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MOXIE: Mars Oxygen ISRU Experiment

NASA funded flight program
o Only space flight qualified SOEC stack in history
o Shock, vibe, operational cycles, mechanical load
o Only TRL? SOEC device in history
o First space ISRU demonstration

o Produced oxygen from the Mars Atmosphere IS R U ExpenmenT
MOXIE SOXE TEAM
. Anode
o MIT: MOXIE Science Team Lead - gultjgyel'l cons;ruction
o » side electrode
o JPL: MOXIE System Integration & Qualification o clozomlet - Current distribution
enum Plenum
o OxEon: SOEC/SOXE development and production - e
(0}
o TRL3to 6in 18 months s Anode o~ Electrolyte
. . i Elcctiolyte ~ g - Scandia stabilized Zirconia
o Hermetically sealed, ruggedized stack capable of ! z' —m-a‘ Sdel S lonieTC eI E or
withstanding launch, entry, descent and landing e
o Capable of multiple operations cycles: rapid 2 hour l Cathode
° - Multilayer construction
heat up to 800 °C CFY Interconnect - Fuel side (CO/CO, electrode)

o 14 operational cycles on Mars to date
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SOXE Development Since MOXIE

Scale-up of SOXE device

o Sxincrease in cell area
o 6.5xincrease in cells per stack

o Newest, mission-scale variants scaled 33x device used in MOXIE

6 mission-scale stacks (4+2 spares) capable of
producing 30 tons propellant O, to fuel MAV in 19-
month window from Mars landing to next launch

Demonstration systems built and relevant tested
o Lunar application—production of propellant H, and O, from Lunar
PSR Ice |

o Martian application—production of propellant O, and CH, from MOXIE scale
Mars CO,and H,O | L7,

—C
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Scaled-up Interconnect

MOXIE system requirements moved
SOXE stacks from open anode
channel design to hermetically
sealed anode

o Allow internal collection of O,

Change in interconnect necessary for

CTE material match

o Heritage SOXE stacks utilized stamped
ferritic stainless steel

o ISRU stacks use high chromium (95CR-5Fe-
Y,0O5 CFY) interconnects

Scale-up limited by production

presses available

o First ISRU interconnects were 50 mm x 100
mm (MOXIE)

o Scaled-up ISRU interconnects are 130 mm
x 130 mm
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Lunar Demonstration System: Program Obijectives

Lunar ice processing demonstration unit sponsored by a Tipping Point award to
OxEon and Mines through NASA's Moon and Mars Technologies initiative

Objectives

Demonstrate high
temperature SOXE
propellant production
from H,O

Therma l ly Integ rated Sized for 1100 mT/year
BOP Credit: ULA

)>}{2

System architecture
optimization and
technoeconomic analysis

P Cathode

Electrolyte
Anode

33 o
XYY FLUX

el R eane

> O, Byproduct

Program KPPs

Integrated breadboard
system H, production rate:
Threshold/Goal =
1.5/1.8 kg/day

O, product pressure:
Threshold/Goal = 1/2 bara

System specific power:
Threshold/Goal =
50/46 kWh/kg H,
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Lunar Demonstration System: Program Accomplishments

v Successful scale-up of ISRU

¥ /f
from MOXIE #itsmatgd hotbox
Ny b P4
\ % = £a 1d SOXE stack
v" Moved technology from a TRL /—/==———generator-_ rm)mc’ o,
4to TRL5 (e == 1

v" Met all 3 KPP threshold values

v' Exceeded 2 of 3 KPP goal
values

v' TEA indicates economically
viable propellant production
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Lunar Demonstration System: Electrochemical Drying

Two-stage electro-drying scheme Short stack demonstration
o First stack produces majority of H, o Stack run at 60% H,O utilization
o Second stack used to dry H, product o Inlet conditions adjusted to match outlet from first test
o Eliminate need for additional processing to dry H, o Stack driven to outlet dew point of -20 °C (99.9% H,O
product utilization)
10-cell, 800°C, sweep to 60% steam utilization 10-cell, 800°C, >99% steam utilization demonstration
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Lunar Demonstration System: Electrolyte Thickness Study

