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A b s t r a c t  

T h i s  r e p o r t  summari,zes p rogress  made d u r i n g  t h e  work p e r i o d  May-July,  

A r e p o r t  has been pub l i shed  by au tho rs  which o u t l i n e s  t h e  poten-  

t i a l  r o l e  o f  m e t a l / a i r  f u e l  c e l l s  i n  au tomot ive  t r a n s p o r t a t i o n .  An a b s t r a c t  

o f  t h e  r e p o r t  i s  i nc l uded .  The energy and d o l l a r  c o s t  o f  m e t a l / a i r  f u e l  

c e l l  systems i s  es t imated ,  w i t h  emphasis, g i v e n  t o  t h e  energy and d o l l a r  c o s t  

o f  aluminum p roduc t i on .  Only  aluminum, l i t h i u m ,  and ( p o s s i b l y )  . ' 

c a l c i u m  a r e  capable o f  p r o v i d i n g  t h e  power f o r  a  f u l l - p e r f o r m a n c e  e l e c - t r j c  

v e h i c l e ,  w h i l e  aluminum i s .  most f a v o r a b l e  f rom t h e  s t a n d p o i n t  o f  economics. 

The e l e c t r o c h e m i s t r y  o f  t h e  c a l c i u m  e l e c t r o d e  appears t o  be s i m i l a r  t o  

t h a t  o f  l i t h i u m ,  a l t hough  t h e  use o f  an aggress ive  an ion  ( c h l o r i d e )  i s  nec- 

essary  t o  p reven t  r a p i d  p a s s i v a t i o n  o f  t h e  anode. Farada ic  e f f i c i e n c i e s  

were found t o .  approach 100% c l o s e  t o  t h e  d i f f u s i o n - l ' i n i i  t e d  d i  s s o l  u t i o n  con- 

d i t i o n s ,  as i n  t h e  case o f  l i t h i u m .  However, e l e c t r o d e  p o l a r i z a t i o n s  o f  a b o u t  

1.5 V under  such c o n d i t i o n s  would produce an energy e f f i c i e n c y  o f  d i s c h a r g e  

o f  .about 40%. F ~ r t ~ l r e  r esea rch  i s  aimed a t  r educ ing  e l e c t r o d e  p o l a r i z a t i o n .  

The two -s tage  e l e c t ~ . o l y s i s  process,  proposed by LLL f o r  t h e  e f f i c i e n t  

p r o d u c t i o n  o f  l i t h i un : ,  was sub jec ted  t o  f u r t h e r  .exper imental  v e r i f i c a t i o n .  

Farada ic  e f f i c i e n c i e s  exceeding 95% were ob ta ined  f o r  t h e  f o r m a t i o n  o f  L i ( H g )  

2 
f r om aqueous LiOH a t  temperatures up t o  5 6 O C  a t  7 5  mA/cm . Concen t ra t i ons  

e 
of L i  i n  Hg were ob ta i ned  wh ich  exceeded t h e  l i q u i d u s  s o l u b i l i t y  l i m i t  by 

a f a c t o r  o f  f o u r  w i t h o u t  s e r i o u s  l o s s  o f  e f f i c i e n c y .  The s o l u b i l i t y  o f  

mercury  i n  t h e  cand ida te  fused  s a l t  was determined and found t o  be a c c e p t a b l y  

low:  250 ppm. 
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1. I n t r o d u c t i o n  

Progress has been made these pas t  t h ree  months i n  the  th ree  major  areas: 

