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a. the identification of the chemical reactions responsible for the
pressure buildup and/or thermal runaway ,

b. the determination of the sensitivity of these reactions to the
various use and abuse variables , and

c. the development of methods to desensitize these reactions .
We have carried out differentia l thermal analysis (DTA) of the cel co ti-

tuents that may be present during the various stages of storage and dischar e
singly , as well as In binary and multiple combinations In order to accomplis
(a) and (b) above . We carried out DTA of miniature LI/SO cells In order to
establish the applicability of the results to actual cells . 21n addition , we
carried out kinetic studies of the Li + organ ic solvent (the most reactive couple)
reactions in an effort to find organic solvent additives to quench thi& reaction .

We determined the exotherm Initiation temparature of a variety of lithium-organic
solvent combination in ocdBr to select the least rea ctive organic solvents. We
narrowed down our selection of the prospective organic electrolytes for enhanced
safety further by measuring the electrical conductivitie s of the actual electro-
lytes containing 70% SC2 , LiBr and the v arious promising orga,ic solvent
combinations

The DTA results showed the Li + 
~~~ 

couple to be the most stable showing no
exothermic transition up to as high a temperature as 370’C , the upper limit of the
DTA run. The Li + AN couple was found to be the least stable and as such, the
most important reaction pertaining to safety. Both SC2 & PC were found to be
excellent film-forming agents to protect Li from spontaneous reactions with AN.
Cn the other hand , organic solvents such as MF, DME, DG and THF although
stable with Li by themselves, were found to enhance the Li + AN reactions most
likely due to the enhanced solubilizing property of the mixed solvent toward s the
lithiu m film. The DTA results of the miniature u/SC2 cells corroborated the DTA
results on the separate reactive cell constituents.

Exotherm initiation temperature provided a measure of the lithiu m solvent re-
activity ; the higher is this temperature , the lower is the reactivity and vice a
versa. We selected fifteen organic solvent combinations which showed exotherm
initiation temperature in excess of 100° C a rid as such these combinations should
be considerably safer than AN whose exotherm initiation temperature is 25° —50 , C.
We narrowed our selection of prospective organic electrolytes further to six
specific ones based on their electrical conductivity (in the temperature rang e of
-40° C to 100°C) which was found to be comparable or superior to the standard
SC2 electrolyte with AN. Two of these six electrolytes contained no A.N and as
such are the most promising ones from the point of view of safety .

We strong ly recommend evaluation of these electrolytes in actual cells for
determining their efficacy in improving the safety of the cells without sacrificing
the performance.
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1. Introduction:

The LI/SO
2 
battery Is the most highly developed high-energy density

battery system obtainable today and is available in a growing volume from
several manufacturers in response to the rising demand for Its use in
various applications. The rising demand is motivated by the need for a

light— weight power source that has a high—rate capability , a good low
temperature performance , and good high temperature storabtitty . The LI/SO2
system has all these chara cteris tics to a greater extent than does any
other battery system and for this reason, it has acqu ired a dominant position
in the emerging new primary battery technology . Improvements made at a
rapid pace in the LI/SO2 technology in the areas of efficient manu facturing
technology , product reliability (hermetic structures) and abuse tolerance
(ventable structures). In this report, we address ourselves to the area
of abuse tolerance . Although , the State—of—the -Art hermetically sealed
high—rate D cells made by P. R. Mallory & Co. Inc. are sufficiently
abuse resistant (3—5) for various applications , we have initiated a program
for exploring the feasibility of improving the intrinsic abuse resistance
of the system even further by chemical and/or mechanica l means , if possible ,

— so that the product may be rendered Safe under all user conditions . The
approach that we have pursued involves:

a. the identification of the chemical reactions responsible for
the pressure bu ildup and/or thermal runaway;

b. the determination of the sensitivity of the above reactions
to the various use and abuse variables ; and

c. the development of methods to desensitize the above reactions .

We have carried out differential thermal analysis (DTA) of all the

cell constituents that may be present at the various stages of storage and
discharge , singly , as well as in binary and multiple combinations in order
to accomplish (a) and (b) above. We successfully used this method earlier

1
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for the Safe ty studies of the Li/SOd 2 cells (6). In addition , we carried out

DTA of miniature U/SO2 cells in order to establish the applicability of the

results from the DTA of individual cell constituents to the actual cells .

We also carried out kinetic studies of the U-organic solvent heterogenious

reactions (the most significant reactions affecting the safety) at var ious

temperatures using an isothermal DTA method . The purpose was to determine
the effectiveness of the various organic solvent additives in reducing the

Li-organic solvent reaction s for enhanced safety .

A variety of organic solvents were studied in order to find art effective

additive to AN for improving the safety of Li—SO 2 cells with acetonitrile (AN)

as the maj or organic solvent. We also examined solvents with the intention

of altogether eliminating the reactive AN from the cell. The promising organic

solvents were first selected based on their exotherrn initiation temperature with

Li as determined from DTA thermograms run at the programmed temperature Increase

of 5. 0°C/mm . The higher the initia tion temperature , the lower the lithium-solvent
reactivity and hence safer.

Another area of interest was the conductivity of various SO2 electrolyte s

of interest. To maintain the excellent discharge performance of the U-SC2 cell

it is essential that the electrolyte conductivity be at least as good as that of

the standard electrolyte currently in use , which employs AN as the organic
solvent. We measured the conductivity of the SC,2 electrolytes with various

promising solvents and solvent addit ives in hermetically sealed pressurized con-
ductivity cells.

The experimenta l details and the results of the above studies are reported

here. Several promising 
~°2 electrolytes are recommended for further study in

actual cell configurations. The recommended electrolytes all promise enhanced
safety and equivalent or improved conductivity compared to the standard SO2
electrolyte with AN.

2 
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2. DTA of Li/SO2 Cell Constituents :

Experimental:

The Mettler TA2000 Differentia l Thermal Analysts System was used for
the DTA experiments . High—pressure crucibles made of a corrosion resistant
alloy (Nemonic) and having a gold diaphragm capable of withstanding pressures
of 1000 PSI were used for most of the experiments . A cross-sectional view
of the crucible ts shown in Fig . 1. The sealing of the cruôthle was accomplished
by means of the screw cap which when tightened , cuts into the gold diaphragm
providing a hermetic seal . In certain experiments with reactive liqutds , the
crucible was sealed by means of a septum made of viton rubber and the

liquid reactants were inje cted into the crucible . The corrosive gaseous
samples were first prepared in a Kovar tube which was hermetically sealed
by means of welding and then placed inside the crucible which was sealed
by means of the screw-cap and the gold diaphragm as above .

The DTA System was calibrated with indium metal samples in order to
obta in quantitative data on the caloric output of the reactions. Thus, the DTA
thermograms were useful in determining both the temperature at which a thermal

transition (exotherinic and/or endothermic) occurred as well as the total heat
of such transitions .

All the chemicals were used as received . Since a majority of the above

chemicals , shown in Table 2 , were moisture sensitive , the transfer of the

materials to the high-pressure crucible and the sealing of tl~ crucible were

carried out in an argon filled dry box.

The DTA runs were carried out at heating ra tes of 5 oC/minute, from

room temperature to approximately 450°C and back . Thermograms were recorded

for both the heating and the cooling modes , the latter was occasionally useful

in identifying the reaction products generated during the heating mode.
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Results and Discussion:

LI/SO2 organic electrolyte cells contain Li anode , Teflon (polytetra-
fluoroethylene) bonded carbon cathode on expanded aluminum grid , UBr
electrolyte salt , acetonitrile organ ic solvent and liquid SO2 depolarizer .
Porous polypropylene has been most commonly used for separator . Electrolyte
salts such as LIAs F6 (8) and organic solvents such as propylene carbonate
and methyl formate have also been used . The cell container is made of
nickel-plated cold-rolled steel with glass—to-metal seal electrical feedthrough
compris ing tantalum or molybdenum positive terminal . The cell case is the
negative terminal . A list of all the possible chemicals that may be present
in a Li/SO2 battery at the various stages of use and abuse is provided in
Table 1. The lis t includes (a) the possible starting ma terials mentioned
above , (b) the possible impurities and (c) the possible chemicals generated
during the various use and abuse regimes . Lithium dithionite is the main

— discharge product according to the cell reaction ,

2 Li+ 2 SO2 _ ÷  Li2S2O4 [13

The formation of Li2SO3, Li2SO4, Br2 , SOBr2 and S2Br2 as a result of prolonged
high tempera ture storage has been postulated (7 , 8) to be due to the reactions
between LiBr and SO2 ,

8 L 1Br+8S 0 2 j.. 4 L12SO3 + 4 S O B r 2 [23

4 SOBr 2 —,. 2S0 2 + S2 Br 2 + 3 Br2 
- 

[3]

4 L12S03 + 2 Br2 2 L12SO4 + 4 LiBr + 2 SO
2 [43

4 LiBr +  4S0 2 ~ 2 Li2SO4 + S2 Br2 + Br2 [5]

The formation of CH4 and LICN during reversal of an unbalanced LI/SO2
cell has been reported (9). The formation of CS2 , H 2S and CO2 from the reactions
between CH4 and 802 was predicted from thermodynamic considerations 

(10).4



_ _ _ _

The list in Table 1 contains only the stable chemical species known

to be present in Li/SO2 cell . There are unstable species which may be
formed during the electrochemical and chemical reactions that occur during
storage, use and abuse of the cell . Both the nature of and the effect of

• these species In the abuse resistance of the cells are uncertain . Since
all these stable and unstable chemicals may be present simultaneously
in the cell , any and all of these may be important in determin ing the abuse
resistance of the LI/SO2 cells . In this program, we have attempted to identify
the chemicals and the chemical combination which contribute to the unsafe
behavior (thermal runaway, etc.) of the cell from the DTA of the chemicals
and their combinations shown in Table 1. Chemical combinations which
produce exothermic transitions at ambient temperatures may be responsible
for the initiation of a thermal runaway, whereas the chemicals and/or combina-
tions thereof that produce exothermic transitions at eleva ted temperatures ,
may susta in a thermal runaway once initiated by other means .

The DTA results are summarized In Table 2. All the runs were
made at a heating rate of 5°C/minute . The thermograms of some important
chemicals and their combinations are discus sed below .

Single Components:

Lithium: The thermogra m of Li cons ists of one sharp endotherm
at 188°C corresponding to the melting of Li. The difference between the
melting point of Li (179 °C) and the above temperature indicates the thermal
lag of the crucible at the heating rate of 5°C/minute .

TF~ lag would be expected to depend upon both the tempera ture
and the heating rate . All the temperatures reported in Table 2 are the programmed
furnace temperatures, Tp, the actual sample temper3tures corresponding to the furnace
temperature can be approximated by subtrø,ç~bjj~g about 8°C fr.om th? furn~~e temp-
erature . On cooling mode , the Li thermogram showed an exotherm corresponding
to the freezing of Li. The identical caloric output corresponding to
melting and freezing , indicated the lack of reaction of Li and the crucible .

5
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Carbon Black: The thermogram of Shawlntgan black, the

maj or constituent of the carbon cathode showed no transitions .

Separator: The thermogram of Celgard 2400 • the porous poly-

propylene separator ma terial , showed an endothermic transition at 156°C
correspondin g to the melting of polypropylene and an exotherm on cooling

mode for freezing of polypropylene, with identical caloric output .

Acetonitrile (AN ): The thermograms of both AN and PC showed
no characteris tic transitions within the temperature range (250 to 350 °C)
examined .

Teflon: The thermogra m of Teflon powder (TL-l 20) showed a
small gradual endothermic transition at 250°C most likely indicating the
sin tering of Teflon powder . The- Teflon is used as a binder for the carbon
cathode.

Sulfur: The thermogram of elementa l S is shown In FIg . 2.

The two overlapping endothermic transitions at 1120 and 120°C correspond
to the melting of two crystalline forms (rhombic and monoclinic) of sulfur
and the sharp exotherm on cooling mode represents the crystallization of one
type of sulfur since one form changes to the other on melting . The absence

of any other transtions indicate the inertness of the crucible to sulfur .

Sodium Dithionite: Lithium dithionite , L12S2O4 , the primary
cell reaction product of the LI/SO2 battery, was not commercially available .
Therefore , we used commercially ava ilable Na 2S2O4 which is chemically
similar to L12S2O4 ;the Na2S2O4 was approximately 90% pure , having sulfite
and thiosulfate as major impurities . The DTA thermogram of Na 2S2O4 is . 

-

shown in Fig. 3. The material showed several strong exothermic transitions
above 100°C on heating . The absence of endothermic transitions on cooling
indicate s that the above transitions represent irreversible decomposition of
Na2S2O4. The thermogram on cooling showed an exothermic transition
corresponding to the freezing of elemental S. The repeat run (not shown)

_ _ _  _ _ _ _ _ _ _ _ _ _- - 
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shows another endothermic transition corresponding to the melting of elemental
S. thus confirming that one of the decomposition products of Na2S204 is 8. The quan-
ti~ of S formed was estimated (using the DTA thermogram of elemental S shown
in Fig . 2) to be 0.0056 gm. The amount of S expected based on the decomposi-
tion reactions such as

2 Na 2S2O4 ~ 2 Na2SO3 + 
~°2 + s [6]

2 Na 2S2 O4 
-.

~~. 2 Na 2 O + 3 S O 2 + S [7]

is 0.0055 gm. The agreement is reasonable .

The total caloric output of the exothermic decomposition was determined
by in tegrating the area under the three maj or peaks (two major peaks in the case

of pre-dried material) and it turned out to be approximately - 14.4 K. Cal/mole
as the heat of decomposition of Na2S2 O4. Assuming reaction [6] as the decom-
position reaction , the heat of formation of Na2S2C4 was calculated using tFe
known heats of formation of Na 2SO3 (—26 0.6 K. Cal/mold , and SO2 (—70.96 K.
Cal/mole). This turned out to be -290 K. Cal/mole. The heat of formation of

Na 2S2O4 calculated (11) from the date in aqueous ammonia was 296 K. Cal/mole .
The agreement is reasonable . Thus , the heat of decomposition of -14 K.Cal/mole
for Na2S2O4 as determined from the DTA thermogram is probably reasonable .

In another experiment , Na 2S2O4 was vacuum dried for about 22 hours at
100°C. DTA was run on the sample and the thermogram was similar to Figure 3
except the ripple at about 120°C, and the small peaks at about 150°C and 220°C

- 

- were absent . The run demonstrated that the minor peaks in Figure 3 were the result
of small side reactions due to traces of water .

Lithium Bromide: The thermogram of anhydrous LiBr as used in the
electrolyte for the LI/SO2 batteries was found to be completely featureless .

Combinations:

Li + Celgard: The thermogram of Li and the porous polypropylene separator
(Celgard) which remains in contact with Li in the cell, is shown in Fig . 4. The
endothermic transitions corresponding to melting of polypropylene and Li during
heating mode and the identical exothermic peaks during the cooling mode, indicate
the absence of chemical activity between the two.

7
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U + LiBr: The thermogram of a mixture of Li and LiBr , as shown

in Fig. 5, consists of one exothermic peak at 124°C prior to U melting .

The exothermic peak most likely represents the reaction betweal Li and

some trace impurities In LiBr .

Li + Teflon: The thermogra m of Li + Teflon powder Is shown

in Fig . 6. The strong exothermic peak , at 279 °C, beyond the lithium melting

most likely represents the followirg reaction :

4 L i + 1 ( C F )  ). 4 L 1F + 2 C  [8]
Tr 2 4 n

H = -96 K. Cal/g atom of Li.

The caloric output determined by integrating the exothermic peak was 88 K.

Cal/gm atom of Li which is in reasonable agreement with the literature

value . In all these experiments , the weight of Li used was very small ,

vIz , 0.0008 gm or less and errors in the Li weight may lead to the above

deviations of the experimental va lues from the literature values .

LI + SO2: The mixture of Li and liquid SO2 was prepared by

taking a small piece of Li in a Kovar tube which was then cooled in liquid N2
and SO2 was condensed in the tube which was then sealed by welding . This

sealed tube was placed in the crucible shown in Fig . 1 and DTA run was

taken . A typical thermogram is shown in Fig . 7. The endotherm at 190°C

corresponding to the melting of LI indicated that the sensitivity of the system

was not altered significantly by the use of the Kovar tube . The thermogram

is very striking in that there was no exothermic trans ition below 320°C ,

the highest temperature used , indicating the absence of chemica l reaction

between molten Li and liquid SO2. The runs were repeated with new samples

and the above results were confirmed . Also , the Kovar tubes were opened

at the end of the run and the presence of unreacted Li and liquid SO2 was

confirmed . The results demonstrate the excepticnal chemical stability of

Li towards SO2 - The film is sufficiently protective even when the Li is in a

molten state, thus indicating continuous regeneration of the film.

8
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Li + AN: Li and AN were found to react exothermically at room
temperature . For this reason , the DTA crucible (FIg . 1) was modified slightly
to incorporate a septum top through which AN was inj ected and the DTA
runs were started immediately after such injection . The exotherniic reaction
was accelera ted at higher temperatures as shown in the thermogram in
Fig. 8. AN was found to be one of the most reactive agents towards U.
We examined the kinetics of this heterogeneous reaction in some detail
using the DTA. The results will be reported later .

Li + PC: PC was used as a co-solvent along with AN in LI/SO2
cells . Li was found to be quite inert in PC probably due to the formation
of a protective film (12) of L12C03. The thermogram shown in Fig. 9 indicate
strong exothermic reactions at 270°C. In this respect, LI is more stable
in 

~°2 than in PC. 
-

Li + PC + AN: AN and PC were mixed in equal volumes and
Inj ected through the septum of the crucible conta ining Li. The thermogram
is shown in Fig . 10. The exothermic peak represents Li + AN reaction .
Note that the tempera ture at which the exothermic reactions occurred was
increased to 180°C from 80°C (Fig . 8). The results indicate the protective
nature of PC. In similar runs with AN:PC volume rations of 95:5 , the
exotherinic peaks occurred at 98°C. Thus , the extent of protection is
dependent upon the concentration of PC. In this analysis , the relative
stabilities of the various ma terials are ju dged by the tempe rature at which
they react , the higher the temperature, the more stable the ma terials at
ambient temperature .

