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Solid Oxide Electrolysis Cells: Microstructure and Degradation
of the Ni/Yttria-Stabilized Zirconia Electrode
A. Hauch,z S. D. Ebbesen, S. H. Jensen,* and M. Mogensen*

Fuel Cells and Solid State Chemistry Department, Risø DTU, National Laboratory for Sustainable Energy,
Technical University of Denmark, DK-4000 Roskilde, Denmark

Solid oxide fuel cells produced at Risø DTU have been tested as solid oxide electrolysis cells for steam electrolysis by applying
an external voltage. Varying the sealing on the hydrogen electrode side of the setup verifies that the previously reported passivation
over the first few hundred hours of electrolysis testing was an effect of the applied glass sealing. Degradation of the cells during
long-term galvanostatic electrolysis testing �850°C, −1/2 A/cm2, p�H2O�/p�H2� = 0.5/0.5� was analyzed by impedance spectros-
copy and the degradation was found mainly to be caused by increasing polarization resistance associated with the hydrogen
electrode. A cell voltage degradation of 2%/1000 h was obtained. Postmortem analysis of cells tested at these conditions showed
that the electrode microstructure could withstand at least 1300 h of electrolysis testing, however, impurities were found in the
hydrogen electrode of tested solid oxide electrolysis cells. Electrolysis testing at high current density, high temperature, and a high
partial pressure of steam �−2 A/cm2, 950°C, p�H2O� = 0.9 atm� was observed to lead to significant microstructural changes at the
hydrogen electrode-electrolyte interface.
© 2008 The Electrochemical Society. �DOI: 10.1149/1.2967331� All rights reserved.
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Considering the increasing interest in renewable energy, the hy-
drogen economy and CO2 neutral energy production, the reversible
solid oxide cell �SOC� is a potential technology for electricity pro-
duction �solid oxide fuel cells �SOFCs��, as well as for hydrogen and
synthetic fuel production �solid oxide electrolysis cells �SOECs��.1

Already in the 1980s researchers in the HotElly project2-4 and at
Westinghouse5 published promising results on hydrogen production
by steam electrolysis using SOECs and electricity-to-hydrogen effi-
ciency above 90% was reported.4 During the 1990s and 2000s the
research and development �R&D� focus has been on the R&D for
SOFCs rather than SOECs, and material development and optimiza-
tion has led to large improvements in performance and durability for
SOFCs and decreased production cost for SOFCs. The necessity to
store energy from the increasing amounts of electricity from renew-
able energy sources has renewed the interest for using SOCs for
electrolysis purposes, and recently several research groups have re-
ported on SOEC R&D work.6-16

From a fundamental thermodynamic and electrochemical point
of view it is clear that high temperature electrolysis of steam can
provide H2 with high efficiency and high purity, and SOECs can be
used as buffers to optimize the efficiency of intermittent sources,
such as wind power, and utilize waste heat and surplus energy from,
e.g., nuclear power facilities during off-peak hours. However, for
these cells to become successful from a technological and commer-
cial point of view for H2 and synthetic fuel production, SOECs need
to be cost competitive, high performing, and long-term stable. Even
though promising electrolysis results have been obtained for
SOECs, economic estimates for potential H2 and CH4 production
price using SOECs also indicate that considerable improvements of
the SOECs, especially the long-term stability, is necessary to make
these cells competitive to existing H2 and synthetic fuel production
methods.1,17,18

Previously we have reported on the high initial electrolysis per-
formance for SOCs produced at Risø DTU and shown that a signifi-
cant passivationa occurs for the SOECs over the first few hundred
hours of operation. However, the cells can be partly reactivated ei-
ther by fuel cell operation of the cell or continued galvanostatic
electrolysis operation at constant conditions.12 Postmortem analyses
of tested SOECs showed that significant amounts of impurities had
segregated to the hydrogen electrode/electrolyte interface of heavily

* Electrochemical Society Active Member.
z E-mail: anne.hauch@risoe.dk
a “Passivation” is used to describe a reversible or partly reversible loss in perfor-

mance for the cell, whereas “degradation” is used to describe an irreversible loss in
performance for the cell.
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passivated SOECs. It was proposed that at least a part of these
impurities originated from the applied albite glass sealing used in
the setup for cell testing.19 However, electrolysis test data to support
the hypothesis of the effect of the glass sealing on the passivation of
the SOECs was not presented, neither did the work include investi-
gation of microstructural changes of the electrodes upon testing and
possible relation to observed loss in performance of the SOCs.

In this article we present results on long-term galvanostatic
steam electrolysis test of SOCs applying different sealing materials,
and long-term degradation results that do not originate from glass
sealing effects are provided. Microstructures of the hydrogen elec-
trode of long-term tested SOECs are related to the hydrogen elec-
trode structures of reference cells, to the loss in performance for the
SOECs and to similar long-term tested SOFCs. Microstructure of
the hydrogen electrode of an SOEC tested at high current density
�−2 A/cm2� is presented and data that show that impurities in the
hydrogen electrode of tested SOECs cannot only originate from the
glass sealing.

Experimental

Ni/yttria-stabilized zirconia �YSZ� SOCs were used for the elec-
trolysis tests. The cells were full cells produced at Risø DTU.20,21

The cells had a 10–15 �m thick hydrogen electrode of Ni/YSZ cer-
met and were supported by a �300 �m thick Ni/YSZ layer, a
10–15 �m thick YSZ electrolyte, and a 15–20 �m thick LSM-YSZ
composite oxygen electrode.20 The ratio between Ni �Alfa Aesar,
Johnson Matthey Company� and YSZ �TZ8Y, Tosoh Corporation,
ZrO2 stabilized with 8 mol % Y2O3� was 40/60 vol % both for the
support layer and the active electrode layer.22 ZrO2 stabilized with 3
mol % Y2O3 was used for the support layer. The composition of the
LSM was �La0.75Sr0.25�0.95MnO3 and the ratio between LSM and
YSZ in the composite electrode was LSM/YSZ = 50/50 vol %.23

Analyses of the exact chemical composition of the raw materials
were checked by glow discharge mass spectroscopy �GDMS� and
listed elsewhere.19 From the GDMS analyses the maximum quanti-
ties of the impurities present in the raw materials and relevant for
the postmortem analysis of tested cells presented were: 13 � 1 ppm
Si, 8 � 1 ppm Al, and up to 680 � 40 ppm Na.

