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FOREWORD

Some of the work reported here was cone prior to the beginning of the
contract period . Reference to this material is included because of its
relevance to the subject , and because the work was originally intended to
be part of this contract. We refer specifically to Sections 2.5 and
3.2, concerning the conductivity and physical properties of SOC12
containing the li thi um salts of B10Cl~~ and B12C1~~ .
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1. INTRODUCTION

The object of this work is to prepare a fundamental study of the
growth of lithium chloride on lithium in thionyl chloride electrolytes
containing either li thium tetrach]oroaluminate , the salt now most commonly
used in Li/SOd 2 primary cells, or the lithium salt of one of the polyhedral
bc.rate anions B10Cl~~ or B12Cl~~ . The rate of growth and the thickness of
the lithium chloride film on lithium has been found to be related to the
voltage delay on startup of lithium/thionyl chloride cells following long—term
storage and storage at elevated temperature.’~~ The salts, L12B10C110 and
Li2B12C112, were reported to alleviate voltage delay without causing significant
anode corrosion when used in place of LiAlCl4,6 although the mechanism
responsible for this dramatic improvement was not established.

The thickness and resistivity of films on active metals in corrosive

electrolytes has been measured using a galvanostatic pulse technique.7”

These studies have led to the development of the solid electrolyte interphase
model (SEI) for these systems. Contact between lithium and solutions

containing thionyl chloride causes the formation of a thin insoluble film

of lithium chloride by direct reaction, which completely covers the surface.
Under favor able conditions, the film protects the metal against further
direct chemical attact, yet allows the anodic discharge of lithium by

permitting the passage of lithium ions. If this film should become too
thick , passivation and voltage delay result. The SEI , a thin compact layer
of rela tively uni form thi ckness, is overlain with a porous and much thicker
layer of lithium chloride resulting from excessive corrosion of the metal .

Investigations over the past several years have demonstrated that

significant improvements in the voltage delay characteristic and in reducing

the corrosion of lithium anodes are possible using lithium tetrachioroaluminate
as the electrolyte salt.3~

5
~~

I 2  Iron and copper are known to aggravate the
growth of the lithium chloride film , and HC1 and A1CI3OH , products of
electrolyte hydrolysis ,’3 also contribute to excessive anode film growth
and corrosion . No published systematic study yet exists of cells made with

LiA1C14/SOC12 electrolyte analyzed and treated specifically to minimize the
concentration of hydrolysis products as well as transition metals , and of
cells with cathodes and separators whose moisture content has specifically

been measured and minimized. Therefore, the practical limit to the improvement

of the delay and of anode corrosion in these cells has not been determined .

If there is a limit , it should be established to provide a basis on which

to claim further improvement in both of these areas together. For this
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reasons we have chosen to include LiA1C 14 electrolytes in our
investigations , which encompass galvanostatic measurements of film
thickness and res i s t iv i ty ,  corrosion measurements by weight gain of l i th ium -
ch ips stored wi th  electrolytes, and voltage delay and capacity measurements -

-

on complete cells as a function of storage temperature and time. 
-

Lithium/thionyl chloride cells containing the polyhedral borate salt
L.x2B10C110 offer significant improvement in the delay problem without
causing anode corrosion when compared with state-of-the-art LiAIC14/SOCI2 

-

cells.’4 although the mechanism responsible is unknown . If this mechanism
could be understood , improvement beyond that possible with the best LiA1C14/
SOC12 electrolyte cells might be realized using methods alternative to the
expensive Li2B10C1 10. For this reason, knowledge and understanding of the
physical chemical properties ot L 2810C1 10 in SOd 2 are important .
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2.  EXPER I MENTAL

1 PREPARATION OF L i 2B10C110 AND Li2 B12C112
The starting materials for B10Clj~ were decaborane (Callery Chemical

Co.), xylene (Fisher), and triethylamine (Eastnian). The process used was
similar to that reported by Hawthorne and Pilling .~~ 90g of (736 mm)
decaborane were dissolved in 900 ml of xylene , and 270 ml of triethylamine
(1.929 mm) were added slowly with stirring . The solution was heated to
100° 1 5°C with stirring for 3 hrs, then heated to 135°C for S hrs. The

J white precipitate (NEt 3H)2B10H10 was filtered , washed with Fisher isopropy].
alcohol , and vacuum dried . The yield was 222g (688 mm) or 93.5% based on
decaborane. The amine was removed with a cooled solution of ilOg of NaOH
(2.75 moles) in about 1 liter of water. Triethylamine was removed with a

separatory funnel , and the remaining dissolved amine extracted four times
with an equal volume of toluene . The toluene was cycled against an equal
volume of water containing 126 ml of 12M hydrochloric acid (1.51 moles).
This solution was saved . The aqueous solution containing B10H~~ was slowly
acidified with 86.5 ml of glacial acetic acid (1.51 moles) and diluted to

3,500 ml in a five liter round bottom flask. The flask was cooled to 0°C
and treated with chlorine gas (Matheson). When the solution acquired a
greenish cast, the flask was heated to boiling to remove excess chlorine .

