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I. INT RODUCTION
• 

The Lithiwn—Thionyl chlorid e inorganic electrolyte system Is one
of the highest energy dens ity systems known to date ( 1—4) . It comprises a
Li anode , a carbon cathode and a LiAlCl4—SOCI2 electrolyte . SOC12 acts
both as a solvent and as a depolarizer . We carried out a systematic investi-
gation of the system over the last severa l years in an effo rt to define the
intrinsic performance capabilities as well as the intrinsic limitations of the
system . Our basic approach has been twofold: (a) optimization of the system
for the realization of the maximum possible energ y density in a commerc ially
viable structure (hermetic D cell) , and (b) identification and definition of

• the problems associated with the system , and the development of approaches
to their solution .

• The original objective of this program was to develop a D cell which
is storable and operable in the temperature ranges of —40 to 160°F and is
capable of delivering in excess of 150 WHr/lb at the thirty hour rate and
peak power density of 50 watts/ lb. We showed at the early sta ges of our
program that all the above obj ectives are easily met by the hermetic Li/SOC!2

• ‘

1 
• 

D cells developed by us . However , we found that the system suffered from
two inherent deficiencies:

(a) Voltage—delay, particularly after storage at high temperature and
test at low temperature, and

(b) Chemical Instability , particularly on shorting a r.d forced as well
as on resistive load overdischarg e. -•

We studied the voltage—delay problem in sufficient deta il to define the under—
lying causes of the problem . We found that the build—up of a pass ivating Lid!
ftlm as a result of the reaction between Li and the LIAIC14—SOC 12 electrolyte
caused the LI anode to polarize instantaneously on load . The subsequent
recovery occurs as a result of mechanical rupture of the LICI film caused by

• the anodic dissolution of Li underneath the film through pin holes • We de-
veloped a technique for examining the morphology and the thickness of the
Lid film using Scanning Electron Microscope . We used this method to in-
vestigate the Li film build—up in the inorganic electrolyte containing various
additives and various LiAlCl4 concentrations . We reported some of this work =

• in the 8th and the 9th quarterly reports (10 , 11) , We continued this work during
the last quarter. The latest results are reported here .

The chemica l instability resulted in an explos ion hazard that we in— -

vestigated in a pheriomenolog ical manner (4— 8) . First we established the
conditions under which the hermetic Li/50C12 D cells may explode . Then we

-• • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ‘ —  ‘ -
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• attempted to develop ways and means to prevent the explosion . For example ,
we found that a lowering of rate capability- may not necessarily prevent cell

- • explosion as long as the cell could get hot enough by other extraneous cir-
cumstances such as high temperature storage, heavy insulation of the cell
wall and so on. We found that low pressure venting is an effective way for
preventing cell explosion on externa l short . However , this approach was
ineffective in preventing explosion from forced and/or resistive over discha rge .
The fact that some of the cells explode on resistive load over discharg e is

• particularly unsettling since it is neither predictable nor easily comprehensible
based on the present state of knowledge about the system . All the known
batteries including Li/SO2 , render themselves harmless from thermal runawa y
after all the energy has been drained by prolonged resistive load overdischarge.
However , this appears not to be the case with this system . A completely dis-
charged battery , while sitting on the shelf at 25°C, may explode quite un-
expectedly. This is particularly problematic since it is impossible to prevent

- 
resistive load overdischarge and/or storage of partially and/or completely dis-• charged battery in normal use. We believe that this problem needs to be solved
before the field use of the system can be recommended .

