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%’ Sandia has been working on hazard mitigation for
CRE. several years.

e CO, treatment of sodium alanate (SA).
— Good for disposal but not for normal use.

e Tank liner to encapsulate bulk volume of SA during accident.
— Liner materials showed too much interaction with the SA.

e 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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The composite is a mitigating material mixed with the
active material.
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The mitigating material should:

e Slow the reaction rate,

e Stop the penetration of oxygen, and/or
e Absorb the heat of reaction.

Without affecting the H, storage function during normal operation.
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%’ Recently we have been searching for mitigating
CRE. materials that can accomplish this.

e 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.

e Candidates:
— Polystyrene + divinyl benzene (DVB)
— Siloxane (-R,SiO-)
— Polystyrene+DVB -siloxane mixtures
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— Polystyrene + DVB by itself is thermally stable at
CRE. temperatures needed for system operation.

mg
4.00+
3.98+
3.96+
40:1 St/DVB Polymer
3.949 Sample Weight: 4.0 mg
3.9 Air atmosphere
' Ramp at 10°C/min
3 .90 Hold at 190 °C for 60 min.
Hold at 145 °C for 30 min.
3.88-
3.86- |
b= )
3.84+ 1% mass loss over six cycles ) |
at operating temperatures | -
3.82+ ra= ]-
3.80- ] L ] ] ] ] | | | | ] | |
| | | | [5 | 1 1 | | I | | |
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 °C
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Different degrees of crosslinking can change the matrix
“ and bulk mechanical properties.

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

Lower Cross-linking Density  Higher Cross-linking Density

Flexible matrix, tough material Stiff matrix, brittle material
- holds together - easily crushed

O Red circles indicate styrene cross link between polystyrene chains
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A\ Siloxane is also stable, and does not begin to decompose
CRE, until nearly 350 C.

mg
109 | siloxane Polymer
9- Sample Weight: 10.3 mg
Step: -42.9041%
3 -4.4191 mg
Inflect. Pt.: 501.25°C
71 | Midpoint: 502.78 °C
61 Argon atmosphere

50 100 150 200 250 300 350 400 450 500 550 °C
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DVB:Styrene at a 1:1 ratio mixed with Siloxane begins to

CRE. lose mass at lower temperatures, with the majority
occurring near 350 C.
mwW | mg
26- 7 0= —
241 6.5+ TGA _
Styrene + Siloxane 4 Polymer
6.0 Sample Weight: 7.0 mg
22~ Step: -61.1142%
5 5 -4.2780 mg
20 - Inflect. Pt.: 422.07 °C
5.0 Midpoint: 427.24°C
18+
4.5+
164 4.0- DSC
124351
3.0+
124 1
5 c Argon atmosphere
' | | I | | | | l | |
| | | | | | | | | |
50 100 150 200 250 300 350 400 450 500 550 °C
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A When DVB:Styrene is at a 4:1 ratio and mixed with
CRE, Siloxane, the material is stable to nearly 350 C.

mg
6= 4:1:4 St/DVB/Siloxane polymer _ﬁ‘““\\
5 Sample Weight: 6.5 mg
Step: -66.9578%
4= -4.3523 mg
3- Inflect. Pt.: 441.31°C
;- Midpoint: 446.60 °C
1_
D_
4:1:4 St/DVB/Siloxane polymer
E'E]V_V Sample Weight: 2.0mg
Step: -72.6747%
15+ -1.4535mg
Inflect. Pt.: 436.54 °C
109 Midpoint: 441.69 °C
0=
" —
0=
Argon atmosphere
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| ] | ]
| | | |
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Qualitative experiments visually compare mitigated and
unmitigated pellets and powder dropped into water.

Unmitigated powder Composite powder
(polystyrene-DVB mixture)
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N\ Qualitative experiments visually compare mitigated and

_ CKRE 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.

Adsorption Desorption
Pressure Pressure
Transducer Transducer
1
| D]
Adsorption
Volume
Adsorption Desorption
H, Thermocouple Thermocoupl¢

Vessel
Thermocouples

Cycling conditions:
e Adsorption: 30 min at 145 C;
1900 psia (130 bar) supply pressure.
e Desorption: 60 min at 190 C; to vacuum.
e Number of cycles set by user.
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2\\\ Capacity was calculated by applying the ideal gas law to
CRE, the desorption volume.

