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ARTICLE INFO ABSTRACT

Handling Editor: Dr A Iranzo Performance of one short-stack of the electrolyte-supported solid oxide electrolysis cells (SOECs) with multi-
layered anodes based on (Prg ¢Srg.4)0.97MnOs3 s and cathodes made of Ni-based cermets was evaluated under the
partial unhermetization conditions. Four industrial-scale 10x10 cm? membrane-electrode assemblies were
produced, mounted in the stack, and tested for water vapor electrolysis at 1123 K in conditions when the sealant
was partly cracked due to thermal cycling. The hydrogen production rate, faradaic efficiency and specific energy
consumption determined as functions of the applied electrical current were compared with the same parameters
for a hermetically sealed SOEC stack. The energy consumption for hydrogen generation was approximately 3
kWh/Nm?®. Appropriate operation regimes in the presence of sealant leakages may be achieved at maximum
possible currents which are still lower than the current limit corresponding to the start of rapid SOEC degra-
dation. The life tests performed at the current densities of >370 mA/cm? and subsequent microscopic studies
showed that this degradation is associated with microstructural changes in the solid electrolyte ceramics. The air
electrodes exhibited a high electrochemical activity both in the fuel-cell and electrolysis modes, without any
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indication of possible delamination from the solid electrolyte membranes.

1. Introduction

Use of hydrogen energy for electric power and heat generation is one
of the most promising trends in the economic development, enabling to
reduce carbon dioxide emissions [1-4]. Important challenges and limi-
tations are associated, however, with carbon-free hydrogen production
technologies. At present, approximately 48% hydrogen in the world is
produced by the steam reforming of methane [5-7]. Other 30% and 18%
are generated using oil reforming and coal gasification, respectively
[5-7]. Water electrolysis is more friendly for the environment, but is
only used for the production of less than 4% hydrogen up to now [5].

Solid oxide electrolysis cells (SOECs) are known as the most effective
approach to the production of high-purity hydrogen due to the ther-
modynamic reasons originating from the high operating temperatures,
typically in the range of 973-1173 [8-10]. For comparison, the energy
consumption for commercially available proton-exchange membrane
(PEM) electrolysis systems was estimated as 6.7 kWh/Nm? for Proton
Onsite (USA) [11] and 4.8 kWh/Nm?® for Enapter (Italy) [12]. For

alkaline electrolysis cells, the energy consumption is close to 4.2-5.9
kWh/Nm? at the stack level and to 4.5-7.0 kWh/Nm? at the system level
[13]. In the case of SOECs, the power-to-hydrogen efficiency may ach-
ieve the level up to >95% of Hj heating value [14]. A biogas and bio-
methane processing plant comprising a combined
electrolysis—methanation system using SOEC technology, with a capac-
ity of 10 Nm®/h, was operated for more than 2000 h and consumed
approximately 3.07 kWh/Nm® for hydrogen production [15]. Similar
consumption values were obtained for the plant with a capacity of 40
Nm®/h [16]. The energy consumption of 3.09 kWh/Nm® was reported at
the SOEC stack level at Haldor Topsge [17]. In addition to the efficient
hydrogen production, SOEC-based systems can also be used for the
high-temperature CO; electrolysis [10,17].

The development of reliable SOEC technologies is essentially limited
by materials science-related problems, in particular, irreversible
degradation of the electrochemical cells due to the oxygen electrode
(anode) delamination [18,19]. The delamination mechanism is often
associated with an excess in local chemical potential of oxygen in the
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solid electrolyte surface layers, leading to excessively high oxygen
pressure at the anode/electrolyte interface. As an example, Fig. 1A
shows one stage of stack disassembling for SOECs made of standard
electrode materials, after testing in the steam electrolysis mode. After
removing the membrane-electrode assembly (MEA), almost the entire
anode layer based on lanthanum-strontium manganite (LSM) appears
delaminated onto the bipolar plate, whilst the cathode layer remains
unchanged on the electrolyte membrane. This problem may be solved by
using an anode material with higher oxygen ionic conductivity and
electrochemical activity, and/or by microstructural optimization of the
anodes. Another reason for the SOEC degradation may refer to physical
leakages in the stacks, which are typically sealed by glass-ceramic
sealants. Such leakages lead to the oxidation of a part of hydrogen,
thus lowering the energy conversion efficiency and inducing local
heating.

Continuing our research in the field of solid oxide cells [20-23], this
work was centered on appraisal of an alternative SOEC anode material
based on (PrgeSro.4)o97MnO3s (PSM) and evaluation of the
electrolyte-supported SOEC stack performance under the conditions of
partial unhermitization.

