmfz, but in this case for a voltage of 1.67 V, higher than
1.57 V at 288 h. It should be noticed that with time, R, decreases
between 0 and — 0.3 A cm 2, increasing thereafter. In addition,
R, variations with time are relatively small. To better understand
these observations, R, and R, are further considered.

Figure 4b shows a large increase of Ry with time, particu-
larly between 0 and — 0.5 A em 2 (fori=—03 Acm 2, R =
452 mQ cm? at 360 h against 283 mQ cm?” at 288 h).
Nevertheless, above — 1.0 A cmfz, R, tends to the same value
whatever the functioning time considered. Figure 4c shows
that with time, in the same way as Ry, R, decreases between
0 and — 0.3 A cm 2 and increases then. Moreover, just as R,
R, variations are relatively small with time. This is the conse-
quence of the evolution with time of the cell “functioning
mode” with part of the current circulating by YSZ electronic
conduction and not from the electrochemical redox reactions.
The large increase of R with time, as observed before, is
relevant for this interpretation.
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Fig. 6 Impedance diagrams measured at a —0.15 A cm 2, b —

04Acm 2 e¢—06Acm>2d—08Acm?Z e—1.0Acm?2 andf—
1.3 A cm 2 after 288 h (A) and 360 h (0) of test. 7= 800 °C, Pio0/Pii2 = 5
with 50% H,0 + 10% H, +40% N, (H, electrode), O, (O, electrode),

Figure 6 contains the impedance diagrams recorded for
different current densities at 288 h and 360 h. It can be
seen from Fig. 6a that, observed with time, the decrease in
R, between 0 and —0.3 A cm 2 is characterized by a
contraction of the whole impedance diagram. Hence, the
impedance of all the phenomena associated with redox
reactions, and governing the cell functioning, decreases
with time for the lowest current densities applied. This
is a direct consequence of the partial circulation of the
cell current by YSZ electronic conduction. Between —
0.3 and —0.6 A cm 2, contrary to the functioning at
288 h, there is no reactivation contribution anymore at
360 h (Fig. 6b). That is why R, increases with time in
this current density range. Nevertheless, the impedance of

standard flow rate of 2.26 NL h™! on both sides. It should be noted that
from i =—0.4 A cm 2, R, was calculated based on Ry and R; values
obtained from the impedance diagrams and the i-U curve, respectively

all the phenomena associated with the redox reactions
continues to decrease with time in this current density
range, meaning that part of the current is still circulating
by YSZ electronic conduction. From — 0.6 A cm > (Fig.
6¢), the same frequency shift of the whole diagram to the
lowest frequencies is observed between 288 and 360 h.
This trend goes on above —0.6 A cm 2 (Fig. 6d), R,
decreases when the applied current increases. In the same
way as at 288 h, this trend leads at 360 h to the appear-
ance of the negative loop for the highest current densities
applied and to the change over of R, to negative values
(Fig. 6e—f). Here as well, current circulation is no longer
based on the redox reactions at the electrodes but mainly
on electronic conduction of YSZ electrolyte. The increase
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Fig. 7 Post-mortem SEM cross
sections of the tested cell. a
Numerous pores and cracks
observed, as well as
microstructural changes at the
different layers, as follows from
bottom to top: Ni-YSZ electrode
functional layer, YSZ electrolyte,
YDC intermediary layer, LSCF
electrode. b Delamination along
the YSZ/YDC interface. ¢
Delamination along both YDC/
LSCF and YSZ/YDC interfaces.
d—f Zoom showing numerous
porosities and cracks along YSZ
electrolyte, including at grain
boundaries, leading to interface
delamination. g Zoom of the in-
ternal pores formed at the YDC
intermediate layer. h Zoom
showing the microstructural
changes of the Ni-YSZ functional
layer near YSZ electrolyte

“Ni-YSZ

I510KVg16. 7mm, %500k SE(L)

5.0kV 10.9mm x20.0k SE(L)

[wnpo’

5.0kV 10.9mm x20.0k SE(L)

with time of R, as observed in Fig. 4b and for all the
diagrams shown in Fig. 6, is a sign of the electrolyte
degradation. The influence of the degradation becomes
more dominant with time, due to the continued forced
reduction of the YSZ. It should be noted that the sequence
of impedance measurements at 288 and 360 h shows that
at low polarization conditions, the electronic conductivity
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of the YSZ electrolyte disappears, meaning that the reduc-
tion of YSZ appears to be reversible.

Post-mortem analysis

According to the SEM/EDX analysis realized on the cell after
360 h of test, several differences were found between this cell
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Fig. 8 SEM images of the
“craters” observed at the O,
electrode side of the cell but
outside from the LSCF surface
(YDC not covered by LSCF). a
Near LSCF. b Further on YDC
area. ¢ Zoom of the “crater.” d
Zoom showing the microstructure
inside the “crater”

-

1.0k42 3mn:3}sgr.)

5.0kV 1%3)(10 0]'¢

and the ones for which region VI of the i-U curve was not
observed [4, 34].

