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One Technology - Multiple Modes Of
Operation

Solid Oxide Stack Module
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Stainless Steel

ScSZ Electrolyte

Interconnect Plate
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Repeat Unit Elements
Baseline Stack

Ferritic Stainless Steel Separator (Rare earth treated)

T~ Corrugated Ferritic Stainless Steel or High Ni alloy

Cobaltite (current distribution layer)
air electrode

Manganite + Zirconia Composite

electrolyte Sc - ZrO, (partially stabilized)

NI + ceria cermet
H electrode

Ni (current distribution layer)

MCowgmed Ni flow field on hydrogen side




— 3.8 kW

— 1,200 normal liters/hr
hydrogen production

— 2,000 hrs total operation

— 1,000 hrs on CO,/H20

* Syngas production sufficient for 100 gallons of
FT diesel

— Stack electrical efficiency = 96.4%
— System thermal distribution issues




Voltage, Current

2 X 60 Cell Stack Module Load History
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Half-ILS Post-Test Key Observations

e Electrodes

— Oxygen electrode delamination for 2,000 hr test
* No delamination in short stacks tested for shorter periods (~300 hrs)

— Hydrogen electrode & current distribution layer in good
condition

— Cr transport to oxygen electrode bond layer

— Sr migration from oxygen electrode/bond layer

» Gross changes in bond layer chemistry, phase assemblage, conductivity
and performance

 |nitial Performance Reproducible — short to tall
stacks

 Unacceptably High Initial Degradation




/20 Cell Full-ILS System at INL
5.7 Nm3/hr - 17.5kW H, Production




DOE NHI Analysis of Tested Ceramatec Stacks

UNLV



Full-ILS Module #3 Post Test Examination
Module 3 had Spinel Barrier

Hydrogen electrode
attached,
Ni bond layer
separated with
Interconnect

Sr zirconate
formation
Oxygen electrode
delamination



ILS Module #3 Post Test Examination

Electrode section in following EDS Maps

Manganite-Zirconia
Composite

Manganite Electrode

Cobaltite (LSCo)
contacting layer
(bond layer)

No major change In air electrode microstructure



Co-Mn Inter-diffusion in Oxygen Electrode

Expected Main Elements

Zr, Mn, Sr
Mn, Sr

Co, Sr

Zr, Mn, Sr
Mn, Sr

Co, Sr




ILS Module 3 Post-test

e AIr electrode delamination

e Potential for Mn & Sr diffusion Into
ScSZ playing a role Iin delamination

 Mn/Co interdiffusion changing
electrode activity and conductivity

 No substantial change to air electrode
microstructure



Air Electrode Surface

 Less Cr observed in electrode for module 3
 Cr observed mostly at interconnect/electrode contac t



Electrolyte Surface



Air Electrode Post Test
(380 mA/cm?, 1.3 V/cell, Test Duration 700 hrs)



Electrode SEMs — Different Depths

2 3



Air Electrode Is Key

o Evaluated more than 10 air electrode
compositions
— Manganite, Cobalt-ferrite, ferrite
— Dopant variations

 One Cobalt-Ferrite was selected for stack
test



Air Electrode Comparison Stack

e 10-cell stack
— 5 cells using baseline manganite electrode
— 5 cells using new cobalt-ferrite electrode
— All interconnect with air-side spinel coating

 Monitored voltage of 2-cell groups

— Two 2-ce
— One 2-ce
— Two 2-ce

grou
grou
grou

0s of manganite electrode
0 of mixed electrodes

ns of cobalt-ferrite electrode



O, Electrode Comparison Stack

1.4 V/cell
Const. Current

1.3 V/cell

o At fixed total stack voltage
— Manganite groups: Increase in voltage (ASR) with time
— cobalt-ferrite groups: decrease in voltage with time
— Mixed group: net decrease in voltage with time



Post-test: Comparison Stack
Oxygen Electrode and Bond Layer

Extensive delamination of standard manganite Perovs Kite electrodes

No delamination of new cobalt-ferrite Perovskite el ectrodes
(Ceria interlayer used)



New O, Electrode Improves Stack Stability

5-cell stack tested
All cells with cobalt-ferrite electrode
Ceria interlayer between ScSZ and electrode



Electrolysis Stack Stability Progress



Degradation & Lifetime Model

 Diffusion limited degradation processes
— Oxide scale growth
— Cation interdiffusion & reaction layers

e Leads to a parabolic rate law
— R’(t)=R0O™*(1+sqrt(t/ )) where tau Is time to
double the Initial area specific resistance
* Integrate 1/R”(t) for ave lifetime production
— Integration substitution variable U=1+sqrt(t/ )

— Lifetime fraction of initial production rate
2%(U-In(U)-1)/(t/ )



Stack Degradation Fitting to Parabolic Rate Law

=6,133 hours using excel solver

=6,182 hours regressing ( (R”(t)-R0”)/R0” )"2




Fit to Stack With Low Degradation

=36,500 hours regressing ( (R”(t)-R0")/R0” )2



Reality doesn’t always fit the model!



Electrochemical Performance Map



Economic Variation in Operating Space

Total cost of H, [$/kg]
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CO, as a Feedstock for Renewable Fuels

Gasified biomass or

Steam+ CO )
2 _l reformed biogas

Renewable Electricity

—
Syngas
Compressor & Storage
Fischer Tropsch Reactor
_

FT Liquid & Wax Products

Various aspects of this work have been supported
by the DOE (INL), ONR and State of Wyoming



Summary

Significant differences in degradation
mechanism between SOFC and SOEC
— Air electrode delamination is key

— Corrosion of metal in high steam

Cobaltite-ferrite with ceria underlayer shows
no delamination after 700 hrs of testing at
~0.4 Alcm?

— More long term tests needed

Current collection layer plays a major role in
Initial performance

Initial results show compressive seal is better
Work supported by the Office of Naval Research and

the Department of Energy through Idaho National Lab  oratory