[AAEP]
= —
[AAEP]
Sample Volume Desorption Ideal gas law is applied to the desorption
P volumes, initially at vacuum.
Desorption Volume ressure
Transducer
b =
2 3 4 EE»

Desorption The gas desorbed is calculated at
Volume each time step.
Sample Desorption ] _
[ ilil!iii?i!iiiiiiiii — |[ﬁ]_ |[ﬂ])

Vessel Thermocouple
[ Vessel ] The weight percent is based on the
Thermocouples mass of metal hydride.

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

3.5
3 28
- %'%"w"' Constant degradation
A About * o0 /
MRS \
25 g 70% of 0 ) S
m || original mm@AAAAA::’Og”
L AL LN I O Neat #2
< éA 0000050055 A Neat #3
2 n . : .
S A .fA . .'!iiﬁij/ m PS:DVB 10:1
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/A\ The heat released by the sample when exposed to
CRE flowing oxygen determines the mitigating material’s
effectiveness.

Pressure Pressure
Mass flow |_transducer [ Thermocouples ] transducer

controllers
H-N Test Vessel Ly “

Oxidant

Vacuum Pump

Flow-through Conditions:
e 24%0,,75% N,, 1% He
e 200 C at start

e 0.1SLPM
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Overview of a typical heat release and permeability test.

400

350

300

250

200

150

100

Pressure (psia) or Temperature (C)

50

0.8
Startup Heat
and _ O, Release
Purge Permeability Tests Heating Bypass ,  Shutdown 0.7
v A A '
\'A
0.6
Nitrogen Flow
— 05 _
Temperatures E
|
— 04 L
//I— z
o
T
0.3
f Mﬁ,’— 02
Omdant 0.1
Downstream Pressure Flow
’ T 0
0 20 40 60 80 100
Test Duration (minutes)
——Upstream Pressure (psia) ——Downstream Pressure (psia) —TC-1 (C)
—TC-2 (C) TC-3 (Q) ——TC-4 (C)

——Nitrogen Flow (SLPM) ——Oxidant Flow (SLPM)
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N\ Heat release was determined by applying
CRE thermodynamics to temperature measurements.

0

T REPRET R

m = Dy + oy +

[Joules]

Solid: Heat absorbed by the
solid from its initial temperature
to its peak zone temperature.

ke

Gas: Heat absorbed by the gas B T
flow from its inlet temperature to [l — TR A
its zone temperature, added for @] J— mm(ﬁ%@]

every time step.

-
CAHHT?)

-
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The composites mitigate well initially, reducing heat
release to between 49% and 75% of its original amount,
but degrade under repeated cycling.

CRE.

120

100

Heat Released (J)
Y (@) (00]
o o o

N
o
|

Neat PS+DVB 3:4 Siloxane Siloxane+PS+DVB
M Uncycled M Cycled 1x ™ Cycled 30x
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CRE.

The polymers decompose at a lower temperature when
mixed with the active material.

ma
1~ . Step -56.8578
. S, -4.3523 mg
6] 16C05-021.21,15.08.2011 21:17:28 Inflect. PE. 443 310
sample weight Midpoint ~ 446.60 C
1 JGC-05-021.2-1, 6.5000 mg HRamt
5
Sil +
loxane ] Step 72,6747 %
1 -1.4535 mg
PS+ DVB 3 Pt 436.54 °C
] Onset of 1t 441.69 °C
2 — agm . 1
1 16C-05-021.2-2, 15.08.2011 22:37:10 decomposmon.
— 1] Sample weight 210Cvs. 330 C
V) 1 16C-05-021.2-2, 2.0000 mg 1
é . Ja-Uo-021.1-1, 15082011 183810
v ma 4 Sample Weight
a ] 1GC-05-021.1-1, 5.8000 mg
© step 2.2424 %
E T L -0.1881 mg
>E A Inflect. Pt. 307.24 °C
] Midpoint  309.03 °C
. 5.7
S|onane+ 1 1GC-05-021.1-2, 15.08.2011 19:57:47 1
5.64 Sample Weight
PS+DVB 1 16C-05-021.1-2, 5.5000 mg
. 5.5 ' Step -3.7255 %
Composite |
p ] Inflect. Pt 308.14 °C
5] Midpoint  311.20 °C
5.3 1
] S
0 100 150 200 250 300 350 400 450 500 550 oC
7 I I ] | 1 1 1 | 1 1 1 I | 1 I I 1 | 1 1 1 I ] 1 1 I I ] I 1 1 1 | 1 | I I I I ] I 1 1 I
Temperature (C)

The chemical nature of the polymer is adversely affected in the composite.
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o
\CRF,

100.5+

100.04

The polymer is still present in approximately the same
amount after cycling.