In seeking a solution to this problem, we believe it will be useful to
study the chemistry of the system , particularly the thermochemistry of the
discharged and partially discharged system . We have assembled apparatus

• , for carrying out Differential Thermal Analyses (DTA) of the chemical compounds
• 

and their mixtures tha t may be present in a partially discharged Li/Sod 2 cell .
The obj ect was to identify any exothermic combinations that m ight Initiate

• or propagate an explos ive reaction . Once these are identified , one may then
attempt either to elim inate the reactants , if possible , or one may render them
ina ctive by various means . The details of the DTA experiments and some -

initial results are reported here ,

I
- - 

•
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II. 
• 

SEM STU DIES OF THE LI ANOD E FILM IN THE INORGA N IC
• ELECTROLYTE

We established (2) tha t the voltage—delay of the Li/SOC!2 cells
was caused by the Li anode f ilm formed due to the reaction of Li with the
inorganic electrolyte . Therefore , we focussed our attention on the study of
the Li anode film itself . We mounted Li specimens on stainless steel SEM
specimen holders and stored them in the inorganic electrolytes containing
various additives and various salt concentrations at 72°, 550 and 25°C
for various period s of time . Then we exam ined the Li anode film using
SEM in oxder to determine the morphology and the thickness of the film .
We established earlier tha t both the morphology and the thickness of the
Li anode film affects the voltage—dela y (2) . We also established (2) tha t
the film is primarily composed of Lid crystals . Our main obje ctive for
this part of the investigation was to establish whether or not the electrolyte

• variables such as salt concentra tions and additives could affect either the
• morphology or the thickness of the Li anode film . The experimental deta ils

and the results reported in the 8th and 9th quarterly reports (10 , 11) showed
that the answer to the abov e question is definitely yes . We displa yed the
SEM photographs of the Li anode film formed at the various tempera tures
in the various inorganic electrolytes in the previous reports in order to

• demonstrate the morphology of the film • We showed tha t addition of 802definitely altered the morphology of the film , We continued the storage of
• 

• LI specimens in the inorganic electrolytes with SO2 for longer durations .
We now have SEM data after 99 days of storage . The SEM photographs will

• 

• 
be shown in this report .

We continued the storage of the Li specimens in the following
electrolytes:

1 • 0,5 (M) LI.A1C14—50C12
2. 0.25 (M) LIA ICI4—SOC 12

• 3. 1.0 (M) LI.AICI4—SOC12 + 1 gm AIC13/100 ml of electrolyte
4 . 1.0 (M) LiAldl4—SOC12 + 10 gm A1C13/100 ml of electrolyte
5. 1.0 (M) LIAICI4—5OCl2 + 0. 01 gm H20/100 ml of electrolyte
6. 1.0 (M) L1A1CI4—SOCI2 + 0 .1 gm H2O/100 ml of electrolyte
7 . 1.0 (M) LIAICI4—50c12 + 10 gm S2Cl2/iOO ml of electrolyte
8. 1.0 (M) LIAIC14—50C12 + 17 .3 gin 802/100 ml of electrolyte ,

We obtained SEM data in regard to the morphology and the thickness
of the anode film after as long as 170 days of storage in some Of the above
electrolytes. We found no cha nge In the morphology of the film as a result
of the longer storage. Only the thickness of the film and the size of the
crystals increased . Therefore , in this report we will examine the rate of
film growth in the various electrolytes ra ther than the morphology of the

- 
; LiC1 film .

3

“I ’ 
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A.  Rate of Film Growth in 0 .5 (M) LiAlCl4—SOC 12 and 0. 25 (M)
LIA1C14—SOC 12 Electrolytes

The thickness of the Li anode film was measured by making a
cross section of the Li specimen and by looking at the cross section with

• SEM . The smearing of the boundary between the Li meta l and the LIC1 film
Is a major problem in the accurate determination of the film thickness.
Furth ermore , film thickness was not uniform throughout the specimen . For
these reasons the absolute values of the average film thickness reported here
are not as dependable as the general trend s of the film thickness with time and
temperature . Although we have not yet established a quantitative relationship
between the film thickness and the voltage—delay , the general trend is clear;
both the voltage—delay and the film thickness increase with time and temperature
of storage . Tnerefore , Lor a given film morphology, the film growth rate is
indicative of the voltage—th~lay characteristics of the Li anode in any particular

• electrolyte.

