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I . INTRODUCTION

In recent years there has been considerable research and develop-
men t on ambient temperature , high energy density Li cells . A particularly
promising system is based on SOC12 (1,2). Here, SOC12 serves as bo th a
solvent and depolarizer for the cell . These cells have delivered 100 Whr/
lb and 40 W/lb at the 2.5—hour rate and , as usual , higher energy densities
at lower discharge rates (3). According to one report (4) they can deliver
as much as 300 Whr/lb at low rates. Clearly this is a very promis ing system
with many applications where high energy densi ty and hi gh rate are required.

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

The objective of this program is to explore the causes and find solu—
• tions to the explosion hazards In the Li/SOC12 cells. Three types of

explosion have been reported: (1) cells explode on short circuit; (2) cells
explode on forced overdischarge ; ( 3) cells explode on resistive load over—
discharge. Clearly , any high ra te, high energy density system such as Li/SOd 2

• has the possibi li ty of a thermal runaway type of explosion. It is not sur-
prising that a hermetically sealed D—cell, which can deliver in excess of

• 20 amps, might explode when short circuited —— it just is not possible to
remove the waste heat. However, this problem appears to have been solved with
low pressure vents (100—300 psi) and with appropriate fuses incorporated into
the cell (5,6).

The other two types of exp losion are of greater concern . The forced
overdischarge situation may be experienced by a cell in a battery package .
Explosion on resistive load overdischarge implies that any completely dis-
charged cell still connected to a piece of equipment is a hazard. No clear
documentation of the explosion hazard on resistive load overdischarge is found
in the l i terature. Forced overdischarge explosions have been documented for
D—size (5) and C—size (7 , 8) Li/ SOC12 cells. This type of explosion , occurring
after cell—voltage reversal, takes place without prior temperature or pressure
rise and appears to be chemical in its origin. We have shown that forced over—
discharge explosions appear to occur only in anode limited cells (7,8).
Individual electrode potential measurements during discharge and overdischarge
showed that the anode was at ~ 4.OV for a considerable length of time prior
to an explosion. The nature of the explosion suggests the production of
sensitive chemicals by oxidation of SOC12 or other materials present in the
cell which could explode under certain conditions . Several questions remain
to be answered. They include (1) what is the effect of current density?

L —-.~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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( 2 )  What r o l e s  do cell  geometry  and cell size p lay?  (3)  What is the rnl~-
of the supporting electrolyte? ( What is the exp losive mate r ia l?  (5)
wha t  initiates the explosion and what is the mechanism of propaga tion?

During the first quarter of the present contract , our work centered
on de f in ing  more clearly the above ques t ions .  We have also examined ,
b r i e f l y ,  the  behavior of Li/SOd 2 cells on charging .

2
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II. FORCED O~~~RDISCHARGE BEHAVIOR OF Li/ SOC 12 CELLS

1. C—Size Cells

C—size LI/SOC12 cells with spirally wound electrodes were constructed
and specially instrumented for measuring individual elec trode po ten tials and
temperature . Special emphasis was placed on the conf igura tion of these cell s,
i.e., whether they were cathode or anode limited.

1.1 Experimental Procedures

All the experiments involving reagent handling and cell construction
were carried out in the absence of air and moisture in an argon atmosphere
using a Vacuum—Atmospheres Corporation dry box. Discharges and overdis—
charges of sealed cells were carried out galvanos tatically af ter enclosing
them in steel con tainers capable of withs tanding the force of an even tua ’
explosion.

• Cell Construction

C—cells were constructed using the typical parameters given
below:

C Cathode: 10” x 1.5” ; 0.024” thick. The cathode contained
1.70 ± 0.2g of the ca thode mix , comprising 85% Shawinigan carb on and 15%
Teflon , bonded on expanded Ni , 5Ni5—5/0.

LI Anode: 10” >< 1.5”; 0.017” thick Li foil pressed on expanded
Ni , 5Ni7—4/O.

In some cells , elec trode parame ters varied sligh tly from those given
above. These are approp riately indicated in the text .

Separator: 2” x 11.5” ; 0.005” thick , all—glass filter paper con-
taining 4% PVA binder (Mead Paper Specialty, Catalog No. 934—S).

Electrolyte: 12 ml l.8M LiA1C14/SOC 12. The electrolyte was
prepared as described below .

Cell Containers: Stainless steel (No. 316) can; height = 2.1” ,
OD = 1.00” .

