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STABLE ELECTROLYTES FOR LITHIUM BATTERIES 
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Department of Industrial Chemistry, Faculty of Engineering, Yamaguchi University, 
Tokiwadai, Ube, Yamaguchi 755 (Japan) 

summary 
The physical and chemical properties of organic electrolytes for lithium 

batteries, and the factors affecting their conductivity, are discussed. In par- 
ticular, attention is focussed on the modification of the solvent structure, 
organic electrolytes based on sulfolane or dimethyl sulfoxide, the addition 
effect of special organic compounds into the electrolyte, and some charac- 
teristics of miscellaneous electrolytes. 

Introduction 

Lithium battery technology has progressed remarkably since the early 
1970s. For example, Li/CF,, Li/MnO* and Li/SOC12 batteries [l - 31 have 
now appeared in the commercial market. In addition, other prototype, 
rechargeable lithium batteries [4 - 91 have been investigated. 

In 1967, the author and coworkers started research on lithium batteries 
with pyridine-hydrobromide-perbromide, pyridine-hydroiodide-periodide 
and poly( 4-vinylpyridine)-bromine complex cathodes [ 10, 111. There fol- 
lowed studies [12] on an electrolyte solution consisting of a mixed propyl- 
ene carbonate (PC)-1,2dimethoxyethane (DME) solvent containing LiClO, 
[ 121. This electrolyte system [ 13, 141, as well as r-butyrolactone (BL) con- 
taining LiBF4, is used in present commercial lithium batteries. However, it is 
still necessary to develop new, stable and conductive electrolytes in order to 
obtain batteries with high output power and good rechargeability. Funda- 
mental aspects and problems concerned with the development of such bat- 
teries are discussed in this paper. 

Physical and chemical properties of organic electrolytes 

Many kinds of organic solvents have been examined as electrolytes for 
lithium batteries; the physical properties of some candidates are given in 
Table 1 [15 - 171. Molecular weight is a fundamental property that is asso- 
ciated with the concentration of the molecule, and connects vapor pressure 
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and viscosity. Usually, the battery electrolyte must have: a high relative 
dielectric constant (relative permittivity), a low viscosity, a high boiling 
point, and a low melting point. However, these properties are generally 
incompatible with each other. The solubility of the electrolytic salt is of 
special importance, and is closely related to the dipole moment of the 
solvent. The solvent must have a high relative dielectric constant in order to 
prevent ion-pair formation in the electrolyte. The viscosity should be low to 
decrease the viscous drag on the ion migration. The electrolyte solution must 
be chemically stable and have a wide range of operating potentials. In partic- 
ular, the electrolyte should be stable in contact with the lithium electrode. 
Therefore, solvents with less noble reduction potentials should be chosen. 

Solution conductivity 

The important factors determining solution conductivity are the dielec- 
tric constant and the viscosity. A mixed solvent system has been frequently 
used: one component has a high dielectric constant and the other a low 
viscosity. Figure 1 shows the molar conductivity of LiC104 in PC-DME and 
PC-THF. It can be seen that mixing exerts significant effects on the conduc- 
tivity. 

According to Bjerrum’s theory of the associated ion-pair, the critical 
distance for ion-pair formation, q, is given by: 

q = lZiZjle2/(8ResE,kT) (1) 

01 
0 25 50 75 100 

DME or THF concentration/mol% 

Fig. 1. Variation of I\ of 1 mol dmv3 LiC104 with solvent composition. 1: PC-DME; 
2: PC-THF. 
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where e,, is the dielectric constant of a vacuum, e, is the relative dielectric 
constant of the medium, z is the charge number of each ion, e is the charge 
of an electron, and k is the Boltzman constant. Using this ion association 
concept, a relation between the degree of ion association and the distance of 
the closest approach for ions can be calculated. A typical relation for a PC- 
DME system is shown in Fig. 2 [ 181. This suggests that the possibility of ion- 
pair formation is rather high in the high DME concentration range. Although 
Walden’s law (i.e., An = constant) is well recognized in solution chemistry, 
significant deivations from this law are observed when ion-pair formation 
takes place. The law holds approximately true in solutions where the dielectric 
constants of the solvents are high. Therefore, in such solutions, an inverse 
relationship between viscosity and conductivity is observed. 

