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ABSTRACT

Tungsten microelectrodes (diam = 25 wm) have been used to study the deposition and stripping behavior of Li/Li* and
Bi/B#** in the LiCl:KCl eutectic at 400°C. 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 lithiumy/iron disulfide battery using a molten LiCl/
KCl 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 cm™? 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 the ambient-temperature chloroalumi-
nate molten salt, AICl;:ImCl, Im* = 1l-ethyl-3-methylimi-
dazolium). A 25 pm diam tungsten disk electrode was used
to investigate the reduction of the 5.1M Im* cation, the oxi-
dation of the 1M Cl™ anion, and the oxidation of the 4.1M
AlCl,~ anion (3).

The LiCl:KC! eutectic has a Li* concentration of 17M
and a Cl~ concentration of 30M at 450°C (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 WOYW(II) couple (E° = 0.142V
vs. Ag/Ag* reference electrode) in LiCl:KCl 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
pm diam tungsten wire (Alfa) in 1 mm id x 1/4 in. od Pyrex
capillary tubing under vacuum to avoid oxidation of
the tungsten wire. Copper wire with a small winding of Al
wire was then inserted into the glass capillary tubing; care-
ful melting of the Al 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 pm diam. The microdisk was pol-
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ished with alumina powder starting with 1 pm and pro-
gressing to 0.05 pm,

The counterelectrode consisted of a tungsten wire im-
mersed directly in the LiCL:KCl 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 LiCl:KCl eutectic melt 0.08M in
AgCl. 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
for 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 elecirochemical 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 was obtained by wrapping this outer
glass tubing with heating tape and insulation. A 1/16 in.
K-type thermocouple was inserted between 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-
mocouple, 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) 0.08M Ag*/Ag
reference electrode; (c) 25 pm 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 Al wire solder; (h)
25 mm o-ring joint; (i) Teflon valve.

Cyclic staircase voltammetry 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) LiCl (an-
hydrous, Alfa) and 41 m/o KCI (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°C under vacuum for several hours. A flow of an-
hydrous HCI was introduced into the melt charge, and the
temperature was raised to 400°C (eutectic mp = 352°C) to
melt the charge. This HC] purge was maintained for 1h be-
fore finally purging the molten eutectic with argon for ca.
1h.

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
pm 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
E.® 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 fea-
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Fig. 2. Reduction of Li* te Li(liq) at 25 wm W in LiCl:KCI eutectic at
405°C. Staircase cyclic voltammogram, scan rate = 2 V s,

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 Cl1™ to
Cly 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 700Q2. For a planar microdisk electrode,
the cell resistance was calculated from Eq. [1]

R = p/dr [1]

where p is the melt resistivity and r is the radius of the elec-
trode (10). Taking the resistivity of LiCl:KCl eutectic to be
0.64 ) cm (4), the cell resistance is calculated to be 127€.
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 Cl™ oxidation curve. For Cl- oxidation, the
low IR drop advantage of the microelectrode is not real-
ized; however, the Cl- concentration is at an extreme of
30M! Smaller microelectrodes would be required to exam-
ine the Cl™ 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 électrode as the liquid Li is deposited.
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Fig. 3. Reduction of Li* and K*(?) at 25 wm W in LiCl:KCl eutectic
at 405°C. Staircase cyclic voltammogram, scan rate = 4 Vs,
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Fig. 4. Oxidation of ClI™ to Cl, at 25 um W in LiCl:KCI eutectic at
405°C. Staircase cyclic voltammogram, scan rate = 4V s,

Double potential step chronoamperometry (DPSC)—
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 1s 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 107% ecm?), a
current density of 1300 A em™? 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 1s deposition at
—3.3V. For a 1s deposition at 1 mA, as in Fig. 5, a Li hemi-
sphere of 40 pm should be deposited, giving a stripping
current density of 64 A cm™2 This lower current density is
based on the maximum 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 um W electrode.
Maximum current on deposition at —3.3V is 200 A cm~2 (curve A), and
on stripping ot —1,0V is 1300 A cm™2 (curve B). Current densities are
calculated based on area of disk, 4.9 X 107 cm® (1 mA
=200 Acm2)
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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. time behavior is better
seen in Fig. 6 where the depositions were performed at in-
creasing overpotentials, n. 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~? 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 (mp = 179°C) 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 agueous 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 um. Therefore, the
radius of the growing Li hemisphere is approximated by
the radius of the microdisk at t = 0 s, t.e., 7, = 12.5 pm. In
previous studies, the growth of the hemisphere was slow,
so 1, was taken as zero. Using an 7, of 12.5 um is physically
analogous to assuming the initial Li nucleus is 12.5 pm 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 [31(11)

