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cient electrical energy storage

E:y’s electrical enew storage (EES) technologies fall far
rt of requirements for efficient use of electrical energy

rolutionary improvements are needed

To level the cyclic nature
of intermitient renewable sources

To progress from today’s hybrid
electric vehicles to plug-in hybrids

or all-electric vehicles
To enhance safety and reliability

s will require transformational
ances in the underpinning of materials
' chemical sciences |

Significant advances in the fundamental under
phenomena

Predictive modeling of complex, multi-component systems over
multiple length and time scales

:
gl = =

dlnq

e r 1 : == =

nanosc



AdRIISNING a SCICNUTIC TOUNaalion
technology breakthroughs

:rr, modeiing, and simulation “N tati I
plement experimental efforts NeW compliationar me
\sight into novel will play a crucial ro
harge storage mechanisms R s

'rediction of trends 3

suidance for experiments Y 4‘ Needs for

\bility to address a broader range of materials d Electrical

ystems and compositions Ta e Energy Storage

e multiscale computations # —

provide fundamental understanding "L S e ey et

OCe5585 A _\'_ | T-:T:I E*unuu?m Storage

'hase transitions |

1 electrode matarials e

on transport in electrolytes x\" A

‘harge transfer at interfaces _L

lectronic transport in materials . e
valuation of complex systems N

htto://www.er.doe.qgov/bes/reports/files/EES rpt.pdf



damental challenges

ledge gap: Basic understanding of the mechanisms
netics of the elementary steps invelved in chemical storage

Li irtarca lation mechanism?
Direction of reaction front?

solid-liguid /
solid-gas

How do structural defects,
such as dislocations,

change during cycling?

What is their relationship
to fracture formation/

prevention?
H. Gabrisch, R. Yazami, B. Fultz,

Electrochem. Solid St. Lett. 5 (6),
A111-A114 (2002)
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1ECImioIivgy orianecri

> cross-cutting challenges for computation simulations regt
aking REVOLUTIONARY breakthroughs in battery and capa

research
& y

lerging of new theoretical methodologies to Continuum Smulations —- .
Xplore the complexity of physical and
hemical processes occurring over the full PR e S
ange of length and time scales 106
4u|t|-§cale _modellng fqr the virtual -deS|gn of Classical Molecular | 14,
1aterials with user defined properties Dynamics 10"
,omputer_ _S|mu_lat|on for_ prediction of | Tight-Binding, i
ustainabillity, risk, and life cycle analysis Semiempirical Methods | 4

ab initio Electronc | .,

Structure Methods o




ugn tneory anda moaeliing
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Lithium o/
Cobalt

ing of performance, lifetime, and safety

arated innovation in new materials and new designs
Jher energy and power at lower cost

How to get there

s Predictive kinetics

of phase changes

» Elsctrochemisfry

» Charge transport

In mixed conductors

« Computational
matsrials design

« Transport and evolutio
in electrode microstruc

« Structure and role
of reaction interfaces



an we develop a fundamental
\derstanding of electronic and ionic

ansport in solutions and electrodes

nderstandin%‘the physical and chemical
ocesses at the electric double layer and a

e electrolyte/electrode surface

ow to control nanostructures in multi-
ymponent, electrode/electrolyte systems

ow t0 model battery and capacitive systern
ross length and time scales



1ECImioIivgy orianecri

ling support required to successfully
2ss computer modeling challenges

ansive collaboration with characterization
entists, e.g., neutrons, x-rays, electrons, and
2ctroscopy

idation with experiment on model systems to
sure reliability of computational simulations.

Jh-performance computing

sources to train a new generation of scientists

undamental research on electrical energy

rage systems Formation and destruc
of water monolayer on
surface from theory an
experiment




OT water at oxXxide surtaces



long-time DFT based molecular dynamics calculations provide detailed information on the s
protonation/dissociation level) of water on (110) rutile. Simulations are validated using x-ray
lering data. Calculations are being extended to other oxide/mineral surfaces.

