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£ FOREWORD
3
e

‘ Both X-ray analysis of Li-carbon black grinds and electrochemical analysis
of cathodized carbon black are consistent with the presence of Li-C compounds,
i probably intercalates. Both mechanically and cathodically formed Li-C mixtures
] are highly reactive with Li battery electrolytes with obvious implications for
k ‘ Li battery safety. At voltages above +0.9 V versus Li, in depolarizer-free

solution, carbon black absorbs about 500 coul/g of cathodic charge in the form
of a Li=C compound. The large total charge absorbed down to 0, V versus Li
(3000 coul/g, equivalent to Cp,7Li) and big mass gains (>100%) of the
cathodized carbon suggest that at the lower voltages cyclic reaction occurs in
. which cathodically formed Li~-C reduces the electrolyte. Future work is expected
i to concentrate in the electrochemical side and should confirm and extend the
above preliminary conclusions.

This work was undertaken as part of a program to investigate safety hazards
in nonaqueous ambient temperature lithium batteries.

This work was sponsored by the Independent Research Program of the Naval
Surface Weapons Center and by the Electrochemistry Technology Block Program of
NAVSEA.

A/ ,»:?c wCOU ‘:‘:/.'7054/
W. CARSON LYONS
By direction
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CHAPTER 1

INTRODUCTION

Safety hazards in both the SO, and SOCl, batteries have delayed the
development of future advanced weapons systems. Despite continued
investigations, no clear indication of the origins of these hazards has teen
forthcoming. Work in our laboratoryl has indicated carbon to be a powerful ]
catalyst in promoting the reactivity of the lithium with battery oxidants.

In a recent report, we examined various parameters that mignt influence this
reactivityZ.

The basic reaction under study was that between Li-C mixes and battery
electrolytes. We found reactivity was relatively low and quite variable if the
Li and carbon were merely mixed or lightly pressed together. However, vigorous
1 mixing by grinding or hammering together substantially raised reactivity and
' made it more reproducible.

Reactivity was recorded upon addition of 71 + 21 ul of SOClp or SO;
electrolyte to weighed amounts of Li (~ 7 mg) and various weighed amounts of
carbon black (Shawinigan) that were ground together in a Pyrex Ignition Tube.
Accordingly, mixture reactivity was characterized using the following
qualitative scale: (1) no reaction; (2)-(5) exothermicity increasing to hot
vigorous boiling at level (5); (6) sparks; (7)-(10) spontaneous ignition
‘4 generating fires ranging in height from a small localized fire at level (7) to
one over 100 cm high at level (10). If no fire occurred, we explored the
K mixture's shock sensitivity by dropping a 25 g, 8 inch steel needle from a 3
inch height onto the mixture. Shock sensitivities were characterized as (0) no
reaction; (1) fire; (2) explosion.

We found that traces of carbon were insufficient to activate the Li-oxidant
reaction. Figure 1 shows that only when the carbon content of Li<C mixes rcse
above about 10 and 30 wt% respectively for the SOCl; and SO electrolytes
was perceptible energy liberated. Reactivity then rose sharply with SCCly and
more gradually with SO;. The SOCl; electrolyte was substantially more
reactive; spontaneous ignition being consistently observed above about 20 wt%C.

- lpallek, S., James, S. D. and Kilroy, W. P., "Excthermic Reactions among
Components of Li-SO2 and Li-SOCl2 Cells," J. Electrochem. Soc., 128, 508,
19810

2Kilroy, W. P. and James, S. D., "Promotion by Cartcn of the Reactivity of
Lithium with SOCl, and SOp - Effect of Lithium Battery Safety," J.
Electrochem. Soc., 128, 934, 1981.
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Spontaneous ignition was seen also with the S0, electrolyte although this is

not apparent in curve B which depicts only the average reactivities. Fires were
observed with SO, electrolyte above about 60% carbon although such fires were
relatively rare. For both electrolytes, decreasing carbon content led to a fall
in spontaneous flammability accompanied by a rise in shock-sensitivity. At
about 13% carbon, violent explosions occur with salt-free SOCl, if the mixture
is shocked.

[ We ruled out the participation of other active compounds such as LixC,,

F Li3N, Lis0, Liy0; by testing their reactivity to battery electrolyte,

¢ ' both alone and after grinding with excess lithium. All were inert. Furthermore
i we found that Li and carbon ground together in a helium atmosphere was still
highly reactive with electrolyte so that combination with air during the prior
grinding is not an essential factor.

Preliminary ESCA (XPS) work in our laboratories has shown that the initially
Li~free, carbon surface of a 0.5-1lmm thick layer of graphite powder, pressed
lightly onto a Li substrate, was showing evidence of a Li-C compound within a
day or two. Thus Li is very mobile in and reactive with carbon at room
temperature.

e 4

This report describes some preliminary studies that probe the nature and
reactivity of reaction products of lithium and carbon black formed under
conditions related to the abusive treatment of lithium batteries.
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CHAPTER 2

EXPERIMENTAL

I. Li-C SAMPLE PREPARATION, REACTIVITY TESTING AND X-RAY ANALYSIS

Weighed amounts of Shawinigan carbon black and lithium were ground together
in a Pyrex Ignition Tube using the flame polished end of a S5mm Pyrex rod. The
compacted mass was broken with a steel spatula and the process repeated once or
twice more. Samples were prepared under a helium atmosphere and also in a Dry
Room of < 0.5% relative humidity. After the ground mixture had cooled, 71 + 21
H1 of SOCl, electrolyte were added from a Pasteur pipet and the reactivity
noted. The reactivity scale was mentioned in the Introduction. The SO0Clp was
refluxed with lithium for 20 hours under argon followed by distillation under
argon. A 1.6 M LiAlCly in SOCl, solution was prepared using "Polaroquality"
LiAlCly from Matheson - Coleman/Bell. X-ray analysis was performed on samples
using Mo Ky radiation. Two samples were analyzed. The Dry Room sample
contained Vulcan 6 carbon black 51.4% by weight. The helium prepared sample
contained 54.3% by weight of Shawinigan carbon black.

