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Abstract 

The charge/discharge behavior of a lithium negative electrode is intensively affected by 
the structure of the lithium electrode/organic electrolyte interface and the composition of 
the electrolyte solution. Addition of some metal ions such as Mg+, Zn*+, Ix?+, Ga3+, 
etc., to electrolyte solutions improves the coulombic efficiencies of the electrode during 
the charge/discharge cycles. Some organic additives, e.g., Zmethylthiophene, 2-methylfuran, 
benzene, etc., also improve the coulombic efficiencies for lithium cycling. The mechanisms 
of these additives are discussed in connection with the structure of the electrode/electrolyte 
interface. 

Introduction 

The electrochemistry of lithium (Li) electrode/organic electrolyte interface is one 
of the important issues to develop practical rechargeable Li batteries. The charge/ 
discharge behavior of a Li electrode is intensively affected by the structure of the Li 
electrode/organic electrolyte interface and the composition of the electrolyte solution 
[l-3]. Therefore, a large number of combinations between organic solvents and 
electrolytic salts have been presented 14, S]. Some papers [6-111 have demonstrated 
that addition of small amounts of inorganic or organic compounds to the electrolyte 
solutions improves the cycling performances of the Li electrode and the rechargeability 
of the battery. 

The structure of Li electrode/electrolyte interface has been investigated. Peled 
[12, 131 represented the existence of the solid-electrolyte interface (SEI) through which 
electrons are not allowed to pass. At the same time, impedance of the Li electrode/ 
electrolyte or the film formation on Li electrode was studied [12-161. In these studies, 
various kinds of films on Li electrode were investigated, and the impedance was 
analyzed. Thevenin and Muller [lS] presented the compact-stratified layer (CSL) model 
whose equivalent circuit consists of the circuit of a SE1 layer in series with the circuit 
of a SE1 or a polymer electrolyte interface (PEI) layer. On the other hand, in connection 
with surface layers on Li, ellipsometric studies were reported [17], and Fourier-transform 
infrared spectroscopy (FT-IR) has been used to analyze the products of reaction 
between Li and the electrolyte solutions [l&21]. 

In the present paper, the mechanisms of organic and inorganic additives are 
discussed in connection with each structure of the Li electrode/organic electrolyte 
interface. 

0378-7753193/$6.00 0 1993 - Elsevier Sequoia. All rights reserved 



2 

Lithium/organic electrolyte interface 

Most solvents used generally in Li batteries decompose at the surface of the Li 
negative electrode as cited above [18-211. Sometimes, a Li+-ion permeable film is 
formed at the Li surface as a solid electrolyte [12-151. Common electrolytic salts for 
Li batteries are LiC104, LiBF,, LiPF, and LiAsF,, whose anions might be reduced at 
the Li electrode surface during the charge/discharge cycling. Further serious problems 
would be caused by the formation of a Li dendrite and/or electrically-isolated Li parts 
during the charge/discharge cycling. The adoption of stable solvents and Li salts is 
essential to realizing practical rechargeable Li batteries. 

The electrical double-layer structure between a Li electrode and an organic 
electrolyte should be an important issue for the basic studies on rechargeable Li 
batteries. In mired solvent systems, a solvent having higher donicity tends to coordinate 
preferentially with Li+ ion (specific or selective solvation), and it would have more 
chance to contact and react with Li metal or Li+ ion at the Li-electrode/organic 
electrolyte interface [4, 221. 

Inorganic additives 

One of the effective techniques to obtain a prominent Li electrode/organic electrolyte 
interface is addition of a small amount of inorganic ions such as Mg+, Znzc, In3+, 
Ga3+, etc. [7]. The experimental details have been mentioned in a previous paper 
[7]. The addition of these metal ions improves the coulombic efficiencies of the Li 
electrode during the charge/discharge cycles. 

Figures 1 and 2 show typical results for these inorganic additives. Here, the 
coulombic efficiencies for charge/discharge cycling of Li were measured in propylene 
carbonate (PC)/LiClO,(l M) solutions containing Mg2+ or Znzs under a constant 
current of 1.0 mA cm-‘. The addition of M$+ and ZnzC to the PC-based solutions 
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Fig. 1. Addition effect of M2+ on charge/discharge coulombic efficiency of Li(PC/LiC104); 
current density: 1.0 mA cm-*, charged electricity: 0.1 C crK2, surface area of the test electrode: 
0.95 cm*. (0) 0 ppm, (0) 10 ppm, (A) 100 ppm, and (0) 1000 ppm. 



3 

0’ ’ I I 

IO 20 
Cycle number 

Fig. 2. Addition effect of ZnZ+ on charge/discharge coulombic efficiency of Li(PC/LiC104); 
current density: 1.0 mA cm-‘, charged electricity: 0.1 C cm-*, surface area of the test electrode: 
0.95 cm’. (0) 0 ppm, (0) 10 ppm, (A) 100 ppm, and (Cl) 1000 ppm. 
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Fig. 3. Cole-Cole plots of the impedance at Li electrode 
Mg’ !+; surface area of the test electrode: 0.95 cm’. 
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improved the coulombic efficiency. There were optimum concentration ranges for these 
metallic ions to obtain excellent addition effects. 

