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I 

While s tudies  of thermodynamic  proper t ies  of molten sa l t s ,  such a s  equi- 
l i b r i u m  potentials,  m o l a r  volumes and phase d i ag rams ,  and t r a n s p o r t  propert ies ,  
such as conductivity and viscosi ty ,  a r e  quite well  advanced, the study of the elec- 
t rode  react ions in  t h e s e  m e d i a ,  which i s  the e s s e n c e  of e lec t rochemis t ry ,  is at 
a v e r y  e a r l y  stage of development. The neglect of e lectrode react ion s tudies  in 
molten s a l t s  probably a r i s e s  f r o m  two f a c t o r s  common t o  high t empera tu re  
heterogeneous react ions.  The react ion r a t e  is  so  high that usual  methods of 
investigation expose only diffusion control and 2 )  the effects of sma l l  impuri t ies  
may  be overwhelming and cause . se r ious  i r reproducibi l i ty  of measu remen t s .  
l a t t e r  is  par t icu lar ly  s e r i o u s  when-one cons iders  the co r ros iveness  of many 
molten sa l t s ,  difficult ies with containers ,  a tmosphe res ,  etc. As a resu l t ,  with 
a few exceptions,  m o s t  s t u d i e s  of e lectrode react ions in  molten sa l t s  a r e  still 
semiquant i ta t ive,  and concerned with identifying the rate-control l ing s tep and the 
pa th(s )  of reaction, o r  i f  diffusion controlled,  the in te rmedia tes  and products  of 
the  overa l l  react ion,  and diffusion coefficients of the reacting species .  Very 
l i t t l e  h a s  been accomplished in  quantitatively determining kinetic p a r a m e t e r s  of 
molten salt react ions,  such  as exchange c u r r e n t s ,  react ion r a t e  constants ,  or 
t r a n s m i s s i o n  coefficients.  
pl ished i n  aqueous s y s t e m s  at o rd ina ry  t e m p e r a t u r e s  a r e  (1):  

s t a t e  condition of e lec t ro lys i s .  The  analysis  of the Tafel  s lopes (i. e. , the slope 
of the plot of overvol tage,  q , vs. log i, the c u r r e n t  densi ty)  provides  the kinetic 
da ta  and insight into mechan i sms .  

2 )  T rans i en t  D. C. techniques or voltammetry,  including polarography 
with slow or  rapid scanning p rocedures  and potentiostatic and galvanostatic 
methods.  In all c a s e s  equat ions relat ing cur ren t ,  voltage and t ime  m a y  be derived, 
a c r i t e r i o n  for  diffusion control  s e t  up,and depar tures  f r o m  diffusion control  in te r -  
p re ted  i n ' t e r m s  of kinet ic  p a r a m e t e r s  and mechanisms.  The u s e  of these  methods 
i n  conjunction with the rotat ing d isc  e lec t rode  h a s  proved t o  be ex t r eme ly  effective 
i n  many cases .  

3) A. C. impedance  measu remen t s  in  which the  frequency dependence of 
the impedance is  m e a s u r e d  to  obtain a polar izat ion res i s tance  and pseudocapacity 
identified with the e lec t rode  react ion and f r o m  which a ra t e  constant  may be cal-  
culated and mechan i sms  deduced. Before this  can be done, however ,  the double 
l a y e r  capaci ty  and r e s i s t a n c e  of the .solution mus t  be de t e rmined  in  the absence 
of the e lec t rode  reaction. 

1) 

The 

The  m o s t  important  methods by which these  a r e  accom- 

1) Current-vol tage cu rves  in which each  point is obtained under  a steady 

Cur ren t  Voltage Curves  and the Oxygen Electrode 

F o r  the f i r s t  method (s teady s ta te  c u r r e n t  voltage c u r v e s )  t o  show any 
kinetic proper t ies  a r a t h e r  slow react ion is required;  and in molten sa l t s  only a 
few gas electrode r e a c t i o n s  a r e  slow enough to have been successful ly  studied by 
th i s  method. An example  of this  is the work  of Janz et al ( 2 )  on the anodic evolu- 
t ion of oxygen f r o m  ca rbona te  m e l t s  on platinum and gold e lec t rodes  in the tem- 
p e r a t u r e  range of 600" to  900°C. The overa l l  react ion f o r  this s y s t e m  is: 

C O ~  -+ C O ~  + 1/2 02 + 2e [ 11 
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The f i r s t  question raised-by J a n z  e t  a1 was  whether the reac t ion  proceeded  by 
direction oxidation of CO; ion a s  in [ 11 or  by a p r io r  dissociation, 

I 

I 

co; co2 + o= 
followed by e lec t rochemica l  oxidation of the oxide ion, 

- 
0- - 1 / 2 0 ,  + 2e [ 2bI 

I F r o m  the tempera ture  coefficient of the overvoltage and the effect of gas  composi- 
tion ( C O ~ / O Z  ratio) on the overpotential ,  it was concluded that p r io r  dissociation 
was involved. 
oxidation of oxide ion shown in [ Zb]. 

