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ABSTRACT

Carbon dioxide electrolysis was studied in Ni/YSZ electrode supported Solid Oxide Electrolysis Cells
(SOECs) consisting of a Ni-YSZ support, a Ni-YSZ electrode layer, a YSZ electrolyte, and a LSM-YSZ O,
electrode (YSZ = Yttria Stabilized Zirconia). The results of this study show that long term CO, electroly-
sis is possible in SOECs with nickel electrodes.The passivation rate of the SOEC was between 0.22 and
0.44mV h~! when operated in mixtures of CO,/CO=70/30 or CO,/CO=98/02 (industrial grade) at 850°C
and current densities between —0.25 and —0.50 Acm~2.

The passivation rate was independent of the current density and irreversible when operated at condi-
tions that would oxidise carbon. This clearly shows that the passivation was not caused by coke formation.
On the other hand, the passivation was partly reversible when introducing hydrogen. The passivation may
be a consequence of impurities in the gas stream, most likely sulphur, adsorbing on some specific nickel
sites in the cathode of the SOEC. Activation can be carried out by hydrogen reacting with adsorbed sulphur
to form the volatile compound H,S. Because adsorption of sulphur is site specific, only a part of the nickel
sites were passivated and long-time operation of CO, electrolysis in these Ni/YSZ electrode supported
Solid Oxide Electrolysis Cells seems therefore feasible.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent years there has been an increased focus on hydrogen as
an alternative energy carrier because of limited fossil fuel sources,
increasing oil prices and environmental considerations. Water
(steam) electrolysis (H,O — Hy +1/2 O,) in Solid Oxide Electrolysis
Cells (SOEC) for production of hydrogen was under development
as an interesting alternative to ordinary alkaline water electrol-
ysis during the early 1980s [1,2]. The development of SOEC was
slowed down around 1990 due to low fossil fuel prices, but has
become increasingly investigated in the recent years as a green
energy technology. Beside steam electrolysis, SOECs are also capa-
ble of electrolysing carbon dioxide to carbon monoxide and oxygen
(CO; — CO+1/2 03). Only limited studies have been reported for
electrolysis of CO, in gas phase, where mainly palladium, platinum
and nickel electrodes were used [2-13]. Recently CO, electroly-
sis was performed on ceramic cells with gadolinia-doped ceria
cathodes [14]. NASA applied CO, electrolysis in SOECs as a mean
for production of oxygen over both platinum and nickel cermets
electrodes [2-7]. For production of oxygen, CO was treated as an
undesired side product and converted back into CO, and carbon
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over an iron catalyst, and CO, was returned to the SOEC. Both
i-V characterisation and long-time performance for 1600 h were
reported on nickel based electrodes. Recently we showed i-V char-
acterisation for CO, electrolysis in SOCs optimised for operation
in fuel cell mode with significant lower resistance than previously
reported for SOECs [9].

Co-electrolysis of steam and CO, in an SOEC yield synthesis gas
(CO+Hy) which in turn can be catalysed to various types of syn-
thetic fuels [15]. Using SOECs for recycling or reuse of CO, from
energy systems (or CO, capture from air) would therefore be an
attractive alternative to storage of CO, and would provide CO, neu-
tral synthetic hydrocarbon fuels. The basic principle for a SOEC and
SOFC operating on H,O/H, and CO,/CO is shown in Fig. 1.

From a thermodynamic point of view, it is advantageous to oper-
ate endothermic reactions, such as H,O and/or CO, electrolysis, at
high temperature because a larger part of the energy required for
the reaction can then be obtained in the form of high temperature
heat, e.g. heat form solar concentrators or waste heat from nuclear
power plants [16-18]. Electrolysis in SOECs is typically performed
in the temperature range from 750 to 1000°C, and can therefore
be operated with a lower electricity consumption compared to
low temperature electrolysis [19,20]. Furthermore, reaction kinetics
increases at high temperature which leads to a decreased inter-
nal resistance of the cell and thereby increased efficiency. Even
though it is, from a thermodynamic and electrode kinetic point
of view, advantageous to operate the SOECs at high temperature,
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Solid Oxide Electrolysis Cell (SOEC)
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Fig. 1. Schematic presentation of the operational principle for a Solid Oxide Electrolysis Cell (SOEC) and a Solid Oxide Fuel Cell (SOFC).

material stability makes an upper limit for the operation tempera-
ture.

At high cell voltages reduction of carbon dioxide to coke, which
can deposit on the active sites or within the porous electrode,
may occur. Further, nickel is well known to catalyse dissociation
of carbon containing gases or disproportionation of CO (Boudouard
reaction) leading to the formation of, e.g. carbon nanofibers [21].
Carbon deposition on the active sites or within the porous electrode
would reduce cell performance.

The regions for catalytic formation of coke in SOCs have been
treated in great details and it was shown that formation of coke
occur at very high CO concentrations only [22]. At realistic CO,/CO
concentrations during CO, electrolysis the equilibrium of the
Boudouard reaction is shifted towards CO, and coke will therefore
not be formed catalytically during electrolysis.

It is the aim of this study to examine the feasibility of CO, elec-
trolysis in nickel based SOECs using the recently developed SOFC
types of cells. Both initial performance and durability/degradation
will be examined for CO,/CO mixtures in Ni/YSZ electrode sup-
ported Solid Oxide Electrolysis Cells. The origin for the passivation
will further be discussed.

2. Experimental
2.1. Solid oxide cell preparation

Planar Ni/YSZ supported cells of 5 cm x 5 cm with an active elec-
trode area of 4 cm x 4cm were used for the electrolysis tests. The
cells were full cells produced at Risoe National Laboratory as pre-
viously described [23,24]. The cells have a 10-15 pm thick Ni/YSZ
cermet electrode, a 10-15 pm thick YSZ electrolyte, a 15-20 wm
thick strontium-doped lanthanum manganite (LSM) composite
oxygen electrode. The cells are supported by a ~300 wm thick
porous Ni/YSZ layer [25]. The ratio between Ni and YSZ (TZ8Y, Tosoh
Corporation, ZrO, stabilized with 8 mol% Y,03) is 40/60 vol.% both
for the support layer and the active electrode layer [26]. The com-
position of the LSM is (Lag.755r¢.25)o.95sMnO3 and the ratio between
LSM and YSZ in the composite electrode is LSM/YSZ=50/50vol.%
[27]. At start-up, nickel oxide in the Ni/YSZ electrode is reduced to
nickel in hydrogen at 1000 °C.

