University of South Carolina

Scholar Commons

Faculty Publications Mechanical Engineering, Department of

8-5-2011

Characteristics of the Hydrogen Electrode in High Temperature
Steam Electrolysis Process

Chao Jin
Chenghao Yang

Fanglin Chen
University of South Carolina - Columbia, chenfa@cec.sc.edu

Follow this and additional works at: https://scholarcommons.sc.edu/emec_facpub

b Part of the Applied Mechanics Commons, Energy Systems Commons, and the Heat Transfer,

Combustion Commons

Publication Info

Published in Journal of The Electrochemical Society, Volume 158, Issue 10, 2011, pages B1217-B1228.
©Journal of the Electrochemical Society 2011, The Electrochemical Society.

© The Electrochemical Society, Inc. [year]. All rights reserved. Except as provided under U.S. copyright law,
this work may not be reproduced, resold, distributed, or modified without the express permission of The
Electrochemical Society (ECS). The archival version of this work was published in Journal of The
Electrochemical Society.

Publisher’s Version: http://dx.doi.org/10.1149/1.3615992

Jin, C., Yang, C., & Chen, F. (5 August 2011). Characteristics of the Hydrogen Electrode in High
Temperature Steam Electrolysis Process. Journal of The Electrochemical Society, 158 (10), B1217 -
B1228. http://dx.doi.org/10.1149/1.3615992

This Article is brought to you by the Mechanical Engineering, Department of at Scholar Commons. It has been
accepted for inclusion in Faculty Publications by an authorized administrator of Scholar Commons. For more
information, please contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/emec_facpub
https://scholarcommons.sc.edu/emch
https://scholarcommons.sc.edu/emec_facpub?utm_source=scholarcommons.sc.edu%2Femec_facpub%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/295?utm_source=scholarcommons.sc.edu%2Femec_facpub%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/299?utm_source=scholarcommons.sc.edu%2Femec_facpub%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/300?utm_source=scholarcommons.sc.edu%2Femec_facpub%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/300?utm_source=scholarcommons.sc.edu%2Femec_facpub%2F273&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org/10.1149/1.3615992
http://dx.doi.org/10.1149/1.3615992%20
mailto:digres@mailbox.sc.edu

Journal of The Electrochemical Society, 158 (10) B1217-B1223 (2011)

B1217

0013-4651/2011/158(10)/B1217/7/$28.00 © The Electrochemical Society

Characteristics of the Hydrogen Electrode in High Temperature

Steam Electrolysis Process

Chao Jin, Chenghao Yang,” and Fanglin Chen
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YSZ-electrolyte supported solid oxide electrolyzer cells (SOECs) using LSM-YSZ oxygen electrode but with three types of hydro-
gen electrode, Ni-SDC, Ni-YSZ and LSCM-YSZ have been fabricated and characterized under different steam contents in the
feeding gas at 850°C. Electrochemical impedance spectra results show that cell resistances increase with the increase in steam con-
centrations under both open circuit voltage and electrolysis conditions, suggesting that electrolysis reaction becomes more difficult
in high steam content. Pt reference electrode was applied to evaluate the contributions of the hydrogen electrode and oxygen elec-
trode in the electrolysis process. Electrochemical impedance spectra and over potential of both electrodes were measured under
the same testing conditions. Experimental results show that steam contents mainly affect the behavior of the hydrogen electrode
but have little influence on the oxygen electrode. Further, contribution from the hydrogen electrode is dominant in the electrolysis
process for Ni-based SOECs, but this contribution decreases for LSCM-based SOECs.
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In recently years, there has been an increasing interest in produc-
tion of hydrogen as a secondary energy carrier."> Currently, hydro-
gen is primarily produced from steam reforming of methane.’™
However, methane reforming is not a sustainable process for large—
scale hydrogen production from a long—term perspective since such
a fossil fuel conversion process consumes nonrenewable resources
and emits green house gases to the environment. An alternative
method to produce hydrogen is via the electrolysis of water. Solid
oxide electrolyzer cells (SOECs) are under developing and have
gained much attention to generate hydrogen from electricity because
water electrolysis at elevated temperature is advantageous for both
thermodynamic and kinetic reasons.”~ Moreover, electricity and
heat generated from the nuclear power systems and renewable
energy sources, as well as waste heat from high temperature indus-
trial processes can be utilized for electrolysis in SOECs.®

