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SUMMARY

Duracell Inc. developed an ambient temperature lithium rechargeable system
using the inorganic 302 electrolyte in 1980. The system had porous carbon as
the positive electrode, SOz'as depolarizer and L12810C110 or LiGaC]4
as electroltyte salt. The éystem made in D ce]]s'deliveréd a cycle life of

50-140 at 10 to 20% depth and only 10-30 cycles on deep discharge. Degradation

~of the carbon electrode was believed to be the problem of poor cycle life.

In addifion to poor cycle life, the lithium salts, Li2810C110 and
LiGaC]4 were also very expensive. The development efforts were continued with
the exploration of new low cost electrolyte salts and other positive electrode -
materials. Various lithium and other alkali or alkaline-earth metal salts were
found readily soluble in SO2 and form highly conductive electrolytes. A

1 ohm-lcm.1 was obtained with the solvated

conductivity of about 1 x 10~
L1'A1C14-xSO2 electrolytes. The solvated electrolytes can also provide
éxce11ent Tithium stability and cycling efficfency. Lithium cycling
efficiencieé of over 96% were obtained. Studies of various solid positive -
materials has also identified that CuC]2 is one of the promising materials
for use in the jnorganic electrolyte system. Cells using porous carbon and
solid a;tive materials such as CuCl2 as positive electrodes were evaluated
with various new SO2 e1ectro1ytes;

Li/carbon system with L1'A1C14-x502 electrolyte shows an OCV of 3.2 V

and the cell reaction is different from the regular Li/carbon cells with

L12810C110/SO or LiGaCl /SO2 electrolytes. The system has a

2 4



theoretical energy density Qf 524 W/kg. In experimental prismatic cells, the

system de]iveréd over 200 cycles on 100% DOD. The 2/3A size prototype wound

cells delivered about 40-60 cycles on 100% DOD and hear 200 cycles on 50% DOD.

A practical energy densify of about 100 W/kg has been obtained with the

prototype 2/3A cells and higher energy density is anticipated for 1arger sizes A

of cells.

Li/CuC]2 with 1norgani¢ SO2 e1ectroiytes has OCV of 3.4 V with a
theoretical energy density of 606 Wh/Kg to a cut-off of 2.6 V( first electron
discharge). Oyer 400 cycles at 2 mA/cm2 discharge rate and 1 mA/cm2 chargéb
rate has been demonstrated in experimental cells. Cells discharged to 2.2 V-
with the reduction of CuC]2 to Cu delivered less cycle life. 2/3A size
prototype wound cells delivered only 15-20 cycles which was probably due to

poor fabrication process of the positiveAelectrode{

The capability of taking overcharge is one of the important advantages of
the inorganic electrolyte systehs. A11 active chemicals present in the systems
are inherently reversible. Experiments to demonétrate the overcharge capability
and to Tnvestigate the balancing reactions were carried out. Oxidation of the
electrolyte salt and the recombination of the overcharge products provide the
balancing function. The amount of overcharge which the cell can sustain is

limited by the chemical stability of the separator to the overcharge products.

Capacity fade, developmemt of internal shorts and instability of the |
separator with the overcharge p?oducts aré the major problems of the prptotype
wound cells. Further studies of the inorganic'rechargeab1e system to improve
the cycle life, energy density and the stability of the separator are

recommended.
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[. INTRODUCTION

Having theiadvantages of high energy density and good charge
retention, rechargeable 11£hium batteries have been of interest to

many companies and research organizations within the last 15 years.

~Various lithium rechargeable systems with different positive

electrodes and e]éctro]ytes have been reported in literature. Most
systems which have been evaluated or are currently undér development
are using electrolytes with organic solvents. Organic electrolytes
usually have significantly lower conductivity compared to aqueous

systems. In addition, due to the high chemical activity of the

plated lithium and the instability of most electrolyte solvents

toward oxidation and réduction, problems of poor rate capability

and poor lithium plating have been observed.

Duracell Inc. has demonstrated the feasibility of using
totally inorganic electrolytes based on liquid SO2 for the ambient
temperature rechargeablé lithium battery. The system has lithium as
the negative electrode and porous carbon as the positive electrode
with SO2 as the depolarizer and electrolyte solvent. The
reversibilities of the lithium electrode and the carbon/s0,
electrode have been well established. (3,4) The system is capable
of delivering an initial energy density of about 330 Wh/Kg. The

a11-inokganic SO2 électro]yte has high electrical conductivity,



- excellent chemical and electrochemical stability, and is believed

suberior to other electrolyte systems containing organic solvents,

A four year cost-shared joint program with the Department of
Energy was initiated in October 1980>to investigate the SOz-based
electrolytes and to develop an ambient temperature rechargeable
lithium battery fof future energy storage applications. The ultimate
goal of this program is to develop a battery having an energy
density over 150 wh/kg with cycle life of 500 to 800 at 80 to 100%
depth of discharge.'The near term objective is to obtain a cycle

life of 100-200 at 50% to 80% depth of discharge.

During the four years, 502 electrolytes with various
inorganic salts and various positive electrodes made of porous
carbon and solid active materials were evaluated. Promising systems
having good rechargeability and high energy density, such as

Li/CuCl, and Li/LiA1C1,-SO

2 4 ~72
summarizes the progress achieved in the program.

/carbon were identified. This report

1Y)
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IT. ELECTROLYTE STUDY

Introduction

~In the initial stage of the program, Li,B,0C1 o Was used as
an electrolyte salt for the totally inorganic rechargeable L1'/SO2
system with a porous carbon positive electrode. L12810C110 salt is
soluble in liquid 502 and provides a highly cdndﬁctive solution,
The BIOC]10= anion has very good chemical and.thermal stability

(5,6) 2 0.5 M electrolyte has a conductivity of 2 x 1072

-1

ohm-lcm at 20°C as shown in Figure 1. On cathodic polarization to

lithium potential, lithium metal can be plated. O0n anodic
polarization to about 3.6 v. vs Li, BIOC]10= is oxidized with one
electron tranéfer to generate 810C110- which can be reduced A
electrochemically back to BlOC110=. The rechargeability of the
1ithium electrode and the porouS'carbon/SO2 electrode in this

(3’7). However, since the

electrolyte had been studied previously
L12810C12 was quite expénsive, a'program was carried out to explore
other electrolyte salts to be used for the inorganic rechargeable
lithium system. The details and the results are described in

following.
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FIGURE 1. Conduct1v1ty of 0.6 N L12810C110/SO2 Electrolyte



A. Exploration of New Electrolyte Salts

1. Experimental

a. Preliminary Screening of New ElectrolyteVSalts

Preliminary screening tests of potential new inorganic
salts suitable for making the SO2 electrolytes were carried out
using heavy wall glass tubes, 1 inch in diameter and 3 inches in
length, as shown in Figure 2. The tube contained a lithium
electrode and a porous carbon electrode about 1 cm? in area which
- were electrically connected to the outside using nickel wires
punctured through a rubber stopper. The rubber stopper was held in
position against the pressure of the SO2 electrolyte in the tube

with a clamp device.

High purity inorganic salts of analytical or research
grade were used to make the electrolyte. The salts were pre-dried
under vacuum and stored in a dry box. Preweighed salt was first
added to the tube and the tube sealed with the stopper. The tube
was then removed from the dry box, evacuated and filled with pure
SO2 (less than 30 ppm'water). Some electrolytes contained composite
salts such as LiGaC14 or LiA1C14 and were made by mixing the

equivalent amounts of the component salts.



FIGURE 2.

GLASS TESTING CELL

Glass Cell for Preliminary Test of the Electrolyte Salts.
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After the tube was filled with 502, the usefulness of
the electrolyte was judged by visual observations of solubility of
the salt, color degradation, lithium stability, measurements of the
open circuit voltage and the short circuit current of the two
electrodes, discharge capacity and voltage of the cell at 1 ma/cm2

rate, and the cycling performance.

b. Physical and Electrochemical Properties of The

E1ectro1ytes‘

The conductiyity of various promising electrolytes were
measured at variou§ temperatures using a stainless steel cell
contafning tWo 1 cm2 platinized platinum electrodes and spaced lcm
apart. The internal surface of the vessel was coated with Teflon.
The cover had a Teflon 0-ring seal with screws for mounting the
cell body which was able to withstand the vapor pressure of the 502
within the temperature range of measurement. After filling with
electrolyte, the cell was immersed in a constant temperature bath
for at least 24 hrs. The conductivity was measured using a Genrad
Model 1657RLC after the temperature of the cell reached

equilibrium,

The electrochemical stabilities of the electrolytes were
characterized using PAR 173 potentiostat with PAR Model 175 fqnction

generator.



2. Results and Discussion

a. Streening,of the Electrolyte Salts

Table 1.sunmarizes the electrolyte salts which were
evaluated. High short circuit current implied a high conductivity.
Low short circuit current indicated either a low conductivity or
high polarization of the carbon cathode. Most salts were found to -
have poor solubility in liquid 502. The hjgh open circuit voltage
(0CV) shown by some electrolytes might have been due to the
formation of SOC12 or other compounds in-situ. The rechargeability
of the carbon electrode jn these electrolytes having high OCV was
also very poor. OnTy tiGaC14-was found to have good solubility and
to provide good discharge capacity with the porous carbon
electrode. L1A1C14 was also readily soluble in S0, and. gave a clear
stable electrolyte. However, the porous carbon electrode performed

poorly and gave a low discharge capacity.

b. Physical and Electrochemical Properties of the

Electrolytes

LiGaC1,/S0, Electrolyte

L‘iGaC'I4/SO2

LiGaC14 salt or the equivalent amounts of fhe component salts,

electrolyte can be prepared by dissolving



TABLE 1. PRELIMINARY EVALUATION OF THE ELECTROLYTE SALTS

SALTS CONCENTRATION OCV
LiGaC]4 . 1.0M- 2.91v
LiZO.ZGac13 0.5M 2.97v
LiC104 2.90vV
LiAlCl4 1.0M 3.26v
LiAlBr4 3.21v
LiInCl4 1.0M 2.89v
Li3InC16 1.0M 2.87v
LiTaCl6 1.0M 3.60v
LiNbCl6 1.0M 3.62v
L1‘A1F6 2.97v
LiSbCl6 3.62v
L13SpC16 3.62v
L1'N0‘3

LiMoO4 2.9v
Lizso4 239v‘
L1'3P04 2.9v
L1'3A1F6 2.9v
LiBF4 2.9v
LiAsF 3.2v
LiPF6 2.9v

SHORT CIRCUIT

30mA

'65mA

310mA
17mA
60mA
640mA
6 mA

430mA

CAPACITY

40mAh

6mAh

20mAh

10mAh
ZmAh

<5 mAh
<5 mAh

COMMENTS
Colorless

Poor solubility
Colorless

Brown, reacted
with SO2

Poor recharge

Poor recharge
Poor recharge
Poor Solubility*
Poor recharge
Poor recharge -
Not soluble
'Poor solubility
Poor solubility
Poor solubility
Poor solubility
Poor so]ubi1fty
Poor solubility

Poor solubility

*Visually over 90% of the salt was not dissolved after stirring and overnight

storage.



SALTS
LiF
LiBr
LiTa0C1
LiNboC1
LiB(C4H

4
6
9)a

TABLE 1 (CONTINUED)

SHORT CIRCUIT -

CONCENTRATION OCV CAPACITY
CURRENT
2.9v
2.9v,
2.9v.

-~ -10-

COMMENTS

Not soluble
Not soluble
Poor solubility
Poor solubility

Poor solubility



LiCt and GaCl3 in liquid SOZ‘ Figure 3 shows the conductivity of 1
M LiGaC14/SO2 electrolyte at various temperatures. On anodic
polarization to above 4.0 V vs Li, the LiGaC14 salt is oxidized to

generate chlorine as indicated in Figure 4,

+1/2 C1, +e

GaCl, =====--- > GaCl, »

Both GaC13 and C]Z are soluble in 502. This oxidation potential is
well above the reversible potential of $0,/L1,5,0,(carbon), which

provides a wide potential window for Li/SO2 cell operation.

LiA1C1,/S0, Electrolytes

In the preliminary electrolyte screening test it was
found_that L1A1C14 is readi]y soluble in liquid SO2 and gives high
conductivity. Although the electrolyte showed poor capacity for SO2
discharge with a Shawinigan carbon electrode, it might we]] be
suitab]e for use as an electrolyte for solid positive electrode
materials. We also observed that a 502 solvated liquid electrolyte
was also formed when LiA1C14 salt was contacted with SO2 gés at.
atmospheric pressure. L1'A1C14/SO2 electrolytes with different SO2
content were prepared for cohductivity neasurgnents. Figure 5 shows

the conductivities of LiA1014-x502e1ectro1ytes with various

-11-
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FIGURE 3. Conductivity of 1M LiGaCl4/502 Electrolyte.
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S0, contents meésured at 25°C. A maximum conductivity was obtained

2

with L1A1C14-6502‘ Figure 6 shows the temperature dependence of the

conductivity of the electrolytes for several selected compositions.

The electrolytes are highly conductive with a conductivity of about

1 x 107! ohm™lem™! at ambient temperature, which is comparable to

that of aqueous electrolytes.

Solvated LiA]C14-3502 is a super-cooled liquid at

ambient temperature (20°C) when initially formed by reaction of
stoichiometric amounts of LiC1, A1C1; and S0,. It crystallizes when
cool to about -10°C or when the equilibrium pressure of SO2 above

the liquid is released abruptly. The crystal has an orthorhombic

(10)

structure(g) and melts at 24°C The freezing temperature of

L1A1014-x502 electrolytes decreases with increasing the SO2 content.

The electrolyte of composition L1A1C1416SO2 remains in liquid state

at temperature as low as -30°C.

The vapor pressure of SO2 over the solvated electrolyte
is significantly lower than that of pure liquid 502. The
equilibrium pressure of SO2 over the stoichiometric solvate

L1A1C14-3502 is less than 1 atm at ambient temperatures. Figure 7

exhibits the vapor pressure of the two solvated e1ecfro1ytes,

LiA1CL,-3S0

4 2 and LiA1C1,-6S0

measured at various temperatures.

