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Introduction: LI/S batteries

PRO:
- High energy density
- Cost-effective | > 550 km
% 800t
CON: z > 400 km
- Poor cycleability s .
(capacity fading) 8 400 PR 200 km
- Low cycling efficiency 8 ool 160 km
(vol tage plateau: 7 50 km 80 km 100 km
) [— [

- High self-discharge

Ashuttle effecto:
phenomena are involved

ONE WAY FORWARD:

More understanding and
fundamental inside obtained via
modeling.

i DLR

Pb-acid Ni-Cd Ni-MH Li-ion Future Zn-air Li-S Li-air
Li-ion

Price (US$kWh™) 200 600 900 600 <150 <150 <150 <150

Under development  R&D

Available

(Figure from: Bruce et al., Nature Materials, 11, p. 19-29, 2012)
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Motivation:in st andardo 1D Li/ S

ATransport description: dilute solution theory expressing diffusion and
migration with the Nernst-Planck equation:

ot lee 8y Jy RT 0Oy

(transport of chemical species only depends on the concentration of this
species and the potential; transport of unshielded ions is considered)

AThe potential step between electrode and electrolyte is often treated as
one single step, different potentials along the reaction coordinate are
only crudely taken into account (via the symmetry factor alpha)

£ ozF
k. =kiT” _ A
£ 0 exp[ RT JGXP( »T ¢J
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Moti vati on: Lifbsnbdend ar d o

discharge ( ¢— ¢€) y
o, o, ADesolvation, adsorption, and
= | q electron transfer reaction are
S,—S .
i usually lumped together into one
e, R single reaction expressed by one
single kinetic description:
i AHere, e.g. the dissolved Li*, which
® . R IS transported through the
’ : electrolyte, directly takes part in
s’ the precipitation reaction of Li,S.
AAl so, reactants al
SN\ either the potential of the
L . Trenspor electrode, or the potential of the
electrolyte.
Cathode
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Fresh look on 1D Li/S modelling: transport

ATransport theory based on non-equilibrium thermodynamics, following
Latz & Zausch (2011):

OC .+

. . a —
tr — C),LLL.+ — — ”54 — —— kbp, 4+ = =
: = -V |—-a| L V\vC, L —b|- V Cooo — VCa_ —d V Csq — — Vo
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P = - - aYal “LiT — 49 P 2— t 2—- — % ! 'S
ot oC, .+ L 9C ga— o 52— i 9Csg 8
. - . ol o Op o
dq |tr = rtrp.+ [ Opp+ \ =2 rtga— Auga— \ 2 e Sy S5 - - =
— = - - : (@ : Coa_ — : C o —rV P
ot v Fzrip \0C, .+ V Ot Fzga \ 0Cga— vV Cs2 Fz o |\ 0C_o_ v SE nV

Y transport of a dissolved chemical species depends on the
concentrations of all other dissolved chemical species (important for
Li/S systems with potentially high polysulfide-concentrations)

Y the approach takes the shielding effects of both solvent and counter-
lons into account (also especially important for Li/S systems)

Latz, A., Zausch, Jhermodynamic consistent transport theory on Li-ion batterieso , Jour nal of Powe3302220611r c e

i DLR
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Fresh look on 1D Li/S modelling: kinetics |

AKinetic theory based on the law of mass
action (e.g. Baird, 1999) including effects of
the electric potential via the electrochemical
potential, following Rubi & Kjelstrup (2003)
and Latz & Zausch (2012)

Baird, J. K. AiA Gener ali zed Statement,Jourhaldfhe Law
Chemical Education, 76 (8), 1146-1150, 1999

® &, O,

Rubi, J. M., Kjelstrup,  SvVlesoscdpic Nonequilibrium Thermodynamics Gives the
Same Thermodynamic Basis to Butler-Volmer and Nernst Equationsé, Jour nal
Physical Chemistry B, 107, 13471-13477, 2003

Latz, A, Zausch,J; A Ther modynamically derived mode
intercalation for a microscopic transport model of Li-i o n b a tstbmitted & s 0
Electrochimica Acta, 2012

Y Reactants, products and intermediates
Nnseeo different potent
gradient from the electrode to the
electrolyte.

