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are present at low concentrations on discharge and cathode limited
"overdischarge with two additional radicals appearing on extended anode

limited overdischarge. At least one of these is cationic polymeric

sulfur. Both FTIR and ESR suggest intermediates exist with lifetimes

on the order of days from discharge and overdischarge. No hazardous

reactions were observed at anytime. Pressure from SO2' a principal
result of discharge, remains low due to the LiAICI .3 SO2 complex in
solution. Scanning electron and optical microscop c investigations
of overdischarged cathodes reveal a three-dimensional reticulated
lithium dendrite structure. Individual dendrites do not grow any
longer than about 50 microns or any thicker than about four microns
in diameter before branching at random angles. The extent of dendritic
growth and the fate of the dendrites depends on the discharge conditions
No overdischarged hazards were encountered in this study though
several hazard scenarios suggested themselves.k-
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FOREWORD

This report describes the effort conducted under Contract N60921-81-R-0190

awarded by Naval Surface Weapons Center, White Oak, Silver Spring, MD 20910. It

was funded by the High Energy Batteries for Weapons Block Program (SF65-571-692),

with Dr. William P. Kilroy as Technical Monitor. This is the final report on the work

performed during the period of September 1981 through November 1982.

The work reported herein was performed under the direction of Dr. Robert C. Mc-

Donald. The report was released by the author in December 1982.

The author wishes to thank Mr. James M. Bennett, Dr. Frederick W. Dampier, and

Mr. Paul Wang for their contributions as co-investigators on this project.
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1.0 INTRODUCTION

Reports of cell ruptures and explosions on overdischarge of lithium/thionyl chlo-

ride and lithium/sulfur dioxide batteries/cells have circulated for a number of years.

Among the studies resulting from these events was one carried out by Abraham et al1, 2)

in which it was proposed that Li2S is found in cathode limited cells, and SCI4, Cl4 and a

material with infrared absorption at 1070cm 1i are formed in anode limited cells. The

principal techniques employed were cyclic voltammetric and infrared spectroscopy. Al-

though explosions were found to occur in anode limited wound C cells on overdischarge,

no specific chemical species or reaction mechanism was implicated.

A second study reported by Salmon et al(3) revealed the presence of a species,

perhaps C20, which forms in Li/SOC2 cells following removal of a relatively high ap-

plied overdischarge current from a cathode limited cell. It was speculated, still without

a detailed mechanism, that decomposition of C120 accounts for occasional explosions on

cell reversal.

GTE Sylvania has performed a considerable number of overdischarge tests on D

cells and 10,000 Ah Minuteman cells 45, 6.7,8) in actual application series modes with-

out observing cell hazards. However, these were 1 mA/cm 2 discharge applications in

anode limited cells. During such a controlled low rate overdischarge in anode limited

cells, it is believed that the forced oxidation products (e.g. SO2 Cl2, C12) recombine rap-

idly with the forced reduction products (e.g. lithium metal dendrites) so that no sudden

exothermic reaction takes place during or following overdischarge. However, this hy-

pothesis must be verified experimentally. Furthermore, it has been known for some

years that, as emphasized by Kilroy and James(9), intimate mixture of lithium, carbon,

and thionyl chloride are extremely unstable. The implication is that in circumstances

such as high rate overdischarge which may generate carbon/lithium matrices, a carbon

catalyzed explosive reaction may occur between lithium and SOC12 or other reactive

species.

GTE has established a basis for understanding the Li/SOCI2 discharge mechanism

(Schlaiker)(1 ) and has performed preliminary studies on the infrared and Raman spec-

tra of discharge products. The characterization of overdischarge products and secon-

dary reactions is a logical extension of this work.

The second focus of this work was the examination in situ of lithium deposition

and dendrite formation in lithium/thionyl chloride cells during both cathode and anode

t'NT~ssuueueSutrsWg Systwm ms abn
GTE Products Corporaon
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limited overdischarge, recording the observations photographically. Optical

microphotographs were taken of the dendrites while they were immersed in the SOCI2

electrolyte during overdischarge or storage and later the dendrite morphology was ex-

amined at magnifications up to 3000X by scanning electron microscopy (SEM). Carbon

from the cathodes was analyzed by X-ray diffraction to identify the discharge products.

The objective of the study was to determine whether deposited lithium and other prod-

ucts of overdischarge could cause hazardous spontaneous thermal excursions or

explosions.

UIS Strategic Systems Division
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2.0 RAMAN EMISSION SPECTROSCOPY

2.1 EXPERIMENTAL

Details of the Raman experimental setup are given in QR-1*. All Raman spectra

reported were from electrolyte, removed from cells, and sealed in quartz tubes with a

MAAP gas torch. An effort was made to collect spectra in situ with a sealed glass cell.

The electrolyte volume was apparently too large (approximately 70 times the normal cc/

Ah ratio) and no emission, in addition to those of fresh electrolyte, were detected

through anode limited overdischarge.

2.2 RESULTS

Control spectra were provided in QR-1 for sulfur and SO2 in electrolyte. No signifi-

cant difference can be seen between Raman spectra of discharged electrolyte and cath-

ode limited overdischarged electrolyte. Spectra for discharged and overdischarged

electrolyte are shown in Tables 1, 2, and 3. Assignments are made by comparison with

controls and literature values.

2.3 DISCUSSION

Recently, Barbier et al(' have presented data from Raman spectroscopy, phase

studies, and X-ray crystallography to support the existence at room temperature of the

additional compounds: LiAIC14'3 SO2 , LiACI4"2 SOC12, and LiACI4'SOC12 SO2 . Nearly

all of the Raman peaks for discharged electrolyte can be accounted for with these re-

sults. These strong complexes formed in solution explain the low partial pressures ob-

served for SO2 and SOC12 in discharged practical cells 2 ..

If indeed most of the oxides and oxychlorides of sulfur do form adducts in SOC12
with LiAICl4 or AICl3, then some caution must be exercised in comparing spectroscopic

literature data derived from other solvent systems, gas phase, or solid argon matrix

experiments, since the Lewis acid will radically change the electronic and atomic struc-

ture.

QR-N signifies the nth quarterly report.
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TABLE 1
RAMAN SPECTRUM OF 100% DISCHARGED ELECTROLYTE

POb:erved vAssigned Assignment Reference

209 M 204 LAICI4 2 SOC12 Ri.(11)
280 VW, Sh 284 SOC 2  (13)

304 W 299 .JAICI4 2 SOC12
333 VW 345 SOCI2  (13)
354 S. Asym 359 UAICI4 2 SOC12  (11)

473 W, Sh 478 Sulfur QR-4
505 M 502 liAICI4 2 SOC|2  QR-I,(l1)
601 VW
1162 W 1161 UAICI 4 3 SO2  (11
1223 VW br 1223 iJAICI4 2 SOCI2  (11)

1336 VW br 1332 so, (14)

TABLE 2
RAMAN SPECTRUM OF 30% CATHODE LIMITED OVERDISCHARGED ELECTROLYTE

uObawrved ,Assigned Assignment Reference

210 M 204 UAICI4 2 SOC 2  W-1
280 W 284 SOC12  (13)

305 W UAIC14 2 SOC12
332 VW SOC12

358 M UAIC)4 2 SOC12
475 M 478 Sulfur QR-I
509 M 500 UAICI 4 2 SOC12  OR-i
1159W UiAIC14 3502
1229VW UAICI, 250C,

1Sytam Strategic Systems Diison
GTE Communications Products
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TABLE 3
RAMAN SPECTRUM OF 90% ANODE LIMITED OVERDISCHARGED ELECTROLYTE

PObserved vAssigned Assignment Reference

96 S
145 ASYM
210 M 204 UAICI4 2 SOCI2  (11
244 VW
304 W 299 UAICI4 2 SOCI2  (11)

355 S 359 UAICI4 2 SOCI 2  (11)

461 VW, Sh 465 LiAICI4 2 SOCI 2  (11)

480 VW. Sh 478 Sulfur QR-I

491 VW, Sh 490 SOC12  113)
510 M br 502 UAICI4 2 SOCI (11)

687 W
727 W
819 VW UAICI4 2 SOCI2  By comparison with

IR

854 VW
1162 W 1757. 181 UAIC 4 3SO 2,  (11)

UAICI4 2 SOCI2
1231 W

We do not see a peak at 388 or 679 cm" in either IR or Raman discharged electro-

lyte spectra as suggested by Istone and Brodd for S20 ( s) which absorbs at 1165, 679,

and 388 cm I . No evidence is seen for free molecular chlorine at 556 cm " (I1), SO at 1125

cm I (14) or SOCr which would have its SO stretch near 1182 cm I . The very weak 601 cm

I emission remains unaccounted for.

Therefore, the intermediates suggested for the Li/SOCI 2 cell by cyclic voltametry

and ESR do not appear concentrated enough in discharged electrolyte to provide

Raman emission.

The Raman spectrum from anode limited overdischarged electrolyte provides

some new and unique emissions. They are difficult to identify at present but are proba-

bly due to oxide and oxychoride intermediates associated with solute complexes. There

is no correlation between Raman emission and infrared absorption in the 600 - 1000

region except for a peak at 819 which has been ascribed to SOCI2 and S02 complexes.

The Raman spectrum from cathode limited overdischarged electrolyte contains no

emission different from that of discharged electrolyte.
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3.0 INFRARED SPECTROSCOPY

3.1 EXPERIMENTAL

The details of instrumentation and sampling techniques were given in QR-I. In all
cases, electrolyte was sampled from cells and examined on the spectrometer within four
hours unless otherwise noted. All cells were discharged at room temperature at 1 mA/

2cm .

As discussed in QR-III, controlled spectra taken of electrolyte stored in sealed
glass and AgCI cells shows development in the latter of peaks at 767-783 cm', 691 cm',
and 2450-3200 cm" . These four regions are therefore considered unreliable for the pur-
poses of this study.