4 2°

-15-
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The equilibrium pressUre’of’SOZ'isJélso shown in the figure for

comparison.

The density of the L1A1C14-3502 solvated electrolyte was
measured to be 1.65 g/cc. Figure 8 shows the thermal expansion of
the electrolyte vs. temperature which gives a coefficient of about

1%/10°¢.

Metallic lithium can be plated out from the L1'A1014-x502
electrolyte when it is cathbdica]lyvpo1arized to below 1lithium
potential. On oxidatidn, the electrolyte salt L1A1C14 decomposes
to generate A1C13 and Clz. Both reaction products ére highly so]ubie
in the electrolyte. Figure 9 shows the polarization of the
electrolyte on a platinum electrode with a scan rate of 10 mv/sec.
The evolution of C12 starts at about 3.9 volt vs. Li. The
overpotential for electrolyte decomposition on nickel surface is
significantly higher than that on a platinum electrode as shown in

Figure 10. Chlorine is generated at above 5.0 V. vs Li.

Other Alkali or Alkaline-earth Metal

Tetrachloroaluminates /S0, Electrolytes.

In add1t1on to L1A1C14, other alkali or a1ka11ne earth
metal tetrach]oroalumlnates were found to be readily soluble in SO2

or to form solvates with 302. NaA1Cl4'-3SO2 has physical

-18-
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2(9’10). Although the

properties similar to those of LiA1C1,-350
orthorhombic crystals of NaA1C14-3502 have a melting point of -13°C,
the liquid state can be super cooled to -40°%¢ without freezing.
Figure 11 shows the conductivity of the electrolyte measured at
temperatures from -35%C to 50°% before and after freezing. The
conductivity is about the same as that of the LiA1C14-3502
electrolyte. Simi]af to the LiA1C14-3502 electrolyte, the sodium
electrolyte decomposes to generate chlorine when it is anodized to
above 5.0 v. vs Li on a nickel electrode as shown in Figure 12.
Sodium can be plated out during cathodic reduction. The
overpotential for sodium plating in the sodium electrolyte is higher
than that of lithium plating from the lithium electrolyte as shown

in Figure 10 and 12.

Since LiA1C14-3502 electrolyte can only be super-cooled
to about -10°C, a study of the effects of mixing NaA1C14-3SO2 with
L1A1014-3502 on conductivify and freezing point was carried out.
Figure 13 shows the conductivity of the mixed electrolyte of
composition, 0.5LiA1C14-0.5NaA1C14-3502. The electrolyte can
certainly be super-cooled to below -10°C and is partially frozen at
-30%. The conductivity measurements after freezing also show a
partially melted region. Figure 14 shows the conductivity of the

mixed electrolyte of composition 0.2L1A1C14-0.8NaA1C14-3502. With

high NaA1C14 content, the conductivity characteristic is similar

22-
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to that of the pure NaA1C14 electrolyte.

KA1C1,, RbAIC1, and CsA1C14 (mixtures of KC1, RbC1 or

4° 4
CsC1 with A1C13) have been found unable to form solvates with 502.

Alkaline-earth metal tetrachloroaluminates such as
Ca(A1C14)2 and Sr(A1C14)2 can form liquid SO2 solvates with 502
having vapor pressure less than an atmosphere. Electrolytes of,
compositions Ca(A1C14)2-5.SSO2 and Sr(A1C14)2-5.6502 were prepared
for eva1uatﬁ6n. Figures 15 and 16 show the conductivities of the
electrolytes measured at various temperatures. The conductivities of
both electrolytes are about a factor of 5 less than those of the
lithium or sodium counterparts. Also, the conductivity declines

L™l at

more rapidly with temperature and is less than 1 x 10-3 ohm™
-35°C. Both electrolytes were not found to crystallize even at
extremely low temperatures. However, the viscosity increased
dramatically and the electrolyte became gummy at temperatures below
about -50°C. At -78°C both electrolytes looked c{ear and were
immobile. Tests of the electrolyte with a freezing point apparatus
did not show any latent heat associated with the liquid/solid

transition. The conductivity curves measured as shown in Figures 15

and 16 are completely reversible.

27-
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Although the electrolyte oxidizes on a nickel electrode
to generate chlorine at potential above 5 v. vs Li as shown in
Figure 17, calcium metal can not be plated out during cathodic

polarization even to a potential of about -2.0 v vs. Li.

Addition of small amounts of lithium
tetrachloroaluminate to the calcium or strontium electrolytes did
not change the freezing characteristics but did improve somewhat the
conductivity as shown in the curve for

0.2L1A1C14-0.8Ca(A1C1 -5.6502 in Figure 15. The addition of

a)2
higher concentrations of the lithium electrolyte, such as the 1:1
stoichiometric mixture shown in Figure 15, caused part of the

electrolyte to freeze at -20%C with the rest remaining in liquid

state.

No SO2 solvated electrolyte could be made for

Mg(A1C14)2 or Ba(A1C14)2.

B. LITHIUM ELECTRODE STUDIES

1. Stability of Lithium in SO, Electrolytes

Accelerated corrosion tests were carried out at 71°C to
investigate the stability of lithium in tetrachlorogallate and

various tetrachloroaluminate electrolytes.
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a. Exberimenta]

' fhe corrosion rates of various electrolytes at 71°C were
determined using hermetically sealed cells (D size cans) containing
a pre?weighed Tithium working electrode sandwiched between two
lithium counter electrodes as shown in Figure 18, The lithium
working electrodes of size 2.5cm x 4 cm were made by pressing 5 mf]
lithium foil on each side of copper foil substrate. After being |
filled with electrolytes, the cells were stored at 71%  for fixed
periods of time. The remaining active lithium was determined by
stripping electrochemically from the working electrode at ambient
temperature, first at 1 mA/c}n2 and then at 0.1 mA/cm2 until
potential excursion indicating polarization of the working
electrode. Finally the electrode was removed from the cell and any
remaining lithium was determined by chemical titration. This method
provided quantitative information concerning the loss of active
lithium during high temperature storage as well as the loss of rate

capability which may have resulted from high temperature storage.

b. Results and Discussion

Table 2 and Figure 19 summarize the test results. The
NaA1C14-2.8SO2 and the mixed lithium and sodium tetrachloroaluminate
electrolyte showed the best lithium stability at 71°% among the

electrolytes evaluated. Almost all the active lithium was
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LITHIUM CORROSION AFTER STORAGE

FIGURE 18. The Experimental Cell with Flat Electrodes
‘ for Lithium Corrosion Study.
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TARLF 2.

Flectrolyte

LITHIUM CCFROSION IN VARICUS ELECTROLYTES AFTER STORAGE AT TloC
LS MEASURED BY THE ELECTYRGCHEMICAL STRIPPING TECHNIOQUE

Theoretical

Capacity Delivered Addi tional Capac{ty

Determined by

Capacity at 1 ma/cm2 at 0.1 mA/cm2 Titration
_____________________ — fmAb)_. ~-ieAb)_.___ iedbl)
LiAICI4=-2502
Fresh ¢r1 579,2 553 0 0
Fresh &2 594,7 586 0 [}
1 week & 71C 606 510 2646 [}
2 weeks & 71C 59846 440 78.8 o
3 weeks & 71C 598.6 402 78 0
C.PNaAICI4-0,2LiAICI4-2,.0502
fresh 594,7 586 (1] 1]
1 week @ 71C 597.2 555.9 0 0
2 weeks & 71C 544 520 3.8 [}
3 weeks @ 71 583 572 4 [+]
CataICia)2-5,.65n02
1 week & 71C 560 0 ] 405
2 weeks 9 71C 560 0 (1] 232
3 weeks & 71C 548 0 0 200
1M LIAICIA/SN2 ’
fFresh 560 480 2 58
1 week ? 71C 545 52% 4 8
2 weeks o 71C 59 545 4 5
NaAICI4=-2.6502
Fresh 669 590 : 31 10.5
] week @ 71C 727 - - 689
2 weeks 3 71C 634 - - 606
& weeks & 71C - - - 622
C.2LIAICI 4-0.8CatAlCt4) 25502
Fresh 684 ()] (/] 602
1 week 3 71C 702 0 0 622

Lithium Lost by
Corrosion

26.2
8.7

69.4
79.8
118.6
8.7
23.3

20.2
7.0

155

3286

348
20
11
40
37.5
38

51

82

80

0.34
0.113

0.898
1.033
1.53

0.113
0.302

0.262
0.091

2.01
4.25
4.5
0.269
0,142
0.518
0.487
0.492
0.362
0.66
1.061

1036

--=i8A0)__.__.{mAh) _(mg/co2) (milsl

0,2%
0,084

0.67
0.77
1l1~
0.084
0.224

0.194
0.067

l.48
3.13
3.31
0.192
0.106
0.384
0.36
0.36
0.27
0.48

0.7¢

0.76
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stripped off electrochemically at the 1 mA/cm2 rate. The corrosion
rate.of lithium in L1A1C14-3502 electrolyte was éignificant1y higher
than that in the sodium containing electrolytes. Although all active
Tithium could be stripped off electrochemically in the LiA1C14-3502
electrolyte after storage similar to that in the sodium containing
electrolytes, some active lithium could only be stripped at low
rates (0.1 mA/cmz). However, increasing the SO2 content of the
» lithium,tetrachloroaluminate electrolyte decreased the corrosion
rate of lithium on 71°C storage. The LiAlCl4-GSO2 and LiAlQ14-22$02
(1M L1A1C14) electrolytes gave superior stability for lithium. The
loss of 1ithium after 8 weeks of storage at 71°C was less than 0.3
~mils. Much more lithium capacity was delivered at 1 mA/cm2 rate in
the Sdz-rich electrolytes after high temperature storage than.in the
L1‘A1(I14-3SO2 eTéctro]yte. The calcium containing electrolyte
showed a high corrosion rate for lithijum at 71°C. The loss of v
Tithium was more than 3 mils after 2 weeks of storage. The amount of
active lithium in caicium containing electrolyte after storage could
| only be determined by titration since the cells tended to short when
lithium was stripped electrochemically from the working electrode to
plate on the counter electrodes. It indicated that the plating

morphology was very poor in ca1cium‘containing electrolytes.
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Lithium immersed in L1A1C14-3502 electrolyte and stored
at elevated temperature (70°C) for a week usually showed darkening
or tarnish of the Tithium surface. SEM/Kevex x-rayanalyses were
carried out to evaluate the surface morphology and chemistry of the
Tithium electrode in the SO2 solvated Tithium and sodium
tetrachloroaluminates after a fixed period of high temperature
storage. Figure 20 exhibits the SEM photomicrograph of lithium
surface after 1 week storage at 70°C in L1'A1C]4-3.OSO2
electrolyte. The surface of lithium was covered with crystals of a
cubic structure. Kevex x-ray spectra showed that chlorine is the
predominant element detected. Other elements of trace amount are
sulfur and aluminum. The cubic crystals are presumed to be Tithium
chloride. Figure 21 shows the photomicrograph of the Tlithium
surface after storing in NaA1C14-2.8502 at 70°C for the same amount
of time. Similar cubic crystals were observed on the Tithium surface
while the size of the crystals was considerably smaller than that
observed with L1A1C14-3.0502 electrolyte. The rather dense coating
on the lithium surface with the sodium electrolyte might be the
reason that the lithium has better stability with Tow corrosion rate

on high temperature storage.
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2. Cycling Efficiency of Lithium

a. Experimental

The cycling performances of the lithium electrode 1in
various inorganic SO2 electrolytes were evaluated using small flat
electrode cells of size 2.5 cm x 4 cm with one lithium electrode
sandwiched between two positive electrodes. The lithium working
electrode was made by pressing a layer of preweighed lithium foil on
both sides of a 1 mil copper foil substrate. Either porous carbon
or CuCI2 electrodes were used for this study. Figure 22 exhibits
the cell assembly. The cells were cycled at different rates and
depths of discharge and charge. The cycle life of the lithium
working electrode was determined when it failed to deliver the
preset depth of discharge due to exhaustion of the active Tithium
and showed a rapid drop in cell voltage as shown in the schematic
diagram in Figure 23. Since the plating/stripping efficiency of the
Tithium was less than 100%, in each discharge cycle the freshly
deposited 1ithium would be discharged first. Then the original
1ithium reserve was cut into and showed an apparent efficiency of
100% until all lithium was exhausted in the last discharge cycle.
The average plating/stripping efficiency of the lithium was

calculated as follows:
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Eave =1 - (CT-Cd)/(N x,Cd) (I1-1]

where CT is the total capacity of the lithium electrode
Cd is the capacity discharged each cycle

Eave is the average efficiency of stripping/plating

N is number of cycles at anode failure

The lithium turnover was defined as

Li Turn-over = ==-c-=--- . [1I-2]

b. Results and Discussion"

Table 3 shows the cycling efficiency of lithium in 0.25

M L12810C110

" lithium as well as at various depths with 3 mil Tithium. The average

/SO2 electrolyte obtained at 20% depth with 10 mil

cycling efficiency of lithium ranged from 85% to 93% at a discharge

rate of 1-2 mA/cm2 and charge rate of 1 to 3 mA/cm2

. The data with
10 mi1 Tithium showed that the cycle life of lithium decreased with

increasing the charging rate.



TABLE 3. LITHIUM CYCLING DATA IN 0.25M LiZBloCllo ELECTROLYTE

Rate of Average
Cell# Positive Discharge/ Lithium Depth . No. of Cycling Lithium
Electrode Charge Thickness Cycles Efficiency Turnover
(mA/cm’)
582-146 Carbon 2/ 2 10 mil 20% 32 88% 6.4
582-147 Carbon 2/ 1 10 mil 20% 52 92% 10
582-148 Carbon 2/ 3 10 mil 20% 21 85% 5.4
A-5 Cuc12' 1/1 3 mil 12.8% 55 88% 7.0
A-6 CuCl2 1/1 3 mil 25.6% 25 88% 6.4
A-7 cucl, 1/1  3mil 51.24 15  93% 7.7
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Table 4 shows the cycling performance of Tithium in 1M
LiGaC14/SO2 electrolyte. The cyc]jng efficiency thained with 10
mil 1ithium and carbon countef electrode ranged from 85% to 87%.
The efficiencies obtained with 3 mil Tithium and CuC'I2 counter

electrodes were somewhat higher in the range of 85% to 94%.

