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Abstract

Green hydrogen is essential to achieve carbon-neutrality, and solid oxide electrolysis cells can
produce hydrogen using renewable power and waste heat. Insufficient long-term durability of
solid oxide electrolysis cells has impeded their commercialization. Here, coatings in the porous
stainless steel support of metal-support solid oxide electrolysis cells (MS-SOECs) are used to
dramatically improve their performance and durability. The long-term degradation rate of
uncoated MS-SOECs is highly dependent on the current density, with the fastest degradation
occurring at the highest current density tested, 0.5 A cm™. At this current density, coatings are
quite effective. Three protective coatings, Co304 deposited by atomic layer deposition (ALD),
Co304 deposited by electroplating deposition (ED), and CuMni30s (CMO) deposited by
electrophoretic deposition (EPD), are explored to enhance the performance of MS-SOECs with
Lao.6Sr0.4C00.2Fe0.803-Smo2Ceo.s03 (LSCF-SDC) as the oxygen catalyst and SDC-Ni as the fuel

catalyst. The initial average current density at 1.4 V is increased with coatings. It is 0.83 mA cm™
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for the ALD cells, 1.05 mA cm for the ED cells and 1.13 mA cm for the EPD cells, compared to
0.65 mA cm for the bare cells at 700 °C with 50% H: - 50% H20. The degradation rate over 1000
h continuous operation is reduced from 36% kh™ to 26% kh, 27% kh!, 19% kh! with the three
coatings, respectively. These improvements are ascribed to reduced Cr poisoning on the oxygen

catalyst, which is one of the primary degradation modes for this type of MS-SOEC.

Keyword: Solid oxide electrolysis cell; Hydrogen production; Protective coating; Atomic layer

deposition; Electroplate deposition; Electrophoretic deposition

1. Introduction

Hydrogen has high gravimetric energy density and zero carbon dioxide (CO;) emissions at the
point of use, so it recently attracts more attention as an energy carrier as our energy system is
transitioning from fossil fuels to low-carbon energy sources.! Hydrogen is likely to play a critical
role to achieve carbon-neutrality promised by many countries in the coming decades.? However,
hydrogen does not exist as a natural resource on the Earth, and more than 90% of its current
production is from fossil fuels such as natural gas, oil, and coal, with accompanying by-products
of carbon monoxide, CO, and other greenhouse gases that lead to global warming.? Solid oxide
electrolysis cells (SOECs) are an attractive technology that convert electrical energy and steam
into hydrogen via an electrochemical process which has high energy-conversion efficiency, low
energy consumption, and the possibility to use high-quality waste heat, while avoiding noble
metal-based catalysts.* SOECs can store excess electricity to balance the intermittent nature of

the renewable sources.” Three aspects must be achieved before commercialization: high



performance, high durability for long-term operation, and low cost. A recent study by Shimada
et al. exhibited high current density of ¥2.3 A cm2 at 1.4V, 700 °C, and 50% humidity conditions
through the use of nanocomposite electrodes.® Chen at al. reported a degradation rate of 4.6%
kh't (53 mV kh?) at 1 A cm™ during 4400 h operation at 800 °C and 90% humidity conditions.’
This is an impressive demonstration, but the degradation rate is still far higher than the technical
target (<4 mV kh'!) proposed by the U.S. Department of Energy. Numerous SOEC degradation
modes and mechanisms have been reported. Electrolyte reduction,® delamination,® intergranular
fracture and void formation along the grain boundaries of the electrolyte,® have been reported
to degrade electrolytes. Microstructural changes and cation interdiffusion,’ 1> formation of
nanoparticle clusters,'? phase change,'* SrO segregation on the surface,® and contaminants from
iron-chromium (Fe-Cr) stainless steel,'® have been reported to degrade perovskite oxygen
electrodes. Microstructure instability,!” agglomeration,’® and Ni coarsening,'® have been

reported to degrade Ni-based fuel electrodes.