In principle, SOEC is essentially a reverse process of a solid ox-
ide fuel cell (SOFC). Consequently, SOEC technology can be built
on the SOFC technology which has made significant progress in
recent years.g*ll It has been well established that oxygen reduction
reaction occurring in the oxygen electrode (cathode) is more slug-
gish and consequently the limiting factor for achieving high per-
formances in SOFCs.'>"!7 Significant efforts have accordingly been
focused on the effects of the oxygen electrode in the electrolysis
process but different conclusions exist in the reports for SOECs.
Eguchi'® found that a combination of LSM oxygen electrode and
Ni—yttria stabilized zirconia (YSZ) hydrogen electrode performed
better as an SOFC than as an SOEC, while LSC oxygen electrode
combined with platinum hydrogen electrode showed lower polariza-
tion losses as an SOEC than as an SOFC. Jacobsen'® reported that
there was a significantly nonlinear behavior for Pt/YSZ oxygen elec-
trode under cathodic vs anodic polarization, revealing that the Pt/
YSZ electrode was considerably more active for oxygen ion oxida-
tion than for oxygen reduction. O’Brien and co—workers,” however,
observed very little differences in area specific resistance values
between the fuel cell and electrolysis modes for an electrolyte—sup-
ported single cell with Ni/YSZ hydrogen electrode and LSM oxygen
electrode. Wang and co-works'? compared the performance of
LSM, LSF, and LSCo for solid oxide electrolyzer anodes and found
that LSM-YSZ electrode was unstable during the electrolysis, but
LSF-YSZ and LSCo-YSZ electrodes exhibited nearly constant per-
formance during both the SOEC and SOFC operations. Through a
modeling study, Meng and co-workers>® have found that the hydro-
gen electrode is vulnerable to high concentration overpotential and
limiting current density in the SOEC mode while the oxygen elec-
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trode is vulnerable to high concentration overpotential and limiting
current density in the SOFC mode. The above inconsistent observa-
tions may be due to the different operating conditions. However,
there have been very few reports available to systematically charac-
terize the hydrogen and oxygen electrode in high temperature steam
electrolysis process.

In this work, the electrochemical properties, especially imped-
ance spectra of YSZ electrolyte—supported SOECs with different
hydrogen electrode (Ni-SDC, Ni—-YSZ and LSCM-YSZ, respec-
tively) but with the same oxygen electrode (LSM—YSZ) have been
fabricated and characterized in the steam electrolysis process. Fur-
ther, the cell electrochemical performances attributed to the hydro-
gen electrode and oxygen electrode have been separated via a
three—electrode method to further study the contributions from the
different electrodes in the steam electrolysis process.

Experimental

In this study, Lag §S1p,MnO3_s (LSM) powder and 8% mol yttria
stabilized zirconia (YSZ) pellet (20 mm diameter and 0.3 mm thick-
ness) were purchased from Fuel Cell Materials, USA. NiO was pur-
chased from JT Baker, USA. YSZ (TZ-8Y) powder was purchased
from TOSOH Corporation, Japan. Lag 75519 25Crg sMng sO3 (LSCM)
and Smg ,Ce( 30,9 (SDC) powders were prepared through a sol—gel
method.”!

As shown in Table I, three types of cells were prepared and char-
acterized. LSM/LSM-YSZ was selected as the oxygen electrode.
Ni-SDC, Ni-YSZ and LSCM-YSZ were selected as the hydrogen
electrode. Figure 1 shows the schematic diagram of the three—
electrode method used in the study. NiO-YSZ and NiO-SDC
hydrogen electrodes were prepared by mixing NiO and YSZ or SDC
powders with a suitable amount of binder (ethyl cellulose and o—ter-
pineol), followed by screen—printing on one side of YSZ pellet, and
then sintered at 1400°C for 4 h. LSCM-YSZ hydrogen electrode
was screen—printed on one side of YSZ pellet, followed by sintering
at 1250°C for 3 h. The thickness of the hydrogen electrode is ~40
pm. For LSM/LSM-YSZ oxygen electrode, LSM—YSZ composite
ink and pure LSM ink were symmetrically screen—printed on the
other side of the YSZ pellet, opposite to the hydrogen electrode, and
then sintered at 1200°C for 2 h. The thickness of the oxygen elec-
trode is ~25 pm. The effective areas for both hydrogen and oxygen
electrodes were 0.5 cm>. Pt meshes were attached on the surface of
each electrode as current collector. Pt reference electrode was de-
posited on the YSZ pellet of the oxygen electrode side, 3.9 mm
away from the LSM-YSZ oxygen electrode. Both Pt meshes and Pt
reference electrode were fired at 1000°C for 1 h. Pt lead wires were
used to connect the electrodes to the electrochemical testing equip-
ment. The button cells were sealed to one end of an alumina tube
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Table I. Cell compositions and fabrication conditions.