II. ELECTROCHEMICAL PREPARATION OF Li-C MIXTURES

We tried to simulate the way in which a polarizing carbon cathode could
become electrochemically impregnated with Li. Each preparation was done in an
enclosed glass "research type" cell containing a Li anode, polypropylene cloth
separator and (except with samples E and E') a 80% Shawinigan Black - 20% Teflon
cathode having about 3.4 cm?2 projected area supported on a Al Exmet grid.

Figure 2 shows schematically the set-up normally used.

SAMPLE A. Electrolyte was a 0.3M LiBF)y in THF. Li and C were shorted
through an ammeter. A single sheet of Li was used as anode. Short-circuit
current fell from about 4 mA initially, to a pseudo steady value of 0.76 mA, 6%9h
later at the end of treatment. At this time cathode voltage was still 9 mV
positive of the Li.

SAMPLE B. Electrolyte was 1.0M LiAsFg in 1:1 volume mixture of PC-AN. A
single sheet of Li was used as anode. The carbon was cathodized at a constant
current of 25 mA using a power supply for a period of 15h. Its volitage stayed
about 1V positive of the Li for the first Th and was driven into reversal (about
=14V to the Li) for the remaining 8h.

SAMPLE C. Electrolyte same as for Sample B. Two sheets of Li were used as
anode one on either side of the carbon cathode. The carbon was cathodized at
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8 mA constant current and its voltage monitored versus an unpolarized Li
reference electrode. Electrolysis was terminated after 21.3h when this voltage
was -0.02V. The carbon's voltage approached zero after llh.

SAMPLE D. Electrolyte was 1M LiBr in 1:1 volume mixture of PC and AN. Two
sheets of Li were used as anode, one on either side of the carbon cathode. A
separate sheet of Li formed a reference electrode. Carbon was cathodized at a
constant current of 10 mA. Electrolysis was terminated when the cathode voltage
was +0.1 V versus Li reference.

SAMPLES E AND E'. Electrolyte was 1M LiAsFg in PC. Two sheets of anode
surrounded the carbon cathode. The electrolyte was deoxygenated. This
electrolysis dispensed with the Al Exmet support and Teflon-free carbon black
was contained in a 80 x 80 mesh, Stainless Steel screen bag. A separate sheet
of Li formed a reference electrode. Electrolysis at about 1.3 mA/cm2 of
cathode surface was ended after cathode voltage fell from +l1.3 to +0.9V versus
Li reference electrode. Samples E and E' contained 0.633 and 0.210 g
respectively of Shawinigan carbon black.

After electrolysis, all samples were removed from the cell in the Dry Room,
washed repeatedly on a glass filter with THF to free them from salt then dried
by evacuation at 22°C and weighed. Portions of the cathodized carbons were
then separated and subjected to reactivity testing with battery electrolyte as
described in the previous section. In two cases (samples D and E) the major
portion of the carbon was chemically analyzed as follows. Sample D--after
THF-washing and pumping to constant weight, Sample D was found to be 75% heavier
as a result of its cathodization. The sample was acidified with excess standard
HCl then digested at 80°C until supernatant acidity no longer fell, indicating
no more Li was being leached from the carbon. The indicator employed was
phenolphthalein. From this constant titre, the amount of leached Li was
calculated. Flame tests showed that the extract contained much Li* while the
extracted carbon was Li-free. Sample E-~After washing with propylene carbonate
(PC) and pumping to constant weight, it was observed that this sample had gained
in weight by 27% as a result of its cathodization. The carbon was first
extracted in water for four days at 80°C and the extract potentiometrically
titrated with a glass electrode. The extract contained about 0.0002 moles of
OH” and no evidence of carbonate or fluoride was seen. Acidification with HCl
and prolonged digestion with HCl at 80°C occasioned no further release of
alkalinity from the carbon. Flame tests showed the extract contained Li* and
also that some lithium remained in the carbon.
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CHAPTER 3

RESULTS AND DISCUSSION

I. REACTIVITY OF Li-C MIXTURES

Table 1 compares the reactivity of electrochemically prepared Li-C mixtures
with that of Li and C physically mixed (Li/C ~ 0.l) by pressing or grinding as
described in "Experimental". We divided the electrochemical preparations into
"H" and "L" referring to the (relatively) high and low voltage of the
intermediate, undervoltage plateau during their formation. The "H" material
prepared at +1.0V versus Li was significantly more reactive to LiAlCly-3S0Cl,
than was "L" formed just above the Li potential. We presently have no
explanation of this fact. "H" was more reactive (5.0) than the pressed mixture
(3.3), in fact it boiled the SOCl, electrolyte. This is especially noteworthy
as "H" contained Teflon. Table 1 demonstrates that Teflon significantly
decreases the reactivity. In contrast to its behavior with SOCl, electrclyte,
the electrochemical preparation "H" was virtually inert to the SO, electrolyte.

The observed exothermicities of "H" and "L" probably considerably
underestimate the heat they would have evolved if generated in an actual
battery. The discussion (in the next section) of the large mass gains
experienced by these cathodized carbons suggests they had already undergone
extensive reaction even before the reactivity tests reported in Table 1. This
reaction was either with the electrolyte during their cathodic preparation or

with solvent in the subsequent washing.