Table 5 summarizes the test Eesults of lithium cjc]ing-
in LiA1C14-3$02 electro]yte; Tests with 3 mil 1ithium at yar10us
depths at 0.5 mA/cm2 and 1 mA/cm2 rates showed cycfing efficiencies
ranged ffom 92 to 98.8%. A lithium turnover of over,40 times was
observed for cells with shallow cycling (12.8% depth); (Tests with 5
mil lithium at 20 and 40% depths and higher diséharge ratés, 5
mA/cm2 and 10 mA/cmZ, showed that the efficiency decreased to
85-86%. The cycling efficiency of lithium in this SO2 so]vated’
electrolyte was significantly better than that"in either

Li,ByaC1

2810 10/SO2 or LiGaC'I4/SO2 electrolyte.

Table 6 shows the results of lithium cycling tests in
L1‘A1Cl4-6SO2 electrolyte with 5 mil lithium. Cycling efficiencfes
ranged from 92 to 96 was obtained. Although the tests were ca;ried
out with various charge and discharge rates, the data were quite
scattered and no conclusive effect of rate on the cycling efficiency

was obtained.
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TABLE 4. LITHIUM CYCLING DATA IN 1 M LiGaC14/SO2 ELECTROLYTE

Rate of - Average
Cell# - Positive Discharge/ Lithium Depth - No. of Cycling .Lithium
Electrode Charge Thickness Cycles Efficiency Turnover
(mA/cm’) -
482-18 Carbon 2/ 2 10 mil  20% L, 26 85% 5.2
(2 mil)
481-29 Carbon 2/ 2 10 mil  20% 32 87% 6.4
: (2 mil)
. 582-14 Carbon 2/ 1 10 mil  20% 28 86% 5.6
' (2 mil)
582-142 Carbon 2/ 2 10 mi1  20% 30 87% . 6.0
(2 mil) A
582-144 = Carbon 2/ 3 10 mil  20% 28 . 86% 5.6
' (2 mil)
A-1 ' CuCl2 1/1 3mil  12.8% 102 93% 13.1
(0.38 mil)
A-2 CuC12 171 3mil  25.6% 50 94% 12.8
' (0.77 mil)
A-4 CuC]2 171 3mil  51.2% 13 93% 6.7
(1.54 mil)
A-3 CuC12 2/ 2 3mil 12.8% 108 94% 13.8
' (0.38 mil)
A-14 CuC]2 0.5/0.5 3mil 12.8% 43 85% 5.5
, (0.38 mil)
A-15 CuC12 0.5/0.5 3mil  25.6% 19 85% 4.9
(0.77 mil)
A-16 CuCl2 0.5/0.5 3mil  51.2% 13 93% 6.7
(1.54 mi1)

* Equivalent thickness of lithium stipped/plated each cyc]e_
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TABLE 5. LITHIUM CYCLING DATA IN L1A1C14-3502 ELECTROLYTE
Rate of Average
Cell# Positive Discharge/ Lithium Depth No. of Cycling Lithium
Electrode Chargg . Thickness - Cycles Efficiency Turnover
(mA/cm)
A-8 Cum2 0.5/0.5 3 mil 12.8% 150 - 95.5% 19.2
(0.38 mil)
A-11 CuCl2 ! 3 mil 25.6% 35 91.7% 8.96 -
(0.77 mil)
A-21 CuC]2 " 3 mil 51.2% 28 96.6% 14.3
(1.54 mil)
A-22 CuC12 " 3 mil 76.8% 20 98.5% 15.4
(2.3 mil)
A-12 CuC12 " 3 mil 25.6% 70 95.8% 17.9
(0.77 mil)
A-24 CuC]2 " 3 mil 51.2% 37 97.4% 18.9
(1.54 mil)
A-11 CuCl2 " 3 mil 12.8% 349 98.0% 44.7
: (0.38 mil)
A-13 CuC]2 " Imil 25.6% 103 97.1% 26.4
(0.77 mil)
A-27 CuC]2 " 3 mil 51.2% 77 98.8% 39.4
(1.54 mil)
B-8 CuCl2 571 5 mil 10% 105 91% 10.5
(0.5 mil)
B-3 CuCl2 571 5 mil 20% 57 93% 11.4
(1 mil)
B-12 CuC12 571 5 mil 40% 18 92% 7.2
(2 mil)
B-4 CuCl 10/ 1 5 mil 20% 88 95% 17 .6
2 (1 mil) | .
B-5 CuC]2 10/ 1 5 mil 40% 10 85% 4
(2 mil)
B-6 CuCl2 10/ 1 5 mil 40% 11 86% 4.4
' (2 mil)

* Equivalent thickness of lithium stipped/plated each cycle



TABLE 6. LITHIUM CYCLING DATA IN L1A1C14-6502 ELECTROLYTE

Rate of _ Average
"~ Cell# Positive Discharge/ Lithium Depth No. of Cycling Lithium
Electrode Chargs Thickness Cycles Efficiency Turnover
mA/cm®)
c-1 CuCl2 1/1 mil 50% 13 92% 6.5
(2.5 mil)
C-6 Carbon 2/1 mil 20% 100 96% 20
_ (1.0 mil)
c-7 Carbon 2/2 mil 20% 113 96% 22.6
(1.0 mil) v
c-8 Carbon 2/5 mil 20% 60 93% 12
(1.0 mil)
c-9 Carbon 2/10 mil 20% 103 96% 20.6
(1.0 mil)
C-11 Carbon 5/2 mil 20% 96 96% 19.2
: (1.0 mil) ,
C-12 Carbon 10/2 mil 20% 53 92% 10.6
(1.0 mil) .

* Equivalent thickness of lithium stipped/plated each cycle
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The cycling efficiencies of lithium in the mixe%
electrolyte Liy ,Na; gA1C1,-350, are summarized in Tab]e.}. }he
tests were carried out at discharge rates of 2 and 4 mA/cm2 and
charge rates of 1 and 2 mA/cmz. Efficiencies ranging from 84 to 88%
were observed. Although the sodium containing electrolyte had been
found to provide better stability towards lithium, theplating
efficiency is somewhat worse than that in pure L1'A1C14-x502

electrolytes.
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TABLE 7. LITHIUM CYCLING DATA IN Li ,Na 8A1C14-3502 ELECTROLYTE

Rate of Average
Cell# Positive Discharge/ Lithium Depth No. of Cycling Lithium
Electrode Chargg Thickness Cycles Efficiency Turnover
(mA/cm)
D-1 CuC12 2/ 2 5 mil 5% x» 21 86% 5.25
' (1.25 mil)
- D-2 CuC12 4/ 1 5 mil 25% 19 84% 4.75
(1.25 mi1)
D-3 CuC]2 4 /1 5 mil 25% 21 86% 5.25
‘ ' (1.25 mil) v
D-4 CuC12 2/ 1 5 mil 25% 20 85% 5
(1.25 mil)
D-5 CuCl2 2/ 1 5 mil 25% 25 88% 6.25
(1.25 mil)
D-7 CuC]2 2/ 1 5 mil 25% 22 86% 5.5
(1.25 mil) '

* Equivalent thickness of lithium stipped/plated each cycle
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III. Li/SO2 SYSTEM

A. CELL CHEMISTRY

The L1’/SO2 rechargeable system consists of a Li negative
electrode and a porous carbon-PTFE catalytic positive e1ectfode

similar to a primary Li/SO2 system (11, 12).

The totally inorganic
electrolyte comprises liquid 502 and the electrolyte salts
L12310C110 or LiGaC14. Liquid SO2 is the solvent as well as the
liquid depolarizer. The Li/SOZ system has-an open circuit voltage
of 2.92V with a theoretical energy density of about 1100 Wh/Kg. On
aischarge, sulfur dioxide is reduced on the carbon electrode and
Tithium dithionite, L125204, is generated which is insoluble in the
502 electrolyte and stays within the pores of the carbon electrode
(13,18) " on charging, the solid Li,S,0, is oxidized and liquid S0,

is regenerated on the carbon electrode.
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Discharge:

Negative Electrode
- '+
L ====camea- >Li +e : (ITI-1)

Positive Electrode .

250, + 2 Li'+ 2e-<--->L1,5,0, (;11-2)
Charge:
Negative Electrode

Lit + @ —=coeme- > L | (111-3)
Positive E1ectkodé

Li,S,0,---->2 Li'+250, + 2e (111-4)

The system with either L12810C110/502 electrolyte or
LiGaC14/SO2 electrolyte is able to take overcharge. On overcharge,
the electrolyte salt oxides. The soluble oxidation products can
either be reduced during discharge or recombined chemically with

un-recovered discharge product in the positive electrode. The
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overcharge products can also diffuse through the separator and
recombine with the excess lithium plated during overcharge to
regenerate the electrolyte salt. The recombination reaction is
useful for scavenging the inactive 1lithium dendrites or the
unoxidized lithium dithionite particles in the positive electrode

following the following postulated reactions.

With Li Eigglig Electrolyte:

On overcharge:

Negative Electrode Lit + e --e-- > Li (I1I-5)
Positive Electrode B, Cly 2 =-=-- >
1010
BIOC110 + e
3.6V vs Li (III-6)

On discharge :

Negative Electrode Li ----- > Lit +e  (ILI-7)
Positive Electrode BIOC]lo + @ =m-m=a- >
. . _ ’- )
Brath1o0 (111-8)
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Scavenging Reactions:

Li,S,0, + 2 ByoClyy " ====-==-- > 2 Li +
2-
28,0¢ 110
+ 250, (111-9)
. - | .+
Li + 810C110 -------- > Li o+ »
2-
Byt 110 (I11-10)
With LiGaC1,/S0,, Electrolyte:
On Overcharge:
Negative Electrode Lit + @ ===-=m=mo> Li(III-11)
Positive Electrode Gac14' ----- > GaCly +
1/2Cl, +e
(soluble) (111-12)
On discharge:
Negative Electrode Li ----==-=-- >LiT +e  (III-13)
Positive Electrode 1/2C12 + Gac13 + @ ==-=- >

GaCl,  (III-14)
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Scavenging Reactions:

+ 2GaCly -=---- >

2LiGaC14 +.2 SOZ | (ITI-15)

Li,S 04 + C1

272 2

Li +1/2 C1, +GaCl, ==---- > LiGaC1 (I111-16)

2 4

The capability for overcharge is one of the advantages of
inorganic rechargeable systems. This is an important characteristic
for it provides overcharge protection for individual cells to
balance other cells in muiti-cell battery. None of the rechargeable
Tithium systems with organic electrolytes currentTy under

deve]opnent have the capability to take overcharge.

B. EXPERIMENTAL

The lithium electrodes used in cell studies were made by
pressing lithium foils on both sides of a copper foil substrate of 1
mil thickness. The copper foil substrate was employed to prevent the

perforation of lithium foil after numerous cycles.
The porous carbon positive electrodes were prepared by mixing

Shawinigan carbon with an appropriate amount of Teflon .dispersion

and pressing the mix on expanded aluminum or other metal sgbstrate
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using rollers, It was then cut into the proper size, dried and

stored in oven at 140°C before cell assembly.

Prototype D cells with a wound electrode design were made
usindfthe hardware of the Duracell LO26S primary Li/S0, cell having
overa1]“dimensions of : 60.2mm height, and 33.8mm 0D. The hardware
consisted of a nickel plated cold rolled steel can having a
convoluted safety vent, a fill port at the bottom and a nickel
plated cold rolled steel cover having a G/M seal feed through as
shown in Figure 24. The cell was made by winding the Li electrode,
carbon electrode and separator into a spool and then inserting the
spool in the can. The cathode was electrically connected to the
center post of the G/M seal and the negative electrode was connected
to the can by means of a tab. The cell cover was welded to the can
by a laser welder or Tig welder. The cell was then evacuated and

‘filled with electrolyte and the fill port was closed by crimping and

welding.

Experimental cells with a flat electrode design were also
used to carry out some preliminary studies of the electrodes,
separators and electrolytes, and to diagnose the problems of the
system, The cell structure was basically the same as that used in
Tithium cycling study as shown in Figure 22. The working electrode,
such as porous carbon electrode was sandwiched between two counter

electrodes with 2 or 3 layers of Celgard #2400 separator. The cell
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stack was placed between two half cylindrical teflon shims and
inserted in D size can. The positive electrode was connected to the
center post in the cover with the glass-to-metal seal and the
negative electrode was connected to the can. The cell was then

sealed and filled with electrolyte for evaluation.

C. CELL PERFORMANCE AND DISCUSSION

1. Performance of D Size Cells

Figure 25 shows the typical voltage profiles of D cells with
0.25M L1'28106110/SO2 electrolyte discharged at rates from 0.1 to 1
A. The cells had 22 inch electrodes that were 1.5 inch in width.
The thickness of the carbon electrode was 23-25 mils and the
thickness of the tlithium electrode was 20 mils. The cells showed a
flat discharge voltage and delivered capacity similar to that of the
pfimary L1'/SO2 cells with LiBr/acetonitrﬂe/SO2 electrolyte. Figure
26 shows the voltage profiles of the D cells of the same structure
with 1M LiGaC14/SO2 electroTyte. Although the cells showed the same
discharge voltages, the capacities delivered were significantly

lTower than that with the boron electrolyte at the corresponding

rates.

Table 8 compares the cell capacity, carbon utilization and

the primary energy density of the D cell with LizBmC]lO/SO2 to
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TABLE 8. PERFORMANCE COMPARISON OF Li/SOZ CELLS WITH 0.25M

LiZBmC]lO/SO2 AND 1M LiGaC14/SO2 ELECTROLYTES
L128100110 LiGaC]4
Ah/gm of Carbon 2-3 Ah/g 1.3-2.0 An/g
Ah/1'n2 of Cathode 0.29-0.35 Ah/1‘n2 0.16-0.25 Ah/in2
(27 Mils)
D Cell Capacity 8-9 Ahs 5-7 Ahs
Energy Density 260-290 Wh/kg 175-240 Wh/kg ‘

(D Cell)
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those with LiGaC14/SOZ. Cells with the boron electrolyte have
better carbon utilization and significant1y higher energy density

than cells with the gallium electrolyte.

