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CLCK + WATCH - LEARN - DISCUSS

Explore the new and improved ACS Webinars® Library!
1 ] |
Familiar search, sort, and filtering oo =
tools have been added to help find ™ meas 3
the recording you are looking for

Accurate captions for accessibility

Improved granular topics and
collections

Exclusive for ACS Members
with the Premium Package

Visit www.acs.org/acswebinars to discover hundreds of recordings!
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ACS

A Career Planning Tool For Chemical Scientists W Chemistry for Life®

ChemlIDP is an Individual Development Plan
designed specifically for graduate students and
postdoctoral scholars in the chemical sciences.
Through immersive, self-paced activities, users
explore potential careers, determine specific skills
needed for success, and develop plans to achieve
professional goals. ChemIDP tracks user progress
and input, providing tips and strategies to
complete goals and guide career exploration.

https://chemidp.acs.org ¢
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Career Consultant Directory Y cremistryforLife”

Find a Career Consultant

o i

Academia Government Industry
bl by
W ¥
Nonprofit Independent Retirement

* ACS Member-exclusive program that allows you to arrange a one-on-one appointment with
a certified ACS Career Consultant.

* Consultants provide personalized career advice to ACS Members.

* Browse our Career Consultant roster and request your one-on-one appointment today!

www.acs.org/careerconsulting 7

ACS Bridge Program A 4 f‘he&tswmee

Are you thinking of Grad School?

If you are a student from a group underrepresented in the chemical sciences, we
want to empower you to get your graduate degree!

The ACS Bridge Program offers:

» A FREE common application that will highlight your achievements
to participating Bridge Departments

» Resources to help write competitive grad school applications and
connect you with mentors, students, and industry partners!

Learn more and apply at www.acs.org/bridge

Email us at bridge@acs.org
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ACS Scholar Adunoluwa Obisesan
BS, Massachusetts Institute of Technology, June 2021

(Chemical-biological Engineering, Computer Science & Molecular Biology)

“The ACS Scholars Program provided me with monetary
support as well as a valuable network of peers and mentors
who have transformed my life and will help me in my future
endeavors. The program enabled me to achieve more than |
could have ever dreamed. Thank you so much!”

i GIVE TO THE

AAC L SCHOLARS

PROGRAM

Donate today at www.donate.acs.org/scholars
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to listen to? » Deboki Chakravarti, PhD
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Check out Tiny Matters, from the American Chemical Society.
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Sharpless chat about sharing clinch th 1Prize sparks bitter conflicts and y
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work-life balance eat 5o much sugar
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VOICES AND STORIES FROM THE WORLD OF CHEMISTRY

amazonmusic
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ACS on Campus is the American Chemical
Society's initiative dedicated to helping students
advance their education and careers.

prepare an effective resume. interview
pick a graduate or post-doctoral

Get Published.

Share your science with confidence - get essential tips
for becoming a better writer. reviewer and
communicatoc

Get Ahead.

Develop your careet. network with local professionals.
and learn how to leverage your ACS membership.

acsoncampus.acs.org
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ACS Industry
Member Programs

* ACS Industry Matters

ACS member only content with exclusive
insights from industry leaders to help you
succeed in your career. #ACSIndustryMatters

Preview Content: acs.org/indnl

« ACS Innovation Hub LinkedIn Group

Connect, collaborate and stay informed about
the trends leading chemical innovation.

Join: bit.ly/ACSinnovationhub

ACS
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& SAvpus
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Virtual Office Hours Personal Career Consultations Linked[f}] Learning

Jim Tung

https://www.acs.org/careerconsulting.html https://www.acs.org/careerconsulting.html https://www.acs.org/linkedInlearning
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ACSPublications

@ Most Trusted. Most Cited. Most Read.

Most Trusted. Most Cited. Most Read. NEW & NOTEWORTHY

Follow your favaurite journal or newsletter

ACS Publications’ commitment to publishing high-quality content continues to attract impactful research that Souigh the Emad Preference Center
addresses the world’s most important challenges.

Open Access for everyone - no matter your

m =

Find the latest virtual, hybrid and in-person
events hosted by ACS Publications

Browse Content

Materials Organic- .
1 ganic
Science & Inorganic Physical

Engineering

Publish with ACS New Products & Services ACS Open Science Explore ACS Solutions

https://pubs.acs.org 16
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ACS Advocacy <7 f;egfww

See your influence in action!

The impact and results of ACS member advocacy outreach and efforts by the numbers!