The next question cons idered  was the detailed mechan i sm of the 
The p r o c e s s e s  cons idered  were :  

O = + M  - ~ - 0 + 2 e  [ 31 
followed by either:  

[ 4 a ] ,  o r  MO + M O  -. 2M + O2 [ 4 b ] ,  where  M 
i s  the meta l  of the electrode. If [ 31 were  r a t e  controll ing,  the Tafe l  slope would 
be RT/F":. 
cu r ren t  density and R T / 3 F  a t  low c u r r e n t  density. If [4b ]  controlled the r a t e  the 
Tafel  slope would be RT/4F .  The observed  Tafe l  s lopes  der ived  f r o m  the polari-  
zation cu rves  at 600°C corresponded c lose ly  to  the values calculated fo r  s t ep  [ 4a]  
both a t  high and low c u r r e n t  density. 
a t  this t empera tu re  f r o m  molten carbonate  was  identified a s  dissociation 
[ Reaction Za]followed success ive ly  by su r face  oxide format ion  [ Reaction 3 1 ,  and 
e lec t rochemica l  oxygen gas  format ion  [ Reaction 4 a ] ,  the l a s t  being r a t e  control-  
ling. 
the gas  evolution mechanism i s  not ea s i ly  ascer ta ined .  A change in  r a t e  c o n t r d -  
ling s tep  t o  oxide format ion  [ Reaction 31 is not ruled out. 

M - 0  t O= -r M + 0 2  + 2e  

If [ 4a]  were  r a t e  controll ing the Tafel  slope would be R T / F  at high 

Thus  the mechan i sm for  oxygen evolution 

At higher t empera tu res  (nea r  8 0 0 " C ) ,  the Tafe l  s lopes  a r e  not l i nea r  an 1 

On s i lver  e lec t rodes  the reac t ion  i s  apparent ly  much f a s t e r  than on plati- 

amp/cm2,  and Kronenberg ( 3 )  r epor t s  the reaction t o  be r eve r s ib l e  

In fue l  ce l l  applica- 

num and gold since a lmost  no polarization was  observed  by Janz  below a c u r r e n t  
density of 
on s i lve r  between 400" and 600°C since he found the potential to obey the Nerns t  
equation with variation of the par t ia l  p r e s s u r e  of CO, and 0,. 
tions the f requent  u s e  of s i l ve r  a s  a ca ta lys t  fo r  the oxygen e l ec t rode  i n  mol ten  
carbonate  sys t ems  undoubtedly a r i s e s  f r o m  th is  property.  

A. C. Impedance Measuremen t s  

The th i rd  method l i s ted  above, A. C. impedance m e a s u r e m e n t s ,  h a s  
proved to be  v e r y  difficult to 'apply t o  molten s a l t  reac t ions ,  and with a few excep- 
tions (4) ,  has  not been used. 
difficult t o  i n t e rp re t  because of the inabili ty to de t e rmine  the double l a y e r  capa-  
city of the solution in an  unambiguous manner .  
not only f r o m  difficulties with adsorp t ion  of t r a c e  impur i t i e s  but from theore t ica l  
difficulties regarding the applicability of the value obtained in the absence  of th.3 
reducible spec ie s  (5). 

Where i t  h a s  been attempted the r e s u l t s  have been 

The ambiguity of this value a r i s e s  

Rapid-Scan Polarography in  Analytical  Chemis t ry  

The second method, that  involving ,D. C. t r a n s i e n t s ,  h a s  p roved  t o  be the  
m o s t  valuable for the study of molten s a l t  sys t ems .  
graphy and a few other techniques included i n  this group wi l l  now be  i l lus t ra ted  in 
the i r  application to analytical  chemis t ry .  
adapted t o  molten salts was  polarography. 
Lait inen and Osteryoung (4).  
m e r c u r y  can  not be used  a s  an  electrode. 

