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ALUMINUM ELECTROCHEMISTRY I N  L I Q U I D  AMMONIA 

L. Maya 

ABSTRACT 

The e lec t rochemis t r y  o f  aluminum i n  l i q u i d  ammonia was 
i n v e s t i g a t e d  us ing  potassium amide as suppor t ing e l e c t r o -  
l y t e .  Anodic d i s s o l u t i o n  of  the metal i n  t h i s  medium i s  
f e a s i b l e  us ing a glassy carkon cathode and becomes s i g n i f i -  
cant  a t  approximately t2.2 W from t h e  so lvated e lec t ron  
couple. The d i s s o l u t i o n  e f f i c i e n c y  i s  l i m i t e d  by the i n t e r -  
ference of solvated e lec t rons  which discharge a t  the anode. 
The generat ion of so lvated e lect rons i s  one of the cathodic 
processes and t h e i r  m ig ra t i on  could not  be completely pre- 
vented i n  a d i v i d e d  c e l l .  I n  a d d i t i o n  t o  t h i s ,  electrodepo- 
s i t i o n  o f  potassium a t  t h e  glassy carbon cathode a l s o  takes 
p lace  l ead ing  t o  i t s  eventual ca tas t roph ic  d i s i n t e g r a t i o n .  
This  apparent ly takes place through the  d i s r u p t i o n  o f  the 
g lassy carbon s t ruc tu re ,  The presence o f  e l e c t r o a c t i v e  
aluminum species produced i n  s i t u  by anodic d i s s o l u t i o n  or 
added as L i A l ( N H 2 ) 4  was detected by means o f  c y c l i c  voltam- 
metry which revealed t h e  appearance of a cathodic  response 
a t  about t100 mV from t h e  sol.vent decomposition l i m i t .  

1. I MTRODUCTION 

The e lec t rochemis t r y  of aluminum i n  l i q u i d  ammonia was the subject  

o f  some a t t e n t i o n  i n  the  past.l’8 Central  t o  t h a t  e f f o r t  was the  search 

f o r  aluminum species w i t h  an ox ida t i on  number lower than three. 

search was prompted, i n  p a r t ,  by observat ions3 i n  the po ten t i omet r i c  

This 

t i t r a t i o n s  o f  s o l u t i o n s  o f  aluminum s a l t s  o f  i n f l e c t i o n s ,  suggestive o f  

i n te rmed ia te  o x i d a t i o n  s tates,  w i t h  potassium metal so lu t ions.  

I n  a se r ies  o f  coulometr ic s tud ies aluminum was found, w i t h  the 

except ion o f  n i t r a t e - c o n t a i n i n g  media, t o  r e q u i r e  th ree  e lec t rons  f o r  

b o t h  the reduc t i on  o f  Al( I I1 )  species and t h e  anodic d i s s o l u t i o n  o f  the 

metal. I n  t h e  presence o f  n i t r a t e ,  a t r a n s i e n t  lower va lent  species was 
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detected. Apparently t h i s  species, generated i n  t h e  course o f  anodic 

d i s s o l u t i o n  o f  t h e  metal, was ox id ized  by n i t r a t e ,  thus decreasing the  

cou lomet r ic  requirements by an average o f  up t o  1.5 e lec t rons  f o r  

o b t a i n i n g  t h e  f i n a l  A1 (111) product. 

The e a r l y  work o f  r a f t  and Barhaml considered the  p o s s i b i l i t y  o f  

e l e c t r o d e p o s i t i n g  aluminum metal from l i q u i d  ammonia so lu t i ons  as an 

a l t e r n a t i v e  t o  t h e  molten s a l t  processes. That work f a i l e d  t o  ob ta in  

p o s i t i v e  r e s u l t s  and on ly  l a t e r  i t  was found poss ib le  t o  reduce aluminum 

t o  t h e  amalgam.8 

The present r e i n v e s t i g a t i o n  o f  the  system was undertaken i n  order 

t o  evaluate t h e  anodic d i s s o l u t i o n  o f  aluminum as a syn the t i c  rou te  

l ead ing  t o  a l k a l i  tetra-amido aluminate s a l t s .  Thus e l e c t r o l y s i s  was 

env is ioned as an a l t e r n a t i v e  t o  other syn the t i c  approaches such as those 

based on the  a c t i o n  o f  a l k a l i  metal so lu t i ons  on aluminum inetal,9 on i t s  

arnalgain,lo o r  t h e  a c t i o n  o f  ammonia ran LiA1H4.11 The l a t t e r  approach i s  

l i m i t e d  t o  the p repara t i on  o f  t he  l i t h i u m  s a l t  because the  o ther  a l k a l i  

t e t r a h y d r o  aluminates are no t  r e a d i l y  ava i lab le .  

