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A short digression on SEI growth a OPINCHARGE ISDWHE] #7 HIU
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Solid-Electrolyte Interphase (SEI)

2Lit + 2e” + 2EC — Li,EDC+ R

‘ Hinders electrolyte decomposition
l » Enables lithium-ion batteries

" Consumes cyclable lithium
» Capacity fade

SEI covers anode particles

» Core-shell structure
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Motivation
Silicon shows 10x higher capacity...
Weight Volume Q o
. S.L- . - - ... but 300% volume expansion...

Drawbacks: Reason:

= Imprecise SOC

= Heat generation

Silicon anode voltage

» Reduced efficiency

>

Nele _
... and voltage hysteresis.

L. Kdbbing, A. Latz, B. Horstmann, Physik Journal 2024, 23 (5), 28-34.
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OCV Hysteresis in Silicon Nanoparticles: Why? ﬂ OPINCHARGE ISDWHE] #7 I'"U
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Hypothesis: Chemo-Mechanical Coupling

Core-Shell Structure Voltage Hysteresis

>

Silicon anode voltage
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Thermodynamic Consistent Model

Deformation: F = F,F¢Fcp

Free energy:

Combining 1st and 2"9 |law:

h Constitutive equations /
900® — _Fy, — 2L p.F

Hii =

dcLio Agh
0 _ _ —
P = 2F~22% = A FF, " Fyy" (Atr(Ee)1d + 2GE,))

Entropy production /

R = _NLi,OVO:uLi + M: Lpl + PViSC: F>0
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Elastoplastic SEI: OCV Hysteresis

. = v i
SEl stress during cycling OCV: U = U, + BF; P:F
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Plastic flow causes stress hysteresis

L. Kébbing, A. Latz, B. Horstmann, Adv. Funct. Mater. 2024, 34, 202308818. ©HIU| 30/07/2025
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Visco-Elastoplastic SEI: GITT Procedure

Enlarged hysteresis for small currents » Voltage profile of GITT pulse reproduced
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L. Kdbbing, A. Latz, B. Horstmann, Adv. Funct. Mater. 2024, 34, 202308818.
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g 9 Exp. data: K. Pan, F. Zou, M. Canova, J. Kim, J. Power Sources 2019, 413, 20-28.
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Logarithmic Silicon Voltage Relaxation

Voltage relaxation Logarithmic plot
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Viscosity: dgarofalo = Orer asinh(zE) » Model fits logarithmic trend

L. Kébbing, Y. Kuhn, B. Horstmann, ACS Appl. Mater. Interfaces 2024, 16 (49), 67609—67619.
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Long-Term Voltage Relaxation
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Consistency with other Hysteresis Phenomena

Hysteresis

C rate dependence
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» Garofalo viscosity model describes hysteresis phenomena consistently

GITT procedure

— GITT data

simulation

SOC

L. Kdbbing, Y. Kuhn, B. Horstmann, ACS Appl. Mater. Interfaces 2024, 16 (49), 67609-67619
Exp. data: D. Wycisk, G. K. Mertin, M. Oldenburger, O. v. Kessel, A. Latz, J. Energy Storage

2024, 89,111617.
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Reduced Model
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Reduced Chemo-Mechanical Hysteresis Model

Voltage: U=Uy+ AUge + AU,y
Elasto-plasticity
( 2vi;, if f < 0
— Lz i
dAUee shell 3Fﬂéh Li
—_— = 5
dt avy; : _
0Y,shell 3 N2 |CLil, otherwise
\ ( +a/1ch)
Viscosity
d AU,y

EcoreVLi . <a/1§hFAUev> Ecorevlz,i :
— ————sinh =

= —Cy;

with a =§(@—1)

Lshen

and f = —sgn(éy) (1+ ard))——=— _foUee

VLiOY,shell

-1
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Hysteresis
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Analytical Approximation: Voltage Relaxation

L 20140, Ecore®red A
Voltage relaxation in time: Al = —2 r‘;f atanh (C-exp (— core “red Cht))
Xred A g TUref

Logarithmic plot

Voltage relaxation
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Summary: Core-shell mechanics generates hysteresis! ﬂ OPINCHARGE ISDW“E] #7 HIU
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Tensile stress

Conclusion
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SEIl on silicon: Chemo-mechanical core-shell model

Tensile stress
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Elastoplastic shell: OCV hysteresis of Si nanoparticles (5o =

Lithision ‘

Visco-elastoplastic shell: reproduces voltage relaxation A

Stress generation Stress relief

Reduced hysteresis model for easy voltage estimations }\ | ‘
iy, / : \

-+ LixSiy « Lithiation Relaxation

”

» Soft but passivating SEI might reduce the OCV hysteresis - e

L. Kobbing, A. Latz, B. Horstmann, J. Power Sources 2023, 561, 232651.
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