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1. INTRODUCTION

The following Systems Safety Hazard Analysis Report was prepared as a separate

document from the final and interim reports as specified in the contract.

This report is limited to primary cells and only a few comments are made per-

taining to primary batteries and reserve lithium-thionv' chloride cells and

batteries.

The objective of this report is to summarize and critically assess current

published information oertaining to the safety hazards of the lithium-thlonyl

chloride cell and to recommend preferred designs and procedures. In addition,

critical gaps in current knowledge about the system and areas that should be

given priority in further research will be identified.

The technical literature dealing with the lithium-thionyl chloride cell is

vast* thus achieving the above objectives within a restricted time frame means

that certain compromises have to be made. Thus in many cases only references

will be given dealing with a particular subject and it will not be possible to

summarize and analyze the results of the various investigators.

It is intended that this safety analysis will be expanded and revised at a

later date so that a second edition can be prepared within a few years. The

rapid pace of research and development dealing with the safety of lithium-thi-

onyl chloride cells will certainly make such a revision necessary before too

long.

There are really two types of safety situations with Li/SOCI 2 cells. Those

possible in low rate cells with thick cathodes and good heat transfer charac-

teristics and those in hiah rate cells that have a thermal management problem.

Low rate cells have acceptable safety characteristics under a range of abuse

conditions and are suitable for a wide range of military applications and some

civilian applications. High rate cells larger than about half C size, can

* For example, a recent review (1) lists 162 references.



dergo thermal runaway and violent rupture when short circuited or subjected

other abuse conditions such as overdischarge or crushing. Thus high rate

lls are presently suitable for only a limited number of applications and

11 require substantial development until they can match the safety charac-

ristics of low rate Li/SOC12 cells.

fety issues with low rate cells will be given priority in this report be-

use such cells are already in wide use and possible hazardous chemical reac-

ons should be identified for the benefit of applications engineers and to

courage further design improvements. The most hazardous conditions encoun-

red with high rate cells will also be given special attention. Such condi-

.ons include short circuit, overdischarge of carbon limited cells, and over-

.scharge of electrolyte and lithium limited cells.

2



2. CHEMICAL REACTIONS OCCURRING DURING LOW RATE DISCHARGE OF

LITHIUN-THIONYL CHLORIDE CELLS

Z.1 THE MAJOR CELL REACTIONS

2.1.1 The Stoichiometry of the Discharge Reaction

Experimental investigations carried out by a number of organizations (2-12)

indicate that the overall cell reaction for the low i-ate discharge of lithium

thionyl chloride cells with porous carbon cathodes at room temperature is:

4 Li * 2 SOC1 2 - SO 2 + 5 + 4 LiCI 1ll

Cogley and co-workers (2,3) analyzed dried cathodes for LiCI and entire cells

for sulfur and found close to one mole of Licd per equivalent of charge and

close to one mole of sulfur per four equivalents of charge as predicted by

Equation [1]. However, Schlaikjer and co-workers (7) found much less SO- in

discharged 2000 Ahr cells than predicted by Equation [1]. Attia and co-work-

ers (9) using an electrolyte flooded infrared flow cell more recently found

0.17 moles of 5 2 /equivalent of charge passed compared to the 0.25 moles

So2/equivalent expected. During the present contract (11) Li/SOC12 cells with

the same high carbon-to-electrolyte volume ratios as commercial cells were

multiply extracted with pure SOC1 2 at -20'C and the combined extracts analyzed

for SO2. The extraction procedure was used to collect all the SO, generated

including the SO2 adsorbed by the carbon cathode that was neglected by earlier

studies. Quantitative FT-IR analysis of the combined extracts showed 0.22

moles of SO2/equivalent of charge for cells discharged at 5 mA/cm 2 at 230 C in

which 18% of the 5OC1 2 was reduced.

It is thought (10,11) that much of the "missing' So 2 is not detected by the

chemical analysis because it reacts with the SOC1 2 electrolyte during the dis-

charge to form a strongly solvated species with the Li cation in solution,

Li(SO02,OC1 2). Part of the "missing" SO2 could never have been formed or



3. HAZARDOUS CHE!ICAL REACTIONS OCCURRIN' DURING LOW RATE AMPF,

SHORT CIRCUIT DISCHARGE OF LITHIUM-THIOM1YL CHLORIDE CELLS

3.1 THERMODYNAMICS OF PARASITIC AND SIDE REACTIONS

Numerous potentially hazardous reactions occurring in the Li/SoSi 2 cell have

been investigated (13,14,24,26,29) and various ccnflcting opinions Dave eer!

prooosed as to which reaction or reactions are the most i1azardous ourina abuse

ci 1 -l -ions. In principle, if one or two reactions could be identified as the

most hazardous by a large margin, then the ctll chemistry or design could be

modified and the hazard eliminated. However, if a lamce number of reactions

are found to oe about equally hazardous then it may be impossible in practice

to modify the cell to reduce the hazard. If this is found to b the case, a

different approach may be necessary to prevent thermal runaway such as elec-

trolvte additives, vents or fuses as discussed in section 5.

Thus, the major issue to be addressed involves the aeneration and evaluation

of thermodynamic and kinetic data so that the hazards of the various reactions

possible in the Li/50C12 cell can be ranked quantitatively. Since the reac-

tion kinetics depend on the concentration of the reactants, the presence of

cnemically active surfaces that may act as reaction sites, the presence of

passivating films and the geometry of the cell which all complicate estimating

concentrations. Therefore, it is very difficult to carry out experiments to

obtain realistic kinetic data to compare the various potentially hazardous re-

actions. Cell geometry effects not only heat and mass transfer but also solu-

bility, catalysis and absorption to name a few of the more important effects

on the kinetics of hazardous side reactions.

Inrom~tlon about tne-modnamic properties such as tne free energy, enthalpy,

solubilties and melzi.sg points can be obtained for many reactions from stan-

dard reference works and can be used to select those side reactions that may

cc potentially the most iszardous. Since kinetic studies of the reaction rate

unde:- nractical condis on 0 are mucn more difficult than thermodynamic caicula-

17
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estionable since numerous infrared studies (1,7,9,11) have concluded that

!, is not a product of he electrochemical reduction of SOCI2. Thus further

rk is required to determine the exact composition of the intermediates,

eir lifetimes and their concentrations during the course of cell discharge

least at one set of temperature and rate conditions. A full characteriza-

on of the electrode and solution kinetics of the S0Co, reduction reaction at

porous carbon electrode may take many years because of tne rapid rate of re-

tion and the difficult analytical chemistry.

define the intrinsic safety of the Li/SOCl2 cell it may onlyr be necessary

determine the overall cell reaction so that 95-99 Wt% of all the products

in be accounted for within 10 to 15 minutes after the cell discharge has been

-rminated. This would be a more realistic task that could be completed

Lthin a year or less that should be given priority. The qoals of this task

ave been largely achieved during the present contract (10,11) although con-

iderable work remains to characterize the S02 solvation reaction with SOC 2

lectrolyte [13j under a wide range of temperature and concentration condi-

ions.

16
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tion of SO2. The decline in the 50, peak during approximately 24 hours

storage was found by voltammetry, quantitative infrared arid Raman spectroscopy

to be due to a reaction between S02 and the SOCl 2 electrolyte. The exact na-

ture of the products of this reaction are not yet known exactly but the Raman

results suggest a strong solvation reaction

Li(2SOC12)
+ + SO2 g Li(SOCI2,S02)

+ + SOC! 2  1131

Williams and co-workers (12) have recently postulated the following mechanism

for the reduction of SOC1. in the Li/SOCl 2 cell

SOC1 2 + e , OSCI + C1 114]

OSCl - OCiS !15]

OCIS j (OClS)2 (TRIPLET) 1161

(OCS)2 (TRIPLET) - (OCIS) 2 (SINGLET) 117]

(OClS) 2 - SC 2  + Sol [18]

They estimate that the lifetime of OCiS and the triplet state dimers in equi-

librium with it is . 6 minutes at -460C, and < 10 seconds at 241C.

As discussed earlier in Section 2.1.2 short lived highly reactive intermedi-

ates such as OCiS are of little significance relative to Li/SOCI2 cell safety

because they do not exist long enough so that a sufficient amount can possibly

accumulate to constitute a safety hazard. Thus even at -460C the intermedi-

ates detected by ESR do not appear to merit much attention as a safety hazard.

The work by Williams and co-workers (12) at JPL is currently still in progress

and the mechanism proposed in Equations (14] to [183 is largely speculative

since the composition of the intermediates has been deduced from ESR data.

Reaction [18] involving the generation of SC12 as a discharge product is very

15



It was claimed that the delayed pressure rise due to the "missing" SO2, the

excess heat evolution in discharge(- cells (19), the lower cell capacity at low

temperature (30) and the voltammetry results all were consistent with the

above reaction scheme.

A "hot spot" theory .as proposed by Dey (Pgs. 195, 197 Ref. 26) to explain how

the "spontaneous' explosion of discharged Li/SOCI. cells could be caused by

exothermic reactions such as the decomposition of the 50 intermediate (i.e.,

Equatioi. 12 which creates a local "hot spot" inside the cell. This "hot

spot" could then serve as a trigger to start reactions between other active

cell components such as Li, 5, SOCI 2 , Teflon and glass which produce heat to

feed the thiermal runaway'. It was suggested that local hot spots could be in-

volved in cell explosions during low current reversals. It was reported (Pg.

194, Ref. 26) that the decomposition of So would generate 36.8 KCAL/mole of SO

decomposed.

Since 1983 with the completion of new voltammetry (10,11), infrared

(9,10.11,12) and ESR (12) investigations of the Li/SOCl2 cell reaction, it has

oecome clear that long lived intermediates (> 0.1 hour) are not formed during

the reduction of SOC1 2. In particular, the ESR measurements have indicated

the presence of very short lived intermediates such as OCiS and (OC1S)2 and

have more o- less ruled out the presence of the SO intermediate. Furthermore,

altnough SO has been observed in the vapor phase in the presence of a dilute

gas, -,;her, condensation was attempted, a solid polymer resulted which decom-

posed to S and SO2 when heated. Infrared absorption bands for "SO" or "$202"

were reported by Jones (31) for vapor phase samples at 1165 cm and 679 cm

However, Schlaikjer and co-workers (7) reported that when spectra were taken

of used electrolyte and used electrolyte diluted with SOCI2 immediately after

disch'rge, no absorption was observed at the above "SO" frequencies. They

also rnoted that no soluticns of "SO" have ever been reported.

T1he voltammetry peak initially assigned (28) to the complexed intermediate

SOOSOC12 was found during the present contract (10,11) to be due to the reduc-

14



spontaneous explosions of partially discharged Li/S0CI2 cells on casual

storage was initiated by reactions involving such SOC1, reduction intermedi-

ates.

It was postulated by Bowden and Dey (28) that SOC 2 undergoes two successive,

one electron transfers to generate SO

SOC1 2 + e - SOCl + CI [6]

SOCI + e So + Cl [7]

Since SO is highly unstable it was proposed that during the early stages of

discharge it was complexed by SOC 2

so + SOCI 2 _+ SO.SOC1 2  18]

It was believed that the species SO°SOC12 was detected in large amounts by

linear sweep voltammetry in DMF supporting electrolyte (28) and that it was

stable for many hours. On standing or warming of the solution it was thought

that the complex disassociates to reform SO and SOC1 2

SO.SOCl2 -4 so + SOC1 2  [9]

Dimerization and polymerization of the SO were suggested as part of the mecha-

nism and were thought to occur during the latter part of the discharge when

the concentration of SOCI2 had decreased

2 SO - (SO)2 [101

(SO) 2 + nSO - (SO) n  [11]

Finally, it was postulated that these dimers and polymers may decompose on

standing or heating to form S and SO 2

(50)2 S + SO 2  [12]

13



Frank (20) has measured the rate of decomposition of I LiAlCl'/SOC2 by stor-

ing sealed ampules of electrolyte at 40, 80, and 100 0C and determining the So2
concentrations by IR after up to 100 days storage. The rate of SOCl 2 electro-

lyte decomposition was then calculated using the results of the S02 analysis

the stoichiometry of reaction [4] and the known storage time. The calcula-

tions showed that 12% of the SOC1 2 will decompose during ten years storage at

150C.

