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Electrolyte for Li-S battery ( o

F F £
O Previous reports on HFE-diluted solutions \\ / N // F
of LITFSA >( \ / \K ) P 0 F
F F F

+ Low Li,S, solubility[1].
» HFE leads to Li ion-solvent coordination Bis(trifluoromethylsulfonyl) amide Fluoroethylene carbonate  1,1,2,2-Tetrafluoroethyl 2,2,3,3-

structure in smaller clusters. The local (TFSAY) e retafluoropropyl efher (HFE)
Li-ion coordination structure is \| )J\
. . /
maintained[1]. /l\ o 0 PN )]\ PN
O Previous reports on FEC-based electrolytes \/ © ©
. SE| formed by FEC for the | Hexafluorophosphate (PF") Ethylene carbonate (EC) Diethyl carbonate (DEC) |
suppression of Li,S, reaction at Li
de[2].
anode[2] EC/DEC | FEC/HFE
O We are studying 1 M LITESA/FEC+HFE (1:1 vol) [3] (1:1vol) | (1:1vol)
as an electrolyte for Li-S batteries 1 M LiPF, (a) i (c)

Aims of this Study

O Investigate the lithium deposition/dissolution processes and
SEI formation in this electrolyte, and compare with a typical
[1]1A. Nakanishi, et al., J. Phys. Chem. C, 123, 14229 (2019).

._. = + . .
Li-ion batter.y el.eCtrOIyte’ 1M LIPFGIEC DEC (1 3 VOI)' [2] J. Songq, et al., J. Electrochem. Soc. A, 160, A873 (2013).
Other combinations of salt/solvent are also compared. [3] M. Ishikawa, et al.. J. Phys. Chem. C. 127, 15069 (2023). ,

1 M LiTFSA ) ““(b)““ (d)
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Experimental Methods (Cell Cycling and Analysis)
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» Deposition/Dissolution of Li

CC, 0.5 mAcm2, 3.2-3.6 \, 25 °C

Electrolyte: (@) 1 M LiPF{/EC+DEC (1:1 vol)
(b) 1 M LITFSA/EC+DEC (1:1 vol)
(c) 1 M LiPF/FEC+HFE (1:1 vol)
(d) 1 M LITFSA/FEC+HFE (1:1 vol)

'} «——Spring (1400 pm) and Spacer (1000 pm)

. LiIFePO, composite, 2.2 mAh cm™2

N (214 mm, 80 pm)

Celgard 3501 Separator (217 mm, 25 ym)
+ Electrolyte (80 pL)

«<— CuorLi (214 mm, 50 or 300 pm)
<— Spacer (300 or O um)

«<—— Spacer (500 um)

LFP (rather than a sulfur
composite) is used to focus on
the negative electrode reactions

Fig. Schematic of coin cell.
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» Negative electrode pre-treatment

Li: surface polishing (diamond)
Cu: electrolytic polishing, electrolytic degreasing, etching

» Analysis

Scanning electron microscopy (SEM)
X-ray photoelectron spectroscopy (XPS)
(without air exposure)

» lon Milling for Cross-sectional SEM

Condition
-Sample temperature: —80 °C
Processing time: 1 h
Accelerating voltage: 6 kV
-Discharge voltage: 1.5 kV
-Sample stage:

3 round trip / min, 30°

lon gun

lon beam Shield plate

Stand
Sample

Irradiate the Ar beam
from the deposited Li side.
B St

P q
«

© Hitachi High-Tech Corporation. 2001, 2023. All rights
reserved.https://www.hitachihightech.com/global/en/prod
ucts/microscopes/peripheralequipment/arblade5000.html

Deposited Li on Cu foil
Shield plate
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Deposition/Dissolution of Li (Li|LFP) Dmdcm'\‘

(a) LiPF4 / EC+DEC (b) LITFSA/EC+DEC (c) LiPFg / FEC+HFE (d) LITFSA/ FEC+HFE
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Fig. Charge-discharge curves of Li|LFP coin cells using (a) 1 M LiPFz/EC+DEC (1:1 vol), (b) 1 M LITFSA/EC+DEC (1:1 vol), (c) 1 M LiPF4/FEC+HFE (1:1 vol), and
(d) 1 M LITFSA/FEC+HFE (1:1 vol) at 25 °C. Current density: 0.5 mA cm2

Inactive  Formation of dead Li
‘FP * |nactivation of LFP

Decrease in the effective electrode surface area

¥

i Decrease in charge/discharge capacity

D ,d Li Increase in overpotential
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Deposition/Dissolution of Li (Li|LFP)
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(a) Discharge capacity retention
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(b) Coulombic efficiency

LITFSA

LiPF /EC+DEC

LITFSA/EC+DEC
LiPF /FEC+HFE

<

LITFSA/FEC+HFE |¢ ©

20

| |
40 60
Cycle number / -

80

100

Fig. Cycle dependence of the (a) capacity retention and (b) coulombic efficiency of Li|LFP coin cells using 1 M LiPFg/EC+DEC (1:1 vol), 1 M LiTFSA/EC+DEC (1:1 vol),
1 M LiPF4/FEC+HFE (1:1 vol), and 1 M LiTFSA/FEC+HFE (1:1 vol) at 25 °C. Current density: 0.5 mA cm™.