Figure 7 shows detrimental degradation of the electrolyte
characterized by the formation of numerous porosities at the
grains and the grain boundaries of YSZ, often leading to the
formation of cracks (Fig. 7a—f). Delamination at the YDC/
LSCF and YSZ/YDC interfaces can also be seen (Fig. 7b—
¢). In the case of the YSZ/YDC interface, this delamination
results from formation of numerous micropores along this
interface (Fig. 7d, f), including at the grain boundaries (Fig.
7e). Similar degradation was observed by Tietz et al. after
9000 h of test at i=—1.0 A cm ? with T=780 °C, PH,0/
PH, =8 on both cathode and anode sides [38], but also by
Laguna-Bercero et al. during tests realized applying up to —
2.5 A cm 2 [24]. These two mentioned cases strengthen the

Table 1 Amounts of the elements obtained by SEM/EDX analysis for
the different layers of the tested cell after 360 h with, from bottom to top:
Ni-YSZ electrode functional layer, YSZ electrolyte, YDC intermediary
layer, LSCF electrode. All the results are presented in atomic %. It should
be noted that Si is not present in this table because it was not considered in
this specific study. However, Si was present in similar amounts as what
obtained in the previous work recently reported [4]

(0] Cr Fe Co Ni Sr Y Zr La Ce

LSCF 441 240 243 65 06 68 02 05 155 03
YDC 254 00 36 22 105 1.1 3.0 54 25 444
YSZ 534 00 20 1.0 110 1.0 39 243 16 1.1
Ni-YSZ 486 01 02 0.1 266 00 33 207 02 0.1

idea that, in our case, an accelerated degradation of the cell
happened during our test, which lasted only 360 h, as a con-
sequence of the electronic conduction of the YSZ electrolyte
forced by applying up to — 1.7 A cm 2 with PH,O/PH, =5.
Such a state of degradation was not observed during our pre-
vious studies [4, 34]. According to Laguna-Bercero et al., for-
mation of internal pores at the grains and the grain boundaries
of YSZ is explained by the reduction of YSZ electrolyte
resulting from the high current applied to the cell, which in-
duces electronic conductivity in the electrolyte. The YSZ re-
duction would facilitate formation of O, at the grain bound-
aries and then the grains of YSZ, leading finally to the various
degradations and delaminations observed on YSZ as well as
the YSZ/YDC interface [24]. Thus, these degradations explain
the R, increase observed between 288 and 360 h (Fig. 4b). The
internal pores at the YDC intermediate layer (Fig. 7g) and the
microstructural changes of the Ni-YSZ layer near the electro-
lyte (Fig. 7h) were already observed before [4, 34] but also
after a durability test of 1000 h realized applying — 0.8 A cm >
at 800 °C with PH,O/PH, =9 on the cathode side and air at
the anode side [53]. However, in all these mentioned cases,
degradation of YDC and Ni-YSZ were not as advanced as in
the case of the present study which lasted 360 h, meaning that
degradation of YDC and Ni-YSZ is partly due to the electron-
ic conduction of YSZ.

Formation of several “craters” on the O, electrode side
(Fig. 8a—c), but outside from the LSCF surface (YDC not
covered by LSCF), were observed. The EDX analysis (not
shown) reveals that the inner part of these craters is composed
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of Ni, Y, and Zr corresponding to the Ni-YSZ electrode.
Hence, these craters result from a destruction of YDC and
YSZ, once again as a consequence of YSZ electronic conduc-
tion. The microstructural changes observed at some places of
these craters and shown in Fig. 8d are similar to what observed
in Fig. 7h.

The EDX analysis shown in Table 1 indicates a migration
of La, Sr, Co, and Fe elements from LSCF anode to YDC
layer and YSZ electrolyte. Furthermore, a significant shift of
Ni from Ni-YSZ cathode to YSZ and YDC is observed and
also to LSCF anode in a lower proportion. These element
shifts, not observed previously [4, 34], are specific to this test.
However, at this point, it is still unclear how these shifts can
constitute another sign of the cell degradation by YSZ elec-
tronic conduction. Further work would be necessary to dem-
onstrate that.

Conclusions

During this study, application of high current densities to a
solid oxide electrolysis cell contaminated by impurities con-
taining Si led to the appearance of a new region on the mea-
sured i-U curves, attributed to electronic conduction of YSZ
electrolyte. This phenomenon is the consequence of a critical
solicitation of the cell which was in a working state where
H,O transport at the Ni-YSZ electrode limited its perfor-
mances. This phenomenon is characterized by a frequency
shift of the whole impedance diagram toward the lowest fre-
quencies. This shift leads finally to the disappearance of the
positive loop corresponding to Ry, in favor of the appearance
of a negative loop which crosses the Z’ axis at the lowest
frequencies to become positive. This is characteristic of a
“functioning mode” where the phenomena associated with
the electrochemical redox reactions are no longer involved,
the current circulating mainly via electronic conduction of
YSZ electrolyte. This trend was confirmed with time. Such a
characterization by EIS of YSZ electrolyte electronic conduc-
tion under electrolysis mode has not been reported in literature
to date, to the best of our knowledge.

Post-mortem analysis by SEM/EDX showed that this phe-
nomenon leads to a detrimental degradation of YSZ electro-
lyte after only 360 h of overall testing duration. This acceler-
ated degradation is characterized by formation of numerous
porosities at YSZ grains and grain boundaries, these porosities
often leading to formation of cracks as well as delamination at
the YDC/YSZ interface. Internal pore formation at YSZ
grains and grain boundaries is due to YSZ reduction that fa-
cilitates O, formation at YSZ grain boundaries, and then
grains, leading to the numerous degradations and delamina-
tions observed. In addition, YSZ electronic conduction leads
to formation of several “craters” on the O, electrode side but
outside from the LSCF surface (YDC not covered by LSCF).

@ Springer

Lastly, EDX analysis revealed (i) a migration of La, Sr, Co,
and Fe elements from LSCF anode to YDC layer and YSZ
electrolyte and (ii) a significant shift of Ni from Ni-YSZ cath-
ode to YSZ and YDC, and also to LSCF anode in a lower
proportion. However, it is still unclear how these shifts can
constitute another sign of the cell degradation by YSZ elec-
tronic conduction.

This detailed electrochemical investigation based on
chronopotentiometry and EIS highlights how impurity deposit
can dramatically affect the solid oxide electrolysis cell
operation.
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