2.2. Testing the solid oxide cells

For testing the cells, a test house as described in details else-
where [28] and shown in Fig. 2 was used. The cell was sandwiched
between the CO,/CO and O, /air gas distributor components, which
were contacted with gold or nickel foils to pick up the electrode
current. The gas distributor components were made of the same
material as the respective electrodes. The cell was sealed at its edges
between the two alumina blocks using glass bars. Gas channels for
gas inlet and outlet were made in the alumina block. Current pick-
up was achieved through the alumina block, which contain several
voltage probes to indicate the voltage gradient along the electrodes
(the so-called in-plane voltage). The in-plane voltages are usually

below 1 mV due to the high conductivity of the metal foils. The in-
plane voltage reflects that significant current flow inplane through
the metal foil, e.g. due to uneven current density distribution over
the cell. The test house was placed in a furnace to operate the cell
at the desired temperature.

2.3. Characterisation of the solid oxide cells

For measurement of the nickel surface sites in the Ni/YSZ sup-
port layer, a Ni/YSZ support layer, identical to the support layer
of the finish SOC, was produced. After reducing the nickel oxide
to metallic nickel, the support layer was crushed to size and the
nickel surface area was determined by CO chemisorption using
4 g of reduced Ni/YSZ in a volumetric system (Autosorb-1, Quan-
tachrome). After 2 hof reduction at 400 °C, the sample was degassed
and cooled to 40°C. Subsequently, the CO adsorption isotherm
was measured, and the CO chemisorption capacity (wmol g~! NifYsz)
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Fig. 2. The assembly of cell and gas distributor plates (ACC and CCC) in a cross-flow
pattern, after [28].
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Table 1

Operating conditions, measured cell voltage, ASR and passivation during the durability test for cell-1. The numbers correspond to the numbers in Fig. 4. The mea-
sured cell voltage corrosponds to Fig. 4 as well. ASRs are calculated from either the measured cell voltage and applied current, i.e. ASRy,start (ASR = (V; gtar(_0.25Acm-2) —
OCV/Current density(—0.25 Acm~2))), or from the measured i-V curves, i.e. ASR;_y4, (ASR;_y = (Cell voltage at 0.25 Acm~2 — OCV/Current density (0.25 Acm~2))).

Number Time (h) Gas composition to the Current density (A.cm~2) Cell voltage (mV) ASR (2 cm?) Passivation (mV h-!)
Ni/YSZ electrode
1 0-150 C0,/C0, 70/30 -0.25 Vi, stare = 1012 ASRj, start =0.37 0.2523
Vi, end = 1050 ASRy, eng =0.52
2 150-175 C0,/CO0, 70/30 0 V2, =918
3 175-265 C0,/C0, 70/30 -0.25 V3, start = 1051 ASR3, start =0.53 0.2165
Vs, end = 1070 ASR3, eng =0.61
4 4a C0,/C0, 70/30 i-VEL ASR;_y 43 =0.61
4b 265-272 €0,/C0, 70/30 i~Vic ASRy_y 4, =0.55
4c C0,/CO0, 70/30 i-VEL ASR;_y 4c=0.61
5 272-407 C0,/C0, 70/30 -0.25 Vs, start = 1172 ASRs, start =0.62 0.4368
Vs, ena = 1132 ASRS5, ena =0.85
6 6a 407-417 C0,/C0, 70/30 0 Vea =918
6b 417-420 €0,/C0, 70/30 ~0.25 Vi, start = 1133 ASRgp, start =0.86 3.0606
Vb, ena = 1142 ASRep, end =0.89
6¢ 420-429 C0,/C0, 70/30 0 Vec =918
6d 429-432 C0,/C0, 70/30 -0.25 Vi, start = 1143 ASRgy, start =0.90 3.1457
Ved, ena = 1152 ASRgq. ena =0.92
6e 432-439 C0,/C0, 70/30 0 Vee =918
6f 439-442 C0,/C0, 70/30 -0.25 Vet start = 1155 ASRGgf, start =0.95 3.4317
Vi, ena = 1166 ASRgt ena =0.99
6g 442-447 €0,/CO, 70/30 0 Veg =918
6h 447-450 C0,/C0, 70/30 -0.25 Veh, start = 1160 ASRgp, stare =0.97 1.8879
Vih, end = 1171 ASRgp, ena = 1.01
6i 450-453 C0,/CO, 70/30 0 V6i =918
6j 453-470 C0,/C0, 70/30 -0.25 Vei, start = 1162 ASReg;, start =0.97 0.4011
Ve, ena = 1170 ASRg;, ena=1.00
6k 470-483 C0,/C0, 70/30 0 Ve =918
6l 483-497 C0,/C0, 70/30 —-0.25 Vei, start = 1173 ASRg), start = 1.02 0.9964
Vi1, ena = 1186 ASRg, ena = 1.07
7 7a 497-502 C0,/CO0, 70/30 0 V7a=918
7b 502-507 H,0/C0,/CO, 4/67/29 0 Vop =912
7c 507-512 C0,/C0, 70/30 0 V7c=918
8 512-752 C0,/C0, 70/30 —-0.25 Vs, start = 1187 ASR;, start = 1.07 0.0483
Vs, ena =1197 ASRy, eng = 111
9 752-810 Gas-shift analysis 0
10 10a 810-817 C0,/C0, 70/30 0 V102 =918
10b 817 €0,/C0, 70/30 i~V ASRy_y 100 = 1.13
10c 817-820 C0,/C0, 70/30 0 Vioc =918
10d 820-838 H3/H;0, 96/4 0 Viod = 1.086
10e 838-840 C0,/C0, 70/30 0 V102 =918
1 840-1109 C0,/C0, 70/30 -0.25 Vi1, stare = 1151 ASR11, start =0.93 0.1703
Vi1, ena = 1197 ASRy1, eng = 111
1109-1116 €0,/C0, 70/30 0 Vo, co = 918
12 12a 1116 C0,/C0, 70/30 i-VEL ASR;_y 12a=1.09
(5h) €0,/C0, 70/30 0 Vo, co = 918
(12h) H, 0 Vi, = 1.141
12b 1143 €0,/CO, 70/30 i~V ASR;_y 125 =0.58
(21h) H,/C0O,/CO, 50/35/15 0 Vity /0y /co = 988
12c 1164 C0,/C0, 70/30 i-VeL ASR;_y 12c =0.46
(42h) Ha/C0,/CO, 50/35/15 0 Vity /0y /co = 988
12d 1206 €0,/CO, 70/30 i~V ASR_y 124 =0.43
(65 h) H,/C0,/CO, 50/35/15 0 Vi, /0, /co = 988
12e 1271 €0,/C0, 70/30 Ve ASRi_y 12¢ =0.44
(1h) €0,/CO, 70/30 0 Veo, /co = 918
(1h) H, 0 Vi, = 1.110
12f 1274 C0,/CO, 70/30 i-VEL ASR;_y 127=0.44
(1h) €0,/CO, 70/30 0 Veo,/co = 918
(2h) H, 0 Vi, = 1.110
12g 1277 C0,/C0, 70/30 i-VeL ASR;_y 124 =0.44
(1h) C0,/C0, 70/30 0 Veo, jco = 918
(4h) H, 0 Vi, = 1.109

