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Chemistries
Component architectures
Cycling modes

Theory !

A.A. Franco in: A.A. Franco, M.L. Doublet, W. Bessler, Eds., Physical Multiscale Modeling and Numerical
Simulation of Electrochemical Devices for Energy Conversion and Storage, Springer London (2016).

In silico experimentation



ISCALE COMPLEXITY IN BATTERIES

C + active particle | M/ NANOSCALE

C + active particles
+ binder

MACROSCALE

MICROSCALE

= MULTIPLE MATERIALS & MECHANISMS

A.A. Franco, RSC Adv. 3 (2013) 13027.

A.A. Franco, in: Encyclopedia of Applied Electrochemistry, G. Kreysa, K. Ota, R. F. Savinell (Eds.), Springer, New York (2014).

A.A. Franco, M.L. Doublet, W. Bessler, Eds., Physical Multiscale Modeling and Numerical Simulation of Electrochemical Devices for Energy Conversion
and Storage, Springer London (2016).




ULTISCALE MODELING PLATFORM

-
> Flexible computational platform (adaptable to a wide
diversity of systems, e.g. Li-Ion, Na-Ion, Li-Air, Li-S, Fuel )
Cells, etc.) (18

- to investigate electrode mesoscale properties impact on cell performance; S

- to discover optimal compositions, architectures and cycling modes.

|
4 N\
C additive

Binder

Agglomerated active material

From left to right: R. Zhao, Dr. M. Quiroga, A. Torayev, G.
Mesoscopic ~ few MM Shukla, Y. Yin, A. Geng, Prof. A.A Franco, M. Maiza, V.
. J Thangavel, R. Andersson, C. Gaya, A. Shodiyev.




OF-THE-ART MATHEMATICAL MODELING

@
OF RECHARGEABLE BATTERIES

+ J.S. Newman, C. W. Tobias, J. Electrochem.
Soc., 109 (12) (1962) 1183.
« J.S. Newman, W. Tiedemann, AIChE Journal, 21
(1) (1975) 25. 0 50 years of rechargeable battery models
(F; based on Newman'’s approach...
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1. LITHIUM-O, BATTERIES
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AIR BATTERIES: PRACTICAL ISSUES
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Electronic transport

RTE of LAB: <70%

\_

Low Round-trip Efficiency: lonic transport
Oxygen solubility &
RTE = il diffusivity
Einp
Pore clogging
E=0QxU

(LIB: >90%) Electrode passivation

Materials degradation




TR

» DUCTION REACTION (ORR) @ LI-O, BATTERIES

Separator Cathode Li,O, film

o
Li
0O,
B
Anode 1 b -
: =
_ k=
30 =
- [J <
Carbon black Li,O, particle
| 0, +2Li* +2e > Li,0, (solid) |
Route A: Insulating thin film formation on the active surface
Consequence Decrease of oxygen diffusion coefficient: Yes
q Comsumption of active surface area: Yes
Route B: Solution phase nucleation-growth of Li»Os particles
Consequence Decrease of oxygen diffusion coefficient: Yes
% q Comsumption of active surface area: No y

A.A. Franco, K.H. Xue, ECS J. Solid State Science and Tech., 2 (10) (2013) M3084.
L. Johnson, C. Li, Z. Liu, Y. Chen, S. A. FreunbargP. C. Ashok, B. B. Praveen, K. Dholakia, J.Idrascon, and P. G. Bruddéature Chemistry 6 (2014) 1091.




PHASE VS. THIN FILM ORR MECHANISMS

Pristine

=>» Solvent influences the capacity and the Li,O,
deposit morphology.

High voltage Low voltage

4.0 ;
| — Me-Im
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s —oe
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— ——— __i_:,‘ e
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Capacity (uAh cm—2)

L. Johnson, C. Li, Z. Liu, Y. Chen, S. A. Freunberger, P. C. @&shB. B. Praveen, K. Dholakia, J.-M|
Tarascon, and P. G. Bruddature Chemistry 6 (2014) 1091.
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Monte Carlo Electrochemistry
Simulation Software for Innovation

MESSI




C MONTE CARLO MODEL: LINKING

TRY WITH REACTIONS & DIFFUSION

WEIGHTED
RANDOM EXECUTION OF

IDENTIFICATION
INITIAL OF POSSIBLE
CONFIGURATION i SELECTION OF
AN EVENT (*) EVENT

SELECTED

¥
e *
-
E D\“\AS\OV\ CLOCK UPDATE
E Rotat\ov\ S
S R&&Ct\ov\ O Typical total simulation time
~ seconds to hours.

