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Questions or
Comments?

“Why am I muted?” 
Don’t worry. Everyone is 
muted except the Presenter 
and the Host. Thank you 
and enjoy the show.

Type them into the
questions box!

www.acs.org/acswebinars
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Chat
Announcements and

hyperlinks from our team

Handouts
Download the PDF of 

today’s slide deck
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linkedin.com/company/
american-chemical-society@amerchemsociety@AmericanChemicalSociety@AmerChemSociety

Let’s Get Social!
Follow the American Chemical Society on Twitter, Facebook, 
Instagram, and LinkedIn for the latest news, events, and 
connect with your colleagues across the Society.

Contact ACS Webinars® at acswebinars@acs.org

www.acs.org/acswebinars
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Where is the Webinar Recording?

All Registrants
Watch the unedited recording 
linked in the Thank You Email 

for 24 hours.

www.acs.org/acswebinars

ACS Members w/Premium Package

Visit the ACS Webinars® Library 
to watch the edited and 

captioned recording.
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Explore the new and improved ACS Webinars® Library!

Familiar search, sort, and filtering 
tools have been added to help find 

the recording you are looking for

Accurate captions for accessibility

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

Improved granular topics and 
collections

Exclusive for ACS Members 
with the Premium Package

6https://chemidp.acs.org 

A Career Planning Tool For Chemical Scientists

ChemIDP 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.
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Career Consultant Directory

• 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!
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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!

Are you thinking of Grad School?

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

Email us at bridge@acs.org 
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https://www.youtube.com/c/ACSReactions/videos 10
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cen.acs.org/sections/stereo-chemistry-podcast.html 12
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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

14
Creating Your Title, Abstract, 

and Table of Contents Graphic

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

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

ACS Career Resources

https://pubs.acs.org 16

15

16

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


3/14/2024

9

American Chemical Society 17

ACS Advocacy

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

See your influence in action!

Get Involved Enroll in a workshop Become a Fellow Take Action

2439+
Members participated

In Act4Chemistry

1739+
ACS Advocacy 

Workshops participants 

or enrollees

49
Years of Public 

Policy Fellows

2000
Letters sent to 

Congress

https://www.acs.org/policy 

18

A complete listing of ACS Safety Programs and Resources

Download it for free in the “Projects & Announcements” Section! www.acs.org/ccs  
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ACS OFFICE OF DEIR
Advancing ACS' Core Value of Diversity, Equity, 

Inclusion and Respect

Resources

https://www.acs.org/diversity 

z

www.acs.org/membership

20

Have a Different Question?
Contact Membership Services

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

International: +1-614-447-3776

service@acs.org
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Register for Free Browse the Upcoming Schedule at www.acs.org/acswebinars

Co-produced with the ACS Senior Chemists Committee

Retirement Realities: More Than 
Just Dollars and Cents

Thursday, March 28, 2024| 2pm-3pm ET

Co-produced with the ACS Committee on Science

Accelerating Discovery with AI: 
Self-Driving Laboratories

Friday, April 12, 2024| 2pm-3pm ET

Co-produced with the ACS Publications

Revealing Mona Lisa’s Secrets Through 
Advanced Analytical Chemistry

Wednesday, June 20, 2024| 11am-12pm ET

315 Chestnut Street, Philadelphia, PA 19106
215.925.2222

info@sciencehistory.org 

https://www.sciencehistory.org 

MUSEUM HOURS
Wednesday: 10am-5pm / Thursday: 10am-5pm / Friday: 10am-5pm / Saturday: 10am-5pm
Sunday/Monday/Tuesday: Closed
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THIS ACS WEBINAR® 

WILL BEGIN SHORTLY…

 Say hello in the 
questions window!

www.acs.org/acswebinars

www.acs.org/acswebinars

24

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

Powering the Future: The Latest Battery Technologies

Download 
the Slides Under 
Handouts Section

ERIK G. HERBERT, PhD

Senior Staff Scientist and Mechanical 
Properties and Mechanics Group 

Lead, Oak Ridge National Laboratory

SERGIY KALNAUS, PhD

Senior Staff Scientist, Oak 
Ridge National Laboratory

NIAN LIU, PhD

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

BILL TUSZYNSKI, PhD

Partner, 
The Unami Group, LLC
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ORNL is managed by UT-Battelle, LLC for the US Department of Energy

Solid-state batteries – why mechanics is critical?