12h 1283 €0,/C0, 70/30 Ve ASRi_y 12 =0.43
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was calculated by extrapolation of the CO uptake to zero pressure
[29].

2.3.1. Electrochemical characterisation of the solid oxide cells

After reduction, the cell was characterised in H,O/H; mix-
tures following a standard procedure at Risg-DTU. This procedure
includes DC and AC characterisation at varying atmosphere at
both the Ni/YSZ electrode (4/96, 20/80 or 50/50 H,O/H;), and
the LSM/YSZ electrode (pure oxygen or air, Technical air, Air Lig-
uide). Steam was produced by reacting oxygen (industrial grade,
0, >99.5%), Air Liquide) with hydrogen (N30, H, > 99.9%, Air Lig-
uide) at the inlet to the test housing.

DC characterisation of the cell was performed by recording
polarization curves (i-V curves) in both electrolysis (except for
4% H,0/[H;) and fuel cell mode by varying the current. The area-
specific resistance (ASR) was calculated from the i-V curves as the
chord from OCV to the cell voltage measured at a current density of
—0.25 Acm2 (electrolysis mode) or 0.25 Acm~2 (fuel cell mode).
When calculating the ASR from the i-V curves at current density
of —0.25Acm~2, the measured ASR for the i-V curves (denoted
ASR;_y=(Cell voltage at —0.25Acm~2 —OCV)/(Current density
(=0.25Acm™2))) can be directly compared to the ASR measured
during electrolysis at —0.25Acm~2 (denoted ASR, =(Cell voltage
at time x(—0.25 Acm~2) — OCV)/(Current density (—0.25 Acm~2)),
where x refers to the time of measurement). The uncertainty for
the ASRs calculated from the measured i-V curved is less than one
percent.

AC characterisation at OCV was performed by electrochemical
impedance spectroscopy using an external shunt and a Solartron
1255 or 1260 frequency analyzer.

After the standard characterisation in H,O/H, mixtures, the
hydrogen flow was slowly stepped to zero while first CO, (industrial
grade, CO, > 99.7%, Air Liquide) was added followed by the addition
of CO (N20, CO >99.0%, Air Liquide). Additional DC and AC charac-
terisation was performed in CO,/CO mixtures with molar ratios of
50/50 or 70/30.

2.4. Durability of the Solid Oxide Electrolysis Cells

The durability of the Solid Oxide Cells during CO, electrolysis
was examined for four identical cells. Electrolysis testing for cell-1
was performed in a CO,/CO mixture with a molar ratio of 70/30. This
cell was operated at a current density of —0.25Acm~2,at OCV ori-V
characterisation was performed. The only changes in the gas flow to
the Ni/YSZ electrode were performed after 497 h, where the cell was
set to OCV and steam was introduced, and after 800 or after 1100 h
of operation, where hydrogen was introduced (Table 1). Further, a
gas-shift analysis was performed after operation for 752 h. The gas-
shift analysis consisted of AC characterisation identical to the initial
AC characterisation. The operation conditions for the test are given
in Table 1 together with the observed cell voltages.

Cell-2, cell-3 and cell-4 were operated at constant galvanos-
tatic electrolysis conditions. Cell-2 and cell-3 were operated at
—0.25Acm™2 with a gas composition the Ni/YSZ electrode of
C0O,/CO=70/30 or CO,/CO=98/02 respectively. The cell voltage
history and impedance for cell-2 was previously published in a pro-
ceedings paper [8]. Cell-4 was operated at —0.5Acm~2 with a gas
composition of CO,/CO =70/30.

In all cases, pure oxygen (20Lh~1) was passed over the oxy-
gen electrode during electrolysis testing to avoid any transients in
the polarization resistance, which depends on the oxygen partial
pressure.

After successfully electrolysis operation for several hundreds of
hours. All tests were stopped because of failures in the gas supply
which damaged the cells. Consequently, no reliable post mortem
analysis of the cells can be reported. Cell-1, cell-2, cell-3 and cell-4
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Fig. 3. Initial DC characterisation for cell-1 in CO,/CO mixture (CO,/CO=50/50 and
70/30) and H,O/H, mixture (H,O/H; =50/50) at 850°C.

were stopped after 1300, 370, 150 and 495 h of electrolysis testing
respectively.

3. Results
3.1. Characterisation of the Solid Oxide Cells

The CO chemisorption capacity was measured to
3.32 pmolg‘1Ni/ysz. Assuming a stoichiometric factor of 1 for
the adsorption of CO on nickel (CO/Ni=1), the accessible nickel
sites are 3.32 pmol g_]Ni/ysz. The total weight of exposed Ni/YSZ
support layer in this SOC/setup is approximately 2.5 g, resulting in
a total of 8.30 wmol accessible nickel sites in the Ni/YSZ support
layer of the SOC.

3.1.1. Initial electrochemical characterisation of the solid oxide
cells

The initial performance of the cell was measured by record-
ing i-V curves at 850°C in both CO,/CO and H,O/H, mixtures.
Fig. 3 shows a comparison of initial i-V curves measured in CO,/CO
mixtures (CO,/CO=50/50 and 70/30) with i-V curves measured in
H,0/H; mixtures (H,O0/H; =50/50) for cell-1. Similar performance
characteristics were measured for cell-2, cell-3 and cell-4.