The Li anode film growth rates were obtained by plotting the
film thickness as a function of time of storage In the various electrolytes at

• the various temperatures . The Li film growth curves in 0 .5 (M) and 0 .25 (M)
L IA 1C14—SOCI 2 electrolytes at 72° , 55° and 25°C are shown in Fig . 1 • The

• • film thicknessgrows with storage duration , and the growth rates increase
with an Increase in the storage temperature. We also find that the film growth
rates are significa ntly higher in the 0.5 (M) electrolyte compared to that in the

• 0, 25 (M) LiAlCl4—SOC12 electrolyte at all three temperatures . We made this
observation in the 8th quarterly report (10) based on storage durations of 28
days . The extended storage data available now for storage durations of 155
days confirm our earlier conclusion that the Li film growth can be reduced
significantly by reducing the salt concentration .

Another feature of the film growth curves which are apparent
from the extended storage data is that the film thickness approaches an asymp-
totic value of approximately 200 microns . These are very thick films • It should
also be noted that the leveling off occurs faster with the higher temperature of

• storage and the higher salt concentration . It Is particularly important to note
that the steady growth of the film continues for as long as 155 days at storage
temperatures of 55°C. This continuing growth of the “protective ” film may
ind icate its porous and imperfect na ture which allows the chem ical and/or
electrochemical reactions responsible for the film growth to continue .

It is also noteworthy , that the increase in the thickness of the
film corresponds closely with the increase in the size of the Lid crystals , in
a direction parallel to the Li surface. This is visible in Fig. 2 which shows
the photographs of the Li surface at a magnification of 1000 after 8 , 28 , 133

4

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •• • ••
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and 152 days of storage at 72°C in a 0.5 (M) LiAlCl4 ’SOC12 electrolyte
corresponding to the points shown in Fig . 1 for the film growth curve , Note
that the average crystal sizes increase rapidly a~ firs t and then level off with
the increased storage duration , very much like the film thickness itself .

B. Rate of Film Growth in 1 (M) LIAICI4 ’SOCI 2 Electrolyte With
AlCl3 Additiv e

• We used two levels of MCI3, 1% and 10%. The Li samples were
• completely consumed in the electrolyte with 10% A1C13 after 75 days at 72°

and 55°C • We did not have sufficient data point in tha t solution to obtain
the ra te of film growth. The rate of film growth in the 1% Aid 3 electrolyte
solutions is similar to that observed earlier. We obtained sufficient data at

• 72° C and these are presented in Fig . 3 , Note that the L1C1 film grows rapidly
• at firs t and then more slowly. Both the morphology and the film growth rates

are similar to those in the 0.5 (M) electrolyte without any AlCl3 add itive . The
I: film thickness again approaches an asympto t4c value of about 200 microns

This constitutes a majo r portion of the Li since the original thickness of the
Li substrate was 381 microns.

It is noteworthy that 10% AlCl3 is extremely deleterious to the
Li compared to 1% MCI3. In 10% A1CI3, presumably, the Li reacts continuously

• and at a more rapid rate until all the Li is consumed . We may postulate that the
• 

~
- 

- 
A1C13 complexes with the solid LiCI film

LiCl + A id 3 ~~ L1AICI4 (1)

and dissolves it as LiAIC14, thus diminishing the protection afforded by the
film itself.

= C • Rate of Film Growth in 1 (M) LLA 1CI4—SOC12 Electrolyte With
Added H2O

We added 0,01 and 01% H20 in the electrolyte to study its
effect on the film growth . The growth rates were measured at 72° , 550 and
25°C as before . The growth rate curves for both 0.01 and 0.1% H20 solution
at 72°C are shown in Fig . 4 . The growth rate cut yes at 55°C and 25°C are
shown in Fig . 5. There appea rs to be no d ifference in the Li film growth in
the above solutions at all the temperatures of storage . We showed in the 9th
quarterly report (11) that the morphology of the film was identical in both the
!solutions . However , the film growth rate curves shown in Fig . 4 and 5 indicates
that film con tinues to grow even after 100 days at 72°C without completely
leveling off . We do not know the significance of this as yet , since the film
thickness is just about 200 mIcrons . This is the thickness at which the Li

• 5
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• film -of prev ious samples in 0 .5 (M) electrolytes and 1% MCI3 electrolytes
= leveled off . The rate of film growth wIth 0.01 and 0. 1% H20 appears to be

somewhat less than that in the other two solutions .