1739+ 49

Members participated ACS Advocacy Years of Public

In Act4Chemistry Workshops p”artlmpants Policy Fellows
or enrollees

2000

Letters sent to
Congress

Get Involved Enroll in a workshop Become a Fellow Take Action

American Chemical Society httDS://VV\NVV.aCS.OrqlDOliCV 17
17
ACS T.EChR‘HiC{ﬂ P\V[sion AC__S_Committee
A complete listing of ACS Safety Programs and Resources
CHEMICAL SAFETY
Resources to Support Laboratory Safety
Education and Practice
Download it for free in the “Projects & Announcements” Section! www.acs.org/ccs
B D lsmuse [ams,  e——
18
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ACS OFFICE OF DEIR

Advancing ACS' Core Value of Diversity, Equity,
Inclusion and Respect

19

20

Resources

Inclusivity Style Guide

ACS Publications DEIR Hub

C&EN Trailblazers

Quick Guide: Inclusion
Moments

ACS

Chemistry for Life®

ACS Webinars on Diversity

ACS Volunteer and ACS
Meetings Code of Conduct

NEW! Download DEIR
Educational Resources

Quick Guide: How to host
inclusive in-person events

BECAUSE PEOPLE
LIKE YOU CREATE

GREAT CHEMISTRY

You belong here

Join ACS Renew Membership

Have a Different Question?
Contact Membership Services

Toll Free in the US: 1-800-333-9511

International: +1-614-447-3776

service@acs.org

Diversity, Equity, Inclusion, and Respect

**adapted from definitions from the Ford Foundation Center for Social Justice:

Equity**
Seeks to ensure fair treatment,
ty of opportunity, and
nformation
and resources for all. We believe
this Is only possible in an
environment built on respect and
dignity. Equity requires the
identification and efimination of
barriers that have prevented the

full participation of some groups.

Diversity**
The representation of varied
identities and differences (race,
ethnicity, gender, ility, sexual
orientation, gender identity,
national origin, tribe, caste, socio-
economic status, thinking and
communication styles, et

viduals. ACS

engay

Inclusion**

Builds a culture of belonging by
actively inviting the contribution
and participation of all people.
Every person's voice adds value,
and ACS strives to create balance
in the face of power differences. In
addition, no one person can or
should be called upon to represent

an entire community.

Respect

Ensures that each person is treated
with professionalism, integrity, and
ethics underpinning all
interpersonal interactions.

https://www.acs.org/diversity

www.acs.org/membership
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s80
s55
s25
s80
s0

Regular Members & Society
Affiliates

Recent Graduates* @
Graduate Students
Undergraduate Students
Retired

Emeritus

s80
s40

limmed-down set

Regular Members

Recent Graduates* €

Basic

ntroductory set of complimentary t

senefit

s0 Community Associate
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Thursday, March 28, 2024| 2pm-3pm ET Friday, April 12, 2024| 2pm-3pm ET Wednesday, June 20, 2024| 11am-12pm ET

Retirement Realities: More Than Accelerating Discovery with Al: Revealing Mona Lisa’s Secrets Through
Just Dollars and Cents Self-Driving Laboratories Advanced Analytical Chemistry
Co-produced with the ACS Senior Chemists Committee Co-produced with the ACS Committee on Science Co-produced with the ACS Publications

Register for Free ~ Browse the Upcoming Schedule at www.acs.org/acswebinars
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Science History Institute MUSEUM HOURS 315 Chestnut Street, Philadelphia, PA 19106
215.925.2222

Museum & Library
info@sciencehistory.org

Collect. Preserve. Interpret. Share.

Through research, storytelling, public programming, and educational outreach, we reveal
how science is embedded in our daily lives.

7
ZYT

Museum Stories

215500

2

Education Collections Research

https://www.sciencehistory.org

22
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> Say hello in the
guestions window!
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Powering the Future: The Latest Battery Technologies

SERGIY KALNAUS, PhD ERIK G. HERBERT, PhD NIAN LIU, PhD BILL TUSZYNSKI, PhD

Senior Staff Scientist, Oak Partner,
Ridge National Laboratory The Unami Group, LLC

Senior Staff Scientist and Mechanical
Properties and Mechanics Group
Lead, Oak Ridge National Laboratory

Assistant Professor, School of
Chemical and Biomolecular
Engineering, Georgia Tech

This ACS Webinar® is co-produced with Science History Institute.

24
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Solid-state batteries — why mechanics is critical?

Sergiy Kalnaus

kalnauss@ornl.gov

03/14/2024

5. DEPARTMENT OF

“9/ENERGY

ORNL is managed by UT-Battelle, LLC for the US Department of Energy

25

Conventional Li-ion batteries

« Anode: graphite with
binder

» Cathode: layered metal
oxide with binder

OAK ‘\

» Charge carried by ions
through electrolyte

RIDGE §

National Laboratory

* Electrolyte: Li salt in
organic solvents

» Separation of electrodes
in space: porous polymer
separator

Q4 R

Graphene Li*  Solvent LiMO, layer
structure. molecule __structure

Wang, D., et al., J Power Sources 140 (2005) 125-28

26
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Examples of usage

* NASA spacesuit

28

» Wearable in military —
flexible ves

https://ntrs.nasa.gov/

https://www.army.mil/ =
%OAKRIDGE  Roller, D.P., Slane, S., 1998 IEEE, DOI: 10.1109/BCAA.1998.653843 ] Q: What is EMU?

