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Abstract

Some fluoro organic lithium salts have attractive features as organic electrolyte such as solubility, conductivity, and oxidation
potentials. The fluoro organic lithium salts with SO groups show higher conductivities than those with CO groups. Methide2
Ž . Ž .CF SO CLi and imide RfSO NLi salts show higher conductivities than oxide salts RfSO OLi with only one RfSO group. The3 2 3 2 2 2 2

lithium salts with long fluoroalkyl groups and two or more RfSO groups show high oxidation potentials and high aluminum corrosion2
Ž . Ž .Ž .potentials over 4.3 V. The battery performances of modified imide salts such as C F SO NLi, C F SO CF SO NLi, and2 5 2 2 4 9 2 3 2

ŽŽ . .CF CHOSO NLi are satisfactory. The cycle characteristics of the imide salt cells are better than those of the LiPF cell. Especially,3 2 2 2 6
ŽŽ . .the CF CHOSO NLi shows the best cycle characteristics. In XPS analysis the anode surfaces of the imide cells are covered with3 2 2 2

imide salt components. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .Many types of organic lithium salts such as LiB C H ,6 5 4

Li C O , LiSO C F SO Li, CF SO Li, CF CO Li, C F -2 4 4 3 2 4 3 3 3 3 2 4 9
Ž . Ž . Ž .SO Li, CF SO NLi, CF CO NLi, CF SO -3 3 2 2 3 2 3 2 3

Ž . Ž . Ž .CLi, CF SO CFLi, C F SO NLi, LiB C H O ,3 2 2 2 5 2 2 6 4 2 2
Ž .and LiB COC H O have been reported as lithium6 4 2

w xbattery electrolyte 1–9 . Among them CF SO Li,3 3
Ž .C F SO Li, and CF SO NLi have been used or were4 9 3 3 2 2

used as lithium battery electrolytes.
The following features are required for lithium salts as

electrolytes.

1. Good conductivity
Ž2. Good electrochemical and thermal stability high oxida-

.tion potential
3. Safety and nontoxicity
4. Low cost

) Corresponding author. Tel.: q81-726-23-8140; fax: q81-726-23-
9231.
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The most advantageous features of organic lithium salts
are their characteristics to be improved by structural modi-
fication. We report here the structural effects of fluoro
organic lithium salts on the conductivity, electrochemical
stability, aluminum corrosion at high voltage, and cell
performance

2. Experimental

2.1. HOMO calculation

The energy levels for the highest occupied molecular
Ž .orbital HOMO of different kinds of geometry-optimized

electrolyte anions were calculated with MNDO, PM3,
HFr3-21G ) , and B3LYPr6-31G) IHFr3-21G ) meth-
ods by SPARTAN V 5.0.

2.2. ConductiÕity

The conductivities of several kinds of electrolyte solu-
Ž .tions 0.1 molrl lithium salts in 1r2 vrv PCrDME were
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Table 1
Conductivities of electrolytes with fluoro organic lithium salts at 258C

Ž .0.1 molrl salts in PCrDME 1r2 vrv .

Lithium Conductivity Molecular
Ž .salt mSrcm weight

Ž . Ž .C F P 5O OLi 0.6 3082 5 2

CF CO Li 0.4 1203 2
Ž .CF CO NLi 0.8 2153 2

CF SO Li 2.3 1563 3

CH SO Li Practically 1023 3

insoluble
C F SO Li 2.3 3064 9 3

C F SO Li 1.1 2546 5 3

C H SO Li 0.1–0.2 1646 5 3
Ž .ca. 0.02 molrl

C F SO Li 1.9 5068 17 3
Ž .CF SO NLi 4.0 2873 2 2
Ž .C F SO NLi 3.8 3872 5 2 2
Ž .Ž .C F SO CF SO NLi 3.5 4374 9 2 3 2
Ž . Ž .FSO C F CF SO NLi 3.0 3472 6 4 3 2
Ž .Ž .C F SO CF SO NLi 3.2 6378 17 2 3 2
Ž .CF CH OSO NLi 3.0 3473 2 2 2
Ž .CF CF CH OSO NLi 3.0 4473 2 2 2 2
Ž .HCF CF CH OSO NLi 2.9 4112 2 2 2 2
ŽŽ . .CF CHOSO NLi 3.1 4833 2 2 2
Ž .CF SO CLi 3.6 4183 2 3
Ž .CF CH OSO CLi 2.9 5083 2 2 3

aLiTFPB 2.7 870
LiPF 4.4 1526

a w Ž . xLiB C H CF -3,5 .6 3 3 2 4

Žmeasured by a conductance meter CM40S, Toa Electron-
.ics .

