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Infrared spectral data indicated that Li~~ is formed in cathodeh a  ted cells durin~,,forced overdiacharge. On the other hand, there was
very little or no Li~S present in cells at the end of discharge or inanode limited cells after forced overdischarge.
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tion at 1070 cur’ were detected after forced overdischarge. These ma-
terials are formed by oxidation r a tions a the ar4ode.,C+3 ic—)

Anal~~ts of s~lu~~ons f~~m ~~~~ d~~cha rged without Li on the
anode sho~~~ that S62Cl2, ~OCl A1Cl4 , Cl2, a material absorbing at
1070 cur1 and probably SC12 are formed as oxidation products. Some S02
was also found in these solutions.
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The p.fodu~,ts detectable after “charging” a Li/Sod 2 cell were

SO2C12, SC12, SO2, and the material exhibiting absorption in the infra—
red spectrum at 1070 cur1 ,_

On the basis of materials characterized , from IR spectral and cyclic
• vo1ç~ iunetry ,~~ta, a mechanism is proposed for the oxidation re~~.Uons inSOdl2/LiA1C14 solutions.
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I. INTWODUCTION

In recent years there has been considerable research and development
on ambient tamperature, high energy density Li cells. A particuarly promising

* system is based Ofl SOC].2 (1,2). Here, S0d12 serves as both a solvent and
depolarizer for the cell. These cells have delivered 100 Whr/lb and 40 W/lb
at the 2.5—hour rate and, as usual, higher energy densities at lower discharge
rates (3). According to one report (4) they can deliver as much as 300 Whr/lb
at low rates. Clearly this is a very promising system with many applications
wher, high energy density and high rate are required.

The cell has two problems: (1) under a variety of circumstances, the
cell has shown a tendency to explode, (2) after high temperature storage, it
shows voltage delay.

The objective of this program is to explore the causes and find solu-
tions to the explosion hazards in the Li/SOC12 cells. Three types of explosion
have been reported: (1) cells explode on short circuit; (2) cells explode on
forced overdiacharge; (3) cells explode on resistive load overdischarge.
Clearly, any high rate, high energy density system such as Li/SOdl2 has the
possibility of a thermal runaway type of explosion. It is not surprising

• that a hermetically sealed D—cell, which can deliver in excess of 20 amps,
might explode when short circuited —— it just is not possible to remove the
waste heat. However, this problem appears to have been solved with low pressure
vents (100-300 psi) and with appropriate fuses incorporated into the cell (5,6).

The other two types of explosion are of greater concern. The forced
overdischarge situation may be experienced by a cell in a battery package.
Explosion on resistive load overdischarge implies that any completely dis-
charged cell still connected to a piece of equipment is a hazard. No clear
documentation of the explosion hazard on resistive load overdiecharge is found
in th. literature. Forced overdischarg. explosions have been documented for
D-size (5) and C—size (10,11) Li/SOC!2 cells. This type of explosion, occurring

• af ter cell—voltage reversal , takes place without prior temperature or pressure
ris, and appears to be chemical in its origin. We have shown that forced over-
discharg. explosions appear to occur only in anode limited cells (10,11). Indi-
vidual electrode potential measurements during discharge and overdischarge showed
that the anode was at .~~ 4OV for a considerable length of time prior to an
explosion. The nature of the explosion suggests the production of sensitive
chemicals by oxidation of SOC12 or other materials present in the cell which
could explode under certain conditions.

In order to characterize the material(s) responsible for explosion in
anode limited cella, a considerable amount of analytical work was carried out
during the present quarter. Major emphasis was placed on cyclic voltameetry
and infrared spec troscopy.

1
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II. CYCLIC VOLTAIO4ETRY STUDIES

1. Experimental Procedures

All the experiments L’-~ olving reagent handling and cell construction
were carried out in the absence of air and moisture in an argon atmosphere
using a Vacuum—Atmospheres Corporation dry box.

Cyclic voltameetric studies of SOC 12/LIA 1C14 (l. 8M) solutions were
carried out on nickel and carbon electrodes using a three electrode system.
A 15 ml! lithium ribbon pressed onto a nickel screen served as the reference
electrode. The reference ej.ectro~e,~~as..contained in a Luggin capillary and

- • was placed close to the working electrode. The counter electrode consisted
of a piece of Li (%l cm2) pressed onto a nickel screen. The Ni working elec—
trode consisted of a 0.5 cm2 nickel disc (10 mu thick), fitted in a Teflon
holder. The carbon working electrode was a 0.10 cm2 glassy carbon surface.
The electrodes were arranged in a 25 ml capacity, three—necked flask. A
volume measuring 7 ml of SOC12/1.8M L1A1C14 solution was used. The voltam—
metric scans were performed with a Amel Model 551 potentiostat in cor ’unctlon
with their Model 566 function generator. The i—E curves were recorded on a
Houston Ouvtigraphic Model 2000 X—Y Recorder or on a Bascom—Turner Series 8000
Recorder provided with microprocessor capabilities.