The SOCs were planar 5 � 5 cm cells with an active electrode
area of 16 cm2. The setup for cell testing, i.e., alumina housing,
current collector �Ni foil�, glass sealing, and Ni/YSZ based gas dis-
tributor is illustrated and described in detail elsewhere.12,24,25 The
top part of the alumina cell housing had a current collector �gold
foil� and an air distributor �LSM based�, and was placed on top of
the bottom part of the alumina cell housing to give a cross flow for
the gases.12 The sealing usually applied for this cell test setup were
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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bars of albite glass �NaAlSi3O8� mixed with YSZ.19,26 The start-up
procedure, including heating ramp �1°C/min to 1000°C�, reduction
procedure �9% H2 in N2 and pure H2�, and initial characterization of
the cell performance �i-V curves in fuel cell and electrolysis mode
and electrochemical impedance spectroscopy� are described
elsewhere.12,26

The electrolysis tests were performed galvanostatic. An overview
of the long-term electrolysis test specifications and duration is given
in Table I. The gas passing over the oxygen electrode was pure O2
and the inlet gas composition to the hydrogen electrode was
p�H2O� = 0.5 atm and p�H2� = 0.5 atm for tests A, B, and C, which
was obtained by mixing 6 L/h O2 and 24 L/h H2 in a gas mixer and
led to the cell through the inlet tube. By applying pure oxygen to the
oxygen electrode before, upon the start of and during electrolysis
testing the p�O2� was kept constant at 1 atm when switching from
open circuit voltage �OCV� to electrolysis operation of the cell. To
keep a constant p�O2� was advantageous for subsequent analyses
of the possible changes in the oxygen electrode response observed
in the electrochemical impedance spectra recorded during testing,
because the p�O2� affects the electrokinetcs significantly. For
the high current density test D, steam was supplied by an evaporator
box �DV2MK including heat transfer line from aDROP
Feuchtemesstecknik GmbH�. The theoretical degree of steam con-
version was calculated as the number of converted water molecules
using Faraday’s law, divided by the total number of H2O molecules
supplied to the gas inlet of the cell. For all the tests in Table I, the
theoretical steam conversion was 28%. Besides the SOCs used for
steam electrolysis testing �Table I�, two cells where selected as ref-
erence cells. Reference cells were obtained by applying the usual
heating up and NiO-reduction procedure to the cells from the same
production batch as the cells used for electrolysis testing. After ob-
taining a cell voltage close to the one expected from the calculated
Nernst potential, the cells were cooled down and these reference
cells were used for scanning electron microscopy �SEM� investiga-
tions for comparison with tested cells.

Electrochemical impedance spectra �EIS� were recorded using a
Solartron 1260 frequency analyzer. For impedance measurements
during electrolysis testing, i.e., under current load, the Solartron

Table I. Test duration and conditions for the galvanostatic electrolysi
compositions to the H2 electrode are given. The theoretical steam co

Test
number Test duration �h� S

A 1316 Alb
B 1510 Alb
C 694
D 68 Alb

a The albite glass sealing was pretreated for 12 days at 950°C and p�H2O�
electrolysis testing.

Table II. Overview of ohmic resistances „Rs… and polarization resistan
end of each electrolysis test under the electrolysis test conditions given
and Rp values for tests A, B, and C are results from the fit of expe
Nyquist plot of the recorded EIS.

Test
number

Test
duration �h�

Rs,start
�� cm2�

Rs,
�� c

A 1316 0.14 0.1
B 1510 0.08 0.0
C 694 0.10 0.
D 68 0.15 0.4

a Rp for test C is dominated by a large gas conversion impedance respons
at these operation conditions such as 0.04 � cm2 for test A and 0.05 �
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1260 was used in combination with an external shunt to measure the
ac through the cell as described elsewhere.26 The software Zview
2.8 was used for the analyses the impedance spectra.27

Pieces of the reference cells and electrolysis tested cells were
subjected to field emission �FE� SEM analyses and microanalyses
were obtained by energy dispersive spectroscopy �EDS�. A Zeiss
Supra 35 FE-SEM equipped with a Noran System SIX X-ray mi-
croanalysis system was used for these postmortem analyses. The
cells were prepared for SEM investigation by vacuum embedding
pieces of the cells in epoxy �EpoFix from Struers� followed by
grinding and polishing. The samples were subsequently coated with
carbon to eliminate charging. It has been shown that the presence of
epoxy as mounting material does not interfere with the impurity
analysis.28

Results

The initial performance of the cells was measured by i-V curves
at various temperatures and partial pressures of steam to the Ni/YSZ
electrode and by EIS. Test A had a nonoptimal Ni current collector
foil which led to a large ohmic resistance �0.16 � cm2� compared to
standard values for this type of cells ��0.10 � cm2� at 850°C.29

The ohmic �Rs� and polarization resistances �Rp� given in Table II
were obtained from EIS recorded at the beginning and end of the
galvanostatic electrolysis tests at the test conditions given in Table I,
i.e., under current load.

Long-term electrolysis testing, cell voltage curves.— Figure 1
shows the cell voltage for the three long-term tested SOECs, i.e.,
tests, A, B, and C, �850°C, −0.5 A/cm2, p�H2O�/p�H2� = 0.5/0.5�.
The cell voltage measured at the start of test A was 1143 mV, but in
Fig. 1 the cell voltage curve for test A has been subtracted an “off-
set” of 68 mV to ease the comparison of the cell voltage curves for
the two longest tested SOECs, tests A and B.