~~~ AN+ LIBr: The SOS, AN and LiBr mixture used
represents an electrolyte for the LI/SO2 battery having a pressure of one
atmosphere and consists of approximately 40% 502. 40% AN , and 20% UBr
by weight. The thermogram is shown in Fig . 11. The exothermic transition
occurring at 1800 prior to the melting of Li most likely represent the Li + AN
reactions . 802 acts as a protective agent for Li as did the PC above .

Li + SO
~ 

+ AN+ AA - LIBr: This m ixture represents an electrolyte with acetic
anhyolride (AA) as an additive for supressing the Li - AN reaction in the absence of
802. The thermogram is shown in Figure 12. The run demonstrates the feasibility

I 
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of using AA In the completed electrolytes in the presence ot lIthium. The

reaction of Li + AN did not start until Tp = 125 °C.

The results indicate that the spontaneous reactions between Li

and AN can be rn~tigated by the addition of either SO2 , PC or AA. The use of

a mixture of AN and PC or AN and AA as the organic co-solvent may thus be beneficial

in preventing spontaneous exothermic reaction of Li and AN in a completely

discharged LI/SO2 cell which has SO2 as the capacity limiting component .

The efficacy of this approach will be reported later .

Na2S2O4 + C: The themiogra m of a mixture of Na 2S2O4
(analogous to L12S2O4 ) and carbon black was found to be similar to the

thermogram of Na2S2O4 alone as shown in 
Fig. 3, thus indicating the absence

of any significant effect of carbon black .

Cathode Mix: The thermogram of the cathode mix consisting of

carbon and Teflon did not show any transitions In the sealed crucible .
However , the dried cathode mix obtained from a discharged Li/SO2 cell,

containing the cell discharge product, LI2S204 , and the electroly te sal t ,
LiBr in addition to carbon and Teflon did . A thermogram of such a discharged

cathode mix is shown in Fig . 13, The exothermic transition at 180°C is
similar to that observed with dry Na 2S2O4 . The caloric output was approxi-

mately 13 Cal/gm of carbon mix . The thermogram of the cathode mix (from
the same discharged cell) which was exposed to air is shown in FIg . 14.
Note the additional exothermic peaks similar to thos e on the thermogram of

as received Na2S2O4 (Fig . 3) . The caloric output was found to be 38 K

Cal/gm of cathode mix . Another thermogram of the cathode mix from a

cell which was discharged into reversal , so that the cell voltage was
negative for approxImately 10% of its normal capacity is shown in Fig. 15.

The cathode mix was inadvertently exposed to air prior to the DTA run.

The thermogram looked very similar to the previous one , except the caloric
outpu t was increased to 112 Cal/gm of the cathode mix. Thus , the behavior

of the discharged cathode was very similar to the behavior of Na2S2O4 .
Moisture appeared to enhance the exothermic decomposition. The presence

of Li in the discharged cathode (from the cell reversal) enhanced the heat
output of the decomposition reactions . Carbon and Teflon did not appear to
have any significant effect.
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Li + Na2 S2O4 + C: The thermogra m of a physical mixture of

powdered Li, powdered Na 2S2 O4 and carbon black (simulating a cathode mix
of a LI/SO2 cell which was In reversal) is shown in Fig . 16. Note that the therm—
ogram Is very similar to that in Fig . 15 , except for the endotherm corresponding to
LI melting . The slight differences in the temperature at which the two major
exotherms occured are most likely due to the differences in the $ ize of the sample .
We found that the exothermic transitions occur at high tempera tures for the smaller

F samples . The first peak at l98~ C most likely represents the decomposition of
Na2S2O4 (Figs. 3 , 13) and the second strong peak at 290°C most likely represents
the reaction between Li and the decomposition products of Na 2S2O4 such as S and
Na 2SO3 according to reaction [6] or [7] . The striking similarity of the thermograms
shown in Figs . 15 and 16, indirectly supports the assumed similarity of Na2S2O4
and L12 S2 O4 insofar as their thermochemical characteris tics are concerned .

