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Abstract 

We report the conductlvlty of 150 non-aqueous electrolytes for rechargeable LI battenes 
between -60 and 80 “C A wde range of solvents mcludmg esters, ethers, aromatlcs, 
chlormated solvents, etc , and mixtures thereof, were studed Results for five electrolyte 
salts which have some pronuse for rechargeable LI cells are presented The data are 
organized alphabetically by solvent III Tables for each salt These Tables should prove 
to be useful for workers II-I the LI battery field We dxxuss several of the trends m the 
data and show the unportance of solvent vlscoslty m determmmg electrolyte conductlvlty 

Introduction 

The composltlon of the non-aqueous orgamc electrolyte for secondary 
LI battenes plays a maJor role 111 determmmg cycle life, cell performance, 
operatmg temperature range, and storage temperature range Our recent 
work [ 1, 21 shows that the choice of electrolyte also strongly affects the 
response of cycled cells to thermal and electrical abuse The selection and 
optutuzatlon of an electrolyte for practical cells depends on a number of 
factors, one of whxh 1s the electrolyte conductlvlty 

There have been numerous studies and reviews regardmg the conductlvlty 
and properties of non-aqueous electrolytes (e g , refs 3-7) There have been 
many others regardmg the performance of test cells usmg V~IXOUS electrolyte 
and cathode combmatlons (e.g , refs 2, 8, 9) Ram these works a variety 
of standard approaches to the formulation of high conductlvlty electrolytes 
for secondary L1 cells has evolved Quite commonly, high dielectric constant 
solvents such as ethylene carbonate (EC) or propylene carbonate (PC) are 
mured vvlth low-vlscoslty, low-&electric-constant solvents such as 2-methyl- 
tetrahydrofuran (2-MeTHF) to obtam improved conductlvlty [8] Ternary 
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solvent blends are sometunes used to increase low temperature performance 
even further [9] Hydrocarbon compounds such as decalm have been added 
m small amounts to Improve LI morphology [lo] However, there is not yet 
a complete understandmg of multi-component electrolyte systems to allow, 
a pmorz, the selectlon of an optimum electrolyte for a particular secondary 
Li cell 

The choice of Li salt is, apparently, also complex Our work has shown 
that LIAsF~, LKF3S03 and LlN(CF,SO& are the most useful salts in Ll/MoS, 
and m LUMn02 secondary cells Other salts such as LIBF, and LlPF, show 
some pronuse Less common salts (e g , ref 11) have also been proposed 
and tested LlClO, has been almost unammously reJected by the battery 
commumty for secondary cells because of safety problems 

Here we present the results of electrolyte conductlvlty measurements 
on a urlde range of pure and multi-solvent electrolytes usmg the salts LAsF6, 
LiN(CF,SO,),, LlCF,S03, LiBF,, and LlPF, The presentation of the data m 
alphabetized tabular form 1s mtended to provide a useful compllatlon for 
workers m the field We present graphs of some of the data to show trends 

We have stuclled three solvent nuxtures m greatest deli, as IS reflected 
m the Tables These are EC/PC, 2-MeTHF/EC/PC and sulfolane/tnglyme 
The first solvent nuxture is that found m the commercial Li/MoS, MOLICEL@ 
and m our prototype Ll/Mn02 MOLICEL’ This IS a low vapour pressure, 
kugh flash pomt solvent system suited to low cost manufacturmg and gives 
acceptable safety performance m “AA” size cells 2-MeTHF/EC/PC mnctures 
give mcreased low temperature performance over EC/PC nuxtures and give 
good cycle hfe However, this electrolyte uses 2-MeTHF, which has a low 
flash pomt and a kugh vapour pressure Cycled cells contammg 2-MeTHF 
have been found by us to be less safe than those mth only EC/PC solvents 
2-MeTHF/EC/PC electrolytes may be suitable for cells targeted for mihtary 
apphcatlons Fmally, sulfolane/tnglyme-based electrolytes give acceptable 
cycle hfe m LI/MnO, cells and are not ester based 

Aromatlc compounds such as benzene, toluene, cumene, etc , and hal- 
ogenated solvents smular to methylene chloride have also been mvestlgated 
as ad&tlves The motlvatlon for this work was 

(I) many aromatic and halogenated solvents have low v1scoslty, but do 
not dissolve substantial amounts of L1 salts m pure form Thus, simple 
‘vlscoslty reducers’ can be added to high dlelectnc solvents to mcrease 
conductlvlty, 

(u) aromatics which contam only H and C atoms react only weakly mth 
Li [lo] We felt that safer cells could be made through the ad&tlon of 
substantial amounts of aromatlcs to cell electrolytes, as 1s suggested m the 
patent Merature [ 12 1, 

(UI) many chlormated hydrocarbons have no flash pomt We thought 
that addmg these compounds could lead to safer cells 
Many of the aromatic- and halogen-contammg electrolytes tested here did 
show acceptable cycle hfe m Ll/Mn02 cells, but the safety benefits we had 
hoped for &d not appear This work urlll be the SubJect of a future pubhcatlon 
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Experimental 

L&F, was purchased from Llthmm Corporation of Amenca and used 
as received LIN(CF~SO~)~ and LlCF,SO, were purchased from 3M Corporation 
LflFB and L1BF, were purchased from Aldrich Chemical Co The latter four 
salts were all vacuum tied at elevated temperature to remove moisture 
figure 1 shows TGA experunents carned out on each salt under He gas at 
a heatmg rate of 50 “C mm- ’ Each of the salts decomposes to LlF (vetied 
by X-ray Wractlon of the product) and gaseous products Table 1 compares 
the weight fraction of LiF expected, based on the salt molecular weight, 
with that measured from the TGA curves at 600 “C Apart from LLPFg, the 
agreement between experunent and theory IS excellent The vacuum drymg 
temperatures were picked to be well below the salt decomposltlon temper- 
atures The drymg temperatures for L1CF3S03, LiBF4, LlPF,, and LIN(CF,SO& 
were 150, 115, 80, and 120 “C, respectively All salts were dried for 24 h 

