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The SOEC electrodes during steam (H,0) electrolysis, carbon dioxide (CO,) electrolysis, and the coelec-
trolysis of H,0/CO, are investigated. The electrochemical performance of nickel-yttria stabilised zirconia
(Ni-YSZ), Ni-Gdg1Ce901.95 (Ni-GDC), and Ni/Ruthenium-GDC (Ni/Ru-GDC) hydrogen electrodes and
Lao_gsl'oAzMHO3,5—YSZ (LSM—YSZ), Lag,65r0‘4Coo_gFeo,203,5 (LSCF), and Lao_gsr0,2F803,3 (LSF) oxygen elec-
trodes are studied to assess the losses of each electrode relative to a reference electrode. The study
is performed over a range of operating conditions, including varying the ratio of H,O/H; and CO,/CO
(50/50t0 90/10), the operating temperature (550-800 °C), and the applied voltage. The activity of Ni-YSZ
electrodes during H, O electrolysis is significantly lower than that for H, oxidation. Comparable activ-
ity for operating between the SOEC and solid oxide fuel cell (SOFC) modes is observed for the Ni-GDC
and Ni/Ru-GDC. The overpotential of H; electrodes during CO, reduction increases as the CO,/CO ratio
is increased from 50/50 to 90/10 and further increases when the electrode is exposed to a 100% CO,
(800°C), corresponding to the increase in the area specific resistance. The electrodes exhibit comparable
performance during H,O electrolysis and coelectrolysis, while the electrode performance is lower in the
CO;-electrolysis mode. The activity of all the O, electrodes as an SOFC cathode is higher than that as SOEC
anodes. Among these O, electrodes, LSM-YSZ exhibits the nearest to symmetrical behaviour.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction commercially available technology. However, the process suffers

from low efficiency because of the electrical energy required to

In recent years, there has been increasing interest in hydrogen
(Hy) as an alternative energy carrier [1]. Because H; does not exist
readily on Earth as a fuel, it must be generated. Most of the H;
is currently produced from hydrocarbon fuels [2-5]; however, it
results in the liberation of CO, and consumes valuable hydrocar-
bon fuel resources. An alternative method to produce H, is via the
electrolysis of water:

Steam electrolysis:

H,0 — Hp +0.50,, AG= 188.7kjmol! 1)

If the electricity required for this process is derived from renew-
able energy sources, then this represents a low (or zero) carbon
route to H, production. Water electrolysis also has the impor-
tant advantage of producing very pure H, without the need for
further processing to remove impurities that would negatively
impact fuel cell performance durability. Low temperature water
electrolysis using a range of alkaline and proton exchange mem-
brane electrolytes has been extensively studied [6-9] and is a
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meet the enthalpy demand of the reaction. Solid oxide electrolysis
cells (SOECs) are under development and have gained much inter-
est. High operating temperatures can reduce the electrical energy
requirement of the electrolysis process and, thereby, the cost of H,
production [10]. Higher operating temperatures improve the elec-
trode kinetics and reduce the SOEC electrolyte resistance, leading to
lower losses in cell performance [11-13]. If waste heat from power
stations or other industrial processes can be used to sustain the
electrolyser operation, SOECs have the potential to generate H, at
a significantly higher efficiency compared to the low temperature
electrolysers [14-16].

The challenge facing the implementation of SOECs remains.
High and stable performance is required to reduce the cost of H,
production. Research is currently aimed at the selection of mate-
rials for SOEC components, optimisation of operating conditions,
and the effective utilisation of external heat sources. The Sr-doped
LaMnO3-yttria-stabilised zirconia (LSM-YSZ) composite is widely
used as the cathode in solid oxide fuel cells (SOFCs) and displays
good thermal and chemical stability. Nickel-YSZ (Ni-YSZ) is also
commonly used as the anode in SOFCs. Because of the similar-
ity to SOFCs, advances have been made in the development of
high temperature SOECs based on cell assemblies composed of
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Ni-YSZ hydrogen electrode/YSZ electrolyte/LSM-YSZ O, electrodes
[10,17-20]. There are reports in the literature that the electrode
area specific resistance (ASR) is higher in the electrolytic mode
(SOEC) than in the galvanic mode (SOFC) [17,19]; however, there is
also evidence that the ASRs of equivalent electrodes used in SOFCs
and SOECs are identical [18]. These contrasting observations may
be the result of the different operating conditions. Alternatives to
the widely used Ni-YSZ and LSM-YSZ composite SOEC electrodes
are also under investigation [21-23].