Li + S: The thermogra m , shown in Fig . 17, indicates a very strong exotherm
after the melting of two forms of sulfur , corresponding to the exothermic formation
of Li

2S according to,

2 L i + S  ~~Li2S [9]

The similarity of the strong exotherm to that observed in the thermogram of Li -
Na 2S2O4 (in Fig . 16) suggests that the latter was due to Li + S reactions . The
higher temperature of the strong exotherm in Fig . 16, Is mos t likely due to the poor
physical distributions of the trace amounts of S (formed as a result of the decom—
position of Na2S2O4 ) which may have to be in a vapor form to react with the molten
Li in view of the trace amounts of S involved. The Li + S thermogram was about
the same when powdered Li was used instead of Li foil .

LI + S + Na
2
S
2
O
4: The thermogram which is shown in Fig . 18, shows the

melting of sulfur followed by the very sharp strong exotherm at 164 °C of the Li + S
reaction . The usual Na 2S204 decomposition exotherm did not follow the usual
pattern Indicating that the decomposition was initiated by the great heat generated
by the Li + S reaction . At Tp = 264°C , a small endotherm occurred which is pro-
bably the result of the melting of a reaction product .

11
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Li + Li2 SO3: LI 2S03 may be a product of decomposition of L12S2O4

according to reaction [6] . The thermogram of as-received L12S03 is shown

in Fig . 19. They are strong exothermic reactions prior to the melting of Li.

However , with dehydrated Li2SO3, the thermogram of Li + L12SO3-showed only

the endothermic trans ition due to the melting of Li, but no exothermlc transition .

This demonstrate s the important effect of moisture (as impurity ) in the var ious

cell components on the thermal characteristics of the cell constituents .

Li + Al: Expanded Al was used as a current collector for the carbon cathode .

During cell reversal , Li deposition may occur on Al and spontaneous alloying (13)

may ensue leading to the formation of LiA1. The thermogram shown in Fig. 20

indicates a strong exothermic reaction at the melting point of Li correspond ing to

the formation of Li-Al alloys . The two endotherms at higher temperatures corres-

pond to the melting of two types of LI-rich alloy s of Al. On cooling mode, three

exotherms correspond to the freezing of the above two alloys and the excess Li.

X-ray diffraction of the products indicated the presence of L19A14 and LIA1 which

remained in a solid state during the DTA run since the melting point (718°C) is

much higher than the upper temperature limit of the DTA run . DTA runs with excess

Al also had similar characteristics as shown in Fig. 20, except that there were

no exotherm corresponding to Li freezing during cooling .

L1AI + AN: LIAI alloy prepared with excess Al was used for this run .

The thermogram is shown in Fig . 21. The strong exotherm at 154°C represents

the Li and AN reaction since DTA runs with Al + -AN showed no significant re-

activity . A comparison of the thermograms in Fig . 21 with the Li + AN thermogram

in Fig . 8 shows that the reactivity as judged by the temperature of the exotherm

is significantly reduced by the alloying of Li with Al. With pure Li (Fig . 8) AN

reacted vigorously even at room temperature , whereas with the LiAl alloy , the

reaction started at 154 °C.

LiAl + S: LiA1 alloy prepared with excess Al was used for this run . The

alloy had 27% U by weigh t and no free lithium remained in the alloy . The DTA

thermogram for LiAI + S is shown in Figure 22 and it should be compared to Fig. 16,

the Li + S thermogram . LIAI + S had a slow two peak reaction exotherm , over a

12
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broad program temperature range as opposed to Li + S which reacted very strongly
and rapidly . Also of interest was the fact that the reaction of LiAI + S did not
initiate until Tp = 204 °C, as opposed to 160°C for the Li + S reaction . This
information augmented by the similar behavior of the LiAl + AN reaction discussed
above , demonstrates that alloyed lithium is safer to use than the pure metal.

Al + 5: Also in Figure 22 in a DTA run related to the above, it was shown
that no reaction occured between aluminum and sulfur up to 470°C. This demon-
strates that the exotherms observed in the LiA1 + S thermogram were from the reaction
of alloyed lithium plus sulfur .

LiAJ + SO2: The thermogram showed no exothermic transitions up to 470°C ,
only endothermic transitions corresponding to the melting of lithium-rich alloys .

LIAl + AN + 502: AN and SO2 were used in the volume ratio of 75:25. The
- 

- 
thermogram is shown in Fig . 23. The maj or exothermic peak corresponding to the
Li + AN reaction occurred at 420 °C , instead of occurring at 180 °C , as in the case
of pure LI (Fig . 11) . Furthermore , addition of SO2 increased the temperature of the
exotherm from 154°C as in the case of LiAI + AN (Fig . 21) to 420°C. Thus , the
reactivity of the most reactive components of the LI/SO2 batters viz Li and AN can
be reduced by both the addition of SO2 (film forming agent) and the alloying of Li
and there appears to be a significant synergism when both are used together.

In addition to the above , DTA of other mixtures of various chemicals that
may be formed in Li/SO2 cells , were carried out and the results are summarized
in Table 2. The DTA of Li with some organic solvents other than AN and with mix-
tures of AN and other solvents were carried out in an effort to find alternate less
reactive solvents or solvent mixtures . DME (dimethox~ 9tane) appears to be a
good substitute for AN. However , the performance characteristics of cells with
this solvent and other prospective solvent mixtures, need to be established in order
to determine the tradeoffs between cell performance and safety .

Conclus ions:
DTA has been found to be an effective tool in the identification of the cell

cons tituents respons ible for the thermal runaway of the Li/SO2 cells . The method
was also usefu l in the development of approaches to deactivate the above active
cell constituents . The specific conclusions from the DTA studies are listed below.

13 
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1. The cell discharge product L12S204 and analogous Na 2S2O4 undergo

exothermic decomposition producing Sas  one of the products .

2. The presence of Li in a discharged cathode containing L12S2O4 leads

to a stronger exothermic reaction mos l~ likely due to the exothermic reaction of

Li and S formed from the decomposition of LI2S204 .

3. Moisture in the cell parts particularly in the cathode may lead to the

production of additional heat due to its exothermic reaction with L12S2 O4 and Li

which is formed in the cathode during cell reversal .

4. Li and AN are the most reactive components of the Li/SO2 cells , fro m

the standpoint of internal heat generation at ambient temperatures .

5. Li and SO2 are extremely inert even at temperatures as high as 320°C .

This unexpected stability has been attributed to the formation of a protective film

on Li. -

6. PC Is less reactive to Li than AN and the reactions of PC and AN mixtures

is dependent upon the concentration of PC in the mixture .

7. Li alloys with Al exothermically near the melting point of Li producing
primarily LiA1 .

8. The reactivity of alloyed lithium with AN or with sulfur is significantly
less than that of pure lithium .

9. The alloying of Li (to form LIA1) and the addition of SO2 both reduce the
reactivity of Li towards AN, but when used together , there is a synergistic effect
which reduces the reactivity of Li towards AN to such an extent that the reaction
occurred at 420°C instead of at 150°C.

10. The above DTA results indicate that the following approaches may be use- -

ful in improving the abuse resistance of LI/SO2 cells.
(a) Use of excess SO2 in the cell to ensure its presence at all

stages of use , storage and abuse.
(b) Use of mixtures of AN + PC instead of pure AN.
(c) Use of alternate solvents instead of AN and mixtures of solvents .
(d) Control of moisture levels in the cell components .

14
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3. DTA of Spirally Wound LI/SO2 Miniature Cell

We augmented the DTA studies of the cell constituents by DTA sutides
on actual Li/SO2 cells . We chose to use a minta ture spirally wound Li/SO2
cell Instead of the L026 cells (D size) . The design of the miniature cell was
such that it reflected the behavior of the larger D size cell insofar as the
heat generation characteristics are concerned . The purpos e of these DTA
studies are to determine the heat generation characteristics of the actual LI/SO2
cells and compare them with the behavior predicted from the DTA studies of
the cell constituents as well as to determine the effect of some of the cell
design variables on the heat generation characteristics of the LI/SO2 cells .
The cell design variables studies were : separa tor material (porous polyethylene
and glass) electrolyte salt (LiBr and LiAs F6) and organic solvent (AN and PC +
AN) . The experimental details and the results are presented here .

Experimental

(a) Miniature LI/SO2 Cell: The cros s sectional view of the miniature
cells is shown in Figure 24. The cell was made in a nickel plated cold rolled
steel can, 0.302 inch diameter and appi-rdmately 1.5 inch high . The cell top
consists of a G/M seal having a tantalum tube feed through which serves both
as the positive terminal and as electrolyte fill port. The G/M seal was welded
to the cell can . The cell bottom has a thermocouple well for the measurement of
internal temperature . The cell was made with spirally wound electrodes : 1.2
ince x 1.3 inch x 0.0 12 inch cathode; 1.2 inch x 1.4 inch x 0 .005 inch Li anode .
The carbon cathode had expanded aluminum current collector but the Li anode
did not have any current collector. The cells were filled with electrolyte
having 70% SO2 by weight . The fill tube was welded shut after the cell filling .
The cells were made with the following variables:

15
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Separator: porous polypropylene, (ceig ard) (standard)
glass filter paper .

Electrolyte Salt: L1Br (standard)
LIA5 F6

Organic Solvent: AN (standard)
PC +AN (1:1)

(b) DTA Fixture: A cross sectional view of the DTA fixture is shown
in Fig . 25 . It consists of an aluminum heating block having two cavities for
the reference and the sample miniature cells . The differential thermocouples
are inserted into the thermocouple wells (of the cells) by means of heat transfer

compounds . The heating elements were wrapped around the aluminum black
which was insulated all around by means of fiber glass . The heating block
itself served as the negative terminal of the sample cell and the positive terminal
was carefully insulated from the ciiuminum heating block . The DTA runs consisted
of heating the aluminum block at a fixed rate from room temperature to a maximum
of 250°C and monitoring both the block temperature as well as the differential
temperature on a strip chart recorder . The open circuit voltages of the cells
were also monitored during the DTA run. In some experiments the differential
temperature of the cell was monitored during discharge , reversal and charging
of a cell .

