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2 © SANDIA’S HISTORY IS TRACED TO
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Sandia develops
advanced technologies
to ensure global peace
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SANDIA ADDRESSES NATIONAL SECURITY CHALLENGES
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SANDIA HAS FIVE MAJ|OR

PROGRAM PORTH

Advanced
Science &
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Sandia Materials & Process Science

> Fundamental Materials & Process Science

* Develop/integrate theoretical insights, computational
simulation tools, and experiments to provide
foundational, predictive understanding

* Develop innovative new materials and process
technologies

* Create advanced materials analysis & process
diagnostics tools

° Materials & Process Advanced Development

* Advanced & exploratory materials & process
development

* Production process development & technology transfer

> Materials Engineering/Production Support
* Materials & process selection/optimization
* Problem solving, production support
* Understanding & quantifying the margins

Multiple Large Materials R&D Facilities

Processing & Environmental Center for Integrated
Technology Laboratory Nano Technologies

Thermal Spray Advanced Material§ &
Research Laboratory Processes Laboratory

Integrated Materials

Research Laboratory

Microsystems Science &
Technology Center Laboratory




Large Scale Testing at Sandia
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30+ Years of Sandia AM Technology Development & Commercialization 1 |

FastCast * Laser Engineered Net Shaping LENS® Robocasting * i
LENS Blade

Development Housing

Ceramic, energetics, elastomers

Direct Write Thermal Spray Micro-Nano Scale AM

E - Lattice Structure

Spray-formed
Rocket Nozzle

Metal on Plastic

@entarmaliPrintng lexiblelelecironics power «= Licensed/Commercialized Sandia AM technologies

sources Underline = Current Capability/Activity




High Operational Tempo (HOT SHOT)

A sounding rocket designed and launched by Sandia lifts off from
the Kauai Test Facility in Hawaii on April 24. (Photo by Mike
Bejarano and Mark Olona, Sandia Lab News)

Nicholas Leathe



2 | PLATO Design Platform % plato

for crafting
optimized
designs

End-user environment for physics-based design using topology optimization

HPC-enabled: physics, optimizers, services, ...

- . 3 - -
... @ man néed examine nothing but what

is best and most excellent ...
> - P i

Interactive design feedback and user control

Smooth, print-ready designs Website: www.sandia.gov/plato3D
Github: https://github.com/platoengine/platoengine

email: plato3D-help@sandia.gov

Extensible architecture
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| @ Command Panel | [ Settings = O | Model View - iteration016 B - _ =B8ls
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sierra_sd_1_dispx

@ Geometry/Mesh: 'lteration016' |

Cub File [Users/bwlark/Documents/PlatoRuns/widget files/iter
Journal File:  /Users/bwclark/Documents/PlatoRuns/widget files/lter

» g michell Mesh File [Users/bwclark/Documents/PlatoRuns/widget files/sim /
» gt michell restart1
» 2 verify Next Steps /
» ¥ verify2
r Execute Geometry/Mesh Node
v widget © Execute Geometry/Mesh Node /
v i Geometry/Mesh /

» @ iteration004
» @ teration008

» 1
» Witeration016

» @ widget
» #plato [Killed

% Parameter Studies — —

refi
Iz Fixed di odese
end boundary conditions . .
Interactive design feedback and user
= begin 1 |
R ‘traction sideset 1 value 1e5 2¢5 de5 load id 1 RAP2 89H/ - - |
i = - = - ——
, . (@ console | & Machines 52 BE RBWE v- 0O
72 Job Status 52 $% v=0 o Con rO
Showing 252 jobs (imited to 500, 2 filters ars active. Estimate Job Start for Processors: |16 < Hours: 1 I Minutes: (0 (2 | &
Job Name Stage URL % Utiized Estimated Job Start for: 16 procs @ 0 ~
o widget Killed ssh://uno.sandia.gov/gscrateh/o... Immediately (2018-09-27
i widget Killed i ndia.gov/gscra. Soon in 14 minutes (2018
i widget Failed ssh://eclipse.s Today in Oh 33m (2018-0:
& widget Killed 2 Tomorrow in 8h (2018-09.
Hwidget Finished Tomorrow in 9h (2018-09

Tomorrow in 2h (2018-09-28 1...

@ ) b - ' Brett Clark, Josh Robbins, Miguel Aguilo



Qualification Tomorrow

“Changing the Engineering Design & Qualification Paradigm™

o leverage AM, in-process metrology & HPC to revolutionize product realization

° accelerating design to production

AM
Process

Guide

Densified |
Structure 4

material | part performance simulation

Performance :
Predictions AM | 7-4PH tensile dogbone (above) &

stress-strain response (below)

In-Situ
Measurements

Exemplar / Alinstante
Performance ol Properties

Predict

Exemplar Property
Models Aware
Processing

Process Materials
Models Models

Data Analytics

process simulation

thermal history during bi-directional
metal deposition

|1 7-4PH dogbone

porosity

Roach, SFF Proceed., 2018



316L SS dogbone array with
25 dogbones, |xImm gauge

| High Throughput Testing - Alinstante L \\\

Properties... In an instant
° printing is fast
> hundreds of samples in days

° test/measurement is common constraint

Need automation & robotics

° consistent, rapid, & efficient

Alinstante wish list:

Properties Structure Process
Tensile strength Geometry Surface remediation . _ J i .