National Laboratory

Limitations of conventional Li-ion batteries

* Liquid electrolyte: fire hazard,
toxic, voltage window,
leakage, fransference
number

» Safety issues/devices

https://ntrs.nasa.gov/

http://cnn.com

%OAK RIDGE

National Laboratory

14
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Advantages of solid-state batteries

3/14/2024

No electrolyte to burn or gas

Higher voltages (LiMn, sNiy ;04 —

Wider temperature operating range and stability

Abuse tolerance to overcharge since no gas produced

4.9V)

VAA
44

* Reimagin kagin :
e Og e pGC Og g | O EI’_{{T‘Z:&O;MYO? Positive material: §
. Liy Ny COM,O, M=Mg. AL..] ailtlon g g
° WeOrO ble TeChnO|Og|eS A Poly;nlnnic compounds [Li; ,VOPO,, Li,FePO,] Ea ¥ O.I;n&e:‘::lcyclmg é
e -Li;Mn; ,M,0, [M=Cr, Co,..] g
. 3 3+ (L] |
« Structural batteries 5 R ik
Z MnO, V205, LiV30g) Li-ion Li-metal
2 potential potential
3 2
£ Negative material:
§ 3d-Metal oxides OEQan Libn §
Composite alloys  [Sn(O)- bdsed] (ohmnedcycllng) S
2l [Sn(M)-based] of Li metal s
Carbons — Nitrides LiMyN2 i, S g
L Graphrle b Li metal g'
&
0\llJlllJlllmlll||llil\li1k‘|A|‘l'|¢LI
0 200 400 600 800 10007 73,800 4,000
Capacity (Ahkg?)
04K RIDGE J.M. Tarascon, M. Armand, Nature, 414, 15 (2001) 359
National Labos
29
 Solid electrolyte — ceramics,
or glass a
101 EC:DMC 1 M LiPF,
« Possibility to include metallic =
. . 10
lithium anode S r
L e k [INVEN
= E
S w0k
BT F LiPs, * L, cdcl
_g 10 F e, ups) U La,TazDu “i’.‘f‘i " o
g 10 . u-Snuéo == I.U'P:“I
© 3 “UsiN, -
g 10°* r ,cd,
Ll floine Coif s -t
“oo r uzneo),  TTTT
o o ,:,5‘ l| PG E\ “ e
10 e Ly, &, e .
1 ] qv’"»fs- Qob%‘ Ge"’@( mcb"l""life ’M’r’b@ “’ygﬁb‘e Erav“’é‘s et
10

Lil solid electrolyte cell for pacemakers

Schneider, A., et al. J Power Sources 5 (1980), 15-23
Takada, K, Acta Materialia 61 (2013), 759-770

*OAK RIDGE

National Labor

30

Q: When was the first solid electrolyte invented?

15
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Solid state uphill battle

* Quantum Scape
» Factorial Energy
« Solid Power

° LG Chem Date for large scale production keeps shifting
« Samsung SDI
« Toyota

2024 2027 2030 2

[}
%OAK RIDGE
National Laboratory
31
Where do we stand?
ORNL Workshop
e » 30+ participants from National Labs, industry
Scilc-Sttie Billorica + Sharing progress and ideas
« Results summarized in a letter in ACS
Efiergy _
m— =
Challenges for and Pathways toward Li-Metal- E
Based All-Solid-State Batteries 2
- E— o . B
a 1400 b
P eI - —_—
% 1000
g B00
% 600 ‘Cathode/Interface
é 400
2 200
OAK RIDGE NATIONAL LABORATORY 0 LLAncde1
L " o v - 2000 2005 2010 2015 2020 Theory and Modeling
Year
*OAK RIDGE
Narional Laboratory
32
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What distinguishes SSBs from liquid e-lyte counterpart?

» Micrometers of lithium can be
plated and stripped on the anode

side;
« Lithium can plate INSIDE the -:urigue
. - Fracture AP - Fract
eleC’rron’re, - Stress Relaxation £ S -S::;s:r;eluxotion

.,lhj '~ . o
- Concentration Gradients p = Plasticity
- Loss of contact e - Creep
- Poor transport .

« Lithium plating into the electrolyte
creates the competition for stress
relief;

- ‘Dendrites’
- Voids
= Non-uniform current

» Fracture of cathode particles
immersed in liquid electrolyte
leads to increase in s/a of
cathode; in solid electrolyte it €8 cathode Active Material
leads to loss of contact;

D Solid Electrolyte

%OAK RIDGE

National Laboratory

33

Sources of stress in SSB

Compositionall

o External Stress From
Strain in e
ol HENVIE Plated Lithium

97.54

Unit Cell Volume, A’

7.0
95 .'8-.5

96.0+

%5 _—
03 04 05 06 o7 08 09 10
M. Yamamoto, et. al J Pow. Sources 473 2020 *inL,Co0;

%S)AK RIDGE

ational Laboratory

34
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Electrochemical Strain Microscopy

Concept: Utilize volume changes as function of Li-ion concentration
G

<

Displacement

Electric field
High

Critical for
Li-ion transport

Amplitude (a.u.)
=
=

-
=

Low

(b) e Fqucni;n;kklj
* The local Li-ion concentration can be changed by the application of a local bias.
* The higher the Li-ion mobility, the higher the induced surface displacement.

