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REVERSIBLE SOFC-SOEC STACKS BASED ON STABLE RARE-EARTH NICKELATE
OXYGEN ELECTRODES: DE-FE0031972

Objectives to be reached during this project

BOSTON
Establish state-of-the-art oxygen electrode materials ARl I

1.

2. Stabilize Ni-YSZ hydrogen electrode against Ni migration - utilize infiltration

3. Quantify the effect of cell & stack design on durability — then improve it WestVirginiaUniversity SAINT-GOBAIN
4. Develop and quantify cost-effective and scalable manufacturing ;9 Gaia Energy Research Institute LLC (Gaia)

Energy, Environmental, and Engineering Research

Entering Budget Period 2 Ln,NiO, Air Electrode
. Budget
IS [P EN 1Y) Federal Non-Federal Total
Budget Period 1 $796,976 $203,754  $1,000,730 ot
Budget Period 2 $798,961 $197,689 $996,650 sty
Budget Period 3 $794,730 $196,226 $990,956 i
Totals $2,390,667 $597,669 $2,988,336 L Ol %100,
SVEN, LaNiO,
N: |NATIONAL a
Acknowledgement TL TECHNGLGGY Performance Potential Stability Challenge
LABORATORY
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WIDESPREAD ADOPTION OF HIGH TEMPERATURE ELECTROLYSIS
RELIES ON HIGH VOLUMES - FOCUS ON TRANSFERABLE RESULTS

Designs can be grouped by the thickest layer of an individual cell
and how they are connected into a stack

Stack Anode Electrolyte Metal Commonalities
Supported Supported Supported Supported

Air electrode
activity vs. temp.

Air Electrode Air Electrode

, Air Electrode
Air Electrode Electrolyte _ i
Electrolyte Electrolyte Electrolyte Fuel Electrode High humidity @
fuel electrode
Fuel Electrode Fuel Electrode Fuel Electrode Metal
Interconnects

Ceramic Interconnect Metal Interconnect Integrated Interconnect

. .

Stack
Developers

N
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FOCUS ON STACK AND REVERSIBLE OPERATION MODE ISSUES
SOLUTIONS AT EACH LEVEL DESIGNED TO BE PORTABLE TO MANY SYSTEM CONFIGURATIONS

Cell Level Stack Level Scale Up
/ . W
SAINT-GOBAIN  WestVirginiaUniversity

W Solution
wst\ﬁ@rﬂgﬂ‘mw integration and
stack testing

Nickelate — Cr interconnect interactions :
] Air Electrode
Air Electrode S
T Electrolvte
. eta
Air Electrode i Elleierl Air Electrode - Air Electrode [l Fuel Electrode Fuel Electrode
Electrolyte Electrolyte Electrolyte Electrolyte Ceramic IC — Metal IC —
Fuel Electrode Fuel Electrode Fuel Electrode Fuel Electrode Air Electrode - Air Electrode .
Ceramic IC Electrolvte Electrolyte
Stack Anode Stack Anode
Fuel Electrode Fuel Electrode
Supported Supported Supported Supported
Stack Anode
Ceramic IC Supported Supported
Fuel Electrode humidity . .
. S . . Techno-economic analysis
(Nickel migration) interactions
W E] @ Gaia Energy Research Institute LLC (Gaia)

BOSTON mxrfhk
UNIVERSITY SAINT-GOBAIN

V' - Energy, Environmental, and Engineering Research
WestViginiaUniversity SAINT-GOBAIN :
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CELL LEVEL MODELING
DETERMINE AND MODEL THE OXYGEN DIFFUSION MECHANISM IN NICKELATE STRUCTURE

/— Cell Level 4\
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Vacancy Diffusion

Oxygen Electrode Investigations
(Nickelates)

Air Electrode

Air Electrode VS La4Ni208 Nd4Ni208

Electrolyte Electrolyte

Fuel Electrode Fuel Electrode

Stack Anode

Supported Supported intfrs?;tgi.;nsit&

Fuel Electrode Investigations Interstitial Diffusion
(Nickel migration)
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CELL LEVEL MODELING

VACANCY DIFFUSION HAS VERY HIGH ACTIVATION ENERGY, MOST LIKELY NOT ACTIVE

/— Cell Level 4\
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Oxygen Electrode Investigations
(Nickelates)

[BOSTON

UNIVERSITY

Air Electrode
Electrolyte

Fuel Electrode

Stack
Supported

BOSTON
UNIVERSITY
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Air Electrode
Electrolyte

Fuel Electrode

Anode
Supported

Fuel Electrode Investigations
(Nickel migration)

Eight oxygen sites
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CELL LEVEL MODELING
THREE PATHS FOR OXYGEN DIFFUSION THROUGH INTERSTITIAL MOVEMENT