Improvements were made in obtaining better signal-to-noise ratio by tilting the
cell in the laser beam and by the use of computer software for removal of interference
fringes.

3.2 RESULTS

Infrared spectra are presented in Tables 4 and 5 along with tentative assignments
and an indication of the peak change on storage.

Nu significant difference exists between spectra from discharged and cathode lim-
ited overdischarged electrolyte. Most of the infrared absorption can be accounted for by
addition complexes with LiAICI4.

Peak positions change on standing for all discharge conditions, but the most strik-
ing changes take place in stored anode limited electrolyte.

3.3 DISCUSSION

Recent findings by Barbier et al(s) have shown the existence of LiAIC14 adducts
with SOC 2 and SO2 analagous to AIC13 addition compounds. A complex of adduct equi-
libria thus exists for SOC12, SO2 (Figures 1,2, and 3), and possibly the following other

sulfur compounds:
LiALC 4 + 2 SOC 2 V- LiAlC 4 2 SOC 2

LiAIC 4 + 3 SOS #. LiAICI4 3 So 2

LiAlC 4 + SOC 2 + SO 2 LiAIC14 " SOC 2 SO2

LiAICI4 2 SOC12 + SO2  LiAIC14 " SOC 2 " S02 + SOC12

$_YOgaN" Strategic Systems OvonGTE Products Corporation
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TABLE 4
INFRARED SPECTRUM OF DISCHARGED ELECTROLYTE

Change On

v bsrved Storae vAssigned Assignment Reference

654-661 661 UAICI 4 SOC 2  Final

684
702 699 LiAICI4 2 SOC 2  Final
762 758 UAIC 4 2 SOC 2  Final

773 S002 QR- (13)
802 802 UAICI '3 S 2  Final

825 825 UAICI," 2 SOC 2  Final
966 Increase 966 IJAIC 4 2 SOCI2  Final
974 Decrease 981 iAIC 4 3 S02 Final
1070 Decrease 1070 S03 (17)

1330 1338 SO2  QR-I
1330 UAIC!4 3 SO2  Final

2304 Increase 1152 + 1152 LUAIO 4 3 S02 Final
2398-2401 Increase 1162 + 1223 UAIC 4 " 2 SO 2 Final
2468 - 2475 Increase 1323 + 1152 UAICI. 3 SO, Final

TABLE
INFRARED SPECTRUM OF ANODE UMITED OVERDISCHARGED ELECTROLYTE

Change On
vObserved Storage, Assigned Assignment Reference

602
661 Increase 661 LiAIC14 2 S002 Final
767
773 773 SOC 2  QR-

787
817-825 825 UAIO 4 2 SOC12  Final

802 Incres
958 Decrease
966 Increase 966 UAICI 4 2 SOC 2 Final

1152 Decrese S2 ORI4
1077- 1085 Increase 1070 SO3 117)
1330-1338 Decresa 1337 S02 QR-I
1345-1354 Increase

1397 Icese

2297 Decrase 1152+ 1152 UAICI 4 3S02 Fi

2386-2393 Incras 1162 + 1223 UAIC! 4 2 SOC!2  Final
248 Decreae
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Formation of the complexes is slow, so when S0 2 is formed in discharge, there may
be some delay in forming the most stable complexes. With time, a stable trio of peaks

near 2398 cm " develops which probably represents combinations of S-0 stretching fre-

quencies between 1100 and 1400 cm " for the more stable complexes. At this point, it
would be difficult to assign frequencies for SO, SOCI, and S20 in the presence of Li-

AIC14. There is no evidence for SO2C12 (1414 cm').

S03 is neither a Lewis acid nor base and might be expected to be unassociated in

solution. Analysis by mass spectroscopy of the gas evolved in large 10,000 Ah cells

reveals traces of S03(12). The infrared peak at 1070 cm l (Figures 4 and 5) may result

from a distorted SO3 in solution. As suggested before 2), S03 may result from decay of

active intermediates combining with trapped atmospheric air or other oxidizers.

SO + 02-SO3

2 SOCI + 2 02- SO3 + SOC

2 SO + SOC12-S03 + SA012
2 SOCI + 2 SO 2- 2 S03 + S2C2

S2C12 is not easily identified by infrared but has been indicated by cyclic voltame-

try of discharged electrolyte"l ' 2o

There is no significant difference between FTIR spectra for discharges and cath-

ode limited overdischarges at ImA/cm 2 at room temperature. This is consistent with

Raman and ESR data. The situation is evidently changed at much higher rates 3) but we

have no data on this yet.

FTIR spectra of electrolyte from anode limited overdischarged cells (Figure 6)

show some new detail at 1070, 662, and 966 cm " while SO2 and SOC 2 are still very
much in evidence. Within days, however, the SO2 complex absorbance at 1336 cm 1

disappears.

Peaks at 1070, 1345, and 802 grow in stored anode limited electrolyte. There is no

evidence of SO(1136 cm*') or SOC12 (1414 cm "') as reported in the literature. The peak

at 691 cm " ascribed to Ci2 O(21) unfortunately overlaps a severe artifact.

Evidence for the presence of SO3 in anode limited overdischarge comes from a

number of sources. As shown in QRII, LiSO4 saturated electrolyte (about 0.2M in sul-

fate equivalent) provides an infrared spectrum consistent with that for stored anode

limited overdischarged electrolyte. It is believed that Li2SO4 dissociates according to

Li2SO4  SO3 + L' 2O

Strategic Systems OMson
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since no free sulfate absorbances are found. Other results in this laboratory have sug-

gested a similar equilibrium:

Li2S 3  SO2 + Li2O

Figures 3 and 4 show the spectra of SO3 solutions (not saturated) in electrolyte

with no SO 2 present.

The S03 shows a characteristic absorbance at 1070 cm" in electrolyte though the

Raman data(17) of pure planar SO3 gas predicts that 1070 cm" is inactive in the infrared.

Thus, S03 in electrolyte is not perfectly planar and most likely associated. The delay in

formation of 1345 cm-1 and disappearance of 1336 cm-1 would be consistent with a rear-

rangement such as:

S03 + LiAlCl 4 • SOC12 " SO2 - LiA1C1 4 "S03 "SO2 + SOC1 2.

The marked stability and growth of 1070 cm'1 eliminates the highly unlikely SO12

suggested by Salmon€21 ).

The details of S03 generation are still unclear. The approximate ease of oxidation

of discharge products on discharge should be in opposite order to their potential vs

lithium:

Li°> ACI4"> >S>S0 2>SOCl2 >S0 2Cl2.

After lithium is consumed on overdischarge, the next most likely oxidations to

occur would be:

AC 4 - AlCl 3 + 1/2 Cl4 + e-

2 S + 2 A1CI4 -. S2C 2 + 2 AICl3 + 2e"

S + 2 ACl4 -- SCI2 + 2 AICl3 + 2 e-

2 SO 2 + 2 AICI4 -- S03 + SOC 2 + 2 AIC 3 + 2 e'.

No chlorine is detected in the Raman. SCI2 and 52C2 are not seen in either Raman

or infrared nor have they been indicated from cyclic voltammetric studies in overdis-

charge. As we have seen though, there is evidence for SO3. Regeneration of S02 and

LiCI would occur as follows:

SO3 + SOCI + 2 LiV,- 2 S0 2 + 2 LiCI

since lithium dendrites are clearly abundant. Small amounts of SO3 remain perhaps

stabilized by complex formation or the exhaustion of available lithium on the cathode

since there is more than one process which consumes the lithium.
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A reasonable series of intermediate reactions to account for the additional free

radicals observed on anode limited overdischarge is as follows:

S0 2-- SO 2 + + e
2 AIC14 " + " S02+ + SO2 -* S0 3 " + SOCI2 + 2 AICI3

So, -' SO, + e"

2 AICI4 + S02 -  SO3 + 2 AIC13 SOC12 + 2 e'.

Both SO2 + (22) and S0 3 (23) have been identified in the literature.

Confirmation of the SO3 overdischarge product must include spectroscopic charac-

terization of all LiAICl4 adducts with SO 2, SOC12, and S0 3. Control Raman spectra of

SCI2 and S2 Cl2 in electrolyte will help confirm or deny their presence and the possibility

of other oxidative pathways for anode limited overdischarge.
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4.0 ELECTRON SPIN RESONANCE SPECTROSCOPY

4.1 EXPERIMENTAL

The details of the instrumentation for ESR are given in QRI. Electronic g factors

have been corrected using a,a- diphenyl- / -picryihydrazyl (DPPH) as a standard (g -

2.00365). Two scans were made with the DPPH signal on opposite sides of the field set.

Using the known value for g, the correct magnetic fields were back calculated, and two

simultaneous linear equations were set up to solve for correction factors for the ob-

served field positions:

H -A (Ho0 s) + B

The resulting values for A and B were: A = .963 and B = 96.3 gauss. Application

of this correction to other DPPH scans produced the correct g to within + 0.00002.

Furthermore, application of this correction produced a more consistent set of g values

for the discharged electrolyte yielding small enough rms deviations which convincingly

separated the different resonances into discreet values.

The in situ cell previously described (QRI) was discharged producing the spectra in

Figure 7. There is evidence of a substantial change in signal as the cell went into rever-

sal at about 7:30 AM. This new resonance remained throughout anode limited overdis-

charge and for at least 12 hours following removal of the power supply. Thus, the

technique in principle is viable but a number of factors conspired to produce uninter-

pretable spectra.

Firstly, the nickel electrodes possessed a degree of ferromagnetism so that a strong

local field was created at the sample to shift the spectra in an unknown amount.

Secondly, the electrolyte-soaked carbon may have dominated most of the spectra.