VDOS (arb. unit)
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Basic Science Challenges, Opportunities, and N«

IRTRRISY

deling of kinetics and dynamics of phase ==se====7 Predicte

nsformations in electrode materials and AL position

ctrolytes Liehy+ i

Jh-throughput virtual screening of

iterials and devices for batteries and MD simi

0acitors LiCIO,/F

sign and construction of materials with p:)Iy:neIr

Sired electrical storage properties using cIectroly

litiscale modeling

derstanding charge transfer and transport

2lectrical storage materials ", Predicte
: : distribut

egrating modeling of nanoscale and " multi-ele

\croscale effects “ pouch ¢




ving Questions A Challenging Problem

spatio-temporal change of charge distribution at  Batteries are complex, multi-scale 3D dynamical sy:

ondary particle-level on full-cell performance » The material properties at the nano-scale affect the

> of 3D geometries on the energy and power electrochemical properties at meso-scale and devic
_ _ * Need to develop a frame-work to integrate the mode

D interactions between charge transport, local different scales to make predictions of system-level

ry, mechanical properties, cyclability, performance and safety

ance and safety .

Large range of time and length scales of coupling

ed Approach ¢ A

: 3D Spatio-temporal transport of charge

)rous averaging techniques along with detailed

n with neutron imaging and micro-Raman

ues at the secondary-particle level

article and full cell performance interactions

. Interfacial chemical reactions on cell performance
. Study thermal runaway and mechanical stresses
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e al Syotcilio
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BatteryPack

Frimary |

FAanIcIes |
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E_.;'TrE ! untinunus
S iR s T et N | ElEEtTDdE:
B ol ol rod array
P La T N coated with
i | | I electrolyte;
I ! ' I i P other electrode
104 m 106 m 1023 m 1 m X fills remaining
; volume

(distance)

Interdigitated
plates
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Tempoaral Vanation of Voltage

Elﬁ = —
Simulation

Waibrugge 2005
2t .

1.5 %
1 t

” o5 Charge/Dischargecurves

0 =

Dynamlﬁ 0 ] 14 15 20

Timea {s)
i Int.eractu.}ns System level Performance (Cell) -
A, (S|mu|a‘t|{jn3) Experiments and Simulations

Vollage (V)

Lithium lon Distribution
Secondary Particle Level

Simulations:

Dynamical spatio-temporal variations
Thermal behavior

Detailed chemistry

Mechanical stresses

'y modeling reqres a multidisciplinary approach

sonnel with relevant extensive experience in theory, simulations and
2riments

1bination of unique experimental and software capabilities, high-



Neutron Reflectome e'1' !

Ultra-high
vacuum station

Instrumentation

Computational
“Endstation” for Nano- &

Materials Science

Materials, Chemistry, Physics :
Math : Computer Science

» Open Source Repository
= Generic Tool Kit

» Unified I/O systems
s Opntimized Kerneals




patteries are only g
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tems exist that promise very high theoretical energy
wever challenges are daunting
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orts are underway to perform the long term research to solve these problem:



t - (+) Current collector

Doacitive alectrodae (LIMC
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Li-Air Battery

product: Li,O,
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Mesopores for nanoparticles

yores for electrolyte
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New Materials, Chemistries and Strategies

cells: A step towards the holy grail?

Cell Potential /' 'V
La

3.5+

P.G. Bruce, JACS (2

—

1st discharge _H“H
\ (1000 mAh/gc)

..................................................

B Design nanomaterials to incr
capacity and power and design

functional surfaces

Ll + OZ

(1169 mAh/qg)

lectrochemical couples required for

ough’ improvements

igm shift away from conventional solid state

Design o
bt catalyz
W& ¢ nanoarch
@ asairc
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» Experimental
Exploit expertise
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Challques: Power density, recharge
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Thursday, June 11, 2000 BM INVests In Battery Researchthe

IEW company hopes to develop powerful, lightweight lithium-air batteries.
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System Engineering & Design (SED)

Design &
Safety Accuracy & Manufacturing
Simulation Uncertainty Simulation

Requirements Verified, Validated

Design, Safety, &
Manufacturing codes

' with quantified uncertainties

Requirements Requirements

Validation &

Validation &
4 Integrated R Uncertainty

Uncertainty

Component & Systen

System Design |.g=Ssessment .\ Assessment
&Analysis  |Vores T Systengs\f?)lldanon v | Manufacturing (CSM
Design & Manufacturing
\- “SDA) / Safety Codes Codes
ioriti Prioritized
Prioritized Modeling

Modeling

Requirements Requirements

Upscaled

Modelo Upscaled

Models
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Exaop/s

Teraop/s

=¢=Design
== Cook-off

== Crash




akthroughs in materials are needed for
trochemical energy storage.

1putational science, the “third-leg” of
lern science, has a vital role to play In
ancing innovation.

1putational science for complex materials
avior Is “big science”, requiring large
Itles and sustained support for scientific
ware engineering.

1-energy battery designs, such as Li/air or
, have the potential for 10x increases In



