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IBackground

* By increasing the salt concentration in Li-ion battery (LIB), its performance was
found to be improved [1-3]. But, its microscopic mechanism is still not found.

« The use of such highly concentrated electrolyte is one of effective strategy to

develop Na-ion batteries (NIB) for practical use with performance comparable
with that of LIB.
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Fig. Capacity and Coulomb efficiency of LiMn,O,/Li cell at C/10 and 25 °C [1].
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I Hybrid MC/MD reaction simulation
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To investigate the microscopic mechanism of salt concentration effect on SEI
film formation, the hybrid MC/MD reaction simulation was executed in the AN-
NaFSA electrolyte solution by changing the salt concentration.

.0:& : Acetonitrile (AN) @ : Na' W : FSA-

Carbon anode electrolyte

e

Molecule number of electrolyte:

(a) 1.0 M : 800 AN, 52 Na*, 50 FSA-

= (b) 2.0 M : 800 AN, 112 Na*, 110 FSA-
(c) 3.0 M : 800 AN, 177 Na*, 175 FSA-
(d) 4.0 M : 800 AN, 252 Na*, 250 FSA-

3 —

L L L L L L L L LTS
VVVVVVVVVY )
VVVVVVVVE
FEVVVVVVVYE /] S A S G N e
TV L :-ﬁ,gta‘w‘;y e AT SRR
ohlbhlhbolhad 37 P ';.-"J{"' DR RN

i
VYV VVVVVER L ey 3 s e Y
- AL Walan R o
3 »r

Calculation condition

- Temperature: 298 K« GAFF - 10 ps per 1 MC/MD cycle



I Reaction scheme for simulations
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SEl film formation processes

Anode  SEI film electrolyte

SEl film
component
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(a) Low salt concentration (1.0 molL1) w

Anode  SEIl film electrolyte

FS,0,N~

salt

Na* FSA-

(1) 200 MC/MD cycle  (2) 500 MC/MD cycle (3) 1000 MC/MD cycle (4) 2000 MC/MD cycle

(b) High salt concentration (4.0 molL1)

» At the low salt concentration, the reaction products were drift away from
the anode surface because the desolvation easily occurs. On the other
hand, such dissolution was suppressed at the high salt concentration.




Change in surface number density of reaction products

(They are obtained by different 10 initial configurations.)
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» By increasing the salt concentration, the production amount of salt-derived
reaction products (FS,O,N", F) was found to drastically increase due to the
increase in the collision of salt (FSA") in the higher salt concentration.



I Mass density distributions of reaction products
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» The salt-derived reaction products such as FS,0,N- was present in the outer
region to protect the electrolyte from the reduction. Then, as the salt
concentration increases, its peak height clearly increased.



I Mass density of reaction products in SEI film

Table. Mass density of reaction products in SEI film

Salt concentration [moIL'l]

Species
1.0 2.0 3.0 4.0

AN~ 0.118 + 0.023 0.152 = 0.032 0.124 = 0.021  0.144 %= 0.017
CN™ 0.044 £+ 0.002 0.045 £ 0.002 0.043 £ 0.002 0.046 £ 0.004
CH3™ 0.076 = 0.004  0.077 = 0.003 0.075 %= 0.004  0.079 %= 0.006
FS,0O4N 0.151 £ 0.005 0.188 = 0.014 0.258 £ 0.021 0.340 £ 0.017
F~ 0.018 = 0.001  0.022 = 0.002  0.030 = 0.002  0.040 %= 0.002
Total 0.407 = 0.028  0.484 = 0.047 0.530 = 0.044  0.649 %= 0.036

(They are estimated by assuming 4 nm of SEI film thickness.)

» The present calculation results clearly show that the SEI film becomes dense

by increasing the salt concentration.

» It can be understood that the salt-derived reaction products such as ~S,0,N-
are main components to protect the electrolyte from the reduction.



I lon transport mechanism of Na*

« According to the present simulation results, we can assume the simple ion
transport mechanism.

Solvent- _ _
Anode derived fim Salt-derived film Electrolyte
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» There are two important processes, which are (1) ion transfer inside salt-
derived film and (2) ion transfer at the electrolyte-salt-derived film interface.