%

99.54

99.0+

98.54

98.04

97.54

97.0+

96.54

96.0+

95.54

95.0

| 1:1:0.5 4:5t:DVB-MH Composite

Cycled 1x
Step:

Inflect. Pt.:
Midpoint:

Sample Weight: 12.5 mg

-4.4265%
-0.5533 mg
323.20°C
325.08 °C

\

| 1:1:0.5 4:S5t:DVB-MH Composite

Uncycled
Step:

Inflect. Pt.:
Midpoint:

Sample Weight: 15.4 mg

-4.7723%
-0.7349 mg
312.46°C
313.25°C

Argon atmosphere

\

1:1:0.5 4:St:DVB-MH Composite

Cycled 30x

Sample Weight: 9.2 mg

Step:

Inflect. Pt.:
Midpoint:

-4.3252%
-0.3979mg
323.72°C
331.81°C

The mechanical nature of the polymer in the composite is robust.
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g
CrRE

H, Wt. % (gH,/gSA)

0.5

The cycling and heat release results seem to contradict

each other.

Polymer is still

WHY?
reducing capacity (€ —
*
So e after 30 cycles.
? Wm 000,“ . 100
i AmEAu A veo
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R o 50355!5 4 Neat #3 20
A °s "aawg gm0 DPSDVBIOL 2
. LB s ®  ops:pvB3:4 5
“ .Q%%GAQAAAAAAAAAAAAAAA Asiloxanesps:ove T 40 -
®%00000c00®e®e000e e
20 -
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:
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Cycle Number

>

Mitigating
behavior is lost

after 1 cycle.

Neat PS+DVB 3:4

B Uncycled M Cycled 1x

Siloxane

Siloxane+PS+DVB

M Cycled 30x

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
CRE

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

e 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.

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

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

e 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.

e Cycling causes additional chemical changes to the polymers that
eliminates their mitigating property.
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) | Suggested Future Work
CRE

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

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

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

— Bad: Possible introduction of contaminants into the H, stream as the
polymer degrades.
— Good: Stabilizing effect / reduction of degradation?

COMBUSTION RESEARCH FACILITY Slide 28 of 23 @ Sandia National Laboratories



2N\ Acknowledgements
CRE.

Materials Synthesis
Craig Reeder

Experimental
George Sartor, Ken Stewart

Qualitative Experiments
Isidro Ruvalcaba, Jr.

Programmatic Support / Funded By
Ned Stetson
U.S. Department of Energy
Energy Efficiency and Renewable Energy
Fuel Cell Technology Program

COMBUSTION RESEARCH FACILITY Slide 29 of 23 @ Sandia National Laboratories



— Continued collaboration will be a key to success!

Sandiaj gpNews <=

Santia
Vol. 64, No. 5 March 23, 2012 P National

Managed by Sandia Corpaoration for the National Nuclear Security Administration

International
collaboration

Sandia's Joe Pratt (8366) demonstrates his
experimental method for determining what
happens when metal hydrides are exposed to
contaminants and oxygen during everyday use.
His colleagues, Mayumi Tode (far left) and
Nobuhiko Takeichi (seated), both from Japan's
National Institute of Advanced Industrial Sci-
ence and Technology (AIST), also work in the
field of metal hydrides for hydrogen storage
and were at Sandia/California recently as part
of a DOE effort to encourage international col-
laboration in the area of hydrogen research.
The work is considered part of Sandia’s
Research, Engineering and Applications Cen-
ter for Hydrogen (REACH), an initiative that
houses various hydrogen research activities on
the grounds of the Livermore Valley Open
Campus (LVOC)

(Photo by Dine Vournas)
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