The aqueous triethylammonium chloride solution saved from the extraction
described above was added slowly with stirring . The precipitated salt
(Net3H)2B10C1 10 was filtered from the solution and carefully washed . It
was dissolved in a solution of lO6g LiOH•H20 (2.59 moles) in 550 ml of
water, and the amine extracted as described above . t

Recovery of Li 2B10C110 from the aqueous solution was similar to that
described in Ref. 6. The solution was acidified with 111 ml of 12M HC1
(1.34 moles) and the remaining amine , now as (NEt 3H)2B10C110, was removed

by ti lt ra t ion . The solution was made basic again by addition of a slight

excess of solid LiOH . An equal volume of tetrahydiofuran (Apache Chemicals)
was equilibrated with the solution and separated . Subsequent smaller
portions ot ether wete used until altquots f ont the aqueous phase no longer
gave a precipitate with aqueous (NEt 3H)C l .  The ethetial phase was treated
with ~;ol id Lid , which caused the separation of an aqueous phase . This was
removed a~; it was formed . The process was cotit inued tint ii the solution was

in equ i librium with solid Ltd . The etherial phase was placed in a
di st i lla tion apparatus with a Ben saddle column and fractionated. The
distill a t e was saved , and f resh dry tetrahydroturan was added to the pot

- -  
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periodically to replace that distilled. Crystals of solvated Li2B10C110
formed in the pot. These were removed and washed with dry tetrahydrofuran,

then tecrystallized from the distillate . B10Cl~~ , not crystallized as the

lithium salt, was recovered by steaming the ether off the pot residue with

water and precipitating as (NEt3)2B10C110. The tetrahydrofuran was recycled .

Li2B10C110 was heated in vacuo at 160°C until it was free of ether and

w ate i- .

The starting mateniah; for B12Cl~~ were decaborane and sodium borohydride

(Alfa Ventron). The proces~ was similar to that reported by Adams , Siedle ,

and Grant. ’” Fot this diq~yme (b~s—2 methoxyethyl ether) (Eastman) is

needed . It was ietluxed ana distilled from lithium under argon prior to
use to remove moisture , ketones , alcohols , and peroxides . 17.249 of decaborane
(1-4 1 nun ) was dissolved in 420 ml of diglyme and ll.6g of NaSH4 (306 mm ) was

added with stirring . The mixture was zefluxed overnight under argon . The

precipitate , impure Na2B12 11 12, was rinsed free of solvent and by—products
with diethyl ethex , then dissolved in water and acidified carefully to