The powerful catalysis by carbon black of the lithium/battery oxidant
reaction evident above is important because, in polarized cathodes, Li and C may
become intimately mixed (a) by undervoltage deposition to form reactive Li-C
intercalates which react continuocusly with the electrolyte accumulating heat to
pos<“hly dangerous levels and (b) by normal overvoltage deposition of passivated
Li dendrites. Subsequent shear or shock could then grind dendrites and carbon
together causing violent reaction. Furthermore, severe mechanical distortion of
fresh or normally discharged Li batteries could shear Li and C components
together with the same dangerous result. With this in mind we are currentiy
testing carbons that have the promise of combining a greatly reduced reactivity
in Li~C mixes with unimpaired efficiency as cathodes.

II. NATURE OF THE Li-C MIXTURES

A. ELECTROCHEMICAL STUDIES. Figure 3 shows some of our V-t curves for
carbon electrodes (Shawinigan Black) cathodized in solutions free of
battery-cathode depolarizer. This situation simulates that of battery cathodes
that have failed due to SO» or SOClp-starvation. High OCV's of +3V versus

11
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Li fall rapidly to plateaus whose length and voltage-level (+0.2 to +1.2V versus
Li in the present work) depend on electrolyte composition and current density.
No Li deposit is seen on the carbon in this undervoltage regicn. Then there is
a final fall to an overvoltage plateau where Li dendrites are seen to grow on
the carbon surface. We suspect that the intermediate plateaus originate in the
cathedic reduction of Li* to Li, accompanied by compound formation, tetween Li
and the carton substrate. The undervoltage generation of Li-C compounds at
carbon cathodes has been shown in melts at 4500C by James.> Other workers

have demonstrated the same effect in organic solvents at graphite foil4:5,6

and spectroscopic graphite rods.’ The present data is apparently the first to
indicate the undervoltage deposition of Li may occur also at ungraphitized
carbon black.

Cathodically generated Li-C intercalates react much faster with organic
solvents than pure Li does.4 Thus if these compounds are formed in the carbon
substrates of polarizing Li battery cathodes, significant quantities of heat can
accumulate as they react with the battery electrolyte and may become hazardous.

Under our conditions intermediate plateaus like those of Figure 3 might
aave arisen from a variety of cathodic reductions: AsF§ to AsFz; Teflon to
F=; AN to CN=; PC %o 0032‘; dissolved oxygen to OH™; or Li* to LiAl in
the Al Exmet cathode support (See Table 3). Using samples E and E' we excluded
these possibilities by showing that such voltage plateaus persisted in
deoxygenated solution containing PC only (no AN) at carbon black free of Teflon,
supported on Stainless Steel instead of Al. Also, SS mesh w.thout carbon on it
could support no significant cathodic current in LiAsFg-PC without felling
immediately to the Li potential. The alkaline aqueous extract of carbon black
(sample E) cathodized at undervoltage contained no carbonate or fiuoride, sc
neither PC nor AsFg were being reduced, at least in this case.

The above data suggest strongly that the primary electrode reaction is
undervoltage deposition of Li into carbon black. Only this process (reaction 1,
Table 3) can account for the 500 coul/g, C passed between +1.3 and +0.9V versus
Li in curve E and presumably also the charge passing in this voltage region of
the other curves (reaction 2 does not occur above about +0.3V versus Li).
However the total charge passed down to O, V versus Li is on the order of 3000
coul/g of carbon which would correspond to a formula of Cp 7Li. Since the

3James, S. D., "Undervoltage Deposition of Alkali Metal at Carbon Electrodes
in the LiCl1-KCl Eutectic Melt," J. Electrochem. Soc., 122, 921, 1975.

4Besenhard, J. 0., "The Electrochemical Preparation and Prcperties of Ionic
Alkali Metal 2nd NR - Graphite Intercalation Compounds in Organic
Electrolytes,” Carbon, 14, 111, 1976.

>Besenhard, J. O. and Fritz, H. P., "Cathodic Reduction of Graphite in Organic
Solution of Alkali and NR Salts," J. Electroanal. Chem., 53, 329, 1974.

6Eichinger, G., "Cathodic Decomposition Reactions of Propylene Carbonate,’
J. Electroanal. Soc., 74, 183 1976.

TDey, A. N. and Sullivan, B. P., "The Electrochemical Decomposition of
Propylene Carbonate on Graphite," J. Electrochem. Soc., 117, 222, 1970.

12
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richest Li intercalate known is CyLi8 and LioCs is not knou: to form

below about N00°C,9 we believe the cathodically formed Li-C compound reacts

at lower voltages with electrolyte regenerating free carbon surface. Thus the
capacity of carbon to absorb charge at undervoltage is not limited by the
relatively small Li content of a particular Li-C compound. One would

expect Li~C compounds to be more reactive as their potential of formation
approaches that of free Li. Thus the Li-C compound can act as an intermediate
in the reduction of electrolyte species according to reactions 3-6 of Table 3.
Direct cathodic reduction of electrolyte may also occur at the lower voltages.

The observed large mass gains (up to 134%) listed in Table 2 support the
occurrence of such secondary reactions generating solvent-insoluble products
(Table 3) which become weighed with the washed and dried cathode. Mass gain
rises with cathodic charge, leveling off at about 130% after passage of 5000
coul/g carbon.

In the case of samples D and E, the aqueous extracts of the solvent-washed
cathodes contained only 63 and 12% respectively of the alkalinity expected from
the presence of Li-C equivalent to the cathodic charge passed. Sample D's
extract was titrated using phenolphthalein indicator which would have missed
bicarbonate and fluoride if present from reactions 2 and 6 of Table 3. So
reaction of Li-C with PC or Teflon could explain the discrepancy in this case.
Potentiometric titration of sample E's extract showed that neither carbonate nor
fluoride was present thus ruling out reactions 3 and 4 of Table 3. Flame tests
revealed that lithium remained in the extracted carbon but reaction 1 cannot
account for the observed mass gain. So this discrepancy remains unresoclved.