Ductility Roughness Heat treatment i B 1 Genl te”'Si!e test §
Toughness Porosity Subtractive machining %1 3 wiDIC strain field

Hardness Chemistry Coating b getey

Wear & friction Phase content Joining

Permeability Grain Size Integration s
Thermal expansion Crystal Texture  etc. =

Reactivity/corrosion Residual stress

Electrical conductivity  Dislocation content

Resonance etc.
etc.

robotic work cell for material characterization

Brad Boyce



Electronic, Optical and Nano Materials Department




s | Electronic, Optical and Nano Materials Department

Mission

Materials innovation to enable novel engineering and disrupt current nuclear weapons and defense
technologies.

How we do it

We develop new material and new applications of existing materials with novel electrical and optical
properties, utilizing a physics based understanding of electromagnetic interactions and ionic
transport at all length scales, molecular, crystallographic, microstructural and in bulk materials.

N o Core Areas:
‘)MDX%ER?EPS al K %ACS ics == UST, _1‘5' 1‘) : ADVANCED Dielectric breakdown
: Amd 3 YSREMS, MATERIALS Electronic Ceramics (e.g. Ferroelectrics)
» ; ' ' Metamaterials (optical and acoustic)
Scintillators

Microscale processing
Ceramics processing

5y



Improving Infrared Sensing
Using Nanoantennas
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Infrared Sensing Today

Industry is dominated by mercury cadmium telluride (MCT) focal
plane arrays.

« This material is very well established.
* It has limitations in processing and dark current.

Other materials are much earlier in maturity, but could have
advantages in dark current.

« Superlattice designs in IllI-V materials are an example.
« Have lower absorption than MCT, requiring thick layers.

Thickness normally determined by absorption coefficient of the
detector material.

« Thick layers result in higher dark current and incomplete
carrier extraction due to short carrier lifetime.

Dark Current Density (A/cm?)
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Tennant, W., et al., J. of Electronic Materials, 37, 2008.
Tennant, W., J. of Electronic Materials, 39, 2010.



| Change the Architecture
19

= Use a nanoantenna (metasurface) to convert incoming
radiation to a mode with energy confined to a small volume.

= Allows us to use thin layers of detector material.

= Low dark current, low crosstalk, full carrier extraction
for high EQE

= Voltage tunable materials

Detector layer = The pattern may be changed from pixel-to-pixel allowing
adjacent pixels to have different spectral or polarization
In bumps response.

Nanoantenna-Enabled Detector

Standard Reticulated Detector
Dark CurrentJ ,, , = ————4bs
by N ‘T,

AAAATERAAA

-V U.S. Patents: 8,452,134, 8,750,653, and 8,897,609

= This confinement is what enables us to look at new concepts.



20 I Nanoantenna Optical Properties
Angular Insensitivity

Average Polarization

= The nanoantenna couples the incoming light to a confined mode with ~ * A f—
no reflection at the design wavelength. 08 // \\ —>

= Achieved with a single patterned metal layer. §’ /7 \ — 5

= No AR dielectric stack required f E: // \\\ —

g 0.3 / B

o The AR effect does not change with angle as it would with a s / N\

dielectric AR coat. 01 r&/ \\-.._.__
o Polarization independence over angular range of interest. ; ? Wavelength (m) = 2

o Increase in EQE over bare material.

/ No reflection
T 1

~03.0303
—03.0403
—Q2
—Q1

09
08
07 -
06
0.5
04
03
0.2
01

Total Absorption

External QE (%): Solid Lines
Absorber Absorption: Dashed

8 9 10 11 12 13
Wavelength (um)




21

Tailoring Spectral Bandwidth

Spectral bandwidth increases by 2x
Flat-top response possible by better tuning NA

Can tailor a passband to user needs

Normal Incidence, Average

Total Absorption
AL

2

=]

& 85 9 95 10 105 11 M5 12
Wavelength (pum) nanometers

M.D. Goldflam, ef al., “Next-generation infrared focal plane arrays for high-responsivity low-noise applications,”
IEEE Aerospace Conference, Mar. 2017.
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Fabry-Pérot

cavity

<= 1.85 pm =»

b =>|

<+ 2.1 ym —p

Simulated Absorption

Modeling: Nanoantenna-Enhanced Detector

* Employ two coupled resonances: Fabry-Pérot cavity
with metal nanoantenna.

* Variable response in fixed detector through variation
of nanoantenna only.

* Can be polarization independent or polarization

sensitive.

1.0 ' I

——Bare

——b=750nm |
0.8} e
ol /N X
0’ 4 L
0.2 -
0'0 I~---...2::::::: ---------------

; 9 10
A (um)




)3 | Comparison to Experimental Results

Demonstrated NA-thinned superlattice photodetector
for the first time

° 2 to 3x higher QE than conventional SL. photodetectors

o Similar dark current to conventional SL. photodetector of
same thickness

Good agreement between measured EQE and
simulated absorption in detector layer.

Si fanout chip

Optical losses may be reduced by
optimizing the device parameters.

M. D. Goldflam, et al., Appl. Phys. Lett., vol. 109, 251103, Dec. 2016.
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24 I Quantum Efficiency

Typical spectral QE at 60K w/o0 NA

0.2

= High external quantum efficiency o

= Achieves 60% QFE at low bias —
= 3x better than state of the art T2SLs

0.15 0
0

ﬁN o
\ —a0

0.1

Measured spectral QE for three designs and bare
detector material at 60K

. //"\\ | e
h AN
N\ RV

NN

01 ATT— /A
‘ {\ e Nanoantennas allow us to have

6 7 8 9 10 11 12 13 14

Wavelength (um) 3X the quantum efficiency.