Rods of albite glass were used as sealing material for test A.24

The same type of albite glass sealing was used for test B, however
after heating to 950°C and prior to reduction of the NiO in the
Ni/YSZ electrode and start of electrolysis testing, the sealing was
exposed to 950°C and p�H2O� = 0.9 atm for 12 days to evaporate

. Oxygen was passed over the O2 electrode for all tests. The inlet gas
on was 28% for all tests.

g Test conditions

ass 850°C, p�H2O�/p�H2� = 0.5/0.5, −0.5 A/cm2

assa 850°C, p�H2O�/p�H2� = 0.5/0.5, −0.5 A/cm2

850°C, p�H2O�/p�H2� = 0.5/0.5, −0.5 A/cm2

ass 950°C, p�H2O�/p�H2� = 0.9/0.1, −2.0 A/cm2

atm prior to reducing the NiO in the Ni/YSZ electrode and starting the

Rp… obtained from impedance spectra recorded at the beginning and
able I. �Rs and �Rp are calculated as: „Rend − Rstart…ÕRstart Ã 100. Rs
tal spectra. Rs and Rp values for test D are obtained directly from

�Rs,
�%�

Rp,start
�� cm2�

Rp,end
�� cm2�

�Rp
�%�

10 0.23 0.32 36
13 0.18 0.28 56
7 0.33a 0.43 32

200 0.33 0.44 21

mit frequency �1 Hz� of 0.18 � cm2 compared to more typical values
r test B.
s tests
nversi

ealin

ite gl
ite gl
Gold
ite gl

= 0.9
ces „
in T

rimen

end
m2�

6
9

11
5

e �sum
cm2 fo
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Si�OH�4 from the surface of the albite glass prior to electrolysis
testing. From the cell voltage curves in Fig. 1 applying different
sealing material for the hydrogen electrode part of the cell test setup
it can be observed that the transient phenomenon for test A, i.e.,
passivation followed by activation, is closely related to the use of
albite glass as sealing material. This transient phenomenon can be
avoided using gold foil and Pt paste as sealing material for the
hydrogen electrode part of the cell test setup as for test C. In all
cases albite glass sealing was used for the oxygen electrode side of
the cell test setup. From tests A and C long-term cell voltage deg-
radation rates of 2%/1000 h for test A and 5%/1000 h for test C
were obtained.

Long-term electrolysis testing, degradation measured by EIS.—
The long-term degradation was monitored by recording EIS during
electrolysis testing, i.e., under current load. Figure 2 shows two
typical impedance spectra recorded in the beginning and end of test
A. The most dominant change for the impedance spectrum recorded
after 1293 h of electrolysis testing occurs in the frequency range
2–4 kHz �Fig. 2b�. Applying the model by Barfod et al.30 for the
breakdown of losses in this type of hydrogen electrode supported
cells, it has been possible to break down the polarization losses
during electrolysis testing into five RQ-equivalent circuit contribu-
tions: �i� a high frequency LSM electrode arc �RLSM,h� with a sum-
mit frequency in the range 104–105 Hz, �ii� a Ni electrode arc �RNi�
with a summit frequency in the range 2 � 103–104 Hz, �iii� a low
frequency LSM electrode arc �R � with a summit frequency in

Figure 1. Cell voltage vs time for tests A, B, and C during electrolysis
testing �Table I�. The albite glass sealing used for test B was pretreated for
12 days at 950°C and p�H2O� = 0.9 atm and p�O2� = 0.1 atm. The differ-
ence in cell voltage between tests A and B at the start of electrolysis testing
has been subtracted from the cell voltage curve of test A �68 mV�. For test C
the albite glass sealing was substituted by a coiled gold foil and platinum
paste on the hydrogen electrode side of the cell test setup.
LSM,l
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the range 100–2 � 103 Hz, �iv� a gas diffusion arc �Rdiff� with a
summit frequency in the range 10–100 Hz, and �v� a gas conversion
arc �Rconv� with a summit frequency in the range 1–10 Hz. Rdiff and
Rconv also originate from the Ni/YSZ electrode.

Figure 3 shows the development of Rs and the three contributions
describing the resistance to the electrochemical reactions at the two
electrodes, i.e., RLSM,h, RNi and RLSM,l, during the long-term degra-
dation for tests A and C. The measurement at which the relative
error between experimental and fitted value for the EIS was at a
maximum was below 8% for all analyzed spectra. EIS from the
beginning and end of test B has been used as a measure of the
long-term degradation for test B. The breakdown of losses for these
two EIS for test B showed the same trend as for test A.

From Fig. 3 it is evident that the resistance due to the charge
transfer at the Ni-YSZ interface31 i.e., RNi, accounts for the main
part of the loss in performance for the SOECs during the long-term
degradation for both tests A and C. Rdiff and Rconv are not shown as
they do not describe electrochemical reactions at the electrodes. The
increase in RNi is linear in time for both tests A and C in accordance
with the linear increase in cell voltage observed for the long-term
degradation �Fig. 1�. Table III summarizes the increases in the dif-
ferent electrode contributions to Rp and Rs for tests A, B, and C. The
changes in Rs, RLSM,h, RNi and RLSM,l given in Table III are obtained
from optimal fit of experimental impedance spectra in the beginning
and end of electrolysis tests A, B, and C. The changes in Rdiff are
0.005 � cm2/1000 h for all three tests. The increase in Rconv is
0.01 � cm2/1000 h for tests A and B, but significantly higher for
test C �0.08 � cm2/1000 h�. Analysis of the EIS recorded during the
short term passivation related to the use of albite glass sealing for
test A is dealt with in detail elsewhere.32

Microstructure of the long-term tested SOECs.— Figure 4
shows examples of FE-SEM images of a cross section of a reference

Figure 2. Impedance spectra recorded under current load �−0.5 A/cm2� dur-
ing test A after 1 h �black �� and 1293 h �gray O� of electrolysis testing.
Spectra were recorded from 82 kHz to 0.8 Hz with 6 points per frequency
decade. �a� Nyquist plot and �b� imaginary part of the Bode plot. The dashed
line ��3.3 kHz� mark the frequency region at which the impedance spec-
trum have changed the most upon electrolysis testing.
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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cell and the cell used for test A. Cell pieces from tests B and C show
similar microstructures to the ones shown in Fig. 4 and cross section
FE-SEM images of test B are given elsewhere.33