Two features are apparent in the curves of Figure 3. Firstly there appears
to be a very pronounced anion effect. Curve D (LiBr-PC-AN) lies over a half a
volt lower than curve C (LiAsFg-PC-AN). This striking difference should be
confirmed and investigated. Secondly, none of our curves (except the start of
D) shows any arrests in voltage corresponding to the formation of Li-C compounds
successively richer in Li. These would have appeared at the points marked on
the abscissa of Figure 3. Such steps in voltage have been observed at natural
graphite cathodized in DMSO solutions of salts of all the alkali metals.? Our
smooth curves suggest a continuous spectrum of interaction energies of Li with
the carbon structure as was observed in LiCl-KCl melts at synthetic graphite and
glassy carbon.3 This difference is presumably related to the more highly
developed graphite crystallinity of natural graphite versus carbon black, glassy
carbon or synthetic graphite.

B. X-RAY ANALYSIS. X-ray diffraction is one of the common methods used to
characterize intercalation compounds of carbon. Normally, highly oriented
pyrolytic graphite (HOPG) is studied and only the 001 reflections are observed

8Novikov, Y. N. and Volopin, M. E., "Lamellar Compounds of Graphite with Alkali
Metals,"” Russ. Chem. Rev., 40, 733, 1971.

9Basu, S., Zeller, C., Flanders, P. J., Fuerst, C. D., Johnson, W. D. and
Fischer, J. E., Synethesis and Properties of Lithium-Graphite Intercalation
Compounds," Mat. Sei., Eng., 38, 275, 1979.
bsee footnote 4 on page 12.

5see footnote 5 on page 12. 13
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from which the new c-axis repeat distance and hence the stage of the material is
determined. The lack of orientation in the powdered Li-C mixture makes it more
difficult to characterize intercalation. We are further limited by the
increased disorder in the carbon black relative to graphite.

X-ray diffraction data for Shawinigan carbon black and Li-C mixtures
prepared under helium and in a Dry Room are compared in Table 4. The two
LiyCy samples are similar to each other and different from the starting
materials, lithium and the carbon black. Computed 20 values for lithium
graphite (tabulated in Table 5) are based on Bragg equation n) = 2dsin® where d
corresponds to the c-axis repeat distance (001 reflections). The values for
lithium, carbon black, and the Li-C products correspond to all hkl reflections.
The most intense reflection occurs where n is equal to the stage number, i.e.,
n = 1 for Stage 1 (11.020), n = 2 for Stage 2 (11.579), etc.

Table 4 reveals that a A20 value of 2.40 is obtained from the strong lines
(10.53 and 12.93) for the Li-C material prepared under helium. A similar value
of approximately 2.40 is calculated from the strong lines (i0.54, 12.92, 15.35,
22.49 and 24.88) of Liny prepared in the Dry Room. From the data in Table
5, this would appear to correspond to a Stage 5 lithium-~graphite compound.
However, the 20 values differ by approximately 1°. Perhaps this difference is
due to the fact that we are dealing with carbon black rather than graphite. It
is interesting to note that Guerard and HeroldlQ prepared samples of stage 1-U4
lithium graphite (depending on the Li:C ratio used) by compressing mixtures of
lithium and graphite powders at room temperatures.

[-]

The strongest reflection for carbon black at d = 4.90 A does appear very
weakly in the Liny prepared under helium, suggesting a small amount of
unreacted carbon may be present.

A sample of LijC, was analyzed. The characteristic reflections of the
carbide did not appear in the diffraction pattern of the Li-C mixtures. Thus
the amount of carbide present if any, is negligible.

1°Guerard, D., and Herold, A., "Intercalation of Lithium into Graphite and
Other Carbons," Carbon, 13, 337, 1975.

14
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CHAPTER U4

CONCLUSIONS AND FUTURE WORK

Both X-ray analysis of Li-carbon black grinds and electrochemical analysis
of cathodized carbon black are consistent with the presence of Li-C compounds,
probably intercalates. Both mechanically and cathodically formed Li-C mixtures
are highly reactive with Li battery electrolytes with obvious implications for
Li battery safety. At voltages above +0.9V versus Li, in depolarizer-free
solution, carbon black absorbs above 500 coul/g of cathodic charge in the form
of a Li-C compound. The large total charge absorbed down to O, V versus Li
(3000 coul/g, equivalent to Cp 7Li, and big mass gains (> 100%) of the
cati.odized carbon suggest that at the lower voltages cyclic reaction occurs in
which cathodically formed Li-C reduces the electrolyte.

Future work is expected to concentrate in the electrochemical side and
should confirm and extend the above preliminary conclusions. We intend a
systematic study of V-Q undervoltage deposition curves as in Figure 3 as a
function of electrolyte composition, current density and temperature. Data will
be analysed in terms of:

1. Curve Morphology. Do the curves contain V-steps indicating presence of
Li-C intercalates? Is the large anion effect reproducible and does it extend to
other anions?

2. Cathode Composition and Reactivity. Measure composition, reactivity
and mass gain of cathodized carbon black at various points of the V-Q curves,
i.e., versus the final voltage of their preparation. Analyze the extracted
carbon to distinguish Li-C compounds, the primary cathode product, from
secondary products of reaction with the electrolyte.