D. Rate of Film Growth in 1 (M) LtAlCl4—SOC 12 Electrolyte With
S2C12 Additive

We used 10% S2C12 in 1 (M) LIA1C14—SOCI2 to study its effect
on the Li f ilm growth. The film growth curves at 72° , 55° and 25°C are shown
in Fig. 6. The growth rates are similar to those in the electrolytes with H2O.
Again, the available data do not indicate any cessation of the film growth ,
particularly at 72°C where the film with a thickness of 200 microns is still
growing after 98 days. We showed earlier (11) that the film morphology was
sim ilar to that in the electrolytes with H2O. It is reasonable to concludethat 10% S2Cl2 does not cause any appreciable change in either the rate of
film growth or the morphology relative to 0 .01 or 0 • 1% H2O in the electrolyte .

• E. Film Growth in 1 (M) LIA1C14—SOCI2 Electrolyte With
S02 Additive

We investigated the effect of 17.3% SO2 in the 1 (M) L1A1CI4—
• SOCI2 electrolyte on the Li film growth . We found that the morphology of the

LiCl film was significantly altered in this solution . We showed some of the
SEM photographs in tha 9th quarterly report (11) . The LiCl crystals appeared

• 

- to grow with a preferred orientation . We found this characteristic on Li samples
stored at 72°C for 8 and 15 days . We now have data for the storage at 55° C
and 25°C. The SEM photographs of the Li surface after 35 days at 55°C are
shown In Fig . 7. Again , the ordered growth of the Lid crystals are vis ible .
The SEM photographs of L1C1 films after 99 days of storage at 55°C are shown in
Fig . 8 , The epitaxial growth of LtCl crystals pers ists . The SEM photograph
of the Li film after 97 days at 25° C, Fig . 9 , displays the same orientattona l
feature , The data available to date clearly establish that the 17 .3% SO~, In
the 1 CM) LIA1CI4—SOC12 electrolyte cause the LICI film morphology to ch ange
from a random type of growth to a more orderly type of growth with a preferred
orientation .

• 

The LiCl film growth curves in the electrolytes with the 802
additive at 72° , 55° a rxi 25°C are shown in Fig. 10. The film growth characten-
Istics appear to be similar to that in the 0.5 (M) electrolyte. At 72°, the film
grows rapidly at first and then tend s to level off at a film thickness somewhat
less than 200 microns. We do not know whether this is significant . With

4 the SO2 additive , the changes in morphology appears to be more dramatic
than the change in the film growth rates .

6
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F • Conclus ion

1: The determination of the LI film thickness by the SEM method
was successful although it may be desirable to improve on the accuracy of

• the method . It w~g possible to estimate the growth rates of LiCl film on the
Li in the inorganic electrolytes with various additives . The salt concentra—
tion affected the rate of LiCl film growth significa ntly . Lower rates were
obtained at lower salt concentration . The presence of AICI3 enhanced the

p 
• Li film build—up particularly at a concentration of 10%. 802, on the other

hand affected the morphology of the Lid film rather tha n the growth rate . A
more ordered UCI crystal growth was observed in the presence of 802.