From the i-V characteristic shown in Fig. 3, it is observed that no
discontinuity occurs in the shift from fuel cell to electrolysis opera-
tion. The cell had an open-circuit voltage (OCV) of 962 and 959 mV
at 850°C for H,O/H; =50/50 and CO,/CO =50/50 respectively. The
measured open-circuit voltage is in agreement with the Nernst
potential (calculated from the Gibbs free energy of formation)
for the mixtures (ERQ/29H20/H2 = 963 mV, ERY/29C02/C0 = 959 mV).
Increasing the carbon dioxide concentration (CO,/CO=70/30)
decreases the OCV to 918 mV, again in agreement with the Nernst
potential (EJ2/39€02/C0 — 917 mV). Similar OCVs were observed for
cell-2, cell-3 and cell-4. In addition, increasing the carbon diox-
ide concentration for cell-4 (CO,/CO=98/02) decreases the OCV
to 774mV, again close to the Nernst potential (ERS/02€02/C0 =
770 mV).

The ASR in fuel cell mode was 0.22  cm? (calculated from the
data in Fig. 3) for the cell when characterised in H,O/H, =50/50
at 850°C in agreement with previous measurements for identical
SOCs [30]. The ASR in electrolysis mode was 0.24  cm?, showing
a marginal higher activity towards oxidation of H, than reduction
of H, O for the Ni/YSZ electrode as reported previously [31,32]. The
ASR for oxidation of CO, when operated in CO,/CO mixtures with
a ratio of 50/50 and 70/30 was 0.30 and 0.31  cm? respectively,
showing lower activity for CO oxidation compared to H, oxidation
in agreement with literature [33]. ASRs of 0.36 and 0.37 2 cm? were
found for reduction of CO, in CO,/CO mixtures with a ratio of 50/50
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Fig. 4. (A) Cell voltage measured for cell-1 during electrolysis at —0.25 Acm~2 at 850°C. (B) Corresponding in-plane voltage at the Ni/YSZ electrode. The gas composition to

the negative Ni/YSZ electrode was a mixture of CO, and CO (CO,/CO ratio of 70/30).

by the numbers 1, 3, 5, 8 and 11.

and 70/30 respectively. Thus a significant lower activity for CO,
reduction than for CO oxidation was observed.

As predicted, lowering the temperature to 750°C, showed an
increased ASR (not shown). The ASR for oxidation of CO, when
operated in CO,/CO mixtures with a ratio of 50/50 and 70/30 was
0.50 and 0.52 ©2 cm? respectively. ASRs of 0.53 and 0.58 2 cm? were
found for reduction of CO, in CO,/CO mixtures with a ratio of 50/50
and 70/30 respectively. Again showing a significant lower activ-
ity for CO, reduction than for CO oxidation. Similar performance
characteristics were measured for cell-2, cell-3 and cell-4.

3.1.2. Durability of the Solid Oxide Electrolysis Cells

3.1.2.1. Cell-1. After testing the initial performance of cell-1, dura-
bility in electrolysis mode was tested in a CO,/CO mixture with
a molar CO,/CO ratio of 70/30. The operation conditions for the
test are given in Table 1 together with the observed cell voltages,
ASR values, and passivation rates.! The evolution of the cell voltage
with time for the entire test is shown in Fig. 4. In Fig. 4, the five
main electrolysis periods are marked by the numbers 1, 3, 5, 8 and
11. Between the first and second as well as between the third and
fourth electrolysis period, the cell was kept at OCV. After operation
for 497 h, steam was introduced into the cell at OCV (marked 7 in
Fig. 4). Electrolysis period two and three (marked 3 and 5 in Fig. 4)
was separated by recording i-V curves in both electrolysis and fuel
cell mode; these i-V curves are shown in Fig. 5 and will be described
in details later.

After operation for 820 h, hydrogen was introduced into the cell
at OCV (marked 10 in Fig. 4). Finally a series of i-V curves was
recorded in electrolysis mode only with introduction of pure H;
or Hy/CO,/CO in between (marked 11 and 12 in Fig. 4).

1 The term passivation is used to describe reversible loss in cell performance,
whereas degradation describes an irreversible loss of performance. To describe a
gain in performance, the term activation is used [34].

See Table 1 for details. The five periods with constant electrolysis conditions are marked

During the first electrolysis period, the cell voltage increased
38 mV over the first 150 h of electrolysis (corresponding to a passi-
vationrate of 0.25 mV h~!, Table 1). The increase in cell voltage after
approximately 70 h of operation was caused by a brief cut off of oxy-
gen to the oxygen electrode. During the second electrolysis period
the passivation rate decreased slightly to 0.22 mV h~!. Hereafter an
increase in the passivation rate to 0.44 mV h~! was observed for the
third electrolysis period (period 5 in Fig. 4).

The cell voltage increased during the first three electrolysis peri-
ods, hereafter only little passivation was observed during the fourth
electrolysis period (0.05mVh-1, Table 1). Introducing hydrogen
into the cell at OCV (marked 10 in Fig. 4), significantly decreased
the resistance for the cell (ASR;_y 10p > ASR11,start, Table 1). During
the last electrolysis period (marked 11 in Fig. 4), the cell voltage

1300

4c 1100

4a
900 7

Cell voltage / mV

4b
700 -

T T 560 T |
-0.8 -0.4 0 04 0.8

i/ A.cm2

Fig. 5. i-V curves measured in both electrolysis and fuel cell mode after operating
cell-1 for 265 h. The gas composition to the negative Ni/YSZ electrode was a mixture
of CO, and CO (CO, /CO ratio of 70/30). First one i-V curve was measure in electrolysis
mode (marked 4a) followed by measuring of an i-V curve in fuel cell mode (marked
4b), finally a third i-V curve was measure in electrolysis mode (marked 4c).
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Table 2
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Operating conditions, measured cell voltage, ASR and passivation during the durability tests of cell-2, cell-3 and cell-4. The measured cell voltages corrosponds to Fig. 6.

