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Abstract

Degradation-related issues are among the main limitations to make solid oxide electrolysis cells (SOEC) meet performance
targets economically viable for long-term operation. In this study, the considered cell presents a premature degradation during
electrolysis operation observed after sealing the cell holder and the support pieces providing and releasing H, electrode gas. This
premature degradation is characterized by unusual polarization curve slopes, and appearance of a new impedance contribution at
the lowest frequencies of the impedance diagrams recorded. To the best of our knowledge, this new contribution has never been
reported for SOECs. Post-mortem analysis of the cell by scanning electron microscopy (SEM)/energy dispersive X-ray (EDX)
shows the presence of Si, Al, Na, K, and Ca at the H, electrode interface (surface and first dozens microns in the volume) and at
the Ni-yttria-stabilized zirconia (YSZ)/YSZ interface, contrary to similar cells tested before sealing the pieces. This degradation is
related to Si deposition, notably at the Ni/YSZ/H,O triple phase boundaries. Concomitantly, the new contribution observed,
leading to a beneficial effect on the cell functioning, is assimilated to a “reactivation” contribution. This reactivation contribution
is associated with an H,O adsorption phenomenon and characterized by a relaxation frequency of [1-10 mHz] and a capacitance
of ~100 F cm 2. The evolution with time of the resistive and capacitive contributions is consistent with the interpretation of the
premature cell degradation. A mechanism explaining the cell behavior after this premature degradation is proposed.

Keywords Hydrogen - Solid oxide electrolysis cell - Electrochemical impedance spectroscopy - Degradation - Si impurities -
Reaction mechanisms

Introduction

Energy production through renewable sources is a critical chal-
lenge for the twenty-first century. The main route for producing
energy is still nowadays based on fossil fuels, which are
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expected to significantly decrease in a few decades. It is hence
crucial to rethink our approach by (i) diversifying energy
sources; (ii) optimizing natural energy sources such as wind,
sun light, or biomass; and (iii) avoiding as much as possible
pollutant and greenhouse gas generation to prevent severe en-
vironmental issues, among others, global warming. Thus, the
concept of a multi-source energy production, clean and renew-
able, is being considered. Hydrogen production through water
high temperature electrolysis (HTE) meets the conditions to be
part ofthis concept [ 1-3]. Solid oxide electrolysis cells (SOEC)
can be used to perform HTE. Even though significant studies
appeared during the 1970s [4—7], interest on SOEC really rose
during the 1980s through projects and investigations such as the
Westinghouse project [8, 9], the work of Barbi and Mari
[10-14], or the HOTELLY project reported by Déonitz et al.
[15-18]. However, cell degradation occurring during electrol-
ysis still represents nowadays a critical issue to make SOEC
meet performance targets economically viable for possible ap-
plications, especially the ones with long-term operations.
Hence, a deeper understanding of SOEC functioning and
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degradation is needed. In addition to post-test characterization
methods such as scanning electron microscopy (SEM), X-ray
diffraction (XRD), or X-ray photoelectron spectroscopy (XPS),
electrochemical impedance spectroscopy (EIS) is an in situ
method that is very helpful for understanding cell degradation
mechanisms.

Cell degradation often occurs consequently to appari-
tion of impurities originating from glass sealing. Chen
et al. observed a severe degradation effect of volatile boron
species from borosilicate glass sealant on the electrochem-
ical activity of LSM oxygen electrode [19]. Indeed, apply-
ing 0.2 A cm ? for 2 h at 7=800 °C led to a significant
increase in both polarization and ohmic resistances. This
was furthermore characterized by Sr segregation as well as
boron deposition at the LSM/YSZ interface, leading to for-
mation of lanthanum borates and manganese oxide.
Consequently, disintegration and delamination of LSM
electrode was accelerated by the boron deposition. Hauch
et al. tested several locally produced SOFCs in HTE mode
for up to 766 h [20]. The cells mainly degraded during the
first 100 h of electrolysis and could be partly reactivated.
In terms of EIS, degradation and activation of the cell were
respectively characterized by an increase and a decrease in
the polarization resistance (R,,), while the ohmic resistance
(Rs) remained constant during the entire test. Based on the
observation of silica containing impurities and on the work
done by Jensen et al. [21], Hauch et al. suggested that (i)
degradation of the cell might be due to a build-up of glassy
phase impurities at the triple phase boundary (TPB) of the
H, electrode leading to an increase in the diffusion path
length at the TPB, and (ii) its partial activation could be
explained by a break-up of the glass leading to a decrease
in the diffusion path length at the TPB. Another study by
Hauch et al. strengthened these suggestions [22]. Indeed,
SOE cells tested for 1000 h were found to degrade because
of silica impurities segregation at the Ni-yttria-stabilized
zirconia (YSZ)/YSZ interface characterized by R, and/or
R,, increase. Silica impurities observed by SEM are sup-
posed to segregate from glass sealing. In an additional
study [23], Hauch et al. verified, by changing the type of
sealing, that silica impurities segregate from the applied
glass sealing to the H, electrode/electrolyte interface.
Besides, they showed that degradation of the cell was char-
acterized by an increase in the resistance at higher frequen-
cy part of the impedance diagram assigned here to charge
transfer at the H, electrode [24, 25]. Ebbesen et al. exam-
ined a cell degradation for more than 1300 h in both H,O
electrolysis and H,O/CO, co-electrolysis modes [26]. In
this case, impurities originated from inlet gases. Indeed,
when inlet gases were used as received, degradation of
the cell occurred at both short and long term. This degra-
dation was characterized by an increase in R,. The use of
analysis of the difference in impedance spectra (ADIS)
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method allowed identifying two contributions to this deg-
radation: one at the Ni-YSZ electrode characterized by a
relaxation frequency in the 100-200 Hz range and one
occurring either at the Ni-YSZ or Sr-doped LaMnO;
(LSM)-YSZ electrodes characterized by a relaxation fre-
quency in the 10003000 Hz range. Cleaning the inlet gas-
es leads to the disappearance of the former contribution,
meaning that this contribution is surely caused by impuri-
ties adsorption at the Ni-YSZ/YSZ interface, similar to
what mentioned above [21-23]. Besides cell poisoning,
electrolysis operation under high currents applied (above
—1.0 A cm2), delamination issues at the O, electrode, or
carbon formation at Ni-based electrodes represent other
sources of detrimental degradation for SOECs [3, 27-42].

