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Sandia has been working on hazard mitigation for 
several years.

• CO2 treatment of sodium alanate (SA).

– Good for disposal but not for normal use.

• Tank liner to encapsulate bulk volume of SA during accident.

– Liner materials showed too much interaction with the SA.

• Composite mixture of SA with mitigating material.

– Normal operation until accident, then mitigation.

 Purpose: Increase safety to enable wide-spread deployment of 
reactive metal hydride-based hydrogen storage materials.
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Outline

• Materials Development

• Experimental

• Discussion

• Conclusions
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The composite is a mitigating material mixed with the 
active material.

The mitigating material should:

• Slow the reaction rate,

• Stop the penetration of oxygen, and/or

• Absorb the heat of reaction.

Without affecting the H2 storage function during normal operation.

Metal Hydride (NaAlH4)

Polymer (polystyrene)
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Recently we have been searching for mitigating 
materials that can accomplish this.

• Requirements:

– Able to form a cross-linked polymer matrix to act as a “scaffold” for 
the active material.

– Able to be polymerized in situ with the active material.

– Able to withstand the operating environment.

– Has a mitigating feature.

• Candidates:

– Polystyrene + divinyl benzene (DVB)

– Siloxane (-R2SiO-)

– Polystyrene+DVB -siloxane mixtures
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Polystyrene + DVB by itself is thermally stable at 
temperatures needed for system operation.

1% mass loss over six cycles 
at operating temperatures
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Different degrees of crosslinking can change the matrix 
and bulk mechanical properties. 

Higher Cross-linking Density
Stiff matrix, brittle material 

 easily crushed

Lower Cross-linking Density
Flexible matrix, tough material 

 holds together

Low sty:dvb ratio (3:4)High sty:dvb ratio (10:1)

Red circles indicate styrene cross link between polystyrene chains
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Siloxane is also stable, and does not begin to decompose 
until nearly 350 C.
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DVB:Styrene at a 1:1 ratio mixed with Siloxane begins to 
lose mass at lower temperatures, with the majority 
occurring near 350 C.
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When DVB:Styrene is at a 4:1 ratio and mixed with 
Siloxane, the material is stable to nearly 350 C.
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Outline

• Materials Development

• Experimental

• Discussion

• Conclusions
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Qualitative experiments visually compare mitigated and 
unmitigated pellets and powder dropped into water.

Composite powder 
(polystyrene-DVB mixture)

Unmitigated powder



Slide 13 of 23

Qualitative experiments visually compare mitigated and 
unmitigated pellets and powder dropped into water.
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Hydrogen adsorption/desorption cycling at normal 
operating temperatures tests the capacity and durability 
of the composite material.

Sample 
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Cycling conditions:

• Adsorption: 30 min at 145 C; 
1900 psia (130 bar) supply pressure.

• Desorption: 60 min at 190 C; to vacuum.

• Number of cycles set by user.
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Capacity was calculated by applying the ideal gas law to 
the desorption volume.
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The gas desorbed is calculated at 
each time step.

Ideal gas law is applied to the desorption 
volumes, initially at vacuum.
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The weight percent is based on the 
mass of metal hydride.

Does not include mass 
of the polymer additive
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Addition of the mitigating material decreases the 
hydrogen capacity of the metal hydride and effects vary 
with number of cycles.

Uncertainty Estimate   (+/- 0.126%)
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70% of 
original 
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original 
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For the PS:DVB materials, higher crosslinking improves 
stability as shown upon repeated cycling.

High crosslinking:
• Stable material
• Constant mass loss
• Continued capacity reduction

Low crosslinking:
• Material is degrading
• Decreasing mass loss
• Capacity recovers
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The heat released by the sample when exposed to 
flowing oxygen determines the mitigating material’s 
effectiveness.

Test Vessel

Pressure 
transducer

Vacuum Pump

O2 sensor

RGA

Bypass

N2

Oxidant

Mass flow 
controllers

Thermocouples

Pressure 
transducer

Flow-through Conditions:

• 24% O2, 75% N2, 1% He

• 200 C at start

• 0.1 SLPM
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Overview of a typical heat release and permeability test.
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Heat release was determined by applying 
thermodynamics to temperature measurements.
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Solid: Heat absorbed by the 
solid from its initial temperature 
to its peak zone temperature.

Gas: Heat absorbed by the gas 
flow from its inlet temperature to 
its zone temperature, added for 
every time step.

The sample is divided into 4 zones.
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[Joules]



Slide 21 of 23

The composites mitigate well initially, reducing heat 
release to between 49% and 75% of its original amount, 
but degrade under repeated cycling.
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Outline
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The polymers decompose at a lower temperature when 
mixed with the active material. 

M
as

s 
(m

g)

Temperature (C)

Siloxane+
PS+DVB

Siloxane+
PS+DVB 

Composite

Onset of 
decomposition: 
210 C vs. 330 C

Onset of 
decomposition: 
210 C vs. 330 C

The chemical nature of the polymer is adversely affected in the composite. 
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The polymer is still present in approximately the same 
amount after cycling.

The mechanical nature of the polymer in the composite is robust. 
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The cycling and heat release results seem to contradict 
each other.
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Hypothesis: The mitigating and capacity-reducing functions are separate phenomena.

 Capacity reduction effect is a mechanical one (blocking active sites).

 Mitigating effect is a chemical one, and cycling is causing chemical changes.
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Conclusions

• Styrene-Siloxane-MH composites showed the best combination of 
durability and effectiveness.

• Addition of the polymer reduced the hydrogen capacity of the 
metal hydride to about 70% of its original capacity, most likely due 
to mechanical blocking of active sites.

• The composite materials mitigate well initially, reducing heat 
release to between 49% and 75% of its original amount.

• However, the composite materials are not robust under cycling 
conditions.

• Although the polymers are stable by themselves, they undergo a 
chemical change when mixed with the active material, causing 
them to decompose at a much lower temperature.

• Cycling causes additional chemical changes to the polymers that 
eliminates their mitigating property.
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Suggested Future Work

• For mitigation, an approach to new materials that more-
emphasizes robustness may be an effective strategy.

• Develop understanding of the interaction between the polymer and 
the hydride and the resulting chemical changes that occur both 
during synthesis and during cycling.

• The additive’s interaction with the metal hydride may have 
unintended consequences that need quantification:

– Bad: Possible introduction of contaminants into the H2 stream as the 
polymer degrades.

– Good: Stabilizing effect / reduction of degradation?
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Continued collaboration will be a key to success!