Hydrogen electrode (wt %) Sintering Oxygen electrode Sintering
Cell-1 NiO-SDC (60:40) 1400°C 4 h LSM/LSM-YSZ 1200°C2h
Cell-2 NiO-YSZ (60:40) 1400°C 4 h LSM/LSM-YSZ 1200°C 2 h
Cell-3 LSCM-YSZ (60:40) 1250°C3h LSM/LSM-YSZ 1200°C2h

with a ceramic paste (Aremco—552 high temperature ceramic adhe-
sive paste).

The experimental setup for the steam electrolysis measurements
was illustrated in Fig. 1 and the testing procedure was described in
detail in our previous publications.”*™** H, was selected as carrier
gas to maintain the reducing environment in the hydrogen electrode.
Open circuit voltages (OCVs) of the three types of cells with differ-
ent steam content were summarized in Table II. These values were
similar to those calculated using the Nernst equation. This demon-
strates that the sealing used in the testing system is good and that
there is no leaking between the hydrogen electrode and the oxygen
electrode. The absolute humidity (AH, the vol % of humidity in the
total gas volume) was used to represent steam concentrations in the
electrolysis process. Electrochemical performances of the SOEC
cells were studied using a conventional two—electrode method
through a multi—channel VersaSTAT (Princeton Applied Research).
Electrochemical impedance spectra (EIS) under both OCV and elec-
trolysis conditions were performed over the frequency range of 100
kHz to 0.1 Hz. A reference electrode, as described by Jeremy,> was
used in EIS and electrode overpotential tests in order to separate the
contributions from the hydrogen and oxygen electrode under both
OCYV and electrolysis conditions.

Results and Discussion

Evaluation of cells with Ni-based hydrogen electrode—The
most commonly studied hydrogen electrode material for SOECs is
Ni—based cermet. Voltage—current density relationship of cell-1 has
been recorded using the two—electrode method for a series of steam
concentrations (20, 40, and 60 vol % AH, respectively) under both
the SOEC and SOFC modes at 850°C, as shown in Fig. 2. In the
SOEC mode, negative current densities indicate power consumption
to split water to produce hydrogen and oxygen. Cell potential values
at zero current density correspond to the open circuit voltage (OCV).
The cell OCV is influenced by the steam/hydrogen ratio, and deceases
when the ratio increases, as expected from the Nernst Eq. (1)

1/2
RT _ pmpy,

where E° is the standard electrode potential, R is the universal gas
constant, 7" is the absolute temperature (K), F is the Faraday con-
stant, and Py,, Po,, and Py, denote the partial pressure of hydro-
gen, oxygen and steam, respectively. As shown in Fig. 2, the cell
OCYV decreased from 1.024 V at 20 vol % AH to 0.978 V at 60 vol
% AH. From Fig. 2, it can be also seen that the cell voltage varies
linearly with the current density up to a value that depends on the
AH, indicating that the cell is reversible.

Figures 3a—1 and 3b-1 show impedance results for cell-1 (hav-
ing Ni-SDC hydrogen electrode) with different steam concentrations
(20, 40, and 60 vol % AH, respectively) at 850°C using a two—
electrode method under both OCV and 60 mA cm™ electrolysis cur-
rent conditions, respectively. It can be seen that cell resistances
increase with the increase in steam concentration in the feeding gas,
from 1.585 Q-cm” with 20 vol % AH to 1.712 Q-cm” with 60 vol %
AH under OCV, and from 1.35 Q-cm? with 20 vol % AH to 1.582
Q-cm? with 60 vol % AH under 60 mA-cm™ electrolysis current.
Moreover, the impedance spectra were typically characterized by
two semicircles in the frequency domain studied, similar to the data
reported by Hauch and co—workers,”*?’ indicating that the SOEC
was controlled by at least two electrode processes during the high
temperature steam electrolysis. Characteristic frequencies were
labeled in the impedance spectra. The impedance spectra recorded
under OCV consist of two arcs with summit frequencies of 1.99
kHz and 19.95 Hz, respectively. The arc with a summit frequency of
1.99 kHz can be assigned to gas—solid (adsorption, dissociation,
desorption) or solid—solid reaction (surface diffusion and oxygen
transfer to/from the electrolyte) which typically has summit
frequency in the range of 100 to 10 kHz. The arc with a summit fre-
quency of 19.95 Hz can be assigned to gas conversion and/or diffu-
sion with characteristic frequency in the range of 10100 Hz.*® Fig-
ures 3a—2 and 3b-2 are the impedance results of the hydrogen
electrode with different humidity under OCV and 60 mA-cm™ elec-
trolysis current density conditions tested by a three—electrode
method. Figures 3a—3 and 3b-3 are the impedance results of the ox-
ygen electrode with the same testing conditions. Impedance of the
hydrogen electrode increased with the increase in steam concentra-
tions, while that of the oxygen electrode was very slightly influ-