In addition to steam electrolysis, SOEC is capable of carbon diox-
ide electrolysis:

Carbon dioxide electrolysis:

CO, — CO + 0.50,, AG= 189.2kJmol~! 2)

Although the electrolysis of CO, thermodynamically demands
more total energy than water, CO, electrolysis can be advantageous
as it can help sequester CO, and/or reuse CO, from the energy sys-
tem. The coelectrolysis of steam and CO, yields a synthesis gas
(CO +Hy) that can be catalysed into various synthetic fuels [ 13]. For
example, if the syngas production using SOEC coelectrolysis is fol-
lowed by Fischer-Tropsch conversion, then it represents a means
of recycling CO, into a useful liquid fuel. However, coelectrolysis is
more complicated than steam electrolysis. It is not well understood
whether H,0 and CO, are actually simultaneously electrolysed, or
whether steam is electrolysed predominantly to produce H,, which
reacts with CO, to produce CO via the reverse water gas shift reac-
tion (RWGS) [24]:

Reverse water gas shift reaction:

Hy +C0O; — CO + H0, AG= 0.51kJmol™! (3)

This study primarily focused on the material selection for SOEC
electrode compartments. The electrode overpotentials for the pos-
itive (O, electrode) and negative electrodes (H, electrode) were
determined under both anodic and cathodic polarisations. The per-
formance discrepancies between SOFC and SOEC modes of each
electrode were compared by examining the electrode overpotential
across both regimes of operation. Aring-type Pt reference electrode
and a circular Pt counter electrode were used to individually assess
the overpotential for each electrode. We investigated the electro-
chemical performances of Ni-YSZ, Ni-Gdgy1Cep90195 (Ni-GDC),
and Ni/Ruthenium-GDC (Ni/Ru-GDC) H; electrodes under various
operating conditions (operating temperature, steam electrolysis,
carbon dioxide electrolysis and coelectrolysis). We also inves-
tigated several composite O, electrodes: LaggSrg,MnO;3_s-YSZ
(LSM—YSZ), Lao.GSro.4C00_gF60_203_3 (LSCF), and Lao.gsl‘o.zFEOg_(S
(LSF).

2. Experiments
2.1. Three-electrode cell preparation

SOEC electrolyte-supported cells with a reference electrode
were prepared to evaluate the overpotential and durability of indi-
vidual electrodes. A ring-type reference electrode was applied,
consisting of platinum (Gwi-joo Metal, Korea). The three-electrode
cell configuration (working electrode, counter electrode, and refer-
ence electrode) is presented in Fig. 1. The proper cell configuration
is necessary to ensure uniform current distribution and to reduce
errors that can occur when a reference electrode is introduced
[25,26]. A reference electrode should be stable and placed in a
stable gaseous environment; otherwise changes in the electrode
and gas partial pressure can cause alterations in the reference
potential. Our previous study showed that O, electrodes affected
the discrepancies in the performance of the cell operated under
SOFC and SOEC modes [27]. The Ni-containing H, electrode suf-
fers from a coarsening of Ni particles at high steam-to-H, ratios

™~

—TT

cross-section

In plane view of
working electrode

In plane view of
counter electrode and
reference electrode

Fig. 1. Three-electrode/electrolyte-supported cell configuration.