15
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TABLE 1 AVERAGE REACTIVITIES! OF ELECTROCHEMICALLY VERSUS
PHYSICALLY PREAPARED Li-C MIXTURES (Li/C~0.1)

Y
A
o
|
: TYPE OF MIXTURE SOC1,-LiAlCly S0,-AN-LiAsFg Ho0
;
h ELECTROCHEMICAL (H,L)< 5.0(H);3.0(L) 2.0(H) 3.5(H)
¥
PRESSED 3.3 -— ———
PHYSICAL GROUND 9.7 5.8 7.0
1 GROUND & TEFLON 7.8 3.8 -—
3
i
f
A} lsee "Introduction" for Reactivity Scale
K 2H and L refer to preparation at about +1.0 and 0.1 V versus Li reference
K respectively

16
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. ) TABLE 2 MASS GAIN AND EXTRACTED ALKALINITY FOR CARBON BLACKS!
j CATHODIZED ABOVE THE LITHIUM POTENTIAL

p !
ﬁ Final V Cathodic Charge Mass Gain Extracted
§ Sample/Run Electrolyte of carbon Passed Above 0O,V of Cathodized Alkalinity
vs Li vs Li(Coul/g C) Carbon (%) as Coul/g C2
3 B/E LiAsFg -16 4850 128 --
PC-AN
C/E3 LiAsFg 0.0 2400-4700 134 -
PC-AN
| D/Ey LiBr +0.1 1170 75 739(63)3
! PC-AN
= E/Eg LiAsFg +0.9 480 27 58(12)3
PC
3
’ .
] lsamples B, C, D: 80% Shawinigan Black, 20% Teflon
Sample E: 100% Shawinigan Black

20ne mole of alkali in aqueous extract of carbon derives from F coulomb of cathodic
charge

3Figures inparenthesis express extracted alkalinity as a % of that expected from the
cathodic charges of column 4




NSWC TR 81~-127

TABLE 3 REACTIONS THAT COULD INCREASE MASS OF CATHODIZED CARBEON

Calculated % mass
Reaction gain due to passage of

i 1000 coul/g, carbon

{ (1) Li* 4+ C+ e —eLli -C 7
;

(2) Li* + Al +e=——=LiAl 7 -

(3) Ang + 3Li% 4 2e'-——AsF3 1 + 3LiFl 105

AsF‘6 + 2e —‘AsF3 1 + 3F 66

(4) PC + 2Li" + 2¢7—=P + L12c03‘ 37

(5) CH.CN + Li*t + e ——> CHj *+ LiCN 33

CH3- ~——=s-Polymers -2

: (6) (<CF,=) + 2Li* + 267 ~——=C + 2LiF 7

(-CF,=) + 2e- —=C + 2F" -19

OBSERVED MASS GAINS

Sample B Carbon - Teflon LiAsF6-PC-AN 26
v Carbon - Teflon LiAsF . -PC-AN 29-56
D  Carbon - Teflon LiBr-PC-AN 64
E Carbon only LiAsF6-PC 56 :

18
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TABLE U4 X-RAY DATA. A. SHAWINIGAN CARBON BLACK. B. LiyC,, PREPARED

UNDER He. C. Liny PREPARED IN A DRY ROOM (< 0.5% F(EILA'I'I’ilEy HUMIDITY).
A
[-]
2 (Mo) d(a) Intensity”
8.32 4.90 vs
F 11.76 3.146 s,vbr
] , 14,44 2.83 v
| 16.80 2.43 v, br
& 18.71 2.19 VW
: 19.56 2.09 v, br
F £
E 2 (Mo) d(A) Intensitx'
8.29 4.91 VW
10.53 3.87 s
12.93 3.15 s
13.95 2.92 vw,br
15.16 2.69 vw,br
4 16.70 2.45 v
j 17.47 2.34 W
20.62 1.99 vw
21.17 1.93 w
22.51 1.82 m
24.89 1.65 W
31.09 1.33 W
[
Q
2 (Mo) d(A) Intensity®
9.83 4.15 W
10.54 3.87 vs
11.30 3.61 W
11.98 3.40 m
12.92 3.16 vs
13.42 3.04 vw
13.99 2.92 W
15035 2.66 S
16.70 2.U45 W
17.70 2-31 W
20.58 1.99 vw
21.20 1093 m
22.49 1.82 s
24.88 1.65 ]
25.16 1.63 m

»
s - strong; m - medium; w - weak; br - broad; v - very

19
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TABLE 5 COMPUTED 2© VALUES FOR LITHIUM GRAPHITE
(Mo radiation, AK = 0.71069)

STAGE 1

STAGE 2

° °
(d=3.70 A) (d=7.05 A)

11.02
22.15
33.49
45.18
57.40
70.37
84.49
100.41
119.62

147.64

STAGE 3 STAGE U4 STAGE 5

o o ©

(d=10.40 A) (d=13.75 A) (d=17.10 A)

3.92 2.96 2.38
7.84 5.93 4.76
11.77 8.89 7.15
15.71 11.87 9.54
19.67 14.85 11.93
23.66 17.84 14.32
27.68 20.84 16.73
31.73 23.86 19.14
35.82 26.90 21.56
39.96 29.95 23.99
44,15 33.03 26.43
48.41 36.13 28.88
52.74 39.26 31.35
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FIGURE1 EFFECT OF THE CARBON CONTENT IN GROUND Li-C MIXTURES ON THEIR REACTIVITY TO
BATTERY ELECTROLYTES. A: SOCI,-LIAICI, B: SO5-AN-LiAsFg.
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LITHIUM CARBON LITHIUM
ANODE CATHODE REFERENCE
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POLYPROPYLENE
SEPARATOR

FIGURE 2 ELECTROCHEMICAL PREPARATION OF Li-C MIXTURES (SCHEMATIC DIAGRAM)




NSWC TR 81-127

SIACHLYI XIV18 NOGUVDI NO NOLLISOdIA 3DOVLITOAHIANN € IHUNOIS

{(NJV1d NO8YYD 40 8/7n0D)
300419373 NOSHVYD AS AILYVINWNIIV IDUVYHI JIAOHLYI D

oovz 000z . 0091 oozl 008 ooy

1 ! T !