i DLR
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Fresh look on 1D Li/S modelling: kinetics Il
AUsing thermodynamic consistency:
from K —c % and = i—i follows " = }; = ekgﬁy = pe ¥
A An expression for the electrochemical potential of fi=p"+RTIn (7’8 o Cio )

A And a six-point linear interpolation of the potential step between the

electrode and the bulk electrolyte 8¢ 2 &.\\@&_\\@

82 82\87 87 87
) . . . o
A One can write a kinetic expression P S MG N o,

for, e.g., reaction 2 (previous slide):

)

S0

k —1. ach . .
Ry = » %‘TF(%;‘ . (a, (8g) (a%)* e ' PO _ oW g (:?Si_) 2 4 g{gF(%@Sﬁg@hq))
,-}, e B0 i

0
= N (4 (085 (a0)* o (3(@ua—e)) _ T, (0537) 2 e%(%@so—%n)
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Fresh look on Li/S modelling: Xplicit procs.

ﬁ discharge ( ¢— €)
solid electrode  solid surf. liquid surf. liquid electrolyte V liquid electrolyte liquid surf. solid surf.  solid electrode
-\\og\ &‘Q\"\ N »\\0@&,0\"\
§ ) P
'\\‘b rbb &'\\‘* b}‘b (g\b
X x X2 X Q'\\&&&\&&@@@ \9@&&9\
2 oo 8° 8° Qe o © © O &
A\ AN AN SO\
© \© O \ \\"O £ N L N IR N
(Dso 63 b.‘ (b (}’ liq(1) Qliq(n) 1 1 0 V
R\
S,—Ps,
1
o R,
2
S
1
cl K
4
S
1 -
e
Li,S R,
1 R,
z R . v R
Li" Li" {Li"+A} Lk ol {Li"+A} Li" ~Li* Li
Cathode Anode
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Fresh look on Li/S modelling: eqg. system |

k 1 sog
R.]_ = _f) ((1_ - . )_ [sr 8] )
7 Ry 1+ et (leSsl=at) /| [7Ss]eq
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Fresh look on Li/S modelling: eq. system Il

o[ [Lit + A~ ]
ot i

B[ {Lit + A7}
ot )1

B[ [Lit + A~ )]
ot

electrolyte:

cathode:

anode:

n

O Li "]
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electrolyte: 0

cathode: 0

A [Lit + A ] jer
ot i
Al LiT AT e _ R, Afeee
ot 1 Vi
ol {Lit + A |]r R reac
at . TN
Rg — Rj
Rs — 2Ry,
—R4 + 4R3
—R3z + 2R»
—Rs + Ry
s
MTB(8)
reac
AT S
R AI‘EDC MLiQS(S}
48 s g
pL QS(S)
Rs — Ry
—Rz 4+ Rog
Li
M (S)
—R,Q A;BEIC Ll
pi(s)
Sq tr
at i

(4Rs + 6R3) F — 1

4"

A 1D continuum type model:
discretized in 1D

A Resulting DAE solved with
MATLAB solver odel5i
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First qualitative results:
dependency on k¢(6)

2.6 T T T T T \ 1 T
— kf(G) = kf(G)O

1

25 —kf(6)=kf(6)0-10"
s ¢ (8) = K (B) - 5 - 102 .. . .
2.41] T | Itis important to explicitly

describe desolvation

23r B . . .

Z kinetics in the model, as
S ..l | . .

£ 22 L desolvation kinetics are
3

o

3

O

than charge-transfer

1.9

reaction kinetics.

21} \ most likely more influenced
Al \ by, e.g., low temperatures

1.8
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First qualitative results:

dissolution of polysulfides |

()

discharge ( «— €)

HIU

solid electrode  solid surf. liquid surf. liquid electrolyte U liquid electrolyte liquid surf. solid surf.  solid electrode
< < ,§ @ &\\
NP P 8 P B g B
8 9« \&e" 8 8% \(O X Q)&\ () > (S) (O&\\
o~ o \© AN W\
SO L L liq(1) lig(n) 1 1
S,—»s,
1
e 7 &
2
S
1
® o ©,
4
2- R 2. 2 g
S S {S*-2A}
1
e
Li,S R,
4 R
2+ R e Transport e " R +
Li Li* {Li'+A} ol il {Li'+A} Li Li Li
Cathode Anode
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First qualitative results:
dissolution of polysulfides I




