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Abstract

The 30-cell nickel-yttria stabilized zirconia (Ni-YSZ) hydrogen electrode-supported planar solid oxide electrolyzer (SOE) stack modules were
manufactured and tested at 800 °C in steam electrolysis mode for hydrogen production. The electrolysis efficiency of the stack modules was
higher than 100% at a total steam and hydrogen flow of 2.1 sccm cm ™2, a H,O/H, ratio of 80/20, and a current density of < 0.2 A cm ™2 The
electrolysis efficiency, current efficiency, and actual hydrogen production rate of the stack modules increased with increasing H,O/H, ratio at a
constant current density. However, the electrolysis and current efficiencies decreased steadily at high current densities. During hydrogen
production, the stack modules were operated at 800 °C and a constant current density of 0.15 A cm ™~ for up to 1100 h. A steam conversion rate
of 62% and current efficiency of 87.4% were obtained; the actual hydrogen production rate reached as high as 103.6 N L h~'. Post-mortem
analysis showed that delamination of the LSM—YSZ oxygen electrode mainly occurred in the steam and air inlet area of the 10 x 10 cm? cells.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Clean and efficient methods of hydrogen production are
required for economic application. At present, steam reforma-
tion from methane is the primary method by which hydrogen is
produced. Unfortunately, this method also increases carbon
emissions in the atmosphere. A recent research has focused on
sustainable and green methods, such as gasification of bio-
mass, photocatalytic water splitting, and water electrolysis
driven by solar cells or wind turbines [1-3]. Water electrolysis
is an especially practical and efficient method for hydrogen
production. Compared with ordinary alkaline water electro-
lysis, steam electrolysis in solid oxide electrolyzer cells
(SOECs) operating at high temperatures consumes less elec-
trical energy and is more efficient for hydrogen production
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[4-8]. Moreover, the heat and power generated by nuclear
power, renewable energy, and waste heat from high-tempe-
rature industrial processes can be utilized for steam electrolysis
in SOECs to achieve even higher efficiency [9].

In an SOEC, steam is supplied to the hydrogen electrode
side of the cell as a reactant and oxygen ions are transported to
the oxygen electrode through the electrolyte. Hydrogen is then
produced at the hydrogen electrode side. An SOEC undergoes
essentially the reverse process of a solid oxide fuel cell
(SOFC). Thus, SOEC technology can be built based on the
extensively researched SOFC technology [5,10]. Two basic
designs for SOEC development are currently available —
electrolyte-supported cells and electrode-supported cells
[11,12]. In electrolyte-supported cells, while the ohmic resis-
tance of the electrolytes limits the overall cell performance
because of the thickness of the electrolyte, which is typically
over 100 pm, such cells are usually suitable for operation at
high temperatures (such as 1000 °C). In electrode-supported
cells, the electrolyte thickness can be decreased to 10-20 pm,
significantly decreasing the ohmic resistance of the cells
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[13,14]. Electrode-supported cells, such as hydrogen electrode-
supported SOECs based on cell assemblies composed of
nickel-yttria stabilized zirconia (Ni-YSZ) hydrogen electrode/
YSZ electrolyte/lanthanum strontium manganite—YSZ (LSM-
YSZ) oxygen electrode [15-17], are more suitable for opera-
tion at intermediate temperature (600-800 °C) applications
than electrolyte-supported cells.

Most studies on SOEC technology have focused on the
electrolysis performance and degradation of single SOEC cells
as well as SOEC material development [5,18]. A limited
number of studies have been performed on the performance
and durability of SOE stacks. The Idaho National Laboratory
recently studied the large-scale production of hydrogen from
nuclear energy [9] using externally manifolded stacks with
three modules based on electrolyte-supported cells; however,
the research group concerned observed significant performance
degradation. Petitjean et al. [19] evaluated short stacks based
on standard SOFC Ni-YSZ supported cells. Durability tests
were carried out for 2700 h on these cells at 800 °C with a
current density of 0.5 A cm ™2 and a steam conversion rate of
25% in SOEC mode; however, significant long-term perfor-
mance degradation (> 5% kh™!) was also found. Kim et al.
[6] used a three-cell flat-tubular SOE stack for hydrogen
production and obtained a hydrogen production rate of 4.1 L
h™' at an average current density of approximately 0.11 A
cm 2 The Ningbo Institute of Material Technology and
Engineering (NIMTE) of the Chinese Academy of Sciences
has also developed stacks for SOFC applications [20,21] and
showed the feasibility of using these stacks in SOEC mode for
hydrogen production for up to 1000 h [22].