0.05

External Spectral QE (absolute)

External Spectral QE (absolute)




25 | Achieving Even Higher EQE

1 -
= Increase in absorption in the detector total
ption
increases EQE ®21 bsorption with | 1000 fem
. . . . c a = 2000 /cm
= Use modeling tools to maximize absorption . SO8F  bsorer
. = absorption with B
in the absorber 8, ez 000 sem | o= 2000 rem
0.
= Can use patch or mesh designs or a hybrid. ol
= Designs may be capacitive or inductive.
08 9 10 11 12 13

- Wavelength (zm)

We would like to optimize these structures using
an accurate admittance model for nanoantenna

elements.
= very complicated expressions (but still analytic
& fast to compute).

= provides design intuition - can guide numerical
studies.

= can rapidly & accurately survey
multidimensional parameter space.
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26 | Advanced Circuit Model

w = gap
A = metal
We have developed a very fast circuit model to ¥ thickness
let us design and optimize quickly while 1 > = spacer
accurately modeling the structure.
L = detector

Based on the Tretyakov model. Features
necessary to accurately model these structures:

material
thickness

A 4

 Finite metal conductivity in

Ground Pl
nanoantenna and ground plane. round Plane

* Finite metal patch thickness

including field between metal Hanoantenina
elements Yo = Yi G + 10,

Au

F11t

Au

* Unequal permittivities above and
below patch layer.




27 | Advanced Circuit Model A (€)

w = gap
6 @ —
Non-trivial to accurately account for the non- €= Mg
; .. ) ) : Au Au t thickness
idealities described on previous slide. .,
h = spacer
Paper gives full details.
Nanoantenna L = detector
Yy = Yi¥ Gy + 0k, material
A thickness
s \
o ot o o o
h L
Z A 4
4 Zspacer Zabs
L 1 7 Au Ground Plane
Gd Zi Cg —_— gp «—»>
D = period

Y, =Y +G,-ioC, ,G, —ioC, :—ia)(50+5)lDln( D ]~—ia)(go+g)lDln(2—Dj,A/w<<1
T 2ma T v

e

eley—1 A/w
eley+1.5 A/w+0.035

a.: [ (e/6,+1)/2]In(al/a")/In(a} /a") = 1+0.67

S. Campione, L. K. Warne, M. D. Goldflam, D. W. Peters, and M. B. Sinclair, “Improved quantitative circuit model of realistic patch-based
nanoantenna-enabled detectors, ““ J. Opt. Soc. of Amer: B, vol. 35, pp. 2144-2152, Sept. 2018.

I D e
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. | Comparison of Circuit Model to Electromagnetic Codes

w =100 nm
-5 <

Au Au

$ A=100 nm

_ o _ w = 100 nm NN
Comparison of circuit model with Tretyakov T h =50 nm
model and CST Microwave Studio

L=1.77 ym
<+—>
D=1pym
A\ 4
1 . . T T " — patch? CST Au glround
f ‘. — Circuit model D=1pm ane
0.8 AN CST Microwave Studio

No patch, circuit model

Excellent agreement

£ pl rodes
g oeit 7\ §F &b [= Cg Tretyakov, Gd Yl 0
g” L | mesase C‘g Tretyakov
O
- 0.4

0.2

....

=
=
M,
_____

i e '
o b i
=
. o o e e e

10 11
Wavelength (um)

- between the circuit
model and CST.




29 | Use Circuit Model to Optimize Absorption

Absorptoin

{".‘3," \  —Circuit Model
,‘l-' " l‘.l —Comsol MCT
i ' §\\ —Comsol T2SL
\ '
1

9 10 11 12 13
Wavelength (um)

An example
simulation showing
that the concept also
works for MCT
detectors.

As MCT has a higher
absorption coefficient
than T2SLs we see an
even higher EQE.

This architecture could make very high EQE,
low-dark current MCT detectors.

I D e



Lowering the Temperature of
Sodium Batteries for Grid Scale
Storage




31 | A Need for Grid-Scale Energy Storage
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Renewable/Remote Energy Grid Reliability National Defense

Emergency id

As part of the DOE Office of Electricity efforts to create a modern, resilient, reliable, and agile
grid system, we are developing new battery technology characterized by:

AP a

* Inherent Safety

« Long, Reliable Cycle Life

« Functional Energy Density
(voltage, capacity)

* Low to Intermediate Temperature
Operation

* Low Cost and Scalability




2 1 Sodium Batteries |

Emergency Aid

Renewable/Remote Energy Grid Reliability National Defense

As part of the DOE Office of Electricity efforts to create a modern, resilient, reliable, and agile
grid system, we are developing new battery technology characterized by:

— Terminals (+)
[ I_ TT:minaIs (=}

- Inherent Safety Sodium-based batteries
* 6th most abundant element on earth.

« Long, Reliable Cycle Life

 5X the annual production of aluminum. - Sodium
* Functional Energy Density * Proven technology base with NGK Sodium/Sulfur
(voltage, capacity) (NaS) and FzSoNick ZEBRA (Na-NiCl,) systems.

i Beta
= alumina
" ceramics

Sulfur
(5)

» Utilize zero-crossover solid state separators.

* Low to Intermediate Temperature - Favorable battery voltages (>2V).

