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Abstract 

The improvement of cycling behaviour and self discharge of lithium-carbon intercalation electrodes as well as metallic lithium electrodes 
m polysulfide-conlaming propylene carbonate-based electrolyte is demonstrated. Cyclic voltammetry of LiC,, electrodes indicates a more 
complex reductive behaviour only during the first charge/discharge cycle than in an additive-free electrolyte. The products of the polysulfide 
reduction seem to 4reprove the properties and the quality of the film that is also produced in the absence of S 2 and promotes its formation 
on Li or L]C,,, respectively. The improvement may be related to thinner polymer-electrolyte interface layers (PEI layers) and/or a larger 
amount of insulated inorganic compounds in the PEI layers. © 1997 Elsevier Science S.A. 
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1. Introduction 

Due to safety problems of the metallic lithium electrodes 
alternative materaals came into the center of  interest in lithium 
batteries. Lithium-carbon intercalation compounds were 
found to be the most interesting and promising materials for 
the negative electrode of  a lithium battery. 

A serious drawback of the LiC,, system is the large loss of 
capacity during storage due to self discharge. The protective 
layer on the surface consisting of reduction products of  the 
organic electrolyte during cycling [ 1 ] does not work as effi- 
ciently as the films formed on metallic lithium electrodes. 
Attempts have been made to cover the surfaces of  the carbon 
electrode with organic or inorganic coatings such as poly- 
2-vinylpyridine (P2VP) or TiO2 before the electrolyte 
reduction occurs [ 2]. 

Another disadvantage of carbon black or graphite is the 
need for a binder that reduces the energy density of the elec- 
trode and influences its electrochemical behaviour. There- 
fore, turbostratic carbon materials such as graphitzed carbon 
fibres have been tested and were found to be a good inter- 
calation material 

There have been considerable research activities in 
improving the electrolyte systems for rechargeable lithium 
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batteries by the addition of  small amounts of organic or inor- 
ganic additives [3-6] .  These additives improve the proper- 
ties of the surface films on the electrodes and work in both, 
the metallic lithium and the LiCn system. Organic surface 
active additives like t-decaline improve the cycling behaviour 
of lithium due to a smoother deposition morphology whereas 
film-forming additives such as CO2 and N20 improve the 
metallic lithium deposition and the self discharge of lithium- 
carbon compounds [6,7]. 

Unfortunatly, the nature of  the film is still unknown and 
much effort has been devoted for its elucidation [ 8,9 ]. In FT- 
IR spectra different compounds have been found depending 
on the electrolyte system. In propylene carbonate solvent 
alkoxycarbonates ROCO2Li have been determined on the 
surface of the film. The insertion of inorganic salts such as 
Li2CO~ in the film can just be postulated due to X-ray pho- 
tospectroscopy (XPS) studies [ 9] and the influence of  inor- 
ganic additives on the electrochemical behaviour is discussed 
in different models [ 10,11 ]. 

2. Experimental 

The electrolyte was purified by standard procedures. The 
typical water content of  the 0.5 M propylene carbonate (PC) / 
LiCIO4 electrolyte was less than 50 ppm. S, 2- was prepared 
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in situ by electrochemical reduction of a sulfur electrode 
( including 20% graphite as a conductive binder) placed in 
the electrolyte solution. The concentration of S, 2- in the 
electrolyte was determined to be 3 × 10 4 mol / l .  Less than 
10 4 mol / l  had no clear effect. Higher concentration of  the 
electrolyte did not increase the beneficial effect of the poly- 
sulfide. The watercontent of the PC/LiC104/S ,  2 electrolyte 
was less than 60 ppm. 

Carbon fibers (P 100, Amoco  Union Carbide) were cut 
with a scalpel and fitted between two nickel plates for elec- 
trical contact. Each carbon fibre bundle electrode had a weight 
of 1 mg inside the electrolyte which was determined with a 
Teflon distance holder. The electrodes were placed in a Pyrex 
glass cell with a large excess  of electrolyte and with bulk 
lithium counter electrodes. The mckel electrodes for cycling 
and deposition of  metallic lithium were cleaned and dried in 
vacuum prior to be put into the Pyrex glass cells. These 
studies were performed in open configuration without any 
separator and force on lithium. 