LICFJSO, 

LIN(CF$O& - - - 

“b”““““” 100 200 300 400 500 600 

TEMPERATURE ("C) 

Elg 1 Thermogravunetnc analysis of ti salts under hehum gas The sample sue was approxnnately 
30 mg, the He flow rate was 50 cm’ mm-l and the temperature was mcreased at 50 “C mm-’ 

TABLE 1 

Weight percent of LIF compared with o%mal salt mass m thermal decomposltlon of LI salts 

by TGA 

salt Fmal weight Fmal weight 
expected observed 

06) (%I 

LIPF, 17 1 20*1 
LBF4 27 7 28fl 
L&F, 13 2 12+1 
LlCF,SO, 16 3 16kl 
LNCF3SOzh 90 9_+1 
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It 1s possible that at 80 “C, however, where LiPF, was vacuum tied, that 
some decomposltlon to LiF had occurred durmg drymg, leadmg to the shghtly 
h@er residual mass (Table 1) We hd not thmk ths would affect conductlvlty 
measurements s@uficantly so the LIPFG was stall used 

The solvents stubed are listed m Table 2 The short code referrmg to 
each solvent 111 the rest of the Tables is also @ven The physical property 
data have been collected from vanous Merature Tables 

PC and EC were obtamed from Texaco Sulfolane was obtamed from 
Phdhps 66 and tnglyme from the Ferro Corporation These four solvents 
were ptied by fractional dlstlllatlon After dlstdlatlon, total unpurity contents 
were less than 100 ppm as measured by GC/MS THF, 2-MeTHF, DME and 
ethylmonoglyme were obwed from Aldrich Chemical Corp and were ptied 
by dlsttiation from hthnun benzophenone All other solvents were obtamed 
from Aldrich Chenucal Carp and were not &&tiled Moisture contents of 
all solvents were reduced when necessary by drymg over 4A molecular sieves 

Electrolytes were nuxed by slow ad&tlons of salt, while stunng to avold 
excessive heatmg due to the heat of solvatlon Moisture measurements of 
electrolytes were always taken and conductlvltles were not measured If 
moisture contents were greater than 100 ppm If necessary, electrolyte 
moisture was reduced below 100 ppm by storage over 4A molecular sieves 
All electrolyte preparation was done m an mert atmosphere glove box or m 
a dry room vvlth moisture less than 1% RH 

Moisture measurements were made urlth a Mltsublshl CA-05 moisture 
analyzer based on the Karl Fischer method TGA measurements were made 
vvlth a DuPont 951 TGA 

Electrolyte conductnntles were measured m 2-electrode glass conductnnty 
cells vvlth platmum electrodes Cells were filled 111 the glove box or dry room 
and then sealed urlth a ground glass Jomt and taken outslde the glove box 
or dry room for the conductlvlty measurements The conductlvlty cells were 
well-cleaned between measurements on different electrolytes and were reg- 
ularly re-platuuzed 

Platuuzmg was done accordmg to the procedure of Ives and Janz [ 13 ] 
Lead acetate was not used m the platuuzmg solution because of the posslbtity 
of mtroducmg undesirable unpuntles The electrodes were immersed m 50% 
aqua re@a (3 1 4 HCl HNO, HzO) for approxunately 30-60 s, followed by 
a thorough rmse with delomzed water Warm, concentrated mtrlc acid was 
then used to rmse the electrodes for approximately 5 mm, agam followed 
by a deloruzed water rmse The cell was then filled urlth a 0 01 M solution 
of H,S04, and hydrogen was electrolytically generated, m turn, at each 
electrode usmg a PAR Model 173 potentlostat After another rmse unth water, 
the cell was fXled wth a 0 1 M solution of chloroplatmlc acid m 2 M HCl 
and the electrodes were electrolytically platmlzed The current was adJusted 
so as to produce a moderate evolution of hydrogen (about 20 mA cme2) 
The polarity of the electrodes was reversed several times (every 2-5 mm, 
about 10 mm for each electrode) so that each electrode would be covered 
urlth a umform black deposit The H2PtC1, solution was returned to its storage 
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72 

and benzene appear vvlth benzene as solvent 1 smce it 1s alphabetlcally first, 
then EC as solvent 2 and PC as solvent 3 The rows m the Tables are then 
alphabetized by solvent 1 Electrolytes mth the same solvent 1 are then 
alphabemed by solvent 2 and so on Numerals have been @ven precedence 
over alphabetic characters m our orgaruzatlon, so 2-MeTHF appears before 
benzene, for example The Tables list the volume percent of each solvent 
m the nuxed solvent system before add&on of the salt At every Table entry 
where there are data, the electrolyte IS a smgle-phase homogeneous hquld 
We stopped takmg data when the conductlvlty became too low to be useful 
m practical cells, when the electrolyte froze (denoted by f m the Tables), 
or when preclpltatlon of salt from solution was observed (denoted by sppt) 