The u s e  of r ap id - scan  polaro- 

The first of the analytical  methods t o  be 
This  h a s  been  exper t ly  reviewed by 

Except fo r  ve ry  low t empera tu re  m e l t s ,  dropping 
In m o s t  c a s e s  e i ther  the "dipping" 

I , 
:'In all  calculated Tafel slopes it is a s s u m e d  that the s y m m e t r y  f a c t o r ,  p = 1/2 .  

a .  
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e lec t rode  of Lyalikov -?nd Karmazin  (4),  o r  sol id  microe lec t rodes  have been used. 
To make  a dipping e l ec t rode ,  a w i r e  is sheathed with an insulating tube and iner t  
gas  bubbled slowly through the tube. 
a l te rna te ly  contacting the  w i r e  and mixing with the bulk, an action analogous to a 
dropping electrode is  obtained and polarographic  waves have been obtained which 
have been useful in ana lys i s .  Solid microe lec t rodes  have been successful ly  used 
but difficulties have been encountered with changing of the i r  a r e a  d e to the den- 
dr i t ic  deposi ts  usual ly  ubtained f r o m  molten sa l t s ,  and to instabi l i ty  of s e a l s  in 
these  media.  

AS the l iquid r i s e s  and fa l l s  in  the tube, 

7 

Some in te res t ing  recent  work on ana lys i s  in  molten sys tems using rapid-' 
scan  polarography and o ther  'D. C. t rans ien t  methods i s  that of Manning and 
Mamantov (6). T h e s e  a u t h o r s  worked most ly  in  molten f luoride e lec t ro ly tes  at 
t e m p e r a t u r e s  of 500" to  6 0 0 " C ,  and used  a pyrolytic graphi te  indicator  e lectrode 

I t  i s  
h a r d  to  s a y  what e l e c t r o d e  react ion the "quasi-reference" r e p r e s e n t s :  it is l e s s  
noble than the P t ,  Pt++ e l e c t r o d e  potential  by a t  l e a s t  one volt, which would 
r e p r e s e n t  a vanishingly s m a l l  concentrat ion of Pt", cer ta in ly  insufficient to give 
a ' s tab le  and reproducible  e lectrode.  It i s ,  however,  surpr i s ing ly  s table ,  and may 
r e p r e s e n t  a redox r e a c t i o n  of an impur i ty  common t o  the mel t s ,  possibly iron. 
The observed  potential  is not far f r o m  the F e 3 + / F e z +  potential  i n  f luorides ,  and 
i ron  is a common impur i ty .  

.and a plat inum w i r e  dipped in the melt  a s  a "quasi-reference" electrode.  

Nickel i n  the  a lka l i  f luoride t e r n a r y  eutect ic  was determined by rapid- 
scan polarography and anodic  s t r ipping techniques.  
ing c u r r e n t  was propor t iona l  to concentrat ion in the range studied (10- 100 ppm N i )  
and the electrode reac t ion  was revers ib le .  
fusion controlled at  high s c a n  r a t e s ,  the diffusion coefficients and the activation 
energy  of diffusion ( the c u r r e n t  l imit ing p r o c e s s )  could be calculated f r o m  the 
l inear  plots  of. peak c u r r e n t  a t  known concentrat ion vs .  
ra te .  An activation e n e r g y  of 18 kca l /mole  was  found which i s  about twice the 
value found by Senderofi  and M e l l o r s  (7)  for  t rans i t ion  meta l  ions in  the s a m e  sol- 
vent, and the  diffusion coeff ic ient  of ?. 5 x c m 2 / s e c  at 600°C i s  lower by a 
fac tor  of a t  l eas t  2 than one would expect.  These  anomalous values  suggest  the 
possibi l i ty- that  the e l e c t r o d e  p r o c e s s  is not t ru ly  diffusion l imited and that  some 
kinetic p r o c e s s  m a y  be involved a s  well ,  o r  that  s o m e  experimental  difficulties 
have interfered.  

At  high scan r a t e s  the l imi t -  

Since the react ion appeared  to  be d i f -  

the square  root of the scan 

~ 

I ron  in the s a m e  solvent  ( L i F - N a F - K F )  and in  the L i F - B e F 2  eutect ic  was 
determined  by rapid-  s c a n  polarography (* l V / m i n )  and  by chronopotentiometry.  
Again at high scan  r a t e s  the' reac t ions  appeared  to  be diffusion control led and 
revers ib le .  The diffusion coefficient of Fez+ obtained by chronopotentiometry was 
l a r g e r  than that f r o m  polarography and the difference h a s  been a s c r i b e d  to  experi-  
menta l  difficulties with t h e  chronopotent iometry.  However,  a s  noted-above. the 
diffusion coefficient obtained by polarography m a y  be too small. 
niques have been applied t o  uran ium and zirconium i n  LiF-NaF-KF solvent though 
in the  l a t t e r  case  the re la t ionship  between wave height and concentrat ion was  
e r r a t i c .  This  may have been  due to a t tack on zirconium by the solvent. 

