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~ >z~ Lithium (Li) - First Metal on Periodic Table

Pacific 1
Northwest S

“Ein neues mineralisches Alkali und ein
neues Metall (a new mineral alkaline and a

new metal)”
-Johan August Arfwedson (1817)

LITHIUM LITHIUM ION

“a Shining’ White’ CombUStible metal” ©Johan Jarnestad/The Royal Swedish Academy of Sciences
-William Thomas Brande (1821)

“highest electrode potential” — i.e., Li is more
electromotive than any other metal - N N

. lnches‘[ 1 |'2 3
-Lewis and Keyes (1913)




\%/ Journey to Lithium-lon Battery
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Fig. 284. — Hlément Daniell.

Positive Electrode Negative Electrode CHARGING
(Cathode) Electrolyte (Anode)

Daniell cell (1836) Commercial Li-ion Rechargeable Battery (1991)




—. \%/ Wonders of Lithium-ion Batteries
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Li* Electrochemical
(co)intercalation into

Li metal graphite
primary battery 905‘111
. 0%
Li redox potential w\e

determination -

Li ion battery
LiCoO,
_Li: Chel'“:fa' Li metal/Tis,
intercalation
into graphite rechargeable
o battery
Li discovery
: | : | ,
1818 1918 2018
Chem. Rev. 2018, 118, 23, 11433-11456

What's next revolution?

M. Armand, J.-M. Tarascon, Nature 451, 652-657




\%/ Rapid Demand Growth of Electric Energy Storage (EES)
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New electric energy storage (EES) materials and systems need to be developed
and validated to meet the growing demand.
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Bloomberg New Energy Finance, "Electric Vehicle Outlook 2020," BloombergNEF, New York, 2020.

Rapidly growing demand for energy storage brings significant challenge!
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%Science can deliver safer, cheaper and efficient EES
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Regional passenger flight
e requires >800 Wh/kg

CATHODE Many Emerging
Applications

consecutive days of

i A m‘.
Tl g W m Stabilize against 10

Raw Materials
Supply Chain Batteries

Market pull selects winning battery technologies

Materials supply chain constrains cost and scale up 3‘,_

oo™mm™N 00
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The Ecosystem Develops as a Whole 4

. . . . . sum BN,
A Diversity of Batteries for a Diversity of Uses m




- \%’/ US Department of Energy (DOE) - Energy Storage
— racific . Grand Challenge Road Map
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How can DOE work to lower the cost
and energy impact of manufacturing
technologies, and strengthen domestic

supply chains by reducing dependence " Energy Storage P
on foreign sources of materials Research Center, Va"date,d
and components? = Southern Research Integration
]
I Pacific Northwest
§ NATIONAL LABORATORY (rid Research Isgration e
[ and Deployment .
= Center, ORNL Integration ao®
Make Here E e
< /AN Deploy = pria
®a ® Innovate Here w Energy Storage i w
Fa \Y./ Everywhere 4= Sakyand tDeglces ; (O
F— 8 Intogration, SNL 0 Systems co®
: oﬂ\e‘f"e

How can DOE work with relevant

Materials
to Device

How can DOE gnable the United stakeholders to develop technologies that

States to lead in energy storage meet our domestic usage needs and enable

R&D and retain IP developed the United States to not only successfully ;

through DOE investment in the deploy technologies in domestic markets Increasing Integration
United States? but also export technologies?

PNNL has unique expertise and capabilities to innovate materials for energy
storage devices.
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%Beyond Li-Batteries Space is Vast, Rich and Unknown
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incremental
advances

Intercalant
electrodes

Graphite, LiCoO, .
LiFePO,, LiMnO, Materials
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\%/ Joint Center for Energy Storage Research
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Transform electrochemistry and energy storage science with disruptive new materials
deliberately constructed from the bottom up, where each atom or molecule has a prescribed role in
producing targeted material behavior.