We have found that electrolytes based on EC, PC, EC/PC and sulfolane 
are the most useful m rechargeable LI cells We have extracted these from 
Table 3 Table 8 h&s conductlvltles of electrolytes urlth equal volumes of 
EC and PC EC and PC are the ‘prunary solvents’ m these electrolytes and 
are labelled solvents 1 and 2 m Table 8 Table 8 IS alphabetized by solvents 
3 and 4 Table 9 hsts those electrolytes from Table 3 mth pure EC as a 
prunary solvent Tables 10 and 11 list those electrolytes mth PC and urlth 
sulfolane, respectively, as pnmary solvents Tables 9, 10, and 11 are al- 
phabetlzed by solvents 2, 3, and 4, urlth the primary solvent as solvent 1 

figure 2 shows the conductlvlty of 1 M solutions of each of the five 
salts m equal volumes of EC and PC LIPF, electrolytes always have the 
h@est conductlvlty Conductlvltles of electrolytes mth LlCF,S03 are always 
less than the other salts by about a factor of 2 The lmlde salt, LiN(CF,SO& 
shows conductlvlty about equal to L&Fe and excellent thermal stablhty (F‘lg 

1) 
we 3 shows the conductlvlties of 1 M solutions of each of the five 

salts m 2-MeTHF/EC/PC (75%/12 59/o/12 5%) The 2-MeTHF is responsible 
for the mcrease m conductlvlty at low temperature when compared vvlth fig 
2 These data nurror those of ng 2, except that LIBF, has a lower conductlvlty 
m Uus electrolyte The data m Tables 3 and 6 show that L&F, and LIN(CF$O& 
electrolytes, usmg the same solvents, always have smular conductlvlty 

Rgure 4 shows the dependence of conductlvlty on percentage PC m 1 
M LIAsF&C/PC electrolytes 1 M L&F&X 1s hquld at 20 “C because of 
the freezmg pomt depression, but IS sohd at 0 “C Our expenence, and that 
m the hterature [8], show that EC-based electrolytes @ve longer cycle hfe 
Qugher LI cyclmg efficiencies) than PC-based electrolytes We have found 
smular cycle hfe for Ll/MoS, cells usmg 1 M LlksFJEC/PC (50/50) and 1 
M L&F&C/PC (15/85), suggesting that only a small amount of EC IS 
needed to @ve the cycle hfe enhancement over pure PC 

Rgures 5, 6, 7, and 8 show the dependence of conductlvlty on molarlty 
of L&Fe m EC/PC (50/50), EC/PC (15/85), 2-MeTHF/EC/PC (75/12 5/ 
12 5), and sulfolane, respectively In each of these solvent systems the 
maxunum conductlvlty 1s near 1 0 M The vanatlon of conductlvlty mth salt 
molanty could be analyzed mth the Casteel-Amls equation as was done m 
ref 6 



T
A

B
LE

 
8
 

C
on

d
u

ct
w

lt
le

s 
of

 
L
&

F
e-

b
as

ed
 

el
ec

tr
ol

yt
es

 
w

th
 

E
C

/P
C

 
p
n

m
ar

y 
so

lv
en

ts
 

ve
rs

u
s 

te
m

p
er

at
u

re
 

f =
 f

ro
ze

n
, 

sp
p
t 

= 
sa

lt
 p

re
ci

p
it

at
io

n
 

L
IA

S
F

G
 

E
le

ct
ro

ly
te

 
so

lv
en

ts
 

V
ol

 %
 s

ol
ve

n
t 

C
on

du
ct

w
&

y 
(m

S
 

cm
-‘)

 
at

 
C

el
si

u
s 

te
m

pe
ra

tu
re

 
u

td
lc

at
ed

 

(M
) 

1 
2 

3 
4 

1 
2 

3 
4 

-6
0 

-5
0 

-4
0 

-3
0 

-2
0 

-1
0 

0 
20

 
40

 
60

 
80

 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

E
C

 
P

C
 

B
en

ze
lk

! 

2 
M

eT
H

F
 

2-
M

eT
H

F
 

2 
M

eT
H

F
 

2 
M

eT
H

F
 

2 
M

eT
H

F
 

2-
M

eT
H

F
 

2 
M

eT
H

F
 

2 
M

eT
H

F
 

2 
M

eT
H

F
 

2 
M

eT
U

F
 

2 
M

eT
H

F
 

2-
M

eT
H

F
 

2-
M

eT
H

F
 

L
-M

eT
H

F
 

D
ig

ly
m

e 

D
M

E
 

M
et

h
yl

en
e 

ch
lo

n
de

 

M
et

h
yl

en
e 

ch
bn

de
 

M
et

h
yl

en
e 

ch
lo

n
de

 

M
et

h
yl

en
e 

ch
lo

n
de

 

M
et

h
yl

en
e 

ch
lo

n
de

 

M
et

h
yl

en
e 

ch
lo

n
de

 

T
ol

u
en

e 

D
M

E
 

D
M

E
 

D
M

E
 

D
M

M
 

D
M

M
 

D
M

M
 

M
et

h
yl

en
e 

ch
lo

n
de

 

T
H

F
 

T
H

F
 

T
H

F
 

T
ol

u
en

e 

T
H

F
 

T
H

F
 

T
H

F
 

50
 

50
 

30
 

30
 

40
 

37
 

5 
37

5 
25

 

25
 

25
 

50
 

0 
34

 

12
 

5 
12

5 
75

 
1 

15
 

12
 

5 
12

 
5 

50
 

25
 

1 
10

 

15
 

15
 

35
 

35
 

0 
89

 

25
 

25
 

25
 

25
 

0 
39

 

75
 

75
 

15
 

50
 

12
 

5 
12

 
5 

25
 

50
 

0 
60

 

17
5 

17
5 

35
 

30
 

0 
63

 

75
 

75
 

15
 

70
 

1 
52

 

75
 

75
 

15
 

70
 

2 
84

 

12
5 

12
5 

25
 

50
 

L
 0

5 

17
5 

17
5 

35
 

30
 

1 
27

 

17
5 

17
5 

35
 

30
 

0 
28

 

25
 

25
 

50
 

25
 

25
 

50
 

0 
28

 