Several research studies have been conducted on the
performance of SOE cells and stacks; however, the perfor-
mance of these materials is poorer than that of SOFC cells and
stacks because the operating conditions of SOECs are gen-
erally more severe than those of SOFCs. When an SOEC is
operated in multiple-cell stacks for large-scale hydrogen
production, factors such as current density, gas flow, and
steam molar fraction at the inlet become important [23,24].
Electrolysis and current efficiencies are also associated with
SOEC performance. The electrolysis efficiency quantifies the
heat value of the hydrogen produced by electrolysis per unit of
electrical energy consumed in the stack [25]. According to
some studies [6,26], the hydrogen generation rate of SOECs
may be calculated from Faraday's law, assuming 100% current
efficiency. In fact, the actual current efficiency cannot reach as
high as 100% in the stack. However, systematic studies on the
influence of different operating conditions on the performance
of SOE stacks remain lacking.

The present study aimed to systematically investigate 30-cell
SOE stack modules for hydrogen production under different
operating conditions. 30-Cell Ni-YSZ hydrogen electrode-
supported planar SOE stack modules were manufactured and
tested to evaluate the effects of total steam and hydrogen flow
in the hydrogen electrode, steam-to-hydrogen ratio, and current
density. The electrolysis efficiency, current efficiency, and
durability of SOE stack modules operating for up to 1100 h
were also evaluated.

2. Experimental
2.1. Fabrication of 30-cell SOE stack modules

The 30-cell SOE stack modules were produced at the
NIMTE. Each stack module contained 30-cell planar Ni-YSZ
hydrogen electrode-supported single cells and had a total
active area of 1890 cm?. Each single cell in the stack featured
a 400 um thick NiO-YSZ electrode substrate, a 10 pm thick
NiO-YSZ electrode functional layer, a 10 um thick 8YSZ
electrolyte layer, and a 3040 um-thick LSM-YSZ electrode.
The overall single cell area for testing was 10 x 10 cm? and the
active area was 63 cm>. In the stack, SUS430 ferritic stainless
steel was used to create metal interconnects that were also
adopted as co-flow gas channels. Gas flow channels were
etched in a 10 mm x 1.5 mm area at the interconnects with a
channel tip height of about 0.6 mm. Porous nickel foam was
placed on the NiO-YSZ electrode side of the interconnect as
the current collecting layer. To prevent high-temperature
oxidation and Cr vaporization, the LSM—YSZ electrode side
of the interconnect was densely coated with LSM microsphe-
rical powders by plasma spraying. LSM particles with dia-
meters of approximately 75 pum were coated on the original
LSM-YSZ electrode side to improve the output performance
of the stack and individual cells. Other parameters used are
listed elsewhere [20,21]. After assembly, the stack was placed
in a furnace and heated to 850 °C at a rate of 1 °C min~'. An
external weight was loaded on the stack for better sealing.
After maintaining the temperature at 850 °C for 4 h, the stack

was cooled to room temperature at a ramp rate of 1 °C min .