dr@)/dt = I(t) {M/f2unFp)r(t)*]} [2]
I(t) = nFADC[(wDt)Y2 + r(t) ] [1 — exp(mFn/RT)] [3]

where 7(t) is the radius in cm of the Li hemisphere at time
t; p is the density of Li (0.52 g/cm?®; M is the molecular
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Fig. 6. Reduction of Li* at 25 um W in LiCl:KCI eutectic ot 405°C.
Potential step from —1.0V to: (a) —3.00; (b) —3.05; (c) —3.10; (d)
-3.15; (e) —3.20; (f) —3.225; (g) —3.25; (h) —3.27; (i) —3.30; (j)
—3.325; (k) —3.35; (1) —3.375V.

o

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


http://ecsdl.org/site/terms_use

3.0 T T T T

CURRENT (MR)

A

(%] leata 469 séa séa 1800
TIME (MSEC)

Fig. 7. Simulation of Li(liq) deposition current on 12.5 um W micro-
electrode as a function of overpotential and time. Overpotential: (A)
10; (B) 30; (C) 60; (D) 110; (E} >200 mV. D = 3.5 x 107° ecm?s™";
[Li*] = 17M.

weight of Li (6.9g); D is the diffusion coefficient for Li*; C
is the concentration of Li* in LiC/KC1 (17 x 1072 mol/em?);
7 is the overpotential; and A is the area in em? of the grow-
ing hemisphere given by 2nr(t)%. The two terms contained
in the first bracket of Eq. [3] are the linear and hemispheri-
cal diffusion components, respectively. Substitution of
Eq. [3] into Eq. [2] yields a nonlinear differential equation
which is evaluated numerically using the Euler approxi-
mation, i.e., substitution of Ar(t) and At for dr(t) and dt, re-
spectively. Deposition curves generated employing this
method are shown in Fig. 7. The overpotential was in-
creased from 10 mV to infinity (>200 mV), and D for Li*
was estimated from earlier experiments to be 3.5 x 10~°
cm? sl Qualitatively, the experimental and calculated
curves are in agreement.

It is instructive to solve separately the linear and hemis-
pherical diffusion equations even though such a separa-
tion will not give a strictly correct solution to the problem.
This approach results in analytical solutions which are de-
scribed in Appendixes A and B. The equation describing
hemispherical diffusion to a growing nucleus has been
previously reported and discussed (15, 16). Deposition
curves showing the contribution each diffusional com-
ponent makes to the total current at infinite overpotential
are shown in Fig. 8. The linear diffusion component de-
creases initially but does not go to zerc because of the in-
creasing area of the hemisphere. The hemispherical com-
ponent continually increases and gives rise to the
observed large increase in current with time of deposition.
The sum of the two components is also shown; qualita-
tively, it also has the same shape as the experimental
curves. The numerical solution calculated using Eq. [2] and
[3]is also shown. The model based on separation of the dif-
fusion components results in a total current well below
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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(lig) hemisphere at a 25 pm W electrode; [Li*] = 17M;
D=35%x10"3%cm?s7.
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that obtained from the numerical solution of Eq. [2] and {3].
Separation of the component does, however, provide a
clear picture of how the linear and hemispherical com-
ponents contribute to the deposition current.

Although the experimental and calculated curves agree
qualitatively, the minima are sharper and the current
values lower for the experimental curves. Using a D value
of 1.8 x 107° em? 5! for Li*, the calculated currents are in
better agreement with the experimental currents in Fig. 6.
However, from several runs, it was found that deposition
and stripping currents were often approximately twice
those in Fig. 6. In fact, the curves in Fig. 6 are the lowest
currents observed for several experiments and should be
used as a lower limit for Li* diffusion. The Li* diffusion co-
efficient can only be placed in a range of 1.8 x 107 cm?s™!
to 3.5 x 1075 cm? 571, This range is similar to the value of
2.93 x 107% cm? 57! determined for Li* in LiNO; at 350°C
1.