18 partners

JCESR’s National Presence 6 national labs

11 universities

BrightVolt Loriv - ]
Xk ® CHICAGO

fe3 THE UNIVERSITY OF

&/ CHICAGO

Pacific Northwest _ Arconne & Corning Incorporated gorthwgtstern
* * ComEd gn ATIONAL LABORATORY GE Global Research NIVErsIty Cornell University
Northwest, Pacific Vizn Energy Exelon Corporatio Dow Corning UnNerSltny
Northwest events: llinois Institute of §echnolo General Motors Ill Kentuc
ind ener| 8y 1 | it Y
Win 8y NAATEI Responsible Technology UNIVERSITY OF
Idaho National Laporatory Navigant Bz’;t:trl\:;n* y; * g e o *'*' 24M Technologies, Inc. WATERLOO
2 i
Lawrence fivermore Johnson T Cornetl e * United | B o
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Research Center (ol B ¥ o~ Argonne;
yl-hn“ NATIONAL LAECEATORY
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NASA Jet Propulsion

Laborato * * Y )* e R Carnegie Mellon University

Ceramatec NOTRRE DAME 1\ / Concurrent Technologies
* | * * . * 7 f‘_ ﬁ 0 Corporation
UNIVERSITY 3 I |Cummin R University of Delaware
‘kor UTAH® - i * ILLINOIS{Inc. 1 ! 14 L DUPoNt Central R&D

First international Li-S 4 S Lockheed Martin Advanced
event inthe U.S. : %
. . Energizer \ * 2 Duracell Energy Storage, LLC

Albemarle NASA Glenn Research Center

Praxair, Inc.

National Renewablg
Energy Laboratory

Sandia
National
Laboratories

*

ennessee Valley
Authority

*

Georgia

Texas event: Wirld * * Institute of
energy Mississippi Technology

* * Sta_te J

Universi
University of Texas at
Arlington

Paraclete
Energy

Bay Area event: =
EVs, Solar energy !

JCESR Pa rtner States

Lawrance Berkelay
iR g National Laboratory

Y 100+ JCESR Affiliates  in 28 *

. ?:==. — z NextEra Energy
states, 4 countries —

Resources

Southern and
Northeast events:
Grid resilience

Southwest event:

* 13 JCESR Regional Events Grid installations




REDUCTIONIST
Breaking dawn
battery technology to
the molecular level

| \

Flowable
Redoxmer
Science

FUNDAMENTAL SCIENCE
(Renewal Research Focus)

JOINT CENTER FOR

| ENERGY STORAGE RESEARCH

PROTOTYPES I Battery metrics
(Link to other battery efforts) ]I Energy, power, life, cost, safety
Tuned Structure g‘ﬁ”?fzse"
Complexity VY " Enhanced
Seleclivity
Enhanced  Transformative Materials A
Transport and Phenomena Roacliviy
MATERIALS BEHAVIOR Al Enhanced
(Renewal Outcomes) Sollbity Stanilty

CONSTRUCTIONIST
Rebuilding electrochemical
. phenomena from the

[ ¥, molecular level

Liquid
Solvation
Science

3%

Solid
Solvation
Science

chemical bonds

WWwWw.JceSr.org

Center for Energy Storage Research

JCESR 2.0 VISION

New materials and phenomena
deliberately created from the bottom
up using design principles
formulated at the atomic and
molecular level.

JCESR 2.0 MISSION

A description of solvation “cages”
across the solid-liquid continuum.

“An exhaustive knowledge of redox
active multimers with custom
design of their complex structure.

A predictive understanding of the
role of defects in solids and
heterogeneities at interfaces.