2.3. Oxidation potential and aluminum corrosion potential

Anodic oxidation potentials were measured by potential
Ž .sweep method. Platinum wire 0.3-mm B, Nilaco was

used for working electrode, and 21-mm-wide lithium foil
Ž . ŽKyokuto was used for counter electrode substantial area

2 .s0.2 cm . A polyethylene separator was placed between
the working electrode and the counter electrode. Cell
potential was swept at a rate of 50 mVrs with a potentio-

Ž .stat HA-501, Hokuto Denko and a function generator

Fig. 1. The effects of alkyl-chain length on calculated HOMO energy
levels by MNDO method.

Fig. 2. The effects of branched structure on calculated HOMO energy
levels by MNDO.

Ž .HB-104, Hokuto Denko . The potential at a current den-
sity of 0.5 mArcm2 was regarded as the oxidation poten-
tial.

Aluminum dissolution potential was measured at a rate
Ž .of 5 mVrs by using aluminum plate 1 cm=1 cm .

2.4. Battery-performance test

LiCoO was used as a cathode with PVDF binder and2

conductive carbon. Graphite was used as an anode with
ŽPVDF binder. The 14500 cell 14 mm diameter and 50

.mm height was made using LiPF or lithium imide elec-6

trolyte. After precharging and aging, the capacity and
cycle characteristics of the batteries were checked.

3. Results and discussion

3.1. ConductiÕity

The conductivities of several kinds of electrolyte solu-
Ž .tion 0.1 molrl lithium salts in 1r2 vrv PCrDME with

polyfluorinated organic lithium salts at 258C are shown in
Table 1. The solubility of organic lithium salt in organic
solvents for electrolyte is an important factor to be checked.

Fig. 3. The effects of alkyl-chain length on oxidation potential. Elec-
Ž 2 .trolyte: 0.1 molrl Li saltrPC. Electrode: Pt 0.2 cm , sweep rate: 50

mVrs.
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Table 2
Ž .The HOMO energies and oxidation potentials for CF SO XLi type3 2 n

Ž .electrolytes XsO,N,C

Ž .Lithium salts HOMO energy of anion eV Oxidation potential
2

) ) at 0.5 mArcmPM3 HFr3-21G B3LYPr6-31G
) Ž .V vs. LirLiqIHFr3-21G

CF SO Li y6.39 y6.41 y1.98 4.83 3
Ž .CF SO NLi y7.18 y7.61 y3.32 5.23 2 2
Ž .CF SO CLi y8.15 y8.00 y3.78 5.33 2 3

In general, the organic lithium salts with no fluorine atoms
and with no conjugated resonance structures show low
solubility.

The conductivity of electrolytes relates to the mobility
and concentration of dissociated ions. The mobility of
organic anions decreases with the increase of their molecu-
lar size. However, as shown in Table 1, the conductivity of
LiTFPB whose molecular weight is six times lager than
that of CF SO Li is higher than that of CF SO Li. This3 3 3 3

indicates that ion dissociation is another important factor
for organic electrolytes.

The imide and methide salts with two or three CF SO3 2

groups show higher conductivities than CF SO Li with3 3
wŽ . Ž .only one CF SO group CF SO NLi 4.0 mSrcm ,3 2 3 2 2

Ž . Ž . Ž .xCF SO CLi 3.6 mSrcm )CF SO Li 2.3 mSrcm .3 2 3 3 3

The CF SO OLi with SO group shows higher conduc-3 2 2
Ž .tivity than CF COOLi with CO group and C F POOLi3 2 5 2

w Ž .with PO group CF SO Li 2.3 mSrcm )CF CO Lix 3 3 3 2
Ž . Ž . Ž .x0.4 mSrcm , C F POOLi 0.6 mSrcm .2 5 2

The length of fluoroalkyl groups also affects the con-
ductivity. The conductivities of CF SO Li, C F SO Li,3 3 4 9 3

and C F SO Li are 2.3, 2.3, and 1.9 mSrcm, respec-8 17 3

tively.
These results show that the lithium salts with more than

two RfSO groups with fluoroalkyl groups from CF to2 3

C F are preferable for high conductivity.4 9

3.2. Electrochemical stability

The oxidation stability is estimated by HOMO energy
level calculation. The high oxidation potential is for the

anions with low HOMO energy level. As shown in Figs. 1
and 2, the anions of organic lithium salts with longer or
branched fluoroalkyl groups show lower HOMO energy
levels. We measured the oxidation potentials by the poten-
tial sweep method on Pt electrode in 0.1 molrl lithium

Ž .saltsrPC electrolyte 50 mVrs . The potential-current pro-
Ž .files of C F SO Li ns1, 4, 8 electrolytes are shownn 2 nq1 3

in Fig. 3. The HOMO levels of the corresponding anions
correlate well with the measured oxidation potentials in
Fig. 3.