Sergiy Kalnaus

kalnauss@ornl.gov

03/14/2024

26

Conventional Li-ion batteries

• Anode: graphite with 
binder

• Cathode: layered metal 
oxide with binder

• Charge carried by ions 
through electrolyte

• Electrolyte: Li salt in 
organic solvents

• Separation of electrodes 
in space: porous polymer 
separator

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

25
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Examples of usage

• NASA spacesuit

• Wearable in military –
flexible vest

https://ntrs.nasa.gov/

https://www.army.mil/

Roller, D.P., Slane, S., 1998 IEEE, DOI: 10.1109/BCAA.1998.653843 Q: What is EMU?

28

Limitations of conventional Li-ion batteries

• Liquid electrolyte: fire hazard, 
toxic, voltage window, 
leakage, transference 
number

• Safety issues/devices

https://ntrs.nasa.gov/

http://cnn.com

27
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https://ntrs.nasa.gov/
http://cnn.com/


3/14/2024

15

2929

Advantages of solid-state batteries

• Wider temperature operating range and stability

• No electrolyte to burn or gas

• Abuse tolerance to overcharge since no gas produced

• Higher voltages (LiMn1.5Ni0.5O4 – 4.9V)

• Reimagine packaging

• Wearable technologies

• Structural batteries

J.M. Tarascon, M. Armand, Nature, 414, 15 (2001) 359

30

Solid electrolytes

• Solid electrolyte – ceramics, 
or glass

• Possibility to include metallic 
lithium anode

LiI solid electrolyte cell for pacemakers

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

Q: When was the first solid electrolyte invented?

29
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Solid state uphill battle 

• Quantum Scape
• Factorial Energy
• Solid Power
• LG Chem
• Samsung SDI
• Toyota
• …

2024 2027 2030 ?

Date for large scale production keeps shifting

3232

Where do we stand? 

• 30+ participants from National Labs, industry 
and academia

• Sharing progress and ideas
• Results summarized in a letter in ACS

ORNL Workshop

31

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 
electrolyte;

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

• Fracture of cathode particles 
immersed in liquid electrolyte 
leads to increase in s/a of 
cathode; in solid electrolyte it 
leads to loss of contact;

34

Sources of stress in SSB

Compositional 
Strain in 

Cathode

External 
Pressure

Stress From 
Plated Lithium

M. Yamamoto, et. al J Pow. Sources 473 2020

 

O 

Li 

Co 

a 

b 

c 
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Electrochemical Strain Microscopy 

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

V

Li
CoO2

Electric field

High

Low

PSD

Displacement

Critical for 

Li-ion transport

• 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 Ionic Transport in Lithium Cobalt Oxide,” Nano Letters, 12(7) pp. 
3399-3403. 

36

Orientation dependence
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c 
c 

c 

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.
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Balke, N., Eliseev, E.A., Jesse, S., Kalnaus, S., Daniel, C., Dudney, N.J., Morozovska, A.N., 
and Kalinin, S.V., 2012, “Three-Dimensional Vector Electrochemical Strain Microscopy,” 
Journal of Applied Physics, 112, 052020. 

OTHERWISE…

35
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Sources of stress in SSB

Compositional 
Strain in 

Cathode

External 
Pressure

Stress From 
Plated Lithium

M. Yamamoto, et. al J Pow. Sources 473 2020

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

38

Sources of stress in SSB

Compositional 
Strain in 

Cathode

External 
Pressure

Stress From 
Plated Lithium

If inelastic strain is not triggered, the result is stress relief by fracture

M. Yamamoto, et. al J Pow. Sources 473 2020
E. Kazyak et al Matter 2, 1025–1048,  2020

Stress buildup can be relieved 
by:

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

37

38
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Solid electrolyte should deal with the stress

But here’s the problem …

LLTO

LLZO

NASICONs

LATP

5 µm

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

4040

Glasses are more interesting

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. 