(*) Electrochemical Variable Step Size Method
M.A. Quiroga, A.A. Franco, J. Electrochem. Soc., 162 (7) (2015) E73.
M.A. Quiroga, K. Malek, A.A. Franco, J. Electrochem. Soc., 163 (2) (2016) F59.




ORE (1/5): KMC MODELING OF THE ORR

GEOMETRICAL CONSIDERATIONS

Pore size: 10-30 nm NanoPorous Gold Electrode

k
4 Li* + Oy50y + € — LiO} (1)\

Z.Peng et al. Science 337,
563-566 (2012)

Grid size: 5 A

k
HHH LiOy—— LiOy,p, (2)
-2

e REACTIONS
EENAEENNE T LiO; + Li' + e - Li, 05 (3)

. ke 1, 1
\Lloz(son—’ 5 Liz0; +50; (4)/

G. Blanquer, Y. Yin, M.A. Quiroga, A.A. Franco, J. Electrochem. Soc, 163 (3) (2016) A329.
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E (2/5): KMC MODELING OF THE ORR

Li* and O, transport Li,O, formation

G. Blanquer, Y. Yin, M. Quiroga, A.A. Franco, J. Electrochem. Soc, 163 (3) (2016) A329.
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RE (3/5): CALCULATED IMPACT OF THE

PORE GEOMETRY
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Discharge process is limited by Increase the capacity by
channel clogging enlarging the channel size

B o cleciodeiseportor —s 8
el

G. Blanquer, Y. Yin, M.A. Quiroga, A.A. Franco, J. Electrochem. Soc, 163 (3) (2016) A329.

Figure 2. Schematic representation of the oxygen clectrode 1) before dis-
charge and b) after discharge.

I. Landa-Medranet al., J. Electrochem. Soc., 162(2015) A3126.




RE (4/5): CALCULATED IMPACT OF THE

O, DIFUSSION COEFFICIENT

a) —— Super P
— 250
—a—5%](" 7
Diffusion coefficient (m’/s): —a— 5% (" *—a— 10" —e—2*10""' B oy Still cell
20 s
D_%
—_
e 15 {
;\ 157 T T T T 1
: A 0.0 . 04 0.6 08 1.0
A Specific capacity / Ah g
= A
E~] A
o A 4.0 )
g 10 4 » =
= 35—
E i 3 30 Stirring cell
R £ e
2 /‘ 2 25 \%j
o 2
}} ././I‘. 'F 2.0
@
A/A ___._..'.
0= - 13- T T T T T 1
-8 -7 -6 5 4 00 05 10 15 20 25 30 35
1 0 ] 0 ] 0 l{) ] 0 Specific capacity / Ah g"
Time (S) Figure 1. Discharge profiles of Super P and C250 electrodes at 60°C under

a current density of 0.1 mAcm™ in a (a) still- and (b) stirred-electrolyte cell.

M. Aklalouchet al., ChemSusChem. (2015).

Higher diffusion coefficient Decrease viscosity of
Higher capacity electrolyte

G. Blanquer, Y. Yin, M.A. Quiroga, A.A. Franco, J. Electrochem. Soc, 163 (3) (2016) A329.
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Volume Fraction (%)

-

OPORE (5/5): IMPACT OF THE SALT

NTRATION ON THE ORR IN PORES

Pore size: 10-30 nm

| Li" concentration (M); —#— | —&— (.5 —&— (.2 —&— 0, | |

— 0.1 M LiCIO/ DMSO—— 1.0 M LiCIO/ Dqu

[5=]

40

...........

