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Abstract

There is increasing global interest in using solid oxide electrochemical cells to perform electrolysis. Metal-
supported solid oxide electrolysis cells (MS-SOEC) are being developed with stainless steel and Ni-based
supports. The use of porous metal to support the electrochemically-active layers is anticipated to improve
mechanical strength, decrease cost, and increase tolerance to aggressive operating conditions, including
rapid thermal excursions. This review summarizes and analyzes the previous decade of progress in MS-

SOEC development, and identifies critical needs for future work.
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1. The opportunity for high-temperature metal-supported electrolysis cells

Electrolysis cells utilize a direct electrochemical current to drive a non-spontaneous reaction, such as
splitting of water to produce oxygen and hydrogen. High temperature solid oxide electrolysis cells typically
operate in the range 500 to 900°C, and utilize ceramic oxide electrolyte layers that primarily conduct
either oxide ions or protons. Operation at such high temperature provides distinct benefits over
commercially-available proton exchange membrane (PEM) and alkaline exchange membrane (AEM)
electrolyzers that operate between room temperature and ~100°C. In particular, inexpensive non-
platinum group materials can be used as catalysts, the ceramic membrane is impermeable so high purity
products are easily obtained, and electrical energy and total energy demand is lower due to the enthalpy
difference between liquid water and steam and in-situ consumption of resistive heat from the cell and
external sources [1]. High-temperature oxide-conducting cells are commonly referred to as solid oxide
electrolysis cells (SOEC), and proton-conducting cells are termed proton-conducting electrolysis cells
(PCEC) although most proton-conducting materials are also oxide ceramics. By far, the most commonly
studied application for both types is steam electrolysis to produce hydrogen. This is due to the similarity
to standard solid oxide fuel cells utilizing hydrogen fuel [2], and the promise of utilizing hydrogen as an
energy carrier throughout the economy [3]. A number of other electrolysis applications have been
demonstrated with SOEC, including: ethylene production from methane [4]; co-electrolysis of carbon
dioxide and steam to produce syngas or methane [5, 6]; methane-assisted steam electrolysis to produce
hydrogen with low electrical energy requirement [7]; and, carbon dioxide reduction to produce CO for
further chemical reactions [8], or to generate oxygen from the Mars atmosphere for life support [9].
Electrolysis is also a natural step in operation of reversible solid oxide cells (rSOC), which switch between
fuel cell and electrolysis modes to store energy, typically as compressed hydrogen [10, 11]. Several recent

reviews on the topic of high temperature electrolysis are available [1, 2, 12].
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Figure 1. Metal-supported cell structure and operating environment for steam electrolysis. (a) The
concept of the MS-SOEC is to replace the Ni-YSZ electrode support with a porous stainless steel or other
metal. Reproduced with permission from Reference [17]. (b) Conditions for SOEC steam electrolysis
operation are quite different for cells based on oxide-conducting and proton-conducting electrolytes.

Note that air is frequently use to represent the anode atmosphere for oxide-conducting SOECs.

This review will focus specifically on metal-supported solid oxide electrolysis cells and the subset metal-
supported proton conducting electrolysis cells (MS-PCEC), collectively referred to in this article as MS-
SOEC, and sometimes referred to as MSC in other publications. The fabrication, materials, and structure
of MS-SOECs are analogous to metal-supported solid oxide fuel cells (MS-SOFC), which have achieved a
high level of commercial demonstration by companies including Ceres Power and Topsoe Fuel Cells, and

for which several reviews are available [13-16]. The fundamental concept of the MS-SOC is to support thin



ceramic electrode/electrolyte layers on low-cost, robust stainless steel metal layers, Fig 1 [17]. The
expensive ceramic electrochemical active layers are only as thick as necessary for electrochemical
function, minimizing cell material cost and maximizing cell strength. This eliminates the issue of brittle
failure associated with conventional SOFCs. This issue is also largely mitigated by the use of microtubular
cells [18]. Whereas conventional SOFCs are typically heated to operating temperature over a few hours
to minimize temperature gradients and thermal shock, MS-SOFCs can tolerate very large temperature
gradients (>100°C/cm) and extremely rapid thermal cycling. Startup within 10 sec for a bare cell, and
hundreds of 15 min startup cycles for cells mounted on testing hardware have been demonstrated [19,
20]; this is over an order of magnitude faster than conventional SOFCs can tolerate. Allowing the operating
temperature to fluctuate in real time in response to variable load requirements is also enabled by MS-
SOFCs [21]. Redox tolerance of MS-SOFCs is also exceptional. Redox cycling occurs when the anode side
of the cell, typically containing Ni catalyst, is exposed to oxidizing conditions due to interruption of the
fuel supply, leakage of air, or high fuel utilization leading to high steam content. This is easily catastrophic
for conventional anode-supported SOFCs (ASC) because volume expansion of the anode as Ni converts to
NiO cracks the electrolyte. In contrast, MS-SOFCs have a very strong metal support that constrains volume
expansion, and in the case of catalysts introduced by infiltration, Ni is not part of the structural scaffold
of the cell. MS-SOFCs readily survive complete oxidation and re-reduction of the anode, with little or no
change in performance [19]. MS-SOFCs are also mechanically strong and flexible [22, 23]. In summary,
MS-SOFCs are mechanically rugged, enable extremely fast start-up times and high redox tolerance, and

are composed primarily of very low cost stainless steel as the metal support.

These same advantages are expected for MS-SOECs and enable several challenging electrolysis
applications. For example, utilizing variable resources such as wind and solar to provide low-cost and

renewable electricity to drive electrolysis is desirable, but inherently leads to transient operation of the



electrolysis device. Large changes in current or voltage can be tolerated by conventional SOECs [24], but
rapid thermal transients are expected to be damaging. Temperature excursions can occur as
instantaneous or daily variation in the electrical input and cause the SOEC to operate away from the
thermo-neutral point in endothermic or exothermic regimes. The use of rSOC stacks to store renewable
energy also causes large temperature excursions as the system switches between fuel cell and electrolysis
modes [25, 26]. Co-electrolysis of steam and carbon dioxide is an endothermic reaction, and may create
temperature gradients within an operating stack due to variation in current density and H,O/CO; ratio
when operated below the thermoneutral voltage [27]. The ability of MS-SOECs to tolerate temperature
cycling and thermal gradients may be a key advantage for these applications. SOEC systems for space
applications, such as electrolysis of CO, on Mars, will experience extreme forces and vibration during
launch and re-entry [28]. The mechanical ruggedness of MS-SOECs may enable a thinner cell to tolerate
this mechanical abuse, leading to a smaller and lighter stack, which is a critical advantage for aerospace

applications.