Result s and Discussion 
-

The miniature cell was desig ned to reflect the thermal characteristics
of the larger L026S (D size) cells with the exception that the potential explosive
energies involved would be substantially lower and hence less destructive of
the available DTA fixtures. The electrochemical heat evolved per unit volume ,
as measured by the current density (i) , over voltage (~~) and the cell volume ,
turned out to be 9.1 (11t ) L watts/cm3 for the L026S c~lls and 11.5 ( in ) 

s
watts/cm3 for the miniature cell . Thus, if the cells are discharged at comparable
current densities where they would experience comparable overvoltages , the
heat evolution per unit volume would be approximately the same for the two cells
and so would their thermal excursions under adiabatic conditions .
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The miniature cells delivered 227 mA.Hr at imA and 180 , 210 ,
180 and 180 rnA .Hr at 10 mA when discharged at 25°C . At —30°C , the cells
delivered 90 , 83 and 97 mA .Hr at 90 mA to a cutoff voltage of 2.0 volts .
90 mA current for the miniature cell correspond s to approximately 2A for the
L026S cells , in terms of equivalent current density .

DTA run s with two empty cell cans and with two cell cans filled with
A.1203 showed no transitions as expected . DTA runs with two fresh cells also
showed no transitions . Cell cans filled with A1203 were chosen as a reference
for all further DTA runs •

Altogether four different types of cells were tested . These will be
referred to as (a) standard cells, (b) cells with PC (propylene carbonate) ,
(c) cells with glass filter paper separator , and (d) cells with LIAsF6 electrolyte
salt.

Almost all the DTA experiments were done in triplicate and the result s
were found to be quite reproducible .

(a) Standard Cells: The standard cells contained 0.005 inch thick Li
anode , 70% SO2 + 7% AN (acetonitrile) + 23% LIBr electrolyte and porous poly-
propylene (celgard) separator . The stoichiometric ratio of U:S02 was approxi-
mately 1:1 .3 based on the cell reaction

2 Li + 2S02 
—---—

~~~ 
- 

L12S204 11O~

The cells were discharged at currents of 1, 10 and 90 mA at 25 °C
and then these were subjected to DTA runs by heating from 25°C to 170°C . The
differential thermocouple showed one small exothermic transition starting at
temperatures of 150°C . A typical thermogram is shown in Fig . 26. T~~re was
no significant effect of the discharge current on the size of this exotherm , al-
though the exothermic transition was somewhat smaller for a partially discharged
cell . The exothermic transition is attributed to the exothermic decomposition
of the discharge product I

~
i2S2O4 . However the upper limit of the temperature

of the DTA run was too low for most of the other exothermic reaction . The sharp
lowering of the open circuit voltage of the cell at temperatures of 140°C was
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probably due to the formation of shorts in the cell after melting of the poly-
propylene separator .

Miniature cells were force-discharged to reversal at 25 ° and
—30 °C in triplicate . One typical plot of the cell voltage , diff erential tempera-
ture and the aluminum block temperature during the cell discharge is shown in
Fig . 27.  The differential temperature increased sharply at the point of the
cell polarization . The block temperature was increased only slightly . The
cell was at reversal for only 0.75 hr corresponding to a capacity of 67.5 mA .Hr .
There was no cell venting or explosion . The cell was then subj ected to a DTA •

run . The thermogram , as shown in Fig . 28, has two strong exothermic peaks
very similar to those observed in thermograms of mixtures of powdered Li and
Na2S2O4 (analogous to Li2S2O4) . The first exotherm was attributed to the de-
composition of L12S204 to produce S and the second one was most likely due to
the Li + S reaction. LI + AN reaction may also occur simultaneously in view of
the lower concentration of SO2 . The similarity of the thermograms of actual
cells with that of the synthetic mixtures of chemicals , done earlier , support s
our ôonclusion s regarding the identification of chemicals responsible for thermal
runaway of Li/SO2 cells. In the cell , L12S2O4 is formed during discharge and
Li is formed during the reversal in the cathode . The presence of Li enhanced
the exothermic caloric output of L12S2O4 as observed earlier in DTA experiments
with cathodes as well as in synthetic mixtures. A second DTA run (Fig . 29) with
the same cell showed virtually no exothermic transition indicating that the active
constituents (Li and L12S2O4) had reacted almost completely during the first
DTA run , similar to our observations on Li/SOd 2 cells (14) .

The intensity of the exothermic transitions of the cells which
were reversed appeared to be independent of the temperature at which the reversal
occurred but dependent on the extent of reversal . Prolonged reversal produces
more Li in the cathode than a short reversal and this leads to the increased
caloric output as observed in the thermograms of mixture s of Li + Na 2S2O4 .

18
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Miniature cells were ; -also charged at 90 mA for 7 hours without
any cell explosion . The DTA thermogram of the charged cell is shown in
Fig . 30. Note that there Is a small endotherm at 180°C most likely indicating
the melting of Li. The strong exotherm above 200 °C indicate the Li + AN reaction
in the presence of excess SO2 which protects Li from reaction with AN at a
lower temperature . Since , the cell was not discharged , there was no strong
exotherms corresponding to the decomposition of Li2S2O4, although some Li2S2O4
may have formed by chemical reaction with the dendritic Li formed on the anode
during charging . Again , the thermograms of the cells appeared to be interpretable
based on the DTA results of the individual chemicals . A repeat DTA run of the
above cell showed considerably reduced exothermic transitions indicating the
consumption of the active materials during the first run .

(b) Cells with PC: These cells have the same size electrodes as the
standard cells , only the electrolyte consists of 70% SO2 

+ 23% mixture of AN
and PC (3:1) + 7% LIBr . The thermogram of a discharged cell , as shown in
Fig . 31 was found to be identical to that of the standard cell . Note that the
upper limit of the temperature was only 170°C . The voltage and the differential
temperature profile during discharge and reversal at 25 °C at 90 mA for 3 hours
as shown in Fig . 32 also are very similar to those of the standard cell . How-
ever the DTA thermogram of the above reversed cell , as shown in Fig . 33, is
interesting . Note that the upper limit of the temperature was 250°C . It shows
three exothermic transitions prior to a very sharp exotherm occurring during the
cooling cycle of the DTA . The repeat DTA run (Fig . 34) shows no significant
exotherms . The thermogram of another cell force discharged at -30 °C for
3 hours at 90 mA , is shown in Fig . 35 . Note that it shows only the three exo-
thermic peaks. But on the repeat run , the fourth strong exothermic peak appears
as shown in Fig . 36 . The above experiment was repeated and the DTA thermo-
grams were found to be identical to the above . We believe that the three peaks
are due to the following three reactions , viz Li + AN , decomposition of Li2S204
and Li + PC. The fourth sharp peak in Fig . 33 is most likely due to the Li + 5
reaction . We found earlier that Li + S reaction produced the sharpest exothermic
transitions indicating a very fast reaction .

All the DTA experiments were carried out at least one day after
the discharge and reversal of the cells; thus the exothermic transitions reflect
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reactions of relatively stable species and not transient species.

(c) Cells with Glass Filter Paper Separator: These cells are similar

to the standard cells In every respect except the separator is made of glass
filter paper . The thermogra m of a fresh cell heated to 170 °C is shown in Fig . 37 .
Note that the OCV remained unchanged during the run Indicating the absence of

shorting that occurred in cells with celgard separator which melts at approximately

140°C causing shorting . Also , there was no significant transitions as expected .
The thermogram of a completely discharged cell , as shown in Fig . 38 , showed
a small exotherm very similar to that of the standard cells , most likely because
the upper limit of the temperature was 170°C . Note also that the OCV of the
cell did not drop to zero; indicating lack of cell shorting . The repeat run did
not show any transition as before .

The DTA thermogram of a cell which was force-discharged at -30°C
at 90 mA showed only a small exotherm (as shown in Fig . 39) when the upper
limit of the DTA run was kept at 170 °C. However , when the upper limit of the
DTA temperature was increased to 250°C of a similarly force-discharged cell ,
stronger exothermic transitions were observed again (Fig . 40) very similar to
those of the standard cells .

The efficacy of the glass separator in preventing cell shcrti ng at
elevated temperatures is demonstrated from the above experiments . However ,
the exothermic reactions at 150°C is not thus preventable , as expected .

(d) Cells with LiAsF6 Electrolyte Salt: These cells are identical
to the standard cells except the electrolyte salt is L1AsF6 instead of LiBr .
The electrolyte consisted of 70% SO2 + 21% AN + 9% LiAsF6 . The thermogram of
a fresh cell is shown in Fig . 41 . The open circuit voltage of the cell curiously
increased above 132°C from 2.95 volt to 3.66 volt . We found this phenomenon
to be quite reproducible . There is a small exotherm in the thermogram correspond-
ing to thi s increase in OCV . Our earlier DTA studies were ircomplete insofar as
this electrolyte salt is concerned and as such the reason for thi s increased OCV
is not quite clear . The thermogram showed an endotherm corresponding to the
melting of Li. Curiously , the cell did not short in spite of the fact that the cell
temperature exceeded the melting point of the celgard separator . It Is possible
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that the electrode assembly was not tight enough to create a short when the
separator melted . The thermogram then showed a sharp exothermic transition
corresponding to the shorting of the cell as indicated by the sudden drop of
OCV . This cell did not explode at this point although another cell did In a
subsequent run. A repeat run of the same cell showed no significant transitions
as shown in Fig . 42, indicating complete decomposition of any electrochemicalJy
and thermally active materials including L12S2O4 formed during shorting . The
temperature of the cell must have been high enough to complete all the thermally
active processes discussed earlier .

The thermograms of discharged cells showed relatively smaller
exotherms (Fig . 43) compared to those of a force—discharged cell (Fig . 44)
as observed earlier with the standard cells . The thermogra m of a charged cell
(Fig . 45) was similar to that of a fresh cell with the exception that the OCV
was higher initially (3 .44 volts) and it was reduced to 2.85 volts prior to short-
ing which resulted in a very large exotherm corresponding to both electrochemical
and chemical heats . Note that the cell shorting occurred after the lithium melting
as indicated by the small endotherm prior to the sharp drop of OCV. Repeat run
showed no transitions as before .

The above results demonstrate the applicability of the cell DTA
technique, in resolving the chemical processes occurring in cells during thermal
excursions , and this method , in conjunction with the DTA ci cell constituents ,
provides a useful tool for studying the thermal runaway processes of Li/SO2
and other cells. -

Conclusions

The differential thermal analysis (DTA) of miniature Li/SQ2 cells was
found to be a useful tool in elucidating the chemical processes that occur in a
cell during thermal excursions, as in thermal runaways . . The DTA data of cell
constituents were particularly useful for the Identification of the various processes
occurring in the cell by comparing the nature of the transitions of the cell with
those of synthetic mixtures of cell constituents . The effect of the cell construction
variables such as glass filter paper separa tor on the DTA thermograms of the
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miniature cells was found to be predictable in most cases based on the
DTA data of the cell constituents . The major reactions which contribute
to the thermal runaway processes are the Li—organic solvent reaction and
the decomposition of L125204 as well as the Li + S reaction , where S was
produced from L12S204 . The cell reversal results in stronger exothermic
transitions due to the formation of Li in the cathode containing Li2S2O4 .

:
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4. Kinetics of Lithium-Organic Solvent Exothermic Reactions

From the DTA studies we have shown that the reactions most likely
to Initiate a thermal runawa y are the LI-organic solvent reactions, particularly
the exothermic Li-acetonitrile reaction which occurs at room temperature . For

this reason , we chose to concentrate on the study of the kinetics of thi s re-
action in an effort to find ways and means of quenching it. We also carried
out kinetic study of several other organic solvents in an effort to find suitable
candidate s for replacing acetonitrile in the electrolyte of the Li/SO2 cells or
adding to it , if possible . The extent of the reaction is proportional to the
heat evolved and the rate of the reactions is proportional to the rate of the heat
evolution at a constant temperature and at a constant surface area of the Li.
Therefore , an isothermal DTA technique was used to study these reactions . The
experimental details and the results are reported here .

Experimental:

The Mettler TA2000 Differential Thermal Analysis System with the high
pressure hermetic crucibles ,described earlier , was used for the isothermal DTA
runs . A 0.09 8 inch diameter piece of 0.005 inch thick Li foil weighing 0.00029 gm
was placed in the DTA sample crucible in an argon filled dry box . 20 microliters of
the appropriate organic solvent was injected into the crucible and the crucible
sealed . The Li disc , weight and the location in side the sample container
as well as the volume of the organic solvent were kept as constant as possib’e
from run to run. The mixtures were then heated very quickly to various tempera-
tures in the DTA furnace and maintained at those temperatures while the dif-
ferential temperatures were recorded as a function of time yielding isothermal
DTA thermograms at the various temperatures .

All the organic solvents used were of the highest purity available from
Eastman Kodak and were used as received except for PC which was vacuum
distilled over Li foil prior to use.BL, DME and MF were monodistilled,

The Li foil s were used as received from the Foote Minera l Co. and
contained 1% Na as impurity. The foils were shiny in appearance and all the
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experiments were carried out using freshly punched Li from one roll except
for some preliminary experiments with AN for which the Li discs were punched
several days prior to the experiments . Althoug h the Li foil was shiny in
appeerance It is reasonable to assume that it has a thin protective film and
the freshly punched areas of the discs are probably most active toward s the
organic solvents . Therefore , the duration between the punching of a Li disc
and the isothermal run was kept constant from run to run in order to reduce
any variation of the activity of the Li surface from run to run .

Results and Discussion:

Some typical isothermal DTA thermograms at various temperatures for 
. 1

the Li + AN system are shown in Fig . 46. It can be shown that the slope s of
the rising portion of the DTA thermogram at the point of inflection of the tempera-
ture-time curve can be expressed as

d A T  
= k ( A H  [111

dt L~~S

where A H = heat of the reaction

k = zeroth order rate constant
L = heat capacity of reaction mixture
S = heat capacity of container

when the DTA furnace is maintained at a constant temperature and the chemical
reaction obeys zeroth order kinetics .

Since ~~ H, L and S are constants, the slope is proportional to the rate
constant of the Li + solvent reaction which is controlled by the reaction tempera-
ture and the surface area of the Li disc which were kept constant for all the runs .

An Arrhenius plot of the above slopes as a function of the reaction
temperature for the Li + AN system with Li discs cut several days prior to the
experiment is shown In Fig . 47 . The plot is linear and the energy of activation ,
as determined from the least square slope (exclud ing the point at the lowest
temperature) was 13 K.cal mole 4 with a frequency factor of 8. A similar plot
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of the same system with freshly cut LI discs as shown in Fig . 44 was also
linear and had a higher reaction rate and a slightly lower activation energy;
10 K .cal mole 1 . This probably reflects the effect of the Li film (formed during
storage In the dry box) on the kinetics of the Li + AN reaction.

The effect of LiBr on the kinetics of the Li + AN reaction was studied

and the Arrhenius plot is also shown in Fig . 47. The activation energy of the
reaction was reduced further to 6 K .cal mole 1 possibly Indicating the catalytic
effect of Li

4 
(15) on the LI +AN reaction.

Although PC was found to be rather inert towards Li at room temperature,

it reacted with Li at higher temperatures. The energy of activation as determined

- 
from the linear Arrhenius plot , shown in Fig . 48 , was 22 K.cal mole~~ .

The effect of addition Of PC on the Li and AN reactivity was studied .
The results are shown in Fig . 48. The addition of PC , up to 20%, resulted in a
lowering of the reaction rates without altering the energy of activation significantly .
This probably indicates that the Li + AN reaction is occurring through a film which
only lowers the reaction rates without altering the activation energy . PC is
known (12) to form an insoluble film of LI 2CO3 on Li thus protecting it from
further attack . With 50% PC , the reaction rates were reduced drastically , and
the ArrherUus plots showed two linear regions corresponding to activation energies
of 22 and 113 K.cal mole 1 for the lower and the upper region respectively . In
this mixture, t}~ reaction temperature s are very hig h and as such complex re-
actions may occur to give rise to this type of behavior .

Theaddition of small amounts of SO2 (3%) to the AN resulted in a sharp
reduction of the reaction rates as shown in Fig . 48 , without altering the energy
of activation . This demonstrates the excellent film forming ability of small
amounts of 