More recently Babai and co-workers (25) have investigated the stability of

Li/SOC1 2 cells discharged at temperatures up to 200 0C. They found that Li/

SOC1 2 cells could be discharged continuously for over six days at 200 0 C and

for six months at 150 0C while still yielding most of the available capacity.

From open circuit measurements and infrared analysis of the electrolyte from

cells stored at 1501C, they concluded that the presence of porous carbon in

the cell probably caused the decomposition reaction to start at temperatures

as low as 70-901C. However, since the thermal decomposition reaction of thio-

nyl chloride is reversible they believe that only small amounts of the thionyl

chloride was decomposed because of the small capacity losses observed after

six months of continuous discharge at 1500 C.

The small rate of SOC1 2 decomposition observed by Frank (20) compared to the

negligible rates predicted by thermodynamics suggests that the thionyl chlor-

ide he uzed may nave been contaminated by traces of water and the SO2 measured

was simply a hydrolysis product. If the demand for Li/SOC 2 cells for high

temperature (.- 1501C) long discharge applications continues to grow, then ad-

ditional work may be required to determine the thermal stability of S0C1 2 and

LiAlCl4 /SOCl 2 electrolyte with and without carbon cathode material present.

2.3 REACTION KINETICS

Until quite recently there was widespread concern (1,6,7,26-29) that the re-

ducticon of SOC1 2 during discharge produced substantial quantities of the long

iived (28) unstable intermediate SO. It was thought (28,29) that the reported

12
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were plotted and are shown in Figure 1. Calculations for both reactions show

that the decomposition reaction leading to the production of S2C12 is more

favorable than that leading to the production of S. However, even that lead-

ing to S2C12 production does not proceed spontaneously at temperatures below

about 580 0C (according to the data obtained from the available published lit-

erature) or about 6900C (according to the data obtained from the MANLABS Date

Bank). Further, even above these temperatures, the decomposition reaction is

endothermic. It was concluded (24) that thermal decomposition of SOC1 2 to

produce gaseous products does not present a hazard potential at any tempera-

ture of operation or storage for a Li/SOC12 cell.

10



For the Li/SOC1 2 cell, taking AS as -5.26 calories/degree-equivalent then the

rate of heat production at low current densities close to reversible condi-

tions would be 2.30 Kcal/equivalent at 250 C.

For cell discharge at practical current densities, the rate of heat generation

is the sum of the heat generated by Equation 12] above, the heat aenerated by

polarization and the heat generated by other reactions such as Li corrosion.

The rate at which heat is released due to cell polarization is given by the

difference between the open circuit potential E° and the potential under load,

E

dj = -4.184 o (E0 -E) e[3]

By measuring the heat output of cells discharged at high current densities,

then calculating the excess heat evolved above that expected on the basis of

Equations [2] and [31, the heat generated by side reactions such as Li anode

corrosion and intermediate decomposition can be calculated. Values for the

excess heat evolution due to side reactions have been reported by several in-

vestigators (7,16,17,19) and the nature of the side reactions has been the

subject of considerable discussion and debate.

The thermal decomposition of SOC1 2 has been reported (21,22) to occur by way

of two alternative reactions

4 SOC1 2  5 S2C12 + 2 SO2 + 3Ci 2  14]

2 SOC 2  - 502 + 2 Cl2 + S [5]

The decomposition has been reported to begin at temperatures as low as 1501C

and to be virtually complete by 440 0C (230 C). The thermodynamics of these two

proposed reactions were examined during an earlier project at GTE Laboratories

(24). The free energy changes accompanying these reactions were then calcu-

lated from readily available published thermodynamic data and by the use of

the MANLABS-NPL Materials Data Bank. The resulting free energies of reaction

9



Table 1.

Thermodynamic Values for the Discharge Reaction of the Lithium Thionyl

Chloride Cell at 250C*

Calculated
Value + Electrochemical Calorimetric

Free Energy.
(Kcal/eq) -84.4 -84.3 -83.9

Open Circuit
Potential (V) 3.661 3.655 3.65

Enthal py
(Kcal/eq) -86.1 -85.9 -87.4

Enthalpy
(Cal/ Keq) - 5.62 - 5.26 - 7.74

Reference (18) (16) (16)

• Based on the Cell Reaction

4 Li + 2 SOC1 2 - SO2 + S + 4 LiC1

+ The calculated values were calculated by Miles (18) from standard thermo-
chemical data from the National Bureau of Standards Circular 500 (1952) and
W. M. Latimer's "Oxidation Potentials", 2nd Ed. (1952).

8
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tributed to side reactions involving the corrosion of the Li anode to form

LiCI during discharge and tne decomposition of unstable intermediates (19).

*Some uncertainty and controversy exists concerning the existence of long lived

intermediates and the heat produced during the decomposition of such interme-

diates.

Doubts have been raised concerning the stability of LiAlCl,/SOC!2 electrolyte

during long term storage (20), that have proved to be largely unfounded. The

thermodynamics of the SOC1, and LiAlCl/SOC1, electrolyte decomposition reac-

tions will be discussed later in this section.

The free energies, entropies, enthalpies and open circuit potentials calcu-

lated from standard thermochemical data are listed in Table 1 based on the

cell reaction

4 Li + 2 SOC1 2  S02 + S + 4 LiCl Ill

These calculateo values are compared in Table 1 with the values obtained ex-

perimentally from electrochemical and calorimetric measurements with Li/SOCl2

cells. There has been considerable disagreement among various investigators
_1

in the value of the entropy with values ranging from +23.7 to -30.41 cal K

ea A very thorough discussion of the thermodynamic data obtained by six

investigators for the Li/SOCl 2 cell has been published by Godshall and Dris-

coil (16) and the values in Table 1 appear to be among the more reliable val-

ues.

In an electrochemical cell, such as the Li/SOCI2 cell, the rate at which heat
_1

is released in watts (W); i.e., joules per second (J s ) at vanishing low

current densities close to reversible conditions is given by:

dj -4.184 TAS de [2]

where T is the absolute temperature, AS is the entropy change of the discharge

reaction in calories/degree-equivalent and de/dt is the discharge rate in

terms of equivalent/second.

7
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At the present time about 90% of the SO2 produced at 25'C during the reduction

* of SOC1 2 as predicted by the cell reaction of Equation i I car, be accounted

for. Thus, it is clear that we are beginning to approach the limit of dimin-

*" ishing returns where greater and greater effort is required to achieve very

*[ small benefits.

* Changing the subject to the relevance to safety of research on unstable SOCl 2

reduction intermediates, it is evident that it makes little sense to investi-

gate reduction intermediates that are highly reactive with half lives less

than a few minutes in solution. Such intermediates may be of interest in

terms of improving high rate performance and selecting catalysts but they have

little significance in terms of cell safety. Highly reactive short lived in-

termediates do not exist long enough so that a sufficient amount of the inter-

" mediate can possibly accumulate to constitute a safety hazard. If the inter-

mediate could be concentrated into a single solid mass it is conceivable that

*perhaps a few tenths of a gram could decompose rapidly and set off a thermal

*- runaway reaction. However, intermediates are without exception either soluble

or adsorbea on surfaces and therefore widely dispersed at low concentrations.

2.2 THERMODYNAMICS

-" There have been a number of excellent investigations (1,7,16-18) of the ther-

* modynamic properties of the cell reaction given by Equation [i] that occurs

during the discharge of Li/SOCd 2 cells. The results of these studies are of

fundamental importance in understanding the safety nazalris of the cell. First

of all, the heat qenerated by the discharge reaction which is given by the en-

tropy term TAS, is useful in the design of both active and reserve-activated

batteries to achieve proper heat transfer and avoid thermal runaway under high

loi d conditions. Second, discrepancies between the free energies, open cir-

cult potentials, and entropy values obtained from thermodynamic tables (16,10)

and those obtained experimentally from electrochemical and calorimetric meas-

urements with Li/SOCI2 cells have provided a sensitive method of detecting

discrepancies due to side reactions. The excess heat produced has been at-

Jl " 
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2.1.2 The Relevance of the Discharge Reaction Products to Cell Safety

A knowledge of the ch, ,ical composition and concentrations of the discharge

products is invaluable (i) in determining the intrinsic safety of the Li/SOCI2

system under various conditions and (ii) in developing new methods to improve

" the safety of the cell. However, the cell chemistry is complex, research is

* both time consuming and expensive and priorities must be established to iden-

tify those research topics that will yield the greatest benefit.

*" Information about the chemical composition and concentration of the discharge

products is valuable because one can then separately study the thermodynamics

and kinetics of each of the possible side reactions of each product with the

major cell components and the other products. Using standard thermodynamic

tables of free energies one can then decide which side reactions are most

likely, the subsequent products and the heat produced by these reactions. Us-

ually the reactions of the product with lithium, SOC1 2 , SOC1 2 electrolyte,

carbon and the oxidation products produced during charging and lithium limited

overdischarge are of most concern.

For those cases where thermodynamic values for the free energies for the reac-

* tions are not available then experimental work has been undertaken to charac-

"- terize the thermodynamic properties of the various combinations of products

Sand cell components. Determination of the free energies and enthalpies by

standard calorimetric or electrochemical methods is quite lengthy, thus some

fairly rapid technique such as differential thermal analysis (DTA) is gener-

-. ally used to identify and characterize the exothermic reactions.

If all the products of all the side reactions were investigated, a tremendous

research effort would be required. However the importance of knowing the

thermodynamic and kinetic properties of a particular product depend primarily

on the amount present ana to a lesser extent on its chemical reactivity. Thus

if we can account for 95% to 99% of all the reduction products of SOC12 then

we can probably neglect the unknown 5% to 1% of the products. The unknown

products may actually exist or may just be an artifact of the accumulated er-

rors of the various techniques used for chemical analysis.

5
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could be delayed due to generation of short lived intermediates such as OCiS

that undergo side reactions (12). The small disciepancies between the SO,

predicted by Equation [1] and the concentrations actually found in discharged

cells and the whole subject of intermediates, side reactions and the reactions

of SO2 with SOC1 2 electrolytes is currently an area of very active research in

a number of laboratories (11,12). These matters and their relevance to safety

will be discussed later in this section.

. It is possible that the overall cell reaction for the discharge of the Li/

SOC1 2 cell could change depending on the temperature, depth of discharge, rate

of discharge, the acidity of the electrolyte, the nature of the cathode sub-

strate and the presence of catalysts. Bailey and Kohut (8) determined the

equivalent weight and elemental composition of the non-volatile components of

cells discharged at -50, -20, +25, and +711C at four depths of discharge and

three rates. They found that under all of the conditions investigated the

overall discharge reaction follows Equation [1]. They vacuum distilled the

volatile products from discharged cells then performed elemental analysis for

sulphur and chlorine. They note that the use of vacuum distillation may re-

sult in the decomposition of metastable intermediates such as lower sulfur ox-

ides to produce the S and SO, found.

Bailey and Kohut (8) note that further reduction of the SO2 produced does not

occur. Debye-Scherrer x-ray diffraction analysis of carbon cathodes overdis-

charged over a wide range of conditions at GTE (13,14) also showed no sign of

SO2 reduction to Li2S20 (lithium dithionite). The possible presence of

Li2S204 was initially of some concern because it could decompose and contrib-

" ute to thermal runaway (15) under certain conditions.

Prototype cells were discharged at 00 C, 1.5 mA/cm 2 then extracted during the

present contract (11) using the techniques described earlier and only 31.5 of

the So. theoretically expected from Equation [1) was found by IR analysis.

Since the 302 solvation reaction with the SOC1 2 electrolyte is much slower at

0C, it would appear that substantial adsorption of the S02 discharge product

on the carbon electrode occurs at low temperature.

4



tions (or experiments) the use of thermodynamic data to rank the reactions

and eliminate those that are not the most exothermic, allows the maximum ef-

fort to be focused on kinetic studies of the few most hazardous side reac-

tions.

The free energies and enthalpies of some of the more likely side reactions ex-

pected in Li/SOCI2 cells are listed in Table 2. The variation in the free en-

ergy with increasing temperature from 300 to 700'K for the reactions of Li

with 502, 5 and SOC1 2 are shown in Figure 2 obtained from Ref. 24. Figure

- shows the change in the free energy as a function of temperature for the reac-

tion of S with SOCl 2 . The list of reactions given in Table 2 is not complete

because for many reactions the products are not known or the free energies are

not readily available. For example, it has been reported (32) that Li reacts

explosively with carbon black to form Li-C intercalation compounds. Table 2

would also have to be revised if it is found that the reduction of SOC1 2 dur-

ing discharge generates substantial quantities of reactive long lived interme-

*" diates.