E=E+ 2F n( Do ) )] enced by the increase in steam concentrations. Further, compared
2
Pt mesh Pt wi
-
v PtRE
oxygen electrode M LSM-YSZ (~25 pm) ﬁ Ceramic sealing
Ni-YSZ A
hydrogen electrode W Ni-SDC  (~40pm) F GERRB ks
LSCM-YSZ :
//7 Fi . .
| — igure 1. (Color online) Schematic rep-
resentation of the experimental setup
/ employed for high temperature steam
electrolysis measurements.
Electrochemical
Humidifier & Test Equipment
_ Steam sensor HH,0
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Table II. Open circuit voltages (OCVs) of three types of cells at
different steam content at 850°C.

Cell-1 (V) Cell-2 (V) Cell-3 (V)
20 AH 1.024 1.014 1.031
40 AH 0.994 0.988 1.023
60 AH 0.978 0.979 0.984
80 AH — 0.953 0.968

with the characteristic summit frequencies of the cell shown in Figs.
3a—1 and 3b-1, it can be concluded that the high—frequency arc
(1.99 kHz) of the cell is associated with the hydrogen electrode,
while the low—frequency arc (19.95 Hz) is associated with the oxy-
gen electrode.

Taking the cell-1 impedance spectra data with different steam
concentration measured under OCV as an example, the impedance
data were fitted and analyzed using Zview software. The equivalent
circuit for fitting the impedance spectra is given in Fig. 4. Fitting
curves are also plotted in Fig. 3a—1 and the fitting results are shown
in Table III. The series resistance, Ry, corresponds to the overall
ohmic resistance from the electrolyte, electrodes and the lead wires;
CPE is the constant—phase element, while (R;, CPE;) and (R,,
CPE,) correspond to the high and low frequency arcs, respectively.
The total interfacial polarization resistance (R,,) of the cell is the sum
of Ry and R,. As shown in Table III for cell-1 fitting data, in the
steam concentration range studied, R, increased with the increase in
steam concentrations, while R, was relatively constant. The fitting
values of R; and R, were consistent to those shown in Fig. 3a-2 for

B1219
1.6
850°C —=—20 AH

12 —0—40AH —4—60 AH
>
~
g 0.84
8
2 04

0.0 T

-200 0 200 400
Current Density / mA cm?

Figure 2. (Color online) Voltage—current density curves of cell-1 with dif-
ferent steam content operated under SOEC and SOFC mode at 850°C.

the hydrogen electrode and in Fig. 3a-3 for the oxygen electrode,
respectively. Analysis of the impedance results indicate that the re-
sistance in the high frequency range primarily comes from the hydro-
gen electrode while the resistance in the low frequency range comes
from the oxygen electrode. From the fitting results, it can be also
observed that R, is always larger than R,, implying that the cell re-
sistance is dominated by the hydro%en electrode process. This result
is similar to some modeling study.”® Further, the percentage changes
in ohmic and polarization resistances from the baseline 20 AH are
given in Table III. It can be seen that steam concentration mainly
affects the cell polarization resistance.

