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ABSTRACT 

Tungsten microelectrodes (diam = 25 i~m) have been used to study the deposition and stripping behavior of Li/Li + and 
Bi/Bi ~+ in the LiCI:KC1 eutectic at 400~ The Li deposition current can be simulated assuming the growth of a single hemi- 
sphere of liquid metal on the microelectrode. High stripping current densities were observed and quantitated using stand- 
ard electrochemical equipment. An inverted microscope assembly was employed for in situ observation of the Li/Li + dep- 
osition and stripping processes at the microelectrode. A precipitate appears to form in the melt surrounding the electrode 
during Li deposition. 

The lithium/iron disulfide battery using a molten LiC1/ 
KC1 electrolyte has been proposed for use as a high power, 
rapid discharge (pulse) battery (1). During discharge, cur- 
rent densities in excess of 100 A c m  -2 are expected. Be- 
cause of these high current densities it is difficult to moni- 
tor and to analyze the electrochemical processes using 
conventional electrochemical equipment. 

Microelectrodes with dimensions of only a few microns 
have properties which make them ideal for the study of 
high current density processes (2). Because of their small 
size, IR drops are minimized thus reducing errors in the 
measurement  of potentials. In addition, low absolute cur- 
rents are realized allowing use of conventional electro- 
chemical equipment. We have demonstrated the effective- 
ness of  these electrodes to study species of high 
concentration in theambien t - t empera tu re  chloroalumi- 
nate molten salt, A1CI~:ImC1, (Im § = 1-ethyl-3-methylimi- 
dazolium). A 25 ~m diam tungsten disk electrode was used 
to investigate the reduction of the 5.1M Im + cation, the oxi- 
dation of the 1M C1- anion, and the oxidation of the 4.1M 
A1CI( anion (3). 

The LiCI:KC1 eutectic has a Li + concentration of 17M 
and a C1- concentration of 30M at 450~ (4); such a media 
provides a test of the applicability of microelectrodes for 
the study of high faradaic current-density processes in an 
aggressive environment. 

Experimental 
Equipment.--Tungsten was chosen as the material for 

the microelectrodes. Tungsten does not alloy with Li as do 
a large number  of other metals, including Pt (4, 5). Also, it 
appears that tungsten can be used to study the chloride/ 
chlorine couple; however, a W(O)/W(II) couple (E ~ = 0.142V 
vs. Ag/Ag + reference electrode) in LiCI:KC1 has been de- 
scribed in the literature (6). This couple may interfere with 
the use of tungsten at very anodic potentials. The tungsten 
microelectrode was constructed by sealing a length of 25 
~m diam tungsten wire (Alfa) in 1 mm id • 1/4 in. od Pyrex 
capillary tubing under vacuum to avoid oxidation of 
the tungsten wire. Copper wire with a small winding of A1 
wire was then inserted into the glass capillary tubing; care- 
ful melting of the A1 winding under vacuum resulted in 
good electrical contact between the tungsten and copper 
wires. The sealed end of the glass was ground to expose a 
tungsten microdisk of 25 ~m diam. The microdisk was pol- 

* Electrochemical Society Active Member. 

ished with alumina powder starting with 1 i~m and pro- 
gressing to 0.05 ~m. 

The counterelectrode consisted of a tungsten wire im- 
mersed directly in the LiCI:KC1 eutectic melt. It was not 
placed in a separate compartment since, for each set of ex- 
periments, minimal currents were drawn; therefore, no 
changes occurred in the melt composition due to reactions 
at the counterelectrode. The reference electrode consisted 
of a Ag wire immersed in LiCI:KC1 eutectic melt 0.08M in 
AgC1. This reference melt was contained in a 5 mm NMR 
tube which was dipped into the anolyte melt; ion conduc- 
tivity of the glass at the temperatures of the studies pro- 
vided electrical contact between the reference electrode 
and the anolyte solution. With this reference electrode as- 
sembly, the Li/Li § couple varied somewhat from one cell 
assembly to the next probably due to large junction poten- 
tials. Initial Li deposition potentials ranged from -2.7 to 
-3.1V for different cell assemblies. These potentials are ca- 
thodic of the accepted value for the Li/Li + couple of 
-2.59V vs. a Ag/Ag § reference electrode (4). However, the 
potential of a given reference electrode remained constant 
tbr all experiments performed with each cell assembly as 
indicated by the reproducible Li deposition behavior. Ef- 
forts to measure the open-circuit potential after depositing 
Li onto the microelectrode were thwarted by attack of the 
insulating glass by the Li. 

The Pyrex electrochemical cell was constructed as 
shown in Fig. 1. The cell was 1 in. in diam and approxi- 
mately 8 in. in length. The lower portion of the cell was in- 
serted into another glass tube of larger diameter. Adequate 
temperature control vcas obtained by wrapping this outer 
glass tubing with heating tape and insulation. A 1/16 in. 
K-type thermocouple was inserted be tween  the heating 
tape and the outer glass tubing, and this thermocouple was 
connected to an Omega CN 5000 Series temperature con- 
troller. The temperature of the melt, however, was moni- 
tored by a 1/16 in. K-type thermocouple sheathed in glass 
and placed directly in the melt. This dual thermocouple ar- 
rangement prevented overheating of the melt which may 
have resulted due to a time lag for heat transfer from the 
heating tape to the melt. A gas sparging tube (1/4 in. Pyrex) 
and the microelectrode assembly were introduced through 
the top of the cell using a Teflon o-ring assembly inserted 
into a 14/20 ground glass joint. The counterelectrode, ther- 
moeouple,  and Ag reference wire were introduced through 
side-arm tubes capped with a rubber septum. 
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Fig. 1. High-temperature cell: (a) Pyrex glass cell; (b) O.08M Ag+/Ag 
reference electrode; (c) 25 ~m diam W microelectrode; (d) W counter- 
electrode; (e) K-type thermocouple sheathed in Pyrex glass; (f) W mi- 
crodisk sealed in Pyrex glass; (g) Cu lead wire with AI wire solder; (h) 
25 mm o-ring joint; (i) Teflon valve. 

Cyclic staircase vottammetry and normal pulse voltam- 
metry were performed with a PAR Model 273 potentiostat/ 
galvanostat which was controlled by a computer  system 
similar to that described elsewhere (7). 

The microscope used was a Leitz Diavert inverted mi- 
croscope placed on a Micro-G (Technical Manufacture 
Corporation) vibration isolation table. 