15
 

15
 

70
 

05
1 

25
 

25
 

50
 

0 
76

 

35
 

35
 

30
 

0 
22

 

75
 

75
 

70
 

15
 

2 
64

 

12
5 

12
5 

50
 

25
 

2 
54

 

17
 

5 
17

5 
30

 
35

 
1 

77
 

37
 

5 
37

5 
25

 

T
n

gl
ym

e 
25

 
25

 
50

 

0 
77

 

1 
80

 

1 
90

 

12
4 

0 
95

 

f 10
7 

1 
18

 

2 
14

 

3 
69

 

2 
95

 

2 
09

 

0 
63

 

05
7 

1 
02

 

14
4 

0 
53

 

3 
62

 

3 
76

 

2 
80

 

00
3 

1 
44

 

2 
54

 

2 
76

 

L
 1

4 

1 
82

 

0 
92

 

1 
95

 

2 
12

 

L
 8

5 

5 
27

 

4 
38

 

3 
15

 

1 
78

 

10
7 

1 
67

 

2 
31

 

11
1 

4 
64

 

0 
64

 

1 
48

 

2 
39

 

3 
55

 

4 
57

 

4 
59

 

3 
29

 

2 
03

 

3 
19

 

3 
46

 

3 
66

 

7 
22

 

6 
05

 

4 
63

 

2 
02

 

3 
35

 

2 
60

 

3 
19

 

2 
04

 

5 
69

 

6 
69

 

5 
65

 

2 
24

 

3 
38

 

4 
67

 

6 
16

 

6 
31

 

4 
90

 

3 
22

 

4 
38

 

4 
78

 

4 
46

 

8 
79

 

7 
58

 

6 
12

 

2 
96

 

sP
P

t 

5 
02

 

3 
39

 

4 
39

 

3 
15

 

6 
72

 

8 
26

 

7 
21

 

1 
55

 

1 
19

 

1 
96

 
3 

04
 

5 
94

 
9 

55
 

13
 

86
 

18
 

49
 

sP
P

t 
3 

79
 

6 
74

 
10

 
12

 
13

 
89

 
17

66
 

3 
34

 
4 

62
 

7 
84

 
11

 
60

 
15

 
78

 
20

 
10

 

4 
81

 
62

1 
9 

56
 

13
 

24
 

17
 

12
 

5 
88

 
69

4 
9 

90
 

12
 

76
 

15
 

52
 

18
 

18
 

7 
88

 
9 

77
 

13
 

87
 

18
 

56
 

23
 

13
 

27
 

41
 

8 
24

 
10

 
37

 
15

 
23

 
20

 
64

 
26

 
01

 
31

 
19

 

6 
73

 
8 

79
 

13
 

49
 

18
 

64
 

23
 

93
 

29
 

37
 

4 
10

 
5 

03
 

6 
80

 
8 

58
 

5 
71

 
7 

05
 

9 
85

 
12

 
64

 

6 
29

 
7 

92
 

11
 

42
 

14
 

87
 

5 
20

 
7 

56
 

10
 

43
 

12
 

17
 

15
 

35
 

18
 

58
 

21
 

38
 

23
 

80
 

9 
28

 
11

 
08

 
14

 
40

 
18

 
30

 
21

 
89

 
24

 
85

 

7 
73

 
9 

49
 

13
 

32
 

17
 

05
 

20
 

77
 

24
 

61
 

4 
01

 
52

1 
7 

90
 

3 
39

 
4 

78
 

8 
37

 
12

 
63

 
17

 
11

 
21

94
 

7 
02

 
9 

23
 

14
 

40
 

19
 

87
 

25
 

75
 

31
44

 

4 
24

 
5 

15
 

6 
97

 

5 
70

 
7 

19
 

10
41

 

4 
33

 
58

1 
9 

32
 

7 
72

 
8 

68
 

10
 

52
 

9 
84

 
11

45
 

14
 

79
 

8 
93

 
10

 
68

 
14

 
58

 

2 
53

 
3 

64
 

6 
58

 
9 

93
 

13
 

90
 

17
 

74
 

2 
01

 
3 

08
 

6 
01

 
9 

64
 

13
 

79
 

18
29

 
2 



T
A

B
L

E
 

9 

C
on

du
ct

lv
lt

le
s 

of
 

L
&

F
e-

ba
se

d 
el

ec
tr

ol
yt

es
 

w
th

 
E

C
 

pn
m

ar
y 

so
lv

en
t 

ve
rs

u
s 

te
m

pe
ra

tu
re

 
f 

=
 f

ro
ze

n
, 

sp
pt

 =
 s

al
t 

pr
ec

ip
it

at
io

n
 

L
&

F
, 

E
le

ct
ro

ly
te

 
so

lv
en

ts
 

V
ol

 4
6 

so
lv

en
t 

C
on

du
ct

w
ty

 
(m

S
 

cm
-‘)

 
at

 
C

el
sm

s 
te

m
pe

ra
tu

re
 

In
di

ca
te

d 

(W
 

1 
2 

1 
2 

-6
0 

-5
0 

-4
0 

-3
0 

-2
0 

-1
0 

0 
20

 
40

 
60

 
80

 

10
 

E
C

 
10

0 
f 

69
7 

11
00

 
15

72
 

20
67

 
10

 
E

C
 

2-
M

eT
H

F
 

50
 

50
 

f 
65

7 
10

14
 

14
09

 
18

26
 

22
50

 
10

 
E

C
 

D
M

E
 

50
 

50
 

f 
5 

27
 

7 
23

 
95

0 
14

52
 

20
64

 
26

65
 

32
57

 
10

 
E

C
 

E
th

yl
m

on
og

ly
m

e 
50

 
50

 
f 

4 
75

 
6 

49
 

10
 6

7 
10

 
E

C
 

S
u

lf
ol

an
e 

50
 

50
 

03
7 

07
1 

1 
27

 
1 

98
 

4 
12

 
68

7 
10

22
 

14
02

 
10

 
E

C
 

T
ri

gl
ym

e 
50

 
50

 
1 

30
 

2 
26

 
3 

40
 

65
5 

10
54

 
14

90
 

19
74

 



