Project ID: FC312
Molten Hydroxide Dual-Phase Membranes
for Intermediate Temperature Anion
Exchange Membrane Fuel Cells

PI: Patrick G. Campbell
Team: Anna lvanovskaya, Hannah Eshelman, Maira R. Cerén (LLNL)
S. Elangovan, Tyler Hafen, Joseph Hartvigsen, Lyman Frost (OxEon)

Lawrence Livermore National Laboratory
OxEon Energy, LLC

2020 DOE Hydrogen and Fuel Cells Program Annual Merit Review
May 29, 2020

This presentation does not contaln any proprletary, confldentlal or other\lee restrlcted mformatlon

EEEEEE SSS

LLNL PRES 810945 | Lawrence Livermore

This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under contract DE AC52 07NA27344. Lawrence Livermore National Security, LLC Natlonal Laboratory




Overview

Barriers Addressed

Dual-phase membranes consisting of molten salt supported by robust porous
A. Durability ceramic provide improved mechanical strength and thermal stability compared with
polymer-based membranes in PEM and AEM fuel cells

Alkaline fuel cells can utilize PGM-free catalysts; Intermediate temperature
operation has less stringent materials requirements and lower BOP cost compared
with high-temperature fuel cells; Our dual-phase membranes are comprised of low-
cost and abundant materials

B. Cost

Orders of magnitude improvement due to ultra-fast liquid-phase ion transport;

C. Performance Conductivity > 1 S/cm

= Timeline and Budget = Industry Partner: OxEon Energy
— Project Start Date: 10/01/18 — Aleader i_n high-temperature
— Project End Date: 09/30/20 electrolysis technology |
— Total Project Budget: $1.25M — Developed Solid Oxide Electrolysis
- Total Recipient Share: $250k Stack for MOXIE, the Mars Oxygen
. Total Federal Share: $1M ISRU (In Situ Resource Utilization)
. Total DOE Funds Spent*: $707k Experiment, for the 2020 NASA
* Curiosity class Mars rover
as of 05/15/20 6 Eon
energy

Beyond Current Potential
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Relevance

Objective: Demonstrate the performance of molten hydroxide dual-phase membranes

as anion exchange membranes in intermediate temperature, air-oxidant compatible,
hydrogen fuel cells

Project Aims:

= Achieve dual-phase membrane separator ionic conductivity of >600 mS/cm
= Produce a complete intermediate temperature fuel cell assembly (FCA)

= Validate that steam-based carbonate management approach is effective during
long-term operation

= Demonstrate high performance across the intermediate temperature range of

150-400 °C.
Membrane / High-temp Intermediate-temp
electrolyte type Alkaline SOFC hydroxide (this study)
Operating temperature (°C) <100 <100 >500 v 150-400
lonic conductivity (mS/cm) <200 Up to 1000 <50 v >600
PGM-free catalyst? No Depends Yes v Yes
Air-oxidant compatible? Yes No Yes v Yes
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Approach: Novel Membrane Concept

Our dual-phase molten hydroxide/ceramic support membrane utilizes

steam-based carbonate management and works at intermediate temperature
to enable superior fuel cell performance and simplified operation

= Alkaline fuel cells (AFCs): oldest FC technology, Intermediate Temperature 150-400°C |

recent work from LLNL
on CO, separation from
flue gas [1]

Steam removes
carbonate
from electrolyte

ULTRA-HIGH
CONDUCTIVITY
ELECTROLYTE

C <
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Approach: Phases and Milestones

1. Optimize electrolyte v EIS-based method established and verified

conductivity across v Porous ceramic supports produced
intermediate temp % Hydroxide mixtures and additives evaluated from 150-400 °C

(M1 — M9)

v FCAtest station and cell hardware
v Completed 2. Incorporate dual-phase [\/ Membrane/FCA sealing }

% In-Progress membrane into FCA with
GO/NO-GO 1: Satisfactory membrane

O Pendin i i
g compatible materials (M4 — M15) and cell component performance (M12)

< Resistance measurements and gas 3. Implement steam-based

analysis performed at LLNL carbonate mitigation strategy
% Field testing performed at OxEon and FC operation
(M7 —M18)
v lonic conductivity >600 mS/cm
[ U Long long-term stability, prevention of carbonate buildup ] 4. Evaluate membrane
performance and carbonate

