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Li-S BATTERIES I: CONTINUUM



CEA | 10 AVRIL 2012
CHALLENGES & OPPORTUNITIES

PEM FUEL CELLS: HYBRID

REDOX FLOW BATTERIES: kMC

Li-S BATTERIES II: kMC

Li-S BATTERIES I: CONTINUUM



Prof. Alejandro A. Franco
Engineering the Next Generation Rechargeable Batteries: a Multiscale
Modeling Perspective II
College on Multiscale Computational Modeling of Materials for Energy
ICTP, Trieste, Italy - July 13, 2016



Prof. Alejandro A. Franco
Engineering the Next Generation Rechargeable Batteries: a Multiscale
Modeling Perspective II
College on Multiscale Computational Modeling of Materials for Energy
ICTP, Trieste, Italy - July 13, 2016



Prof. Alejandro A. Franco
Engineering the Next Generation Rechargeable Batteries: a Multiscale
Modeling Perspective II
College on Multiscale Computational Modeling of Materials for Energy
ICTP, Trieste, Italy - July 13, 2016

P.G. Bruce, S.A. Freunberger, L.G. Hardwick, J.M. Tarascon, Nature Materials 11 (2012) 19 .

LITHIUM-SULFUR BATTERIES: INTRODUCTION (1/2)
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LITHIUM-SULFUR BATTERIES: INTRODUCTION (2/2)

P.G. Bruce et al., Nat. Mater. 11 (2012) 19.
A. Manthiram et al., Chem. Rev. 114 (2014) 11751.
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LITHIUM-SULFUR BATTERIES: INTRODUCTION (2/2)

P.G. Bruce et al., Nat. Mater. 11 (2012) 19.
A. Manthiram et al., Chem. Rev. 114 (2014) 11751.

Cathode
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LITHIUM-SULFUR BATTERIES: INTRODUCTION (2/2)

P.G. Bruce et al., Nat. Mater. 11 (2012) 19.
A. Manthiram et al., Chem. Rev. 114 (2014) 11751.

Cathode

�One key to enhance LiS batteries: deeper insights about the porous electrode
microstructure impact on the cell performance.
� e.g. sulfur repartition between different scales of porosity, Li2S location…
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USA: 8 publications UK: 1 publication Germany: 4 publications

Canada: 3 publications TOTAL @ 16 publications

GREAT OPPORTUNITIES FOR COMPUTATIONAL MODELING
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2008

K. Kumaresan, Y. Mikhaylik, R.E. White, J. Electrochem. Soc. 155(8) 
A576

THE FIRST ENGINEERING (CONTINUUM) MODEL

� Physical model: 
• Reduction and precipitation reactions.
• Lithium salt and polysulfides transport.
• Cathode (C:S) microstructure represented 

with an effective porosity. 
• Lack of comparison with experimental data.
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OUR APPROACH
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V. Thangavel, K.H. Xue, M. Quiroga, Y. Mammeri, C. Guery, A. Moustari,
P. Johansson, M. Morcrette, A.A. Franco, submitted (2016).

1D-CONTINUUM CELL MODEL
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SULFUR-BASED SPECIES TRANSPORT

( ) ( )1.51 1 1
1 1 1

c c
D r R f

t x x

ε
ε

∂  ∂ ∂  = + − +  ∂ ∂ ∂  

1) Mass conservation for mesoscale

2) Mass conservation for microscale

( )2 2
2 2

c
r R f

t

ε∂
= − −

∂

r : generation rate through electrochemical reactions
R : sink rate due to chemical dissolution/precipitation
f : species intra-flux between the two scales

3) Intra-flux between two scales

( ) ( )112 δΞ−∝ ccKf flux
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� The dissolved sulfur (��(����) ) undergoes a series of
elementary reduction reactions to produce �(����)

	
 .

 �
	��(�����)

�
	�

� Precipitation/dissolution of  �
	��(�����).
� �
	� precipitates both as film and particle.