Operation

* Low Cost and Scalability Na-S (E ., ~ 2V) Na-NiCl, (E ., ~ 2.6V)
2Na + 4S € Na,S, 2Na + NiCl, € 2Na* + 2CI- + Ni(s)




;3 1 Sodium Batteries

IZIi

= 2 S

Renewable/Remote Energy Grid Reliability National Defense

Emergency Aid

As part of the DOE Office of Electricity efforts to create a modern, resilient, reliable, and agile
grid system, we are developing new battery technology characterized by:

r— Terminals (+)
[ l_ TTrminais (=) |

- Inherent Safety Sodium-based batteries

» 6th most abundant element on earth.

« 5X the annual production of aluminum.

* Functional Energy Density * Proven technology base with NGK Sodium/Sulfur
(voltage, capacity) (NaS) and FzSoNick ZEBRA (Na-NiCl,) systems.

» Utilize zero-crossover solid state separators.

» Favorable battery voltages (>2V).

« Long, Reliable Cycle Life | s
I:_:Ma}kl'l"f‘l

N Beta
=— alumina
ceramics

Sulfur
(5)

* Low to Intermediate Temperature
Operation

* Low Cost and Scalability Nax o - V)
., ~300°C Operation! |

2N a* + 2CI + Ni(s)




Lowering Battery Operating Temperature to Drive

3+ 1 Down Cost

Installed Cost Estimate

Our Objective: Asafe, reliable, molten Na- $500.00
based battery that operates at drastically $400.00 il
reduced temperatures (near 100°C). £ yanom ol
& mPCS Install
8 ! oPCS
» Improved Lifetime S $200.00 u Battery Install
« Reduced material degradation $100.00 " Sekiery Fept
» Decreased reagent volatility oo
* Fewer side reactions . Original Na$ LowTemp Na$
» Lower material cost and processing Gao Liu, et al. A Storage Revolution.” 12-Feb-2015 (online):
https://ei.haas.berkeley.edu/education/c2m/docs/Sulfur%20and%20S
« Seals odium%20Metal%20Battery. pdf
« Separators
* Cell body Low T
ow Temperature
* Polymer components? lon Conducting

Ceramic

» Reduced operating costs
Low T°C
Molten Salt

» Simplified heat management costs Eatholvt
atholyte

» QOperation
* Freeze-Thaw

I L | 5



15 | Low Temperature Molten Sodium (Na-Nal) Batteries

Realizing a new, low temperature molten Na battery requires new battery
materials and chemistries.

j
Ingredients for Success @

NaSICON Cathode

. Molten Na anode
{solid electrolyte) Catholyte Cument Collector

. Highly Na*-conductive, zero-crossover
separator (e.g., NaSICON)
. 25 mol% Nal in AlX; catholyte

. No complications from solid state
electrodes!

Molten
Sodium

Na-Nal battery:

Na = Na*+e E9=0QV
I, +2e > 31" E0=3.24

2Na +1; > 2Na*+ 3 EO_, = 3.24V

Martha Gross



3 | NaSICON Separator

Key Qualities of NaSICON Ceramic
lon Conductors

Na;Zr,PSi,0,,

High Na-ion conductivity (>103 S/cm at
25°C)

Chemical Compatibility with Molten Na
and Halide salts

Zero-crossover

.. . " NaSICON
¢ = _ *B”Alumina

Ln Sigma-T (S/cm-K)
»N e

1.5 2 2.5 3 3.5
1000/T (K1)

NaSICON calcined to
remove hydrates,
sintered at 1230°C,
yields >94% density and
>0.4 mS/cm at 25°C.

These ceramics are
suitable for lab-scale
testing of molten sodium
batteries.

1200

1100 / 1060 °C

NaSICON
| peak

Zircon (200)
Zircon (211)
Zircon (112)

Cubic Na,(PO.)

Possible
intermediate
of May{PO,)

Cubic Na;(POA‘

=
o
%
S—
m
o]
4
o
2
=
O

Zircon (101)

VTXRD shows conversion of Zircon
and cubic Na;(PO,) to NaSICON
starting near 1100°C

Hydrate form of Na;(PO,) up to
120°C, converts to cubic Na;(PO,)
at ~300°C.



7 | Early Low Temperature Na-Battery Performance

Deliberate materials approach reveals
low temperature Nal-based molten salts.

The Nal-AlBr; catholyte system is molten and
exhibits excellent electrochemical behavior at
reduced operating temperatures.

> 25:75 Nal-AlBr;salt completely molten at 90 °C
> Large fully molten capacity range (~5-25 mol% Nal)

lodide is electrochemically active

25 mol% Nal-AlBr, ,
— - in 25 mol% Nal-AlBr; at 90°C

o
(]

3> 137 + 2e°

[
L

o
1

100mV/s

24 26 28 E?V(v::ila/l\.?;ﬁ) 3.6 3.8 4 Stephen Perc.lval

, Current Der‘insity / Acm?
(i)

et
in



s | Early Low Temperature Na-Battery Performance

First demonstration of molten Na-Nal
battery at 100-110°C.

The Nal-AlBr; catholyte system is molten and
exhibits excellent electrochemical behavior at
reduced operating temperatures.

> 25:75 Nal-AlBr;salt completely molten at 90 °C
> Large fully molten capacity range (~5-25 mol% Nal)

lodide is electrochemically active

25 1% Nal-AlB
il in 25 mol% Nal-AlBr; at 90°C

o
(]

3> 137 + 2e°

[
L

o
1

100mV/s

24 26 28 3 3.2 34 36 3.8 4
E/ V (vs. Na/Na*)

, Current Der‘lnsity / Acm?
(i)

et
in

4.5
4 (]
>
~ 3.5
()
o
P
s
L~ r‘ L~
2.5
110°C
100°C
2 T T T T T T T T T
0 20 40 60 80 100
Time / Hr

Battery cycling at 100-110°C!