Cyclic voltameetry of materials from discharged or overdischarged cells
was carried out in situ. The experimental details are given in the next Section.

2. Cyclic Voltammetry in SOC12/LIA1C14 Solutions

A typical cyclic voltaumiogram between 1 and 5V vs. Li+/ Li in SOC12/
1.8M LIA1C14 on a glassy carbon electrode is shown in Figure 1. A similar
voltameogram was obtained also on a Ni electrode and is shown in Figure 2.
Although the overall features of the voltammogram are identical on both of
the electrodes, the peaks appeared more sharp on the carbon electrode. Also
the peaks on Ni are shifted to slightly lower potentials. Therefore most of
the studies were performed using the glassy carbon electrode.

2.1 Electrochemical Reduction of SOC12/LIA1C14 Solutions

• Experimental Results

A typical cyclic voltamuaogram in SOC12/l 8M LiA1CI4 solution,
obtained by scanning the carbon electrode cathodically from open circuit vol—
tage (3.6V vs. Li1 /Li) is shown in Figure 3. The scan rate is 0.lV/sec. The
onset of a reduction peak occurs at ‘~3.OV with a peak at 2.6V. This reduc-
tion peak may be regarded as due to the reduction of SOCI2 and is in good
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Fig. 1. Cyclic volteiwiograas of SOC12/1.8M L1A1C14 on glassy
carbon electrode. Scan rate 100 mV/sec. The elec-
trode was scanned anodic first from 3 7V.
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agreement with previous observations (7,8) on similar electrodes. Following
the peak at 2.6V a very weak current peak appears at ~l.8V. No other reduc-
tion peaks are observed up to l.OV. Scanning the electrode below l.OV showed
only the current peak corresponding to the plating of Li on the carbon. The
onset of current corresponding to this process occurs at ‘~O.SV with a peaknear 0.OV , Figure 4. This process, however, led to the damage of the carbon
electrode surface and therefore in all studies the electrode was scanned only
to l.OV. The anod ic scan from l.OV showed a very weak current peak at 2.55V,
and as shown previously (7), this peak may correspond to the oxidation of the
material exhibiting the reduction peak at l.80V. The reduction peak at  1.8V
and oxidation peak at 2.55V may correspond to the reduction and oxidation of
SO2. Addition of SO2 to the solution slightly enhanced the height of the
reduction peak at l.8V. Because of electrode passivation front the hi gh
current reduction process at 2.6V, addition of SO2 did not result in a sig-
nificant increase in the height of the peak at l.8V. The severe pasaivation
of the electrode,probably due to Lid , was indicated by the observation that
after an anodic sweep to 3.6V, second cathode sweep did not show any reduc-
tion peak at all. It was necessary to regenerate the electrode by holding It
at an anodic potential of %4.6V before reproducible results could be obtained .
The regeneration of the electrode was achieved in a second electrochemical
cell so that products generated while holding the electrode at the anodic
potential would not contaminate the test solution .

• Discussion

Various workers have suggested several reactions in the reduction
of SOC12/LiA1C14 solutions . The commonly accepted reduction reaction is

2S0C12 + 4Li -‘ 4L1C1 + SO2 + S (1)

However, other reduction products such as S2C12, Li2SO3 and Li2S2O4 have also
been suggested and sporadic reports of identification of some of these pro-
ducts have appeared. In order to see whether these products could be identified
by cyclic voltanmietry, cyclic voltammograms were obtained with addition of
S2C12 Na2S2O4 and Na2SO3 to SOC12/l.8M LiAlCl4 solutions. Roth Na2SO3 and
Na2S2O4 were insolube in the electrolyte. The voltanmtogram obtained with
addition of “.10 yb S~Cl2 is shown in Figure 5. The voltaiamogram does notshow a separate reduction peak corresponding to S2C12. It appears that S2C12
reduces at a potential slightly positive of the reduction of SOd 2 so that
the positive portion of the SOd 2 reduction peak is slightly broadened with
the resulting current peak becoming asymmetrical. Further addition of S2C12
brought about more broadening of the SOd 2 reduction peak at the positive region.

The present value of the reduction potential of S2C12 does not agree
with the value reported by Blomgren et al (8). These authors reported that
S2C12 in 50Cl2/LiAlCl4 solution reduces at 3.4V vs. Li+/Li.