35

3.0

Potential (V v.s Li"/Li)

25 Il L 1 L 1 L 1 L 1

0
0.0

1.0x10™
Time (s)

0.0 0.5 1.0 15 2.0
2.0x10° 3.0x10° Capacity (mAh)
| 90%C,, + 10% PVAF-HFP — 2.5 mg — 1 bar O,~ 100 pAlcm 2~ 2.2-4.5 V |J

High Li* concentration hinders O, transport and accelerates pore clogging.

G. Blanquer, Y. Yin, M.A. Quiroga, A.A. Franco, J. Electrochem. Soc, 163
(3) (2016) A329.

(*) Unpublished in house data. Similar trend also reported in J. Read et
al., J. Electrochem. Soc., 150 (2003) A1351.




e ¢ ¢ § o ¢

L10;g
Li,0, grown on carbon
L1,0, grown on catalyst

Catalyst

FIBER (1/2): IMPACT OF CATALYST
OXYGEN REDUCTION REACTION

WITH CATALYST

Shui et al., ACS Nano, 8 (2014)’ 3015

Y. Yin, R. Zhao, Y. Deng, A.A. Franco, J. Phys. Chem. Letters, under revision (2016).
G. Blanquer, Y. Yin, M.A. Quiroga, A.A. Franco, J. Electrochem. Soc, 163 (3) (2016) A329.
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@ Li1,0, grown on carbon

@ 11,0, grown on catalyst

Plane1 Plane 2 Plane 3

Plane 1 Plane 2 Plane 3 Plane 1 Plane 2 Plane 3

1.0

1.0

— Plane 1
— Plane 2

— Plane 1
— Plane 2

o dereets
A porosity

0.9 0.9

0.8

alr)

gir)
Q
u

"0 1 2 3 4 5 6 7 B 9 10 11 12

0 1 2 3 4 5 6 7 8 9 10 11 12 F (hm)

Y. Yin, R. Zhao, Y. Deng, A.A. Franco, J. Phys. Chem. Letters, under revision (2016).
G. Blanquer, Y. Yin, M.A. Quiroga, A.A. Franco, J. Electrochem. Soc, 163 (3) (2016) A329.




LECTRODES IN LITHIUM-O, BATTERIES

Thin film mechanism Y [1 —w:f‘(&—?»]”o
| ,.) l‘

Lithium O , Battery at discharge
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Carbon black Li,0, particle

=>» Porosity vs. Electronic tunneling
I O, + 2Li* + 2e- - Li,0, (solid) I probability vs. Reactive surface area.

A.A. Franco, K.H. Xue, ECS J. Solid State Science and Tech., 2 (10) (2013) M3084.
K.H. Xue, T.K. Nguyen, A.A. Franco, J. Electrochem. Soc., 161 (8) (2014) E3028.
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ONTINUUM SIMULATION OF
S TRANSPORT @ MACROSCALE

DIFFUSION EQUATION

dleC(xt)) 0 Dac:(x,t)

j+y-1'(><,t)

A B C
Separator Cathode

€e=(l —5)¢g

P+1
P+2
P+3

Specific

] , surface area
Electronic current |

Li foll

s= [ j(xthit

lonic current (Faradaic current)

o= j(xt)=f(C .,C..)

distributed in all cathode bins

Function calculated by the kinetic model
(e.g. KMC or Butler-Volmer)

Finite Volume Method

\US) LIBER-T




JE THE PSD ON THE DISCHARGE CURVE

lower overpotential and higher capacity than SP.

[-) For intermediate and high current densities, KB provides}

0.16
F'TE\ 0.141 Super P Ketjen Black | |
= 012 X | 10 X 1|
% 0.10 r,(nm)| 20 r,(nm)| 3 |
_g 0.08 r,(nm)| 40 r,(nm)| 40 |
2 0.06- S 2 S 2 |
.ﬁ 0.04- > 2 > 2
% 002 - - (a)
000810 20 30 40 50 60 70 80 00

\LRCS

Pore radius (nm)

Cell voltage (V)

2.901 (@) 0.5 mA/cr?
2.85 — SuperP
280k = — —— _ _ = = Ketjen black
2.75 “*--_\\
2.701 _
265 ~ T =« \
2.60H A\ |
2551 1 mA/cm?
2501 : —— SuperP
2.45 .| = = Ketjen black
2.40 . , . —