The effects of the additives have been investigated by cyclic voltammetry, scanning 
electron microscopy (SEM) observation and a.c. impedance measurements. A typical 
result for the impedance measurements is shown in Fig. 3, where the variation of the 
a.c. impedance at the Li electrode in PC/LiC104 containing Mg+ is plotted (Cole-Cole 
plot). The size of the semicircle in the plot, which is equivalent to the resistance at 
the interface, increased with time duration, i.e. the immersion time of Li in the 
electrolyte. Time constant (R Cd) of the impedance was calculated, and its time duration 
is shown in Fig. 4. The result suggests that the composition of the electrode surface 
changed with time duration. The composition change at the interface was assumed 
to be caused by the formation of a thin film of a Li alloy though it has not been 
ascertained experimentally. For an example, Li-Al alloy is lower conductive than Li 
and Li can diffuse in the alloy. Such phenomena would be consistent with the results 
of voltammetric measurements [7]. 
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Fig. 4. Variation of R Cd with time; (0) Mg 100 ppm. 

Similar addition effects have been observed in the electrolyte solutions containing 
Sn4+, A13+, In3+, Ga3+ and Bi3+. These inorganic ions would form thin layers of Li 
alloys at the electrode surface during cathodic deposition of Li, and the resulting thin 
films suppress the dendritic deposition of Li that causes the lowering of the coulombic 
efficiencies in the charge/discharge cycles. 

Organic additives 

Some organic additives in organic electrolyte solutions also improve the coulombic 
efficiencies of Li during the charge/discharge cycles [g-11]. Among the additives, cyclic 
compounds containing hetero-atoms and conjugated double bonds, such as a-methyl- 
thiophene (2MeTp) and 2-methylfuran (2MeF), are excellent. Also, some aromatic 
compounds such as benzene is one of the effective additives in the electrolyte solutions 
of rechargeable Li batteries. The experimental details have been described in a previous 
paper [ll]. 

Figure 5 shows a comparison of the coulombic efficiencies during the charge/ 
discharge cycles in PC/LiC104 containing 2MeTp (0.5 vol.%) and benzene (5.0 vol.%) 
measured under a constant current of 1.0 mA cm-*. The addition of these compounds 
improved the coulombic efficiency of Li. Under these experimental conditions, the 
optimum concentration of benzene was 5.0 vol.%, though that of 2MeTp WIS very 
low [lo, 11, 23-251. 

The results of the impedance measurements are presented in Fig. 6. In general, 
the impedance at the interface of Li electrode/organic electrolyte solution increased 
with time duration. However, the magnitude of the resistance increase was suppressed 
by addition of these additives. 

The time constants calculated from the Cole-Cole plots are shown in Fig. 7. The 
time constants in PC/LiC104 with or without benzene were almost constant with the 
immersion time, but those in PC/LiC104 with 2MeTp or 2MeF increased with time 
duration. These results suggest that, in PC/LiC104 with or without benzene, the chemical 
composition of the surface film does not change during the immersion of Li but the 
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Fig. 5. Addition effect of organic additives on charge/discharge coulombic efficiency of Li; 
current density: 1.0 mA cm-*, charged electricity: 0.1 C cm-‘, surface area of the test electrode: 
0.95 cm*. (0) PC/LiClO.,(l M), (m) PC/LiClO, + 2MeTp(0.5 vol.%), and (A) PC/LiClO, + benzene 
5 vol.%). 
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Fig. 6. Cole-Cole plots of the impedance at Li electrode in: (a) 1.0 M LiClOflC, (b) 1.0 M 
LiClOJPC with 2MeTp(0.5 vol.%), and (c) 1.0 M LiClOJPC with benzene(5 vol.%). Surface 
area of the test electrode: 0.95 cm*. 

film thickness increases with time. That is, benzene would adsorb weakly on the Li 
electrode surface and suppress the dendrite formation. However, in the latter case, 
2MeTp reacts with Li and a stable thin Li+-ion conducting film would be formed on 
the Li electrode surface. This is suggested by the fact that the time constant gradually 
changed with the immersion time. 

As mentioned above, the mechanisms of the addition effects of benzene and 
2MeTp or 2MeF are different. Therefore, the reaction between Li and the cyclic 
compounds containing hetero-atoms and conjugated double bonds, 2MeTp and 2MeF, 
would form SEI, but benzene adsorbs weakly on Li electrode in the electrolyte solution 
and Li electrode reaction would proceed on bare Li surface with smaller area. Therefore, 
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Fig. 7. Variation of Rd Cd with time; current density: 1.0 mA cm-*, charge electricity: 0.1 C 
cm-*. (0) PC/L.iCIO,(l M), (I) PC/LiClO,+2MeTp(O.5 vol.%) and (A) PCiLiCIO,+ benzene 
(5 vol.%). 

the addition effect of benzene cannot explain the SEI. These differences of the 
mechanisms between two groups of the organic additives are very interesting. 