The electrochemical  approach t o  t h e  prepara t ion  o f  a given a l k a l i  

tetra-amido aluminate requ i res  t h e  use o f  t h e  corresponding a l k a l i  metal 

amide as support ing e l e c t r o l y t e .  

marked departure from t h e  electrochemical  s tud ies  c i t e d  above which were 

conducted i n  a c i d i c  media, t h a t  i s ,  con ta in ing  ammonium ions. These 

ammonium i o n s  were e i t h e r  ddded as support ing e l e c t r o l y t e  o r  formed as a 

consequence o f  ammonolytic reac t ions  o f  t he  s t a r t i n g  aluminum s a l t s .  

Therefore i t  was a l so  o f  i n t e r e s t  t o  determine the  electrochemical  

Use o f  a bas ic  medium represents a 
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c h a r a c t e r i s t i c s  of a bas i c  medium, which i s  an unexplored f i e l d ,  and i t s  

e f f e c t  on t h e  e lec t rochemis t r y  of' aluminum. 

2. EXPERIMENTAL 

E l e c t r o n i c  grade ammonia was condensed over sodium, l e f t  i n  contact  

ove rn igh t  a t  -78°C and t rans fe r red  i n t o  t h e  electrochemical  c e l l s .  High 

p u r i t y  aluminum w i r e  (6M from Alfa Products), 1.5 mm diameter was used 

t o  make electrodes. Other ma te r id l s  used as a u x i l i a r y  electrodes were 

P t ,  Au, Cu and glassy carbon (3  mi rod from Tokai Electrode 

Manufactur ing Co., Tokyo, Japan), 

re fe rence  electrode. 

Pyrex t u b i n g  around t h e  w i r e  leads and s e a l i n g  w i t h  epoxy glue. 

tubes con ta in ing  t h e  e lect rodes entered the  ce l  Is through standard 

ground g lass j o i n t s  or Ace-Thred adaptors (Ace Glass Co., Vineland, NJ). 

Potassium amide was prepared from h igh  p u r i t y  potassium metal (99.95% 

from A l f a  Products). 

L iAlH4 (A ld r i ch ) .  

a i r  us ing a vacuum l i n e  and a dry  argon glove box. 

S i l v e r  w i r e  was used as quasi- 

Vacuum t i g h t  seals were made a f t e r  c o n s t r i c t i o n  o f  

The 

L i th ium tetrd-amido aluminate was p r e p a r e d l l  from 

41 1 manipulat ions were conducted i n  the absence o f  

P re l im ina ry  e l e c t r o l y s i s  experiments were conducted i n  a s i n g l e -  

compartment c e l l  prov ided wi th  a connection t o  the  vacuum l i n e  and ports 

f o r  t h e  working, reference and a u x i l i a r y  electrodes. An a d d i t i o n a l  p o r t  

was a v a i l a b l e  f o r  t he  i n t r o d u c t i o n  of s o l i d  samples. Addi t ional  exper i -  

ments were conducted i n  a two-compamnent "U" shaped c e l l  having a f i n e  

porous glass frit between the two segments o f  t he  c e l l .  The c e l l s  had a 

working capaci ty  o f  about 15 mL. 

a Model 173 Poten t ios ta t ,  Model 179 Coulometer, Mode? 175 Signal 

The ins t rumen ta t i on  used consis ted o f  
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Generator and a Model 174A Polarographic Analyzer a l l  from Princeton 

Appl ied Research. 

low temperature bath a t  -50°C i n  which the c e l l s  were immersed. 

otherwise s ta ted  t h e  experiments were conducted a t  a 0.1 M concentrat ion 

o f  potass i  urn ami de. 