I Simulation model

« To investigate the ion transport mechanism, the activation barriers based on
lon conductivity were estimated by using two simulation models.
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How to estimate ion conductivity

« Based on the Green-Kubo formula, the ion conductivity is expressed as

=2 =——["dt(3(1)-3(0)) (1)

R, 3kTV

I()=Xav( @)

g;: charge of ith ion, v;: velocity of ith ion, T: temperature, V: system volume

« By neglecting cross-correlation effect, the Nernst-Einstein equation is
obtained as

1
ONE :ijq'Z'O'D' (3)

q,: charge of Ith ionic species, p;: density of Ith ionic species

D,: diffusion constant of Ith ionic species
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Activation barrier based on ion conductivity

-3.4

-3.6

-3.8

log(R, "1

-4.41

-4.6
3.1

Ogumi el al., Langumir, 25(21), 12766 (2009).

-4.0-

-4.24 55 kJ mol

Surface film: EC
A DMC
O EC:DMC (1:9)
m EC:DMC (1:1)

40 kJ mol

58 kJ mol”

32 33
1000/ T(K")

Fig. 2 Temperature dependency
of ion conductivity in LIB

Arrhenius plot

o = Aexp(-pE,)

Ino = _AEa (ij +InB (A, B: proportional constant)
3.4 T

» The experimental activation barrier is estimated by using “ion conductivity o”.

» According to the experimental observations, it was found that the ion
desolvation process is the rate-limiting step.
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Calculated activation barrier inside film

* By using the Nernst-Einstein equation, the ion conductivities were estimated
by changing the temperature to estimate the activation barrier.

log(c) [S/cm™2]

0.0

-1.0

Bulk salt-derived film

?698 K

8598 K

...-.,..498 K
°.

/ ’ 398K
29.5kJmolt ™.,
(7.05 kcal molt) ™., 298K

W ' FS,O,N~

@ :Na'

Calculation condition

0.0 1.0 2.0 3.0 4.0
1000/T [K1] + Temperature: 298, 398, 498, 598, 698 K

i : - 10 ns (10000 ps) MD simulati
Fig. Calculated Arrhenius plot ns ( ps) MD simulations

13



How to treat solvation-desolvation events

« The numbers of solvation-desolvation event (N.,..) for all Na*in the system
was counted during the MD simulations as with the previous study [*].

Film-electrolyte
interface

Only SEI film components
around Na*

Only electrolyte around Na*

I
- -

. Desolvation event |
Desolvation state Solvation state

Intermediate state

[*] O©. Borodin, D. Bedrov, J. Phys. Chem. C, 118, 18362-18371 (2014).
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Arrhenius plots for solvation-desolvation events

5
T4
= 3 498 K
é o. 448K
/\E 2 R 398 K
S 4 T
= 348 K
o 0
o
-1 .
15 2 2.5 3 3.5
1000/T [K1]
(@) 1.0 molL?
E 4
£
19 3
[
~ 2 e-..
= 1 e,
g o0 e
- ®
-1 .
15 2 2.5 3 3.5
1000/T [K1]
(c) 3.0 molL*?

10g(Neyeny) [nsinm-?]

10g(Neyeny) [nstnm™?]

5 .
4
3
o..
2 L]
1 .-
0 e
1 .
1.5 2 25 3 35
1000/T [K1]
(b) 2.0 molL-?
5 .
4
3
2 [ )
e,
1 .
...
0 .
‘@
1 .
15 2 2.5 3 35
1000/T [K]
(d) 4.0 molL+?

15



Activation barriers for desolvation and solvation

Table. Effective activation barriers and frequency factors

Salt concentration  Activation barrier (kcal/mol)  Frequency factor (ns?)

1.0M 9.03 £+ 0.96 6.35
20M 12.42 =+ 1.18 7.76
3.0M 15.40 = 0.88 8.86
4.0M 14.15 = 1.29 8.15

(They are obtained by different 10 initial configurations.)

» The present simulation results clearly show that the desolvation-solvation
process is rate-determining step for ion transport in this system because
their activation barterers are higher than that in bulk film (7.05 kcal/mol).

» The activation barriers were found to be strongly dependent on the salt
concentration. In next CREST workshop, I will focus on this topic.