- vwgt

(0/Z¥08 = X) _._xo NI X 40 INTVA
—+ !
8

e

(NV-24—2817) O

2-wovwe'L 94-9asvn

- VUL ‘Nv-2d-O4svy

0

vo

L

i

(33Yd-y!) 3ONIYII3Y 17 SNSHAA IDVLTOA 3AOHLYD

23/24




NSWC TR 81-127

BIBLIOGRAPHY

Basu, S., Zeller, C., Flanders, P. J., Fuerst, C. D., Johnson, W. D. and
Fischer, J. E., "Synthesis and Properties of Lithium-Graphite Intercalation
Compounds,”™ Mat. Sci., Eng., 38, 275, 1979.

Besenhard, J. 0., "The Electrochemical Preparation and Properties of Ionic
Alkali and NRy - Graphite Intercalation Compounds in Organic Electrolytes,"
Carbon, 14, 111, 1976.

Besenhard, J. 0. and Fritz, H. P., "Cathodic¢ Reduction of Graphite in Organic
Solutions of Alkali and NRy Salts," J. Electroanal. Chem., 53, 329, 197%4.

Dallek, S., James, S. D. and Kilroy, W. P., "Exothermic Reactions Among
Components of Li-SO, and Li-SOCl, Cells," J. Electrochem. Soc., 128, 508,
1981.

Dey, A. N. and Sullivan, B. P., "The Electrochemical Decomposition of Propylene
Carbonate on Graphite," J. Electrochem. Soc., 117, 222, 1970.

Eichinger, G., "Cathodic Decomposition Reactions of Propylene Carbonate,"
J. Electroanal. Chem., T4, 183, 1976.

Guerard, D. and Herold, A., "Intercalation of Lithium into Graphite and Other
Carbons," Carbon, 13, 337, 1975.

James, S. D., "Undervoltage Deposition of Alkali Metal at Carbon Electrodes in
the LiCl1-KCl Eutectic Melt," J. Electrochem. Soc., 122, 921, 1975.

Kilroy, W. P. and James, S. D., "Promotion by Carbon of the Reactivity of
Lithium with SOCls and SO» - Effect on Lithium Battery Safety," J.
Electrochem. Soc., 128, 934, 1981.

Novikov, Y. N. and Volopin, M. E., "Lamellar Compounds of Graphite with Alkali
Metals," Russ. Chem. Rev., 40, 733, 1971.




- oaid e

Sl

NSWC TR 81-127

DISTRIBUTION

Copies

Defense Technical Information Center

Cameron Station
Alexandria, VA 22314

Defense Nuclear Agency
Attn: Library
Washington, DC 20301

Institute for Defense Analyses
R&E Support Division

400 Army-Navy Drive

Arlington, VA 22202

Naval Material Command
Attn: Code 08T223
Washington, DC 20360

Office of Naval Research

Attn: G. Neece (Code ONR 472)
800 N. Quincy Street
Arlington, VA 22217

Naval Research Laboratory
Attn: Dr. Fred Saalfeld
(Code NRL 6100)
A. Simon (Code NRL 6130)
4555 Overlook Avenue, S.W.
Chemistry Division
Washington, DC 20360

Naval Postgraduate School
Attn: Dr. William M. Tolles
{Code 612)

Dr. Oscar Biblarz
Monterey, CA 93940

Naval Air Systems Command
Attn: Dr. H. Rosenwasser
(Code NAVAIR 301C)
E. Nebus (Code NAVAIR 5332)
Washington, DC 20361

12

[

Naval Electronic Systems Command
Attn: A. H. Sobel

(Code PME 124-31)
Washington, DC 20360

Naval Sea Systems Command
Attn: F. Romano (Code 63R3)
M. Murphy (Code 63R32)
A. Himy (Code 5433)
E. Daugherty (Code O4H3)
Washington, DC 20362

Strategic Systems Project Office

Attn: K. N. Boley (Code NSP 2721)
M. Meserole (Code NSP 2722)

Department of the Navy

Washington, DC 20360

Naval Air Development Center

Attn: J. Segrest (Code 6012)
R. Schwartz (Ccde 30u412)

Warminster, PA 18974

Naval Civil Engineering

Laboratory
Attn: Dr. W. S. Haynes
(Code L-52)
F. Rosell

Port Hueneme, CA 93040

Naval Intelligence Support Center
Attn: Dr. H. Ruskie (Code 362)
Washington, DC 20390

Naval Ocean Systems Center
Attn: Code 922
J. McCartney (Code 251)
Dr. S. D. Yamomoto
‘Code 513)
San Diego, CA G21%2

27

Copies

RS s

[

e




Naval Electronic Systems Command
Attn: T. Sliwa (Code NAVAIEX-01K)
Washington, DC 20360

Naval Weapons Center .
Attn: Dr. E. Royce (Code 38)
Dr. A. Fletcher (Code 2852)
R. Dettling (Code 4575)
China Lake, CA 9355%

Naval Weapons Support Center

Attn: D. G. Miley (Code 305)

Electrochemical Power Sources
Division

Crane, IN 47522

Naval Coastal Systems Center
Attn: Library
Panama City, FL 32407

Naval Underwater Systems Center
Attn: T. Black (Code 3642)

J. Moden (Code SB332)
Newport, RI 028u0

David W. Taylor Naval Ship
R & D Center

Attn: A. B. Neild (Code 2723)
W. J. Levendahl (Code 2703)
J. Woerner (Code 2724)
H. R. Urbach (Code 2724)

Annapolis Laboratory

Annapolis, MD 21402

Seientific Advisor

Attn: Code AX

Commandant of the Marine Corps
Washington, DC 20380

Air Force of Scientific Research
Attn: R. A. Osteryoung
Directorate of Chemical Science
1400 Wilson Boulevard

Arlington, VA 22209

!ll!f::i-l-"""""""""""""'-'-..Illl-..-l-II-'-I-"'--r

NSWC TR 81-127

DISTRIBUTION (Cont.)