100 { © © ©# @ ¢ @ ¢ @ @ @ o o o

80 1 &2 & & o

P
20 0494
60 1 L

Efficiency / %

40 4 e Coulombic

1 ®Ener
20 - 4

{ A Voltage

Cycle Number

25 mol% Nal-AlIBr; with NaSICON separator.

Stephen Percival

|
|
|
L



39 | Identifying a Viable Na-Battery Test Platform

Cell geometry, interfacial interactions, and materials compatibility were identified as key design elements.

Re-Engineered Cell Variants Importance of Seals

A functional cell design is critical to Testing failures in many prototypes
prototype development and testing. was due to compromised seals.

New Cell Designs
Sodium reacting

Enable easy assembly, high ;V'rt:] the Kalrez g6 dium Compatible Seal Material
throughput and functional geometry .

Polyethylene seals
from molten
polyethylene to seal
the sodium side

Polyethylene seal

. ™ Not re-useable and

hard to apply

: properly
Identified new

Many new cell designs
and geometries built
and tested (7 different

types!)

Some designs were
time consuming,

Vapors from molten
salt aggressively
attacking the epoxy

seals
Glass to metal

seals eliminate
unwanted side
reactions from
salt vapors

. Includes 3 designs that are fully
laborious and could interchangeable and reusable

be used only once!

e |

EPDM o-rings that
do not react with
molten Na
Molten Salt Compatible Seal Material

Stephen Percival



« | This Year’s “Really Cool”’ Hurrah!

Full Cell Cycling, 110°C |

Battery frozen

| |& thawed
S5 |
> 4-
g The o
S

0 100 200 300 400 500 600

Time (h) I

» Integration of Sn-based coating and activated CF enables long-term battery cycling:

Battery achieved 200 cycles! |
 Even after freeze/thaw, interfaces remain intact with uninterrupted cycling!

Martha Gross



Evaluating Potential Hazards of “Failed” Na-Nal |

Batteries

/’_—\

< * Inherent Safety

« Long, Reliable Cycle Life 2 \l‘\/tg
-‘t\ '

Temperature Operation

 Low Cost and Scalable

o

Molten Sodiu 8 ten Halide Salit
+ Functional Energy Density 2Na* 2Nal
(voltage, capacity)
* Low to Intermediate ME& mLm 5 mmi%wm M’;‘;‘i‘w
m S Eloctriyty) {liguid Electeaiyie) Collactor

metallic Na and Nal/AlX; were
combined and heated.

Byproducts of reaction are
aluminum metal and harmless

Simulating separator failure, |
sodium halide salts. |

igg TR TR i Accelerating rate calorimetry
v | reveals that Na-Nal/AlX; mixtures
5160 —Na/Nal-AICI3 hibit:
8140 ' __Na/Nal-AlIBr3 exhibit:
£120 | . 1) no significant exothermic
8100 - behavior
% 80 - 2) no significant gas
s 60 generation of n
<= 40 7 pressurization

20 -

0 - . | Failed separator led to termination of
3 175 273 375 battery, but no significant hazardous
Temupestamr () conditions. I



2 1 Summary

Project Objective: Asafe, reliable, molten Na-based battery that operates at drastically reduced
temperatures (near 100°C).

|dentified a low temperature, functional Nal-based molten catholyte and demonstrating initial battery
cycling at 100°C, in FY19, we...

v Redesigned Na battery testing platform, accounting for cell materials compatibility, sealing, and
interfacial chemistry.
v" Produced functional NaSICON for use in low temperature prototype test cells.
v" Discovered several approaches to improve critical Na-wetting of NaSICON at 100°C.
v" Polishing
v" Na-bake (carmelized NaSICON)
v Sn-based coating

v Revealed that activating interfaces on “high” surface area carbon felt leads to significant reduction of
cell overpotentials.

v" Comprehensive integration of new cell design with new cell materials, demonstrated first ever long-
term cycling (200 cycles!) of molten Na-Nal battery at 110°C.



Graphene Oxide Membranes
for improved Water
Desalination




Graphene Oxide/Polymer Desalination Membranes

Motivation

« Robust, chlorine tolerant desalination membranes are need for
water recycling and grey water reuse

Thermoelectric water recycling requires membranes with high
rejection for divalent ion loads

 Contaminants of emerging concern must be removed for grey
water reuse

Industry benchmarks for reverse osmosis membranes

* Permeance ~ 3 LMH/bar

« Rejection > 98% L

 Intolerant to chlorine > 0.1 mg/L = LMH /bar
m?2 x hr * bar




The GO/polymer membranes comprise three key layers

Laminar graphene oxide, covalent linker molecules and
porous polymer support provide ion rejection, membrane
integrity, and mechanical durability.

~2” x 4” membrane

What is the optimum porous polymer support?

How do we optimize the laminar GO structure for maximum flow,
rejection, and durability?