( 1 )  High performance m e t a l l a i r  f u e l  c e l l s  have been reviewed w i t h  

emphasis on t h e i r  p o t e n t i a l  r o l e  as e l e c t r i c  v e h i c l e  power sources. D e t a i l e d  . 
est imates have been made orl: ( a )  performance capabi 1  i t i e s  and 1  i m i t a t i o n s  (S ta t2  

o f  A r t  and p ro jec ted )  ; (.b) t o t a l  c o s t  o f  t he ,  f u e l  c e l l ,  and t h a t  o f  suppor t  

i n f r a s t r u c t u r e  f o r  t he  metal f u e l  product ion,  d i s t r i b u t i o n ,  se rv i ce  s t a t i o n  

handl ing,  and r e c y c l i n g ;  ( b )  t o t a l  energy balance i n  terms o f  t he  q u a n t i t y  

o f  coa l  consumed by  t h e  a1 t e r n a t i v e  rou tes  o f  metdl  (e.g. , A1 ) p roduct ion  

and syncrude/gaso7ine product ion.  I n  t h i s  study, emphasis i s  p laced on t h e  

c u r r e n t  cos ts  ( d o l l a r  and energy) o f  t he  do~nest ic  aluminum i n d u s t r y  and on 

t h e  experience o f  Compagnie ~ e n e r a l  e  d l  ~ l e c t r i c i  t e  wi,th t he  Zn/ai:r c e l  I .  

(2 )  The e lec t rochemis t r y  o f  the anodic d i s s o l u t i o n  o f  ca lc ium has 

been i n v e s t i g a t e d  i n  mixed a l k a l i n e / c h l o r i d e ,  aqueous-based e l e c t r o l y t e s .  

P o l a r i z a t i o n  and Faradaic e f f i c i e n c y  da ta  have been obta ined i n d i c a t i n g  

t h e  p o t e n t i a l  f o r  a  c a l c i u m / a i r  f u e l  c e l l  w i t h  about 40% energy e f f i c i e n c y  . 

o f  d ischarge.  Improvements on t h i s  performance l e v e l  a re  now being sought 

through a l l o y i n g ,  e l e c t r o l y t e  a d d i t i v e s ,  changes i n  the  suppor t ing  e l e c -  

t r o l y t e ,  and through c o n t r o l  o f  system hydrodynamics. 

(3 )  Two c r i t i c a l  quest ions have been f a v o r a b l y r e s o l v e d  concerning the  

1  i th ium p roduc t i on  concept under. development a t  t h i s  l abo ra to ry .  ( T h i s  process 

y i e l d s  1  i thiurr! f rom a feedstock o f  a w i l te r -so lub le  l i t h i t ~ m  compound . by 

means o f  a two-stage e l e c t r o l y s i s  i n v o l  v i n y  thc i n te r inod ia te  product ion  o f  a  

L i  (Hg) ama'lgarn) . ( a )  L i t h iu t l l  amalganis have been produced by the  e l e c t r o l y s i s  

o f  concentrated LiOH s o l u t i o n s  a t  temperatures up t o  5 6 " ~  and a t  Faradaic 

e f f i c i e n c i e s  above 95% t h e  amalgam concen t ra t i on  was found t o  exceed the  

s o l u b i l i t y  o f  l i t h i u m  .in t h e  l i q u i d u s  phase by a  f a c t o r  o f  4 w i t h o u t  l o s s  

o f  e f f i c i e n c y .  (b)  The s o l u b i l i t y  o f  mercury i n  the  fused s a l t  a t  3 0 0 ' ~  was 
+ 

found t o  be acceptably  low: maximum o f  260 - 250 ppm. 

2. High Performance M e t a l / A i r  Fuel Cells. 

A paper o f  t h i s  t i t l e  has been released. '  P a r t  I i s  a  general rev iew 

o f  t h e  m e t a l l a i r  systems, w i t h  emphasis on the  c u r r e n t  s t a t e  o f  t h e i r  development 

a r ~ d  f e a s i b i l i t y  of t h e i r  use i n  t e r m s ' o f  energy and economics. The a b s t r a c t  i s  

g iven below. P a r t  I I presents bas ic  e lect rochecr~ical  da ta  on the  var ious  

syst2ms ( i n c l u d i n g  those s tud ied  a t  t h i s  l abo rab to ry ) ;  i t  i s  pub l ished i n  a 

separate volume i n  o rde r  t o  i n c l u d e  patentab le  o r  p r o p r i e t a r y  i n fo rma t ion .  



