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Sandia National Laboratories; a multi-program
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H,@Scale: Hydrogen as an Energy Carrier to Enable..._
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Hydrogen-powered cars are now commercially available

HYDROGEN FUEL IS @
CLOSER THAN YOU THINK

I

e 700 bar pressurized tanks
 265-312 mile range
* Refueling stations being

installed in some areas



Although fuel cell vehicles are now commercially available,
compressed H, storage falls short of several DOE targets

700 Bar Compressed Gas (2015 record) vs. revised DOE Ultimate Targets

High-density polymer liner

Carbon fiber composite

Dome protection

TPRD
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Temperature sensor
Boss

TPRD = Thermally Activated Pressure Relief Device
Credit: Process Modeling Group, Nuclear Engineering Division. Argonne National Laboratory (ANL)
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Hydrogen Carriers:

MOF catalysts for releasing H, from alcohols and polyols

Efficient transport of hydrogen from point of production to fueling station is not
possible using compressed gas:

1 kg H, = 1 gallon of gasoline (~4 L)

Steel tubes: 280 kg per tanker

Somewhat better: Composite tanks: 550 kg of hydrogen at 250 bar
Typical gas station stores 75,000 — 230,000 L (20,000 — 60,000 gallons)
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MOF self assembly
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Things don’t always go as planned...
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IRMOF-74-n(Mg) is intrinsically catalytic for hydrogenolysis

Conversion DPE (4-0-5)

Conversion (%)
58 & 8
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244 A

e Conversion trend: R-O-4 > a-0O-4 > 4-0-5

* Pore size effect: max conversion at IRMOF-
74-111

* High selectivity: no ring hydrogenation or
ring opening

® BPE (a-0-4)

V. Stavila et al. Chem. Sci. 2019 DOI: 10.1039/C9SC01018A
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Aryl ether binding to IRMOF-74-I1ll is significantly stronger

than IRMOF-74-(l, I, or IV)

IRMOF-74-11l
3x1x1

28.0
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Binding Energy (kcal/mol)

5.0
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I I
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30,0 Ether binding energies (kcal/mol)
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V. Stavila et al. Chem. Sci. 2019 DOI: 10.1039/C9SC01018A



The Mg(l1)-O(ether) bond distance is also shorter in IRMOF-74-lIl,
consistent with stronger binding

4-0-5@IRMOF-74-lI
Mg(I)—0 = 2.186 A

Lattice parameter of
4-0-5@IRMOF-74-n

<

4-0-5@IRMOF-74-1l|
Mg(l)—0 = 2.141 A
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V. Stavila et al. Chem. Sci. 2019 DOI: 10.1039/C9SC01018A



Proposed mechanism of hydrogenolysis and the role of the
Mg(ll1) open metal site

Proposed mechanism:

* OMS in Mg?* in MOF-74 is 5-coordinate Lewis acid

* H, Qst (77K) by Mg,(dobdc): 10. 6 kJ/mol

* Computed Q, for PPE: ~70 kJ/mol (1, Il, 1V); ~100 ki/mol (111)



MOF Catalysts for Hydrogen Storage in LOHCs

Liquid organic hydrogen carriers

Improved storage/transportation
over gaseous hydrogen

With an appropriate catalyst,
hydrogen can be reversibly
produced on demand

Metal organic frameworks (MOFs)

Open metal sites (OMS) can be
catalytically active
Homogeneously dispersed
reactive centers

High porosity and surface area
Tunable structure

This study:

Focused on methanol
dehydrogenation

Explore potential of MOFs as
dehydrogenation catalysts

Hy
H,-Rich i Le'ezl"se A Hop-Lean
compound | == atalyst -~ compound
H, storage H,
MeOH CO

=

2 5-dioxidoterephthalate (DOT)

@)}

M,0,(CO,),
1D chain
(M: £n, Co, Ni, Mg)

M-MOF-74
(M: Zn, Co, Ni, Mg)

Top: Xie, Y., et al. Angew. Chem. Int. Ed. 2019, 58, 5105-5109
Bottom: Glover, T.G., et al. Chem. Eng. Sci. 2011, 66, 163-170
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Catalyst series: Ni-substituted Mg-MOF-74 to impart stability in
high-pressure H,

