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ABSTRACT

The study of high energy density systems in the second quatter included:
investigation of new electrolyte solvents; development of a technique for
purifying propylene carbonate and other solvents; continued studies of
corrosion and solubility oi anode a.1d cathode materials in various elec-
troltes; investigation of the effect of various fabrication and operating
parameters on cathode performance; development of L1 anode fabrication
methods; and construction and testing of compact LiI/CuF 2 cells.

Propylene carbonate of high purity was obtained by vacuum distillation
from a basic oxide (Ca O) or an alkali metal (Li).

Various new electrolyte solvents were screened to determine their com-
patibility with the Li CuF, couple, but none were found to be comparable
to propylene carbonate.

A re-evaluation of solubtility of CuF; in various electrolytes, using puri-
fied solvents, revealed generally low solubility, except in L1 Cl O,/
acetonitrile, LiCl O;/nitromethane, and Al Cly/propylene carbonate.
Corrosion rates of Li in these electrolytes were high except for L1C1 0,/
propylene carbonate and Li C1 O,/nitromethane.

Investigation of new CuF, cathode binders ravealed that none cf those
tested was superior to polyethylene.

A re-evaluation of CuF; particle size, with recard to its effect on cathode
performance, revealed that material of =170 mesh was the best of all
fractions tested.

Curric fluoride cathode performance was found to increase with an in-
cre. e in operating temperature between 0°C and 30°C and decreased
with further increase in temparature to 60°C.

Attempts to develop new CuF, cathode fabrication techniques, by elec-
troforming copper fluoride in .. fluoride containing electrolyte, and by
chemical treatment of sintered CuO with BrF; were unsuccessful.

A study of various anode fabrication methods, including pressed Li
ribbon and powder, and electroformed Li, revealed that the pressed
ribbon method was by far the best, with regard to both performarce
and simplicity of fabrication.

A separator study was initiated to develop a material suitable for use

in the LI/CuF, system, and having the characteristic of low electrical
resistance, resistaace to chemical attack, and the capability of acting
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as 3 barrier to migration of cepper fons to the anode. Thus far, only
asbestos filter paper has been used as a separator in cell construction
bu: it is not completely satisfactory.

Lt,/Cqu cells of compact construction, containing two Li anodes ard
one CuF, cathode, and with asbestcs filter paper tnsulation, have been
tested. An energy density of 525 watt hours per lb (based on active
materials consumed only) has been obtained with a current density of
1.7 ma/cm2. Charged stand capability 1s limited to about 16 hours
because of migration of copper ions to the anode, with consequent
short circuiting of the cells.
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INTRODUCTION

This report describes the work carried out in the second quarter of Contract
No. Di-28-043-AMC-01394(E), the aim of which is to conduct investigations
leading to the development of an organic electrolyte battery with 2n energy
density greater than 200 watt hours/lb.

The work carried out in the first quarter indicated that good CuP; electrodes
could be mada by the hot pressing technique and that lithium electrodes could
be made by pressing lithium ribbon into a conducting grid. Considerable effort
was devoted to the development of a suitable electrolyte which led to the adop-
tion of 1IF L1 C1 O, in propylene carbonate because of its inertness and fairly
good conductivity.

It was decided in this quarter that we should further investigate the preparation
and optimization of the CuF; and Li electrodes and begin the assembly of amail
prototype cells. Since the conductance of the LiCl O,/propylene carbonate
electrolyte leaves something to be dasired, a comtinuing search was made for
other promising solvents. Wcrk was also started on the investigation and
characterization of various separator materials to determine their suitability

for cell cornstruction.

EXPERIMENTAL
1) ELECTROLYTE ST )[ES

The work conducted in the last quarter consisted of screening a number of solvent
and solute systems which ied to the selection of IF Li C1 O, ir: propylene carbon-
“te as a promising electrolyte. A detailed investigation of the conductance

fu iction indicated that the solute was esscntially completely dissociated and
that the ions were unsolvaied by the propylene carbonats.

Corroaion studies indicated that both CuF; and Li were attacked to some extent
by propylene carbonete. The solvent used in these experiments was as receivad
material from Bastman Organic Chemicals and it was thought that the observed
corrosion may be a function of the impurities presemnt in it. 8ince the electrolyte
must be inert towards the slectrode materials to give a reasonable chance of &
long activated stand life, it was decided to investigate methods of obtaining
very pure propylene carbonate from the as received stock.

1.1 Purification of Propylene Carbonate

The propylene carbonate used in these experiments was Eastman Organic
Chemical Company practicel grade. The solvemt was investigated by vapour
phase chromatography and by voltammetry at controlled potential. Purification
was carried out by the following procedures.
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1.1.1 Drying with a Desiccant

Linde Co. No. 5A molecular sieve was activated by drying at 120°C in a
vacuum oven for 16 hours. About 50 g of the activated sieve was added
to a 3 kg bottle of propylene carbonate which was then tightly stoppered
and shaken periodically for one week.

1.1.2 Vacuum Distillation

Propylene carbonate was distilled at one millimeter pressure through a
modified Vigreux column 12 in. long. The first fraction sterted to come
over at 60°C after which the temperature rapidly tncreased to 70-72°C at
which the main fraction was distilled off. The distiilation was terminated
when the temperature exceeded 72°C. The middie fraction was collected
while the others were discarded.

1.1.3 Yacuum Distillation from Drying Agents

The method was essentially identical to the above except that the propylene.
carbonate was refluxed over a drying agent for one hour before any solvent
was collected. The drying agents examined were:

i) Calcium oxide
1) Stlica
i11) Lithium ribbon

It was observed that the temperature increased from ¢0°C to 66°C during
refluxing indicating that some impurity was reacting with the drying agent.
The temperature at which fractions were collected were apprcximately the
same as when drying agents were absent.

Volumetric flasks, filled to the brim to exclude air, were used to store the
samples.

1.2 Determination of Impurities bv Vapour Phase Chromatography

The samples were analyzed by means of an F and M Model 700 gas chromato-
graph equipped with a Model 240 temperature programmer. The concentration
of vapour was determined by a thermal conductivity detector whose response
was recorded on @ Honeywell 1 mv recorder. The columns were stainless*
steel tubes  fi long packed with Chromcsorh W (an acid washed diatcmaceous
earth) coated with 10% Carbowax 20 M.

Initially it was thought advisabie to inject the propvlene carbonate at a

temperature above its boiling point to insure complete vapourization. With
ths cclumn at 50°C a 2u Itr sample was injected at 280°C. The temperature
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programmer was set to raise the column temperature at 15°/minute. When the
column was at 210°C the temperat::re was held constant for 20 minutes to en-
sure complete elution of the sample. The carrier gas was helium flowing at
60 ml/min at an inlet pressure of 30 psig.

Chromatograms were obtained from the following samples using sensitivities
that gave a meaningful peak height.

1)  Eastman propylene carbonate as received

1) Propylene carbonate dried over Linde No. 5A molecular sieve
it} Propylene carbonate distilled at 1 mm Hg

iv) Propylene carbonate distilied at 1 mm Hg from Ca O

v) Propylene carbonate distilled at 1 mm Hg from 81O,

vi) Propylene carbonate distilled at 1 mm Hg from Li wire

The chromatograms are shown in Figures 1 to 6.

It can be seen that all the curves show a variety of peaks indicating the presence
of several impurities. A qualitative analysis of the peaks was carried out by
running blanks of compounds which might reascnably be expected to be present
as impurities in propylene carbonate. Where the psak due to the known test
material coincided with a peak from the propylene carbonate, it was deduced

that the compounds were identical. In this way the principal peaks were identi-
fied as follows.

Peak No. Temperature Time Tentative Formula
Identification
1 65-68°C Carbon dioxide CO,;
2 89°C Propylene oxide CH; - CH - 9}{,
3 103°C Not identified o
4 129°C Not identified
5 159¢C Water H,0
6 170°C Allyl alcohol CH;=CH - CH;0H
7 210°C 3 min Propylene glycol CH; - CHOH -~ CH, OH
8 210°C 8-10min Propylene carbonate CHj - ?H - (?H;
o o}
\c/

8

The as received propylene carbonate is seen to contain CO,, propyler.e oxide;
aliyl alcohol and propylene glyco: as major impurities together with a small
amount of water. On drying over Linde No. SA moiecular sieve, it appears that
no sionificant improvement in the purity of the propylene carbonate is obtainsd.
The sme.l peak due to the presence of a wrace of water 15 still present and the
amount of propylene glycol has actually increased.
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After distilling at 1 mm Hg a trace very similar to the undistilled samples was
obtained although there was a slight reduction in the peak height. The samples
which were distilled under vacuum fiocm Ca O and S1 O, show a new peak at 103¢C
which has not yet been identifted althcugh it may be acatone. This peak is very
small in the sample distilled from li*hium ribbkon. The amcunt of propylene glycol
has heen considerably reduced {» the propylene carbonate distilled from Ca O,

S8: 0, and L1.

In general the traces are remarkably similar, no significant difference was
observed with any of the purification techniques. This common property of

tne chromatograms led us to suspect that the source of the impurities was not
in the original material but in our analytical technique. It is known that propy-
lene carbonate whsn heated decomposes to give propylene oxide, propionalde-
hyde, aliyl alcohol and carbon dioxide (1). Since all of these compounds except
propionaldehyde were found it was suspected that at some stage the propylene
carbonate was being decomposed. The most likely point i{s when the sample is
introduced intc the chromatoaraph st 280°C. If decomposition occurred here the
analysee would 31} bs sspactad to be similar. It was decided to test this hy-
pothesis by repeating the experiment using 2n injection temperature of 110°C

at which propylene carbonate should be stable. The chromatograms are shown
in Figures 7 to 12,

It can be seen that in general there are fewer peaks than when the sample is
injected at 280°C. The as received propylene carbonate shows peaks charac-
teristic of carbon dioxide, propylene ox:de and propylene glycol. The carbon
dic:tide peak is extremely small and the sensitivity had to be increased to 4x
to record @ meaningful wave. Standing the propylene carbonate over molecular
sieve increased both the number and concentration of the impurities. A fairly
large unidentified wave was found at 103°C and the amount of propylene glycol
was increased. This may be due to decomposition of the propylene carbonate
by the basic complex alumino silicate since this is krnown to occur at elevated
temperatures (1). When the propylene carbonate was distilled under vacuum,
only a trace of carbon dicxide and propylere oxide remained in the distillate.
The amount of propylene glycol was not affected and it thus appears that this
cannot be removed by distillation alore.

The samples of solvent distilled from Ca O, S1 Q; and lithiui: ribbon were all
found to be extremely pure, only a trace of CO, was evident. This may have
come from inclusion of a trace of air in the sampling syringe. Thne increase in -
base line current around 200°C is attributed to "bleeding” of the Carbowax 20 M
which {8 slightly volatile at these temperatures.

It thus appears that distillation from a basic oxide or alkali metal i8 necessary

t0 remove the propylene glycol by reaction to form the alcoholate of the metal.
v this method extremely pure propylene carbonate can be obtained. The nume-

mus peaks observed when a high irjection temperature is used are attributed to
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decomposition of the propylene carb-rate in the chromatograph.