3
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The l.i anode , the carbon ca thode  and the  glass f i l t e r  paper  separa tor
were wound into a tight roll such tha t the Li formed the outer layer of the-
roll. The roll was then introduced into the can which contained two layers
of the 5 mil thick separator at the bottom as an insulator. The cap served
as the negat ive terminal . The cell top consisted of a stainless steel plate
w i t h  a Vi ton  rubber  gasket .  The cell top was held t i g h t l y  in place b y t l r :Ided
steel bol ts  leading to a bottom pla te .  Compression spr ings  were used and
adj usted such as to allow cell venting above a pressure of 120 ps i .  The
posit ive lead connection was made through a Conax f eedth rough  a t t a ched  to
the top of the steel p l a t e .  A r e fe rence  electrode , cons i s t ing  of a piece of
Li foil attached to a nickel wire , was positioned on top of the cell package
before  sealing the cell .  The re fe rence  electrode lead was also taken throug h
the Conax f i t t i n g .  Temperature  measurements  were made wi th a c o p p er — c o n s t a n t an
thermocouple j unc t ion  placed e i ther  on the cell wall or at the cen te r  of the
electrode package .  In the  l a t t e r  case i t  was in t roduced  in to  the  cell  package
th roug h the  Conax f i t t i n g .  I t  was e l ec t r i ca l ly  insula ted  by Tef lon  tape or
Teflon shrink tube. A schematic of a fully sealed cell is shown in Figure 1.

• Elect ro lyte Preparation

Experiments were carried out using L1A1C14 and Li20/AlCl3 based
electrolytes. Lithium tetrachioroaluminate , LiA 1C 14, was ini tially sYnthe-
sized as the melt  and p u r i f i e d  by e lec t rolys is .  In this prepara t ion , 1 mol
of LiCl (Fisher L—12l), which was predried in vacuum (10—3 torr) at 400°C f or

~4 hr , and 1 mol of AlCl 3 (Fluka , puriss)  were melted together  in a Pyrex
container . The temperature  was mainta ined  at ~ l90 °C. The product  was li gh t
yellow. The melt was p u r i f i e d  by anodiz ing  a piece of pure Al (Ventron m5N
ingot) against an Al wire cathode . The anodization was continued for ~24 hr
at 4 mA/cm2 (40 mA). A t the end of electrolysis , the melt was water white.
The cooled melt was powdered with a mortar and pestle. The LiA1C14/SOC 12
e lec t ro ly te  of appropr ia t e  concent ra t ion  was prepared by d isso lv ing  the  sa l t
in SOC12 (Eastman Kodak , Catalog No. 246) at room t e m p e r a t u r e .

The e l ec t ro ly te  based on Li 2O/AlCl 3 (9)  was prepared  by s t i r r i n g
Li20 (ROC/RIC) with a so lu t ion  of A1C 13 in SOC12 a t  room tempera ture  for
more than 48 h r .  To ensure complete conversion of A1C13 into ionic species ,
the Li2 O and A1C13 were originally mixed in the ratio 1.25:2. The reaction
was followe d by IR spectr ometry  (Figure 2 ) .  At the end , the unreacted  L120
was filtered off.

1.2 Results and Discussion

1.2.1 Cathode Limited Cells

In a ca thode limi ted cell , the end of cell life is caused either by
blockage of the carbon cu r r en t  col lector  by d ischarge  p r o d u c t s  or by d e p l e t i o n

4 
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of the Sod 2 depolarizer. In either t v c n L , ~~t t i t i -  end of d i s i h a r g c  th ~
cathode potential changes towards and on overdischarge beyond the Li elec-
trode potential. During forced overdischarge , Li is plated onto and into
the carbon resulting in very small cell voltages, ~lOO mV. Detailed param-
eters of the various cells tested are shown in Table 1.

Cell C—7 was built with the thermocouple junction placed inside the
cell at the center of the elzctrode package . The junction was situated at
about the half—way mark of the full length of the electrode package . The
cell was discharged and overdischarged at 100 mA (0.66 mA/cm 2 of Li electrode
area). Voltage/time plots of the cell potential and the potential of the Li—
anode vs. a Li reference electrode and a plot of temperature vs. time are
shown in Figure 3. The discharge capacity of 4.2 Ah to zero volt corresponds
to a cathode u t i l ization of 2.74 Ah/g carbon and suggests that the end of
cell life occurred due to cathode blockage. The anode potential remained
close to zero volt during most of the discharge . However , towards the end
of discharge, as the cell voltage approached zero, there was a temporary
polarization of the anode to more positive potentials. This temporary anode
polarization probably reflects the inhomogeneous current distribution at the
end of the useful carbon elec trode l i f e  resul ting in high local curren t
densities at the Li electrode . The average current density corresponding
to the 100 mA discharge was 0.66 mA/cm 2 . The high overvoltages at both
electrodes in this transition region also result in increased heat genera-
tion leading to a temperature peak. The cell was overdlscharged also at
100 mA. The cell did not explode even after 10.5 Ah of overdischarge . The
total charge passed through the cell now was 15 An . The amount of Li and
SOC12 originally present was 8.18 Ah and 7.4 Ah respectively .

Cell C—2 was tested at 200 mA (1.32 mA/cm 2 of Li electrode area). Its
behavior during discharge and overdischarge (Figure 4) is similar to that of
cell C—7. The cell yielded 3.5 Ah capacity, equivalent to a cathode utiliza-
tion of 2.23 Ah/g carbon. The cell did not explode even after 25 Ah of
overdischarge. The results agree with our previous observation that cathode
limited cells can be forced overdischarged for long periods of time without
apparent problems. Furthermore , the data shows that the internal cell tempera—
ture remains close to ambient both during discharge and overdischarge .