6
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2.2 Electrochemica]. Oxidation of SOC12/L1A1C14 Solutions

• Experimental Results 
-

•

A typical cyclic voltanmtogram in SOC12/l.8M L1A1C14 solution
on a carbon electrode is shown in Figure 6. A similar voltanmtogram was also
obtained on a nickel electrode. On scanning the electrode anodically from

• 4 volts, the onset of an anodic current occurs at ‘.4.4V vs. Li+/Li. The
voltammogram shows two broad peaks at 4.55V and 4.65V as well as a sharp
and high current peak at 5.OV. In poorly resolved voltammograms, the two
peaks at 4.55V and 4.65V merge together and appear as one peak. On cycling
the electrode continuously between 4 and 5 volts the heights of the broad
peaks decreases although it does not completely disappear even after several
cycles. After the electrode was scanned cathodically to 2V or below, a very
large current peak is observed in the subsequent anodic sweep to 5.OV. In
these cases, the two peaks at 4.55 and 4.65 volts generally appear as a single
peak.

When the electrode is scanned cathodically below 4V after the anodic
scan to 5V, the reduction peaks due to the oxidation products appear in the
resulting voltammogram. It is shown in Figure 7.

• There are two clearly separated current peaks at ‘.3.6V and ~.3.25V
• which come from the reduction of oxidation products. There is also a third

peak at 2.95V, appearing as a shoulder to the SOC12 reduction peak at 2.6V.
These peaks are not found in the voltatmnogram when the first sweep was
initiated cathodically from open circuit. The appearance of these peaks
and their relative peak heights were found to depend on the potential of scan
reversal.

None of these three peaks appear when the scan is reversed at potentials
below 4.2 volts. When the scan is reversed at ~4.6 volts the peak at 3.25 volts
appears as the major one. On increasing the reversal potential to values
greater than 4 .6V the height of the peak at 3.6V also increases along with the
appearance of the shoulder at 2.75V. If the electrode is cycled several times
between 4V and SV before sweeping cathodically, all three peaks show increased
peak heights. The voltammograms obtained by addition of Cl2 to the SOd 2,
LiAXCI.4 shoved an increase in the reduction current peak at 3.25V. As would
be seen later the reduction peak at 3.25V was also observed in the cathodic
region of SO2C12/LiA1C14 solutions after an anodic scan to 5.OV.

• In order to identify the other reduction peaks in the voltammograut
resulting from oxidation products, the electrode was scanned cathodically
from open circuit after adding various reagents to SOC12/LiAlCl4 solutions.

• The materials added were SC12, S2C12, SO2C12 SO2 Aid 3 and various combina—
Uons of these. Runs were also made using the Li20/AlCl3 based electrolyte (9)
in plac. of LiA1C14.
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Fig. 6. Cyc l ic voltanmiogram of SOC12/l.8M LIA 1CI 4 on glassy -ar—
bon electrode between 4 and 5 volts. Curves I and 2
represent successive scans. Scan rate — 50 mV/sec.
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The voltammogram obtained by adding 1% S d 2  to SOC12/ 1.8M LiA1C14
solution is shown in Figure 8. The onset of the cathodic current begins
at 3.8V as in the case of the voltannnogram in Figure 7. Addition of more
SCI2 resulted in an increase in the current with a peak at %3.6V. When
larger amounts of SC12 were added, the peaks moved slightly to lower
potentials..

The reduction peaks at 2,85V could most probably be due to S02C12.
The volta ogram obtained by adding 30 yb S02C12 to SOCI2/1.814 L1A1C14electrolyte is shown in Figure 9. The reduction peak is observed at
“.2.9V as a shoulder to the SOd 2 peak. The voltammogram of S02C12/l.8M
LiA1C14 was also recorded to confirm this assignment and is shown in Figure
10. An interesting feature of the voltammograut is the position of the Cl2reduction peak. It occurs at about the same position as the one assigned to
Cl2 reduction in SOC12/LIA1CI4 solutions. Evidently Cl2 is an oxidation
product of ~~2Cl2 also.

We have also obtained a cyclic voltammogram in SOC12/Li20—A1C13 basedelectrolyte. The solution had a Li+ ion concentration of 114. The voltammo-
gram is shown in Figure 11. The features are similar to those observed in
SOC12/LiA1c14 solutions also.

The various other voltameograms with addition of the other reagents
or their combinations were not very informative.

• Discussion

It appears that there are two oxidation reactions at potentials
between 4.4V and 4.65V. The first peak at ‘.4.5V most probably corresponds to
oxidation of LiCl (Equation 2) and the process may represent the removal of
the LIC1 film from the electrode surface.