[28]. Therefore, Pt was chosen as a reference and counter electrode
in this study to maintain the electrode’s performance stability in
both modes of operation. YSZ powder (Tosho, Japan) was pressed
at 1 metricton for 30s followed by sintering at 1500°C for 4h
to produce pellets with a diameter of ~25.0 mm and a thickness
of ~1.5mm. The working electrode slurries were blended with
compositions of 15wt% of binder (Butvar B-98, Sigma-Aldrich),
1 wt% of dispersant (polyvinyl pyrrolidone, Sigma-Aldrich), 1 wt%
of plasticiser (polyethylene glycol, Sigma-Aldrich), and electrode
powder balance (Ni, J.T. Baker, USA; YSZ, Tosho, Japan; GDC, Prax-
iar, USA; Ru-GDC, Praxiar, USA; LSM, LSCF and LSF, HANCHANG,
Korea). The working electrode and counter electrode were identi-
cal circular discs. The working electrodes were screen-printed on
YSZ electrolyte and fired for 1 h (1200 °C for Ni-YSZ, Ni-GDC and
Ni/Ru-GDC; 1100°C for LSM-YSZ, LSCF and LSF), giving an elec-
trode layer with an area of 0.785cm? and a thickness of ~30 wm.
A Pt counter electrode with an area of 0.785 cm?, surrounded by a
ring reference electrode (Pt), was screen-printed and fired at 900 °C
for 1 h. The reference electrode had an internal diameter of 19 mm
and external diameter of 21 mm. The weight ratio between LSM
and YSZ in the composite electrode was 50:50. The weight ratio
between Ni and YSZ in the composite electrode was 40:60. The
weight ratio of Ni-GDC in the composite electrode was 40:60, and
that of Ni:Ru:GDC was 40:0.5:59.5.

2.2. Electrochemical performance measurements

Single cell polarisation curves were generated using linear
sweep current techniques. A potentiostat (Solartron, SI 1287) was
used to control the voltage between 0.3 and 1.5V with a scan rate
of 20mVs~1. Electrochemical impedance spectroscopy (EIS) mea-
surements were performed using a sinusoidal signal amplitude of
20 mVps, across the frequency range of 100 kHz to 0.1 Hz. The EIS
was collected using a frequency response analyser (Solartron, SI
1260).

The electrical connection was made to the cell electrodes via
platinum wires and paste (wire 99.99% Pt, 0.25 mm diameter, Gwi-
joo Metal, South Korea) and was placed into compression. The cell
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Fig. 2. Schematic drawing of the test system.

ridge was sealed using glass sealant (Untra-Temp 516, Aramco,
USA) to separate the gas environment of the two electrodes. Fig. 2
shows the experimental set-up for the delivery of the gas to the cell
in the furnace. The test system allowed variable gas compositions of
steam, H,, CO,, CO, and N, to be introduced to the H, electrode, as
well as air to the O, electrode. N, was used as a carrier gas to control
the steam ratio in the gas compositions. Deionised water, supplied
using an HPLC liquid pump (Chrom Tech, USA), was evaporated
in a heated sand bath and mixed with the N, line. The steam/N,
stream was combined with the H, and/or CO,/CO and directed to
the furnace using a heating line for steam, CO, or coelectrolysis.

3. Results
3.1. Performance degradation in SOECs

Fig. 3 shows that significant performance degradation was
observed for a button cell (H, electrode support) when operated
in steam electrolysis mode. The button cell (Ni-YSZ/YSZ/LSM-YSZ)
degraded over 20% after 200 h. As shown in Fig. 3(a), after the
SOEC mode, the cell operated in SOFC mode at a lower constant
current density and different gas compositions relative to the H,
electrode. The degraded performance from the SOEC operation was
permanent degradation and was not recovered during the SOFC
operations. The lower current density used in SOFC mode was
mainly a response to the performance degradation from the previ-
ous SOEC mode. Fig. 3(b) shows the I/V response of the cell before
and after 300 h of operation, which reflects a significant increase
in the cell’s ASR after the electrolysis mode. The cell had open cir-
cuit voltage (OCV) of 0.88V for H,O/H; =70/30 before operation,
closely agree with the Nernst potential (calculated from Gibbs free
energy of formation, 0.90V); however, the cell exhibited lower OCV
(0.82V) after 300 h of operation, which could indicate sealing leak-
age after prolong operation and could be an additional effect of cell’s
performance degradation. When compared to the cell exposed to

dry H, (Hy/N, =50/50), the use of steam (H,O/H, =70/30) produced
more voltage noise but had no effect on the degradation trend (at
constant current density of 0.01 Acm~2). The source of the noise
in the performance response is uncertain. There is the possibil-
ity of “flashing” during the water vaporisation process, resulting
in uneven introduction of steam to the H, electrode and/or poor
control of water addition in the experiment. Unlike in the SOEC
mode, the cell was more stable in the SOFC mode for both gas com-
positions. The effect of lower current density (0.1 Acm~2 versus
0.01 Acm~2) may have been the main reason for the variance in
the performance stability. It was difficult to identify the cell dis-
crepancies in the cell performance stability between two modes
(SOFC versus SOEC) without further study; however, the results
presented herein demonstrate the significant performance degra-
dation of SOECs.