And thirdly, the cathode was apparently too large and withheld electrolyte from the

separator paper at end of discharge producing an electrolyte limited condition and very

high negative voltages during overdischarge due to the scarcity of electrolyte between

the electrodes. These problems will probably be eliminated through use of platinum

rather than nickel and carbon electrodes.
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4.2 RESULTS

Several control samples were scanned in quartz tubes in order to characterize elec-

tron spin resonance in known combinations of Li/SOC 2 reactants and products. Elec-

tronic g factors are summarized in Table 6 along with root-mean-squared deviations

where more than two spectra were recorded. LiCl alone produces a weak signal with

splitting of 83.4 gauss due to crystal lattice or color center defects. Carbon with and

without electrolyte produces a single strong resonance. The presence of electrolyte in-

tensifies this resonance. Lithium produces a complex Dysonian resonance due to skin

effects. Addition of electrolyte to the lithium results in a change in resonance shape due

to the alteration of the metals surface with a passive film. Sulfur in electrolyte yields a

single weak resonance. Electrolyte alone and S02 saturated electrolyte show no electron

spin resonance. No signal was detected from the quartz tube alone.

A striking series of ESR resonances appear during discharge and overdischarge as

shown in Figure 8. Although no resonance occurs in pure electrolyte, Species I

(g -2.0149) occurs already at 25 percent discharge. This species is stable indefinitely in

the sample tubes. At 60 percent discharge, the sampled electrolyte also contains Species

II (g - 2.0027). Over the course of several days, this second species begins to disappear

in the sample tube while the first remains intact. By 100 percent discharge, the Species

II resonance exceeds that of I, but within days, 11 disappears and I remains.

In cathode limited overdischarge, both I and II remain but are somewhat dimin-

ished in relative amplitude. Resonance I is also split with a very close resonance V, at g

- 2.01304. With time, both II and V disappear.

Electrolyte from the 92 percent anode limited overdischarged electrolyte retains

Species I alone which is stable on storage. However, the resonance for I tends to be more

asymmetric and, by 150 percent overdischarge, two new resonances at g - 2.01697 and

2.00637 appear to replace I.

If solids are brought over from the discharged battery and included with the ESR

spectrum of discharged or overdischarged electrolyte, resonance II is broadened upfield

somewhat by the introduction of LiCl which resonates with g - 2.00645 (Table 6). Fur-

thermore, the solid LiCI introduces hyperfine splitting. The extent of LiCI resonance

can always be ascertained from the magnitude of the satellite peaks. The central LiCI

resonance is considerably smaller (Figure 9). The signal for the carbon/IFE cathode, g

- 2.00437, does not occur in any of the sampled electrolyte spectra.
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Figures 10 and 11 show the effects of liquid nitrogen freezing of resonances I from

100 percent discharged and 92 percent anode limited overdischarged electrolyte, respec-

tively. Though qualitatively the same, the anisotropic peaks fall at different positions,

and the discharged resonance exhibits splitting with A- 92 gauss.

The ESR spectrum of discharged electrolyte is identical to that obtained by Carter

et al 2Q for frozen electrolyte with the addition of the frozen anode limited overdis-

charged electrolyte.

4.3 DISCUSSION

Electron Spin Resonances (ESR) occur in a surprising variety of substances con-

nected with the Li/SOC 2 cell. It is extremely important to recognize any artifacts not

connected with the reaction mechanisms of interest, and so a number of controls were

performed.

Incomplete reduction of acetylene during production of SAB evidently leaves the

substance with a free radial. Addition of electrolyte enhances this signal. This strongly

suggests a surface-absorbed complex is formed involving carbon, SOC 2, and perhaps

LiAIC 4, and may account for the anomalously high OCV (3.72 volts in some commercial

cells) and long time required to develop full OCV. In any event, this signal would be

expected to interfere in any in situ experiments with carbon cathodes.

ESR spectra of metals arises from resonance of conduction electrons but are

strongly influenced by sample size, surface effects, impurities, and dislocations. Com-

plete analysis of the complex spectra of lithium and lithium with electrolyte is outside

the scope of this study, but it is clear that these resonances will interfere with in situ

studies.

Sulfur is known to produce free radicals in the presence of oxidizing solutions such

as sulfuric acid'& ). Sulfur in electrolyte is no exception, and its resonance corresponds

closely with resonance I from discharged electrolyte. This probably represents a small

amount of charged polymeric (S.) + sulfur produced in discharge. An alternate choice

would be a small percentage of Ss rings which are known to open, forming diradicals (S-

Se-S.).
The presence of an ESR resonance and splitting patterns from LiCI crystals (Fig-

ure 9) is probably due to dislocations since no radiation was used to produce color

centers. It is therefore surprising that the electrochemically produced LiCl produced
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the same resonance and splitting. No explanation can be offered at this time but at least

the signal is weak enough not to interfere with the other species. If the solids are al-
lowed to settle out, the LiCI resonance and splitting disappear.

It is certain that Species I corresponds to charged sulfur which probably is a by-
product of the sulfur formed in discharge though it may be an intermediate in the

formation of sulfur. It is not unexpected because of the known tendency of elemental

sulfur to oxidize. The quantity of I does not correlate with discharge so that a rather

constant amount of I is present from the time that sulfur first makes its appearance at

the beginning of discharge.

Species I resists reduction in cathode limited overdischarge and oxidation in anode

limited overdischarge until 150 percent overdischarge, where I and II are evidently oxi-

dized to Species III and IV.

Somewhere between 25 and 60 percent discharge, resonance II is detectable and

increases with discharge, eventually becoming larger than resonance I. Species II resists

reduction on cathode limited overdischarge but is eliminated probably through oxida-

tion in anode limited reversal.

Species IV formed on excessive 150 percent overdischarge probably produces a

resonance close to that of reduced SO 2 formed as follows:
SO2 + e' -- (S0 2 '

(S02.)" + S0 2 -. (S204")"

where the g for (S02' is 2.00727 and g for (S20 4')" is 2.00607(26'"

One may speculate about the relative oxidation potential of the five free radicals
on the basis of their known lifetimes and behavior in anode and cathode limited

overdischarge.

Finally, on anode limited overdischarge, Species IV appears evidently through oxi-
dation on a bare nickel anode, but disappears again within 11 days.

On the basis of the observed free radical behavior on discharge, overdischarge, and
storage, the species can be arranged in order of descending reduction potential

V >II>I>III

with the exception of LiCI which resonates as a defect solid. The stability of all five

resonances with time in the discharged electrolyte media is approximately as follows:

I - II>II - IV>V.
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5.0 MORPHOLOGICAL STUDIES

5.1 EXPERIMENTAL

The cell used to investigate dendrite morphology in cathode limited cells during

overdischarge consisted of a single 3.0 x 3.5 cm Teflon-bonded carbon cathode 3.1 mm

thick positioned between two 3.0 x 3.5 cm Li anodes. The cathode and two lithium

anodes were parallel and separated 6 mm. The Li electrodes were fabricated by pressing

two 0.76 mm sheets of Li foil on both sides of a 5 Ni 10 - 2/10 Exmet grid to which was
welded a 0.76 mm dia Ni lead wire. Since the electrodes were held rigidly in place with

the thick Ni lead wires, no separator was required, thus allowing an unobstructed view

of all electrode surfaces. The cell was evacuated to < 200 , Hg then filled with 1.8M

LiAICl4 /SOC electrolyte. The cell together with the funnel, used for adding the elec-

trolyte after evacuation, is shown in Figure 12.

The anode limited cells were constructed similarly to the cathode limited cr)ls

except the two Li electrodes measured 3.2 x 3.2 cm and were covered with a single layer

of 0.025 cm thick Li (10 mil) instead of the two 0.76 mm thick sheets of Li per electrode

used in the cathode limited design.

The optical microphotographs were taken with a Bausch & Lomb Stereo Zoom 7
microscope equipped with a 3-1/4 x 4-1/4 in. Polaroid camera. The scanning electron

microscope (SEM) studies were carried out with a Japan Electron Optics Laboratory

Co., Ltd., Model U-3.

To avoid the possible loss of oxygen sensitive reaction products such as lithium-
carbon intercalation compounds, the overdischarged cell was disassembled in the dry

room and the cathode was placed in a vacuum desiccator within one minute after re-

moval from the SOC 2 electrolyte. It was then vacuum dried (<200 A Hg) for 48 hours at

25*C. The Li dendrites were then scraped from a small piece of the cathode broken off
inside an argon-filled glove box (<60 ppm H20). The piece of carbon was next ground

in a mortar into a fine powder to fill a 0.3 mm MD quartz capillary for the Debye-

Scherrer X-ray diffraction analysis. The diffraction patterns were obtained using
CuKc radiation from a Phillips X-ray generator with a Ni filter operated at 40 kV and

20 mZ and a 115 mm diameter Debye-Scherrer camera (Phillips). An eight-hour expo-

sure was taken using high-speed reflex 25 double coated film (Ceaverken AB, Sweden).
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Other small portions of the cathodes, on which the lithium dendrite deposits had
not been disturbed, were mounted using 3-M Co. copper conducting tape on 25 mm
diameter brass studs inside an argon glove box so that the samples could be transferred
into the SEM while in an inert atmosphere.

The experimental overdischarge test conditions are summarized in Table 7.

TABLE 7
OVIRDISCHARGE CAPACITIES AND TEST CONDITIONS FOR UTHIUM DEPOSITION

INVESTIGATION

Over
Current Capacity Discharge

umniting TeMP Density to O.OV capacity
Electrode (0c) !,mA/cm2) (mAhfcm2) (mAh/cm)

C 25 5 58.5 24
C 25 2 372 55.8
C 25 20 113 85.9
C -40 15* 234 59
C -40 10- 253 105.
C 40 2 300 64
C 40 20 77.4 89

A 25 2 102 274
A 25 20 so 127
+Cuthode and anode limited cells are designarted C and A, resectivey.

'The cell was discharged at -40 C at .050 mA/cm2 constant current then overdischarged at 1.5 mA/cm .
-T ced was dischaged at -400C at2 1.0 mA,.... t? O.OOV thnoedshre t10m/m 42 mAh/

cm then an additional 81.3 mAh/cm at 10 mA/emn.