Cell Time (h) Gas composition to the Ni/YSZ electrode Current density (Acm~—2) Cell voltage (mV) Passivation (mVh-1)
2 0-50 C0,/CO, 70/30 -0.25 Vo =982 0.4370
Vs0=1003
320-370 C0,/CO0, 70/30 -0.25 Va20=1126 0.8909
V370 = 1166
3 0-50 C0,/CO, 70/30 —-0.50 Vs0=1084 0.4299
Vi00 = 1106
4 0-50 C0,/CO, 98/02 -0.25 Vo =964 0.1288
Vs0=971
200-250 C0,/CO, 98/02 -0.25 Va00 = 1011 0.6834
Va50 =1045
340-390 C0,/CO, 98/02 -0.25 Va0 = 1153 2.6191
Vis0 = 1284
440-490 C0,/CO, 98/02 -0.25 Va00 = 1290 0.0887
Vas0 =1295

increased to exactly the same level as before introducing hydrogen
(Vg,end = V11,end> Table 1).

Electrolysis period one and two were separated by operating
the cell at OCV. Furthermore the cell was set to OCV at varying
duration with electrolysis operation at —0.25 A cm~2 in between as
shown in Fig. 4 (marked 6). Although the cell was set to OCV, the
passivation continued, which can be seen by the increase in cell
voltage and ASR after the periods in OCV (ASR3 start > ASRj end, and
ASRgp, start > ASR5 eng, etc. Table 1). The increase in cell voltage pr.
hour was similar for period 6a, 6¢c and 6 g. The larger increase during
period 6e, and the decrease during period 6i, was a consequence of
a small instability in the gas supply resulting in small changes in
the CO,/CO ratio.

Electrolysis period two and three were separated by record-
ing i-V curves in both electrolysis and fuel cell mode. First, one
i-V curve was measured in electrolysis mode (marked 4a in Fig. 5
and Table 1) followed by measuring an i-V curve in fuel cell mode
(marked 4b). Finally a third i-V curve was measured in electrol-
ysis mode (marked 4c). The ASRs calculated from the i-V curves
are 0.61, 0.55 and 0.61 2 cm? for i-V curve 4a, 4b and 4c respec-
tively (Table 1). Compared to the initial resistance (ASRy star) Of
0.37 2 cm?, the observed resistance were significantly increased.

After operation for 497 h, the cell was again set to OCV. At OCV
steam was introduced (Fig. 4). Although the cell was set to OCV
and steam was introduced, the passivation continued, which can be
seen by the increase in cell resistance during electrolysis after intro-
duction of steam (Vg start = 1187 mV > Vg onq = 1186 mV, Table 1).

After operation for 820h, the cell was set to OCV, and an i-V
curve was recorded (10b, Fig. 4). Subsequently hydrogen with four
percent water (no CO, or CO) was introduced into the cell (10d,
Fig. 4). Introduction of hydrogen caused a decrease in the ASR from
113 Q2 cm? before introduction of hydrogen to 0.93 Qcm? after
introduction of hydrogen (Fig. 4).

Finally, after 1109 h of operation, a series of i-V curves was
recorded in electrolysis mode only. The i-V curves were recorded
in CO,/CO=70/30 with introduction of pure H, or H,/CO,/CO
in between (marked 12 in Fig. 4 and Table 1). Again introduction of
hydrogen activates the cell as the ASR reduces (ASR;_y12a
>ASR;_y12p, Table 1). Also introducing mixture of H,/CO,/CO
activates the cell (ASR;_y 12 > ASRi_y12¢ > ASR;_y124). On the other
hand, no further activation is observed when introducing pure
hydrogen after operation for 1270h (ASRi_y12e ~ASRi_y1of
~ ASR;_v12g ~ ASR;_v12n)-

The in-plane voltage for the Ni/YSZ electrode (Fig. 4B) increases
initially corresponding to the increase in cell voltage. After opera-
tion for around 100 h the in-plane voltage levels off. Subsequently
the in-plane voltage decrease to the same value as when the first
electrolysis period was started. During the fourth electrolysis period
(marked 8 in Fig. 4) where the cell voltage increased only little,

the in-plane voltage remained close to stable. When introducing
hydrogen after 820 h, a decrease to negative voltage occurs for the
in-plane voltage. During the fifth electrolysis period, similar course
as during the first 497 h of electrolysis was observed, i.e. an increase
followed by a slight decrease in in-plane voltage.

3.1.2.2. Cell-2, Cell-3 and Cell-4. After testing the initial perfor-
mance for cell-2, cell-3 and cell-4, durability in electrolysis mode
was tested. The operation conditions for the three tests are given
in Table 2 together with the observed cell voltages, and passiva-
tion rates. The evolution of the cell voltage with time for the three
tests is shown in Fig. 6. As for cell-1, an increase in cell voltage was
observed during electrolysis operation.

The increase in cell voltage for cell-2 and cell-3 (Fig. 6) was close
to linear, similar to the initial period for cell-1 (Fig. 3) and cell-4
(Fig. 6). The initial passivation rate was similar for cell-2 and cell-3
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Fig. 6. (A)Cell voltage measured during electrolysis at 850 °C at either —0.25 A cm—2
(cell-2 and cell-4) or —0.50 Acm~2 (cell-3). (B) Corresponding in-plane voltage at
the Ni/YSZ electrode. The gas composition to the negative Ni/YSZ electrode was a
mixture of CO, and CO (for cell-2 and cell-3 the CO,/CO ratio was 70/30 and for cell-4
the CO,/CO ratio was 98/02).
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Fig. 7. (A) Nyquist plot of impedance spectra recorded during electrolysis for cell-1 and (B) ADIS during CO, electrolysis for cell-1, operated at —0.25A cm~2 and 850°C

(CO,/CO ratio of 70/30).

and was 0.44 and 0.43 mV h~! respectively (Fig. 6, Table 2), this even
that cell-3 was operated at higher current density (—0.50 Acm™2).
The initial degradation rate for cell-4 was 0.13 mV h~! only (Fig. 6,
Table 2), which gradually increased to 2.62mVh~! after approx-
imately 350h of operation (Fig. 6, Table 2). As for cell-1, cell-4
passivated only partly, and the cell voltage reaches a plateau after
400h with a limited passivation rate of 0.09 mV h-! only (Fig. 6,
Table 2). Cell-2 and cell-3 was not operated long enough to observe
the plateau with low passivation.

The in-plane voltage for the Ni/YSZ electrode (Fig. 6B) increased
initially for all three tests corresponding to the increase in cell volt-
age. Similar to cell-1, the in-plane voltages for cell-2 and cell-4
increases initially and goes through a maximum. Cell-3 was stopped
before this maximum could be observed. After operating cell-4 for
400 h, the in-plane voltage remained close to stable during the fol-
lowing electrolysis period where the cell voltage increased only
little.