The overpotentials of the hydrogen electrode and the oxygen
electrode in different steam concentration testing conditions for

a-1) b-1)
0.6 850°C O 20AH 0.6
’ 40 AH 850°C
o o 2 60 AH i= 2 _D_O o
=) ! j=-60mA cm 40 AH
54 o 1.99 kHz — fitting result NE /\— 60 AH
2 .3 S 2.51 kHz
= =) 0.3
= 5
N 0.0 ~
0.0
-0.3 T T T
0.5 1.0 1.5 2.0 T T T T
" 2 0.3 0.6 0.9 1.2 1.5 1.8
Z'/ ohm cm 7'/ ohm cnt?
a-2) b-2)
0.6 Figure 3. (Color online) Electrochemical
o O 0.45
isy%rfgegg\e/cm o O ig :E 850°C j= 60mA om —-20 AH impedance spectra of cell-1 with different
IR0 e —/\—60 AH Hydrogen electrode :f 28 :E steam content at 850°C under OCV and
] g 0.30+ 1.99 kHz electrolysis process. Figures 3(a—1) and
E g 3(b—1) are the cell impedance spectra
= g measured by the two—electrode method;
< - Figs 3(a—2) and 3(b—-2) show the imped-
N N ance spectra of the hydrogen electrode
measured by the three—electrode method;
Figs. 3(a—3) and 3(b-3) are the impedance
spectra of the oxygen electrode measured
by the three—electrode method.
a-3) b-3)
02 —0—20 AH 0.3
850°C OCV ) [ 2
. —O—40 AH 850 °C j=60mA cm —{1—20 AH
Oxygen electrode 25.11 Hz 0 AH Oxygen electrode 40 AH
E0.14
o
=)
=
S
=00
N
-0.1
0.0 0.1 0.2 0.3 T T T
7'/ ohm em? 0.000 0.075 0.150 0225
Z'/ ohm cm?
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Figure 4. Equivalent circuit used to fit the impedance data of these three
types of SOECs under OCV conditions.

cell-1 were evaluated via a three—electrode method and presented in
Fig. 5. It should be noted that, according to the cell configuration
shown in Fig. 1, the measured overpotential of the hydrogen
electrode comprises the ohmic voltage drop (/R drop) across the
electrolyte. The value of /R drop can be estimated, where [ is the
cell polarization current and R is the resistance of the YSZ electro-
lyte which can be calculated from the following equation:29

1 l

R= S ame @
where o is the conductivity of the YSZ electrolyte at a given tem-
perature, / is the thickness of the YSZ electrolyte membrane
(0.03 cm in this study), and d is the diameter of the YSZ electrolyte
(2.00 cm in this study). Since /R drop is the same under a given cur-
rent, the calculated value of /R drop is not subtracted from the meas-
ured overpotential of the hydrogen electrode as shown in Fig. 5. It
can be seen that the overpotential in the oxygen electrode is insensi-
tive to the steam concentration, indicating that steam concentration
does not affect the migration of oxygen ions from the YSZ electro-
lyte to the LSM—YSZ/LSM oxygen electrode in the electrolysis pro-
cess. On the contrary, the overpotential of the hydrogen electrode
increases with the increase in the steam concentrations, consistent to
the impedance spectra results.

The impedance results of cell-2 (having Ni-YSZ hydrogen elec-
trode) with the same testing conditions were measured and dis-
played in Figs. 6a—1 and 6b-1, and the contributions of the hydro-
gen electrode and oxygen electrode tested by a three—electrode
method under OCV and electrolysis current of 60 mA cm™2 were
shown in Fig. 6. Similar to cell-1, increase in cell resistance with
the increase in steam concentration has been observed, and the im-
pedance spectra were also typically characterized by two semi-
circles. According to the characteristic summit frequencies labeled
in these figures, the high—frequency arc (~15.84 kHz) of the cell is
associated with the hydrogen electrode, while the low—frequency
arc (~7.94 Hz) is associated with the oxygen electrode. Based on
the analysis of the impedance spectra (shown in Table III), the cell
reaction is also dominated by the hydrogen electrode process for
cell-2.

Journal of The Electrochemical Society, 158 (10) B1217-B1223 (2011)

