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OVERVIEW

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

= Percent Complete: 75% 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

« Lithium plating and cell degradation during fast
charge are often driven by local heterogeneities
across length scales ranging from cm to microns

» Goal: Detect/quantify how and what local
heterogeneities lead to early onset of lithium
plating and cell degradation

o Investigate cause of observed visual plating
patterns

o Determine if local variations in state of charge
(SOC)/lithium plating are driven by local changes in
microstructure properties

o Develop a better fundamental understanding of
lithium intercalation/staging, diffusion, and plating
process.
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FY2020 MILESTONES

Determine framework for kinetic model to more 3/31/2020 Completed
accurately predict lithium plating and determine
parameters needed

Publish results for kinetics lithium-plating model 9/30/2020 On-track

Quantify effect of edge/basal plane on 9/30/2020 On-track
intercalation/lithium kinetics

Mapping of electrode microstructure 9/30/2020 On-track
heterogeneities overlaid with SOC, intercalated
lithium, and lithium plating
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Intercalation fraction map for graphite

AP PROAC H anode in pouch cell after 6C charge |

* Multi-lab and university team is investigating
heterogeneity at several length scales through both
experimentation and computational modeling.

» Specific activities include

o Mapping of local SOC, cyclable lithium, and plated lithium
using high-energy X-ray diffraction (XRD)

o Mapping of local electrode microstructure properties

o Modeling of electrolyte wetting process
Dead lithium measured via gas titration compared with initial

lithium plating model using different stripping efficiencies

T T T T T 160
* Experiment
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o Development of kinetic lithium-plating model

o Quantification of intercalation and plating process
on Edge vs. Basal plane sites
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o Kinetic Monte Carlo modeling of lithium intercalation process
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o Electrochemical microstructure modeling
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o Effect of pressure on extreme fast-charging (XFC)
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WETTING MODEL AND PARAMETER DEVELOPMENT

Standard two-phase flow model adapted for cell-wetting studies.
Parameters provided by Kevin Gering’s Advanced Electrolyte Model (AEM) and Standard Contact

log(P,), P, in dyne/cm?

Porosimetry studies on cell components.

Standard Contact Porosimetry Studies

9.5 3.0

+ Separator Octane 2.0
= Anode Octane
= Cathode Octane

854 *
.

b

n
o -
o =Y

Ll
n
=
o

log(J-Function)

= Separator Octane
+ Anode Octane

« Cathode Octane
—rFitted J Function

w
w
< e
.
-
&
[=3

b
o

[l

n
&
o

35 -5.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8

Saturation Saturation

1.0

Darcy Flow

K
Vg = Ki(VPg _ng)

J-Function Equation
1/2
r=v(5) )
K el
v = K—I(VPI - p9)
My
Mass Balances Pressure Relation

d (pge(s — 1))

B
d(p.€s)
alt =-V-(pv)

Driving force for wetting is high. Capillary pressure above a psi till approximately 90% saturation

(1 atmosphere = ~10% dyne/cm?)

Relative permeability of gas (k) near full saturation most uncertain parameter

J-function significantly reduces the layer variation for capillary pressure expression.
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TWO-STEP PROCESS FOR WETTING OF A POUCH CELL

* When electrolyte is first added to the cell, it is physically worked around the cell and between the
layers

- After the electrolyte is added and the cell is sealed, it is placed horizontally under a few psi of
pressure and the remaining saturation occurs from the edges.

First Step: Negative Electrode Saturation Second Step: Average Saturation
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* The process for electrolyte seeping in through the edges is

much slower than traveling across layers

Time, s

* One millimeter of wetted surface area and
one millimeter of dry surface area

+ Saturation distribution (red > orange > yellow >
green > blue > indigo > violet).
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* Electrolyte tends to build up at all edges, eventually trapping
some gas, which can slowly be removed if there is a path.
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CONNECTING SATURATION WITH Li PLATING

A two-dimensional electrochemical model was developed for Round 2 cells, with NREL-
estimated tortuosities, to examine the impact of nonuniform wetting. Cell saturation

distributions were obtained from simulations. Negative Electrode Overpotential Next to Separator
Saturation Distribution 020 o 1 2m Into a 6C Charge
[ — _@ ’ 0.9 - s Wide _
; E 1.0 (red > 0.15 4 “: wide - s Narrow {
\ orrﬂnge > % 052 J « s Constant 0.9 E
>
| é?eg\rl:l> :,, 0.10 090 T s Constant 1.0
I blue > -?' 0.05 4 ) 05 10 15 20 —~Cathode Edge
I Indllgto ; 9 @.—. Cell Length, cm
‘ violet) 0. 0.00
|
-0.05 r r T r
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« In the graph, lithium plating is possible at negative Cell Length, cm

potentials and the lower the potential the more likely lithium plating will occur.