A detailed analysts will be performed when all the planned da ta
have been collected . Also , attempts will be made to correlate the voltage

- delay with the L1C1 film parameters. -
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III . DIFFERENTIAL THERMA L ANA LYSIS OF Li/Sod 2 CE LL REA CTION

PRODUCTS

— A. Experimental

We have assembled appa ratus for carrying out DTA analysis
• ~I of the cell reaction products in an effort to Identify the chem Ical constituents

which could lead to the exotherm ic reaction necessary for a thermal runaway.
A temperature programmer (Fisher Model 360) was used to hea t the samples

- linearly with time . A special furnace was designed and built for this purpose
: because of the corrosive nature of the chemicals (sod 2) that we pla nned to

•
- test. A schematic view of the furnace is shown In Fig . 11. We also designed

a sample container in which the corrosive liquid chemicals such as SOCI2 could
be kept In a hermetically sealed state while keeping the thermocouple wires
in contact with the chemicals. A schematic view of the sample containers
is shown in Fig . 12. A bla nk conta iner filled with alum ina powder was used
as a reference for the measurement of the differential temperatures. A two

- chann el potentiometric strip cha rt recorder was used for the simultaneous
measurement of sample temperature and the differential temperature of the

• chemicals present In the sample container . The samples were heated at the
10°C/m t rate to temperatures of 300°C. The different ial temperatures were
shown in terms of the thermocouple roadin~s in the thermograms .

- 
After setting up the appa ratus , we checked the reproductbility

of our measurements by runnin g the samples in duplicate . Initially we started
with single chemicals such as SOd 2, cathode mix (carbon) S , Li . Next we

- obtained the thermograms of the mixture . The prelimina ry results are discussed
below .

B. Results and Discussion

(a) Thermograms of SOCI2

• The first DTA thermogram with 0 ,2 ml SOCI2 alone in the
sealed sample container is shown in Fig . 13. Note that the thermogram peaks
are endothermic most likely corresponding to boiling and the thermal decompo—
sition of SOd 2. The second thermogram with the same amount of SOd 2 is -~

shown in Fig . 14 . The results appear to be quite reproducible . In one case ,
the sample container exploded after the completion of the run . The explos ion
point coincided with a sharp endothermic peak in the thermogram . This type

~i4 • of explosion can be described as a typical pressure bursts instead of a thermal—
runaway. It appears that it might be possible to distinguish between these two
types of explosions by the DTA mea surements .

(b) Thermograms of Carbon Cat hod e Mix

DTA thermogram of 0.0281 gm of cathode mix is shown in

L 
Fig . 15. The thermogram consists primarily of endotherms. These represent

8
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dehyd ration and desorptiori of adsorbed materials present in the high
-

• surface area cathode mix consisting of Shawintgan Black and Teflon .
• The gradual drifts in the thermograms usually reflect the d ifference be-

tween the thermal conduction of the reference materia l and the sample
• 

• chemicals , These are of little consequence . The sharp peaks reflect
phys ico— chem ical transitions of the samples .

(c) Thermograms oi Sulfur

DTA thermograms of 0.0467 gm of sulfur Is shown In
- Fig, 16. The exothermic transitions are quite untypica l of elemental• sulfur. These most likely ind icate a chemical reaction between the S

- 
-i and the chromel—aluminal thermocouple wires • We repeated the DTA run

- = with a large sample (0 .1429 gm) of sulfur . The thermogram is shown I n
-
~ 

• 

- 
Fig . 17 . The exotherms are quite accentuated in this thermogram . The =

- visual examination of the thermocouple wires after the DTA run revealed
extensive chem ical attack by S. In fact the chromel—alum inal thermocouples
broke off at the end of the run , It appears that the sample containers need
to be modified for running DTA analysis of chemically reactive materials

• such as S.

I - (d) Thermogram of Li

• The DTA thermogram of 0,0327 gm of Li is shown in
- Fig, 18. The thermogram consists only of exotherms . A sharp exothenn tc• j ump at 195°C which Is near the melting point of Li is particularly interesting .