~~~ 
and its efficacy in reducing the Li + AN reactivity, the key element

in the safety of the Li/SO2 cells.
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The kin etics of ~Yie Li + AN/BL ~~ stem were studiad and the results

are shown in Fig ure 49. The Arthenius plot for the Li + BL reaction had two stra ight

line segments as shown in Figure 49. As in the case with PC , the very hi;h

reaction temperatures may be expected to cause some complex reactions to occur

in the reaction of Li + BL. The lower temperature , steeper segment is the more

significant portion of the Li + BL reaction and the data show that BL is more

reactive than PC with l ithium a ’~ the temperature:; of tnt~rest. The steeper

portion of the u + BL J\rrhenius plot had .
~~ ~iighec activition energy but also a

higher frequency factor than the Li + PC reaction (items 4 and 1)3, Table 3).

Although BL was more reactive with lithium than PC, it was found to be

as effective -~~~~~ iddttive as PC in raducing the Li 4 AN reactivity. The Arrhenius

plots for Li + AN/BL (95/5~ and Li. + AN/PC (95/5) virtually coincide as seen in

Table 3 (items 5 and 16). 5% BL or 5% PC in acetonitrile decrease the Li + AN

reaction rate by nearly one order of magnitude.

When the concentration of BL in acetonitrile was Increased from 5% to

20%, both the activation energy and the frequency factor were Increased by

73%. At the lower temperature s of interest (50—l00 ~ C), 20% BL marginally

reduced the Li + AN reaction rate compared to 5% BL.

Li was found to be stabl-a in MF (methyl formate) at ambient temperature

and reacted only at very high temperatures. Surprisingly, the reaction rate s

were found to be considerably lower than those of the Li + PC. Also the

energy of- activation, as determined from the Arrhenius plot shown in Fig. 50

was almost twice that of the Li + PC, viz 4.3K. cal mo1e 1.

Th e effect of MF on the Li + AN reaction was studied . The reaction

rates Increased sij .rt ift ca ritly with 5% MF present giving rise to a non—linear

plot as shown in Fig. 50. At higher concentration of MF , the reaction was too

rapid , particularly at the higher temperature , so that it was not possible to

measure the rates by the isothermal DTA method . A substantial part of the re—

action was completed during the heating period so that the slopes were not

representative of the reaction rates. The Arrhenius plots with 20% MF were

found to be meaningless as shown in Fig . 50. In a normal isothermal DTA run ,
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~1as shown in FIg . 51 (a) , the first short peak represents the difference in
temperature between the sample and the reference during the short heating period.

Note that the differential temperature reached the base line before it shot up

as a result of the exothermic reaction. Also the area under this major peak

representing the heat released, is very similar for all the runs at various
temperature for a part icular system , indi~ittng the correctness of our assumptions
regard ing reasonable adiabaticity. The abn . rn al  isothermal runs with Lhe

Li + AN + MF system , is shown in Fig . 51 (b). Note that the differential
temperature does not reach the base line after the first short peak (corresponding
to the heating of the sample) prior to the reaction exotherm , indicating that the
reaction was already initiated during the heating up period . Also the areas

under these exothermic peaks are different from run to run. These results
demonstrate the limitation of tsis technique which is appl icable to only those
heterogeneous reactions which have a sufficiently long induction peitod during

which the samples may be heated without any substantial reactions. In systems
such as Li + AN + MF , tne inducti on period s are too short , nost likely due to
the Increased solubility of the reaction products in the mixed solvents . Thus ,
although MF by it self I ; less reactive to Li, addition of it to AN increased the
Li solvent reactivity to a greater exteflt than the reactivity with the individual
solvents. The above results indicate that although pure MF may be used by itself
in Li/SO2 cells , the mixtu re of MF and AN may be deleterious from a safety
standpoint. The reported (5) un sa ce behavior of Li/SC2 cells with MF In the
electrolyte may be due to the presence of other impurities which may act as
cosolvent with MF to dissolve the protective lithium film.

Th e Li + DML ~dimethoxyethane) reaction was found to be extremely
slow at the mo~e~ ate to high temperatures used in our studies. However , the
reactivities of AN + DME mixtures to Li were examiied successfully . The
Arrheniu s plots , shown in Fig. 52 were found to be linear. The reactt ri ratr 3
were increased stgnifIcartt ~y by the addition of DME to AN and the activation
energies were reduced. Th~ resuits again p int to a solubilizing effect of the
AN + DME mixed solvents towards the lithium film formed as a result of the Li-
solvent reaction.
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Similar runs with AN + DG (diglyme) and AN + THF (tetrahydrofuran)

systems (Fig . 53) also showed enhanced reactivity.

The energy of activation and the frequency factors of all the above re-

actions are presented in Ta:ote 3.

Conclus ions:

The isothermal DTA technique developed for stud 2 i.g the kinetics of the

heterogeneou s reactions iwolv in~ Li si.1 Or gaUi~ solvents at various temperatures - -

provided an effective tool to assess the usefulness of -solvent additives to the

Li/SO2 electrolyte in improving the safety of the Li/SO2 cells. The results

show that whereas SO2 and PC are effective in reduc ing the Li + AN reactivity,

organic solvents such as MF , DME, THF and DG enhance the Li + AN reactivity

and are unsuitable electrolyte additives for safety, although these may be used

in place of AN in tne e1-~ctrolyte.
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5. Exotherm_Initiation Temperature : Effect ~~ Solven t

Additives on the Li—Solvent Reactions

We have shown earlier that the exothermic reaction of LI and ?tcetonitrile,
(the reaction tno~ t responsible for initiating a thermal runaway) may be mitigated
by the addition of other less re~ctlve sol vents. We ha-va -attempted to determine

the optimum concentration of the addit ive solvent required for suppres:~ing the

U—AN reaction. For this , we h~~’a -thusetn the oxotherm Initiation temperature
(defined as the temperature at which the Li-solvent reactbn e.cotherm starts)
as a measu-’e of the LI-solvent reactivity . The higher exotherm initiation
temperature represents lower reactivit y and vice a ve~ sa. We have determined
t-ie Li—solvent exotherm init iation temperature as a function of the organi c solvent
concentrations ~t ~ ft~ed heat tng rate using DTA. The purpose of these experi-
ments is to select the specific organi c solvent compositions which are pro.ni~ Ln~
for improving the safety of the U/SO2 cells.

