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Next generation batteries

Nationale Plattform Elektromobilitdt, Deutschland Jan. 2016

Cell generation | Cell chemistry

Generation 5

Generation 4

Generation 3b

Generation 3a

Generation 2b

Generation 2a

Generation 1

Current
commercial

Gen 1-2b

Li/O2 (lithium-air)

Conversion materials (LiS)

All-solid-state batteries

* GrouSi/Granode (Gen 4a)

* Li metal (Gen 4b)

*  90-235 Wh/kg
Li-ion s 200-630 Wh/I

Advanced * 350 Wh/kg,
Li-ion 750 Wh/I
Gen 3b o 2025
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« 500 Wh/kg,
1000 Wh/I
«  2025-2030

O New technologies relying on new materials to
improve batteries performances

O Gen3b

> 2025

Cathode: HE-NMC, High Voltage Spinnel ~ 2025
Anode: Silicon/carbon (>20% Si)

Cathode: NMC 622 to 811
Anode: Silicon/carbon (5-10% Si)

Cathode: NMC 532 to 622

Anode: 100% carbon

Cathode: NMC 111
Anode: 100% carbon

Cathode: LFP or NCA
Anode: 100% carbon
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@ Use of Silicon in the negative
©® Graphite 350 mAh/g = + 15% vol
® Silicon 3000 mAh/g =» +300% vol
@ Need to account for volumetric expansion
O Long term effect on aging
@ Cell swelling

O Gen4

@ Use of solid electrolyte
@ New ionic conduction type

® Solid/solid interfaces
O Stability issues at the Li/electrolyte interface
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Multi-scale/Multiphysics approach

o All skill needed for battery design and
manufacturing

O Modelling from atoms to system
O Experimentation from material to system

O Material manufacturer
'm O Battery manufacturer
actors O All value chain for battery

O© Academics and R&l actors
o SME

O Manufacturing from material to cells:
European Battery alliance

material
scale
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hysico-
fhgmicm Multi-physic thermal
Multi-scale

Multi-skill

@ Saft
. prototype ® Solvay
electrical & scale _
electrochemical @ Umicore
® Siemens AG
o OEM

Expected achievement: Seamless interfaces from nano to macro scales and from ns to years
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Specific needs from all stakeholders

Material
manufacturers

Assess new material
integration in battery cells

Assess new material specific
behaviour in full systems

Cell
manufacturers

_d

Assess new generation cells
performance in realistic systems
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Gen 3b toolchain development

Altair EDEM”

. w
50.. Tuo 2 Qo

: ~ Microstructure
DFT modelling of Mechanical behavior electrochemical and

lithiated Si and SiG, of Si/SiO, particles mechanical behavior

1D cell behavior 3D cell behavior

Each scale brings information necessary for understanding
and forecasting the complete cell behavior
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Studied system

O Gen 3bcell S umicore
O NMC811 .%%;;:S_OL"AV il fr o b1 (e

O SiOx/C negative electrode
© 1M LIPF6in EC:DMC(3:7) + 10% FEC

O Commercial negative material

O Complex formulation needing specific characterization
@ Graphite particles: 77%

@ Sibased particles
@ Siinclusion in SiO2 matrix + Graphite layer

C (graphitic)
500 nm
. - sl :
(QfPrﬁ,’Lﬁ‘,EFSZ & M. PETIT - 31st ISE topical conference NMO OOAL 59




This project has received
funding from the European
Union’s Horizon 2020 research
and innovation program under
grant agreement No 875193.

Intrisic material properties through ab initio modelling

CENTRO

O Simulation focused on intrinsic properties for the material f RICERCHE

O Diffusion properties investigated through Nudged Elastic Band methodology
@ Evaluation of hoping a distanc+e+between adjacence sites
AG
D(T) = a®*v* -
(T) = a*v exp( T
® AGTt Gibbs free energy of activation for ion hopping calculated by NEB

0 v* effective attempt frequency calculated by phonon calculations at the
beginning and transition states

ODH (Li monovacancy)

Initial Final
Case AG* (eV) | v* (Hz) D(cm?/s)
@T=300K
ODH 0.78 3.5E+13 2.6E-15
TSH 0.56 3.2E+12 1.6E-12

@ Same methodology applied in solid state electrolytes
O DFT modelling of negative electrode active materials

@ Ab initio molecular dynamics
@ Creation of amorphous silicon and amorphous lithium silicide models
@ Interpolation of volumetric expansion vs. Li content curve
@ Analysis of bond-breaking patterns at low and high Li contents