3.1.2.3. AC characterisation during durability electrolysis testing.
Electrochemical impedance spectra were recorded during the elec-
trolysis tests to examine the cause of the passivation. Fig. 7A
shows Nyquist plot of the impedance spectra recorded during the
first three electrolysis periods for cell-1 (0-497 h of operation). To
improve the frequency resolution of the spectra recorded during
electrolysis testing, analysis of the difference in impedance spec-
tra (ADIS) was performed [35]. The difference in the impedance
spectra, were calculated from the real part of the experimental
impedance, Z'(f), according to equation (I) with Z'(f)r=start (Start
of electrolysis) used as the reference. The result of the ADIS
(A¢0Z(f)]0In(f)) is shown in Fig. 7B.

Atazl(f) _ (Z,(f)t:nJr] — Z/(f)t:start) — (Z/(f)t:n—1 - Z/(f)t:start)
d In(f) In(fyyq —In(flpq

The initial impedance spectrum recorded during electrolysis
consisted of two arcs with summits of 1.2 Hz and 2.6 kHz. The arc
with a summit frequency of 1.2 Hz can be assigned to gas conversion
and/or diffusion (0.1-10 Hz) [36]. The arc with a summit frequency
of 2.6 kHz can be assigned to gas-solid (adsorption, dissociation,
desorption) or solid-solid reaction (surface diffusion and oxygen
transfer to/from the electrolyte) (1-50 kHz) [36]. After around 30 h
of electrolysis a third arc started to develop at around 180 Hz, for
which the summit frequency decreased to around 80Hz during
electrolysis. This arc may be assigned to diffusion (10Hz-1 kHz)
[37]. The ADIS over time during the electrolysis show that the main
change occur around 80-180 Hz. Identical passivation characteris-
tics (identical increase in impedance) was observed for cell-2 [8],
cell-3 and cell-4.

From the impedance spectra, the ohmic resistance (Rs) can be
found as the value of the real part of the impedance measured at
82 kHz. The polarization resistance (Rp) can be calculated as the dif-
ference in real part of the impedance at 0.38 Hz at 82 kHz. For all
four tests, only a change in R, occured, whereas Rs remain stable
throughout the entire electrolysis test (0.14  cm?, cell-1, Fig. 7).

M

The increase in Rp causes the increase in cell voltage. For cell-1,
R, increases from an initial value of 0.24 2 cm? (corresponding
to ASRy, start Of 0.37 2 cm?) to 0.85 2 cm? after 497 h of operation
(corresponding to ASRgj eng Of 1.07 Q cm?).

3.1.3. Gas-shift analysis for cell-1

Gas-shifts on both the Ni-YSZ and LSM electrodes were per-
formed during the electrolysis test for cell-1 only (after 752 h of
operation, Table 1). The gas-shifts allows for break down of the
impedance contributions from each of the two electrodes. Prior to
electrolysis, spectra were recorded at OCV first keeping the oxy-
gen concentration to the oxygen electrode constant while recording
spectra in CO,/CO mixtures with a CO,/CO ratio of 70/30 or 50/50.
Afterwards the CO,/CO composition to the Ni/YSZ electrode was
kept constant, while spectra were recorded in pure oxygen and
in synthetic air to the oxygen electrode (O, /N, ratios of 21/79).
A similar set of impedance spectra were recorded at OCV after
electrolysis for 752 h. ADIS was performed by subtraction of two
spectra where a gas-shift was made for one electrode only. The
changes in impedance can be calculated according to Eq. (II), where
0Z'(f)ijysz/9In(f) for the gas-shift at the Ni/YSZ electrode is shown
(the difference for the LSM electrode can be calculated in similar
manner):

AdZ' (Fnijvsz (2 (f)eo, jco=50/50 = Z'(f)co, /co=70/30)
aln(f) d In(f)

The difference in impedance when changing the gas composi-
tion to the Ni/YSZ electrode from CO,/CO =70/30 to CO,/CO=50/50
while flowing pure oxygen to the oxygen electrode before and
after electrolysis for 752 h is shown in Fig. 8A. The difference in
impedance when changing the gas composition for the oxygen elec-
trode from pure oxygen to synthetic air while CO,/CO =70/30 was
flown to the Ni/YSZ electrode is shown in Fig. 8B. The difference
in the gas-shift for either the Ni/YSZ or the LSM electrode is calcu-
lated as shown in equation (III), where Agyq shire/0Z' (fnijysz/0In(f)
for the gas-shift at the Ni/YSZ electrode is shown (the differ-
ence for the LSM electrode is calculated in similar manner).
Agas-shite/9Z (Pijysz/9In(f) for the gas-shift analysis for cell-1 is
shown in Fig. 8C.

A ~0Z(Pnijysz
gas—shift 3 ln(f) =

(In)

82/(f)Ni/YSZ, after electrolysis

a In(f)

B aZ/(f)Ni/YSZ, before electrolysis

a1In(f)

(1)

4. Discussion

The continuity of the i~V curves across OCV verifies that even
though these solid oxide cells were developed and optimised for
fuel cell use, they can work as reversible SOCs in both H,O/H; and
CO,/CO mixtures.
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Fig. 8. Gas-shift analysis for cell-1. (A) Difference in impedance when changing the
gas composition to the Ni/YSZ electrode (change in a CO,/CO molar ratio from 70/30
to 50/50) while pure oxygen was flown to the oxygen electrode before and after elec-
trolysis for 752 h. (B) Difference in impedance when changing the gas composition
for the oxygen electrode from pure oxygen to synthetic air while CO,/CO at a molar
ratio of 70/30 was supplied to the Ni/YSZ electrode. (C) Difference in the gas-shift
for either the Ni/YSZ or the LSM electrode.

A long-term passivation for the SOECs during CO, electrolysis
was observed by the course of the cell voltage (Figs. 4 and 6) and the
increase in impedance (Fig. 7). From the cell voltage shown in Fig. 4
and Fig. 6 it is evident that there is an long-term passivation rate
between 0.22 and 0.44mV h~! during the first 400-500h of elec-
trolysis. The passivation rate for CO, electrolysis is thus comparable
to the passivation rate of steam electrolysis at similar conditions for
SOECs [20,31,34,38,39].

