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BACKGROUND

Battery Crash Safety

Fire/explosion Ce-phone bat tLargeyscale energy
aftercarcrash ex pl osi on af tsoragemsysten safetg t |

A Mechanical
abusive loading )))— Internal short circuit |

Explosion/fire [

Thermal runaway

A Li plating Voltage recovery Discharge only Silent thermal runaway Explosion/fire
A Li dendrite
A Particle crack
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AN | NTERESTI NG QUESTI ON &

Li diffusion mechanism in Si/C system

Two representative Si/C mixing modes

® Si
®C
® Li

Mixture mode Core-shell mode

1 .Li di ffusion i n Si fi1rst or C first?
2.How the composite conf imur aDFTsimulagidnf ects di ffu
3. How t he C materi al affects Li di ffusion i n Si




Method

DFT simulation

Si/C with various C layer thicknesses

14 - 14 A
DO O §
F3A '}4A
Io'o'o°o 11 A Yo 11 A L 11 A
000 0 0 )
9.0.0.0 OCOC) 0.0.0
Si 2)C( Si/C(3) Si/C(4) Core-shell mode

AIMD simulation:
1200 K, 0.01 eV/A, 104 eV

(Gao,A@S Ampplied Matz20Ph!l & Interfaces,

Bottom fixed
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Discussion

Diffusivity analysis

Core-shell mode Mixed mode
600
Bulk c-Si —
300} —siicE) acE
= SIIC(3) — SiIC(4)
PR . 400} /
< 200 - < . .
8 8 linear fit
= linear fit =
1001 200}
0" 0 - - - :
0 15 30 45 60
Time, t (ps) Time, t (ps)
Type Bulk c-Si Si/C (2) Si/C (3) Si/C (4)
Mixture mode 7.75e-5 2.097e-4 2.028e-4 2.003e-4
Core-shell mode \ 1.545e-4 1.953e-4 1.435e-4

(Gao, et alACS Applied Material & Interfaceg021)

A cker C layer sli
Il vity 1 n Si

A overall Li diff usc
s ame

A Li diffusstieltly modeoh
depends on the C | aye
A Li diffusstieltly mode oir
commonly | ower than i
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SI/C COMPOSITE ANODE PARTICLE
SEM 1 mages of Si/ C composite anode
Si/C composite anod - Si/C msi rtie \Si/C cor-hl
1mm > 1 OO NM
Micro-scale Nano-scale

Si/C composite anode shows a complex multiscale structure property
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PART I: CONTACT BEHAVIOR

Modeling: Si-C core-shell particles

A FEM model settings A Governing equations
Symmetry axis
y ¥ COMSOL
| . Mechanical model module
: —el r ety el .
Total true strain  €; = &; T &; T &;
Si-C Governing equation Partial differential
interface R equation
Constant 5;. =In(l+ac)/3 : Lithiation induced strain _
Li flux is related to state of Li,Siy, LijsSi;— @=2.75 T
a is related to state of Li,Si,, Lii5Si;— a=2. T
c-C i & [(1 ) S ]/ E : Elastic strain
interface B s & Y%y TV Structural
B C Based on Hooke’s law mechanics

dggj.’ :&S;" - Plastic strain increment

A Vertical constraint

Generalized form, S§ is deviatoric stress

(Gao, et alEnergy Storage Material2019)

{

Electrochemical model

Diffusion equation

E(c)= Eo + E(El _Eo)

o, (€)=0c,+¢(c,-0))

Mechanical parameters
related to Li* concentration c




PART I: CONTACT BEHAVIOR

Simulation: Stress analysis

A Stress evolution and distribution

0.5 C charging/discharging o;: Si-C interface normal stress 15
Shell property: 100 GPa, 10 nm o.. C-C contact stress
Nm? T 12 10+, E
x10'° O - =
el o ke
© ;
Si 15 @ St <
| & ~— q)--
1 ©, 6 b &
b - ©
- w 0 : c
/ h 0.5 3 3 8 : O
o S
0 = = Q
o | RS YU N SN R S D 5 a2
05 8 c
E w
-1 2 3 . ' -10
0 1 2 3
Two contact Core-shell particle Cycle number, n 0 1 2 3
Cycle Number, n
s™ maxi mu@ iSmterface normal s

n

U Plastic contact mainly occur in first cycle S™  maximum C-C contact stress

U Tensile stress produced in every cycle end c
R/R=(R+ R_,)/ B maximum Siradius change

(t/ty)  =(t, +tR)/t, maximum C thickness change
(Gao, et alEnergy Storage Material2019)




PART Il

SI/C CORE-SHELL STRUCTURES

Model:i g c srhee | |

Perfect bonded C-Si
a5 ‘ interface

Core-shell structure
studied in previous slides

(Gao, et alNano Energy2021)

particl es

Nano-structure

designs
%

Yolk-shell

[ 4

Core-shell
[

-S

Hollow core-shell

o

|

Dual-shell

i

Multicore-shell

The best one?