* The sharp rise in potential at the cathode edge is associated with the extended negative electrode. The
more gradual rise further in is associated with the nonuniform saturation.

* As the charge proceeds, the potential curves are shifted more negative.
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Technical Accompiishments and Progress
PRESSURE DEPENDENCE IN XFC BATTERIES

In-house designed air-pressure cell: precise control of pressure

Cell voltage after 15-min rest

— 4.0
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- External Pressure 1, XFC capacity 1 for 70-micron electrodes (Round 2)

- External pressure 1, capacity fade |
o Pressure 1, the depth of charge/discharge of active material |
o At lower pressure, more active material becomes inactive

* Need to quantify pressure distribution in standard setups.
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QUANTIFYING LATTICE-LITHIUM HETEROGENEITY IN
CATHODE AND ANODE VIA IN SITU MAPPING

* Operating conditions

o Single-layer pouch cell

o Round 1 electrodes — ~40 microns thick
(1.65 mAh/cm? at C/10) = |
o 3-4.1V constant-current/constant-voltage g

Note: Cells preformed with
CAMP cycling procedure (tap
at 1.5V, 3x C/10, 3x C/2, 3.5V

ST 1 1
e 1 1\
1
cutoff) " ' . g = ’ ” safe SOC) under 4 psi
. ) pressure on entire cell.
o 4 psi stack pressure

o 6C-C/2 charge-discharge (10-minute charge

Calibration of unit cell volume to lithium
content (using NMC half-cell data)
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TRACKING LATTICE-LITHIUM HETEROGENEITY AND
LITHIUM BALANCE OVER CYCLE LIFE

- Fast charging causes

Number of fast heteroaeneit
charge cycles 6 200 470 1200 9 y

(after formation)
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o Initial — outgassing results in
low-performance “bubble”

o Intermediate — migration of
lithium from center to edge
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Technical Accomplishments and Progress
HETEROGENEITY OF LITHIUM PLATING

Cycle 1200 Cycle 1200

Charge (4.1 V) Discharge (3.0 V)  Lithium plating occurs late in cycle life for R1
o Liplating unrelated to cathode aging effect.

] o Edge lithium — slightly mismatched electrode prevented
“overhang” of excess anode to protect from edge plating, lithium
metal nucleation at edge of cell.

[LiC B |

0.0005=0. 0004

0.0328+0.0578

Optically invisible lithium “smudge” — no corresponding LiCg,
reduced intensity at discharge.

Optically confirmed lithium “streak”

Lithium
Metal

— Charge — isolated Li (1 1 0) peak, higher LiC4 concentration
than surrounding area without Li plating.

NMC  (003) Lixcs(ouz) Li (110
3000 26

yyyyyyyy

o 0 TR0 Tl 00 — Discharge — reduced Li (1 1 0) peak intensity (Li plating is
L] - 5 partially reversible), corresponding residual trapped LiCg.
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Presence of LiCq at discharge is marker of Li plating.
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Technical Accomplishments and Progress
MAPPING OF LOCAL MICROSTRUCTURE
PROPERTIES FOR CORRELATING WITH LI PLATING

XYZ stage is used to move a probe across surface of wetted
electrode film

* Electrochemical Impedance Spectroscopy measurements are taken
at each location and interpreted to create a map of local ionic
conductivity

* Electrical resistivity and contact resistance also measured.

Samsung 18650 cell after Camp pouch cell after 450 XFC
250 cycles cycles (40 micron thick)

Anada

Next Step: Map
electrodes prior to cell
assembly and compare
with XRD mapping

Y position [mm]
MacMullin Number
Y position [mm]
(1]
o
MacMullin Number
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Technical Accomplishments and Progress
EDGE VS. BASAL GRAPHITE - LITHIATION

 Electrochemistry on edge and basal plane surfaces of highly oriented pyrolytic graphite yields data on kinetics at
graphite surface independent of particle size, binder, or porosity of a composite electrode. Shown below is (1)
the first of multiple constant voltage (CV) cycles for formation, (2) a current ramp to —=0.01 V, and (3) open-circuit
voltage (OCV) relaxation after the ramp.