Discernable changes in the microstructure were observed in
both the O, electrode and the H, electrode after SOEC operation.
Delamination of the oxygen electrode layer from the electrolyte
was observed for various electrodes after the cell was operated in
the electrolysis modes. Our previous work [27] reported delami-
nation in the O, electrode made of barium strontium cobalt ferrite
(BSCF). The BSCF layer was partially delaminated after only 20 h of
electrolysis, while the LSM-YSZ electrode remained fused to the
electrolyte layer. Mawdsley et al. [29] reported that delamination
of the LSM-YSZ oxygen electrode was a source of the perfor-
mance degradation in the SOEC stack after a prolonged operation
(2000 h). The cause of the delamination was not clear, but it was
reported that a high rate of oxygen release into any defects at the
perovskite-zirconia interfaces within the electrolyte layer could
cause localised pressure-induced cracking at the interfaces [29].

Agglomeration of Ni particles and micro-cracks in the Ni-YSZ
H, electrode were also observed in the previous work after 500 h
of electrolysis using H,O/H, =80/20 with 50% steam utilisation
[30]. These results stress that the electrode materials for the SOEC
compartment should be further studied. The reference electrode
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and gas composition relative to H, electrode) at 800°C, and (b) I/V response of the cell before and after the electrolysis/galvanic mode for 300 h. The cell had the OCV before

operation of 0.88 V.

can be applied to individually assess the performance of each
electrode.

3.2. Electrochemical performance of the H; electrode

3.2.1. Variation of temperature

The overpotential of the Hy-electrode was evaluated in both
SOEC and SOFC modes. The operating temperatures were varied
from 550°C to 800°C, whereas the steam content delivered to
H,-electrode was maintained constantly at H,O/H, =70/30 (54%
H,0+23% Hy +23% N;). To observe any discrepancies in the elec-
trode performance between the SOEC and SOFC modes, Tafel plot
was used to analyse the electrode overpotential. The overpotentials
of the Ni-YSZ, Ni-GDC, and Ni/Ru-GDC electrodes are presented in
Fig. 4(a-c), respectively. The overpotential decreased with increas-
ing temperatures for all electrodes, as expected. Ni-YSZ showed
asymmetric behaviour for steam electrolysis and H, oxidation. The
activity of the Ni-YSZ electrode for H, oxidation was significantly
higher than that for steam electrolysis. This agrees with the results
reported by Eguchi et al. [17] and Marina et al. [22].

Various explanations have been proposed to account for the
degradation of Ni electrodes when operating under SOEC con-
ditions. It has been reported that higher polarisation losses for
the Hj-electrode are predicted during electrolysis mode, mainly
because of the difference in H, and H,O diffusions [31]. It is
also known that high steam content environments accelerate the
agglomeration of Ni particles [32] and a change in the electrode
microstructure as a result of Ni particle agglomeration leads to a
decrease in the length of three phase boundaries (TPB) [22]. Thinner
electrodes and smaller particles are reported to be more suscepti-
ble to rapid degradation at high steam partial pressure than the
thick and coarse structure [22]. The surface oxidation of Ni under
high steam containing environment, forming a less active layer, has
been proposed as another possible cause of performance degrada-
tion of the electrode under electrolysis conditions [17]. It has been
reported that the polarisation of the Ni electrode became large as

the operating pO, approached that of the Ni-NiO system due to sur-
face oxidation of metal [33], suggesting that the use of a precious
metal may be preferable under high steam conditions [17].