5.2 RESULTS AND DISCUSSION

5.2.1 Ovordlacharg of Catode Limited Coils at 25*C

Three cathode limited Li/SOCl2 cells were overdischarged at 25*C at 2,5, and 20
mA/cm2 . The capacities obtained on discharge to reversal and the capacities to which
the cells were intentionally overdischarged are listed in Table 7. The cell tested at 5
mA/CM2 used a 0.96 mm thick cathode compared to the 3.1 mm thick cathode used for
the cells discharged at 2 and 20 mA/cm2. The thin 0.96 mm. cathode was only used for
the first test to evaluate the cell for the in situ microphotography. All later tests were
carried out with the thicker 3.1 mm cathodes to allow easier sampling of carbon from
the interior of the cathode.
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For the cell discharged at 5 mA/cm2 , the polarity of the cell reversed so that the

cathode reached a maximum potential of -210 mV versus the Li anode. After 2.4 hours

of overdischarge (24 mAhr/cm2) the current was stopped to avoid a short circuit because

the Li dendrites on the cathode almost reached the Li anode. Thus, it was only possible

to overdischarge the cell 41 percent. During overdischarge, the cell potential rose from -

210 mV to -120 mV most likely because the growth of dendrites on the carbon surface

gradually increased the area of Li substrate available for Li deposition and decreased

the distance between the growing dendrites and the Li electrode.

Figures 13 to 22 show various aspects of the carbon electrode overdischarged at 5

mA/cm 2 viewed face on and in cross section under an optical microskope (Figures 13

through 17) and with a scanning electron microscope (SEM) (Figures 18 through 22).

Figure 13 gives an overall view of the top of the electrode at 5X magnification which is

helpful in locating the position of later microphotographs at higher magnification. The

Ni lead which was mostly covered with dendrites but smooth near the top can be seen in

the upper part of Figure 13. The upper part of the Ni lead was free from dendrites

because it was above the surface of the electrolyte. The contrast between the parts on

the Ni lead which are smooth and those covered with Li deposits give a clear indication

of the thickness of the deposits.

Figure 14 shows the area in the center of Figure 13 at twice the magnification (i.e.,

loX vs. 5X magnification). Figure 15 shows the Li dendrite deposits on the surface of

the carbon electrode at 30X magnification at a point slightly below center in Figure 14

and slightly at the left. Both white and grey Li dendrites can be seen in Figure 14 and

15. Later SEM observations showed that both types of deposits are Li but the white

deposits have a thin coating of Li salts (e.g., LiAIC14 or possibly LiC).

Figure 16 shows the Li dendrite encrusted lead as it meets the Exmet grid at loX
magnification compared to only 5X in Figure 13. Figure 17 shows a cross section of the 1

mm thick cathode at a magnification of 5OX. Lithium dendrites on the surface of the

cathode are clearly visible but no Li deposits were observed in the interior of the cath-

ode when many samples were examined. The large bright particles seen at the top of

Figure 17 and the smaller particles seen in the interior were introduced when the cath-

ode cross section was cut.

Figure 18 is an SEM photograph of a cross section of the overdischarged cathode at

a magnification of 160X seen at an angle of approximately 300. The Li deposits on the

surface of the electrode are seen, as well as two Li particles loosely attached to the

S ystem Strategic Systems Diwsion
GTE Products Corporation

32
SY AWA SS 2 1 2!



AV

Figure 13. Lithium Dendrites on Carbon Cathode and the Exposed Exmet Grid and Lead
(5X Magnification)

Figure 14. Lithium Dendrites on Carbon Cathode and Exposed Exmet Grid Directly Below
the Lead (lOX Magnification)
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Figure 15. Lithium Dendrites on Carbon Cathode Surface t'30X Magnification)

'ITf

,A*A

Figure 16. Lithium Dendrites on Lead and Exmet Grid Above Cathode (IOX
Magnification)
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Figure 17. Optical Microphotograph of Cathode Cross Section (50X Magnification)

Figure 18. Scanning Electron Microecope Photograph of Cathode Cross Section (leOX
Magnification)
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interior cross section, which again appear to be fragments from when the cross section

was cut. A close examination of the clean cut carbon surface of the cross section shown

in Figure 18, as well as several other places along the cross section, revealed no signs of

Li deposition inside the cathode. In order for lithium to form by electrochemical reduc-

tion, contact between lithium and carbon must exist at least at the surface of the carbon

electrode in order to provide an uninterrupted electronic path as the dendrites grow.

Figure 19 shows an SEM photograph of the Li dendrites on the surface of the

overdischarged carbon electrode as seen at 50X magnification. The SEM photograph,

as expected, is similar to the optical photograph of the cathode as shown in Figure 15

but shows somewhat more detail since the magnification was increased from 30X to

50X. Figure 20 shows a small portion from the center of Figure 19 with the magnifica-

tion increased to 300X. Third in this series, Figure 21 shows a small portion from the

center of Figure 20 with the magnification increased from 300X to 1000X. The coiled

spaghetti-like structure of the Li filaments, which make up the Li nodules on the sur-

face of the carbon electrode, is a remarkable structural feature of considerable practical

importance. For example, since the nodules are porous and not solid, it is likely that

they would not cause a serious short circuit problem in overdischarged cells. Further-

more, the small diameter of the Li filaments (i.e., 4 • 10-3 mm) suggests that the fila-

ments could easily grow through a glass fiber separator but could not carry significant

currents should a short circuit occur when the dendrite grew to touch the Li electrode.

Figure 22 shows a SEM photograph of Li dendrites growing on the Ni lead wire at

1000X magnification. The Li dendrite structure on the Ni lead appears to be almost

entirely of filaments without the plates or crystals seen in the nodules grown on the

carbon surface. It is thought that the dendrites grown on Ni are almost entirely fila-

ments because nucleation of Li dendrites occurs more easily on Ni than carbon, with

fewer better-formed dendrites.
When interpreting the microphotographs of Li dendrites, it should be kept in mind

that in solution the Li filaments are supported by the electrolyte and the dendrites are

somewhat less compacted than in the photographs. Thus, they are much more porous

and less able to support short circuit currents than the microphotographs would tend to

suggest.

The high surface area of Li dendrites is of some concern since it could be the basis

of a rapid reaction between the Li dendrites and discharge products such as elemental

sulfur.
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Figure 19. Scanning Electron Microscope Photograph of Lithium Deposits on Cathode Sur-
face (50X Magnification)

Figure 20. Scanning Electron Microcopeosits on Carbon Cathode Surface (300X
Magnification)
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Figure 21. Scanning E lectron Microscope Photograph of Lithium Dendrites on Carbon
Cathode Surface (1000X Magnification)

Figure 22. Scanning Electrone (IOOOX Magnification)
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5.2.1.1 Overdisoharge at 2 mA/cm 2 , 250C

With the completion of the exploratory overdiacharge study at 5 mA/cm2 with a

thin cathode, the first overdischarge test at 2 mA/cm 2, 25*C with a cathode limited cell

with a 3.1 mm thick cathode was undertaken. In addition to in situ microphotographs of

the lithium dendrites, the study included scanning electron microscope (SEM) exami-

nation of the dendrites and X-ray diffraction analysis of the carbon from the interior of

the cathode. Microphotographs were also taken during long term storage to determine

whether dendrite shape changes were taking place through a process of Ostwald

ripening.

In principle, over a period of days or even weeks, small Li dendrites could undergo

the process of Ostwald ripening2' 2s) during which small dendrites could dissolve and

larger dendrites could grow. In overdischarged batteries, this process could lead to sud-

den unpredictable short circuits during storage resulting in thermal runaway and

explosions.

To study Ostwald ripening of Li dendrites, a Li/SOC12 cell with a 3.0 x 3.0 x 0.317

cm carbon cathode positioned between two 3.0 x 3.5 cm x .152 cm Li anodes was con-

structed. The cathode contained 0.857g of Teflon-bonded carbon mix with a 5 Ni 10-2/0

Exmet grid in the center of the sheet without any grid edges exposed to the electrolyte
which could stimulate dendrite growth. The cell was discharged at 2 mA/cm 2 at 25 0C to

a capacity of 372 mAhr/cm2 at which time reversal occurred. The cell was then overdis-

charged 14.6 percent for an additional 55.8 mAhr/cm 2. During overdischarge, the cath-

ode potential slowly rose from -0.180 to -0.126V with respect to the Li anode.

When the current was terminated at the end of overdischarge, Li dendrites ex-

tended at one point 7 mm from the surface of the carbon cathode towards the Li anode.

Microphotographs of the dendrites were then taken at 3.8 and 15.2X magnification
through a flat optical glass window in the side of the cell. Photographs were taken

immediately at the end of overdischarge and after 15 and 21 minutes and 4, 16.2, 42,

and 331 hours of 25°C storage.

Figures 23 and 24 show the Li dendrites on the carbon electrode after 21 minutes

and 16.2 hours on open circuit. No shape change was observed to within + 0.02 mm

during not only the first 16.2 hours on open circuit but up to 331 hours, when the

experiment was voluntarily terminated. The left portion of Figure 24 showing the small

dendrites on the edge of the electrode is very dark because the left side was not illumi-

nated as well as in Figure 23. The large mass of dendrites on the right-hand side of the
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Figure 23. Lithium Dendrites on Overdiacharged Cathodes on Open Circuit,
2 Sec Exposure

Figure 24. Lithium Dendrites on Overdischarged Cathode (3.8X Magnification); 16.2 Hours
on Open Circuit 1 Sec Exposure
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photographs extends about 7 mm from the electrode surface into the electrolyte. All the

microphotographs were taken through the flat glass window in the cell while the elec-

trodes were totally immersed in 1.8M LiAIC 4I/SOCI2 electrolyte.