2021/6/14
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PART II: SI/C CORE-SHELL STRUCTURES

Model:i FEM model settings

Geometry and boundary Five structures

A =R/t A=R/t A =R/(t;+t)

- ol

%Mf

Struct. 1 Struct. 2
ﬁ. = tl/tz A = T/t

RVE stacking 2D simplification

Struct. 4

A Same governing equations were adopted A Each structure has three different _ values

(Gao, et alNano Energy2021) Gao et al.Nano Energy2020
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PART IlI: SI/C CORE-SHELL STRUCTURES

Si mul at Mexog hani cal behavi or
A Stress and displacement curve A Stress distribution
. t=t, t=t,
~— Lithiation—s==—Delithiation—
§ 118 E
9 §o)
“ 12g
7 £
Q &) .
& 6 & Mises stress (GPa)
@ Si Core C Shell
lg © W13 P16
0 0.38 (1) 0 (1) 0.9 09
Nominal SOC l 05 l 5

U The normal stress U, at the core-shell interface is in compressive stress status and

increases during lithiation.
U At the core-shell interface, the maximum normal stress occurs in the contact area of

two particles, and the maximum compressive stress is in the center of the C shell

(Gao, et alNano Energy2021)

Plastic deformation

A Failure modes

Shell fracture (lithiation)

Ge > T
Op == i

90

Original Fracture

Core shell debonding (de-lithiation)
Tnypy

9®

Original Fracture




PART IlI: SI/C CORE-SHELL STRUCTURES

Simulation: Failure, capacity, design

Fracture Debonding

[L=189um? ] 8l

O C o rseh e IOIYolk-shell A Dual-shell

< ‘g ) .
Shel] 3 Core She” V Hollow core-shell <> Multicore-shell
f r ac % Ol:l/ No fracture % 4r 2289 J/m?2 debond|ng
g o /d """"""""""" . Max. ¢
St ? No debonding 08} Optlmal Zone 104 moei(;tmfa
0t A—bA IS
of A - 5.2
3 4 5 3 4 5 >©
Maximum value of ¢, (104 mol/m?) O (@) 3.6
—#— Core-shell (Struct. 1) —/— Dual-shell (Struct. 3) (inner) 3 % }
—o— Yolk-shell (Struct. 2) =%~ Hollow core-shell (Struct. 4) 8 c
—&— Dual-shell (Struct. 3) (outer) —#— Multicore-shell (Struct. 5) - 8
: : o3
A Capacity behavior 8 30er
6
Zli | oo 22 = = K
£ st Actual =02 | & Normalized £ S 5
§ "”-\ > ,:. B a
sS4 2 06} 5
g E 5 =3 1 E O
8y Z © Z8=
- 771 - ° 7 &=
52, Z8= g Z8=
2 A E £ o3} E 0 -
g I E g 1 E 4
g 1E E 1 E 0
A E N E 2
0 | 1l 1 \ \% 0.0 | 1] 1 [\ \% She” fraCture EER’ Gf (‘J/m )
Nannetrcture type Nanostructure type

(Gao, et alNano Energy2021)
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PART | I 1: MWIUTITS CALYST Y
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et _ /

Modeling: Multiphysics coupling strategy Governing equations

A Constitutive equation in microscale

E
s; =2G g + ke ¢ deffWCs?_—ZU i

A Li diffusion model in microscale

Hydrostatic stress MC, + 1 [J,ZJS 9
. g . 2
éqﬁi@ﬂfj - /O—EA Micro T v
o : scale
-~ . .
®-0—= Caver A Stress-strain model in macroscale
Deformatioﬁ gradient . Sij :Cljkl ( kIY _eigexdkl)
F I wa ver
e 77. NG K Current q/e‘sitbysm‘f
®  Graphite particle % Wi ® € Macro. A Li flux model in macroscale
& Si-C composite particle R * \ o ~
mm C Eigen'strain change |~ e a .
© LCO particle “one e scale L= 47g pF 2Rt ANt 4 ) nce
Si-C zone ’ ’ é F c dinC, =
=== Current collector Cu
= Current collector Al = Leo Blue: Mechanical e lJ‘_Ce - . O il-}
- Soparator Separator Orange: Electrochemical ° ot " F

(Gao, et alJournal of Power Source2020)




PART Ill: MULTISCALE-MULTIPHYSICS STUDY

Simulation: Model validation

Full-cell voltage Electrode deformation Corresponding video
(b) (C) Base line simulation (0.5C) In-situ charging/discharging test
Test —=— Test Mises Stress (unit: 102 MPa) In optical microscope
=l —— Simulation ~ Test Aver.
. ' ol = Simulation Aver. p
< 40¢ o 05
= % 157 I
o> 3.6 o 0
© £ o
= ' = 10 o 44 | B
> 3.2 = S 4.0f 165
_ 5} ; ﬂé, 36¢ ‘ 3.§
28¢ d(d): average deformation § 3.2} ‘ %
0 50 100 50 0 05 3 5 9 = - 1. . 178
Nominal capacity (%) Position, n ' soc '

A Multiscale and Multiphysics coupling model can well predict the voltage and deformation

(Gao, et alJournal of Power Source2020)
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MECHANICAL BEHAVIOR OF ELECTRODE