GO/NO-GO 2 Petermir!e viability of molten hydroxide dual-phase management
membranes in intermediate temperature fuel cells (M24) (M12 — M24)
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Accomplishments and Progress:
Additives in synthesis of LLNL porous membrane
reduce cracking and defects

Old membrane: New membrane with New membrane with
no additives 5 wt% PEG 500 10 wt% ethylene glycol

Lower MW
additives help
reduce defects
in membrane

Thinner
membranes
(<0.5 mm) with
no gas
crossover a
possibility

Lawrence Livermore National Laboratory
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Accomplishments and Progress:
NiO/YSZ production method developed at OxEon
enables thinner membranes

Slip batch & tape Punch/cut & Creep flatten (& Removal of pore
cast sinter fully sinter) former

2500x
. ..é‘.:- ‘W&wmi i C A
VAR

x

Thinner membranes by non-thermal removal of

pore-former:

* Porous YSZ membranes made by removal of
non-organic pore former post sintering

* Under 300 pm thickness successfully made for
testing (without dense ZrO, gaskets) T

Attempted fully dense & bonded ZrO, gaskets to

prevent electrolyte leakage: )

* Dense ZrO, tape co-sintered with YSZ + pore-
former membrane

« Cracked and delaminated upon pore-former
removal (release of internal stresses)

» Sealing the membrane edge for molten
hydroxide containment remains a challenge

a;*&&
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Accomplishments and Progress:
Testing bulk electrolyte conductivity for molten
phase optimization

4-point probe DC-conductivity test of bulk molten electrolyte

0.7 | Loss in o due to « 4 Pt wire contacts submerged in bulk NaOH: KOH (1:1
= 06/ fohzcs)ﬁdtransition liquid | , . molar ratio) under dry N,
%’ 0.5 +* ” » Problems with test design: corrosion of insulation in
Z 04l i contact with molten salts, mechanical robustness of wire
S o leads
e 0.3—- .§
'§ 0.2 }' . Next generation probe: 2-electrode
Got{ VYV _ a* EIS measurement with metal (Pt or Au)
0.0 1‘1’ contact painted or spattered on YSC
100 150 200 250 300 350 400 450 support. Solves issues with mechanical
Temperature (C) After test robustness and corrosion.

Before test Contact

pads

Molten
salts
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Accomplishments and Progress:
Improved gas humidification enables
reproducible high conductivity > 0.8 S/cm

Conductivity (S/cm)

Old Setup:

0.40 -

0.35- | 240
0.30 | 220 Q
0.25 - {200 °
0.20 ] 180 _.g
0.15 - j160 ©
0.104 at 180 °C | 140 E
0.05- o0 =0.18 S/cm } 120
0.00 ASR =11 Q cm? _ 100

0.0 0.2 0.4 0.6 0.8 1.0
Time (hours)

Humidification: Ar saturated with water by
passing through bubbler at 80°C

Conductivity (S/cm)

New Setup:
2.0
1.5
1.0
051 at 180 °C
o =0.8 S/cm
0.0~ ASR =25 Q cm?
0!0 I 0|.5 I
Time (h)

T
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180
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Humidification: Ar/steam mixture by passing

through boiling water
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Accomplishments and Progress:
0.5 mm membranes demonstrate low ASR of

0.11 Q cm? at 180 °C

Inlet Gas: 80 'C w/ humid.

——180°C
101 | ——200°%
1 0
= & ——220°C
< ]
O
— 6
N
£ 4-
2_
0 /

0.5 1.0 1.5 20 25 3.0 3.5 40 45
Re (Z) (Ohm)

Assumption: negligible contact
and lead resistance

at 180 °C
o0 =0.46 S/cm
ASR =0.11 Q cm?