JCESR

A diversity of
batteries for a
diversity of uses

Transformative

Energy storage emerging: A perspective from the Joint

requirements
simultaneously

Materials, Chemistries,

and Architectures

Crystals

Molecules

ue

Build BatterieS
from the Botto™



- xgg’/ PNNL Build Novel Tools to Study Inner Workings
e R of Battery during charge/discharge cycle
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NMR XPS

In situ NMR battery with In situ Chemical Imaging Ab initio MD modeling

Kel-F contamer

| .
£ B

CHI- 60 OD for
In situ performing
NMR Probe| | Charge-Discharge

(b) Glass separator

(a)

Glass spacer

Plastic ’fd Kel-F cap
battery

holder KOII dF %lass spacer

7 m / —Li-metal
mt
B, 0. Smml

\\Li-mclal

Separator

7" mim

PNNL hosts suite of unique tools to study the materials degradation during charge/discharge
process of Li-batteries.

Extremely high-resolution imaging of chemical reactions in lithium-metal batteries to
understand how to design long battery lifetimes by watching how batteries degrade in real time.
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\:f/ Recent Success and Remaining Challenges in
Pacific Designing New Multi-Valent Battery Materials
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VSIS le :..}.‘%3.....0. 1. Redox potential 3 . *15,789 VASP runs
R — " «2+ Million CPU hours
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.\ -'——i sty Metal oxide
C

| th d *10,119 calculations
jore Tocus a D E )
o :;:put:tion::tudy M Pate-r|a!ts )
J Electro |",f1:e Membrane rojec

Recent success in designing electrode and electrolyte materials for
rechargeable multivalent batteries are encouraging, but still a long way to go !
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\?f/ Need for Large Scale EES — Reliable & Resilient
Naimwes:  Electrical Grid
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Without storage With storage

Bulk Generation

Demand for
Electricity

Power
Genera<

l Enumr'stomse J

uopie)g 1m0 Jo Spede))
uopug 1m0 jo Spede) —p

Residential

HOUI‘S Hours

DOE OE'’s Priority:

North American Energy Resiliency Model
Megawatt Scale Grid Storage
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m— % Technology and Market Challenges

I Need new approach to accelerate the

energy materials innovation. The energy density of lithium-ion battery was

improved < 2% per year over the last 40 years.

« Safety risks 1000
» Significant cost reduction is needed 0
. 800 - Li-ion
for greater market penetration. P , LFP
0 700 <
» Critical materials availability and S ] en .
sustainability. ' e ete Flow
— & = 500 -
. SZ
£ £ 404
@ ]
© 300
@ zuu; Pb-acid
100 4 S GUY Grid EES
4 target
0 J T T T " T )
April 2019, McMicken, AZ, 2MW / 1MWh 0 5000 10000 15000 20000

8 Firefighters hospitalized

# Deep Cycles




‘??/ Redox Flow Batteries — Grid Scale EES
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@ Iron

chromium

O=
«0

UET

Vanadium Wattjoule

Avalon Invinity

Catholyte Anolyte . UTRC
Largo
Zinc Premium Power
bromine 0
£ e 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Selective \ .
ARRA-funded :  ARPA-E-funded =, VCRound

Membrane -
demonstration R&D project =1 551 million

UET: UniEnergy Technologies.

UTRC: United Technologies Research Center. I T I F | éﬂlilﬂnﬂomng: Iﬁﬁ';'.‘,ﬂ#‘.’ﬁﬁ

Promising technology for grid energy storage
» High safety
« Potential to reach DOE cost target




\gg’/ PNNL build novel and viable electrolytes for redox
racific  flow batteries (RFB)
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Mixed Acid Zn-| electrolyte Bi-additives
' 1 ( )
AE.

0-

o lon-
selective

-

T ARTICLES -

COMMUNICATIONS ey MBSO enefgy

ARTICLE

ot e e [ oo Abiomimetic high-capacity phenazing-based
Ambipolar zinc-palyiodide electrolyte for a ™ i redox low atter
high-energy density aqueous redox flow battery anolyt€ 1or aqueals organic fedox Tlow batleries

Bin L1 Zimin Ni!, M. Vijayekumar', Guesheng L1, Jun Li!, Vincent Sprenkls' & Wei Wang'

Cell: VO™ +CI" +H,0 +V** —= VO,CI +2H" + V**

Raron Hollss, Xiacliang Wei", Viayakumar Murugesan' Zmin Nie BinLi " David e, Jun L,
Vincent Sprenkle'and Wei Wang"