1.3 Decompositict Potertial Studies

Although the decompcsition potential of an electrolyte has no exact theoretical
significance, it can provide a usefnl tool for the detection of electroactive
species in the soluticn. The method used was that oi voltammetry at controlled
potential. A Pyrex glass cell of converticnal design was used for the measure-
ments. This is shown in Figure 13. The cell was filled with propylene carbon-
ate in an argon filled dry box and continususly flushed with dry argon during the
measurements. A Wenking poternticstat was used to control the potantial, be~
tween the reference electrode and the cathede, in conjunction with a bias box
where potentials greater than 3 velts were desired. The potential was controlled
manually in steps of 0.1 volts and five minutes was usually allowed for the
current to become steady before the nex* increment was made. Voltammograms
were recorded on identical samples to those subjected to vapour phase chroma-
tography. The results are shown in Figure 14.

The untreated Eastman propylere carbcnate is seen to have a large reduction
wave at -2.00 voits with respect to a silver/silver chloride electrode. Vacuum
distilled material does not show this wave although a reduction current starts

to be observed at ~3,00 volts. Referring to the chromatographic experiments

the main difference between as received and distiiled propylene carbonate is

the elimination of propylene oxide. It thus seems probable that this is the
cause of the wave at -2,00 volts. To investigate this possibility a voltam-~
mogram was obtained from vacuum distilled propylene carbonate which had

been doped with 0.05% propylene oxide. A wave was observed at approximately
-2.00 volts which coincides with the waves observed in the as received and
molecular sieve treated material. We may thus tentatively conclude that reduc-
tion of propylene oxide is the cause of the large cathodic current. The propylene
carbonate distilled from Ca O shows an extremely small current up to ~5.5 volts,
which is considered to be its decomposition potential, and thue appears to be
extremely pure.

Summarizing the investigation of purification techniques it has been found

that several impurities exist in practical grade propylene carbonate which can
be removed by vacuum distillation from Ca O, 8i Ozor Li. The source of the
large reduction wave at -2.00 volts has been traced to propylene oxide present
as an impurity in the solvent.

1.4 Investigation of Other Sclvents

Studies carried out in the last quarter on a variety of solvent/solute systems
indicated that IF LiCl10, in propylene carbonate was a promising electrolyte
from the point of view of conductance and compatibility with the electrode
materials. Although the dielectric constant of propylene carbonate is high,
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i*s high vizcosity lim'ts the conducarce of 1ts solutions to moderate values.
Ir addition there dses rot seem to be a~y solubility of lithium fluoride in its
sclutions, thus, when a CuF, electrode is discharged in Li Cl1 O4 solution,

LiF builds up in the cathode which probably blocks up the pores and reduces
transport of the Li*to the reaction site. It is thought tha* significant improve-
ments in the behaviour of the electrcdes would result if a more suitable elec-
trolyte were available which was inert towards the electrode materials, had
high conductivity and was capable of dissolving LiF. For these reasons a
further search was made for solvents which might be expected to form highly
conducting solutions with inorganic salts. Solvents were chosen on the bases
of their dielectric constants and viscesity which are the most influential para-
meters on the conductance of a solution. The solvents chosen together with
some of their physicochemical pcoperties are shown in Table 1. (2){3)

As an initial screening test the sclvents were added to a piece of freshly oleaned
lithium ribbon. If the reacticn was extremely fast the solvent was rejected for
further consideration. Those solverts which showed only slight or no reaction
towards lithium were further examined conductometrically. This rapid screening
test eliminated formamide, ethanolamine and N-methyl formamide from further
consideration. )

l.4.1 Determiration of Conductance

The solvents used were the purest commercially available and were not purified
before use. It was decided to initially examine Li Cl1O4 as a solute to obtain a
direct comparison with previous results {4). The LiCl O, was obtained from

G. Frederick Smith and Co., Columbus, Ohio and was dried at 120°C under
reduced pressure for 16 hours. All solutions were prepared in a glove box filled
with dry nitrogen or argen with the excepticrn of methyl thiocyanate which had
to be used in a fume hood because of 1ts nauseating odor. It was found that
ethylene dichloride waa a very poor s2lvert and its use was discontinued. The
conductance of the solutions was determined at 25°C at a frequency of 1000 cps
in a cell of constant 0.926. The bridge used was an E.S.I Universal Impedance
Bridge, Model 291,

Curves of the specific conductance are shown in Figure 15, and the equivalent
conductances are shown in Figure 16.

The curves are quite conventional in tha* the specific conductance tends to
pass through a maximum around i Formal. An interesting feature of the curve
of ethylene dipropionate is that the equivalent conductance increases with
concentration rather than decreases as is usually observed.

If we assume that the electrolyte i3 associated into triple ion according to:

1) LiCl1 0O, = Li*+ClO,~
i) Li*sclo; = [L*Cl0{]

i
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wy [LI'ClO; j« Li* == {[L1C10, LT
iv) [LI*ClO; ™+ ClO; == [L1C10, G10.1”

Fuoss and Kraus {5} postulated that these triple fon should be stabie since
the potential energy due to the third ion {s greater than tae mean thermal
energy of the iors in A solvent of low dielectric constant.

From the equilibrium
fuifcio;]l =Lt cio;

X = LLY][C107] Y42 Y _ w mean fonic

TLiCl0,] activity coeificient
i a = [:Li"]/C
Gy = [LiC1C, Li]1*/C, then the concentration

of the single, double and triple ions is given by Ca, C(1~a=-3a,) and Ca, respec-
tively.

If it 18 assumed that the two types tripie ion are formed to the same extent

[LiC1O][ClOf] _ [L1CIOd R AN LK
FLiCiO; C10,) TLCIO U T

It is easy to obtain
a = VK/C (1-0.-—3:1;}‘/3 v ?

It can be 3een that as the concentration increases the fraction of triple ions
increases and thus the conductivity must increase.

If A¢ is the centributiun of the simple ions to the conductance and A ; that due
to the triple ion

A = GAQ*GI Ag

— ] _ e M
and A = (VK/C {1~a-3a,}¥; ¥ £7) A, 4€“._1S€;. (1-a~3a,)72y2 -

This 18 of tlte form
A = Ac V2 ' BcYs
The formation of a triple ion shifts the lon-ion pair equilibrium {n the direction

of a hicher free ion concentration. The net result i8 an increase in conductance
with concentration. When the conductance of the free ions bescmes smail {Ac™¥2)
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the increasing term !Rc? z, takes ovrer a=d the ‘otal concentration of fons in-
creases, To expiain the shape ot the conductance curve of L1 Cl O4 in ethylene
dipropinn: te considerable ton association must be postulated even at very low
concenrtretions.

The crnductance of acrylcnitrile and prepiontirile solutions was quite high and
s0 it was decided to examine the:ir effect on the performance of the CuF, electrode.

1.4.¢ Zffect ci Acrvlcnitrile and Propionitrile on the Discharge of CuF,

Cupric fluoride electrodes were prepared from a mix of 85% Culj, (~170 to + 325
mesh), 10% Southwestern 1651 micronized graphite and 5% polyethylene powder
{~160 mesh). The dry mix was tumbled for 16 hours before the electrodes were
fabricated. Approximately two grams of dry mix were hot pressed at 4000 lbs
per cm? into a 5 Cu 14 2/0 expanded grud. Twc electrodes were discharged at
1.7 ma per cam? in

1)  1FLIC10O, in propylens narbonate
11} 1FLI1Ci Q4 in propiornitrils
i) 1FLiClQ, in acrylonitrile

The results are shown in Pigure 17. In crder to compensate for the slightly
different electrode weights, the potential has been plot:ed against percent
CuF, discharged based on the reaction being CuF,; * 2 Li* + 2e = Cu * 2 LiF.
The capacitv of the electrodes can be seen to ke rcduced by the acrylonitrile
and propiontrile, in addition the polarization is much more severe. An intc-
resting feature of the discharge in acrylonitrile was that as the reaction pro-
ceeded the electrolyte begar to polvmerize and after twe hours was completsly
solid. In spite of this, the electrode still continued behaving normallv, indi-
cating that the polymerized Li Ci O, /acrylonitrile had appreciable electrolytic
conductance. This observation may be of significance since it may be a posslble
way of producing solid electrolytes for ceils.

Because the performance of the CuF, electrode was adversely aifected by dis-
charging in acrylornitrile or propioritrile, these solvents were deleted from further
cconsideration.

2. Corrosion ard Compatibility Studi3s - Cathode and Anode Materials

The corrosion and solubility experiments carried out in the first quarter had simply
been a rapid visual screening of the sclukility of cupric fluoride in zonjunction
with gasaing tests on lithium ribbon. In these expertments, no'particular care
was taken in purifving the electrolytes and thus the observations could have

been markedly influenced by the impurities presemt in the solvents. Since the
vapour phase chromatographic expariments camried out with propylene carbonate
had shown a fnlrly hilgh level of {impurities, i* was dacidad to repeat the corrosion-
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tests using purified materials,

2,1 Solublliiy ot Cur: in Gmanic Electrolytes

The f>ilowing solvents were chesen for the investigation:

{) Prcpylene sarbonate
i)  Acetonitrile

{11) Nitromsthane

lv} Dimethy! sulfoxide
v) Epichlorohydrin

vi)  Furfural

vii) Acrylonitrile

viii) Propionitrile

The solvents were all distiiled before use, a middle cut being taken. Those
solvents with high boiling points were distilled under reduced pressure whereas
the low boiling solverts were distilled at one atmosphere. The solute chosen
wasg in all caéses lithium perchlorate which had been vacuum dried for 16 hours
at 120°C before ugse. In some cases other solutes were investigated where it
seemed appropriate. Tha solutions were all prepared and the Cuf; was added
in a glove box filled with dry argon. The flasks were then shaken periodically
for one month and ther submitted to complexometric analysis for total copper.
The results together with some visual observations are shown ‘n Table 2.

The solubilitv of CuF; in the various electrolytes can all be seen to be quite
low with the exception of L1 Cl O, in acetonitrile and ru.romethane and Al Cl,
in propylerie carbonate. On the basis of these results one would expect 1M
LiCl1 O, in propylene carbonate or acetonitrile to be a suitable electrolyte.

2,2 Corrosion of Lithium in Organic Electrolytes

The rate of corrosion was determined as described previously (4) by use of

the special micro gassing pipettes. The solvents were distilled to remove
impurities and the solute was dried for 16 hours at 120°C under vacuum. A
piece of litkium ribbnn 1 in. by % in. by 5{6 in. was cut from a sheet and kept
clean by immersion in heavy white oil. Immediately before use, the foil was
degreased in distilled hexane and dried with facial tissue., The gassing pipet~
tes were filled with the electrolyvte, the lithium was added and the top replaced
to exclude all the crgon. The rate of attack on the lithium by the electrolytes
was detsrmined by measuring the amount of gas evolved and by visual inspec-
tion. The results are shown in Figure 18.

It can be seen that in general the rate of gas evolution 18 quite high., With
acetonitrile, acrylonitrile, propionitrile and epichlorohydrin the rate can be
considered too high to permit their use in practical cells. Dimethyl sulfoxide
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ard forfgnt gave rates which were (~i2imediate while nitromsthane and propy-
lene carbonate gave extremelv low gassing rates with the lithium rematining
bright {2 :pwards of 10* mirutes. It 1z probable that only propylene carbonate
and nitromethare are s :fficie~tly tnert to be useable in practicai cells.