Metal-supported solid oxide cells (MS-SOCs) with symmetric backbones can endure severe
thermal and mechanical stresses and redox phenomena during operation.'® They incorporate a
porous ferritic stainless steel as a substrate and are suitable with intermittent operations due to
their unique advantages of good redox stability and excellent thermal cycling resistance.'® 20
Compared with conventional all-ceramic solid oxide cells, the material cost of MS-SOCs is lower,
as 90 vol.% of the cell is stainless steel metal support. Metal-supported solid oxide fuel cells (MS-
SOFCs) are well-developed, and during the previous decade many research groups have begun
optimizing and demonstrating metal-supported solid oxide electrolysis cells (MS-SOECs).?* Our

previous MS-SOEC study reported a current density of 0.6 A cm? at 1.4 V, 700 °C, and 50%



humidity conditions, using Lao.6Sro.4Coo.2Fe0.803-Smo.2Ceo 803 (LSCF-SDC) as the oxygen evolution
catalyst and SDC-Ni as the steam reduction catalyst.?? After 1000 h continuous operation
resulting in a degradation rate of 16% kh! at 0.33 A cm™, post-mortem analysis demonstrated
two primary degradation modes: Cr poisoning on the oxygen electrode catalyst, and fuel
electrode catalyst coarsening. Oxidation of the metal support and local elemental accumulation

of Ni were detected as secondary degradation modes.

Despite the excellent activity of LSCF, Cr poisoning is one of the major issues when using Cr-
containing stainless steel as interconnects or other components. LSCF is a perovskite ceramic,
with an electronic conductivity of 257 to 412 S cm™ between 450 and 900 °C.23 It is widely used
for intermediate temperature SOFCs due to its mixed ionic and electronic conductivity and
oxygen reduction reaction catalytic activity.?* However, Cr vapor species, such as CrOs and
CrO2(0OH);, react with LSCF and form SrCrQO4, leading to an increase of ohmic resistance and
polarization resistance.'> 2> For the porous metal supports used here, the growth of the chromia
oxidation layer in air atmosphere is a source of Cr vapor species.?® To prevent Cr poisoning,
extensive efforts have been devoted to develop mitigation strategies including discovery of Cr-
tolerant catalysts and Cr-getter materials. Perhaps the most successful strategy is the use of
protective coatings to inhibit Cr diffusion outward from stainless steel.?” Spinel CuMn1.s04 (CMO)
coating or its variant has been demonstrated as a particularly effective coating composition.?8 2°
Our previous work extended the coating concept by applying a coating throughout the oxygen-
side porous stainless steel support of a MS-SOFC. The degradation rate was reduced to 2.3% kh"

1 with a thin Co304 coating deposited by ALD.3°



In this work, the use of coatings to mitigate Cr migration is extended to MS-SOECs. Three coatings
were adopted: nanoscale Co304 deposited by atomic layer deposition (ALD), microscale Co304
prepared by electroplating deposition (ED), and CMO formed by electrophoretic deposition (EPD)
of particles. Enhanced initial performance and long-term durability were demonstrated for the
cells with these coatings, compared to bare uncoated cells. Co inter-diffusion with the outer
oxide is observed for the ALD coating. Cr accumulation was detected on the surface of the ED
coating after 1000 h operation. In contrast, the EPD coating did not react with the Cr species from
the metal support during the long-term test. Thus, the EPD coating is the most effective one for

inhibition of Cr diffusion.

2. Experimental

2.1. Cell fabrication

The symmetric MS-SOEC includes a thin ceramic electrolyte and scaffold electrode backbone
layers (ScSZ, DKKK), and low-cost ferritic stainless steel supports (P434L, Ametek). The
composition of P434L is listed in Table 1. A detailed cell fabrication procedure can be found in
our previous work.?? Briefly, each layer was prepared by tape casting. Polymethyl methacrylate
(PMMA) pore former beads (Esprix Technologies, USA) were used as a pore former in metal
supports and electrodes. After drying, these layers were then laminated at 75 °C to form a
symmetric cell architecture. Cells were laser cut and debinded at 525 °C for 1 h in air and then
sintered at 1350 °C for 2 h in a tube furnace with 2% H,-Ar atmosphere. The sintered cells were

27 mm diameter with 5 cm? total active area (infiltrated with catalysts and not covered by sealing



glass). The 3D reconstruction image in Figure S1 shows the dense electrolyte is ~10 um, and the
ceramic backbone layer is 20-30 um. The backbone includes micron-scale large pores and
submicron-scale small pores, which can serve as triple phase boundaries. The metal support is
the thickest componentin the cell, ~250 um, providing mechanical support and serving as current
collectors. The porosities of the metal support and backbone are approximately 46% and 42%,
respectively. The adequate porosity of the metal and ceramic layers enables catalyst infiltration
throughout the cell structure without catalyst clogging, and without sacrificing the cell’s

mechanical ruggedness.