0 100 200 300 400 500

Discharge capacity (mAh/g in carbon mass)

« AA. Franco, K.H. Xue, ECS J. Solid State Science and Tech., 2 (10) (2013) M3084.
« K.H. Xue, T.K. Nguyen, A.A. Franco, J. Electrochem. Soc., 161 (8) (2014) E3028.
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TR ON PHASE: O, ESCAPE PROBABILITY

&

—— First reduction

surface -
O‘)[qnl) te > O, (sol) - I<
Second reduction — \ 5
Oy —> X O, oy + [l-x(r)] Oi* 0, @

Route A: [l-g(r)] 0;° +2[1- Z(r)] Lit" + [1 Z(r)] g e [1 ;{(r)] L1,0, (5m)
Route B: 20 40 T
x® 0,y + O L — 2 L1,0; pasiay + 5 0,

A B C

Anode Cathode

=

P+1
P+2
P+3

Li foil
Air inlet

Escape probability |

Escape function

max "

X(r)=&N=¢

¢ increases with the donor number

K.-H. Xue, E. McTurk, L. Johnson, P. G. Bruce, and A. A. Fradaarnal of the Electrochemical Society, 162(4) (2015) A614.




Cell voltage (V)

Impact of solvent

Solvent: DMSO

- — Experiment Simulation &=0.55
29 \
2.8 3
27 I ,
1 0.2 mA/cm?
2.6
2.5 1

2.4 _ Solvent: TEGDME
= = Experiment - Simulation

)

VENT & ARCHITECTURE IMPACTS

ON DISCHARGE

O, concentration (mol m’)

Near Air-inlet

_ ~
Near Seperator S~

Time

TEGDME, 1 mA/cm?, Cathode of 100 pnm

More Li,0O, formed close to the O, inlet.
Insufficent discharge of inner part mainly due
to poor O, transport.

231 5=048 TEGDME

22 ] / | | 1 mA/cm?
0 /300 600 900 1200 1500 1800 2100 2400 100pm
e—75%

Discharge capacity (mAh/g)

K.H. Xue, T.K. Nguyen, A.A. Franco, J. Electrochem. Soc., 161 (8) (2014) E3028.
K.-H. Xue, E. McTurk, L. Johnson, P. G. Bruce, A. A. Franco, J. Electrochem. Soc.,
162 (4) (2015) A614 .

SEM images from: L. Johnson et al., Nature Chemistry 6 (2014) 1091
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Li,O, toroid
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DISCHARGE PRODUCTS MORPHOLOGY

THE CHARGE PROCESS (1/2)

Y. Yin, C. Gaya, A. Torayev, V. Thangavel, A.A. Franco, The Journal of Physical
Chemistry Letters, 7(19) (2016) 3897.

? F P1Q «
Separat_r.:r. Positive electrode

Oxidation of Thin-film

. |
ctearode | 4T | e LizOa(py = Li™ + LiOy(ip) + €™
i

LiOZ(ip) - Lit + 02(501) +e

Oxidation of Large-particle
Rt ) Lizoz(p) - Ll+ +Ll02(ad) + e

D: '; d. ) LiOz(aqy = LiOz(ip)
k ® ; b @ h
>

e sl - B Lioz(ip) _)Li++02(sol)+e_

= Extension of the cell model for
charge: capturing impact of Li,0O,
particle size distribution on charge
kinetics.

Positive electrode

Mesostructure-performance relationships in batteries...
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4.24
3.94
3.6

3.3

Cell potential (V)
Normalized radius

i 7 1 —
0 200 400 600 800 1000
Charge capacity (mAh/g )

= Impact of discharge current
density on the charge potential:
good agreement with experiment.

DISCHARGE PRODUCTS MORPHOLOGY

THE CHARGE PROCESS (2/2)

Y. Yin, C. Gaya, A. Torayev, V. Thangavel, A.A. Franco, The Journal of Physical
Chemistry Letters, 7(19) (2016) 3897.

= Two potential plateaus calculated:
linked to the two size of particles
consumption.