- Basal plane exhibits low currents, never exceeding 50—100 pA/cm? above 0 V. Coulombic efficiency (CE) < 10%
during CV, OCV after ramp relaxes to 1.4 V — no evidence of intercalation, just solvent reduction above 0 V.

* Edge plane exhibits much higher currents and CE > 95% during CV. Edge planes lithiated reversibly and at up to
6 mA/cm? above 0 V. The same local current density applied to a 3 mAh/cm? composite anode with ~100
CM?,ive/ CM2iectrode WOUID correspond to a rate of ~200C. The OCV indicates that Li redistributes to form L|C24
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Technical Accomplishments and Progress
EDGE VS. BASAL PLANE - PLATING

* The lower cutoff voltage of CV on edge and basal planes was varied to detect the plating onset (below).

+ Plating occurs on both surfaces, with an onset voltage of =30 mV for edge, —-60 mV for basal plane, and with
corresponding stripping peaks visible in CV. Once plating on basal planes has nucleated at -60 mV, it can
continue at less-negative voltages, depending on current (data not shown).

« CCCV cycling of the basal plane between -0.1 V and +1.5 V yielded very low CE (below, right). Li plating on
basal surfaces is a very irreversible process and should be avoided.

Edge & Basal, CV with varied cutoff Basal Plating CE

“““““““““““ : ‘ : . : T : : : | 0
+0.01V cutoff —— 1— 2— 3] E O
1000 L|-0.05 V cutoff — 1—2—3 dge B OOO
0
-0.2 V cutoff —1—2—3
0.15 [~ O O O _
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3 5 -2000
© 3
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000000
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GRAPHITE NANOPLATELETS - MODEL SYSTEM FOR

STUDYING LI PLATING

«  Graphite nanoplatelets: lateral size: 0.5-15 um; thickness: 15-100 nm

« Small and thin platelets: suitable for atomic force microscope (AFM) studies.
« Distinct basal and edge planes: easy to tell the location of initial Li nucleation.

« Typical (de)lithiation behaviors of graphite: representative model system.

XCEL

VEHICLE TECHNOLDGIES OFFICE

1.2

{ C/10

Cycle 1
————Cycle 2

————Cycle 3
————Cycle 4
————Cycle5
————Cycle 20

© 100

400 500
Capacity (mAh/g)

Graphite/Li half cell (porous electrode)




Technical Accomplishments and Progress
LI PLATING ON GRAPHITE NANOPLATELETS

AFM Li plating on graphite nanoplatelets loaded on a transmission
electron microscope (TEM) grid

Graphite Plated Li Plated Li Graphite

Successfully plated lithium on individual graphite nanoplatelets.

00 M-

P XCEL " sighoy (250 25um « Lithium tends to grow at the tip or on the edge planes of graphite.
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MICROSTRUCTURE-SCALE ELECTROCHEMICAL
MODEL EXTENDED TO FULL CELL

Significant in-plane heterogeneities predicted during fast charging

Micromodel extended to full cell geometry
(~30 million degrees of freedom, 300+
processes on NREL high-performance
computer [HPC])

Predicts earlier lithium plating compared
with macroscale model (8.5 to 14 s earlier
at 6C, 30°C), attributed to microstructure
heterogeneity.

o Plating is not uniform with a 6-mV in-plane
difference and 4 s to plate the whole
interface once it has started locally

Significant heterogeneity calculated in the
cathode (electrolyte concentration) and in
the anode (Faraday current density).
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Graphite

Large heterogeneity
(up to 160 mol.m3)
localized at the back
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concentration/low

\%ﬁ diffusion coefficient
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separator interface
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progressively
extends deeper in
the bulk as graphite
locally saturates
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Technical Accompiishments and Progress
LOWER-SCALE HETEROGENEITY AND ADDITIVES

Motivation controlling separator unlformlty and decreasing carbon-
binder domain (CBD) loading g - =

i — (4,,) + 0.05
- Separators are porous materials with an porosity field gsejvﬁ_‘z . (Ss)epl o
intrinsic heterogeneity ity field i

Porosity field is
o Separator porosity heterogeneity triggers Ser;::‘a‘:g:“tffgp':‘etsh:ma
earlier lithium plating: £ 0.05 porosity with a possible heterogeneity.
heterogeneity scale of 10 um induces an
earlier plating of 13 s, 1.5% anode SOC