Cycling tests of D cells with the boron electrolyte between
2.5 and 3.5 v (100% depth) indicated the cycle 1ife was very poor.
Although a previous stﬁdy [14] showed that the discharge product,
L125204, in the porous carbon electrode could be fully recharged
back to 502, there was a sighificant loss of discharge capacity on
next discharge cycle. Figure 27 shows the typical discharge/charge

voltage profiles at the first and the 7th cycles at 0.5 Amp

discharge and charge rates.

Cells filled with 1M LiGaC14/502 electrolyte showed somewhat
better cycle 1life on deep discharge. The loss of capacity in
consecutive cycles was not as drastic as that with boron electrolyte
as compared in Figures 28 and 29. However, the capacity decreased to

Tess than 50% of the original capacity after about 10 cycles.

Several D size cells with implanted Li reference electrodes
were made for evaluation. The test results indicated that the cell
capacity was primarily limited by the positive carbon electrode.

Normally cells were built with 200%-300% excess of lithium.
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Figure 30 shows the typical polarization of the electrodes in a D

cell filled with LiGaC1,/S0

4’30, electrolyte at the 1lst and the 10th

cycles.

Numerous D size cells filled with both electrolytes were
made for evaluation on continuous charge/discharge cycling at
currents of 0.1A, 0.25A , 0.5A and 1 A at 10-20% depth of discharge
(1 Ah cycling). On shallow discharge, the cells with boron
electrolyte were able to deliver over 100 cycles depending on the
rate of discharge and charge. Some cells had been subjected limited
overcharge (less than 50% of their original capacity) and did not
showed adverse effect. Most cells failed due to internal shorts
after numerous cycles. A large amount of cells (over 1/3) vented
violently after the development of internal shorts., Figure 31 shows
the voltage profiles at the first, the 54th and the 100th cycles of

a D cell cycled at 0.5 A to a depth of 1Ah.

Cells filled with 1 M LiGaC14 electrolyte delivered less
cycles on shallow discharge as shown in Table 9 in comparison with
the performance of cells filled with boron electrolyte. Cells with
gallium electrolyte failed mostly due to loss of capacity after
numerous cycles. Considerably less amount of cells failed due to
internal shorts or vented violently. However, cells with gallium
electrolyte had a high tendency to vent violently on overcharge.

This might have been due to GaC]3 generated during overcharge
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TABLE 9. CYCLING PERFORMANCE OF D SIZE L1'/SO2 CELLS

RATE Lis8;oCli0 | LiGaCl,
0.5 Amp ’ 40-;5_E&c;;; 40-70 cy?les
0.25 Amp 70-130 cycles 50-85 cycles
0.1 Amp 70-130 cycles 60-80 cycles
1 Amp -- 30-60 cycles

100% DEPTH

0.5 AMP 3-7 cycles 10-20 cycles
(Capacity to less than 1 AH)
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being highly corrosive and attacking the Celgard separator to cause

cell shorting.

2. Postmortem Examination

Postmortem examination of some cells which had failed after
cycling showed that the carbon electrode became relatively brittle
with numerous small cracks observed on the surface. The resistivity
of the carbon layer was also found significantly higher than that of
a fresh carbon electrode. The lithium electrode obtained from the
cell with boron electrolyte had converted to a mat of powdery
lithium after numerous cycTes. The powdery lithium recovered from
cells after cyc1ﬁng was highly active and could ignite spontaneously

when disturbed by scratching even in argon filled dry box.

The lithium electrode recovered from cells filled with
gallium electrolyte showed that a thick Tight purple color deposit
was formed on the lithium surface. A thickness of coatings as high
as 60 mils had been observed on a lTithijum electrode having 10 mil
original thickness after 40-50 cycles of charge and discharge. The
deposit was soluble in water and gave a basic solution. Emission
spectrographic analysis and Kevex analysis of the deposit detected
'1arge amounts of S, Li and smaller amounts of Ga and C1.
Debye-Scherer powder diffraction ana]ysis was not able to identify

any simple composition of the deposit. However, IR spectrum analysis
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détected the presence of larger amount of dithionite. It was not

clear how the dithionite was formed on the lithium surface.

3. Diagnostic Studies

Experimental cells with prismatic electrode design were made
to diagnose the problems of the sy§tem. The cells were normally
made with the positive electrode sandwiched between two lithium

electrodes having electrode dimension of 4 cm x 2.5 cm.

Figure 32 shows the performance of an experjmenta] cell
filled with excess dal]ium electrolyte. The cell showed a loss of
capacity similar to the performance.of a wound cell even though it
contained excess electrolyte. Since the electrode stack was
confined between two Teflon inserts(shims), the expansion of the
electrode stack was limited. Theve1ectrode stack was compressed
under high pressure during discharge due to expansion of the carbon
e1ectrodelwith the formation of dithionite. Anothef experimental
cell was made with a spring on the back of the shims which allowed
the electrode to expand and shrink under constant stack pressure.
The performance of this cell is shown in Figure 33. The loss of cell
capacity on cycling was much lower than that of the cell with
confined electrode stack. It seems that the performance of the
carbon electrode is affected significantly by the stack pressure.

Due to the nature of the wound cell design, it is impossible to
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maintain a constant stack pressure. Other approaches had to be

taken for improving the cell performance.

4, Improvement of the Cérboh Positive E1ectrode

 Since postmortem examination of the cell indicated that the
carbon electrode became brittle and some carbon material had flaked
away from the substrate, several attempts to improve the integrity
of the carbon electrode were carried out. Following approaches were

evaluated :

a. Increase of.the Teflon content in the cathode for

improving the elasticity of the electrode.

~b. Using alternate materials and designs of the current
collector for improving the integrity as well as the
“current distribution of the electrode. Materials
such as nickel, aluminum and titanium etc. were

evaluated.
¢. Addition of conductive f11ler in the carbon cathode

which included aluminum fiber, graphite fiber,

graphite powder, nickel powder, copper powder etc.
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None of the above approaches showed effective improvement of
the performance of the carbon electrode. Other carbon materials of
different physical properties such as Vulcan 72, Cabot CSX 179,
Ketjenblack EC etc. were also evaluated for the positive electrode
and none of them was able to provide better performance in cycle

life or cell capacity than the Shawinigan Carbon.

Impregnating foam nickel (80% porosity ) with carbon was also
evaluated. The 1oss of capacity was significantly less than that of
a standard pasted carbon electrode on expanded metal as shown in
Figure 34. However the cell still showed a 50% loss of capacity
after nearly 50 cycles. Since a large amount of volume was wasted
with the use of the carbon impregnated foam metal, a D size cell

made with foam metal could only deliver about 2 Ahs.

The poor cycling performance of the system is believed to be
due to the poor elastic structure of the carbon electrode. A large
internal stress is generated during discharge with the formation of
solid lithium dithionite within the pores of the carbon electrode
which might cause irreversible structural damage with the formation
of isolated carbon particles and the reduction of the f1exibifity

and the microscopic porosity of the electrode.
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Iv. Li/LiA]C14-xSOZ/CARBON SYSTEM

A. INTRODUCTION

Cells with a lithium negative electrode, carbon positive
electrode and filled with L1'A1C14-SO2 electrolyte show an OCV of
about 3.26 V. This voltage is significantly higher than the
reduction potential of 502/5204= on carbon. Previous screening
tests using glass cells with Shawinigan carbon electrodes showed a
high short circuit current but very poor capacity utilization as
indicated in Table i. A D size cell with a Shawinigan carbon
electrode filled with 1M L1'A1C14/SO2 electrolyte delivered only 0.4
Ah at 0.25 Amp discharge rate, which was far less than the
capacities delivered with the LiZBmC]m/SO2 and the LiGaC14/SO2
electrolytes. The carbon utilization was about 0.13 Ah/g. However,
using experimental cells, we found that the capacity utilization
depended strongly on the type of carbon and the composition of the
electrolyte. A preliminary cycling study of lithium using
experimental cells filled with the complexed L1A1C14-3502 or
L1'A1C14-6502 electrolytes showed significantly better cycle 1ife
and Tithium plating efficiency than cells with the LiZBIONIO/SO2

and the LiGaCl /SO2 electrolytes (Tables 5 and 6).

4

-77-



Since the material cost of the LiA]C]4 is far less than that
of the Li,B,,C1,, or LiGaCl, salt, substantial efforts were carried
out to investigate the performance and cell chemistry of this

system.

B. EXPERIMENTAL

Experimental cells with a flat electrode design were used to
study the cell chemistry and the performance of various carbons.
The structure of the cell was similar to that used for lithium
cycling as described previously and shown in Figure 22 except that
the positive carbon electrode was positioned in the center and
sandwiched between two lithijum electrodes. Both rolled or dry
pressed positive electrodes were used in experimental cell. The dry
pressed electrode was made by mixing proper amounts of carbon with
" Teflon and then pressed on'expanded nickel screen in a die of

dimension 4 cm x 2.4 cm within an argon filled dry box.

The rolled carbon electrode was made by mixing proper amounts
of carbon, Teflon, alcohol and water to form a dough. The dough was
then rolled on an expanded metal substrate to a thickness of about

15 to 25 mils and dried in oven at 140°C.

2/3A size prototype cells with a spirally wound electrode

design were made for evaluation using the hardware of Duracell L032S
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primary Li/SO2 cells. The cell éan had dimensions of 34.5 mm in
height and 16.3 mm in diameter. The cover had an electrical feed
- through with M/G seal. The bottom of the can had a convoluted

safety vent and a fill port for electrolyte similar to the L026S

cans used for D cells as described previously.

C. CELL CHEMISTRY

Figure 35 shows the typical voltage profile of an
experimental cell with a lithium negative electrode and a pressed
carbon positive electrode (Ketjenb1ack EC 90%, PTFE 10%) filled with

2

LiA1IC1I -3502 and discharged/charged at 1 mA/cm~. The cell delivered

4
480 mAh per gram of carbon to 2.6 V cutoff. Although the flat
voltage profile is similar to Li/SO2 cells, the Qischarge vo1ta§e
near 3.2V is significantly higher than the 2.9 V for the reduction
of SO2 having L1'2$204 as discharge product in the regular Li/SOé
cell, The charge voltage of 3.6 V is also significantly higher
than the value of 3.4 V for the rechargeéb]e Li/SD2 cells with
L12810C110/SO2 or LiGaC14/SO2 electrolytes. Various studies were
carried out to investigate the discharge chemistry as described in

following.

1. Instrumental and Chemical Analyses

Infrared spectra study of the discharged cathode did not show
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the presence of lithium dithionite. It indicated that the discharge
reaction could not be the 502/5204= reaction.  Thorough
instrumental and chemical analyses were-perfokmed to identify the
reaction product and to characterize the discharge mechanism. The

detailed experiments and results are listed as follows:

a. Measurement of the Weight Gain of The Carbon

Electrode

Significant weight gain was observed after the carbon
electrode was immersed in the electrolyte. The material adsorbed in
the carbon could not be washed off with 502. Measurements of weight
gain were made for fresh electrodes after immersing in electrolyte
and for electrodes after various depths of discharge as well as
fully recharged. The weight of each bositive electrode was measured
after washing with liquid SO2 to remove the residual electrolyte and
vacuum dried to remove 502‘ The measured weight gains are listed in

Table 10.

XRD analysis identified L1A1C14 as the only detectable
component in the undischarged positive electrode. Additional weight
was gained during discharge proportional to the amount of discharge
as shown in Table 10. About 44% of,this weight gain wa§ lost after
the charge cycle. XRD analysis confirmed that LiCl1 is the only

species detectable in the discharged positive electrode.
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| TABLE 10. MEASUREMENTS OF WEIGHT GAIN OF THE POSITIVE ELECTRODE
Dry Weight Wt. After Soaking Wt. Gain/g Dry Wt.
g In Electrolyte, g g
Undischarged 1 1.11 2.40 1.16
Carbon Electrode - '
2 1,04 2.28 1.19
Dry Weight Cell # mAh of Wt. After Wt. Gain/
g Discharge Discharge 100 mAh
Discharged |
Carbon Electrode 1 0.97 650 406 3.54 0.63
2 0.96 652 390 3.45 0.64
3 0.52 720 300 2.40 0.63
4 0.49 721 300 . 2.37 0.63
5 0.51 722 300 2.21 0.57
Dry Weight Cell # mAh of mAh of Wt. After Wt. Gain/

Discharged-
Charged 1
Electrode

g

Discharge Charge Charge g g Dry Wt.

0.90

649
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w2 Since LiAIC]

b. Chemical Analysis

Table 11 lists the elemental analyses of a discharged and an
undischarged carbon positive electrode. Attempts to derive an exact
formula from the chemical analyses would not be realistic because
the ana1ytica1 results were the combination of at least three |

components: LiC1, residual electrolyte and the discharge products.

~In addition, washing the sample with SO2 did not guarantee the

integrity of the discharged products even though they were believed

to have very low solubilities.