The present study deals with an early degradation phenom-
enon appearing after less than 200 h of test under electrolysis
conditions and is attributed to cell contamination by Si impu-
rities. We herein discuss the appearance and the evolution with
time of this premature degradation based on the analysis of the
EIS measurements, the post-test characterizations, and litera-
ture data. We strongly believe that this “electrochemical” ap-
proach is compulsory for understanding new kind of degrada-
tion phenomena in SOECs and optimizing the experimental
conditions, which are a key step in all these high temperature
devices operating with varied materials and gases.

Experimental

In this study, a LSCF//YSZ//Ni-YSZ commercial anode-
supported SOFC used in HTE mode (HC Starck) was con-
sidered in a two-electrode experimental set-up. An interme-
diate YDC (yttria-doped Ceria) layer is present between
LSCF (Lag ¢Srg 4Co¢ 2Feq 303.5) and YSZ. Several H, leak-
age problems were encountered in the cathode compartment
during the test bench validation process. In order to avoid
such issues, the cell holder and the support pieces (alumina)
used to provide and release H, electrode gas were sealed
using Schott 8422 glass (composed of 69.8% SiO,, 12.0%
Na,O, 7.8% B,03, 4.1% K,0, 0.4% CaO, and 0.2% BaO)
typically used for alumina sealing, as shown in Fig. 1. The
sealing was realized by increasing the temperature to 900 °C
at 0.5 °C/min in flowing N,. This temperature was main-
tained for 90 min. The system was further stabilized to the
operating temperature of 850 °C at 0.5 °C/min. At the end of
the test, the system was cooled down to room temperature at
0.5 °C/min. Additional details of the cell and the experimen-
tal set-up are given and justified elsewhere [43]. A scanning
electron microscopy (SEM) cross section image of the dif-
ferent layers of the cell before the test is shown in Fig. 2. The
cell was tested at 850 °C with PH,O/PH, =9 at the cathode
side, air at the anode side, and a gas flow rate of 2.26 NL/h at
each side. The circular cell has an active electrode area of
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Fig. 1 Image of the cell after functioning on the alumina cell holder. The
alumina support allows supplying and releasing of the cathode gas. The
Schott 8422 glass sealing in between the two alumina pieces allows
avoiding gas leakage at the cathode compartment

3.14 cm?, referring to the LSCF diameter (20 mm). A suc-
cession of impedance diagrams were measured, preceded
and followed by current density-potential (i-U) curves.
The overall 8-h procedure was repeated with time. Thus,
to study the appearance and the evolution with time of the
premature degradation, the cell is analyzed initially (0 h),
after 144 h and after 168 h of working time. The i-U curves
were recorded in potentiostatic mode with a scan rate of
1 mV/s. The electrochemical impedance diagrams were re-
corded applying a dc current with a 30 mA amplitude per-
turbation in the frequency range from 10 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 measurements. Post-mortem analyses of the tested
cell were performed using a Hitachi SU-70 SEM-FEG
equipped with an Oxford X-Max 50 mm? X-ray microanal-
ysis system for the energy dispersive X-ray (EDX) spectros-
copy (detection limit, 1.0 wt%). In our case, analyses were
carried out with an acceleration voltage of 15 kV. No addi-
tional coating was required to clearly observe by SEM the
surfaces and the considered layers.

Fig. 2 SEM cross section image
of the different layers constituting
the cell before the test, as follows
from bottom to top: Ni-YSZ
electrode supporting layer,
Ni-YSZ electrode functional
layer, YSZ electrolyte, YDC
intermediary layer, and LSCF
electrode

5'0KV.16-Zmm x300 SE(L)

Results and discussions on electrochemical
measurements

Premature degradation appearance

In a similar study recently reported [43], the i-U curve mea-
sured showed three functioning regions (curve at O h in
Fig. 3): region I where R,, decreases with increasing current
densities corresponding to a decrease in the activation resis-
tance, 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 in concentration
overpotentials. According to Fig. 3, the i-U curve measured
in this study (at #= 144 h) shows a particular trend: five func-
tioning regions can be distinguished instead of three, which
leads to a “double basin-like” evolution of the total resistance
(Ry) with current density, as shown in Fig. 4a. Indeed, after a
decrease in R, during cell activation (region I), the “optimal
cell utilization” region appears at —0.2 A cm 2 (region II).
From — 0.3 to — 0.6 A cm > R, increases again, indicating that
the cell is already working under gas transport limitation (re-
gion III) before decreasing again to reach a minimum value of
0.41 Q cm® at —0.8 A cm 2 (region 1V). Note that R, at —
0.8 A cm 2 is smaller than the 0.54 € cm? obtained at —
0.2 A cm 2. Finally, R, increases to reach 1.41 2 cm? at —
1.05 A cm 2 (region V). The degradation thus leads to a per-
turbation in cell operation from the very first current densities
applied.