Abstr2ct P le ta l /a i r fue l  c e l l s a r e r e v i e w ~ d i n t e r m ' s o f ~ t h e i r p o t e n t i a l  

application in e l e c t r i c  vehicles. Attention i s  focused on those metals 

( l i g h t  a l k a l i  and a lka l ine  ear th ~ e % a l s ,  and aluminum) which, in combination 

with oxygen, have theoret ical  energy densi t ies  (2-13 kWh/kg-metal ) ex- 

ceeding t h a t  of gasoline (u t i l i zed  in automobiles a t  2-3 kWh/kg). Lithium 
J and aluminum have yielded 8- and 4 kWh/kg, respectively, in laboratory 

experinental c e l l s .  The s lurvy.Zn/air  system achieves 0.85 kWh/kg-Zn in 

prototype vehicle c e l l s  and i s  reviewed fcr  comparison. Calcium can 
I 

probably y ie ld  1.8 kWh/kg-Ca, b u t  i'ts potential as a fuel has not ye t  been 

fu l ly  explored. The:remaSn;ng rr~etals appear t o  be unsuitable f o r  use 

i n  aqueous e l ec t ro ly te  fuel ce l l  s .  

The discharge charac ter i s t ics  of l i thium, aluminum, and 

(possibly) calcium/air c e l l s  indicate  the potential f o r  ( 1 )  e l e c t r i c  

vehicles of the highway performance and niinimum range (300 miles) of sub-. 

compact automobiles; ( 2 )  capid refuel ing f o r  unl imi ted range extension; 

and ( 3 )  ' the storage in the fuel ce l l  o f  su f f i c i en t  metal f o r  ranges in excess 

of 1000 miles. Barriers t o  the concept a r e  the economic. n e c e s s i t . ~  of 

recycling c e l l  reaction products (2xcept in the case of calcium), the 

expansion o r  creat ion of vast  metal.production industr ies ,  and the 

change-over o f  exis t ing  service s t a t ion  infrastructures  to  a1 low e l e c t r i c  

vehicle servicing. 

The energy eff ic iency of a trznsporati  on system using a1 uminum 

was estimated using data on the current a-!urninurn production industry. 

T h e  t o t a l  (coal t o  road-,l oad) energy conversion effic.iency i s  roughly 

7-9% -- comparable t o  tha t  projected f o r  the use of synthesized gasoline 

(H-Coal process) in an internal combustion engine. The eff ic iency of 

aluminum production i s  1 i  kely t o  .improve in the future.  

An ustinlate o f  tho cost. o f  fuel ce l l  ownership and operation 

i s  d e r i v ~ d ,  relying heavily on the current se l l ing  pr ice of aluminum and 

li thium, and on .the performance and projected cos t  of the C.G.E..air cathode, ++ 

A t  $1.06/kg-Al, the cos t  of aluminum production makes the grea tes t  contri-  

bution (65%) to  the to t a l  estimated cost  of ownership and operation of an 

alurnin?:m/air ce l l  : 3.0-3.6$/km, assuming 5.5 kblh/kg-A1 ut.i 1 i za t ion -  Cost of f u e l s  

trdnsportation and handling a re  below 10% of the to t a l  c u s t .  



The  hypo,the.tica'l in t roduct ion in 1985 of one-mi 1'1 ion e l e c t r i c  

veh ic les  using aluminum would requ i re  an expansion of the  domestic pro- 

duct ion by about 4% ( c f . ,  8Z/y average f o r  the l a s t  . . decade).  On t h e  o ther  

hand, no comparably s ized i ndus t r i e s  f o r  1 i  thiurn o r  calcium production 

. e x i s t  -- a formidible  b a r r i e r  t o  the  use o f  these  metals in the  in termediate  

term. 