Experimental

The Mettler TAZ~)00 DTA system was used with the usual Nemonic
crucibles. 20 p-i of the solvents of interest were run with the standard 0.00029 g
Li dis cs at the 5. 0° C/mm he-sting rate. The resulting tF~ rmogra ins were inter-
preted as follows : The programmed temperature , T~. wa s determined where the
steepest slope of the Li—solvent reaction exotherm intersected the projected
baseline. The exotherm ini’~ iatiort temperature was determined by subtracting

the thermal lag of the sample crucible , ~~~T from the intersect temperature.LA~ ,
Figure 54 shows the OTA thermogram at 50 C/mm for two samples and the typical
-letermirtatbn of the exotherm initiation temperature .

For the effort centering on the use of AN with an additive we generally
used 5% (volume) addft~ve and 95% AN. P~omLsing solvent systems were studied
in more detail by determining the exotherm initiation temperature at various
additiv e ct ’icent.rations.
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A problem in data interpretation arose with the Li + AN/BL system

as seen in the thermograms of Figure 55. For the run with AN/BL (99/1) there

Is only one exotherm initiation tempera ture as determined from the point o~ Inter-

section of the base line and the slope for thermogra m but for the run with AN/BL

(92/8) there are two slopes leading to the points of intersections at 95.7°C or

114. 7°C. We elected to plot the first slope because it is more re ilistic for

the problem under cori~ i-.1e~atLon . This resulted in more scatter in the results

for Li + AN/BL than was observed Lor the other three systems.

Results and Discussion:

We compiled a survey of the reactivity of ll’htum with various solvents

and solv ent mixtures, in order to determine the least reactive solvent mixtures.

The m~~e desirable solvent rni,Uures are unreacttve wIh lithium at about 1000 C

or higher as determined by the described technique.

We investigated many chemicals encomp s i t g  a wide variety of organic

functional groups including alcohol , aldehyde, ketone, acetate, arihydrile , amide ,

amine , -a cid, carbonate , gtycol and sulfoxUe compound s and others . Table 4

lists the systems that were studi~ -1, in the order of ascending exotherm initiation

temperatures with ternary solvents listed separately .

Item 1 in Table 4 shows that although Li + AN react at roov~ temperature ,

the reaction is slow enough to give DTA exotherm s up to 50° C in some cases.

It is desirable to Increase thi s exot ’ie~m Initiation tempera ture range with

appropriate solvent mixtures or additives.

Table 4 shows that the systems numbered 1--li , Inclu sively, has initiation

temperatures below 500 C. They provided no reduction in the reactivity of lithium

with acetonitrtle. Item 18, acrylonitrile , an impurity of AN, had a negligible

effect on the initiation temperature of the Li + AN reaction. Similarly , items 19

through 27 were ord~ marginally beneficial. Items 28 through 37 gave a marked

improvement over item 1, Li + AN. Cf great interest in this group were PC, BL

and acetic anhydrlde - (AA) . PC and BL have been studied before but AA has not.

In the initial survey, AA appeared to be slightly more effective than PC or BL

in decreasing the Li + AN reaction rate.
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Methy l formate worked well as a reaction Inhibiting solvent in 50/50
mixes with AN or PC or as -an exclusive sol ~ent. AN/MF (95/5) was not

acceptable effective in limiting the U + AN reaction , however , and this finding
supported our kinet~-cs studies on this mixture . We are cautioned in using MF
as a solvent due to reports of methyl foraiate decomposing in cells to for m
methane gas which is flammable and would increase the internal pressure of
the U -SO2 cells.

DME an-I other ethe~s were discussed i n  the previous secUori . A study
of the exotherm initiation temperature verified our findings that l ithium is very
unreactive wi th ethers but ethers as additives to AN enhance the Li + AN re-
action. In the ternary solution , ~N/PC/DME (90/5/5), the U + AN exotherm
initiation temperature was increased to 1 04’ C. This demo~istt -.ates th -~t the

tenacious protective film formed in the presence of PC is insoluble in DME.
Ethers therefore may be usefu l in certain ternary solvents.

We ha ve seen that PC decreased the reactivity of lithium in AN/PCI
DME mixtures so we studied a few more ternary solvent s in items 38 through 44.
In items 38 and 39 we found that neither PC riot BL could protect Li sie~p i i~-3ly
in AN arid methanol (5%) . Unlike DML or some other ethers we studied , methanol
reacts with lithi- irn . Appa ’ently, solvent components which may be usefu l in
improving the electrolyte condw~t~vity should be selected Iro n coinp’ un’.Is -vhi ch
do not react readily with lithium. We also explored ternary mixtures using two
of the three “protective ” sol vents (PC , BL, and AA) with AN. No beneficial
synergistic effects were found an -I the systems behaved a~ if they CO n ! ~hed

only one “protective” solvent . -

For the more promising solvent systems , we studied the i nitiation
temperature as a function of the concentration of the additive solvents in
solutions where AN was the principal solvent. The data for these investigations
are pre~ented in Figures 56 to 58.

In Figure 56 the data for the ternary solvent system AN/PC/DME are
shown. The data Inutcates that the amount of PC present determines the

exotherm initiation temperature . With PC held constant at 5% (vol.), the
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exotherm initiation temperature for the Li + AN reaction was 98.4 ±5. 3°C for

DME concentrations of 1 to 20% (vol).Wth the DME held constant at 5%(vol)

the exotherm initiation temperature for the Li + AN reaction rose rapidly with

increasing PC concentration. With 8% to 28% (vol) PC the initiation temperature

leveled off at better than 11 )‘C.

We a!.so studied the binary systems AN/PC and AN/AA and the data

appear in Figure 57. The additive ~onst ituent ;, PC and AA were varied between

1% and 28% (vol) as before. Both sets of data mirrored the performance ~f t-ie

AN/PC/DME (5%) system. The scatter in the data was reasonable for all three

of the above ~ystems.

Finally, we st i J J -~ I the Li + AN/BL system. The exotherm initiation

temperature for a given amount of BL wa~ apparently less than with the other

additives discussed , but there was great scatter with the BL additive as mentioned

above. The e cotherm initiat ion tempureture of the Li + AN reaction as a function

of BL concentration is shown in Figure 58. De~’p1t e the problems invo lving scatter ,

BL stil t proved to be an effective inhibitor of the Li + AN reaction.

To demonstrate the extent to which 302 in AN protects lt~n tum we co~nbined

some assorted data to produce the curve of Figure 59. A rapid rise in the exo-

therm initiation t~ nperat-ir~ -gith SO2 concentration in AN is 
demonstrated.

Note that in a discharg ing cell the chance of initiating the U + AN reaction

tnnrea:;es as the concentration decreases. - When the SO2 depletes to

below about 5%,the Li could react with the AN sol’,enL Y t~ie cell temperature

was elevated to near 100° C through resistance heating during discharge. -It

Is for this reason we wish to find a non—depleting additive to protect the lithium

from reaction with the acetonitrile.

Conclusions:

The exotherm initiation temperature is a simple and revealing parameter

for screening or-~anic solvent systems for increasing safety . Our survey as

shown in Table 4 revealed many solvent systems with the potential to improve

the safety of Li— SO 7 cells , particularly by lessening the thermal runaway

problem. We found that many improved solvent systems increased the exotherm

initiation temperature of the Li + AN reaction from around room temperature to
32
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around 100°C.

In studyi ng the erfect of additive concentration we found the maxima!

- 
- inhibition of the Li + AN reaction ouc’-irring at additive concentrations of

i h- .~ i~% to 28% for all the additives : PC, AA, BL and PC/DME ~5%). I

It has been demonstrated that some usefu l additives c-in err e~tLvely

Inhibit the reaction of lithium and acetonitrile. The solvents of most interest

are PC, BL, AA, MF an d DM~. 
I 

-

We selected a sertes of organic solvent compositions based on the

above studies for further screening ba -;t~d on the electrical conductivity ~ f the

fl- i i~~-te :I electrolytes contatriing 70% SO2 and LiBr.

H

I
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6. Electrical ~ gn~~ gtjyjty.p~ r-os,pe~ctive Electrolytes

The study of ~e exotherm initiat ion temperature revealed several
electrolyte solvents and solvent m ixture s whiith lessene’l the threat of thermal
runaway in U-SO2 cells. To f urther evaluate the efficacy of these and other
solvents of Interest , SC 2 electrolytes ~vere prepared and a study was made of
the conductivities of the electrolytes at various temperature s . The purpose is
to select a ~ew sp ;1~~ ~~~ ~rolytes with conductivtties similar to or superior
to that of the standards. The experimental methods and the reiu~~ ire presented
here . —

Experimental:

Two conductivity cells were built as uh own in Figure 60. The aJ .im inu in
-su (aces which were exposed to electrolyte were found to need a baked on
protective teflon coating to prevent corrosion. E 1ectrotyt~ -~ IA , 1 B, 2 -and .3

were run in a cell without the teflon and the conductivity results were unaffected.
The parallel p1.-a linized platinum conductivity cell electrodes were protected by

a pyrex tube as shown in the illustration. The platinum feedthrouc~ii wlra ~vere

run through EPR septa for the screw-down external electrical connections. The
septa retainer held the s’~p~.a in place and Insulated the feedthrough wires from

the solutions of the constant temperature bath. The assembled cefl ~ nployed

an EPR 0-ring Inside of a 2-3/8” bolt circle.

The following procedure s were used in the conductivity detnr ni i-~ t. - ri~.
Pressurized 302 electrolyte s were made up in 115 ml polypropylene cylinders
fitted with polypropylenu ba~J valves on each end and an additional 3-way stain-
less steel valve on one end. Vacuum drie d UBr and appropriate di3tUl e-i  soi-ie-i~~

~except acetic anhydride) were introduced into the polypropylene electrolyte
cylinder and SO2 was cori.Jensed into the chilled cylinder through the three-way
valve. An assembled cell was filled with argon and then connected to t-ne electro—
lyte filling station via the fill valve. At the filling station the conductivity cells
were evacuated to faciii’ ate the Introduction of electrolyte which was introduced
through the fill valve. The filled cells were equilibrated at various temperature s
between —40°C and 98° C. At thermal equilibrium, the solution resistances
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were measured wj tn a GenRa t ‘ 31557 Digtbridge which applied a 1KHz test
frequency (0. 3V rms maximum) across the cell electrodes .3fld the — aeies e~j~ t—
valent circuit was ..zsed. Figures 61 through 71 show the conductivities of
the various SO2 electrolyte i . In Ftg ure ; fl r - - -~j h 71 the Specific Conductance
in millimhos/cm is plotted as a function of the electrolyte emperature in C.