In contrast to the Ni-YSZ electrode, comparable activity for
operating between the SOEC and SOFC modes was achieved with
the Ni-GDC and the Ni/Ru-GDC electrodes. Both electrodes showed
higher electrochemical performance than the Ni-YSZ electrode
over a range of temperatures (550-800 °C). All of the H; electrodes
in this study contained the same amount of 40 wt% Ni (40 wt%
Ni-60wt% YSZ; 40wt% Ni-60wt% GDC; and, 40 wt% Ni/0.5 wt%
Ru-59.5 wt% GDC). This result suggests that the GDC constituent
in the electrodes favours operation in the electrolysis direction. It
is likely that the oxygen storage capacity of GDC helps to suppress
the oxidation of the Ni surface and leads to a higher performance
in the electrolysis regime. The addition of 0.5wt% Ru in the com-
posite electrode largely increased the performance of the Ni-GDC
electrode over the range of temperatures studied.

3.2.2. Variation of gas composition to the hydrogen electrode

Although GDC may be the preferred hydrogen electrode
composition for SOECs, there is also a drawback to its use. The over-
potential of the Ni-YSZ electrode during steam electrolysis (not
shown)slightly decreased with increasing steam-to-hydrogen ratio
(H,0/H; ratio=50/50 to 90/10), corresponding to the other work
[22], whereas the overpotential for the Ni-GDC and the Ni/Ru-GDC
electrodes slightly increased when H,O/H; was changed from
50/50 to 70/30 and significantly increased when H,0/H; =90/10,
shown in Fig. 5 for Ni/Ru-GDC electrode. This was likely a result of
the sensitivity of the GDC conductivity to pOs.

To investigate the SOEC performance during CO, electrolysis,
the overpotential of the Ni-GDC electrode as a function of current
density in the CO, electrolysis mode is shown in Fig. 6(a). The over-
potential for CO, reduction increased with increasing CO,/CO ratio
from 50/50 to 70/30 and largely increased when the electrode was
exposed toa CO,/CO=90/10 and 100/0 gas environment (operating
temperature of 800 °C), corresponding to the increasing ASR shown
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Table 1
Gas composition for each operating mode.

Operating mode Gas composition

H,O0 electrolysis
Coelectrolysis H,O/CO,

CO;, electrolysis C0,/CO=50/50, 50% CO, +50% CO

22% COy +22% CO+22% HyO+22% Hy +12% Ny

C0,/CO=70/30, 70% CO; +30% CO

H,0/H, =50/50, 38% H,0 +38% H; +24% N,H,O/H, =70/30, 54% H,0 +23% H; + 23% N,H,0/H, =90/10, 69% H,0 + 8% Hy +23% N,

C0,/CO=90/10, 90% CO, +10% C
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Fig. 4. Current/overpotential of: (a) Ni-YSZ, (b) Ni-GDC, and (c) Ni/Ru-GDC in the
electrolysis and galvanic modes for temperatures ranging from 550°C to 800°C
(H20/H; =70/30 to H; electrode).

in Fig. 6(b). The exact gas composition for each operating mode is
shown in Table 1.

Comparing the electrode (Ni-YSZ, Ni-GDC, Ni/Ru-GDC) when
operated in varied operating conditions (H,O electrolysis, CO, elec-
trolysis, and coelectrolysis), it can be seen in Fig. 7 that all the
electrodes exhibited comparable performance under steam elec-
trolysis and coelectrolysis. The electrode performance was lower
when operating in the CO,-electrolysis mode. This suggests that
the coelectrolysis of H,O/CO, is preferred to CO,-electrolysis. CO5-
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Fig. 5. Current/overpotential of the Ni/Ru-GDC H, electrode under steam electrol-
ysis when H,O0/H; =50/50, 70/30 and 90/10 at a constant operating temperature of
800°C.

electrolysis actually requires a higher reduction potential than
steam electrolysis. Moreover, when a high operating potential is
applied, a high concentration of CO is formed via CO, electrolysis.
High concentration CO can potentially be further reduced to ele-
ment C via the Boudouard reaction (CO — C+0.50,) being shifted
towards coke formation. At this condition, carbon deposition can
occur. It was reported that CO with small amount of H, can induce
carbon deposition on Ni-YSZ cermet and that the presence of a
small amount of H, may assist the dissociation of adsorbed CO and,
thus, promote carbon deposition [34].
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the Ni-GDC electrode when exposed to different CO,-to-CO ratios at a constant
operating temperature of 800°C.
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Table 2
Operating conditions for durability test of Ni-YSZ electrode at 800°C.
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Operating mode