Lilower-s¢ale
pOrosity«

o Separator uniformity must be evaluated

and maximized : . : .
Potential for lithium plating at the separator-anode interface

(solid line: mean, dashed lines: extremums)

- Carbon binder additives hinder ionic
transport in the electrolyte

o Halving CBD volume loading delays plating o

from 89 s (18.2% SOC) to 132 s (25.4%
SOC) assuming percolation and %, Homogenous
N _separator

conductivity are maintained oos Heterogenous ™
separator

o Reducing CBD loading is a promising path. or=======- N

Separator heterogeneity impact 02 CBD loading impact

Baseline ANL CAMP
CBD loading (13.9 vol%
in the cathode, 6.2 vol%
‘>, inthe anode)

. CBDhalf-
e Ioadmg
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Technical Accompiishments and Progress
IMPACT OF PARTICLE SURFACE ROUGHNESS

Delaying lithium plating through specific surface area is more
effective through particle size, then cracks and surface roughness

» Graphite particles have different surface
roughness

o 1 um-size surface features induce significant
reaction current heterogeneities

— Heterogeneity varies depending on particle
open circuit potential (plateau vs. transition)

* Lithium-plating onset is linearly correlated with
specific surface area

o However, high specific surface is detrimental for
calendar life (SEI growth)

o Aunit increment of specific surface area is 20
times more effective in delaying lithium plating at
6C when it results from particle size reduction
rather than from surface roughness increase

— Surface roughness is then to be avoided
XCEL
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10 um-diameter graphite particle lithiated at 6C.

Diameter:
SOCpiating = 1.12X Sp + b
Cracks:
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Surface roughness:

1/20 SOCplating =0.054 x Sp + b”

1/3 1

Bulk concentration more homogenous

‘00S L'0}V
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Technical Accompiishments and Progress
DEVELOPMENT OF MORE ACCURATE LI-PLATING

KINETIC MODEL

« Important to understand the dynamics of lithium deposition and diffusion into the graphite
particles for degradation and capacity fade

« Quantify onset and reversibility of plating using coupled Li nucleation model with phase
field model for electrodeposition

Stability of nucleus on electrically charged substrate is defined by

Gibbs free energy of transformation:

AG, = (AGf — %) S,13 + YngSar? + (Ygy — Vsg)mr?sin?6

where y is the interfacial free energy between various components
and @ is the contact angle between nucleus and graphite substrate

Critical radius of thermodynamically stable precipitate is given by:

o= 2yne{d
OXCEL sy [z eq zFn + AG r 0O Ely, D.R. et.al., 2013. Journal of the Electrochemical Society, 160(4).
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COUPLE NUCLEATION MODEL TO
ELECTROCHEMICAL/PHASE FIELD MODEL

- Diffuse interface to account for separation of charge - =
(assuming electro-neutrality)

« Explicit introduction of nuclei based on classical
nucleation theory

é 300
o Local nucleation probability is calculated based on

nucleation rate and local probability.

o Under nucleation conditions, supercritical nuclei
radius is introduced by changing the composition
field using smooth gradient interface

600

400 500

_X-Axis

700

Based on classic nucleation theory, the local nucleation stochastic nucleation simulation of two-phase system
rate for critical radii is defined:

AG*
J*=ZNp exp (

kT

—T
) exp (T)



Kinetic Monte Carlo (KMC) Model: eisminasa s

Diffusion coefficient estimation

N 2
Energy |11
Configuration barrier D; = lim [—(—= AR;(t)
too |4t \N
(eV) =
Case a: 1 Li-ion (dilute system) 0.34
Case b: 2 Li-ion-cluster perpendicular 0.22 /\/\/\/\/\/\/\/\/
Case c: 2 Li-ion-cluster parallel with vacanc 0.32
— para e y INANNNN NN
Case d: linear cluster parallel displacement 1.10
Case e: linear cluster perpendicular displacement 0.32
Case f: linear cluster perpendicular displacement 1st Li-ion 0.04
Case g: linear cluster moving from high concentration front 0.11 AVAVAVAVAVAVA‘/A\‘
§/
Case h: second linear cluster front moving 0.39 A'A'AVAYA'A""'
Case i: Li-ion moving back to high concentration front 1.36 v' \/ \VAV/ \VaVa¥ A R{, ( t)
Case j: Li-ion second step after moving away from cluster 0.26
(casea)  (caseb)  (casec) (cased) (casee) « The KMC model has been implemented to estimate

transport properties accounting for changes to
hopping energy barrier from local configuration

Difussivity has been computed using statistical
averages.