4 has been identified by XRD to be the only

detectable component in the undischarged cathode, Table 12 shows the

calculated elemental weight distribution of the weight gain assuming

' LiAlC14 is the only compound causing weight gain (0.04 g is detected

from the weight gain for the residual SO2 found). It shows good
agreement with the chemical analyses data of the undischarged

electrode.

c. Infrared Spectra Study

Figure 36 shows the IR spectra of the frésh and discharged
e]ectro1yte samples indicating that the cathodic discharge does not
involve the formation of soluble species. Figure 37 shows the IR

spectrum of a discharged electrode taken by pulverizing the sample
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TABLE 11. ELEMENTAL ANALYSIS OF DISCHARGED AND UNDISCHARGED CARBON

POSITIVE ELECTRODES

Sample Li, g A1, g** €1, g** S, g Weight Gain, g
Undischarged 0.045 0.16 0.90 0.020 1.24
Carbon Electrode _

Discharged* 0.15 0.25 1.25 0.36. 2.49

Carbon Electrode

*
n

Cell #652, 390 mAh discharge

ek

The results shown are the averages of XRF and AA analyses

TABLE 12. CALCULATED WEIGHT DISTRIBUTION OF THE UNDISCHARGED CARBON

Sample

Li, g

POSITIVE ELECTRODE

Al, g

C1, g

Undischarged
Carbon with
1.24g weight
gain

0.047

0.18
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with KBr powder. Two peaks, 1040 cm-1 and 920 cm-l, are located in
the sulfur-oxygen vibration region. IR spectra of inorganic anions

are strongly affected by the coupling cations and the crystal

274 27274

Note that L1‘2$204 spectrum displays an extra peak at 1070 cm-l.

structures. Figure 38 shows the spectra of LiZS 0, and Na,S,0

These results indicate that the sulfur oxygen species in the
positive electrode has vibration energy very similar to those of
dithionites, but not L125204.

d. ESCA Analysis

X-ray Photoelectron Spectroscopic Analysis was carried out on
a positive electrode discharged to a 3.0 V cutoff. Figure 39 shows
the complete scan and Figure 40 shows the expanded spectrum of the
sulfur 2p electron region. The sulfur 2p electron binding energy
references are listed in Table 13. The sulfur binding energy,
-167.2 EV, of the sample does not belong to either sulfide or
elemental sulfur which is confined to an area between -160 to -165
EV. It actually falls into the region between +2 and +4 oxidation
states, of sulfur indicating that the oxidation state of sulfur may
be +3. Unfortunately the exact identification of the oxidation
state of sulfur is not possible because the binding energies of the

these three oxidations are somewhat mixed together.
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Sulfur, S =16
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COMPOUND 2p BINDING ENERGY, eV REF.
160 165 170
Na,S 1 LHJ
p-NaSC,H.NO, |l LHJ
PbS SFS
FeS ' B84
CKFQSg B4
WS, NH2
MoS, PCL
Na,SSO, | LHJ
PhANHCSNHPh | PNS
PhSCMe, PLB
PhsPS MSA
tetrahydrothiophene MMP
PhSH LHJ
Ph,S LHJ
PhSSPh LHJ
S, LHJ
Sh (1))
thiophene LHJ
S:N, | sol
Me,SI LHJ
OzNC,H‘SO,Na LHJ
Ph,SO LHJ
BzMeSO 1ML
PhSO,Na LHJ
Na,SO, LHJ
Na,S§0, i LHJ
BzMeSO, ML
SO, , LHJ
PhSO,Na. W1
P-H,NCH,SO,NH, LHJ
PhSO;Me LHJ
Na, SO, LHJ
FeSO, LHJ
Fe,(S0.)s i LHJ
TABLE 13.  Sulfur 2P Binding Energy Reference Table



e. Aqueous Wet Chemical Analysis :

Additional experiments were carried out to identify the
decomposition products derived from the discharged positive

electrode.

Experiment 1.- Leaching the Positive Electrode in Aqueous

Ammonium Buffer Solution

Bleaching of Cu(NH,),"? complex in oH=10 buffer is a
selective indicator_for dithionites (S-2 may interfere by
precipitating black CuS). Direct reaction of a positive electrode
discharged to 2.6V with this indicator for 4 hrs under argon
atmosphere did not bleach the blue complex. However it is possible
that the species may be buried inside the carbon and the aqueous
buffer may not wet the carbon electrode well enough to leach the

species.

Experiment 2. - Leaching in Aqueous Ammonium Buffer Solution

after Pulverizing

A positive electrode discharged to 3.0 V was immediately
pulverized at liquid nitrogen temperature under argon to prevent
sample decomposition. The resultant powder was then 1eathed in pH =

10 buffer. The leachate bleached Cu(NH3)4+2 complex with large
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amount of black precipitation (suspected to be CuS). Quantitative

2 2

analyses for both S “ and 5204'2 were performed by precipitating S~

from the leachate with‘Cd+2. The precipitate was filtered and
collected for sulfide determination by oxidizing it with peroxide to
sulfate and weighing it in the form of BaSO4. The dithionite
content in the filtrate was determined‘by reaction with Ag(NH3)2+
complex (selective oxidizing agent for dithionites). The results
are shown in Table 14, The recovery is 54% of the theoretical
values. The 46% loss may be due to the difficulty in leaching those
trapped deeply inside the carbon black.

Experiment 3. - Leaching in Water Followed by Hot 2N HC1.

Two positive electrode discharged to 2.6 V were leached with
water followed by hot 2N HC1. Elemental sulfur precipitated as
anticipated. Quantitative results are listed in Table 15. Since it
was not possible to determine the S-2 quantitatively in this

experiment, the recovery could not be calculated.

Experiment 4. - Conformation of Dithionite Using Differential

Pulse polarographic Technique.

In addition to Experiment 2, a differential pulse

polarographic technique was deveidped to identify and determine
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TABLE 14. CHEMICAL ANALYSES OF S © AND 5204- IN DISCHARGED CARBON

POSITIVE ELECTRODE

Sample Cell # mAh S—2 Found S,0 -2 Theorstica]* TheorgEical*

Discharge mg 2m6 S—, mg 204—2Mg

747 385 24 210 76 - 910

* = Theoretical values are_Ealcu1ategzby assuming the entire discharge product
is converted into either S ™ or 5204 respectively.

TABLE 15. ELEMENTAL SULFUR ANALYSIS OF THE ACID LEACHED DISCHARGED
CARBON POSITIVE ELECTRODE ‘

Cell # mAh‘Discharge Elemental Sulfur Theoretical Amount

Found, mg of Sulfur, mg
1 392 28 114
2 408 - 32 : 119
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quantitatively the amounts of sulfide and dithionite
simultaneously. A positive electrode discharged to 2.6 V with 440
mAh capacity was pu1verized-at liquid nitrogen temperature under
argon. The pH=10 buffer extract of the powder was analyzed
polarographically and found to contain 215 mg dithionite and 12 mg
sulfide, which are much less than the expected values based on the

reaction to be discussed later.

2. Discharge Reaction and Discussion.

~ Kos Towsk i (10) found that the presence of aromatics in
LiA1C14-3SO2 increased the conductivity of the solution and proposed

the following species to be responsible for the above:

RN

0 0-..

C1 + .
\\\\\ P
Al
///// B
c1

Since carbon black has a conjugated double bond structure
similar to that of the aromatics, we propose the following reactions

to account for all the experimental results obtained.
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*

- Li

cl
Li + LiA1C1,.350,-~-=> Iy g G +LiC1+250
4-°%2 ¢1-Al--g” "0-- ! 2
' /
cl
(Iv-1)
Li*
o
AN
c1 0 0----Cn
2L1 + LiAICT,.350,----> N7 +2LiC1+0,
Ve ~.
C1 "0 0----Cn
/
\S-
(IV-2)
: - L'*
*e ,,O—S‘O - Cn
3Li + LiR1CY,.350,---> Cl—AlT 0-S-0....¢, (IV-3)

“'O-S-O - Ca
+ 3LiC1

where Cn = Carbon Structure
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An important implication behind these proposed cell reactions
is that large molecules are fixed and LiC1 is precipitated in the
positive electrode during discharge. This means the cathode shou 1d
gain substantial weight during discharge as was found to be the

case,

The weight of LiC1 obtained from chemical analysis is enough
to account for only a fraction of the total weight gain. The fact
that large amounts of A1,'S, C1 and possibly Li containing molecules
are not detected by XRD indicates that the products must be present
in totally amorphous forms. This is reasonable if the the proposed
reaction products afe actually formed on the carbon structure which

is amorphous to begin with.

The electrolyte salt, LiAIC1, is detected in the undischarged

4
carbon electrode but not in the discharged electrode. The
discharged products must occupy most of the pore volumes and do not
allow much electrolyte to be adsorbed. This implies that the carbon
volume should be one of the capacity limiting factors. Additional
tests with experimental cells with excess electrolyte has confirmed

this. As shown in Figure 41, the capacity delivered is proportional

to the amount of carbon.
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The fact that the IR spectrum of the discharged carbon
electrode is not identical to that of LiZSZO4 is because the species
proposed, Al---0-S-0---Cn, may have the same +3 sulfur oxidation

state as dithionite, but is totally different from it structuralily,

Carbon black is a good IR light scatterer. If an IR active
species is buried inside the carbon structure, it will not be
detected. The facts that the electrode spectrum had to be taken
with pulverization (peaks were not detectable when the spectrum was
taken directly)'and that the absorption peaks were observed only at
a large scale expansion imply that the compounds are buried inside

the carbon structure.

Table 16 shows the theoretical elemental weight distribution
and the total weight gain for all three proposed positive electrode
‘reactions based on 390 mAh discharge as well as the experimental
results of the above pafameters. Comparison of the theoretical
4ca1culatioﬁs with the expérimenta] results indicates Reaction [IV-2]
as being the most likely reaction occurring. Réaction (IV-3) is
very unlikely since it would be sterically difficult to have the
carbons in the right position for one Al atom. Slightly higher Al
and C1 analytical results may be caused by residual electrolyte and
the same is also true for the total weight gain resglts. However,
the possibility of a mixed discharge between all three reactions

should not be eliminated.



TABLE 16. ELEMENTAL WEIGHT DISTRIBUTION AND THE WEIGHT GAIN 0

DISCHARGED CATHODE*

F THE

Theoretical Theoretical
based on _ Weight Gain
Li, g Al, g 1, g S, 9 g
Reaction [IV-1 ] .20 .39 2.02 .46 3.52
“Reaction [IV-2] .15 .195 1.02 0.46 2.28
Reaction [IV-3] .13 .13 .68 .46 1.85
Experimental 0.15 0.25 1.25 0.36 2.49

* = The calculation is based on 390 mAh discharge

Dithionites have very interesting aqueous chemistry (15).

S,0 -2 is stable at pH=10. In alkaline medium the following reaction

274
is expected to occur

2 o + 550,72 + 3H,0 [IV-4] -

+ 60H 3 ;

35204

In acidic medium the following reactions are expected to occur:

2- -2 -
§,0,° + Hy0-==mnnn- > 5,0,72 + 2HS0,” [IV-5]
- -2 -2 )
or 25,0,% -=-=>5,0,% + 50,72 +'50,  [IV-6]
2"+ 5,0,8 —mnnes >$ + S0, + H0 [1V-7]
203 )



Similar chemistry is expected to occur from the proposed reaction

product:
Li*
.
RN
C1 0 0 —--Cn
\\\\\ ,/’ _
Al
c1/ o 0—- Cn
N S |
S
Lit

Because of the high affinity of Al toward oxygen, SOZ- is
probably not stable without attaching to the carbon. Under certain
circumstances, one of the SOZ; with L1‘+ adjacent to it may be
removed as LiS0,. and-the other may have to give up the oxygen and

leave. In pH=10 buffer, part of the SO2 may be released as LiSO2

followed by dimerization :
ZLiSO2 -------- LiZSZO4 (Iv-8]

and part of it may be released and diéproportionate into sulfide.
In acidic medium, 5204-2 formed is not stable and should decompose
aécording to Reactions [IV-4] to [IV-6] and generate elemental
sulfur. In alkaline medium, the product should be sulfide according
to Reaction [IV-4]. A1l of these agree qualitatively with the
results of the Wet Chemical Analysis.

The proposed mechanism suggests that the discharge capacity
is probably limited by the combination of the surface area and pore
volume of the carbon electrode. The former ié needed for the
‘attachment of the discharge product and the latter is needed to

contain the bulky products.
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D. CELL PERFORMANCE AND DISCUSSION

1. Experimental Cells

a. Effect of Carbon Material

The primary capacity of the Li/Carbon system with LiA1C14-SO2
electrolyte depends strongly on the type of carbon employed for the
positive electrode. Early work with positive electrode made with
Shawinigan carbon showed very poor capacity utilization. Several
different carbon materials were evaluated using experimental cells.
Although all carbon positive electrodes showed a flat discharge
voitage near 3.1-3.2V as exhibited in Figure 35 for the cell made -
with a Ketjenblack positive electrode, the capacities delivered were
significantly different. Table 17 compares the capacity utilization
of the positive electrodes made from different carbon materials.
Electrodes made with Ketjen black EC, carbon B and carbon C
delivered significantly more capacity both gravimetrically and
volumetrically than the cells made with other carbon materials.
These carbon materials have considerably higher values of both BET
surface area and pore volume(DBP adsorption) cunpafing with the
values of other carbons as shown in Table 18. Cells made with
graphitized Shawinigan Black and Ketjen black, which should have
significant lower surface area and pore volume due to

recrystallization of the structure, showed consiueranle reduction of
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TABLE 17. CAPACITY UTILIZATION OF POSITIVE ELEQ?RODES MADE FROM VARIOUS
CARBON MATERIALS (discharged at 1 mA/cm® to 2.6V cutoff)

Carbon Material wt%%%§§§%5}3$rs) caggz;fy Uti1gﬁzggfn
Shawinigan Black 90/10 0.35 0.146
Graphitized | '

Shawinigan Black 90/10 0.10 0.096
Graphite(KS-2) 90/10 0.13 0.200
Coconut Charcoal 90/10 0.06 0.039
Ketjenblack EC 90/10 0.48 0.289
Graphitized

Ketjenblack EC 90/10 0.21 0.146
Carbon A 90/10 0.14 0.183
Carbon B 50/10 0.434 0.247

Carbon C 30/10 0.473 0.254
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TABLE 18. SURFACE AREA AND DBP ADSORPTION (PORE VOLUME) OF VARIOUS CARBON

CARBON BET SERFACE AREA DBP ADSORPTION
(M~/G) (CC/100GM)
Ketjenblack EC 950 360
(Noury) -
Carbon C | 1060 _ 335
Carbon B 1125 -
Carbon A 250 180
Shawinigan Black 60 250
(Shawinigan) :
KS-2 Graphite 22 =<
(Lonza)
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the capacity utilization (Table 18) compared with cells made from
corresponding un-graphitized carbon. It is Tikely that high surface
area and high pore volume are necessary fér good electrode
utilization. The result is consistent with our proposed reaction

mechanism for the positive electrode.

b. Cycling Performance

The cycling performances of carbon positive electrodes made
from both Lonza KS-2 graphite and Ketjenblack EC were evaluated in
the experimental cells. Figure 42 shows the typical voltage
profiles at selected cycles of a pressed graphite positive electrode
(90wt% KS-2 graphite, 10wt% PTFE) discharged at 2 mA/cm2 and charged
at 1 mWan®. The cell was filled with LiAIC1,-350, electrolyte.
Figure 43 shows the capacity delivered to 2.6 V cutoff vs cycles.
The cell operated for 130 cycles and failed due to the development

of interna] shorts. The positive electrode was able to hold its

original capacity without fading.