T
A

B
L

E
 

10
 

C
on

du
ct

iw
tl

es
 

of
 

L
&

F
e-

ba
se

d 
el

ec
tr

ol
yt

es
 

w
th

 
P

C
 

pr
im

ar
y 

so
lv

en
t 

ve
rs

u
s 

te
m

pe
ra

tu
re

 
f 

=
 f

ro
ze

n
, 

sp
pt

 =
 s

al
t 

pr
ec

ip
it

at
io

n
 

L
A

sF
s 

E
le

ct
ro

ly
te

 
so

lv
en

ts
 

V
ol

 %
 

so
lv

en
t 

C
on

du
cb

vl
ty

 
(m

S
 

cm
-‘)

 
at

 C
el

sm
s 

te
m

pe
ra

tu
re

 
m

dl
ca

te
d 

C
M

) 
1 

2 
1 

2 
-6

0 
-5

0 
-4

0 
-3

0 
-2

0 
-1

0 
0 

20
 

40
 

60
 

80
 

02
 

P
C

 
10

 
P

C
 

10
 

P
C

 
40

 
P

C
 

10
 

P
C

 
10

 
P

C
 

10
 

P
C

 

10
 

P
C

 

10
 

P
C

 
10

 
P

C
 

10
0 

10
0 

D
M

E
 

50
 

50
 

D
M

E
 

50
 

50
 

E
th

yl
m

on
og

ly
m

e 
50

 
50

 
M

et
h

yl
en

e 
30

 
70

 
ch

lo
n

de
 

M
et

h
yl

en
e 

50
 

50
 

ch
lo

n
de

 
M

et
h

yl
en

e 
70

 
30

 
ch

lo
ri

de
 

S
u

lf
ol

an
e 

50
 

50
 

T
ol

u
en

e 
70

 
30

 

0 
65

 
0 

93
 

1 
33

 
1 

80
 

2 
94

 
4 

26
 

5 
69

 
7 

21
 

0 
01

 
0 

06
 

0 
22

 
05

1 
1 

02
 

1 
74

 
2 

68
 

5 
28

 
84

7 
12

30
 

16
56

 
f 

3 
28

 
4 

43
 

6 
24

 
83

7 
13

15
 

18
46

 
23

92
 

28
18

 

f 
00

1 
0 

08
 

0 
27

 
0 

70
 

2 
74

 
66

5 
12

37
 

19
49

 
2 

09
 

2 
89

 
4 

27
 

5 
83

 
94

9 
13

54
 

17
86

 
22

01
 

11
1 

1 
43

 
1 

96
 

2 
63

 
3 

36
 

4 
17

 
5 

03
 

6 
94

 

0 
82

 
1 

64
 

2 
66

 
3 

20
 

4 
33

 
5 

61
 

6 
99

 
9 

83
 

0 
26

 
0 

69
 

1 
40

 
1 

95
 

2 
93

 
4 

11
 

5 
50

 
8 

57
 

0 
59

 
1 

00
 

1 
67

 
3 

53
 

5 
93

 
89

6 
12

60
 

sP
P

t 
0 

44
 

0 
72

 
1 

31
 

2 
10

 
3 

19
 

5 
73

 



L
IA

Y
F

” 

C
M

) 

T
A

B
LE

 
1
1
 

C
on

d
u

ct
lv

lt
le

s 
of

 
L
&

F
e-

b
as

ed
 

el
ec

tr
ol

yt
es

 
\n

th
 s

u
lf
ol

an
e 

p
ru

n
ar

y 
so

lv
en

t 
ve

rs
u

s 
te

m
p
er

at
u

re
 

f =
 f

ro
ze

n
, 

sp
p
t 

= 
sa

lt
 
p
re

ci
p
it

at
io

n
 

E
le

ct
ro

ly
te

 
so

lv
en

ts
 

V
ol

 
%

 
so

lv
en

t 
C

on
d
u

ct
lw

ty
 

(m
S

 
cm

-‘
) 

at
 

C
el

sr
u

s 
te

m
p
er

at
u

re
 ~n

&
ca

te
d
 

1
 

2
 

3
 

1
 

2
 

3
 

-6
0
 

-5
0
 

-4
0
 

-3
0
 

-2
0
 

-1
0
 

0
 

2
0
 

4
0
 

6
0
 

8
0
 

2
 M

eT
H

F
 

a-
M

es
u

lf
ol

an
e 

B
eI

U
eI

le
 

C
u

m
en

e 

D
Ig

ly
m

e 

D
Ig

ly
m

e 

D
M

E
 

D
M

E
 

D
1
gl

yI
lle

 

D
Ig

ly
m

e 

D
Ig

ly
m

e 

D
M

E
 

D
M

E
 

E
th

yl
b
en

ze
n

e 

E
th

yl
b
en

ze
n

e 

E
W

d
@

ym
e 

E
th

yl
m

on
og

ly
m

e 

E
C

 

E
C

 

E
C

 

E
C

 

E
C

 