The r e l a t i v e  rar i . ty  of 1 ithium ;vould complicate t he  recycl ing 

process by nece s s i t a t i ng  .low mater ia ls  losses  per cycle .  The a v a i l a b i l i t y  

of  1ithil.m nre resources i s  a l s o  po t en t i a l l y  a problem. In c o n t r a s t ,  the 

extreme abundance of calcium suggest  a potentia ' l ly important r o l e  for. t h ~ s  

metal ,  should i t  prove s u i t a b l e  f o r  use i n  an aqueous e l e c t r o l y t e  f ue l  

c e l l .  

( E d i t o r ' s  note: a sample o f .  thea l l  oy, EUSCAL A1 loy MRLA-6, has been 

obtained from Lockheed Missi les and Space Company; we intend t o  determine 

anode po la r iza t ion  and Faradaic e f f i c iency  under well-defined conditions. 

of hydrodynamics, cur ren t  dens i ty ,  temperature, and e l e c t r o l y t e  composition. 

The a1 loy has yielded . the  polar iza t ion curve show9 in Figure ( 1 ) ) .  



3. The Anodic D i s s o l u t i o n  o f  Calc ium i n  . $ ~ U ~ O U S  E l e c t r o l y t e s  

I,le a r e  c u r r e n t l y  su rvey ing  t h e  behav io r  o f  t h e  c a l c i u m  e l e c t r o d e  i n  

mixed ha1 ide-hydrox ide  e l e c t r o l y t e s .  The combinat ion o f  sodium 

hyd rox ide  and sodium c h l o r i d e  was chosen as a  m o d e l . i n  a n t i c i p a t i o n  t h a t  

these  two e l e c t r o l y t e s  a l one  would produce t h e  extrerres o f  pass ive  and 

a c t i v e  behav io r  r e s p e c t i v e l y .  Wi th  a  combinat ion o f  these we hoped t o  

produce a  h i g h e r  Farada ic  e f f i c i e n c y  and l owe r  p o l a r i z a t i o n  than  a f f o r d e d  

by e i t h e r  e l e c t r o l y t e  when used a lone.  The e l e c t r o d e , b e h a v i o r  i s  con- 

v e n i e n t l y  expressed i n  terrns o f  Faradaic  and v o l t a g e  e f f i c i e n c i e s ,  o r  t h e i r  

product - -energy e f f i c i e n c y .  

The Faradaic  (or Coulorfibic) e f f i c i e n c y  may he d e f i n e d  f o r  t he  c a l c i u m  

anode as t h e  r a t i o  o f  t h e  e q u i v a l e n t s  o f  charge d e l i v e r e d  t o  t h e  e x t e r n a l  

c i r c u i t  t o  t h e  e q u i v a l e n t s  o f  metal  d i sso l ved .  It may be c a l c u l a t e d  f r om 

t h e  t o t a l  volume o f  hydrogen evolved u s i n g  t h e  f o l l o w i n g  equa t i on :  

where I i s  t h e  c u r r e n t  appl . ied t o  t h e  c e l l ;  t = d i s s o l u t i o n  i n t e r v a l ;  

F  = Faraday cons tan t ;  P = p a r t i a l  p ressure  o f  hydrogen; V = volume o f  

hydrogen evolved;  R = gas cons tan t ,  and T  = a b s o l u t e  temperature.  

Vo l tage  e f f i c i e n c y  i s  meaningfu l  o n l y  when r e l a t e d  t o  a  n e t  c e l l  

r e a c t i o n .  For  ou r  purposes t h e  h a l f - c e l l  p o l a r i z a t i o n  da ta  f o r  t h e  ca l c i um 

e l e c t r o d e  i s  conver ted  t o  a  v o l t a g e  e f f i c i e n c y  o f  a  c a l c i u m / a i r  c e l l  u s i n g  

t h e  f o l  l o w i n g  equat ion :  

where 3.42 i s  t h e  t h e o r e t i c a l  v o l t a g e  o f  t h e  calc ium/oxygen coup le ;  0.4 
2  

i s  t h e  p o l a r i z a t i o n  ( a t  0.1 A/cm ) of  a  t y p i c a l  a i r  cathode used i n  a l k a l i n e  

e l e c t r o l y t e s ;  '-3.27 i s  t h e  e l e c t r o d e  p o t e n t i a l  ( t h e o r e t i c a l  ) .o f  t h e  Ca(0H) 2 
e l e c t r o d e  ( V  vs. SCC) ; and ECalSCt i~ t h e  exper imenta l  p o t e n t i a l  o f  t he  

c s l c i ~ l m  e l e c t r o d e  measured w i t h  t h e  use o f  a  s a t u r a t e d  ca lomel  r e f e r e n c e  

e l  ec t rode .  