Melt preparation.--Melt charges (ca. 10g) were prepared 
by grinding together 59 mole percent (m/o) LiC1 (an- 
hydrous, Alfa) and 41 m/o KC1 (J. T. Baker) under helium. 
The electrochemical cell, with the melt charge added, was 
then assembled. The melt  purification method was similar 
to that reported in the literature (8). The melt  was heated to 
200~ under vacuum for several hours. A flow of an- 
hydrous HC1 was introduced into the melt charge, and the 
temperature was raised to 400~ (eutectic mp = 352~ to 
melt  the charge. This HC1 purge was maintained for lh  be- 
fore finally purging the molten eutectic with argon for ca. 
lh. 

Results and Discussion 
Cyclic voltammetry.--Lithium, rather than potassium, is 

the alkali metal initially deposited from the melt (9). Be- 
fore Li deposition was examined at the tungsten micro- 
electrode, it was necessary to cycle the potential of the mi- 
croelectrode several hundred millivolts beyond that 
required for Li deposition to observe the initial appear- 
ance of a small Li deposition current. Following this, re- 
peated scans to less cathodic potentials resulted in rapid 
growth of the Li deposition current until reproducible Li 
deposition behavior was observed. This pretreatment ap- 
pears to clean the electrode, possibly removing an oxide 
layer from the tungsten surface. 

Cyclic staircase voltammograms for Li deposition at a 25 
~m tungsten electrode are shown in Fig. 2 and 3. The quan- 
tity of Li stripped upon scan reversal in Fig. 2 is obviously 
less than that deposited. Reaction of Li with the Pyrex 
glass is probably the main cause of this discrepancy (5). 
Scanning to a more cathodic potential, Fig. 3, results in an 
Ep c at ca. -3.4V for Li deposition and a rapid rise in the 
current occurs beyond -3.7V. Scan reversal shows two 
stripping peaks at -3.4 and -2.9V. Although the exact lea- 
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Fig. 2. Reduction of Li § to Li(liq) at 25 I~m W in LiCI:KCI eutectic at 
405~ Staircase cyclic voltammogram, scan rate = 2 V s 1. 

tures of the cathodic scans beyond -3.7V were variable, 
the peak at -3.4V followed by the rapid rise was qualita- 
tively reproducible for different electrodes. Extended use 
of an electrode resulted in severe corrosion of the insulat- 
ing glass leading to increased deposition currents and to 
the inability to distinguish the two deposition processes. 
The less cathodic reduction and stripping peaks are due to 
deposition of liquid Li, while the more cathodic reduction 
may be due to reduction of K § from the melt. It is unlikely 
that a Li/K alloy forms since Li is reported to not form al- 
loys with other alkali metals (5). At this stage, we can only 
speculate at the process giving rise to the more cathodic 
deposition process. 

A staircase cyclic voltammogram for oxidation of C1- to 
C12 is shown in Fig. 4. The curve was reproducible. The lin- 
earity of the curve indicates ohmic behavior. Assuming 
the current is strictly controlled by IR drop, the slope of 
the C1- oxidation voltammogram can be used to estimate a 
cell resistance of 700~. For a planar microdisk electrode, 
the cell resistance was calculated from Eq. [1] 

R = p/4r [1] 

where p is the melt resistivity and r is the radius of the elec- 
trode (10). Taking the resistivity of LiCI:KC1 eutectic to be 
0.64 t2 cm (4), the cell resistance is calculated to be 127gt. 
While not identical, the same order of magnitude resist- 
ance values obtained in both calculations indicate that the 
IR drop may be the dominant parameter controlling the 
shape of the C1- oxidation curve. For C1- oxidation, the 
low IR drop advantage of the microelectrode is not real- 
ized; however, the C1- concentration is at an extreme of 
30M! Smaller microelectrodes would be required to exam- 
ine the C1- oxidation in any detail. 

Although it is likely that the Li deposition curve is also 
influenced by IR drop, it is not dominated by this effect. 
This is probably a result of the increasing effective radius 
of the working dec t rode  as the liquid Li is deposited. 
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Fig. 3. Reduction of Li + and K+(?) at 25 i~m W in LiCI:KCI eutectic 
at 405~ Staircase cyclic  voltammogram, scan rate = 4 V s -1. 
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Fig. 4. Oxidation of CI-  to CI2 at 25 I~m W in LiCI:KCI eutectic at 
405~ Staircase cyclic voltammogram, scan rate = 4V s -1. 

D o u b l e  p o t e n t i a l  s t e p  c h r o n o a m p e r o m e t r y  ( D P S C ) . - -  
Since it was desired to examine very high current densi- 
ties at the microelectrodes, double potential step chro- 
noamperometry (DPSC) was used to monitor Li deposi- 
tion and stripping. The DPSC experiments were 
performed after treating the tungsten electrode using cy- 
clic staircase voltammetry as described above. A DPSC 
experiment  is shown in Fig. 5 in which the first step was 
from a conditioning potential of -1.0V to a Li deposition 
potential of -3.3V. After ls of Li deposition, the potential 
was stepped to -1.0V resulting in rapid stripping of the Li. 
The time and data aquisition parameters were chosen such 
that data points were taken at 4 ms intervals; therefore, 
during the stripping process, the first data point was taken 
4 ms after stepping back to -1.0V. 

The current density during stripping of Li is extremely 
high. Using the area of the tungsten disk (4.9 x 10 -6 cm=), a 
current density of 1300 A cm -2 is calculated from the strip- 
ping current of 6.4 mA. This high current density is main- 
tained for several milliseconds before a rapid decay in cur- 
rent is observed. There appears to be an upper limit to the 
stripping current as can be seen by the grouping of data 
points immediately following the step to -1.0V; this limi- 
tation is not due to instrumental constraints. As will be dis- 
cussed later, this limitation may be due to precipitation of 
KC1 from the resulting K+-rich melt in the vicinity of the 
microelectrode. 

The current density can also be calculated using the area 
of the Li hemisphere resulting from the ls deposition at 
-3.3V. For a ls deposition at 1 mA, as in Fig. 5, a Li hemi- 
sphere of 40 I~m should be deposited, giving a stripping 
current density of 64 A cm -2. This lower current density is 
based on the m a x i m u m  quantity of Li deposited and 
should be taken as a minimum current density value. The 
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Fig. 5. Current-time behavior for DPSC of Li on 25 t~m W electrode. 
Maximum current on deposition at -3.3V is 200 A cm -2 (curve A), and 
on stripping at - 1 ,OV is 1300 A cm -2 (curve B). Current densities are 
calculated based on area of disk, 4.9 • 10 -4 cm 2. (1 mA 
= 200 A cm-2.) 

true current density will vary as the Li is stripped. Also, in- 
tegration of the deposition and stripping curves, indicates 
that only 30-50% of the deposition charge is recovered dur- 
ing stripping. This is a result of Li corrosion of the insulat- 
ing glass and of physical loss of liquid Li from the elec- 
trode surface. 