destroy lower borohydride cIiiiOflS . The salt (NEL 3H)2B12H12 was precipitated

with an excess of aqueous tixethylammonium chloride to separate B12H~~ from
any 

~~~~ 
The decaboro derivative is very soluble in water , while the

dodecaboro derivative is only slightly soluble. This was handled as described

above to remove the am ine , t hen acidified and chlorinated . The dodecaboro

anion was found to be less reactive , and further chlorination at 90°C was
required follow i ng the appearance of dissolved chlorine i n  the reaction
vessel, complete chlorination was detected when the anion no longer absorb~’d
at 850 or 862 cm 1 (strong ) or 2570 cnt~~ (weak). The best derivative to

use for this analysis was prepared with aqueous nicke l ammine hydroxide at

pH 10. Addition of excess nickel to the aliquot from the reaction flask.
buffered with NH4OH, caused the separation of an insoluble salt. The salt

was found to be easily filtered and dried , gave a satisfactory mixture with

mineral oil used for preparing infrared mulls , and the cation absorbed only

at 1260, 1290 (shoulder), 3300 (shoulder) and 3350 cm~~ . When chlorination

was complete , treatment was identical to that described for the pu ritica tloii

of Li2B10C1 10. The overall yield was 33g or 41.1% based on decaborane . A

more satisfactory synthesis will be used j~ the future .’7

Solutions o Li2B10Cl 10 and Li2B12C112 in thionyl chloride were prepared

by weighing the required salt into volumetric flasks in an argon-tilled

drybox (17 to 50 ppm H20). The flasks were stoppered , removed to a dryroom

(<4% relative humidity), and filled with purified SOC!2. The solutions

were violet in color.’

L
4
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2.2 PREPARATION OF SOC!2 ELECTROLYTES CONTAINING A1C13 AND LiAJC14

2.2.1 The Solvent

Thionyl chloride , obtained from Mobay or Hooker Chemical , contains
minor amounts of S02C12, S2C12, SC12, and sometimes sulfur. Distillation

from triphenylphosphit&8 removes these impurities by reducing them to
phosphate, thiophosphate, and chlorophosphate esters with low vapor pressures.

Fractionation of the mixture affords a distillate with reduced amounts of
these materials. SO2 and HCl are not removed , but refluxing over lithium
and fractionation was found to remove HC1.13 The solvent used was water
white , and the HC1 content was below the limit of detection using a quartz
windowed 1 cm pathlength cell at 2775 cm~~ on a Beckman IR-lO infrared
spectrophotometer.

2.2.2 Aluminum Chloride and LiAlCl4
The Aid 3 used for the experiments described in this report was used

as received (Fluka). 241g of AlCl3 (1.8 moles ) were added to a flask under
dried air (4% r.h.) containing 800 ml of distilled thionyl chloride. A 10%
excess ( 84g. 2 moles ) of l i t h ium chloride ( Foote) ,  previously dried for
16 hrs at 160°C in vacuo was added and the mixture stirred overnight.

Lithium chips were added and the mixture refluxed . As the chips darkened ,
more were added . Treatment for 12 to 14 hrs affords a solution essentially
free of hydrolysis products. ’3 The solution was filtered through glass
fiber paper into a 1 liter volumetric using glassware previously rinsed
with dried SOC!2 and brought to the mark. Solutions of Aid 3 can be made

• free of A1C1 2OH
’3 by continued reflux , but lithium chips cannot be used.

— 2.3 PREPARATION OF TEST CELLS FOR GROWTH RATE MEASUREMENTS

The test cells used exactly the same glass configuration as described
previously, 7’8 and the electrodes were set up as shown in Figure 1. All
electrodes were made of lithium meta l that had been rolled between sheets

of plastic prior to assembly in order to expose fresh metal surface . The
area of the working electrodes was about 2 cm2. The cells were assembled
and filled with 1.8M LiAlCl4/SOC12 in a dry room , (<4% r.h.). Prior to

filling with electrolyte the cells were rinsed with dry thionyl chloride.
They were evacuated through a stopcock with the electrolyte held frozen at

liquid nitrogen temperature . The electrolyte was allowed to thaw to permit
it to outgas , refrozen , and the cell was reevacuated .
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2.4 Eu.c’rROcHEMICAL MEASIJREMENTS - FILM GROWTH RATE

The measurements described in this and in earlier work are believed to
apply to the solid electrolyte interphase only and not to the porous overlayer

formed on top of the SE1 . The potential of the working electrode vs. the
reference electrode was monitored as a function of time with a Tektronix

type 549 storage oscilloscope triggered by a Princeton Applied Research

v’3del 175 Universal Programmer . All measurements were made with short

pulses of very low constant current to minimize disturbance of the film on

the working electrode. These constant current pulses were obtained from the

programmer by connecting it in series with a swamping resistor, 100 kI) or
greater, and much lar ger than the largest total resistance of any cell.
Since the pr ogr amm et  output  was a constant potential pulse (up  to b y ) ,  an
e s sen tia l l y  constant cur ren t  pulse was obtained .

1 2 3

~~~~~~~~~~~~~~~~ 1 Refe rence Electrode
2 Working Electrode
3 Counter Electrode

Figure 1. Electrode Set Up

The reaction resistance , Rr~ 
was calculated f rom the micropolar i za t i on

of the lithium anode . T hi s  was measured with single 10 mu pulses in steps
of one or mote micioanips , anodic at cathodic.~ The resistance of the

electrolyte was usuall y negligible compared with the resistance of the

film. The potent tal at the working vii . the t e f en en ce  electrode was a
L i n e a r  I unction ot the app l i e d  constant . cu r r en t , ovei the t ime interval  of
the measurement , and k was equal  to the slope .

h nte i  f a ci a l  c~ipa ’ i t anct~ and solutiofl resistance , i f  any , were calculated
f rom meanusre m ent ~; w; I iiq pu I st’s of hi ghei curiep)t . , bu t  shorter d u i at  ion .
Sinqle 100 ps ~,nodic pu l ses at  100 ~iA weze applied to the w o ik i n g  electrode .7

6
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The initi al very rapid 1 use reflects the  s o l u t i o n  res is tance . The slope of
the subsequent trace ieprt~;ents the i i it e r l ac i a l  capac i tance  of the w oik i n g
electrode ’ according to:

C = i/(~~~) . 