39

40
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ORNL is working on ionic glasses

• Inverted glass, or “high modifier” glass
• Lower viscosity
• Higher ionic conductivity
• Mechanical behavior similar to BMGs

J. Li, et. al. Adv Energy Mater 5, 2015
V. Lacivita, et al Cnem Mater 30, 2018
H.J.L. Trap, J.M. Stevels, Physical properties of invert glasses, Glastech. Ber. 5, 1959.

Good example - LiPON

LixPOyNz

x = 2.9-3.1
y = 3.3-3.8
z = 0.14-0.16

5 µm 5 µm

a) LiPON b) LiSiPON
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0.5

)

LLTO

LLZO

LATP
 Inorganic
 Glasses

NASICON

LPS Glass

Lipon: no fracture
this work

LLZO [38, 39] IF
LLTO [44] IF; [43] SENB
LATP [42] SENB; [45] IF
Var. Glass [22] SENB, IF
LPS [40] IF
NASICON [41] IF

 wave4
 wave6
 E_LATP
 wave10
 wave12
 wave14

4242

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, etc. 

• How to deal with metallic lithium and “dendrites”?

41
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Questions?

e-mail: kalnauss@ornl.gov

The research and activities described 

in this presentation were performed 

using the resources at Oak Ridge 

National Laboratory, which is 

supported by the Office of Science of 

the U.S. Department of Energy under 

Contract No. DE-AC0500OR22725.
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Mechanics of Solid-State Battery Materials:
Hidden Surprises of Lithium Metal

Erik G. Herbert

Sergiy Kalnaus

Andrew S. Westover

Nancy J. Dudney

Stephen A. Hackney (MI Technological University)

4646

https://www.dreamstime.com/illustration/alien-
gas-station.html

THE MECHANISM OF ACTION

Befriended Alien

• Knows about 
burning gasoline

• Fills the passenger 
compartment 
with gas

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

https://stock.adobe.com/search/images?k=cartoon+ca
r+exhaust&asset_id=119337670

Mechanism of Action

• Basis of informed 
decision making

• Prevents unexpected 
or undesirable 
outcomes

45
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THE STRENGTH OF METALS

The strength of a metal is an intrinsic material property.

TRUE or FALSE?

(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.

4848

SSBs: The critical role of mechanics

Lithium Anode

SSE

T. Famprikis et al., Nature Materials 18 (2019)

J.B. Bates et al., Solid State Ionics 135 (2000)

• Nonuniform transport of 
Li+ generates localized 
gradients in elastic strain

• Strain creates stress, 𝜎

• 𝜎 = f (length scale, strain 
rate, temp., cycling, …) 

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

• 𝜎 drives fracture of the 
SSE

Mechanical Properties
★ Predictive capability: Quantify the 

material’s response when its 
boundaries are mechanically loaded

★ The conventional basis for materials 
selection, design, and modelling

★ BULK PROPERTIES CANNOT BE USED 
TO UNDERSTAND OR SOLVE THE 
DENDRITE PROBLEM

Mechanical Behavior
★ Elasticity, plasticity, fracture, creep, 

fatigue, … 

★ Specific mechanism of action

★ Key to engineering structure-property-
processing-performance relationships

★ WHERE WE LOOK TO UNDERSTAND 
AND SOLVE THE DENDRITE PROBLEM

47
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Engineering Strain (-)

F = 0

MECHANICAL PROPERTIES 

Eng. Stress = F/Ao

Eng. Strain = Δl/lo

stretch 
bonds

F

F

stretch & 
break 
bonds

F

F

elastic deformation 
(stretching bonds)

elastic + plastic deformation
(stretching + breaking bonds)
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MECHANICAL PROPERTIES 

Eng. Stress = F/Ao

Eng. Strain = Δl/lo
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Engineering Strain (-)