Balke, N., Kalnaus, S., Daniel, C., Jesse, S., and Kalinin, S.V., 2012, “Local Detection of
Activation Energy for lonic Transport in Lithium Cobalt Oxide," Nano Letters, 12(7) pp.

#,0AK RIDGE 3399-3403.
National Laboratary
35
The mobility of lithium and the compositional
strains are highly heterogeneous in cathode.
Electrolyte should remain functional over
many cycles subjected to stresses from
cathode.
OTHERWISE...
s
Q
<
Q
3
=
g
&
>
<
Balke, N., Eliseev, E.A., Jesse, S., Kalnaus, S., Daniel, C., Dudney, N.J., Morozovska, AN.,
and Kalinin, $.V., 2012, “Three-Dimensional Vector Electrochemical Strain Microscopy,”
%OAK RIDGE  Journal of Applied Physics, 112, 052020.
Narional Laboratory
36
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Sources of stress in SSB

Compositionall
Strain in
Cathode

External Stress From

Pressure Plated Lithium

10s of MPa compared to ~ 0.05 MPa in conventional battery

modules
U
% a 03 1.534.56 0.15 Current density in mA cm NMC
o 150
z
c 100
S
>
£ 50
©
s
3 0
0 50 100 150
Cycle number
%9&51{1_}3‘(35 M. Yamamoto, et. al J Pow. Sources 473 2020

37

Sources of stress in SSB

Compositional
ST i External Stress From

ol Pressure Plated Lithium

If inelastic strain is not triggered, the result is stress relief by fracture ) )
Stress buildup can be relieved

by:

- Inelastic flow in lithium
- Inelastic flow in electrolyte
- Fracture

Plastic flow

M. Yamamoto, et. al J Pow. Sources 473 2020
R QK RIDGE E. Kazyak et al Matter 2, 1025-1048, 2020

38
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Solid electrolyte should deal with the stress

NASICONs

%OAK RIDGE

National Laboratory

39

Glasses are more interesting

But here’s the problem ...

LATP

J. Wolfenstine et al. J Mater Sci 47 2012

Y. Kim et al J Am Ceram Soc 99(4) 2016

S. Kalnaus et al ACS Appl Energy Mater 4, 2021 11684
S. Kalnaus et al JMR 36(4) 2021

Amorphous or glassy materials are unusual
because they can deform without conserving
the volume.

Mechanisms to reduce stress:
- densification

- isochoric shear
- fracture

Many binary and ternary glasses are still brittle

S. Kalnaus et al JMR 36(4) 2021
F. Michel et al J Non-Cryst Solids 379 2013.

%S)AK RIDGE

ational Laboratory

40

é;

Glass 1 Crystalline ceramics
P P

] ]
!/ I\¥'  Densification . -

20
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ORNL is working on ionic glasses

« Inverted glass, or “high modifier” glass R

« Lower viscosity ﬁ

» Higher ionic conductivity ‘
* Mechanical behavior similar to BMGs ‘

] Good example - LIiPON \

Li,PON, 1000; LLTo {2 42 seve
085 . FoHea:
y =3.3-3.8 [} LLTO NASICON [41] IF
z=0.14-0.16 8 2 Ap LLZ0
-§1007 Inorganic g Lipon: no fracture
% : Glasses § LATP this work
> g 4 NASICON
;:é gag;za‘lee:‘ne;'y N w2 OO  LPSGlass
D S 104 ‘ ‘ ‘
goz e %‘\A.qumauang:y-' peron 2 a4 esl 2 4 6810 2 “]‘.00
S ) | Electrolyte vol.: 309 Elecirolyle vol.: 4124 Kc, Fracture Toughness (MPa m®®)
D b e umter : - J.Li, et. al. Adv Energy Mater 5, 2015
,ESIHP(.;E x:JI_.ECTIer;E'Je.If\AC.“S%QeeT; ';’Arwseiég?bfgggrﬁes of invert glasses, Glastech. Ber. 5, 1959.
41
Conclusions and outlook
» 100+ years of solid state ionics
» Upscaling to large format is “production hell”
« Making SSBs with old approaches from liquid electrolyte
batteries requires enormous pressures to make battery working
 Electrolyte is key component
» Glass ionic conductors are worth exploring as they provide
several mechanisms to avoid fracture + no grain boundaries,
pores, voids, etfc.
* How to deal with metallic lithium and “dendrites”e
QUK RinGE
42
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Mechanics of Solid-State Battery Materials:
Hidden Surprises of Lithium Metal ‘

Erik G. Herbert —' Ve,
Sergiy Kalnaus \ A e G
Andrew S. Westover 7 (’H\,W {/ﬂ“,
Nancy J. Dudney = Sy
Stephen A. Hackney (MI Technological University)

U.S. DEPARTMENT OF

ORNL is managed by UT-Battelle LLC for the US Department of Energy ENERGY
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THE MECHANISM OF ACTION

Mechanism of Action

* Basis of informed
decision making

Befriended Alien

* Knows about

burning gasoline
* Prevents unexpected

or undesirable
outcomes

* Fills the passenger
compartment
with gas

https://\_Nww.dreamstime.com/iIIustration/aIien- https://stock.adobe.com/search/images?k=cartoon+ca
gas-station.html r+exhaust&asset_id=119337670

https://stock.adobe.com/sear
ch/images?k=cartoon+car+exh
t& t_id=337262281

46
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THE STRENGTH OF METALS

TRUE or FALSE?