Elec t rode  p o t e n t i a l  and Faradaic e f f i c i e n c y  were measured s imul taneously 

w i t h  the  use o f  an e l e c t r o l y s i s  c e l l  conta ined i n  a  'sealed vessel .  The 

anodes were d i sks  of '  calciu'm metal embedded i n  epoxy holders.  The anodes 
2 were approximate ly  o f  1  -cm sur face area. Hydrogen e v o l u t i o n  r a t e s  were 

reasured f rom the  volume o f  e l e c t r o l y t e  d isp laced from t h e  c e l l  i n t o  a  

graduated p i p e t t e .  Appropr ia te  c o r r e c t i o n s  were made f o r  t he  vapor pressure 

o f  water  above the  e l e c t r o l y t e .  E l e c t r o l y t e  convect ion was prov ided by a  

magnetic s t i r r i n g  bar .  

I n  F igure  2, the  approximate regions o f  d i s t i n c t  e lec t rode  behavior  a re  

shown on a composi t ion map. High and low r a t i o n  o f  hydroxy-  t o - c h l o r i d e  

concen t ra t i on  produced the extreme behavior  o f  r a p i d  p a s s i v a t i o n  and r a p i d  

co r ros ion .  An in te rmed ia te  concent ra t ion  range produced an e l e c t r o d e  p o l a r i -  

z a t i o n  behavior  (upon c u r r e n t  scan) s i m i l a r  t o  t h a t  o f  l i t h i u m :  a  low 

p o t e n t i a l ,  l i n e a r  p o l a r i z a t i o n  reg ion  was fo l l owed  by a  r a p i d  r i s e  i n  

p o l a r i z a t i o n  ( i  .e., pass i va t i on )  above a  c r i t i c a l  c u r r e n t  dens i t y .  

F igu re  3 shows sample e lec t rode  p o l a r i z a t i o n  curves, which a re  t y p i c a l  

o f  t he  var ious  composit ion reg ions .  The p o l a r i z a t i o n  behavior  was t ime-  

dependent i n  t h e  " C r i t i c a l  c u r r e n t  pass i va t i on "  reg ion ,  and t h e  p o l a r i z a t i o n  

a t  a  cons tant  c u r r e n t  'decreased w i t h  t ime. A s i m i l a r  e f f e c t  had been 

observed w i t h  1, i thium d i s s o l u t i o n  ( " t r a n s i e n t  pass i va t i on " ) .  

Vol tage e f f i c i e n c y  showed an i nve rse  dependence on Faradaic e f f i c i e n c y  

as shown i n  Ffgure 4a. Faradaic e f f i c i e n c i e s  o f  up t o  100% were obta ined,  

a l though a t  a l oss  c f  c e l l  vo l tage.  The h ighes t  energy e f f i c i e n c i e s  were 

ob ta ined f o r  composit ions w i t h i n  the  c r i t i c a l  c u r r e n t  p a s s i v a t i o n  reg ion ,  

near t h e  l i m i t i n g  concent ra t ion .  The h ighes t  energy e f f i c i e n c y  was approx i -  

mate ly  40%. 

I n  these i n i  ti a1 experiments, designed t o  survey the  e l  ec t rocher l~ ica l  

behav ior  o f  calcium, r e l a t i v e l y  impure " o f f - t h e - s h e l f "  ca l c ium was used. 

The composi t ion was determined by emission spectroscopy and shown i n  Table I .  