M
e

th
yl

e
n

e
 

ch
lo

n
d
e 

M
et

h
yl

en
e 

ch
lo

n
d
e 

M
et

h
yl

en
e 

D
M

E
 

E
th

yl
d
&

m
e 

T
w

w
e 

T
n

gl
V

m
e 

T
n

gl
p
e 

T
n

@
ym

e 

T
n

gl
ym

e 

1
0
0
 

5
0
 

5
0
 

6
0
 

5
0
 

5
0
 

6
0
 

5
0
 

6
0
 

5
0
 

5
0
 

5
0
 

5
0
 

5
0
 

3
5
 

5
0
 

5
0
 

5
0
 

5
0
 

2
5
 

4
0
 

4
5
 

5
0
 

5
0
 

7
5
 

2
5
 

5
0
 

5
0
 

4
0
 

2
5
 

5
0
 

4
0
 

5
0
 

4
0
 

2
5
 

2
5
 

2
5
 

1
5
 

2
5
 

3
0
 

2
5
 

5
0
 

5
0
 

5
0
 

2
5
 

2
0
 

1
0
 

2
5
 

5
0
 

0
 2

0
 

0
 4

2
 

0
 
7
7
 

1
 2

4
 

f 
0
 6

7
 

1
 8

2
 

2
 5

0
 

0
 

1
5
 

0
 3

1
 

2
5
 

0
 3

6
 

0
 5

6
 

0
 9

5
 

f 

2
5
 

2
5
 

2
5
 

3
5
 

2
5
 

3
5
 

sp
p
t 

L
5
 

sP
P
t 

S
P
P
t 

S
P
P
t 

0
 0

8
 

S
P
P
t 

0
0
7
 

0
 

1
4
 

0
 2

3
 

0
2
1
 

5
0
 

4
0
 

4
5
 

2
5
 

sP
P
t 

0
0
2
 

0
0
3
 

0
 

1
0
 

0
0
7
 

0
1
1
 

eP
P
t 

1
 8

4
 

S
P
P
t 

1
2
9
 

0
 

7
8
 

1
 2

8
 

S
P
P
t 

0
 4

3
 

0
 

1
7
 

0
 
4
3
 

0
 
3
0
 

0
 6

8
 

0
 
5
6
 

0
9
7
 

0
 
4
4
 

0
 8

3
 

0
 
4
3
 

0
 
7
7
 

0
 

1
9
 

0
 4

0
 

0
 6

0
 

1
1
1
 

0
 
3
7
 

0
 
7
1
 

0
 
3
7
 

0
 
7
3
 

0
 3

2
 

0
 5

4
 

0
 

1
9
 

0
 4

4
 

0
 
2
7
 

0
 5

9
 

2
 8

5
 

2
 

1
1
 

2
 0

3
 

0
8
6
 

0
 8

0
 

1
 1

7
 

1
 6

1
 

1
3
5
 

1
 2

4
 

0
 
7
4
 

1
 7

8
 

1
 2

7
 

1
 3

3
 

1
0
0
 

0
 8

3
 

1
 0

5
 

f 

1
 0

3
 

2
 0

8
 

3
 6

0
 

5
 5

8
 

7
 9

7
 

3
 2

7
 

5
 

1
5
 

7
 2

8
 

9
 
4
6
 

1
1
6
6
 

0
 5

8
 

1
 4

8
 

2
 8

6
 

4
 8

1
 

7
 
1
5
 

sP
P
t 

3
 6

5
 

5
 6

3
 

7
 8

9
 

1
0
 
L
3
 

1
 4

2
 

2
 8

5
 

4
 7

3
 

6
 9

0
 

9
 3

2
 

1
6
4
 

3
 
4
3
 

5
 8

5
 

8
 
7
5
 

1
2
 
2
4
 

sP
P
t 

2
 8

8
 

5
 

1
4
 

7
 9

3
 

1
2
9
3
 

4
 

1
3
 

7
 2

1
 

9
 6

9
 

1
4
 8

1
 

1
8
 
9
6
 

3
 

1
3
 

5
 8

2
 

9
 

1
4
 

1
3
 0

2
 

1
6
9
9
 

2
 9

4
 

5
 
4
3
 

8
 5

0
 

1
2
 0

2
 

1
5
 
8
3
 

1
 3

9
 

3
 0

4
 

5
 3

3
 

8
 

1
4
 

1
1
3
4
 

1
3
1
 

2
 9

4
 

5
 

1
7
 

8
0
2
 

1
1
 

1
6
 

1
8
2
 

3
 

7
4
 

6
 2

5
 

9
 2

3
 

1
2
 
3
4
 

2
 4

1
 

4
 6

2
 

7
 5

2
 

1
0
 8

2
 

1
4
 

4
0
 

1
9
8
 

3
 8

4
 

6
 0

5
 

8
 6

0
 

1
1
 

4
2
 

1
 8

2
 

3
 4

4
 

5
 2

6
 

7
 3

8
 

1
0
 

2
0
 

1
2
1
 

2
 
7
5
 

4
 7

3
 

7
 2

5
 

1
1
6
6
 

2
 5

7
 

4
 
7
6
 

7
 2

8
 

1
0
 

1
1
 

1
3
 0

1
 

1
 9

8
 

4
 

1
2
 

6
8
7
 

1
0
 2

2
 

1
4
 
0
2
 

2
 

1
1
 

4
 4

5
 

7
 3

6
 

1
0
 
7
0
 

1
4
 
6
6
 

1
6
2
 

3
 5

8
 

6
 

1
5
 

9
 4

0
 

1
3
 
0
4
 

1
 3

8
 

3
 0

9
 

5
 4

5
 

8
 4

0
 

1
1
 
6
9
 

1
 6

8
 

3
 6

1
 

6
 2

0
 

9
 3

7
 

1
2
 
9
8
 

3
 6

8
 

7
 2

3
 

9
 4

6
 

1
0
 6

6
 

b
or

ls
 

2
5
 

f 
2
 6

4
 

4
 2

4
 

5
0
 

2
5
 

3
 3

8
 

4
 4

1
 

5
 8

1
 

7
 
1
6
 

1
0
5
1
 

6
 5

5
 

9
 2

2
 

1
1
2
2
 

1
3
 7

5
 

b
ol

ls
 



10
 

10
 

10
 

0 
75

 

05
 

0 
75

 

10
 

10
 

0 
75

 

10
 

10
 

05
 

0 
75

 

10
 

15
 

0 
75

 

0 
75

 

S
u

lf
ol

an
e 

M
et

h
yl

en
e 

ch
lo

n
de

 

P
C

 

P
C

 

P
se

u
do

cu
m

en
e 

T
t%

E
ig

ly
IW

C
! 