/— Cell Level 4\
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(O Interstitial oxygen

@ Ln(Ln=La, Nd, Pr)
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AlFEIectrode Air Electrode (1) Initial state

Electrolyte Electrolyte

Fuel Electrode Fuel Electrode

Path 2: squeezing through a-b plane
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Supported

Anode
Supported

Fuel Electrode Investigations
(Nickel migration)
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(1) Initial state

(2) Transition state (3) Final state

(2) Transition state

Path 1: bumping along a-b plane

(3) Final state

Path 3: bumping along a-c plane

d-i%%

3) Final state

SAINT-GOBAIN

(1) Initial state 2) Transition state



CELL LEVEL MODELING
CALCULATED IONIC CONDUCTIVITY IN NICKELATE SYSTEM

Energy barrier in Ln,NiO, 5

Cell Level
5
/ \ La,NiO, 5 4580V I

Path 1: bumping a-b plane Conductivity in Ln,NiO, 5
a5 Path 2: squeezing a-b plane La>Pr>Nd
e ,ﬂn = Path 3: bumping a-c plane a r
BOSTON ©
| UNIVERSITY | SAINT-GOBAIN P 20
E — s iitic: LAZNIOM 48 (temperature dependent barrier
. . E = initio; Nd.?ﬂ_lﬂHiWﬁwu depandaent barrar)
Oxygen Electrode Investigations - 15 —— b iitio; Pr2NiO4+ (lmperalure dependent barier)
(Nickelates) g
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v X
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Air Electrode -
Electrolyte Electrolyte -
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Fuel Electrode Investigations
(Nickel migration)
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CELL LEVEL OPTIMIZATION STUDY
INVESTIGATE COMPOSITION/DESIGN PERFORMANCE-STABILITY RELATIONSHIP

/— Cell Level 4\
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Oxygen Electrode Investigations

(Nickelates)

Air Electrode
Air Electrode

Electrolyte Electrolvte

Fuel Electrode Fuel Electrode

Stack Anode
Supported Supported

Fuel Electrode Investigations
(Nickel migration)

soston
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Architecture Optimization Using Symmetrical Cells

#mm Current collecting layer (CCL)

NNO-NDC50 4= Active layer (AL)

» Active layer (NNO-NDC50)
thickness

GDC10
YSZ

GDC10

* Current collecting layer (NNO)

thickness MNO-NDCS0

NNO

* Measurement of ohmic and
polarization resistance of the
symmetrical cells at 800 and

700°C in air
AL thickness variation CCL thickness variation

e
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CELL LEVEL DEVELOPMENTAL WORK
STACK AGNOSTIC SOLUTIONS FOR MODE SWITCHING ON THE AIR ELECTRODE

/— Cell Level 4\
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Air Electrode

Electrolyte

Stack
Supported

BOSTON
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Oxygen Electrode Investigations

(Nickelates)

Air Electrode
Electrolvte

Fuel Electrode Fuel Electrode

Anode
Supported

Fuel Electrode Investigations
(Nickel migration)
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Optimizing increase of active sites vs diffusion distance to the electrolyte
CCL layervariation

* Optimized thicknesses . AL layervariation o
for AL and CCL in o5 2y o g  2layes
. o _— . ¥
symmetrical cell: 3 AL (27 & Lt & 4o
pum)and 4 CCL (23 um) 3, .. f/__,..--....ﬁ'\”': w01 . Syt
P
o0es 14 15 18 17 ‘ ':":.'.I_F'ﬁ I
Z_jem’) Z, imem)

Cell with combined optimized layer thicknesses
» 24% improvement in the

ohmic resistance and 0201 ew - MM
170% improvement in the R PORAL L SieNece
polarization resistance N z;: _—
due to the CCL addition. " ool C— /"‘ ) \
1.4 15 146 1.7 1.8 18
Z (em’)

Improved cell performance

1.4 o Ref (22)
= This wiork
- 121
% 1.0/
S 08/
s SDEC \
0.6+
0.4 = S0FG

2 - 0 1 2 rﬁh‘l

Current Density, Acm” SAINT-GOBAIN




CELL LEVEL DEVELOPMENTAL WORK
STACK AGNOSTIC SOLUTIONS FOR MODE SWITCHING ON THE AIR ELECTRODE

Passed Budget Period 1 Performance Milestones

Cell Level
/ N\ Reduce polarization by 15%
02

— - -l Gl - -l -l e
(3]
erﬂnr\_ E
SAINT-GOBAIN &
S o1
Oxygen Electrode Investigations n?_.-
. -
(Nickelates) .
. 0.0
AlrEISetrode Air Electrode Standard Cell  Optmized Cell
Electrolyte Electrolvte
Fuel Electrode Fuel Electrode
Increase performance by 10%
Stack Anode
Supported Supported SOEC Mode SOFC Mode
1.5
v 1.0 - e
Fuel Electrode Investigations 2
(Nickel migration) @ 0.5
@ &
e v 8t Y .
30OSTO = V: "v-_-z et -
RN  SAINT-GOBAIN - S < 0.5 p—
= -1.0
=
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CELL LEVEL DEVELOPMENTAL WORK
NICKEL MIGRATION AS A FUNCTION OF CURRENT AND HUMIDITY