Furthermore, the MS-SOEC architecture may solve some of the most problematic failure and degradation
mechanisms observed for conventional SOECs. Delamination at the electrolyte/air electrode interface
occurs at high current density due to excess oxygen pressure between the layers [29]. For the case of MS-
SOECs and other SOEC configurations with electrodes formed by infiltrating catalysts into a porous
scaffold of the electrolyte material [30-32], bonding at the electrolyte/electrode interface is greatly
enhanced due to the continuous sintered ceramic electrolyte structure, and the dispersed catalyst will
spread the reaction across a large area, reducing local current density. Both factors are expected to
decrease the likelihood of delamination. The low catalyst processing temperature, small catalyst particle
size, and electrode structure will also potentially mitigate microstructural evolution, and Ni migration and

coarsening [33-35]. Formation of insulating species due to reaction between the Gd-doped ceria (CGO)



buffer layer and zirconia electrolyte [36] will also be eliminated, as this type of MS-SOEC does not have a

buffer layer.

2. Cell fabrication and operation

Not surprisingly, most of the MS-SOEC results to date were reported by groups that have previously
developed MS-SOFCs. In most cases, the existing MS-SOFC cell design is operated in electrolysis mode,
and in a few cases catalyst composition is tailored for electrolysis operation. Development of oxide-
conducting MS-SOECs is well under way, with various cell fabrication approaches providing functional cells
and continuous operation for 1000 h or longer. Proton-conducting electrolyte materials are much more
difficult to implement in MS-SOEC architectures, and although there has been progress on processing

approaches, a viable cell is yet to be fabricated.

In electrolysis mode, oxidation occurs at the oxygen electrode so this is correctly called the anode, and
the hydrogen electrode is the cathode, and this terminology will be used throughout the following
sections. This certainly causes confusion when compared with typical SOFC nomenclature such as using
“anode supported cell (ASC)” to indicate a cell with a nickel-yttria stabilized zirconia (Ni-YSZ) support,
which in electrolysis mode is in fact the cathode. Perhaps calling the oxidizing and reducing atmosphere
electrodes the “positive” and “negative” electrodes would avoid this confusion, but such terminology is

not yet widely adopted.

2.1 Oxide-conducting MS-SOECs



The use of oxide-conducting MS-SOECs for steam electrolysis is a natural outgrowth of long-standing MS-
SOFC development programs, and the first modern report was published more than a decade ago [37].
Steam/CO, co-electrolysis and CO»-electrolysis have also been investigated. The most recent work from
each group is summarized in Table 1. The electrolyte is either deposited on a pre-sintered support by
plasma spray, pulsed laser deposition (PLD), or physical vapor deposition (PVD), or it is applied to the
green support by tape casting or slurry coating and then co-sintered. These approaches have been
compared in detail previously in the context of MS-SOFC development [14-16]. In all cases, Ni is a primary
constituent of the cathode. Oxidation of Ni in high steam content conditions (especially at the stack inlet)
is a concern, as the volume expansion upon oxidation will strain the adjacent electrolyte layer. Infiltrating
small Ni particles into a porous electrode scaffold, or using an alternative ceramic cathode with low- or
no-Ni content are effective approaches to impart redox tolerance for MS-SOFCs [13, 19], and are expected
to be viable for MS-SOECs as well. LageSro.4Coo2Fe0s03 (LSCF) is a common choice for anode catalyst, but
a variety of other compositions have also been used effectively. To avoid rapid oxidation, the metal
support must not be exposed to air above ~900°C, and this limits the anode firing temperature to be much
lower than the 1100 to 1200°C typically used for ASCs. This impacts anode performance and mechanical
integrity. One approach to mitigate this limitation is the use of infiltrated catalysts, which require lower
processing temperature. This is a common approach for MS-SOFCs, and has been utilized for some of the

MS-SOECs discussed here [30-32].

Electrolyte Active Electrolysis Performance Current Durability Durability
Reference Support Cathode Electrolyte Anode Processing area Reactant conditions ASR Density  Voltage conditions test time Degradation
cm? T, H,0/H, ratio Ohm cm®  Acm” VT, H0/Hy,Acm? h % kh™
[37] Plansee IT11 SS Ni-YSZ YSsz LSM Plasma spray 12.50 H,0 800°C, 30/70 0.45 0.75 130  800°C, 43/57,0.3 2027 3.2
[41-42] Plansee ITM SS Ni-LST/GDC YSZ/CGO LSCF Dip coatand PVD  16.00 H,0 750°C, 80/20 0.40 0.75 1.15  750°C, 80/20, 0.25 120 13.7
[30] 430LSS Ni-SDC SSZ Nd-NNO  Tape cast, sinter 0.35 H,0 700°C, 50/50 031 1.06 1.30 600°C,30/70,0.166 330 193
[32] P434LSS Ni-SDC SSz LSCF-SDC  Tape cast, sinter 3.00 H,0 700°C, 50/50 0.80 0.41 1.30 700°C, 50/50, 0.33 1000 16.1
[46] NiMo Ni-YSZ/GDC LDC/LSGM/LDC SDC-SSC Not reported 81.00 H,0 800°C, 90/10 0.18 0.40 0.95 - - -
[48-47]  Ni-YSZ/430 SS sheet Ni-YSZ YSsz LSCF Slurry coat, sinter 0.64 H,0/CO, 800°C 1.10 0.65 1.40 800°C, NA, 0.8 300 160.0
[52] Ni-Fe (9:1) Ni-Fe (9:1)  LSGM/SDC SSC PLD - co, 700°C 0.23 3.00 1.45 - - -

[8] 430 SS mesh Ni-YSZ Ysz LSCF Plasma spray 1.75 Co, 800°C 12.40 0.07 1.45 = - -




Table 1. Summary of oxide-conducting MS-SOEC studies. The supports are sintered porous structures
unless indicated otherwise. All used air on the anode side, except for [8] which used nitrogen. In many
studies, performance at various conditions were reported, and a single representative point is shown
here. For cases where the degradation rate was not stated in the original work, it was estimated from

continuous operation data after any initial transients were complete.

The performance of the MS-SOECs is moderate, with most displaying area-specific resistance (ASR) in the
approximate range 0.2 to 1 Ohm cm?. This can be compared to 0.15 Ohm cm? at 750°C for a high-
performing example of ASC-based SOEC [38]. A reasonable goal is <0.45 Ohm c¢m?, providing around 0.75
A cm? at 1.3 V in the case of steam electrolysis. ASR appears to be the most convenient metric for
comparison between different cells, because there is no consistency in operating temperature or steam
content (and therefore OCV). It is recommended in future work to report the performance at 50/50
H>0/H; and the thermoneutral voltage as a standard for benchmarking comparison. The degradation rates
demonstrated so far are much too high for commercial application. All are greater than 10% kh™, with the
exception of the early plasma-sprayed cell (3.2% kh™) [37]. This can be compared to 0.4% kh™ degradation
reported for ASC-type SOECs [38], and 0.14% kh™ reported for MS-SOFCs [39]. Detailed evaluation of MS-
SOEC degradation phemonena has only been undertaken in two cases [32, 37]. Clearly, identifying

degradation modes and improving durability should be key focus areas for future MS-SOEC efforts.