Electrolyte - Maximum Stresses
FEA study to evaluate electrolyte | £=0.125 mm ey S
o FEAto assess electrolyte stresses as a function of e e
thickness/differential pressure £
o Three electrolyte thicknesses evaluated (0.125, 0.25, i R
and 0.375 mm) g t=025mm | T4
o Differential pressure across electrolyte varied +10 bar = fome et S 3000
o Highest stresses mimic pattern of interconnect s I
-15 -10 -5 e 0 5 10 15
on Mises (N/m#2) EI-#ctron‘te Thickness (mm) Electrolyte - Durability
3501e+07 ¢ pomee Ozmmme . 100
_ 2801e+07 - - = 0:80
2102407 + 0.6 = et "
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o 0:20 . ~»~\‘N |
'352%»05 g \\“4
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Representative electrolyte corner t=0.125 mm

geometry mesh and plot von Mises stress

— )
Differential Pressure (Bar)

(1.6M elements, 6 elements thick)
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Martian Demonstration System: Program Objectives

Martian ISRU demonstration system sponsored by a NASA Next STEP award and

Objectives

Design integrated system
to produce high purity O,
and methane from CO,
and H,O

Operate SOXE for dry
CO,, water electrolysis,
and co-electrolysis of
steam and CO,

Design ISRU variant stack
with internal O,
collection port

OXEON ENERGY, LLC

tested at Jet Propulsion Laboratory

Mars resource

CO, & H,0O

v

SOXE

v
0, | CO & H,

Methanation

Propellant O, | CH,4
Byproduct H,O

Program Targets

Design mission scale stacks
with capacity for 675 g/hr
O, with purity >99.6%

Design full scale
methanation reactor for CH,
production rate of 169 g/hr

Integrated
SOXE/methanation
prototype test in JPL Mars
chamber for TRL6
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Mars Demonstration System: Electrolysis testing

Modelling of SOXE stack operation

and test verification

o Dry CO, electrolysis
o Steam electrolysis
o Co-electrolysis

Monitor steam source and conversion
with dewpoint sensor

o Compare model composition with GC and
DP data

Flexibility in feed composition to
SOXE demonstrated

o Can vary inlet to match desired syngas
composition

OXEON ENERGY, LLC
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Mars Demonstration System: Electrolysis Testing

1.4
L3 Steam electrolysis
' steam electrolysis  * o Higher productivity
s e o Multi-stage can achieve >99%
' co-electrolysis . ° steam utilization
S 11 . e
& dry-co, . ° .l Dry CO, electrolysis
£ 1 Lt o Limited by CO reduction potential
= s .
% . .. .
©03 L Co-electrolysis (steam and
08 CO,)
' o Product H,/CO ratio tracks inlet
H,O/CO, ratio
0.7 .
o Productivity nearer dry CO, than
06 steam
0 0.05 o1 015 0.2 0.5 o Modest performance dependence

Current Density (A/cm?) on H,O/CO; feed ratio
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Mars Demonstration System: Methanation reactor

Methanation reactor design

©)

Schedule 10 stainless 1-1/2"
nominal pipe

Aluminum fin insert for heat removal
Centerline multi-point temperature
probe

300 mm catalyst loaded length, 300
ml total

Evaporative cooling jacket with
condenser loop

System Integration

©)

OXEON ENERGY, LLC

SOXE generated sygnas cooled to
remove unreacted H,O

Dry syngas fed to methanation
reactor to produce CHy

v

D~
A

I

|

Steam
condenser
section

Methanation
reactor

65-cell Stack

___Tube-in-tube
recuperator coil
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Mars Demonstration System: Testing

Methane Production Rate and Total Methane Production for

SOXE standalone test 1000 hr Integrated System Test

o 1,000 hours '

o Dry-CO,, co-electrolysis, and steam electrolysis
demonstrated with mission-scale stack

3
-
[

Methanation reactor standalone test
o 1,500 hours

W

CH4 Production (g,-/hr)

o CHA Prodluced (1g

Methane Cumulative Production (Kg) ..