Thickness: 0.5 mm
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Accomplishments and Progress:
Custom fuel cell assembly designed by OxEon
for high-temperature and corrosive environment

Compression fixture

Electrical isolation gasket
Mica

Gas/e separation gaskets
Mica and/or Flexitallic

Flat plate

heaters
530°C max

Heating block
316SS
(2 halves of brazed assembly shown)

HCDP

. Membrane

. . Na/K/LiOH-3YsZ Current collection &

parallel gas channels
Nickel 201

Improved small fuel cell assembly
designed by OxEon showed superior
performance at high temperatures due to
lack of graphite plates in the design

Lawrence Livermore National Laboratory
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Accomplishments and Progress:
Electrocatalyst paint evaluated for FC operation,
Pt shows superior performance over Ni

Ni Paint:

* Poor adhesion (see photo)

* No conductivity measured via
multimeter

Sheet resistance:
0.032 Ohm/square

Thickness: 25 ym

Conductivity:
12500 S/cm

l Lawrence Livermore National Laboratory
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Accomplishments and Progress:
Promising fuel cell performance custom
OxEon FCA despite thick 2mm electrode

2 mm thick electrode
At 230°C .
50 ]

40

Sl 2y 0 hm
1

30

05

20 -

50_ 10

T T T T T T T T T T T
1 2 3
Re{Z)/0Ohm

Corrent density (mA/cm2)
3
Power density (m\W/cm2)

o

1

1 .
o

Measured resistance: 1.25 Ohm
0.0 0.2 0.4 06 0.8 10 Contact resistance: 0.35 Ohm

Voltage (V) MEA resistance: 0.9 Ohm
ASR: 0.45 Ohm cm2

Open circuit voltage: 0.9V Conductivity: 0.44 S/cm
Short circuit current: about 0.2 A/lcm2

Performance of the new fuel cell design was superior at high temperatures, with the electrolyte in a molten state
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Accomplishments and Progress:
humidity / carbonate mitigation

Limitations of current test station: not enough water to maintain molten phase above 250 °C

Role of water:
« Cathode reactant, anode product
» Maintains conductivity at electrode-membrane interface

« CO, mitigation

X : Stoichiometry: need two H20 molecules for one O2
f"s:" )':‘ks: b “:‘ - H20
SRULRL Cathode: O, + 2 H,O + 4e- — 4 OH-

“Humidification _ |
co, temperature’ m(HZO)/m(Oz) [HZO]a/I[rOZ] N [HZO]Q:OZ] N
2

oC
80 0.8 1.94 0.45
Steam removes

100 2.14 5.20
carbonate

from electrolyte . 4
Higher but still below 2

ULTRA-HIGH
CONDUCTIVITY
ELECTROLYTE

C <

Humidification with boiling water will increase water content 2.6x compared to passing
through 80°C humidifier
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Responses to Previous Year
Reviewers’ Comments

Positive Feedback from 2019 AMR (overall score 3.1):

= “This is an interesting approach to alkaline fuel cells... The method for carbonate management is novel
and has the potential to reduce the impact of CO2.”

= “The project has high relevance and the potential for a new type of intermediate-temperature fuel cell
that could potentially be low-cost. This could potentially provide a platinum-group-metal-free
intermediate-temperature fuel cell.”

Response to select review comments:

= “...the membranes are thick, and the area-specific resistance (ASR) is high at 0.5 ohm cm2, more than an order of
magnitude higher than polymer electrolyte membranes (PEMs). ©

— We have demonstrated a 5x improvement in ASR using 0.5 mm membranes and produced membranes <300
pm with future reduction in membrane thickness planned.

= “Sealing is a big challenge in high and intermediate SOFCs that possess ceramic materials. The team did not explain
much of the project’s sealing strategy with the proposed porous-ceramic-support-based electrolyte.

— Sealing has indeed been a major challenge. We have pursued several sealing strategies including laminated
dense/porous membranes, robust gasket materials, and ceramic “glue”. We have achieved effective sealing
to demonstrate fuel cell operation.

= The team did not specify the humidification and carbonate mitigation strategy, so it is not known how the team will
manage these two complex issues.

— We have identified a new route (gas flow through boiling water) to increase humidity and demonstrated
improved conductivity at T >200 °C. We are working to incorporate increased humidity in our fuel cell test
station to demonstrate carbonate mitigation.