Standard cycling conditions were I, = Id = 1 m A / c m  2 with 
Q = 2 . 7  C / c m  -~ on nickel substrates and l ~ = l d  = 5 0  t.tA/mg 
C on LiC,, electrodes. Cyclic voltammetry was carried out 
with an ECI 1286 potentiostat. Impedance spectra were 
obtained by using a FRA 1255 connectet to an ECI 1286 in 
the potentiostatic mode. The measured potentials were 3.0 
and 2.0 V, and in 0.1 V steps from 1.0 to 0.0 V during 
intercalation in the frequency range from 65 kHz to 0.1 Hz. 
During de-intercalation the same potentials and frequencies 
were used. All impedance spectra were measured near equi- 
librium after relaxation ( current _< I p ,A/mg C) to minimize 
the current dependencies on the complex resistances. All 
potentials were measured versus Li/Li  +. 

3. Results  and discussion 

3.1. Lithium-carb(m electrodes 

Fig. I shows the benificial effect of  S, 2 on the cycling 
behaviour of  LiC,, electrodes. 

The capacity losses per cycle (L,)  over a large number of  
cycles (L~ + L2 + ... + L,,) showed that the additive caused a 
higher capacity loss during the first intercalation/de-inter- 
calation cycle  but during the following cycles the irreversible 
capacity loss is drastically decreased as compared with the 
unmodified electrolyte and with the CO2-containing electro- 
lyte. respectively. 

The self discharge of tully charged lithium carbon elec- 
trodes was found to be lower in the S~ 2--containing electro- 
lyte in the first cycle. During the second intercalation/ 
de-intercalation cycle a positive effect can be observed, even 
if the sell-discharge behaviour of  the electrodes m the unmo- 
dified electrolyte is improved due to the formation of  a pro- 
tective layer during the first cycle. The charge recoveries were 
found to be nearly 10% higher than in PC/LiCIO+ The inter- 
calation capacity of the electrode was not influenced by the 
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Fig. 3. Cychc vol tammograms of LIe .  electrodes at 15 mY/s .  (a)  

PC/LICIO4, and (b) PC/LiCIO4/S~ 2 , ( ) first cycle: ( - -  
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additive. In comparison the CO:-containing electrolyte 
showed a lower self discharge in the first cycle and even a 
slightly higher self discharge in the second cycle than the 
polysulfide-containing electrolyte, see Fig. 2. 

Cyclic voltammetry and impedance spectroscopy help to 
understand the improved cycling behaviour, see Fig. 3. 

In the cyclic voltammogram of the polysulfide-containing 
electrolyte at least three reductive parts are observed during 
the first cycle. The intercalation of lithium ( U_< 0.5-0.0 V) 
as well as the electrolyte reduction (0.6 V) can be observed 
in unmodified and in S,2--containing electrolyte. A differ- 
ence occurs in PC/LiCIO4/S, 2- at a potential of 2 V. Here 
the reduction of  the additive S / - -  occurs. Whereas in the 
unmodified electrolyte during the second cycle an almost 
reversible intercalation process takes place, the reversibility 
in the S, 2 electrolyte is rather poorbut  constantly increasing 
with cycle number. 

Fig. 4(a)  and (b) shows the overall resistances of LtC,, 
electrodes in PC/LiC104 and PC/L iCI04 /S ,  2 in the first 
two cycles versus the electrode potentials. The overall resis- 
tance consists of the film resistance Rb and the charge-transfer 
resistance R~t as demonstrated in Fig. 5 [ 12]. 
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Fig. 4 Overall resistance of LIC. electrodes vs. electrode potential during 
the first two cycles, (a)  PC/LICIO4, and (b) PC/LiCIO4/S,  2 ; ( 1 )  first 
cycle, and ( O )  second cycle. 
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Fig. 5. E~ample ot a measured Impedance spectrum and the proposed 
equivalent circuit. 