2.2. Performance test of the SOE stack modules

The stack module was mounted into the furnace of a test
bench for testing, as shown in Fig. 1. The test bench was
equipped with a DC power supply and electronic loads that
allowed reversible operation. Before mounting, voltage probes
were placed on both sides of the stack module electrode
(Fig. 1). The SOE stack module was then heated at a rate of
1 °C min~" until 800 °C. N, gas was used to purge and protect
the stack module from oxidization during the heating process.
After maintaining the stack module at 800 °C for over 60 min,

furnace steam + H, inlet

stack endplate

stack module
o
voltage probe

air inlet

steam + H, outlet

current rod

Fig. 1. 3D view of the stack module mounting.
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Fig. 2. Different parts of the cells for microstructure characterization.

a certain amount of external pressure was loaded on the stack
module to ensure excellent sealing at high temperatures.
Hydrogen (2.1 sccm cm~2) and air (6.3 sccm cm ™ %) were then
introduced to the NiO-YSZ hydrogen electrode and the LSM—
YSZ oxygen electrode, respectively, of the stack module. The
NiO-YSZ electrode was reduced by H, at 800 °C for about 5 h
before the performance test was performed on the SOE stack.

The electrolysis performance of the SOE stack modules was
examined under different H,O/H, ratios and current density
values. Current density—voltage (I-V) curves under electrolysis
mode were recorded during the tests. A long-term durability
test in electrolysis mode was performed after initial perfor-
mance testing. After water vapor condensation and drying, the
actual hydrogen production rate at the outflow from the
hydrogen electrode of the SOE stack modules was measured
by a mass flow controller (MFC) (Beijing Sevenstar Electro-
nics Co., Ltd., China). Finally, the stack modules were cooled
from 800 °C to room temperature at a rate of 1 °C min~" with
hydrogen to protect the hydrogen electrode from oxidization.
The microstructures of the SOECs were observed using a
HITACHI S4800 scanning electron microscopy (SEM) system
coupled to an energy-dispersive X-ray spectroscopy (EDS)
system. Square cells (10 cm x 10 cm) were equally divided
into four subparts from the two diagonal parts with steam
(steam+H,) or air inlet area and steam (steam+H,) or air
outlet area (Fig. 2) for characterization.

3. Results and discussion

3.1. Investigation of the SOE stack modules under different
operating conditions

In the SOEC tests, a mixture of hydrogen and steam was
introduced to the hydrogen electrode side of the electrolysis
cells. Hydrogen was used as an inlet carrier gas to facilitate the
flow of steam and maintain a reductive environment for the
hydrogen electrode. Air was introduced to the oxygen elec-
trode to sweep oxygen generated there. Airflow to the oxygen
electrode in the 30-cell SOE stack module was kept constant at
12 L min ' (6.3 sccm cmfz). I-V curves of the SOE stack
module were recorded for a series of steam and hydrogen
concentrations at 800 °C. In SOEC mode, negative current
densities indicate the power consumption required to split
water for hydrogen and oxygen production.

50
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Fig. 3. Effect of different inlet H,/H,O ratios on the hydrogen electrode on the

I-V curves of the stack module at 800 °C and a constant steam flow rate of

-2
2.1 sccmem™~.

Fig. 3 shows the effect of different inlet H,/H,O ratios on
the hydrogen electrode on the performance of the stack module
at a constant steam value of 2.1 sccm cm ™ 2. No appreciable
I-V difference was observed as the H,/H,O ratio increased
from 10/90 to 30/70. Increases in the hydrogen volume
fraction had little effect on the stack performance over the
current density range under investigation (< 0.3 A cm™?).
While the voltage varied linearly at low current densities,
distinct steam starvation phenomena at high current densities
were observed [27]. Similar slope changes have been reported
in other studies [28,29].

Fig. 4a shows the effect of different total steam and
hydrogen flows on the hydrogen electrode on the -V
polarization curves of the SOE stack module at 800 °C and a
constant steam-to-hydrogen ratio (H,O/H,=280/20). Fig. 4b
shows the corresponding steam conversion rates and electro-
lysis efficiencies. The steam conversion rate can be calculated
using Faraday's law [27,30]. The electrolysis efficiency was
calculated based on the following equation [25]:

_ Va
Vop

e )
where Vy, is the thermal-neutral voltage of the cell and V., is
the cell operating voltage. The thermal-neutral voltage for a
single cell is 1.278 V at 800 °C [25]. In Fig. 4a, the current
density at a given voltage generally increased with increasing
total steam and hydrogen flow. The current density increment
was nearly saturated when the total steam and hydrogen flow
reached 2.1 sccmcm ™2 According to Faraday's law, the
amount of hydrogen generated per area by an SOEC is
proportional to the current density applied during the electro-
chemical reaction [17]. Thus, the SOE stack module showed
excellent performance under total steam and hydrogen flows of
2.1 and 2.6 sccm cm ™~ 2.