ELECTROCHEMICAL & PRECIPITATION REACTIONS
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S8(solid) loading= 2.48 mg.cm -2

CALCULATED RATE CAPABILITIES (1/3)
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Inter-particle region Mesoporous region1.0 mA.cm -2

CALCULATED RATE CAPABILITIES (2/3)
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Exchange of sulfur 
between various domains

Li 2S film growth near the 
separator

(tunneling distance: 10 nm)

1.0 mA.cm -2

CALCULATED RATE CAPABILITIES (3/3)
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IMPACT OF CARBON POROSITY (1/2)
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� For the cathodes containing
25% of carbon inter-particle
porosity, discharge stops due
to clogging of the inter-
particle pores.

IMPACT OF CARBON POROSITY (2/2)

End of discharge
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• Porosity = 0.7
• Sulfur loading= 1/1 volume of carbon
• C-rate = 1.5 mA/cm2

CALCULATED C/S SYSTEM EVOLUTION

Time

Time

MESO  MICRO

INTER-PARTICLE
POROSITY

MESOPOROSITY
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Electrode
Potential
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SLURRY-BASED REDOX FLOW BATTERIES

M. Duduta et al., Adv. Energy Mater., 1 (2011) 511.
S. Hamelet et al., J. Electrochem. Soc., 159 (8) (2012) A1360.
S. Hamelet et al., J. Electrochem. Soc., 160 (3) (2013) A516.

a) Continuum model of a SRFB; b) calculated
current densities and states of charge along the
cathode channel for two types of activation
materials.

K.C. Smith et al., J. Electrochem. Soc., 161 (4) (2014) A486.
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SLURRY-BASED REDOX FLOW BATTERIES

Interaction Energies •
Particle Wetting •

Charge transfer •

• Expansion Rate

During Cycling •

Side Reactions •

• Density Variation

Capacity •

• Disintegration

Degradation •

• Laminar Flow
• Energy Dissipation

Cyclability •

• Cracking
• SEI evolution
• Li conductivity

• Networks Dynamics
• Knudsen Number

Flocculation •
Stability •

M. Duduta et al., Adv. Energy Mater., 1 (2011) 511.
S. Hamelet et al., J. Electrochem. Soc., 159 (8) (2012) A1360.
S. Hamelet et al., J. Electrochem. Soc., 160 (3) (2013) A516.

FUNDAMENTALS
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S. Hamelet et al., J. Electrochem. Soc., 159 (8) (2012) A1360.
S. Hamelet et al., J. Electrochem. Soc., 160 (3) (2013) A516.

SILICON/C SLURRY-BASED REDOX FLOW BATTERIES

GOAL: develop a model describing the 
electrochemical behavior of the Si/C slurry

under static and flow conditions.
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Si

C

@10-5 mA.cm-2
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Performance model ORR DFT-calculated activation energies

a) A.A. Franco et al.,J. Electrochem. Soc. 153 (6) (2006) A1053;b) A.A. Franco et al.,Fuel Cells 7 (2007) 99;c) R.F. de Morais, D. Loffreda, P.
Sautet, A.A. Franco,Electrochim. Acta, 56, (2011) 10842;d) R.F. de Morais, A.A. Franco, P. Sautet, D. Loffreda,ACS Catalysis, 5 (2015) 1068.


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A 14-YEARS-OLD PEM FUEL CELL MODEL
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Performance model ORR DFT-calculated activation energies

a) A.A. Franco et al.,J. Electrochem. Soc. 153 (6) (2006) A1053;b) A.A. Franco et al.,Fuel Cells 7 (2007) 99;c) R.F. de Morais, D. Loffreda, P.
Sautet, A.A. Franco,Electrochim. Acta, 56, (2011) 10842;d) R.F. de Morais, A.A. Franco, P. Sautet, D. Loffreda,ACS Catalysis, 5 (2015) 1068.
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PEMFC CATHODE: COUPLING ON-THE-FLY 
KMC WITH CONTINUUM (1/2)

O2 transport channel side view Overall algorithm

Catalyst top view

M.A. Quiroga, A.A. Franco, J. Electrochem. Soc., 162 (7) (2015) E73.