(1)

wh et e  i is the cu i t e nt  density, V the po ten t i a l ,  aiid t t h e  t ime . The
capac i t ance  was used to measure the f i l m  th ickneus ts according to:

d =  ( 2 )
C ii 3 .6  (0 12

where u. ii. the d~elec tiic constant of l.iCl . The actual area of the working
elect iode was assumed t o  be the same as the geomettic atea , whi l e, in fact,
the actual atea was ~uui e ,whi~~t lar g e :  ilw ’ to roug hness . The values of d
fo und acco: d ing  to t h i s  me thod , there fore,  r e f l e c t  m l i , l n i a , because the
m i n i m u m  areas w e r e  used i n  the c a l c u l a t i o n s. The specific resistivity of

the f i l m  may be fo u n d  t i o m  the t eact ioi~ resistance and the f i l m  thickness.

2 . 5  ELECT ROCIIEM I CAL MF AS(JRE7IE NTS : CONDUCTIV I TY

The conductivity ce ll is shown in Figure 2. The capacity of the

barre l , w i t h the elecUodes iii place , was about 25 nil . The polished 19/22

• j o in ts  were l ined  wi th a Tef lon  sleeve . There was enough volume at the
bottom fo, a s m a l l  n i a g l i e t i c  s t i r t i n g  b ar .  The barrel was fitted with an
aluminum collar w i t h  I iris to a id  heat t r a n s f e r . An izon/ cons tantan  thermo-
couple was pos i t ioned  inside the collat . The assembly with magnetic stirrer

and ring stand was placed inside a Blue M model TC4O-34X chamber with a

small fan to keep t h e  temperature uniform throughout the volume . The cell

was cal ibr a t ed  before every run u s in g  0.1 molar aqueous potassium chloride .
Resistance readings veut’  takeii us ing a General  Rad io model 1656 impedance
bridge with squate wave excitation lion, I to 4 kilz, and a Tektronix oscil-

loscope. Readings welt’ t,u keti starting at about +55°C . cooling 10°C at a

t ime , eq u i i i  bi a l t  ug I to 2 his , then t ead i tug again. The lii i nin ium teluipera—

Lure was about -60°C. Readings wete their taken during successively higher

temperatur es , l i on ,  —6 0 ° C back up to 455°C.

7
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3. RESULTS AND DISCUSSIONS

3.1 FILM GROWTH RATES

j Typical photographs of storage oscilloscope traces used to calculate

values of C and Rr are shown in Figures 3 and 4. Figure 3 shows the trace
used to measure C for Cell A , stored 10 days at 25°C, by applying a 100 ps

pulse. Figure 4 shows four micropolarization measurements for the calcula-

tion of Rr in the same cell. The minimum thickness, dmin~ is plotted
against storage time at three different temperatures for six different