The Li deposition current vs.  t ime behavior is better 
seen in Fig. 6 where the depositions were performed at in- 
creasing overpotentials, o. For high overpotentials, the 
deposition current initially drops and reaches a minimum 
before gradually increasing. This initially decreasing cur- 
rent is difficult to analyze; the current transient at these 
short times may include charging currents as well as nu- 
cleation phenomena (11). Following this initial decrease, 
the current gradually increases indicating growth of the Li 
deposit. The current density during Li deposition at high 
overpotentials increases from 100 to 200 A cm -2 based on 
the area of the tungsten microdisk. 

To analyze the current behavior at the microelectrode 
during Li deposition, it is important to remember  that at 
the temperature of this study Li (rap = 179~ is liquid. The 
Li deposition behavior observed here is very similar to 
that seen for other deposition studies such as Hg deposi- 
tion from aqueous solution on Pt (12, 13) and carbon mi- 
croelectrodes (12), and Hg deposition from aqueous solu- 
tion on small Ir electrodes (14). These prior studies 
successfully analyzed the deposition process assuming a 
nucleation phenomenon followed by hemispherical diffu- 
sion-controlled growth of the deposit. Therefore, it seems 
appropriate to analyze the Li deposition in a similar 
manner. 

One important difference between this and previous 
studies is the extremely high concentration of Li § vs. the 
low concentrations (1-100 mM) of electroactive species in 
the previous studies. With the high Li § concentration and 
assuming instantaneous nucleation, enough liquid Li is 
deposited within the first milliseconds to fully coat the 
tungsten electrode. At the minima in the high-overpoten- 
tial curves in Fig. 6, the radius of the Li hemisphere, calcu- 
lated from the charge passed, is ca.  10 I~m. Therefore, the 
radius of the growing Li hemisphere is approximated by 
the radius of the microdisk at t = 0 s, i.e., ro = 12.5 i~m. In 
previous studies, the growth of the hemisphere was slow, 
so ro was taken as zero. Using an ro of 12.5 I~m is physically 
analogous to assuming the initial Li nucleus is 12.5 i~m in 
radius. 

The diffusion-controlled current to a growing hemi- 
sphere of liquid Li has both a linear and a hemispherical 
diffusion component. This current can be described by Eq. 
[2] and [3] (11) 

dr ( t ) / d t  = I(t) {M/[2~nFp)r(t)2]} [2] 

I(t) = n F A D C [ ( ~ D t )  -il2 + r(t) -1] [1 - exp(nF~/RT)] [3] 

where r(t) is the radius in cm of the Li hemisphere at t ime 
t; p is the density of Li (0.52 g/cm3); M is the molecular 
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Fig. 6. Reduction of Li § at 25 t~m W in LiCI:KCI eutectic at 405~ 
Potential step from - 1 , 0 V  to: (a) -3.00; (b) - 3 . 05 ;  (c) - 3 . 10 ;  (d) 
- 3 . 1 5 ;  (e) - 3 . 20 ;  (f) - 3 . 2 2 5 ;  (g) - 3 , 25 ;  (h) - 3 . 27 ;  (i) -3.30; (j) 
- 3 . 3 2 5 ;  (k) -3.35; (I) - 3 .375V .  
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Fig. 7. Simulation of Li(liq) deposition current on 12.5 txm W micra- 
electrode as a function of overpotential and time. Overpotential: (A) 
10; (B) 30; (C) 60; (D) 110; (E) >200 mV. D = 3.5 x 10 -S cm2 s-'; 
[Li § = 17M. 

w e i g h t  of  Li  (6.9g); D is t he  d i f fus ion  coeff ic ient  for Li§ C 
is t he  c o n c e n t r a t i o n  o f L i  § in  LiClfKC1 (17 • 10 -8 mol/cm~); 

is t he  ove rpo ten t i a l ;  a n d  A is t he  area in  c m  2 of  t he  grow- 
ing  h e m i s p h e r e  g i v e n  b y  2~r(t) 2. T he  two  t e r m s  c o n t a i n e d  
in  t he  first b r a c k e t  of  Eq. [3] are  t he  l inear  a n d  h e m i s p h e r i -  
cal d i f fus ion  c o m p o n e n t s ,  respec t ive ly .  S u b s t i t u t i o n  of  
Eq. [3] in to  Eq. [2] y ie lds  a n o n l i n e a r  d i f fe ren t ia l  e q u a t i o n  
w h i c h  is eva lua t ed  n u m e r i c a l l y  u s i n g  t he  E u l e r  approx i -  
ma t i on ,  i.e., s u b s t i t u t i o n  of  hr( t )  a n d  At for dr(t) a n d  dt, re- 
spect ively .  D e p o s i t i o n  cu rves  g e n e r a t e d  e m p l o y i n g  th i s  
m e t h o d  are s h o w n  in Fig. 7. T he  o v e r p o t e n t i a l  was  in- 
c r eased  f rom 10 m V  to inf in i ty  (>200 mV), a n d  D for Li  § 
was  e s t i m a t e d  f rom ear l ier  e x p e r i m e n t s  to b e  3.5 • 10 -~ 
c m  2 s -1. Qual i ta t ively ,  t he  e x p e r i m e n t a l  a n d  ca lcu la ted  
cu rves  are in  ag reemen t .  