T
&

ag
ly

It
W

 

T
&

&
gl

yl
ll

~
 

T
et

&
yI

n
e 

T
0l

W
!n

e 

T
0l

ll
en

e 

T
ol

u
en

e 

T
w

3b
e 

T
@

ym
e 

T
%

be
 

T
@

ym
e 

T
N

ym
e 

T
w

dy
m

e 

T
ng

ly
m

e 
50

 
25

 
25

 
0 

4J
 

1 
L

7 
1 

85
 

2 
69

 
5 

43
 

8 
17

 
11

 
25

 
13

 
40

 

50
 

50
 

0 
59

 
1 

00
 

1 
67

 
3 

53
 

5 
93

 
8 

96
 

12
 

60
 

T
w

3b
e 

45
 

10
 

45
 

0 
44

 
0 

87
 

1 
46

 
3 

17
 

5 
52

 
8 

32
 

11
 

52
 

T
am

e 
50

 
25

 
25

 
09

1 
1 

29
 

2 
68

 
4 

49
 

6 
64

 
9 

01
 

50
 

50
 

sP
P

t 
0 

09
 

0 
22

 
0 

43
 

0 
74

 
1 

68
 

2 
99

 
4 

67
 

6 
61

 

50
 

50
 

00
3 

0 
08

 
0 

20
 

0 
43

 
0 

73
 

1 
83

 
3 

44
 

5 
52

 
7 

96
 

25
 

75
 

0 
19

 
0 

42
 

0 
76

 
1 

93
 

3 
67

 
5 

93
 

8 
64

 

50
 

50
 

sP
P

t 
00

2 
0 

06
 

0 
16

 
0 

36
 

0 
66

 
1 

75
 

3 
50

 
5 

81
 

8 
66

 

T
n

gl
ym

e 
50

 
25

 
25

 
S

P
P

t 
0 

83
 

1 
34

 
19

6 
3 

73
 

5 
81

 
8 

23
 

10
 

82
 

T
%

?l
ve

 
25

 
50

 
25

 
1 

43
 

2 
11

 
2 

88
 

4 
85

 
7 

03
 

9 
38

 
11

75
 

70
 

30
 

sP
P

t 
3 

23
 

5 
06

 
7 

29
 

9 
70

 

50
 

50
 

sP
P

t 
0 

36
 

0 
75

 
10

5 
2 

19
 

3 
70

 
5 

78
 

7 
90

 

50
 

50
 

sP
P

t 
00

5 
0 

17
 

0 
40

 
0 

68
 

1 
10

 
2 

48
 

4 
29

 
6 

64
 

9 
23

 

50
 

50
 

sP
P

t 
0 

14
 

0 
32

 
0 

63
 

10
5 

2 
47

 
4 

45
 

6 
97

 
9 

89
 

50
 

50
 

00
1 

0 
16

 
06

8 
18

7 
3 

82
 

6 
55

 
9 

86
 

m
-X

yl
en

e 
50

 
25

 
25

 
S

P
P

t 
0 

37
 

0 
48

 
1 

34
 

1 
71

 
3 

35
 

5 
30

 
7 

66
 

10
 

16
 

0 
X

yl
en

e 
50

 
25

 
25

 
0 

27
 

0 
52

 
09

1 
1 

39
 

2 
85

 
4 

70
 

6 
93

 
9 

34
 



LIAsF. LIPFB LICFJSOI LIN(CF~SO& hBF, LIAsF, LIPF~ LCF,SOa LIN(CF,SO.). IJBF, 
. 

Elg 2 Conductlvlty of 1 M electrolytes m EC/PC (50/50) Celsms temperatures are mdicated 
on the graph The sohd lmes are gudes to the eye 

E’lg 3 Conductlwy of 1 M electrolytes m 2-MeTHF/EC/PC (75/12 5/12 5) Celsms temperatures 
are mdcated on the graph The sohd lmes are guides to the eye 

F‘lg 4 Conductlvlty of 1 M LIAsF,/EC/PC nuxed electrolytes as afunctlon of ~01% PC Celsms 
temperatures are mdxated on the graph The sohd hnes are gmdes to the eye 

Fxg 5 Conductivity of LIAsFJEX/PC (50/50) electrolytes as a function of molmty Celsms 
temperatures are mdxated on the graph The sohd lmes are gmdes to the eye 

FQure 9 shows that by addmg tnglyme to sulfolane, the hqmd range 
of the electrolyte is mcreased For example, 0 2 M L&F, and 1.5 M L&Fe 
m sulfolane are frozen at 0 “C, while these solutions m sulfolane/tnglyme 
(50/50) are hqmd at 0 “C (Table 3) The conductlvlty enhancement through 
addmg tnglyme 1s small because tnglyme IS a relatively viscous solvent (Table 
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I r I 8 I 1 1 

"hi GF, A0 EC)& f&&5 00 05 10 15 20 25 30 35 
M LiAsF6 In ZMeTHF/EC/PC 

(75/12 5/12 5) 