There does not appear to be a standard steam/hydrogen ratio for oxide-conducting MS-SOEC testing, but
50/50 can be recommended as a starting point. Low steam utilization conditions are also of interest, as
stainless steel is expected to oxidize more quickly at higher steam content as discussed below in Section

3.1. Air is the oxidant atmosphere of choice due to the ease of implementing it in a lab setting, although



nitrogen flush has also been used in one case [8]. In all cases so far, long-term operation was conducted
galvanostatically at current density ranging from 0.166 to 0.8 A cm. It is recommended to also examine
potentiostatic operation in the future, as the choice of operating voltage determines whether

endothermic, exothermic, or thermoneutral conditions prevail.

Steam electrolysis

Steam electrolysis has been demonstrated with MS-SOECs utilizing a variety of cell fabrication
approaches. The earliest effort by the German Aerospace Center (DLR) used plasma spray to deposit Ni-
YSZ cathode, YSZ electrolyte, and (La,Sr)MnOs (LSM) or LSCF anode on a pre-sintered stainless steel
support, Fig. 2 [37, 40]. A Lao.7Sro.15Ca0.15sCrO3 barrier layer was also deposited between the support and
Ni-YSZ cathode to prevent interdiffusion of Ni and Fe/Cr. A cell was characterized at 800°C with various
steam:hydrogen ratios for 394 h, then switched to continuous electrolysis for an additional 2027 h using
43/57 H,0/H, and air. This remains the longest MS-SOEC operation reported in the literature to date. The
average degradation rate was 3.2% kh™*, which is high relative to state of the art ASC electrolysis cells, but
significantly lower than all of the other MS-SOECs reported to date. Intermittent EIS was used to analyze
the degradation modes. A small increase in ohmic impedance (60 mOhm cm?) was ascribed to oxidation
of the stainless steel support, which was confirmed in post-mortem scanning electron microscope (SEM)
images, Fig 2b. A large increase in electrode polarization (130 mOhm cm?) was observed during the initial
cell characterization period, during which temperature and steam content were varied, and switching
between fuel cell and electrolysis modes occurred. A smaller (30 mOhm c¢m?) additional increase in
electrode polarization was observed after long-term electrolysis operation. Post-mortem SEM and energy-
dispersive spectroscopy (EDS) analysis revealed Ni coarsening in the cathode, but Ni and Fe/Cr

interdiffusion were not observed, suggesting the diffusion barrier layer was effective. Operation of cells



contacted by a coated metallic interconnect with and without a Pt mesh between them indicated that
contact resistance is a significant issue, but the presence of the metallic interconnect did not introduce
additional degradation. Apparently, the coating was effective at blocking Cr transport from the

interconnect to the anode.
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Figure 2. Long-term operation of oxide-conducting MS-SOEC prepared by plasma spray of YSZ onto

stainless steel support. Cell structure (a) before operation and (b) after steam electrolysis operation. (c)



Temperature, voltage, and steam ratio during operation. Reproduced with permission from Reference

[37].

DLR also used PVD to apply dense CGO/YSZ bi-layer electrolyte to a pre-sintered stainless steel substrate
[41, 42]. (La,Sr)TiOs (LST)-GDC cathode and LSCF anode were applied by screen printing and firing. Ni was
introduced to the cathode by infiltration. The open-circuit voltage (OCV) for 80/20 H,O/H, and air was 50
mV lower than expected, likely due to small defects in the electrolyte layers. Performance was significantly
activated (improved with higher current density) in electrolysis mode, but not so in fuel cell mode. After
short-term operation for 120 h, the polarization impedance did not change, but significant degradation of
13.7 % kh* was caused by an increase in ohmic impedance. Post-mortem evaluation suggests oxidation
of the stainless steel support in high steam condition and delamination of the weakly-bonded LSCF anode

are likely culprits.

The other standard fabrication approach pioneered in the early 2000’s [43, 44], is co-sintering the stainless
steel support and zirconia electrolyte, followed by infiltration of the catalysts. This approach was first
demonstrated in electrolysis mode by the Shanghai Institute of Ceramics, Chinese Academy of Sciences
(SICCAS), Fig. 3a-b [30]. A 430L stainless steel support, 430-YSZ cathode backbone, Sc-stabilized zirconia
(SSZ) electrolyte, and SSZ anode backbone were tapecast, laminated, and co-sintered in reducing
atmosphere. Ni-SDC and Nd,0s-Nd;NiO4 catalysts were then infiltrated multiple times in air to the cathode
and anode sides, respectively, and calcined at 800°C in situ before operation. The electrolysis polarization
curve displayed curvature due to activation at 650°C, but was fairly linear in the range 700 to 800°C. At
750°C and above, it displayed concentration polarization, the extent of which changed dramatically with
steam/hydrogen ratio, and curtailed the current density available at 1.3 V for steam content of 30% and

below. The catalyst particle size was in the range of approximately 50 to 200 nm, and the catalyst



structure did not appear to change visually after 146 h electrolysis operation at 650°C. Despite this particle
size stability, during 330 h operation at 600°C the performance improved significantly during an initial
~100 h transient, then degraded continuously during the remainder of the operating time. Detailed post-

mortem analysis was not performed.
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Figure 3. Steam electrolysis with oxide-conducting MS-SOECs prepared by co-sintering SSZ with stainless
steel support, and catalyst infiltration. (a) Cross-section SEM image and (b) performance data for a cell
with Ni-SDC cathode and Nd,0s-NNO anode catalysts, reproduced with permission from Reference [29].
(c) Schematic and SEM image and (d) durability data for a cell with Ni-SDC cathode and PrO4-SDC or LSCF-

SDC anode catalysts, reproduced with permission from Reference [31].



The co-sintering approach is also used by LBNL to fabricate a symmetric-structured MS-SOEC with porous
metal supports on both sides, Fig 3c-d. The symmetric structure provides good mechanical strength,
enables welded electrical connections on both sides, and maintains flatness even if expansion/contraction
of the individual layers is mismatched. Thus, differences between metal and ceramic sintering rates during
fabrication, and thermal expansion rates during start-up, do not cause distortion or warping of the cell.
Early work focused on optimization of the infiltrated catalysts for electrolysis operation [31]. LSM, LSCF,
and Prg011 oxygen catalysts were screened, and PrgO11 provided the highest performance. Addition of Sm-
doped ceria (SDC) to the oxygen catalyst improved performance, attributed to an increase in triple phase
boundary length and ionic conductivity of the composite catalyst. The Ni:SDC ratio on the steam electrode
side was varied, and 60 vol% Ni provided the highest performance. Recent results indicate, however, that
the catalysts chosen as optimal for performance do not provide adequate durability [32]. A cell with
Prs011-SDC anode degraded quite rapidly (541% kh). A lower-performing cell with LSCF-SDC anode and
Ni-SDC (40 vol% Ni) cathode catalysts displayed much lower degradation rate (16.1% kh') and was
operated continuously for 1000 h, Fig 3d. Detailed post-mortem analysis revealed the degradation modes
to be coarsening and Ni agglomeration of the steam catalyst (Ni-SDC), oxidation of the supports, and Cr
poisoning on the oxygen catalyst (LSCF-SDC). Employing a stainless steel support on the air side is a
fundamental limitation of this symmetric cell design, because it acts as a Cr source in close proximity to
the oxygen catalyst. Coating the support suppressed Cr migration in fuel cell mode [45], and should be

implemented for electrolysis mode in the future.