All the curves show the presence of an induction period during which the
lithium appears quite ¢table. If the evolved gas is hydrogen this might simply
be the length of time it *akes for the lithium surface to become saturated with
hydrogen or to form L{H. On the other hard incubation periods are often asso~
ciated with autocatalytic preresses in which the products catalyze the reaction
{6}, thus giving rise t> a steadily ircreasing rate of reaction.

3. Cathode Studies

3.1 Cupric Flucside Cathodes

This quarters work was conttnued to traprove the alectrochemical and structural
preverties of the Hot pressed cathodes.

3.1.1 _ZEffect of Various Binders on the Performance

It had been thought that the tvpe of birder employed in the fabrication of the
electrodes exerted an important effect on their performance. The binder can

be expected to influence the degree of wetting of the eiectrode, the mechanical
strength, the pressure required tc produce a strong compact and consequently
the electrochemical properties. We thus decided to investigate several binders
in the hot pressed electrode formulation to determize their effect on the strength
and discharge characteristice of the electrodes. The binders investigated were

1) Polyvirylchloride

it}  Klucell o

111}  Polyethviene oxide

vy inylidine fluoride

v) Polysryrene

vij  Fkolyvirvicaluride - polyvinyl acetate copolymer

viil Polyvimvichloride ~ pclyvinyl acetate {28%),
diatocmaceous earth (72%; (Blsnd 119;

viity Teflor

ix} Polyethylere

The binders were all obtaired as powders and sieved past & 100 mesh standard
sieve. Electrodes were prepared f;om a raix containing

i) 85% CuF, (~170 to + 325 mesh)
t) 10% Southwestern 1651 graphite {dried at 120°C)
i1} 5% birder /~109 mesh)
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To inscie coonplete Alarar.- », the poo i : wers tumbled in a Fisher-Kendall
mixer £ 16 hourz, &1 sianing, e ..o'r~de preparation, welghing and discharg-
ing was cartied out i an argnrn filled drv box. The powders were pressed into
electrodes on 5Cu 14 270 Exmet copper screen at a pressure of 4,000 lbs per
cm? for 3 minutes at 90°C. They were then given an overnight soak in 1F LIC1O,
in propylene carborate and discharged agains®. pressed Lithium counter electrodes
in fresh electrolyte at a currert of 50 ma {1.7 ma per cm?), The electrode poter-
tials were measured against a ¢ ilver/silver chleride reference elecirode having
a potential of 4+ 3.48 volts with respect to lithium. The results are shown in
Figure 19, where the pctentials have been converted to the iithium scale for
easy reference. The performance in some cases simply reflects the degree of
shedding of the electrodes. For example, in the case cf Klucell 6, the active
material fell off the grid within are hour of open circuit stand. With the other
binders shedding occurred during discharga which is the usual state of affairs.
An estimate was made of the amount of shedding durlng the stand and discharge.
This is shown below.

Binder Amourt of shedding Aniount of shedding
on Q.C. starnd on discharge
Polyvinylchloride 0 8%
Klucell 6 95% not diacharged
Polyethylene oxide 0 63%
inylidine fluoride 0 88%
Polyztryrene 0 90%
FVC ~ PVAC 0O 80%
Blend 0 75%
Tetflon 0 0
Polyethylene 0 5%

In several instances the utilizaticn of CuF; exceeds the amount of material left
on the grid, which is swrprising, until cne considers that the material does not
fzll off until it is discharged. In fact, dimensional changes during diecharge
appear to be the principal cause of shedding. In genaral the parformance was
either equal to or worse than usually chtained with the standard polyesthylens
mix. The result obtained with Teflo» was quite ercouraging since very little
shedding was observed., Because of ths good performance obtained with the
PVC - PVAC copolymar blnder; it was decided 1o investigate this further.

3.1.2 KEffect of Compacting Pressurs on Slectrodes Containing
£YC~ PVAC

1t had beer observed that the performarce of ho! pressed electrcdes containing
polyethylaras wes Ma:adly affected by the compacting pressure. It was decided,
therefore, to invastigais wiether this was alao the caes with electrodes contain~
ing PVC~ PVAC as & bindsy,
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A number of electrodes were prepared as above using three different compacting
pressures. The electrodes were soaked overnight in 1FLiCl O, in propylene
casbonae and then discharged at 1.7 ma per cm?, The results are shown in
Figure 20, The elsctrcdes prassed a*t 4,000 lbs per cm? gave the best perfor-
mance as was the case witn polysthylene binder. It waa then decided to inves-
tigate the effoect of currant density o the electrode perfarmance.

3.1.3 Effect of Current Densit: o2 Performance

Hot pressed CuF , electrodes were prepared from a mix conta‘ning $5% CuF,
{~170 to +225 me 3h), 10% graphite ‘SW 1651} and 5% PVC -~ PVAC copolymer.
The electrodes were pressed at 4,000 lbs per cm2 for 3 minutes at 90°C.
Replicates of three were discharged at different currant dsnsities. The results
ar; shown {n Figure 21, The results are quite conventional in that a Gacrezss
in uttlization ard an increase in pclarizatior accompanies an increase in cur-
rant density.

3.1.4 Effec! of Pore Yeormers on Perfcrmance

It had been thought fo: gzome time ¢hat the parforms e of the electrudes was
controlled hy ta nrogreas:ve accunulaticn of lizhfiun fluorids in tiie poras.
* was consluded that {2 the powcsity of the siectrodes could be irncreased,
be:ior performance shculd be obtai-ed due to prevention of porz blocking.

Two pore formers were investigated: i) LICIQ,
11 AlCl,

3.1.4.1 Lithium Perchicrate as a Pore Former

Hot pressed elecirodes were prepared from a mix contaimng §2,. 7% Cuk;,,
8. z% graphite, 4.1% rolyethylene and 5% lithium perchloratg {~;¥0 1n9sh
powder). The elattrodes were placed in distilled propvlane crhchonate to
leach out the LiCl D, 2nd form pores- Electrotzs we: s sIhxed for periods
varying from 16 hours to 168 hours ard thaxn digcharged at i.7 na per cm?
in 1FLiCl1 O, in propylera carbcnate. The resuils are showa in Figura 22,
It can be seen that the performance wan sonsiderably reduced by this tech~
nigue.

3.1.4.2 Aluminum Trickloride ag & Porg Former

Blectrdes were prepared as above but witls 10% Al Cl; as » psi¢ {ormer.

The 2iuminum trichloride was removed by placing the slsctrodes in & vacuum
oven at 170°C for 2 hours at 20 mm of mercury pressure which vaused the AlCl,
to be sublimerd. The electrodes were then diecharged as befora. 'The results
are shown in Figure 22. Again the performance was adverssly affectad by the
process.
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3.1.5 Effect of Wa:er o Electrode Performance

The sieps which have tc Le take= ‘o ersure that the electrodes are completely
anhydrous ate very tedinus and it would cons:dzrably simplify elesctrode manu-
facture if a little water could be telerated. X-ray diffraction studies had indi-
cated a rapid pick up of water frcm the atmosphere by cupric fluoride, and it
was decided to investigate whather electrodes allowed to stand in air or dis~-
charged in electrolyte cor*aminated with water were able to function efficiently.

A number of cupric fluoride electrodes were prepared from a formulation contain-
ing 85% CuF;, 10% g-aphite and 5% PVC - PVAC. The electrodes were all pre-
pared in a dry argon atmosphera to exclude water and then discharged under
different conditions. Two electrodes were diacnarged in the usua: way, two
in electrolyte to whichk 2% water had been added, two were allowed to stand

in the atmospheze for 5 hours {R.H 25%) and the final two were stood in airof
100% humidity for 53 hours. Thay wers then discharged at 1.7 ma per cm3. The
results are shown in Pigure 23. In all cases the presence of water caussd the
capacity to fall «ff., This experimen: stresses the need to eliminate water from
the slectrodes, Althougli the conditions of this experiment were more severe
than would normally be encountered in practice, it is thought that the effect

is sufficiently marked to be manifest even at low degracs <f water contamina-
tion. When cupric fluorida electrodes are stood in moist air, Cur; + 2H;0 s
formed which hag »a larger molar volume than CuF;. This zauses the active
material to swell and close the pores thua reducing the diffusion of Li* to the
reactior: sites and {ncreasing the pelarization,

3.1.6 [Effect of Particle Size

The cupric fluoride powder as suppiied by Ozark- Mahenning Inc. consists
cf a emall amount of {ire particies together with a larye anmount of agglome-
rated "pebbles". In the past, oniy the fine powd<r had peen used to make
slectrodes and this resulted in the accumulation of a large quantity of coarse
lumpy material. It was dacidel ¢o grind this in a ball mill to reduce it to a
fine powder that could then be used for elactrode praparation. Ths coarse
~upric fluoride was loaded into a ceramic mill with pebbles under a dry argon
atmosphere and tightly sealed with tape to pravent exposure to water v2poin,
The cupric fiucride was then ground for 15 hours. This was carried out n air
becausze the size of the machinsry invclved precluded its use in a dry box. A
fine powder was cbtained which was sieved and subsequaently used to make
electyodea. When these electrcdas wers discharged, it was found thit the
polarizaticn was axcessiveir high and that the utilization was only about one
third of that of an elsctrmde made from ungroud powder. A typical result is
ghown in Flgure 24 where an electrode prepared frars ground CuP; 18 compared
with cna prepared from (powcdsr) as 1sceived.

In anclliey axpaciment cupric fluoride electrode pregared %om powder wiich
had 2eer mucha-’caiiv nteved for ore hour were comuared te eisctrodes pre~
Prud irem hang siaved cupric fluoride nominaiiy of the st.s size, It was
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frind ehat the Jlect das fabricates) from hand steved cupric fluoride gave 3
L)

typioal rasilt 172% -ftzatian at 1.7 ma per cm?j whereas those prepared from
mecharically steved prwder gave onlv 37% utilization.

It *hus appears as if the method of treating the cupric flurride is very critical.
Photomicrographs showzd that the cupric fluoride was composed of €lat semi~
transparent crystals together with a large number cf very small fractured bits.
Whern the material wase gyround, the flat crystals were broken dovm into very
small pteces which then agglomerated to form clusters of various sizes. On
sieving this material, the various size fractions represented, not diacrete
particles, but agglomerates and it ie corceivable that when this powder was
used to make electrodes the agglomerates were broken down in the mixing
cperation into very small particles. Thus, the electrode performance wculd

be independent of the apparent particle size produczd by sieving. ‘tae differ-
ence in performance between hand sieved and machine sieved material probably
18 due to a similar effect., The violent agitation of a sieving machine 18 prob-
ablv sufficient to fracturs the particles, whereas a gentle hand aleving may not.

It was thus decided to investigate more closely the effect of the cupric fiuoride
pre-treatment. We thcught it recessary (if only for economy) ic devise methods
of using the coarse pebbled CuF, and so this was used ir: the expsriment. We
.180 concluded that since hand sievirg is {nefficient, better reproducibility
would be obtained by machine sieving and this procedure wi.s adopted elso.

Coarse, pebbled cupris fiuoride was gertly broken dowa by grinding in 4 morter
and pestle for five minutes and then sieved on a mach.nical shaker for 15 min-
utes to isolate the desired fraction. The following fractions were obtained

1t -325 mesh
11} ~170 mesh

{if) ~ 80 mesh
v} -170 t2+ 325 mesh
v} - 801tos 325 mesh

Samples of the powders were submitted to microscopic examination and pheto-
uyraphad Al & magnificatics of 306, The photomicrographs are shown ia Figure
25. The results can be summar:zed as follows.