A Neslab instrument c ryos ta t  was used t o  mainta in  a 

Unless 

3. RESULTS AND DISCUSSION 

Pre l im ina ry  experiments were conducted t o  e s t a b l i s h  the e l e c t r o -  

chemistry o f  t he  suppor t ing e l e c t r o l y t e ,  Voltammograms run on a P t  bead 

e l e c t r o d e  showed a working range o f  t.5 t o  -1.3 V between the anodic and 

cathodic  cu r ren ts  l i m i t s  us ing the  s i l v e r  w i r e  as quasi reference 

e lect rode.  The cathodic l imi t  was found, by v i sua l  inspect ion,  t o  

correspond t o  the generat ion o f  solvated e lec t rons  which formed b lue 

streamers o f  t h i s  species as  they d i f f u s e d  away from the  electrode. 

A f t e r  reaching t h e  cathodic  l i m i t ,  the anodic scan p o r t i o n  o f  t he  

voltammogram, showed a d i s t i n c t  response due t o  the  ox ida t i on  a f  the  

so l va ted  e lect rons.  This behavior i s  q u i t e  s i m i l a r  t o  t h a t  observed in 

a neu t ra l  medium con ta in ing  K I  as support ing e l e c t r o l y t e l *  a1 though i n  

t h e  l a t t e r  case t h e  working range extends from +.6 t o  -2.6 V from the 

Ag/AgNQ3 reference electrode, 

e l e c t r o n s  al lowed f o r  assigning a value t o  t he  p o t e n t i a l  o f  the s i l v e r  

quasi-reference e lec t rode  i n  0.1 M KNH2 o f  +.75 V from the so lvated 

e l e c t r o n  generat isn-discharge couple. 

rep roduc ib le  w i t h i n  _+25 mV i n  a number o f  d i f f e r e n t  runs. This value 

v a l i d a t e s  J o l l y ' s  est imate f o r  t he  Ag/Ag(NH2)2" couple of  t.95 from the 

Observation o f  the generation of so lvated 

The +.75 V value was found t o  be 
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e'(so1v) couple which was repor ted as accurate t o  on ly  several t en ths  of 

a ~ 0 i t . 1 3  

The anodic l i m i t  i n  t h e  arnide-containing medium on a p la t inum 

e l e c t r o d e  seems t o  be c o n t r o l l e d  by ox ida t i on  o f  the e lec t rode  t o  some 

su r face  amide species. 

o x i d a t i o n  o f  t h e  e l e c t r o l y t e  i t s e l f  t o  generate species such as hydra- 

z ine,  az ide o r  n i t rogen,  al though the  l a t t e r  seems u n l i k e l y  s ince no 

generat ion of gas was observed. 

o f  t h e  e l e c t r o l y t e ,  unless catalyzed by P t ,  might not be operat ional  

s ince  on an aluminum e lec t rode  the  anodic l i m i t  i s  .5 V more p o s i t i v e  

than on P t  and corresponds t o  the  d i s s o l u t i o n  of  aluminum. 

A l t e r n a t i v e l y ,  t h e  l i m i t  cou ld be c o n t r o l l e d  by 

Anodic processes based on t h e  ox ida t i on  

3.1 ANODIC DISSOLUTION OF ALUMINUM 

The aluminum anodes used were f i r s t  subjected t o  an a c t i v a t i o n  

process w i t h  t h e  expectat ion t h a t  t h i s  would serve t o  e l i m i n a t e  sur face 

ox ide  species. 

cathodic  enough t o  generate so lvated e lec t rons  and passing approxi inately 

0.1 coulomb. 

d i s t i n c t l y  b lue sol u t ion .  