2. Experimental

Single-phase powders of (Pro.6Sro.4)0.97Mn0O3_g (PSM),
(Pro.8510.2)0.97MnO3 5, (Lag.6Sr0.4)0.97Mn03.5 (LSM64) and
(Lag.gSro.2)0.9sMnO3.s (LSM82) with perovskite-like structure were
synthesized by the glycine-nitrate process with final annealing in air at
1273 K. All other powders were commercially available. Phase purity of
all components was confirmed by the X-ray diffraction (XRD) analysis
using a Rigaku SmartLab SE instrument (CuK, radiation). In order to
prepare inks for screen printing, pure or composite powders were ball-
milled in an ethanol medium with the addition of 1 wt% 1,2-
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diaminopropane as a surfactant to prevent particle agglomeration, and
then mixed with a binder V-006A and solvent RV372 (Heraeus, Ger-
many). To produce dense ceramic samples for electrical conductivity
measurements, the manganite powders were uniaxially pressed (60
MPa) and sintered in air at 1673 K for 5 h. The density of manganite
ceramics was >97% of the theoretical values calculated from the XRD
data. The total electrical conductivity was measured by four-probe DC
technique in air.

The SOEC half-cells employed for the three-electrode measurements
were produced with 0.1 cm thick membranes of 10 mol. % Scp03 and 1
mol. % Y503 co-stabilized ZrO5 (10Sc1YSZ) solid electrolyte. Electrode
layers in the form of a semicircle (geometric area of 1.2 cm?) were
screen-printed onto the electrolyte surface. In order to prevent chemical
interaction between the electrode and electrolyte materials, a protective
sublayer of Cey9Gdg101.95 (GDC10) was first applied. The working
electrode (WE) consisted successively of a GDC10 sublayer, a functional
layer of PSM - GDC10 (60-40 wt%) composite, and a current-collecting
layer of LSM64. After screen-printing with intermediate drying steps,
the multilayered WEs were sintered at 1473 K for 2 h in air. Fig. 2A il-
lustrates the microstructure of as-sintered electrode layers. The Pt
counter electrode (CE) and reference electrode (RE) were applied using
platinum paste and annealed in air at 1223 K for 30 min. The CE was
symmetrical to the WE; the RE with a diameter of ~0.1 cm was applied
at a distance of at least 0.6 cm from the WE. This cell configuration was
chosen to minimize errors in the electrode overpotential () determi-
nation [24-26]. The dependencies of 1 on current density (i) were
measured by the standard three-electrode technique in potentiostatic
mode using an Autolab 302 N PGStat instrument equipped with a FRA32
module (Metrohm Autolab, Netherlands), at 1123 K. The relaxation time
after changing the WE potential was 60 min. The values of ohmic and
polarization resistances were extracted from the impedance spectra
collected in the frequency range from 1 MHz down to 0.1 Hz, as

Fig. 1. Photographs showing one stage of SOEC stack disassembling after testing in the steam electrolysis mode: anodes with (LaggSro.2)0.9sMn0O3.5 - GDC10

composite (A), and (Prg Srg 4)0.0sMnO3.5 - GDC10 composite (B).
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Fig. 2. SEM micrographs showing the working electrode fractures before (A) and after (B) electrochemical testing of the button cells.

illustrated in the inset of Fig. 3.

In order to produce the industrial-scale MEAs, dense three-layer
membranes of 6 mol.% ScyOs-stabilized ZrO, (6ScSZ)/10Scl1YSZ/
6ScSZ (NEVZ-Ceramics, Russia) with 10 x 10 cm? size and thickness of
150 pm were used. The anodes consisted of GDC10, PSM - GDC10 (60-
40 wt%) and LSM64, as for the half-cells. The cathodes comprised one
protective GDC10 sublayer, a functional layer of NiO - GDC10 (50-50 wt
%), a current-collecting layer of NiO - 10Sc1YSZ (60-40 wt%), and a
contact layer of NiO. In order to improve sinterability, 2 mol.% CoO was
added to the GDC10 and 10Sc1YSZ powders used for the functional and
current-collecting cathode layers. The electrode layers (working surface
of 9 x 9 cm?) were deposited by screen-printing on an EKRA E2 in-
strument (EKRA Innovative Technologien, Germany) using meshes with
thread densities from 24 up to 90 pcs/cm, and then co-sintered in air at
1473 K for 2 h. The microstructural features of the cells, as-prepared and
after testing, were studied by the scanning electron microscopy (SEM,
Supra 50-VP, CarlZeiss, Germany). The sintered electrode layers possess
a homogeneous microstructure with submicron-sized grains and suffi-
cient porosity (Fig. 4).