Future directions 

Addition of inorganic and organic compounds to the organic electrolyte solutions 
of rechargeable Li batteries provided high coulombic efficiencies for the Li cycling. 
The mechanism of the additives should be clarified in the near future. In the present, 
much interest is focused on rechargeability of rocking chair type electrodes. However, 
the use of a Li metal electrode would realize rechargeable Li batteries with high 
energy densities. The adoption of effective additives for the electrolyte solutions should 
be one of the beneficial ways to the development of practical rechargeable Li batteries. 

Acknowledgements 

The author is deeply indebted to Prof K. Wiesener and Dr D. Rahner, Dresden 
University of Technology, for their helpful suggestion and discussion relating to the 
impedance measurements, and to Prof E. Peled, Tel Aviv University, for his helpful 
comments on inorganic additives. Thanks are given to Associate Prof M. Morita, Mr 
H. Nigo and Mr S. Aoki, Yamaguchi University, for their helpful discussion and skilled 
technical assistance. 

This work was partially supported by a grant-in-aid for Scientific Research No. 
04453081 from the Ministry of Education, Science and Culture, Japan, and the Electric 
Technology Research Foundation of Chugoku. 

References 

1 K. M. Abraham and S. B. Brummer, in J. P. Gabano (ed.), Lithium Batteries, Academic 
Press, New York, 1983, Ch. 14. 

2 Y. Matsuda, J. Power Sources, 20 (1987) 19. 



7 

3 Y. Matsuda, in Y. Matsuda and C. R. Schlaikjer (eds.), Practical Lithium Batteries, JEC 
Press, Cleveland, OH, 1988, Ch. 3. 

4 Y. Matsuda, Nippon figaku Kaishi, (1989) 1. 
5 Y. Matsuda, M. Morita and K. Suetsugu, Nippon Kagaku Kairh< (1988) 1459. 
6 K. M. Abraham, J. Power Sources, I4 (1985) 178. 
7 Y. Matsuda, M. Morita and H. Nigo, in K. M. Abraham and M. Salomon (eds.), Primary 

and Secondary Lithium Batteries, The Electrochemical Society, Pennington, NJ, 1991, p. 272. 
8 K. M. Abraham, J. S. Foos and J. L. Goldman, J. Electrochem. Sot., 131 (1984) 2197. 
9 S. Tobishima and T. Okada, Denki Kagaku, 53 (1985) 742. 

10 Y. Matsuda, H. Hayashida and M. Morita, in J. P. Gabano and Z. Takehara (eds.), primary 
and SecondalyAmbient Temperature Lithium Batteries, The Electrochemical Society, Pennington, 
NJ, 1988, p. 610. 

11 M. Morita, S. Aoki and Y. Matsuda, Electrochim. Acta, 37 (1992) 119. 
12 E. Peled, J. Electrochem. Sot., I26 (1979) 2047. 
13 E. Peled, in J. P. Gabano (ed.), Lithium Batteries, Academic Press, New York, 1983, Ch. 3. 
14 Y. Geronov, F. Schwager and R. H. Muller, J. Electrochem. Sot., 129 (1982) 1422. 
15 J. G. Thevenin and R. H. Muller, I. EZectrochem. Sot., 134 (1987) 273. 
16 M. Garreau, J. Power Sources, 20 (1987) 9. 
17 F. S&wager, Y. Gemov and R. H. Muller, J. Electrochem. Sot., I32 (1985) 285. 
18 R. Fong, M. C. Reid, R. S. McMilan and J. R. Dahn, J. Electrochem. Sot., 134 (1987) 516. 
19 D. Aurbach, M. L. Daroux, P. Faguy and E. B. Yeager, J. Elecrrochwn. Sot., 134 (1987) 

1611. 
20 D. Aurbach, M. L. Daroux, P. Faguy and E. B. Yeager, J. Electmchem. Sot., 135 (1988) 

1863. 
21 D. Aurbach and Y. Gofer, J. Electrochem. Sot., 136 (1989) 3198. 
22 Y. Matsuda, in 0. J. Murphy, S. Srinivasan and B. E. Conway (eds.), Ekctrochemkby in 

Transition, Plenum, New York, 1992, Ch. 14. 
23 K. M. Abraham, J. Power Sources, 14 (1985) 179. 
24 S. Tobishima and T. Okada, Denki Kagaku, 53 (1985) 742. 
25 Y. Matsuda and M. Morita, Progr. Batteries and Solar Cell, 7 (1988) 266. 