Elastic Modulus, E

Yield stress, σy

Elastic Modulus, E (GPa)
• Intrinsic material property 
 E = f (chemistry & composition) 
• Elastic regime: How the stress or 

pressure builds with a change in strain

Yield Stress, σy (MPa)
• Extrinsic material property 
  σy = f (chemistry, composition, & DEFECTS) 
• The threshold stress required to initiate 

stress relief via plastic deformation

F = 0

stretch 
bonds recover the 

stretch, but 
the planes 
are still 
sheared

stretch & 
break 
bonds

F = 0

F

F

F

F

Ductility, %EL 
Plastic strain at failure
%EL = (lfinal - lo)/lo x 100

Elastic recovery:
𝜎failure /E

𝑈𝑡𝑜𝑡𝑎𝑙 = න
𝜖=0

𝜖𝑓𝑎𝑖𝑙𝑢𝑟𝑒

𝜎 𝑑𝜖

Toughness, T (J/m3)
(strain energy density)

49
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MECHANICAL PROPERTIES 

F = 0

stretch 
bonds recover the 

stretch, but 
the planes 
are still 
sheared

stretch & 
break 
bonds

F = 0

F

F

F

F

Bulk Lithium Metal Foil

Bulk Lithium Metal

• 3 ≤ E ≤ 21 GPa

• 𝜎𝑦 ≤ ~0.5 MPa

E.J. Cheng et al., Electrochimica Acta 223 (2017)

Cross-sectioned LLZO 
cycled to failure

Li metal

LLZO
(ceramic)

1. How does Li metal support the 
pressure required to infiltrate 
the grain boundaries of LLZO?

Lithium Metal: The story of 2 
apparent paradoxes

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

BCC

5252

MECHANICAL PROPERTIES 

F = 0

stretch 
bonds recover the 

stretch, but 
the planes 
are still 
sheared

stretch & 
break 
bonds

F = 0

F

F

F

F

Bulk Lithium Metal Foil

1. How does Li metal support the 
pressure required to infiltrate 
the grain boundaries of LLZO?

2. How does Li metal support 
pressure ≫ 3𝜎𝑓𝑙𝑜𝑤?

Lithium Metal: The story of 2 
apparent paradoxes

BCC H
a
rd

n
e

s
s

 (
M

P
a

)

3 faces:
8.3 μm

Bulk Lithium Metal

• 3 ≤ E ≤ 21 GPa

• 𝜎𝑦 ≤ ~0.5 MPa

E.G. Herbert et al., J. Mater. Res., 33 (2018)

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

F = 0

stretch 
bonds recover the 

stretch, but 
the planes 
are still 
sheared

stretch & 
break 
bonds

F = 0

F

F

F

F

Rigid slip is NOT what we 
observe experimentally

ห𝜎𝑦 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
= G/(2π) to G/30

ห𝜎𝑦 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
= 677 to 160 MPa

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

dislocation glide 

shear stress, 𝜏

shear stress, 𝜏

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

Bulk Lithium Metal Foil

Bulk Lithium Metal

• 3 ≤ E ≤ 21 GPa

• 𝜎𝑦 ≤ ~0.5 MPa Rigid slip:

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

F = 0

stretch 
bonds recover the 

stretch, but 
the planes 
are still 
sheared

stretch & 
break 
bonds

F = 0

F

F

F

F

Rigid slip is NOT what we 
observe experimentally

ห𝜎𝑦 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
= G/(2π) to G/30

ห𝜎𝑦 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
= 677 to 160 MPa

shear stress, 𝜏

shear stress, 𝜏

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

Bulk Lithium Metal Foil

Bulk Lithium Metal

• 3 ≤ E ≤ 21 GPa

• 𝜎𝑦 ≤ ~0.5 MPa Dislocation Glide:

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

dislocation glide 

W.S. LePage et al., J. 
Electrochem. Soc. 166 (2019)
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(material transport that occurs by step-wise atomic motion)

At time zero: After some time:

Need point defects: Vacancies

ROOM TEMPERATURE GLIDE SEVERELY 
LIMITED AT SMALL LENGTH SCALES

Mechanism of Action: Stress directed diffusion

stress stress

2 APPARENT PARADOXES

E.J. Cheng et al., 
Electrochimica Acta 223 (2017)

Cross-sectioned LLZO 
cycled to failure

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 ≫ 3𝜎𝑓𝑙𝑜𝑤?