Figure 25 which shows the Li dendrites after 42 hours on open circuit shows the

first significant effects of 250C storage on the appearance of the dendrites. Although no

shape change occurred, the dendrites turned from a bright silvery color to dull grey.

Because of the loss of reflectivity, the exposure time for the microphotographs had to be

increased from 2 to 5 seconds for Figure 25. The scattered white specs seen on the

dendrites to the right side of the electrode in Figure 25 are small portions of the Li

dendrites which have retained-their original shiny metallic luster.

Earlier scanning electron microscope investigations have shown that Li dendrites

deposited at 250C at 5 mA/cm2 have a coiled spaghetti-like structure made up of fila-

ments with a diameter of 4X i0. mm. It is likely that the small pieces of lustrous

uncorroded Li seen in Figure 25 are pieces of these filaments which have become electri-

cally isolated from the carbon electrode and therefore have undergone less anodic disso-

lution, thereby avoiding formation of a thick grey secondary LiCi film. The presence of

finely divided electrically isolated metallic lithium, 42 hours after the end of overdis-

charge, could lead to safety problems, such as casual explosions, should a cell undergo

vibration and the Li dendrites break off and form a short circuit. Mixtures of finely

divided carbon and lithium could be formed by vibration which could react to form

excessive heat by forming in effect a multitude of tiny short-circuited cells.

Figure 26 shows the Li dendrites after 331 hours of open circuit storage. The Li

dendrites had turned from the dull grey color observed after 42 hours of storage to a

highly reflective white color which suggests that they were coated with a much thicker

layer of LiCI. Microphotographs taken at 20X magnification tend to support this con-

clusion since the very fine structure of the dendrites observed after 16 hours tends to be

obscured. At the present time, it is not known whether the Li dendrites have been

completely or only partially converted to LiCl after 331 hours of 250C storage.

The carbon-limited cell used for the Ostwald ripening study was overdischarged an

additional 9.18 percent at 2 mA/cm 2, 250C (i.e., 34.4 mAhr/cm 2 at the end of the 331

hour storage period after the old dendrites were shaken off. The Debye-Scherrer X-ray

diffraction results for the carbon sample from the overdischarged cathode are shown in

Figure 27 and the results compared with the known patterns for LiCI, rhombic sulfur,

and Li20 2 are listed in Table 8. Similar comparisons for patterns from the literature for
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Figure 25. Lithium Dendrites on Overdischarged Cathowde (3.8X Magnification); 42 Hours
on Open Circuit, 5 Sec Exposure

Figure 26. Lithium Dendrites on Overdiacharged Cathode (3.8X Magnification); 331 Hours
on Open Circuit, 2 Sec Exposure
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The carbon cathode was overdischarged 34.4 mAh/cm 2 (9.18%) at 2 mA/cm 2, 250C.

Figure 27. Intensities of X-Ray Diffraction Pattern of Carbon From an Overds charged
Cathode.
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Li2S, Li20, C164 C4Li, C6 Li, C1 2Li9 ), and graphite intercalation compounds were also

carried out. It was concluded that the overdischarged cathode contains only LiC1 and

perhaps some rhombic sulfur and Li 20 2. Thus, possibly hazardous reactions caused by

the formation of metallic lithium, or lithium carbon intercalation compounds in the

interior of carbon cathodes during overdischarge, appear remote. No plausible mecha-

nism can be offered for the formation of Li2 0 2 as yet.

TABLE 8
DEBYE-SCHERRER X-RAY DIFFRACTION ANALYSIS OF CARBON FROM

CATHODE OVERDISCHARGED AT 2 mA/em 2 at 250CO

Experimental Values Lterature Values

Carbon Sample UC, S Rhombic U'O?

d (Al 2a I/ d (A) I/lo d (A) 1/to d (A) I/Io

5.80 15.26 5 5.46 60
5.10 17.36 10

3.80 23.4 30 3.89 100 3.81 60

3.45 25.80 5

3.25 27.42 5 3.12 80
2.94 30.38 100 2.967 100

2.70 33.16 95 2.71 100 2.72 80
2.55 35.16 100 2.570 86 2.561 100+

2.45 36.66 5
2.20 41.00 10 2.21 40 2.22 80
1.90 47.82 10 2.026 80 1.916 30
1.80 50.68 90 1.817 58 1.875 s0
1.70 53.88 5

1.66 55.30 5 1.572 100

1.56 59.18 10 1.550 29
1.54 60.00 50

1.51 61.34 5
1.475 62.96 45 1.484 16

1.35 69.58 35 1.352 60 1.335 80
1.275 74.34 30 1.283 40

1.205 79.46 5

1.17 82.34 50 1.179 10

1.145 85.56 70 1.149 12
1.045 94.96 50 1.0491 8 1.02 70

0.9892 9

*AN dffraction results were obtan uiwng CuKic raditon with a Ni fitter.
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5.2.1.2 Ovwrdimharge at 20 mA/cm2 , 25*C

The cell potentials during discharge are shown in Figure 28. The discharge capac-

ity to O.OV was 1.014 Ahr and 1.787 Ah at the end of overdischarge when the current was

voluntarily terminated and microphotographs taken of the dendrites. Based on the

1.014 Ahr to 0.OOV obtained at 20 mA/cm2 , the cell was 76.2 percent overdischarged.

However, when a similar cell was discharged at 2 mA/cm2 at 25*C, a capacity of 3.37 Ah

was obtained. Thus, calculated on the basis of the nominal capacity at 2 mA/cm2 , the

overdischarge was only 22.9 percent. Since it is the number of coulombs of overdis-

charge which determines the amount of lithium deposited on overdischarge, the nomi-

nal cathode capacity is the preferred base capacity when calculating the amount of

overdischarge.

A microphotograph (3.8X magnification) was taken of the Li dendrites at the end

of the overdischarge period. The dendrites were similar to those observed at 2 mA/cm2,

250C and discussed in detail earlier.

The X-ray diffraction peaks obtained for the carbon sample from the cathode dis-

charged at 20 mA/cm 2, 25 0C are listed in Table 9. The diffraction pattern shows the

peaks only for LiC1 and not for rhombic sulfur as just reported for the cell overdis-

charged at 2.0 mA/cm 2 at 25'C. It is known from the literature(30) that the SOC12 dis-

charge intermediate is stable for several days before decomposing into sulfur and S0 2;

thus, it is likely that sulfur was not found in the cathode of the cell discharged at high

rate because the SOC12 intermediate did not have sufficient time to decompose. Fur-

thermore, the X-ray diffraction technique has a detection sensitivity of only five per-

cent and the cell contained 200 ml of electrolyte permitting the dissolution of a large

amount of sulfur.

Examination of the surface of the cathode at 1000X and 300X magnification using

a scanning electron microscope (SEM) revealed that the nodular dendritic Li deposits

were made up of Li filaments with a diameter of 4X 10*3 mM. Since the Li filaments are

of the same diameter as the deposits seen earlier on cathodes overdischarged at 2 mA/

cm , it was concluded that the diameter of the Li filaments is not influenced by the

current density from 2 to 20 mA/cm2.

Cross sections of thc cathode overdischarged at 20 mA/cm 2 were examined at 30X

magnification under an optical microscope at at 40, 300, and 1000X using the SEM. No

signs of electrodeposited Li in the interior of the cathode were observed. Eight SEM

photographs were taken and are on file.
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The cell was discharged to 0.52V, then left on open circuit for 16.5 hr when the dis-

charge was resumed. The cathode was 3.0x3.OxO.32cm.

Figure 28. Behavior of a Cathode Limited Li/SOCI2 Cell During Discharge and Overdis-
charge at 20 mA/cm2 at 25-C.
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TABLE 9
DEBYE-SCHERRER X-RAY DIFFRACTION ANALYSES OF CARBON

FROM CATHODE OVERDISCHARGED AT 25 and -40°C*

Coil Discharged at 250C, 20mA/cm2  Cll Discharged at -40C, 1.5 mA/cm 2

d (A) 20 I/Io d (A) 20 I/1o

5.90 15 5

5.20 17.04 10

3.85 23.08 90

3.68 24,16 30

3.45 25.84 50

3.28 27.16 50

2.95 30.26 100 2.97 30.06 100

2.73 32.78 100

2.55 35.16 100 2.57 34.88 100

2.44 38.80 10

2.31 38.96 30
2.22 40.60 50

2.05 44.14 10

1.99 45.54 5
1.92 47.30 70

1.87 48.64 20
1.81 50.36 100 1.82 50.08 90

1.54 60.02 90 1.78 51.28 5
1.475 62.96 50 1.72 53.20 30
1.278 74.12 10 1.69 54.22 30

1.57 58.76 90
1.54 60.02 90

1.485 62.48 50
1.435 64.92 5

1.173 82.08 30 1.358 67.58 50

1.144 84.4 50 1.285 73.66 50

1.044 95.08 50 1.215 78.68 50

0.984 103.0 45 1.18 81.50 50

1.15 84.10 50

*All diffraction results were obtained using CuKc radiation with a Ni filter.

5.2.2 Ovedlacheo of Cathode Umited Cells at -400C

A carbon limited cell with 3.0 x 3.0 cm cathode containing 0.877 g of carbon was

discharged at 0.5 mA/cm2 at -400C instead of 2.0 mZ/cm 2 because the cell polarized to

-0.65V after 5.37 mint' -q at the higher current density.
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The cell potentials during discharge at 0.5 mA/cm2 and overdischarge at 1.5 mA/

cm 2 are shown in Figure 29. The cell discharged for 213.8 hours delivering 234 mAh/cm 2

to a 0.0 V cut-off after which it was overdischarged 59 mAh/cm 2 for a total capacity of

293 mAh/cm 2. A similar cell discharged at 25*C at 2 mA/cm 2 delivered 372 mAh/cm 2 to

a 0.0 V cut-off, thus, the cathode in principle was only 63 percent depleted at -40'C.