• Post—Test Examination of Cathode Limited Cells

Post—test examination revealed that in all cathode limited cells ,
inspite of the long periods of overdischarge , some Li remained on the anode.
This and the low Li electrode polarization strongly suppor t shor t circui t ing
du to Li dendrites . Thus, during overdischarge the majority of the current
does not result in plating of Li onto the cathode.

7
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The ca rbon cathodes in these cells have become very brittle and
easily breakable . The electrode surface is covered , of ten non—uniformly ,
with discharge products , predominantly Lid . Cathodes from cells which
have been overdischarged for long periods of time have consistently shown
extreme moisture sensitivity, often catching fire in contact with water.
The handling and disposal of cathodes from overdischarged cathode limited
cells requires special care . The fire hazard of the cathode may be due to
the high surface area of Li plated onto it during overdischarge. It is
also possible that the majority of the plated Li is present as an intercalate
of carbon (10) and the form may be more sensitive (less easily passivated)
than Li foil itself.

1.2.2 Anode Limited Cells

In anode limited cells, the end of cell l i f e  is de termined by Li
electrode polarization. This can be either due to Li depletion or due to
loss of contact between Li and the Exmet grid. Cell C—l was discharged and
overdischarged at 100 mA (0.64 mA/cm2 of Li electrode area). The cell param-
eters are given in Table 2. The cell, shown in Figure 5, gave a capaci ty of
only 2.5 Ah, although the amount of Li originally present was 6.1 Ah. It
appears that the Li electrode prematurely polarized due to loss of contact of
Li with Exmet grid. The Li was pressed onto the grid at a pressure less than
50 psi. It may be noted that towards the end of discharge the cell voltage
showed fluctuations which were also reflected in the anode potentials. It
appears that the voltage fluctuations are related to the breaking and making
of contact of the Li foil with the anode Exmet grid. The cell was overdis—
charged also at 100 mA. The fluctuations of the anode potential continued
during overdischarge reaching occasionally a8V vs. Li+/Li. The cell exploded
at the 126th hr of test. The temperature , measured here a t the ex ternal cell
wall , increased sharply. There was no gradual increase in temperature prior
to the explosion . In fact the temperature decreased for several hours prior
to the explosion as a result of reduced cell polarization. The cell vent
opened as a result of the explosion. We found fused metal at the mouth of
the nickel can where this venting occurred indicating that the materials
which escaped during the venting were extremely hot. Post—test examination
revealed that the explosion damage was almost exclusively confined to the
anode. Large areas of the anode grid were missing whereas the cathode
remained intact. The explosion occurred in only the part of the cell opposite
to the location of the thermocouple. This accounts probably for the rela-
tively low peak temperature measured . The local temperatures in the cell
must have been much higher than this. The general character of this exp losion
closely resembled our earlier observations (7,8). However , this  was the
first time we encountered an explosion upon overdischarge of a C—cell at 100 mA.
All previous explosions occurred at 50 mA. Explosions appear to occur at
random. Other apparently identical test cells did not explode.

11



~~~~~~
- - • . --

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_ _ _ _ _ _  —~~~~~~~~

--

U)
00 4-4
1 4 5
5 0 ) — ’  0 0 0
.5 14 -s 0 0 0
Q I.4~~~ — (‘-4 —

..4 ()

—
0
— ‘-4

4 1<  C) I .5 —Zr —Zr -Zr
4.I .,-4 51<

N. N. N.
— So X  0
14 00
4_ I
U ,-4
U) —-.

— (N - --5’(ID a) — ‘-4 — (N (N (N
0 O E — — —0

a.: (ID
0

4_ i
(N

— a) 5 , -~~.0 — — (‘1
0 0 < .
0 0 6~~-’ ’--’ ‘C ‘C ‘C(ID 1 - 4 < 0

4_i
.4-4 c_i

4)
— -Ic
a) S

a) U)
H a

(N 
~ < —

‘C ‘C ,-4
a) ~- .5 — ~ ,JD LID ‘C,._i ,..) 4_I 5 Q  — — ,-4
~~ I .p

~ ~ J ~~~~—< a) .-~ 0
H 0 H .

0 0)z -a
05 .5

0 4~1
0 4 _ I . 5  Sa.4 5 1 - 4  0 0 (0) c_i