3 faces:
8.3 μm • At room temperature: TH Li metal ≈ 0.68

• Li is constantly annealing. Dislocation density ↓ with time
• Small length scales: Statistically, glide can be inoperable

Concentration of vacancies:
• Increases exponentially with 

temperature
• Increases with an increase in interface 

area and grain boundary area 

H
a

rd
n

e
s
s
 (

M
P

a
)
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MECHANICAL STABILITY AT THE Li:SSE INTERFACE

Idealized Li:SSE Interface

Inhomogeneous Li+ transfer kinetics drive 
mechanical instabilities

SSE .   Li  .

planar plating (& stripping): 𝜖 = 0, 𝜎 = 0

Inhomogeneous Li+ transfer kinetics
𝜖 ≠ 0 → 𝜎 ≠ 0

𝜎 = 𝑓(stress relief mechanisms)

Goldilocks and the 3 defect geometries
(length scale effects)

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

Planar
interface

Too Big

Too Small

Just Right
(for promoting 

failure of the SSE)

• Nonuniform transport of Li+ 
generates localized gradients in 
elastic strain

• Strain creates stress, 𝜎

• 𝜎 = f (length scale, strain rate, 
temp., cycling, …) 

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

• Stress drives mechanical failure  
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5757

ENGINEERING MECHANICALLY STABILE INTERFACES

Next generation SSB materials (metallic anodes & SSEs)

• 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

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

• 𝜎 = f (length scale, strain rate, temp., cycling, …) 

• 𝜎 = f (operational efficiency of the dominant stress relief mechanisms)

★ Control the competition for stress relief: Eliminate fracture of the SSE

Batteries for 

Grid-Scale Energy Storage

Nian Liu

Assistant Professor

School of Chemical and Biomolecular Engineering

Georgia Institute of Technology

nian.liu@chbe.gatech.edu
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Fluctuation of renewable power supply over multiple days

59

60

Gravity Energy Storage: specific energy 10 Wh/kg

Pumped Hydro 

Energy Storage: 

geographical limitation

& environmental impact

Battery Energy Storage

Hydrogen Energy Storage: 

roundtrip energy efficiency 40%

59
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Grand challenge and enormous opportunity 

of grid-scale energy storage

61

• Very low cost ($10-20/kWh)

• Very long life (30 years)

• Safety

• Low maintenance

Existing Li-ion batteries production capability: 

3 TWh/year (mainly for use in EVs)

To achieve 80% renewable energy,

we need 3 days of storage capacity.

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

Joule, 4 (1), 21-32 (2020)

Non-rechargeable 

(primary)

Zn-air battery

Cost per electron:

Li:Zn = 45:1

Tesla megapack (Australia)

Intrinsic flammability of Li-ion & opportunity of Zn-based aqueous batteries

62
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63

Commercial primary

Zinc-air batteries 

(pre-Li-ion technology)

Irreversibility of Zn anode in alkaline electrolyte

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

• Cannot deeply discharge (low utilization)

• Cannot recharge (poor reversibility)

𝒁𝒏𝑶 + 𝑯𝟐𝑶 + 𝟐𝑶𝑯− 𝒁𝒏(𝑶𝑯)𝟒
𝟐−

𝒁𝒏(𝑶𝑯)𝟒
𝟐− + 𝟐𝒆− 𝒁𝒏 + 𝟒𝑶𝑯−

Y. Wu, N. Liu*, et al. Adv. Energy Mater. 8 (36), 1802470 (2018) 64

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

63
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65Y. Zhang, N. Liu* et al. Nano Lett. 20 (6), 4700–4707 (2020)

HER-suppressing sealed nanosized (HSSN) zinc anode

TiO2 coating has

low HER activity

Improved 

Coulombic efficiency

85.0% → 93.5%

66

Y. Zhang, N. Liu* et al. 

ACS Energy Lett.