Table 1. Composition of P434L stainless steel (Ametek Specialty Metal Products).

Element Fe Cr Mo Si Mn P C S

Conc. (%) Bal. 16.66 0.94 0.85 0.14 0.016 0.012 0.006

2.2. Deposition of the coatings

All reagents were purchased from Sigma-Aldrich, USA, unless noted.

2.2.1. Atomic layer deposition

Co304 coating was implemented by ALD (Oxford FlexAL, Oxford Instruments, UK) on the oxygen
electrode side of MS-SOECs. The cells were pre-oxidized at 750 °C for 10 h in air and placed on a
Si wafer with the edges of cells covered by Kapton tape, ensuring only the top side of cells was
coated. Bis(cyclopentadienyl)cobalt(ll) was used as the organometallic precursors, and deionized

water as the oxygen source. The coating was conducted at 60 °C with 350 cycles.



2.2.2. Electroplating deposition

Co metal layer was deposited on the metal support of the oxygen side by ED. The solution was
prepared with 0.751 g CoS04-6H,0, 0.143 g CoCly:6H;0 and 0.056 g H3BO3 in 100 mL deionized
water. The pH of the solution was adjusted to 3.6 by adding HCI. A Pt mesh was spot-welded on
one side of the cell and connected to the negative lead of a power supply (VSP-300, BiolLogic,
France). A Co plate was connected to the positive lead, as a counter electrode. A constant current
density of 4 mA/cm? was applied for 10 min. The coated cells were oxidized at 800 °C in air for 5

h to convert Co to Co304.

2.2.3. Electrophoretic deposition

CMO powder was synthesized by a sol-gel method.?® 3! Briefly, 3.081 g Cu(NOs)2-2.5H,0, 5.984 ¢
Mn(NO3)2-4H,0, 1.754 g glycine and 15 mL deionized water were mixed in a stainless steel beaker.
The reagents were completely dissolved with magnetic stirring. The hot plate temperature was
raised to 100 °C for 25 min to evaporate the solvent, then raised to 300 °C until auto-combustion
occurred. The resulting powder was calcined at 800 °C for 2 h to fully react the components. Then,
1.8 g synthesized CMO powder was ball milled with 15 mL ethanol for 24 h and then 150 mL
acetone was added. The suspension was sonicated before adding 0.86 mL of 1 M iodine in ethanol,
followed by another sonication. The suspension sat for 30 min before starting the EPD process.
A Pt mesh was spot-welded on one side of a cell and connected to the negative terminal of a
power source. A Cu plate was connected the positive terminal as a counter electrode. Both were

submerged in the suspension. A constant voltage of 20 V was applied for 10 min. The coated cells



were thermally treated at 1000 °C for 4h in 2% H; atmosphere, then at 750 °C for 5 h in air to

convert the CMO particles into an adherent coating.

2.3. Catalyst infiltration

Electrode catalysts were introduced by infiltration under vacuum, following a fast firing
procedure. Bare cells were pre-oxidized at 850 °C for 10 h before catalyst infiltration.
Stoichiometric nitrate salts, as the precursors of cations, were dissolved in water with Triton-X
100 surfactant. Typically for the oxygen catalyst, 5.078 g La(NO3)3:6H,0, 1.655 g Sr(NOs),, 1.198
g Co(NO3)2-6H20 and 6.649 g Fe(NO3)3-9H,0 were dissolved in a 9 g mixture of water and Triton-
X 100 at room temperature to prepare LSCF. Then, 1.966 g Sm(NOs)s:6H,0 and 7.681 g
Ce(NO3)3-6H,0 were dissolved in a 3.2 g mixture of water and Triton X-100 at room temperature
to prepare SmoCeosOs (SDC). For the fuel catalyst, 0.569 g Sm(NOs)3-6H,0, 2.225 g
Ce(NO3)3:6H,0 and 4.567 g Ni(NOs),:6H,0 were dissolved in a 3.2 g mixture of water and Triton-
X 100 to prepare the SDC and NiO. The volume ratio of SDC to Ni was 60:40 (denoted as SDCN40).
Three drops of the aforementioned LSCF solution were cast on the oxygen electrode and
infiltrated under vacuum, then the cell was dried at 90 °C for 20 min. The cell was flipped over
and infiltrated with SDCN40 solution with the same procedure. After drying, the cell was directly
loaded into a pre-heated furnace (800 °C) and unloaded after 30 min.32 Both catalysts were fired
during this process. LSCF solution was replaced by SDC solution on the second cycle. The cell was
alternately infiltrated with LSCF and SDC solution for 11 cycles. A total of 6 LSCF, 5 SDC, and 11

SDCN infiltration cycles were applied.