Aside from stainless steel, NiMo has also been used as a support material [46]. A cell with the layer
configuration NiMo/Ni-YSZ/Ni-GDC/LDC/LSGM/LDC/SDC-SSC was operated at 800°C with 90:10 H,0/H,
and air. Details of cell preparation were not provided, but presumably the layers were deposited on a pre-

formed NiMo substrate by atmospheric plasma spray deposition, as reported by the same institution



previously for MS-SOFC development [47]. The performance was excellent, providing 0.35 A cm™ at 0.96

V.

Steam/CO; co-electrolysis

Though not technically a metal-supported cell, mechanical properties can be improved by directly bonding
an ASC to a metal interconnect sheet. Such a cell was used to demonstrate H,0/CO; co-electrolysis to
produce syngas [48, 49]. The performance was substantially worse than a similar ASC which was not
bonded to the interconnect and degradation was rapid, partly because the LSCF oxygen electrode was
sintered at 1100°C for the free-standing ASC, but only sintered at the operating temperature (800°C) for
the cell bonded to the interconnect. Nevertheless, co-formation of H, and CO was successfully

demonstrated.

CO; electrolysis

Ishihara’s group at Kyushu University has explored CO, electrolysis using Lao¢Sro.1GaosMgo .03 (LSGM)
electrolyte, motivated by industrial re-use of CO; to provide CO as a fuel, and O, for combustion [50-52].
Early work used electrolyte-supported cells to identify NiFe (9:1) as a high performing alloy cathode, which
can be further improved by addition of Lag¢Sro.sFeo.sMno.203 (LSFM) or other ceramic oxide ion conductors
[50, 511]. Significantly higher performance was achieved recently by switching to a metal-supported design
utilizing a much thinner 10 um thick electrolyte layer and SSC anode deposited by PLD, Fig. 4 [52]. NiFe
(9:1) serves as both the support and cathode, and is prepared as a nearly dense NiO-Fe,0s substrate that
enables PLD deposition of the SDC/LSGM bilayer electrolyte directly onto the smooth substrate surface.

The substrate is later reduced, introducing sufficient porosity. The polarization curves obtained at 500 to



700°C with CO; and air are characterized by two regions. Below the theoretical OCV (0.937 V) low current
density is observed, speculated to arise from electrochemical pumping of impurity oxygen in the CO;
stream. Above ~0.9 V, higher current density is observed and the polarization appears to include
activation overpotential at 500°C but becomes almost linear at 700°C, where approximately 3 A cm™ is
obtained at 1.45 V. A cell with SmgsSrosCo0s (SSC) applied by screen printing instead of PLD demonstrated
near-100% Faradaic efficiency, suggesting the LSGM was gas-tight and did not display electronic

conduction.
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Figure 4. LSGM-based oxide-conducting MS-SOEC prepared by PLD on NiFe support. (a) Cross-section

image and (b) polarization curves for CO; electrolysis. Reproduced with permission from Reference [50].

CO; electrolysis was also demonstrated with a YSZ-based cell deposited by plasma spray onto a 430
stainless steel mesh support [8]. The electrolyte was ~200 um thick and quite porous, resulting in low cell
performance. Leakage through the electrolyte also caused low Faradaic efficiency. Nevertheless, the cell
displayed good mechanical durability, and reaction between adjacent layers was not observed after

fabrication or operation. A process model, with the MS-SOEC used to recycle carbon through an iron-



making furnace, was analyzed to determine the system-level electrical and heat flows required for an

overall 30% reduction of CO, emissions.

2.2 Proton-conducting MS-SOECs

Proton-conducting SOECs operate at lower temperature than oxide-conducting cells, and produce dry
hydrogen [12, 53]. These differences may become critical advantages for MS-SOECs, once challenges with
fabrication of dense proton-conducting electrolyte on porous metal supports are overcome. The lower
operating temperature is more compatible with steam or waste heat available from industrial or
geothermal facilities, and will reduce oxidation rate of the metal support as discussed below in Section 3.
If the metal support is located on the dry hydrogen side, it may further reduce oxidation rate and
potentially enable the use of low-cost support materials that do not form a protective oxidation scale.
Metal-supported cells are more mechanically robust than ceramic-based cells, and are expected to
tolerate large pressure differences across the cell. Precise matching of the steam and hydrogen side
pressures is not necessary. Electrochemical compression of hydrogen is therefore possible, producing a
dry, pressurized hydrogen product without the expense and complication of separate mechanical

pressurization and steam-condensation steps.

The development of proton-conducting MS-SOECs is nascent. Performance and durability data are not yet
available, although some cells have been analyzed with EIS at open-circuit conditions, as discussed below.

Therefore, this section focuses on various cell architecture and fabrication techniques that are under



development. In certain cases, cells that have been tested only in SOFC conditions are included because

they are anticipated to be promising for SOEC operation as well.

Deposition of electrolyte onto pre-formed support

BaZr.Ce,Y1.«,03 (BZCY) and other proton-conducting ceramics are difficult to sinter in the 1300 to 1400°C
temperature range and reducing atmosphere required for sintering stainless steel supports. Therefore,
the most successful approaches so far involve deposition of a dense ceramic electrolyte layer onto a
preformed metal support using PLD, sputtering, or spray deposition techniques. PLD is the most
commonly used so far, however the suitability of PLD for high-throughput low-cost manufacturing needs

further clarification.

Electron-conducting and hydrogen-permeable Pd-based solid metal hydrogen electrodes provide a
smooth, dense surface for deposition of a thin defect-free electrolyte layer. Radio frequency (RF)
sputtering was used to deposit a 1 um thick BaCeo.sY0..03 (BCY) film onto 30 um thick Pdo sAgo. alloy sheet,
followed by screen printing an LSCF oxygen electrode [54]. The cell was operated with dry hydrogen and
wet oxygen, providing almost 1.2 W cm™ in fuel cell mode at 600°C. To save cost, a similar approach was
taken with a much thinner dense 5 um Pd layer plated onto a thick porous stainless steel support [55]. A
1.2 um SrZrosYo,0; (SZY) electrolyte and 0.1 um LSCF oxygen electrode were deposited onto the Pd
surface by PLD. Fuel cell mode operation was demonstrated at a very low temperature of 400°C. While

the preparation of these cells appears straight-forward and the performance is impressive, the high cost



of the Pd membrane must be addressed, possibly by replacement with other hydrogen permeable

materials.
1000
e Cell2
2z L
5
% .
2 .
g
g -
-
" (c)
10 .
400 500 600 700
Temperature / °C
PLD coating IL (YSZ)
(BSZCY) 3
JITM/LSM/IL/BSZCY/Pt 550 °C
JHumid Ar+5%H_/Air 600 °C
1V _ =008V

(f)

1 2 3 4 5 6 7
Z' (Q em’)

ITM (metal substrate) LSM

Figure 5. BZY-based proton-conducting MS-SOECs prepared by PLD onto stainless steel supports, tested
under steam electrolysis atmospheres. (a, b) SEM cross-section images of BZY-based cell, and (c) total EIS
impedance at OCV, reproduced with permission from Reference [54]. (d,e) SEM cross-section images of

BSZCY-based cell, and (c) impedance spectra at OCV, reproduced with permission from Reference [56].