Based on the nominal capacity at 2 mA/cm 2 at 25 0C, the cathode tested as -40PC at 1.5
mA/cm2 was 15.9 percent overdischarged.

The overdischarge at -40'C was terminated voluntarily and the cell was immedi-

ately transferred from the refrigerated chamber to the dry room. Even in the dry room,

frost formed on the cell window making photography of the Li dendrites difficult for

about 20 minutes until the cell warmed up above the dew/frost point (i.e., -20 0C at 4.1

percent R.H.). A series of 14 ;nicrophotographs at 3.8X magnification were taken of the

Li dendrites on the cathode through the cell window during the period from 23 to 118
minutes after the end of overdischarge. The cell was then drained of electrolyte, disas-

sembled, and the cathode placed in a vacuum desiccator for approximately 70 hours to

remove all SOC12 prior to X-ray and SEM studies.

The optical microphotographs show that the Li dendrites formed at -400C at 1.5
mA/cm2 are similar in appearance to those formed at 25'C at 2 mA/cm2 . Two SEM

photographs of Li deposits on the cathode suface at 100 and 300 X magnification do

not reveal the Li nodules made up of Li filaments as observed at 25'C. The absence of

these features was most likely caused by the dendrites being broken off close to the

carbon surface when the cell electrolyte was drained after two hours of 25°C storage

immediately after -400 C overdischarge.

Cross sections of the cathodes overdischarged at -400C at 1.5 mA/cm 2 were ex-
amined at 40X and 300X magnification by SEM and two microphotographs were taken.

No signs of electrodeposited Li in the interior of the cathode were observed.

The X-ray diffraction peaks obtained for carbon from the cathode overdischarged

at -400C, 1.5 mA/cm 2 are listed in Table 9. A preliminary analysis of these results indi-

cates that the cathode contained LiC1, Li20 2 , and rhombic sulfur.

The cathode limited cell which was overdischarged at -400 C, 10 mA/cm2 contained
0.762g )f carbon and was of the same design as used earlier.

The cell potentials during discharge and overdischarge at -40*C are shown in Fig-

ure 30. The cell was discharged at 1.0 mA/cm 2 then overdischarged at 1.0 mA/cm 2 for

24.2 mAh/cm 2 before the current was increased to 10 mA/cm2. Because of the reduced
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The cell was discharged at 0.50 mA/cm2 constant current, then overdischarged at 1.5

mLA/cm 2.

Figure 29. Behavior of a Cathode Limited Li/SOC12 Cell During Discharge and
Overdischarge at 1.5 mA/cm 2 at -40'C
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The cell was discharged at 1.0 mA/cm 2, then overdischarged at 1.0 mA/cm2 for 24.2

mAh/cm2 . It was next overdischarged an additional 81.3 mAh/cm 2 at 10 mA/cm 2.

Figure 30. Behavior of a Cathode Limited Li/SOC12 Cell During Discharge and Overdis-
charge at 10 mA/cm 2 at -40C
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conductivity of the electrolyte at -40'C and the large IR drop due to the wide spacing of

the electrode (i.e., 13 mm) it was not possible to discharge the cell much above 1.0 mA/
cm2 without excessive polarization. However, once the cell was overdischarged 24.2
mAh/cm2 at 1.0 mA/cm2 , the current was increased to 10 mA/cm2 because a sufficient
amount of Li had been deposited on the cathode to permit overdischarge at 10 mA/cm 2

without excessive polarization.
The fluctuations in potential observed from 348 to 358 mAh/cm2, shown in Figure

30, are characteristic of dendrite shorting. Due to the persistence of the intermittent
shorting, overdiacharge was voluntarily terminated when the total capacity reached 358

mAh/cm2). Based on the nominal capacity of the cathode at 2 mA/cm 2 at 250C (i.e., 372
mAh/cm2, the cathode was 28.5 percent overdischarged. However, since dendrite shorts
occurred,the actual overdischarge was somewhat less. The capacity achieved at 1 mA/
cm2 to reversal was 253 mAh/cm2, thus, the cathode was, in principle, only 67 percent
depleated.

At the end of overdischarge, the cell was immediately transferred from the refrig-
erated chamber to the dry room for 24 hours before being drained of electrolyte. During
this period, 21 microphotographs were taken of the Li dendrites at magnifications of
3.8X and 19X. Twelve of the microphotographs were taken from six to 43 minutes after
the end of overdischarge and the remainder were taken after 1.8, 3.5, 19, and 24 hours
on OCV. No noticeable change in the Li dendrite morphology was observed during the

first hour as the cell warmed up from -400 to 250C, or during the first 3.5 hours on OCV.
However, it is estimated that approximately 95 percent of the dendrite mass became
detached from the cathode and disintegrated during the period from 3.5 to 19 hours. No

further changes in the dendrites remaining on the cathode were observed from 19 to 24
hours. It was also observed that a large quantity of dendrites which had become de-
tached and which were floating on the surface of the electrolyte at the end of overdis-
charge had dissolved during the period from 3.5 to 19 hours. After 19 hours very few
detached dendrites were floating on the surface of the electrolyte and only a moderate

amount of white powder, presumably LiC1, was observed on the bottom of the cell.
Thus, it was concluded that the Li dendrites which had dissolved from 3.5 to 19 hours
had reacted with intermediates from the reduction of SOCL2 rather than having been
anodically dissolved by being in electrical contact with the undepleted carbon cathode.

The 3.5-hour delay before the Li dendrites were corroded by SOC 2 discharge in-
termediates could be the time required for the first intermediate complex to dissociate
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into the second intermediate which may have reacted with the Li. The existence of a

SOC12 reduction intermediate which builds up to a maximum concentration in approxi-

mately 16 hours after discharge at 250C has been demonstrated by electroanalytical

techniques referred to earlier. In commercial optimized Li/SOCL2 cells, which contain a

much higher electrode surface to electrolyte volume than the flooded cells used for the

present overdischarge studies, it would be expected that the fist intermediate concen-
tration would be much higher shortly after overdischarge and the buildup of the second

intermediate would occur much sooner. This could lead to rapid chemical attack of the

Li dendrites as soon as the cell, discharged a -40o, was allowed to warm up to 250C. Such

a rapid attack could lead to thermal runaway and unexpected explosions such as those

occasionally reported when cells overdischarged at <-30C are warmed to room

temperature.

The X-ray diffraction peaks obtained for the carbon sample from the cathode dis-

charged at -40'C, 10 mA/cm 2 are listed in Table 10. The diffraction pattern shows the

peaks only for LiCi and not for the rhombic sulfur as found earlier for cells discharged

at 250C, mA/cm 2 and -40oC, 1.5 mA/cm 2.

The absence of the peaks for rhombic sulfur in the X-ray pattern may be due to
the higher rate of discharge allowing less time for the SOC discharge intermediate to

decompose. This reaction as well as other factors were discussed previously.

TABLE 10
DEBYE-SCHERRER X-RAY DIFFRACTION ANALYSIS OF CARBON

FROM CATHODE UMITED CELLS*

ichartgd at -400C at 10 mA/cm2  Dischrged at 400C, 2 mA/cmn2

d(A) 20 tio d(A) 20 I/li

2.97 30.06 100 2.95 30.26 90
2.57 34.88 90 2.56 35.02 90
1.818 50,12 60 1.81 50.36 50
1.550 59.58 50 1.55 59.60 30
1.485 62.48 40 1.48 62.72 10
1.285 73.64 30 1.172 87.20 10
1.180 81.50 30 1.145 87.44 10

1.150 87.38 30

1.060 94.36 30

*AN disation results were obirtaied using CuKIx radisti with a Ni filter.

Examination of the surface of the cathode at 40, 100, 300, and 1000X magnification

using a scanning electron microscope (SEM) did not reveal the Li filaments seen earlier.

However, stubs with a diameter of 4"10"3mm, the same diameter as the Li filaments,
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were observed as well as larger plates with a diameter of 10-15 '10"3mm. Since the cell

was stored at room temperature for 24 hours before being drained of electrolyte, during

which time to. -rcent of the dendrite mass became detached, the dendrite stubs seen
by SEM fit in well with the cells' history. The stubs are probably the points where the
Li filaments were corroded and the bulk of the mass became detached from the surface

of the carbon electrode. The chemical reaction causing corrosion of the Li dendrites
during the 24 hours of 25*C storage were discussed earlier.

Cross sections of the cathode from the carbon limited cell discharged at 10 mA/

cm2, -40C were examined at 40, 300, and 100OX magnification using the SEM. No signs
of electrodeposited Li in the interior of the cathode were observed. A total of seven

SEM photographs were taken and are on file.

5.2.3 Q.e.discha of Cathode Liitd Cole at 40C

Two cathode limited cells were overdischarged at 40*C, one at 2 mA/cm 2 and the

other at 20 mA/cm2 . The cell discharged at 2 mA/cm 2, 400C contained 1.490 g Li and

0.760 g carbon which would give theoretical capacities of 5.75 and 2.91 Ah (at 2 uiA/
cm2). On overdischarge, dendrites were deposited in an unusually uniform manner over
the surface of the cathode rather than just at a few point, along the bottom or near the
lead, as seen in a majority of the previous tests The cell potentials during discharge are
shown in Figure 31. The discharge capacity to 0.OV was 300 mAh/cm2 and 364 mAh/cm2

at the end of overdischarge when the current was voluntarily terminated and
microphotographs taken of the dendrites.