« More hopping event cases/configurations will be
added.




Kinetic Monte Carlo (KMC) Model: eisminasa s

Diffusion coefficient estimation
(a) (b) (c)

< - 3.30E-13
> L
. 3.10E-13
n [ J
S 2.90E-13 °
: | s |
(7)) -
5 2 2.70E-13
8 £ 2.50E-13 °
£ O,
>
Z ) 10 150 200 250 00 a 30 160 150 200 250 00 Q 0 “0 o0 a0 100 120 140 D 2 ’ 30 E_ 1 3 ‘
Distance from the surface (&) 2.10E-13
° °
Time evolution of Li concentration in the region close to the surface (x = 1.90E-13 ° °
0) of graphite. Li ions (yellow pixels) coordinates diffuse into graphite -
(blue pixels) with time. Insets represent the content of Li per column. (a) (TOE-13 0 5 4 6
initial statet=0ms, (b)t=3.2ms, (c)t=6.4 ms " ( )
Ime (Mms

+ Initial difussivity is higher.

» Difusifivity decreases and stabilizes at a lower value.

* Once LiCq4 region is formed, the difusion is “controled” by that region (lower difusivity)
« We still have atomic resolution, which makes the simulation very memory-demanding.

: ENERGY | rirtii trans
XCEL  enerey oo
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Kinetic Monte Carlo (KMC) model|: eieminasad s

DifoSiOI‘l CoeffiCient eStimatlon High current rate 6.20E-13
(b) (c) 5.70E-13 @

5.20E-13

470E-13 @

4.20E-13

3.70E-13

3.20E-13

.| 2.70E-13

- d 2.20E-13 °
L L 1 1.70E-13

Y (A)

&

%4 ! 14

D [cm?/s]

Number of Li ions

= L B o EEL 1o L] El = &0 1o 29 10 L] w0 0 L) L] e 129 10

Distance from the surface (A)

+ The left boundary is open, and a current rate is set just enough to fill any vacancy at the surface.

* (a)initial statet=0ms, (b)t=0.5ms, (c)t=5ms

+ Liatx =0 continually replenished.

+ Simulation with a high constant current rate presents an even higher initial difusivity.

+ Diffusivity decreases and stabilizes at a lower value.

+ The rapid formation of an LiC4 region makes the diffusivity constant.

+ The time scale for the lower diffusivity regimen seems to be short. We are assesing the effect of the simulation box size
and the incorporation of more possible Li hopping events

MCEL  enerey|mos
e WEH
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REMAINING CHALLENGES AND BARRIERS

* Many different heterogeneities at disparate length scales exist simultaneously and
isolating the effect of an individual heterogeneity remains challenging

 Improving electrolyte wetting is difficult and may not be improved sufficiently by
prolonging formation process

 Challenging to quantify local electrolyte wetting

» Mapping of electrode microstructure properties needs to be performed prior to cell
assembly and cycling

o SOC map and lithium plating pattern may not correlate to any microstructure property

+ Determining level/length scale that graphite needs to be modeled to provide
insight for XFC

o Challenging to resolve graphite grain structure within individual particle.

XCEL iRy [wnies;



PROPOSED FUTURE WORK*

- Evaluating different strategies to improve electrolyte wetting: rest time,
temperature, vacuum pressure, mechanical agitation

» Developing method to quantify local electrolyte wetting via neutron imaging or
acoustic measurements

» Overlay maps of SOC, lithium plating, and intercalated lithium with local
microstructure properties — determine if correlations exist

» Characterize intercalation and plating process for edge sites with different
amounts of lithiation

* Implement detailed lithium-plating kinetics model and experimentally validate

* Inform continuum-scale models with results from KMC atomistic models

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

« Initial modeling has indicated electrolyte wetting may be the cause of visual
lithium-plating patterns

« XRD mapping shows that SOC and cyclable lithium varies substantially across
pouch cell after XFC

* Electrochemical microstructure model predicts earlier onset of lithium plating due
to heterogeneity compared to traditional Newman/P2D models

« KMC atomistic models predict enhanced diffusion due to local charge
accumulation and concerted diffusion

« Sufficient exposed edge sites are required for XFC because exposed basal
planes do not have required exchange current density for intercalation

« Lithium tends to nucleate at exposed edge sites or defects.
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