cells in Figure 5. The reaction resistance for the same cells is plotted
vs. time in Figure 6.

~~~~~~~~~~~~~~~~~~~~~~~~~~O m V

Figure 3. Cell A After 10 Days Using a 100 p5, 100 pA Pulse.
• Tracing of photograph of storage oscilloscope trace

J 5 m V

Figure 4. Cell A After 10 Days on Applying +2, +1, —2 pA ,
10 ms Pulses . Tracing of photograph of storage
oscilloscope trace .

The degassing process seemed to have no s i gn i f i can t  effect  on the
results . In one of the test cells , measurements of in terfacial  capacitance
of the micropolan izat ion made prior to degassing did not d i f f e r  from mea-
surements made fol lowing two consecutive degassing operations .

The values of Rr and dmin reported here are significantly higher than
those previously reported ,8’9 although some scatter was noted in the data .
Reproducibi l ity in the measurement of Rr and dmin is important if any
meaningful  comparisons of f i l m  growth rates are to be made between electro-
lytes prepared using LiA 1CI 4 and those prepared using Li 2B10C110 or Li2B12C112.
We noted that our procedure for r e f l uxing  of electrolytes was not carried
out dur ing  the course of the previous investigations. Although our reason
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for refluxing the electrolytes was to remove hydrolysis products , excess
aluminum chloride may also have been removed during re flux ing .  For this
reason an additonal cell was constructed, and a sufficient amount of a
solution of Aid 3 in SOC12, dried by reuiuxing without lithium , was added
to the electrolyte to make the concentration

10,~~~
8 ’

F 2
t 0 1c  L E

1000 £ C * 8
8

6

LE

2 -

0 5 10 15 20 25 30

T I ME IDAYS)

Figure 5. dmin as a Function of Time and Storage Temperature
Cells A , B Stored at 25°C; C,D - 55°C; E,F - 72°C

io~ molar in excess aluminu m chlorid e . The total vol ume of electroly te
was about 20 ml and the total surface area of all lithium present was about
12 cm2 . The A1C13 present was thus equivalent to a layer of Lid about
342 nni thick - 

. 
-

20 ml x l0”~ mm ml ”~ = 2 io ”2 
~~ A1CI3 of Lid

8,48 * lO’4g of Lid means 4.10 ‘~ l0~~ cm
3 of Li Cl

Layer thickness = 
4.10 x 10 4cm3 

= 3.42 l0~~ cm
12 cm2

The cell was stored at room temperature, as were cells A and B. The thickness
for the new cell as a function of time is compared w i t h  dmin  for cells
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ii
A and B in Figure 7, while the reaction resistance is compared in Figure 8.
Both were found to be lower.

100
8

6 ’

4 .

• A
0*

Ca

6 • ‘C . 0, F L E 
E a

‘B —

2~~~~E

I I I

0 5 10 15 20 25 30

TIME (DAYS)

Figure 6. R r as a Function of Time and Storage Temperature.
For temperatures see Figure 5.

The purposeful addition of excess Aid 3 to electrolyte in order to
• reduce voltage delay has been discussed by Marincic and Lombardi.3’19 In

their experiments, aluminum chloride was present in the solution at 10 m%
greater than the amount of lithium , At this level , the aluminum chloride
was found to be highly corrosive of the lithium . It is not known what

concentration of aluminum chloride remains in l.8M L~iAlCl4 which has not
been refluxed following the addition of excess solid lithium chloride , but
it is clear that minute concentrations of AlCl3 will affect the rate and

extent of film growth.

Alleviation of the voltage delay problem by the addition of excess

• 
AId 3 offers two disadvantages. First , the effect cannot be a lasting one,
since Aid 3 is used up in the process of removing the film; second, anode
corrosion and lost of solvent by reduction occur. Therefore, addition of
more Aid 3 to increase the time interval over which it will effectively

r emove the film is self-defeating , since the shelf life is reduced . We do

not recommend pursuing this technique for reducing the voltage delay .
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Figure 7~ ~~~~ as a Function of Time Stored at Room Temperature .
Unlabeled points correspond to the cell w i t h  added MCI 3.
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Figure 8~ Rr as a Function of Time Stored at Room T e m p e t at u i c
Unlabeled points correspond to the cell  w i t h  added MCI 2 .
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We believe that our results with refluxed electrolyte presented in Figures 5

and 6 represent a more accurate determination of the film growth rate in

the presence of LiA 1C14.
The results plotted in Figures 5 and 6 reveal no significant dependency

of the thickness or reaction resistance of the solid electrolyte interphase
upon the temperature of storage. The data showed some scatter, but this
problem also appeared in earlier work9 and may be related to differences in
roughness,

The storage temperature , while it did not significantly affect the
thickness of the inner f i lm ,  has been reported to affect the magnitude of
the voltage delay .2° The inner film probably does not affect the voltage
delay , since it is thinner than the total layer of LiCl by an order of

• iu~agni tude . ’ The outer f i lm  or overlayer is most likely the main cause of
vol tage delay . ’’ The overlayer likely forms as the result of the dereliction