F‘lg 6 Conductlvlty of LIAsF,/EC/PC (15/85) electrolytes as a function of molanty Celsms 
temperatures are m&cated on the graph The sohd lmes are gmdes to the eye 

Fig 7 Conductlvlty of LAsF,J2-MeTHF/JX/PC (75/12 5/12 5) electrolytes as a function of 
molanty Celsius temperatures are m&cated on the graph The sohd lmes are guides to the 

m 8 Conductlvlty of LAsF&dfolane electrolytes as a function of molar@ Celsms temperatures 
are m&cated on the graph The sohd lmes are gmdes to the eye 

Elg 9 Conductlvlty of 1 M LIAsF,Jsulfolane/e electrolytes as a function of ~01% tnglyme 
Celsms temperatures are mdicated on the graph The sohd lines are guides to the eye 

2) Ad&tlons of the other methylglymes (CH30(C2H40),CH3 for n= 1, 2, 3, 
4) also unprove the hqmd range of sulfolane/glyme electrolytes Addltlons 
of DME (n = 1) and cllglyme (n= 2) cause a significant conductlwty en- 
hancement (Table ll), smce they have relatively low wscoslty 
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Table 12 gwes the viscosity, q, of 1 M L&F6 solutions m sulfolane/ 
n-glyme (50/50) electrolytes at 20 “C Rgure 10 shows the electrolyte 
conductlvlty at 20 “C plotted versus l/v If we assume the dfiuslon of the 
Ions obeys Stokes law, then the conductlvlty is 

? 6vv-, 

where z, 1s the charge on the zth lomc species, F 1s the Faraday constant, 
c, 1s the molar concentration of the zth ion, and r, is the Stokes radms of 
the zth iomc species [ 161 Accordmg to eqn (2), plots of u versus l/7 
should be lmear if the Stokes radms and the molarlty are constant The 
hneanty shown for the sulfolane/glyme electrolytes m Fig 10 suggests that 

TABLE 12 

Vlscos~ty of sulfolane/glyme electrolytes at 20 “C 

Electrolyte Spectic gravity 

(g cm-‘) 
(20 “C) 

vlsc0s1ty 

(CR 
(20 “C) 

1 M LAsF&ulfolane 1 3968 + 0 0003 295f03 
1 M LAsF,/DME/suIfolane @O/50) 1 2331 *O 0003 3 75*0 05 
1 M LAsF&l&me/sulfolane (50/50) 12583 k 0 0003 806*005 
1 M LAsF&ulfolane/e (50/50) 1 2730 f 0 0003 12 o*o 1 
1 M LAsF&ulfolane/tetraglyme (50/50) 1 2874 f 0 0003 169i-0 1 

n=l 
. 

n=2 
. 

n=3 

n=4 ’ 
. 

Ls 0000 0 05 0 10 0 15 

. l/(VISCOSITY) (cP-‘) 
F3g 10 Conductivity of 1 M L&F&dfolane/CH,O(C,H,O),CH, (50/50) electrolytes at 20 
“C as a function of reciprocal electrolyte vlscoslty Data for each n (DME, TZ= 1, dlglyme, 
n=2, trayme, n-3, tetraglyme, n=4) IS mdwated on the graph 
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o/ I I I 7 I I 8 I 

0 2&HF401n 1E LIABsoFG 100 O-0 
CHzClz in 1 OM LIAsFB 

ZMeTHF/(EC/PC) (50/50) EC/PC (50/50)/CH&12 

Fig 11 Conductnnty of 1 M LIAsF,/2-MeTHF/(EC/PC) @O/50) electrolytes as a fun&on of 
~01% 2-MeTHF Celsius temperatures are mdlcated on the graph Sohd lmes are guides to the 

eye 

Fig 12 Conductivity of 1 M LIAsF,/(EC/PC) (50/50)/methylene chloride electrolytes as a 
function of ~01% methylene chloride Celsms temperatures are mdlcated on the graph Solid 
lmes are gmdes to the eye 

the glyme number does not affect the Stokes radius of the Ll+ and AsF6- 
ions m thus solvent system The importance of mmmuzmg solution vlscoslty 
to maxmuze conductlMty IS illustrated by fig 10 

figures 11 and 12 show the effect of add&ions of 2-MeTHF and methylene 
chloride, respectively, to EC/PC electrolytes The vlscosltles of 2-MeTHF 
and methylene chlonde are approxunately equal and are much smaller than 
the vlscosltles of EC or PC (Table 2) so, accordmg to eqn (2), we expect 
addltlons of both to enhance the conductnnty of EC/PC electrolytes The 
conductlvlty drops at hgh concentrations of 2-MeTHF and methylene chlonde 
because the vlscoslty is no longer the dommant parameter 2-MeTHF and 
methylene chlonde dSfer m that LIAsF~ is easily soluble to beyond 1 M m 
the former and is soluble to less than 0 05 M m the latter EC/PC-based 
electrolytes vvlth more than 70% methylene chloride exhlblt multi-phase 
behavlour because of tlus poor solubllity Small add&Ions of low vlscoslty 
aromatics to EC/PC- and sulfolane-based electrolytes show slmllar mcreases 
m electrolyte conductlvlty (Table 3) 

We have hsted the conductlvltles and some properties of electrolytes, 
salts, and solvents of importance for rechargeable Li batteries T~LS work is 
part of ongomg electrolyte research at Mob Energy (1990) Limited and we 
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feel It LS a useful reference for workers m the field We emphasize the 
importance of electrolyte vlscos~ty m determmmg electrolyte conductlvlty 
and have shown how some non-trabtlonal adtitlves such as aromatlcs and 
halogenated solvents can improve electrolyte conductlvlty 
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