Comparing the overview images of the reference cell �Fig. 4a�
and the cell used for test A �Fig. 4d� it is evident that the 1300 h of
electrolysis testing �test A� has not caused obvious micron scale
structural changes and there are no macroscopic cracks in the elec-
trolyte. The higher magnification images of the oxygen electrode/
electrolyte interface of the reference cell �Fig. 4b� and the cell used
for test A �Fig. 4e� show that the composite LSM-YSZ electrode
structure is preserved for the tested cell both regarding particle sizes
and porosity. There is still an unchanged proper contact between the
electrode and the electrolyte even after 1300 h of electrolysis test-
ing. The higher magnification images of the hydrogen electrode/
electrolyte interface of the reference cell �Fig. 4c� and the cell used
for test A �Fig. 4f� show that no large damages to the Ni/YSZ elec-

Table III. Overview of the changes in Rs, RLSM,h, RNi, and RLSM,l obta
and end of electrolysis tests A, B, and C. The changes in resistances
0.005 � cm2 per 1000 h are within the uncertainty and reported as

Test
number

�Rs/1000 h
�� cm2�

�RLSM,h
�� c

A 0.01 0
B 0.01 0
C 0.02 0

Figure 3. Development of Rs, RLSM,h, RNi, and RLSM,l, during long-term
electrolysis tests A and C. The equivalent circuit model by Barfod et al. �Ref.
30� and the software Zview was applied �Ref. 27� to obtain optimal fit of the
experimental EIS.
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trode structure has occurred. The Ni particles are nonoxidized, have
an acceptable particle size and the porosity of the active electrode is
preserved.

In Fig. 4c and f the Ni particles appear to be on top of the YSZ
in the electrode due to the sharp gray scale variations at the Ni and
YSZ particle phase boundary. However, this is not a topographic
effect but an effect of the differences in interaction volumes in the
two phases as described by Bilde-Sørensen who used the hydrogen
electrode from test B for illustration of this effect.34

Microstructure vs loss in performance for long-term tested
SOECs.— Due to the results from EIS during electrolysis testing a
more detailed quantitative analysis of possible microstructural
changes of the Ni/YSZ electrode was performed, i.e., Ni particle
size distributions for the active electrode layer of reference and
tested cells was determined. The method for obtaining Ni particle
size distributions was adapted from the work by Hagen et al.21 The
size distributions of Ni particles were therefore obtained by super-
imposing a set of parallel lines with a pitch of 1 �m on the inner-
most 10 �m of the Ni/YSZ electrode closest to the electrolytes. The
chord lengths within Ni particles were measured. The uncertainty
for the measured chord lengths is estimated to be �0.05 �m for the
micrographs used for the Ni particle size distributions given here.
The distribution of chord lengths was then used as a measure of Ni
particle size distributions.

An overview of the key parameters �mean Ni chord length, num-
ber of Ni particles/300 �m line, Ni coverage and number of Ni
particles included in the size distribution� for the Ni particle size
distributions for reference cells, cells from tests A, B, and C, a
heavily passivated SOEC,19 and for an SOC used for long-term fuel
cell testing21 is given in Table IV. From the numbers in Table IV it
is evident that the Ni particle size distribution has changed upon
testing both for electrolysis and fuel cell tested SOCs. Within the
uncertainty, the mean Ni chord lengths are identical for the four
electrolysis tested cells and the fuel cell tested cell. Further, key test
parameters and total loss in performance for each of the tests are
given Table IV. It is observed that change in area specific resistance
��ASR� for the five tested cells presented in Table IV varies from
12 to 332%.

Impurities in the Ni/YSZ electrode of long-term tested
SOECs.— Several pieces ��1 cm long each� of the electrolysis
tested cells have been investigated by FE-SEM and EDS in the
search for impurities. Using these analytical tools no impurities have
been found in the oxygen electrode of the electrolysis tested cells or
in any part of the reference cells. Based on the electrolysis test
results at least three different cases should be studied in detail in
relation to impurities in the Ni/YSZ electrode. That is cell pieces
from tests where case �i� a normal glass sealing was used and no
reactivation of the cell was obtained during electrolysis testing, i.e.,
the test was stopped at the maximum loss in performance, case �ii� a
normal glass sealing was used but the cell was allowed to reactivate
after it had reached the maximum loss in performance �test A�, and
case �iii� a gold sealing was used to minimize impurities originating
from the cell test setup �test C�.

For case 1 FE-SEM and EDS results were reported previously
and showed significant quantities, up to �8 wt % SiO2, of Si-
containing impurities in the few micrometers of the Ni/YSZ elec-

from optimal fit of experimental impedance spectra in the beginning
been normalized to 1000 h. Changes in resistances that are below

h �RNi/1000 h
�� cm2�

�RLSM,l/1000 h
�� cm2�

0.04 0
0.05 0.02
0.10 0
ined
have

zero.

/1000
m2�
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trode closest to the electrolyte was found.19 In case 2, which corre-
sponds to test A, microanalysis of the YSZ-Ni/YSZ interface shows
that Si-containing impurities can be found in this electrode. Figure 5
shows an example of Si-containing impurities in the hydrogen elec-
trode from test A. Figure 5a shows a SEM micrograph of the

Table IV. Electrolysis test conditions, change in area specific resistan
and SOFC. ASR values are the sum of Rs and Rp obtained from EIS a
at these conditions for each test have been used to calculate �ASR
particles counted for each size distribution. Numbers in brackets are
results were reported previously (Ref. 19).

Test
number Ref. A

Test conditions — 850°C, 8
p�H2O� = 0.5 atm, p�H2O

− 1
2 A/cm2 − 1

2
Duration �h� — 1316
�ASR �%� — 15
Mean Ni
chord
lengths ��m�

1.01 � 0.05c

�1.04 � 0.05�
1.26 � 0.05 1.2

Number of Ni
particles/300
�m line

84 �86� 63

Ni coverage
�%�

28
�29�

26

No. of Ni
particles

509
�542�

512

a Ref. 19.
b Hagen et al. �Ref. 21 showed the histogram for the Ni particle size distr

were kindly provided by co-author Dr. Yi-Lin Liu who also determined
c The total loss in performance ��ASR� for test C was increased furthe

degradation rate before and after this failure in the steam supply was inde
steam starvation.