Redox flow batteries ae receiving wide atention for Secirocrericalenergy storage due to
i unique architect e and adventages, but progrecs has o far besn [mitad by thlrlow
energydensity (~ 25'Wh1 =, Here we report ahign-energy density aqueous 2 rc-oolyiccide
fow battery Using the nghly scluble edide/triodids recox couple, 2 discharge erery

queots solleoganic (AS0)redoacve mateals Raverecentlyatracted signficant aftentonas akernatvestotade
tonal transton metalons i e flow bteies (RFB). Howeer, reprtedreversble capactes of ASDareofen substan-

censty of 167Wh " is deonstated i & near-neutral S.0M Zal, electrolyte, Nuckear ﬂdklﬂltlﬂll ﬂﬂ?'ww.m o hw Illdﬂll!“*ﬂﬂu. h“*”h i ﬁﬁﬂlh!hlﬁd
e resonece sl nd sty Unconal e bied s i on v o S0 amp : Wfafs et ystaegalnad-
et dea e thl te adn of . aoho (ethano) d.zesgand frraon etz iy fom ner e it prisne phenzin o &
anygen on the hydrowyl group a1d the zinc ons, which expands the siable elzctroyts mihas HMMMMM lmlunmlhlbfmlhl 00mY, AnRFBbasedona m&mﬂ“"[‘
tamperalurz window to frem —20 to 50°C, while amaliorating the zinz cendrite, With tre droryphenazine-sufonc aci) elibis an cperaing volage o 1.4V witha reversble
High-energy density and i s2nign nature fee from sirng zcids and corrosive componzn's, analte capacity of 67 A andacapcty tention o 9.98% pcycle o 300 yees.

oy is 3 promising candidtefor vaios eergy
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_- ~z~~  Building Robust Electrolyte Design Module
p— Pacific

Redox Molecules

Solvents l Additives

oh

(=) &
<> Redox Potential ) =
AR P [ =
%\ i/ 2
< Ay
2 A
= <
= =

)

=0 A e
S N

Viable Electrolytes

Property Validation

Battery Testing

Virtual screening assisted with empirical rules to down select viable Aqueous electrolytes and subsequent
property and battery testing for model validation
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—— \?f/ Designed a High-Performance Vanadium Electrolyte
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Northwest Chloride anion suppress the deprotonation and subsequent precipitation reaction

Technology Advancement

4 4 N
N
>30% higher
energy density>
V
50°CM22°F
» 9 40°C/104°F I\
Leads to V205 Precipitation Higher Thermal Stability 80% wider >
10°c/50°F | temperature
[VO,(H,0);]* + HCl < VO,Cl(H,0), + [H;0]*AH > 0 % .
-5°C/23°F
Sulfate and chloride mixed electrolytes showed high energy L \ )
J

density and broad operational temperature window




-I \%/ Molecules to Megawatt: Vanadium Battery R&D Story
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HCI addition prevents
deprotonation increasing
temperature stability by 80%

d energy density by 70%

Flexible.
Reliable. |
Proven.

) PNNL kW lab scale
O el 0 - L WA Governor Jay Inslee, demonstration of
Avista/UniEnergy 1 MW/4 MWh UniEnergy CEO Gary Yang, technology

System installation February 2015, OE Asst. Sec. Pat Hoffman at
commissioned in June. CEF kickoff June 2014




%”  Aqueous-Soluble Organic RFB is the new frontier
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> Benefits of Organics
< Potentially lower cost
<> Vast library of candidates
< Systems ranging from pH 0-14
< Improved electrochemical kinetics
< Candidates with 2e- redox events

600

500

e
=]
=

Vanadium
1+ Redox flow

Aqueous organic

8]
=
(=]

Cost ($/kWh)
S

100

0 T T T T T T
2010 2012 2014 2016 2018 2020 2022 2024

Years

» Traditional Vanadium RFB
< High material cost
< Capacity loss from crossover
< Precipitation issues (temperature window)
< Requires Nafion