The reactions of Li with S, So2 and SOC1 2 are extremely energetic and should

occur spontaneously with the release of large amounts of thermal energy. How-

- ever, they do not occur for kinetic reasons below the melting point of lithium

because the Li electrode surface is passivated with a protective layer of

LiCl. Should the Li melt (m.p. 180.5 0 C) due to overheating caused by thermal

or electrical abuse then the LiCI film would no longer be passivating and re-

actions [20] - (23] could occur leading to the sudden release of a large

amount of thermal energy, overpressurization and explosion of the cell.

Below the melting point of lithium the reaction of So2 with Li by either Reac-

tion 120) or more likely Reaction 124) is unlikely to be hazardous because the

S02 is dissolved in the electrolyte and has to diffuse to the Li surface to

react where it produces solid products. On the other hand sulfur can precipi-

tate out as large crystals on the high surface area Li dendrites formed during

. carbon limited overdischarge which in principle could lead to Reaction [201

.* and a thermal runaway hazard should a Li dendrite short circuit occur. Thus,

. . .



Table 2.

Thermodynamic Values for Possible Side Reactions of the

Lithium-Thionyl Chloride Cell*

Eq. AH0 298  F29

Reaction No. (Kcal/m) -(Kcal/m) Ref.

2 SOd12 + 3S '2S 2 C12 + 0219 -18.6 to -120 24,26
-22.6

6 Li + 3S- 3Li2S 20 -320 -24

6 Li + SO Li 2S + 2Li 20 21 -321 -24

6 Li + SOd 2 - Li20 + Li S + 2LiCl 22 -391 -24

Li2S + 2S0Cl- so + 3S + 4LiC1 23 -147.6 -24

4 S0C12--" S2C12 + 2S02 + 3C2  4 - 10 24

2 2l + 2 Li -~1/4S + 2 LiCl 25 - -174.18 12

+ SOd 2  13 - 11i? 11

*The free energies and enthalpies are given as Kcal/mole of product.
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there are at least three hazardous reactions that could occur in Li/SOCl 2

cells at room temperature on the basis of thermodynamic data and the inertness

of the cell is entirely due to a kinetic block caused by a passivating self-

healing film.

3.2 KINETICS OF PARASITIC AND SIDE REACTIONS

3.2.1 Summary of DTA, DSC and Other Kinetic Results

The reaction kinetics of the various combinations of cell components and dis-

charge products present in Li/SOC12 cells have been investigated using differ-

ential thermal analysis (DTA, and differential scanning calorimetry (DSC).

The DTA exothermic transition temperatures found by Dey (29) and those found

by Dalleck, James and Kilroy (34) for a majority of the components studied are

listed in Table 3.

During a DTA measurement, the temperature difference between a sample and a

reference material is recorded as a function of time as the sample and a ref-

erence are heated at the same rate (36). A DSC measurement involves recording

the energy input into a substance and a reference material as a function of

time. DSC normally consists of measurement of the power input required to

keep the sample and the reference at the same temperature. Thus, the total

DSC peak is associated with the enthalpy of transition (37).

The data in Table 3 reveals that Li and sulfur and Li + C + LiAIC1,/SOCl2 are

the most easily initiated reactions between cell components with DSC exotherms

at 121 and 541C, respectively. There has been some disagreement among various

workers whether Li2S reacts with SOC1, (24,29,35). Work at GTE Laboratories

is consistent with the DSC measurements (35) which indicate that Li2S is es-

sentially unreactive with SOC1 2  up to a 276 0C cutoff and with 1.6M

LiAIC1,/SOC1 2 up to a 367 0C cutoff.

22
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Table 3 summarizes the DTA and DSC results only for some of the 
simpler combi-

nations of cell components. It is recommended that the original publications

(26,29,35) be consulted for a full description of the experimental 
techniques,

the thermograms and an analysis of the results.
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Table 3.

Summary of DTA and DTA Results for Li/SOC12 Cell Components

Transition Temperatures (OC)+

DTA DSC DSC
Reactants Exothermic Exothermic Endothermic

1. SOCI2  214 212

2. LiA1C14  - 143

3. Li + SOC12 217, 231 176

4. Li + LiAICI4  n/a 137 181

5. SOU12 + C n/a - -

6. Li + LiAIC14/SOC12  177

7. S + LiAIC14/SOC1 2  - - 236

8. S + Li 150 121 185

9. Li2S + LiA1C14 /SOC12  109, 118 - -

10. Li + SOC12 + C n/a - 169

11. Li + LiA1CI4 + C n/a 137 179

12. Li + LiAIC14/SOC12 + C n/a 54, 326 -

13. Li + LiAIC14/SOCl 2 + S 273 395 184

14. LiAIC14/SOCl 2 + C + S n/a - -

15. SOU12 + S n/a n/a

16. Li + S + SOCI2  - n/a n/a

17. Li + S + LiA1C14/SOC1 2  273 395 184

18. Li + Carbon Cathode 197 ** **

19. Li + Glass Separator 208 n/a n/a

+ The differential scanning calorimetry (USC) values are those of Dallek, James and
Kilroy (34) and the differential thermal analysis values (DTA) are those of Dey (29).

* n/a indicates not available
** See References (32) and (35).
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Differential thermal analysis measurements have been carried out (39; P. 174,

Ref. 26) in which the differential temperature response between fresh and dis-

charged spiral wound Li/SOC12 D size cells were measured. The technique was

found to be a very effective method to identify and characterize the nature of

the instabilities that are generated as a result of the discharge of Li/SOCl2

cells. The DTA thermogram at 0.8°C/minute is shown in Figure 4 for a D cell

completely discharged at 0.25A to a capacity of 12.7 Ahr compared to a fresh D

cell as reported by Dey (26). A similar test at less than half the heating

rate (i.e., 0.35'C/minute) for a D cell discharged 6 Ahr subjected to DTA then

discharged further at 0.25A for an additional 7.1A hr showed exothermic peaks

at 920 and 103'; and a third smaller one at 148%C. A repeat run showed no

transitions. Rhombic and monoclinic sulfur melt at 112.8'C and 119.01C, re-

spectively, and the large exothermic transition seen in Figure 4 is most prob-

ably due to the reaction of sulfur crystals precipitated on the surface of the

Li anode at the end of discharge. The solubility of sulfur in 1.8,

LiA1CI./SOCI, is 1.16M at 23.c, therefore, it is likely that sulfur would pre-

cipitate from the electrolyte toward the end of discharge in cells with only a

small excess of electrolyte because the SOC1 2 would be in large part consumed.

The cause of the exotherms at 92°C and 1031C observed during the second DTA

for the cell subjected to a DTA half way through discharge as discussed above

is difficult to account for at this time. The exotherms could be due to the

incorporation of some impurity into the sulfur crystals leading to depression

of the melting point of sulfur or reaction of some unknown product or interme-

diate of the discharge reaction with lithium.

The relative stability of the undischarged D size Li/SOCI, cells was demon-

strated by the lack of exothermic transitions in the DTA thermogram of undisc-

harged cells against an A1203 reference. This agrees with the DTA results for

mixtures of components which show the absence of any exothermic interactions

between the materials present in a fresh cell at temperatures below the melt-

ing point of lithium. Thus the instability of discharged Li/SOCI 2 cells seen

in the DTA measurements is probably caused by some of the discharge products

generated in the cell during discharge such as sulfur. Additional DTA studies
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Figure 4. Thermogram from Differential Thermal Analysis of a Completely
Discharged (12.7 Ahr) Spiral Wound D Cell Against a Fresh Cell
Reported by Dey (26).
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of prototyp- Li/SOCd, cells w,:ith systematic variations cf the Li area, cathode

and electrolyte over the complete range of discharge, overdischarge, rate and

temperature conditions would clearly be of great value.

The not spot tiieory of tnermal runaway was investigated by Dey (cf. Pg. 197,

Ref. 26 usinq spiral wound hermetically sealed ) size cells fitted with in-

ternal heating wires and spark gaps. Six cells were tested having the heating

wires located near the cathode side within the electrode spiral and in many of

them the heating wire corroded and developed a discontinuity during the test.

Cells were generally found to be very abuse resistant and were able to with-

stand internal temperatures up to 175'C at the heating wire. However, explo-

sions were initiated in several cases. Havina reviewed the available kinetic

results for, both mixtures of cell components and prototype cells, the results

for specific reactions between cell components will now be discussed in

greater detail.

3.2.2 Reaction Kinetics of Molten Lithium with SOC12 Electrolyte

Spiral wound 1/2C size Li/SOCl2 cells equipped with thermocouples have been

short circuited at GTE Laboratories for several minutes and returned to open

circuit several seconds before the cell was expected to explode. Disassembly

of the cells after they had cooled showed that portions of the Li anode had

melted and flowed to form a large puddle of lithium. Thus it appears that

molten lithium can be stable in LiAICl,/SOCI2 electrolyte in the cell environ-

ment for at least the several seconds required for the lithium to melt and

flow. This finding is consistent with the DTA and DSC results for Li in

LiAIC1,/SOC12 listed in Table 3.

Further evidence for the short term stability of molten lithium in the cell

environment comes from an extensive series of 53 experiments carried out at

GTE Laboratories (24) to investigate arcing and other heating processes during

eiectronic short circuits between Li and various substrates while immersed in

SOC 2 electrolyte. In order to determine the magnitude of the hazard poten-
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tial of two aspects of short circuiting, arcing and contact resistance

heating, a sptclal apparatus was constructed in which sihort circuits ot vari-

ous configurations -nd power densities could be produced in a small reactor

s eparated from the pow'er source. In this way tne full power of a Li/SOCI 2

battery for other power source) could be safely passed thirough the controlled

siiort circuit in the reactor, and any violent reactions produced could be .e-

duced to a containable magnitude. The reactor consisted of two electrical

contacts, one stationary mc. one movable ov remot - opel-ation, in a small glass

vessel. Most of the tests were meant to simulate t fijament of nickel ex-

panded mesh penetrating the separator and contactinci the lithium. Other con-

figurations less likely to occur were also tested such as a carbon-to-lithium

short and contact between a nickel sheet (cathode fame and a filament of li-

thium which could on!, occur during carbon limited reversal.

Uss-n; lead acid batteries as a power source, currents as high as 200A were

clenerated to simulate some of tile Li short circuit tests. To evaluate the

possible effects of a high voltage short circuit in a cell _n a series string

of cells, a series of tests with a 30V power supply were carried out with cur-

rents as high as 3000A at 15V. These currents were too high to properly simu-

late a batterv because of the extremely high current pulses caused by the dis-

charge of the filter capacitor. Explosions were initiated more readily at

high voltage, but surprisingly, they did not occur on first contact; rather

som,, heating of the components always occurred before an explosion was initi-

ated.

A full description of th- Li and alternate electrooe geometries and the re-
suits of the 512 tests is beyond the scope of the present report. However, the

qualitative conclusion-, reacned regarding the effects of lithium short cir-

cults in oie: ere:

i. An orc or spark betw.:een Li./SCl 2 cell components does not necessarily

intate an explosive reaction. Explosions can be produced in particu-

'ar configuration--, but not nearly as readily as might be anticipated.
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2. Contact resistance heating alone appears more likely to terminate by

burning off of the contact point than by explosion; the heating pro-

duced probably lowers the threshold for a subsequent spark-induced ex-

plosion.

. pot-melting of lithium was observed to occur without initiation of an

explosion; an explosion could be produced more readily ;ith a short

circuit involving a lithium point rather than lithium foil, indicating

that the high thermal conductivity of an anode plate may significantly

reduce the potential for an explosion on short circuit in an actual

cell.

4. The influence of electrolyte conditions was not clearly established.

3.2.3 Reaction Kinetics of Sulfur with Lithium

The DSC and DTA results listed in Table 3 both confirm a violent reaction be--

tween Li and S in the absence of SOCI2 at sulfur's melting point (i.e.,

112.81C for rhombic sulfur). The thermal analysis tests show that SOCI 2 pro-

ticts Li from reacting with both molten and dissolved S by virtue of the pas-

sivating film of LiCl as in the battery. A belated reaction of Li with S in

the presence of SOC12 only occurs at 400 0C (34).