In Fig. 4b, the steam conversion rate decreased and the
electrolysis efficiency increased with increasing total steam
and hydrogen flow. Changes in steam conversion rate
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Fig. 4. Effect of different total steam and hydrogen flows on the hydrogen electrode on (a) the I~V curves and (b) steam conversion rates and electrolysis
efficiencies of the SOE stack module at 800 °C and a constant steam-to-hydrogen ratio (H,O/H,=80/20).

contradicted those observed for electrolysis efficiency. The
SOEC also operated endothermically under low current
densities, which is in accordance with the theory. However,
because of large IR losses mainly attributed to electrolyte
resistance, the electrolysis efficiency of the stack modules
decreased with increasing current density due to the Joule heat
[31]. The electrolysis efficiencies obtained under total steam
and hydrogen flows of 2.1 and 2.6 sccm cm™ > were higher
than 100% at current densities <0.2Acm 2 The stack
module operating under a total steam and hydrogen flow of
2.1 sccm cm ™2 also achieved a relatively high steam conver-
sion rate (Fig. 4b). These results indicate that a total steam and
hydrogen flow of 2.1 sccm cm ™2 on the hydrogen electrode is
suitable for obtaining excellent performance in the present 30-
cell SOE stack module (Fig. 4).

The steam-to-hydrogen ratio is generally > 70% in SOECs
[17]. To achieve excellent performance, the /-V polarization
performance, electrolysis efficiency, and ASR of the SOE
stack modules were further investigated by varying the H,O/
H, ratio from 70/30 to 90/10 under a total steam and hydrogen
flow of 2.1 sccm cm ™2 (Fig. 5). The slope of the I-V curves
slightly decreased with increasing H,O/H, ratio (Fig. 5a), and
the voltage curves tended to behave linearly at high inlet steam
contents. Nonlinearity of the curves at low steam contents is
associated with the high sensitivity of the Nernst potential to
small changes in average steam content. At an output voltage
of 39V, the current density values were only 0.185 and
0.195 Acm ™2 at H>O/H, ratios of 70/30 and 75/25; these
values increased to 0.206, 0.209, and 0.221 A cm ™~ 2 at H,O/H,
ratios of 80/20, 85/15, and 90/10, respectively. Current
densities observed at H,O/H, ratios of 80/20 and 90/10 were
relatively higher than those observed at H,O/H, ratios of 70/30
and 75/25. Fig. 5a also shows the electrolysis efficiencies
obtained under different H,O/H, ratios. Similar to Fig. 4b, the
electrolysis efficiency increased with increasing H,O/H, ratio.
In addition, electrolysis efficiencies were higher than 100% at
H,O/H, ratios of 80/20 and 90/10 and current densities
<0.2 Acm™ 2 However, electrolysis efficiencies decreased
at higher current densities because of increases in the operating
voltage. Such increases are attributed to the larger amount of

heat generated from the stack internal resistance than that
required for water decomposition at high current densities,
which results in the stack operating exothermically.