I t  is i n s t ruc t i ve  to solve  separa te ly  t he  l inear  a n d  hemis -  
phe r i ca l  d i f fus ion  e q u a t i o n s  e v e n  t h o u g h  s u c h  a separa-  
t i on  will  no t  give a s t r ic t ly  cor rec t  so lu t ion  to t he  p rob l em.  
Th i s  a p p r o a c h  resu l t s  in  ana ly t ica l  so lu t ions  w h i c h  are  de- 
s c r ibed  in A p p e n d i x e s  A a n d  B. T he  e q u a t i o n  d e s c r i b i n g  
h e m i s p h e r i c a l  d i f fus ion  to a g r ow i ng  n u c l e u s  ha s  b e e n  
p rev ious ly  r epo r t ed  a n d  d i s c u s s e d  (15, 16). D e p o s i t i o n  
c u r v e s  s h o w i n g  t h e  c o n t r i b u t i o n  each  d i f fus iona l  com- 
p o n e n t  m a k e s  to the  to ta l  c u r r e n t  a t  inf in i te  o v e r p o t e n t i a l  
are  s h o w n  in Fig. 8. T he  l inea r  d i f fus ion  c o m p o n e n t  de- 
c reases  in i t ia l ly  b u t  does  no t  go to zero b e c a u s e  of  t he  in- 
c r eas ing  area  of t he  h e m i s p h e r e .  T he  h e m i s p h e r i c a l  com-  
p o n e n t  con t inua l ly  inc reases  a n d  gives  r ise  to t h e  
o b s e r v e d  large inc rease  in c u r r e n t  w i th  t i m e  of  depos i t ion .  
The  s u m  of  t h e  two c o m p o n e n t s  is also shown;  qual i ta -  
t ively,  i t  also has  t he  s ame  s h a p e  as t h e  e x p e r i m e n t a l  
curves .  T h e  n u m e r i c a l  so lu t ion  ca lcu la ted  u s i n g  Eq.  E2] a n d  
[3] is also shown .  The  m o d e l  b a s e d  on  s e p a r a t i o n  of  the  dif- 
fus ion  c o m p o n e n t s  resu l t s  in  a to ta l  c u r r e n t  wel l  be low 
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Fig. 8. (A) Linear diffusion, (B) hemispherical diffusion, (C) linear + 
hemispherical diffusion, and (D) Euler solution for diffusion to a grow- 
ing Li(liq) hemisphere at a 25 ~m W electrode; [Li +] = 17M; 
D = 3.5 x 10-Scm2s -1. 

t h a t  o b t a i n e d  f rom the  n u m e r i c a l  so lu t ion  of Eq. [2] a n d  [3]. 
S e p a r a t i o n  of  the  c o m p o n e n t  does,  however ,  p rov ide  a 
c lear  p i c tu re  of h o w  the  l inear  a n d  h e m i s p h e r i c a l  com- 
p o n e n t s  c o n t r i b u t e  to t he  depos i t i on  cur ren t .  

A l t h o u g h  t he  e x p e r i m e n t a l  a n d  ca lcu la ted  cu rves  agree  
qual i ta t ive ly ,  the  m i n i m a  are s h a r p e r  a n d  t he  c u r r e n t  
va lues  lower  for the  e x p e r i m e n t a l  curves .  U s i n g  a D va lue  
of  1.8 • 10 -~ c m  2 s -1 for Li  § the  ca lcu la ted  c u r r e n t s  are in  
b e t t e r  a g r e e m e n t  w i t h  t he  e x p e r i m e n t a l  c u r r e n t s  in  Fig. 6. 
However ,  f rom severa l  runs ,  i t  was  f o u n d  t h a t  d e p o s i t i o n  
a n d  s t r i p p i n g  c u r r e n t s  were  of ten  a p p r o x i m a t e l y  twice  
t h o s e  in  Fig. 6. In  fact, t h e  cu rves  in  Fig. 6 are t he  lowes t  
c u r r e n t s  o b s e r v e d  for severa l  e x p e r i m e n t s  a n d  s h o u l d  be  
u s e d  as a lower  l imi t  for  Li  § dif fusion.  The  Li  § d i f fus ion  co- 
eff ic ient  can  on ly  be  p laced  in a r ange  of  1.8 x 10 _5 c m  2 s -1 
to  3.5 • 10 -~ c m  2 s -1. This  r a n g e  is s imi la r  to t he  va lue  of  
2.93 • 10 .5 cm 2 s -I d e t e r m i n e d  for Li  § in  LiNO3 at  350~ 
(17). 

To he lp  e luc ida te  t he  p r o b l e m  of  va r i ab l e  Li  cu r ren t s ,  
e l ec t rodes  we re  r e m o v e d  f rom the  m e l t  af ter  use,  w a s h e d  
w i t h  water ,  and  e x a m i n e d  u n d e r  a mic roscope .  Fo r  t he  
e l ec t rode  u s e d  to o b t a i n  t he  da ta  in  Fig. 6, t he  t u n g s t e n  mi-  
c rod i sk  was  c lear ly  v i s ib le  even  t h o u g h  t he  glass  sur- 
r o u n d i n g  t he  m i c r o d i s k  h a d  b e e n  b a d l y  e tched .  T h e r e  
we re  n o  a p p a r e n t  c racks  in  t he  glass  e n c a s i n g  t he  elec- 
t rode ;  the re fore ,  it can  b e  a s s u m e d  t h a t  the  e l ec t rode  re- 
t a i n e d  its d i s k  conf igu ra t ion  d u r i n g  t he  ' exper iments .  The  
area  of  e t c h e d  P y r e x  glass  was  c i rcu la r  w i t h  a r ad ius  of  ca. 
200 ~m, a n d  the  t u n g s t e n  m i c r o e l e c t r o d e  was  in  t he  c e n t e r  
of  th i s  e t c h e d  area. This  i nd i ca t e s  t h a t  the  Li  g rew radia l ly  
f rom the  t u n g s t e n  mic roe l ec t rode  in  all d i rec t ions ,  cons is t -  
en t  w i t h  t he  p r o p o s e d  m o d e l  for depos i t ion .  Fo r  s o m e  elec- 
t rodes ,  t he  glass s u r r o u n d i n g  t h e  t u n g s t e n  d i sk  was  
c r a c k e d  r e su l t i ng  in  la rger  ef fec t ive  e l ec t rode  areas.  Fo r  
t h e s e  c r acked  e lec t rodes ,  h i g h e r  c u r r e n t s  were  obse rved ,  
a n d  t he  m i n i m a  were  b r o a d e n e d  as e x p e c t e d  for la rger  
area  e lec t rodes .  Final ly,  one  e l ec t rode  gave  nea r ly  twice  
t he  c u r r e n t s  in  Fig. 6 w i t h  s h a r p e r  m i n i m a .  Th i s  e l ec t rode  
s h o w e d  no glass c r ack ing  a n d  e t c h i n g  o c c u r r e d  in  a rad ia l  
f a sh ion  for a d i s t ance  of  ca. 50 ~ m  f rom the  t u n g s t e n  disk.  
T h e  o b s e r v e d  c u r r e n t s  m a y  be  a f u n c t i o n  of  e l ec t rode  acti- 
v a t i o n  as wel l  as of  effect ive  e l ec t rode  area.  