According to the orders of magnitude for R, and R as well
as their variations with current density (Fig. 4a, b, respective-
ly), the “double basin-like” evolution of R, with current den-
sity is imposed by R,, variations. Thus, the cell behavior main-
ly depends on the reaction processes included in the polariza-
tion resistance. Nevertheless, the ohmic resistance tends to
increase until — 0.4 A cm 2 (13% increase) to further decrease

¢ functional Ni-YSZ

support Ni-YSZ
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Fig.3 Polarization curve (i-U curve) of the cell after (o) 0 h and (0) 144 h
of test. The i-U curve measured after 144 h of test shows five 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).
T=850 °C, PH,O/PH, =9 (H, electrode), air (O, electrode), standard
flow rate of 2.26 NL h™' on both sides

and even reaches a value inferior to the one at open-circuit
voltage (OCV) (Ry=0.141 Q2 cem” at i=0 A cm 2 whereas
Ry=0.135 Q cm? at i=—1.05 A cm 2). This transition
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Fig. 4 Total and polarization resistances R, and R, (a), ohmic resistance
R, of the cell after 144 h of test (b). T=850 °C, PH,O/PH,=9 (H,
electrode), air (O, electrode), standard flow rate of 2.26 NL h™! on both
sides. The unfilled points correspond to the appearance of region IV. R,
values were measured as explained in Appendix A
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happens for a cell voltage superior to 1.1 V, which is consis-
tent with an endo/exothermic transition. Details on the mea-
surement method of R, values are given in Appendix A.

The impedance diagrams recorded in the five regions and
shown in Fig. 5 lead to the following qualitative analysis:

— Region I: R;, decreases during the activation of the cell at
the first current densities applied. This is characterized by
a slight decrease in the high frequency (HF) part of the
impedance diagram, and a more important decrease in the
middle frequency (MF) and low frequency (LF) parts
(Fig. 5a).

— Region II: Figure 5b shows that the optimal utilization
region is severely shortened compared to our previous
study in which the cell holder and support pieces were
not sealed [43]. Indeed, a slight increase of R}, is observed
between — 0.2 and — 0.4 A cm . This is characterized by
(1) an important increase in the HF part associated with
charge transfer at the Ni-YSZ/electrolyte interface
[43-47]; (ii) a slight decrease in the MF part that maybe
related to H,O transport phenomena at the Ni-YSZ elec-
trode [43, 45, 48-50]; and (iii) a slight decrease in the LF
part attributed to H,O diffusion at the Ni-YSZ electrode
[44, 51-54]. This indicates that the cell starts being dis-
turbed by a phenomenon affecting mainly H, electrode
interfacial charge transfer at this stage.

— Region III: R, still increases between —0.4 and —
0.6 A cm? (Fig. 5c¢) with an even more important in-
crease of the HF part, but also this time an important
increase in the MF and LF parts of the diagram. This
indicates that, in addition to interfacial charge transfer,
this phenomenon now affects H,O transport at the H,
electrode, explaining the early appearance of gas trans-
port limitation on the i-U curve (Figs. 3 and 4a).

—  Region IV: Above —0.6 A cm ~ (Fig. 5¢), the appearance
of region IV corresponds to a decrease in R,, characterized
by two contradictory trends. On the one hand, the overall
impedance diagram increases until a certain frequency
(0.1 Hz for i=—0.8 A c¢m ?) and, on the other hand, a
positive contribution, which is akin to a “reactivation” of
the cell, appears and leads to a decrease in the impedance
diagram at the lowest frequencies, which explains the
decrease in Ry, It should be noticed that, according to
the R, (and so R;) value, this reactivation contribution is
significantly more important than what is observed from
the impedance diagram only recorded until 0.01 Hz.

— Region V: Located above — 0.8 A cm 2, region V is char-
acterized by the same trends as region IV, the transition
happening for lower frequencies as the current density
applied increases (Fig. 5d). Hence, considering that re-
gion III corresponds to gas transport limitation, the ap-
pearance of the reactivation contribution counterbalances
transport limitation (region IV) up to a certain current
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Fig.5 a—d Impedance diagrams recorded at0 A cm 2, — 0.2 Acm 2, — 04 Acm 2, — 0.6 Acm 2,—0.8 Acm

850 °C, PH,O/PH, = 9 (H, electrode), air (O, electrode), standard flow rate of 2.26 NL h™! on both sides

2 and—1.0 A cm 2 after 144 h oftest. T=
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Table 1 Values of relaxation

frequency f; and capacitance C Jor et e fiE Nk Car s Curi . Cuir2 s Cir s Cyir s

obtained after fitting of the (Hzy (Hz) (Hz) (Hz) (Hz) (F/lem®)  (F/em”)  (F/em®) (F/em®™)  (F/em®)

impedance diagrams shown in

Fig. 5 using the electrical 0 Alem? 405 18 .16  0.091 - 0.020 0.502 1.72 16.0 -

equivalent circuit in Fig. 6a for -02 Alem® 815 66 229 0178 - 0.012  0.195 1.66 22.9 -

i=0,-02,-04,and~ ~04 Alem® 703 32 177 0116 - 0.008  0.198 248 415 -

0.6 A cm ~, while the one in )

Fig. 6b was used for i=—0.8and  — 06 Alem’ 499 14 150 0.134 - 0005 0342 219 283 -

-1.0Acm™ —-0.8 Alem® 371 17 1.89  0.176  0.004 0.006 0.214 1.11 28.9 —341
-1.0 Alem®> 234 20 2.04 0209 0.007 0.008 0.085 0.37 12.3 -114

It should be noted that the statistical errors for the impedance spectra fitting results did not exceed 8.4%

density value above which transport limitation prevails
over the other reaction phenomena, including the one
related to the reactivation contribution (region V).