Particle Size Totat Particle Range of > 50% Size of 3mailest
{mesh) Size Rarge of sample Particlesg
{mdcreny {micron) . _{microm}

~325 i~ 45 8- 36 I-45
~17G 1--100 10- 70 -5
- £0 1- 200 20-120 1-%

~170, +3&5 1-100 30- 80 1-%

- 80, 4375 1- 200 60~ 120 1-5
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The samples coasisted ~f nolverv:islline aggregates compoged of very small
particles,

Electrodes were prepared bv the standard hot pressing method &1d discharged
at 1.7 ma per cm? j= iF L1Cl 0O, in propylene carbonate. The results are shown
in Figure 26. All the results are quite good and in general the best utilization
is obtained frcm those size fractinors containing a mixture of coarse and fine
particles. Extremely high *!lizaticn was obtainad from the electrodes prepared
from -80 mesh CuF, but the polarizaticn was also quite high. Taking into
account both utilization and pcolarizati-n the 170 mesh CufF; gave the best
result. These results indicate that {* 18 poasible to use the coarse lumpy Cuf,
if care is taken nct tc grind it ¢22 severely.

3.1.7 Effect of Temperature on Perfermance of CuF,; Cathodes

Cupric flucride cathodes were discharged at varjous temperatures over the
rangs 0°C to 60°C to determine the effect of operating tamperature on pertor-
mance.

3.1.7.1 Experimental

Cathodes were made from a blend of 85% CuF; {~170 + 325 mesh), 10% graphite,
anrd 5% Polyethylene {~100 mesh}. Approximately 0.5 grams of this blend was
prassed into one inch square grids of 5Cu 14 2/0 expanded copper, at 4,000
lbs per cm3 for 3 minutes at 90°C.

The cathodes were tested ir 2 giass cell, the construction and use of which
were described in the first quarterly report. The cell was partially immersed
in a thermostatiraily controlie water bath, in which temperature was main-
tained within + 1°C of a preset ‘emperature in the range 0°C to 60°*C, The
s)actrolyte used in cell testing was 1F LiCl Oy in propylena carbonate. The
propylene carbonate was dried over mc.ecular sieve but was not further puri~
fled, Cathodes were discharged at 1.7 ma per cm? using a constant current
Jd.c. power supply.

Tha cathode potertials were mezsured against an Ag/Ag Cl reference ‘electrode
in the same elactrolyte, using & high impedarce electrometsr.. Discharge was
terminzted when the poter:ia! of the cathode was 3.5 volts vs the Ag/Ag Cl
reterence. The percentage of the theoretical CuF,; capacity utilized on dis-
chsrge was taken as a criterion of performance.

The resulis of this experimernt are shown in figure Z7. On first analysis the
utiiization of CuF; 2ppea:s to increase frcm about 30% at 6°C to (0% at 39°C,
then decreases tc about 5% at 40°C and finally increases again to about 70%
&t 65°C. However, res:lts of recent investigations of decomposition potan~
tials of solvenis 373 electrolyres suggest that the capacity usually ascribed
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< diccharge of CuF., 25 represented by the second plateau in the discharge
cueye, i3 1mreality due t- 1=duction of ar impurity in the solvent. Since the
electrolvte 1:sed was re pur:fied, this impurity was present in this study.
Therefore the discharae of CuF, is esserntially complete after the first break
in the vcltage~time {capacity) curve.

A re-aralvsis of the aboe resuits, based cn a correction for the capacity

due ‘o sclvert impurity, would be as follows: Utilization of CuF; increases
from about 30% a* 0°C t~ about 60% at 30°C, and ther. decreases, with further
increase in temperatire to ahoi* 50% at €0°C. The reason for this kind of
behavior is rot immediztely evident.” However, 1% may be that the propylene
carborate, or the elec‘rclyte beccmes reactive with the CuF; at elevated
temperatures and results in a lozs of CuF; coulombic efficiency.

3.2 Electroformed CF, Cathodes

Asg already stated in the f.rst quarterly report, it would be desirable to produce
a Cur, electrode with 3 minimum of electrochemically inactive components, in
order *o increase the 2rergy density of the cathode. It was suggested that this
mignt be accomplished by investigations of methods for electrofcrming CufF, on
porous, sirtered copper structures. The results of initial experiments, report-
ed in the {first quarterly report, were unsatisfactory, and further efforts were
made during the second quarter. A search of the literature failed tc reveal any
previous investigation of methods of electroforming fluorides. An electrolyte
cortairing arsenic trifluoride was investigated in an attempt to anodically form
CuF, o copper.

3.2.1 Experimental

Experiments were conducted u:sing arsenic trifluoride, alone and as an electro-
lyte in propvlene carbonate arnd arhydrous ether., When used in solution, one
ml of arsernic trifluscride was added *o £ ml of each of the solvents indicated.

Two aalf inch square sheet copper eiectrodes were immersed in each of the
electrelytes tested, a~d a currert of 2.5 ma (1.5 ma per cm?) was passed
through the cell, The current was irterrupted after 20 mimtes, and the elec-
trodes were analvzed bv x-ray diffraction t5 determine the products formed.

3.2,2 Res:lts ard Cornclusions

The results of this test reveslad that CuF,; could not be anodically formed on
copper in any of the elecirelyte containing arsenic trifluoride. Arsenic was
cathedically formed in all electrolytes as a black deposit. It appears that
arsenic trifivoride does not jonize to produce the simple fluoride ions which
are probably required in order to anodically form CuF; on metallic copper.

-16-




3.3 Bromine Trifluoride (Br Treatment of Sintered CuO

In another attempt to produce a CuF, cathode by other than the pressed powder
technique, conversion of a porous, sintered Cu1 O matrix to CuF, was investiga-
ted. Emeleus and Woolf (6) described a method of converting various oxides to
fluoricdes by reaction of the oxides with BrFy. The process was reported as be-
ing quantitative for several of the oxides invastigated, and the reaction products,
other than the fluorides formed, were volatile and easily separated from the
desired product. A method was proposad, whereby & porous, sintered CuO
electrode would be converted to CuF; simply by reaction with BrF, and with a
minimum of subsequent processing. '

3.3.1 Experimental

Porous, sintered CuO compacts were made, 14 in. square by the following
method: a) -325 mesh copper powder was placed in a die, pressed at 5,000
1bs and the resulting compact sintered at 600°C in hydrogen. This produced

a structurally sound, porous copper plate. b) The sintered copper was oxidi-
zed at 670°C andwas found to be nearly 100% converted to CuO. ¢) The CuO
plate was treated with BrF,; by thoroughly wetting the porous matrix with the
reagent, and after 10 minutes evaporating the excess BrF, on a hot plate at
250°C. This procedure was repeated twice. The specimens were then submit-
ted for x~-ray analysis.

3.3.2 Results and Conclusions

Resuits of this experiment revealed that CuF,; was not produced by treatment
of CuO with BrFs, even after repeated treatment of the oxida with reagent.

Because of the hazards involved in handling BrP,, it was decided to discon-
tinue investigations with this material.

4 Anode Studies

This study was conducted to develop a method of fabricating lithium anodes
capable of 1) high coulombic efficiency witk minimum polarization, 2) ezse of
fabrication and 3) storage after fabrication with a minimum loss of efiiciency.

Three fabrication techniques ware investigated, inciuding pressed lithium ribbon,
pressed lithium powder, and electroformed lithium.

"4.1 Pressed Lithium Ribbonr Anodes

The material used {n this phase of the anode study was lithium rihbon, 0.015
in. thick by 2 in. wida, The conducting and supporting grid waa expanded
copper designated az 3 Cu 7 3/6. The grid size was 1Y% in. by 1% in., with
a copper contact wire spot-welded along one edge. The lithium was cut to tha
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approximata nza«ot the grid which was pronad into the lithium at 1,000 lbs -
_per cm® betwoen stesl plates coated with petrolatum. fhe-excess lithium was
trimmed from the grid and the- alectrodu were then stored in paraffin oil in a
tiqhtly sealed preserving jar. It should be noted that-nearly all of the work
~ with lithium was done {n a dry-box under.an. argon atmosphere. Because of -
practical limitations the pressing operation was- performed outside the dry-box,
but the operation was very rapid and relultad in no detectablie oxidation of
- lthium,

Andodes: were made hy the pressad ribbon tochniquo for 1mmodmtc testing and
for ntorago ior various mtorval: in paraffin oi _

4.1.1 MMMM

In one urm of tests the anodes were prapared for discharge. using the clcan!nq
operation described in the first quarterly report. This involved degreasing in
,hmm, etching in absolute methanol and rinsing in distilled propylene carhonats.:

. In another axperiment the parafiin oil was :1mp1y wiped from the- slectrode
surfaces using absorbent tissues and the electrode plaoad immodiatoly in
olectrolyto. .

- Al half<ceil. testing was done in- polypropylcno jars of the type described'in
2. tho first: quarterly report. The anode was positioned betwsen two uheot copper
- cathodon. auowing a4/ in. spacing between the -electrodes. Potentials were
. measured against Ay/Ag Cl referénce slectrodes, using a high ‘impadance
cloctromotor. A-constant current d.c. power supply was used in &1l cell test=
ing. The anodes were discharged in 1IF L1C1 0, in dmulod ‘propylene carbon-
4te, at ourrent dcxumes ranging from 1.5 to 10 ma per cm3, S

4.1.2 .&0_!2!!.

The resuits of testing pressed lithium ribbon anodes etched with mothanol ars
shown in Pigure 28, Anode polarization is extremely high initially, but de~
creases as discharge proceeds, reaching a somewhat stabla level for a con-
siderable portion of the total discharge, and finally increasing rapidly again
‘2t termination of discharge. It appears that increasing current density from
about 3 to-10 ma per cm¥does not appreciably atfect tho _percent utmution
o! utluum which. rangcd between 55 and 60%. ]

~ The rolulu of tuunq prcued ribbon anodes from which thc paraffin ofl was
reroved, but with no additional cleaning or stching; are shown in Pigure 29.
In this series of curves there is no initial high polarl:auon as obtained with :
methanol etched anodes. The initial, relatively small polarization reameined
practically constant throughout discharge and increased sharply at the end of
discharge. The utilization of lithium ranged from about 75% to A5% of the
theorstical capacity over the range of current densities used, with some
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% evidence of better utilization at the higher current densities. Polariza*ion S

) ;Q ~dces not appear to increase appreciably with increase in current delisity, at ‘

¢ oty M}‘ least over the current density rangs tested, suggesting that this type of arode
" may be capable of sustaining far greater current densities with- high eﬁﬁcxency.

4,1.3 Copclusions

.o A highly efficient lithium anode can be fabricuted hy pressing nthium-ribbcn i

U%4  {nto a supporting and cenduating grid. No special cleaning or etching opera~ -

~ "] tion I8 requirsd before the- electrodes\can pe discharged, and in fact, etching
- in methanol-appears to adveraaly affect ‘the-performance. It appears that a-

passive film is formed during thé etching operanon, possibly a lithium meth»- .
..;3,,:5 oxide film. Anodes stored in paraffin oil ‘hzve remained bright and clean, even.
-4 after weeks of storage, when proper care g takexn to exclude air and maisture

w4 from the container.

