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OVERVIEW

Timeline Barriers
= Start: October 1, 2017 = Cell degradation during fast charge
» End: September 30, 2021 = Low energy density and high cost of

= Percent Complete: 94% fast charge cells

Budget Partners

= Funding for FY20 — $5.6M = Argonne National Laboratory
Idaho National Laboratory

Lawrence Berkeley National Lab

National Renewable Energy Laboratory
SLAC National Accelerator Lab
Oak Ridge National Lab
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Relevance

Impact
= Decrease charging time without sacrificing lifetime

= Connect Li plating to cell degradation mechanisms
= |dentify and mitigate unfavorable Li plating to reduce capacity fade from

extreme fast charging (XFC)

Objectives
= Develop approaches to accurately detect and quantify Li deposition during
extreme fast charge conditions

= Link detection of onset of Li with cell performance, age, and local heterogeneity
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MILESTONES

High level Li detection related milestones in XCEL

1. Determine where the lost Li inventory is trapped using a combination of at least two 12/31/2020

Li detection techniques.

2. Submit review paper on Li detection techniques which will outline where each 12/31/2020

technique is in terms of detection accuracy and correlations between multiple

techniques.

3. Connect “dead Li” to cycling age and determine if dead Li accelerates additional Li 6/30/2021
plating. Understand how intentional Li plating in the first few cycles affects future

capacity fade during standard CCCV cycling.

4. ldentify if and what are the early warning signs of Li plating for different Li detection 6/30/2021

techniques. Identify which detection techniques that could be incorporated on a
vehicle.

5. Determine if the hero cell-1 plates less Li or later in life or SOC compared to R-II 9/30/2021
cells?

Completed

Completed

On Track

On Track

On Track

Any proposed future work is subject to change based on funding levels

eXtreme Fast Charge Cll Evaluati
of Lithium.ion Batteries
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ELECTROLYTE

Approach

) Active Li
Dead Li (Reversibly Plated)
(Inactive SEI)

Leveraging different Li detection techniques to answer:

= Where is the lost Li inventory trapped? © CURRENTCOLLECTOR
= Combine multiple detection techniques to gain holistic understanding of
degradation processes during fast charge
= What operando, readily accessible techniques could be used for early

detection?

- Explore inexpensive, non-invasive detection & connect to modeling

= Will a small amount of Li plating result in irreversible damage contibuting

to cell failure?
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XRD quantification of dead Li

» Depth-averaged XRD gives ‘quantitative’ spatial
maps of crystalline Li-containing species

 When summed up over the cell, we can get the
total amount of such species over the cell
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Other Li species — XPS depth profiling

Atomic concentration from surface to bulk Detailed peak fitting of Li1s region
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« Cannot compare same electrode as MST and XPS depth profiling are destructive
« But estimate of undetectable species (LiF, Li,O, etc.) reasonable
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dQ/dV and dOCV sensitive to cycling conditions

dQ/dV: dOCV/dt:

* reliable at low C-rates » reliable at low & moderate C-rates
. dlsappears at moderate/high rates  signal highly variable at high C-rates
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For confident detection, need multi-modal EC approach that includes modeling
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Galvanostatic impedance
Measure impedance during fast charging

of Lithium.ion Batter
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= Fast impendance scans (~6 s/scan) at up to 6C

= Increase in graphite solid electrolyte interphase
resistance (Rsg)) indicates plating

= Cross-validation with MST suggests detection
sensitivity: <0.5% of graphite
= Ongoing work:
— Implement in 2 electrode full cells
— Detection of plating in aged cells

— Detection during CCCV (currently only CC)
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SOC sweep protocol to detect onset with CE’s
Graphite/Li coincell to determine Li plating onset during CC charging
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Protocol overview

Three C/10 formation

Fast charge cycling at 5-10% increments
All C/5 deintercalation, OCV between steps
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Li plating onset with CE experiments & modeling

Estimate irreversible Li plating
from coulombic inefficiencies

Mol irrev. Li normalized to Graphite (%)
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Voltage, V;, [mV]