@ Elastic properties:
@ Ab-initio calculation of elastic tensor and mechanical parameters
@ Consequences of lithiation and delithiation on the chemical and mechanical

properties of all anode components

O Parameters can be further used in larger scale simulations
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Understanding of particle behaviour

O FEM modelling of a single particle

O Study of the effect of Li insertion on
particle behaviour

O Volume variation
O Stress generation
O Mechanical properties variation

O Uncertainties remaining
O Composition of the matrix
O Amount of Si in the complete particle
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33% Li_O -33% Li SiO -33% SiO
2 4 4 2

|-e-VF=5%
- VF=10%
& VF=20%

0 0.2 0.4 0.6 0.8 1
SOL [1]
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Mechanical behavior of electrode composite

O DEM model of electrode material

@ Model variables

O Initial density

O Pressure on the anode

O Binder flexibility

O Binder dispersion

O Model output

© Evolution of anode density/volume

O  First interesting results
© No observed influence of binder properties on swelling behaviour
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© Si/SiOx and C particles represented as an assembly sphere

O Special bonding contact laws account for the presence of binder

O “One-way” coupling for electrochemical effect on swelling
© Particle volume as a function of SOC is provided by other models

O Particle swelling as a function of time is scripted

Start pressure  Stal
8

0,66

Solid density
o
[4

O Binder damage at first charge (no cycling)

Impact of initial density (pressure : 1 MPa)

/w/’

-0,2 0

rt swelling

0,2

—0,55

0,4
Relative time

0,59

O Binder flexibility is the key property that pilot binder damage

© High pressure on electrode collapse porosity and damage binder

v
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Number of active bonds
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Altair EDEM” Altair EDEM”

Impact of initial density (Pressure: 1 MPa)
Start pressure Start swelling

=

-0,2 0

0,2 0,4 0,6 0,8 1

Relative time

0,54 —0,59 0,64

Global swelling kinetics

- e =
=] N = ' ] -
@ = w ) w w

Relative volume of active particles (Si +C)
.

o

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 09 1
Relative time
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Coupled mechanical/electrochemical 3D behaviour

O FEM coupled modelling of the electrode interface

O Creation of a representative electrode volume using
DEM or stochastic approaches
O Coupled simulation of mechanical behavior and
electrochemical behavior
O Charge behavior of particles depends ¥
@ Their geometry
@ Their nature (Si based or graphite)
O Evaluation of electrode variation over cycling

@ Electrode displacement
@ Endured pressure in binder/electrolyte domain

® Remaining challenges:

O Fully coupled model based on large deformation
theory

B, | SOL

Displacement
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1D model at cell level
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O Use of a simplified electrochemical model
O SPM-e model with blend negative electrode

o
@)
@)

Compatible with long term simulation for aging
Accounting for nominal electrochemical behaviour

Accounting for aging phenomena

@ SEl layer formation on both material in the
negative

@ Liplating
@ Loss of active material at the positive
With mechanical aspects
@ Stress induced diffusion
@ Cracks induced SEI formation
@ Loss of active material due to mechanical stresses
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M. Petit, E. Calas and J. Bernard, J.Power Sources, 2020, 479, 228766.
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Modelling of aging phenomena

O SEl formation
O Simplified SEI formation formulation without SEI convection
O SEl formation current computed
@ Leading to Loss of Li inventory
@ SEl thickness increase

@ SEl formation passivation
® Resistance increase

o o
.

O Liplating

O Reversible Li plating

@ Lithium trapping into inactive materials = dead Li
O Loss of positive active material

O Oxidation of positive active material leading to loss of active
material

® Cracks induced SEI formation

O Based on stresses computed in particles : .
dA do P P Charge balance leading to loss of Li inventory
@ cr ‘o9

=k
dt T dt Lieqg = Loy + Lsiox + Isg1 + 1y
© Increased SE| formation rate neg | gr ' Siox T OSEL T p

=1 + 1
. pos NMC ox
©  Cracks induced LAM _ , Impact of loss of active material
© Based on contact losses computed in DEM = loss of active

material Eneg = grslego(l — Agpay)
o dAe — kLAM dCioss 8505 = 85050(1 - ZAELAM)
dt dt SOC,T
(fPgma: W2 e M. PETIT - 31st ISE topical conf MO HDALIS?
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Model outputs

— input voltage [V]