+ 1 --

• 
LIC1 -‘ Li + ~‘C12 + e (2)

The fact that it was possible to regenerate the electrode surface which had
been passivated by holding it at a potential of “A.SV substantiate the assign-
ment. The observed increase in the height of the peak after a cathodic sweep
to lv and the continuous decrease in the height of the peak on successive
cycling between 4V and 5V are also in agreement for this assignment.

The more positive broad peak at 4.65V may correspond to the oxidation
of A1C14, (Equation 3).

A1C14 
-

~~ 
-~Cl2 + Aid 3 + e (3)

12
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When the voltanmx grams were run in SOC12/L1A1C14 solutions as a function of
the concentration of LiA1C14 from 0.25 to 2 .OM , we found increasing peak
heights with increasing concentration of LiA1C14. The results from these
experiments are not conclusive. However, we had identified (10,11) Ai.Cl3 as
an oxidation produc t of SOC12/LiA1C14 solution when these solutions were
electrolyzed at constant current with the anode potential remaining at i.4.6V.

• The high current peak near 5V is most probably due to oxidation of
SOC12. However , the oxidation may begin at a much lower potential; say , at
..4.6V in keeping with the fact that products of SOd 2 were prese ” (10,11)
in the SOC12/LIAiC14 electrolyte af ter  constant current electrol)~~.s at
anode potentials of 4.6V.

The predominant reactions at 4 .6V could then be reaction (2) and
reactions (3) and (4) shown below .

Aid 4 
-
~~ Aid 3 

+ ~Cl2 + e (3)

Sod 2 + A1Cl~ 
-~~ SOC1+A1C1

4 

+ ~~C1
2 

+ e (4)

Reaction (2) would occur predominantly only if the electrode had been first
scanned cathodically from open circuit so as to cause LiC1 deposition on the
electrode by SOC12 reduction. Reaction 4 is now accepted as the primary
oxidation process In SOC12/LiA1C14 solutions (7 ,11).

A further discussion of the oxidation products of SOd 2 may be made
with reference to the voltammogram below 4V obtained by sweeping the elec-
trode cathodically after an anodic scan to 5V (see Fig. 7).

Since the anodic peak at 4.6V and the cathodic peak at 3.25V are inter-
dependent, and since the primary reactions at 4.6V involve the formation of
Cl2, the peak at 3.25V is most probably due to Cl2 reduction. This assignment
is supported by the observation that a solution of Cl2 in SOC12/LiAlCl4 shows
a reduction peak at 3.25V and that the Cl2 reduction peak in S02C12/LiA1C14 is
formed at ~.3.25V.

• The reduction peak at 3.6V can be assigned tentatively to a sulfur
chloride such as Sd 2 with reference to the voltammogram in Figure 8. The
reduction potential observed here for SC12 is in agreement with the value• reported by Blomgren et al. (8). They found that Sd 2 reduces at ‘~.3.7V vs.
Lf’/Li in SOC12. Two other experimental results also suggested that the peak
at ,3.6V is most probably due to Sd 2. In SOC12/LiA1C14 solutions containing

• S or S2C12, the reduction peaks at 3.6V showed higher currents than in solu-
tions without the additives, suggesting that these materials may chemically

17 
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react with an anodic product to give the material with the 3.6V reduction
potential. Since Cl2 is an oxidation produc t , the most probable reactions
are,

+ Cl
2 

+ 2SC12 (5)

S+C1 2 
-

~~ SCl~ (6)

These reactions are well known . For example Sd 2 is prepared by passing dry
Cl2 gas through powdered S. The reaction is exothermic and the intermediate
is S2C12. In this reaction, with a large excess of Cl2, the unstable SC14
can also be prepared by proper low temperature cooling.

From these information we assign the reduction peak at 3.6V as most
probably due to SC12. However Sd12 is a reduced S species and its forma—
tion on oxidation of SOC12/LiAldl4 is somewhat unusual. Nevertheless, a
reaction mechanism involving the formation of Sd 2 can be written for oxidation
reactions in SOC12/L1A1C14 which could account for all the products:

The reduction peak at 2.85V may correspond to S02C12 in accordance to
the results presented in Figures 9 and 10.

Oxidation reactions that would explain the formation of the various
• products observed here could then be, (2), (3), (4) and (7) and (8) shown

below.

SOd 2 + SOCl~AlC14 
-~~ SC1+ + A1C13 + ~

Cl2 + e + S0
2

C1
2 

(7)

SCl~ + AId 4 + SC1+A1C14 (8)

The cathodic processes to balance the charges would involve the reduction of
• SOC 2 with Li+ from LiAldl4 as shown in Equation (1).