Evaluation of cells with LSCM—based hydrogen electrode — As
an electrochemically active and redox stable SOFC anode material,
Lag75S1925Cro.sMng sO3 (LSCM) has also been reported as an
effective hydrogen electrode material in high temperature electroly-
sis process.”**! Figures 7a—1 and 7b—1 show impedance spectra
of cell-3 (having LSCM-YSZ hydrogen electrode) with different
steam concentration tested at 850°C by a two—electrode method
under both OCV and 60 mA cm™> electrolysis current density condi-
tions, respectively. It can be seen that cell resistance increased with
the increase in steam concentration. It is well known that the elec-
trode polarization typically decreases when current is applied to the
cell compared with that under OCV condition, and the cell polariza-
tion resistance, especially the activation polarization resistance
decreases with the increase in cell current density. Compared with
the resistance under OCV (shown in Fig. 7a—1), the total cell resist-
ance (R,) and the cell polarization resistance (R,) decreased under
the electrolysis process (shown in Fig. 7b—1). The total resistance
decreased from 2.15 Q cm? under OCV to 1.79 Q cm?® under elec-
trolysis condition with 20 vol % AH, and 2.43 @ cm? under OCV to
1.94 Q cm? under electrolysis condition with 80 vol % AH. The im-
pedance contributions of the hydrogen electrode and the oxygen
electrode were further separated through the Pt reference electrode.
Figures 7a—2 and 7b-2 present the contributions of the hydrogen
electrode under OCV and the electrolysis process, while Figs. 7a—3
and 7b-3 are those of the oxygen electrode in both conditions. It can
be seen that steam concentration in the hydrogen electrode affects
the contribution of the hydrogen electrode, but has very little effect
on the oxygen electrode. The impedance data under OCV were fitted
using the same equivalent circuit as displayed in Fig. 4, and the fit-
ting results were also given in Table III. The impedance spectra of
cell-3 can be divided into two parts, but they are different from
those of cell-1 and cell-2 (the Ni—based SOECs). The impedance
arc associated with the hydrogen electrode overlaps with that associ-
ated with the oxygen electrode, and the impedance values from both
electrodes are similar in magnitude.

Figure 8 shows effect of the steam concentration on overpoten-
tials of both the hydrogen and oxygen electrode for cell-3. Since IR
drop is the same under a given current, the calculated value of IR
drop is not subtracted from the measured overpotential of the hydro-
gen electrode in the figure. From Fig. 8, it can be observed that the
overpotential of the hydrogen electrode increased with the increase
in steam concentrations, while the overpotenital of the oxygen elec-
trode seems to be not affected by the steam concentrations.

In the high temperature steam electrolysis process, the overall
electrode reactions can be represented as Step 1-Step 8:

Step 1: H20(g) — H,044 3)

Table III. Fitting results of the electrochemical impedance spectra under OCYV for three types of cells.

R,(Qcm?)  R;(Qcm?  CPE, (Qecm?’s™  R,(Qcm?  CPE,(Qcm’s™) R +R,(Qcem? AR (%) AR, +R>) (%)
Cell-1
20 AH 0.665 0.627 0.410 0.293 0.378 0.920 0 0
40 AH 0.653 0.727 0.405 0.285 0.406 1.003 —1.80 9.02
60 AH 0.652 0.761 0.382 0.299 0.387 1.060 —1.95 15.22
Cell-2
20 AH 0.567 1.927 0.131 0.442 0.223 2.369 0 0
40 AH 0.539 2.194 0.128 0.379 0.231 2573 —4.94 8.61
60 AH 0.543 2.300 0.124 0.336 0.238 2.636 —423 11.27
80 AH 0.483 2.461 0.118 0.275 0.247 2.736 —14.81 15.49
Cell-3
20 AH 0.575 0.712 0.296 0.863 0.352 1.575 0 0
40 AH 0.584 0.841 0.386 0.795 0.291 1.636 1.56 3.87
60 AH 0.568 0.874 0317 0.871 0.355 1.745 —1.22 10.79
80 AH 0.649 0.870 0.302 0.797 0.348 1.667 12.86 5.84