2.4. Cell assembly and test



Cells were sealed on stainless steel test rigs with glass sealant for testing. After catalyst infiltration,
a Pt mesh was spot-welded on the fuel electrode side of the cell and two Pt wires were spot-
welded on the mesh for electrical connection. The cell was then mounted on a 410 stainless steel
test rig using glass paste which was prepared with 80 wt.% glass powder (GM31107, Schott,
Germany) and 20 wt.% glass ink vehicle (Fuel Cell Materials, USA). The cell was then heated to
200 °C at 2 °C mint and then to 700 °C at 10 °C min"* with 1 h seal curing. A second round of glass
paste loading was conducted after a Pt mesh and two Pt wires were spot-welded onto the oxygen
electrode side. After curing the glass paste with the same procedure, the chamber of the test rig
was flushed with nitrogen, and hydrogen was then bubbled through a water bath at a flow rate
of 75 cm3 minL. The NiO on the fuel electrode side was completely reduced to Ni metal when the
open circuit voltage (OCV) of the cell was stabilized at ~1.12 V. Hydrogen was used as the carrier
gas in the fuel electrode, and the steam content was controlled to 50% by adjusting the
temperature of the water bath to 82 °C. The fuel tubing from the bubbler to the test rig was
wrapped with heating tape to prevent condensation. During the cell testing, the oxygen electrode

was always exposed to static ambient air.

The cells were tested at 700 °C under electrolysis mode. For the |-V curve measurement,
potentiodynamic scans starting from OCV to the electrolysis (positive) direction were performed,
at a voltage scan rate of 10 mV s%. Electrochemical impedance spectroscopy (EIS) measurements
were performed in the frequency range from 200 kHz to 100 mHz with a sinus amplitude of 5 mV,
at OCV. All electrochemical measurements were conducted with a multichannel
potentio/galvanostat (VMP3, Biologic, France) equipped with power boosters (VMP3B-5,

BioLogic, France).



2.5. Chromium transpiration measurement

Cr evaporation from the bare, ALD coated, and EPD coated cells without catalyst infiltration was
measured using a Cr transpiration test setup and the details can be found elsewhere.?® Briefly, a
quartz tube, designed with a capillary opening to prevent the back diffusion of the vapor species,
was used to conduct the experiment. Experimental test conditions simulated SOEC anodic
atmosphere of 3% H,0/97% air at 700 °C. The deposited Cr on the quartz tube, elbow and the
condenser was extracted by dissolving it in aqueous 20% HNOs. Any undissolved Cr species were
further removed from the glass wall by dissolving in alkaline potassium permanganate (0.3%
KMnOas in 1% NaOH, upon heating at 90 °C), ensuring the conversion of the remaining Cr species
from Cr3* to Cr®*. Inductively coupled plasma-optical emission spectroscopy (ICP-OES, 7300 DV,
PerkinElmer, USA) was performed to analyze the Cr concentration and calculate the total Cr

evaporation rate. The final concentrations of Cr were averaged from 3 separate samples.

2.6. Characterization

The morphology of the coatings and catalysts was imaged using a field-emission scanning
electron microscope (FESEM, Zeiss Gemini Ultra-55, Germany) with an energy dispersive X-ray
spectroscopy (EDS) detector. Crystal structures were characterized by X-ray diffraction (XRD,
D5005, Bruker, Germany) using a Cu Ka x-ray source over a 20 range of 20-80°. Microtomography
was conducted at the Advanced Light Source (ALS) Beamline 8.3.2 at Lawrence Berkeley National
Laboratory, with pixel size of 0.65 um. Images were collected over 180° in 0.072° steps, with 24
keV X-ray. The 3D reconstructions were performed with TomoPy, and visualization and image

were analyzed with Avizo software. Cross-sections of select sample surface regions were
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prepared using focused ion-beam (FIB, Helios Nanolab 460F1 DualBeam, ThermoFisher Scientific,
USA) milling with a Ga ion source and analyzed using transmission electron microscopy (TEM,

Talos F200X G2, ThermoFisher Scientific, USA).