PLD deposition of a high-quality BZCY electrolyte onto a porous electrode is more challenging. Significant
progress in recent years has been led by SINTEF and the University of Oslo (Norway) with collaboration by
DLR (Germany) [56-59]. Their approach utilizes a micro- or nano-porous interlayer to cover over the large
pores of the stainless steel metal support, followed by PLD deposition of Ba(Zr,Y)O; (BZY) electrolyte.
Various interlayers were considered, and it was found that BZY-Ni sintered poorly and therefore did not

provide a good surface for electrolyte deposition, and CeO; was associated with short-circuiting during



cell operation [57]. LaosSrosTio7sNio2s0s (LSTN) was selected as the most promising interlayer, and
developed further, Fig 5a-c [56]. The metal support is sintered, then coated with LSTN to smooth over the
surface pores. BZY-NiO electrode and BZY electrolyte layers are then deposited by PLD, using conditions
optimized for each layer. Significant optimization effort for each layer resulted in a smooth interlayer with
no obvious cracking and a continuous dense electrolyte layer. This half-cell was operated at 450 to 650°C
with a Pt top electrode exposed to wet argon, and dry hydrogen on the BZY-Ni side. The total impedance
was 40 Ohm cm? at 600°C, much higher than expected for a thin electrolyte. OCV was not reported, so
the gas-tightness of the electrolyte cannot be assessed. Performance of the cell was thought to be limited
by large grain boundary resistance in the electrolyte due to small grains, or possibly poor contact with the
LSTN substrate surface. To improve conductivity of the electrolyte, Ag heat transfer paste was inserted
under the cell during PLD deposition to improve BZY crystallinity, and a post-deposition annealing step
was added [59]. The annealing step introduced cracking in the electrolyte, thought to arise from
coefficient of thermal expansion (CTE) mismatch between the BZY and other cell layers. A new Sr- and Ce-
doped BSZCY composition with increased CTE was developed, and this enabled annealing around 1200°C
with minimal cracking. OCV of 1.106 V was achieved at 400°C with air and humid hydrogen, indicating a
relatively defect-free electrolyte layer was achieved. Cell performance was not reported. A modified cell
structure based on the same approach was developed recently, Fig 5d-f [58]. An LSM diffusion barrier
layer and YSZ interlayer were applied to an intermediate-temperature-metal (ITM) support and sintered
at up to 950°C. BZY or Sr,Ce-doped BZY (BSZCY) electrolyte was then deposited by PLD to a thickness
around 1 um. The half-cell was operated with Pt electrode on top, with wet hydrogen and air. It is unclear
if the LSM survived these conditions, as it is expected to decompose in hydrogen fuel atmosphere. The
OCV was too low to obtain a polarization curve, but electrochemical impedance spectroscopy (EIS) was
obtained at OCV condition. At 550°C, assuming the ohmic portion was due to only the electrolyte, an

electrolyte conductivity of 10* S cm™ was estimated. This is more than 2 orders of magnitude lower than



the conductivity expected for BZY-type materials [60]. In summary, continuous optimization effort has
achieved a good understanding of the processing requirements for PLD deposition of BZY onto a porous

stainless steel support, and successful operation of a functional cell is anticipated in the near future.

Suspension plasma spray (SPS) deposition is proposed as a lower-cost alternative to PLD for BZCY-type
electrolyte [61]. Cost modeling suggests cell cost below $0.10 cm™ can be achieved with this technique.
BZCY was deposited by SPS onto a substrate of Ni-BZCY (60 pum thick) pre-sintered onto a porous stainless
steel support. Defects in the electrolyte due to erosion of the Ni-BZCY layer during SPS deposition caused
low OCV in the range 0.15 to 0.4 V, which limited the electrolysis current at 1.4 V to 0.25 A cm™. Further
improvements in the deposition process and Ni-BZCY/metal support substrate are ongoing. In an earlier
related effort, reactive spray deposition technology (RSDT) was used to deposit a Ni-BZY/BZY/LSCF
structure on a pre-sintered 430 stainless steel porous support [62]. The maximum temperature the
support experienced during deposition was 855°C, avoiding rapid oxidation. Performance was not

reported.

Co-sintering the electrolyte and metal support

Co-sintering, in which the metal support, electrolyte, and one or more electrode layers are sintered
together in a single step, is a desirable approach for fabricating proton-conducting MS-SOECs. The
electrolyte and electrode layers can be formed via tape-casting, screen-printing, or other low-cost and
scalable ceramic processing techniques. Sintering can also yield a dense micron-scale grain structure in
the electrolyte, providing high conductivity and mechanical strength. While this approach is very
successful for oxide-conducting MS-SOECs (Section 2.1), its application to proton-conducting materials is

much more challenging.



A survey of various families of ceramic proton-conductors found that many are not compatible with the
sintering conditions required for stainless steel supports, namely 1300 to 1450°C in reducing atmosphere
[63]. The pyrochlores LaissCaposZr,07 (LCZ) and La,Ce,07; (LCO) decomposed under these sintering
conditions. Three perovskites were shown to survive sintering in reducing atmosphere: BasCa1.1sNb1 5204
(BCN), SrZrosCeo.aY010s3 (SZCY), and BaZro7Ceo2Y0103 (BZCY). These faced other challenges, including
evaporation of Ba and Sr during sintering, and reaction with Cr and/or Si in the stainless steel to form inert
phases. BZCY and SZCY did sinter successfully, however, but complete densification of BZCY was not
achieved due to the low sintering temperature relative to typical sintering of BZCY in air around 1500°C.
The one material that appeared to be easily compatible with co-sintering of stainless steel was the doped
ortho-niobate Lag.gsCan0iNbO4 (LCN). A dense LCN electrolyte and porous LCN electrode backbone were
deposited on a P434L stainless steel support by brush-painting and aerosol spray deposition, Fig 6a-b.
After co-sintering, the LCN electrolyte was dense with well-formed grains in the 1 to 5 um size range. The
porous support and LCN electrode were infiltrated with Ni-SDC catalyst, and a Pt paste electrode was
painted on the exposed electrolyte surface. EIS was performed in the range 450 to 750°C, with air and wet
hydrogen. The cell performance was limited by the low conductivity of LCN, and a high impedance of
around 50 Ohm cm? was observed at 600°C. While this was considered to be the first demonstration of a

co-sintered proton-conducting MS-SOC, the low performance did not justify further development.
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Figure 6. Proton-conducting MS-SOECs prepared by co-sintering the electrolyte and stainless steel
support. (a) SEM cross-section and electrolyte surface (inset) images and (b) EIS impedances for a cell with
LCN electrolyte, reproduced with permission from Reference [61]. (c) SEM cross-section image of a cell

with BZCY-based electrolyte and LiF sintering aid, reproduced with permission from Reference [62].