Copies

=

[

1
1
1
1

28

Frank J. Seiler Research
Laboratory, AFSC
Attn: LT. COL. Lowell A. King
(Code FJSRL/NC)
USAF Academy, CO 80840

Air Force Materials Labecratory
Attn: Major J. X. Erbtacher
Wright-Patterson AFB

Dayton, CH U533

Air Force Aero Propulsion
Laboratory
Attn: W. S. Bishop
(Code AFAPL/PCE-1)
J. Lander
(Code AFAPL/POE-1)
Wright-Patterson AFB, OH 45433

Air Force Rocket Propulsion
Laboratory

Attn: LT. D. Ferguson (Code MKPA)

Edwards Air Force Base, CA Q3523

Headquarters, Air Force Special
Communications Center

Attn: Library

USAFSS

San Antonio, TX 78243

Office of Chief of Research
and Development
Department of the Army
Attn: Dr. S. J. Magram
Energy Conversion Branch
Room 410, Highland Building
Washington, DC 20315

U. S. Army Research Cffice

Attn: B. F. Spielvogel

P.0. Box 12211

Research Triangle Park, NC 27709

Copies

=

‘ L - - avo N
PRSI P VLTRSS A PONT R



U. S. Development and Readiness
Command
Attn: J. W. Crellin
(Code DRCDE-L)
5001 Eisenhower Avenue
Alexandria, VA 22333

U. S. Army Electronics Command
Attn: A. J. Legath
(Code DRSEL-TL-P)
E. Brooks
(Code DRSEL-TL-PD)
G. DiMasi
Dr. W. K. Behl
Fort Momnmouth, NJ 07703

Army Material and Mechanical
Research Center

Attn: J. J. DeMarco

Watertown, MA 02172

USA Mobility Equipment
R and D Command
Attn: J. Sullivan (Code DRXFB)
Code DRME-EC
Electrochemical Division
Fort Belvoir, VA 22060

Edgewood Arsenal

Attn: Library

Aberdeen Proving Ground
Aberdeen, MD 21010

Picatinny Arsenal
Attn: M. Merriman
(Code SARPA-FR-S-P)
Dr. B. Werbel
(Code SARPA-FR-E-L-C)
A, E. Magistro
{Code SARPA-ND-D-B)
U. S. Army

Dover, ¥J 07801

NSWC TR 81-127

DISTRIBUTION (Cont.)

Copies

e

(o

Harry Diamond Laboratory
Attn: A. A. Benderly
(Code DRDXQ-RDD)
W. Kuper (Code DRDXO-RDD)
J. T. Nelson
(Code DRKDO-RDD)
C. Campanguolo
Department of Army Materiel
Chief, Power Supply Branch
2800 Powder Mill Road
Adelphi, MD 20783

Department of Energy

Attn: L. J. Rogers (Code 2102)
Division of Electric Energy Systems
Washington, DC 20545

Department of Energy
Attn: Dr. A. Landgrebe
(Code MS E-463)
Energy Research and Development
Agency
Division of Applied Technology
Washington, DC 20545

Headquarters, Department of
Transportation

Attn: R. Potter (Code GEOE-3/61)

U. S. Coast Guard, Ocean
Engineering Division

Washington, DC 20590

NASA Headquarters

Attn: Dr. J. H. Ambrus
Code RTS-6

Washington, DC 20546

NASA Goddard Space Flight Center
Attn: G. Halpert (Code T711)

T. Hennigan (Code 716.2)
Greenbelt, MD 20771

NASA Lewis Research Center
Attn: J. S. Fordyce
(Code MS 309-1)
H. J. Schwartz
(Code MS 309-1)
2100 Brookpark Road
Cleveland, OH 4u135

29

Copies

—

—




.« et

NSWC TR 81-127

DISTRIBUTICH (Cont.)

NASA Scientific and Technical
Information Facility

Attn: Library

P.0. Box 33

College Park, MD 20740

National Bureau of Standards
Metallurgy Division
Inorganic Materials Division
Washington, DC 20234

Battelle Memorial Institute

Defense Metals & Ceramics
Information Center

505 King Avenue

Columbus, OH 43201

Bell Laboratcries

Attn: Dr. J. J. Auborn
600 Mountain Avenue
Murray Hill, NJ 07974

Brookhaven National Laboratory
Attn: J. J. Egan

Building 815

Upton, NY 11973

California Institute of Technology
Attn: Library

Jet Propulsion Laboratory

4800 Oak Grove Drive

Pasadena, CA 91103

Argonne National Laboratory
Attn: H. Shimotake

R. K. Steunenberg

L. Burris
9700 South Cass Avenue
Argonne, IL 60439

John Hopkins Applied Physics
Laboratory
Attn: Library
R. Rumpf
Howard County
Johns Hopkins Road
Laurel, MD 20810

Copies

-

=

Oak hidge National Laboratory
Attn: K. Braunstein
Oak Ridge, TN 37830

Sandia Laboratories
Attn: R. D. Wenrle (Ccde 2522)
B. H. Van Domelan
(Code 2523)
Albuquerque, NM 87115

Catholic University

Attn: Dr. C. T. Moynihan
(Physies)

Chemical Engineering Department

Washington, DC 20064

University of Tennessee
Attn: G. Mamantov
Department of Chemistry
Knoxville, TN 37916

University of Florida
Attn: R. D. Walker
Department of Chemical
Engineering
Gainesville, FL 32611

Applied Research Laboratory
Attn: Library

Penn State University
University Park, PA 16802

Catalyst Research Corporatiocn
Attn: G. Bowser

N. Issacs

F. Tepper
1421 Clarkview Road
Baltimore, MD 21209

ESB Research Center
Attn: Library

19 W. College Avenue
Yardley, PA 19067

Cepies

§

e

§

-

1




i !

e .