• The first oxidation reaction of SOd 2 shown in Equation (4) is now
well accepted. However, we note that SOC1+A1C14 is structurally similar to
LiA1C14 and could be oxidized at potentials close to that of the oxidation of
LiAIC14. Although the reactions in (7) and (8) may represent the overall
processes, the actual reactions may take place in multisteps as shown in (9)
and (10).

2SOCl~AlCl4 -‘ 2A1C13 + C102 + 2e + ~Cl2 + 2SC1
+ (9)

2S0C12 + dO 2 + 2SO2C12 + ~Cl2 (10)

18
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Note that this reaction scheme involves a very explosive and powerful oxi-dizing agent d O 2. The complex SC14A1CI4 is essentially Aid 3 complex ofSd 2 and has been previously characterized (12).

We would like to stress that the reaction schemes shown above have beenproposed to explain the observed products. More work is needed for furtherconfirmation.

19 L~J



II I. ANALYSIS OF ELECTROLYTE FROM Li/SOC12 CELLS AFTER DISCHARGE,

FORCED OVERD ISCHARG E AND “CHARGE”

A preliminary account of the analysis of products f rom discharged and
overdiseharged Li/SOd 2 cells by IR spect romet ry was given in the last
quarterly report. Further studies were made in the present quarter using
both IR spectrometry and in situ cycle voltaninetry. The small prismatic
cells with a slightly flooded configuration was used for these studies.
The larger amounts of electrolyte were needed to have materials left for
analysis after the galvanostatic tests. Control experiments with extracts
of the electrode package from cells containing lesser amounts of electrolyte
did not show results different from flooded cells.

1. Experimental Procedure

In the IR spectrometric methods anode and cathode limited cells were
subjected to various states of discharge and overdischarge and the electro-
lyte was analyzed. The electrode package was then extracted with SOC12 on
Sd 2 and spectra were again recorded. In order to identify the
spectra, spectra of mixtures of various reagents of known compositions were
also obtained.

All infrared spectra were obtained on a Beckman Acculab 5 dual beam
spectrometer. The instrument covers the range 4000 cm ’ to 375 cm ’. All
the liquid spectra were obtained with Beckman TAC cells. These have AgCl
windows of 0.025 to 0.1 nun path length and can be sealed permanently.

The IR data were complemented by cyclic volta etry studies. Attempts
to obtain cyclic voltammetry data with a microcarbon electrode incorporated
inside the cell between two layers of the electrode package were not successful
due to passivation from excessive film formation on the electrode surface.
However , informative results were obtained from cyclic volta etry on a glassy

• carbon microelectrode (0.07 cm2) introduced into the cell through a side arm of
the specially designed glass cell. The cell and the electrode arrangement is
shown schematically in Figure 12. During discharge the microcarbon electrode
was removed from the electrolyte. In order to record the volta ogram after
discharge and overdischarge, the electrode was pushed down and secured contact
with the electrolyte by placing the cell, in a tilted position. Passivation of
the electrode was avoided by this procedure. Reproducible results were obtained.
The cell reference electrode and Li electrode were used as the reference and
counter electrodes for CV.

20
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Since the IR spectral data and cyclic voltameetry results are comple-
mentary, it is appropriate to discuss the data with respect to cell configu-
rations and the modes of cell operation.

2. Experimental Results

2.1 Anode Limited Cells

The anode limited cells and their construction parameters are given
in Table 1. A summary of the discharge results, the extent of discharge or
overdischarge for each cell before IR spectral or cyclic voltameetry tests
are presented in Table 2. The most informative region of the 1k spectrum
is below 1500 cm 1, the region of S—O absorptions. In cyclic voltammetry , the
cathodic region below 4V is the most useful . -•

Cell P—22 was discharged at 27 mA and yielded 490 Mb capacity,
Figure 13. The cell was anode limited as indicated by the potentials of
the anode vs. Li reference electrode at the end discharge. The cell was
terminated just at the end discharged when the anode potential was
The IR spect rum of the electrolyte is shown in Figure 14. The only IR identi-
fiable product Is SO2.

We have also obtained a similar spectrum from cell P—2l which had been
discharged to 260 mAli, “~2/3 the normal capacity of the cell. At the time of
iR spectral recording the cell potential in P—2 1 was at 3.4V and the anode
potential was at +50 mV.

In order to see if any other products with absorptions hidden inside
• the large SOd 2 peak near 1200 cur1, we recorded the IR spectra in the double

beam spectrometer with SOC12/l .8M L1A1C12 solution taken in an identical cell
-

• placed in the reference beam. The spectrum is shown in Figure 15. The
absorptions due to SO2 are clearly seen at 1340 cur’ and 1155 cur’. The nor-
mal SOC12 peaks are folded upwards in this spectrum . This technique was found
to be a useful one of general utility in the 1k spectral studies of this system .