~~~~~S .- - ‘C ‘C LID(ID 0 0 0 0  . . . S
‘-.- — ‘—4 — C

a) < ‘4-i .0
H 0 14

(00) (.1-a
0 (0 00I-. 0) 5
4_I 14 .4-4o < —.  U
0_i —Zr 0-. 0

— .—4 E 00 00 N. ‘4-4
a) a) S C )  -I — —U ~ J ’ ~~o 0 0

O H  S

a --4
a
U o,

0 ) 5  1.4
00 0) 0
5 5, —. (N ‘C N. U-I
~~~~~~~~ N. ‘C ‘C

0 0 0 0)< . 5
H C)

U)
a
a
0
C-)

S
—4 — C~~ ‘C U)
— I I I a
II) U U U
0 -Ic

12

L•  --• - -- — - - - - - —-- - - —- . - —— --~~ -~~~~~~~~~~~ 
- -



-_ _  - -  —- 

— 

~
-i- .

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

. 

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

- - • -- - • -

TEll’.1 °C

JL..J~~~~~~~ 
-

~~~~~~~-

7 ~~~~~~~~~~~~

— 
II

I ‘
~~~~~~~~~~~~ . .  1-’I 0

—
U)

I I
1 0

I —

9)

.

L i  I I L I I t I  I I I I I

SflOA ‘1VIIN3IOd
13

__ - - -  



~~~~~~~~~~~~~~~~
- • - - -.~~~~~~~~~~~~~~~~~~~~~~~~

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

The test results of cell C—3 are shown in Figure 6. The parameters
for cell C—3 are given in Table 2. The cell was discharged at 200 mA (1.26
mA/cm 2 of Li electrode area). The cell capacity to zero volt was 3.5 Ah
which was equivalen t to a cathode capacity of 2.18 Ah/g carbon. As observed
previously for cell C—l , the anode potential showed fluctuations during the
end of discharge and during overdischarge . Although the cell was overdis—
charged for 122.5 hr (24.5 Ah) it did not explode. It may be noted that
the cell wall temperature remained close to ambient during the entire test.

Post—test examination revealed that some Li remained on the anode ;
but it was present in small pieces dis tribu ted in d i f f e r e n t par ts of the
Extuet grid .

The cell parameters of cell C—6 are given in Table 2 and the dis-
charge and overdischarge are depicted in Figure 7. In this cell temperature
was monitored with an internal thermocouple as in the cathode limited cell
discussed earlier. The cell was discharged and overdischarged at 100 mA
(0.62 mA/cm2 of Li electrode area). During the discharge the temperature
remained close to that of the ambient. As the cell potential approached
zero volt at the end of discharge the temperature gradually increased to
“~36°C and during overdischage it stabilized at 30°C.

The average internal temperature during overdischarge is slightly
higher than what was observed in the cathode limited cell tested earlier .
It is interesting that after ~a68 hr of tes t the anode po ten tial gradually
decreased and stabilized at values close to the Li potential resembling

• the behavior of cathode limited cell. During this part of the overdischarge
the tempera ture was close to the amb ien t.

Although the average internal temperature in anode limited cells
during overdischarge is slightly higher than in cathode limited cells , it
is not significantly different. The higher temperature is a reflection of
the different reactions occurring in anode limited cells when the anode
potentials are at values greater than 4V.

2. Small Prismatic Li/SOC12 Cells

The forced overdischarge behavior of small prismatic Li/SOC12 cells ,
which are about 1/5 the size of the C cells , was studied in both the cathode
and anode limited configurations .

2.1 Experimental Procedures

The prismatic Li/SOC12 cell comprised an elec trode package
assembled with alternating carbon and Li electrodes , each separated by a
5 mu fiber glass separator. A schematic of the electrode arrangement is

14
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is shown in Fi gure 8. The package was in t roduced into a r e c t a n g u l a r  glass
vial , 0.8 ~ 2 . 4  4 .0  cm and the glass vial was t i g h t l y  closed w i t h

• rectangular  coverplates in a manner similar to that in the C—cells. Except
• for the rectangular shape, the cell assembly resembles that of the C—cell

shown in Figure 1. The electrode connections were m e thr & ’ugh the Conax
fitting on the coverplate. A Li reference electrode was also placed in
each cell.

2.2 Results and Discussion

The various cells tested and their construct ion parameters are shown
in Table 3. Cell P— 4 , shown in Figure 9, is a cathode limited cell as evi-
denced by the Li electrode potentials which remained close to zero during
discharge and overdischarge. A temporary anode polarization at the end of
discharge was observed as in the case of the C—cells. The discharge current
of 36 mA corresponded to a current  density of 1 mA/cm 2 a f t e r  electrode area .
The discharge capacity of 880 mAh was equivalent to a cathode u t i l iza t ion  of
2.82 Ah/g carbon which is similar to that  found in the C—cel l s .  The cell was

• overdischarged for 120 hr (4 .32  Ah) wi thout  explosion . The tota l  charge
passed would be equivalent to >5e /SOC12. The result indicates that short
circuit occurs in forced overdischarge of prismatic Li/SOC12 as observed in
spirally wound cells. Forced overdischarge behavior of anode limited pris-
ma tic cells , P—5 and P—8 were also tested . The parameters for these cells
are shown in Table 3.