When performing ADIS on the gas-shift (Fig. 8), a significant
change in 0Z(f) is found for the Ni/YSZ electrode (9Z'(f)ijysz)
whereas only minor changes was observed for the oxygen elec-
trode (0Z'(f)ism) (Fig. 8). This shows that the main passivation
occurs at the Ni/YSZ electrode. The main difference observed for
the Ni/YSZ electrode occurs at frequencies just around 80 Hz, which

is consistent with the increase in impedance during electrolysis
(Fig. 7).

When the cell was set to OCV any coke deposited within the
porous Ni/YSZ electrode would be oxidised to CO according to the
reverse Boudouard reaction (1) and thereby removed. Furthermore
introducing steam is believed to remove coke depositions according
to reaction (2).

C + CO, — 2CO 1)
C + Hy0 — CO + Hy 2)

That cell-1 cannot be activated by setting the cell to OCV and/or
introduction of steam indicates that no coke had been formed,
and the cell passivation is not a consequence of coke formation
within the Ni/YSZ electrode. Any coke formed within the porous
electrode would furthermore be removed by oxidation during mea-
surement of the i-V curve in fuel cell mode after 265 h for cell-1
(Fig. 4, Fig. 5 and Table 1). Consequently, compared to the first
i~V curve in electrolysis mode (marked 4a in Fig. 5 and Table 1),
a lower ASR should be measured during the second i-V curve in
electrolysis mode (marked 4c in Fig. 5 and Table 1). The identical
ASRs for the i-V curves measured in electrolysis mode support that
no coke was formed within the Ni/YSZ electrode. The differential
impedance spectra recorded during electrolysis show that the main
change occur around 80-180 Hz, which may be assigned to changes
in gas diffusion [37] (Fig. 7). Increased diffusion limitations might be
caused by the formation of coke in the porous Ni/YSZ electrode. Dur-
ing electrolysis the ohmic resistance (Rs) remained stable, whereas
the polarization resistance (Rp) increased, which indicates that no
structural changes occurred in the electrolyte/electrode interface
region, e.g. break-up of the Ni particles or the cermet because of
coke formation.

The in-plane voltage for the Ni/YSZ electrode shown in
Figs. 4B and 6B, indicates that the cell passivation may be a
transient phenomenon as has previously been reported for passiva-
tion/activation during steam electrolysis in SOECs [20] and during
sulphur poisoning of SOFCs [40]. The deposition of impurities on
specific sites would create a redistribution of the current as the
resistance would be lower, where no impurities are deposited. Con-
sequently a voltage gradient along the flow direction would occur.
Because of the increasing passivated area, the in-plane voltage
would increase until half of the cell is passivated. In this case, the
passivated area is equal to the non-passivated area, and the maxi-
mal in-plane voltage would be observed. Likewise when more than
the half of the cell is passivated, the in-plane voltage would start to
decrease (corresponding to the smaller area with no passivation).
Finally when the cell is fully passivated, no redistribution of the cur-
rent takes place and the in-plane voltage would thus be identical
to the initial in-plane voltage. The evolution of the in-plane voltage
and that the degradation occurs on the Ni/YSZ electrode suggest
that the SOEC passivate due to adsorption of impurities on active
sites in the Ni/YSZ electrode as illustrated in Fig. 9. The course of the
in-plane voltage during activation (introduction of hydrogen after
820 h of operation) indicates strongly, that only the area close to the
inlet was activated, and this was passivated again during period 11.

For cell-1, the cell voltage at —0.25 Acm~2 was increased after
periods of various duration at OCV (i.e. Vigp, end > Vigp, start)- This indi-
cates that the passivation is not a caused by the applied current
density. The increase in cell voltage (and ASR) pr. hour is similar
for period 6a, 6¢ and 6 g (Table 1). This is further supported when
operating the cells at high current density (cell-3, 0.50 Acm~2,
CO,/CO=70/30)withidentical passivation rate as when operated at
low current density (cell-2, 0.25 Acm~2, CO,/CO =70/30) (this pas-
sivation rate was however higher than the initial passivation rate
for cell-1). This combined with the course of the in-plane shows
that the cell passivation may be a consequence of impurities in the



S.D. Ebbesen, M. Mogensen / Journal of Power Sources 193 (2009) 349-358 357

Y 4\
: p Cell voltage >
E : : : 2=
] 4 ' 3
o p : ; 54
' “._In-plane voltage ' =
I T I Time
Frash Half Flily
cell passivated passivated
cell cell
CO:."CO_’_ _C02f09

‘\'\/

Passivated nickel sites in the cathode of the SOEC

Fig. 9. Illustration of the evolution in in-plane and cell voltage due to passivation by adsorption of impurities (the impurities are illustrated by the gray area in bottom sketch)

on nickel sites in the cathode of the SOEC.

gas stream, adsorbing on some specific active nickel sites in the
cathode of the SOEC. Because the passivation is caused by impu-
rities in the gas, reproducing the specific passivation rates is very
difficult, i.e. the non-consistency in the passivation rate for the four
tests.

Remarkably, cell-1 and cell-4 passivated only partly, i.e. the cell
voltage reaches a plateau after 497 and 400 h, respectively, with
only a limited passivation during the following electrolysis (cell-1:
0.05mV h~1, marked 8 in Fig. 4, and cell-4: 0.09 mV h~!, Fig. 6). The
faster passivation for cell-4 may indicate that CO, contain a higher
impurity concentration than CO. For cell-1, the same cell voltage
(V11,end = 1197) was reached during the fifth electrolysis period after
activation of the cell. This shows that only a part of the active sites
are affected similar to sulphur poisoning of SOFCs [40,41]. That only
a part of the active sites are affected shows that long-time operation
of CO, electrolysis in these Ni/YSZ electrode supported SOECs is
feasible.