3. Results and discussion

The morphology and Cr-barrier performance of the coatings was characterized. Then, cells with
and without coatings were operated in SOEC mode for 1000 h. Finally, post-mortem analysis
determined the degradation modes and demonstrated that the coatings indeed suppress Cr

migration from the stainless steel support to the LSCF catalyst.

3.1. Coating characterization

Both pre-oxidation and the deposition of coatings provide relatively uniform surface layers on
the stainless steel support. The surface scale of the pre-oxidized metal support is composed of
smaller chromia and larger Cr-Mn oxide grains (Figures 1a). The surface of the ALD coating is
uniform and dense (Figure 1b). The feature size is as small as 100 nm. Although the ALD coating
is thin, the metal support surface is uniformly coated. The surface of the ED coating is also
uniform and dense, with a feature size of 100-500 nm that is larger than the ALD coating (Figure
1c). EDS was conducted on the surface of the coating (Figure S2a). Cr and Fe are detected and
can be ascribed to the small coating thickness (~ 2 um) and the reaction between the Co304
coating and Cr species at the interface between the coating and stainless steel. The EPD coating
morphology is different from the other coatings (Figures 1d and S3). Porosity is visible on the
surface, and the coating penetrates throughout the porous stainless steel support, consistent

11



with previous studies.?® 3133 The grain size is around 500 nm. The surface of the coating contains
a very small amount of Cr and no Fe, due to the thick coating layer (6-10 um) at the surface and
minimal Cr reaction with the coating during the thermal treatment (EDS shown in Figure S2b).
The atomic ratio of Cu to Mn is 1:1.53, which is Cu-rich compared to the prepared powder
composition with Cu to Mn ratio of 1:1.8. Presumably, this is because the Cu plate used as the
counter electrode is partially stripped and the resulting Cu ions are electroplated on the cell. Note
that in all cases, the infiltrated catalysts (applied after the coatings are deposited) also coat the
interior surface of the stainless steel support. Although the catalysts are porous, they do offer
some protection from oxidation and reduction of Cr evaporation at 700°C.2® Nevertheless, the
coatings studied here are intended to reduce the Cr evaporation much more than the infiltrated

catalyst layer.
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Figure 1. Coating morphology. SEM images of the top surface of the metal support with (a) no,

(b) ALD, (c) ED, and (d) EPD coatings.

Cr transpiration analysis directly demonstrates the effectiveness of the coatings, especially the
EPD coating, for inhibiting Cr evaporation. Bare and coated samples without infiltrated catalysts
were oxidized in humidified air for 500 h, and the evaporated Cr was collected for analysis. The
Cr evaporation rate for the bare support is 1.75x10! kg m? s™1. The ALD coating reduces the rate
by more than 50%, to 8.22x1012 kg m s1. The impact of the very thin but dense ALD coating is
similar to the effect of a thick but porous LSCF-SDC infiltrated layer, which reduces the rate to
7.13x101% kg m? s1.26 The Cr evaporation rate for the support with the EPD coating was limited
to 1.43x1013 kg m? s, which is two orders of magnitude lower than the bare cell and one order
of magnitude lower than the ALD coated cell, highlighting the efficacy of the EPD coating in
mitigating Cr evaporation. The XRD patterns of the EPD-coated metal support before and after
the 500 h Cr transpiration test are compared in Figure S4. Major peaks correspond to the spinel
CuMn1804 coating. These peaks overlap with peaks from CrCuMnQg, Cr-substituted CuMn1.s0s,
possibly formed during Cr transpiration. However, the section below demonstrates there is no
obvious Cr in the EPD coating even after the 1000 h test, which supports that the chemistry of
the coating has not changed after the Cr transpiration experiment. Minor peaks correspond to
the base alloy and some Si-based oxides (P434L alloy contains 0.85% Si). It is likely that Si-based
oxides are incorporated in the EPD coating during the coating process and subsequent operation.
The major peaks before and after the Cr transpiration experiment are the same, demonstrating