The strength of a metal is an intrinsic material property.

(a) TRUE, because the strength of a metal is uniquely controlled by the bonding
between the metallic ion cores, which is independent of the processing conditions.

(b) FALSE, because strength depends on defects and defects can be controlled through

processing.
\. J
Ak RIDCE
47
4 ™
( 3 Mechanical Properties
SSBs: The critical role of mechanics * Predictive capability: Quantify the

material’s response when its
boundaries are mechanically loaded

Protective

\ : . i ¢ * The conventional basis for materials
Cathode ! Tl?nunl ortm t;’anslpor;lc © selection, design, and modelling
I EEIEEUES B * BULK PROPERTIES CANNOT BE USED

gradients in elastic strain 70 UNDERSTAND OR SOLVE THE
* Strain creates stress, @ DENDRITE PROBLEM

» o = f(length scale, strain N -
rate, temp., cycling, ...)
* 0 = f (operational (" . . h
B Mechanical Behavior
stress relief mechanism) * Elasticity, plasticity, fracture, creep,
e o drives fracture of the fatigue, ...
SSE * Specific mechanism of action
- . = * Key to engineering structure-property-
T. Famprikis et al., Nature Materials 18 (2019) processing-performance relationships
S / * WHERE WE LOOK TO UNDERSTAND
AND SOLVE THE DENDRITE PROBLEM
A )
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MECHANICAL PROPERTIES F

Load cell N

©

(5

(7]

v

<

&

&2 elastic + plastic deformation

§ (stretching + breaking bonds)

,;_:n elastic deformation stretch

S (stretching bonds) bonds F l:

- stretch &

Engineering Strain (-) E;iadks

Eng. Stress = F/A,
Eng. Strain = Al/l,

49
MECHANICAL PROPERTIES ? f
Load cell A —
©
a
r "
4 Elastic recovery: ,’ :
b Oailure /E !
%0 | A A A A
= ]
g Ductility, %EL : Fl
Ductility, %EL -
£ - P ' stretch F=0
2 Plastic strain at failure X bonds recover the
w %EL = (Lo -1)/1,x 200 [/ )
® OEL = (g 1o/, X A Lo stretch &  stretch, but
5 >
Engineering Strain (-) break the plgnes
bonds are still
Eng. Stress = F/A, A heared
- Elastic Modulus, E (GPa sheare
Eng. Strain = Al/l, —_ — :
s * Intrinsic material property
E E = f (chemistry & composition)
s g ----- Yield stress, o, * Elastic regime: How the stress or
Toughness, T (J/m ‘;‘n pressure builds with a change in strain
(strain energy density) <
€faiture g . Yield Sfrgss, g, (MPa[
U, = ode £ Elastic Modulus, £ * Extrinsic material property
total B . "
€=0 S o, = f (chemistry, composition, & DEFECTS)
* The threshold stress required to initiate
> stress relief via plastic deformation
%,0AK RIDGE Engineering Strain (-) \_ )
" National Laboratory
50
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Bulk Lithium Metal Foil

Ttrue (MPa)

Bulk Lithium Metal
* 3<E<21GPa

2

MECHANICAL PROPERTIES

F

198K 248K 273K 298K 348K
] 0.2 0.4 0.6 0.8 1
(%)

W.S. LePage et al., J.
Electrochem. Soc. 166 (2019)

true
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Cross-sectioned LLZO
cycled to failure

7 Li metal

= LLZO

L A A A
Fl
stretch F=0
bonds F recover the
stretch &  stretch, but
break the planes
bonds are still
sheared
<

Lithium Metal: The story of 2
apparent paradoxes

1. How does Li metal support the
pressure required to infiltrate

BCC Ll - P ,;}3"’ (ceramic) the grain boundaries of LLZO?
= o DO GHR 9 yy’
N A< x )
L ) ))}1}7 1}“)))) \ /
0] 100 pm jjj) .
E.J. Cheng et al., Electrochimica Acta 223 (2017)
51
MECHANICAL PROPERTIES ?
Bulk Lithium Metal Foil 2 198K 248K 273K 298K 348K ryvyy
g
2
E L A A A
=]
Fl
0 stretch F=0
— ) T T T T
2m 0 5 10 15 20 25 £avaljocal (%) 0 0.2 0.4 0.6 0.8 1 bonds h recovir :i)he
tretch &  stretch, but
- WS, LePage et al., 1. (%) S z
Bulkc Lithium Metal | ..y ocher. soc. 166 (2019) e break the planes
* 3<E<21GPa . : bonds are still
Polycrystalline Lithium Films [0 he? shea r‘ed
Tl [ faces:
S e LT N
g . Lithium Metal: The story of 2
g 100f ]
= apparent paradoxes
123
5um
§ thick fim 1. How does Li metal support the
3 pressure required to infiltrate
* the grain boundaries of LLZO?
< oun 2. How does Li metal support
‘o ik im pressure > 3055, ?
10 L2 , . J
100 1000