Table 1 contains relaxation frequency f, and capacitance C
values obtained by deconvolution of the impedance diagrams
shown in Fig. 5. Up to i=—0.6 A cm 2, the equivalent elec-
trical circuit shown in Fig. 6a was used; it is composed of an
ohmic resistance R (corresponding to R,) in series with an
inductance L and four combinations of a resistance R in par-
allel with a constant phase element CPE (R//CPE). For i=—
0.8 and — 1.0 A cm 2, a fifth R//CPE was required (Fig. 6b).
This fifth element allows taking into account the reactivation
contribution, firstly assigned to an inductive contribution, but
finally modeled with a differential negative resistance in par-
allel with a differential negative capacitance (pseudo-capaci-
tive negative behavior). Having a negative resistance is rele-
vant with the beneficial effect of this reactivation contribution
on the cell functioning. Further discussions involving these
two negative elements will be based on the absolute values
obtained from the fitting.

Table 1 clearly shows that, depending on the current den-
sity considered, four to five main phenomena can be distin-
guished, each phenomenon characterized by a specific

(a) Rs L Rhf Rmf1 Rmf2 RIf

CPE hf CPE mf1 CPE mf2 CPEIf

(b) Rs L Rhf Rmf1 Rmf2 RIf Rvif

CPE hf CPE mf1 CPE mf2 CPEIf CPEVIf

Fig. 6 Electrical equivalent circuits used to fit the impedance diagrams
from Fig. 5. a Up to i=—0.6 A cm 2, an equivalent electrical circuit
composed of a ohmic resistance R (corresponding to Rg) in series with
an inductance L and four combinations of a resistance R in parallel with a
constant phase element CPE (R//CPE) was used. b For i=—0.8 and —
1.0 A cm 2, a fifth R/CPE was required. Ryyr and CPEyr are associated
with charge transfer at the Ni-YSZ/YSZ interface, Ryr; and CPEyg
with H,O diffusion at the Ni-YSZ electrode, Ry and CPEyp, with
H,O gas conversion at the Ni-YSZ electrode, while Ry ¢ and CPE ¢ are
also associated with H,O diffusion at the Ni-YSZ electrode. Ry and
CPEy r are related to the new reactivation contribution
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relaxation frequency and capacitance. Thus, there are four to
five main phenomena governing the cell operation in this
study.

The four to five frequency ranges identified after
deconvolution of the impedance diagrams are designated as
HF, MF1, MF2, LF, and VLF (for very low frequency) arcs,
from high to low frequencies. Except for the VLF arc, the four
other orders of magnitude correspond to those obtained in a
previous study [43]: {{100—1000 Hz], 10 mF cm 2}, {10 Hz,
0.1 Fem 2}, {1 Hz, 1 F cm ™2}, and {0.1 Hz, 10 F cm 2},
respectively. The main difference in the present study is the
sealing of the two alumina pieces that provide and release H,
electrode gas. Consequently, any change in the identified phe-
nomena would mean that these are associated with the cathode
side of the electrolyzer.

The first analysis of the impedance diagrams shows that,
depending on the current density considered, all or part of the
diagram is influenced by the appearance of the reactivation
contribution. This allows us pointing out the following
statements:

(1) This confirms that HF, MF2, and LF arcs are respective-
ly associated with charge transfer at the Ni-YSZ/YSZ inter-
face, H,O gas conversion at the Ni-YSZ electrode, and H,O
diffusion at the Ni-YSZ electrode.

(i) It also proves that the MF1 arc is also related to a
cathode phenomenon. The influence of PH,O/PH, ratio and
cathode gas flow rate on the MF1 arc was highlighted else-
where [43, 45, 48]. This allows to relate MF1 arc to a phe-
nomenon associated with H,O transport at the Ni-YSZ elec-
trode. Besides, the influence of H,O/H, dilution with N, on
MF1 arc suggests its association with H,O diffusion on the
cathode side [43]. This association is now confirmed as well;
the MF1 arc is related to H,O diffusion at the Ni-YSZ
electrode.

It is also important to underline that the new reactivation
contribution is clearly distinguishable from the other contri-
butions with orders of magnitude of [1-10 mHz] for the re-
laxation frequency and |100 F cm 2| for the capacitance.

The reactivation contribution is characterized by the ap-
pearance of the negative differential resistance at the lowest
frequencies Ry r, which absolute value increases with current
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density (Table B1, Appendix B). Thus, as shown in Table 2,
the appearance of this reactivation contribution improves the
cell operation (|Rygl/Rvr1 =2.9 and |Ryy r|/Ryr = 4.0), before
H,O transport phenomena becomes dominant as shown by the
decrease in the ratios |Rypg|/Ryp; (from 2.9 to 2.3), |RyLpl/
Rypy (from 1.7 to 1.0), and |Rypg|//Rir (from 4.0 to 3.4).
Details of the resistance values obtained by fitting are shown
in Table B1.

Premature degradation evolution with time

To understand the evolution of R, with time, a qualitative
analysis of the impedance diagrams recorded at the most rel-
evant current densities applied was realized, leading to the
following observations:

— At OCV (Fig. 7a), an increase with time in the whole
impedance diagram is observed, even if the lower fre-
quency part becomes more difficult to observe with time
because of the instability of the cell.

— When i=—02 A cm 2 is applied (Fig. 7b), the cell al-
ready reaches the “pseudo” optimal utilization region at
144 h and 168 h, while the system is still activating at O h.
However, from 0 to 144 h, the whole impedance diagram
increases as well, whereas from 144 to 168 h, it is the HF
part of the diagram which mainly increases. This means
that from the first current densities applied, all the main
phenomena dominating the cell functioning, especially
charge transfer at the Ni-YSZ/YSZ interface and the dif-
ferent phenomena related to H,O transport at the Ni-YSZ
electrode, are disrupted, up to a certain time above which
interfacial charge transfer is mainly disrupted.