Del, (P. 216, Ref. 26) has postulated that the mixture of finely divided Li

dendrites and sulfur in overdischarged carbon limited Li/SOCl 2 cells causes

the cells to become shock sensitive. The shock sensitivity of such mixtures

should be quantitatively evaluated. It is also recommended that additional

DSC experiments be carried out with mixtures of sulfur and Li dendrites with-

out SOd 2 and with SOC1 2 and LiA1Cl,/SOCl2 electrolyte.
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1.4 Reaction Kinetic cf Carbon with Lithium

rhe reactivity of carbon ,ith lithium in SOC12 electrolyte has been studied in

some detail by Kilrov, James and co-workers (32,34,35). Carbon reacts exo-

thermicaliv with L1 at temperatures as low as 541C (34) in SOC 2 electrolyte

if the carbon is mechmincallv ground into the lithium. ahe above reaction oc-

curs because the lithium-carbon mixture in SOCI 2 electrolyte is essentialiv a

multitude of shcrt circuited Li/SOCi cells. Altiouch the reaction is very

exothermic, it is not likel'.' to lead to thermal runaway during normal cell op-

eration unless the cell is crushed, punctured, or otherwise sub3ected to se-

vere mechanical abuse.

When tihe reactivity of carbon-lithium mixtures was first investigated there

.as some concern that the C-Li reaction could initiate thermal runaw'ay during

the overdischarge of carbon limited cells when lithium dendrites are deposited

on the carbon cathode. However, x-ray diffraction and scanning electron mi-

croscope (SEM) studies of c-rbcon electrodes from overdischarged carbon limited

cells carried out at GTE Laboratories (13,14) showed that metallic Li is not

deposited in the interior of the carbon electrodes. The x-ray diffraction re-

sults showed no sign of carbon-lithium intercalation compounds over a wide

range of overdischarge rates and temperatures within the 5% detection limit of

thle procedure.

3.3 CONCLUSIONS AND RECONTIENDATIONS

In addition to the recommendations that have already been made in this sec-

tion, several additional recommendations are suggested.

The reactivity of sulfur .iti lithium could be further characterized by meas-

,;iir th- polarization claracteristcs of lithium microelectrodes in SOC1 2

ejoc-roiwtes from 5n°$ to i-,oC .ith increasing amounts of dissolved sulfur.

The LiCi film on the Li electod- could be exfoliated off by° anodic dissolu-

tiore at elevated temperure n and t. composttion of the new film



formed at elevated temperature determined by EDAX, AUGER and ESCA. Such

studies of the composition and structure of the new LiCI film formed at elt-

vated temperatures could reveal if such films are less passivating than the

LiCi film formed at room temperature.

Lithium could be stored in electrolyte with various additives selected to mod-

ify the LiC film. DSC tests could be carried out to determine whether the

transition temperature for the S + Li reaction was increased. ii effective

additives were identified, they could be evaluated further in sealed Li/SOC1,

prototype cells over a range of abuse conditiOnLS.
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53,59,61,67). However, the subject remains a matte,- of some corntroversv

.1,U4) Th-e electrolvt.z: limited desian is iiazardous (63) but t:.': thermal

problems associated wit' h electrolyte limitation can toe avoided by, prosdi

cells with a sliaht excess of electrolyte and a hermetic closure. Th-us] th'-s

issue of the preferred desion to withstand overdischaroc becom- a ctloice be-

tween the carbon and litnium iiiited designs.

Even though a lithium lsmitedi design is preferred to reduce tile poss ibsisty of-

t-nermjal runaway duruna o-.erdusciirce irnformatioi. aous carc on li-mited over-

oi~:;aceis of vitl b~z oac ecause lithium liiueo cells can become car-

bot- imulted under certain omerating conditions such as low temperature dis-

charge . Carbon limited over-discharce in a nominally lithium limited cell car

also occur if a low rate cell with a low cathocie area is discharced at high

rate . b1us inroriria ion aLout the processes lead-ung to thermal runaway in car-

bon. limited cells durinoj overdi scharge would be extlremtly useful in order to

decicde %.hich desion chanmles or chemical modifications to adont in order to de-

cr-a.se One possibili:v of thermal runaway in lithium limited Li/SOCK, cells

crrc:electr.ical abuse.

Situations where overduscharge of carbon limited cells nave resulted in ther-

mal runaway with ventinq or "explosions" have been reported waidely (26,512.62).

For example, the oenavior of On;-e temperature and potc-,tiau as a function of

time during overciicnaroe at constant currents of -_7 and 0.25A (i.e., 6.551

nmA/cml ) have been. reported bv. Dev (52,26) tor spiral %vcund :cz-bon" limited Do

s ize cells. It was found that the potentials 'becomw (hl: e.,iv

-01.3 to -0. IV) on overdisharge and oscillated ]ust tnefore thle cells ''x-

ploded''. The cell overd-i cuharged at 0 .25A "explod d ':her, the cell had been

it ws not statedo exp.licitv that 'the Do cells %-7er --arbon im-rited but from

the Li aniode-: it %,.ic calculated' that the : anode volu;,ie was C".357

cm' -ar1I thle 7-1 anod- capacity 17.2 Ahr. The 45c, of eiectrolyte (Pc. _)9

:o rc--d provid cj. ohr. From Figure c, (, -if. 26, a D siztfel

(SCr 1.8Ah to~.,C at 0.lA. (1-.22 2 7'r'us thea'r toCells 'r

clrcoon limited.



utilized in many applications because the technology for a high rate cell

iat cai; withstand a short circuit is not available. Vat-ious design modifica-

LOnS and approaches that have been used to improve the safety of high rate

_lls under short circuit ind other electrical abuse conditions were discussec

:-eviously in Section 5.0.

.e short circui* currents of Li/SOCI. cells are very high immediately after

illing and decrease rapidly during the first hours and weeks of storage to a

lateau value. Even after months or years of storace the short circuit cur-

ents of high rate Li,/SOCI, cells are still large enouah to cause the cells to

xplode if shorted. The storage time after filling is very frequently not

pecified for much of the short circuit test data in the literature and care

ust be taker, when evaluating such results. In particular, the time after

illing must be known when evaluating the short circuit test results for de-

ign improvements that are claimed as substantial improvements in safety. It

s recommended that further work should be carried out to characterize the

urrent, temperature, and cell potential behavior durinci short circuit of high

ate C or D size cells as a function of the time after filling during the

irst hours or days of such storage.

.2 OVERDISCHARGE

,.2.1 ovcrdiscnaige of Carbon Limited Cells

-.-erd;ocharqe or reversal of Li/SOCl2 cells through series string discharge or

:onstant current dischaqrge ".:ith an external po,er supply can result in thermal

"unaway dependinq on the design of the cell. Considerable evidence

26,47,52.1,63) indicate- that carbon* limited cells may undergo thermal run-

r.:ay during high rate reversal and that the anode limited design is preferred

:9,. trno~g: arrcn .i mitea instead of cathode limited is used to avoid

confusic. between electrolyte and carbon limitation since SOC1 2 is both the

catiiode material and the electrolvte solvent.
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ELECTRICAL ABUSE HAZ.ARDS

6.i SHORT CIRCUIT

Low rate Li/SOCI, cells with thick cathodes of ethei cylindrical bobbin de-

siqr, or prismatic desc:;, snow a temperature increase t.,'nen short circuited but

dc not undergo thermal rurnvay or exolode. This fact nas oeen confirmed in

tests ",:ith hundreds of AA size (57,58,53) and D size cv'indrical cells (47,59

and a more limited number of tests with prismatic cells up to 16.5 KAhr

(47,60,61). For AA cells th' maximum short circuit current and can tempera-

tures •..ere 2.73A and 6EIC '58). When 10 KAhr cells were short circuited (60)

a current of approximately 700A was maintained for almost two hours above 2V

before a gradual and then a sudden drop in both the current and the voltage

was observed. The temperature increased to a maximum of 601C and the pressure

increased to slightly above iS8 KI (20 Psig) during the first hour of short

circuit, followed by a decrease after a brief venting through a preset check

valve into the scrubber at the temperature maximum.

High rate cells with thin electrodes undergo thermal runaway and explode when

short circuited. The results of short circuit test with spiral wound D cells

where the cell potential, current, case temperature and in many cases the

pres-uLt were recorded have o -n wiaeiy reported (26,52,49). The dividing

line between the safe and unsafe designs depends on the size of the cell and

the internal configuration of the electrodes but a safety hazard on short cir-

cuit begins for cells which can deliver their nominal capacity at a power den-

cu , eater than approximately 45 watts/liter for a C size cell. The safe

power density would be expected to decrease proportionally the larger the cell

is compared to C size. The capacities for low and high rate C size cells are

shown in Fiouie 5. Ce11- that '.:ere constructed with larger but thinner elec-

trodes so that their current capability was improved, thereby moving their ca-

pacity-current curve even a small amount to the right of the "safe design"

i-.. Figure 5 were found to explode on short circuit. Thus as Figure 5

illustrates the Li/SOC1 2 cell has considerable power capabilities that can not
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Tc facilitate fabrication and to increase their mechanical strength, the non-

woven glass fiber separators used in Li/50C1 2 cells co1tIain up to 9 W%. o o-

ganic binders such as polyvinyl alcohol and polyacrylates. The rate of hydro-

lysis of these binders by LiAICl4 /SOCI2 was investigated durinq the present

contract (10). Possible safety hazards caused by the hydrolysis products and

the dissolved organics have been discussed earlier ir: Section 4.2.
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The safety of these new high rate designs with vents and fuses over a full

range of electrical, mechanical, and thermal aouse conditions has yet to be

demonstrated by an independent testing laboratory to verify the manufactureris

claims.

5.3 ELECTROLYTE ADDITIVES AND ELECTRODE POISONS

Hxed success has been achieved in controlling thermal runaway irt spiral wound

Li/SOCl 2 cells by the use of electrolyte additives that dissolve at approxi-

mately 90*C, raise the electrolyte viscosity and prevent thermal runaway. One

such additive, a PVC gel emulsion developed at GTE Labcratories (46) has been

successfully demonstrated and has been found not to have detrimental effects

upon cell capacity, potential, rate and storage characteristics. Ho.ever, th,

additive is not effective 100% of the time and improved quality control and

development work will be required to improve its reliability.

The concept of electrode poisons microencapsulated in plastics that will melt

during the early stages of thermal runaway has been described in a patent by

Fritts (56). To our knowledge, experimental results concerning the latter ap-

proach have not been published involving lithium cells.

5.4 SEPARATOR INTEGRITY

The mechanical strength of the separator in Li/SOC12 cells to sheer, puncture,

dendrite penetration and other types of forces is a very important factor in

determining the ability of the cell to safely withstand mechanical and elec-

trical abuse. The tradeoffs between the performance gains possible by using

thinner, weaker separators and the increased probability of short circuits

during mechanical abuse are well understood by most battery engineers.
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To be able to accurately specify the safety hazards of various designs of high

rate Li/SOC12 cells over a full range of conditions, it is evident that CoIT-

prehensive heat transfer models will be required. Prior to testing, the uni-

que internal electrode spacings for individual cells could be determined by

three dimensional x-ray tomography and the dimensions could be used to predict

the thermal behavior of the cells during electrical abuse conditions. The

agreement between the predicted and observed thermal behavior could be used to

evaluate the accuracy of the heat transfer model.

Heat transfer in large Li/SOC1 2 reserve batteries with bipolar electrodes has

been modeled by Chua and co-workers (33) using a computer model. Heat manage-

ment in large Li/SOC1, reserve cells has also been discussed by Hall (50, and

Marincic (51). Since the heat management problems of reserve cells are very

application dependent the topic is outside the scope of this report.

5.2 VENTS AND FUSES

Early work at GTE Laboratories (49) and at Duracell (26,52) showed that high

rate spiral wound D size cells exploded on shorting in spite of vents. In re-

cent years a number of manufacturers have developed high rate Li/SOCd 2 cells

using both a vent and an internal fuse that will blow if the cell is short

circuited or subjected to electrical abuse. The latter design however is

vulnerable to thermal r na iav caused by mechanical abuse such as crushinq. in-

ternal shorts, and overdischarge if additional measures are not taken.