Figure 4. �a� Overview SEM image of a cross section of a reference cell. The
electrode in the bottom of the image, �b� SEM image of the oxygen electrode
�d� overview SEM image of a cross section of the cell from test A, �e� SEM
hydrogen electrode of the cell from test A.
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electrolyte-hydrogen electrode interface from the cell used for test A
and Fig. 5b shows the EDS map of the same region as Fig. 5a. Cross
section of four pieces ��1 cm long each� from the cell used for test
A were subjected to thorough FE-SEM and microanalysis investiga-

SR) and Ni particle size distributions for differently tested SOECs
V, 850°C, 20% H2O to the hydrogen electrode. The first and last EIS
Rstart-ASRend…ÕASRstart Ã 100. The last row gives the number of Ni
reference cell from the same production batch as the cells for which

C

Heavily
passivated

SOECa
FC-tested

SOCb

, 850°C, 850°C, 850°C,
5 atm, p�H2O� = 0.5 atm, p�H2O� = 0.7 atm, CO2/H2 = 1

4 ,
2 − 1

2 A/cm2 −1 and − 1
2 A/cm2 −1.9 A/cm2

694 580 1500
146b 332 12

.05 1.24 � 0.05 1.24 � 0.05 1.22 � 0.04

66 66 —

27 27 —

588 336 �300

n, however, the number behind the given histogram as they appear here
ean Ni intercept length for a reference cell to be 1.04 � 0.04 �m.
8 h of steam starvation caused by a failure in the steam supply. The
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tions. Only limited quantities of impurities were detected in the
Ni/YSZ electrode and nowhere could impurities in the quantities as
those reported for case 1 be found �column six in Table IV�.19 The
impurities shown in Fig. 5 represent a maximum both regarding the
size of the accumulated impurities and the quantity of impurities in
a certain area of the Ni/YSZ electrode of the cell used for test A.
Figure 5c shows the point EDS result obtained for the impurity

Figure 5. �a� SEM micrograph of the hydrogen electrode from the cell used
for test A. �b� EDS map of the same region as a�. Zr is green, Ni is yellow,
and Si is red. For clarity the element maps for Al and Na have not been
overlaid. �c� EDS �point analysis� of the Na and Al containing silicate im-
purity closest to the electrolyte in �b�.
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phase closest to the electrolyte in Fig. 5b. This and the other impu-
rity particles in this part of the cell piece from test A are sodium and
aluminum containing silicates.

In case 3, which is the case for test C, the quantities of impurities
found in the Ni/YSZ electrode are significantly lower than in the
case 2 �test A�. However, even though a gold sealing and platinum
paste was used as sealing material for test C, impurities could be
detected in the active layer of the Ni/YSZ electrode by EDS in a
bulk SEM sample. Figure 6 shows an example of a Si-containing
impurity phase in the cell used for test C.

Microstructural changes of the Ni/YSZ electrode for the high
current density test D.— Five pieces �each �1 cm long� of the cell
used for the high current density test D was investigated by FE-SEM
and EDS. Si-containing impurities were found in some regions of
the cell pieces. All impurities were located within the innermost
10 �m of the hydrogen electrode closest to the electrolyte and the
quantity of impurities appear to be less than the extreme case as
reported previously,19 but more than that illustrated for test A �Fig.
5�. Figure 7 shows that significant microstructural changes have
occurred at the electrolyte-hydrogen electrode interface in some re-
gions of the cell operated at high current density �test D�. From Fig.
7 it is observed that a dense Ni-YSZ layer of a thickness of approxi-
mately 2–4 �m has formed. Here Ni appears to have relocated and
filled the porosity of the first few microns of the Ni/YSZ electrode
closest to the YSZ electrolyte. The scratches in the Ni particles in
the SEM micrograph �Fig. 7� originate from nonoptimal polishing of
the sample.

Figure 6. �a� SEM micrograph of the hydrogen electrode from the cell used
for test C applying a gold foil and Pt paste as sealing. �b� EDS �point
analysis� of the Si-containing impurity marked by the circle in �a�.
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Discussion

Long-term electrolysis testing, effect of cell test setup.—
Comparison of cell voltage curves for the long-term electrolysis
tests A, B, and C, where the only difference was variations in the
sealing material used for the hydrogen electrode part of the cell test
setup, clearly show that the choice of the sealing material influences
the development of the cell voltage during galvanostatic electrolysis
testing. It is well known that a high partial pressure of steam at high
temperatures leads to a considerable partial pressure of Si�OH�4
over different silicates.35,36 A p�Si�OH�4� of �1 � 10−7 atm can be
expected over an albite glass at the temperature and gas composition
as for test D �Table I�.19 As described and analyzed in detail by
Jensen.32 the initial passivation of cell in test A is caused by a shift
in the equilibrium from gaseous Si�OH�4 toward formation of glassy
phase silicates at the triple-phase-boundaries �3PB� in the Ni/YSZ
electrode upon steam reduction that is started when the electrolysis
current load is applied. The activation of the cell can be due to
crystallization and reorganization of the Si-containing impurities in
the hydrogen electrode. The effect of the pretreatment of glass seal-
ing, as it was done for test B, supports the hypothesis that the evapo-
ration of Si�OH�4 from the glass sealing is a main factor in the
initial passivation for these SOECs. However, the cell voltage curve
for test B �Fig. 1� does not provide a clear picture of evaporation of
Si species from the applied glass sealing on the passivation, activa-
tion, and subsequent and underlying long-term degradation for these
SOECs.