4.1. Origin for passivation during CO, electrolysis

The course of the in-plane voltage strongly indicates, that the
passivationis a consequence of impurities in the gas stream, adsorb-
ing on specific active nickel sites in the cathode of the SOEC. Gas
analysis by mass spectrometry (OmniStarTM GSD 301 01), of the
CO, and CO revealed beside the expected mass fractions for CO,
and CO (mass 44 (45, 46), 28 (29,30) and mass 16) also traces of
argon (mass 40), oxygen (mass 32) and water (mass 18). Further-
more peaks at mass 33 and 34 were observed (intensity of mass
33 was approximately one third of the intensity of mass 34). The
intensity of the peak at mass 34 was around 200 times to high to
account for O'8, The peaks at mass 33 and 34 (and partly the peak
at mass 32) may be assigned to traces of hydrogen sulphide (H;S)
as the base peak H,S is located at mass 34, with secondary peaks at
mass 33 (relative intensity of 43%) and mass 32 (relative intensity of
45%). Indeed the specifications from the provider of the gasses (Air
Liquide) state that the gasses contain 5-8 ppb sulphur. This sug-
gests that the passivation may be caused by sulphur impurities in
the gas stream.

The poisoning effect of sulphur by chemisorption in Ni-based
solid oxide fuel cells is well known. At low sulphur concentrations,
the poisoning is believed to be caused by chemisorption of sulphur
on the active nickel sites by the following reaction [42,43]:

H3S(g) 2 S(ads) + Hag)ads) (3)

Sulphur poisoning was shown to result in an initial passiva-
tion (voltage drop when operated in fuel cell mode) followed by
a constant passivation [40,44-46]. The passivation was found to
depend on H,S concentration (deactivation levels off at increas-
ing H,S concentrations), current density when operated in fuel cell
mode (deactivation is less at high current density) and temper-
ature (deactivation is less at high temperature) [40,41,47-49]. It
is generally accepted that the passivation caused by exposure to
low amounts of H,S is fully reversible (reaction (3)) [40,44,48,49].
When operated in fuel cell mode, adsorbed sulphur may oxidise
to SOyg) [44,48,47], explaining that sulphur only have a limited
effect below approximately 55-60% of the saturation coverage [47].
Another explanation for the limited influence of small amounts of
sulphur may be an initial replacement of strongly bound hydro-
gen with strongly bound sulphur [47]. Further, the adsorption of
sulphur is site specific [50] which implies that sulphur only blocks
a part of the active sites which may explain that the deactivation
levels off at increasing H,S concentrations.

The saturation coverage of sulphur on polycrystalline nickel
(Ni/MgAl;,04) can be estimated to around 45% (6saturation = 0-45)
[51], in agreement with an observed increase in Ry of around 60%
during hydrogen oxidation in an Ni/YSZ SOC [41] (Xg, =1/1 -0 =
6 = 0.40). At a sulphur concentration of 5-8 ppb (specifications
from Air Liquide), between 450 and 700 h are needed to introduce
sufficient sulphur to the cell to obtain a S/Ni ratio of 0.45 in the
support layer (8.3 wmol accessible nickel sites in the Ni/YSZ sup-
port layer, see above). Indeed the time needed to obtain saturation
coverage of sulphur is in agreement with the 400-500 h of electrol-
ysis operation needed to reach the plateau with low degradation
(Figs. 4 and 6). This shows that the low sulphur concentration in
the gas stream is sufficient to cause the observed passivation. It
can further be speculated that the slow degradation at the plateau
(0.05-0.09 mV h—1) may be a consequence of the slow formation of
nickel sulphide.

Activation of the cell is achieved when hydrogen reacts with
adsorbed sulphur shifting the equilibrium of reaction (3) towards
the volatile compound H,S. The activation occurs at the inlet
only. This show that the equilibrium is easily shifted away from
H,S towards adsorbed sulphur because of the strong adsorption
of sulphur on nickel, similar to the slow reactivation behaviour
of SOFCs after exposure to sulphur [40]. During introduction
of Hy/CO,/CO the impurities are still introduced into the cell,
nevertheless the introduction of hydrogen shifts the equilib-
rium of reaction 3 towards formation of the volatile compound
H,S.
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It is our hypothesis that the passivation is a consequence of
impurities, most likely sulphur, in the gas stream adsorbing on spe-
cific active nickel sites in the cathode of the SOEC. Initially sulphur
adsorbs on the nickel sites in the support layer; when the major-
ity of the nickel sites in the support layer at the inlet are covered
by sulphur, sulphur may adsorb on the nickel sites in the electro-
chemically active layer. Consequently, an initial low passivation rate
followed by an increase in passivation rate is observed. When sat-
uration coverage of sulphur is obtained (because of site specific
adsorption and equilibrium of reaction (6)), only minimal passiva-
tionis observed, resulting in the partly passivated cell (Figs. 4 and 6).
Activation of the cell may be achieved by introducing hydrogen to
form the volatile compound H,S.

The slow passivation rate observed in the present study
(passivated after 400-500 h only) combined with the impurity con-
centration in ppb levels show that SOECs are extremely sensible to
impurities. Operation of SOCs in CO,/CO mixtures may be more
sensitive to sulphur then operation of SOCs in H,O/H,, because
reaction (3) will be shifted towards adsorption (strong adsorption
and no hydrogen), and when operated in electrolysis mode, where
adsorbed sulphur cannot be removed by oxidation to SO, as sug-
gested for SOFCs [44,48].

Presumable, the passivation can be avoided (or decreased) by
cleaning the inlet gasses to the Ni/YSZ electrode. Attempts to per-
form clean experiments are undergoing. However, based on the low
impurity concentration (ppb level) this is a very complicated task.
Nevertheless, the cells only passivate partly, and long-time opera-
tion of CO, electrolysis in these Ni/YSZ electrode supported SOECs
is feasible.

5. Conclusion

Electrolysis of CO, was performed in Solid Oxide Cells (SOCs) for
several thousands hours at 850 °C. The cell passivation corresponds
t00.22-0.44 mV h~! during the first 500 h of operation. After opera-
tion for 400-500 h the passivation reaches a plateau with moderate
passivation only (0.05-0.09 mV h~1). Long-time operation of CO,
electrolysis in these Ni/YSZ electrode supported Solid Oxide Elec-
trolysis Cells is therefore feasible. The passivation during CO,
electrolysis is independent of the applied current density in the
rage up to —0.50 Acm~2 and is irreversible when operated at con-
ditions that oxidises carbon. The passivation is thus not caused by
coke formation, but is caused by impurities, most likely sulphur,
in the gas stream, adsorbing on specific nickel sites in the cathode
of the Solid Oxide Electrolysis Cells. Reactivation of the cell can be
achieved by introducing hydrogen, which reacts with adsorbed sul-
phur to form the volatile compound H,S, which in turn is removed
by the gas stream.
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