Cell P—5 , depic ted in Figure 10, gave a capac ity of 470 mAli. The
discharge was limited by Li depletion . The cathode utilization was equiva—
lent to 2.2 Ah/g carbon. The overdischarge proceeded with considerable
f luc tuat ions  in anode potentials reaching values as high as 9 .0V .  The

- behavior is similar to that found in C—cells. The cell did not explode
although it was overdischarged for 70 hr (1.68 Ah).

In cell P—8, shown in Figure 11, an amount of e lec t ro ly te  lower than
present In cell P—5 was used. The forced overdischarge behavior Is similar
to that of cell No. 5. The cell did not explode even after overdischarge
for 65 hr (1.6 Ah).

Cell P—18, shown in Figure 12 and tested in the flooded configuration
also behaved similar to cells P—5 and P—8. It also exhibited safe behavior
inspite of the long period of forced overdischarge .

In summary , none of the anode l imi ted  small p r i smat i c  cells tested
exploded . It appears that special conditions are required to bring about
an explosion. More tests with variations of all parameters including LiAlCl4
concen tra t ion , SOd 2 to carbon ratio and current density will have to be con-
duc ted.
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3. Analytical Studies

A mos t important step in unders tanding the chemistry of Li/SOC 12
cells and in avoiding potentially hazardous conditions is to identify the
various reaction products. During this quarter an attemp t was to Identify
reaction products by IR spectrometry * f rom LI/ SOd 2 cells a f t e r  forced
over discharge -

3. 1 Analysis of the SOC 12— or S2 C 12—Extract  from Overd ischarged
Li/SOd 2 Cells

Two anode limi ted cells , P—5 and C—6 after the overdischarge shown In
Figures 10 and 7 respectively, we re careful ly disassembled in the drybox and
the electrode package was extracted with SOd 2. The spectrum of the extract
from C—6 is shown In Figure 13. The spectrum shows the presence of SOC12
(1230 cur1, V1, S—O symmetric stretch) and SO2 (1335 cur’, V3, S—O asynunetric
stretch. There Is a new peak at 1070 cm~~- , not present either in Sod 2 or in
SOC12/L1A1C14. However , the peak at 1070 cur1 ha s been prev iously observed in C

the SOC12/LiAlCl4 electrolyte which had been stored at 70°C in con tac t wi th
Li (11). The nature of the compound giving rise to th is absorp tion has no t
been identified . The identical spectrum (see Fig. 13) was obtained from the
ext rac t from P—S , the anode limited prismatic cell.

In order to examine the po tential presence of new materials , masked
by the strongly absorbing SOC12 peak at 1230 cur1, the overdischarged pris-
matic cell P—8, shown In Figure 11, was ext racted wi th  S2C12 ** and the spec—
trum of the extract was recorded . The spectrum was identical to those from
P— 5 and C— 6.

The only product identifiable in the vapor phase infrared spectrum
of volatile materials from an anode limited C—cell during various stages of
overdischarge was SO2.

3.2 DIrect Analysis of the Electrolyte from Overdischarged
Li/SOC 12 Cells

In order to minimize any degradation of unstable compounds formed
during forced overdischarge, IR spectra were recorded of the electrolyte

*A1l spectra were obtained on a Beckman Acculab 5 dual beam spectrometer.
The instrument covers the range from 4000 cur’ to 375 cur 1. All the liquid
spectra were obtained with Beckma n TAC cells. These have AgC1 windows of
0.025 to 0.1 nun path length and can be sealed permanently.

**The S—Cl bonds absorb below 600 cm~~- .
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from an anode limited Li/SOC12 cell which had been tested in a slightl y
floaded configura t ion .* The cell Is shown in Figure 12 and the IR spec-
trum Is shown In Figure 14. This spectrum also shows the peak at 1070 cm’

~~.
The other peaks in the spectrum , can be assigned to SO2 and SOC12 (L1A1C1 4
elect rolyte) . We are current ly making fu r the r  invest igat ions along these
lines so as to determine whether the compound exhibiting the peak at 1070 cm 1

is fo rme d dur ing  discharge or overdischarge .

Another prismatic cell , P—l9 was discharged without Li on the anode
grid. This cell represents an extreme case of anode limited configuration.
During dIsc harge , the reactions are oxidation at the anode and reduc—
tion at the cathode , si tua tions similar to forced overd ischarge in anod e
limited cells. This configuration should eliminate secondary reaction of
the products of overdischarge with Li as would be possible in a norma l anode
limited configuration. The electrolyte from the prismatic cell (Fig. 15)
was analyzed af ter a discharge of 0.70 Ah (0.56e /SOC12). The spectrum is
shown in Figure 16 .

In add ition to the peaks present in Figure 14, the spectrum shows addi-
tional peaks at 1410 cur1 (SO2C 12) and 1110 cm~ ’ (SOC 1+ A1CI4 ). We have
previously iden t i f ied  SO2C 12 and SOC1+ A1C14 as oxidation products of S0Cl2/
LiAldl4 in half cell studies (8). This is the first time that these products
were Identified In a cell of prac tical confi guration . The reasons for these
products not being present in the overdischarged cell shown in Figure 13 are
presently under investigation.