In  situ microscopic examina t ions . - -A  h i g h - t e m p e r a t u r e  
cell, Fig. 9, was  c o n s t r u c t e d  to e x a m i n e  t h e  sur face  of  t he  
12.5 ~ m  rad ius  t u n g s t e n  e lec t rode  d u r i n g  Li  d e p o s i t i o n  
a n d  s t r ipping .  The  cell  cons i s t ed  of  a qua r t z  cuve t t e  w i t h  
op t ica l  glass  on  all sides,  i n c l u d i n g  the  bo t t om.  T h e  elec- 
t r ode  a s s e m b l y  cons i s t ed  of  a t u n g s t e n  m i c r o e l e c t r o d e  
sea led  in  Pyrex ,  a t u n g s t e n  wi re  c o u n t e r e l e c t r o d e  (0.5 m m  
diam),  a n d  a Ag wi re  r e fe rence  e l ec t rode  i m m e r s e d  in 
LiCI:KC1 c o n t a i n e d  in a s epa ra t e  f r i t ted  c o m p a r t m e n t .  T h e  
cuve t t e  a n d  e l ec t rode  a s s e m b l y  were  d e s i g n e d  to a l low as- 
s e m b l y  in  a dry  b o x  a n d  s u b s e q u e n t  t r a n s f e r  to t he  h e a t e r  
a n d  mic roscope .  A n  A1 b l o c k  h e a t e r  was  u s e d  to h e a t  the  
cell  to  420~ A ho le  in  t he  b o t t o m  of  t he  A1 b l o c k  a l lowed  
e x a m i n a t i o n  of  t he  t u n g s t e n  m i c r o e l e c t r o d e  t h r o u g h  t he  
b o t t o m  of  t he  cuve t t e  u s i n g  a n  i n v e r t e d  mic roscope .  All  
o b s e r v a t i o n s  were  p e r f o r m e d  u s i n g  a magn i f i ca t i on  of  100 
t i m e s  s ince  l igh t ing  of t he  cell was  insuf f i c ien t  to a l low 
c lear  o b s e r v a t i o n s  at  h i g h e r  magni f ica t ions .  Severa l  im-  
p o r t a n t  o b s e r v a t i o n s  were  made .  

D u r i n g  rap id  depos i t i on  of  Li, t he  me l t  b e c a m e  c loudy  in 
t he  reg ion  s u r r o u n d i n g  t he  e lec t rode  i n d i c a t i n g  prec ip i ta-  
t i on  of sal t  f r om the  Li  + dep l e t ed  melt .  Th i s  c l o u d i n e s s  ob- 
s c u r e d  t he  e lec t rode .  T h e  c loud ines s  is m o s t  l ike ly  a r e su l t  
of  p r ec ip i t a t i on  of  KC1 (mp = 772~ f rom the  n o w  K+-rich 
mel t .  S imi l a r  c o n c e n t r a t i o n  c h a n g e s  nea r  t he  c a t h o d e  h a v e  
b e e n  o b s e r v e d  for Ag d e p o s i t i o n  f rom KNO3:LiNO3 m e l t s  
a n d  h a v e  b e e n  re l a t ed  to p r o b l e m s  e x p e c t e d  for  Li  depos i -  
t i on  f rom LiCI:KC1 me l t s  (18). Desp i t e  th i s  p rec ip i ta te ,  i t  
was  still  poss ib le  to  d i s ce rn  a b r igh t ,  g rowing  layer  of  Li  
d u r i n g  depos i t ion .  B e c a u s e  it  was  n e c e s s a r y  to p ress  t he  
e l ec t rode  aga ins t  t he  b o t t o m  of  the  cell  to a ch i eve  suffi- 
c i en t  l ight ing,  t he  Li  a p p e a r e d  to g row in  a fiat layer  a long  
t he  sur face  of t he  i n s u l a t i n g  glass  e n c a s i n g  t he  t u n g s t e n  
e lec t rode .  I t  was  poss ib l e  to  o b t a i n  cu rves  w i t h  t h e  s a m e  
f ea tu re s  as Fig. 6 b y  ra i s ing  t h e  e l ec t rode  s l ight ly  so t h a t  i t  
was  no t  in  con t ac t  w i t h  t he  b o t t o m  of  t he  cuve t te .  
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Fig. 9. High-temperature cell for in situ observations: (a) AI block; 

(b) quartz cuvette; (c) cartridge heaters; (d) Pyrex shaft; (e) J-type ther- 
mocouple; (f) W counterelectrode; (g) 25 ~m diom W microelectrode 
assembly; (h) Ag/Ag § reference electrode (i) Teflon electrode holder; 
(j) inverted microscope. 

The insula t ing glass encas ing  the  e lec t rode  was badly  
e t ched  dur ing  the  depos i t ion  processes.  Reac t ion  of  the  
glass often resul ted  in the  e lec t rode  be ing  covered  by an 
insoluble  grainy material .  S ince  it was necessary  to press 
the  tungs ten  e lec t rode  against  the  bo t tom of  the  cuve t te  to 
get  p roper  l ighting,  e tch ing  of  the  bo t tom of the  cuve t te  
was observed  dur ing  Li  deposi t ion.  

Gas bubbles  were  also observed  dur ing  Li  deposi t ion.  
This  is p robably  H~ evolu t ion  resul t ing f rom water  impuri -  
t ies p resen t  in the  melt .  Because  of  difficulties encoun-  
tered dur ing  cell  assembly,  the  mel t  was exposed  for short  
per iods  to ambien t  air. 

Af te r  several  hours  o f  observat ions,  the  growth  of  metal-  
lic, dendr i t ic  Ag  crystals was observed  on the  tungs ten  mi- 
c roe lec t rode  at potent ia ls  ca thodic  of  -0 .2V as a resul t  of  
leakage  of  the  Ag/Ag § reference  electrode.  Al though  the  
dendr i t ic  g rowths  flaked off  the  electrode,  it was possible  
to observe  a s t r ipping current .  

At  anodic  potentials ,  C12 evolu t ion  was observed  at the  
e lec t rode  surface. No c louding  of  the  mel t  occur red  dur ing  
this  gas evolut ion.  

B i s m u t h  d e p o s i t i o n . - - T o  test  the  appl icabi l i ty  of  micro-  
e lec t rodes  to the  s tudy of  o ther  depos i t ion  processes,  a 
0.12M solut ion of  Bi  3+ in the  LiCI:KC1 eutect ic  was pre- 
pared  by addi t ion  of  BiC13 to a purif ied melt.  

A staircase cyclic v o l t a m m o g r a m  is shown in Fig. 10 for 
l iquid  Bi (mp = 271~ depos i t ion  at 400~ Exce l l en t  depo- 
si t ion and s t r ipping behavior  were  observed  for scan rates 
f rom 0.25 to 50V s-L In tegra t ion  of  the  v o l t a m m o g r a m s  
showed  that  Bi  s t r ipping resul ted  in near ly  quant i ta t ive  re- 
covery  of  the  charge  passed dur ing  deposi t ion,  un l ike  the  
case for Li. 