Automated cross-flow system allows for month-long
desalination tests

Hydra-cell Pulsation Y P_feed
Pump Dampﬂm\em% N\

FEED

P_retentate

ey PERMEATE

sensor

Permeate
beaker

Permeate
return pump

~2” x 4” membrane

Control Monitor Calculate
Feed tank water salinity Conductivity, feed & Rejection (%)
Driving pressure permeate Permeance (LMH/bar)

Permeate flow




lon rejection increases with increasing hydrated ion

radius and driving pressure

At 150 psi At 250 psi
100 , 100 ,
80 80
= °, = ® Potassium
El)_J‘ 40 EIJ_J‘ 40 ® 9 Chlqride
CGKJ CCIEJ ® Sodium
Sulfate
20 20 ® Magnesium
° ® Calcium
0 | 0" ‘
3 4 3 3 4 3
Hydrated radius (A) Hydrated radius (A)

Constant permeance of 0.3 LMH/bar

Membrane displayed outstanding
tolerance at 0.5 mg/L chlorine

Good overall rejection performance
on West Phoenix power plant cooling
tower water



s | Graphene Oxide on Ultrafiltration Support

t=133+£9 nm

: ; Y 0 ¢
6/28/2017 HV curr HFW WD

HV | curr t
2:11:46 PM | 5.00kV | 13 pA | 2.56 ym | 4.4 mm | TLD e

2:27:47 PM | 5.00 kV ‘

* Assembled GO composite (left) using «  GO/APTMOS/PES, water functionalized,
ultrafiltration membrane (right) ultrafiltration substrate, 200 kDa cutoff

4

% \




Graphene Oxide on Ultrafiltration Support

Membrane 146, GO/APTMOS-H20/PES ul.tﬁaﬁlfmt&kmw

40 10]
.'i [Tl ”\.-,.ﬂ
L3p W 80 E%j
o Ir
3 60 @;.,
E 20 B
W'—""'*HJ» | O
& . 40 g
'E 10 :Eegd Fressure 20 '
> ejection
(H) 4]
0 5 10 15 20 25>
Time elapsed (days)

Greatly improved rejection with sulfate rejection
over 95% (net conductivity difference shown)
Permeances of 0.1-1 LMH/bar with ultrafiltration
supports

Mem146: 0.4 LMH/bar DI permeance



0 | Graphene Oxide on Ultrafiltration Support

Feed conc. Permeate Rejection at  Feed conc. Permeate Rejection at
(ppm) conc. (ppm) 100 psi (%) (ppm) conc. (ppm) | 300 psi (%)

DMMP 96 7.0 92.7% 102.4 5.5 94.6%
Ibuprofen 10.6 93 ppb 99.1% 10.4 111 ppb 98.9%
Chlorate 68.5 18.5 72.9% 70.6 9.7 86.2%
Nitrate 50.0 3.3 93.5% 49.1 nd 100%
Phosphate 76.3 3.9 94.8% 71.2 2.2 96.9%
Sulfate 352.9 6.6 98.1% 365.1 4.9 98.7%

«  Membranes have been exposed up to 3 mg/L free
chlorine with no adverse effects

« Achieved consistent, pressure-tunable ion rejection
with divalent ion rejections > 95% as well as
significant rejection of contaminants of emerging
concern




Improved Catalyst for Ammonia
Production to Reduce the Cost of
Food Production




2 | Nitrogen Reduction Catalysis

* Iron catalyzed Haber — Bosch process has been the standard method for nitrogen reduction since
the early 20" century

¢ Produces Ammonia at temperatures above 350C and pressures over 150 atm
* As a reliable source of nitrogen for fertilizer it is key to feeding the growing population

* Estimates indicate the Haber — Bosch process is responsible for over 1% of the world’s energy
consumption

* How can we reduce the temperature of this process and lower energy consumption?




s | Nitrogenase: Electron Source, Shuttle and N, binding

MoFe protein

Fe protein

(A)

F cluster P cluster M cluster
S
Fe-S S—F Fe-S S—F Fe—S
S-/-Fé'\S>Fe Fe/—s/" F:-\-S-/d"ée'\s-\—Fe Fe/-S/ 'F}g%r:\gm’o:(o -
NAA WX \NHK A N N O S Ceehe00
Fe-S S—Fe Fe-S S—Fe, =

Fé—s”  (H) 'CH,COO"
. Y ) 2

Hoffman et al, Mechanism of Nitrogen Fixation by
Nitrogenase: The Next Stage. DOI 10.1021/cr400641x

Biological inspiration for catalyst design
Nitrogenase reaction:
N, + 8H" + 8¢~ — 2NH,; + H,

The F cluster (Fe protein) 1s the electron
donor to the M cluster

MoVe protein:
o P-cluster: electron shuttle

o M cluster: active site

Some debate on actual binding site in M
cluster.

3 or 4 electrons accumulate in M cluster

before N2 binds




54 | M cluster mimic?
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Suryanto, B.H.R. et al. Nature Catalysis 2 (2019) 290-296

M cluster  Trigonal prismatic 2H MoS2
s resemblance to M cluster protein

S—Fe Fe=S

/NS XN\ 00
Fe-s{ Feé-CF6 S—Mo_ :/Q'CHZCHZCOO‘

S Y B Yo « MoS2 can incorporate elements
) from Sabatier plot of NRR active
metals (Mo, Fe, Rh)




DFT ldentification of Potential NRR Sites in MoS,

DFT calculated free energy diagrams for N2RR on most promising sites of 2H MoS,
(exothermic N, adsorption); optB86b-vdW level (vdW-corrected functional)

DFT calculated free energy diagrams for HER on 2H
MoS,
ideal plain, edge, and different plain defects
single-, few-atom vacancies, antisites from Ouyang
et al. Chem. Mater. 28, 4390 (2016);
optB86b-vdW level

2-pH=0 H* ideal

=, Mo,
o Moy,
o, 0.5+ 3
b
%2 H,

Reaction coordinate

-0.2 < AGu< 0.2eV - good HER activity but low N2RR efficiency

Conclusions

out of 20 active site of MoS, tested (7 grain
boundaries, 10 single-/few- atom vacancies,
antisites, 2 edge sites, and ideal plain) edge Mo
sites are the most promising sites for N2RR, cell
potentials of at least -0.8 V needed to drive N2RR
to ammonia.