*The excess of elec trolyte was necessary to have electrol y te lef t f or analysis
after the test.
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III. BEHAVIOR OF Li/SOC12 CELLS ON CHARGING

1. ~~p~ rimen ta1 Res ul ts

It has been alleged that  Li/SOC 12 cells explode or charging,  a l though
no clear documentation is found in t1-.e literature. We have studied the
charg ing behavior of five Li/50C12 cells. Four of these were C—size cells ,
C—l0, C—l2 , C—13 and C—l4, and their charg ing behavior was examined as a
function of the state of discharge of the cell as well as the concentration
of L1A1C14. The fifth one was a small prismatic cell, P—15 and the elec-
trolyte in this cell was that based on Li20/A1C13. The parameters for the
C cells are shown in Table 4 and those of the prismatic cell are given in
Table 3.

Cell C—lO was charged at 100 mA (0.60 mA/cm2 of Li electrode area).
The results are shown in Figure 17. The internal temperature , the cell
po tential and the potential of the anode vs. a Li reference electrode were
measured . The charge proceeded with the cell potential at 4.1V and the
anode potential at —O .lV. The cell was charged for 97 hr (9.7 Ah) without
change in cell polarization. The total charge passed exceeded both the Li
and the SOd 2 which were originally present in the cell in amou ic t s  of 7 .4
and 737 Ah respec tively. Open—circuit—voltage measurements after passing
charges of 1.8 Ah and 4.4 Ah gave a value of 3.95V as opposed to the in i t ia l
value of 3.65V. The cell internal temperature gradually increased to 31°C in
a period of 4 hr and remained at this value during the entire test.

Af ter charg ing, the cell was discharged again at 100 mA. The discharge
Is shown in Figure 18. The cell yielded a capacity of 3.95 Ah . Note that the
initial 0.15 Ah of discharge occurred between 3.8 and 3.6V. This might
correspond to the discharge of an accumulated prod uct of charge ,probabl y Cl2 .
The cell was overdischarged also at 100 mA for 3 Ah and showed cathode limi-
tation.

The important point to note is that the cell exhibited safe behavior
during charge and the subsequent discharge and overdischarge .

Cell C—12 was initially discharged at 100 mA (Fig. 19) for 2 Ah. The
OCV at this stage was measured to be 3.65V. The cell was then charged for
5.3 Ah also at 100 mA. The charging cell voltage remained at 3.7V for 35
hr (3.5 A) and then at 3.8V for the rest of the charging . The discharge of
C—l2 after the charge gave an additional capacity of 2.5 Ah , making the total
discharge capacity of the cell to be 4.5 Ah , identical to that from a fresh
cell. C—l2 was overdischarged for 2 Ah , then charged for 2Ah . Discharg ing •
the cell after this last charge did not result in any capacity.
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The effect of concentration of LiAlCl4 on charg ing was inves tiga ted
in cell C—l3 and C—l4 utilizing O.5M LIA1C14/SOC12 solutions. Cell C—13
was charged at 100 mA for 92 hr (9.2 Ah), Figure 20. It was then discharged ,
again at 100 mA. The cell capacity to zero volt was 2.3 Ah . The discharge
capacity was lower than what was obtained In C—b , tes ted similarly.

Cell C—l4 also utilized O.5M LiAlCl4/SOC12 electrolyte. The cell
was tested at 100 mA and the results are shown in Figure 21. After 70 hr
of charg ing, the cell was discharged yielding a capac ity of 2.85 Ah. The
voltage profiles of C—l3 and C—l4 are similar to that found In cell C—b .

The charging behavior of Li/SOC12 cells utilizing Li2O/A 1C13 based
elec troly te was b r ie f ly  inves tigated in cell P—15. This was a small pris-
matic cell and its parameters are given in Table 3. The behaviour during
charging and subsequen t discharg ing , shown in Figure 22 , are similar to tha t
of cells utilizing LiA1C14/SOC12 electrolyte. Better understanding of the
mechanisms of charging in these types of cells should await more studies.

2. Summary and Discussion

The charging behavior of Li/SOd 2 cells was studied using C—size cells.
These cells could be “charged” for long periods of time without explosions.
In fresh C—cells at 100 mA current , the “charging” proceeded at 4.1V The
cell voltage remained steady at this value even after passing an amount of
charge exceeding 2e /SOC12. When the cells were discharged after “charg ing”
they yielded capacities comparable to that from fresh cells. These observa—

- • tions sugges t tha t “charging” of Li/S0dl2 cells involve regenerative cell
process , probably comprising both redox and chemical reactions.

A possible series of reactions during “charg ing” is shown in Equations
1—4.