 Even with 1 M LITFSA/FEC+HFE (1:1 vol), capacity decreased rapidly around 80 cycles.
« The influence of the solvent is significant up to around 50 cycles. (FEC+HFE > EC+DEC)
+ After around 50 cycles, the influence of the lithium salt becomes more significant. (LiTFSA > LiPFy)

Presented at the Electrochemical Society
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Deposition/Dissolution of Li (Cu|LFP) m'\‘

(a) LiPFg / EC+DEC (b) LITFSA/EC+DEC (c) LiPFg / FEC+HFE (d) LITFSA/ FEC+HFE
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Fig. Charge-discharge curves of Cu|LFP coin cells using (a) 1 M LiPFs/EC+DEC (1:1 vol), (b) 1 M LITFSA/EC+DEC (1:1 vol), (c) 1 M LiPF4/FEC+HFE (1:1 vol), and
(d) 1 M LiITFSA/FEC+HFE (1:1 vol) at 25 °C. Current density: 0.5 mA cm=

Unlike the results with a Li negative electrode, with Cu the increase in overpotential is negligible.
—The lithium was consumed during cycling as a result of reactions with the electrolyte.
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(a) Discharge capacity retention  (b) Coulombic efficiency Electrolyte composition
and molar ratio
25 | | | | 100 (a) 1 M LiPF{/EC+DEC (1:1 vol)
| | | ' 1.0:7.2:4.0
o LiPF/EC+DEC SRR . .
IE 20 B, o LiTFgA/EmDEc . 25 |° %&%@@M&%ﬁ@& (6) 1M LII%S_AESIEEC_;DBEC (1:1 vol)
pe o  LiPF/FEC+HFE TO5 L 1.0:65:3.
< o LiTFSA/FEC+HFE 9 {K o LiPF,EC+DEC (c) 1 M LiPF4/FEC+HFE (1:1 vol)
= 15 s | R, o+ LITFSA EC+DEC 1.0:6.7:3.2
§ Ego - %0 o LiPF FEC+HFE (d) 1 M LITFSA/FEC+HFE (1:1 vol)
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Fig. Cycle dependence of the (a) capacity retention and (b) coulombic efficiency of Cu|LFP coin cells 204
using 1 M LiPF;/EC+DEC (1:1 vol), 1 M LITFSA/EC+DEC (1:1 vol), 1 M LiPF4/FEC+HFE (1:1 vol),and ="~
1 M LITFSA/FEC+HFE (1:1 vol) at 25 °C. Current density: 0.5 mA cm™2. 03
0.2
« The influence of the solvent is significant. (FEC+HFE > EC+DEC) o1
— EC + DEC has a higher reactivity with Li than FEC + HFE 0.0 1N 1N
. 1M LiPF¢/ i 1M LiPF4/ i
because carbonate-based solvents are more easily reduced EC+DEC (1:1 vol) EC+DEC(1:1 vol) FEC+HFE(1:] vol) FEC+HFE(1:1 vo
than ether-based solvents. (a) (b) (c) (d)

« The influence of the lithium salt is LITFSA > LiPF,, when the same solvent is used.

Presented at the Electrochemical Society
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Deposition 0.5 mAcm==2/2.2 mAhcm=2/25 °C Capacﬂy 2.2 mAh cm-2 — Theoretical thickness: 11 ym
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Presented at the Electrochemical Society Fig. Surface and cross-sectional SEM images of Li on Cu electrode after 1st deposition in (a) 1 M LiPF,/EC+DEC (1:1 vol), (b)
of Japan Annual Meeting 2025 1 M LiTFSA/EC+DEC (1:1 vol), (c) 1 M LiPF¢/FEC+HFE (1:1 vol), and (d) 1 M LITFSA/FEC+HFE (1:1 vol).




XPS analysis of deposited Li (15t deposition)
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(a) LiPFs / EC+DEC (b) LITFSA/EC+DEC  (c) L|PF6/FEC+HFE (d) LITFSA/FEC+HFE
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Fig. C 1s and F 1s XPS spectra of Li on Cu foil after 1st deposition in (a) 1 M LiPFg/EC+DEC (1:1 vol), (b) 1 M LITFSA/EC+DEC (1:1 vol), (c) 1 M LiPFg/FEC+HFE(1:1 vol),
and (d) 1 M LITFSA/FEC+HFE (1:1 vol) at 25 °C. Current density: 0.5 mA cm~2, Electric charge: 2.2 mAh cm=2.
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ROCO,Li + HE — LiF + CO, +
4
Hydrolysis products of LiPFg[1]