S~~u~ts and Discussion:

The specific conductances of the electrolytes were determined from the
ecruati-on

L 
K

S R

where = Specific conductance ,. —~~cm~~
K = The cell constant , cm~~
R = Solution res13t ce, fl~.

To e~iploy the above e~iuatton the cell constant, K, was determined
for our two conductivity cells using sevecel 0. 1 Demal WI solution s for which
the specific conductance is known to great accuracy. Four measurements were
made to determine each ~~~ ;-vistant and the results were:

Cell *1: = 0.2831 *0. 0021 cm 1

Cell *2: ~2 = 0.09107 ±0.00090 cm~~

In order to get a more meaningful comparison between electrol~t es, we

used consistent volume ratios of the em ~trolyte constituents . Therefore, during
electrolyte preparation we used 6. Og LiBr (dried), 30. 0 ml solvent, and about
72g (.k5%) SO2. The weight ratios of the finished electrolytes vary due to the
different densities of the various solvents. In Table 5 is a list of the SO2
electrolytes which were studied.

The plots of the specific conductance versus temp~ at ire for the electro-
lytes are shown in Figures 61 through 71. By visually comparing these graphs
we were able to rank the electrolytes in order of decreasing conductivi ty as listed
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in Table 6 where the electrolytes are .llfferent iated according to the solvents

used. Acceptable conductivitie s were found for all but the last seven electro-

lytes on the 115t. Electrolyte 1-4 and those above it on Table 6 had conductivities

that were as good as , or better than the standard electrolyte (AN solvent). We

rated the conductivity of electrolyte 9 as marginal whereas its specific con-

ductance plot fell, within the ban ~ o~ v a t  ten found for electrolyte 3A. Electrolyte 5

and those below it in Table 6 seemed to be clearly inferior to the staa-iar.1 cIa -~t~o—

lytes in conductivity. Some of the inferior electrolytes had good conductivities

initially , but observations oier a few da~-~ ~-vealed a severe loss of conductivity.

Electrolytes 4 and 7, as seen in Figure s 63 and 66 respectively, suffered most

severely n h i t;  respect.

We did not study the apparently stable electrolytes over prolonged time
periods but there was -~~ s11.~ht tendency for almost all of the electrolytes to lose

conductivity while maintained above about 72° C. It seemed characteristic that

a loss of conductivity was accompanied by the salting out of an unknown white

precipitate. Such a precipitate was examined by KEVEX (SEM) and x—ray diffraction

for electrolytes 3A and 4. The analyses revealed that ~ i nilar compounds were

salted out from electrolyte s 4A and 8. The unknowns contained sulfur and bromine

and were app-vently single compounds.

In a cursory survey, one cannot be sure of the batch to batch differences

which enay be found for a given electrolyte composition but the comparison of

standard electrolyte s 3 ar id 3A (Figures 61 an~ f~~~ demonstrate the kind of

variability which might be expected. Electrolyte 3A (Figure 62) initially had a - 

—

sl t-~htly lower conductivity than electrolyte 3 above 15° C, and electrolyte 3A

suffered a slight loss in conductivity with time. The last conductivittes measured

for electrolyte 3A were 25—30% lower than the conductivities of electrolyte 3 at tie

same tesnper.-itures.

~ pnclusions~

By determining the conductivity of the SO2 electrolytes we were able to

make a gena al assessment of their utility in actual cells by comparing their

conductivities to the sta ndard (type 3, 3A~ electrolytes. 3-asci oct conductivity
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~ i alone, we find that the electrolytes at the top of Table 6 that are noted to
have acceptable or marginal coriductivittes are candidates for further study.

— I
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7. ~~~~~~~~ p Ejeqtroj .yte ~~ or J~~ r_oy_e~~La~~ty

The selection of electrolytes for further study is base d on the i-i f orina-
tiort - th~~

; ned in tr~e preceding sections . In Section V we obtained information
on solvent compositions which were relatively inactive in the p~~-;unce of
lithium. In Section VI we determined the conductivity of several SO2 electro-
lytes of interest. The following elactrolytes merit further study as candidates
for improving the safety of U—SC 2 cells.

1. UBi~ p AI’I/P 9Q/ 1Q).:

We h-n’.’e shown that about 1 D% propylene carbonate is sufficient to
protect tithi~im from the attack of acetonitrile. Al though propylene carbonate
leads to the voltage delay problem it is expected to be less severe with only
13% propylene c,3rb;D~1atn t i  the solvent mixture. The conducttvity of this
electrolyte was the best of the candidates tested in Section VI.

2 . LiBr in AN/AA ~fl” t O :

Acetic anhydride cAA) was discovered to protect lithium from acetonitrile.
The thermogram for the Li 4- AN/AA (95/5) reaction Is shown in Figure 54. Acetic
anhydride has not been tested in actual Li-SO2 cells , but our preliminary t a ;  i~
showed thai: the electrolyte with acetic enhydride was stable. The conductivity

was measured for two of these electrolytes. One wa~ ~- -~ .i i  t ‘e as good as

An/PO (90/1 ~) above and the second was about 15% poorer but still better than
electrolytes with acetonitrile as the exclu sive ~~~~~~

3. LLBr in A~~~ I/~~~jj85I10L5h

This ternary solvent mixture offered marked t-nprovement I •t ~ -a ‘ir olyte
conductivity compared to a similar electrolyte which lacked the dimethoxyethane.
Other synergistic benefits may accrue fr oin the use of ternary solvents in the SO2
electrolytes such as lessened voltage delay or Improved protection of the lithium
from the reaction with solvent .
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LiBr LML(~PL~Q)~
In this electrolyte the acetonitrile was only 50% of the sol ieut m ixture

and the L~ I~ AN reaction was si;nlftcantly inhibited as measured by the exotherm
initiation temperature (l40~C). Because OV It-s poterlil a ’ benefits we believe ;h ~~ —

electrolyte is worth studying in SO2 cells despite the possible problems associated
with the use of methy l ~ormate.

5. ~~~~J cJQ j5 0J~~J~

This electrolyte which does not contain acetoriltrile is expected to protect
l1~ i1um f r r n  rea-~ti:ig with the solvent to temperature s above the melting point of
lithium. The U + PC exotherm initiation temperature was 24-l~ . Lie conductivity
of this electrolyte was about the same as electrolytes with acetonitrile as the
exclusive solvent. The se~ert~y of the siol~-3;e delay problem due to propylene
carbonate is unknown for this electrolyte.

6. LiBr in BL/DME (50/50Jj

As above, this electrolyte does not contain acetonitrile and the lithium
protection is therefore good. The Li + BL exotherm Initiation temperature was
168° C. The conductivity of this electrolyte was about the same as standard
electrolytes which use acetonitrile exclusively as the organic solvent. This
electrolyte may have less problems with voltage delay than the similar electro—
lyte above with propylene carbonate.

The above list of electrolytes for improved safety In Li-SO2 cells was culled

from candidates which were examined In our DTA and conductivity studies. All
of the selected electrolytes are expected to significantly decrease the possibility
of lithium reacting with solvent in the cell while offering equivalent or superior
conductivity as compared to standard U-SO2 cells with acetonitrile as the
organic solvent .

In tests involving actual cells, electrolyte compositions other than the above
may suggest themselves. For example improved performance or safety may
result from the use of other component ratios or from the introduction of new
components such as a different solute. The suggested electrolytes offer a
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reasonable starting point for the study of actual U—SC 2 cells designed

for improved safety .
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8. Conclusions and_Recommendations

In our DTA work we studied the thermal stability of the various

components of Li—SO 2 cells. We showed that Li reacts very slowly with SO2
even in the molten state up to the maximum temperature (370° C) examined in

this study . The excellent stability of lithium is due to the kinetic effect
of the protective film on the lithium . The DTA result s corroborate the observed
excellent shelf life and the rela tive safety of the Li/SO2 batteries under
variou s conditions of use and abuse.

The c~1l discharg e product , 112S2C4 was found to decompose exo-
thermally producing S and as such could con-tribute in sustaining a thermal

runawa y (initiated by other means) but could not Initiate one since the de-

composition temperature is above 100°C.

The organic solvent AN was bund to be the most reactive constituent

of the cell. AN wa -s found to react with unprotected lithium at around room

temperature . The heat released from the Li + AN reaction is suspected to

initiate other detrimental exothermic reactions in the U-SO2 cells .

The DTA results on the miniature Li/SO2 cells corroborated our con-

clusions from the DTA of individual cel l constituents and it was found to be a

usefu l tool for studying the therma l runawa y process.

The kir~ tic studies of the Li-organic solvent reactions were usefu l in

determining the effectiveness of the organic solvent additive (to AN) in reducing

the Li and AN reactivity for increased safety . The results show that the solvents
MF, DME , DG and THF , although stable by themselves, were unsuita ble as

additives since they enhance the Li and AN reactivity; most likely due to an
enhanced solubiliztng effect of the mixed solvent on the Li film. PC was found - -

to be a beneficial solvent in that respect.
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We studied the lithium-solvent reaction for many combinations of

organic solvents using the exotherm initiation temperature as a measure

of the reactivity of lithium with the assorted solvents . We discovered a

new solvent additive, acetic anhydrid e, to be effective in protecting lithium

from reaction with acetionile. Also effective in the role of additives (small

amounts) were propylene carbonate and Y —butyrolactone, two familiar non-

aqueous electrolyte solvents. Of interest as ~na~or solvent constituents (with-

out AN) were propylene carbonate , butyrolactone, methyl formate and the ethers

discussed above.

The conductivity mea surements of 
~°2 

electrolytes with prospective

organic solvents showed that severai of these electrolytes had conductivities

equal to or better than the standard SO2 electrolyte which used acetonitrile as
the exclusive organic solvent. Based on both the DTA results and the conductivity

studies we recommended six specific electrolyte systems for further evaluations

in practical cells in order to determine the performance , storability and safety

of the LI/SO2 batteries using the above electrolytes. Two of these electrolytes

contain no AN , the reactive component of the electrolyte. All of these recommended

electrolytes possess equivalent or superior conductivity to that of the sLidard

electrolyte containing AN.
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TABLE 1
List of Possible Chemicals Present in- Li/SO9 Batteries at the Various

Stages and Types of Use an~ Abuse

(a) Starting Materials
1. u 8. Acrylonitrile
2. 