50 mAJSem=
$615/kWh

-

S ) 240 mA/em?
Membfane o $350/kWh

400 mA/em?
$290/kWh

g

g

Cost (S/kWh)
s £ s

=
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<7 Computationally Guided Molecular Editing

PaC|f|c
Northwest

NATIONAL LABORATORY

<> Target solubilizing groups (pH dependent) and appropriate redox-tuning groups
<> Substitute core structure based on readily available reagents and scalable synthetic
methods

e
I 1

1
.o b

-1.5 -1.0 -0.5 0.0 05 10
Q Hydrogen‘Carbon ‘Nitrogen 'Oxygen °Sulfur RJtential VS. NHE/ V
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- \%/ Current fra

ol gmented research through trial-and-error
Northwest approach slows the innovation

e 26 e
OO0 w0 gt w0 —
mmw

¢ Hydrogen @ Carbon @ Nitrogen @ Oxygen € Sulfi

A Hollas, X Wei, V Murugesan, Z Nie, B Li, D Reed, J Liu, V Sprenkle, W Wang
Nature Energy 3, 508-514, 2018

Prototyping in 1kW

Known Phenazine stack

derivatives: >6000

%ﬁi 2 ool The largest small molecule

P — CE— data-base GDB-17 contains
T YT 166.4 billion molecules.
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Pacific Accelerated Materials Discovery for RFB
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“Our goal is to develop a framework for the design of energy storage materials (e.g., redox active
molecules) with desired properties (functionality, solubility, electrochemical stability, etc.) through
automation (e.g., data sciences and high throughput experimentation)”.

Validation

Automation

Prediction

28



\%/ Data Smence based Electrolyte De3|gn Formulations
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1 Fingerprin

B cronc oy | .

2 SMILES

[CICEECEEISEONE0)0) -0)C3-C(C2-0)C=CC(-CIS(=0)=00 |

/ w. :: ?
e Molecule
3 Potentials
7 30 geometry
Atom; =(Z.x. y. 2, ':—{A-:'—‘:_
Q/ \‘\-. -'/

)
8% 8,0.8,
®_©_6©
e ¢ ¢ © © o
O. .. © [#] ..0 4 Weighted graph
o [ ~] Lo ] f‘,
5 Coulomb matrix
6 Bag of bonds/fragments ) I
0
=0 _~ N
c=0
C= AO %\F— HO -‘0 4 f
- 0 - % /
=~ i g

O=

gFS - ==
Sanchez-Lengeling et al., Science 361, 360-365, 2018

Inverse Molecular Design

Vision:
Can recent developments in machine learning (ML) and artificial intelligence (Al), can help
us design optimal organic redox flow electrolytes?

Challenges:
No known physics models for predicting solubility and stability.
Enormity organic chemical space (> 10'"), demands adequate training data set for reliable ML.




- \%’/ Natural Language Processing for Harvesting Data
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https://demo.allennlp.org/named-entity-recognition

When | told that I wanted to move to ,he warned me that | 'd have trouble finding a | Starbucks | there .
MISC

PER LoC

l

For example, has a solubility of ({J] ¥, while EJ&IBF] has

chemical solubility unit chemical

a solubility of approximately =1425-C]
solubility unit temperature

« Domain specific NLP tools:

For example, | benzoquinone | has a solubility of 0.1 M, while | BQDS | has a solubility of approximately 1.7 M at 25 C.
MISC

] B-PER 0
4
BERT
s ] = | = E~
¢ —
m_s]]l Tok 1 " Tok 2 Tok MW

Single Sentence
http://jalammar.qithub.io/illustrated-bert/

» SciBERT: pretrained on 1.14M papers from Semantic Scholar (18% CS, 82% biomed)
» ScispaCy: domain-specific tokenization and sentence splitting

30
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/The largest database of )
aqueous solubility and related
properties
* Experimental data ( > 60,000 )

* Quantum descriptor (> 6 )
* Molecular descriptor ( > 1500 )

Computed data
Quantum descriptors (solvation energy, dipole
moment, quadrupole moment asymmetry, molecular

volume, molecular surface area, molecular geometry,
etc.)