The number of CF SO groups in lithium salts also3 2

affects their oxidation potentials. Table 2 shows
HOMO energies and measured oxidation potentials for
Ž . Ž .CF SO XLi electrolyte XsO,N,C . The anion of3 2 n
Ž .CF SO CLi shows the lowest HOMO energy among3 2 3

the anions with CF SO groups.3 2
Ž .The oxidation potentials of CF SO Li, CF SO NLi,3 3 3 2 2

Ž .and CF SO CLi are 4.8, 5.2, and 5.3 V, respectively, in3 2 3

0.1 molrl lithium saltrPC electrolyte. Table 2 shows a
good correlation between the HOMO energies and the

Ž .measured oxidation potentials for CF SO XLi type3 2 n
Ž .electrolyte XsO,N,C, ns1, 2, 3 .

Next we examined the effects of the length of fluo-
roalkyl groups on the oxidation potentials of the imide
electrolytes. Imide electrolytes with longer fluoroalkyl
groups such as C F and C F groups show their4 9 8 17

high oxidation potentials. The oxidation potentials
Ž . Ž .Ž .of CF SO NLi, C F SO CF SO NLi, and3 2 2 4 9 2 3 2

Ž .Ž .C F SO CF SO NLi are 5.2, 5.9, and 6.0 V, respec-8 17 2 3 2

tively.
We also checked the oxidation stability of new ester-type

ŽŽ . .imide electrolytes such as CF CHOSO NLi. In Table3 2 2 2

3, with increase in number of F atoms of imide ester salts,
their HOMO energy levels are decreased. Imide ester salt
Ž .CF CH OSO NLi shows a higher oxidation potential3 2 2 2

Ž .than imide salt CF SO NLi. Branched imide ester salt3 2 2
ŽŽ . .CF CHOSO NLi shows the highest oxidation poten-3 2 2 2

Ž .tial 5.8 V among the measured imide ester salts.
The reduction stability is predicted by the LUMO en-

ergy level calculation. The lithium salts with low HOMO
energy level always show low LUMO energies as shown
in Fig. 4. We checked the cycle life of fluoro organic

Ž .lithium salts in EC:Diox 1r2 vrv to compare their

Table 3
Ž .The HOMO energies and the oxidation potentials for imide ester salts RfOSO NLi electrolytes2 2

Ž .Lithium salts HOMO energy of anion eV Oxidation potential
2

) ) at 0.5 mArcmPM3 HFr3-21G B3LYPr6-31G
) Ž .V vs. LirLiqIHFr3-21G

Ž .CF CH OSO NLi y6.89 y7.32 y3.13 5.43 2 2 2
Ž .HCF CF CH OSO NLi y6.63 y7.33 y3.27 5.52 2 2 2 2
Ž .CF CF CH OSO NLi y6.95 y7.63 y3.40 5.63 2 2 2 2
ŽŽ . .CF CHOSO NLi y7.29 y8.03 y3.84 5.83 2 2 2
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Fig. 4. The effects of alkyl-chain length on calculated LUMO energy
levels by MNDO.

reactivity with lithium. In Table 4, C F SO anion and4 9 3
Ž .CF SO N anion with lower LUMO energy level show3 2 2

good cycle life compared with CF SO anion. This result3 3

suggests that the surface passivation film on lithium foil
might suppress the reaction of electrolyte with lithium and
also decrease the dendritic lithium formation.

3.3. Aluminum corrosion

Some organic lithium salts such as CF SO Li and3 3
Ž . Ž .CF SO NLi dissolve aluminum Al positive current3 2 2

collector at 4.2 V in PC electrolyte, shown in Table 5.
These salts are therefore difficult to use in common lithium
ion batteries charged over 4.2 V. However, imide salts
with longer fluoroalkyl groups and methide salts show
corrosion potentials of more than 4.3 V. The alumi-

Ž .num dissolution potentials of CF SO Li, CF SO -3 3 3 2 2
Ž . Ž . ŽNLi, CF SO CLi, CF CH OSO CLi, C F -3 2 3 3 2 2 3 2 5

. Ž .Ž . ŽŽ .SO NLi, C F SO CF SO NLi, and CF -2 2 4 9 2 3 2 3 2
.CHOSO NLi are 3.1, 4.0, 4.6, 5.5, 4.5, 4.8, and 4.3 V,2 2

respectively, in 0.1 molrl Li saltr. These corrosion poten-
tials are well correlated with anion size.