• Another anode limited cell P—l8 was discharged at 24 mA and then forced
overdischarged also at 24 mA. The overdischarge proceeded with considerable
voltage fluctuations as often found (10,11) in anode limited cells during
forced overdischarge. The discharge and overdischarge are presented in Figure
16. The 1k spectrum was recorded after 240 mAli of overdischarge and is shown
in Figure 17. The spectrum shows SO2 as the major product. However , another

• new peak of medium intensity is present at 1070 cm 1. The spectrum obtained
• with SOC12/LiA1C14 solution in th e ref erence beam shoved that no material is

present which absorbs at 1200 cm 1. The IR spectrum from anode limited cell• P—26 (Figure 18) overdischarged for 1.1 Ah was identical to the one in Figure •

19 except that the intensity of the peak at 1070 curl was relatively higher .
We have reproduced this result in yet another cell overdlscharged for 2Ah.
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Table 2

Analytical Test Summary of Anode Limited Cells

Test Performed After

Cell Capacity Discharge, mAli Overdischarge, Mb
Cell No. (mAh) IR CV IR CV

P—l8 396 240

Cell without Li 670

P—21 260* 260*

P—22 490 490

P— 23 Cell without Li 1150

P—26 620 1100

P—3l Cell without Li 3300 3300

P—32 490 490 2160 2600

*partial discharge.
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In all the anode limited cells some Li, mostly in loose patches, was p
still present at the end of discharge. This LI could possibly reac t with
the oxidation product(s) so that some of the products were not available for - -

detection. To eliminate this possibility, two cells were tested without any
lithium on the anode . This cell represents an extreme case of anode limited
cell , the discharge profile of these types of cell was shown in the last
report. The discharge curve for cell P—l 9 is shown in Figure 19. Cell P—23
was tested without the Li reference electrode since the Li could react with
oxidation products. Both cells gave identical 1k spectra . The spectrum from
P—19 is shown in Figure 20. The spectrum shows two other peaks at 1410 cur l
and 1110 cm”1 in addition to the peaks present in Figure 17. The peak at
1410 cur’ is due to S02C12 and the peak at 1110 cm~~ is due to the complex - -

SOC1+A1C1ç. These compounds were characterized previously from IR spectral
data in solutions of SOC12/LiA1C14 after constant current electrolysis (10 ,
11).

Cyclic voltanimetry data were obtained af ter  various stages of dis-
charge and overdischarge. A typical voltammogram obtained by scanning the
C elect rode between 1 and 4V in the electrolyte from cell P—32 (Figure 21)
which had been fo rced overdischarge for 2.16 Ah is shown in Figure 22. The
voltammograni shows a reduction peak at 3.25V due to an oxidation product.
A very low current peak may be present at ‘~.3.6V. We note tha t the voltaimno—
gram obtained after 490 utAh of discharge when the anode potential had polarized
to ~4.0V did not show any peaks at 3.6V and 3.ZSV .. Evidently Cl2 and SC12 are
present in the overdischarged cell. The IR spectrum from cell P—32 , obtained
immediately after the cyclic voltammetry run, was identical to that shown in
Figure 19, shoving principally the peak at 1070 cur 1 f rom the product . In
addition, SO2 and a minute amount of SO2C12 were also present .

A cyclic voltammogram was also obtained in the electrolyte from cell
P-31, Figure 23, discharged without Li on the anode. The voltainmogram is shown
in Figure 24. It shows the peaks due to C12, and SC12.

2.2 Cathode Limited Cells

Both 1k spectra and cyclic voltammograms were obtained in the elec—
t rolytes from three cathode limited cells P—29 , P—35 and P—36 after 3.24 Ah ,
1.87 Ah and 1.08 Ah of overdischarge respectively. The construction param—

— eters of these cells are shown In Table 3. The tests are summarized in
Table 4. The discharges and overdischarges are presented in Figures 25 and
26 for cells P—35 and P—36 respectively. The voltamniograms of cell P—36
obtained after 1.87 tth of overdischarge is shown in Figure 27. The voltam—
mogram shows a small reduction peak at 3.25V due to Cl 2 in addition to the
SOC12 and SO2 reduction peaks . The Cl 2 peak was not present in the voltaimno —
grams recorded just at the end of discharge . Cell P—36 gave identical results.
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Table 4