Union Carbide (53) employs a resealable vent operating in the 400 psi range in

their 1.25 Ahr cylindrical low rate bobbin design. Tadiran (54) however uses

a vent activated at 100-15G psi, a slow blow fuse and a diode in their model-

ate rate disc design cylindrical cell. Their cell is -,imilar to a D size cell

only shorter with a heiahit of 23 mm and a diameter of 32.6 mm.

A spiral wound Li/SOC12 ceii design of limited effecti"eness incorporating a

thermal switch to preven-t thermal runaway in tie event of a short circuit is

described in a patent by Goebel and co-workers (55).
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5. DESIGN FACTORS INFLUENCING THE SAFETY OF LITHIUM-THIONYL

CHLORIDE CELLS

5.1 HEAT TRANSFER AND DISSIPATION

High rate Li/SOC1 2 cells above the 1/2C size with thin cathodes undergo ther-

mal runaway when short circuited or subjected to electrical abuse cecause of

heat transfer problems no- encountered in low; rate ci .;iti, thick cathodes.

A hign rate C size cell using a stacked disc design ,:iti, neat transfer chal-ac-

teristics superior to the_ conventional spiral wound design has been discussed

bv Goebel and co-.orKers., 47).

An expres-,on .:as der:'ed b, Marincic and co-wor-ker- (48,49) for the maximum

trme a spir-al wouna -t-i would take, T, to reach a certain temperature, t,

measured arove imbi t temperature, during discharge:

T GC(t) 138]

0.239 AVI -(a +bt +ct 2)

.:nere G is the cell ,eignt; 2, the specific heat capacity of the cell; AV, the

v.o:acze drop on discharge; i, the uischarge current; and a, 1 c, coefficients

of the polvncmiai relatinc the cooling rate to the cell surace temperature.

It was cacuiated that a D size cell discharged at 10A constant current at

.0 ,,oui:: ieicr. tie me±:l..; ;clnt of sulfur in L3.65 minutes. The above cal-

Co. :i~to' comoa:es ,ell "ith the results of Dey (26, foi a spiral wound D cell

that exploded after 28.49 minutes of 10A discharge.

lr6 otht- caiculat:onz:s 1t was found ti at cells exploded sooner during high

ra e d_-ciia-rge than predictd ny the heat trlnsfre: caiculations. The prema-

ture explosions were attirbuted to local overheatinc effects that were not in-

cl :cied :. the calcul aton .
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Lithium hydride forms a well defined ionic hydride, LiH that might be expected

to react violently with %Uil] by either Reactionz 2?I, Or 1291 ill Table 4. It

could be formed by reacting with H2 produced during the hydrolysis of water by

Reaction t271. However, tests (24) showed that LiH does not react with SOCI 2

at either room temperature or at the boiling point of SOCI 2. Thus, it was

concluded that LiH does not present a significant hazard potential.

The chemistry of lithium nitride and its formation durino lithium storage in

dry air have been discussed in some detail elsewhere (24, 43). It was found

that Li.N might form on lithium during cell assembly and thus could be present

in Li/SOC! 2 cells. It was found experimentally to be highly reactive with

SOCl2 but only under the peculiar conditions of exposure to moist air in a

finely divided state. It was concluded (24) that lithium nitride would not be

expected to present a hazard in a sealed Li/SOCl2 cell.
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with diethyl ether and GC/MS and FT-IR analysis during the present contract

and less than 1.0 Wt-o, 30 ppm, 100 ppm, and 20 ppm of soluble organic impuri-

ties were detected, respectively.

The pressure generated by the reaction of the separator binder with SOCI,

electrolyte with and without Li present was measured in sealed glass tubes

containing closed end Hg manometers over a period of 915 hours at 23°C during

Task II of the present program. Pressures equivalent to Z3.6 psi i:-I a 10,000

Ahr prismatic cell were generated. Further separator nassinq studies at room

temperature in bobbin-type commercial D-size cells eouinpped ,:ith closed end Hq

manometers are currently underway at GTE Products Corporation. Since binder-

less separators such as the Lydall No. 991 glass fiber separator are available

which do not evolve gas in SOC1 2 electrolyte it is possible that such separa-

tors may find wider use if their mechanical properties are acceptable.

The polyvinyl alcohol binder used in the Crane separator is thought to react

,;.iti. 30C., electrolyte to form polyvinyl chloride (PVC) which is very soluble

,n ti- eiec ioivte. Short circuit tests with spiral wound 1/2C cells and

otner work in connection with PVC electrolyte additives at GTE Laboratories

4.: a ioa , .:n that PVC does not have detrimental effects on the stability of

the LiC1 film on the Li anode at high temperatures. However, other organic

ii:.a,_ ri such as the poivacrylics could react with SOCI, electrolyte to gener-

-. proc:ucts ",h;cn make the LiC film unstable tow,.7ards sulfur or LiAlCl4 /SOCI2

at -levated temperatures. It is suggested that DSC or DTA tests similar to

t:.ose in section 3.3 be carried out with Li, S and SC. in SOCI electrolytes

ccntaining organic impurities to further investigate potentially destabilizing

Drd hazard'u effect- of soluble organic compounds on the LiC! anode film.

"he possibility of hazardous reactions involving lltium and nickel hydride

anc lithium nitride was considered by Schlaik3er an i co-workers (24). The

rormatIon of nickel nyuice Nih 0 . was thought to be vev unlikely because it

nas .very low stability with a AGf = 5.64 Kcai/mole H.. That nickel hydride

1 except;onally unstable is evidenced by a decoampc!;iton pressure of over

-3:,v atmos at 251C. These preparative conditions are not present in ordinary

hydrogen annealing of nickel.
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are hermetically sealed. Carbon has excellent zS~ :-+. characteristics and

could pick up moisture from the breath of workers assembling cells even in a

dry room at < 3%10 R.H. . Cells can be vacuum dried after assembly but this is

not always possible for a number of reasons.

The slowness of the hydrolysis reaction is somev,1I! in-midious because the

pressure buildup would not occur for many weeks and, therefore, could not be

detected by the manufacturer as bulging prior to shipment. Slight pressure

buildups in cylindrical cells probably pose no safety hazard in D size cells

or smaller because such cells can easily withstand pressure up to 200 psi

without bulging and over 800 psi without rupture. However, large prismatic

cells cart bulge at much lower internal pressures which can indirectly lead to

problems in batteries where bulging could cause inter-cell short circuits. To

avoid the generation of pressure in Li/SOC12 batteries due to traces of mois-

ture in the carbon and separator, an So2 flushing technique has been developed

by McDonald (43) that has proven very effective.

The effect of 0, 20, and 100 ppm water added to standard and reverse polarity

cells was investigated during the present contract (see Section 1.3, Ref. 10)

and no detrimental effects were observed in terms of voltage delay or capac-

ity. Safety problems due to reactions of hydrogen generated during hydrolysis

have never been reported to our knowledge and probably are a negligible haz-

ard. The reactions of hydrogen in Li/SOCl2 cells should be investigated at

some time in the future but in our opinion such a study has a low priority.

Protic organic compounds are an important group of impurities that could have

a detrimental effect on cell safety that have received little attention until

the present contract (10). Certain glass fiber separators widely used in Li/

SOC12 cells were found to contain over 7 Wt% of organic binder materials such

as polyvinyl alcohol which reacts with the electrolyte to generate hydrolysis

products. The amount of hydrolysis products generated by such reactions with

organic compounds is very likely considerably greater than that due to traces

of water adsorbed by the carbon electrode. The organic impurities in the car-

bon electrode, AlCl 3 , LiCI and SOC1 2 electrolyte were determined by extraction
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Infrared measurements by Staniewicz (42) agree with earlier work by Driscoll

(45) that thionyl chloride reacts with water to produce 30, and HCl.

H 2 0 + SOC12  S S02 + HC! 135]

It is now evident that HO-SOCl is not a product as previously reported (41).

Very recently, using quantitative infrared techniques, Staniewicz and Dixon

(44) have shown that water' added to 1.35M LiAlCl4 /SOCI2 electrolyte reacts ex-

clusively with the AIM, -:nion rather than with the SOCI.

H20 + AIC14  - AlC1 3OH + HCI [361

The reaction is much slower than expected requiring five days to go to 50%

completion and five weeks to 100% completion.

The subsequent reaction of Li with a known concentration of HCl in SOC1 2 elec-

. trolyte was found to be extremely slow and only a 10% decrease in the HCI con-

centration was observed after two months storage at room temperature.

Li + LiAlC13OH - Li2AICI 3O + 1/2H 2  137]

The expected reaction tc forn H, and LiCl

Li + HC1 - LiCi + 1/2H 2  1261

is thermodynamically feasible but kinetically inhibited due to the LiCl layer

on the Li. Staniewicz (44) reports a AH = -151.28 Kcal/mole for Reaction [261

which appears to contradict the AF = -69 Kcal/mole value in Table 4.

* The concentration of hydrolysis products in SOC1 2 electrolytes used for cell

production is closely monitored and mp '.ained at very low levels by all expe-

rienced manufacturers. However, it is more difficult to monitor the water

content of the carbon cathode and traces of water introduced after the ca-

tnodes are vacuum dried could generate H2 gas pressure in the cells after they
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TABLE 4

Thermod-inamic Values for Reactions of Possible Impurities in the

Lithium-Thionyl Chloride Cell*

Eq. A 0 298 F29
Reaction No. (Kcal/m) (Kcal/m) Ref.

Li +HC1 -~LiC + ,H2  26 -- 69 24

2 Li + HC1 - LiC1 +LiH 27 -- 85 24

UH I+ HC1 H~ + LiC1 28 - -52.6 24

*2 S0C1 2 42 LM -~ 2 MC1 + SO2+2 LiCl +S-18-2

2 SOCI2 + 2 LiM -~ 2 H 2+ SO02 + S + LiCi 30 - 24.8 -24

*3 L i + N2 L# LiN 31- -37 24

S8 + Li N - S N + S N 32 -- 24

H2 + S (RHOMBIC) -~ H 2S 33 -- 7.8 40

H 2+ SO 2~ 2H 20 + S234 -- 16.9 40

The free energies arid enthalpies are given as Kcal/mole of product.
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4. POTENTIALLY HAZARDOUS PROCESSES DUE TO IIIPU?.ITIES OCCURRING

IN LITHIU11 THIONYL CHLORIDE CELLI

4.1 INFURITIES AND THEIR EFFECTS

Four classes of impurities that could have an effect on Li/SOCl. cell safety

are (i) hydrolysis products from traces of water or oicanics, (ii) hydriaes

and nitrides (e.g., Li,N. LiH and NiHo,), (iii) dissolved transition metals

(e.g., Fe, Co or Ni) and iv) soluble organic compounds. Hydrolysis products

such as HCi and H, could increase the internal cell pressure if present in

iarae enouah concentrations leading to cell rupture. In principle, the hydro-

gen produced by the reaction of HC with the lithium anode could cause hvdro-

gen embrittlement of the_ can and welds or form LiH but in practice these reac-

tzons have not caused any difficulties. Lithium nitride, Li3N is occasionally

found as small nodules, several mm in diameter in Li foil that has been manu-

factured and/or stored improperly. It was found (24) to react explosively

with SOCI, and LiAlCI4 /SOCI 2 at room temperature in the presence of moisture

or electrolyte hydrolysis products. However, in the absence of moisture or

hydrolysis products, it was found that LiN would not react with SOCI2 or

SSoCI, electrolyte even when finely divided. Dissolved transition metals re-

" duce cell safety hazards indirectly by increasing the voltage delay after

storage and reducing the short circuit current.

4.2 REACTION THERMODYNAMIICS AND KINETICS FOR IMPURITIES

Tne free energies and enthalpies for reactions of impurities in Li/SOCI, cells

-. tiat could effect cell safety are listed in Table 4 for those reactions where

published values are .....able. The details of the reaction of protic cor-

pounds such as water, alcohols, and other protic organic compounds with SOC12

- and LiAXCI /SOCl 2 eiectrolyte have been widely investicated (10,41-45). Al-

. tnough much research remains to be carried out, the general nature of the hy-

* drolysis reactions are now understood qualitatively.
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overdischarged 12.7% (i.e., 6.5 hrs) at which time the cell wall temperature

was 39'C.