NSWC TR 81~-127

DISTRIBUTION (Cent.)

EIC Corporation

Attn: S. B. Brummer
G. L. Holleck

55 Chapel Street

Newton, MA 02158

Bagle-Picher Industries, Inc.
Attn: D. R. Cottingham
J« Dines
D. L. Smith
J. Wilson
Blectronics Division, Couples
Department
P.0. Box 47
Joplin, MO 64801

Eagle-Picher Industries, Inc.
Attn: P. E. Grayson

Miami Research Laboratories
200 Ninth Avenue, N.E.

Miami, OK 74354

Electrochimica Corporation
2485 Charleston Road
Mountain View, CA 94040

Bureka Advance Science Division
Attn: D. Ryan
L. Raper
P.0. Box 1547
Bloomington, IL 61701

Foote Mineral Company
Attn: H. R. Grady
Exton, PA 19341

General Electric Company
Attn: R. D. Walton

R. Szwarc
Neutron Devices Department
P.0. Box 11508
St. Petersburg, FL 33733

Gould, Inc.

Attn: S. S. Nielsen
G. R. Ault

40 Gould Center

Rolling Meadows, IL 60008

Copies

o

GT & E Laboratory

Attn: Dr. C. R. Schlaikjer
40 Sylvan Road

Waltham, MA 02154

Honeywell, Inc.
Attn: Library

R. Walk

W. Ebner

Dr. P. M. Shah
Defense Systems Division
Power Sources Center
104 Rock Road
Horsham, PA 19044

Hughes Aircraft Company
Attn: Library

Dr. L. H. Fentnor
Aerospace Groups
Misgile Systems Group
Tucson Engineering Laboratory
Tucson, AZ 85734

KDI Score, Inc.
Attn: L. A. Stein
F. DeMarco
K. K. Press
200 Wight Avenue
Cockeysville, MD 21030

Lockheed Missiles and Space
Company, Inc.

Attn: Library

Lockheed Palo Alto Research
Laboratory

3251 Hanover Street

Palo Alto, CA 94304

Duracell Int., Inc
Attn: G. F. Cruze
B. McDonald
D. lLinden
Battery Division
South Broadway
Tarrytown, NY 10591

(NS bt s b

-

e



Duracell Int., Inc.
Attn: Library
Dr. A. N. Dey
Dr. H. Taylor
Laboratory for Physical Science
Burlington, MA 01303

Power Conversion, Inc.
70 MacQuesten Parkway S.
Mount Vernon, NY 10550

Union Carbide Battery Products
Division
Attn: R. A.
P.0. Box 6116
Cleveland, OH 44101

Powers

Wilson Greatbatch LTD.
Attn: Library

1000 Wehrle Drive
Clarence, NY 14030

Yardney Electric Corporation
Attn: Library

A. Beachielli
82 Mechanic Street
Pawcatuck, CT 02891

Callery Chemical Company
Attn: Library
Callery, PA 16024

Kawecki Berylco Industries, Inc.
Attn: J. E. Eorgan

R. C. Miller
Boyertown, PA 19512

Rockwell International

Attn: Dr. Samuel J. Yosim
Atomics International Division
8900 DeSoto Avenue

Canoga Park, CA 91304

I''!!!lIIllllll....|||||llll|llllllllllllllllllIlIllllllllllllllllIll-------Lﬁw

NSWC TR 81-127

DISTRIBUTION (Cont.)

Copies

e

[

[

Union Carbide
fttn: Library
Nuclepore Corporation
7035 Commercial Circle
Pleasantown, CA 9u556

Ventron Corporation
Attn: L. R. Frazier
10 Congress Street
Beverly, MA 01915

Stanford University

Attn: C. John Wen

Center for Materials Research
Room 249, McCullough Building
Stanford, CA 94305

EDO Corporation

Attn: E. P. DiGiannantonio
Government Products Division
2001 Jefferson Davis Highway
Arlington, VA 22202

Perry International, Inc.
Attn: R. A. Webster

117 South 17th Street
Philadelphia, PA 19103

Ford Aerospace and Communications

Corporation
Attn: R. A. Harlow
M. L. McClanahan
Metallurgical Processes

Advanced Development-Aeronutronic

Division
Ford Road
Newport Beach, CA 92663

Globe Union Inc.

Attn: Dr. R. A. Rizzo
5757 N. Green Bay Avenue
Milwaukee, WI 53201

University of Missouri, Rolla
Attn: Dr. J. M. Marchello
210 Parker Hall

Rolla, MO 65401

32

Copies

—




NSWC TR 61-127

| DISTRIBUTION {Cont.)
i ‘ Copies Copies
RAI Researcn Corporation CAPT. A. S. Alanis
Attn: Dr. Carl Perini 1  BMO/ENBE
225 Marcus Boulevard Norton AFB
4 Hauppauge, NY 11787 CA 92409 1
| Battery Engineering Norton AFB
| Attn: Dr. N. Marincic 1 Code AFISC/SES
| 80 Oak Street CA 92409 1
: Newton, MA 02164
‘ RAY-0-VAC
k. Attn: R. Foster Udell 1

101 East Washington Avenue
Madison, WI 53703

33