To help elucidate the problem of variable Li currents,
electrodes were removed from the melt after use, washed
with water, and examined under a microscope. For the
electrode used to obtain the data in Fiig. 6, the tungsten mi-
crodisk was clearly visible even though the glass sur-
rounding the microdisk had been badly etched. There
were no apparent cracks in the glass encasing the elec-
trode; therefore, it can be assumed that the electrode re-
tained its disk configuration during the experiments. The
area of etched Pyrex glass was circular with a radius of ca.
200 wm, and the tungsten microelectrode was in the center
of this etched area. This indicates that the Li grew radially
from the tungsten microelectrode in all directions, consist-
ent with the proposed model for deposition. For some elec-
trodes, the glass surrounding the tungsten disk was
cracked resulting in larger effective electrode areas. For
these cracked electrodes, higher currents were observed,
and the minima were broadened as expected for larger
area electrodes. Finally, one electrode gave nearly twice
the currents in Fig. 6 with sharper minima. This electrode
showed no glass cracking and etching occurred in a radial
fashion for a distance of ca. 50 pm from the tungsten disk.
The observed currents may be a function of electrode acti-
vation as well as of effective electrode area.

In situ microscopic examinations.—A high-temperature
cell, Fig. 9, was constructed to examine the surface of the
12.5 wm radius tungsten electrode during Li deposition
and stripping. The cell consisted of a quartz cuvette with
optical glass on all sides, including the bottom. The elec-
trode assembly consisted of a tungsten microelectrode
sealed in Pyrex, a tungsten wire counterelectrode (0.5 mm
diam), and a Ag wire reference electrode immersed in
LiCL:KCl contained in a separate fritted compartment. The
cuvette and electrode assembly were designed to allow as-
sembly in a dry box and subsequent transfer to the heater
and microscope. An Al block heater was used to heat the
cell to 420°C. A hole in the bottom of the Al block allowed
examination of the tungsten microelectrode through the
bottom of the cuvette using an inverted microscope. All
observations were performed using a magnification of 100
times since lighting of the cell was insufficient to allow
clear observations at higher magnifications. Several im-
portant observations were made.

During rapid deposition of Li, the melt became cloudy in
the region surrounding the electrode indicating precipita-
tion of salt from the Li* depleted melt. This cloudiness ob-
scured the electrode. The cloudiness is most likely a result
of precipitation of KC1 (mp = 772°C) from the now K*-rich
melt. Similar concentration changes near the cathode have
been observed for Ag deposition from KNO;:LiNO; melts
and have been related to problems expected for Li deposi-
tion from LiCl:KCl1 melts (18). Despite this precipitate, it
was still possible to discern a bright, growing layer of Li
during deposition. Because it was necessary to press the
electrode against the bottom of the cell to achieve suffi-
cient lighting, the Li appeared to grow in a flat layer along
the surface of the insulating glass encasing the tungsten
electrode. It was possible to obtain curves with the same
features as Fig. 6 by raising the electrode slightly so that it
was not in contact with the bottom of the cuvette.
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Fig. 9. High-temperature cell for in situ observations: (a) Al block;
(b) quartz cuvette; (c) cartridge heaters; (d) Pyrex shaft; (e) J-type ther-
mocouple; (f) W counterelectrode; (g) 25 um diam W microelectrode
assembly; (h) Ag/Ag™ reference electrode (i) Teflon electrode holder;
(j) inverted microscope.

The insulating glass encasing the electrode was badly
etched during the deposition processes. Reaction of the
glass often resulted in the electrode being covered by an
insoluble grainy material. Since it was necessary to press
the tungsten electrode against the bottom of the cuvette to
get proper lighting, etching of the bottom of the cuvette
was observed during Li deposition.