This overall resistance in the polysulfide-containing elec- 
trolyte was found to be higher during the first cycle compared 
with that in the unmodified electrolyte. During the second 
cycle the overall resistances at corresponding potentials were 
lower whereas in the additive-free electrolyte higher overall 
resistances are noticed. This corresponds to the fact that films 
in the polysulfide-containing electrolyte are mainly formed 
during the first cycle. In the abscence of the additive further 
irreversible capacity losses occurs. 
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3.2. Metallic lit/,iu,n electrodes ~ ~  , , ~ _ ~ , ~  

The effect of S, :  on the cycling behaviour of metallic : ~ ~ , , ' t ~ r ~ " ~ ~  " ~.~-, . ~. : : ~  
lithium on inert nickel substrate in comparison with the pure ~...a..~,,::-~-: z-. :,:;~g-~,~:'~.. • • L~,mt~'~_.. 

' : : . c - ~ , , ~ t .  " " "~" .r . '~ . . - ' ~ , , ~  ~ .  . - ~ " ~ , . , ~ i ~ ; ~ . , 7  PC/LiCIO4 electrolyte is shown in Fig. 6. ,,]'~.h..~..j~'~,Ei~k.d'.,~.;~t.~.~, ".__~ " _ 
~.,...~. ~.~" ~.~:~,~,  -- . 

Under these conditions lithium cannot be cycled in PC/  :~'__C~,~..., ..~y " 
. . . ~ ~ ~ c ~ , , ~ , ~ ,  - - - - ,  ,,",. . . . . . .  ".: _.,W'-.,~ • -"" 
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observed macroscopicaly. Larger particles of  the deposition :w",~-~*,~i~'~~~. '~,-~,a~.  "~m~-'--" - _~ " - F .- -i 
"" ,~" 'b " ,"~.~ " ~ = . , , . .  " -  , e  

, . . _  . _  . of dendrites tend to loose contact with smaller ones and pre- ' ." ".,"~-~". , . ~ ' ~ "  " l l ~ n ~ J ~ " ~ : . ;  ~-~-. ~ t - ~ - ~ , , e _ a r ~ , -  
• " ":' " ' . ' . . .  ",t', #,~' ' ~ w ~ ' . ' , - , , , Z ~ ~ ~ , , . , , ~  . . . .  P -  ~H ' cipitate on the bottom of the cell. The addmon of S,- to the , , ,  ~ . ~ ,  x,,~, ~ 

' .~ ~C..,". . , ' , ~ :  " ;  ,,, ' l , ' o ~ n ~ r  
electrolyte improves the cycling behaviour. A macroscopi . . . . .  . " .  : ~ . ~ a ~ 4 ~ ~ ~ ' ~ . ; K , ~ . @ , . ~ . 3 t .  
cally less deposition of  dendrites and less inactive lithium on 
the bottom of the cell are seen. 

The effect of  S,'- on the morphology of the lthium dep- 
osition on inert nickel electrodes was studied with scanning 
electron microscopy I SEM ). see Fig. 7. 

The lithium deposition from PC/LiClO4 leads to highly 
dendritic structures• The cycle efficiency of lithium cannot 
be high due to the corrosion and the high surface area of  the 
deposited lithium• The growth dendrites leads to isolated 
hthium that looses electrical contact with the electrode. In 
contrast, the deposition from PC/LiC104/S ,  2 shows a more 
compact surface. The particles are of the same size as of the 
deposits from the additive-free electrolyte but are fitted 
together. The surface does not consist of dendrites but is 
smooth• 

Fig. 7. SEM micrograph~, of  l i thium deposi ted on nickel substrate: (a )  P C /  

LIC104, and (b)  P C / L t C I O 4 / S ,  2 

Lithium metal electrodes show a highly improved cycleabil-  
ity due to a less dendritic but smoother lithium deposition. 
Unfortunately. the mechanistical aspects of  the film formation 
on l i thium-carbon electrodes and the smoother lithium dep- 
osition on lithium-metal electrodes are not yet clear and 
further examination of  these systems has to be done. 
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4. C o n c l u s i o n s  

The addition of S 2 to a PC/LiC104 electrolyte improves 
both the l i thium-carbon intercalation electrode and metallic 
lithium electrode. These benefical effects are related to the 
formation of protective layers on the electrodes and their 
improved behaviour, respectively• LiC,, electrodes show a 
lower self discharge and a better long-term cycleabili ty due 
to less corrosion compared with the additive-free electrolyte. 
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