* MOF-74 is promising for dehydrogenation:
o Adsorbs MeOH
o Catalyzes MeOH-activated H,O

dissociation
* G. Flores et al. Appl. Sci.-Basel 8 (2018), 270

* Synthesis of Ni,Mg, . -MOF-74

o Dissolve MgCl,, NiCl,, and DHTA in

DMF/EtOH/H,0

o Reactovernightat120° C

o Wash with MeOH

o Activate in vacuum at170° C
 Similar structure for all samples

o MOF-74 crystal structure

o High surface area: 1260-1510 m?/g
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MeOH dehydrogenation on Ni,Mg, -MOF-74 =

25
* Mg-MOF-74 is inactive Mg MO
& 7 s . Ve . = Nig.01Mgg.9s-MOF-74
* Activity increases with the addition of Ni £ 20 v Nip,Mg,-MOF-74
into the framework, up to 20% Ni T ~@— Nig;Mgo 5-MOF-74
. . . — 15— —@— Ni-MOF-74
* Activity decreases for the monometallic £
Ni-MOF-74 S 10—
* Future tests will probe between 20% ft’N :
and 100% Ni *
e Catalyst performance is stable after a brief 0
activation period 200 220 240 260 280 300
e Conversion can be increased up to 100% by Reaction Temperature (6]
reducing the MeOH flowrate ® Ni, ,Mg, ;-MOF-74
1250°C

Test conditions:
1 bar
35 sccm N, 55 scem MeOH vapor

Methanol conversion (%)
N
|

100 mg catalyst, diluted with sand

. —I T T I T T I T T [ T T I T T I T T l
Products consist solely of H, and CO 0 60 120 180 240 300 360

Time on stream (min)

Catalyst testing performed by Dr. Ji Su, LBNL 16



Post-catalysis characterization of Ni,Mg, . -MOF-74

Quartz  Ni(111) Quartz
] 1

Intensity

f

= = === -

—

T T T T ] T T T T T 1); | 7
5 10 15 42 47
20 (°)
* The inclusion of Mg stabilizes the MOF-74 structure under the
methanol dehydrogenation conditions

* No peaks for Ni(111) are observed; however, highly dispersed
particles are still a possibility



Tunable catalyst design

The MOF-74 framework can

. 25 —
mcorpo.rate other metals as open o NMWIGETA
metal sites (OMS) = ,o_| > CoMOF-74
* Co-MOF-74 shows comparable £
. £
performance to Ni-MOF-74 = 15+
* Other transition metals possible 5 e
é _
o
Pore size can also be tuned as a £ 5
parameter by varying organic linkers
. Deng, Yaghi et al. Science 2012 | I [ [ | I
200 220 240 260 280 300

ﬁi Reaction Temperature (2C)
\Lv" \\
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k o s &v &F i IRMOF-744 'RMOF-74-1
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11.6A
IRMOF-74-1IV 17.2A 1.6

IRMOF-74-V

Our current research is considering MOF catalysts for the reversible
dehydrogenation of other LOHCs
* e.g. ethylene glycol and other polyols



Poorly understood phenomena at length scales from <1 nm to um

govern storage material behavior

Distinct chemical/physical processes affect
the bulk properties of storage materials

Thermodynamics &
Surface chemistry
(Adsorption/desorption)
(DISSOCI&HDHJQSSOOSIIO”)

9

Surface/interface/
grain boundary
diffusion
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102

Multiple length scales must be
taken into account

Macroscale (multiple phases
and/or microstructures)

e

Microscale
(0.5-2nm
Atomit
olecular,

“Design rules” are needed to guide materials discovery
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Length (m)
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Hydrogen Materials Advanced Research Consortium (HyMARC):
highly coordinated capabilities to accelerate materials discovery

HyMARC Phase 1:

* FY16-FY 18 Seedling Projects

* 3 DOE Labs « Applied material development

* Budget S3M/yr * Novel material concepts

HyMARC Phase 2: * High-risk, high-reward

e FY19-FY22 * Concept feasibility demonstration

« 5DOE Labs * Advanced development of viable concepts
* Budget S8 M/yr

\ 'ler ;w; Wm W * Foundational R&D
| Neutron  Ressarch ‘ * Computational models
/7 R * Synthetic protocols
* Advanced characterization tools
ALS * Validation of material performance
Asanceo : [ User i * Guidance to FOA projects
Facilities el * Database development
MOLECULAR Iﬂ
FOUNDRY

https://www.hymarc.org/ QQJMARC ’&J 5



2005-2013: 3 DOE/EERE-funded Centers of Excellence
focused on materials development