Displacement Into Surface (nm)

E.G. Herbert et al., ). Mater. Res., 33 (2018)
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Bulk Lithium Metal Foil

Bulk Lithium Metal
* 3<E<21GPa

0, .
y I theoretical

a.
y | theoretical

Rigid slip is NOT what we
observe experimentally

= G/(2n) to G/30
=677 to 160 MPa

Bulk Lithium Metal Foil

Oirue (MPa)

— )
0 5 10 15 20 25 Eaxaliocal (%)

Bulk Lithium Metal
* 3<E<21GPa
* 0y, < ~0.5MPa

a.
y | theoretical

0,
y | theoretical

Rigid slip is NOT what we
observe experimentally

= G/(2m) to G/30
=677 to 160 MPa

MECHANICAL BEHAVIOR F
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2 198K 248K 27

29

Ttrue (MPa)

0 0.2 0.4

W.S. LePage et al., J.
Electrochem. Soc. 166 (2019)

Dominant mechanism
of action enabling the
flow of bulk metallic
lithium at 0.5 MPa is
dislocation glide

MECHANICAL BEHAVIOR F

r YYY
) A 1 A g
Fl
L stretch F=0
1 bonds F l: recover the

stretch &  stretch, but
break the planes
bonds are still

Rigid slip: sheared

shear stress, T —>

<€— shear stress, T

https://www.doitpoms.ac.uk/tlplib/dislocations/dislocation_glide.php

2 198K 248K 273K 298K 348K

R, T T

0 0.2 0.4

W.S. LePage et al., J.
Electrochem. Soc. 166 (2019)

Dominant mechanism
of action enabling the
flow of bulk metallic
lithium at 0.5 MPa is
dislocation glide

AL A A A

F
stretch F=0
bonds recover the
stretch &  stretch, but
break the planes
bonds are still
Dislocation Glide: sheared

shear stress, T —>

gt

<€— shear stress, T

https://www.doitpoms.ac.uk/tlplib/dislocations/dislocation_glide.php
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2 APPARENT PARADOXES
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ROOM TEMPERATURE GLIDE SEVERELY

LIMITED AT SMALL LENGTH SCALES

3 faces:

Electrochimica Acta 223 (2017)

1. How does Li metal support the pressure required to
infiltrate the grain boundaries of LLZO?
(causes fracture in single crystal LLZO as well)

2. How does Li metal support pressure > 3055y, ?

%OAK RIDGE

National Laboratory

* At room temperature: T, Li metal ~ 0.68
* Liis constantly annealing. Dislocation density | with time

1 (material transport that occurs by step-wise atomic motion)

stress /' After some time: stress /

TSNS

Cross-sectioned LLZO 8.3 um
cycled to failure T polyeysaline L Fi
| e =055 1s * Small length scales: Statistically, glide can be inoperable
= ¢ Nabarro-Hering, P/P = 0.5 /s
T e R Mechanism of Action: Stress directed diffusion
=
% 100 |
2 5 pm .
4 thick film At time zero:
T
£ o B
o o e o R
‘thick film
[m)
10 7000
E.J.Chengetal., Displacement Into Surface (nm)

Need point defects: Vacancies

Concentration of vacancies:

* Increases exponentially with
temperature

* Increases with an increase in interface
area and grain boundary area

MECHANICAL STABILITY AT THE Li:SSE INTERFACE

Nonuniform transport of Li*
generates localized gradients in
elastic strain

Strain creates stress, o

o = f (length scale, strain rate,
temp., cycling, ...)

o = f (operational efficiency of
the dominant stress relief
mechanism)

Stress drives mechanical failure

The competition for stress relief:
(localized pressure builds until ...)
1. Stress directed diffusion
2. Dislocation mediated flow (glide)
3. Ex nihilo creation of dislocations
4. Fracture of the SSE
5. Stop plating

%OAK RIDGE

National Laboratory

56

Goldilocks and the 3 defect geometries
(length scale effects)

Inhomogeneous Li* transfer kinetics drive
mechanical instabilities

metal anode
A C

t

Too Small

Just Right
(for promoting
failure of the SSE)

i

Planar
interface

Too Big

Idealized Li:SSE Interface

PPy
40404»&H~Q
o o B S o
B 0X
IR e S
o IR o
IR o o o S 5o

e |

planar plating (& stripping): € = 0,

Inhomogeneous Li* transfer kinetics

ex0-0#0

o = f(stress relief mechanisms)