The fabricated four MEAs were assembled in a short stack. The bi-
polar interconnectors and end current collector plates were made of
Crofer 22 APU steel (ThyssenKrupp, VDM Metals, Germany) by laser
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Fig. 3. Time dependence of the working electrode potential vs. RE at the
constant anodic current density of 340 mA/cm? and 1123 K. Inset shows one
example of the impedance spectra under OCV conditions, and an equivalent
circuit used for the analysis.

Fig. 4. SEM images showing cross-sections of a fractured single SOEC after
testing: general view (A), cathode side (B) and anode side (C).

cutting and machining with subsequent galvanic deposition of
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conductive protective Ni coatings. LSM82 was used to provide electrical
contact between the ceramic anode and metal connectors. A STO2 high-
temperature glass-ceramic sealant (Kerafol, Germany) was applied for
the cell hermetization. Then all structural elements were assembled into
an electrolysis unit, placed in the experimental setup described below,
heated up to 1203 K (2 K/min) and sealed for 2 h. In order to simulate
emergency shutdown leading to sealant cracking and partial unherme-
tization, the stack under air/Hy-H»0 gradient was subjected to thermal
cycling between 1123 and 873 K by switching off and turning on the
setup furnace. After 3 cycles, the open circuit voltage (OCV) indicated an
appearance of moderate leakage. Then the stack was tested in the steam
electrolysis regime at 1123 K and disassembled. Subsequent microscopic
analysis confirmed the formation of sealant cracks. Another short stack
used as a reference, was made under identical conditions, sealed at 1203
K and tested at 1123 K without thermal cycling.

3. Results and discussion
3.1. Selection of the anode material

Despite the moderately lower electrical conductivity of (Prj.
xSTx)0.97MnO35 with respect to lanthanum-strontium manganites
(Fig. 5), the presence of catalytically active Pr**/3* redox pair was ex-
pected to improve the anode performance. The compositions with
higher strontium concentrations (PSM and LSM64) exhibit higher con-
ductivity levels (Fig. 5) and were hence selected for functional and
current-collecting layers of the SOEC anodes, respectively.

Fig. 6 displays the cathodic and anodic polarization curves of porous
PSM-based electrodes, collected using the 3-electrode button cells at
1123 K in air. This method makes it possible to accurately measure
overpotentials of individual WEs, thus providing direct information on
their electrochemical activity [24-26]. The absolute values of the anodic
overpotentials are slightly higher with respect to cathodic, which is
indicative of modest differences in the oxygen reduction and evolution
kinetics. Whatever the microscopic mechanisms of electrode reactions,
the electrochemical activity of PSM-based electrode layers is quite high.
For instance, at the anodic current density of 324 mA/cm?, the electrode
overpotential was 64 mV and electrode polarization resistance was 0.18
Ohm/cm?.

The stability tests (Fig. 3) were carried out for 170 h under external
anodic polarization. The current density selected for these tests
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Fig. 5. Temperature dependencies of the total electrical conductivity of (Pr;.
xSTx)0.07Mn03.5 and (Lay.,Sry)1.;MnOs3.5 ceramics in air.
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Fig. 6. Dependences of the cathodic and anodic overpotentials of porous PSM -
GDC10/LSM64 electrode on the current density at 1123 K in air.

corresponds to the current of 28 A acrossa 10 x 10 cm? MEA (Fig. 3). No
degradation was detected. Also, no microstructural changes were
observed by subsequent SEM analysis (Fig. 2). Therefore,
(Prg.6Sr0.4)0.97Mn0O3_5 was used to produce the large MEAs for further
testing.

3.2. Experimental setup for hydrogen generation

Fig. 7 displays schematic drawing of the experimental setup, con-
structed and assembled for testing of the SOEC stacks. Each stack was
placed in a high-temperature furnace where a protective gas (mixture of
Hy and Ar) was supplied into cathode chamber during heating and
cooling of the unit in order to prevent cathode oxidation. After achieving
the operation temperature, the fluxes of steam (10 Nl/min) and
hydrogen (1.2 Nl/min) were supplied into the cathode chamber; the
anode was exposed to flowing air (5 Nl/min). The current was applied
using a SP-50 instrument equipped with FlexP 0160 booster (Biologic,
France). The generated hydrogen was then dried in the drying unit and
passed into the metal hydride modules (Research Center for Problems of
Chemical Physics and Medicinal Chemistry RAS, Russia). Under external
cooling, these modules absorb hydrogen; subsequent heating leads to its
release at the total pressures up to 1.3 bar. Following the receiver,
separated Hy is then pumped into the cylinders using a hydrogen
compressor (COVINT, Russia).