ROH

[1]1 U. Heider, R. Oesten, and M. Junagnitz, J. Power Sources, 81, 119 (1999).
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> Electrodes » Measurement

Working electrode (WE): Pt disk (23 mm) Cyclic voltammetry (CV)

Reference electrode (RE): Li foil Potentiostatic cathodic reduction WE RE
Counter electrode (CE): Li foil Open circuit potential (OCP)

» Electrolytes

(a) 1 M LiPF,/EC+DEC (1:1 vol) containing 10 mM Fc ,
(b) 1 M LITFSA/EC+DEC (1:1 vol) containing 10 mM Fc F:e
(c) 1 M LiPFz/FEC+HFE (1:1 vol) containing 10 mM Fc '
(d) 1 M LITFSA/FEC+HFE (1:1 vol) containing 10 mM Fc @

Ferrocene (Fc) Fig. Schematic illustration of cell

> Observation of SEI formation[1]

For an electrically non-conductive SEI:

 If the electrode is entirely covered by the SEI.
= Peak potential shift
— Elongation of tunnelling distance, decreased standard rate constant.

Q

SEI 5 e SE| - If the electrode is partially covered by the SEI.
Electrode B e = No peak potential shift
Entirely covered Partially covered

[1] Y. Katayama, S. Okazaki, and N. Serizawa, Electrochemistry, 93, 063002 (2025). 10
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Holding electrode Holding electrode Holding electrode
CV> at2.8Vfor1h > CV> at2.7Vfor1h >>>>> at2.4Vfor1h > CV>

(a) LiPFz / EC+DEC (b) LITFSA/EC+DEC (c) LiPFg / FEC+HFE (d) LITFSA/ FEC+HFE
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Fig. CVs of a Pt electrode holding the electrode at different potentials at 1 h in (a) 1 M LiPFg/EC+DEC (1:1 vol), (b) 1 M LITFSA/EC+DEC (1:1 vol), (c) 1 M LiPFg/FEC+HFE
(1:1 vol), and (d) 1 M LiTFSA/FEC+HFE (1:1 vol) containing 10 mM Fc at 25 °C. Scan rate: 100 mV s".

2.7 V vs. LiLi* 2.2V vs. Li|Li* 2.8V vs. LiLi* 2.0 V vs. Li|Li*

A peak potential shift and a decrease in current density occurred with LiTFSA.
— Entirely covered and SEI with no electronic conductivity

No peak potential shift and a decrease in current density occurred with LiPFg.
— Partially covered and SEI| with no electronic conductivity 1

Presented at the Electrochemical Society
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Redox Probe (SElI Breakdown)

After SEI| formation
(previous slide)

(a) LiPF, / EC+DEC
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Fig. CVs of a Pt electrode at different standing periods after the SEI formation in (a) 1 M LiPF4/EC+DEC (1:1 vol), (b) 1 M LITFSA/EC+DEC (1:1 vol), (c) 1 M LiPF6/FEC+HFE
(1:1 vol), and (d) 1 M LITFSA/FEC+HFE (1:1 vol) containing 10 mM Fc at 25 °C. Scan rate: 100 mV s'.

v/ CV shape reverted in LITFSA-containing electrolyte — SEI disappeared —Gel-like SEI
v/ CV shape unchanged in LiPFg4-containing electrolyte — SEI remained —Rigid SEI

With LiPFg, the formation of an uneven SEI (LiF) with very low electrical and ionic conductivity[1] increased the
effective current density, promoting the deposition of Li in dendritic and whisker-like forms.

Presented at the Electrochemical Society
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[1]1 N. Yang, X.-Q. Xu, and J.-X. Zheng, Phys. Rev. Mater., 8, 015403 (2024).
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Summary
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0 )
R F
\\ / \ // F /Y}\
>]/ A\ \K ° F EC/DEC | FEC/HFE
F o (1:1 vol) (1:1 vol)
Bis(trifluoromethylsulfonyl) amide Fluoroethylene carbonate 1,1,2,2-Tetrafluoroethyl 2,2,3,3- .
(TFSA‘) (FEC) tetrafluoropropyl ether (HFE) 1M LIPFB (a) (C)
(o] — —— - ——mmmmm——mm e
>I< )k j\ 1 M LiTFSA (b) (d)
| o} (o] /\0 0/\

L Hexafluorophosphate (PFg™) Ethylene carbonate (EC) Diethyl carbonate (DEC) )

O Discharge capacity decreased rapidly around 80 cycles in 1 M LITFSA/FEC+HFE (1:1 vol).

O FEC+HFE may have a lower reactivity with Li than EC+DEC because the electrolyte contains a
lower proportion of carbonate-based solvents.

O LiTFSA may suppress the formation of dead Li compared to LiPF4 because LiPF4 leads to the
formation of an uneven SEI while LITFSA forms a uniform SEI.
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