The cell voltage curve for test C, using gold and Pt paste as
sealing material, is free of the passivation/activation phenomenon
and thereby provides the evidence that the passivation over the first
few hundreds of electrolysis tests reported previously12 and the
passivation/activation phenomenon observed for test A is an effect
of the use of albite glass sealing on the hydrogen electrode part of
the cell test setup. Other groups are using glass as a sealing material
for SOEC testing and have reported significant loss in
performance.37 They stated that a “stable performance was demon-
strated” for their single cell test, but the cell voltage and develop-
ment of cell resistance during electrolysis testing for 300 h revealed
an increase in cell resistance from 0.5 to 0.62 � cm2, which corre-
sponds to an increase in cell voltage of �20% per 1000 h at 800°C
and −0.7 A/cm2. However, data and analyses to describe whether
this loss in performance, or part of it was related to use of glass
sealing were not provided. Development of alternative and inexpen-
sive sealing materials or development of proper coatings for glass
sealing is a necessity for SOECs. From a technological, and espe-
cially commercial, point of view, the use of expensive gold sealing
as for test C is not feasible. However, from a scientific point of view

Figure 7. SEM micrograph of the electrolyte-hydrogen electrode interface
from the cell used for the “high current density” test D.
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the use of gold sealing can significantly contribute to the under-
standing of the processes involved in the long-term degradation of
the SOECs.

Long-term electrolysis testing, long-term degradation.— For the
long-term electrolysis tests A and B the increase in Rs values are
comparable to the Rs increase reported by Hagen et al.21 for similar
cells tested in fuel cell mode.

Recording EIS for gas variation experiments at OCV prior to and
after electrolysis testing for test A has indicated that the long-term
degradation occurs at the Ni/YSZ electrode of the SOEC.26 This is
confirmed by the fit and breakdown of losses for the EIS recorded
during electrolysis testing �Fig. 3�. In general, it can be concluded
from the analysis of EIS during electrolysis test A, B, and C �Table
III� that it is the increase in the Ni/YSZ electrode response that, by
far, dominates the increase in Rp during long-term electrolysis test-
ing. This is not the case for long-term fuel cell testing of similar
cells.21 RNi was reported to be caused by resistance to charge trans-
fer at the Ni-YSZ.31

Primdahl and Mogensen38 analyzed the impedance caused by the
gas conversion in the Ni/YSZ electrode and found summit frequen-
cies of �1–5 Hz and expressed the gas conversion resistance, Rconv,
obtained from EIS as

Rconv =
RT

4F2Ji
� 1

xi,H2O
+

1

xi,H2

� �1�

where R is the gas constant, F is Faraday’s constant, T is the tem-
perature, Ji is the inlet area specific flow rate �mol/m2s�, xi,H2O and
xi,H2

are the inlet mole fractions of steam and hydrogen, and it is
assumed that �xi,H2O � xi,H2O and �xi,H2O � xi,H2

during the pertur-
bations caused by the impedance measurements. For test C the arc
caused by gas conversion was large �Rconv = 0.18 � cm2� compared
to the gas conversion arcs for tests A and B ��0.05 � cm2�. Based
on pO2 inlet measurements it can be assumed that the molar frac-
tions of H2O and H2 to the inlet of the cells have been identical for
the electrolysis tests, and the actual inlet flow to the Ni/YSZ elec-
trode of test C has been significantly lower than the feed of 12 L/h
H2O and 12 L/h H2 given by the flow meters.

This in turn leads to a higher steam utilization for test C com-
pared to tests A and B. An i-V curve recorded at 850°C and applying
12 L/h H2O and 12 L/h H2 showed a tendency for steam starvation
already at a current density of − 1

2 A/cm2 corresponding to conver-
sion of approximately 3.6 L/h H2O using Faraday’s law. i-V curves
at these conditions for tests A, and B, and other similar cells,12 do
not show the effect of steam starvation even at the double current
density. Further, Rconv increased 0.08 � cm2/1000 h for test C but
only 0.01 � cm2/1000 h for tests A and B.

Considering the observed high steam utilization with tendency
for steam starvation, test C can be expected to suffer from uneven
current distribution compared to the current distributions for tests A
and B. Even though test C was also operated at a total current of 8
A as tests A and B, there has most likely been relatively large dif-
ferences in the “local” current density between different regions of
the 4 � 4 cm cell for test C. Such uneven current distribution in the
Ni/YSZ will, in turn, lead to a larger �RNi compared to SOECs
operated with an optimal current distribution, and this is the case
when comparing �RNi for tests A, B, and C.

In summary, the analyses of EIS during long-term electrolysis
testing show that solving the short term passivation, i.e., the glass
sealing dependent passivation, observed for test A and reported pre-
viously for similar SOECs,12 is only part of the problem related to
the hydrogen electrode part of the SOECs. The long-term degrada-
tion is also mainly due to loss in performance of the Ni/YSZ elec-
trode. The long-term SOEC degradation rates are higher than SOFC
degradation rates and improved long-term stability is a necessity
from a commercial/economical point of view.
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Microstructure of the SOC electrodes.— Generally the micro-
structure of the tested electrolysis cells have sustained hundreds of
hours of testing at what can be considered moderate electrolysis test
conditions �850°C, −0.5 A/cm2, 50% H2O� without significant
changes. There is no tendency for delamination between the electro-
lyte and the O2 electrode, even though such problems with delami-
nation of the O2 electrode from the electrolyte has been reported and
has been suggested to be caused by pressure differences occurring
upon O2 evolution in closed pores in the electrode/electrolyte
interface.17,39-41 Such delamination must be considered a question of
optimizing processing techniques to preserve an optimal contact be-
tween the electrolyte and the LSM based electrode upon electrolysis
testing. From a technological point of view it is important to notice
that inexpensive production methods such as spraying and screen
printing can be applied and still provide LSM based O2 electrodes
with microstructures able to sustain thousands of hours as O2 evo-
lution electrodes with no delamination from the electrolyte �Fig. 4e�.

SEM work on the hydrogen electrode of tested SOECs �Fig. 4e�
clearly provides evidence that an inexpensive production method,
such as tape casting, can be used for producing SOEC hydrogen
electrodes that can withstand thousand of hours of electrolysis test-
ing, simultaneously maintaining a satisfactory contact to the electro-
lyte, porosity, and no oxidation of the Ni particles.