Fig. 5b shows variations in the ASRs of the stack module
with increasing H,O/H, ratios. The ASR represents the net
effect of all of the loss mechanisms in the electrolysis stack,
including ohmic loss, activation, and concentration overpoten-
tials, among others. If a target current density (and correspond-
ing hydrogen production rate) is selected, lower ASR values
allow for stack operation at lower voltages and higher
electrolysis efficiencies. The ASR value was calculated based
on Ref. [7]. ASR curves presented concave shapes with the
lowest values found at current densities between 0.15 and
0.2 A cm 2. The ASR obtained at a H,O/H, ratio of 80/20
was lower than those obtained at H,O/H, ratios of 85/15 and
90/10. Therefore, a H,O/H, ratio of 80/20 was considered the
suitable steam-to-hydrogen ratio for the SOE stack module
operating at 800 °C. At this ratio, the SOE stack module
showed excellent performance with high electrolysis efficiency
and low ASR. In the ASR curve obtained at a H,O/H, ratio of
80/20, knee of the curve was found at around 0.15 A cm™?
and the steam conversion rate reached as high as 62%.
Therefore, to achieve high hydrogen production rates with
excellent performance, 0.15 A cm ™2 was selected as the
suitable galvanostatic current density for hydrogen production
using SOE stack modules.

3.2. Long term degradation and hydrogen production rate

After the 30-cell SOE stack modules were subjected to
initial tests, durability tests under constant galvanostatic
electrolysis conditions were conducted. The voltage and
current density across the electrolysis stack modules were
continuously monitored. Two typical durability curves of the
SOE stack modules are shown in Fig. 6a. Galvanostatic
electrolysis at 1030 and 255 h were recorded for stack module
1 (from 30 h to 1060 h) and stack module 2 (from 150 to
405 h) at 800 °C and an electrolysis current density of 0.15 A
cm ™2 with a H,O/H, ratio of 80/20. Similar voltage variation
curves with time were observed for the two stack modules,
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Fig. 6. (a) Durability and electrolysis efficiency of two typical SOE stack modules at 0.15 A cm ™2 with a H,O/H, ratio of 80/20. (b) -V responses of the stack
module before and after operation in constant galvanostatic electrolysis mode for 1030 h.

thus confirming the consistency of the performance of the SOE
stack modules. The stack module showed a performance
degradation rate of about 12.1% after 1030 h of operation,
corresponding to a degradation rate of 11.7% kh~'. This
degradation rate is higher than that reported by Schefold
et al. [32] (degradation rate=5.6% kh~! for a five-cell short
stack) but within the degradation rates (7% kh~! and
13% kh™' for a short stack) found by Petitjean et al. [19].
The steam conversion rate of the 30-cell stack module was
62%, much higher than that of a short stack (25%) [19]. In
addition, the electrolysis efficiency of the stack module
decreased from 113% to 92%, as shown in Fig. 6a. The heat
value of hydrogen produced by the electrolysis of electrical
energy consumed decreased with increasing length of stack
module operation. Only part of the electrical energy was
converted to hydrogen internal energy after long-term SOE
stack operation; hence, the electrolysis efficiency was less than
100%. Fig. 6b shows the /-V response of the SOE stack
module before and after 1030 h of electrolysis operation. The
stack module exhibited an OCV of 26.27 V before operation
and an OCV of 25.38 V after 1030 h of operation. Such a
finding indicates the development of a sealing leakage after

prolonged operation, which could be attributed to the effects of
performance degradation of the stack module.

According to Kim et al. [6], based on Faraday's law, the
theoretical hydrogen production rate (100% current efficiency)
converted from the electronic balance and equivalent hydrogen
production can be defined as follows:

1

l’l:ﬁ

(1
where 7 is the theoretical hydrogen production rate (mol s ')
per cell, I is the input current (A), 2 is the number of electrons
involved in the steam electrolysis reaction (the current input
corresponding to 2 mol of electrons produces 1 mol of hydro-
gen molecules), and F is the Faraday constant or the charge of
1 mol of electrons. Using Eq. (1), n for a 30-cell SOE stack
module operated at an electrolysis current density of 0.15 A
cm ™2 for 1030 h of galvanostatic electrolysis was calculated to
be 1.975 L min~'. The theoretical hydrogen production rate of
the stack module was 1.975 L min~ ' under nominal operating
conditions.

The direct hydrogen production rate of the 30-cell SOE
stack module was also measured using an MFC. Given that
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Fig. 7. Hydrogen production performance of the 30-cell SOE stack module at
800 °C.