Norma l  pulse  v o l t a m m o g r a m s  were  also run  on the  
0.12M Bi ~§ melt .  At  a microelec t rode ,  the  concent ra t ion  of  
the  e lec t roac t ive  act ive species re turns  to its initial con- 
cent ra t ion  fol lowing an analysis pulse, tp, i f  the  t ime  be- 
tween  the  pulses,  tw, is app rox ima te ly  ten  t imes  tp (19). 
This  e l iminates  the  need  to wai t  excess ive ly  long t imes  be- 
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Fig. 10. Reduction of Bi 3+ to Bi'(liq) at 25 I~m W in LiCI:KCI eutectic 
at 400~ Staircase cyclic voltammogram, scan rate = 50V s -1. 

t u  

tween  pulses  or to physical ly  stir the  melt,  thus  great ly 
s impl i fy ing the  cons t ruc t idn  of  the  h igh- tempera tu re  elec- 
t rochemica l  cell. Normal  pulse  v o l t a m m o g r a m s  at a 25 ~m 
diam tungs ten  microe lec t rode  are shown in Fig. 11 for rela- 
t ively  short  pulse  widths.  Well-defined l imi t ing plateaus  
were  obta ined  for pulse  widths  f rom 1 to 500 ms with  a 
wai t ing  t ime  of  2s for tp = 1 - 250 ms  and 5s for tp = 500 
m s .  

The  current  to a mic rod isk  as a funct ion  of  t ime  is de- 
scr ibed  by Eq. [4] th rough  [6] be low (20) 

For  P < 1.44 

i = 4 n F D C r { f [ P ( t ) ] }  [4] 

P = 4 D t / r  2 [5] 

f(P) = (~/4P) ~/2 + ~/4 + 0.094 pl12 [6] 

and for P > 0.88 

t i P )  = 1 + 0.71835 p-112 + 0.05626 p2~ [7] 

For  short  t imes,  i.e., P < 1.44, appropr ia te  subst i tu t ions  
can be  m a d e  giv ing the  di f fus ion-control led l imi t ing cur- 
rent,  ilim, for a normal  pulse  e x p e r i m e n t  of  pulse  wid th  tp, 
Eq.  [8] 

into = nFC(~D)l~r2/tpl/2 + ~ n F D C r  [8] 

The  first t e rm in Eq. [8] is s imply  the  Cottrell  equa t ion  (11). 
The  second t e rm differs by only a factor of  4/~ f rom the  dif- 
fus ion-control led  l imit ing current,  i~, to a mic roe lec t rode  
at long t imes  as g iven  by Eq. [9] (20) 

i~  = 4 n F D C r  [9] 

At  long times,  the  current  to a mic roe lec t rode  is independ-  
ent  of  pulse  widths.  

App ly ing  Eq. [8], a plot  of  into vs.  tp -~/2 at short  t imes  
should  yield a straight l ine wi th  a s lope and in tercept  f rom 
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Fig. 11. Reduction of Bi 3+ to Bi(liq) at 25 p.m W in LiCI:KCI eutectic 
at 400~ Normal pulse voltammetry, pulse width: (A) 1; (B) 2; (C) 5; 
(D) 10 ms t. 
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w h i c h  t he  d i f fus ion  coeff ic ient  can  be  ca lcula ted .  Fo r  
pu l se  w i d t h s  less t h a n  50 m s  a n d  a n  e s t i m a t e d  d i f fus ion  
coeff ic ient  for Bi  ~§ of  10 -5, t he  p a r a m e t e r  P is less t h a n  1.44. 
Therefore ,  u s i n g  pu lse  w i d t h s  f rom 1 to 25 ms,  t he  s lope of  
a ilim VS. tp -1/2 plot  gives a D va lue  of  (2.2 -+ 0.2) x 10 -5 c m  2 
s - '  for B i  3+ in LiCI:KC1 at  400~ T he  i n t e r c e p t  of  t he  plot,  
howeve r ,  ha s  a nega t ive  va lue  i n d i c a t i n g  a ce r t a in  a m o u n t  
of  error.  E v e n  so, th i s  va lue  agrees  wel l  w i t h  D va lues  de- 
t e r m i n e d  for P b  2§ a n d  Cd 2§ of  1.7 x 10 -s c m  2 s -~ a n d  
1.8 x 10 -5 c m  ~ s -~, respec t ive ly ,  a t  a d r o p p i n g  Bi  e l ec t rode  
in  LiCI:KC1 eu tec t i c  at  450~ (21). T he  c u r r e n t s  at  t he  
l onge r  pu l se  w i d t h s  were  c o n s i d e r a b l y  lower  t h a n  ex- 
p e c t e d  f rom Eq.  [7]. E x a m i n a t i o n  of  t he  e l ec t rode  follow- 
ing  t he  n o r m a l  pu lse  e x p e r i m e n t s  s h o w e d  t h a t  t he  glass  
was  no t  a t t acked ,  b u t  t he  t u n g s t e n  d i sk  was  r ece s sed  ca. 20 
~ m  b e l o w  the  sur face  of  the  glass. T he  c u r r e n t  to  th i s  
" s h i e l d e d "  m i c r o e l e c t r o d e  wou ld  no t  h a v e  a c o n t r i b u t i o n  
f rom h e m i s p h e r i c a l  d i f fus ion  b u t  w o u l d  e x h i b i t  on ly  lin- 
ear  d i f fus ion  charac te r i s t i c .  This  also exp l a in s  t he  nega t i ve  
i n t e r c e p t  s een  for  t h e  into vs. tp - ~  plot.  

The  r i s ing  po r t i on  of  t he  n o r m a l  pu l se  v o l t a m m o g r a m s ,  
pa r t i cu la r ly  t hose  w i th  sho r t ,  pu l se  wid ths ,  were  no t  
s m o o t h  b u t  e x h i b i t e d  one  or m o r e  d i s ce r n i b l e  p la teaus .  
Th i s  m a y  b e  a n  ar t i fac t  of  t he  mic roe lec t rode ,  or it m a y  b e  
a r e su l t  of  t he  f o r m a t i o n  of  s u b v a l e n t  Bi  species  s u c h  as 
Bi  § or Bi5 ~§ T h e s e  two species  h a v e  b e e n  ident i f ied  in  
m o l t e n  NaCI:A1CI~ (22, 23), a n d  Bi  § ha s  b e e n  p r o p o s e d  to 
be  f o r m e d  in  LiCI:KC1 by  r eac t ion  of  l iqu id  Bi  w i th  Bi  3§ 
(24). 