During overdischarge of carbon limited cells the electrode reaction at the L.

anode continues to be the oxidation of Li metal to Li cations. However, th

carbon cathode becomes totally passivated with LiCI upon reversal and instead

of the reduction of S0C12, the cathode reaction changes to the reduction of Li

cations from the electrolyte to form Li dendrites on the surface of tie carbon

electrode that grow out into the solution (13,14). in principle, on furthe',

overdischarge, the Li anode will eventually become depleated of Li and the

carbon limited cell will become both carbon and lithium limited.

The precise reaction thot occurs during overdischarge that leads to thermal

runaway in high rate Li/SOC1, cells is not known although a variety of likely

reactions have been suggested (1,24,26,29,32,52,63). On overdischarge the LI

dendrites growing towards the Li anode could make contact with the anode and

short circuit the cell. The Li dendrites would then heat up and could react

exothermically with sulfur deposited on the dendrites (26,63) or melt and

react with the SOC12 electrolyte (26), carbon (32) or other cell components.

During a recent investigation of Li deposition in Li/SOCd2 cells (13,14) car-

Sried out at GTE Laboratories for the Naval Surface Weapons Center (NSWC), it

Swo- found that Li deposits as fine filaments. The Li dendrites were examined

by scanning electron microscopy (SEM) and were observed to be made up of a

- coiled spaghetti-like structure of Li filaments with a diameter cf 4.10 mm.

The morphology of the Li filaments was very similar for cells overdischarged

at 2, 5, and 20 mA/cm2 at 25%C. Thus it was concluded that the Li dendrites

would have such a high electrical resistance that they could not carry a large

enough current to reach the melting point of Li (i.e., 180.5'C) when Li den-

drite shorting occurred.

To learn about the reactions between Li dendrites and other cell components

durng dendrite shortinq b-ought about by overdiscIt~v-ge , in situ :tt, de5 of

dendrite shortina were undertaken using optical micrornotography during the
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present contract and are discussed ir, Section 1.4.1.2 of the f~nal report
(11).

Incidents have been reported (65) in which 5 Ahr carbon limited (66) prototype

Li/SOCi, cells that were overdischarged at -40F vented violently when they

were aliowea to warm to room temperature. To investigate cell rever.-sal au-i

such conditions, carbon limited Li/SOC1 2 cells wer- investigated at -401C dur-

ina our earlier NSWC Study (13,14). It .ias found that when carbon limited

cells are overdischarged at -40'C then allo.,ed to warm to room temperature,

the LI dendrites only become detached from the cathode between 3.5 and 1C

nours after the cell has .iarmed up. The detached Li dendrites then dissolved

in the electrolyte whici, was puzzling since they are usually very stable. For

example Li dendrites deposited on the cathode of carbon limited cells at 250 C

are stable for over 300 hours after the end of discharge.

Tre stability of the Li dendrites for over three hours after the cell had

war[me up to 25°C from -401C is an indication that the species attacking the

Li builds up slowly as is the case with the product of the S0'2 -SOCi 2 electro-

lyte reaction (see Section 2.3). The (OCIS)2 dimer intermediate postulated by

the group as 5PL 1;/ has a lif tm o only five minutes at -400C and 10 sec-
onds at 21' and thus could not account for such a slow reaction.

In Section 1.4.1.3 of the final report of the present contract 11) work is

described in which carbon limited celis were overdischa qed at -401C. then the

corrosion and detachment of the Li dendrites photographea over a period of 24

hours. There was -) leeI Ior a photographic record to document tine reaction

rate since previously our only evidence was two qualitative observations at

1.5 and 19 ilours (13). The solid product that was produced and settled to the

bottom of the cell os the L dendrites dissolved was collected and analyzed

sice tue cornposition c ths" compound could indicate -I-,e composition of the

unknc. compound in so-iio. responsible for the unus-l high rate of corro-

.or, of the Li deposits. i -,-as found from the nal-;sis that the solid prod-

47

''" " 9< i- -.-. i-...i .i --. "-i l- ~ .-i. ... ...- ... ... . ---. i. .' .-. . . .- -. -- -



It was concluded (11) that Li dendrites deposited at -40'C are more reactive

towards the electrolyte than those deposited at 25'r because of tiie greater

amount of 502 in the SOCl 2 electrolyte at -400 C. At -40°C, the reaction of

So, %..7ith SOCI, electrolyte proceeds much more slol,,1y ind the SO, concentration

becomes areater. Furthermore, the solubility of SO, in SOCI, electrolyte is

greater at -400 C. It is well known that voltage delay at the Li anode in Li,/

SOC1 2 cells can be reduced by adding SO, to the electrolyte .,hicl-. increases

the rate of Li corrosion at the anode. It is thought tiit the corrosion of Li

der-drates deposited at -40°C is caused by the same phenomenon. By some un-

known process high concentrations of SO2 reduce the effectiveness of the LiCi

film in preventing SOCI 2 from reacting with Li. It is imon that S02 is more

strongly adsorbed on the carbon electrode at lo,,,w temperatures, thus warming

the cell from -40'C to 25°C would release 502 into the SOC1 2 electrolvte.

Tihese explanations are of course very tentative because this phenomenon has

not been fully investigated.

It has been noted earlier in the literature (34) that carbon limited cells can

be overdischarged for long periods of time during which the charge input

rireatlv exceeded the Li originally present in the cell, similar to results ob-

tained during the present contract (11). No transients in the potential w:ere

noted and a short circuit mechanism was proposed to account for the low Li

utilization. However, quantitative data were not gsven (34) concerning the Li

* utilization or the proportion of the current carried by an electronic pathway

during overdischarge.

The results of toe overdiscoarge tests carried out during the present contract

(ill tend to suacest tha- carbon limited cells form Li dendrite shorts by a

benign mechanism and that overdischarge does not constitute a specific hazard.

This impression was reinrorced by observations during cell disassembly which

revealed no sign of overheating such as burn marks. However, spiral wound D

size cells have been reported (52,26) to 'explode" when overdischarged 12.7%

at which time the cell vail temperature was only 390C. Other situations w!here

th;e overdischarge of carbor limited cells has resulted ir. thermal runa'...a" ,ave

- been ,.ideiy reported '26,52,62). The occurrence of thermal runai.,av in rite
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of evidence that Li dendrite short circuits are benign supports the long held

idea that some unknown reaction occurring during overdischarge triggers tne

thermal runaway process.

Various chemical reactions and processes have been proposed (26,30,32,52) to

account for thermal runaway in carbon limited cells during overdischarge. Of

the various explanations, we think evidence is growing strongere that tie-rmal

runaway occurs due to the reaction of sulfur which has precipitated from tihe

electrolyte with the hLgh surface area Li dendrites. The reaction of sulfur

.,ith Li is highly eneraetic i..:1th a free energy (see Table 2! AF = -120 Kcal/

mole of LiS. Differentisl thermal analysis (DTA measurements (26,29) nave

shown that the Li + S reaction has a strong exotnermic transition and under-

goes tnermal runaway at I5?C. Sulfur normally does not react with the Li an-

ode because the su1f:,: i c 'sclved in the SOC1, electrolyte. However, it has

recently been found by scanning electron microscope studies (35,36) that the
Li dendrites formed in Li/SOCI 2 cells during overdischarge are fine filaments

(i.e., 4 pm diameter) coiled in a spaghetti-like structure with an extremely

high surface area. During overdischarge it is no-:iib1e that some of these

fine Li dendrites covered with a layer of precipitated sulfur or near a 'arge

sulfur crystal could either mechanically break or be corroded and the fresa Li

surface could come in contact with solid sulfur and begin to react. Alterna-

tively, the Li dendrites could undergo a substantial temperature rise due to

iR heating during short circuit and react with nearby sulfur crystals initiat-

ing a thermal runaway reaction.

In 1978 it was proposed -C',) that discharged carbon limited cells could un-

dergo thermal runaway due to reaction of Li t..'ith unstable So., reduction in-

termediates such as SO which were believed to exist. It is now known that

long lived intermediates are not formed, as discussed in detail in Section 2.3

thus exothermic reaction of discharge intermediates can be ruled out as a

cause of thermal runaway for carbon limited cells durihi,: overdischarge.

Assuing that thermal runaway in carbon limited cells occurs Cui,c overaisc-

l rge due to a reaction of solid sulfur with tL-- h:g, surface i0oa Li den-

49

[-..



drites, it is not surprising that the small prototype cells used to

investigate overdischarge (11) during the present contract did not show, signs

of excessive heating or undergo thermal runaway. First, the cells contained a

somewhat higher electrolyte to carbon cathode mass ratio than commercial cells

and it is likely that the electrolyte volume was large enough so that all the

sulfur produced from the discharge reaction dissolved.k Thus no solid sulfur

was present to react w-iith the Li dendrites. Second, even if an exothermic re-

action occurred, thermal runaway did not take place probably because of the

small size of the cell and the excellent heat transfer properties of the pris-

matic configuration.

Because overdischarged carbon limited cells can explode with only a 151C temp-

erature rise before the explosion, it appears that the chemical reactions re-

sponsible for thermal runaway can be identified and safely studied in small

laboratory prismatic cells. This is in contrast tc thermal runaway brought

about by short circuit in high rate cells which is caused by both poor heat

transfer and exothermic chemical reactions and which can only be investigated

effectively in high rate cells at least as large as C-size. Thus it appears

that it will probably be much easier to study thermal runaway in overdisc-

harged cells tnan short circuit in high rate cells. Since small cells may be

adequate to identify the cause of thermal runaway during carbon limited over-

discharge, the investigation could progress more rapidly to yield designs to

eliminate the thermal runaway hazard.

It is therefore recommended that additional overdischarqe tests should be car-

rled out with small carbon limited prismatic cells %..ith small electrolyte-to-

carbon mass ratios at temperatures from 251C to approximately 601C. The elec-

trolyte and components from the overdischarged cells should be analyzed for

unusual products that could be generated from exothermic side reactions such

a . Li2S and the cell components inspected for burn marks or other signs of ex-

cesive heating. If small exothermic reactions can not be detected then addi-

tionawi tests in some..i;iat larger multiple cathcde prismatic cells could be

The soiubility of sulfur in l.SM LiAICI is 1.328M at 24°C (38).
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carried out.

It is also recommended that DTA measurements of the properties of lithium den-

drites and sulfur should be carried out since earlier measurements did not use

finely divided Li. Information is also needed concerining the chemical and

electrical behavior of compressed slurries of Li dendrites in SCI. neutral

electrolyte while high current densities are passed through the slurry. The

use of metal tabs on the anode and cathode to localize Li dendrite growth and

prevent thermal runaway as described in a recent patent (66) should also be

thoroughly investigated since little information has been published about this

design modification.

6.2.2 Overdischarge of Lithium Limited Cells

As discussed earlier in the previous section, most of the results currently

available indicate that anode limited Li/SOCd 2 cells are less likely to un-

dergo thermal runaway during high rate overdiscnarge than carbon or electro-

lyte limited cells (53,59,61,67). GTE (59,67) and Honeywell (61) have carried

out overdischarge tests with large anode limited cells with capacities up to

16,500 Ahr and incidents involving thermal runaway were not experienced with

any of the cells. Union Carbide (53) carried out safety tests on over 8,000

cylindrical cells slightly smaller than a standard 'AA' size and no safety

problems or hazards were identified as a result of the tests.

During the overdischarge of anode (i.e., lithium) limited cells, the electrode

reaction at the carbon cathode continues to be the reduction of SOC1 2 to pro-

duce S02, C1 and S as described by Equation t1). However, the LiAIC1,/SOCI2

electrolyte is oxidized at the bare nickel anode screen as soon as the lithium

is consumed by anodic dissolution. The predominant reaction of LiAIC14/SOC1 2

electrolyte oxidation at the anode substrate is:

AIC1 4 A1CI 3 + 1/2 C12 + e [371
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The AIC! 3 and C1, produced can then react further witi, the SOCI, discharge

products SO, and S

5 + 1/2 Cl2  1/2 5 2C12  [401

SO2 + 1/2 C12 - S02C1I 41

The dissolved chlorine produced by reaction 393 could also undergo reduction

at tne carbon cathode where it would be reduced in prefurence to SOCI2 .

1/2 C1 2 Li+ - LiCI 1421

The existence and relative importance of the side reactions of Equations [40],

[411, 1421 under various conditions of charging are still a subject of active

research that will be discussed later in this section.