Figures 44 and 45 show the typical voltage profiles and the

capatity delivered on cycling of a cell with a 0.5 gm Ketjenblack

positive electrode discharged at 3 mA/cm2 and charged at 1.5

mA/cmZ. The cell operated for 120 cycles without showing any

capacity loss and failed due to developing internal shorts.
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Many additional experimental cells with Ketjenblack positive
electrodes were made and eva]uatéd at rates from 0.5 mA/cm2 to 4
mA/cmz. Most cells were able to operate for 100-200 cycles without
showing capacity fading. However, none of the cells had been cycled
for over 200 cycles on deep discharge to 2.6 V. due to either
development of internal shorts or malfunction pf the computer
controlled testing system. Some cells cycled at 25% and 50% depths
have been operated for 300-400 cycles as exhibited in Figure 46.

The cells were made with rolled Ket jenblack EC positive electrode of

15 mil thickness and filled with L1A1C14-6SO2 electrolyte.
c. Shelf Life

Figure 47 shows the discharge performanﬁe of 2 experimental
cells containing positive electrodes made from Ket jenblack carbon
(80wt%) and filled with L1'A1(214-3SO2 electrolyte after 7 months
storage at ambient temperature. The discharge/charge voltage
profiles of a fresh cell from the same batch is also shown in the
figure for comparison. No capacity loss is observed after the

storage and the system has very good charge retention.

2. Prototype Wound Cells

2/3 A size prototype cells with a wound electrode design were

made for evaluation., The cell normally consists of a roll pressed
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carbon electrode and a lithium electrode. Ket jenblack EC carbon was
used in making the prototype wound cells since it provided the best
volumetric capacity among the carbon materials being evaluated. The
positive electrode had a composition of 90wt% carbon and 10wt% PTFE
with dimensions of 15 mil in thickness, 6 inches in length and 0.75
inch in width, The lithium electrode was made by pressing 5 mi] |
Tithium foil on both sides of a copper foil. The dimensions of the
lithium electrode were 6.5 inches in length and 0.65 or 0.7 incﬁ in
width; Celgard 3401 or K-857 was used as the separator. -Cells with
other separator materials were also made for evaluation. Most cells
were filled with L1A1C14-6502 electrolyte since it. provided better

low temperature performance.

a. - Capacity and Rate Capability

Figure 48 shows the primary discharge voltage profiles at
various rates of a batch of cells made with K-857 separator; The
cell delivered about 0.36 Ah to 2.0V cut off at 50 mA rate (C/8
rate). The energy density is only about 90 Wh/kg. Since the 2/3A
size cell package is not very efficient volumetrically or
gravimetrically, the energy density can be improved significantly
when scaled-up to larger size cells. Figure 49 shows the
polarization of a cell measured at various rates. The cell is able
to provide a voltage above 2.0 V. even at 2 Amp rate (4C rate).v

Figure 50 shows a cell discharged atl-30°C at 200 mA rate (C/2).
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Although the discharge voltage is lower than that at room
temperature, it delivers over 60% of its original capacity above

2.0 V.

b. Electrolyte Composition

2/3A size wound cells were made and filled with L1'A1C14-x502
electrolytes with x varying from 3 to 22 to evaluate the effect of
electrolyte composition on discharge performance. Table 19
summarizes the test results and Figure 51 shows the discharge curves
of several cells having e1e¢tr01ytes as indicated. The cell
capacity increased with decreasing SO2 content and increasing amount
of LiA1014. "The results are consistent with the proposed reaction
mechanism with the reduction of the complex LiA1C14-xSO2 on the
carbon surface. Figure 52 shows the comparison of the discharged
capacities of cells fil]ed.with electrolyte of different SO2 content
with the theoretical capacities based on Equation (IV-3) for 3
equivalents per mole of LiAlCl4 and Equation (IV-2) for 2
equivalents per mole of L1A1C14. A1l experimental data are within
the two theoretical lines as shown in Figure 52 except the cell with

L1A1C14-3502 electrolyte. The cell with LiAICI -3502 electrolyte

4
delivered less capacity than expected. It was likely that the

capacity was limited by the amount of carbon.
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TABLE 19. CAPACITIES DELIVERED OF 2/3A SIZE CELLS HAVING ELECTROLYTES OF
VARIOUS COMPOSITION.

WT. OF WT. OF WT. OF CAPACITY

ELECTROLYTE COMPOSITION ELECTROLYTE S0, TIATCT, DELIVERED.
(g) (g7) (g) — (Ah)
LiAC1 ,-2250, 3.34 2.97 0.37  0.120
LiAIC1,-1850, 4.10 3.56" 0.54 0.138
3.04 2.64 0.40 0.122
LiA1C1,-1580, 4.05 3.42 0.63 0.155
3.04 2.57 0.47 0.122
LiA1CT,-1250, 4.03 3.28 0.75 0.320
_ 3.65 2.97 0.68 0.315
LiA1CT,-950, 4.10 3.14 0.96 0.352
' 4.17 3.20 0.97 0.360
LiAICT,-6S0, 3.60 2.47 1.13 0.355
' 3.77 1.97 1.80 0.390

L1'A1C14-3SO2
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c. Cycling Performance

- Figures 53 and 54 show the typical cycling performance of the

2/3A size cells filled with LiAICI -3302 and LiA1C1,-6S0

4 4 2
electrolytes. The cells were discharged at 50 mA to 2 V cutoff and
recharged at 25 mA to 3.9 V. Both cells showed capacity fading on
cycling. The capacity of the cells dropped to 50% of their original
capacity after about 40 cyc]eé. Figure 55 exhibits the typical
voltage profile of the cell with LiAlC14-3SO2 electrolyte. The end
of the cycling life was probably caused by starvation\of the .
electrolyte since both the salt and the solvent, 502’ of the
electrolyte were consumed dur1n§ discharge which might have resulted

in inefficiency of charge.

Cells delivered better cycle life on partial discharge. The
small 2/3 A size wound cells delivered about 250-300 cycles at 25%
depth and about 150-200 cycles at about 50% depth. Figures 56 and 57
show the voltage profiles of cells dicharged at 50 mA and recharged
at 25 mA at selected cycles with depths 6f 50% and 25%
respectively. Cells on shallow discharge usually failed due to

development of internal shorts.

Cells were capable of discharge to near 0 volt. However the

Cyclé life was significantly poor. Figure 58 shows the voltage
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profiles of a cells discharged at 400 mA to 0.5 volt. The cell
showed a rapid loss of cell capacity and had operated for 17 cycles

before termination.

d. Effect of the Amounts of Electrolyte and Lithium

Since the cycle life on deep discharge was significantly less
than for cells on partial discharge, a study was carried out to
investigate if the amounts of electrolyte and lithium affected the

performance on deep discharge.

Two batches of cells were made with a reguiar 2/3 A size
wound electrodé stack and'packed'in D size cans filled with excess
electrolyte. The electrode stacks were confined tightly with a
cy]indrica] Teflon insert, which had inside diameter the same as the
L032S(2/3A) cans. One batch of cells had the lithium electrode made
by pressing 5 mil lithium on both side of a.copper foil similar to
the Tithium electrodes used ‘in the regular 2/3A size cells. The
cells had normally 200% excess lithium based on the cell capacity
delivered. Thé other batch of cells had lithium electrode made with
10 mil lithium pressed on both sides of the copper foil, which

provided about 500% excessA1ithium.

Figure 59 compares the typical performance of the cell having

excess electrolyte and 5 mi1 lithium with that of the regular 2/3 A

-128-



-6C1-

CAPACITY AHS

3
. saf
L
L) 4“ Ady
P . ’ ......
- 30— w——r—]- ExCESS ELECTROLYTR
i 0...‘..0.. ... ..o.‘ hd .o
- 20- ..-.'." “fe ."
A N0 EXCESS e,
.10
ﬂ. ﬂﬂs A A A ® A A Y 8 . | A 2 Py
Q aQ L] gg 53 lg
[d (4 [ 4 (4 & [ 4
0] Q aQ Q ] [+ ]
N < [ ] @ Q
-
CYCLES
FIGURE 59. Comparison of the Cycling Performance of 2/3A Size Cell

with and without Excess Electrolyte,



cell containing Tlimited electrolyte. Although the cell with excess
electrolyte delivered more capacity on each cycle, the fading of the
capacity on cycling was similar to the cell without excess

electrolyte.

However, the cell with excess lithium (10 mil lithium) and
filled with excess electrolyte showed significantly better cycle
life as exhibited in Figure 60. Significant capacity fading

occurred only in the initial 20 cycles.

Figure 61 compares the voltage profi]eS'at.the 70th cycles of
a regular 2/3A size cell made with 5 mi1 lithium and of the cells
with ‘excess electrolyte. The cells with 5 mil lithium showed a
sharp drop in cell voltage at the end of discharge indicating the
exhaustion of the lithium electrode due to inefficiency in
recharging of the 1ithium electrode. Cells made with 10 mil lithium
showed a normal discharge in the 70th cycle without exhaustion of

Tithium,

The high voltage plateaus near 3.6 V shown in Figure 61 are
attributed to the discharge of dissolved C]Z which is generated near
the end of the charging cycle or on overcharge according the

reaction :
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AICY, ===mm=ae- > AIC1; +1/2Cl, +e

3

On discharge,

1/2C1, + Lit + @ ~mmmmm- > Licl

LiC1 + AICT, =====n-- > Lit + AIC1,”

The A1C13 and Clz generated are highly soluble in the
electrolyte and may chemically react with the insufficiently charged
dischargé products on the positive electrode or may diffuse through
the separator and react with the excess lithium to reform the
electrolyte salt following the reaction, |

+ AICT, ~=-mm-n- > LiAICT,

Li +1/2 C]z

Normal 2/3A cells contain only limited electrolyte. 1In
addition to showing fading of capacity on deep cycling, they also
show an increase in the discharge portion of the high voltage
plateau near 3.6 V as exhibited in Figure 62 due to accumulation of
the dissolved chlorine. This is caused by inefficiency of

recombination of the reaction products after cycling.

Cells packed in D can with excess electrolyte showed less
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accumulation of the overcharge products as indicated in Figure 61
which exhibits a smaller portion of the high voltage plateau
comparihg to that of a real 2/3A size cell with limited
electrolyte.

e. Shelf Life

Similar to the test results of the experimental prismatic
cells, 2/3A size prototype wound cells also showed excellent shelf
life (charge retention) as exhibited in Figure 63. The cell was
stored at ambient temperature for 9Anonths and delivered almost the

same amount of capacity as a fresh cell.

f.  Safety Characteristics

Only limited safety characteristics of the cell were
evaluated. Figure 64 shows the temperafure and current of a fresh
cell when shorted externally. The cell was covered with 6 inches of
insulator. The cell gave a maximum short circuit current of about
11 Amp with a maximum temperature near 80°C. The cell was safe
without venting under such condition. However, shorting cells after
numerous cycles(over 20 cycles) caused explosion or venting with
flame. Occasional venting or explosion was also observgd when cell
shorted internally due to developing dendritic 1ithium after

numerous cycles.
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3. Overcharge Studies

The Li/LiA1C14-xSOZ/carbon system is capable of accepting
overcharge by virtue 6f the recombination of the C]Z and A1C13
generated on the positive electrode with the lithium p]atéd on the
negative electrode during overcharge according to the following

reactions:

On overcharge:
at the positive electrode,

A1C14-' -------- > AIC1, +1/2 Cl, + e

3 2
at the negative electrode,

Li* + e ----- > Li

Recombination reaction:
1/2 C12 (dissolved) + Li -----=---- > LiC1
LiCl1 + A1C13 ------- > LiAlCl4
Thus there is no net consumption of the chemicals as a result
of overcharge. Although the C12 and A1C13 generated on overcharge
are highly soluble in the electrolyte, they have to diffuse to the
lithium electrode through the separator in order to react with the
excess lithium or dendritic lithium deposits. The efficacy of the
recombination process is affected strongly by the structure and

stability of the separator employed.
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In addition to the recombination reaction, the A1C13 and C12
generated can also react chemically with the unoxidized discharge
products on the positive electrode material. An experiment was
carried out to demonstrate the mentioned capability. A1l cm? piece
of carbon electrode was discharged at 2 mA against a lithijum
electrode in a glass cell to 2.0V cutoff and then removed from the
cell and stored overnight in electrolyte containing the overcharge
products, A1C13 and C12. The carbon electrode was then put back in
the glass ceTi with a Li negative electrode and discharged again.

It delivered about the same capacity as the first discharge as shown
in Fjgure 65.‘ this indicated clearly that the discharged positive

electrode had been recharged chemically.

Several experiments were carried out using prismatic cells
and the 2/3A size prototype wound cells to demonstrate the

capability of overcharge and to study the effect of separators.
a. Effect of Separator on Rate of Recombination

The rate of recombination was stﬁdied using prismatic cells
with one brass center electrode as the negative electrode sandwiched
between two carbon positive electrodes of size 2.5 cm x 4 cm shown
in Figure 66. A layer of separator was used between the brass
electrode and the carbon electrode. The cells were charged at 20 mA

(1 mA/cmz) and allowed to overcharge for various durations. On
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charge Li is plated on brass negative and C]Z and A1C13 are
generated on the carbon electrode. The cells were then stored at
room temperature for a period of time to allow the plated lithium on
brass to recombine with the overcharge products. The amount of
1ithium which had not been reacted with the overcharge products
after the rest period was then determined by stripping
electrochemically. The average rate of recombination during plating
and the rest period was calculated from the amount of lithium
remaining. However, since the efficiency of lithium
deposition/dissolution is not 100%, control cells of brass versus
Tithium electrodes were used to determine the efficiency of Tlithium
plating/stripping fn the same electrolyte, LiA1C14-6502, for the
same amount of "overcharge" and rest period as the cells containing
the carbon electrodes. The data obtained with the control cells was
used for making necessary corrections in determining the average

recombination rates.