Gas bubbles were also observed during Li deposition.
This is probably H; evolution resulting from water impuri-
ties present in the melt. Because of difficulties encoun-
tered during cell assembly, the melt was exposed for short
periods to ambient air.

After several hours.of observations, the growth of metal-
lic, dendritic Ag crystals was observed on the tungsten mi-
croelectrode at potentials cathodic of —0.2V as a result of
leakage of the Ag/Ag" reference electrode. Although the
dendritic growths flaked off the electrode, it was possible
to observe a stripping current.

At anodic potentials, Cl, evolution was observed at the
electrode surface. No clouding of the melt occurred during
this gas evolution.

Bismuth deposition.—To test the applicability of micro-
electrodes to the study of other deposition processes, a
0.12M solution of Bi** in the LiCl:KCl eutectic was pre-
pared by addition of BiCl; to a purified melt.

A staircase cyclic voltammogram is shown in Fig. 10 for
liquid Bi (mp = 271°C) deposition at 400°C. Excellent depo-
sition and stripping behavior were observed for scan rates
from 0.25 to 50V s~l. Integration of the voltammograms
showed that Bi stripping resulted in nearly quantitative re-
covery of the charge passed during deposition, unlike the
case for Li.

Normal pulse voltammograms were also run on the
0.12M Bi®* melt. At a microelectrode, the concentration of
the electroactive active species returns to its initial con-
centration following an analysis pulse, {,, if the time be-
tween the pulses, ty, is approximately ten times t, (19).
This eliminates the need to wait excessively long times be-
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Fig. 10. Reduction of Bi** to Bi'(lig) at 25 um W in LiCl:KCl eutectic
at 400°C. Staircase cyclic voltammogram, scan rate = 50V s,

tween pulses or to physically stir the melt, thus greatly
simplifying the construction of the high-temperature elec-
trochemical cell. Normal pulse voltammograms at a 25 pm
diam tungsten microelectrode are shown in Fig. 11 for rela-
tively short pulse widths. Well-defined limiting plateaus
were obtained for pulse widths from 1 to 500 ms with a
waiting time of 2s for t, = 1 — 250 ms and 5s for t, = 500
ms.

The current to a microdisk as a function of time is de-
scribed by Eq. [4] through [6] below (20)

i = 4nFDCr{f[P)]} [4]
P = 4Dt/r? [5]
For P <1.44
fiP) = (w/4P)*? + w/4 + 0.094 P12 [6]
and for P > 0.88
AP) =1+ 0.71835 P12 + 0.05626 P** [7]

For short times, i.e., P < 1.44, appropriate substitutions
can be made giving the diffusion-controlled limiting cur-
rent, i;,, for a normal pulse experiment of pulse width ¢,
Eq. 8]

i = nFC(D) 21/, + 7nFDCr 8]

The first term in Eqg. [8] is simply the Cottrell equation (11).
The second term differs by only a factor of 4/w from the dif-
fusion-controlled limiting current, iy, to a microelectrode
at long times as given by Eqg. [9] (20)

iss = 4nFDCr [9]

At long times, the current to a microelectrode is independ-
ent of pulse widths.

Applying Eq. [8], a plot of i, vs. t,7% at short times
should yield a straight line with a slope and intercept from

16 T

141 4

CURRENT (UR)
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2k

:.: i

BT 5.05 5. 00 5,05 5. 10
E (V) VS AG/AGI)
Fig. 11. Reduction of Bi®* to Bi(liq) at 25 pum W in LiCI:KCI eutectic
at 400°C. Normal pulse voltammetry, pulse width: (A) 1; (B) 2; (C) 5;
(D) 10 ms'.
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which the diffusion coefficient can be calculated. For
pulse widths less than 50 ms and an estimated diffusion
coefficient for Bi®* of 1075, the parameter P is less than 1.44.
Therefore, using pulse widths from 1 to 25 ms, the slope of
a iim vs. t," 2 plot gives a D value of (2.2 * 0.2) x 107% cm?
s~! for Bi** in LiCL:KCl at 400°C. The intercept of the plot,
however, has a negative value indicating a certain amount
of error. Even so, this value agrees well with D values de-
termined for Pb** and Cd?* of 1.7 x 1075 em? s7! and
1.8 X 107 em? s, respectively, at a dropping Bi electrode
in LiCLKCl eutectic at 450°C (21). The currents at the
longer pulse widths were considerably lower than ex-
pected from Eq. [7]. Examination of the electrode follow-
ing the normal pulse experiments showed that the glass
was not attacked, but the tungsten disk was recessed ca. 20
pm below the surface of the glass. The current to this
“shielded” microelectrode would not have a contribution
from hemispherical diffusion but would exhibit only lin-
ear diffusion characteristic. This also explains the negative
intercept seen for the i, vs. t,"2 plot.