— When i=—0.4 A cm 2 (Fig. 7c¢) is applied, the cell
reaches the optimal utilization region at 0 h while it is
already in the H,O transport limitation region at 144 h
and 168 h. This is once again characterized by an increase
in the whole impedance diagram from 0 to 144 h, but also
from 144 to 168 h. Thus, at this functioning state of the
cell, all the dominating phenomena are affected, whatever
the time considered.

— Fromi=—0.6 A cm ? (Fig. 7d) to i=—0.8 A cm 2
(Fig. 7e) applied, the cell is in the region [V of reactivation
for 144 h and 168 h while it only starts reaching the H,O
transport limitation region at 0 h. In this case, the whole
impedance diagram still increases with time but the reac-
tivation contribution appears at the lowest frequencies for

144 h and 168 h, and this from — 0.6 A cm > for 168 h.
Thus, even if the main phenomena dominating the cell are
still disrupted, appearance of the reactivation contribution
allows the renewal of the cell performance, and this for a
lower value of current density applied with time. H,O
transport limitation is, at this stage, counterbalanced by
the reactivation contribution.

—  Above —0.8 A cm 2 applied, the current demand of the
cell is so large that the system is reaching a region where
H,O transport limitation predominates the functioning of
the cell, whatever the time considered. This is character-
ized notably at— 1.0 A cm 2 (Fig. 7f) by an increase in the
whole impedance diagram.

Itis important to notice that the R, value evolves differently
with time depending on the current density applied. Indeed,
until — 0.5 A cm 2, R, increases with time. However, above —
0.5 A cm “ applied, this trend is reversing progressively until
—0.8 A ¢cm 2, value from which R, decreases with time. This
trend is in accordance with the interpretation made previously
regarding the appearance of the premature degradation.

According to Table C1 (cf. Appendix C), fy and C values
obtained from the fittings using the electrical equivalent cir-
cuits shown Fig. C1 (cf. Appendix C) allow distinguishing the
same four to five main phenomena for the functioning of the
cell as the ones obtained earlier. However, more or less im-
portant shifts of f and C can be noticed with time and current
density change, and make this distinction less obvious.
Nevertheless, this distinction remains clear when one duration
is considered.

Table 3 shows the ratios Ry44 n/Ro n, and R;eg n/Rj44 1, for
the frequency ranges HF, MF1, MF2, LF, and VLF at the
different current densities of the impedance diagrams pre-
sented in Fig. 7. Most of these ratios are above 1.0, which
means an increase with time in the resistance for all the
contributions. It should be however noted that for the LF
part, the ratio Rieg n/Ri44 n varies between 0.72 and 1.0,
whereas Ri44 1/Ro 1 1s mostly above 1.0. Thus, contrary to
the other phenomena, the H,O diffusion phenomenon at the
Ni-YSZ electrode associated with the LF part tends to be
less resistive with time. This is related to the appearance of
the reactivation contribution. Indeed, at 144 h, when this
new contribution appears, the LF part is still present while
at 168 h, it is not anymore. It is moreover interesting to
notice that when the ratios Rj44 1/Ro n and Risg n/Riss n

Table 2 |Ryrr|/Rx ratios between VLF part and the four other frequency ranges HF, MF1, MF2, and LF, for —0.8 A cm 2 and — 1.0 A cm °

‘R VLFl /'R HF |R VLF‘ /R MF1 ‘R VLF‘ /R MF2 ‘R VLFI /R LF
-0.8 Alem® 1.7 2.9 1.7 4.0
- 1.0 Alem® 2.6 23 1.0 3.4
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Fig. 7 Impedance diagrams
recorded at 0 A cm 2 (a), —

02 Acm 2 (b),—04 A cm 2 (c),
—-0.6 Acm™ (d),—0.8 A cm>
(e), and — 1.0 A cm 2 (f) after
t=(0) 0 h, (0) 144 h, and (A)
168 h of test. 7=850 °C, PH,0/
PH, =9 (cathode), air (anode),
gas flow rate of 226 NL h™' on
both sides
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are considered, the values are particularly high for the HF
and MF1 parts. Indeed, according to Table 3, for the HF
part, Riaq4 w/Ro n and Rygg n/Rias 1 ratios reach up to 8.5
and 2.5, respectively, and, for the MF1 part, 3.9 and 2.3,
respectively. On the contrary, except the values at 0 A/em?,
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these ratios are mostly inferior to 2 for the MF2 and LF
parts. Thereby, the phenomena related to the HF and MF1
parts are the most affected by the degradation with time, the
one related to the HF part being especially affected initially
according to the ratio Ry44 1/Ro n.
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Fig. 7 continued.