To the best of our knowledge no other detailed SEM work has
been presented on electrodes from long-term tested state-of-the-art
SOECs. In the 1980s Dönitz and co-workers4 reported on long-term
stability of electrolyte supported tubular SOECs using Ni/YSZ hy-
drogen electrodes. However, a comparison of the effect of long-term
electrolysis testing on the microstructure of Ni/YSZ electrodes by
Dönitz and co-workers4 and the results presented in Fig. 4 cannot be
given for two reasons: �i� the Ni/YSZ microstructure presented by
Dönitz et al.4 was from a starting point significantly more coarse
than the Ni/YSZ structures presented here and �ii� satisfactory SEM
work on the electrode structure after long-term testing was not pro-
vided by Dönitz et al.4

Microstructure vs loss in performance.— The procedure for ob-
taining the Ni particle size distributions was adapted from Hagen et
al.21 but it can be questioned whether or not a different method for
obtaining the Ni particle size distributions could lead to different
characteristic numbers for the Ni particle size distributions. How-
ever, the Ni particle size distributions given in Table IV are all
obtained in the same manner and for cells that are identical from a
production point of view. This justifies a comparison of the Ni size
distributions for reference cells, differently tested SOECs and the
fuel cell tested cell. For the Ni particle size distributions presented
here a layer of 10 �m from the electrolyte was investigated as this
constitutes the active electrode layer from a production point of
view. Further, Brown et al.42 found a thickness of the electrochemi-
cally active layer of �10 �m for Ni/YSZ cermet electrodes at
1000°C. The thickness of the electrochemically active layer varies
with temperature and microstructure of the electrode. The micro-
structures of the electrodes used by Brown et al.42 were coarser than
those of the SOECs tested here and the thickness of the electro-
chemically active layer for the tested SOECs is presumably
5–10 �m.

Even though the cells have been exposed to different test condi-
tions and suffer from extremely different degrees of degradation, it
is evident from the characteristic numbers for the Ni particle size
distributions �Table IV� that the tested SOECs �columns 3–6, Table
IV� have similar Ni particle size distributions. Therefore the changes
in the Ni size distributions from a reference cell to an electrolysis
tested cell cannot be the main factor for the observed degradation of
the tested SOECs.

Comparing the Ni size distributions for tests A and B with the
somewhat shorter test C, it is evident that the coarsening of the Ni
particles occurs before 700 hours of testing at 850°C and a p�H2O�
of 0.5 atm. From studies of Ni catalysts it is well known that a high
p�H O�/p�H � lead to coarsening of Ni particles and it has been
2 2
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reported that a high p�H2O� at OCV lead to a rapid �less than 100 h�
change in the Ni size distribution.43,44 Even though the changes of
the Ni particle size distribution is more rapid at a high p�H2O�, it
does not increase the overall coarsening of the Ni particles. The Ni
particle size distributions for electrolysis tested cells where a
p�H2O� of 0.98–0.99 atm has been applied for 300–450 h are iden-
tical to the Ni particle size distributions given for the tested cells in
Table IV.26

Further, there is a striking similarity between the Ni particle size
distributions for long-term electrolysis tested cell and the fuel cell
tested cell with a low degradation rate reported by Hagen et al.21

This again shows that the larger degradation rates of these SOCs
when tested as electrolysis cells compared to fuel cell testing is not
an effect of changes in the Ni particle size distributions.

Impurities in the Ni/YSZ electrode.— Applying gold instead of
albite glass as a sealing material on the hydrogen electrode side of
the setup clearly minimized the quantities of impurities found in the
hydrogen electrode closest to the electrolyte. The FE-SEM and EDS
results for test C �Fig. 6� show that additional Si-containing impu-
rities, which do not originate from the glass sealing on hydrogen
electrode side of the cell test setup, are observed in electrolysis
tested cells.

It is well known that impurities such as Si, Na, and Al from the
bulk of YSZ can segregate to the grain boundaries, external surfaces,
and interfaces when annealed at 800–1500°C,45 and previously Si-
containing impurities have been found in half-cells in a setup with
YSZ electrolyte pellets,28,46,47 where it was believed that the Si-
containing impurities segregated from the Ni electrode and the YSZ
electrolyte to the electrode/electrolyte interface. Therefore, another
very likely source for the impurities found in the cell from test C is
the raw materials; however other “external” impurity sources cannot
be excluded. The fact that no Si was detected using FE-SEM/EDS in
two reference cells verifies that the accumulation of impurities at the
hydrogen electrode/electrolyte interface, to the extent observed for
the tested cells, is a result of the electrolysis testing of the cells and
not merely a result of the production method of the cells.

From the FE-SEM/EDS analysis of the cell used for test A �Fig.
5� it seems plausible that the impurity phases are located at what is
presumed to be 3PB in the Ni/YSZ electrode prior to degradation. A
transmission electron microscope �TEM� study of the Ni/YSZ elec-
trode from test A supports the findings in Fig. 5. In this TEM study
six impurities in the TEM lamellae were all located at boundaries
between a Ni particle, a YSZ particle and a pore.48 Combining the
cell test results for test A �Fig. 1 and 3� with the postmortem results
for the Ni/YSZ electrode of this cell �Fig. 5� two different mecha-
nisms, or a combination of them, can explain the impurity findings
in the cell from test A: �i� The activation of the SOEC is not caused
by evaporation of the Si species from the 3PB, but rather a redistri-
bution or crystallization of the impurities, which lead to a fewer
number of blocked 3PB or �ii� the impurities found in the hydrogen
electrode of test A are caused by the long-term degradation, where
impurities from the raw materials could accumulate at the 3PB.
Considering the large differences in the shape of the impurities
found in the cell from test A �round shaped particles, up to �1 �m
in diameter� with those found previously for a nonreactivated cell
�40–70 nm thick rims between Ni and YSZ particles�, it seems plau-
sible that the reactivation of test A can be obtained by changes in the
physical properties and redistribution of the impurity phases and not
necessarily by a decrease in the total amount of impurities present in
the hydrogen electrode.