This is associated with a mild form of explos ion , We repeated the run us ing
0.0352 gm of Li again. The thermogram is shown In Fig. 19. The sharp

1- exothermic jump was again observed at 200°C. The examination of the sample
I contatner~ after the run revealed tha t the glass container reacted with Li and

was disintegrated due to exothermic reaction between Li and gla ss. With
the knowledge that In Li/SOCI2 D cells, Li remains in contact with the glass
separator at all times , this observation indicates one of the possible exo—
therm ic reactions contributing to the thermal runaway .

(e) Thermogram of S + Cathode Mix

- i The thermogram of the mixture of 0.0653 gm of sulfur and
0.0165 gm of cathode mix is shown in Fig . 20. The endotherms are very 

- •I - sim ilar to that in the thermogram of the carbon cathode mix alone . Note
I ~ that there are no exothermic peaks which were observed in the thermograms
I 

- • of S alone . This may ind icate the lack of reactivity of S with the cathode
F. • mix . Also the presence of cathode mix may have helped to prevent the sulfur

from attacking the thermocouple wires . It may be concluded that the above
mix ture by itself does not contribute to the thermal runawa y of the Li/Sod 2 

-

- 
batteries .
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(I) Therm o~r~ms of Li + SOC12

The thermogram of the m ixture of 0.0256 gm of Lt and 0, 1 ml
of SOC!2 is shown in Fig . 21. It consists of two short exotherms followed by
a very sharp one at a temperature slightly above the melting point of Li . This
exotherm resulted in a minor explosion . This Is expected in view of the thermo—
dynamics . The rapid exothermic reactthn between molten LI. and SOCI2 certainly

= contributes to the thermal runaway of the Li/Sod 2 batteries • However, this
does not explain why the thermal runaways occur at temperatures lower than
the melting point of Li .

(g) Thermogram of Li + S

The thermogram of the mixture of 0.0135 gm of Li and 0. 0680 gm
of S is shown in Fig. 22. Here again, the thermogram shows two small exotherms
followed by a ver y large one which leads to a small explosion . It is particularly
interesting to note tha t the tem~~ rature (178° C) at which this exotherm occurs
is substantially lower than the temperatures (195—210°C) at which the Li + SOd 2
combinations showed exothermic explosion , The results do ind icate that the

• 
- presence of sulfur may indeed lower the temperature at which a thermal runaway

• 

- 
could start .

C. Conclusion

The DTA analysis of the chemicals and their combinations
present in Li/SOC12 cells has been shown to be useful in distinguishing be-
tween pressure bursts and the thermal runaways • The limited data obtained
to date demonstrate the efficacy of the method in establishing the potentially
unstable chemical combinations that may be present in Li/S0C12 cells .
Hence , it provides a systematic means of studying the cell explosion
phenomenon .

I,
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lv. CONCLUSION AND FUTURE WORK

The SEM studies carried out so far , indicate that

(a) Reduction of salt concentration in the electrolyte results
in a lower rate of film growth.

(b) Addition of AId 3 enhances the rate of film growth without
altering the morphology , and

(c) Addition of SO2 causes a dramatic change in the morphology
of the LiCl film , the Lid! crystals grow with a preferred orientation (epitaxy) .

We plan to complete the SEM measurements , arid to evalua te the
- effect of the above electrolyte variables on the voltage—delay of the hermetic

Li/SOC!2 D cells , during the next quarter.
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Fig . 7 . SEM photographs of Li surface exposed to 1.0(M) LIAIC14—SOC12

+ 17.3% SO2 for 35 days at 55°C. (a) 1000X (b) 200X
Film Thickness: 75 microns
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Fig . 8. SEM photographs of Li surface exposed to 1.0(M) LLAICI4—SOCI2 -
-

+ 17.3% SO2 for 99 days at 55°C. (a) 1000X (b) 200X
Film Thickness: 100 microns -
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Fig . 9. SEM photograph of Li surface exposed to 1.0(M) LIA1CI4—SOC12 
-

+ 17 .3% S02 for 97 days at 25°C. (a) 1000X (b) 200X.
Film Thickness: 50 microns
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