200 400 600 800 1000
Charge capacity (mAh/g_)

MODEL

4_5 wolume ralio bebwean Li:Dom and LoDl
|  —r LA T BT T0-30%

. —
)
=i : 2.0

305260 400 600 800 1000 0 250 500 750
Capacity (mAh/g) Capacity (mAh/g)

EXPERIMENT®)

cm’

I=0.1
i=0.05 mA cm”

Voltage (V)
-
=
Voltage (V)

w
U

1000

(*) D. Zhai, H. Wang, J. Yang, K.C. Lau, K. Li, K. Amine, L.A. Curtiss, J. Am. Chem. Soc. 135 (2013) 15364.




DISCHARGE PRODUCTS MORPHOLOGY

THE CHARGE PROCESS (2/2)

Y. Yin, C. Gaya, A. Torayev, V. Thangavel, A.A. Franco, The Journal of Physical
Chemistry Letters, 7(19) (2016) 3897.

T~
Hitory of the -

discharge .o
impocts chorgg

= Two potential plateaus calculated:
linked to the two size of particles
consumption.

Cell potential (V)

MODEL EXPERIMENT®)

WORLITTHE MRG WEAT LT ana lI{J"{';I'I S'D o
4 | n—_‘qt‘p-'.:{:':a.mh—ﬁlili..ﬁ?{\-. e [ (. 301 0 1=0.1 R cm
g :’; 1=0.05 mA cm
: = 4.0 — o 40
= Impact of discharge current L " o
density on the charge potential: o 4,) &
good agreement with experiment. 2 35 g 3oL
Sl —e——i 20 . . .
0 200 400 600 800 1000 0 250 500 750 1000

Capacity (mAh/g) Capacity (mAh/g)

(*) D. Zhai, H. Wang, J. Yang, K.C. Lau, K. Li, K. Amine, L.A. Curtiss, J. Am. Chem. Soc. 135 (2013) 15364.




2. LITHIUM-S BATTERIES




J @ -SULFUR BATTERIES: MOTIVATION

discharge charge C
e 3
|—— Load/Charger —_‘ ;
h

:.t Carbon additive

.‘..
Z Polymer binder

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

= Key to enhance LiS batteries: deeper insights about the electrolyte composition

and porous electrode microstructure impact on the cell performance.
> e.g. sulfur repartition between different scales of porosity, Li,S location...




)-CONTINUUM CELL MODEL

‘ / Mesoscopic scale

L B8
=

Mesopore

L

>
-

—p Carbon

» Sulfur (SE) Sulfur {Setsola))

— e |

‘
=L

sep

O x L‘S‘ &) x

bl < i q
Li A Porous B C/Scomposite ¢
Metal separator Cathode

Li/S Cell V. Thangavel, K.H. Xue, M. Quiroga, Y. Mammeri, C. Guery, A. Moustari,
P. Johansson, M. Morcrette, A.A. Franco, 163 (13) (2016) A2817.
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R-BASED SPECIES TRANSPORT

\
/ Porous separator (/S cathode comr‘;gsite

\
Mesoscopic scale N\

Mesopore

Sulfur (Sstso\id))

.
Li/S Cell

3) Intra-flux between two scales

f O Kflux(cz _C_L)E(é-l)

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

2) Mass conservation for microscale

0(&,C,)

=r,-R,— f
P :~ R,

S — Inter-particular pore
B saln)
Intra-flu P Mesopore



R-BASED SPECIES TRANSPORT

- During the initial stage of discharge long chain polysulfides are produced which
can increase the viscosity of the electrolyte.

~ N\

\ _— b Diffusion coefficient is inversely proportional to
/\ / viscosity according to Stokes-Einstein equation.
SS(S()[n)
N g gt
Ssz(;mn) > Viscosity of the electrolyte can be determined from

Einstein's theory of suspension.

u _ 140.5¢
po  (1—p)?

Uo. Viscosity of the pure electrolyte.
@: Volume fraction of long chain polysulfides.
Vs, Vsz-: Partial molar volume of Sg and S;~

¢ =c1(Ss) Vgy +c1 (S37) Va2-

L




EMICAL & PRECIPITATION REACTIONS

= The dissolved sulfur (Sgsn)) UNdergoes a series of
elementary reduction reactions to produce S(Zsj,m).