Recommendation: to increase the activity of the
basal plain DFT suggests to substitute S or Mo
with elements other than Mo — test other 2D
materials of interest

AG(eV)

AG(eV)

|
2

/
g™ / / A

: Edge Mo
“NH,NH,
\ i ==
b ! *NNH, /NH
N, /" —{*NHNH,

Reaction coordinate

* N2RR via dissociative mechanism

*  Low barrier for N, dissociation 0.56 eV

* N2RR onset potential -0.80 V

OVacancy - Vg

NN A NHA*NH
L NeenD :
,_ . H+*NH,
NN S
*N4*NH '\
*NH¥*KH

Reaction coordinate

* N2RR via dissociative mechanism
* N2RR onset potential -1.09 V

Vacancy - Vyse
0=

=
)
o,
<
3
4+
5 - -
Reaction coordinate
* N2RR via dissociative mechanism
+ N2ZRR onset potential as high as -1.1 V
) Antisites - Mog, Mog,, Mo2,,
V\’IuS
. Mo,
*NNH ANHNT 52
1 Il i
ANNIY
- T 1 *NHNH,
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)
- 00— 2
:” \—;“MNHJ
| %
\
\INH
1+ \\
VENH,
—

Reaction coordinate

N2RR onset potential on Mog at least -1.41 V

N2RR onset of -0.68 V on Mos, and -0.62 V Mo2s,



» | Catalyst testing
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57 1 Detecting NH3 can be tricky

——black cap
——h20 vial

——white cap

550 600 650 700 750 800

Wavelength (nm)

« Ammonia from vial caps

Water soaked in vial caps for 1h
Water in vial: trace NH;

Black cap: 0.003 mM of NH,
White cap: 0.009 mM of NH,

0.05 ,

= =
o o
oy X

o
o
N

Absorbance (arb. units)

0.5 M K,;SO,4, N, bubbled 48h

H,0, 5 days in atmosphere

600 650 700 750 800
Wavelength (nm)

« Ammonia from atmosphere
Electrolyte N, bubbled for 48 hours
: 0.003 mM of NH;
Water left in atmosphere for 5 days
: trace NH;

57
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Internships

Encourages qualified students to develop interests in critical
skills areas related to our mission, with the ultimate objective
of developing our pipeline for our future. Available for Summer,
Year Round and Co-op.

Eligibility Criteria
* Full-time enrollment status at an accredited school
during the academic school year
* Undergraduate equivalent of 12 hours per semester
e Graduate equivalent of 9 hours per semester

e  Must have a minimum cumulative GPA of 3.0on a 4.0
scale for Technical, R&D, and Business interns; 2.5 on
a 4.0 scale for Clerical and Labor interns

* Have U.S. citizenship for positions that require a
security clearance or as stated in the job posting

e Atleast 16 years of age




Key areas for post-docs at Sandia:

* Computer science/Computer Engineering
* Electrical Engineering

* Mechanical Engineering

* High-performance computing

* Microelectronics and microfluidics
* Nanotechnology

*  Physics

* Chemistry/ Electro Chem

* Biosciences and biotechnology

* Radiation & electrical sciences

* Engineering sciences

* Pulsed power sciences

* Materials science & engineering

Eligibility Criteria

* Avrecent PhD (conferred 5 years prior to employment) or
the ability to complete all PhD requirements before hire
date.




60 I Fellowship Opportunities

Sandia provides postdoctoral fellows with
professional development opportunities and
prepares fellows to conduct independent,
groundbreaking research.

Postdoctoral Fellowships

e Harry S. Truman Fellowship
 Jill Hruby Fellowship

 John Von Neumann

*Sign up for Automated Job Notifications!
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Veterans

Recognizing that veteran capabilities and attributes complement
and values, we’re intent on attracting the nation’s top veteran t:
company.

At Sandia, you’ll find qualities and features that sustain your dedication to being part
of something bigger:

You'll also find encouragement to help you advance your career:

A work ethic and environment driven by a critical mission

Career possibilities in an array of fields that support national security, such as
engineering, biosciences, energy research, cybersecurity, businessand >
operational support, and more - ‘-;;

Opportunities to contribute as an individual or in a leadership position

Colleagues who respect and need your combination of experience and education >

Support, and possibly funding, to further your education - |

The Wounded Warrior Career Development Program, which assists veterans with
combat related injuries with employment, training, and education for a smooth
transition to a civilian career

Visit: www.sandia.gov Keyword search “Wounded Warrior”




Sandia’s Weapon Intern Program
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s . Apply Online!

i Sign up for

National
e ABOUT  PROGRAMS  RESEARCH  WORKING WITH SANDIA  NEWS  CAREERS Automated Job

Students and Postdocs Benefits and Perks Hiring Process Life at Sandia Special Programs Notifica tionS!

Careers
Mobile Job

Applications

U "
Turn your passion for engineering in

Solve challenging national-security problems that defy easy textbook answers.