Figure 67 shows the amount of the deposited lithium which has
been reacted with the overcharge products after being “overcharged"
for 60 mAhs and rested for various periods. The cells were made
with Celgard separator. The average rate of recombination within
the first 20 hours of the rest period is about 0.028 mA/cmz, which
can be calculated from the initial slope of the curve. Experiments
were carried out to various extents of overcharge. In these

experiments the deposited lithium was stripped immediately after
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overcharge without rest. Figure 68 shows the average recombination
rate as a function of the amount of overcharge for two types of
separators. The results indicated that the rate of recombination of
the overcharge products increases with increasing the amount of
overcharge or the concentration of the overcharge products.
Furthermore, the Eate of recombination depends also on the type of
separator. Asahi Hipor 3000 separator has higher porosity with
larger pore size than the Celgard separator as compared in Figure
69. The recombination rate of the cell with Asahi separator, as
shown in Figure 68 is also considerably higher than that of the cell
with Celgard separtor. The recombination rate of 0.4 mA/cmz, shown
in Figure 68 is equivalent t§ approximately C/16 for a real 2/3A

wound cell,

b.  Overcharge of 2/3A Wound Cells

According to the data shown in Figure 68 a 2/3A wound cell
should be able to take overcharge continuously at C/20 rate with
either K-857 or Asahi 3000 separator. Experiments were carried out
to investigate the capability of the 2/3A cells to take extensive
overcharge. Figure 70 shows the result for cells with 2 layers
Asahi 300 separator at various overcharge rates. Each cell
contained about 4 grams of electrolyte which was equivalent to about

200 mAh of charge for lithium ions or A1C14- anions. Theoretically,
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if the recombination rate could not keep up with the charging rate,
the cell should fail due to depletion of the charge carriers in the
electrolyte. The sharp rise of the cell voltage before failure as
shown in Figure 70 seemed to be caused by this process. However, all
cells with a sharp rise in cell voltage after prolonged overcharge
were also found to have vented. The rise in cell voltage could be
due to exhaustion of electrolyte after venting. Figure 70 indicated
also that the cells overcharged at higher rates failed earlier than
cells overcharged at Tower rates. Tests of wound cells made with
Celgard K-857 separator showed that the cells failed significantly
sooner than cells with Ashai 3000 separator as exhibited in Figure
71. K-857 separator is similar to Celgard 2500 and has much smaller
pore size and less porosity compared with Asahi 3000 separator as
shown in Figure 69. A less open separator gave a lower
recombination rate due to poor transport qf the overcharge

products. The results is consistent with that obtained with

experimental prismatic cells as exhibited in Figure 68.

Table 20 summarizes the test results of the wound cells with
various separators on prolonged overcharge. Cells with K-857
separator could take an amount of overcharge equivalent to about 3
times its primary cell capacity and cells with Asahi separator can
take an amount of overcharge equivalent to over 10 times its primary
capacity. Table 20 also shows that cells made with only one layer

of separator (cell #8,9,10) are more prone to developing internal
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TABLE 20. OVERCHARGE DATA OF 2/3A SIZE WOUND CELLS MADE WITH
' VARIOUS SEPARATORS

Separator Cell # Rate Service Hours Amount of Overcharge
K-852 (2 Layers) 1 40 mA - 30 Hr. 1.2 Ah
2 20 mA 30 Hr, 1.2 Ah
ASAHI 3000 3 60 mA 100 Hr 6 Ah
2 Layers
4 40 mA 130 Hr 5 Ah
5 30 mA 135 Hr 4 An
6 20 mA 250 Hr 5 Ah

Cycle 5 times then overcharge

7 20 mA 300 Hr 6 Ah
ASAHI 3000 8 40 mA 200 Hr 8 HH (Short)
1 Layer

9 20 mA 350 Hr 7 Ah (Short)

Discharge 2V then Qvercharge |

10 40 mA 110 Hr 4 Ah (Short
ALUMINA 11 20 mA 720 Hr 14 Ah

12 40 mA 200 Hr 8 Ah (Short)

13 20 mA 600 Hr 12 Ah {Short)

14 10 mA 720 Hr 7 Ah
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shorts on overcharge compared to cells made with 2 layers of
separator (cell #4,6,7) tested at the same rates. However, ce]is
made with one layer of separator could be overcharged significantly
longer than cells made with 2 layers of separator. This indicates
that the separator is actually limiting the rate of recombination of

the overcharge products.

Alumina separator (F-K Fiber Products, Inc., A1-2) is inert
chemically to the electrolyte and C12. Since it is brittle,
flexible pieces of separator with thickness less than 10 mils were
not available. Although it is impracticaT to use a thick separator
in wound cells, cells were made to demonstrate the overchargg
capability. As shown in Table 20, éells with alumina separator weré
able to charge continuously at 20 mA for 600 Hrs or 200 Hré at 40 mA

without showing shorting or depletion of the electrolyte.

According to the data for Cell no. 3 shown in Table 20, which
was charged at 60 mA and lasted for 100 Hrs. With about 4 grams of
electrolyte, the recombination rate was estimated to be about 58
mA. With such a high value of recombination rate, cells overcharged
at 40, 30 or 20 mA should last indefinitely without showing the type
of failure as depicted in Figure 70. One of the cells with 2 layers
of Ashahi Hipore 3000 separator was opened for examination after
failure. The separator was adhering to the lithium electrode and

had turned completely black and brittle. Degradétion of the
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polyethylene separator due to reaction with C12 and A1C13 might have

closed the pores and impeded the recombination.

Figure 72 shows the discharge performance of a 2/3A’size cell
with Asahi Hipor 3000 separator after being overcharged at 60VmA for
40 Hrs (6 times of the primary cell capacity) and rested for one
week. The voltage curve showed only a very little portion of
chlorine discharge since most of the dissolved overcharge products.
Clz and A1C13, were recombined during the rest period. The
delivered capacity after overcharge was essentially the same as a

fresh cell.
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v Li/CuC1, SYSTEM

2

A. INTRODUCTION

Since the totally inorganic 502 electrolytes with proper
lithium salts can provide high conductivity and good lithium plating
efficiency. They are ceftain1y suitable to operate with solid
. active positive materials. With active solid positive electrodes,
the solvent, SOZ’ and the lithium salt are not the main active
. reactants and should not be consumed during discharge. Therefore,
it will not have the pfoblem,of electrolyte starvation or
accumulation of discharge products in the porous electrode as in the
case with carbon positive electrode. The cell capacity will not be

limited by the amount of electrolyte either.

Studies were carried out to explore new solid positive
electrode materials for use with the inorganic SO2 electrolytes.
Experimental prismatical cells similar to that shown in Figure 22
were employed for the evaluation. The positive electrodes were
prepared by mixing the active material with proper amounts of the
electrode mixtures were then pressed on a expanded nickel screen
using a steel die. The positive electrode of size, 2.5 cm x 4 cm,
was then sandwiched between two 11thium electrodes (10 mil in
thickness) and installed in the D size can with Teflon shims and

spacers. The positive electrode materials were evaluated with both
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the LiA1C14-3SO2 and the pressurized 1 M 1iGaC14/502 electrolytes.
A1l cells were discharged at 1 mA/cm2 to a 1.0 V cut off to

determine the capacity utilization and specific energy.

Table 21 lists the positive materials evaluated and the test
results in both the L1A1C14-SO2 and the 1M LiGaC14/SO2
electrolytes. Some typical discharge voltage profiles are shown in
Figures 73 to 75. Since the active materials were mixed with Ketjen
Black EC carbon for providing electronic conductivity, most

electrodes showed OCV reflecting the equilibrium potential of SO, or

2
LiA1C14-3SO2 on carbon and the voltage profiles are also exhibited
the portion contributed by the electrolyte or 502 reduction in
addition to the discharge of the so]%d positive material. Many
positive electrodes showed the synergetic effect and delivered more
than 100% of their theoretical capacities. However, some electrode

materials showed only the discharge of the electrolyte similar to a

pure carbon electrode.

Among the solid positive electrodes tested, CuC12 has shown
the best rechargeability with reasonable energy density. Other

transition metal halides such as NiCl CoC]Z, AgCl, CuBr, CrCl

2° 2

etc., have also shown reasonable capacity utilization and

3

rechargeability.
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Table 20. Discharge Performance of Various Solid Positive Electrode Materials

(Positive Electrode Mix : Active Material 80%, Carbon 12% PTFE 8%)
Discharged at 20 m (1 m/ar) to 1.0 V Cut-off.

Capacity Delivered
Material LIATC1 350, 1M LiGaC1 /S0,
o mwg v mhg

AgBr .16 263 2.89 100
Cubr, .45 168 2.9 119
CuF 347 7.4 349 9.8
nict, .15 500 290 167
Ccl .18 a7 291 176
NiF, 316 188.2 2.9 167
Agl 315 105 2.8 110
Cul 343 100 319 116
Cre1, .15 25 3.0 163
A1 .15 400 2.88 112
MC12 319 135 07 2
MCT, EN /2 8 B3
ZrC1; 314 8.9 L3 P2
ML a0 21 309 116
Fef - 53.8 - 258
e .16 2.4 3.05 164
Pbcfz 3.96 212 3.0 18
CoF, 3.96  16.7 - 163.9
V0 345 191 .5 20

(&1)2 58 121 L6 110
HOC1, .17 116 .26 131
Febrs 385 287 5 1%
ZnBrZ - 154 - -
7l - - e
MoCT, - - 3.8 168
MF - - .19 15
snct - - 300 54
Bioct 0 70 3.06 258
HgC1, - - 2.95 M2
FeE13 399 & .9 5
CuCl - - 4 74
CCT, .42 760 4 25
Fes, 30 29 - -
NiS - - 2.90 5%
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Since CuC]2 showed the most promising performance in
preliminary studies, extensive efforts were focused on the
development and evaluation of this system., The details are

described in following.

B. EXPERIMENTAL

The same prismatic cells as shown in Figure 22 were used to
evaluate ther performance of the CuC]2 positive material in various
electrolytes. 2/3A size wound cells were also made for some

evaluations.

C. CELL CHEMISTRY

Figures 76 and 77 show the typical discharge voltage profiles

of CuCl2 positive electrode in1 M LiGaC14/SO2 and in LiA1C14-3SO2

2 system has an OCV of 3.42 V and

discharges in two major voltage steps. The first voltage plateau at

electrolytes. The Li/CuCl

near 3.3-3.4V correSponds to the reduction of CuC]2 to CuCl or
LiCuC12.

cuct, + Lit @ emmmmnas > LiC1  + CuCl

or LiCuCl2
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On further discharge to near 2.5V, another voltage plateau
appears, which corresponds to the discharge of LiCuC]2 to form LiC1

and Cu.
LiCuC12 + Li + e —m-=m=- 2 LiC1 + Cu

The system has an energy density of about 1200 Whr/kg for 2
electron discharge and about 600 Whr/kg for one electron discharge.
Since CuC]2 is not conductive, the addition of carbon to obtain the
electron conductivity is necessary. The utilization of the
electrode material depends strongly on proper mixing of the active
material and the carbon. It depends also on the type of electrolyte

employed.
D. PERFORMANCE AND DISCUSSION

1. With LiGaC1,/S0, Electrolyte.

As shown in Figure 76, the discharge voltage profile of a
éuC]z positive electrode of composition, CuC]2 60 w%, graphite 30 w%
and PTFE 10 wk in 1 M LiGaC14/SO2 electrolyte exhibits three voltage
plateaus. The first plateau near 3.4 V is the first electron

discharge of CuCl ‘The second plateau at 2.8 V corresponds to the

2.
discharge of 502 on carbon while the third plateau at near 2.5 V is

the discharge of the second electron of CuCIZ, from LiCuCl2 to Cu
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and LiCl. The utilization of the first electron discharge is near
100% while the that of the second electron discharge is rather poor,

probably due to the interference of the SO2 discharge.

Cells with LiGaC14/SO2 electrolyte usually delivered about
100 cycles and failed with a gradual loss of capacity. Figure 78
shows the performance of a cell which had been discharged at various
rates. It indicates that the cell capacity declines faster when

operated at higher rates of discharge.

2. With IM LiAIC1,/S0, Electrolyte.

Figure 79 shows the typical first discharge/charge voltage
profiles of a CuCl2 electrode (CuC]2 60 wh, graphite 30 wk, PTFE 10
w%) in 1M LiA1C14/SO2 electrolyte at 2 mA/cm2 discharge rate. The
voltage plateau near 2.8 V for 502 reduction as that shown in
LiGaC14/SO2 electrolyte was not observed. An electrode utilization
of about 95% based on two electron discharge was obtained. The
first electron discharge of CuC12 was rather poor while a long
voltage plateau of the second electron discharge was observed. The
capacity delivered with a flat voltage plateau of about 2.5 V was
more than 100% of the theortical capacity of the second electron

reduction for cuprous to copper. It was likely that the LiCuC12 or

CuCl formed initially on the surface of the active particle

-170-



“ILT-

CuCl,-C.PTFE (60/30/10% ) /LIGaCl,-SO,/ LI

g

8

CATHODE CAPACITY UTILIZATION , mA:hrs

T ¥ T T | T i T 1

CELL no.PP-24 1LOX1.6" PRISMATIC CELL ,
480 mA:lws - -

PRESSED WITH 20,000 psl!

0 mA/cm? ' 2mA /em?
100 f+—~= — -
Po-SmA/em? 8 mA/cm?
o | 1 | 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 % 100
CYCLE NUMBER

CELL PERFORMANCE ON CHARGE / DISCHARGE TESTING
CHARGE 2mA/cm?, DISCHARGE 2,5 AND 10 mA/cm? RATE

FIGURE 78. Cycling Performance of an Experimental Li/CuCl2 Cell

With 1M LiGaCl4/S02 Electrolyte, Discharged at 2, 5 and 10

ml\/cm2 and Charged at 2 mA/cmZ'



{ | I { | l
2 gm CuCl, ( THEORETICAL CAPACITY : 480 mA-hrs )

DISCHARGE 2 mA/cm?