Experiment: Material test of battery components

_ A Strain rate effect A SOC effect
A SEM images after 14 . . . . . .
: r —=—soc=0 i
tensile test 12 —510° |, ——50c=0.1
‘T 10t 4 1 g0 ——50c=0.2 ]
—=— 5x10 o
Surface Cross-section é: 8t _._5z10-3 % 9l —soc=03
A Anode . o i
" ™ ) L —=— 1X
¢ ° £ o |
5 4 5
2 3 1
0 0 : :
0.00 0.02 0.04 0.06 0.00 0.01 0.02 0.03
Strain, e Strain, e
10 - - - 8 : : :
8} ——5x10° |
;; —=— 5x10™ s
% 6f ——5x10% 1 =2
Cathode | 4 , ——1x10" | @
Anode Cat hode 2 | &

O 1 1
0.00 0.02 0.04 0.06 0.08
Strain, e

(Wang, et alJournal of Power Source2018)
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MECHANICAL BEHAVIOR OF ELECTRODE

Modeling: Laminate theory and sandwich model Simulation: Tension and failure analysis
' . e=¢,,1,0ccurs Wwhen 7,, > failure strength
Simplified GZ — [n_
o, | __i ]
&, =min{ay1,syz} D
I U, Uy (mm) Debonding
= " +278e -
- : +0.006" lip =
o : . " 4
Active material ug_ —=—5x10* Experiment { I S"'Mii(r;a) Active material failure
2 —e—5x10 Simulation O H
- +1.10e3

l=_=—é{3u foil Q . . . . , IS, Mises (MPa) Cu failure
~—— Active material 0 02 04 06 08 1.0 +7.176f (&

TN
Displacement, d (mm)
Interface ’ -
w t838e® Cu foil
I
. A ; U, U, (mm i
Active material Copper foil 15 (=10 Experimen] | B oo ferin
Input © © 121 1x107" Simultion = ~ (N
P % % = w +0.00e erface Slips - .\
Y » Y o 9r I &Mises (MPa) Active material failure
R | ) G +1.19¢2
g / IR S g g 6_ [
4 : *« : " ¥
Strain, ¢ i 3 , Mises (MFa)  Cuy failure
Siran; s ¥ +870e 7
d o N &
0.0 0.2 04 0.6 0.8 W +6.86e2 =

Cu foil

(Wang,Joeutr naall. of POW&r Sources, Displacement,d(mm)




FAILURE BEHAVIOR OF SEPARATOR

Experiment: Indentation test on anode-separator-cathode stacks

Experi ment

=y;Yoltage

Anode—{
Separator
Cathode —{

=
==

— 5 stacks

1 stack

40 mm

(Yuan, et alJournal of Power Source2020)

A Sphere indentation

S € t u p 15—t 1.04
LTIl
> o 0.78
é 1.0t Ny
LL "_-’ S
) — 0.52
o A
2 05 Force Voltage® ~ - ~
—— Test1----Testl 0.26
—— Test2 - - - -Test2
—— Test3----Test3
0.0 0.5 1.0 15
Displacement, d (mm)
A Cylinder compression
4r— 0.9
) 3: ------------- :- -'_ E )
pd Force R >
< |——Test1 ie+q06 S
LL P
Y Test 2 Wl 5
§ — Test3 Voltage .y &
g -==:Testl . 10.375
1t --eTest2 |3 >
===:Test3 " 1
i
: : = 0.0
0.0 0.2 0.4 0.6 0.8

Displacement, d (mm)

Ex-situ observation of separator morphology

i,

(i) A& (i)

Transpareqtm i
* 5001t

Transparen

Yuan et al. Journal of Power Sourceg020




FAILURE BEHAVIOR OF SEPARATOR

Simulation: Separator deformation based short-circuit criteria

9% Compression a5/ MD Tension
3 z
u 60 L 3.0}
g g —s=— Experiment
@ 30¢ _ 1 9 156 —e— Simulation | |
L —s— Experiment w R
—e— Simulation Prl nCI_paI
‘ ‘ ‘ : : strain
Separator 0.0 0.3 0.6 0.9 0 3 6 9
anisotro Displacement, d (mm) Displacement, d (mm)
PY  o.75 ' ' ' 0.45}
z z
w 0.50¢ w 0.30}
g —s=— Experiment 3 - g_xpelriment
S 0.25! ——simulaton || £ 0.15 —+ Simulation || . . . . . .
.
DD Tension TD Tension A Volumetric strain criterion A Equivalent strain criterion
0 3 6 9 0 5 10 15
Displacement, d (mm) Displacement, d (mm)
Spher e i nde n tCaglihdermampression
1] I 32 108
. StaCk 209» 70.88 22'4 »—Ex erimept force ’0-6€
simulation & | Ereimepdore 2 T Simulagh foce >
8 5 6l—e—Volta {0.6 2 g 1.6 == Voltag 048
e s & S
0.3 0.4 06 10.2
(Yuan, et alJournal of Power Sourceg020) mz 0.0 sz : of4 ofe ofs

Displacement, d (mm) Displacement, d (mm)