3.3. Leakage effect on the stack performance

Fig. 8 presents the voltage vs. current (U-I) curves of the short stack
of four SOECs after thermal cycling. These dependencies are almost
linear, suggesting the possibility for operation in a wide range of the
applied currents. The direct current range from 10 up to 28 A was tested
in this work. One should separately note that the supply of influent dry
hydrogen was controlled by a carrier-gas flow regulator. The effluent gas
flow rate was measured after the drying unit. As the inlet and outlet flow
rates were measured for the dry gas, the total increase in the gas flux
corresponds to hydrogen produced by the SOECs. The hydrogen gener-
ation rate (Vy2) can be calculated as

Viz=Q — Qo, @

where Q; is the volume flow at a given current load, and Qg is the volume
flow under OCV conditions. The specific energy consumption (AP) for
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Fig. 7. Schematic drawing of the experimental setup for hydrogen generation. MFC is the system of mass-flow controllers.
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Fig. 8. Voltage vs. current dependencies for the SOEC short stack in flowing
89%H,0 - 11%H, gas mixture at 1123 K before and after 400 h testing under
current loads.

hydrogen production can be found as

Ul
V2

AP 2

In other words, the specific energy consumption can be directly calcu-
lated from three experimentally determined quantities, namely voltage,
current and hydrogen generation rate. Table 1 lists their values and
calculation results.

An important parameter of any electrolysis process is the faradaic
efficiency (&), the ratio between the experimental production rate and
its theoretical value obtained from Faraday’s law (V'):
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Table 1
Hydrogen production rates, faradaic efficiency and energy consumption for
hydrogen generation in the unhermetized and hermetically sealed SOEC stacks.

System with physical leakages Hermetic reference

system
LA UV VuNml/min & % AP,kWh/Nm® &, % AP, kWh/Nm?
10 3.8 141.7 50.8 4.5 99.9 35
15 4.1 283.3 67.7 3.6 99.9 3.7
20 4.3 425.0 76.2 3.4
25 4.6 566.7 81.2 3.4
28 4.7 716.7 91.7 3.1
30 5 801.9 958 3.1
35 5.5 939.4 96.2 3.4
40 5.7 1082.5 97.0 3.5
45 6.1 1205.3 9.0 3.8
vHZ
d=—= 3
v, 3)
where
Mrel
P @
neFep

Mr is the molar mass of hydrogen, n is the number of electrons, F is
the Faraday constant, and p is the hydrogen density under normal
conditions.

The obtained results are presented in Table 1. Although the OCV
values (Fig. 8) are quite close to the theoretical estimate, the faradaic
efficiency at 10 A is lower than 60%, unambiguously confirming leak-
ages in the system. However, @ tends to continuously increase with
increasing current density. At the currents of >28 A, the faradaic effi-
ciency reaches >90%, whilst the energy consumption stabilizes at the
level of 3.1 kWh/Nm?®. Similar levels were obtained at 10-15 A for the
reference stack hermetically sealed at the start, which was not subjected
to thermal cycling. Although it seems quite logical that the leakage
impact should decrease when the hydrogen generation rate increases,
the obtained results demonstrate that SOECs may still be used for
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hydrogen production even in the case of partial unhermetization, pro-
vided that the current density is sufficiently high. However, excessively
high current densities may induce faster degradation of the cells, re-
flected by increasing energy consumption at the currents higher than 30
A (Table 1).

3.4. Performance degradation at high current densities

Short-term stability testing of the SOEC stack with partial unher-
metization were carried out at the applied currents of 10, 30, 35 and 40
A (Fig. 9). Definite degradation in the stack performance was revealed in
these conditions. Its rate was clearly dependent on the applied current
and humidity. For instance, under the current load of 10 A, the voltage
increased by 2% during 100 h, excluding the initial few hours when the
voltage was unstable (Fig. 9A). Under the load of 30 A, the degradation
rate was 10% per 100 h (Fig. 9B). A similar degradation rate was
observed at the current load of 40 A. On the other hand, the current vs.
voltage dependence remains linear (Fig. 8). Examples of the impedance
spectra before and after the SOEC operation for 100 h (Fig. 9A) are
displayed in Fig. 10. These spectra consist of three separable signals. The
high-frequency contribution corresponds to the charge-transfer pro-
cesses mainly at the anode; the intermediate-frequency and low-
frequency arcs are associated with diffusion and gas-conversion
impedance, respectively [27,28]. According to the impedance spec-
troscopy data, the degradation in SOEC performance is accompanied by

sob A
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Anode supply: air

42 |
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Fig. 9. Time dependencies of the SOEC stack voltage at constant direct currents
of 10 A (A) and 30 A, 35 A and 40 A (B).
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Fig. 10. Impedance spectra of the SOEC stack before and after the stability test
at 10 A, illustrated in Fig. 9A.