Map Li Concentration Gradient in Anode
Stronger gradient precursor to Li plating

thermal wave sensor:
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Pressure evolution with cycling

30 psi

3 cycle
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Does Li plating create irreversible damage?
Preliminary electrochemical results for two cases studied

= Case 1: plate small amount of Li then cycle cell under “safe” (no plating)
conditions

— No additional Li is plated while cycling ‘

— No effect on long term capacity

= Case 2: repeatedly expose cell to plating conditions

— Each cycle results in more irreversible plating per exposure

» Preliminary conclusion: small amounts of Li plating may not necessarily
trigger cell failure

System: Coin-cells (no spring)
IRCEL  eeray iz . LFP vs. Round 1 graphite (N/P <<1)
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Responses to previous year reviewers’ comments

Not reviewed last year

us ovmeruens or | Energy Efficiency &
q
XCEL  iigrey [
Xtreme Fast Charge Cell valuation VEHICLE TECHNOLOGIES OFFICE 1 6



COLLABORATION ACROSS LABS AND
UNIVERSITIES

Argonne ) Cell and electrode design and building, performance characterization,
wmroncussorstorr —— DOSE-test, cell and atomistic modeling, cost modeling
1 Performance characterization, failure analysis, electrolyte modeling and
characterization, Li detection, charging protocols

Idoho National Laboratory

>

, A
/—\| i Li detection, electrode architecture, diagnostics

BERKELEY LAB

N RE L Thermal characterization, life modeling, micro and macro scale modeling,
*“‘ EEEEEEEEEEEEEEEEEEEEEEEEEE electrolyte modeling and characterization

OAK
RIDGE Detailed Li plating kinetic models, SEI modeling

National Laboratory

ol AR . : : :
P T Li detection, novel separators, diagnostics
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Remaining Challenges and Barriers

 Does the nature of lost Li inventory (metal, SEI, etc.) (wwcy ) (@ aviag )

correlate to capacity fade or cycling conditions?

Graphite OCV
dV/dQ(VAR™)

A N docvid

« How can we use models in combination with

_ _ _ _ ) Y
electrochemistry techniques as a reliable, readily- @ Colombie Efitongy ) (@ Tmpedance 3

accessible, multimodal Li detection technique?

=N
S

Impedance (m)

CIE/h (x 10%)
)

»  Should work with both new and aged cells

=)

0.01 0.1 1 10

« Should work under realistic charging conditions
- Can we find a reliable predictor of Li plating?

* How does Li plating (and stripping efficiency) evolve

with battery age

Any proposed future work is subject to change based on funding levels
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Next steps
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Connect differences in SEI components and Li plating to capacity fade and
cycle rate (XRD/MST analyses)

Compare relative differences in SEI components with cycling temperature
(30°C vs. 45°C) with XPS depth profiling

Study reversibility of Li plating and Li,C with XPS depth profiling and in situ
XRD mapping

Leverage models to extend the limitations of echem detection methods
Quantify how much Li plating is acceptable before irreversible damage

Compare Li plating conditions of “hero” cell compared to round 2 cells

Any proposed future work is subject to change based on funding levels
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Summary

= |dentify and contrast approaches to accurately detect and quantify Li plating
during extreme fast charge conditions resulting in a review paper
= Holistic approach to determine where the lost Li inventory is trapped
= Shown standard electrochemical techniques don’t work in all cycling
conditions
— Need to combine techniques and support with robust modeling
= Small amounts of reversible Li plating does not contribute to long term

capacity fade

us oemaruens ot | Energy Efficiency &
q
XCEL  iigrey [ 20
kst on VEHICLE TECHNOLOGIES OFFICE



CONTRIBUTORS AND ACKNOWLEDGEMENTS

Abhi Raj

Alec Ho

Alison Dunlop
Ankit Verma

Andy Jansen
Andrew Colclasure
Antony Vamvakeros
Anudeep Mallarapu
Aron Saxon
Bor-Rong Chen
Bryan McCloskey
Bryant Polzin
Che-Ning Yeh
Chuanbo Yang
Chuntian Cao
Charles Dickerson
Daniel Abraham
Dave Kim