28



3/14/2024

ENGINEERING MECHANICALLY STABILE INTERFACES

[
The Mechanical Behavior of Lithium Metal

» At ‘small’ length scales, Li can support > 100X its bulk yield strength BECAUSE shear driven glide is
severely limited — it becomes a statistical mechanics problem: probability of finding dislocations

* g = f(length scale, strain rate, temp., cycling, ...)
* o = f (operational efficiency of the dominant stress relief mechanisms)

Next generation SSB materials (metallic anodes & SSEs)

* Control the competition for stress relief: Eliminate fracture of the SSE
* Engineer structure-property-processing relationships to provide efficient stress relief mechanisms
operating at battery relevant length scales, strain rates, and temperatures
Metallic Anodes:
* Surface coatings or treatments
* Alloying
* Microscale ductility

* Modeling that captures the dominant material physics

-

% QK Ripcn

57

Batteries for

Grid-Scale Energy Storage

Nian Liu 5 ey WSS
Assistant Professor ¥ o
School of Chemical and Biomolecular Engineering : @ :
Georgia Institute of Technology T

nian.liu@chbe.gatech.edu

58
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Fluctuation of renewable power supply over multiple days

—— Load (fraction of peak) [ Wind CF [ Solar CF ERCOT 2021
Daily variability of wind (blue) and solar (red) resources in Texas relative to load (black line) in 2021.
Days of the month are in the columns and months of the year are in rows. CF = Capacity factor. -
Source: Electric Reliability Council of Texas (2021).
59

Gravity Energy Storage: specific energy 10 Wh/kg

e

T
o

Pumped Hydro
Energy Storage:
geographical limitation
& environmental impact
% Generator/Motor

Turbine/Pump

— RS

Hydrogen Energy Storage:
roundtrip energy efficiency 40%

. BATTERY
ENERGY
UL storace

60
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Grand challenge and enormous opportunity
of grid-scale energy storage

Existing Li-ion batteries production capability:
* Very low cost ($10-20/kWh) 3 TWh/year (mainly for use in EVS)

* Very long life (30 years) To achieve 80% renewable energy,

we need 3 days of storage capacity.
Joule, 4 (1), 21-32 (2020)

« Safety

* Low maintenance :
World energy consumption: 70 TWh/day

We need to install 200 TWh storage capacity

Paris agreement: carbon neutral by 2050
Need to install at a speed of 8 TWh/year

61

61

Intrinsic flammablllty of Li-ion & opportunlty of Zn-based aqueous batteries

Current Li-ion
Energy 250 Whikg Cycle life

Zn-air High energy
1100 Whikg Li-ion
2500 Whikg

m Theoretical specific energy (Wh/kg) Cost per electron:
m Theoretical energy density (WHh/L) Li:Zn =45:1

4000

3000

2000

1000 I I
0 -I

Zn-Br  Zn-Ni  Zn-Mn  Zn-air  Li-ion

Safety Cost-effectiveness

Non-rechargeable

(primary)
Zn-air battery

g )

62
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Irreversibility of Zn anode in alkaline electrolyte

70 discharge
L ]
- 60 - e Charge
é el . . * Discharge
= 40 4 Commercial primary
o . . .
8 39| Zinc-air batteries
8 (pre-Li-ion technology)
20 -
10 - °
0 ———
0 2 4 6 8 10
Cycle number

i ZnQO passivation layer (~ 2 ung)
AN — .y ~

» Cannot deeply discharge (low utilization) ‘
+ Cannot recharge (poor reversibility) o 2 “‘ﬁ ':4

ZnO + H,0 + 20H™ < Zn(OH);~
Zn(OH); +2e” <~ Zn+40H™

Z.-H. Wu, Y. Zhang, N. Liu*, Mater. Today Nano 6, 100032 (2019) o3

63

Particle-based anode material: ZnO @ ion-sieving carbon

. lon-sieving OH™ Zn(OH)3~
3~ nanoshell 242A 6.09 A

OH™
@-
Zn(OH)}~
@ o

Charge

—
—

Discharge A\ o
0.025 ® H -
o ] =7n0@C
g 0.020 - =Bare ZnO 1600
3 —~ y ] 1420
> < 0.015 = 1400 1
) 1 g 1200 1
S o = ]
a & 0.010 1 < 1000 -
=S : 2 800 ]
P.. 0.005 A § 600 : 556
3 0,000 Jret 2 400
0 5 10152025303540 200 1
0 i
Pore Width (A) ZnO@C Bare ZnO
Y. Wu, N. Liu*, et al. Adv. Energy Mater. 8 (36), 1802470 (2018) 64

64
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HER-suppressing sealed nanosized (HSSN) zinc anode