DOE targets
(materials basis)

Ultimate target
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Storage
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Nanoscaling: both thermodynamics and kinetics can be modified

NaAlH,@MOF has altered reaction pathway and accelerated desorption kinetics

E,=121
. Bulk NaAIlH,
E,=118
NaAlH,@Mg-MOF-74
S | pepim
f s f AHg(1+2)= 60
S NaAHA(TICIA)@MOF-74 AHg(1) =37 = 40kJ/mol [H,]
" NaAH4@MOF-74 150 e e i
+ Bulk NaAlH4
- -Temperature [ (1) NaAlH,— 1/3 NazAlHg + 2/3 Al + H, AH4(1) = 37 kd/mol [H,]
100
Af“& (2) 173 NazAlHg— NaH + 1/3Al + 1/2 H, AH4°(2) = 23 kJ/mol [H,]
£ 75
AAAA‘e 50
pisnis2e®” 25
3 4 5 & 1 8
time, hours

(Ot ] [Cat]
NaAlH, 1/3NasAlHg + 2/3Al + H, NaH + Al + 1/2H,

| Step 1 Nano NaAlH, HKUST-1  Step 2 (

Stavila et al. ACS Nano 2012, 6, 9807
R. K. Bhakta, V. Stavila, et al. Phys. Chem. Chem. Phys., 14 (2012), 8160



Theory suggests thermodynamics are affected only for
extremely small particles

. . MgH, desorption energy
2-10 nm NaAlH, Clusters: Hydride destablization as a oredicted by QMC

1-step reaction, no Na;AlH, function of particle size, o
intermediate predicted by Wulff construction 100F Fla Nty

200 gﬂ 50-’ i e ' : S ——giiv,, o]
160 g L/ N ‘
2 L 3 * Expt.: bulk
120 :—, -10f o *: CCSIX(T)
; < * 4 o BIIYI'T(;LDA
%80k g : o
l_l‘ \\ o
“wn AV c
0 .
40 \‘MgHZ . . L . . B
|
Mueller and Ceder - b l‘, .16 iS 20
ACS Nano, 4, 5647 (2010) Metal particle radius (nm)

Kim, Johnson, Sholl
Nanotech., 20, 204001 (2009)

353
S
|

- AE,”™ (ki/mol H,)

DFT
AE,

IS
S
T

How small can we get? 0 20 40 60 buk

(MgH,)\

Wu, Allendorf, Grossman
JACS, 131, 13918 (2009)



“Molecular” Mg(BH,),? non-innocent MOF hosts for metal hydrides

Zr—0 N - o0—2Zr
/ A\ (1) Mg(BH,),, DMS, RT, 2h
\ / N (2) Filtration, dry at 85 °C
Zr—0 N 0—2Zr

MOF building O, pore y-Mg(BH,), Mg(BH,),
blocks fragment coordinated
bpydc? linker

Zr,0,(OH), UiO-67bpy

24



Installation of hydrides on chelating ligands

PXRD

Mg(BH,),@UiO-67bpy

I ) b \ A UiO-67bpy

FTIR

= Mg(BH,), _

S, >

Q BH-Stretch S,

< [Mg(BH,),@Ui0-67bpy =
w

— =

o) 2

3 =

<

UiO-67bpy
4000 3500 3000 2500 2000 1500 1000 500 D . 10

Wavenumber [cm'1]

* BH stretch visible after infiltration

* Slight decrease in cristallinity

15 20
2Theta [°]

25 30

25



Hydride infiltration results in complete pore filling

700
600 -F-.-l--—cu—I—D—l—D—l—u—.—u—-D-I-DlDl]j:a
i
BET SA
500 F —u—/—o— UiO-67bpy 2108.3 m%g
| —eo—/—0— Mg(BH,). @UiO-67bpy 22.9 m?/g
= 400} e
mCD
,E, 300 F
> 200}
100

0 juan-000-9-2—9—O0—9¢—0—¢—0C—9 ——O-9-080K . <
0.0 0.2 0.4 0.6 0.8 1.0

p/p,

* Mg(BH,), occupy the pores fully

* Elemental Analysis suggests a formula of [Mg(BH,),],,@Zr,O.(bpydc),,
= 1 hydride formula unit/chelating ligand



Mg(BH,), uniformly distributed throughout the crystals

No evidence of bulk hydride or hydride particles outside the pores
EDS Spectrum rules out presence of S and CI from precursors

27



X-ray Adsorption Spectroscopy confirms Mg-N coordination

Intensity [a.u.]