T h i s  cons is ted i n  po is ing  t h e  e lec t rode  a t  a vo l tage 

This  was found t o  be enough c u r r e n t  t o  generate a 

I n  p r e l i m i n a r y  experiments, conducted w i t h  a single-compartment 

c e l l ,  no d i s s o l u t i o n  of t he  aluminua e lec t rode  occurred unless the  aux- 

i l i a r y  e lec t rode  was glassy carbon. l j i t h  o the r  e lec t rode  ma te r ia l s  a 

copious amount o f  so l va ted  e lec t rons  was generated a t  t h e  cathode and 

these were then discharged a t  t h e  aluminum electrode. I n  the  case of  

g o l d  a s  a u x i l i a r y  e lect rode,  p a r t i a l  d i s s o l u t i o n  of t h i s  ma te r ia l  took 

place. This  was detected by t h e  observat ion o f  aur ide ions14 by cyclic 
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voltammetry on an add i t i ona l  Pt-bead t e s t  e lec t rode wh i le  go ld deposi- 

t i o n  occurred a t  t h e  anode. I n  t h e  case o f  g lassy carbon the  

e l e c t r o l y s e s  could be conducted i n  quiescent so lu t i ons  a t  cur ren t  den- 

s i t i e s  o f  about 0.5 mA/cm2 wi thout  the v i s i b l e  format ion of solvated 

e lec t rons  a t  t h e  cathode. Under these condi t ions,  cur ren t  e f f i c i e n c i e s  

f o r  t h e  d i s s o l u t i o n  o f  aluminum were about 70% as found by analyses of 

t h e  res idue a f t e r  evaporat ion o f  the ammonia. 

were lower i n  s t i r r e d  so lut ions.  I n  a t y p i c a l  experiment, l a s t i n g  a few 

hours, about f i v e  coulombs were passed. 

products  was observed a f t e r  f reez ing the  c e l l  i n  l i q u i d  n i t rogen.  

Apparent ly f a i l u r e  t o  ob ta in  100% e f f i c i e n c i e s  was due t o  the discharge 

o f  e lec t rons  a t  t h e  anode. I t  seems t h a t  the cathode processes w i t h  

g lassy carbon were t h e  generat ion o f  e lec t rons  and the e lec t rodepos i t i on  

o f  potassium. 

t h e  p o t e n t i a l  d i f f e r e n c e  being only 10 mV.13 

carbon under a microscope showed p i t t i n g .  

observed i n  t h e  EDX spectrum upon examination o f  the e lec t rode on a 

scanning e lec t ron  microscope. This observat ion was not completely 

conc lus ive  because o f  t h e  presence o f  potassium i n  the e l e c t r o l y t e  which 

cou ld  leave a res idue of e l e c t r o l y t e  i n  the pores i n  s p i t e  of soaking 

and washing cycles.  D e f i n i t e  proof t h a t  potassium e lec t rodepos i t i on  d i d  

indeed take p lace  was obtained by the  f a c t  t h a t  the  electrode, upon con- 

t i n u e d  use, degraded t o  t h e  p o i n t  where i t  was pulver ized.  This powder 

was co l lec ted ,  washed i n  a c i d  t o  remove any res idue o f  e l e c t r o l y t e ,  and 

then i t  was subjected t o  complete d i s s o l u t i o n  i n  a MN03-HC104 mixture.  

The powder contained 0.67% K, equiva lent  t o  a t o t a l  of a few m i l l i g rams  

Current e f f i c i e n c i e s  

No pressure due t o  gaseous 

The energet ics  of these two processes are q u i t e  close, 

Examination o f  the  glassy 

The presence o f  potassium was 
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of potassium, thus accounting i n  p a r t  f o r  t h e  cu r ren t  passed on t h e  

electrode. 

Add i t i ona l  experiments were conducted i n  a d i v i d e d  c e l l  w i t h  t h e  

hope o f  a t t a i n i n g  h ighe r  d i s s o l u t i o n  e f f i c i e n c i e s ;  however t h i s  was not 

p o s s i b l e  because o f  i n f i l t r a t i o n  o f  so lvated e lec t rons  i n t o  the anode 

compartment. These species were present a t  a r e l a t i v e l y  low con- 

cen t ra t i on ,  t o  the  p o i n t  o f  no t  being v i s i b l e ,  but  detectable by 

e lect rochemical  means. The presence of so lvated e lec t rons  was detected 

by a displacement o f  t he  f l a t  p o r t i o n  of t h e  voltammogram, run on the  

aluminum electrode, i n t o  t h e  anodic response. This i s  i l l u s t r a t e d  i n  

F igu re  1 ( A )  and r e f l e c t s  a continuous ox ida t i on  process up t o  the cath- 

o d i c  l i m i t .  

t i n u e d  e l e c t r o l y s i s  a t  a r e l a t i v e l * q  low c u r r e n t  densi ty .  