0.8 L min~ " hydrogen was supplied to the hydrogen electrode
to maintain the reductive environment and act as an inlet
carrier gas, this hydrogen rate should be deducted from the
actual hydrogen production rate calculated for the stack
module. Fig. 7 shows the hydrogen production performance
of the stack module. In Fig. 7, the measured hydrogen
production was calculated from the hydrogen flow rate directly
measured at the outlet of the stack module, which differs from
the actual hydrogen production because it also contains the
carrier gas supplied to the hydrogen electrode. The actual
hydrogen production was thus obtained in Fig. 7 by subtract-
ing the measured hydrogen production at OCV from the
measured hydrogen production at 0.15 A cm™2. The outlet
hydrogen flow rate at the OCV was measured 900 s prior to the
beginning of galvanostatic electrolysis, and the average flow
rate was found to be about 0.775 L min ' instead of 0.8 L
min~'. This finding indicates that some hydrogen molecules
either maintained the reductive environment or leaked out of
the stack. The outlet hydrogen flow rate at 0.15 A cm ™~ was
also measured for 2700 s, and the average flow rate was found
to be about 2.501 L min~' (Fig. 7). The actual hydrogen
production rate of the stack module was 1.726 L min~'. Based
on the ratio of the actual and theoretical hydrogen production
rates, the current efficiency was calculated to be 87.4%, which
indicates either current loss or hydrogen leakage in the stack.

Similar to the method used in Fig. 7, Fig. 8 shows the H,
production rates and current efficiencies for the SOE stack
module at different H,O/H, ratios. In Fig. 8, the actual
hydrogen production rate and current efficiency of the stack
module increased with increasing H,O/H, ratio. Increases in
steam content resulted in increases in steam pressure, which
promoted the uniform distribution of steam and increased the
electrolysis current utilization rate. Thus, the actual hydrogen
production rate increased with increasing H,O/H, ratio in the
SOE stack. In Fig. 8, the current efficiency first increased and
then decreased at the same H,O/H, ratio, which indicates that
the current efficiency is similar to electrolysis efficiency which
will decrease at high current density because of the Joule heat.
Typical operating conditions for the 30-cell SOE stack
modules are listed in Table 1.

3.0 100

25

1

/A\
2.0 | o % \A\A

o 480

LOF @ mom,=7030
—e— H,0/H,=75/25
—A— H,0/H, = 80/20

H, production rate/L min
o
T
/
R ¢
\
|
Current efficiency/%

0.5

—+— Theorical
0.0 L L L L 1 L 1 L 50
-0.20 -0.15 -0.10 -0.05 0.00

Current density/A cm™

Fig. 8. Effect of different H,O/H, ratios on the H, production rates and current
efficiencies of the SOE stack module at 800 °C.

Table 1
Typical operating conditions for the 30-cell SOE stack modules.

Stack module temperature (°C) 800
Average stack module voltage (V) 3641
Stack module current (A) 9.45
Current density (A cm_z) 0.15
Hydrogen production rate (N L min~'/NLh™") 1.726/103.6
Inlet hydrogen (L min~'/sccm cm ™ ?) 0.8/0.42
Inlet steam (L min~ /sccm cm™2) 3.2/1.68
Sweep air (L min'/sccm ecm™?) 12/6.3
Inlet steam mole fraction 0.80
Inlet hydrogen mole fraction 0.20
Steam conversion rate (%) 62
Electrolysis efficiency (%) 113-92
Current efficiency (%) 87.4