392 394 396 398 400 402 404

Intensity [a.u.]

N K-edge spectra fit well with simulated spectra
(1) = trans bpy; (2) = cis Mg(BH,),@bpy

(a) UiO-67bpy : (1)

1

(2)

Measured
| —— Simulated

406 408 410 412

(b) Mg(BH,) @u@-mbpy

— Measured

| —— Simulated

392 394 396 398 400 402 404

406 408 410 412

Binding Energy [eV]

 Slight shift of N K-edge to higher energy

consistent with Mg?* coordination

DFT calculations:
* trans-bpy more stable than cis-bpy

* Mg(BH,),@bpy > cis is more stable

* Hydride coordination increases bpy
excited state delocalization = intensity
decreases

28



DFT calculations suggest a lower H, release energy

(a)

» Mg(BH,),@Ui0-67bpy, path1
4 Mg(BH ‘)Z@UIO-Gﬂpr, path2
X Mg(BH,), monomer @UiO-67bpy

NEB energy (eV)

B-H dissociation pathway

Two binding scenarios:

* Molecular Dispersion (€)

* Molecular Dispersion + formation of
small hydride entities inside the pores

. (f) Mg(BH,), mono
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, P (d) Mg(BH,

v-Mg

(BH,),, initial

v-Mg(BH,),, final

L0

NP
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TGA supports DFT predictions, revealing H, release at much
lower temperature compared to bulk

UiO-67(bpy) decomp

Nano Bulk onset
100
95
_ 90
=,
7
@ 85
= I
— Mg(BH,),@Ui0-67bpy
L | —Mg(BH,),
70 N | 2 | N i M 1 M [
100 200 300 400 500

Temperature [° C]



Material releases clean H, at low temperatures: reaction
pathway altered (no B,H, as in bulk)

Sieverts Measurement Mass Spectrometry
a . 300 b
(a) )y,
] 260 co,
00k B CO/N, SMe,
Q 1200 " - A 200T
S .
b= 1803
2 o1 0§ 2
5 Juwo g ¢
- 12012 E | s 150 T
1100
02k 180
' 60 “
40
0.3 .20 L " I+I .hl A. I.MI 2 I‘A. 1 1 1IOOCI
- 0 10 20 30 40 50 60 70 80 90 100
t[h] m/z
0.2 wt% H, released at 150 ° C At low desorption T clean H,

(Measurement not quantitative)

Material releases H,, but also some decomposition of the framework occurs
31



MAS NMR shows that during dehydrogenation no B,,H,,% or
B,,H,,> species are formed

11B-MAS NMR
0F |—s—41.1 ppm BO
cooled downto 25 °Cf & oo L [—=*—0.5ppm
= —e—14.1 ppm
200 °C ko) i
- B SO
= } -—
5, 150 °C S
2 § 40 -
e 120°C| ©
2 € 30
£ ()
100 °C s
Q 20
/\\‘-’\/\____j)_c_; §
25 °C 0F o - — Y:
A 1 " 1 A L " 1 A 1 A 1 i 1 A L A 1 " 0 M 1 2 1 " 1 2 1
100 80 60 40 20 0 20 -40 -60 -80 -100 50 100 150 200
Chemical Shift [ppm] Temperature [°C]

Signal at -41.1 ppm represents BH,’
Signal at 14.1 ppm represents BO species — interaction with ZrO cluster
Signal at 0.5 ppm represents BH; species

Take home lesson: “molecularizing” a complex hydride has a huge effect on
the reactivity



Nanoscale metal hydrides have faster H, uptake and release =

Sandia
|‘1 National
Laboratories

National
Laboratory

Bulk

430 °C |
release

Metal Hydride Finite Element model reveals non-
intuitive tradeoffs and benefits of using nanoscale
metal hydrides in an operational H, storage tank

l Nano

250 °C
release

Li,NH suppression = enhanced performance

B. C. Wood Adv. Mater. Interfaces (2017)
https://doi.org/10.1002/admi.201600803

Design Parameters bulk-Li;N  KH-6nm-
Li;N
Reversible capacity. wt% 8.2 5.4
Thermal cond., W m K1 1.0 9.6
Density of hydride bed, kg m-3 710 760
Total system mass, kg 312 252
Total hydride mass, kg 112 116
Tank outer diameter, m 0.46 0.45
Tank length, m 2.21 2.19
System volume, m3 0.256 0.227
% 2025 Gravimetric Target 33 40
[% 2025 Volumetric Target 55 62 ]