Despite the challenges associated with co-sintering, BZCY was selected for further development due to its
high conductivity. Three specific problems with co-sintering were identified: evaporation of Ba during
sintering, which is accelerated by reducing atmosphere relative to air; marginal sintering at 1450°C or

lower, as required to avoid melting or over-densification of the metal support; migration of Cr and Si into



the electrolyte, forming barium-silicate and -chromate [64]. The last issue was partially mitigated by using
stainless steel with very low Si content, and inserting a doped ceria barrier layer between the metal
support and BZCY layers. It was recognized that all of the co-sintering challenges are temperature-
dependent, and might be mitigated by lowering the sintering temperature required for densification of
BZCY. The use of sintering aids to achieve this goal was evaluated. NiO, ZnO, and Co304 are widely used as
sintering aids for BZCY in air, but were not effective in reducing atmosphere. Addition of 2w% LiF
dramatically lowered the sintering temperature, presumably via a liquid-phase sintering mechanism as
the melting point of LiF is 848°C. A half-cell with metal support, porous BZCY electrode scaffold, and dense
BZCY electrolyte was co-sintered at 1300°C using LiF in both ceramic layers, Fig 6¢c. The electrolyte
contained no Cr and minimal Si, but was cracked due to shrinkage mismatch between the metal and
ceramic layers. This prevented preparation and operation of a full cell. Further optimization of the

sintering aid and barrier layer approaches is ongoing.

In an attempt to overcome challenges with sintering in reducing atmosphere, BaZro1Ceo7Y0.1Ybo.103-5
(BZCYYDb) electrolyte was sintered in air on a NiO support, which was later reduced to Ni during cell
operation [65]. NiO-BZCYYb electrode and BZCYYb electrolyte layers were dip coated onto the tubular NiO
support. During sintering in air at 1450°C, significant grain growth of the support occurred. This led to
cracking of the electrolyte during reduction of the support to Ni metal, reminiscent of the common issue
of cracking during redox cycling of ASCs. The cells were tested in fuel cell mode, but the cracked electrolyte
resulted in low OCV (0.88 V at 700°C). Addition of a small amount of YSZ to the Ni support layer improved
the microstructure, but did not eliminate electrolyte cracking. Other concerns with Ni support also remain,

including cost, redox cycling intolerance, and thermal expansion mismatch with BZCY-type electrolytes.



3. Oxidation of metal supports

Oxidation of metal supports in oxygen atmosphere or high-steam atmospheres is a concern for cell
degradation and mechanical integrity, Fig 7a. Oxidation is a well-studied phenomenon of dense stainless
steel interconnects for SOFC stacks and porous supports for MS-SOFCs, however few studies have
assessed oxidation behavior specifically for SOEC operating conditions. In both anode and cathode
environments, stainless steel oxidizes to form a protective Cr-based oxide scale that is electronically
conductive, although less so than the bulk metal. As the scale grows, electronic resistance increases and
can contribute significantly to the total area-specific resistance (ASR). Spallation can occur for scale
thickness above a few micrometers, which breaks the electronic pathway, increases the oxidation rate,
and eventually leads to mechanical failure of the stainless steel. The oxidation rate is influenced by
operating temperature, stainless steel composition, and the presence of protective coatings. Critically,
the oxidation rate is also sensitive to the oxygen partial pressure and steam content in the operating
environment, and these may be quite different for SOEC operation compared to the SOFC operation
conditions used for most previous oxidation studies, Figs 1 and 7. High steam content at the stack inlet
(low steam utilization conditions) is a particular concern, as it leads to dramatically higher oxidation rate
[66-68].The relevant conditions for oxide-conducting SOECs are dry oxygen (or oxygen-enriched air) and
H>/H20 with a high steam content around 650 to 800°C, and for proton-conducting SOECs are dry
hydrogen and 0,/H,0 with a high steam content around 500 to 700°C, Fig 1. MS-SOEC designs have used
a single metal support on the hydrogen-containing side [30, 37] or metal support on both sides [31, 32],
and MS-SOECs with metal support on only the oxygen side may find application in the future. Therefore,

all of the atmospheres mentioned above are of interest for oxidation studies relevant to MS-SOECs.
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Figure 7. Oxidation of dense stainless steels at 650°C. (a) Comparison of oxidation behavior in various
atmospheres relevant to electrolysis with oxide-conducting or proton-conducting electrolytes (see Fig 1).
(b) Oxidation behavior of Crofer 22 APU in wet air, pre-oxidized (black), with various coatings (red, blue,

green), or uncoated (gray). Reproduced with permission from Reference [76].

Oxidation of porous stainless steels is moderately well studied, and the numerous studies of dense
interconnects can provide some guidance. Critical differences for porous supports are that the surface
area-to-volume ratio is large, so Cr depletion from the bulk may occur for supports with fine structure
[69], and deposition of dense coatings inside the support structure is not as straightforward as the line-
of-sight coating methods used for dense interconnect surfaces. However, the general oxidation
phenomena observed for porous stainless steel supports are qualitatively similar to those observed for
dense interconnects. In particular, oxidation kinetics are parabolic after an initial short-term transient, the

oxidation rate shows an Arrhenius dependence on temperature, and coatings can dramatically reduce the



oxidation rate [69, 70]. Therefore, the results of dense interconnect oxidation studies are expected to
broadly apply to porous supports. An additional complication for porous materials is the growth of the
scale into the porespace, which can close off pores thereby degrading gas transport pathways through

the support [71, 72].

3.1 Oxidation in oxide-conducting SOEC conditions

Ex-situ oxidation

For oxide-conducting SOECs, the relevant atmospheres are dry oxygen, and steam with hydrogen, Fig 1b.
A few studies considering oxidation of stainless steel interconnects in electrolysis conditions indicate that
oxidation in pure oxygen is similar to air, and the mechanism and scale composition are not significantly
affected. The oxidation rate in oxygen was found to be the same or slightly higher than in air at 850 to
900°C, although the grain size of the oxide scale was larger for oxygen [73, 74]. Importantly, Cr evaporation
in dry oxygen was slower than in moist air, and it is reasonable to assume that Cr poisoning in oxide-

conducting SOECs will be slower than typically observed for SOFCs with moist air.