Discharge of t h e  i n f i l t r a t e d  e lec t rons  took p lace by con- 

Attempts were a l s o  made t o  improve t h e  r a t e  o f  t h e  aluminum disso- 

l u t i o n  by passing l a r g e r  cu r ren ts  an l a r g e r  area aluminum electrodes. 

This  approach f a i l e d  because o f  excessive generat ion o f  so lvated 

e lec t rons .  

t h e  c u r r e n t  t h a t  could be passed through t h e  c e l l .  

Apparently t h e  area o f  t he  glassy carbon e lec t rode  l i m i t e d  

The anodic d i s s o l u t i o n  o f  aluminum i n  bas ic  media d i f f e r s  from t h a t  

i n  a c i d  media i n  several  respects. The anodic process i n  a c i d  media, 

w i t h  AI13 as e l e c t r o l y t e ,  leads t o  the  format ion o f  Al(NH2)21=2NH3.2 

I n  t h e  presence o f  n i t r a t e  and NaBr o r  NH4Br as e l e c t r o l y t e ,  t he  product 

i s  a complex m ix tu re  con ta in ing  aluminum, bromide, amide, n i t r a t e  and 

t r a c e s  o f  n i t r i t e  t o  which no simple formula could be a ~ s i g n e d . ~  

c o n t r a s t  w i t h  these observations, t h e  d i s s o l u t i o n  i n  has ic  media leads 

t o  a product assumed t o  be tetra-amide aluminate on the basis o f  t he  

In 
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Potential scale refers  t o  t h e  solvated electron couple. 
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known chemistry of aluminum i n  l i q u i d  ammonia. 

was no t  i s o l a t e d  because of t h e  r e l a t i v e l y  small degree o f  d i s s o l u t i o n  

achieved. 

gen i s  evolved from t h e  reduc t i on  of NH4+; t h i s  prevents the i n t e r -  

ference caused by t h e  discharge of so lvated e lec t rons  a t  t h e  anode t h a t  

was observed i n  t h e  bas ic  medium, 

However, t h i s  product 

The cathodic  processes d i f f e r  i n  t h a t ,  i n  a c i d  media, hydro- 

E l e c t r o d e p o s i t i o n  of potassium as one of t he  cathode processes i n  

bas i c  media i s  an i n t e r e s t i n g  pheromenon. 

carbon t o  accommodate t h e  potassium i s  l i m i t e d  due t o  i t s  disordered 

s t ruc tu re .  

c a t a s t r o p h i c  d i s i n t e g r a t i o n  o f  the glassy carbon takes place. 

conceivable t h a t  graphi te ,  which i s  known t o  i n t e r c a l a t e  potassium, 

m igh t  be a longer  l a s t i n g  cathode. 

The capaci ty  o f  the glassy 

Upon reaching a given l i m i t  o f  potassium loading the  

It i s  

3.2 ELECTROACTIVE SPECIES OF ALUMINUM 

C y c l i c  voltammetry on p l a t i n u n  e lect rodes f a i l e d  t o  detect  

e l e c t r o a c t i v e  aluminum species e i t h e r  formed i n  s i t u  by anodic d i sso lu -  

t i o n  o f  aluminum metal o r  in t roduced as l i t h i u m  tetra-amido aluminate. 

Th is  f a i l u r e  might r e f l e c t  surface c h a r a c t e r i s t i c s  o f  t he  p la t inum 

r a t h e r  than t h e  absence of aluminum species. That t h i s  might indeed be 

t h e  case i s  supported by d i f f i c u l t i e s  experienced w i t h  Pt elect rodes i n  

ethylenediamine15 o r  w i t h  benzophenone i n  l i q u i d  ammonia.16 The l a t t e r  

observat ion was a c t u a l l y  confirmed i n  the course o f  the present work. 