6
§ ; il
IN 2 G Al n u,ll’i l{?mlllﬂl(
- k \ k k \ \\ N o
82 '
=4

6 +—+——F1—"——

0 6 12 18 24 30 36 42 48 54 60 MHFE-SAH tank design

Time, hours
BIMARC 33



MOF-catalyzed aldol condensation to produce

C, — C; olefins

Multi-functional
catalysts for unique
transformations
Balancing acidic,
basic, metallic sites

Suite of biofuels and
co-products to meet
market demand §
High-octane gasoline,
distillate fuels, and

polymer precursors Image courtesy of D. Ruddy, NREL
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Upgrading ethanol to fuels and valuable chemicals

Butadiene Production (Guerbet Reaction) 2-Ethylhexanal Production
(Aldol+hydrogenation)
Acetaldehydg
= TR~ 0
dehydrogenation Aldol Acetaldol o Hﬁ/\
CH4CHO 1_ Hz ’ J\/
O H
Elo d‘wd’a"m o H/u\ o) H0
3-hydroxybutanol \HJ\ H, HJ\/\ o]
Crotonaldehyde @ '-------- -H,O J\/\
Y\/ \/\/ Hy H .
H H,0
° \dehydration a' s 2 Hﬁ/\/\
(> CH,CHO
X
A — A 2-ethylhexanal
1,3-butadiene dehydration 1 scons Commodity chemical

Distillate intermediate

v

Alcohols

v

Both targets require C—C bond formation by aldol condensation Alkanes




MOFs present a strategy to independently control pore size and
density of catalytic sites

Brgnsted acidity is required for catalyzing aldol condensation

Zr, nodes in Zr-MOFs are Lewis/Bronsted acidic

8-connected 6-connected

12-connected

7A and 9A pores T~ 30 A and 15 A pores 17 A pores
COOH  COOH Hooe O O eoen COOH
NH2 ¥ > ‘O‘ .
g g , HOOC COOH
COOH  COOH '- o @ [ oo ;
Ui0-66 UiO-66-NH, NU-1000 MOF-808(Zr, Hf)
low high
Acidic sites/ Zr, node
Ll Lol wo
PTINEY NN -umk TSN e S ASE AR
—<o Ho\‘j-!?)é«i’ o>‘ —<o & ja_o\Ho o>‘ —<o “07:‘&—(!—7)?70 o
\Zr\OH/\T/ \Z{\0H>T/ Heat \ZK\OH>T/




Several MOFs are known to catalyze aldehyde condensation reactions

=
Catalyst

e {ﬁ‘&"ié\ MIL-101 Bromberg & Hatton ACS Appl. Mater. Interfaces 2011, 3, 4756 I
OGRS

o (o]
* o) cross N + H0
©)LH /\N\f g\é\/ UiO-66(NH,) Vermoortele et al. Chem. Comm. 47 (2011), 1521
perzelietyde - heptana jpeminalichyce Ui0-66 and UiO-66(NH,) Hajek et al. J. Catal. 331 (2015), 1

O, H
/\/\)\/\/\/\+H20

2-pentylhept-2-enal

_ Hf-MOF-808 Rojas-Buzo et al. Green Chem. 20 (2018), 3081

MOFs were synthesized following published literature procedures

self

1,000- —
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:':‘7;‘ ;:' 600 :—
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E £ 400 MOF-808 (Hf) .
Ui0-66-NH, | & — =
UiO-66
200
UiO-66
[T T N I T T O ] T B ] 0 i v 1 12 L v 1 o 30 ¥ v 9 ¢ 0 v v v 3 1 % v 9 1
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Aldol coupling of aldehydes with MOF catalysts

Goal: Demonstrate control of Bronsted/Lewis acidic sites and pore structure in MOFs to
tune the selectivity/conversion of C-C coupling reactions.