Five high-quality microphotographs (3.8X magnification) were taken of the Li den-
drites which show somewhat less resolution than earlier photographs because the elec-
trolyte was slightly opaque due to suspended LiCl. The electrolyte was also an unusual
orange-brown color and it is possible that at 40*C a greater amount of sulfur may dis-
solve which somehow assists in suspending UiCI particles which flake off the anode. The

dendrites were similar to those observed at 2 mA/cm2, 25C and discussed earlier. How-
ever, SEM examination of Li dendrites deposited during overdischarge on the carbon

electrode at 400 reveals a much denser structure, as shown in Figure 32, than observed
at 250, as illustrated in Figures 20 and 21. A total of 15 SEM photos were taken of the Li
dendrites at several points on the cathode surface at magnifications ranging from 45X
to 3000X. As shown in Figure 33, it was observed that the iU dendrite tips from the
40°C, 2 mA/cm 2 cel had three or more growing crystals at the tips compared to a single
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Figure 31. Behavior of a Cathode Limited Cell During Discharge and Overdischarge at
W(9C, 2.0 mA/cm 2
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Figure 32. SEM Photograph of Lithium Dendrites on Surface of Cathode Querdischarged
at 4ff C, 2mA/cm 2 (45X Magnification, View at 450)

Figure 33. SEM Photograph of Lithium Dendrite Tips of Cathode Shown Above (3000X
Magnification)
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growing crystal filament about 1/5 of size observed at 250C. These observations indicate

to us that it may be possible to change the cell chemistry or design so that the Li

dendrites produced on overdischarge are denser and capable of carrying more current

on overdischarge. Such thicker Li dendrites would probably be less likely to melt and

initiate an explosion when a short circuit is produced by growth of the dendrites across

to the anode.

Five SEM photos of a cross section of the carbon cathode from the cathode limited

cell overdischarged at 400C, 2 mA/cra 2 were taken at magnifications of 45X, 10OX,

300X, 100OX, and 3000X. No signs of metallic Li deposition in the interior of the carbon

electrode were observed.

The X-ray diffraction peaks obtained for the carbon sample from the cathode dis-

charged at 40°C, 2 mA/cm 2 are listed in Table 10. The diffraction pattern shows the
peaks only for LiCI and not for rhombic sulfur as found for the cell overdischarged at

2.0 mA/cm 2 at 250C. The higher solubility of sulfur at 400C may account for its absence

in the X-ray pattern.

The second cathode limited cell at 400C was overdischarged at 20 mA/cm 2, con-
tained 0.764 g of carbon, and was of the same design as used earlier. The cell potentials

during discharge and overdischarge at 20 mA/cm 2 are shown in Figure 34. On discharge

the cell delivered 77.36 mAh/cm2 to reversal, then it was overdischarged 89.3 mAh/cm 2

until the test was voluntarily terminated. The lithium dendrites which formed on

overdischarge were distributed very uniformly over the surface, similar to the cell

overdischarged at 2 mA/cm2 at 40*C discussed earlier. No sudden fluctuation in cell

potential indicative of dendrite shorting were recorded during overdischarge even

though it appeared that the Li dendrites had grown across the - 6 mm interelectrode

gap to touch the Li anode.

A total of nine SEM photographs were taken of the Li dendrites at several points
on the cathode surface at magnifications ranging from 40X to 3000X. Figure 35 illus-

trates the strange combination of morphologies that were observed for the Li deposited

at 20 mA/cm 2, 400C. The tips of the dendrites showed three or more growing crystal

surfaces but the sides of the dendrite nodules showed Li filaments similar to those

observed at 250C at 2 mA/cm 2. Figure 36 shows a portion of the tip of the dendrite

nodule shown in Figure 35 with the magnification increased from 300X to 3000X. The

three or more Li crystals at the tip of the Li dendrites are clearly defined. Although a

comparison of Figures 33 and 36 suggests a larger number of Li crystals at the tips if
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Figure 34. Behavior of a Cathode Limited Li/SOCLt Cell During Discharge and
Overdicharge at 20 mA/cm at WC
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Figure .35. SEM Photograph of Lithium Dendrites on Surface of Cathode Overdischarged
at 40" C, 20 mAle-n 2 (300X Magnification, View at 45")

Figure 36. SEM Photograph of Lithium Dendrite Tips of Cathode Shown Above (3000X
Magnification)
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the dendrites deposited at 2 mA/cm2 , an examination of all 24 of the SEM photographs

indicates that the morphology of the dendrite tips is similar at both 2 and 20 mA/cm 2 at

400C.

Seven SEM photos of a cross section of the carbon cathode from the cathode lim-
ited cell overdischarged at 40°C, 20 mA/cm 2 were taken at magnifications of 45X, 100X,

300X, 1000X, and 3000X. No signs of metallic Li deposition in the interior of the cath-

ode were observed at 1O0X or below but at higher magnification pieces of Li filaments

similar to those shown in Figure 22 were observed. It is thought that the Li filaments
were not deposited in the interior of the cathode but were accidentally introduced dur-

ing the preparation of the samples for SEM examination.

The X-ray diffraction peaks obtained for the carbon sample from the cathode dis-
charged at 20 mA/cm 2, 40"C are listed in Table 11. The results and interpretation is the

same as given earlier for the X-ray results for the cathode overdischarged at 2 mA/cm2,

40C. There is one slight difference however, the weak line at 1.278 A which it is thought

is due to the 1.283 line of Li20 2. The appearance of Lio 2 was observed in other cells

and may be due to the oxidation of the Li dendrites during cell disassembly and then

contamination during sampling.

5.2.4 Overdleharge of Anode Umited Cells at 250C

Two anode limited cells were overdischarged at 25'C, one at 2 mA/cm2 and the

other at 20 mA/cm 2. The theoretical capacity of the anode and cathode of the cell

overdischarged at 2 mA/cm 2 were 1.07 and 3.05 Ahr, respectively. The behavior or the

cell potential during discharge at 2.0 mA/cm 2 and overdischarge at 0.59 mA/cm 2 is

shown in Figure 37.

The cell was overdischarged until the total capacity reached 3.384 Ah (i.e., 376
mAh/cm2) without any increase in polarization above that recorded during the period

following reversal. It was, therefore, concluded that the cathode was not passivated as

usual at 3.05 Ah because the LiCI discharge product was dissolved by AICI3 produced at

the anode during overdischarge. The electrode reaction at the Ni screen of the anode

during overdischarge after all the Li has been consumed is most likely oxidation of "SO2;

2 AIC14" + 2 SO2 - SO3 + SOC 2 + 2 AIC13 + 2e as discussed above.
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The cell was discharged at 2.0 mA/cmw constant current with reversal at 103 mAh/cm2.

It was then overdischarged at 0.59 mA/cm 2.

Figure 37. Behavior of an Anode Limited Li/SOC Cell During Dicharge and
Overdischarge at 2.0 mA/cm , 250C
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No signs of a blue or green coloration of the electrolyte were observed which indi-

cates that the nickel screen was essentially inert to anodic dissolution. The design of the

anode limited cell used in the present work would favor Li deposition on overdischarge,

if Li deposition was possible, because of the large excess of Li ions in the large volume of

electrolyte. With 168 ml of 1.8M LiALCl 41SOC12, the electrolyte contained enough Li to

permit the cathode to operate 8.14 Ah, considerably over the 3.05 Ah theoretical capac-

ity of the cathode.

The results suggest that at low rates, SOC12 consumption, leading to electrolyte

starvation rather than Li deposition, may be the major safety hazard involved in the

overdischarge of anode limited cells. Electrolyte starvation could possibly lead to explo-

sions caused by local heating as the electrolyte level dropped and more current was

forced through increasingly smaller electrode areas.

The X-ray diffraction peaks obtained for carbon from the anode limited cell are

listed in Table 11. The diffraction pattern shows the peaks only for LiCl and not for

rhombic sulfur, as found earlier for cathode limited cells discharged at 250C, 2 mA/cm2.

The cause for the absence of the peaks for rhombic sulfur is not known but it may be

related to the partially discharged state of the cathode providing enough porosity for

the sulfur to dissolve out of the cathode by diffusion during the 14 days required for the

overdischarge.

Cross sections of the cathode from the anode limited cell discharged at 2 mA/cm 2,
.250C were examined at 40X, 10OX, 300X, and 1000X magnification using the SEM. No

TABLE 11
DEBYE-SCHERRER X-RAY DIFFRACTION ANALYSIS OF CARBON

FROM CATHODE AND ANODE LIMITED CELLS*

Anode imited Cad Discharged Cathode imited Ce Discharged
at 250C at 2 mAlcm2  at 400C, 20 mA/cm2

d(A) 20 I/Io d(A) 29 I/Io

2.96 30.16 100 2.95 30.26 100

2.57 34.88 100 2.55 35.16 100
1.81 50.36 90 1.81 50.36 90

1.545 59.80 60 1.545 59.80 50
1.482 62.62 50 1.480 62.72 30

1.283 73.78 40 1.278 74.12 10
1.178 81.66 50 1.173 87.16 30

1.148 84.28 so 1.145 87.44 30

1.047 94.72 50

'AN diffraction results were obtained using CuKcc radiation with a NI filter.
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signs of electrodeposited Li were observed in the interior of the cathode. A total of

seven SEM photographs were taken and are on file.

The second anode limited cell at 250C which was overdischarged at 20 mA/cm 2

utilized two Li anodes and a cathode with theoretical capacities of 1.091 and 2.385 Ah,

respectively. The cathode capacity was calculated based on a carbon loading of 0.7389 g

aji the capacity of a similar cathode discharged at 2 mA/cm 2. The behavior of the cell

potential during discharge and overdischarge at 20 mA/cm2 is shown in Figure 38. The

cell went into reversal after delivering 0.54 Ahr; therefore, the anode efficiency at 20
mA/cm 2 was 49.4 percent. Since, based on earlier results, 0.88 Ahr was expected from

the cathode at 20 mA/cm2, the cell was clearly anode limited. The cell became both

anode and cathode limited when the cell potential reached -5.8V at a capacity of ap-

proximately 0.89 Ah. Lithium dendrites were first noticed on the surface of the carbon

cathode after 2.48 hours of discharge when the capacity had reached 0.892 Ahr. As the

overdischarge was continued, the Li dendrites on the surface of the carbon continued to

grow until they extended about 1.5 mm into the electrolyte, as shown in Figure 39.