Table 4 shows the ratios Cj44 /Co 1, and Cjeg 1/Ciaa 1 for
the HF, MF1, MF2, LF, and VLF parts at different current
densities. The ratio Cj44 1n/Co 1, 1s systematically inferior to
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1.0, which means that all the capacitances related to the main
phenomena decrease with time. This decrease is particularly
important for the HF and MF1 parts which ratios are mostly
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Table3  Rj441/Ronand Ryeg 1/R144 1 ratios for the frequency ranges HF,
MF1, MF2, LF, and VLF for different current densities, including the
ones of the impedance diagrams shown in Fig. 7

Riaa v/Ron HF MF1 MF2 LF VLF
0Acm? 2.1 1.8 26 32 -
-02 Acm? 2.1 1.4 1.6 1.3 -
-04 Acm? 4.1 29 15 12 -
-05Acm > 5.0 3.9 1.6 1.4 -
-0.6 Acm 2 8.5 33 15 2.1 -
-0.8 Acm? 6.2 2.7 1.3 1.5 -
-1.0 A cm 2 3.6 12 15 0.68 -
-1.05A cm? 1.8 0.84 1.1 0.75 -
Rigs w/Riaan HF MF1 MF2 LF VLF
0 A cm? 0.92 13 12 0.76 -
-02 Acm? 1.9 23 0.92 0.72 -
-04 A cm 2 22 1.5 1.1 1.0 -
-0.5Acm > 25 1.7 13 0.81 -
-0.6 A cm 2 2.0 1.4 12 - -
-0.8 Acm? 12 1.2 1.1 - 13
-1.0 A cm 2 1.1 1.5 0.97 - 1.7
-1.05 A cm 2 1.1 12 1.1 - 1.6

between 0.1 and 0.2, meaning a capacitance variation with a
factor from 5 to 10 between 0 and 144 h.

Thus, appearance of the premature degradation is charac-
terized with time by a decrease in all capacitances, which is
surprising since this trend is rather the sign of a favorable
evolution of the cell functioning with time, while a

Table 4  Ci44 1/Co 1, and Cigg 1/Cra4 1, ratios for the frequency ranges
HF, MF1, MF2, LF, and VLF for different current densities, including the
ones of the impedance diagrams shown in Fig. 7

Craa t/Con HF MF1 MF2 LF VLF
0Acm? 0.23 0.25 0.45 0.30 -
-02 Acm? 0.21 0.14 0.47 0.47 -
-04 A cm? 0.18 0.16 0.69 0.88 -
-05Acm? 0.19 0.21 0.85 0.55 -
-0.6 Acm > 0.14 0.28 0.73 0.36 -

- 08 Acm? 0.12 0.10 0.41 0.29 -
~1.0Acm?2 0.44 0.36 0.44 0.67 -
~1.05 A cm™ 0.61 0.50 0.43 0.64 -
Cros 1/Craa 1 HF MF1 MF2 LF VLF
0 A cm 2 1.1 0.86 12 1.9 -
-02 Acm? 0.67 48 2.7 25 -
—04 A cm2 0.63 34 1.6 1.0 -
-0.5Acm? 0.71 29 14 23 -
-0.6 A cm > 1.0 1.3 0.86 - -
-0.8 A cm 2 0.83 0.43 0.64 - 0.64
-10A cm? 0.88 0.89 13 - 1.8
-1.05 A cm2 0.82 0.86 13 - 1.7

@ Springer

degradation of the cell is observed. On the other hand, this
trend is predominantly reversed when the ratio Cjeg 1/Cia4 1 1S
considered since most of the capacitances increase with time.
In this case, the MF1, MF2, and LF parts are the most char-
acteristic of this increase, meaning that the capacitances relat-
ed to the H,O transport phenomena are mostly increasing
between 144 and 168 h. This is in accordance with a more
difficult H,O transport processing as a consequence of the
premature degradation. A possible explanation might be that
H,O transport in the cell is disturbed, leading locally to the
accumulation of H,O in the porous path along the way from
the surface to the Ni-YSZ/Y SZ interface. With values between
0.63 and 1.1, the HF part ratios are mostly inferior to 1, mean-
ing that the HF capacitances associated to charge transfer at
the Ni-YSZ/YSZ interface are still decreasing between 144
and 168 h. This decrease is however much less important than
between 0 and 144 h. This clearly shows that, with time, the
premature degradation has more influence on the capacitive
behavior of all the main electrochemical processes governing
cell functioning, including charge transfer at the Ni-YSZ/YSZ
interface. Consequently, the evolution of the degradation with
time seems to be mainly shown above 144 h by an increase in
most of the capacitances related to the phenomena dominating
the cell functioning, except charge transfer which continues to
decrease.

Discussion on the premature degradation
origins

It is first worth reminding that the set-up was modified for this
test by sealing the cell holder and the support pieces (see
Fig. 1). The premature degradation was not observed for the
tests realized before sealing the pieces, including the one
discussed elsewhere [43]. Consequently, this degradation is
related to the sealing done using Schott 8422 glass composed
of Si0; (69.8%), B,0; (7.8%), Na,O (12.0%), K,0 (4.1%),
CaO (0.4%), and BaO (0.2%). We know that the two pieces
provide and release H, electrode gas composed of 90% H,0
and 10% H,. Besides, according to Hauch et al. [22], in the
experimental conditions of this test, SiO, and H,O can gener-
ate gaseous Si(OH), as follows:

SiO, a + 2 Hzo(g)T—’Si(OH)4 () (1)

Once deposited, Si can segregate in the volume of Ni-YSZ
electrode up to the Ni-YSZ/YSZ interface, this segregation
being facilitated by the presence of Na,O and Al,O5 [55-61].

Figure 8 shows the post-mortem SEM images of the tested
cell, with a transversal cut of the H, electrode volume
(Fig. 8a), a transversal cut of the complete cell (Fig. 8b), the
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Fig. 8 Post-mortem SEM images
of the tested cell, with a
transversal cut of the H, electrode
volume (a), a transversal cut of
the complete cell (b), including
LSCF, YDC, and YSZ layers, and
the first dozens of microns of
Ni-YSZ cathode (from the
Ni-YSZ/YSZ interface), the H,
electrode surface (¢), and a
transversal cut of the first dozens
of microns for the H, electrode
(d) with, from the surface, a Ni
layer, a dense 8YSZ layer, and the
Ni-YSZ cermet. It should be
noticed that the Ni layer is for
current collection at the H,
electrode surface while the dense
8YSZ layer aims at maintaining
mechanically the cell [62]

H, electrode surface (Fig. 8c), and a transversal cut of the first
dozens of microns of the H, electrode (Fig. 8d).