~°2 S. Acetamide
3. Carbon black 10. Propylene
4. Teflon 11. Li2 CO3
5. Aluminum 12. LI3N
6. Nickel plated cold rolled steel: 13. Li20Ni,Fe
7. Polypropylene (c) Chemicals Generated
8. LiBr 1. Li~SO~
9.  Acetonitrile - 2. Br2

10. Propylene carbonate 3. Li2 SO3
11. LIAsF6 4. S
12. Methyl formate 5. S~Br2
13. Other prospective organic solvents 6. SQBr 2such as TIf F Y -BL , DME S 7. Undefined polymersDioxolane , etc • of AN, PC
14. Tantalum 

8 L i 2S2O4
9. CH(b) Possible Impurities 4

1. H O  10. CS22 
- 11. H S2. Mg 2

3. Na 12. CO2

4. L1OH 13. LICN

5. Propylene glycol
6. CH 3COOH

7. Ni , Fe , Ta salts , heavy trace
metals
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TABLE 2

Summary of DTA Results of the Various Chemicals
And Their Combinations From Table 1; Heating Rate 5 °C/minut e

Chemicals Program Temperature of Transitions °C
Exothermic Endothermic

1. Li —— 188
2. Carbon -- --
3. Celgard (Porous Polypropylene) -- 156
4. Acetonitrile (AN) - - - -
5. Propylene Carbonate (PC) -- --
6. Teflon powder -- 245
7. Sulfur - —— 112 , 120

8. Na2S2O4 (sodium dithionite) 91 , 125 ,211 ,284 ——
9. LiBr —— ——
10. Li+Celgard —— 152 , 191

11. L i + L i B r 124 188

12. Li + Teflon powder 279 191
13. Li + S02 —— 192

14. Li + AN 89 , 149 --
15. Li + PC 264 , 306 189

16. Li + AN/PC (50:50) 180 , 226 ——
17. Li + AN/PC (95:5) -—

18. L l+ SO~’AN/LiBr (40:40 :20) 182 , 211 — —
19. Cathode mix from discharged 179 --

cell

20. Above after exposure to air 64 , 159 , 210 --
21. Cathode mix from a reversed 58 , 177 , 237 --

(force—dischargec~ cell

22.  Li+Carbon +N a 2S2O4 198 , 292 184

23. Li+S 160 110, 121

- t 24. Li + U2S03 (as received) 126 , 151 , 190 187
- ;  25. Li + Li2SO3 (dried) —— 189 - -

26.  L i +A l  188 281 , 346

27. L1A1 alloy + AN 157 , 327 --
28. LiAl elloy+S &Q.4.. 298 --
29. Al + A N  -- --

- --
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TABLE 2 (continued)

Chemicals Program Temperature of 1~ans it tons °C
Exothermic Endothermic

30. A l + S  --
31. LIAI alloy + -- --
32. LiAI alloy + AN/SO2 (75 :25) !~4. 345

F - 33. PC+ 
~~2 68,!~.Q.,200,247 ——

34. Na~S2O~ + BI
~2 .JA~,204 ——

35. + AN/S02/LiBr (40:40:20) 119,173 ——
36. CH4 + B r2 324 ——

• 37. L I + C H ,~ —— 191

38. Li+ Dlglyme 187,280 ,374 — —
39. Li+ AN/PC (95:5) 1Q.~ --
40. Li+ AN/PC (80 :20) - 86, 114 , 148, 190 — —
41. Li + DME 432 188
42 U + AN /D ME (95:5) ~Q. --
43. Li+ AN/MF (95 :5) --

- ‘  44 . Li + AN/Mr (80:20) ~~ --
- 

45. Li + AN/MF (50:50) 148 ——
46. Ll+AN/ THF (95:5) 34 —-
47 . L i + TH F  —— 188
48. L i + M F  184,318 ——
49. Li+ Mr/PC (50:50) 184 , 325 ——
50. Li + A N + N apthalene -

51. L i+L iAs F6 282 190 , 269

52. U + LIAS F6 + AN 189 - -
53. Li +S

2
Br~ 362 ,386 ,400 ——
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TABLE 3

The Activation Energy and the Frequency Factor of Various Li-

Organic Solvent Heterogeneous Reactions Determined by Isothermal DTA

Method .

Activation
Energy 

-l Fre~~ency
Reactions K.Cal Mole Factor

1. Li + AN 13.1*0.5 8.3

2. Lt (freshly cut)+AN 10.3±0.3 7.1

3. Li+ 0.3 2 M UBr , AN 5.9 ± 0 . 6  4.3

4. U +  PC 2 2 . 3 ± 3 . 2  9.8

5. Li + AN/PC (95/5) 15.0 ± 0.6 8.8

6. Li+AN/PC (80/20) 11.1±0.6 6.6

7. Li+ AN/PC (50/50) ( 21. 7 ± 2.5 10.8
U12.9±22.6 56.8

8. U +  AN/SO2 
(97/3) 12.5 ± 2.1 7.0

9. L i + M F  42. 7 ± 5 . 2  16. 7

10. Li + AN/DME(95/5) 5.9±0.5 3.9

11. Li + AN/DME (80/20) 9.1 ± 0.9 6.4

12. Li+AN/DG (95/5) 9.5±0.3 6.6

13. Ll+AN/DG (80/20) 10.2±0.6 7.2

14. Lt + A N / T HF (95/5) 9 . 6 ± 0 . 8  6.6
15. Li+ AN/THF(80/20) 

- 

8.6± 1.0 6.2

16. Li+AN/BL(95/5) 16.2±1.1 9.4
17. Li+ AN/BL (80/20) 28.1 * 2.8 16.3
18. Li+ BL 413.5 ± 1.3 6.9

c65.6±7.8 32.1
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TABLE 4
Solvent and Mdttive Search for System to
Protect Lithium in- SO Cells . DTA @ 5 OC/min
O 00029g Li + 20~d oi2lndicated Solution .

ITEM NO. SOLUTION INITIATION TEMP.

1 AN RT-50°C
2 AN/DME (95/5) RT
3 AN/carbon tetrachiorlde (95/5) RT
4 AN/diglyme (95/5) 25°C

- 
-i 5 AN/THF (95/5) 26

6 A N/bromobenzene (95/5) 33

7 AN/pyridlne (95/5) 37

8 AN/allyl alcohol (95/5) 38

9 AN/dtethylamine (95/5) 42
10 AN/diethyl carbonate (9 5/5) 42
11 

- 
AN/butyl acetate (95/5) 43

12 AN/acetamide (.004 3 g/ml) 44
13 AN/Triton surfactant , .5% 45
14 

- AN/dioxolane (9 5/5) 46
15 AN/oleic acid (95/5) 47
16 AN/benzaldehyde (9 5/5) 47
17 AN/methanol (95/5) 49
18 AN/acrylonitrile (95/5) 52
19 AN/ethyl acetate (95/5) 55
20 AN/dt-tert butyl dicarbonate 55

21 AN/N, N , -dimethyl formamide (95/5) 58
22 AN/acetone (9 5/5 ) 60
23 AN/methyl ethyl ketone (9 5/5) 62
24 AN/dimethyl sulfoxide (95/5) 63
25 AN/ethylene glycol (95/5) 64
26 AN/naphthalene (.015g/ml ) 67
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TABLE 4 (continued)

ITEM NO. SOLUTION INITIATION TEMP .

27 AN/MF (95/5) 71
28 AN/PC (95/5) 96
29 AN/BL (95/5) 98
30 AN/acetic anhydrtde (9 5/5) 107
31 AN/BL (80/20) 130
32 AN/MF (50/50) 140
33 BL 168

~1 34 MF/PC (50/50) 171
35 MF 173
36 PC 244

37 DME 425

38 AN/PC/methanol (86/9/5) 48
39 AN/BI/methanol (86/9/5) 63
40 AN/DME/acettc anhydride (90/5/5) 92
41 AN/PC/acetic anhydride (90/5/5) 101
42 AN/PC/DME (90/5/5) 104
43 AN/BI/acetic anhydride (90/5/5) 111
44 AN/PC/BL (90/5/5) 111

NOTE: PC, BL and dioxolane were distilled
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TABLE 5

ELECTROLYTE COMPOSITIONS FOR CONDUCTiVITY STUDY

- 
Electrolyte # Solute Solvents (Solvent Ratio) 802

- 

1A LIBr 6.1% AN 18.0% , AA 2.8% (90/10) 73.2%
lB Li& 5.8 AN 20.9, AA3.2 (90/10) 70.1

- 2 UBr 5.9 AN 20.8, PC 3.6 (90/10) 69.7

3 LiBr 6.3 AN 24.5 69.2
3A Li& 6.2 AN 24. 3 69.5

- 

4 LLTh~ 5.9 AN 21.0, BL 3.4 (90/10) 69.7

5 LiBr 5.2 PC 31.3 63.5

-~ 6 UBr 5.7 THF 25.l 69.2
7 LiBr 5.7 - AN 19.1, PC 3.5, DME 1.2 70,5

- (85/10/5)
8 LtBr 5.7 DME 24.8 69.5 - 

-

9 Li& 5.3 8L3 0.0 64.7
- 10 LiBr 5.3 MF 13.0, PC 16.1 (50/50) 65.6

- 
11 Li& 5.7 AN 11.1, MF I3.8 (50/50) 69.4
12 LIBr 5.7 AN 20.3 , PC 1.7 BL 1.6 70.6

(90/5/5)
13 LiBr 5.4 PC 16.3, DME 11.7 (50/50) 66.7

- 
14 Li& 5.7 8L 16.l, DME 12.3 (50/50) 66.0

- - 

15 Li& 5.8 AN19.2 , PC 3.5 , MeOH 1.1 70.4
(85/10/5) -

- 16 LIBr 5.7 AN 19.2 , BL 3 .2 , DME1 .2 70.6
- (85/10/5) 
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TABLE 6

Conductivity of SO2 Electrolytes in- Order of Higher to

Lower Conducttvittes . 
~~°2 

and LiBr were common to all) .

Electrolyte No. Solvents Notes

2 AN/PC (90/10)

1A AN/AA (90/10)

15 AN/PC/MeOH (85/10/5)

16 AN/BI./DME (85/10/5) Conductivity

11 AN/MF (50/50) Acceptable

12 AN/PC/BL (90/5/5)

lB AN/AA (90/10)

13 PC/DME (50/50)

3 AN 
2 

Standard

3A AN 3 Electrolyte

14 BI,/DME (50/50)

9 BL Marg inal

5 PC 1’
10 MF/PC (50/50) Conductivity

7 AN/PC/DME (85/10/5) Too

8 DME Low

6 THF

4 AN/BL (90/10)
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Figure 61. Specific Coriducta r~ce vs. Temperature for SC2 Electro1yte~ ,
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Figure 68. Specific Conductance vs. Temperature
Electroltyes 9 and 10.
Electrolyte 9: Lift , BL, 302 and
Electrolyte 10: LiSr, PC, 302
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Electroltyes 11 and 12.
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