/— Cell Level 4\

SAINT-GOBAIN  \®

—

Oxygen Electrode Investigations
(Nickelates)

Air Electrode
Air Electrode

Electrolyte Electrolyte

Fuel Electrode Fuel Electrode

Stack
Supported

Anode
Supported

Mitigation of Ni migration

Fuel Electrode Investigations
(Nickel migration)

[BOSTON erﬂlk

| UNIVERSITY SAINT-GOBAIN

>

Percolating Ni

Focus solutions on MIEC anode side infiltration

Dynamic SOFC-SOEC mode switching

A range of simulated fuel compositions & temperatures
Microstructure and compositional evolution probed
through SEM, TEM and SEM-FIB analysis

Studies to be guided by CALPHAD

Visualization of percolating Ni through low voltage SEM

Mon-percolating Ni ’

e
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CELL LEVEL DEVELOPMENTAL WORK
NICKEL MIGRATION AS A FUNCTION OF CURRENT AND HUMIDITY

Cell Level Imaging percolating nickel in the hydrogen electrode
/ \  Tekelgmih Baseline 500hr SOEC 500hr RSOC

T
Active layer

Supporting
layer

Air Electrode
Air Electrode

Electrolyte .f. ] f h f . f . Percolated Nickel
Quantification of change as a function of operation mode Volume PSD

Fraction (um)

Electrolyte

Fuel Electrode Fuel Electrode

Stack Anode 2
Supported Supported i . 0.41 1.24
é 0.23 1.41
§ Electrolyta
E 027 155
2

i
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CELL LEVEL DEVELOPMENTAL WORK
DURABILITY MEASUREMENTS IN SOEC MODE

Performance shows improvement over first 150 hrs

/ Cell Level N followed by degradation which slows over time

15 - 1.00
A A 800°C .
» 50% H,/ 50% H,0 —
_ 4 . las E
BOSTON _,,mrﬂjk =~ 015G
| UNIVERSITY | SAINT-GOBAIN = i3] s (=}
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(Nickelates) 114 e E
B T
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Air Electrode . D 50 100 150 200 250 300 350 400 450 500 550
Air Electrode )
Electrolyte Electrolyte Time I:HDL-IFE:I
Fuel Electrode Fuel Electrode Improvement more Degradat|0n more
significant in SOFC mode significant in SOEC mode
Stack Anode 14 ‘ 1d iy I el
Supported Supported SOEC SOFC _y_ Ohr 1 5, - 0 hr ::345 hr
i : —0- —
12 12 —- e
— =2 z Sl
Fuel Electrode Investigations I & ——
. . . = 1 = 10 1-322 hr 4505 hr
(Nickel migration) &5 | [
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CHALLENGES OF CELL TO CELL CONNECTIONS WITHIN A STACK

DEVELOPMENT OF ACCELERATED CHROME DEGRADATION TEST

/— Stack Level 4\

[ WestVirginiaUniversity ]
Nickelate — Cr interconnect interactions

Metal IC
B AirElectrode
Electrolyte

Air Electrode

Electrolyte
Fuel Electrode

Fuel Electrode

Ceramic IC
Stack Anode
Supported Supported

CeramicIC

humidity
interactions

o

wﬂ&)m\cm@ SAINT-GOBAIN /

Schematic of
chrome transport
within a stack

MICs

Chromia scales

>

Air

/—\}ipnr transport

Electrolyte

800°C zone inside tube furnace

sintered Cr,O, porous

[ A

; SS gas short cylinders SS gas
SChemat|C Of tight fittings J tight fittings
chrome testing Dryorwe
. air flow in .
infrastructure : 1/2-inch alumina tub
Al,O; wool
1/4-inch alumina tube stuffed with
Na,CO,
Na,CO; collected to _ _ )
measure Cr content of 1/4-inch alumina tube stuffed with
condition Na,CO,
4 | /- ' '
air out \ Na,CO, _/ E ||.
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CHALLENGES OF CELL TO CELL CONNECTIONS WITHIN A STACK
INVESTIGATING EFFECT OF METALLIC INTERCONNECTS ON NICKELATE AIR ELECTRODES

/— Stack Level 4\

el ——— — [\’C{’st\ﬁ@nlaUm\Lﬁlg]