The rising portion of the normal pulse voltammograms,
particularly those with short. pulse widths, were not
smooth but exhibited one or more discernible plateaus.
This may be an artifact of the microelectrode, or it may be
a result of the formation of subvalent Bi species such as
Bi* or Bis**. These two species have been identified in
molten NaCl:AlCl; (22, 23), and Bi* has been proposed to
be formed in LiCl:KCl by reaction of liquid Bi with Bi**
(24).

Deposition and stripping experiments for Bi were per-
formed using DPSC to see if high stripping currents could
be achieved. Deposition currents of only a few nA’s were
observed; however, by depositing Bi at —0.5V for 10s,
stripping the Bi at 0.5V gave a current density of 600
A cm™? calculated from the area of the microelectrode.
Also, with long deposition times (>10s) the deposition
curve showed a minimum followed by a slow rise in the
current. Finally, it was observed that if Bi were deposited
on the tungsten microelectrode for several seconds at
—0.5V, the potential for Li deposition was shifted consider-
ably anodic to <—2.0V. This is consistent with results re-
ported at a dropping Bi cathode, for which Li deposition
began near —0.8V vs. Bi/Bi®** (21); this was attributed to the
low activity coefficient of Li in Bi.

Conclusions

Lithium stripping at a tungsten microelectrode has been
shown to give high current densities, 1300 A cm ™%, using
the area of the tungsten microdisk (r = 12.5 pm) in the cur-
rent density calculation. The calculated current densities
decrease with increasing amounts of Li deposited as ex-
pected for a growing hemisphere. The Li deposition at a
tungsten microelectrode can be simulated using a model
based on hemispherical and linear diffusion to a growing
liguid Li hemisphere. In situ observations of the Li deposi-
tion/stripping process indicate precipitation of K*-rich
melt in the melt region surrounding the electrode. Deposi-
tion of other metals can also be examined successfully as
demonstrated for Bi.
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APPENDIX A
Calculation of the current to a growing hemisphere assuming the cur-
rent is under hemispherical diffusion control

For hemisphere where Q(t) is the total charged passed at
time t

V(t) = (2/3) =r(t)® = [Q(t)/nF1(M/p) [A-1]
QM) = [I() dt [A-2]

Therefore
(2/3) wr(t)® = (M/mFp)[[I(t) dt] [A-3]
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Differentiating with respect to ¢
(2/3) w3[r()? [dr(t)/dt] = (M/nFp) [I(t)] [A-4]

The equation for hemispherical diffusion controlled cur-
rent is

I(t) = 2anFDCr(t) [1 — exp(nFn/RT)] [A-5]
Therefore
(2/3) w3[r(H)? [dr(t)/dt]

= (M/nFp) {2anFDCr(t) [1 — exp(nFo/RTD]} [A-6]
Simplifying and rearranging

r(t) dr(t) = (MDC/p)[1 - exp(nFn/RT)] dt [A-T]

Integrating both sides and evaluating the left side from 7(0)
to r(t) and the right side from t = 0 to t gives

Jr(t) dr(t) = (MDClp) [1 — exp(mFwRT)] fdt  [A-8]
(1/2) {r®)F — [7(0)% = MDCip) [1 — exp(nFw/RT)] (¢ —[ g)g

[r()F = r,* + 2ZMDCt/p) {1 ~ exp(nFn/RT)] [A-10]

Substituting this value for [r(t)]* into the square of the
equation describing hemispherical diffusion controlled

current given by Eq. [A-5]
[I®F = QunFDC)? [r,2 + QMDCt/p)] [1 — exp(nFr/RT)P ]
[A-11

Finally
[I(®))? = {2anFCDrf1 — exp(nFn/RT)]}
+ (7nF)? (M/p) (2CD) 1 ~ exp(nFy/RDE [A-12]

In Eq. [A-12], the first term is the square of the hemispheri-
cal diffusion controlled current to a nongrowing hemi-
sphere of radius r,, Eq. [A-5]. The second term is the square
of the hemispherical diffusion controlled current to a
growing hemisphere with a radius of zero at t = 0.