The high steam content associated with steam electrolysis exacerbates oxidation. Steam with a small
hydrogen content is found at the inlet of oxide-conducting SOECs, and at the outlet of SOFCs with high
fuel utilization. This scenario has been studied for oxidation resistance of porous stainless steels, and the
results are expected to be applicable to SOEC operation. Uncoated porous Fe78-Cr22 stainless steel was
exposed to wet hydrogen intended to represent 90% fuel utilization and also represent 10% steam
utilization in electrolysis mode (9:1 H,0:H,) at 850°C for 500h [75]. A significant extent of oxidation
occurred and a 2 to 4 um thick scale developed throughout the structure, indicating that high steam

content is a concern for stability of the support, Fig 8a. A porous sample coated with Mn-based spinel and



Ni-CGO anode catalyst displayed minimal oxidation after 500h, suggesting that coatings are an effective
approach to mitigate the risk of high-steam operation, Fig 8b. Similar samples were oxidized at 650°C and
displayed very thin scales, underscoring the role of operating temperature in durability of the metal
support, although areas with fine metal particles still experienced rapid oxidation in the high-steam
condition. Lower steam content can still be problematic. Porous stainless steel with 20.6% Cr was exposed
to wet hydrogen (1:2 H,0:H;) and a protective scale did not form at 600 and 700°C, leading to breakaway
oxidation (discussed in Section 3.2), Fig 8c [76]. Application of a La(Mn,Co)0.s05 coating enabled formation

of a protective scale, resulting in slow parabolic scale growth, Fig 8d.



x2,5k 30 um

Figure 8. Oxidation of porous stainless steel supports. (a-e) Cross-section SEM images. Fe78-Cr22 stainless
steel (a) uncoated or (b) coated with Ni-CGO and exposed to 9:1 H,O/H, for 500 h at 850°C. Reproduced
with permission from Reference [73]. Stainless steel (20.6% Cr) (c) uncoated and (d) coated with
La(Mn,Co)os0s after exposure to 1:2 H,0:H, for ~200 h at 700°C. Reproduced with permission from
Reference [74] (e) Breakaway oxidation observed on P434L stainless steel with Pre¢O1;1 coating after
operation in fuel cell mode at 600°C. The delaminated and heavily oxidized stainless steel top layer was

exposed to air. Reproduced with permission from Reference [79].



In-situ oxidation during MS-SOEC operation

Post-mortem evaluation of support oxidation after MS-SOEC operation has only been reported twice. A
MS-SOEC with porous IT11 ITM alloy support (Plansee) was operated for more than 2000 h at 800°C with
43% H,0-57% H, on the metal support/Ni-YSZ side, Fig 2 [37]. Ohmic impedance increased 60 mOhm cm?,
which was ascribed to minor oxidation observed on the metal support, Fig 2b. Total cell impedance
increased 220 mOhm cm?, so the oxidation caused a small but non-negligible portion of the total
degradation. A MS-SOEC with porous P434L stainless steel supports on both sides was operated for 1000
h at 700°C with 50/50 H,O/H; on the steam side and ambient air on the oxygen side, Fig 3d [32]. Oxidation
was faster on the oxygen side, with about 1 um scale thickness accumulated during operation, compared
to about 0.2 um for the steam side. Based on the limited results available to date, it appears oxidation in
electrolysis mode is similar to that observed in fuel cell mode. A thin scale grows during operation and is
expected to contribute to performance degradation via increased ASR, but catastrophic oxidation is not

observed under normal operating conditions.

3.2 Oxidation in proton-conducting SOEC conditions

Ex-situ oxidation

For proton-conducting MS-SOECs, the relevant atmospheres are dry hydrogen, and steam with oxygen,
Fig 1b. Sandvik Sanergy HT was suggested as an interconnect material for proton-conducting fuel cells.
Dense sheets were found to have sufficient oxidation resistance at 700 to 900°C in air with 2.5% moisture
[77]. Oxidization rate at the lower temperature and higher moisture content expected for state-of-the-art

PCECs was not studied, however. Wang et al. produced the first study of stainless steel oxidation in



oxidizing environment with high steam content at intermediate temperature (450 to 650°C) relevant to
PCEC, using dense coupons around 150 um thick [78]. Oxidation in wet air (50% air, 50% H,0) was found
to be significantly more aggressive than ambient air (~1.5% H,0), dry hydrogen (2.8% H,, balance Ar), or
wet hydrogen (2.8% H,, 50% H-0, balance Ar) for 430, 441, and Crofer 22 APU stainless steels, Fig 7. In
wet air, all uncoated alloys displayed breakaway oxidation. Breakaway oxidation occurs when the rate of
Cr consumption via oxidation is higher than the rate of Cr diffusion through the bulk of the metal to the
surface, and leads to rapid formation of Fe-rich oxide scales [79]. Pre-oxidation to form a continuous
chromia coating can prevent breakaway oxidation [68], however this was not found to be successful for
exposure to wet air. Possibly this is due to enhanced Cr consumption via evaporation in wet air
outstripping the rate of Cr diffusion through the bulk to the scale. Coating the stainless steel with common
oxidation-suppressing coatings such as Cu-Mn-oxide or Ce-Mn-Co oxide prevented breakway oxidation,
and lowered the oxidation rate to ~10*® gZcm™s?, which is certainly low enough to prevent oxidation-

based failure of the device, Fig 7b.

Breakaway oxidation around 600°C

The intermediate operating temperature expected for proton-conducting MS-SOFCs is also a concern.
Counterintuitively, as the operating temperature drops to around 600°C, oxidation rate can increase
dramatically due to breakaway oxidation because the Cr diffusion rate is lower than the Cr oxidation
consumption rate at this temperature. This is illustrated well by dual-atmosphere oxidation of dense 441
stainless steel sheets, for which oxidation at 700 and 800°C produced a normal protective Cr-based scale,
but at 600°C rapid growth of Fe,Os; was observed [80]. Below 600°C, the oxidation rate becomes low

enough that the Cr diffusion rate is once again sufficient to provide a protective scale. Breakaway



oxidation of porous P434L stainless steel was observed during fuel cell mode operation at 600°C on the
air-side support, leading to device failure in less than 100 h [45]. Pre-oxidation extended the lifetime, but
did not entirely solve the issue. Volume change of the support due to extensive breakaway oxidation
caused delamination of the support from the cell leading to leakage and an associated drop in open circuit
voltage, Fig 8e. Post-mortem SEM evaluation also revealed that the support pores were filled with Fe-
oxide. A subsequent study of porous P434L oxidation in air at 600°C revealed that breakaway oxidation
only occurs when the moisture content is above 3% [81]. This suggests the moisture content on the air
side of the failed cell (Fig 8e) was higher than ambient (typically ~1.5%), most likely due to pinhole leaks
in the electrolyte allowing hydrogen to burn and create additional steam on the air side. Pre-oxidation
was sufficient to suppress breakaway oxidation for moisture content up to 50% in air. Breakaway
oxidation was also observed at 600°C for an as-sintered support in wet hydrogen (H,:H,O 45:55), and
likewise pre-oxidation prevented breakaway oxidation [81]. Similarly, breakaway oxidation was reported
at 600°C in high steam content hydrogen (2% H>-8% H,0-90% Ar) for sintered stainless steel (22% Cr), and
the application of a La(MngsCoos)os-oxide coating completely suppressed breakaway oxidation [68].
Breakaway is not expected to be an issue on the dry-hydrogen side of a proton-conducting MS-SOEC due
to the very low oxygen partial pressure, but this remains to be confirmed experimentally around 600°C.