Degradation in the SOE stack module may be explained by
several reasons. Post-mortem analysis was difficult to perform
after electrolysis operation, and discernible changes in micro-
structure were observed in few cells and interconnect. Fig. 9
shows typical SEM microstructures of the cross-section of a
few cells in the SOE stack module obtained after electrolysis.
As shown in Figs. 9a and c, delamination of the LSM-YSZ
oxygen electrode layer by the electrolyte may contribute to the
degradation of the stack module. Interestingly, delamination
mainly occurred in the steam and air inlet area of the
10 x 10 cm? cells, with delamination in the steam inlet area
appearing even more severe than that in the air inlet area. SEM
micrographs of the YSZ and LSM-YSZ surfaces after dela-
mination are shown in Fig. 10 (peeled off LSM-YSZ from
YSZ). The surface of the YSZ electrolyte was characterized by
the formation of nanoparticles (Fig. 10a), and the nanoparticles
were uniformly distributed on the YSZ surface. On the surface
of the LSM-YSZ oxygen electrode in direct contact with the
YSZ electrolyte, fine grains formed on the contact surface but
no nanoparticles were found on the YSZ electrolyte surface
(Fig. 10b). The nanoparticles formed on the YSZ electrolyte
surface are most likely due to the migration or incorporation of
oxygen ions from YSZ into LSM grains. Such incorporation
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Fig. 9. SEM images of the cross-section (fracture surface) of the Ni-YSZ/YSZ/LSM-YSZ cells after electrolysis: (a) steam inlet area, (b) steam outlet area, (c) air

inlet area, and (d) air outlet area.

3um

Fig. 10. SEM images of (a) the YSZ electrolyte surface in contact with the LSM-YSZ oxygen electrode and (b) the inner surface of the LSM-YSZ oxygen

electrode in contact with the YSZ electrolyte after electrolysis.
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Fig. 11. SEM images of the Ni-YSZ hydrogen electrode (a) before and (b) after electrolysis.

leads to the shrinkage of the LSM lattice, which then induces
local tensile strains within LSM particles and subsequent
microcrack and nanoparticle cluster formation on the interface.
More work will be necessary to understand the microstructural
changes that occur within nanoparticles under SOE stack
operation condition. The formation of nanoparticles may
weaken the oxygen electrode/electrolyte interface, resulting
in delamination of the LSM—YSZ oxygen electrode, especially
in the steam and air inlet areas in the cells, under high internal
partial pressures of oxygen.

Fig. 11 shows SEM microstructures of the Ni-YSZ hydro-
gen electrode before and after the electrolysis test. Compared
with the microstructures of the hydrogen electrode before the
test (Fig. 1la), slight agglomeration of Ni in the Ni-YSZ
structure was observed, and the porosity of Ni-YSZ hydrogen
electrode appeared to decrease after SOEC operation
(Fig. 11b). Agglomeration of Ni resulted in a decrease in the
electrochemical activity of the Ni-YSZ hydrogen electrode.
The steam partial pressure exceeded 70% in the SOEC, and the
diffusion process of steam was much more difficult than that of
hydrogen. Consequently, the decrease in porosity increased the
difficulty of the diffusion process for steam.

4. Conclusions

30-Cell SOE stack modules were manufactured and oper-
ated in steam electrolysis mode at 800 °C for hydrogen
production under different operating conditions. The electro-
lysis efficiency, current efficiency, and actual hydrogen pro-
duction rate of the stack modules increased with increasing
H,O/H, ratio at a constant current density. In addition, the
electrolysis and current efficiencies decreased at high current
densities. To achieve high hydrogen production rates with high
electrolysis and current efficiencies at high H,O/H, ratios,
trade-offs among current density (hydrogen production rate),
electrolysis efficiency, and current efficiency were observed.
The stack modules were operated at 800 °C and a constant
current density of 0.15 A cm ™2 for hydrogen production for up

to 1100 h with a steam conversion rate of 62%. The degrada-
tion rate was approximately 11.7% kh~' and the electrolysis
efficiency decreased from 113% to 92%. The actual hydrogen
production rate of the 30-cell SOE stack modules reached
103.6NLh™' with a current efficiency of 87.4%. Post-
mortem analysis showed that the main factors responsible for
degradation of the SOE stack modules were delamination of
the LSM-YSZ oxygen electrode occurring in the steam and air
inlet areas of the 10 x 10 cm? cells, slight agglomeration of Ni,
decreases in the porosity of the Ni-YSZ hydrogen electrode.
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