3.4. Cell performance with imide salts

We investigated the structural effects of the imide salt
electrolytes on cell performance by using some imide salts
with corrosion potentials over 4.3 V and good conductivi-
ties.

Table 4
Cycle life of lithium anode in EC:diox with fluoro-organic lithium salts

Ž .0.6 molrl lithium salts in EC:Diox 1r2 vrv .
ŽCR2016-type coin cell positive: Li MnO , negative: lithium foil 0.05x 2

.mm .

Ž .Lithium salt Cycle no. F.O.M. of anode Li foil
2 2 20.25 mArcm 0.5 mArcm 1.0 mArcm

Ž . Ž . Ž .CF SO Li 102 9.9 115 11.1 85 8.23 3
Ž . Ž . Ž .C F SO Li 174 16.8 147 14.2 96 9.34 9 3

Ž . Ž . Ž . Ž .CF SO NLi 196 18.9 126 12.2 99 9.63 2 2

Table 5
Cell performance of 14500 cell with imide salts

a Ž .Li salts Capacity mAh at 258C

Ž . Ž . Ž .0.2 C 140 mA 1 C 600 mA 2 C 1200 mA

Ž . Ž . Ž .LiPF 590 100 577 97.8 567 96.16
Ž . Ž . Ž . Ž .C F SO NLi 589 100 575 97.6 571 96.92 5 2 2

bŽ . Ž . Ž . Ž .C F SO NLi 592 100 576 97.2 573 96.82 5 2 2
bŽ .Ž . Ž . Ž . Ž .C F SO CF SO NLi 592 100 571 96.4 566 95.64 9 2 3 2

bŽ . . Ž . Ž . Ž .CF CHOSO NLi 599 100 580 96.8 573 95.73 2 2 2

a ŽElectrolyte; 1.0 molrl Li saltrECrMEC 1r2 vrv 14500 cell 14
Ž . Ž . .mm B, 50 mm height, q LiCoO , y graphite . Charge: 600 mA h,2

2.5 h, 4.1 V CCCV. Discharge: 140–600 mA, 2.75 V cut off.
b With 0.05 molrl LiPF added.6

Ž .Since the conductivity 6.5 mSrcm of 1.0 molrl imide
ŽŽ . . Ž ..electrolyte C F SO NLi in EC:MEC 1r2 vrv is a2 5 2 2

Ž .little lower than that of LiPF 9.5 mSrcm , the impedance6
Ž .of the C F SO NLi cell is higher than that of the LiPF2 5 2 2 6

cell. However, the impedance increase of the imide cell
after 20 days storage at 608C is smaller than that of the
LiPF cell because of the better stability of the imide6
Ž . .C F SO NLi: 13%, LiPF : 22% . Moreover, the2 5 2 2 6
Ž .C F SO NLi cell with 1.0 molrl imide and 0.05 molrl2 5 2 2

LiPF shows only 9% impedance increase.6

Fig. 5 and Table 5 show the battery discharge curves
and capacities of imide cells and LiPF cell at 0.2, 1.0, and6

2.0 C rate. The discharge potentials of the imide cells are
lower than that of LiPF cell because of the difference of6

their conductivities, but discharge capacities of those imide
cells are almost same even at 2 C rate.

ŽŽ . .The discharge capacities of CF CHOSO NLi cell3 2 2 2
Ž . Žare 599, 580, and 573 mAh at 0.2 C 140 mA , 1.0 C 600

. Ž .mA , and 2.0 C 1200 mA , respectively, while those of
LiPF are 590, 577, and 567 mAh, respectively.6

As shown in Fig. 6, the cycle characteristics of the
Ž .C F SO NLi cell with 1.0 molrl lithium imide and2 5 2 2

0.05 molrl LiPF is better than that of the LiPF cell. The6 6
Ž .Ž .C F SO CF SO NLi cell shows a lower capacity at4 9 2 3 2

Ž .Fig. 5. Discharge curves of 14500 cell with C F SO NLi salt. 145002 5 2 2
Ž Ž . Ž . .cell 14 mm B, 50 mm height, q LiCoO , y graphite .2
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Fig. 6. Cycle characteristics of 14500 cells with imide salt. LiCoO rgra-2

phite-type cell of 14 mm B, 50 mm height; charge currents600 mA for
Ž . Ž .2.5 h 4.1 V CCCV ; discharge currents600 mA 2.75 V cut off ;

Ž .electrolyte: 1.0 molrl Li salt in ECrMEC 1r2 vrv .