The AIC 3 produced by oxidation of the SOCI2 electrolyte at the anode screen

diffuses to the carbon cathode where it reacts with LiCI inside the cathode

produced by the reduction of SOCI 2 and Cl (i.e., Equation [42]). For every

equivalent of charge passed, one mole of A1Ci 3 will be produced at the anode

substrate and one mole of LiCl will be produced at the cathode by the reduc-

tion of SOCI2 , S0 2Ci2 or C12 that will eventually react to form soluble

LiAIC1. Thus the carbon cathode will not be filled up with LiCI and become

passivated but will remain active indefinitely, provided that the cell has

sufficient electrolyte. Electrolyte is consumed during anode limited over-

discharge because the 5 and S0 2 produced by the reduction of SOC1 2 are not re-

generated.

The above qualitative description of the reactions occurring during anode lim-

ited overdischarge generally agrees with the electrochemical behavior and the

early exploratory infrared and voltammetric analysis of the electrolyte

(1,64). However, the explosions of several anode limited spiral wound "C"

s:iz cells overdischarged at 1 mA/cm2 reported by Abraham and Mank (64) and

tn claims by Salmon et al (68) that chlorine monoxide, C120, a highly oxi-
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7. .

dized explosive compound is produced has stimulated further research (9,69).

This research. has used a variety of very sensitive tecnniques such as "in

situ' electron spin resonance (ESR), infrared spectroscopy' and mass soectr-os-

copy to determine the composition of all the minor products and intermediates

formed during anode limited overdischarge. No nev' rcompounds such as Cl ,O .!ere

detected. The investigations were generally semi -cuan i tat ive arnd quant-ita-

t.,.e analvtical data has vet to be obtained to accurately describe the stci-

chzometry of the reactions occurring during anonde limited overdischarae at

ever, one set of stand.-*d conditions at room temper-ature. Ultimately, to oe

assured that no hidden safety hazards exist, it:il be necessary cc ):no,.: the

reaction stoichiometrv during anode limited overdischarciie over a broad range

of conditions of temperature. rate, and overdis-harge time for both flooded

and electrolyte limited cells.

Attia an~d co-w,,orkers (9) usina an 'in situ' IR f,'7o,, cell detected SOClt

50.,C1, and species gi%-inq rise tc absorptions atl l:D7r, and 665 cm that -.:ere

interpreted as indirect e-.idence for Cl. or Sd 2. formation. They obtained di-

rect evidence for SC12 formation on anode limited overdischarge by mass spec-

troscop%. Carter et al f69) used gas ch-romatography CC atomic adsorption,

IR ai.- ESR spectroscop,. to analyze the electrolyte duri:;gf and after anode lim-

ited overdiscniarge. They found by ESR that C10, is not present in sufficient

con:entr at ions to be obs-erved. Their analytical results aareed ,.ell with

those reported earlier by A-braham and rMank (64) and they, proposed a aim:lar

ov.erll-1 cell react:_or f-.- the oxidation of LiA1Cl,,'SDC_' 2 .

SOd. + Z AI1 E122 + SCI- + Cl1 ~2 AIi 3 + 2e 1431

They proposed tha~t n rro safety. hazard due to snt-ermediates or products

formed b:y tne oxid--itio!, zor LiAl11,,SOC.12 durina anode limited overdischarQe.

They. limted thIeir con: 1i _onsl I.ovever to flooded cells ait room temperature.

it i_- no,., thouc::ht (70-, t.. i.e explosion.- of spiral %.ound anode limited Li!

SOC1.2 c-lls th -at r,-; o.~vd x Abraham and Mank (64) during overdischarge

,iere caused by Sneritctectrical contact bet. -:en the anode screen. and
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dislodged lithium rather than unstable oxidation products. Schlaik3er has

noted (1) that the proper design and construction of 3noce limited Li/SOCI 2

cells is essential to their successful use and that the lithium must be ap-

plied to the screen such that it does not become detached during discharge.

Altlougn the reactions occurring during lithium limitea overdiscnarge are be-

ginning to be understood qualitatively, additional quantitative data is re-

quired to characterize the stoichiometry of the cell reactions. It is recom-

mended that additional investigations should be carried out in which the

electrolyte from overdischarged lithium limited cells is extracted at least

four times with distilled SOC1 2 and analyzed by quantitative FT-IR using the

techniques developed during the present contract (11). Cells would have to be

analyzed quantitatively fcr S02Ci 2 , C12, AlCl , and 52CI. after various times,

rates, and temperatures of overdischarge.

6.3 CELL CHARGING

Charging of Li/SOC1 2 cells of a variety of designs has been widely investi-

gated by a number of organizations. Discharged and fresh lithium limited D

size bobbin type cells were charged at GTE Products Corp. (47,59) at currents

up to 100 mA for two to eight hours and no rupture, leakage, bulging or explo-

sion was experienced with any of the cells. Charging tests at 40A for 100

hours with three 10 KAhr cells by GTE (67) showed only a small pressure in-

crease to = 18 psig and a temperature increase to 661C. Similar results with

no instances of thermal runaway or venting were found by Honeywell during

charging tests with 16.5 KAhr cells (61). However, Zupancic and co-workers

(53) at Union Carbide found that 1.25 Ahr Li/SOC12 cells slightly smaller than

an 'AA' size cell underwent a high pressure gas release through a vent assem-

bly on the cel "hen charged at greater than 100 mA for a discharged cell and

I.rA ar. undisciarged cell. The vent operated in the 2.71,NPa (400 psi)

54

• . . -- -< i . .> ' ---' - . ' " ' - - - i .- ' - " - - ' - - . . . . " - - . . -



When Li/SOC1 2 cells are charged, lithium is electrodeposited at the lithium

negative electrode. Present analytical results (64) indicate that the predom-

inant reaction at the carbon electrode is

AlC14  AiC1 3 + 1/2C1 2 + e 137J

The C12 can then react with the Li electrode

Li + 1/2C12 - LiCI 144i

and the AlCl 3 can react with the LiCi film on the Li electrode.

AIC1 3 + LiCI - Li+ + AlCIl 145]

For each equivalent of charge passed during 'charging" one equivalent of Li is

deposited and one equivalent each of '12 and AC 3 is generated. The metallic

Li then reacts with the C12 and AIC1 3 to regenerate the LiAlCI, that was elec-

trolyzed during charging. This sequence of reactions has been postulated (64)

to account for the observation that Li/SOCI 2 cells could be charged for very

long periods in which the total coulombs passed considerably exceeded the

amount of SOC12 or Li originally present in the cell. Such cells could then

be discharged to yield capacities equivalent to those obtainable from fresh

cells.

Abraham and Mank (64) identified S0 2C12, S0 2 and SCI2 in the electrolyte of

Li/SOCd 2 cells that were 'charged". Cells that were discharged prior to

charging w:ould contain SC, and S .ihich could react with the chlorine and alu-

minum chloride produced at the carbon electrode during charging

S2 + i . 1 2C12 411

S + 1/2 C12 1/2 52C12 140]
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Siifur dichlorid: 'SCl,) is normally somew..hat unstable (71 thus it is pecul-

iar that it has been ooser-vec in noth "charged' and ove:d.scharaed anode lim-

ited cells (69).

It was noted earlier that small LL/SOCI, cells, that have been discharged,

vent .nen charged at currents ten times smaller than those required to cause

fresh cells to vent (5). it is not known 'hether dischargen cells vent sim-

ply due to the effect of moderate .:-ting and the pressure of St, oroduced as

a discharge product or due to exothermic ch-emicai reactions involving eithE.

SCC12, S2C12 or Li. It is also possible that in discharged cells Cl2 and

AICl, would be more likely to be consumed by reactions such as [40], 411 and

[451 (LiCi in the carbon pores) in the vicinity of the carbon electrode,

therefore allowing greater growth or buildup of Li dendrites at the lithium

electrode. The morphology of the Li deposits could be effected by the compo-

sition of the electrolyte.

Charcging of primary Li/SOCI, cells involves less hazard than overdischarge of

carbon limited cells. Charging does not cause thermal runaway and it can be

prevented by the inclusion of a diode in the circuit. However, charging is a

matter of some concern in the design of reserve batteries ,!here charging can

occur via the common electrolyte fill path between a series stack of cells.

I, large, hiigh rate reserve batteries, charging is thought in some cases to

produce dendrite shorts resulting in thermal runaway.

There is some similarity betwe en the products proouced during oxidation of

t in o, rcisciarged anode limited cells and those produced during

ch arging". However., in anode limited overdischarge, tie oxldati o occurs at

tie bare grid of the Li anode which is usually nickel w:hereas during charging

the oxidation occurs at a high surface area carbon electrode. In charging the

-i -:. a the Li electrode whereas during anode limited overdischarge no

metallic Li is present and the chlorine could either be reduced at the carbon

electrode, unaergo reactions !401 and (411 or other reactions currently under

%'ei 1ti on (9,39). ThIus the chemical stability of high surface -rea Li

denJrtes in an electrolyte containing S0C1 2 oxidation products is a poten-

tially hazardous situation unique to charging.
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7n *:ew of the exotherms: nature of the reaction of Li with C1,, S0,CI- and

ctoer oxiaation proaucta o:.d the potentiallv iiazauous effects of -- dendrite

shorts, an investigation .as undertaken during the present contract(1l) of the

aro wth and reactions of Li dendrites during charging. Ereviously very little

attention had been given to exotnermic reactions that could occur at Li den-

drites during charainQ and clearly this was a subject that merited investiga-

tion. Of particular interest was the rate of corrosion by AlCI3 and Cl 2 of

the Li dendrites produced during charging and shape cnanges and energetic

cihemical reactions that occur ,hen the Li dendrites reach the carbon electrode

surface causing a short circuit. Using a glass cell with a 4.0 cm diameter

optical glass window deslqned for "in situ" optical microscope studies, snape

changes and corrosion of tne Li dendrites formed during charging ,,-re recorded

by photography during sunsequent open circuit storage. The microphotoaraphs

revealed no dimensional changes greater than ± 0.05 mm during 3.0 hours on

open circuit after charging.

It was concluded that charging at current densities up to 20.0 mA/cm' appears

to involve no safety nazards other than the usual problems of heat management

related to cell design and external heat transfer. Thus it is recommended

that further investigations of safety hazards during charging for cells using

SOC 2 neutral electrolyte should be given a low priority. However, safety

hazards involving L: dendrite short circuits that occur due to intercell

charging in Li/SOCiK series connected batteries using SOCl2 acid electrolytes

is a high priority area that merits much further attention.
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MZ7HAM,.I AD THERMA:L AEUSE HA.ZA;RDS

VIEBR.-TIOII AND IMPACT

oroad range- of mecnanicii abuse tests il.O;'fqi1.iX hO u impact

a,.,e been carried out byv GTE and o thIier ma, if,,ct r : onl c I n Uric a

473,4,59,60j, and prismatic (47,59,61 72 ) L-,,S0Ci cells. Bcl-bcr. type cv] -

i-roca DD cell s ,:ere subjected at GTE Products Corporation (47 ) to vibration

ests it- accordance wi1th IIIL-STD-810C for 90 miinutes eacih in the 11orizontal

nd vertical positions and no changes in the open circuit voltage, skin temp-

rature or closure seal were noted. Partially, dischargedc 10 KAhr prismatic

cl: 60) ,,ere sucjected to 100 g shocks along eaci. of the three a3xes without

Czi:cle a: tile c-ll vcltage, pressure or temperatut- Thp ability of cells

:ov~~ .aa .- ibr-ition and impact is almost entirely determined by the mechan-

c31 desiqn,- since there- iogear to be no shock sencitive chemical reactions.

jov-ever, overdisch3rgeck carboin Limited cells I-a,.e roeen reported (26) to be

miocl: sensitive as discucsec --ailier in Section 3-. and it is recommended

:hat fur-ther work to deterrnine the sensitivity threshhold of such cells should

)e given a high pr-iorit.

heshock: sensitivity; of AA size Li/SOCd, cells was investigated during thle

Dr-sent contract (7tD at crv,,oaen- c temperatures and it was found that, the cell

~sctvi~vdecreased with decreasing temperature.