012345678 9 10 

al10 -‘run 
Fig. 2. Variation in degree of association of closest approach in mixed PC-DME system. 
a: DME, 0%; b: 25%; c: 50%; d: 60%; e: 70%; f: 75%; g: 80%; h: 90%. 

Ion solvation also plays an important part in the conduction behaviour 
of the solution. Ions whose solvation radii are relatively large are unable to 
approach one another closely, and thus ion-pair formation would not be 
expected. Donicity (D.N.) and acceptor number (A.N.) of the solvent are 
responsible for the solvation of cation and anion, respectively. That is, these 
properties are closely related to the ion-pair formation [ 191. 

In view of the above mentioned criteria, the properties required of the 
solvent for lithium batteries are: (i) low melting point, (ii) high boiling point, 
(iii) high solubility of the electrolytic salt, (iv) low viscosity, (v) high dielec- 
tric constant, (vi) high capability of solvation towards Li+, and (vii) high 
chemical and electrochemical stability. Therefore, in order to design a stable 
and conductive electrolyte, attention should be directed towards the combi- 
nation of the solvents and the electrolyte. In particular, solvent blending is 
one approach to developing suitable electrolytes. 

Each component of the mixed-solvent system should have at least one 
of the following properties: 

(i) low viscosity; 
(ii) high dielectric constant; 
(iii) high donicity. 

Furthermore, some additives may be included as: 
(a) chemical and/or electrochemical stabilizing reagents; 
(b) inhibitors to polymerization of the electrolyte; or 
(c) depolarizers for negative and/or positive electrodes. 
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Electrolytic salts 

The compounds LiC104 and LiBF, are widely employed as electrolytic 
salts in lithium batteries using PC-DME and BL solvents, respectively. How- 
ever, LiC104 is not appropriate as an electrolyte for rechargeable batteries 
due to its tendency to explode in some ether solvents. In the USA and 
Canada, LiAsF, [4, 5, 20, 211 has been examined as an alternative electro- 
lytic salt due to the resulting formation of a protective film on lithium elec- 
trodes. By contrast, Li13F4 [6,7,22 - 241 and LiPF, [8,9] have been mainly 
adopted in Japan. In these cases, lithium alloy electrodes have been em- 
ployed because alloying depresses the reaction between lithium and the 
solvent. Some other salts, e.g., LiBMe4, LiB&Mez, LiB&, LiSeCb, LiCFsSOs, 
etc., have been examined, but most of them have not been used in prototype 
rechargeable batteries because of their rather low solubility and other disad- 
vantages. 

Modification of solvent structure 

The electrolyte in lithium batteries should be both chemically and 
electrochemically stable, but many solvents react to some degree with both 
the metal and the electrolytic salt [4,15,25]. In particular, tetrahydrofuran 
(THF) and 1,3dioxolane (DOL) exhibit degradation or polymerization in 
the presence of LiAsF, or LiPF,. In these cases, some modification of the 
solvents must be undertaken. Substitution of the methyl group to THF 
(MTHF) slows down the ring-opening reaction of THF [4]. Also, methyl- 
substituted DOL(4-methyl-1,3-DOL) has been adopted instead of DOL. The 
modification of other solvent molecules appears possible. The authors have 
attempted to use some alkoxyethanes, and found that ethoxymethoxy- 
ethane-PC/LiClO, [ 261 and DME-THF/LiPF, [ 271 are superior electrolyte 
systems. 

Organic electrolytes based on sulfolane (S) or dimethyl sulfoxide (DMSO) 

One approach to developing a stable electrolyte is to blend stable 
solvents. Sulfolane and DMSO are chemically and electrochemically stable, 
and the dielectric constants of these solvents are 40 or higher. Figure 3 
shows the DME-concentration dependence of the conductivity for 1 M solu- 
tions of LiBF,, LiC104, and LiPF, in S-DME [28]. These results show that 
S-DME containing 1 M LiPF, has the highest conductance and that the 
anions of the salts strongly affect the electrolytic conductivity. 