Ž . ŽŽ .1 C 600 mA rate than the C F SO NLi cell, while2 5 2 2

its cycle characteristic is better than that of the
Ž . ŽŽ . .C F SO NLi cell. The CF CHOSO NLi cell2 5 2 2 3 2 2 2

shows the best cycle characteristics.

3.5. XPS analysis results of anode surface of the cells with
imide salts

We analyzed the anode surface characteristics by XPS
analysis to investigate the reason for the difference in
cycle characteristics. Tables 6 and 7 show the atomic ratio
of anode surface by XPS and the calculated atomic
ratio from N atom ratio for imide salts. The anode surfaces
of the imide cells are mainly covered by the imide
salt component and organic compounds. For the
ŽŽ . .CF CHOSO NLi cell, 28.8 at.% organic F atom3 2 2 2

should exist as the imide salt or its derivative on anode
surface based on N ratio. This calculated ratio of 28.8% is

Žalmost equal to the observed value of 32.8% based on F
.atom ratio . Total amount of atomic ratio for imide ester

ŽŽ . .CF CHOSO NLi is 67 at.%, whereas that for LiPF3 2 2 2 6

was only 30 at.%. These results suggest that the atoms of
imide salts would exist on anode surface or are involved as
a surface film with other organic compounds. In contrast to
the imide-anode surface, LiPF -anode surface is covered6

with organic compounds, LiPF component, LiF, Li salts6

and PVDF binder. The difference in anode surface compo-

Table 6
The atomic ratio of anode surface by XPS analysis

Ž .ESCA LAB Mark 2 VG Mg-Ka 12 kV, 10 mA.

Salt used in the cell C F Li S N O

LiPF 33.0 19.6 10.7 0.0 0.0 32.66
Ž .C F SO NLi 33.1 27.7 9.2 5.2 2.1 22.42 5 2 2
Ž .Ž .C F SO CF SO NLi 28.8 32.8 10.9 3.2 1.5 20.74 9 2 3 2
Ž . .CF CHOSO NLi 26.5 32.8 7.3 6.5 2.4 24.33 2 2 2

Table 7
The calculated atomic ratio based on N atomic ratio for imide salts

Salt used in the cell C F Li S N O

Ž .C F SO NLi 8.4 21.0 2.1 4.2 2.1 8.42 5 2 2
Ž .Ž .C F SO CF SO NLi 15.0 18.0 1.5 3.0 1.5 64 9 2 3 2
ŽŽ . .CF CHOSO NLi 14.4 28.8 2.4 4.8 2.4 14.43 2 2 2

nents might be important to elucidate various effects on
cycle characteristics.

4. Conclusion

The activity characteristics of fluoro organic lithium
salts can be summarized as follows.

Ž .1 The organic lithium salts with fluoro alkyl groups
show good solubility in organic solvents.

Ž .2 The fluoro organic lithium salts with SO groups2

show better conductivities than those with CO groups.
Ž .3 The fluoro organic lithium salts with more than two

RfSO groups such as methide and imide salts show better2

conductivities than oxide salts RfSO OLi with only one2

RfSO group.2
Ž .4 The lithium salts with long fluoroalkyl groups

show high oxidation potentials. The oxidation potentials
Ž .of CF SO Li, C F SO Li, C F SO Li, CF SO NLi,3 3 4 9 3 8 17 3 3 2 2

Ž .Ž . Ž .Ž .C F SO CF SO NLi, and C F SO CF SO NLi4 9 2 3 2 8 17 2 3 2

are 4.8, 6.0, 6.5, 5.2, 5.9, and 6.0 V, respectively.
Ž .5 Imide and methide salts with two or more RfSO2

groups show higher oxidation potentials than oxide salts
RfSO OLi with only one RfSO group.2 2

Ž . ŽŽ . .6 Imide ester salt such as CF CHOSO NLi3 2 2 2

shows higher oxidation potentials than that of
Ž .CF SO NLi.3 2 2

Ž .7 Imide salts with longer fluoroalkyl groups and me-
thide salts show corrosion potentials more than 4.3 V.

Ž .Especially, methide salt CF CH OSO CLi electrolyte3 2 2 3
Žshows the highest Al dissolution potential 5.5V vs. LirLi

.q in PC electrolyte.
Ž .8 The battery performances of imide salts are satisfac-

tory. The cycle characteristics of the imide salts cell are
ŽŽ . .better than those of LiPF cell. The CF CHOSO NLi6 3 2 2 2

cell shows the best cycle characteristics.
Ž .9 In XPS analysis, the anode surfaces of imide cells

are covered with imide salt components.
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