The s a m e  tech- 

C h r  onopotentiometr y and Electroplat ing 

Final ly ,  an i l lus t ra t ion  of the application of galvanostatic t rans ien t  tech-  
niques (commonly ca l led  chronopotent iometry)  to  the study of the mechanisms of 
the e lec t rode  reac t ions  i n  e lectroplat ing of m e t a l s  f r o m  molten f luorides  will be 
presented.  

When electrodeposi t ing meta ls  in the solid s ta te  f r o m  molten sa l t  e lectro-  
ly tes ,  powders  and d e n d r i t e s  a r e  usual ly  obtained. However,  it was  shown by 
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Mel lors  and Senderoff ( 7 )  that  the e lec t ro lys i s  of pure  f luoride m e l t s  under  cer ta in  
conditions produces dense ,  thick,  coherent  deposi ts  of chromium,  molybdenum, 
tungsten,  vanadium, niobium, .tantalum, zirconium, and hafnium. In a n  effor t  
t o  de te rmine- the  unique proper t ies  of t h i s  s y s t e m  a study of the cathode reac t ions  
by chronopotent iometry was  undertaken. 
c u r r e n t  is applied to  a ce l l  f o r  a t i m e  long compared  t o  the charging t i m e  of the 

-)double l a y e r ,  but not long enough for convection to  become signific nt  a t  the e lec-  1 t rode.  In the molten f luoride a t  600" to  800°C th i s  t i m e  range  was r ound t o  be a 
' few tenths  of a second to about 1 sec .  
,' t i a l - t ime curve  i s  displayed on a n  osci l loscope and recorded  photographically, 
\ the potential  being taken with r e s p e c t  to  a s table  revers ib le  re ference  electrode.  

The r e f e r e n c e  electrode used  j n  th i s  work  was  the Ni/NiF2,  a lkal i  f luor ide  / / h a l f -  
) cel l  which was  reproducible  under  these  conditions to  about k25mv. 

h t w c e n  the re ference  e lec t rode  and electrolyte  under  study was m a d e  with a 
porous alumina bridge impregnated  with the solvent which was  the KF-NaF-LiF  
eutectic in  mos t  cases .  All  work  was  done in  a n  a rgon  a tmosphere  in  a special  
ce l l  i n  which a l l  components were  suspended f r o m  a plast ic  insulating cover  a t  
the top of the ce l l  and allowed to  hang in  the hot zone without touching e a c h  other  
o r  the ce l l  envelope. The 
indicator  e lec t rode  was  a 1 cm2  disc  of plat inum o r  of the r e f r a c t o r y  me ta l  under  
study suspended in  the electrolyte  by a f ine w i r e  without the u s e  of any  insulator .  
The counter  e lectrode was  in  a lmos t  all c a s e s  the me ta l  under  study. 
chronopotent iograms a t  var ious  leve ls  of c u r r e n t ,  t e m p e r a t u r e ,  and concentrat ion 

which tantalum is plated. 
s teps  ac,cording to ,  the . scheme:  

By th i s  method, a .pu lse  of constant  

During the  passage  of thi,s pu lse  the poten- 

Contact  

The ce l l  h a s  been thoroughly descr ibed  e l sewhere  (7) .  

Cathodic 

, were  run  on a solution of K2TaF7 in KF-LiF-NaF  eutectic s i m i l a r  t o  that f r o m  
They showed that  tantalum i s  reduced t o  me ta l  in two 

( T a F ,  )-2(1 ) + 3e -TaF2(s)  + 5F-( l  ) [ 5 4  

TaF2(s)  + 2e -Tao( s )  + 2 F - ( P ) ,  5b1 
The  f i r s t  s t e p . i s  revers ib le  and diffusion controlled.  

Cathodic-anodic 
chronopotentiometry, in which a cathodic pulse  of a few ten ths  of a second is fol-  
lowed immedia te ly  by an anodic pulse ,  s e r v e s  t o  identify the in te rmedia te ,  TaF2,  
as a m a t e r i a l  v e r y  slightly soluble in  the electrolyte .  
on the e lec t rode  is' believed t o  be  the s o u r c e  of the i r revers ib i l i ty  of the  second 
step. Since the f i r s t  s tep  is diffusion control led,  the diffusion coefficient of the 
react ing spec ies  and activation ene rgy  f o r  diffusion could be calculated from the 
da ta  and  t h e y . w e r e  shown t o  be  of magnitude expected f o r  a n  ion such  as (TaF7)- '  

, which had been shown by IR spec t roscopy t o  be the only significant tantalum-con-  
taining spec ies  present  in  solution. 