APPENDIX B

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

For this case the derivation is the same except that

I(t) = MFADY2C) [1 — exp(nFw/RD}/(wt)?  [A-13]
Since A = 2772 for a hemisphere
I(t) = (nF2a{r(®)}? D?C}[1 — exp(mFn/RT)] (wt)"*? [A-14]
An abbreviated derivation is given below
V() = (2/3) =r(t)® = M/nFp) [JI(t) dt] [A-15]
Differentiating with respect to ¢
(2/3) w3 [dr(t)/dt] = (MmFp) [I(1)] [A-16]

(2/3) w3[r()? [dr(t)/dt] = (M/nFp) {nF2a[r()]* D¥*C}
[1 — exp(nFn/RD)] (wt)"¥* [A-17]
dr(ty = (M/p) (D'?C) [1 ~ exp(nFn/RT)] (wt) 12 dt [A-18]
Integrating and evaluating

Jdr(t) = [(M/p) (D'*C) [1 — expmFx/RT)] (wt) "2 dt
[A-19]

(1) = 7, + 2(M/p) (DV*C) [1 — exp(nFn/RT)] = V212 [A.20]
Combining Eq. [A-2] and [A-8]
I(t) = 2w{rs2 + 2(M/p) (DV2C) [1 — exp(nFr/RT)] w~ 124122
x nFDYC[1 — exp(nFn/RT)] (zt)"1? [A-21)]
Defining X = [1 — exp(nFn/RT)] and expanding Eq. [A-9]
I(t) = 2721 2nFDYCX(t'?) + 4r,(M/p) nFDC2X?
+ 8nw V2R (M/p)*D¥2C3X3(tVY)  [A-22]

The first term which has a t™** dependence is the planar
diffusion controlled current to a nongrowing hemisphere
of radius r,. The third term which has a t** dependence,
but is independent of 7., is the planar diffusion controlled
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current to a growing hemisphere with a radius of zero at
t = 0. The second term is a time-independent current. It is
apparent that the planar diffusion current is a complex
function of time when 7, # 0.
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Carbon Microfibers with Conically Oriented Carbon Layers as
Cathode Materials of Rechargeable Lithium Cells

Mitsuaki Dohzono, Hiroaki Katsuki, and Makoto Egashira

Department of Materials Science and Engineering, Faculty of Engineering, Nagasaki University, Bunkyo-machi 1-14,
Nagasaki, 852 Japan

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 titanium 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
LiCl0, 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 lithium anode (see Eq. [1] and [2])

charge
Cathode: nC + C10,” == C,ClO4 + ¢~ {11
discharge

charge
Anode: Li* + e~ = Li 2]
discharge

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

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™!). Ohzuku et al. (2) re-
ported that GICs also could be formed in a propylene car-
bonate (PC) solution of LiClO, by anodic oxidation of
graphite materials, and that the maximum charge storage
was 85 = 5 C g, 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™! from the maximum charge storage of
90 C g™\. However, this value is still smaller than that of
lead-acid batteries (about 175 Wh kg™!). 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 LiClO, < LiBF, < LiPF. However, the maximum
charge storage was only 18 C g7}, even for the best electro-
lyte LiPF,. In contrast to the above, Nawa et al. (4) have
succeeded in making an extremely large charge storage ca-
pacity (about 300 C g™ by employing a special kind of ac-
tivated carbon fiber (specific surface area 1500-2500 m2 g™?)
as a cathode material in a y-butyrolactone solution of
LiClO,. This result offers the potential that the charge stor-
age capacity could be enhanced by controlling the micro-
structure of the cathode material.
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