David Brown

David Robertson
David Wragg

Dean Wheeler
Dennis Dees

Divya Chalise
Donal Finegan
Elizabeth Allan-Cole
Eongyu Yi

Eric Dufek

Eric McShane

XCEL  ierisy

VEHICLE TECHNOLOGIES OFFICE

eXtreme Fast Charge Cll Evaluati
of Lithium.ion Batteries

Eva Allen

Fang Liu

Francois Usseglio-Viretta
Guoying Chen

Hakim Iddir
Hans-Georg Steinrlick
Hansen Wang

Harry Charalambous
llya Shkrob

Ira Bloom

James W. Morrissette
Ji Qian

Jiayu Wan

Jeffery Allen

Johanna Nelson Weker
Josh Major

John Okasinski

Juan Garcia

Kae Fink

Kandler Smith

Kamila Wiaderek

Kevin Gering
Maha Yusuf

Manuael Schnabel
Marca Doeff
Marco DiMichiel

Marco Rodrigues
Matt Keyser
Michael Evans

Energy Efficiency &
Renewable Energy

Michael Toney
Molleigh Preefer
Nancy Dietz Rago
Ning Gao

Nitash Balsara
Orkun Fura
Partha Paul
Parameswara Chinnam
Paul Shearing
Peter Weddle
Pierre Yao
Quinton Meisner
Ravi Prasher
Robert Kostecki
Ryan Brow

Sang Cheol Kim
Sangwook Kim
Sean Lubner
Seoung-Bum Son
Shabbir Ahmed
Shriram Santhanagopalan
Srikanth Allu
Steve Harris
Steve Trask
Susan Lopykinski
Swati Narasimhan
Tanvir Tanim

Uta Ruett

Venkat Srinivasan

Victor Maroni
Vikrant Karra
Vince Battaglia

Vivek Bharadwaj

Volker Schmidt
Wei Tong
Wenhan Ou
Wenxiao Huang
William Chueh
William Huang
Xin He

Yang Ren
Yanying Zhu

Yi Cui

Yifen Tsai
Yugianz Zeng
Zachary Konz
Zhelong Jiang
Zhenzhen Yang

Argonne &

NATIONAL LABORATORY

~

A
|
frereee

BERKELEY LAB

INL

Idaho National Laboratory

LINREL

Support for this work from the Vehicle Technologies Office,
DOE-EERE — Samuel Gillard, Steven Boyd, David Howell

21



TECHNICAL BACKUP
SLIDES

e —— .
4

))XCEL ENERGY | renovabie Enorey

o

P A VEHCLE TECHN

IOLOGIES OFFICE



Local Analysis: XRD & MST
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Thicker solid carbonate Li,Cg colocalized with
layer in areas with plating plating

Ongoing work: Perform similar analyses on 3 additional electrodes with varying amounts of plating
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LITHIUM PLATING DETECTION
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* Li plating detection with dQ/dV technique sensitive to cycling conditions
 Reliable at low C-rate conditions but disappears at moderate and high C-rate
conditions even with Li plating
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LITHIUM PLATING DETECTION
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Li plating detection with dOCV/dt technique sensitive to cycling conditions
Reliable at low and moderate C-rate conditions
High C-rate conditions makes signal highly variable and vanishes after few cycles
Multi-modal EC techniques helps to improve Li plating identification and improves
confidence in EC detection sensitivity and reliability
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Galvanostatic impedance

Modified Swagelok-type cell
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= Current work is in 3-electrodes cells

= We have also demonstrated that technique
works, in principle, for 2-electrode full cells

= Implementing with CCCV cycling in future
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Thermal Wave Sensors
Thermal wave frequency controls measurement

1.5

e e |n-Phase Data
m m Qut-of-Phase Data
1.0f 1

0.5}

Voltage, V;, [mV]

O.OW

10° 10"
Heating Frequency, f[Hz]

Cross Section View

Typically
0.01 Hz—-100 Hz

|y ey
CEL  iigrey oo
ar ":““ luat VEHICLE TECHNOLOGIES OFFICE 2 7

of Lithium.ion Batter