Table 5 contains the amounts of Si, Al, Na, Ka, and Ca
elements obtained by SEM/EDX analyses. All the results are
presented in atomic percentage.

The MEB/EDX analyses do not show any presence of Si in
the H, electrode volume, but rather at the Ni-YSZ/Y SZ inter-
face. Besides, a regular presence of Si, Al, Na, K, and Ca is
noticed at the H, electrode surface and at the first dozens of
microns in the volume from the surface. These elements are
also detected in the LSCF and YDC volumes, as for tests

150KV 15.5mm x1.00kSE(?) -

anterior to the sealing of the two alumina pieces [63], meaning
that this is not linked to the premature degradation of the cell.
On the contrary, no trace of these elements was observed at the
surface or the volume of the H, electrode, or at the Ni-YSZ/
YSZ interface for the tests anterior to the sealing [63]. Thus,
this degradation is related to the presence of Si, at the H,
electrode surface and at low depth mainly, as well as at the
Ni-YSZ/YSZ interface. There might have been formation of
Si(OH), from SiO, and H,O as Hauch et al. suggested [22]
leading in our case to Si deposit on the H, electrode surface
and Si segregation in the first dozens of microns in the volume

Table5 Amounts of Si, Al, Na, Ka, and Ca elements obtained by SEM/EDX analyses for the different areas and layers of the tested cell shown in Fig. 8

Fig. 8a Fig. 8b Fig. 8c Fig. &d

Ni-YSZ volume Anode LSCF Intermediate layer YDC Electrolyte YSZ Cathode Ni-YSZ Ni-YSZ surface Ni YSZ Ni-YSZ
Si 0.0%/0.0 5.8%%/4.5 0.7%%/0.8 0.0%#/0.0 0.0%/0.4 0.0%/3.8 0.0%/0.8 0.0%/0.0 0.0%/0.4
Al 0.2%/0.3 0.7%%0.6 0.3%%/0.2 0.1%#/0.2 0.3%/0.3 0.2%/0.5 1.0%/1.1 0.1*/0.2 0.7%/0.9
Na 0.0%/0.1 0.4%%0.5 0.0*%/0.0 0.0%/0.0 0.1%#/0.2 0.0%/0.4 0.0%/0.7 0.0%/0.1 0.0%/0.4
K 0.0%/0.0 0.4%%0.4 0.0%%/0.0 0.0%/0.0 0.0*/0.1 0.0%/0.3 0.0%/0.4 0.0*/0.1 0.0%/0.2
Ca 0.0%/0.0 0.2%%0.3 0.0*%/0.0 0.0%/0.0 0.0%*/0.1 0.0%/0.3 0.0%/0.5 0.0*/0.2 0.0%/0.2

All the results are presented in atomic percentage
*Mean value of the amounts observed in previous studies [63]

# Amounts due to the set-up configuration where the sealing glass is applied on the O, electrode side [43, 63]
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Fig.9 Illustration of impurity deposits containing Si (brown) at the origin
of the premature cell degradation. These impurities are mainly located at
the Ni-YSZ electrode surface as well as the first dozens of micron in depth
from the surface

from the surface, and also at the Ni-YSZ/YSZ interface.
Hence, in our electrolysis conditions, the presence of Si has

(a) t=0h |i|< 0.5 A.cm”(b) t=0h

an important influence on cell degradation, contrary to a study
made by Virkar in SOFC mode [64].

We interpret the behavior of the cell and its premature deg-
radation as follows. The presence of Si at the H, electrode
surface and low depth disturbs charge transfer at the cathode
side from the lowest current densities applied, because of a
direct contact with the current collectors, as well as H,O trans-
port necessary for the reduction reaction at the Ni-YSZ/YSZ
interface. Disruption of H,O transport, which is only partial
first according to the earlier discussion, becomes increasingly
important with the current density applied, to be finally gen-
eralized to all the processes related to H,O transport at the H,
electrode, while charge transfer is still disrupted.

We know that the appearance of the new phenomenon is
characterized by the emergence of the positive contribution,
assigned to a reactivation contribution, at the lowest frequen-
cies. Moreover, a study conducted by Van Hassel et al. in
SOFC mode showed that this kind of contribution can be

0.5<]i|<0.8 A.cm™ (c)ﬂ

|i]20.8 A.em™

|i|< 0.6 A.cm?

YSz

[i]>0.4 A.cm?

Fig. 10 Illustration of the mechanism explaining cell behavior while in
use after impurity deposits containing Si at the root of the observed
premature degradation. Initially (/=0 h), optimal functioning after cell
activation (a), with no H,O transport limitation for | i [<0.5 A cm 2
partial limitation for 0.5 <| i | <0.8 A cm 2 (b); important limitation by
H,0 transport for | i |>0.8 A cm 2 (c). After premature degradation (¢ =
144 h), partial limitation by H,O transport from | i |<0.4 A cm > (d);
presence of Si impurities at some TPBs prevents H,O reduction reaction
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(e); Si impurities disturb or even prevent H,O crossing and so its transport
toward TPBs mainly located at the Ni-YSZ/YSZ interface (f). For | i |>
0.6 A cm 2, the applied current is sufficiently high to lead to a cell
reactivation by H,O adsorption (g) at TPBs polluted by Si impurities
and/or H,O shifting by surface adsorption/desorption (h) at Ni sites to
“bypass” the pathways blocked by Si impurities. However, in the
meantime, from | i |=0.4 A cm 2 (i), high limitation by H,O transport
which finally becomes predominant for cell functioning
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associated with O adsorption phenomenon at the O,
electrode/electrolyte interface [65, 66]. In this work, the cell
is functioning in electrolysis mode, and the new phenomenon
is related to the Ni-YSZ cathode. Therefore, this phenomenon
might be associated with H,O adsorption.