Also, any leakage of oxygen or steam to the dry-hydrogen side could cause breakaway oxidation.

These results suggest that it is preferable for a proton-conducting MS-SOFC to have a single porous metal
support on the cathode (dry hydrogen) side, and if a metal support is used on the anode (wet oxygen) side

it must be coated with a relatively dense coating to prevent breakaway oxidation.



3.3 Supports other than stainless steel

Stainless steel is by far the most common choice of support material for MS-SOFCs and MS-SOECs, but
other metals have been used including NiMo and NiFe [46, 52]. These are not expected to form a
protective scale, but they can be stable under certain conditions. NiFe did not oxidize in low steam content
hydrogen (1:2.9 H,0:H;) at 750°C, but Fe,03 was formed in high steam content (3.7:1 H,0:H;) although
only a moderate impact on electrical conductivity was reported [82]. At even higher steam content
relevant to oxide-conducting MS-SOECs, Ni is also expected to oxidize. This may be avoided by
recirculating the exhaust gas to maintain higher H, concentration at the stack inlet, although this
negatively impacts system cost and complexity. For proton-conducting MS-SOECs, if truly dry H, is
maintained on the hydrogen side, many metals will avoid oxidation including Ni, Fe, and Cu, expanding
the choice of metal or alloy support material. Leakage of steam or oxygen from the other side, however,

would risk rapid oxidation of the support.

4. R&D opportunities and recommendations

Notably, the unique advantages of MS-SOECs have yet to be demonstrated. The impact of rapid thermal
excursions, start-up/shut-down cycling, redox cycling of the cathode (e.g. by switching between steam
and hydrogen), electrochemical compression, and other aggressive operating conditions on performance
and durability has not been determined. It is recommended to intermittently monitor OCV when
undertaking such tests, because they may result in electrolyte damage. When performing electrolysis
operation, a drop in OCV due to electrolyte leakage appears as a false improvement in performance

(increased current at fixed voltage, or decreased voltage at fixed current). Switching between steam-, CO»-



, and co-electrolysis would also be interesting, as it could open up the possibility for a single stack to utilize
various feed streams in an industrial plant. At this point, ASCs have better performance and degradation
rate than MS-SOECs. Once other clear advantages of MS-SOECs relative to ASCs are demonstrated,
applications for which these advantages are critical must be identified, to provide a clear value proposition
for the MS-SOEC architecture. For example, electrolysis use cases that require rapid thermal excursions
or many start-up/shut-down cycles would appear to be well-suited for MS-SOEC deployment. Integration
of MS-SOECs into stacks and systems that address these applications must also be considered. Modeling
is expected to facilitate cell optimization, integration into stacks, and prediction of performance under

various use cases.

Oxide-conducting MS-SOECs show promise, but must be further improved. The limited long-term testing
results reported so far do not allow a conclusion about the critical design, processing, or composition
choices for long-term durability, but it is interesting to note that the earliest degradation reported remains
the lowest (Table 1, [37]). The impact of these parameters on performance and durability needs more
attention. Recent improvements in MS-SOFC design and processing should be applied to MS-SOECs. It is
also imperative to seek optimal materials, structures and processing specific to MS-SOEC applications. For
example, catalyst compositions and processing may need to be tuned for electrolysis operation. In several
cases, use of a conventional LSCF sintered-powder anode caused low performance or delamination [42,
48], because the LSCF sintering temperature was constrained to <900°C by the presence of the metal
support. This is because LSCF decomposes under the reducing sintering atmosphere required for the
metal support, and the metal support would oxidize rapidly if exposed to the typical LSCF sintering
temperature >1100°C in air. This underscores the importance of developing a holistic approach for

fabrication of MS-SOECs that overcomes these processing limitations.



The goal of fabricating a functional proton-conducting MS-SOEC with high-conductivity electrolyte has yet
to be achieved. For BZCY, deposition techniques need to be optimized for formation of a thin, dense,
defect-free electrolyte layer with a suitable grain structure that enables conductivity close to that
achieved for well-sintered material. The co-sintering approach can be improved by identifying sintering
aids that are effective in reducing atmosphere and further developing barrier coatings on the support to
suppress Si and Cr migration during sintering. SZCY should also be explored in more detail for metal-
supported cells because the conductivity is almost as high as BZCY, but processing of SZCY may be more
straightforward than BZCY. LCN is readily co-sintered with stainless steel, so if its conductivity can be
greatly improved it may become a viable electrolyte material. Finally, other classes of proton-conducting

materials should be considered for compatibility with metal supports, such as glasses and solid acids.

Oxidation of porous supports, especially in the presence of high steam content is a concern for MS-SOECs.
Oxidation behavior for porous supports in steam/hydrogen with high steam content and steam/oxygen
must be studied in detail. The degradation studies to date (Table 1) generally use low or moderate steam
content, and the impact of high steam content must be determined in order to more fully assess the
viability of the MS-SOEC design. It would be especially useful to assess degradation rate as a function of
steam content. Cr evaporation from stainless steel or other Cr-containing supports should also be studied
in these atmospheres. It is likely that coatings or other solutions to prevent rapid oxidation and Cr
evaporation in high steam content will be needed. Optimization of support morphology to decrease
internal surface area while maintaining adequate gas transport, for example by use of straight pores,
deserves attention. Dry hydrogen is expected to be compatible with all metal supports, but whether
breakaway oxidation occurs in this atmosphere around 600°C, especially in the presence of minor leakage,
should be examined. The influence of carbon on oxidation rates of porous supports must also be

addressed for co-electrolysis and other applications with carbon species.



5. Conclusions

The state of MS-SOEC development is very far behind the state of development for ASC and other
conventional SOEC cell designs. The initial results indicate there is potential for the MS-SOEC design, but
further work discussed in Section 4 is needed to fully assess MS-SOEC viability, especially when operated
with high steam content. Continued MS-SOEC development will be useful if performance, durability, or
cost can be improved beyond the other SOEC types, or if specific applications that require the unique
capabilities of MS-SOEC are clearly identified. There are no fundamental limitations to the use of metal
supports in SOEC conditions, but oxidation deserves attention. Oxide-conducting MS-SOECs with various
electrolyte materials and fabrication approaches have been demonstrated for steam-, carbon dioxide-
and co-electrolysis. Further improvement and demonstration is necessary, and it is anticipated that
improvements in the adjacent MS-SOFC field will be straightforward to leverage for MS-SOEC
development. For proton-conducting MS-SOECs, a processing approach that successfully overcomes the

challenges associated with BZCY is yet to be developed, but early work indicates multiple paths forward.
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