The second s t e p  by which the $ meta l  i s  produced, is i r r e v e r s i b l e  and not diffusion controlled.  
.~ 

I t s  exis tence as a solid film 
1 
' 

A similar study with a solution of K2NbF, in  the same solvent  showed a 
) t h r e e  s tep  reduction: 

(NbF, ) - 2 ( L  ) + l e  -. (NbF,-X)(3-X)-(l ) + xF-(P ) [ 6aI 

(NbF7-x)('-x) ( 1 )  + 3e - N b F ( s  o r l )  + (6-x) F - ( f )  [ 6bI 

[ 6cl NbF(s  or  L )  + l e  - Nbo(s)  + F - ( l )  

The f i r s t  two s t e p s  a r e  diffusion control led and revers ib le ,  the last s t e p  is not dif- 
fusion control led and i r r e v e r s i b l e .  

',that the intermediate  produced i n  s tep  2 ,  NbF, is only sl ightly soluble in  a solution 
in which the mean  valence of niobium is c lose  to 4 ,  but is  rapidly a t tacked  and 
d isso lves  in  a solution in  which the mean valence of niobium is 5. 
that  i n  o r d e r  t o  plate niobium, the m e a n  valence of the solution must be  less than 
4. .2 ,  while in  the c a s e  of tantalum coherent  plates  c a n  be obtained f r o m  a penta- 
valent solution. In the l a t t e r  c a s e  the in te rmedia te  is not a t tacked o r  dissolved by 
the  pentavalent solution. 
producing step [ bc] i s  believed to  ar ise  f r o m  a sol id  film of NbF on the  electrode.  

Cathodic-anodic chronopotent iometry showed 

It  is significant 
1 , 

As in the c a s e  of tantalum, the i r r e v e r s i b i l i t y  of the metal  

I 
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The study of z i rconium deposit ion by chronopotentiometry was made 
difficult by in te r fe rence  of an alkal i  me ta l  reduction wave with that  of zirconium, 
but i t  was  shown that the plating occur s  a s  a single 4-e lec t ron  i r r e v e r s i b l e  reduc- 
tion. The i r r e v e r s i b i l i t y  is believed to a r i s e  f r o m  a co r ros ion  react ion in which 
potassium metal  is produced by at tack of the zirconium by the electrolyte:  i. e . ,  
Zr + 4- - ZrF,  + 4K(g). 

Chronopotent iometr ic  s tudies  of the reduction of molybdenum and tungsten 
solutions to me ta l  w e r e , m a d e  diff icul t  by the instabil i ty of the v e r y  dilute solutions 
r e q u i r e d  for  chronopotent iometr ic  work. While the plating solutions a r e  stable,  
the 10- to  50-fold di lut ions requi red  f o r  chronopotentiometry a r e  not. However, 
it w a s  shown tha t  i n  both c a s e s  the me ta l  is produced in single s tep  i r r e v e r s i b l e  
reductions.  
of a polynuclear t o  mononuclear  anion preceding the reduction step. 

The i r r e v e r s i b i l i t y  is believed to  a r i s e  f r o m  the slow dissociation 

The chronopotent iogram of Cr3+ -. C r o  showed a revers ib le  s tep,  
Cr3+ -. C r Z +  followed by the  i r r e v e r s i b l e  s tep  CrZ+ -. Cr'. 
i r r e v e r s i b i l i t y  h a s  not been ascer ta ined.  
h s i o n - c o n t r o l l e d  r e v e r s i b l e  s teps  Fe3+ + F e z +  -. F e o .  
c a s e s  of i ron and of nickel ,  coherent  deposi ts  cannot be obtained. 
can  be fo rmed  over  a thin diffusion layer  of metal .  
probably revers ib le ,  o r  v e r y  near ly  so (6). 

The or igin of the 
That f o r  Fe3+ - F e o  showed two dif- 

It is  significant that  in the 
Only dendrites 

The nickel reduction is also 

These r e s u l t s  suggest  that  the necessa ry ,  though not sufficient condition 
f o r  the electrodeposi t ion of dense,  coherent ,  thick deposi ts  of m e t a l s  f r o m  molten 
s a l t s  is that t h e r e  be s o m e  i r r e v e r s i b i l i t y  in the me ta l  producing s tep  of the elec-  
t r o d e  process .  I t  is probable  that  the solid f i lms ,  co r ros ion  of the electrode,  o r  
slow chemical  s teps  which cause  the i r r e v e r s i b i l i t y  inhibit the continued growth 
of dendri tes  and f o s t e r  nucleation of new crys ta l s .  

I 
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