Welcome Ruth

=" View All Jobs

Career possibilities
) Aerospace » Computer Science » Mechanical i AMERICA’'S

i Forbes| 2017

Ay Job Notifications

e
X
& M Job Applications

BEST LARGE

Engineering Engineering | EMPLOYERS

) Bioscience

» Cybersecurity

» Electrical » E‘U(%kfaf '

» Business Support & Engineering Engineering
i ) Geoscience » Physics

) ChEmeIr & » Materials Science o m ‘ ' .
Chemical Engineering Life-changing careers.
Engineering : ‘ V

Is your career missing from the list? View all job openings instead.

My Favorite Jobs
My Saved Searches

My Contact Information

World-changing technologies.

Receive automatic email updates on new
postings

You are now able to save job searches and receive email notifications about new job postings
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lc and abroad

Develop space- and ground-based sensor
systems for monitoring emerging threats

Supply technology, crisis response, and training
to respond to a crisis associated with weapons of
mass destruction

Provide capabi]ities for protecting U.S. nuclear
weapons and materials at fixed sites and in transit

Produce systems that deter proliferation and
verify compliance with international agreements
using space-borne and ground-based sensing
technology

Lead global technical engagement to prevent
the misuse of nuclear, chemical, biological,
and radiological materials




Surveillance &




("JENERGY & HOMELAND SECURITY
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MADVANCED SCIENCE & TECHNOLOGY

Integrates multidisciplinagyefforts to advance the science of the possible
for Sandia’s missions

WEAPONS SCIENCE & TECHNOLOGY

Provides Sandia with foundational science and engineering capabilities to ensure the

nation’s nuclear stockpile is safe, secure, and effective

OFFICE OF SCIENCE

Leads creative, hypothesis-driven inquiry in fundamental science to promote national security

and international scientific leadership

CHIEF RESEARCH OFFICER
Governs and leads research strategy and stewardship of capabilities at Sandia, including the
Laboratory Directed Research and Development program. Responsible for leadership of technology

transfer and Sandia’s partnerships with universities, industry, and the state of New Mexico.
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9] ADVANCED SCIENCE & TECHNOLOGY |

Computing & Inform ; e ngineering Science
S — i
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E IT. SANDIA’S MANY DISCIPLINES
ER TO DO AMAZING THINGS. |

Our science and (GEISSISISICEEaIEES
that change the Wi

O

‘ The Galileo spacecraft survi
f‘j Jupiter’s radiation belts bec
| of rad-hard components
designed and built by San¢
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Copperhead, a SAR system, has saved the lives of countless servicemen
and women by detecting IEDs from unmanned aerial vehicles I
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SE CAPABILITIES MADE IT HAPPEN
- a\ IPONENTS
SR W Wy i
S W W N * Radiation Effects and High Energy Density Physics
e W * Materials Science & Engineering, and Advanced Manufacturing

¢ Physical and Biological Sciences and Engineering

* Codes, Models, Data Analytics

¢ Advanced Experimental Diagnostics and Sensors

Agile Component and System Surveillance and Assessment

OLOGY

Engineering Sciences and Testing

¢ Codes, Models, Data Analytics

¢ High Performance Computing

¢ Cyber and Intelligence Science

* Synergistic Global Security Engineering

¢ Materials Science & Engineering, and Advanced Manufacturing

* Physical and Biological Sciences and Engineering

¢ Codes, Models, Data Analytics

¢ High Performance Computing

* Agile Component and Systems Design, Engineering, and Integration
* Weapon Component and System Surveillance and Assessment
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SOWER OF MULTIDISCIPLINARY R&D SETS SANDIA APART

d Storm computer helped
tellite that threatened to
ling and simulation tool;
g at 17,000 miles an h
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THESE CAPABILITIES MADE IT HAPPEN

Radiation Effects and High Energy Density Sciences

Materials Science & Engineering, and Advanced Manufacturing
Physical and Biological Sciences and Engineering

Advanced Experimental Diagnostics and Sensors

Agile Component & System Design, Engineering, and Integration

Engineering Sciences and Testing
Codes, Models, Data Analytics

High Performance Computing

Cyber and Intelligence Science
Synergistic Global Security Engineering

Materials Science & Engineering, and Advanced Manufacturing
Physical and Biological Sciences and Engineering

Codes, Models, Data Analytics

High Performance Computing

Weapon Component and System Surveillance and Assessment
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)ELIVER ON OUR NATIONAL SECURITY MISSIONS
TOUCH LIVES EVERY DAY

Sensors developed to detect the ad
were an early component of automd

Radiological Assistance Program are part of a natio "
experts to large public events to scan the crowd for
aterials
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THESE CAPABILITIES MADE IT HAPPEN

¢ Microsystems R&D and Manufacturing
* Physical and Biological Sciences and Engineering
¢ Agile Component & System Design, Engineering, and Integration

¢ Microsystems R&D and Manufacturing

* Engineering Science & Testing

¢ Materials Science & Engineering, and Advanced Manufacturing

¢ Codes, Models, Data Analytics

¢ Advanced Experimental Diagnostics & Sensors

* Energetic Materials and Components Science & Engineering

* Agile Component & System Design, Engineering, and Integration

 Radiation Effects and High Energy Density Sciences
¢ Advanced Experimental Diagnostics & Sensors

¢ Cyber and Intelligence Science

* Synergistic Global Security Engineering







- | Available Videos

Videos require wifi in order to play

Sandia Mission Video (4:36)
Sandia Our Roots(3:05)

Location Videos
Sandia New Mexico Location (3:23)
Sandia California Location (3:41)

Diversity & InclusionVideos
Black Leadership Outreach
Asian Leadership Outreach
American Indian Outreach
Hispanic Leadership Outreach

*For more Sandia Videos refer to Sandia’s YouTube Channel