High current density test D.— Estimates of hydrogen produc-
tion prices using SOECs have shown that for SOEC systems lasting
a couple of years, a current density of −1.5 A/cm2 and higher will
most likely be necessary for SOECs to become a price competitive
option for large scale hydrogen production.1 In this context the high
current density test D is interesting even though it can hardly be
considered a long-term electrolysis test.
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The loss in performance for test D is significantly different in
size and nature from tests A, B, and C, as the increase in the resis-
tance for test D is completely dominated by the 200% increase in the
Rs �Table II� within only 68 h of electrolysis testing. Qualitatively
the extensive and probably irreversible microstructural changes of
the YSZ-Ni/YSZ interface observed for the cell used for test D �Fig.
7� correspond well to the very large increase in the Rs during testing.

Figure 8 shows a sketch to illustrate a possible mechanism for
the changes in the microstructure at the YSZ-Ni/YSZ interface ob-
served for the high current density test D �Fig. 7�. At high tempera-
tures and high p�H2O�; e.g., 950°C and at p�H2O� = 0.9 atm and
p�H2� = 0.1 atm as for test D; a relatively high partial pressure of
nickel hydroxide, Ni�OH�2, of approximately 1 � 10−8 atm can be
expectedb as indicated in Fig. 8a. Oxygen ions will be conducted in
the YSZ toward the oxygen electrode when the external voltage is
applied and steam electrolysis started �Fig. 8b�. Ni particles will be
equipotentials, but there will be an electrical resistance in the YSZ
particles of the Ni/YSZ electrode and an electrical potential gradient
outwards in the YSZ as indicated by ↑�� in Fig. 8b. The 3PB
closest to the electrolyte �marked by red squares in Fig. 8b� will be
more strongly reducing �high current density� than the blue marked
3PB �lower current density� and the Ni�II� in the mobile nickel
hydroxide will most likely be reduced to metallic Ni at the strongly
reducing points. An overall reaction scheme is

Ni�OH�2�g� + 4e− → Ni�s� + 2O2− + H2�g� �2�

Such relocation of Ni will consequently lead to a dense Ni-YSZ
layer as observed in the SEM image in Fig. 7. Other parts of the cell
may contain Ni�II� species, however it will be the large potential
difference near the electrode/electrolyte interface during electrolysis
testing that is the “driving force” for the electrochemical reduction
of Ni�II� to metallic Ni at this interface for test D.

Further studies of SOECs operated at current densities above
−1.5 A/cm2 are necessary to verify the proposed hypothesis for the
observed microstructural changes of the YSZ-Ni/YSZ interface put
forward here. Preferably, such tests should be performed free of cell
test “set-up artifacts,” such as the passivation effect of the glass
sealing. Changes such as those observed for the YSZ-Ni/YSZ inter-
face for the high current density test D strongly point toward that
development of an alternative hydrogen electrode using different
materials than Ni and YSZ is necessary if there is a demand for
SOEC systems to be operated at high temperature, high p�H2O� and
high current density e.g., −2 A/cm2 and higher.

Conclusion

From the results presented here we conclude the following:

1. The initial passivation of the solid oxide electrolysis cells
reported previously and observed for test A originate from Si species
from the applied glass sealing and can be avoided by replacing the
albite glass sealing on the hydrogen electrode side of the cell test
setup and thereby avoid Si species from the sealing being deposited
in the Ni/YSZ electrode.

2. The long-term degradation of SOECs, e.g., a cell voltage deg-
radation of 2% �850°C, − 1

2 A/cm2, p�H2O�/p�H2� = 0.5/0.5� is
higher than for long-term fuel cell testing of similar cells and need
to be lowered.

3. Analyses of electrochemical impedance spectra recorded dur-
ing electrolysis testing show that the main part of the long-term
degradation �free of passivation effects from the sealing material� of
the SOECs is caused by increased losses in the hydrogen electrode.
However the mechanism behind the long-term degradation is not
understood yet.

4. FE-SEM characterization shows that the microstructures of
the tested SOECs can sustain more than 1300 h of testing at 850°C,

b Based on thermochemical calculations using the software FactSage.
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Figure 8. Illustration of the possible mechanism for the changes in the
microstructure at the YSZ-Ni/YSZ interface observed for the high current
density test D �Fig. 7�. �a� The YSZ-Ni/YSZ interface at OCV prior to
degradation at high current density electrolysis testing. 3PB are marked by
blue squares. The high p�H2O� and high temperature lead to a considerable
activity of Ni�OH�2. �b� The YSZ-Ni/YSZ interface upon degradation at high
current density electrolysis testing. There will be electrical resistance in the
YSZ particles and the electrical potential gradient in the YSZ particles is
illustrated by ��. The 3PB marked by red squares will be more reducing
points than those 3PB marked by blue squares and the reduction of nickel
hydroxide will take place at the red marked 3PB leading to a dense Ni-YSZ
layer.
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− 1
2 A/cm2, p�H2O�/p�H2� = 0.5/0.5. The electrodes have main-

tained their high porosity and no delamination from the electrolytes
were observed.

5. The mean Ni particle size has changed from 1.01 � 0.05 �m
for a reference cell to �1.24 � 0.05 �m for the electrolysis tested
cells. However, this is not the main factor for the loss in perfor-
mance for Ni/YSZ. A similar change in mean Ni particle size has
been observed for similar long-term tested SOFCs for which a sig-
nificantly lower degradation rate was reported.

6. Si-containing impurities have been found in the Ni/YSZ elec-
trode of all tested SOECs, but not in the reference cells. Most of the
impurities also contain Al and Na. The Si-containing impurities
could be found by FE-SEM/EDS in the Ni/YSZ, even when using a
gold sealing on the Ni/YSZ electrode of the setup �test C�; however
in smaller quantities than for the Ni/YSZ electrodes of cells testing
using the albite glass sealing.

7. The loss in performance for the high current density, high
temperature �−2 A/cm2, 950°C, p�H2O� = 0.9 atm� test D was
dominated by a 200% increase in Rs over only 68 h ��Rp
= 21%/68 h�.

8. FE-SEM of the cell from the high current density, high tem-
perature test D showed significant microstructural changes at the
hydrogen electrode/electrolyte interface due to relocation of Ni. A
2–4 �m thick dense layer of Ni and YSZ has formed at the interface
caused by relocation of Ni particles. For SOECs aimed at these test
conditions different hydrogen electrode materials need to be
considered.
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