2021, 6 (2), 404–412

Carbon fiber paper:

• Dendritic Zn deposition

• Dead Zn left behind 

results in capacity decay

Ag nanoparticle-loaded 

carbon fiber paper: 

• Zn metal deposits uniformly

• Much less dead Zn

In operando 

Optical Microscopy 

for Visualizing 

Battery Local Dynamics

Angew. Chem. Int. Ed.

131 (43), 15372-15378 

(2019)

Proc. Natl. Acad. Sci. U.S.A

116 (3), 765-770 (2019)

Nature Communications

11, 606 (2020)

Soluble zincate: Passive encapsulation → Active management

65
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67

• Power density of power module ↑

                (not of the electrolyte)

Footprint and cost of power module ↓

• Planar ion-exchange membrane: 

Rate of ion transfer sometimes 

cannot catch up with the rate of 

electron transfer

Thinner membrane is easier to break 

• Inactive parts of the power module: 

additional volume, weight and cost

Bipolar plates and frames need 

certain thickness for rigidity

Flow channels need certain 

thickness and width for reliable 

machining

Flow batteries have decoupled power and energy

Volumetric power density of the power module

68

A microtubular flow battery cell

✓ Distance between electrodes is smaller

✓ Membrane surface area is bigger in a given 

volume

✓ Microtubular membrane serves as the flow 

distributor, and eliminates inactive parts

(higher vol. power density, lower cost)

✓ 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

67

68



3/14/2024

35

A microtubular Zn-I2 flow cell with a bundle of four microtubes

Nafion microtube 

(hollow fiber) 

from Perma Pure

Outer diameter: 600 mm

Wall thickness: 75 mm

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

70

SBMT power module sustains ultra-high current density

DischargeCharge

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

SBMT: sub-millimeter, bundled microtubular

A poly(vinylidene 

fluoride) (PVDF) 

microtubular 

membrane module 

with ~ 1,300 hollow 

fibers inside (the 

size of the Swagelok 

is 1 inch).

69
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Summary and Acknowledgement

71Dec 2023 Group Lunch

• Batteries for grid-scale storage

• Zinc-based batteries

• Flow batteries

72

THE LIVE Q&A IS
ABOUT TO BEGIN!

Keep submitting your questions 
in the questions window!

www.acs.org/acswebinars

71
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215.925.2222

info@sciencehistory.org 

https://www.sciencehistory.org 
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z

www.acs.org/acswebinars
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Register for Free Browse the Upcoming Schedule at www.acs.org/acswebinars

Co-produced with the ACS Senior Chemists Committee

Retirement Realities: More Than 
Just Dollars and Cents

Thursday, March 28, 2024| 2pm-3pm ET

Co-produced with the ACS Committee on Science

Accelerating Discovery with AI: 
Self-Driving Laboratories

Friday, April 12, 2024| 2pm-3pm ET

Co-produced with the ACS Publications

Revealing Mona Lisa’s Secrets Through 
Advanced Analytical Chemistry

Wednesday, June 20, 2024| 11am-12pm ET
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www.acs.org/membership

75

Have a Different Question?
Contact Membership Services

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

International: +1-614-447-3776

service@acs.org

www.acs.org/acswebinars

76

Edited Recordings
are an exclusive benefit for ACS Members with the 
Premium Package and can be accessed in the 
ACS Webinars® Library at www.acs.org/acswebinars

Learn from the best and brightest minds in chemistry!
Hundreds of webinars on a wide range of topics relevant to 
chemistry professionals at all stages of their careers, presented 
by top experts in the chemical sciences and enterprise.

Live Broadcasts
of ACS Webinars® continue to be available free to 
the general public several times a week generally 
from 2-3pm ET. Visit www.acs.org/acswebinars to 
register* for upcoming webinars. 

*Requires FREE ACS ID
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www.acs.org/acswebinars

77

ACS Webinars® does not endorse any 
products or services. The views expressed in 
this presentation are those of the presenter 
and do not necessarily reflect the views or 
policies of the American Chemical Society.

Contact ACS Webinars® at acswebinars@acs.org
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