Analytical Test Summary of Cathode Limited Cells

Test Performed After

Cell Capacity Discharge, mAb Overdischarge, mAb
Cell No. (isA) IR CV 1k 

— 
CV

P—29 920 — — 3240

P—35 1230 — — 1872 1872

P.36 1210 — — 1080 1080

P— 34 Cell was charged — - 4600 4600

39

.
~~~ 

-

~~~~~~~~
- •- . :.-



t~ ”-.”~ - -
~
-- ---,. - -

-
~~~~~~

‘a.’

04

‘4
‘44)
U
14
0
44.4

S
— Ir~ ‘I

— 0
~~ U

0)
00
1..2

— 0I—. S
—

~~~~~

I
,

M

-

~~~~~~~~~~~~~~~~ N

H

_ I _ . I I I I
(‘.4 — ~~

si_1
~~ ‘WLIIBLQ4

40 
I I

— 

~~~~~~~~~~~



_ _ _  —

I

_ I A i I I I
(‘.4 — ~~

sri~ ‘MiJ~ic~j

- 
41 • . - - 

4 .  .
.
;

-~~ ~~~~L 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-- --- — - -—-- ---- _ - ----— ----5--- - -- — -
~~~--- - -~~~~~~~~~~~ ------- — 

7 

I
_

~~~~~~~~~~

1

_ _

i

1-- 4 ) 1 . ’o . 4
L) 4 ) 5
_I ~-4 0 1 4
ILl 0 5 0

! II1
- 

~
— 1 HI

0 1 4 4)

I—
N

40
‘4
5,4

— ~~.

_ _ _ _ _ _ _ _ _ _  H

I

42

- 
~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ~~~~~—-—-~~~~ -—--- ‘ “ ~~~~ - 
~ ——-------- ~~~r..~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —-~~~~ --— 

The 1k spectrum of the electrolyte from P—36 is shown in Figure 28.
The spectrum shows the SO2 peaks at 1340 cm 1 and 1155 cur’. A weak
shoulder is present at 1065 cur1 and two strong bands are present at 790 cm~l
and 665 cm ’. The latter bands are quite pronounced and found predominantly

• in solut ion from cathode limited cells after overdischarge. All the three
cells shoved the peaks at 790 cur’ and 665 cm_i in the electrolyte after over—
discharge. Partially discharged cells shoved these peaks sometimes as weak
bands. Isolation experiments showed that the peak is not present in SOd 2,
LiA1C14 solutions, but was found in a solution of L12S in SOC12/LiAlCl4.

2.3. “Charged” Li/SOC12 Cells

In order to characterize the reactions responsible for regenerative
processes in the “charging” of Li/Sod 2 cells, both cyclic volta ograa and
1k spectra were obtained for the electrolyte from cell P—Ye. The cell had
been charged to 4.6 Ah as shown in Figure 29. The cyclic volta~~~gran isshown in Figure 30. The voltammogrant shows the peak due to SC12 at 3.65V. A
Cl2 peak may be hidden in the saddle between the two large peaks . 1k spec-
trum, presented in Figure 31, shows S02C12 and the product exhibiting the
peak at 1070 cm l. Some SO2 is also present.

3. Discussion of Analytical Results

Cyclic voltanunetry and 1k spectral data Indicate that SO2 is produced
in Li/SOd 2 cells during the early stages of discharge . Cyclic voltam—
metry also indicated that LiC1 is a produc t of discharge. These observations
are in agreement with the generally accepted discharge mechanisms shown in
Equation 1. The often proposed intermediate , SO, could not be identified
either by IR spectrometry or cyclic voltammetry.

When anode limited cells are forced overdischarged , the anode potential
rises to values MV leading to oxidation reactions of cell materials with
the formation of several products. The oxidation products identified were
Cl2 by cyclic voltaimnetry and a material absorbing at 1070 cur1 in the infra—
red spect rum. In some cells small amounts of SO2C12 and SOC1+A1C14 were
also found. All these products could result from oxidation reactions of the
type discussed In the previous section .

Several 1k experiments with reagent combinations were performed to
identify the material exhibiting absorption at 1070 cur’ In the 1k spectrum.
Only the spectrum of S2C12 showed a weak band at 1070 cur’. This is the first

• overtone band of the S—Cl stretch at 550 cur1. However, the intensity of the
peak at 1070 cur1 in the electrolyte from cells is much higher than even in
neat S2C12 indicating that the material is different. SC12 does not have any
absorptions at 1070 cur1. The possibility of SO3 was investigated by spectral
measure ments on solutions of SO3 in Sod 2. However, 503 oxidized SOd 2
rapidly to produce S02C12 and no absorption at 1070 cur], was found. Further
studies are in progress to identify this material.
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in solutions from cell discharged without Li on the anode, S02C12,
SOC1+A1C]4 and the material exhibiting absorption at 1070 cur’ were
identified from 1k spectra. Cyclic voltammetry showed SC12 and Cl 2 also .
The fact these materials are present in much higher concentrations in
these cells than in overdischarged anode limited cells is probably due to
the absence of Li which could react with the products as well as due to the
availability of larger amounts of electrolyte for oxidation. The reaction
in the cells without Li on the anode Involve regenerative process so that
these cells could be “discharged” for long periods of time without changes
in elect rode polarization. The important cell reactions in the regenerative
process may be ,