. . v . [A]
O Classical cell behaviour 45 o | mputcurrent ] ’
O Voltage 403 S
© Heat release z > /"/j—z =
. g 3.0 - k=
O Swelling - 2 53 , 8
@ From DEM calculation S 207 - 3
@ Cell length change given by material volume change 15 3 -
@ 2 steps during discharge wt+—— - T
. N . 3
@ Gr deintercalation low volumetric change 102 104 106 108 110 112 114 116 x10
@ Sideintercalation with high volumetric change Time [s]
@ Non accessible variables fm] | cell width change [
. . X
@) Material concentrations 400 —
O  Current repartition between materials 9 100
. 2 300 —
O Potentials s
ﬁ 200 —
—— Maximum stress in graphite particle [MPa] £
1;"_] [2'\:;3_] = Maximum stress in Silicon based particle [MPa] E T
: —— Graphite input current [A] : : : g 100 —
| = silicon based particle input current [A] q b
200 o x10?
5 — ] f | T I | ! | ! I T I ! I
150 102 104 106 108 110 112 114 116
] Time [5]
5]
10 . . . : . : . . x10? 0 ] . . . . . . x10?
1CIPZ 1CIH 166 1CIFB 11|O 11|2 11|4 11|6 11|8 1CIH 166 1CIFB 11|O 11|2 11I4 11|6
¥: Time [s] ¥: Time [s]
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Evaluation of cell formation
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— input voltage [V]

4 5[1"3 — input current [A] [f;l
@ Aim simulate a realistic formation cycle : .=
O Pristine electrode are set-up in the model 3'5_2 -4
@ Fully lithiated NMC in the positive > __‘ 7=
® Empty negative electrode & R
: 5 257 2 3
© Formation cycle used for real MODALIS? cells > »
O Design taken from Saft L o
O Model operates as a test bench and L I S ?D
automatically switch between rest, CC and CV oo e @ mo e xt0®
O 41 h simulated in 10 minutes
© Initial cell capacity computed
® 5,58 Ah VS 5,63 as mean capacity for _sso bt
manufactured cells ge
85.50
5'40'\“"Q 1 I‘&w I'Q *\"I"&!\ I’Q 3 I'G 1 Ig;\'\lp%'\“;'@'\‘;"@f\ I‘ 3 I'\}'\ I'N N I:\’b"\“‘l"\"-’ﬂ‘; A\ I}' N I:&
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Evaluation of cell aging

o
® CC/CV cycles simulated
O From initial formation starting point 7] B
O Fast simulation (7 parallel runs) TN vvs—
@ 400 000 s simulated (36 full DoD cycles) g | D e e o speees
@ 3000 s computational time J|— @ 3-Lipistng
@ 800000 s simulated (57 full DoD cycles) s
® 4300 s computational time 1| — 7 no mechanisms 0!
@ Evaluation of the effect of each aging T W e
phenomenon He
O Cycle: e B
O CCatb6Aor3AthenCVat4,2V : -
O CCat-6Auntil2,7V ]
O Cell capacity evaluated at 6A during discharge s -
O Main aging phenomena (qualitatively) [y p—
O LAM due to stresses T D
© Then SEI with visible impact of cracking wnd e et s
&) 5- cracks induced SEI
— 7) no mechanisms x10?

¥: Time [s]
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3D cell modelling — non-uniform aging

O Non-uniform aging in
thermo-electro-chemically
coupled macrohomogenous
model (P2D) with realistic
geometry
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® To be presented in 32"9 |SE
topical meeting
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Particle boundary conditions:
aCneg(r; t)
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(De-)Interclalation current jneg(cneg, Eactive » Acrack 53131,...)

and side reaction current jSEI(Csolv» €active » Acrack: 6SEI,...)
as sources/sinks in macrohomogeneous balance

PIWK |

Solve 1D problem and
update variables:

__Jneg  JsEl
Cneg’ €active’ Acrack» 6SEI

nF nF

ar
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Conclusions and perspectives

O Full toolchain implemented for Gen3b cells
O Link between material — electrode — full cell behaviour
O Phenomena studied
@ Mechanical behaviour
@ Diffusion
@ Aging
@ Thermal stability
O Tool chain to be validated against experimental data
O Extensive aging campaign
O Dedicated devices to evaluate swelling

O Future developments to focus on Gen4 cells
O Solid electrolyes with metal Li
O Development initiated on argyrodite behaviour
@ Li conductivity
@ Chemical stability
@ 1 D model to be adapted to account for Li electrode
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Lab cell

S’

2 mAh
/0,4 cm?

High operating pressure

(>100 MPa)
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