The cycle efficiencies of lithium on a nickel substrate measured in 
S-DME solutions with different electrolytes are compared in Fig. 4 [28]. 
The average efficiency was highest in the LiPF, solution. The differences in 
cycle efficiency among the three electrolytes arise from differences in the 
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1 I I I 
0 25 50 75 loo 

DME concentration/mol% 

/ - 

)- 
c 1 5 10 15 2 

Cycle number 

Fig. 3. Variation of conductivity with DME concentration for 1 mol dmp3 LiC104 (1); 
LiBF, (2); LiPF6 (3) in S-DME. 

Fig. 4. Variation of Li cycling efficiency with cycle number in 1 mol drne3 LiC104 (1); 
LiBF4 (2); LiPF, (3). Solvent: S-DME (1: 1 by volume). 

electrochemical stability of the solution. The latter depends on the magni- 
tude of polarization during the charge/discharge process. 

Dimethyl sulfoxide is another promising component for the electrolyte 
of lithium batteries. Figure 5 shows the conductivities of 1 M LiC104, LiBF4 
and LiPF, in DMSO-DME. The conductance behaviour of LiPF, is some- 
what different from that of LiC104 and LiBF4 [29]. Lithium cycling effi- 
ciencies in DMSO-DME (vol. 1: 1) containing 1 M LiC104, LiBF, and LiPF, 
are shown in Fig. 6 [29]. It can be seen that the cycling efficiency of Li in 
LiPF6 is much higher than that in LiC104 or LiBF,. 

20’ 100 1-1 

OO. 25 75 100 

DMSO concentration/vol% 

0 5 10 15 20 
Cycle number 

Fig. 5. Conductivity of 1 mol dm-” LiC104 (1); LiBF4 (2); LiPF6 (3) in the mixed 
DMSO-DME system. 

Fig. 6. Lithium cycling efficiency for 1 mol dmd3 LiClOJ (1); LiBF4 (2); LiPF6 (3) in 
the mixed DMSO-DME system. 

80 

60 
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Addition of special organic compounds 

The addition of some special organic compounds to the electrolyte of 
rechargeable lithium batteries can affect both the conductivity and the 
cycling efficiency. For example, the addition of crown ether, 12-crown-4 
(12C4) or 15-crown-5 (15C5), into PC containing 1 M LiC104 increases the 
molar conductivity [30] ; the highest conductivity occurs at a mol addition 
ratio of 1: 1 (crown ether: Li+). These phenomena are closely connected with 
the solvation of lithiumwith crown ether. Similarly, the addition of N,N,iV’,N’- 
tetramethylethylenediamine (EDA) to PC containing 1 M LiC104 also in- 
creased the charge/discharge efficiency of lithium [ 311. 

As stated above, the addition of a small amount of organic additives 
can also improve Li cycling efficiency. In this area, the use of 2-methylfuran 
(MeF) [32, 331 and related additives, 2-methylthiophene [ 331, and quinone- 
imine [34] dyes have been reported. The action of these compounds is to 
modify the properties of the film which is formed by reaction of the additive 
with lithium or by adsorption of the additive on lithium. 

Miscellaneous electrolytes 

The electrolyte of the Li/SOC& battery is usually LiA1C14. Lithium 
iodide (LiI) is the best known solid electrolyte, e.g., commercial batteries use 
Li/LiI/I*, P2VP [ 351. 

On the other hand, solid polymer electrolytes such as (PEO)sLiCF3S03 
have been reported [36, 371. Lithium ion conductive glasses are also candi- 
dates for the electrolyte and can operate over a wide temperature range. 
These glasses are B2S3-Li#-LiI [38], Bz03-PzO,-Liz0 [39], Siz-LizS- 
LiBr [40], LiF-LiH, LiF-LiOH, LiF-Li*O, LizS-Li*O, LizS-LiCI, LiBS- 
LiBr [ 411, etc. 

The development of new, stable, and high conductive electrolytes is 
expected to result in the development of lithium batteries with high power 
and good rechargeability for use in a wide variety of applications. 
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