D e p o s i t i o n  a n d  s t r i pp ing  e x p e r i m e n t s  for Bi  we re  per-  
f o r m e d  u s i n g  D P S C  to see  if  h i g h  s t r i pp ing  c u r r e n t s  cou ld  
b e  ach ieved .  Depos i t i on  c u r r e n t s  of  on ly  a few ~A's  were  
obse rved ;  however ,  b y  depos i t i ng  Bi  at  - 0 . 5 V  for 10s, 
s t r i p p i n g  t he  Bi  at  0.5V gave  a c u r r e n t  dens i t y  of 600 
A c m  -~ ca lcu la ted  f rom t he  area  of  t he  mic roe lec t rode .  
Also, w i t h  long  depos i t i on  t i m e s  (>10s) t he  d e p o s i t i o n  
c u r v e  s h o w e d  a m i n i m u m  fo l lowed b y  a s low r ise  in  t h e  
cu r ren t .  Final ly,  it was  o b s e r v e d  t h a t  i f  Bi  were  d e p o s i t e d  
on  t h e  t u n g s t e n  m i c r o e l e c t r o d e  for severa l  s e c o n d s  at  
-0 .5V,  t he  po t en t i a l  for Li  depos i t i on  was  sh i f t ed  cons ider -  
ab ly  anod ic  to < - 2 . 0 V .  Th i s  is c o n s i s t e n t  w i t h  r e su l t s  re- 
p o r t e d  at  a d r o p p i n g  Bi  ca thode ,  for  w h i c h  Li  depos i t i on  
b e g a n  nea r  - 0.8V vs. Bi/Bi  3 § (21 ); th i s  was  a t t r i b u t e d  to t he  
low ac t iv i ty  coeff ic ient  of Li  in  Bi. 

Conclusions 
L i t h i u m  s t r i p p i n g  at  a t u n g s t e n  m i c r oe l ec t r ode  has  b e e n  

s h o w n  to give h i g h  c u r r e n t  dens i t ies ,  1300 A c m  ~, u s i n g  
t h e  area  of  t he  t u n g s t e n  m i c r o d i s k  (r  = 12.5 ~m) in  t he  cur- 
r e n t  dens i t y  ca lcula t ion .  T he  ca lcu la ted  c u r r e n t  dens i t i e s  
dec rea se  w i t h  i nc rea s ing  a m o u n t s  of  Li  d e p o s i t e d  as ex- 
p e c t e d  for a g rowing  h e m i s p h e r e .  T he  Li  d e p o s i t i o n  at  a 
t u n g s t e n  m i c r o e l e c t r o d e  can  be  s i m u l a t e d  u s i n g  a m o d e l  
b a s e d  on  h e m i s p h e r i c a l  a n d  l inear  d i f fus ion  to a g r owing  
l iqu id  Li  h e m i s p h e r e .  I n  s i t u  o b s e r v a t i o n s  of  t he  Li  deposi-  
t i on / s t r i pp ing  p roces s  i nd i ca t e  p rec ip i t a t i on  of  K+-rich 
m e l t  in  t h e  m e l t  r eg ion  s u r r o u n d i n g  the  e lec t rode .  Deposi -  
t i on  of  o the r  me ta l s  can  also b e  e x a m i n e d  success fu l ly  as 
d e m o n s t r a t e d  for Bi. 
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A P P E N  D I X  A 

Calculation of the current to a growing hemisphere assuming the cur- 
rent is under hemispherical diffusion control 

For  h e m i s p h e r e  w h e r e  Q(t) is t he  to ta l  c h a r g e d  p a s s e d  at  
t i m e  t 

V(t)  = (2/3) ~r(t)  3 = [Q(t)/nF](M/p) [A-l] 

Q(t) = f I( t )  d t  [A-2] 

T h e r e f o r e  

(2/3) ~r(t)  ~ = (M/nFp)[ f I ( t )  dt] [A-3] 

Di f fe ren t i a t ing  w i th  r e spec t  to t 

(2/3) ~3[r(t)] 2 [dr(t)/dt] = (M/nFp) [I(t)] [A-4] 

T h e  e q u a t i o n  for  h e m i s p h e r i c a l  d i f fus ion  con t ro l l ed  cur- 
r e n t  is 

I(t) = 2 ~ n F D C r ( t )  [1 - exp(nF~l /RT)]  [A-5] 

T h e r e f o r e  

(2/3) ~r3[r(t)] 2 [dr(t)/dt] 

= (M/nFp) { 2 ~ n F D C r ( t )  [1 - exp(nF~l/RT)]}  [A-6] 

S imp l i fy ing  a n d  r e a r r a n g i n g  

r(t) dr( t )  = (MDC/p)[1 - e x p ( n F ~ / R T ) ]  d t  [A-7] 

I n t e g r a t i n g  b o t h  s ides  a n d  eva lua t ing  the  left  s ide  f rom r(o) 
to r(t)  a n d  the  r igh t  s ide  f rom t = 0 to t gives 

f r ( t )  dr( t )  = (MDC/p) [1 - e x p ( n F ~ / R T ) ]  f d t  [A-8] 

(1/2) {Jr(t)] 2 - [r(o)] 2} = (MDC/p) [1 - e x p ( n F ~ / R T ) ]  (t - o) 
[A-9] 

[r(t)] 2 = ro 2 + (2MDCt/p)  [1 - e x p ( n F ~ / R T ) ]  [A-10] 

S u b s t i t u t i n g  th i s  va lue  for [r(t)] 2 in to  the  s q u a r e  of t he  
e q u a t i o n  d e s c r i b i n g  h e m i s p h e r i c a l  d i f fus ion  con t ro l l ed  
c u r r e n t  g iven  by  Eq. [A-5] 

[I(t)] 2 = ( 2 ~ n F D C )  2 [to 2 + (2MDCt/p)] [1 - exp(nF~l /RT)]  2 
[A-11] 

F ina l ly  

[I(t)] 2 = {2~rnFCDro[1 - e x p (  nF~l/RT) ]} 2 

+ (~nF)  2 (M/p) (2CD) 3 t[1 - exp(nF~l /RT)]  3 [A-12] 

In  Eq. [A-12], t he  first  t e r m  is t he  s q u a r e  of  t he  h e m i s p h e r i -  
cal d i f fus ion  con t ro l l ed  c u r r e n t  to  a n o n g r o w i n g  hemi -  
s p h e r e  of  r ad ius  ro, Eq. [A-5]. T h e  s e c o n d  t e r m  is t he  s q u a r e  
of  t he  h e m i s p h e r i c a l  d i f fus ion  con t ro l l ed  c u r r e n t  to a 
g r o w i n g  h e m i s p h e r e  w i t h  a rad ius  of  zero at  t = 0. 