the stability of the EPD coating.
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In contrast, the ALD coating is unstable and diffuses into the oxide scale on the stainless steel.
Samples with the ALD coating were analyzed by FIB/TEM before and after transpiration. A small
piece with the porous structures from each sample was lifted out by FIB. Before transpiration, a
Co oxide layer with the thickness of 30-40 nm coated the metal support, as shown by EDS
mapping (Figure 2a). The sample was pre-oxidized before the ALD coating, and a ~500 nm thick
chromia scale grew on the metal support with large grains of MnCr;04 above the chromia. There
is also a thin SiO; sub-scale (<50 nm) below the chromia scale, which was formed during the pre-
oxidization process. As expected, the chromia, MnCr,04, and SiO; scales continue growing during
the Cr transpiration experiment due to continued oxidation of the stainless steel. After 500 h Cr
transpiration (Figure 2b), the continuous Co layer is no longer visible. Co diffused throughout the
scale and preferentially segregated to the MnCr,04 spinel grains. The ALD coating is not stable
during the 500 h thermal treatment, and is therefore expected to be similarly unstable during
SOEC operation at similar conditions. This may explain the poor performance of the ALD coating,

discussed below.
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Figure 2. Instability of the Co ALD coating. TEM-EDS of the pre (a) and post (b) transpiration

measurement for the metal supports without catalyst infiltration.

3.2. Electrochemical testing

Before the performance of the coatings was evaluated, baseline bare cells were operated with
different current densities and the durability is shown in Figure 3. The OCV of the cells at 700 °C
with 50% H2-50% H,O on the fuel electrode is ~0.97 V. The initial polarization resistance
calculated as the difference between OCV and operating voltage is 0.65 to 0.85 Q cm?. The
degradation rate increases with higher current density. After 1000 h test at 700 °C, the

cumulative degradation rates are 12, 21 and 36% kh, for current density of 0.2, 0.33 and 0.5 A
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cm?, respectively. Based on these results, the most aggressive condition (0.5 A cm) was selected

for further testing with coatings.

0.50 A/em’, 36%/kh

0.33 Afem?, 21%/kh
1.5}
0.20 Afem?, 12%/kh

M.J el

Voltage (V)
=

0.5+

O 1
0 200 400 600 800 1000
Time (h)

Figure 3. Durability of bare cells. Galvanostatic operation at various current densities at 700 °C

with 50% H>-50% H-0.

The coatings dramatically improve the initial electrolysis performance compared to the bare cell,
as shown in Figure 4a. At a cell voltage of 1.4 V, the current density is 0.68 A cm™ for the bare
cell, which is consistent with our previous study with a slow catalyst firing procedure.?? The
current density is improved to 0.86 A cm2 with the ALD coating, 1.14 A cm™ with the ED coating,
and 1.19 A cm™ with the EPD coating. These current densities are from the best-performing cell
tested for each type. The performance of all cells tested is shown in Figure S5 and Table S1. The
average current density at 1.4 V is 0.65+0.03 A cm for bare cells, 0.83+0.03 A cm™ for the ALD

coated cells, 1.05+0.06 A cm™ for the ED coated cells and 1.13+0.05 A cm™ for the EPD coated

16



cells. The performance for each type of cell is reproducible and the cell-to-cell variation is

significantly smaller than the variation between coating types.

EIS spectra of all cells were obtained before beginning long-term operation (Figure 4b). The ohmic
resistance is 0.42, 0.30, 0.23 and 0.27 Q cm™ for the bare, ALD, ED, EPD coated cells, respectively.
All of the coatings decreased the ohmic impedance by more than 30% compared to the bare cell
baseline, which is ascribed to less oxidization of the metal support and less Cr reaction with the
oxygen catalyst. The polarization resistance is 0.36, 0.38, 0.29 and 0.20 Q cm™ for the bare, ALD,
ED, and EPD coated cells, respectively. The ALD coating does not decrease the polarization
resistance while the ED and EPD coatings decrease it by 20 and 44%, respectively. The coatings
beneficial impact on performance is thought to be due to blocking of Cr migration from the metal
support to the active oxygen catalyst sites as discussed below in Section 3.3. Therefore, less
poisoning of the catalyst occurs during cell fabrication, maintaining higher conductivity and
catalytic activity compared to reaction products of LSCF and Cr.34 This contributes to the lower
ohmic and polarization impedances with the coatings. The ALD coating was deposited on the
porous electrode as well as the metal support, possibly acting as an ion blocking layer or reacting
with the electrocatalyst. Moreover, the thicker ED coating and less Cr-reactive EPD coating are
more effective than the ALD coating and less Cr diffused to poison the LSCF catalyst during
fabrication. Thus, the ALD coating is not as effective to lower the polarization resistance,
compared to the other two coatings. After 1000 h operation, the current density decreases to
0.27, 0.30, 0.40 and 0.47 A cm™ at a cell voltage of 1.4 V for the bare, ALD, ED and EPD coated
cells, respectively (Figure 4c), which are 35 to 40% of the initial current densities. The ohmic