Aid 4 ~~- AlCl3 + ~~‘2 
+ e (11)

SOd 2 + AlCl3 -# SOC1+A1C14
_ 

Anode (12 )

SOd 2 + Aid 4 
-~~ SOC1+A1C14 + -~Cl2 + e (13)

Li~ + -~Cl2 + e 
-

~~ LiC1 (14)

Cathode

L1C1 + SOC14’A1C1
4 

-
~~ LiA1C14 + SOC1

2 
(15)

The presence of SO2C12 in these cells suggest that some oxidation of SOC1+A1C14
_

also occurs. Control experiments suggested SO2C12 also forms a complex with
Aid 3 which could probably be formulated as SO2CI+A1C14 . In the infrared
spectrum the peak due to the complex absorb very close to the S02C12 absorptions
at 1410 cur1 and 1205 cur l , so that these peaks appea r as a doublet in the
solution spectrum of A1C13 in SO2C12. In dilute solutions the separation of
the peaks are not clear . The forma t ion of SO2C12 and its AlCl 3 complex may
have relevance to the safety of Li/SOd 2 cells. We have found that the
reaction of S02C12 with Li is extremely fast in the presence of Aid 3. The IR
spect rum identified S02 as a product of the reaction which may be written as,

2Li + S02C12 + 2A1C13 
-

~ 502 + 2LiAlCl4 (16)

SOd 2 also reacts with Li in the presence of A1C13, but the reaction is much
slower.

Analysis of electrolyte from cathode limited cells after long periods
of overdi.charge showed that some reactions were occurring between cell ma-
terials. This is clearly evidenced by the IR spectrum of the solution which
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III

shows an absorption of medium intensity at 790 cm 1 . This peak is not found
or is very weak in the electrolyte, just at the end of discharge. However,
we have found a peak of comparable intensity in solutions of LL2S in Sod 2’
LiA1C14. This indicates that the peak is due to a Li2S mediated reaction
product of SOC12/L1A1C14. The significance is that Li2S is formed in the
cell during forced ov.rdischarge of a cathode limited cell. It is probable
that the Li which is plated on to the cathode during overdischarge reacts
with S produced in the discharge to form L12S. This Li2S reacts with the
electrolyte to form the product exhibiting the absorption at 790 cur1. Pre—
liminary evidence suggest that L1A1C14 is necessary for this reaction of Li2S.
The cyclic voltameograms also shoved some Cl2 in the electrolyte. The Cl2
may come from the Li2S reaction or the reacdon products. A weak absorption
at 1065 cur1 indicates that probably some S2C12 is present. The absorption
may be the expected overtone band of the S—Cl stretch at 550 cur1 as found
in neat S2C12.

The reaction products in solution from the “charged” Li/SOC12 cells
were SO2C]2, SOS, SCI2 and the product exhibiting the absorption at 1070 cur’.
Very little or no Cl2 or SOC1+AlCl4

. was found. The cell process is regenera-
tive and may involve reactions of the type shown in Equations 11—15. The
difference is that the oxidation reactions occur on the carbon electrode. The
explanation for the absence of SOC1+AlCl4 and probably Cl2 may be related to
the regenerative reactions. The chlor ine which is produced reacts with Li in
the presence of SOC1+AiClç to produce LiA1C14 so that no net concentration
of these materials is present in solution.
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IV. SWIIARY AND FUTURE WORK

Infrared spectral and cyclic voltameetry data indicated that SO2C12,Cl2, SOC1+Alc14, possibly Sd2 and a material exhibiting Infrared absorp-
tion at 1070 curl are formed in the oxidation reactions of SOC12/LiAlCl4
solutions. The combinations of these materials present in electrolytes from
cells vary with the modes of operation and configuration of the cells.

Li2S formation has been established in cathode limited cells during
forced overdiecharge. However, no LI2S is found in the cells at the end of
normal discharge or in anode limited cells after forced overdischarge .

On the basis of materials characterized, a mechanism has been pro-
posed for oxidation reactions in S0C12/LiA1C14 solutions .

During the next quarter analytical work will continue with cells dis—
charged on resistive load. We will continue the studies of explosion hazard
in Li/Sod 2 cells as a function of LiA1C14 concentration, current density andcell configuration.
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