A P P E N D I X  B 

Calculation of the current to a growing hemisphere assuming the 
current is under planar diffusion control 

For  th i s  case  the  de r iva t i on  is t he  s a m e  e x c e p t  t h a t  

I(t) = (nFADll2C) [1 - exp (nF~ /RT) ] / (~ t )  112 [A-13] 

S i n c e  A = 2~r  2 for a h e m i s p h e r e  

I(t) = {nF2~[r(t)] 2 Dll2C} [1 - exp(nF~l /RT)]  (~t) -1/2 [A-14] 

A n  a b b r e v i a t e d  de r iva t ion  is g iven  be low 

V(t) = (2/3) ~r(t)  a = (M/nFp) [/I(t) dr] [A-15] 

Di f fe ren t i a t ing  w i t h  r e spec t  to t 

(2/3) ~3[r(t)] 2 [dr(t)/dt] = (M/nFp) [I(t)] [A-16] 

(2/3) ~r3[r(t)] 2 [dr(t)/dt] = (M/nFp) {nF2~[r(t)] 2 Dll2C} 

[ 1  - exp(nF~l /RT)]  (Irt) -1/2 [A-17] 

dr( t )  = (M/p) (DlJ2C) [1 - e x p ( n F ~ / R T ) ]  (~t) -'~2 d t  [A-18] 

I n t e g r a t i n g  a n d  eva lua t ing  

f d r ( t )  = f(M/p) (Dll2C) [1 - exp(nF~l /RT)]  (~t) -1/2 d t  
[A-19] 

r(t) = ro + 2(M/p) (DlJ2C) [1 - e x p ( n F ~ / R T ) ]  ~-1/2tl/2 [A-20] 

C o m b i n i n g  Eq. [A-2] a n d  [A-8] 

I(t) = 2~{ro 2 + 2(M/p) (Dl/2C) [1 - exp(nF~l /RT)]  ~-lJ2tlJ2}2 

x nFDll2C[1 - exp(nF~l /RT)]  (~t) -1/2 [A-21] 

Def in ing  X = [1 - e x p ( n F ~ / R T ) ]  a n d  e x p a n d i n g  Eq. [A-9] 

I(t) = 2~ll2ro2nFDI~2CX(t-~/2) + 4ro(M/p) nFDC2X ~ 

+ 8n~r-~2F(M/p)~D3~2C3X~(t~r [A-22] 

T h e  first  t e r m  w h i c h  ha s  a t -l~ d e p e n d e n c e  is t he  p l a n a r  
d i f fus ion  con t ro l l ed  c u r r e n t  to  a n o n g r o w i n g  h e m i s p h e r e  
of  r ad ius  ro. The  t h i r d  t e r m  w h i c h  ha s  a t ~ d e p e n d e n c e ,  
b u t  is i n d e p e n d e n t  of  ro, is t he  p l a n a r  d i f fus ion  con t ro l l ed  
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current to a growing hemisphere with a radius of zero at 
t = 0. The second term is a t ime-independent current. It is 
apparent that the planar diffusion current is a complex 
function of time when ro ~ 0. 
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ABSTRACT 

Carbon microfibers, in which carbon layers conically oriented to the fiber axis, were used as cathode materials of re- 
chargeable nonaqueous lithium batteries. The effective charge storage capacity of the cell was about three times as large 
as those for various graphite materials reported so far, probably due to a unique structure of the carbon microfibers used 
in this study. The discharged coulombs did not decrease with the repetition of the charge-discharge cycles up to the 550th 
cycle. 

Lamellar structure compounds such as t i tanium disul- 
fide have been extensively investigated as cathode materi- 
als of  rechargeable lithium batteries. Graphite also has a 
lamellar structure of hexagonal lattice plane of carbon and 
hence is one of the candidates for a cathode material to re- 
alize a high storage capacity. It is well-known that graphite 
intercalation compounds (GICs) are formed when mole- 
cules, ions, or atoms are intercalated into the gaps of the 
carbon layers. Dunning et al. (1) reported that GICs were 
formed by anodic oxidation of graphitic materials such as 
pyrolytic graphite carbon paper (Union Carbide), GRA- 
FOIL (Union Carbide), and reinforced pyrolytic graphite 
(Super Temp Company) in a nonaqueous solution of 
LiC104 dissolved in dimethyl sulfite as expressed by Eq. 
[1]. Then rechargeable batteries could be made by combi- 
nation of both reactions on the graphite cathode and on 
the li thium anode (see Eq. [1] and [2]) 

charge 
Cathode: nC + C10(  ~ CnC104 + e- 

discharge 
[1] 

charge 
Anode: Li § + e- ~ Li 

discharge 
[2] 

The batteries thus prepared had some advantages includ- 
ing high open-circuit voltage (>4V) and high coulombic el- 

ficiency (>80%). However, they revealed that the maxi- 
mum charge storage capacity of these batteries were about 
90C per unit  gram of carbon (C g 1). Ohzuku et al. (2) re- 
ported that GICs also could be formed in a propylene car- 
bonate (PC) solution of LiC104 by anodic oxidation of 
graphite materials, and that the maximum charge storage 
was 85 - 5 C g-l, irrespective of the materials such as EG-1, 
EG-50, and G-40, produced by Nihon Carbon. Theoretical 
energy density of these batteries was calculated to be 
about 100 Wh kg -1 from the maximum charge storage of 
90 C g-1. However, this value is still smaller than that of 
lead-acid batteries (about 175 Wh kg-1). Therefore, it is of 
urgent necessity to develop a new cathode material as well 
as to find an adequate electrolyte. 

On the other hand, Matsuda et al. (3) studied the effects 
of electrolytes in PC solution on the performance of the 
battery employing a graphite fiber GF-25A (Nihon Carbon) 
as a cathode material, and reported that the coulombic ef- 
ficiency of the charge-discharge cycle increased in the 
order of LiC104 < LiBF4 < LiPF6. However, the maximum 
charge storage was only 18 C g-l, even for the best electro- 
lyte LiPF6. In contrast to the above, Nawa et al. (4) have 
succeeded in making an extremely large charge storage ca- 
pacity (about 300 C g-l) by employing a special kind of ac- 
tivated carbon fiber (specific surface area 1500-2500 m 2 g-~) 
as a cathode material in a ~-butyrolactone solution of 
LiC104. This result offers the potential that the charge stor- 
age capacity could be enhanced by controlling the micro- 
structure of the cathode material. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.2.19.100Downloaded on 2015-01-08 to IP 

http://ecsdl.org/site/terms_use