-~

It is considered tc: be of prime imporgance that the electr‘odes are capable of -
©.':1  prolonged active stand. If this can he achieved the battery should be able to -
- . be stored in the activated condition for a considerable time without much loss
in capacity. This is of obvious benefit to-the uaet in that the. battery 18 ready"

for service the instznt it is wanted. - .-

Thfee types of storage test were constructed as: follows- T

i) Storage of electrodes in heavy wl‘ute ou .
1) Storage of electrodes in 1F LiCl O, in-propylene carbonate
i1) Storage of electrodes in cells with CuPjcounter electrodes

4.1.4.1 §torage of Electrodes in Heavy wxme 01}

A number of pressed foil electrodes prepared as previously described were
immersed in heavy white oil contained in screw top jars. The lids were tightly
sealed and taped to exclude air and moisture and then the- -electrodes waere
allowed to stand for the specified time periods. Periodically the jar wae
opened under dry argon and an electrode was removed for test, - Excess.cil -

" was removed from the surface by wiping with a facial tissue and the ;alactrode
was then weighed to determine its active material weight. -A thin fiim of ofl.
was still present on the electrode at this stage but since this did not appear
to affect the performance no more zefined cleaning methods were examined.
The electrode was then discharged at 2 ma per cm? (60 ma) in 1F L1C1 O, in
propylene carbonate. 8o far electrodes have been subjectad to two months
storage. Thé rasults are shown in Piqure 30. -

3

" The performancs of the electrodes has held up well for up to two months storage.
The variation in the results iz not considered significant enough to be attributed -
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to the sffect cf ctoiage since a 3% vartaticn 1in capacity of identical electrodes
ig Dot wusuRi,

4.1.4.2 Jtorage of Electrodes in 1F LiCl Q,/Propylere Carbonate

Since it was felt likely that the main cause of self dizchazge of litbium elec-
trodes in a cell would be the iransfer cf copper from the sathods tS the anode,

it was thought advisable to determine the affect of the alec*:o0ly:s awone on the
capacity so that in cell work thir could be separated f.on: ‘he #¥sc” due to copper
“transier.,

The experiment was carried out as described previmusiy except the electrodes
were stored in 1F Li Ci O, /Propylsne carponzte which had been prepared from
digtilled solvent and vacuum dried salt. 7Tb:s experiment has only heen under~
way for one month and thus not many resuits hava been acquired. The rasults
tokan to date are shown in Figure 31,

It is obvious that so far the electrodes remain unaffected by storage. The dif-
fersnce between the curves it within experimental error.

4.1.4.3 Storage of Electrodes in Cells with 1F 31 Cl Q,/Propylene
Carbonate

This phase of the work has only just begun and wil! be fully reported in the next
quarter.

4.2 Prassged Lithium Powder Arcdes

4.2,1 Fabrication

Lithium powder obtained az a dispersion in hexane (100 microns by down), was
used a3 the anode material in this study. Again. as stated in section 4.1, all
work, except electrode pressing, was done in a dry argon atmosphere.

A portion of the dispersion was removed from the container, the hexane allowed
to evaporate and the dry powder mixed with twice distilled propylene carbonate
to form a naste., The past> was applied to a grid of 3 Cu 7 3/0 expanded cop-
per with dimensions 13} in. by 1% in. The Jrid was supported on filter paper
during the application of the paste. The pasted electrode was then covered with
another sheet of filter paper and p-aszed between steel plates at 70 lbs/cm?,
The pressed electrode was then rinsed twice in hexane and stored in lithium
treated hexane in a tightly sealed jzr.

4.2.2 Discharge of Pressed Lithium Fowdar Anodeg

The electrodes were discharged using the technique already described for pres-
sed ribben anodes. Before testing, the anodes, wet with hexane, were allowerd

=20~




tc dry 1m @ dry 4:gen atmosphiere before tmmerston in electrolte. The elec-
irelvte ssed was 1P L1C, O, in distiiled propylene carbonate.

Dizcharge characteristics ot grasced :ithivm vowder anodes are shown in
Figu,e 32. Curve $#1 shows trhe per"ormance of an anode which was prepared
for discharge as described in 4,2.2. 1lhete is an {nitial extremelv hign polari-
zation of about 3.0 volts, and ther 3 rapld Rzcrease to about 1.5 volts after
only a smail interval of discharge. As discharje proc<eds, polarization again
increaces steadily to terminal voltage after only abcut 309 -f the lithium has
been utilized.

This was consldered to be very unsatisfactory performance, especially when
compared with that obtained from pressec ribbon anodes, It was thought that
a passive oxidation product prevented more efficient performance, and on this
basis it was decided to attempt to remove this film by chemical etching in
methanol. A pressed lithium powder electrode was etched in 30% (by volume;
absolute methanol in distilled propylere carbonate, rinsed twice in distilled
propylene carbonate and immersed immediately in electrolyte. The electrode
was etched for only ter seconds to avoid excessive loss of lithium. The per-
formance of an anode cleaned in this manner is shown in curve § 2 of Figure 32.
Only a slight improvement in performance was obtained, with about 39% uti!:-
zation of lithium.

4.2.3 Conclus‘ons

It appears that the very fir= lithium powder used in these experiments oxidizes
very easily, even with the extreme care taken to avoid contact with air and
moisture. A passive film is formed on the lithium which adversely afiects the
electrochemical utilization at any practical current dens.ty. Removal of a part
of the passive film by chemical etching results in orly small improvement in
performance, ard in any case appears to be an impractical technique.

4.3 Electrodeposited Lithium Electrodes

Eiectrodes prepared by electrodeposition of the electroactive material would
be expected to have the properties usu2lly considered most desirable for effi-
cient operaticn., They will be porous, have a high surface area ard would be
reasonably assumed to be electroactive. It would thus be expected that higher
current densities could be withdrawn than from a corresponding pressed fecil
electrode. We decided, therefore, to carry out a series of experiments to
determine the conditions under which lithium could be deposited from non~
aqueous solutions and to determine its electrochemical properties on subse-
quent anodic discharge.

4.3.1 Electrodeposition of Lithium

Lithium has been deposited from a variety of organic solutions of lithium salts
and few problems exist providing the decomposition potential of the solvent is




greater than the potential at which lithjum {s deposited. In spite of tiie 2ase

c¢{ daposition of lithium nietal, a wide variation in the tyne and quality of the
daposits has been observed. At different times workers have rzported spongy,
dendritic, grainy and powdery deposits. 3t was thaught wo:th-whils, therefere,
to investigate the types of deposits produced when lithiumn is depnsited fron
various electrolytes over a wide range of current densities. The usual apparaius
used in plating range tests is an elentrochemical call of spacial desigr so that
the cathode is subjected to a variarle current censity aiong its length. Two
common tynes of such cell are the Hull {7) and Giliiont (8) cells. In the Hull
cell the cuirent density varies in a non~linear ranner along thes cathodis. wnsre~
as the Gilmaont cell 18 3¢ designed as to provide a linoar variation of surrent
density. In our expeiiments the Hull cell was used primariiy bsecaure it is far
easier to make than ths Gilmont «ell and commercial celle were not aveilagle

in polyprcpylene. The sell used is showr in Figure 33, The vclume ot the cell
was 267 mls which yave the relatiorship between current, cwrrent density and
cathode length shown in Table 3.

The test consisted if placing 267 ni of the electrolyte into the cell togethar

with a litaium foil anude and copper cathode. A fixed current was pazsad for

a prescribed lenjth of time and tzen the cathede was withdrawn and photcyraghed.
Initial screeniny tezts indicated that a currant of 0. 5A flowing for about an hour

_ gave a depoait suitable for examination. This was equivalert tc % variation in
current density of 9. 25 to 20 ma/cm? along tha cathode lengtl,, Some typical
results are shown in Figures 24 anad 35.

The pansl obtained 1a 1F L1Ci Q4 in propylene carhonata shows an extremely
uniform deposit over a wide range of cwrent densities. A slightly more dull
deposit is formed at the lower cuirent denaities while 2 aaposit of higher re-
flectivity is formed as the current density is increased. When IF LI1CL Q4 in
acetonitrile was used as the slectrciyte a wide variation {n the quality of gde-
posit was obtainei. At the low current density end little or no lithium was
deposited, a flaky plate being produced at about 2 ma/em>. Abovas 4 ms/om?

a fairly gcod, very sisngy, deposit is produced, The pane!l obtained from di-~
methyl formamide electrolyte zshows a poor deposit which wag yailowsd due to
solvent decomposition. A more dilute solutior. of LiCl1 O, in piopylene carbon~
ate rroduced a spotty deposit at low current densities finally ylelding a smcoth
powdery deposit at arcund 2 ma/cri®. Tha daposit obtained in L1 Cl in propylene
carbonate was fairly smooth and dark showing striations due to corn:-active effects.

Since the best looking deposits were obtained from 1F LiCl O4 in propylene car~
bonate, it was decided o carry nut some experiments to determine the current
efficiency and reproducibility of tite deposits. A number of copper elactrodos
were plated at 5 ma/cm? for 5 hours. The amount of lithium was deterrained bv
dissolving the deposit in water and titrating with {lute sulphuric acid. It was
founrd that the current efficiency varied from 93~ 98%. It is thought tzat the trus
current efficiency is actually 100% and thzt the differenca between this and the
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experimertal value reflacts the smail frz~ments »hich batoma Jetxched wneil
the elactrode is transferred from the <ell te the ware:, These resulis seemed
encouraging so it was decided to investigate the anodic beh&vicur of the miac—
trodeposited lithium,

4.3.2 Discharge of Electrodeposited Lithium Ancdes

Lithtum was deposited cn cooper cathodes in two series connactcd cells. One
of the elecirodeposited plates was discharged immediately ir: the samie electro-
iyte, the other was withcdrawn from the cell, the deposit dissolved in water and
titrated with 0.8698 N H;SO, to determine the weight of lithium. Initiaily the
elentrodes were deposited at 5 ma/cm? and discharged at 2 -na/cm4, It was
found thet the efficiency of the electrodeposition approached 100% , whereas
whes the eiectrodes were discharged only from 46 -~ 53% of the theoratical capa-
city wa~ obtained. A typical result is shown in Pigure 36.

Wh; rhe ‘gilization of the lithium was nct greater is not understood. When
the electroces were examined at the end of discharge it was seen that a cop~
siderabie amouw. of litkium was still left on the electrode.

The depcait obtained at 5 ma/cm® was fairly spongy and go it was decided to
repeat the evperiment with electrouas deposited at 2 ma‘em? at which a more
dense deposii ir ontained. Again the gificiency of the deposition was hetween
95 and 98%. When 1ae eicctrodes were diacharged capacities ranging from
51.5% ¢ 67.5% «:f ihe calculated values were obtained. A typical resuit is
showrn in Figure 37. Alzhough the utilization was slightiy better than that ob~
talaad fron electrodes plated at 5 ma/cm? the {mprovement was only marginal
and waa rnot thought significant erough to warrent further examinration of the
effact of cuiren? deasity. It was observed that the lithium still present on the
elestrods at tha end of discharge was extremely loosely adherent which perhaps
1adicates tnat the deposit 1s becoming detached from the copper sheet as it is
discharjed.