\-
-

+ Molecular descriptors (Balaban’s J index, topological
\ polar surface area, etc.)

fExperimentaI data

+ ~17,000 solubility data
+ ~20,000 melting point data

+ ~7,000 fusion enthalpy, sublimation enthalpy and
vaporization enthalpy data

+ ~10,000 pKa data
« ~b,000 redox potential data

k ~4,000 LogP data

\

Y

(

Features

« Three independent identifiers (CASRN,
SMILES, InChikey)

* Isomeric SMILES

\. Multiple subsets

N

Melting
point

Fusion,
sublimation
and
vaporization
enthalpy

Natural Language Processing

LY YR Y Y
AT T W
AW ¥

LN
A 4 Y

_ Organic Molecules

: _ \??/A comprehensive database for organic molecules

Redox
potential

High Throughput Automation

¢ 4
LA A A
/

A
[ 20 2N 4
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-— \%/ High throughput Experimentation Capabilities
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Installed two robotic systems, Albert (N, atmosphere) and Beverley (Ar atmosphere).
Handles both liquid (10ul — 10ml) and solid (0.1mg — 25g ) samples.
Vortex mixing (~1000 rpm), heating (<180 °C), centrifugation and filtration

Working on automating analysis protocols for solubility, density, viscosity and pH testing.

Staff training and system integrations are in progress.



\%/ What can we learn from Nature?
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Flavin-based

o

ature-inspire

[N

redox-actives

(0]
S H 1
O CH,
9 -

Quinone-based

/" Solubility ™\
SO, -CO, -, -PO,>~, -NH,, -NR,*, -OH

Withdrawing
-S04, -CO, ", -PO2~, -NR,*

Donating

KNH” -OH /

] =T T

Phenazine-based

PiSes

“Inflexible” synthetic route

Poor water/DME solubility éﬁ :Q
*;r S

Schubert, et. al. ACS Energy Lett. 2016, 1, 976.
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— \7{/ Electrical Energy Storage is Evolving !

PERIODIC TABLE OF ELEMENTS USED IN BATTERIES

KEY @ Li-ion batteries
(T) NiCd/NiMH batteries
" TT—

sedinanode material Lead-acid batteries
. Used in cathode material @ Alkaline batteries or .ﬁ

@ Other batteries

ooteres
o5loz

Economic and

AHERREE A vy Domestc r
9 0. 6900 A Export Markets Electricity Grid Job Growth
g
H 36 \
Hg Pb el A
b Yoo
< * o o)
Defense Transportation
EEEE Internet of Thmg/
LITHIUM LITHIUM ION
Manufacturmg Global
®Johan Jarnestad/The Royal Swedish Academy of Sciences

®© Andy Brunning/Compound Inter: 2019|wwwc0mp dhmcoml@omp dhm IYPT2019
Sh ed under 3 Creative Commons 4.0 Attribution NoDer s-NonCommercial lic @G)@@ #

vompetlveness

PNNL team is focused on designing transformative and Innovative materials
for future energy storage systems.
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Vijay Murugesan
Physicist

(509) 371-6540Work
v Ij ay (@ pnn |g oV

3335 Innovation Blvd K8-93
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Thank you
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We value your feedback!
https://www.surveymonkey.com/r/PNNL042021
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Catalysis - Nature’s Way Improving Environmental Talking Trash: Finding

Bojana Ginovska Monitoring, Reducing the Value in Plastic

April 27, 2021 | 5:00 pm Stressors, and Getting Waste Through Chemical
Marine Renewable Upcycling
Energy Devices into the Lily Hale
Water June 8, 2021 | 5:00 pm

Alicia Amerson
May 11, 2021 | 5:00 pm
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