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Solid Acids in Electrochemical Devices
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Superprotonic Solid Acid Electrolytes

Hydrogen-bonded ionic solids
Polymorphic phase transitions at T=100 °C

H* conductivity increases >T1[g])OOx at phase transmon
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Crystal Symmetry Controls H* Conductivity
in Solid Acids

Paraelectric (RT) Superprotonic (=228 °C)
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Operational Humidity Requirements

(Updated) CDP T-P,,,o Phase Diagram
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Recent Progress in SAFCs

o ARPA-e REBELS program
o Natural gas in—power out
o CHP systems

o SOTA at start of project: electrodes
with —3 to 5 mg/cm? Pt

o Important target: lowered costs

Major recent progress in improving
Pt loading (decreased by 25 to 30x)
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REBELS Project Team & Objectives

Oak Ridge National Lab
Natural gas reformer

Materials synthesis SAFCell, Inc.

University of Tennessee

Nanocomposite Electrode Stack Design and
Fabrication

Fabrication

Development of a solid acid fuel cell stack
Incorporating nanocomposite electrodes
operating on externally reformed natural gas
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The Catalyst Problem in SAFCs

Triple point boundary at
perimeter only

High Pt to maintain
conduction
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Breakthrough Electrodes
CsH,PO,-MWNT-Pt
nanocomposite electrodes via

agueous/vapor infiltration
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Task 1.1 Fabrication of Nanostructured Cathodes
M1.1.1 5 g of NC and PVD nanostructured cathodes with
0.75 mg/cm? Pt loading synthesized (Gen 1)

"Mixed conductor' eliminates the problem
of conductivity loss at low Pt content
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Task 1.1 Fabrication of Nanostructured Cathodes
M1.1.1 5 g of NC and PVD nanostructured cathodes with
0.75 mg/cm? Pt loading synthesized (Gen 1)

Actual structure




Gen 1.5: Inverted Structure?

Pt NPs preferentially
» O deposit on ox-CNT
interiors
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1.2 Physical Property Characterization

M1.3.1: 25% greater Pt specific surface area retention compared to baseline
SAFC cathode after 16 hours at 250 C
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SAFC Stack Costs Reduced 3x
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Performance of Gen 3 Materials
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Electrodes with 0.09 mg/cm? now prepared
that can match SOTA performance
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Cell Voltage [V]
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Progress on Cathode Performance
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At 0.78V, almost doubling of current density with ~16X less Pt from SOTA starting

point
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Recent Progress on Stability
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o Gen 3 cells typically degrade at -3 uA/cm?/hr, over 10X slower than Gen 0

o Performance losses over time are strongly correlated with increase in ASR, ~10% over
200+ hours
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3D Printed Natural Gas Reformer
Subsystem (Fuel Flex!)

“ — S ap printed stainless steel design for

Integration of 500 °C reformer with 250
°C SAFC stack
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Fraction of Max. Current Density

Remaining Challenges
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Unlike Cathode, Carbon Supports may be a
Viable Option for Anode
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HOR Polarization in H, + CO

Simulated MeOH reformate  75% H,, 7% CO, 18% CO,

Simulated Propane Reformate
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We can use similar CL construction
approaches

0.06 7 Hydrogen Oxidation
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Alternatives to Pt for HOR?

In the absence of liquid acid, dissolution concerns are limited

Platinum, Paltadium, Ruthenium
lonthly averages between Oct 2008 and Oct 2013
JM Base Price $/oz

Platinum average: $1490.34, Palladium average: $556.61, Ruthenium average: $135.55

Ot 2008 Aug 200% Jun 2010 har 2011 Dec 2011 Sep 2012 Aug 2013 Oct 2013

B Paticum [l Palladium  [l] Ruthenium
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n (iR-Free) [V]

Pd is Identical to Pt for HOR
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Ru outperforms Pt on Reformate
Streams

Platinum
® Superior catalyst (on pure = 0.30- e, 43% H,, 10% CO, 0.25% CH,
hydrogen) L Pt
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electrooxidation?

J. Mater. Chem. A, 2015, 3, 3984
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Ru and Pt anodes are Superior on
Reformate Streams

Ruthenium and Pt Electrodes 0.00
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performance to pure Ru
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Hydrogen Oxidation Limited by Ru
Metal Loading
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We can use similar CL construction
approaches again
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Stable Performance in Reformate
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Pd (HOR) + Ni (HER) = Pt-Free

Opposite curvatures — activation vs. mass transport limitations

250 °C
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Ru/Ni SA Hydrogen Separation
System
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Direct Electro-oxidation Leads to
Possibilities Beyond Reformed NG

* Direct electrooxidation leads to extended
fuel possibilities for solid acid systems

* Dry coal gasification is great example of a CO
rich fuel source

* Possibilities extend beyond a hydrogen
source to a potential source of electricity

— Direct CO fuel cell
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Cell Potential [V]

Methanol to Hydrogen Cells
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Hydrogen evolution polarization uncorrected for IR (a) and corrected for IR (b)
for supported Ru anode (1.05 mg cm )and supported Ni cathode (2.5 mg cm2)
on hydrogen and methanol.
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Ru Anode Performance Depends
on CO Concentration
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Direct CO Fuel Cell
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Summary

Advances in SAFC technology allow major
decrease In Pt loading with improved
performance.

A number of non-precious (or less precious)
metal catalysts are viable for HOR

A Pd/Ni cell offers the prospect of Pt-free H2
production from streams containing 10% CO
and 0.25% CH,

Ru looks promising for HOR

More work needed to fully implement
approaches from SAFCs
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Funding Sources

ARPA-e for SAFC work

Office of Naval Research
(NO00141210887)

NSF TN-SCORE
(NSF EPS-1004083)

Tennessee Governor’s
Chair Fund
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