LI~ + e ~ Li (Anode) (1)

A1C1
4 

-+ AlCl
3 

+ -~Cl
2 

+ e (Ca thode) (2)

Aid
3 
+ SOd

2 -*- SOC1~ Aid
4 

(3)

SOC1+ A1C1
4 

+ Li + -~Cl
2 

-
~ SOd

2 
+ LiAlCl

4 
(4)

The LiA1C14 tha t is elect rolyzed accord ing to the redox reac t ions 1 and 2
and it is regenerated in the chemical reaction 4.
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The charging behavior resembled the discharge characteristics of
Li/SOC12 cells without Li on the anode Exmet (8).

The “charging ” of a partially discharged cell proceeded at lower
po ten tials, i.e., ‘~.3.8V when the test current was 100 mA. This cell also
did not exhibit a change in cel l po lar ization even after long periods of
“charg ing”. Moreover , it was possible to discharge the cell af ter the
“charg ing” and the total discharge capaci ty was iden tical to tha t from
fresh cells. A possible reason for lower “charg ing” po ten tials in par tially
discharged cells is the “activation” of the carbon ca thode so tha t the same
regenerative reactions occurring in fresh cells occur at lower voltages.
However , a d i f f erent set of reactions cannot be ruled out . We are currently
investigating this.

The charging behavior of cells utilizing 0.5M LiA1C14/SOC12 solutions
was identical to those utilizing 1.8M LiAlCl4/SOC 12 solutions. However , the
discharge capacities after the “charging” was lower In cells with the lower
salt concentration. It is Interesting to note that both types of cells
were built for cathode limitation. But one of these cells utilizing lower
salt concentration showed anode limitation. The latter behavior might be
related to the “charg ing” prior to the discharge . The “charging” probably
affects the Li anode more when the salt concentration is lower . This aspect
is under investigation.

The behavior of a cell utilizing Li20/A1C13 based electrolyte was
similar to those utilizing LiAlCl4, bo th during charging and subsequen t
discharging.

All the cells tested exhibited safe behavior during the charge and the
subsequent discharge and overdischarge .
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IV. SUMMARY AND FUTURE WORK

Forced overdlscharge behavior of Li/SOC 12 cells was s tudied using
C—size and small prismatIc cells. These cells were either cathode or
anode limited. Cathode—limited cells could be overdischarged for long
periods of time without explosions. Internal temperature measurements
indicated that the overall temperature in cathode limited C—cells during
most of the discharge and overdischarge was close to that of the ambIent.
A slight peaking of the temperature was observed when the cathode polarized
rapidly at the end of useful cell—life .

Forced overdischarge of 0-ne anode—limited C—cell tested at 100 mA
resulted in explosion . Internal temperature measurements did not reveal
any significant differences from cathode lImited cells. Analysis of spent
electrolyte from overdlscharged cells showed the presence of a material
exhibiting IR absorption at 1070 cm~~- . The material has not yet been
identified. The compounds SO2C1 2 and SOC1+ A1C14 were also shown .o be
produc ts in overdischarged anode limited cells.

Studies of the charging behavior of Li/SOd 2 cells showed that these
cells could be charged for long periods of time w4thout any change In cell
polarization. It was also found that the full capacity of the cell could
be recovered in the discharge following a long charging utilizing an amount
of charge greater than the amount of either Li or SOdl 2 ori ginal ly presen t
in the cell. The behavior was indicative of charging reactions involvIng
regenerative processes. The charging of Li/SOdl2 cells d id no t appear to
be haza rdous .

During the next quarter , work will concentrate on analy tical studies
using IR, cyclic voltanunetry and wet methods , aimed a t unders tanding the
chemical processes involved in forced overdischarge and charge of Li/S0d12
cells.

40 

-- — — -— -  — - - - ----- - -- — —-— -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —---‘-— --- —---. - --•----— •



- - -
-- :

~~

-------

~~

-- 

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

- - -

V. REFERENCES

1. W . K. Behl , 3. A. Christopulos , ii. RamI rez and S. Cilma n , 3. Elec tro—
chem. Soc. 120, 1619 (1973).

2. J. J. Auborn , K. W. French , S. I. Lieberman, V. K. Shah and A. Heller ,
J. Electrochem. Soc. 120, 1613 ( 1973) .

3. A. N. Dey, P. R. Mallory Company , Second Quarterly Report , ECOM—74—
0109—2, November 1974.

4. A. N. Dey and P. Bro, Paper No. 32 presented a t the Power Sources Con f .,
Br ighton , 1976.

5. A. N. Dey, P. R. Mallory Company , Interim Report , ECOM—74—010 9—13 ,
November 1977 and references therein .

6. N. Marincic and A. Lombardi , GTE Laboratory , Final Report , ECOM—74—0108—F ,
April 1977.

7. K. M. Abraham , P. C. Gudrais , C. L. Holleck and S. B. Brummer , ~8th
Power Sources Symposium , Atlantic City, N~J , 1978.

8. K. M. Abraham , G. L. Holleck and S. B. Brummer , Pr oceedings of the
Symposium on Ba ttery Design and Op timiza tion , the Electrocheinical
Society, Princeton, NJ , 1978.