In t h i s  case, t h e  t y p i c a l  voltammogram of benzophenone, as observed on 

gold, could no t  be obtained on a Pt-bead electrode. 
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Add i t iona l  at tempts us ing t h e  aluminum e lec t rode as t e s t  e lec t rode 

t o  run c y c l i c  voltammograms showed a reduc t ion  wave j u s t  p r i o r  t o  the  

ca thod ic  l i m i t ,  t h a t  was reproducib le  For both e lect rogenerated aluminum 

o r  L i A l  (NH2)4 and were not  r e l a t e d  t o  the  ma te r ia l  o f  the a u x i l i a r y  

e lec t rode  which could supply t h e  species being reduced, Fig.  l(t3). 

response was observed w i t h  P t  Cu and glassy carbon as counter e lec-  

t rodes.  However, t h e  observat ion was l i m i t e d  t o  aluminum elect rodes 

t h a t  had been a c t i v a t e d  a f t e r  passage o f  a few coulombs and resu l ted  i n  

aluminum d isso lu t i on .  Apparently a c t i v e  s i t e s ,  c lean o f  sur face specdes 

a re  requ i red  f o r  t h e  reduc t ion  o f  aluminum species i n  so lut ion.  

appearance of the  reduc t ion  wave j u s t  p r i o r  t o  t h e  so lvent  decomposition 

1 i m i t  i s  remin iscent  o f  t h e  prewaves caused by adsorpt ion phenomena .I7 

However i t  seems t h a t  t h i s  phenomenon might not  be operat ional  here 

s ince  t h e  anodic p o r t i o n  o f  t h e  prewave i s  absent. 

aga ins t  t h i s  p o s s i b i l i t y  i s  t h e  f a c t  t h a t  adsorpt ion prewaves are not  

observed on voltammograms of  organic moiet ies i n  l i q u i d  arnmonial6,l8 

which would be expected t o  be more prone t o  such behavior. An addi-  

t ional experiment us ing d i f f e r e n t i a l  pu lse polarography was conducted t o  

con f i rm  t h e  presence o f  aluminum species. 

ment was t h a t  t h e  d i f f e r e n t  t ime regime (one order o f  magnitude s lower  

scan r a t e )  woul d e l i m i n a t e  a r t i f a c t s  caused by phenomena unre la ted  t o  

t h e  reduc t ion  o f  aluminurn species. In t h i s  case the  wave p r i o r  t o  the  

ca thod ic  l i m i t  was observed as  a shoulder us ing an ac t i va ted  aluminurn 

e 1 e c t  rode. 

This 

The 

Another argument 

The idea behind t h i s  exper i -  

F i n a l l y ,  attempts were made t o  e lec t rodepos i t  aluminum f r o m  solu- 

t i o n s  conta in ing  LiAl(NH2)4 a t  a concentrat ion l e v e l  o f  .Q1 M on a 



1 1  

number o f  d i f f e r e n t  substrates.  

s i g n i f i c a n t  l e v e l  of cu r ren t  dens i ty  t h e  produc t ion  o f  so lvated 

electrons was favored. No s i g n i f i e a n t  amounts o f  aluminum were 

deposi ted i n  one case even a f t e r  passage o f  30 coulombs w i t h  the  con- 

c u r r e n t  format ion o f  so lva ted  e lect rons.  

P,l1 these at tempts f a i l e d  since a t  any 

4. CONCLUSIONS 

Potassium amide i n  l i q u i d  ammonia prov ides a p o t e n t i a l l y  use fu l  

medium f o r  e lect rochemical  s tud ies  Df m e t a l l i c  or organic moiet ies.  The 

anodic d i s s o l u t i o n  of aluminum metal i n  l i q u i d  ammonia w i t h  potassium 

amide as suppor t ing e l e c t r o l y t e  i s  feas ib le  but  i t s  e f f i c i e n c y  i s  

l i m i t e d  by the  i n te r fe rence  o f  cathcldic processes. 

aluminum proceeds a t  a p o t e n t i a l  abaut +2.2 v o l t s  from the  so lvated 

e l e c t r o n  couple w h i l e  t h e  reduc t ion  o f  aluminum e l e c t r o a c t i v e  species 

occurs, as observed by c y c l i c  voltamtnetry on a c t i v a t e d  aluminurn e lec-  

t rodes,  a t  about +70 mV f rom t h e  same reference. 

The d i s s o l u t i o n  of 
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