Current density (mAcm~2)

Gas composition (vol.%)

(a) SOFC 10 54% Hy0+23% Hy +23% N

(b) SOEC: H,O0 electrolysis 10 54% Hy0+23% Hy +23% N

(c) SOEC: CO; electrolysis 10 23% CO, +23% CO+15% H, +39% N,

(d) SOFC 10 23% CO, +23% CO+15% H, +39% N,

(e) SOEC: H,O0 electrolysis 5 54% Hy0+23% Hy +23% N,

6 SOEC: co-H,0/CO; electrolysis 5 23% CO, +23% CO+15% Hy +14% H,0+25% N,
1.5 1 oo "&‘ N,) at a constant current density in SOFC mode (Line (a)). Next,
1.4 4 oy, under the same gas composition (H,O/H; =70/30), the cell was
3 X NiRu-GDC, steamege oyse taken into SOEC mode with the same current density and gas com-

=1 H N/Ru-GDC, coslectrolysis 4 position (Line (b)). The Ni-YSZ electrode exhibited stability for both

5 a:p = NUREEDCICO, elechalysis' ™ 3 fuel cell and steam electrolysis modes. In Line (c), the electrode per-

B 1 X Ni-GDC, steam electrolysi formance was significantly degraded when CO, electrolysis was

& A Ni-GDC, coelectrolysis carried out at a constant current density (23% CO, +23% CO+15%

S 1.0 5 O Ni-GDC, CO, electrolysis H, +39% N,). The cell performance also rapidly decreased under
0.9 - = Ni-YSZ, steam electrolysis, H.O/H, = 50/50 the same gas conditions in fuel cell mode (Line (d)). The degraded
- &> NiYSZ, coelectrolysis, H,O/H,CO,/CO = 25/28/25/25 performance was only partially recovered using the steam elec-

’ Ni-YSZ, CO, electrolysis, CO/CO = 50/50 trolysis mode (Line (e)). Finally, the electrode was more stable
0.7 g y T d when exposed to the coelectrolysis condition (Line (f)). Steam con-
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Fig. 7. Potential of electrolyte supported cells (H, electrode/YSZ electrolyte/Pt
reference electrode), having Ni-YSZ, Ni-GDC and Ni/Ru-GDC H, electrode as
a function of current density when the electrode operated under steam elec-
trolysis (H,O/H,=50/50: 38% H,0+38% H,+24% N,), CO, electrolysis mode
(C0O,/CO=50/50: 25% CO, +25% CO+50% N3 ), and coelectrolysis of H,0/CO, (22%
CO5, 22% CO, 22% H50, 22% Hy, 12% N3).

Although the ceria-based electrode was expected to suppress
carbon deposition, in this study the ceria-based electrode exhibited
a lower performance for CO,-electrolysis than for coelectrolysis.
Following the same trend during steam electrolysis as demon-
strated by Ni-YSZ and Ni-GDC in this study, Ni/Ru-GDC provided
the highest performance for coelectrolysis. It seems likely that the
addition of 0.5wt% Ru in the composite electrode increases the
electrochemical performance of the Ni-GDC electrode in steam
electrolysis, and the use of Ru in the composite electrode is also
expected to favour the kinetics of the RWGS reaction (Eq. (3)),
which is reported to occur during coelectrolysis of H,O/CO,.

3.3. Durability test of the H; electrode

Durability studies of the Ni-YSZ electrode in the electrolysis and
fuel cell modes were performed at a constant operating tempera-
ture of 800°C (100 h total operating time) under varied conditions
(current density and gas composition for H,O electrolysis, CO,
electrolysis and coelectrolysis). The operating conditions for these
experiments are listed in Table 2. As shown in Fig. 8, the electrode
was initially exposed to H,O/H; =70/30 (54% H,0 +23% H, +23%

tained in the coelectrolysis gas composition may help to suppress
the occurrence of carbon deposition and lead to more stability in
electrode performance in coelectrolysis mode when compared to
the CO, electrolysis mode. The post mortem SEM analysis should
be thorough examined. A further, more complete, study of post-
operation analysis in electrolysers will be formed.