3ome digcharges were performed or elocirocdes where the lithium had buen
derosited from a saturated solution of l:*hizm chlerido {n propylene carbonate.
The efficiency of the deposition was quite high ranging from 90 to 94% o the
expectad weight of lithium. However, wiien the electrodes were discharged
the polarization increased very rapidly and the electrodes fajled within a few
In‘autes,

11 view of the poar performance obtained with the pressed iithium powder and

slectrodeposited lithjum electrodas, it was decided to concentrate futura work
oy the pressed foil type which have shown very ercouraging performance.

5. Separator Studies

It is thought that the separator will play an important pert {n tte development
of the Li/CuF; system for practical use. In order to achieve the highest energy
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density an excess of electrolyte cannct be tolerated but the separator will
have to absorb sufficient electrolyte to allow efficient working of the elec-
trodes. The wetted separator must have a low resistance to avoid excessive
IR losses in the cell and lastly, should not be subject to attack by the elec-
trolyte. It may also be necessary that the separator act as 3 barrier to the
migration of copper ions to the lithium electrode where they w::l be discharged
to form dendrites with subsequernt short circuiting.

W2 decided to use four standard screening tests for the sultability of a material
as a separator. These were:

1) Stability in the electroiyt:

i1) Abscrption of electrolvte

111) PRetention of absorbed electr>lyte

iv) Electrical resictanza of wetted separator

5.1 Elegtrolyte Anscrption and Retention Stuidles

Compatibility studies carried out in the iast quaiter had indicated that very few
plastic materials were corrosion resistant towards prop/lene carbondte. Among
those found to be nert were, polyethylene, polypropylene, glass fibr2, Teflon
and asbestos. It was decifea to choose separators first from this class of
materials and invastitate their electrolyte absorption and retention.

The foilowing materials were examined:

1)  Webril EM 476

1) Webril SM 91

iii) Cellophane PUDC 193
iv) Asbestos filter paper

The absorption was determincd by immersing a weighed sample of the material
in propylene carbonats for 70 aours, hoiding verticaiiy for 30 seconds to drain
off excess propylene carbonate, and finally reweighing. The absorption was
defined as:

A = Wet weight - Dry weight x 100%
Dry weight

The rete:;tion was determined by placing the soaked separator on a glass plate
inclined at 45° and allowing it to drain for 30 minutes. The separator was then
welghed. The ratention was defined as:

R = Drained wet weight ~ Dry weight x 100%
Dty weight

The results are sncwn in Table 4.and are averages of three replicates.
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The greates: deyres ot elactrolyte ansorption and retention was achievad with
the asbestos filter paper. This nas subsequently baen investigated in cells.
This work is continuing and will be reported further in the next report.

5.2 Determination cf Separator Kesistance

A cell is presently being constructed ¢o evaliaate the 2lectrical resistancs ~nd
c3pacitance of separators. Thig i3 & cvlindrical plastic vessel ¢! polypropy-
lene and is shown in Figure 38, The separalo: 18 c.amped between the two
halves axpos:ng a separztor area of i om® ta the slectiolyte. The cell has two
pai s of electrodez. The twe warking electrodes sre discs of platinized plati-
num mesh Tnich 2re weided to platinum wirg lesda. Two platxnized piatinrm
wires, one in eacn cell socticn serve as voltags electrodas, ‘Thay are lo~ated
so that the center of the wire 58 0.550 in. frem the separator.

A Wayac-Kerr No, B~222 A.C impedance bridge with low impaedaice adaptour is
used to moasure tae real and reactive components of the separator resistance
by the use cf a four tarminal method. The adaptor is reguired to 2xtend the
range of the bridga to the very low values of electrical rosistancu whlch are a
necess&ry charactaristic of & usefu: separator.
The resistai.ce of the gsparator is ¥ound by the formula

p‘q ut R: A RQ

Where Rg = separator resistance
Ry = total resistarce
Ro = cell resistance

The capacitance i3 calculated from

Where the subscripts have the meaning givasn above, the spacific resistivity of
the separator i{s nbtzined from

p = Rg x a chm-em
' b

Where

a = exposed area cm?
b = thickness cm

At the present time the cell is still under consztruction and wiil be tested and
used in the naxt quartsr.
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6. Lithium - Cupric Flucride Cells

gy

After a satisfactory level of performancs was obtained with lithium and cupric
fluoride electrodes, as determined from half cell studias, it wa decided to build
and test small Li~ CuF, celis of compact design. This was done to study the
compatibility of the cell components, and 1o determine if individual electrodes
pe.form as well as they do in half c2lls, in a configuration roequiring closely
spaced alements and a minimum electrolyte volume.

6.1 Cell Fabrication - Gensral

The electrode size reme ‘ed as already described, iy in. by 1% In., for anodes
and cathodes. The cells were made with twe anodes and one cathode, with the
total theoretical capcity of the anodes more than twice that of the cathodes.

This construction causaes tha cell performance to be limitsd by the cathodes,

and was intended as a method of evaluating the performarce of the CuF; cathode,
the less efficient of +he twu eiectrodes. By design then, the compact ceil was
uszd to further avaluate cathodes, as well as to determine the compatibility cf
143 various cell components.

The separator matertial used in the oviginal work was 15 mil asbestos filter paper.
At first, only one thickness of separator was used, but was increased to two
tiicknesses when test results iidicated the nged for thicker insulation. A rec-
tangular piece of aabestcs paper, 1 ’/2 in. by 4¥; in., was folded ir half along

*s length. arg a cathode was positioned in the fold. This assembly was then
sarndwiched between tne anodes, and the element was inserted into a polypropy-
lane jar with inside dimensions 1% in. by 2%, in. by 0.40 in. Polypropylene
and poiysthylene spacers were used to produce a compact cell, with 2 minimum
of spacirg between adjacent elements. .

A small hole, drilled in the jar wall, connected the cell and reference electrode
compartmens, and functioned as & Luggin capillary. The capillary opening in
tha cell nompartment was within 14, in. of the eiectrode edyes. A Ag/AgCl
referance elactrode was used to measure anode and cathode potentiais.

All of the anndes useZ in cell testing were of the pressed ribbon type described
‘n 2axtion 4.1 of this report. The anode grid weight was about 0. 54 grams and
tke lithium metal weight averaged 0. 27 grams/electrode, with a theoretical capa-
city of 1.0 A.H.

$.1.1 Fabrication and Testing of Cells No. 1 and 2

The cathodas used {n cells No. 1 and 2 were of the hot-pressed type, made by
tha technique dercribed in the first quarterly report and were prersed at 4,000

ibs per cm®, A csathode bland of 85% CuF,{~170 + 325 mesh), 10% graphite and
5% PVC ~ PVAC copolymer was used. A grid of 5 Cu 14 2/0 expanded copper,




weighing about 0. 92 grams was used {n cathode fabrication. The total weiglt
of blend per electrode averaged i.80 gramsz., containing 1.53 grams of Cur,
with a theoretical capactty ~f 0,80 A, H.

The cells were assembled &s described in section 6.1, using one thickness
of separator, and filled with about 10 ml of 1F L1 Cl O4 in distilled propylene
carbonate. They were then dischargad at 50 ma {1.7 ma/cm?) uzing 3 con-
stant cwrrent d.c. power supply.

9,1.1.2 Results

The tes? rasults for cells No. 1 and 2 are shown in Figurc 39. Only about 14
to i6% of th: CuP, was utilized in this test, tha performance being limited by
the cathodes. The anode potertial remained nearly constant at about ¢, % voits
vs Li/L1" throughovt the discharge.

It was found that the Cuf; blend used at this time was performing at {or below
the expected level, in half cell testing. After a thorough investigation, it
was found that the average particls size of the CuF,; powder was a critical
factor. This was brought under contrel and A new cupric fiuoride bland was
used to fabricate carhodes for additional cell testing.

6.1.2 Fabrication and Testing of Ceils No. 3 and 4

A cupric fluoride bjend was used containing CufF,; powder with an average par-
ticle size smaller than that used in the first cslla. The new blend was made
with 85% CuF; {-~170 * 325 mesh), 10% graphite, and 5% Polyethylene (~100
mesh). The use of polyethylene as a binder was a vartation in conposition

but this had been found to produce very little difference in cathoda psrformance
as compared to the use of PYC - PVAC binder. The cathodes were pressed at
4,000 lbs per cm? for 3 minutes at 90°C. The cells were agsembled with iins
‘thickness of separator as described for cells No. 1 and 2. Approximately iV
ml3 of IF L1 Cl Oy in distilied propylene carbonzte were uzed in each cell. The
cells were discharged at 50 ma {1.5/cm?\,

S.1.2.1 Resgults

1ke performance characteristics of cuils Hu. 3 and 4 are shown in Figure 40,
The utiiization of CuF; ranged from abot 34 to 62%. Again the cathodes were
tk« performance limiting electrode with consideraple variation in efficiency.
Ancde performance was excsallent with only about 50 mv polarization turough-
out the discharge.

Although cells No. 3 and 4 performed with Z to 4 times the efficiency of cells

No. 1 and 2. there was too great a variaiion in cathode officiency, und further
efforts were raquired to dezermine the c2ause nf this behaviour. It shauld be




menticned that cathodes with identical constriyction revealed the same vari-
ability when testcd in haif cells, i with performance almost identical to
that chtaired from cathcdes in ce‘.l No. 3 and 4,

It was decided to re~evalnate the effect of compacting pressure on performance
of CuF; cathocdes.

6.1.3 Evaluation of the Effect of Cathode Compacting Pressure
on Performance

All of the clectrode testing, until the i2st half of the second guarter aon thizs
contract, was done in half cells. This technique required ti:at the electrodes
be structurally sound, with a2 minimum cf shedding of active material during
discharge, in order to properly eaizate performancz. Therefore, it was
necessary to compact cathodus at presstres of about 4,000 1bs per cm? before
active material ero='on was controlled, Howewvar, the real effect of compact-
ing pressurzz could not be determined over a wide range of pressures, and
especially at very low pressurss, where erosion was extreme. It was decided
to re-evaluate the effect of compaciing pressures on cathode performance by
teating the electrodes in a cell desigred €5 reduce active material erosion to
a2 mizdmum. The cell constructinn described in ssction 6.1 was considered
satisfactory for the work.

o.1.3.1 QCeil Construction 3rd Testing

Cathodes were :made with Cu¥, powder of ~170 mash, in a blend containing
85% CuF,, 14% g1aphite anud 5% Pclyetaylene powder (100 mesh). All cathodes
were pressed at 90*( for 3 minutes w:th compzcting pressures as follows:

Oells 11 and 12 ~ 4,060 'bs per cm?
Celis 19 and 20 ~ 2,000 ibs per cm®
Cells 17 and 18 - 500 ibs per cm?

A variation iu c#ll construction az comparsed 9 cells No. 1-4 was that iwo
thicknesses of 1% mii ashestos filter p2rayr were used as insulation.

The cells were filled with abot 10 ml ~€ IF L1 Cl G, in distilled propylene
carbonate arnd d!acharged at 50 ma (1.7 m3/cm¥

6.1,3.2 Results
Tho <ffect of compscting pressure on cathode performance {s shown in Fioure
41. Perceix utilizetion of Suf, increased from abcut 40% (average) at 4,000
lbs per om* to akout 80% at £90 1bs wer cm?, an increase in performance of
100%,.