A sample o f  h ighe r  p u r i t y  was obta ined and w i r l  be evaluated d u r i n g  the nex t  

work i n t e r v a l .  



4 .  The Rzc,yiing of Lithium: Experimental Study of --- the Lithium Amalqam 
Electrode in Aqueous Elect rolyte  

The l i th ium production concept under development a t  L L L  has been 

described in de t a i l  elsewheree4 In summary, the process employs a 

l i thium amalgam elect rode which c i r cu l a t e s  continuously between 

an aqueous e l e c t r o l y s i s  c e l l  (where i t  i s  forrn~d)  and a fused-sal t c e l l  

(where the amalgam i s  e l e c t r o l y t i c a l l y  refined t o  a pure l i th ium melt. The 

electrochemical behavior (po la r iza t ion  and Faradaic e f f i c iency)  of the  

Li (Hg)/aq.-LiOH and the  'Li (Hg)/fused-sal t e lec t rodes  a r e  under inves t iga t ion .  

The aqueous c e l l  e lec t rode was invest igated by L.L.L. Summer I n s t i t u t e  
5 Fel low, Professor Je f f rey  James ('savannah S t a t e  College, Georgia). The 

experimental c e l l  i s  a closed systenl operating a t  constant  t:empera.ture and atmospheric 

pressure and i s  described by the following: 

02(Ni) /  5.1 M LiOH / Li(Hg), 1 = 21-56'~ 

E lec t ro ly te  convection was provided with the use of a magnetic s t i r r i n g  

bar encased i n  l u c i t e .  Electrode po ten t ia l s  were measured with the use of 

Luggin cap i l l a ry  and a Hg/HgO, 5.1M LiOK reference e lect rode a t  the same 

temperature. Faradaic e f f i c iency  was determined from the volume of gas 

evolved ( a t  constant  temperature and p ressure ) ,  with correct ions  f o r  the 

vapor pressure .(P ) of the  e l e c t ro ly t e ,  using the following equation:  
Hz0 

ef f i c iency  = equivalents of ~i (H-L) produced 
equivalents of c h a r g e  passed 

= 1.500 - 2F(P-P ) ( d ~ / d t ) / ( ~ 1 ' 1 ) *  
H2° 

where r i s  tho Fararfay constant ;  P ,  atmospheric pressure;  dV/dt, volume r a t e  

of gas evolution from anode and cathode; R ,  gas constant ;  T, abSalule 

temperature; and I i s  the  applied current  (ga lvanos ta t i c ) .  Current was 
2 varied From 20- t o  over 100 mA/cm . In each determination,  the  e l e c t r o l y s i s  

began with a f resh  mercury cathode, and 1 i thium concentrat ion determined by 

in tegra t ion  of the  e f f i c iency  vs. charge-passed curves. 

There a r e  several important conclusions t o  be derived from t h i s  work. 

F i r s t ,  a s  shown in Figure 5 ,  the Faradaic e f f i c iency  tends t o  increase  

with cur ren t  densi ty  a t  a f ixed amalgam concentrat ion.  Secondly, the  

*In reference ( 4 ) ,  the  e f f i c iency  equation was i n  e r r o r ;  the ef f ic- iencies  

correct1.y ca lcula ted from the e a r l i e r  data a r e  presented in Figure 5 of t h i s  

r epor t .  



amal gam conczn t ra t i on  corresponding t o  s a t u r a t i o n  o f  the  1 i qu idus  phase 
5  (occu r ing  ? .  33 a t  % a t  25 '~)  may be exceeded w i t h o u t  ser ious l o s s  o f  

Faradajc e f f i c i e n c y ,  up t o  a ,  f a c t o r  o f  about 4 .  F i n a l l y ,  as shown i n  

Table 11. t he  same behavior  ob ta ins  up t o  temperatures o f  a t  l e a s t  56 '~ .  