T L FZ:7 CRUSHT:V

t-f puncture man cr ushing tests for Ea broau ranm t of rat : Li

nxenl ,idiv re ported (47,54 , S9, 61 E-t.tz'

csts bl-:- ' rushing test i-s more sev.ere bec:ause Ifl 'iurn

'c.rd-w remow.ing any protective Loli :li and n--,c

. L ) y it r nat ure very unicontrolled t i r, rc

c Ioet~n 1 o f a ny ne awi n re s u b ect C c I
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'" .if.:r L:'71. cells would be exce- tc undergc thermal runa-

. ,:c c:J .V,,: '.u : ] io,.' rate cells %.ouci- undergo some heatinc but
'...':ula rnt explode. Fr example, lithium limited bobbir-type D size cells wre

s''ect _ to cus , test D Goebel and co-w.orkers (47 and no verting or ex-

.csicon '..:Is observed.

7.1. THERMAL ABUSE

Thermal abuse tests have been reported for both cyllildrical (53,59,471 and

prismatic (60,59,47) Li/SOCi, cells. In the future it is recommended that

such tests should be carried out for smaller cells usinrg the whole cell dif-

ferential thermal analysis technique described by Dey (26,39).
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The test Oroaram recommended earlier to evaluate the hazards of elec-

trolyte limited lo.: rate Li/SOCl, cells should be contiud ani ex-

panded to include a similar matrix of tests with high rate spiral ,ould

C size cells.

The test program recommended earlier to evaluat- the shock sensitivity

of overdischarged low rate carbon limited cells should be continued anc

expanded to include a similar matrix of tests with nigh rate spiral

wound C size cells.

4. The safety hazards associated with charging and overdischarge should be

investiaated by carrying out DTA studies with high rate D size cells

over a range of litnium areas and electrolyte-to-carbon volume ratios.

The DTA measurements would be carried out using both carbon and lithium

limited overdischarged cells using undischarged cells as references.

. Tie us., of metal tab- on the anode and cathode to localize Li dendrite

growth and prevent thermal runaway during carbon limited discharge as

described in a recent patent (41) should also be investigated. Very

little information about this interesting design modification has been

publisned and a tiorough study would help resolve some of the doubts

about the hazards of overdischarged carbon limited cells.

6. Heat transfer processes in high rate Li/SO 2Cl cells with neutral elec-

trolyte should be investigated with an equal amount of time devoted to

mathematical modeling and experimental work. The internal dimensions

of individual cells should be measured by x-ray tomography and the data

put into the model prior to short circuit tests to predict the thermal

behavior of the cell. A number of new approaches based on the above

work should be evaluated to improve thermal management during high rate

discharqe.
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4. Basic studies of the chemistry of the Li/SOCl. i:e-1 w.ould be of renera2

value for both lo..., and high rate applications but should be given a

lower priority because such work will require much work to achieve what

is expected to be minimal benefits. However, it is difficult to antic-

ipate the benefits of research of this type.

The heat evo' ed by the SO, solvarion reaction with LiAIC4/ SOC12 elec-

trolyte (see Ea. 13, Section 3.3) should be measured by standaru calo-

rimetric techniques and the composition of the products determined by

Raman spectroscopy and/or other techniques. The stoichiometry of elec-

trolvte oxidation and the side reactions that occur during anode lim-

ited overdischarge and charging should be investigated using the multi-

ple low temperature extraction procedure developed during the present

contract (11). The electrolyte extracts should be analyzed by quanti-

tative FT-IR to determine the concentrations of SO2, Ai 3, Cl2 ,

S02C12 , and 5 2C1 2 .

Recommendations for Hiah Rate Cells. -

1. Ine outstanding high rate capabilities of the Li/SOC1. electrochemical

system can not b;e safely utilized in active (i.e., none reserve) cells

because high rate cells undergo tnermal runaway and explode if short

circuited or subiected to other types of abuse. It is recommended that

a substantial priority effort be undertaken to develop new technology

to eliminate the thermal runaway hazard so that the outstanding high

rate capabilities of the Li/SOC12 cell can be utilized. The new tech-

nology required to control thermal runaway would probably take the form

of electrolyte additives, microencapsulated electrode poisons, or spe-

cial thermally sensitive separators similar to those described in sev-

eral recent patents (46,56). Since much oroaress has aiready been

achieved in aeveIoping this emerging technology that has not been pub-

1i1hed, it is likely that some practical mcthod of controlling thermal

rrnaway could be demonstrated with a program requiring bet;een two- to

six-person years to complete.
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safety hazard begins for high rate cells %?hich can deliver their nominal

capacity at a power density of approximately 45 watts/liter for a C size spi-

ral wound cell. The safe power density would be expected to decrease propor-

tionally with larger cells.

The type of future investiaations to reduce the hazards of Li/SOCI= cells that

should be given priority will depend a great deal on the specifications of the

battery application for which new work is directed. Accordingly, our recom-

mendations will be organized into two large groups. The first group will be

of general benefit and of benefit to low rate cells. The second group will be

of benefit for high rate active cells.

Recommendations for Low Rate Cells.-

1. The possibility that overdischarged carbon limited cells may be shock

sensitive is a safety hazard that needs to be investigated. Low rate

cells fitted with thermocouples should be overdischarged at various

rates at temperatures from - 401C to 250 C then subjected to increasing

shock forces. Cells with electrolyte-to-carbon ratios close to the

minimum electrolyte required up to an excess of approximately 50%

should be included in the test matrix. The cells should be disassem-

bled and examined for burn marks.

2. Very little data has been published concerning the safety hazards of

electrolyte limited cells during overdischarge. A full range of abuse

tests should be carrled out with electrolyte limited cells overdisc-

harged at various rate and temperature conditions. Full cell DTA tests

would be especially valuable and should be given priority.

3. Differential scanning calorimetry (DSC) should be undertaken with Li

dendrites formed in LiAlCl/SOCI= electrolyte. The Li dendrites would

be mixed with SOC1 2 or LiAlCl/SOCl 2 electrolyte and other components

such as S, C, Li2S, and glass separator added in a systematic series of

tests. The studies outlined in Items 1-3 above, probably could te com-

pleted with an effort of one person-year or less.
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IC. TOUCLUSIONS AND RECOMIjENDAIOT.::

Low rate Li/SOCJ, cells vith thick cathodes have a ncgligibie safety nazard

unoer even the most sewere mechanical or electrical abus conditions such as

short circuit or crushing. Small cells up to 1.8 Ahr are seriously beina con-

sidered for consumer appilcations (73). However, high rate Li/SOC, cells

with thin electrodes, capable of power densities over approximately 45 watts/

ilter, can undergo thermal runaway and exDiode if subjected to electrical

abuse such as short circuit or high rate cathode limited overdischar-ge. A

number of other mechianicai and thermal abuse conditions can also initiate

th-rmal runaway in high rate cells.

The only intrinsic safety hazard of low rate Li/SOCi, cells is the possibility

that a very young or thoughtless person might try and open the steel cell case

while trapped in a small enclosed space and might suffer the toxic effects of

S0Ci, vapot . Exposure to S0CI2 vapor causes an intense burning irritation of

the mucous membranes of the eyes, nose, and throat which is usually sufficient

to initiate prompt evacuation from contaminated atmospheres long before severe

effects are produced (see Section 9-1). only a few additional laboratory

studies of low rate Li/SOC12 cells are recommended to clear up the few minor

doubts about the hazards of low rate cells.

The safety hazards of hiah rate cells can be reduced by the use of vent:, in-

ternal fuses and diodes. However, such cells must still be reaarded as ex-

tremely dangerous because the effectiveness of such devices has not been es-

tabiisnea over ti.C entire range of abuse conditions such as crushing,

ov.er:: ar'-e and _ -oc. Even if such devices are demonstrated to be effec-

tive the margins of safety will probably be small and high standards of manu-

facturing quality controi 'ill have to be determined and maintained.

Th- dlviding line bet.-i,=_, the safe low rate design and the hazardous high rate

de:giqns depends mainly on the cathode thickness but the size of the cell, the

internrnA configuration of the electrodes, and the presence of cathode cata-

li:'sts also determines whether the cell is safe during abuse conditions. A
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Tlhe human toxicology of lithium compounds has beern thorouhly, :.-estiqated

relative to their use to treat manic depressive '!n~es,. The therapeutic

level of 3100 Mg Of lithium carbonate is close to the toxic level (81..
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9. THE TOXICITY OF LITHIUM-THIONYL CHLORIDE BATTERY COMPONENTS

9.1 THIONYL CHLORIDE ELECTROLYTE

The environmental and iiealth hazards that may be encountered after the acci-

dental release of the electrolyte from batteries of 10,000 Ahr Li/SOCI2 cells

have been presented by Rydz (77). Concentrations high enough to cause serious

acute health ihazards are preceeded by intense, burning irritation of the mu-

cous membranes of the eyes, nose, and throat. This is usually sufficient to

initiate prompt evacuation from contaminated atmospheres long before severe

effects are produced. Exceptions to this occur when victims are prevented

from escaping or when hypersensitive personnel are exposed.

Unfortunately, very little information regarding the specific dose-response

relationship exists for thionyl chloride. Sax (78) states that SOCl 2 is more

toxic than S02, noting that a 20 minute exposure of 17.5 ppm is fatal to cats.

However, the validity of this figure is questionable due to the lack of addi-

tional data to confirm it. The only other dose - specific information for

SOC1 2 is its well accepted threshold limit value (TLV) of 5 ppm for humans

(79). A TLV is the lowest concentration having toxic effects.

9.2 LITHIUM AND OTHER BATTERY COMPONENTS

The main health hazard associated with lithium and other battery components is

" the possibility of fire if lithium is exposed to water or ignited by sparks.

Lithium scrap from battery assembly, if reacted with water for disposal, can

create a cloud of steam containing LiOH/H 20 droplets that are very irritating

to the mucous membranes of the nose and throat. Rapid hydrolysis of lithium

should be generally avoided because of the hazard of a hydrogen explosion.

Howex'er, should rapid lithium hydrolysis become necessary, it should be car-

-ied out in a fume hood.
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A disposal procedure (74) has also been developed for 10 KAhr cells tLit have

become damaged due to mech-anical abuse whicn invoives cooling the celi .iti!

liquid nitrogen so that it can be safely transported to a deactivation site.

The physical and chemical characteristics of the Li/S0CI electrochemicai sys-

tem between ambient and 77°K were investigated ciurina the present contract

(75,76) and it was found that the system is totali'. inactivated at liquid ni-

trogen temperatures. Liquid nitrogen can also be used to freeze sm.ll numbers

of Li/SOC1 2 cells which can then be cut open so that the SOCI, can be removed.

Since the cost of disposal rather than the technology is the major area re-

quiring improvement, no further research is recommended at the present time.

However, improved documentation of procedures for the disposai of intermediate

size cells (i.e., 1.5 to 100 Ahr) and reserve cells would be valuable.
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SHIPPING AND DISP"SAL

3.1 i SHIPPING

The packaging and shipment of lithium celLs aepenis on. the size of the cell

and the applicable governmwnt regulations are described in the ninth revision

of thie Department of Transportation Regulation EOT-E 7052, dated August 29,

1 93G.

o..2 DISPOSAL AND DISASSEMBLY

7 technology of cell disposal is very well deveioped (74,80) and currently

the only areas of improvement involve cost, documentation of procedures and

t1,e availability of trained personnel. Very small Li/SOCI 2 cells can be dis-

posed of in sanitary landfill and recently Altus Corporation announced (73)

tht tiey received permission from the State of California for disposal of 1.8

Ahr, 9V, Li/SOCl, 1604 size consumer batteries in sanitary landfill.

7 ,.=  :hsposal of lithium batteries is now a commercial business and Radiac Re-

search Company of Brooklyn, NY will disoose of lithium cells shipped to them

in 30 gallon steel barrels. The barrels are limited to six lbs of batteries

pet- 30 gallon barrel and the cost of disposal is 5160 per barrel. Radiac is

EPA approved (EPA License No. NY D049178296) and they it, turn have the batter-

ies disposed of by Battery Disposal Technology, Inc., of Clarence 1,.Y.

A number of _echrinicues .'e re evaluated by GTE for the disposal of lithium lim-

ited 10 KAhr cells and it was found that low rate resistive discharge to O.OOV

followed by a hydrostatic ourst of the cell was the safest and most convenient

tech.nique (74) . The cell is held in special fixtures and splits at the bottom

and I. flushed with sodium carbonate/water solutions for 21 days. Finally,

te acid solution is neut-alized to the correct pH to meet EPA disposal regu-

lations.
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