In addition, % recuction in cathode compacting pressure appeared to effect an
improvement in rograducibility of z2thode performance.
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In Figure 42, cell vcitage vs percent CuF, utilized is shown. From this set of
curves the energy density {watt hourz/lb! was calculated. In these calculations
the enargy density was based 1; on the weight of active materials consumed in
the reaction only, and 2} on the *ctal ma‘teriz] on the three electrodes, except
grid weights. The weight o separat:or, electrolyte and jar are also excluded.
The results werz as follows and are averages of performance of paired cells:

Erergy Dersity {watt hours/lb)

Active Mat‘ls Consumed Total Electrode Mat'l

Cellis No. 11 and 12 526 157
Cells No. 17 and 18 605 370

From a practical viewpo!nt the results shown ir the last column are of mosat inter~
est, and show that an increase of more than 100% in energy denxsity was obtained
by reduction in cathode compacting pressure {rom 4,000 tc 509 ibs per cmi.

This study has revealed that, contrary to earlier findings, fow compacting pres—
sures yield cathodes with far better performanse than those Iormed at high pres-
sures. The important factor in this invest!gation was the method of cathode
testing, in which a compact cell design was usea to avoid the erosion of cathode
material, which precluded propur evaluation i half cell testing.

The fact that performance improves os the compacting pressure is reduced, sug-
gests that electrolyte diffusion, 23d consequently colcentration polarization,
are important factors in cathode performance. In tightly compactad structures
the pore zize iy probably much smaller than that obtained in a loosely compacted
electrode. Therefore, better elentrlyte diffusion aud thereby less concentration
polarization is 10 be expected in a Icosely as compared to a tightly compacted
cathode.

6.1.4 Evaiuation of Sulfur Additive in CuF; Cathodes

An investigation by Amlie and Ruetschi {9} rsvealed that bota the operating poten-
tial and coulombic efficiency of cuprous chiorids cathodes were appreciably
improved by the addition of smali amounts of suifur to the cuprous chloride. In
an attempt to further improve the operating churacteristic of the CuF,; cathode,

it was decided to investigate the effect of tha additicn of sulfur.

6,1.4.1 Experimental

A blend containing 87% CuF; (~170 + 325 mesh), 8.7% graphice, and 4, 3% Poly~
ethylene (~100 mesh), was used as a basic cathode material in this study. Pre-
cipitated sulfur powder was added to this blend to yieid a mixture containing
85.3% CuF,, 8.5% graphite, %.2% Polyethylene and 2% sulfur. Electrodes were
pressed at 4,000 lbs per cm? at 90°C for 3 minutes. Control elacirodes were
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made with the first men:ioned blend {ao sulfur) and were fabricated in the same
manner as the sulfur bearing cathodes.

Cells were built using the constructioa technique described in section 6.1 with
one thickness of 15 mil asbestos as insulation. The cells were filled with 10
mi of 1F L1Cl1 Oy {n distilled propylene carbonate and discharged at 1.7 ma/cm?,

6.1.4.2 Resulis

The characteristics of sulfur bearing and sulfur-free CuF; cathodes ars compared
in Figure 43. There appears to be better reproducibility of performance with
cathodes containing sulfur than with sulfur-free cathodes. However, if the

best sulfur-free cathode is compared with both sulfur bearing cathodes, there
doe. not appear to be a sufficient difference in either operating potential or
Cuf; efficiency to fustify a conclusion as to the overall effect cf sulfur,

Another characteristic immediately seen is the step~wise increase in polariza-
tion with sulfur bearing cathodes, as compared tc the steadily increasing polari-
zation obtained with sulfur-free cathodaes., It appears that the sulfur, and its
decompositicn products in this system, are being reduced at different potentials
depending on their respective decompositicn potentials. There is evidence of
reactivity of the sulfur in this svstem, as revealed by the strong odor, some-
what like that of mercaptans, given off by the electrolyte after test.

6.1.5 Effect cf Sulfur Addition to Lightly Compacted Electrodes

An experiment was conducted to further evaluate the effect of sulfur additive

on the performance of CuF; cathodea. In thie test the cathode was pressed at
500 lbs per cm? rather than at 4, 000 1bs per cm? as in the previous test. In
caihodes with no sulfur addition, the best psrformance thus far has been obtained
by compacting &t 500 lbs per cm2, Also, reproducibility of performance appeared
to be better at low pressures. Therefore, a more reliable evaluation of the effect
of sulfur was expacted {n a cathode pressed at 500 los per cm? rather than 4,000
lbs per cm?2,

5.1.5.1 Experimental

The cathode blead, containing 2% sulfur was the same as that described in section
6.1.4.1. The cathode was fabricated by pressing at 500 lbe per cm? for 3 minutes
at 90°C.

Celi fabrication was as describzd in 6.1.4.1 except that wo thicknesses of 15
mil asbestos separator were used.

The cell was filled with 10 ml of IF Li Cl O, in distilled propylene carbonate and
discharged at 1.5 ma per cm?,
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6.1.5,2 Rezults

The res it of this test are show~ 11 Piguwre 44 aberzin the performance of a
CuF, ~ S cathode 13 compared with *+hat ob*ained from comtrol cathodes.

The percert utilizaticon of CuF, appears t2 be about the same for both types

of cathnde. The open circuit poaterstial was about 0. 2 volts higher with CuF,
sulfur cathodes. The discharge potenttal, for about 10% of the discharge,

was 3lso higher witk CuF;- 8 c3thodes, As aiready shown in the pievinus
experiment with sulfur in CuF;. the potertial of the CuF,~ 8§ ~athodes decreased
in a step-wise manner near the end of discharge. as compared with a ateadily
decreasing potential of contrel ce2thodes.

6.1.5.3 Corclvsions

The addition of & small amount of sulfur to the Cuf, cathode appears to increase
open circuit gotentiai by 2bout 0.2 vnlts ac compared 10 CuF; alone. This
improvement in cathode potential parsizig, but for only € small igterval, on
discharge. There appears to he ae sigrificant efiect on parcsnt utilizatiion of
CuF, die to the addition of sulfur,

6.1.6 Ewvaivation of CoFy as a Cathode Mu“arial

Cobalt trifluoride {CcF;) was investizated as a cathode material .3 the irey
quarier, but as indicated in the first guaderty report. ‘l:e parformancs was
unsatisfactory., Only about 20% utilization of the Coty 1n un electrode was
obtained and cpsrating voltages waers much lower than those obtained with Cuf,.
However, it waz thouglir ikat cathode fabrication technique or electrolyte sol-
vent impurity ray have influenced these resuits. It was indicated therefore,
that further work would be done with CoF;. ‘

6.1.6.1 Experimental

A CoF, cathode was made using a blend composed of 86.9% CoF, (~170 + 325
mesh), 8.7% graphite, and 4.4% Teflon powder (7x). In this fabyication the
cathode was pressed at 500 lbs per cm? and at room temperature, rather than
90°C as with CuF; cathodes. Heat was avcided when it was found, in previous
tests, that at elevated temperatiure the CoF; reacted with the release paper
used in the preseing operation. Teflon was used {n the cathods blend aince

it has the characteristic of functioning as a binder simply by application of
pressure, and does not require heat as do the thermoplasti.c material used in
the CuF, cathodes.,

A cell was built using the construction deacribed in sestion 6.} and with two
thicknesses of 15 mil asbestcs separitor. The cell was filled with 10 ml of
1P L1Cl Q4 in distillad propylene carbonate and discharged at 50 ma {1.7 ma
per cm¥,




6.1,6.2 Results

The performance of a cell with a GoF, cathode is shown in Pigure 45. Cell
performance was limited by the cathods which ylelded only about 35% of its
theoretical capacity. The voltage characteristics of the cathods also wers
very unsatisfactory with a high polarization from 2cpen circait pctential aimost
immediately after the start of dischargs.

6.1.6.3 Conclusions

Cobalt trifluoride has not been found to be a satisfactory cathode matorisl in
th. {nveatigations thus far conducted, showing & low couloinbic efficiexcy and
high polarization under load.

6.2 Effect of Activated Storega on Cell Performance

A number of cells comprising two lithium electrodes and one cupric fluorids
slectrode were assembled using asbestos filter paper separator. The cells
were primed with 1F L1 Cl1Q, in propylene carbonate, enirappead argon removed
by suction and storad in argon filled desiccators for various periods of time.
The lithium electrcdes were preparaed by the pressed foil technique and the
cupric fluoride electrade was prepared by hot pressing at 4,000 1bs per om?
for 3 minutes at 90¢C, a mixture of 85% CuP,;, 10% graphite and 5% polyethy-
lsna.

ihe fivst test involved standing two c¢ells overnight (16 hrs) that contained one
thicknusa of asbestos paper as the separator. They were then inspected and
discharged 2t 50 ma (1.7 ma/cm?). During the night the ave:age cell E. M.PF.
kag dropped from 3.50 volts tc 2.90 volts. On inspection, it was seen that
the curtace of the CuP; electrodes had been reduced to ¢»pper and that numer~
ous de.drites of cop,sr had penetrated the separator. The lithium sloctrode
had a sligh: cappery sheen indicating that dissolved CuF, from the positive
electrode kad deesr galvan.cally reducad hy the lithium. The performance of
the cells on discharge was poor, the cupric fluoride electrode faiiing after
only 31,6% of its nominal capacity. It way decided to lncrease the amount

cf separator from one to two thicknesscs in th2 hops of delaying the dendrive
formation. A group of cells was assembled as Defore and stocn for various
periods of time. They were taen discharged at 50 ma, the individual elecirode
potentials being measured with raspect to a Ag/Ag Cl refereace elactrode. The
results are shown in Table 5.

Both electrodes appear tOo have suffsred from the activatsd atand. The lithium
electrodes show an initial increase in polarization &nd afior a time ataci to re~
cover, This is presumably due to removal of a thir film of coppar wiiioh haa
formed on the electrode during stand. The cupric flvoride el¢ctrodas show a
progressive decline in performance until complete failuro has occurred after
seven days activated stand.




10 L. woeie Cpensd 71 inapesticn before and after discharge. After one
Gay ol $.0rdays the SuF: electrodss nad small spots of copper present on the
swface aud there wore a faw copper dendrites growing through the separator.
The appearance of celle after two days storage was very similar to the above.
A cunsiderable amowr ¢f self discharge had taken place in the cells which
had been stored for o'e week. The CuF; electrodes were completely covered
with copper on the sirface and numercus dendrites could be seen penetrating
the separator. The sthium elsctrodes were covered with black patchy deposits
which may have beon finely divided copper. From evidence of these results it
thus seems that a simple porous harrier will not suffice to allow an activated
stand of any appreciable time. Celiulosic separators, such as cellophane or
Viscon, which react with copper may be required. It may be possible to add
a vomplexing ageut or vrecipitating agent to the separator to prevent copner
belny trausterred to the ithium electrode.

3 3em




LIST OF MATERIALS AND SUPPLIERS

CuF,, annvdrous

CoF;, arhydrous
LiClQ,, anhydrous

Propylene Carbonate

Formamide, 99%

Al Cl; , anhydrous

LiCl

tthanolamine

N~ Methyl Formamide
Methyl Thiccyarate
Ethylene Dichloride

Ethylene Dipropionate

Acrylonitrile
Propionitrile
Acetonitrile

Nitromethane

umethyl Sulfoxide

Epichlorchydrin
Furfural

-

Ozark-Mahoning Co.

u ~ . & "

G. Frederlick Smith Co.

Eastman Organic Chemicals
Jefferson Chemical Co.