Note: AR, and A(R; + R>) are percentage change in ohmic and electrode polarization resistance from the baseline 20 AH, respectively.
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Step 2: H,0,4 — OH,, + H], 4) H, generation. He and co—workers®? have analyzed the impedance
5 spectra of reversible SOFCs with proton conducting electrolyte and
Step 3: OH,;, — 0>, + H}, Q) concluded that the migration of H, to TPBs of the hydrogen elec-
- _ trode corresponds to the high frequency arc in the electrochemical
Step4: Oy —e — 0y ©) impedance spectra, and the surface diffusion of O, corresponds to
- the low frequency arc. Since 0>~ and O~ can readily donate elec-
Step5: 0, — e — O, 7 g
P ad ad ™ trons on the surface of LSM and consequently there is no need for
Step 6: 20,4 — O, (ad) (8) them to be transported to the TPBs. Consequently, the surface diffu-
. . sion of O_,; is not an elementary step in the electrolysis process.
Step 7: H,y — Hrpg ) This is consistent with the impedance spectra data.
N Meng and co-workers®® have found that the hydrogen electrode
Step 8: 2Hrpg + 2¢ — H» (10) is vulnerable to high concentration overpotential and limiting cur-
rent density in the SOEC mode through a modeling study. The
where Step 1-Step 3 describe the surface dissociative adsorption of experimental results of these three types of cells indicate that steam
steam to O%; and H'; Step 4-Step 6 illustrate the formation and de- concentration in the feeding gas affects the cell resistance, espe-
sorption of O, along with the charge transfer process; Step 7 and cially from the contribution of the hydrogen electrode. With the
Step 8 refer to H,, migration to triple phase boundaries (TPBs) and increase in steam content, the change in cell resistance is mainly
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OCV and electrolysis process. Figures
6(a—1) and 6(b—1) are the cell impedance
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the impedance spectra of the hydrogen
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due to the increased resistance of the hydrogen electrode. Various
explanations have been proposed to account for this phenomenon.
Williford and co—workers®>** considered gas diffusion as one of the
dominating reasons to affect the performance of the SOFC anode. In
this study, gas diffusion seems also to be one of the dominating rea-
sons to affect the performance of the hydrogen electrode in the elec-
trolysis process. Gas transport in porous electrode is primarily
through diffusion. Zhan studied the gas diffusivity in different gas
mixtures in the high temperature electrolysis process and found that
the gas diffusivity of heavier steam molecules was much smaller
than that of lighter hydrogen molecules. For example, the diffusion
coefficient of steam is 3.80 cm?/s, while that of hydrogen is
5.74 cm?/s in hydrogen-steam mixture at 800°C.* It has been
reported that higher polarization losses for the hydrogen electrode
are predicted during electrolysis process, mainly because of the dif-
ference in H, and H,O diffusions.*® For Ni-based SOEC, two other
possible reasons can be used to interpret the phenomenon. It is well
known that coarsening of Ni particles is accelerated under high

steam content at elevated temperatures.37 Consequently, change in
the hydrogen electrode microstructure such as Ni particle agglomer-
ation will lead to a decrease in the length of TPBs where the electro-
chemical reaction takes place.*® The functional layer of the hydro-
gen electrode utilized in the present study is ~40 pm thick. Thinner
electrodes (< 10 pum) and smaller particles have been reported to be
more susceptible to rapid degradation at high steam partial pressure
than the thick electrode and coarse electrode structure.®® It is also
well known that nickel is not a redox stable material. Localized sur-
face oxidation of Ni under high steam environment, forming a less
active layer, has been proposed as another possible cause of per-
formance de%radation of the hydrogen electrode under the electroly-
sis process.'? It has been reported that the polarization of the Ni-
based hydrogen electrode increases with the increase in operating
oxygen partial pressure due to surface oxidation of metal,”” which
indicates that the use of a precious metal may be preferable under
high steam conditions. In contrast to the Ni—YSZ electrode, much
enhanced electrochemical activity for operating in electrolysis mode

0.9 0.9
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~ 0.6 —— 80 AH L0.6 =3
z 2
& 2. Figure 8. Overpotential of the hydrogen
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k= 0.3 03 ; ferent steam concentration.
© g 8
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was achieved with the Ni-SDC electrode, suggesting that inclusion
of SDC in the composite hydrogen electrode is beneficial to the
electrolysis process. It is likely that the oxygen storage capacity of
SDC helps to suppress the oxidation of the Ni surface and leads to
higher performance in the electrolysis process.’® LSCM-YSZ
hydrogen electrode also shows better performance than that of the
Ni—YSZ hydrogen electrode in the electrolysis mode. Better redox
stability of LSCM and mixed oxide ionic and electronic conductiv-
ity are expected to be the main reasons for the enhanced electro-
chemical performance of the LSCM-YSZ hydrogen electrode.

Conclusions

From the electrochemical characterization of the three types of
cells for high temperature steam electrolysis, the following conclu-
sions can be made:

1. Steam content of the feeding gas affects the cell performance
in SOECs and electrolysis reactions become difficult with the
increase in steam concentration.

2. Steam concentration affects the contribution of the hydrogen
electrode in the electrolysis process, while it has little effect on the
oxygen electrode.

3. Contribution from the hydrogen electrode is dominant in the
electrolysis reactions for Ni—based SOECs, but this contribution
decreases for LSCM-based SOECs.
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