Aldol reaction using propanal as model compound
O MOF (2 mol%s Metal)

M, — —» Stirred overnight @85 C

-
W
MOF-808{Hf) MOF Propanal
Conversion (%)
MOF-808(Zr) blank 0
UiO-66 (NH,) 4
b NU-1000 Ui0-66 15 # acidic
NU-1000 36 sites/node
| .
i MOF-808 (Zr) 72
MOF-808 (Hf) 77 v
UiO-66(NH,)
Blank

Result: MOF-808 (Hf, Zr), the MOF highest density of (Bronsted+Lewis)
acidic sites, shows the highest conversion (77% and 72%) in aldol condensation




Polyaldol condensation reactions under hydrogen to generate high-

value C; and C; products

Goal: increase selectivity for 2-ethylhexanal (2-EH) from < 20% to > 50+%

in the cascade reaction

(0] aIdoI cond. Pd/C

e N T MH/\)\

Subsequent aldol, o 0

Hydrogenatlon
H t /\/J)k H

M >
Major product:

C,+C, in 2" aldol

Desired product:
Minor product
C,+C,in 2" aldol

_ Acetaldehyde self condensation

= 25 psiH,. Heated at 135° C
— I
?/j/\/\
‘ E;S
e PN A URE \4/\.J_kwj\r\ \A,J’\TA e Ji ,_,_Am berlysj_ls + Pd/c
80“80 ==
e Af b9 m o._ . MOF-808 (Hf) + Pd/C

Improved selectivity to 2-EH over commercial
catalyst (physical mixture of MOF and Pd/C)

Issues:

e Selectivity improved but still < 50%
¢ CH,;COOH impurity

Potential solutions:

—> Reduce reaction temperature to decrease rate
of side reactions

- increase H, to create more reducing conditions

* In collaboration with Dr. Andy Sutton (LANL)




Loading with Pd for MPV reduction improves selectivity

A Hypothesis: enol diffusion to
Pd/C for hydrogenation 3:1 ethanol:acetaldehyde reaction

reduces selectivity * MOF-808(M), M=Zr, Hf)
e 10bar H,, 120 C overnight

—J Solution: infiltrate MOF

0)

L, pores w/ Pd

Pd infiltration by Pd(acac), Preliminary 2-EH selectivity results:

Pd@MOF-808-Zr Pd@MOF-808-Hf Amberlyst 15

Meerwein—-Ponndorf-Verley i
reduction + Pd/ .
Larson et al. (10 wt%)
Inorg. Chem. 57 (2018), 6825) 35% 38% < 20%
Uniform Pd distribution throughout crystals Reduced
— 30 - x@ k@ CH;CO,H
25 + P 1

20 - Ko

1 Pd@MOF-808(Zr) v

10

Intensity, a.u.

S Pd@MOF-808(Hf) L

0

A
7.0 7.5 8.0 8.5 9.0 9.5 10.0 105 11.0
Retention time, minutes

A




Take-home messages

e Compressed gas (700 bar): physically impossible to meet DOE volumetric target

—>Solid-state materials, including metal hydrides, have potential to meet DOE
targets

e Compressed gas is equally inefficient as a carrier for transporting hydrogen

—> MOFs can catalyze dehydrogenation of alcohols, which could be low-cost
hydrogen carriers

e Reactions to upgrade biological intermediates (e.g. EtOH) can be catalyzed by
MOFs and in some cases exhibit higher selectivity than commercial catalysts

41



Acknowledgements

Sandia National Labs Lawrence Berkeley National Lab
* Dr. Josh Sugar (TEM) * Dr. Ji Su (catalyst testing)

* Prof. Gabor Somorjai
Pacific Northwest National Lab * Dr. Jinghua Guo (ALS)
* Dr. Andy Lipton (NMR) * Dr.Yi-Sheng Liu (ALS)
Aarhus University Lawrence Livermore National Lab
* Mathias Jgrgensen (metal hydrides) e Dr. Brandon Wood

* Dr. Liwen Wan

/

ChemCatBio Enabling twice the energy density for onboard H, storage
Chenical Catalysis for Bioenergy \ |
LINREL ()&, |5 }aimncsihomars

=

LABORATORY DIRECTED RESEARCH & DEVELOPMENT

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of 42
Honeywell International, Inc., for the U.S. Department of Energy?s National Nuclear Security Administration under contract DE-NAO003525.