9 However, the  maximum concent ra t ion  f o r  e f f i c i e n c i e s  i n  excess o f  90% 

f a l l s  o f f  w i t h  i nc reas ing  temperature. Apparent ly,  cont inued d e p o s i t i o n  o f  

l i t h i u m  i n t o  mercury above the s a t u r a t i o n  l e v e l  leads t o  e i t h e r  ametas tab le  super- 

s a t u r a t i o n ,  o r ,  more l i k e l y ,  t o  the  fo rmat ion  o f  a  d ispersed s o l i d  phase, 

c o n s i s t i n g . o f  an i n t e r m e t a l l i c  compound. 

5. The Recycl.ing o f  L i t h ium:  Experimental  Study o f  the C o m p a t i b i l i t y  o f  the 
Candidate Fused S a l t  - w i t h  Mercury a t  Operat ing Temperatures. 

The proposed technique f o r  l i t h i u m  p r ~ o d u c t i o n , c a l l s  f o r  the  e l e c t r o l y s i s  

o f  a l i th ium-mercury  amalgam i n  a  fused s a l t  c e l l  a t  a  temperature i n  the 

range o f  about 190-260'~. A se r i es  o f  candidate fused s a l t s  were developed f o r  

use i n  t h i s  c e l l ,  con ta in ing  mix tures  of l i t h i u m  and potassium h a l i d e s .  A 

major  unknown has been the  so l  u b i  1  i t y  o f  mercury i n  the fused s a l  t s  a t  

ope ra t i ng  temperatures. I n  order  t o  determine the  s o l u b i ? i t y ,  mercury and 

a  s a l t  m i x t u r e  o f  t h e  composi t ion shown i n  Table I I I  were added t o  a 

molybdenum c r u c i b l e  and heated t o  , 3 0 0 ~ ~ .  A f t e r  f r e e z i n g  t h e  m ix tu re ,  the 

s a l t  was removed and analyzed by X-ray Fluorescence Spectroscopy. The 

concen t ra t i on  o f  mercury was found (by a1 i q u o t  a d d i t i o n  technique)  t o  be 

260 f 250 ppm Hg-- i  .e., very  c lose  t o  the lower 1 i m i t  of. de tec t i on .  I t  i s  

concluded t h a t  mercury s o l u t i o n  and d i f f u s i o n  t o  the  l i t h i u m  e l e c t r o d e  w i l l  

n o t  be s i g n i f i c a n t .  (Note t h a t  t he  t r a n s p o r t  o f  uncharged mercury i n  the 

fused s a l t  i s  d i f f u s i u r l - 1  i m - i  tnd;  a t  t.he,se concent ra t ion  l e v e l s ,  t he  t r a n s p o r t  

r a t e  o f  Hg i s  o rders  of magnitude below t h a t  of L i +  across the  i n t e r e l e c t r o d e  

gap- ) 



Table I. Composit ion o f  Calcium E lec t rodes  (pprn by we igh t )  

* * 
A1 f a  Chemical Company Y-12. P u r i f i e d  Sample 

* n o t  de tec ted  

2000 

(-not r e p o r t e d )  

< 5 

30 ( n o t  r e p o r t e d )  

** A l so  n o t  d e t e c t e d  ( i n  concen t ra t i ons  below 30 pprn) we)*@ 

B, Cd, Nb, Sb, Pb, Zn; below 10 pprn were Mo, Sn, T i ,  V ,  Zr; 

below 3 ppm, B i ,  Co, N i ,  Ag, 6e, C r .  



TABLE 11. SELECTED FARADAIC EFFICIENCY DATA AT VARIOUS TEMPERATURES 

C e l l :  0 2 ( N i )  / 5.1 M L i O H /  L i ( H g )  

we1 1 - s t i r r e d  e l e c t r o l y t e  and amal gam 

g a l v a n o s t a t i c  c u r r e n t  

J 

Temperature Cu r ren t  Densi t y  L i  Conc. Amalgam E lec t rode  Farada ic  E f f i c i e n c y  

(Oc) 
2 

(mA/cm ) (%-a t .  ) 
P o t e n t i a l  (V vs.  ( % )  
Hg/itqO, 5.1 M LiOH) 



TABLE 111. COMPOSITION OF FUSED SALT TESTED FOR MERCURY SOLUBILITY* 

Composit ion o f  I n t i t i a l  E/lixt,ure 

Weight At .% 
P 

L i  C l  2  10% 

L i  I ?%2. 42 

To ta l  : 56 g 100% 

Mercury ' con ten t  i n  the  --->--- F i n a l  M ix tu re  260 t 250 ppm (wt .  ) Hg. 