0
E L.,
E 4 ] TiO, coating has
> 1
2 6 | low HER activity
g HER —TiNO,
s 921 :
o — TiO,
- n —core —shell 3 -10 —
§ 2 . -1 -0.8 -06 -04
= Atomic percentage E (V vs. RHE)
8 Zn Ti Zn
; core  97.7% 2.3%
-— 0 0,
= shell  62.6%  37.4% . Improved
5 Ti Cul| Zn 5 P
< | M) ‘ g Coulombic efficiency
— T T T T T T T T T § 07 _ ) o 0
0 2 4 6 8 10 15 | ZnO@TlN,Oy 850 /O and 935 /0
Energy (keV) T HSSN
"0 200 400 600
Specific capacity (mAh/g)
Y. Zhang, N. Liu* et al. Nano Lett. 20 (6), 4700-4707 (2020) 65

65

Soluble zincate: Passive encapsulation — Active management

Y. Zhang, N. Liu*etal. |c.ag electrode
ACS Energy Lett.

Carbon electrode

Charge: 'Y Y Y. X, .
— 2021, 6 (2), 404-412 Charge:
2 e,

Carbon - Ag Zn,Ag;, Zn Zn plating

Carbon fiber paper:

» Dendritic Zn deposition

» Dead Zn left behind
results in capacity decay

P Communications

In operando
Optical Microscopy
for Visualizing
Battery Local Dynamics

4 In Operando Visualization of the Elect
\ Formation of Liquid Polybromide Mi

Yido
A

Angew. Chem. Int. Ed.
131 (43), 15372-15378
(2019)

C

Proc. Natl. Acad. Sci. U.S.A
116 (3), 765-770 (2019)

Nature Communications
11, 606 (2020)

66
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Flow batteries have decoupled power and energy

Volumetric power density of the power module
» Power density of power module 1
(not of the electrolyte)
Footprint and cost of power module |

(

g

graphite flow
distributor

frame

ion exchange
membrane

» Planar ion-exchange membrane:
Rate of ion transfer sometimes
cannot catch up with the rate of
electron transfer
Thinner membrane is easier to break

< el
Sediikic doctrolyied Inactive parts of the power module:
additional volume, weight and cost
i -— Bipolar plates and frames need
certain thickness for rigidity
electrode Flow channels need certain
thickness and width for reliable
current ..
collector machining 67
67
. a
A microtubular flow battery cell ‘
lelectrolyte 1 lelectrolyte 2
electrode

epoxy tubular l ion exchange
frame | membrane

v’ Distance between electrodes is smaller

v' Membrane surface area is bigger in a given
volume

v Microtubular membrane serves as the flow
distributor, and eliminates inactive parts
(higher vol. power density, lower cost)

v' Modular design, easy to scale up

Y. Wu, F. Zhang, T. Wang, X. Xie*, R. P. Lively*, N. Liu* et al.
Proc. Natl. Acad. Sci. U.S.A. 2023, 120 (2), e2213528120
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A microtubular Zn-1, flow cell with a bundle of four microtubes

Nafion microtube
(hollow fiber)
from Perma Pure
Outer diameter: 600 um
Wall thickness: 75 um

Znl, catholyte hollow fiber

3oy + 2e cation-exchange
membrane
Znl, anolyte
Zn**+2e - Zn
unit cell

carbon fiber
cathode

//<

Y. Wu, F. Zhang, T. Wang, X. Xie*, R. P. Lively*, N. Liu* et al. Proc. Natl. Acad. Sci. U.S.A. 2023, 120 (2), e2213528120
69

SBMT power module sustains ultra-high current density

20 ~ SBMT 10-90% SOC SBMT: sub-millimeter, bundled microtubular
i --Planar 10-90% SOC
1.5 1 A poly(vinylidene
2 %1.30 ~SBUT fluorlde) (PVDF)
s £128 1 o p, microtubular
21.0 {2 anar membrane module
5 >1.26 1 with ~ 1,300 hollow
= 13124 - ~ fibers inside (the
[ O /  si
Sos % 122 | // size Oifstﬁni\;lvfgebk
18120 H—— 7 // '
0 2550 75100 71,
0.0 State of Charge (%) '-,///
. Charge' ‘ Discharge
-750 -500 -250 0 250 00 750
Current Density (A/Lg)
Y. Wu, F. Zhang, T. Wang, X. Xie*, R. P. Lively*, N. Liu* et al.
Proc. Natl. Acad. Sci. U.S.A. 2023, 120 (2), 2213528120 70
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Summary and Acknowledgement

+ Batteries for grid-scale storage ADITYA BIRLA
« Zinc-based batteries @ STRYTEN ’ \
* Flow batteries

ENERGY

(%) SBIR-STTR

v KOLON INDUSTRIES

ENERGY [Kcd:FlGiE

Dec 2023 Group Lunch o
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Science History Institute MUSEUM HOURS 315 Chestnut Street, Philadelphia, PA 19106
215.925.2222

Museum & Library
‘ info@sciencehistory.org

Collect. Preserve. Interpret. Share.

Through research, storytelling, public programming, and educational outreach, we reveal
how science is embedded in our daily lives.

N

S
ZYT

Museum Stories

219508

2

Education Collections Research

https://www.scienceh
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ACS
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products or services. The views expressed in
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