resistance is 0.71, 0.63, 0.63 and 0.42 Q cm™ for the bare, ALD, ED, and EPD coated cells,
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respectively (Figure 4d). The polarization resistance is 1.34, 1.00, 0.85 and 0.71 Q cm™ for the
bare, ALD, ED, and EPD coated cells, respectively. For the bare cell, the ohmic and polarization
resistances increase a similar amount, while for the coated cells, the ohmic resistance increases
more than the polarization resistance. This is consistent with the ohmic increase during operation
being dominated by catalyst coarsening, which is not impacted by the coatings, whereas the
polarization increase is dominated by Cr migration which is highly impacted by the coatings as

discussed below in Section 3.3.
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Figure 4. MS-SOEC initial performance. (a) (c) I-V curves and (b) (d) EIS at OCV of the bare and

coated cells at 700 °C with 50% H»-50% HO0. (a) (b) before and (c) (d) after 1000 h operation.

The coatings significantly reduce degradation of the cell performance. The long-term durability
of the bare and coated cells was compared at a constant current density of 0.5 A cm? (Figure 5).
All the cells were tested at the same conditions. The initial voltage of the cells with the ED and
EPD coatings was similar, and lower than that of the ALD cell and bare cell. This is consistent with
the initial |-V polarization (Figure 4a). For the bare cell, the average cell voltage degradation rate
over 1000 h operation was 36% kh'. Rapid degradation (75% kh!) was observed during the initial
300 h. After this initial transient period, the degradation rate was slower and more consistent at
an average rate of 16% kh from 300 to 1000 h (Table 2). The cell with the ALD coating degraded
26% in 1000 h. Similarly to the bare cell, it degraded more slowly after an initial transient period
(50% kh™t in 300 h), at a degradation rate of 14% kh™* between 300 h and 1000 h. The cell with
the ED coating degraded 27% in 1000 h, similar to the cell with the ALD coating, however the
initial transient period (42% kh™' in 300 h) was less pronounced and the degradation rate between
300 h and 1000 h was higher (18% kh). These two Co304 coatings do not enhance durability
much during 1000 h operation, regardless of the coating thickness or deposition method. This is
ascribed to the reaction between the Co304 coatings and Cr species discussed below in Section
3.3. The cell with the EPD coating shows the best durability, with an average degradation rate of
19% kh! during 1000 h operation, 30% kh in 300 h operation and 13% kh between 300 h and

1000 h.
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Figure 5. Coatings improve durability. Galvanostatic operation of bare and coated cells at 0.5 A
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Table 2. Impact of coatings on performance and durability. Initial ASR calculated from the

difference between operating voltage and OCV, and degradation rates for 0-1000 h, 0-300 h and

300-1000 h.
Cells Initial ASR (Q Degradation rate (% kh?)
cm?) 0-1000 h 0-300 h 300-1000 h
Bare 0.65 36 75 16
ALD 0.51 26 50 14
ED 0.39 27 42 18
EPD 0.37 19 30 13
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3.3. Post-mortem analysis

After fabrication and operation, cells were analyzed to determine the impact of Cr migration, fuel
catalyst coarsening, and other degradation modes. Cr poisoning of the oxygen catalyst was
previously determined to be a primary degradation mode for bare cells.?? In response, the
coatings in this study are intended to inhibit the Cr diffusion from the stainless steel support to
the catalyst in the electrode. Direct evidence of the effectiveness of the coatings for mitigating
Cr migration is provided in Figure 6. The Cr concentration in the oxygen catalyst was determined
with SEM/EDS after fabrication and after 1000 h operation. Cell fabrication promotes Cr
migration to the oxygen catalyst during the infiltration process, where the cell is held at 800 °C
for 30 min in air 11 times. While this is a relatively short cumulative exposure, it is considered to
be more aggressive than a similar time period of long-term operation at 700 °C due to the higher
temperature. For the bare cell, the ratio of Cr/La is 0.17 for the fresh cell, indicating significant
Cr migration during fabrication. The ratio increases to 0.60 after the durability test. All of the
coatings reduce the Cr migration during fabrication and subsequent operation, and the EPD
coating is substantially more effective than the others and provides a three-fold reduction in total
Cr accumulation compared to the bare cell. The ratio of Cr/La increases from 0.14 to 0.40 for the
cell with the ALD coating, from 0.09 to 0.39 for the cell with the ED coating, and from 0.06 to 0.21
for the cell with the EPD coating. The Cr concentration with the ED coating is lower than with the
ALD coating for fresh cells, but it is almost the same for both cells after 1000 h test. This is
consistent with their durability performance (Figure 5). The Cr concentration increased after
1000 h operation for all of the cells. The overpotential is almost linearly correlated to the ratio of