Lithium deposition would not be expected in anode limited cells because the AIC13

and SO 3 produced by oxidation of SO2 at the Ni anode during overdischarge would

prevent the cathode from becoming passivated by dissolving the LiCI to form LiAICI4.

Furthermore, any Li dendrites formed would be rapidly corroded by both the SO3 and

the AIC13.Lithium dendrites, however, were deposited on the cathode during overdis-

charge at 20 mA/cm 2, but not at 0.59 mA/cm 2 , probably because the AICI3 and SO3

couldn't diffuse across the 6 mm interelectrode space fast enough at the higher rate.

If Li deposition is only possible in anode limited cells because of a diffusional lag

effect, then it would be expected that the dendrites would be rapidly corroded once the
high rate overdischarge was terminated. This possibility was investigated and it was

found that significant corrosion occurred during the first 16 minutes on open circuit as

is evident by comparing Figures 39 and 40.

As soon as the cell was placed on open circuit, small thin filaments of Li could be

seen under the stereomicroscope breaking off the dendrite mass and floating to the

surface of the electrolyte. This type of corrosion gradually subsided after about ten
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The capacity was calculated on the basis of a cathode area of 9 cm 2

Figure 38. Behavior or an Anode Limited Li/SOCl 2 Cell Duing Discharge and
Overdischarse at 20 mA/cm2 at 26C
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Figure 39. Lithium Dendrites on Overdischarged Cathode From an Anode Limited Cell
(15.2X Magnification), After 2 Sec. on Open Circuit; Cell Overdischarged

128.0 mAh/cm 2 at 20.0 mA/cm 2, 2C

Figure 40. Lithium Dendrites on Overdischarged Cathode From the Anode Limited Cell
Shown Above (15.2X Magnification) but After 16 Minutes on Open Circuit

I'WFNI- Strategic Systems Dus
GTE Products Corporaion

64

I 2 I



minutes resulting in the removal of most of the sharp projections and nodules, and a
general smoothing of the dendrite mass as shown in Figure 40. After 15 minutes on open

circuit, the dendrites had begun to lose their metallic luster and the rate of corrosion

appeared to be greatly reduced. However, after overnight stand on open circuit (i.e., 16.5

hr.), all the Li dendrites were consumed by corrosion. Thus, AIC13 and SO3 produced at

the Ni anode screen on overdischarge, most likely reacted with the Li dendrites, but the

corrosion rate was much slower than initially expected.

Overdischarge of the anode limited cell was resumed after 22 hours on open circuit

to discover if Li could be deposited again. During this second 1.88-hour period of

overdischarge at 20 mA/cm2, the cell potential changed from -4.14V at the start to -
18.2V, but Li deposition was not observed. The overdischarge was terminated when the

potential reached -18.20V because the cell was consuming about 6.5 watts and had

heated to about 500C. Evidently the thickened LiCI film provides too great an
overpotential for lithium deposition.

The results of the present experiments with anode limited cells carried out with an
interelectrode spacing of 6 mm should be interpreted with caution when applied to the

design of commercial cells with interelectrode spacings of 1 mm or less. At 1 mm or
closer electrode spacings, Li dendrites may not form on overdischarge at 20 mA/cm 2,

25°C because the AIC13 and SO3 formed on the bare Ni anode screen have a very short

diffusion path to the cathode.

The electrolyte was drained from the cell discharged at 20 mA/cm 2 within 1 minute
after termination of the second overdischarge and the cathode was immediately evacu-

ated in a vacuum desiccator. After two days under vacuum (-'. 1001A) a sample of the

carbon was prepared for X-ray diffraction analysis as described earlier. The X-ray dif-
fraction peaks that were obtained are listed in Table 12. The diffraction pattern shows

peaks for LiCl, Li2O2 , and a few weak peaks for rhombic sulfur. The anode limited cell

discharge at 2 mA/cm 2 showed peaks only for LiCI and it is not known why increasing

the rate to 20 mA/cm 2 should increase the content of rhombic sulfur in the cathode. It is

possible that at the higher rate, the cathode was sealed with a skin of LiCI preventing

the sulfur from dissolving and diffusing out in the shorter discharge period. The detec-
tion of Li20 2 in the cathode indicates that the Li dendrites were probably not all con-
verted into LiCI, but a substantial amount of metallic Li remained on the surface or

inside the carbon cathode.
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TABLE 12
DIIYII-SCHERRER X-RAY DIFFRACTION ANALYSIS OF CARBON FROM AN ANODE

LIMITED CELL OVERDISCHARGED AT 20 mA/em2 . 2rC°

dtA) 20 1/10

3.80 23.39 30
3.43 25.95 10
2.94 30.38 9
2.72 32.90 100
2.57 34.86 90
2.45 36.64 5
2.22 40.60 20
2.03 44.60 5
1.91 47.56 35
1.86 48.92 20
1.82 50.07 50
1,71 53.54 7
1.56 59.16 50
1.54 60.02 40

1.475 62.96 20
1.352 68.30 20
1.279 74.12 10
1.21 79.07 10
1.173 82.09 20
1.145 84.55 30
1 .044 95.09 20
1.022 97.79 10

*The dtfraction results were obtained using CuKa radiaton with a Ni filter.

Six SEM photos of a cross section of the carbon cathode from the anode limited

cell were taken at magnification of 45X, 300X, 600X, and 3000X. At the higher magnifi-

cations, a large number of cubic crystals, most likely LiC1, about 3- 10 3 mm in size, were

observed, but there were no signs of metallic Li deposits.

5.2.5 Electrochenmoal Kinetls of Lithium Dendrite Formation

From the review of the electrochemical kinetics of metal deposition in aqueous

solutions by Vetterl3s ), it appears that the theory developed by Price, Vermiyea, and

Webb('s8 would be useful to understand Li dendrite formation in Li/SOCI2 cells. Ac-

cording to Vermilyea, metal may be deposited in the form of long fine threads, so-called

whiskers, when some substance is absorbed at different concentrations on the various

surfaces of the crystallite of the first growing nucleus. It is assumed that the absorbed

substance is incorporated into the deposited metal.
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In the case of Li deposition in SOCI 2, the current density at the growing crystal

surface would have to be so large that the LiCi would be incorporated more rapidly into

the Li metal crystal than SOCl2 can react with Li to form LiC]. The various surfaces of

the Li crystals will have different reaction rates with SOC4 to form LiCi, with eventu-

ally only one surface continuing to grow. If this is the front surface, a whisker is formed

which continues to grow at this front surface, while the growth at the side surfaces has

stopped.

This account of Vermilyea's explanation for whisker growth is only a very brief

simplified account of the theory which was published with a convincing mathematical

description of the reaction kinetics and supported by experimental data. Of particular

interest to improving the safety of Li/SOC12 cells during overdischarge is the finding

that the specific conductivity of whiskers of Ag grown in aqueous solutions are two or

three smaller than the value for pure Ag because of the high concentration of incorpo-

rated impurities.

Vermilyea's explanation of the kinetics of whisker growth implies that substances

could be added to the SOC12 electrolyte which would change the mechanism of crystal

growth. In principle, the additives would be absorbed in such a way as to increase the

amount of LiC1 in the Li dendrite deposits. Or alternatively a different class of addi-

tives could be used to make the dendrites thicker with less included LiCl. Such den-

drites would probably be much less hazardous because they could carry more current

without melting when the interelectrode gap was bridged by the dendrite during

overdischarge or charging. At the present time there is not sufficient data to determine

whether dendrites with more or less LiCi are the most desirable to make a safer cell.
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6.0 CONCLUSIONS

No hazardous reactions were encountered associated with discharge or overdis-

charge at lmA/cm2 and room temperature. Intermediate species on discharge and cath-

ode limited overdischarge do not develop substantial concentrations. Addition

complexes of LiAlCl 4, SO2, and SOCI2 along with elemental sulfur account for most of

the spectrascopic data. Sukur exists in part as a long lived stable free radical. A second

radical is detected with a lifetime on the order of days. SO3 is suspected as a product of

intermediate decomposition.

Anode limited overdischarge produces some SO3 and probably S2CI2 through oxi-

dation of S02. Reaction of oxidation products with lithium dendrites prevents buildup

of intermediates and total consumption of S02 or SOC42. No evidence was found for Cl 2,

S02C12, C120, or S02+ as suggested in earlier studies, though two new radicals appear

on anode limited overdischarge.

Lithium dendrites grow on the surface of the cathode in cathode limited overdis-

charge at all temperatures and current densities investigated. In anode limited overdis-

charged cells, dendrites can be formed at elevated current densities and presumably at

low temperature. At 1mA/cm 2 and room temperature, dendrites were consumed evenly

by oxidation products of anode limited overdischarge.

No evidence was found in either X-ray diffraction patterns or electron micro-

graphs for lithium-graphite intercalation compounds. No evidence was found for den-

drite growth or movement due to Ostwald ripening. Dendrites decompose quickly due

to self-discharge on the cathode and reaction with various oxidants. Apparently the

dendrites are segmented by small areas of LiCl. This helps moderate the dendrite de-

composition and prevents sufficient conductivity to sustain interelectrode shorts.

One potential hazard implicated is the situation where strong oxidants such as SO3

are produced on overdischarge at low temperature but because of sluggish diffusion
rates and reaction kinetics, no reaction occurs with lithium until the cell is warmed. A

related hazard may occur in cells which go into overdischarge, as those of Abraham et

al, because of detachment of lithium from the current collector. Under these circum-

stances, the oxidation products have only a short distance to diffuse over to a fresh

lithium surface. The last hazard identified as a possibility on overdischarge may occur

when a cell becomes electrolyte limited. Here the ohmic heating can become substantial

and pressure may build up from the breakdown of LiAICI,'3SO2.
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Further work in these areas is desirable, especially in simulating the proposed haz-

ard scenarios.
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