Matheson, Coleman &Bell

Fisher certified - F:!sher Scientific Co.

i "

Highest Purity

" "

Fisher certified

it "

Highest Purity

Fisher certified

L ]

Molecular Sieve, Linde ¢ 5A

Calciun. Oxids

9ilica, Floated Powder
Rthsr, anhydrous

N -~ Hex2te¢

Methanol

Fisher certified

Figher certified

" " "

" " "
] " "
o " "
" " "
" " 1)
" u "
™ " "
® " "
V4
" w 9
" " u
) »n ]




LiST Of MATERIALS AND SUPPLIEKS. (cont'd)

Paraffin O1}

Petralatum
Sulfur, Precipitated, U.S.P-

Lithium Ribbon

Lithium Dispersion
Graphite, Micronized’
Teflon Povwvder #7x
Arsenic Trifluoride
Bromine Trifluoride

Webril EM476
Webril SM91

Cellophane PUDO 193
Asbestios Filter Paper
Polyethvlene Powder
Polyvinyl Chioride Powder
Klucel 6 Powder
Polyethylene Oxide Powder
Vinylidene Fluoride Pov:der

Polystyrene Powder

PVC - PYAC Copolymer Powder

Type VYHE

risiher Scient:fic Co.

L) 1" "

J. 7. Bakar Chemical Co.

Foote Mirzaral Co.

" " n

Southwestern #165!
Du Pont Co.

K &K Laboratories
Matheson Co.

Kendall Milis Co.

Du Pont Co.

Raybestog - Manhattan

U.S.1. Chemicals
Naugatuck

Hercules Powder Co.

Union Carbide Chemical Co.
Pennsalt Co,

Koppers Co.

Union Carbide Chamical Co.
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TABLE !

Nor Aqueous Solverts

Sclvent Formula Dielectric  Viscosity Density
Constant {centipoise) {g/cc)

Formamide H-CO-~ NH; 111.5 3.76 1.1334
Ethylene dichloride CI1CH, - CH,Cl 10,23 0.78 1.28034
Ethanolamine H,N - CH, - ChL,OH 37.72 19,346 1.022
N-methyl formamide H-:CO-: NH. CH, 182.4 1.65 1.011
Epichlorohydrin CH—CH-CH,Cl 22.9 1.031 1.1801
N\ /
o
Propionitrile CH;-CH,-CN 27.7 C.413 0.7770
Furfural f'l'" I 41.9 1.49 i.1594
! CHO
o
Glycolic Nitrile HO-CH,-CN 69 - -
Methyl thiocyanate = CH; CNS 35.9 - 1.0765
Acrylc itrile CH, = CHCN 38 - 0.8060
Propylene carbonate CH;- CH— CH, 64.4 2.20 1.0610
o_ _o
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TABLE =

Solubility of Cupriz Fluoride in Organic Electrolytes

So:ution Total Cu** Equivalent CuF, Visual Observations
(gm/1; {gm/:) )
Piooylene carhonate 0.0C012 0.000192 Solution colcrless
Pror. carbonate/LiC! O, C.003 0.0048 Very pale green
Prop. carbonate/1FAIC], 0.0C5 0.008 Dark brown
Nitromethane J.00046 0.0007355 Pale green
Nitromethane1F Li C1O. 0.0696 0.01535 Emerald green
Acetonitrile 0.00017 0.000:72 Colorless
Acetonitrile/1F LiCl1 Oy 2.0021 0.00336 Very pale green
Acetonitrile/1F KCNS 0.010¢ 0.0163 Rad solution
Acetonitrile/IF AlCl, 0.0100 0.0160 Pale green
Dimethyl sulfoxide none found - Colorless
DMSO/IF LiCl O, 0.06062 0.00991 Very pale green
Furfural 0.6006 6.0909% Pale brown
Furfural/1F LiC1 0O, -~ -- Solution polymerized
Epichlorchydrin 6.uCo14 0.0600224 Very pale green
Epichlorohydrin/2F LiCl10Q, $5.0092 0.0147 Dark brown
Epichlorchvdrin/IF Mg{C1Q,), -- - Solution exploded
Acrylonitrile/1M Li Cl O, - -- Solution polymerized
Propionitrile/1F LiCi O, 0.125 0.216 Solution deep blue




zed

zed

Parnel

leng'h i _0,25A C,302; 1,00A,

(inches)

0.18

TABLE 3

Huli Cell Current Dersity Scale

Current Density it Specified Total Currant

s 0,125 0.25 0.5
9.250 { 9.50 1,00 |
0.50 1.00 2,00
0.75 1.5 3.00
1.00 2.00 4.00
1.50 3.00 6.00

2.00 4.00 8.00

i 2.50 | 5,00 |10.00
3.00 | 6.00 |12.90
3.75 | 7.50 |15.00
5.0 | 10,00 | 20,00
6.25 112,50 | 25.00

?7.50 | 15,00 {30.00

10.90 { 20,00 {40.90

2,90 2,90 4,00 D.004A
1.0 1.5 2.0 z.5
2.00 3.006 4,00 5,09
4.00 6.00 8.00 1} 10.00
6.00 9.00 | 12.00} 15.00
8.00| 12 00| 16.00] 20.00

12.00 | 18,00 | 24.00 | 30.00
16.00 | 24.00 ; 32,00} 40.00C
2C.00 | 30,00} 40.00 | 50,00
24.00} 36.00 | 48.00 60.00
30.00| 45.00 | 60,00} 75.00
4G.00] 60.00 | 80.00 100,00
50.00| 75.9C {100.00 {125.00
63,00 ; 50,00 {120.00!150.00
8J.00 (120,00 {160.00 i 200,00
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conabYy
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Absorptinn and Retention of Propylene Carbonate by Separators

TABLE 4

Separatnr Absorption % Retention % R/5 %
Webril EM 476 205 133.7 65.2
Webril SM 91 150 116 77.6
Asbestos filter paper 988 908 91.9
Cellophane PUDO 193 131 29 22.0




TABLE 5

Effect of Storage on Performance of Lithium/Cupric Fluoride Cells

Time Results after Specified Storage Period (Days)
1 day 2 days 7 days

Cell Cell Cell

Volts | Li elec.| CuF,; elec.| Volts | Li elec.| CuF, elec.| Volts| Li elec.| CuF; elec.
0.C.V
Initial 3.50 3.50 3.50
Final 3.375 | -3.45 +0,03 3.40 { -3.50 -0.04 2.871 -3.50 | -0.63
5min 3,120 | -3.25 ~0.14 2.53 | -2.96 -0.44 1.32} ~3.15 | ~1.90
30 min 3.00 ~3.16 -0.14 2.02 | ~2.78 -0.77 - -3.10 | ~3.25
1 hour 2.97 -3.12 -0.13 1.85 | -2.625 -0.815
1Y, hrs| 2,90 -3.00 ~0.10 1.70 t -2,52 -0.800
2 hrs 2.86 -2.98 -0.105 1.70 | -2.55 -0.825
2Y,hrs| 2.82 | ~2.92 | -0.130 1.62 | -2.47 ~-0.870
3Y, hrs 1.78 | -2.80 -1.01
4 2,78 -3.00 ~0.215 1.70 | -2.67 -0.98
4Y,hrs| 2,675| -2.95 -0. 260 1.85{ -2.90 -1.905
5 hrs 2,66 ~2.96 ~0.290 1.80 § -2.90 -1.10
6 hrs 2.525| -2.81 -0, 250 1.71 | ~2.490 -1.18
6Y,hrs| 2,430 | ~-2.72 | -0.305
7 hrs 2,275 «2.70 -0.430 1.65 | -2.90 -1.25
7Y, hrs| 2.02 | -2.73 ~-0.690
8 hrs 0.95 ~-2.80 -1.800 1.50 | -2.9C -1.40
8Y,hrs|{ 0.00 | ~2.80 -2.80
9 hrs 1.11 § -2.95 -1.84
91, hrs 0.0 | -2.93 -2.95
Utilization of CuF, 54% 55.3% 1.5%
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Vapor Phase Chromatogram of
Propyiene Carbonate Distilled From Ca O
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Vapor Phase Chromatogram of Provylene Carbonate
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Vapor Phase Chromatogram of
Propyiene Carhonate Dried with Molecular Sieve

Injection Temperature 110°C
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Vapor Phase Chromatogram of Propy:ene Cerbonate
Distilled from Ca O
Injection Temperature 110°C
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Vepor Phase Chromatogram of Propylene Carbonate,

Distilled from Lithivm
Injection Temperature i10°C
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1 - CuF,, -80 mesh, 300x
2 - CuF,, -80 to + 325 mesh, 300x
2~ CuP,;, ~170 mesh, 300x
4 - CuF,;, =170 to + 325 mesh, 300x

5~ CuF,, -325 mesh, 300x

Figure 25
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Saturated LiCl in prop. carb. Current: 0.05 amp
Duration: 1 hour
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1M LiClO4 in Acetonitrile Current: 0.5 amp  Duration: 1 hour

. Hull Cell Panels - Figure 35
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Propylene carbonate of high purity was cbtained by vacuum distillation from
& basic oxide (Ca0) or an alkali metal (Li).

Various new electrolyte solvents were screened to determine their com=-
patibility with the LiCuF, couple, but none were found to be camparable to
propylene carbonate.

A re-evaluation of solubility of CuFp in various electrolytes, using purified
solvents, revealed generally low solubility, except in Ii Cl Oy/acetonitrile,

11 C1 Oz,/nitmethane, and AlCl3/propy1ene carbonate. Corrosion rates of Id in
these electrolytes were high except for LiClOj/propylene carbonate and LiCl0y/
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Investigation of new CuF, cathode binders revealed that none of those tested
was superior to polyethylene,
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13. Abstract (Contd)

Cupric fluoride cathode perfoma.nce was found to increace with an increase in
operating temperature between 0°C and 30°C and decreased with further increase in
temperature to 60°C.

Attempts to develop new CuF, cathode fabricaticn techniques, by electroforming
copper fluoride ir a fiuoride conta.ning electrolyte, and by chemical treatment of
sintered CuQ with BrF, were unsuccessful,

A study of varioés anode fabrication methods, including pressed Li ribdbon and
povder, and electroformed Li, revealed that the pressed ribbon method was by far
the best, with regard to both performance and simplicity of fabrication.

A separator study was initiated to develop a material suiteble for use in the
Li/CuF, system, aud having the characteristic of low electrical resistance,
resiatance to ckemical attack, and the capability of actirg as a barrier to migration
of copper ions to the anode. Thus far, only asbestos filter paper has been used as
a separator in cell construction but it is not completely satisfactory.

Li/CuF,, cells of compact construction, containing two Li anodes and one CuFp
cathode, ana with asbestos filter paper iusulation, have been tested. An energy
density of 525 watt hours per 1b (based on active materials consumed only) has
been obtained with a current density of 1.7 ma/cma. Charged stand capability is
limited to about 16 hours because of migration of copper ions to the anode, with
consequent short cirvcuiting of the cells. (Author)
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