Cr/La for the cells before and after 1000 h, indicating that Cr content is a dominant factor for the
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cell degradation (Figure S6). These coatings, including the best-performing EPD coating, cannot
completely inhibit Cr diffusion. Therefore, further effort to optimize the composition,

densification, and thickness of the coatings is expected to be fruitful.

0.8
B Fresh

® After 1000 h

g

Ratio of Cr/La

0.0

Bare ALD ED EPD

Figure 6. Cr accumulation in the electrode. Ratios of Cr to La in the LSCF-SDC catalyst for the bare

and coated cells, after cell fabrication (squares) and after 1000 h operation (circles).

The morphology and composition of the ED and EPD coatings after 1000 h operation were
analyzed with SEM/EDS (Figure 7). The ALD coating is not shown here because it is too thin to
image with SEM. The ED coating appears dense and the EPD coating contains some pores but
they do not appear to be interconnected. The line scan for the ED coating shows that Co did not
diffuse into the metal support and Cr and Mn accumulated between the metal support and the
coating, presumably due to oxidation of the stainless steel. Significant diffusion of Mn into the
Co coating was not observed. Moreover, Cr diffused outward and accumulated on the surface of

the coating. Cr and Mn overlap at the interface, which could form common (Cr,Mn) compounds.
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In contrast, for the EPD coating, there is only Cr accumulation between the metal support and
the coating. No Cr is observed in the coating or on the coating surface. This is consistent with the
better Cr-blocking performance of the EPD coating (Figure 6). For the EPD coating, the
distribution of Mn and Cu is uniform, suggesting there is no phase separation for the coating
during operation. Note that P434L stainless steel contains Mn, which is detected by EDS. These
observations confirm that the EPD coating is more effective than the ED coating for inhibiting Cr

diffusion outward from the stainless steel.

Figure 7. Coating composition after operation. EDS line scan along the cross section of the (a)
ED and (b) EPD coated metal supports after 1000 h operation. Arrows indicate the EDS scan

lines.

Fuel catalyst coarsening appears to be a primary degradation mode for all cells, but the LSCF-SDC
oxygen catalyst did not coarsen for the bare or coated cells, consistent with our previous results

for bare cells at lower current density.?? The LSCF-SDC particle size remains 20 to 30 nm after
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1000 h operation (Figure S7). The fuel catalyst coarsened from < 20 nm to > 50 nm after 1000 h
test, for all bare or coated cells (Figure S8). Preventing the fuel catalyst coarsening would further

enhance the durability of the MS-SOECs.

4. Conclusions

MS-SOECs with and without coatings on the oxygen side support are operated for 1000 h. The
degradation of bare cells is highly dependent on the applied current density, with higher current
density leading to faster degradation. Three coatings are used to inhibit Cr diffusion, to address
Cr poisoning of the oxygen catalyst which is a primary degradation mode. The Co3z04 ALD and
CMO EPD coatings reduce Cr transpiration by 50% and 80%, respectively. All the coatings improve
the initial current density at 1.4 V and provide higher durability during 1000 h operation. The
current density at 1.4 V for the cells with the EPD coating is as high as 1.13 A cm2, which is among
the best performance reported for a MS-SOEC with stainless steel support and zirconia
electrolyte. The Co304 coatings are less effective than the EPD coating regardless of their
thickness, as they react with Cr species during long-term operation. TEM/EDS demonstrates Co
deposited by ALD preferentially segregates at the spinel MnCr,04 surface. Also, Cr accumulation
on the surface of the ED coating is confirmed after 1000 h test, further demonstrating the
reaction. Overall, EPD coating, the best of the candidates studied, is stable and effective to

suppress Cr diffusion outward from the stainless steel.

Supporting information
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3D structure, cross section SEM of a cell with EPD coating, compositions of ED and EPD coatings,
XRD patterns of the EPD coated metal support before and after 500 h Cr transpiration test,
reproducibility of |-V performance, correlation of overpotential and ratio of Cr/La, oxygen and

fuel catalyst morphology, current densities at 1.4 V for all the tested cells
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