KMC

CONTINUUM
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PEMFC CATHODE: COUPLING ON-THE-FLY 
KMC WITH CONTINUUM (2/2)

POLARIZATION CURVECOVERAGE EVOLUTION

M.A. Quiroga, A.A. Franco, J. Electrochem. Soc., 162 (7) (2015) E73.

Experimental data from: Stamenkovicet al., Science 315 (2007) 493.
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MEMBRANE DEGRADATION

H. Tang et al., J. Power Sources., 170 (2007)

� PFSA membrane degradation occurs
during the PEMFC operation:

� porosity increase
� thickness decrease
� pinhole formation
� fluoride ions release
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M.A. Quiroga, K. Malek, A.A. Franco, J. Electrochem. Soc., 163 (2) (2016) F59.

FULL PEMFC: COUPLING ON-THE-FLY 
KMC WITH CONTINUUM (1/4)

Coarse Grain MD databases

Coarse grained
representation of the 

ionomer
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Impact of degradation on the 
tortuosity and average pore size

Impact of degradation on the 
side-chain/side-chain distance

FULL PEMFC: COUPLING ON-THE-FLY 
KMC WITH CONTINUUM (2/4)
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M.A. Quiroga, K. Malek, A.A. Franco, J. Electrochem. Soc., 163 (2) (2016) F59.

Open 
Circuit

Conditions

FULL PEMFC: COUPLING ON-THE-FLY 
KMC WITH CONTINUUM (3/4)
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Cell
potential

Porosity/
tortuosity

SO3
-

concentration

FULL PEMFC: COUPLING ON-THE-FLY 
KMC WITH CONTINUUM (4/4)

M.A. Quiroga, K. Malek, A.A. Franco, J. Electrochem. Soc., 163 (2) (2016) F59.
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MODELING SLURRY REDOX FLOW 
BATTERIES

Li-S CELLS: 
CONTINUUM MODELING

Li-S REDUCTION REACTIONS: 
KMC MODELING

Li-S BATTERIES: 
CHALLENGING THE MODELING
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C. Sagan (1934-1996)

CIVILIZATION’S LEVEL OF TECHNOLOGY ADVANCEMENT CORR ELATED TO ITS 
CAPACITY TO STORE INFORMATION (The Cosmic Connection , 1973).
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Alistore ERI | www.alistore.eu

EMMC goals:
� Establishing standards for the transferability of

data between different groups;
� Generation of a common multipurpose database;
� Improve the tangibility of the modeling work,

reusability of models by industrials;
� Encouraging development of freeware.

M
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EUROPEAN MATERIALS MODELING COUNCIL

https://emmc.info/
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CROSS-DISCIPLINARITY
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Alistore ERI | www.alistore.eu

Introduction of a 
new richer food

source

D. J. T. Sumpter, The principles of collective animal behavior, Phil. Trans. R. Soc. B, 361 (2006) 5.
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REVERSE-THINKING
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Alistore ERI | 
www.alistore.eu

Jeopardy ! Game TV Show



Prof. Alejandro A. Franco
Engineering the Next Generation Rechargeable Batteries: a Multiscale
Modeling Perspective II
College on Multiscale Computational Modeling of Materials for Energy
ICTP, Trieste, Italy - July 13, 2016

Alistore ERI | www.alistore.eu

Need of reverse engineering modeling approaches
� For a given performance/durability/safety targets, use computations to

discover how to achieve those targets.

MODELING FOR REVERSE ENGINEERING…

A.A. Franco, Ed., Rechargeable Lithium Batteries, Woodhead/Elsevier, Cambridge, UK (2015).
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Physical Multiscale Modeling and Numerical Simulation of
Electrochemical Devices for Energy Conversion and Storage, A.A.
Franco, M.L. Doublet, W. Bessler, Eds., Springer London (2016).

SOME CHALLENGES FOR MULTI-SCALE MODELING

COUPLING 
WITH COST ANALYSIS

AUTOMATAS FOR MODELS
GENERATION

3D IMMERSIVE
VISUALIZATION
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Oscar Wilde (1854-1900)
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THANK YOU
www.modeling-electrochemistry.com 

alejandro.franco@u-picardie.fr
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