increasing both ohmic and charge-transfer resistances. Taking into ac-
count the stable behavior of similar anode in the button cells (Fig. 3) and
an increase in the degradation rate at high humidities (Fig. 9), increasing
high-frequency contribution to the total electrode resistance may result
from the partial oxidation of Ni-containing cathodes at high water vapor
pressures. This factor may also contribute to the ohmic losses. Most
likely, however, the increase in the ohmic resistance occurs due to
microstructural changes in the solid electrolyte ceramics as discussed
below.

SEM analysis of a fractured MEA after testing in the steam electrol-
ysis mode for approximately 330 h under the current loads of 10-45 A,
reveals faceting in the solid electrolyte ceramics in the vicinity of anode/
electrolyte interface (Fig. 11A). Also, numerous nanopores formed at the
grain facets and interfaces are observed (Fig. 11B and C). Similar phe-
nomena were often reported [27-29] for the SOECs operating under
high current densities and electrode overpotentials above 200 mV.
These may originate from oxygen evolution at the grain boundaries
forming pores and intergranular cracks [29-31]. Notice that this process
may only be possible when electronic conduction was induced in zir-
conia ceramics. As a result of the microstructural changes, both the
electrical resistance and fragility of the solid electrolyte membrane tend
to progressively increase. The latter effect may even finally lead to the
cell fracture. The literature data [30-32] suggest that the pore formation
processes may be accompanied by cation migration. At the same time,
no significant microstructural changes were observed for the electrodes.
Moreover, no anode delamination was found upon stack disassembling
(Fig. 1B, 4A and 4C). An opposite behavior was observed for the stack of
MEAs with LSM82-based anode (Fig. 1A) where the air electrode
delamination was responsible for the SOEC failure.

In summary, when the SOEC performance is affected by physical
leakages, the current density should be maximum to improve the
hydrogen production efficiency and to reduce the corresponding energy
consumption. However, the current should not exceed a critical level
where microstructural degradation of the solid electrolyte starts. Under
experimental conditions used in the present study, this level was
approximately 370 mA/cm?.

4. Conclusions

Perovskite-type (PrgeSro.4)0.97MnO3.5 was proposed as alternative
anode material of the solid oxide electrolysis cells. The electrochemical
activity of PSM-based air electrode was sufficiently high and stable
under both cathodic and anodic polarization. At 1123 K and anodic
current density of 324 mA/cm?, the electrode overpotential was 64 mV
and the electrode polarization resistance was 0.18 Ohm/cm?. The
industrial-scale electrolyte-supported SOECs with the size of 10 x 10
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Fig. 11. SEM images of a fractured MEA (anode side) after testing in the steam
electrolysis regime for approximately 400 h under the current loads of 10-45 A.
The area marked by rectangle in (A) is shown in (B) at higher magnification; (C)
shows a part of (B).

em? and active electrode area of 9 x 9 cm? were produced, assembled in
a short stack and tested in the steam electrolysis mode at 1123 K. Water
vapor was delivered into the cathode chamber using hydrogen as a
carrier gas. The hydrogen production rate, faradaic efficiency and spe-
cific energy consumption were determined as functions of the applied
current. These values were compared for a hermetically sealed reference
stack and a stack after partial unhermetization. Unlike the hermetic
systems, the energy conversion efficiency in the partly unhermetized
SOEC stack exhibits a drastic increase with increasing applied current.
The energy consumption in this stack decreases with increasing current
until the onset of solid electrolyte degradation. An appropriate operation
regime in the presence of physical leakages was achieved at the current
density of 346 mA/cm? and voltage below the thermal neutral one.
Higher currents induce microstructural degradation of the solid elec-
trolyte ceramics and resultant increase in the ohmic resistance. An
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acceptable energy consumption necessary for the generation of 1 Nm?® of
hydrogen was estimated as ~3 kWh. No delamination of
(Prg.6Sr0.4)0.97MnO3 5 based air electrode under steam electrolysis con-
ditions was detected.
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