Integrated system test

o Amb|ent Cond|t|on3 for 1,000 hours 1'i' IMeasursd CHA Production Fate (g/hr) .
o Relevant condition test in JPL Mars chamber for 100 o 2 w 200 1000 1200
hours o
40 Stack Current and Oxygen Production
5
Mission Scale SOXE stack extended operation 30

Jh\
ESY ()]

o Three thermocycles demonstrated

o Total of 2,500 hours of operation

o Demonstrated target O, and CH4 production rates,
SOXE produced O, purity > 99.9%
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Cathode Challenge: Oxidation in dry CO,

Cathode interconnect (cell 1) Cell 2 Cell 5
100 A —a Non-conductive
' —1 Green (NiO)
—TC3
—TC4
8.0 | ——TC5
'—“\./—’ﬁ’—\\/’\/
Mmf R _— e Conductive
60 — :z Grey (Ni print)

ASR

TC9

= Electrolysis Cathode:

4.0 Tci1

L~ <= Ni-ceria electrode +

TC13

20 = Nifelt current collector _*
0o ASR Exposed
"o 20 40 60 80 100 120 140 interconnect
Fun e mi) Dramatic degradation resulted
Early MOXIE Test Stack: from progressive oxidation front
15 operational cycles - full thermal cycle with o . . .
120 min operation on dry CO, Oxidation of Ni to NiO causes ~24% vol expansion,

and in this case, irreversible damage to the electrode

Dry CO2 - O2 production ~12% of initial
& current collector

MOXIE implemented recycle of produced CO to prevent cathode oxidation
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Reduction Kinetics: Thermogravimetry Analysis

Various levels of promoter to improve reduction kinetics were evaluated
After oxidation in CO, the same samples were re-reduced in either H, or CO

o Selected a composition that reduces quickly and completely

(] (]
H, Reduction CO Reduction
TGA H, Reduction Recovery (After CO, Oxidation) TGA CO Reduction Recovery (After CO, Oxidation)
5% H, bal. N, flowing during ramp (4°C/min) and 800°C hold 5% CO bal. N, flowing during ramp (4°C/min) and 800°C hold
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Cathode Demonstration: Redox Cycle and Coking Limit

Redox Cycle with Lunar Demonstration Coking limit evaluation with dry CO,
o Power supply problem resulted in no H, in stack feed © Stacks with new cathode material able to operate
o Stack performance recovery observed when H, above theoretical coking limit
recycle re-established o Demonstrated Mars demonstration system during JPL
Mars chamber test
100 Experimental Stack (STK-020) Coking Test, 800 °C

Set current (step-wise), monitor voltage

13 15.0
90 4| Recycle H2 Loss
12 _ . .
80 Voltage | eeed UL ;! Coking 14.5
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70 1 [ 80% . 80%CO, | °
l___ .
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S e —— indicates cokin 3
Feli. = g 1255
30 5 .
03 40 % initation é
S 7 e —— 120 8
30 Gopreartt n Theoretical
6 === coking limit 11.5
20 5 11.0
10 4 10.5
0 3 10.0
15:21 15:36 15:50 16:04 16:19 16:33 16:48 20.0 20.5 21.0 215 22.0 22.5
Time Coking Test time, hours
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Post-MOXIE Scale-up ISRU Accomplishments

O

33x device scale-up
o  Human exploration mission-scale stacks

Lunar and Martian demonstration systems

o Relevant condition testing

o  Flexibility in feed composition from dry-CO, and
steam alone, to any mix of H,O/CO,

Cathode material development

o Redoxtolerance for recycle elimination

o  Coking resistance observed

Demonstration of additional functionality
o  Electrochemical compression of O, product
o  High steam utilization for H, product drying
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