'CELL POTENTIAL , VOLTS

CHARGE ImA/cm2  —

CHARGE

DISCHARGE
\ 28 Ea——
| L1 [ | |
80 160 240 320 400 480

CAPACITY , mA:hr

FIGURE-79. Voltage Profile of the First Cycle of an Experimental
Li/CuCl, Cell with IM LiA1CY,/S0, Electrolyte,

Discharged at 2 mA/cm?' and Charged at 1 mA/cmz.

-172-



during discharge was further discharged to Cu and LiC1, The freshly
formed Cu might react rapidly with the undischarged CuC]2 to reform
the cuprous chloride. ‘Therefbfé the electrochemical reduction of
the cuproué chioride predominated and a long voltage plateau at

about 2.5 V appeared.

Continuously cycling the cell to 2.0 V showed a rabid loss of
capacity.  However, the discharge of the first electron could be
inproved‘bradUa]]y when. the cell was cycled to a cutoff of 2.6 V as
shown in Figure 80. TheTce11 was discharged at 2 mA/cm2 and charged
at 1 mA/cmz. Lowering the discharge cutoff to 2.2°V at the 49th
cycle showed good utilization on both electron utilization as
exhibited in Figure 8l1-a. Further cyc1fng of the cell toa 2.2V
cut-off caused a gradual loss of the second electron utilization as
shown if Figure 81-b for the voltage profile at the 62nd cycle. The
cell retained an overall electrode utilization of about 70% for the
next 70-80 cycles and failed finally with a rapid loss of capacity
after that. '

3. With LiA1C1,-350, Solvated Electrolyte.

a. General Performance

Discharge of CuCl, electrodes containing 10 w% carbon as

conductive filler and 10 w% PTFE as binder in L1'A1C14-3SO2
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electrolyte exhibited two major voltage plateaus, one near 3.2 V and
the other at about 2.5 V, as shown in Figure 77. The capacity
delivered was found significantly higher than the theoretical
capacitj based on the amount of CuC12 for 2 electron discharge. It
was obvious that the additional capacity was contributed by the
discharge of L1A1C14-502 solvate on the carbon surféce which had a

load voltage very close to the reduction of CuC]2 to CuCl.

Although a fresh positive electrode showed excellent
utilization of the second electron of the CuC]2 electrode,
repeatedly operating the cell to 2.0 V cut off showed a rapid
decrease of cell capacity as illustrated in Figure 82 for a 2 gram
CuC]2 e1ectrodekof compdsition 60 wh CuC12, 30 w% carbon ahd 10 wh%
PTFE discharged at 2 mA/cm2 and recharged at 1 mA/cmz. The cell was
initially operated with 2.2 V cutoff and showed rapid loss of cell
capacity. Raising the discharge cut-off to 2.6 V, the capacity
recovered to the amount corresponding to 100% utilization of the

first electron discharge of the CuC12 and remained at this level for

more than 100 cycles.

Figure 83 shows the performance of another cell cycled at 2
mA/cm2 discharge rate to 2.6 V cutoff and charged at 1 mA/cm2 to a
4.0 V cut off. The cell delivered a total of 400 cycles. The

voltage profiles of a few selected cycles are shown in Figure 84.
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Figure 85 shows a cell with a 1 gm electrode containing 80%
CuC]2 discharged at 2 mA/cm2 to 25% depth (basgd on 2 electron
utilization) and recharged at 1 mA/cmZ. The cell delivered over
1000 cycles. The cell had tHe positive electrode sandwiched between
two 10 mil lithium electrodes (4 cm x 2.5 cm). A total capacity of

about 80 turnovers of lithium was achieved in this cell.

b. Storage Characteristics

An experimental cell having a positive electrode of
composition, CuCl2 80%; carbon 10% and PTFE 10%, was stored at 71%
for 2 weeks. The cell showed a voltage loss of about 0.2 V in the
first discharge after the storage and the voltage recovered to
normal in the sequential cycles as exhibited in Figure 86. The cell
cycled for about 50 cycles and failed due to development of internal

shorts.

Another experimental cell having CuC12 posftive electrode

(CuC1, 80%, carbon 10%, PTFE 10%) was stored for 100 days and then

2
tested at 75% depth with 2 mA/cm2 discharge and charge rates. The
first discharge cycle showed a loss of capacity as shown in Figure
87. However, after recharge the cell recovered to show its normal
v61tage characteristics as exhibited in the figure. The cell

operated for about 80 cycles and failed due to development of

internal shorts.
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The initial loss of capacity qnd the decrease in cell votage
were probably related to the formation of a thick film on lithium
after storage. A dark film was usually observed on the surface of
lithium after it was stored for a short period at elevated
témperature in electrolyte containing 6uC12 positive electrode
(i.e. 70° for 2 weeks). The film was mainly composed of LiC1 as
identified by SEM/EDX and only a small amount of Cu was detected.
For checking the source of CU, the solubilities of CuC]2 and CuCl in
the sdlvated,LiAlc14-3SO2 electrolyte were studied. The results are

shown in following:

Room Temperature 55°¢
cuc, 3x 1070 M 5x 1074 M
CuCl 1x 1074 M 5x 1072 M

Although the solubilities of both CuCl, and CuCl seem Tow at
ambient temperature, the CuCl has significant high solubility at
elevated temberature. Trace amounts of CuCl might be present in
the fresh positive electrode and cause minor storage problem.
We also made a cell to cycle at 55°C continuously at 2 hA/cm2
dischérge/charge rates and 75% depth. Figure 88 shows the voltage
characteristics of the cell at the selected cycles. Although no

significant decrease of discharge voltage on cycling was
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observed, the charge voltage increased obviously with cycling as
shown in the figure. The cell operated for about 25 cycles and

shorted internally.

4, With Other Tetrachloroaluminate/S0, electrolytes

Experimental Li/CuC]2 cells were also made and filled with

NaAlCl -2.8502, Ca(A1C14)-5.SSO and Sr(AlCl4)2-5.6502 electrolytes

4 2
for evaluation. The positive electrodes had a weight of 2 gm and a

composition of CuC12 60%, Carbon 30% and PTFE 10%. Figures 89 to 91

show the voltage profiles of the first discharge cycle at 1 mA/cm2

2

or 2 mA/cm™ rate with the respective electrolytes. All showed two

discharge voltage plateaus corresponding to cupric and cuprous

reductions similar to that of the cell with LiA1C14-SO2

electroiyte. However, since an electrolyte containing lithium salt
was preferred for lithium plating, cel]s'were filled with various
tetrachloroa1uminates.mixed with different amounts of 1ithium
tetrach]oroafuminate for cycling évaluation. VCeI1s were cycled at 2

2 2

mA/cm™ discharge rate to 2.6 V cutoff and 1 mA/cm™ charge rate. The

test results were summarized in Table 22. Most ;ells failed due to
gradual loss of capacity. Figure 92 and 93 show two typical cycling
performance of the cells, one with (0.3L1’Alcl4.0.7NaA1C14)-3.0/502

-5.6S0

electrolyte, the other with (0.5LiA1C1,.0.5Ca(AlIC]

4 )2
electrolyte. Although most alkali or alkali earth metal

2

tetrachloroamminate/SO2 electrolytes were suitable for
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TABLE 22. PERFORMANCE OF Li/CuClz CELLS FILLED WITH
MIXED ELECTROLYTES -

Cell No. .+ No. of Cycles. Delivered

.2 LiA1C14-0.8 NaA]C14-2.8502

HRA271 190
HRA272 192
HRA273 202
HRA274 151
HR7221 48 (shorted)
HR7191 357
HR8271 32 (shorted)
.3 L1A1C14-0.7 NaA1C14-2.8SO2
HR6096 96
HR6095 66
.8L1A1C14-0.2 NaA1C14l-2.8502
HR6091 ' 180
HR6092 182
HR7192 45
.8 Ca (AlCI4)2-0.2 LiAIC14-5.6 SO2
HR8101 94
HR8102 53
HR8171 81
.5 Ca (A1Cl4y2e0.5 LiA1014-5.6 SO2 _
HR628E | 64
HR628F - 151
.2 Ca (A1C14)2-0.8 L1A1C14-5.6 50,
HR628D 119

.5 Sr (A]C]4)2-0.5 L1A1C14-5.6 S0,

HR7144 74

HR7142 100
.2 Sr (A1C14)2-0,8 L1A1C14-5.6 SO2

HR7143 70

HR7144 114
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operating CuCl2 positive electrodes, LiA1C]4/302 electrolyte

provided the best cycling performance.

5. 2/3A Size Cells with Wound Electrode Design

2/3A size prototype cells with wound electrode design and
L1A1C14-502 electrolyte were made for evaluation using Duracell
L032S hardware. The flexible CuCl2 positive electrodes were made by
mixing CuC12 powder 80%, Teflon 10%, carbon 10% with a proprietary
solvent and pressing on nickel exmet followed by drying in oven at
140°C overnight. The positive electrode had a thickness of about 20
mils. Cells were made by winding a strip of positive electrode of
about 8 inches in length and a strip of lithium electrode of 10 mil
thickness separated by 2 layers of Celgard. The positive electrode
was connected to the center post on the cover insulated from rest of
the can. The cover was welded to the can by laser welder. The
finished cells were filled with L1A1C14-3SO2 electro]yte through the

fi11 port on the bottom of the can.

Figure 94 shows the typical performance of the cells on
primary discharge at various rates. The cells delivered about 1.0
Ah capacity with near 100% capacity utilization based on the amount
of active CuC12. The discharge voltage profiles showed clearly two
discharge steps corresponding to the reductions of cupric and

cuprous chlorides respectively.
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Similar to the results obtained with experimental prismatic
cells, the wound cells discharged deeply to a 2.0 V cutoff showed
severe. loss of capacity on cycling. Cells delivered only 5-10
cycles. Cells operated to 2.6 V cutoff performed somewhat better
and were able to deliver 10;20 cycles as shown in Figure 95. The
cycle life of the wound cells was significantly worse than the
performance of the prismatic cells having dry pressed positive
electrode. The poor cycling performance of the wound cells was
probably caused by the preparation process of the flexible CuC]2
positive electrode which involved the use of a solvent. It is
believed that the performance of the wound cells can be further

improved with proper fabrication process of the positive electrode.
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VI. CONCLUSION

Continuing efforts on research and development of ambient
- temperature rechargeable lithium batteries with the inorganic 502
electrolytes have made several significant achievements and

discoveries as'highlighted in following:

1. In addition to the L12810C110 and LiGaC14 e]ectrolyte salts,
several low cost alkali and alkaline-earth metal
tetrachloroaliuminates have been found to dissolve readily in
SO2 to provide high conductivity. A conductivity of about 1x

-1

107! ohmlem™! at room temperature can be obtained with

LiA1C14/502 and NaA1C14/SOZ‘electrolytes, which 1is
significant]y higher than the conductivities obtained with

organic electrolytes.

2. Most alkali and alkaline-earth metal tetrachloroaluminates
can form highly conductive liquid solvates with 502’ which
have significantly lower vapor pressure than the pressurized

502 electrolytes.
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SO =350, or

2 4 4 2

LiA]C14-6502) can provide excellent lithium cycling

efficiency. A plating/stripping efficiciency of lithium

solvated LiAICT1, electrolytes (LiAIC]

above 96% has been obtained with the solvated electrolytes.

Li/SO2 cell with L12810C110/502 or LiGaC14/SO2 electrolyte
can provide good primary energy or capacity. However the
cycle life is poor due to degradation of the positive
electrode.

The Li/Carbon system with LiAIC1 /SO2 electrolyte has an OCV

4
of 3.2 V and discharges with the formation of a complex with
the tetrach]oroa1uminate on the carbon surface. The system
has a theoretical energy density of about 540 Wh/kg. The
cell capacity is limited by either carbon or the LiA]C]4
salt. Cérbon with high surface area and high pore volume

(DBP adsorption), such as Ketjen Black EC carbon, can provide

better capacity utilization.

4-x502/carbon system has sHown good cycle life in

experimental cells containing excess electrolyte. 2/3A size

Li/LiAICY

wound cells have shown good cycle life on partial discharge
but poor cycle life (40-60 cycles) on deep discharge. A
capacity fading of about 1-2% per cycle has been observed on

deep discharge presumably due to exhaustion of the
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electrolyte salt at the end of deep discharge which causes
insufficiency of charge or degradation of the carbon positive
electrode. '

7. The inorganic SOé electrolytes caﬁ be used with active solid
positive electrode materials such as CuClz, NiC]z, CoC]2 and -

Moo3 etc.

8. The Li(CuClz systéh with thé SOé 561vated L1A1C14 electrolyte
has shown excellent cycling performance in experimental cells
w{th-dry pressed electrodes. Cells have demonstrated near
400 cycles to 2.6 V cutoff on discharge. However, wound
cells made with rolled CuCl2 positive electrode, which
involved the use of solvents,‘haye shown poor cycling

performance and stbrage 1ife.

Table 23 compares the specific energy densities of the

systems with the inorganic SO, electrolyte to other conventional

2
rechargeable systems. The 1ithium rechargeable systems with the
inorganic electrolytes have certainly the adVantage of high energy
density. Another important advantage of the rechargeable systems

using SO2 electrolyte with the LiAIC1, salt is that the systems are

4
capable of taking limited overcharge. Recombination ot the
overcharge products to reform the electrolyte salt is the cell

balancing mechnaism. However, a separator which is chemically inert

L]
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TABLE 23. COMPARISON OF THE ENERGY DENSITIES OF VARIOUS RECHARGEABLE SYSTEMS

ENERGY DENSITIES OF VARIOUS RECHARGEABLE BATTERIES

System Voltage Energy Density, W.hr/kg Comparison
Theoretical Practical Ratio
Pb/Acid 2.0 | 170 28 1
Ni/Cd 1.3 210 30 1
Ni/Zn 1.6 321 50 1.6
L1'/SO2 2.9 ,1095' 200 6.7
Li/CuCl2 3.4 606 120 4
(1 electron)
Li/LiAICT
.6soz/<:arﬂon 3.2 524 100 3.3
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to the overcharge products, C]Zand A1C13 is required. Degradation
of the separator and formation of internal shorts after numerous

cycles might cause venting violently.

Further study of the inorganic rechargeable systems with
modification of the electrolyte composition and development of new
séparator materials to improve the cycle life and safety

characteristics is recommended.
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