= Precipitation/dissolution of Li;Sy so1ia)-

b Li,S precipitates both as film and particle.

-
Z

(soIn) 3

g —_ 2
Ll2Sy(s0h'd){1A_ S‘y(_\'nln)
-+
Ll(sol

n)
S

s

l( solny

&(soln)

SS(Solid)

4

,' Cathodesside
/
]

y:8,6,4&2

"o e"o"e" e
'.'.'.'.

q | : mesoscale or microscale.
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ACTIVE SURFACE AREA LOSS

Li,S iy (0))

e

Choking function

Ligom Tunneling
/
0.0 . : : : : ; . :
/ 0 1 2 3 4 5
/ Film thickness (nm)
/
_ 61 —0tun
. . 1.0 @(5 ) — ! erf< Ltun )
Active surface area evolution ] | 1) — 2
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! E
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3,,9, : Li,S thin film thickness over the surface of carbon v 3 'F_l ih.; ¢ 5 W
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Cell Potential, V

TEROGENEITY OF REACTIONS AT

MULTIPLE PORE SCALES
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V. Thangavel, K.H. Xue, M. Quiroga, Y. Mammeri, C. Guery, A. Moustari,
P. Johansson, M. Morcrette, A.A. Franco, 163 (13) (2016) A2817.
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ROGENEITY OF REACTIONS ALONG

HE CATHODE THICKNESS (1/2)
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EROGENEITY OF REACTIONS ALONG

THE CATHODE THICKNESS (2/2)

12—-
1] At the end of discharge
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—
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Cathode thickness, m

LizS i
Figure 2. SEM micrographs of the cross section of the sulfur cathodes (a)
Caarrt'ziocTe before discharge. (b) after discharge to 1.5 V at 0.26 mA/em’, (c) after
P discharge to 1.5 V at 1.74 mA/em®, and (d) after discharge to 1.5 V a
3.00 mA/cm™.
- Discharge stops due to clogging Cheon et al., J. Electrochem. Soc., 150 (2003) A80O.

of the inter-particle pores.
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3. REDOX FLOW BATTERIES




ERGY FROM RENEWABLE SOURCES

Issues on grid management

Y
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Public Service Co. of Colorado (PSCo) (July 2, 2008).
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r _'T : = A. Z. Weber et al., Journal of Applied Electrochemistry 41 (10) (2011) 1137.
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ASED REDOX FLOW BATTERIES (SRFB)

M. Duduta, B. Ho, V. C. Wood, P. Limthongkul, V. E. Brunini, W.
C. Carter, Y.-M. Chiang, Adv. Energy Mater., 1, 511 (2011).

Flow battery fueled by semi-solid
suspensions of high-energy-density
lithium storage compounds that are
electrically “wired” by dilute percolating
networks of nanoscale  conductor
particles.
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Mesostructure-performance relationships in batteries...

LRCS Prof. Alejandro A. Franco
‘ Pregl colloquium UNIVERSITE ammse]wfn &‘H}

NIC - Ljubljana, Slovenia : | |
December 14, 2016

www.cnrs.fr
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Interaction Energies ¢
Particle Wetting s =
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Flocculation
During Cycling

Expansion Rate

» SEI evolution
Li conductivity

Charge transfer
Capacity »
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FUNDAMENTALS Degradation «

Side Reactions

 Energy Dissipation
* Density Variation

* Knudsen Number

* Networks Dynamics







Active material
Binder
Carbon
Solvent

DRYING

CALENDERING
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DELING OF BATTERIES FABRICATION

Parameters Mesostructure \

SLURRY

£ Formulation
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Temperature

Pressure
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M Duration Performance )

Project started in
October 2016




USING IMMERSIVE VIRTUAL REALITY (VR)

{lnteractive Virtual Reality-based tool for energy storage teaching and immersive data

analysis.

Use in lectures within Master M.E.S.C.:
> Driving a Li-O,-powered Electric Car
> Tool informed by Kinetic Monte Carlo databases.

VivaVideo

A.A. Franco, Y. Yin, R. Zhao, R. Lelong, I. ThouveninChem. Education, in preparation (2016).

H:ﬁ:ts-de-France
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