* I30  g Hg h e l d  i n  c o n t a c t  w i t h  fused m i x t u r e  f o r  0.25 h  a t  300'~; then 

coo led  a t  3O~/min ;  m i x t u r e  f r o z e  a t  2 6 0 ~ ~ .  The so l  i d  s t a t e  phase was 

analyzed f o r  t o t a l  mercury con ten t  (d ispersed and d i sso l ved ) ;  t h e  

analyzed sample thus r e f l e c t s  t h e  s o l u b i l i t y  o f  mercury a t  approx imate ly  

t h e  f r e e z i n g  p o i n t .  



Figure 1. Electrode Polarization Character is t ics  of -Eqerinenial ~ l / a i r  Cell .  

AJ 611 KOH, 0.05 IM N ~ ~ s ~ ( o Y ) ~  / Air-cathode ( ~ t - c a t a l y z e d ) .  b b i e n t  temperature 

f lovicg elec tr?lyte.  Cats from Lockheed Missiles and Space ~om~a.ny  .' -4luminum 

al loy -is WSUL  LA-6. 



Concentrat ion o f  NaCl (111) [ 

7iwe 2. Regions of Dis t inc t  Electrod2 Polar izat ion Behavior of the  Calcium 

Anode. I n  regions mrked"Cr i t i ca1  C u r ~ c n t  Passivation"and"3table Wansl t ion,"  

anode r a l a r i z a t i o n  curves show low po ten t i a l  l i n e a r  polar izat ion region followed 

by ~ a s s i v a t i o n  above a. c r i t i c a l  current  density.  In region marked" 110 _cassivation," 
' 2 

DO active-passive t r ans i t i on  was noted up t o  cnrrent dens i t i e s  of 4 K A / ~  . 
Hi@est energy ei'flciency was o b t u i ~ e d  near the  so lub i l i t y  l i m i t  i n  " C r i t i c a l  

Current Passivation" region. 



o 100 150 200 
250 

Current Density (a&/czi2 ) 

Fiw-e 3. Sample Po la r iza t ion  Curves a k e n  from d i f f e r e n t  Regions of t h ~  Composition 

Diagram ( ~ i g .  2 ) .  A. Rapid I r r e v e r s i b l e  Pass ivat ion;  B. C r i t i c s 1  Curcent Passiva- 

t i o n  ( s lope  and lidt Cegand on flow rate);  C.  No Passivation;  D. S table  Trans i t ion  

region.  



a r a d a i c  Efficiency of Calc im Anode 
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F igu re  4a. Relationshi!! Between Voltage and ,%radaic Er'ficiency for  C-alciun 
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Dissolution. Voltage efficiency i s  calculated from equation (1) i n  the text.  

Highest; eff ic iencies  f o  date obtained i n  the "Cr i t i ca l  Current Wssivation" region 
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near t o  the so lub i l i  L y  l i n i t  . 



3j ; tsn:  EL/ ' i i a ~ ~ ,  IiaCl, 50/2Ti; ambient Baqerature, s t i r r e d  e lec t ro ly te .  
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Fi,we 5. Faradaic Efficiency of Electrodeposition of Lithium 
0 

Into I./!ercury at 2 1  C. Lithium eunce~tm'Lion in ama1ya.m:. 

1.1 2 0.1 at.$, U ; 5.5 2 0.2 at. $,O. Cell descripti.on, 

o,(N~)/ c 5.1 t~i LiOH / ~ i ( 3 g ) ;  vel1.-stirred electrolyte and amalgam. 
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