of the inner layer or SEI, which then reforms by further lithium corrosion.

The rate at which materials from the electrolyte are able to penetrate or
damage the SEI may be temperature dependent. If damage to the SE! is
severe enough, the overlayer could build to the point where it loses most
of its porosity, causing passivation .

As our studies progress, cells analyzed by the pulse technique may
passivate to the point where measurements will reflect the resistivity of

the overl ayer as well as of the SE!.
Many of the earlier studies concerning the delay problem used Li/SOCL2/C

cells wh i ch were thscharged at relatively high current density . The lithium
was anodized until the passivating film was essentially separated from the
metal.2 ’’ While this test is more closely related to the problem as it
would be encountered by a customer attempting to use the cell , several
disadvantages are apparent . The method is destructive, and cells cannot be
used for tests following further storage . The result is only qualitative,

and teplicate cells olten do not show similar characteristics .~’’2~ Such

test cells do not have reference electrodes , and polarization due to anode
passivatuoiu is often confounded with cathode polarization . The pulse
technique offers solutions to all of these problems .

3.2 PHYSICAL CHEM i CAL CHANGES IN POLYHEDRAL BORATE/SOC12 ELECTROLYTES

The conductivities of Li2B1QC110 and Li 2B12C1 12 were measured as a
function of temperature at 0.1N , and 0.25N; and the conductivities of
Li 2B10C1 10 and LiAIC14 were measured as a function of temperature at 0.SN .
The results are plotted in Figures 9 and 10. The conductivities of solutions
ot Lt 2B10CL10 were taken several hours after preparation , and were not
reproducible between the cooling and warming cycles except at the highest

concentrat ion . Measurements for Li 2B12CL 12 and t~zAl C l4 were reproducible.
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Figure 11 shows log conductivity vs. the reciprocal of the absolute tempera-
ture for “fresh” 0.1 and 0.25N Li 2B10C110 compared with 

11 aged” solutions ,

the 0.lN solution having been remeasured after 19 days and the 0,25N solution
after nine days. Both were now reproducible between the cooling and the
warming cycles, but the conductivities were from 30% to 80% higher than
they had been .

Solutions containing Li 2B10C110 were found to have formed white crys-
talline precipitates during aging , which were identified as pure lithium
chloride . The supernatant solutions contained the same concentration of
B10Cl~~ , measured gravimetrically using aqueous tetraphenylarsonium chloride
or tz~ phenylmethylphosphonium bromide and hydrolyzed aliquots from the
electrolyte solutions . Infrared spectra showed that the anions had not
been altered . White crystals of LidI also formed in flasks containing 50C12
solutions of Li2B12C1 12, but the rate of solvolysis was far slower , taking
several months rather than several days .

The conductivity of these solutions is likely affected by the degree
of dissociation and the ionic mobility of the resulting ions. Lithium
tetrachloroaluminate may be more conductive at 0.SN than is L12810C110
because the mobility of AICI is higher than B1ØC1~~ due to its smaller
size. its univalent charge would allow greater ionic dissociation of
LiA 1 CL 4 relative to L1 2B10C1 10. The increase in conductivity noted on
aging Li2B10Cl 10 solutions could have resulted from the gradual formation
of solvated 810Cl~~ , the shielding of the negative charge , and greater
dissociation of the remaining species . If LiC1 is also formed in the
process, then a possible mechanism would be as follows :

Prior to aging :

Li
4
. LiB10C1 0; K1 (3)

Aging Process:

LiB10C1 0 + : )S0C1B10C110) + LiC 1; K 2 ( 4 )

Dissociation in aged solution :

Li (SOClB10Cl 10~ Li
4 , I SOC1B10C110I; K3 (5)

K 3 ‘ K 1
The contr ibution whi ch the anion B10Cl~~ makes to the alleviation of

the voltage delay may be related to the e q u i l i b r i a  noted in  Eqs . ( 3 )  through

( s ) .  Dey has noted that B10Cl reduces the delay relative to au A1C1~ -
only electrolyte when both anions are present at the same time . ~‘ This 



F

would indicate that the B10Cl~~ anion plays an active role in reducing the
delay, not just as a passive substitute for AlCl~ . Equation (4) shows that
solid lithium chloride could be in equilibrium with species present in
solution, even though the solubility of lithium chloride itself would not
be increased by the presence of B10Cl~~ . Since the ratio of surface area

to volume of smaller crystals of LiC1 is greater than for larger crystals,
equilibrium of solid Lid with the electrolyte would encourage growth of
larger crystals at the expense of smaller ones. This would tend to keep
pores in the layer above the SET open; thus minimizing the delay.

1000/T° K

3.0 3.6 4.0 4.5 5.0
1 I

—2.5

Li B C)

~~

I • I i I I I t I i I I I

60 40 20 0 —20 —40 -60

TEMPERATURE . DEGREES C

Figure 9. Log ii vs. i000/T for 0.2 5N Li 2 B10C1 10 and Li 2 B12C112 in Sod 2
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Figure 10. Log u vs. l000/’T for 0.lN L.i2B10C1 10 and Li 2B12C1 12 ;
and O .5N Li 2B10C1 10 and LiAICI4, in SOd 2
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