3.4. Electrochemical performance of the O, electrode

3.4.1. Variation of temperature

The overpotential of the O, electrode was evaluated under both
SOEC and SOFC operating modes. The operating temperatures were
varied from 700°C to 800°C, while the airflow rate to the O,
electrode was kept constant at 100 ml min—!. The order of perfor-
mance for the O, electrodes was LSCF > LSF > LSM-YSZ in the SOEC
and the SOFC modes. The overpotentials for LSM-YSZ, LSCF, and
LSF are shown in Fig. 9(a-c), respectively, and the overpotential
decreased with increases in the temperature for all of the samples.
All of the electrodes exhibited asymmetrical behaviour between
the anodic and cathodic conditions. The activity of all the O, elec-
trodes as an SOFC cathode is higher than that as SOEC anodes.
Among the O, electrodes, LSM-YSZ exhibited the nearest to sym-
metrical behaviour, consistent with earlier work [22] to which the
electrochemical performances of LSM, LSCuF, and LSCoF were com-
pared. It has been reported that the asymmetrical behaviour is most
apparent for the mixed-conducting LSCuF and LSCoF electrodes,
while it is discernable for LSM. Marina et al. [22] have discussed
the depletion of oxygen vacancies in mixed ionic/electronic con-
ductivity (MIEC) electrodes under the SOEC anodic conditions —
corresponding to the modelling work of Svensson et al. [35]. The
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Fig. 8. Durability test of Ni-YSZ electrode under varied conditions (gas compositions, current density 5-10mA cm~2, 800°C): (a) SOFC mode, (b) H,0 electrolysis, (c)
CO,-electrolysis, (d) SOFC mode, (e) H, O electrolysis, and (f) co-H,0/CO; electrolysis. The cell had the OCV before operation of 0.88 V.
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Fig. 9. Current/overpotential of: (a) LSM-YSZ, (b) LSCF, and (c) LSF under the elec-
trolysis and galvanic modes for a range of temperatures from 700°C to 800°C
(ambient air to O, electrode).

high local partial pressure of oxygen produced at the TPB opera-
tion can affect the performance stability of the oxygen electrode,
which is optimised for stability under the cathodic (fuel cell) but
notanodic (electrolyser) operating conditions. This suggests thatan
oxygen electrode that is able to accommodate a large oxygen over-
stoichiometry under oxidising conditions may be required for SOEC
operation.

4. Conclusion

Electrochemical performance of both H, electrodes and O,
electrodes were investigated during steam electrolysis, CO,
electrolysis, and coelectrolysis of H,O/CO, using varied gas com-
position and operating temperature. The overpotential decreased
with increasing temperature for all of the electrodes. The electro-
chemical performance of the Ni-YSZ electrode for H, oxidation
was significantly higher than that for steam electrolysis. Compa-
rable activity for operating between the SOEC and SOFC modes
was achieved with the Ni-GDC and the Ni/Ru-GDC electrodes. Both
electrodes also showed higher electrochemical performance than

the Ni-YSZ electrode over a range of temperatures (550-800°C).
The result suggests that the GDC constituent in the electrodes
favours operation in the electrolysis direction. However, there is
also a drawback to the use of GDC since the overpotential for the
GDC containing electrodes increased when increasing H, O/H, ratio
from 50/50 to 90/10. All of the O, electrodes exhibited asymmetri-
cal behaviour for anodic and cathodic conditions.

The overpotential for CO, reduction increased with increas-
ing CO,/CO ratio, corresponding to the increasing ASR. All the H,
electrodes in this study exhibited comparable performance under
steam electrolysis and coelectrolysis while the performance was
lower when operating in the CO,-electrolysis mode. This suggests
that the coelectrolysis of H,O/CO, is preferred to CO,-electrolysis.
Following the same trend during steam electrolysis this study,
Ni/Ru-GDC provided the highest performance for coelectrolysis.

The activity of all the O, electrodes as an SOFC cathode in this
study was higher than that as an SOEC anode. The LSM-YSZ exhib-
ited the nearest to symmetrical behaviour among the O, electrodes
in this study. The order of performance for the O, electrodes was
LSCF > LSF > LSM-YSZ in both SOEC and SOFC modes.
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