Metal IC
Air Electrode I AirElectrode [l
Electrolyte Electrolyte

Fuel Electrode

Fuel Electrode

Ceramic IC
Stack Anode
Supported Supported

CeramicIC

humidity
interactions

Nickelate — Cr interconnect interactions

o
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Nickelate electrode shows lower degradation rate under
greater chrome vapor level compared to baseline LSM

5

@ LSM in SOEC mode Cr Vapor (ppt)

= 4 ® LNO in SOEC mode ¢ 170
- @ LNO in SOFC mode
3 5 e 280
c 2 '
0
® 1 — ) 280
% e
to O
)
Q. |

-2

0 100 200 300 400

Current Density (mA/cm?)

800 °C, 60% H,/ 40% H.,O, dry air

N
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ENABLING STACK AGNOSTIC VOLUME PRODUCTION

LOW COST, HIGH VOLUME POWDER PRODUCTION CRITICAL FOR SOEC/SOFC ADOPTION

Reproduce solid-state

synthesis method
Confirmed with XRD

Synthesis by wet-
chemistry method
Confirmed with XRD
Optimized calcine temp

Synthesis by
electrofusion or
induction furnace
* Confirmed with XRD

1200 1400

Powder Production

» Multiple commercial paths for power production
* Reproducible phase purity

« Particle size control

Develop milling
procedure
Confirmed in-situ and with
dilatometry

Reliable, scalable
production of NDC-50

I
1 C-210721-5-0068 / D211432b.raw BOSTON
1 C-210830-3-0255/D211714 raw
| POF 071-082-2760 / Nd2 Ce2 OF / Dineadymium dicerium heptaodde | Cerium Neodymium Cedde / Cubigue
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/— Scale Up 4\
SAINT-GOBAIN  WestVirginiaUniversity

Solution
integration and
stack testing

Air Electrode

Air Electrode S

Electrolvte

Fuel Electrode Fuel Electrode

Metal IC _

—
- Air Electrode .

Electrolyte

Ceramic IC
Air Electrode
Electrolvte

Fuel Electrode Fuel Electrode

Stack Anode
Supported Supported

Techno-economic analysis

h 3

] MgV ML

2Théla {Coupled TwoThela/Thela) WL=1,54056

@ Gaia Energy Research Institute LLC (Gaia)

— Energy, Environmental, and Engineering Research
WPI SAINT-GOBAIN ﬂ
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ENABLING STACK AGNOSTIC VOLUME PRODUCTION
SUBCOMPONENT FABRICATION OF CONSISTENT, THIN LAYERS

Simultaneous Multi-layer
Roll-to- RoII Castlng

, _""\

SmButton010018 2021/03/18

Compatlble with standard stack production techniques

Incoming Powder |

Powders are formed processed to
desired charaterisics

4“"‘ (lg'

10:40 HL D9.1 x6.0k 10 ym

Sheet/Tape Castlng

Powders are dispersed with
binders and cast into sheets.

~5um
barrier layer

Assembly/Firing

Compuonents are combined and
sintered into cell 5

Consecutive Layer
Roll-to-Roll Casting

Finishing/Sealing

Final dimensions are achieved and
glass seal is applied

N

SAINT-GOBAIN  WestVirginiaUniversity

Solution
integration and
stack testing

Air Electrode
Electrolvte

Fuel Electrode

Ceramic IC

Air Electrode - Air Electrode .

Electrolvte

Fuel Electrode

Stack
Supported

Techno-economic analysis

Q Gaia Energy Research Institute LLC (Gaia)

Scale Up

Air Electrode
Electrolyte

Fuel Electrode

Metal IC _

Electrolyte

Fuel Electrode

Anode
Supported

Energy, Environmental, and Engineering Research
WPI SAINT-GOBAIN

i
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UNIVERSITY

WestVirginiaUniversity. SAINT-GOBAIN
Achievements

» Developed a robust, first principals model of Ln,NiO,
Optimized the oxygen electrode geometry resulting in improved performance

Developed a simple technique to quantify microstructural changes due to Ni migration
Created a test stand and protocol to measure degradation due to chrome vapor

Scaled powder production process for critical materials within the air electrode

Developed a simultaneous multi-layer roll to roll process enabling thin and low-cost production

@ Gaia Energy Research Institute LLC (Gaia)

Energy, Environmental, and Engineering Research

Next Steps

« Use model to predict behavior of complex stoichiometries

Produce powders and test cells with advanced air electrode compositions

Develop infiltration techniques to mitigate Ni migration in high water vapor conditions
Investigate operational conditions, compositions which minimize degradation behavior
Scale solutions to short stack level testing

Utilize performance data for system level performance and cost modeling

i
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