9. J. P. Gabano and P. Lenfant, Ibid.

10. J. 0. Besenhard , Carbon , 14, ill (1976).

11. J. R. Driscoll , P. G. Gudrals and S. B. Brummer , Eld Corpora tion , 14th
Quarterly Report , ECOM—74--0030—l4, October 1977.

41

- -___--• -- —~~—--- —- -•



- -~~~~~
-

Distribution List

Defense Documentation Center (12) CDR , U.S. Army Research Office (1)
Atto: DDC—TCA Attn: DRXRO—IP
Cameron Station (Bldg. 5) P.O. Box 12211
Al exandr ia, VA 22314 Research Triang le Park , NC 27709

Commander (1) CDR , US Ar my Signals W a r f a r e  Lab (1)
Naval Ocean Systems Center Attn : DELSW—OS
At tn: Library Vint Hill Farms Station
San Diego , CA 92152 Warrenton , VA 22186

CDR , Naval Surface Weapons Center (1) Commander (1)
White Oak Laboratory US Army Mobilit y Equipment
A ttn: Library Code WX—2l Research & Development Command
Silver Spring,  MD 20910 Attn : DRDME—R

Fort Belvoir , VA 22060
Commandan t, Marine Corps (2)
HQ U.S. Marine Corps Commander
Attn: Code LMC US •\rmv }-lect roni cs R&D Command
Washing ton , DC 20380 Fort Monmouth , NJ 07703

Rome Air Development Center (1) DELET—P (1)
Attn: Documents Library (Tild) DELET—DD (1)
Griffiss AFE, NY 13441 DELET—DT (2)

DELSD—L (Tech Lib) (1)
Air Force Geophysics Lab/SULL (1) DELSD—L—S (Stinfo) (2)
Attn: S—29 DELET—PR (5)
Hanscom AFB , MA 01731

Commander
Head quarters (1) US Army Communications R&D Command
(DAMA —ARZ — D/ DR. F.D. Verderame) Fort Monmouth , NJ 07703
Washing ton , DC 20310

USMC—LNO (1)
CDR , Harry Diamond Laboratories (1)
Att n : Library NASA S c i e n t i f i c  & Tech.  I n fo  (1)
2800 Powder Mill Road Facility
Adelph i , MD 20783 Baltimore/Washington Internat ional

A irport
Direc tor (1) P.O. Box 8757, MD 2 1 2 4 0
US Army Materiel Systems

Analysis Actv. Mr. Donald Mortel (1)
Attn : DRXSY—MP AF Aero Propulsion Lab
Aberdeen Proving Ground , MD 21005 At tn: AFAPL—POE— 1

Wright—Patterson AFB , Ohio ~5-~33



— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _

Distribution List
(continued)

Mr. Richard E. Oderwald (1) P.R. Mallory & Company , Inc . (1)
Department of the Navy Northwest Industrial Park
Hqs., US Marine Corps Burlington, MA 01803
Code LMC 4 Attn: Dr. Per Bro
Washing ton , DC 20380

Exxon Resea rch and Eng ineering (1)
Commander (1) Company
Harry Diamond Laboratories Corporate Research Laboratory
Attn: DELHD—RDD Linden, NJ 07036
(Mr.  A. Benderly) At tn :  Dr. R . Hamlen
2800 Powder Mill Road
Adelp hi, MD 20783 Argonne National Laboratories (1)

9700 Sou th dass Avenue
Transpor tion Systems Center (1) Argonne , IL 60439
Kendall Square Attn: Dr. E. C. Gay
Cambridge , MA 02142
At tn :  Dr. Norman Rosenberg GTE Sylvania , Inc . (1)

77 A Street
GTE Laboratories, Inc. (1) Needham Heights, MA 02194
40 Sylvan Road Attn: Mr. Richard Pabst
Wal tham , MA 02154

General Motors Corporation (1)
Foote Mineral Company (1) Research Laboratories
Route 100 General Motors Technical Cen ter
Ex ton , PA 19341 12 Mile and Mounds Roads
Attn: Dr. H. Grady Warren , MI 48090

Attn: Dr. J. L. Hartman
Honeywell , Inc . (1)
104 Rock Road Union Carbide Corporation (1)
Horsham, PA 19044 Parma Research Center
Attn: C. Richard Walk P.O. Box 6116

Cleveland , OH 44101
Eag le—Picher Industries , Inc . (1)
Electronics Division P. R. Mallory & Company , Inc. (1)
Attn: Mr. Robert L. Higgins S. Broadway
P.O. Box 47 Tarrytown , NY 10591
JoplIn , MO 64801 Attn: J. Dalfonso

Yardney Elec tric Company (1) Nor th Amer ican Rockwell Corp . (1)
82 Mechanic Street Atomics Internat ional  Division
Pawca tuck , CT 02891 Box 309

Canoga Park , CA 91304
Attn : Dr. L. Heredy 

—~~~~~~~~~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~