Lawrence Livermore National Laboratory 15
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Collaboration and Coordination

Highly collaborative project led by LLNL, inventors of the dual phase membrane

technology. Procurement subcontract to OxEon Energy who bring expertise in
high-temperature fuel cell and electrolyzer operation to the project.

B Lawrence Livermore
LL§ National Laboratory 6'50“

energy

Beyon dC ent Potential

= Project lead
= FCA design and component

= lon conductivity optimization fabrication

= Humidification/carbonate mitigation - Membrane sealing
strategy development

= Field testing of FCA and carbonate
= Laboratory evaluation of FCA mitigation J
performance
= Scale-up and long-term

= Optimization of operating modes oerformance evaluation

= Technoeconomic analysis and
planning for next stage of research

Lawrence Livermore National Laboratory 16
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Remaining Challenges and Barriers

Challenge Mitigation Strategy

1) Full density edge via dip-coating or
laminating
2) Mica and Flexitallic gaskets

High-temperature, high-pH
compatible seals in FCA

Gas flow through boiling water; external
steam generator (quote for bench scale
laboratory steam generator in hand)

Controlling humidity beyond 80
°C dew point

Flexibility in ceramic feedstock formulation
and casting techniques (e.g., variable
binder/ceramic ratio, tape casting vs molding)

Producing large-area, thin
membranes

Ongoing Challenge:

= Accurate characterization of water content in electrolyte; stability during fuel
cell operation with carbonate mitigation

Lawrence Livermore National Laboratory
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Proposed Future Work, FY20

Any proposed future work is

(remainder of project) subfct o chang b on

New humidification system with constantly boiling water

Replicate best fuel cell performance conditions with thinner membrane and
better humidification

Develop ceramic/polymer membrane synthesis to create thinner, defect-free
membranes

Continue to investigate bulk electrolyte conductivity

Test fuel cell performance in air

Maintain stability of fuel cell over an extended operating period

Preliminary enhanced
humidification system: gas is fed
through boiling water before
entering the fuel cell

Potential improvements: better
sealing to decrease water loss,
use heating mantle and round
bottom flask for more uniform
heating

Lawrence Livermore National Laboratory
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Technology Transfer Activities

Patents and patent applications related to this membrane technology

= Campbell, et al. “MOLTEN HYDROXIDE FOR SEPARATION OF ACID GASES FROM
EMISSIONS” Pat. No. 10464015 Issued 5/19/2016; Divisional Pat. Application
16/592532 Filed 10/3/2019; Continuation Pat. Application 16/592579 Filed 10/3/2019

= Campbell, et al. “Molten Hydroxide Dual-Phase Membranes for Intermediate
Temperature Fuel Cells.” Filing Pat. Application 16/435131 Filed 06/07/2019

= Ceron Hernandez, et al. “Porous Ceramic Membrane Support Materials” Pat.
Application 16/482215 Filed 07/30//2019

Lawrence Livermore National Laboratory
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Summary

Objective:

Relevance:

Approach:

Accomplishments:

Collaborations:

Demonstrate the performance of molten hydroxide dual-phase membranes as
anion exchange membranes in intermediate temperature, air-oxidant compatible,
hydrogen fuel cells.

Achieve order-of-magnitude improvement in ionic conductivity compared to
existing intermediate temperature membranes.
Produce a complete fuel cell assembly with a membrane area >50 cm?.

Validate that steam-based carbonate management approach is effective during
long-term operation.

Dual-phase molten hydroxide/ceramic support membrane with steam-based
carbonate management; works at intermediate temperature to enable superior fuel
cell performance and simplified operation.

Produced porous ceramic support at <300 um without pinholes or other defects.

Demonstrated high membrane conductivity (>0.8 S/cm) and low ASR (0.11 Q cm?)

Began study of dip-coating and lamination methods to produce dense edge for
reliable high-temperature sealing.

Highly collaborative project with commercial partner, OxEon Energy, providing fuel
cell and electrolyzer expertise, FCA design consulting, and testing capabilities.

Lawrence Livermore National Laboratory 20
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Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor Lawrence Livermore National Security, LLC,
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability

or responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.

Reference herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States government or Lawrence Livermore National
Security, LLC. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States government or Lawrence Livermore National Security, LLC, and shall not be
used for advertising or product endorsement purposes.