Mechanism of the premature degradation

As illustrated in Fig. 9, the premature degradation results from
deposit of impurities containing Si at the H, electrode interface
(surface and first dozens microns in the volume) and at the Ni-
YSZ/YSZinterface. As adirect consequence, current collection
is disrupted at the Ni-YSZ/current collector interface, and so
charge transfer, but also H,O transport. Thus, based on the anal-
ysis of the polarization curves and the impedance diagrams
recorded in situ at different cell working times, and the SEM/
EDX post-mortem characterization, a mechanism illustrated in
Fig. 10 is proposed as follows to explain the cell behavior while
in use further to the premature degradation:

- At t=0 h, the cell has a typical functioning, with H,O
supplied in excess for the lowest current densities applied
(Fig. 10a), with less excess thereafter (Fig. 10b), before be-
coming limiting when the cell is used at the highest current
densities applied (Fig. 10c);

- At t=144 h, because H,O transport is (severely) limited
by impurity deposits containing Si, the cell is functioning with
a H,O supply already diminished from the very lowest current
densities applied (Fig. 10d). Si deposits affect H,O transport
in two ways: (i) H,O cannot reach some TPBs contaminated

|

related to H,O transport Ni-YSZ electrode

by these deposits (Fig. 10e), which prevents its reduction and
so H, formation and (ii) H,O crossing is disturbed or even
prevented because of Si deposits (Fig. 10f), which leads to a
H,O depletion at the Ni-YSZ/YSZ interface from the lowest
current densities.

This trend continues until a certain 7 value from which the
applied current leads to the appearance of an H,O adsorption
phenomenon allowing H,O reduction at the contaminated
reaction sites (Fig. 10g) and H,O transport in the blocked
pathways (Fig. 10h). There is a reactivation of the cell
resulting from this H,O adsorption phenomenon. This trend
continues until a certain 7 value above which transport limi-
tation is significant (Fig. 10i), H,O transport at the Ni-YSZ
electrode becoming the predominant limiting phenomenon
for the cell functioning. The cell behavior is then more the
consequence of the cell under a too significant current de-
mand than an effect of Si deposits. This mechanism, in fair
agreement with the experimental data, can justify such an
unexpected cell behavior not reported so far under electrol-
ysis mode, to the best of our knowledge. Yet alternative phe-
nomena such as adsorption of H,O on YSZ surface remain
also plausible.

Conclusions

To avoid a critical issue that represents H, leakage, glass sealing
was used between the electrolysis cell holder and the support
pieces. This beneficial effect was counterbalanced by the ap-
pearance of a premature degradation. This degradation was
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characterized by a deformation of the i-U curve, several fre-
quency shifts in the impedance diagrams as well as the appear-
ance of a new impedance reactivation contribution at the lowest
frequencies. This new impedance contribution has not been
reported to date, to the best of our knowledge, in the case of a
solid oxide cell working in electrolysis mode. The post-mortem
cell analysis by SEM/EDX revealed the presence of Si, Al, Na,
K, and Ca at the H, electrode interface (surface and first dozens
microns in the volume) and at the Ni-YSZ/YSZ interface, by
opposition to similar cells tested before without sealing of the
pieces. Thus, this degradation was associated with Si deposi-
tion, including at the Ni/YSZ/H,O TPBs, and the reactivation
contribution characterized by ([1-10 mHz], [100 F cm %) to an
H,O adsorption phenomenon, including at these same TPBs.
This contribution, which appears for the highest current densi-
ties applied, allows a renewal of the cell performance until lim-
itation by H,O transport becomes the predominant phenome-
non governing the cell functioning. The evolution with time of
the different resistive and capacitive contributions is consistent
with the interpretation of the premature cell degradation.
Analysis of the impedance diagrams, including by use of elec-
trical equivalent circuits, allowed to clearly distinguish four to
five contributions related to the functioning of the electrolysis
cell as follows and illustrated in Fig. 11:

—  HF part (f,=[100 —1000 Hz]; C=10 m F cm?) is asso-
ciated with charge transfer at the Ni-YSZ/YSZ interface;

—  MFI part (fy=10 Hz; C=100 m F cm ) is related to an
H,O0 diffusion phenomenon at the H, electrode;

—  MF2part (fy= 1 Hz; C= 1 F cm?) is associated with H,O
gas conversion at the H, electrode;

— LF part (fy=0.1 Hz; C=10 F cm ) is also related to an
H,O0 diffusion phenomenon at the H, electrode; and

—  VLF part (f,=[1-10 mHz]; C=|100 F cm_2|) is associat-
ed with an H,O adsorption phenomenon at the H,
electrode.

Hence, this deeper analysis highlights that (i) all the dom-
inant phenomena identified as driving cell operation in elec-
trolysis mode are associated with the H, electrode and (ii)
except charge transfer at the Ni-YSZ/YSZ interface, these
phenomena are all related to H,O transport at the H, elec-
trode. Consequently, in order to enhance the performances
of the system considered, further work should mainly focus
on the H, electrode, and more particularly on the ways to
optimize H,O transport through the electrode. The observa-
tion of the premature degradation highlights the fact that the
sealing process is a critical step that has to be reconsidered
in future studies. Furthermore, this thorough electrochemical
investigation based on chronopotentiometry and EIS sheds
light onto how impurity deposit can dramatically affect the
H, electrode and consequently the cell functioning.
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