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The present review deals with two main aspects of the electrochemical 
formation and characteristics of thin solid films. The first shows, through a few 
typical examples, that these films occur at different metal molten electrolyte 
interfaces and that their average composition depends on how they are formed, i.e. 

anodically or cathodically. The second aspect deals with the kinetics of thin film 
formation. The first reaction, which has undoubtedly been the more thoroughly 
investigated, involves the early stages in the formation of an oxygen monolayer on 
platinum in molten alkali bisulphates. The electrochemical features of this interface 
are also found at other metal-molten electrolyte interfaces. Finally, the kinetics of 
multilayer thin film electroformation are presented to show that the nucleation and 
film growth laws derived for film formation at metal solution interfaces also apply 
to metal-melt interfaces. 

l .  INTRODUCTION 

Most metals when placed in contact with an ionic melt undergo a spontaneous 
dissolution process which can be assisted by an applied external potential at the 
metal electrolyte interface. The result is the formation of an insoluble film which 
covers the metal surface. Clearly films are formed more easily when the resulting 
compound has a low solubility product in the ionic melt. The films (either 
monolayer or multilayer) are bound to the metal surface by either adsorption or 
chemisorption forces. Therefore film formation implies a definite change of the 
physicochemical characteristics of the electrochemical interface compared with 
those of the clean metal surface, and the study of the thin films becomes important 
both because of their role in the prevention of corrosion of metal in molten salt 
media, including hot corrosion processes, and because of other valuable practical 
applications. 

The electrochemical formation of thin films involves various important 
features. For example, from the structural point of view (and in particular if an 
electrical double layer is considered) a molecular approach to the study of the rate 
processes is required, but this is beyond the scope of the present review the 
interested reader is referred to refs. 1-5. 

Another important aspect involves the thermodynamics of the formation of 
insoluble compounds in each particular ionic system. This type of information is 



174 A. J. AR'~IA, N. R. I)E I-A( ('ON1 

usually presented in diagrammatic form involving the equilibrium potential and the 
logarithm of the ionic activity either of a potential-determining species oi" of  a 
reacting species ~'-9. The information obtained from these diagrams is useful in 
establishing the stability region of the possible systems at equilibrium. Com- 
plementary thermodynamic data, related in particular to metal slag gas systems. 
have recently been published 1o. The occurrence of a particular system depends not 
only on the thermodynamic predictions, including the solubility characteristics of 
the reaction products, but also on the kinetics of the processes involved. 

The kinetics of  the electrochemical growth of insoluble fihns covers a wide 
range of behaviour which depends on the type of film formed and on the stage of 
growth at the metal molten electrolyte interface. The early stages of the electro- 
chemical process may involve the formation of a rnctal insoluble laycr electrolyte 
interface where the insoluble layer is one monolayer thick. During the monolaycr 
formation the rate-controlling reaction presumably occurs at the metal electrolyte 
interface, and once the film is continuous the initial reaction ceases. 

Another possibility is the electroformation of an insoluble multilayer lilm. 
which may involve nucleation and different physical mechanisms of fihn 
growth 11'12. The growth of porous non-protective films is mainly related to 
transport  phenomena in a much more complicated fashion than is the growth of a 
continuous film of an essentially uniform thickness. 

A third type of film arises from the formation of an imperfect semiconducting 
oxide film on a metal that is in contact with a molten salt J J 

The possible types of  structure of  solid thin films in metals correspond to the 
structure types of solid electrolytes, and these have recently been summarized in the 
literature J 3. 

The present review is divided into two main parts. The Iirst part covers 
electrochemical film formation in difl'erent metal molten salt systems. The second 
part deals particularly with kinetic studies, which have been most extensively made 
on the early stages of  oxygen monolaycr formation on platinum in molten alkali 
bisulphates, and also with some aspects of  the kinetics of multilayer growth. Thc 
types of processes described herein are of gcncral validity for other metal molten 
electrolyte interfaces. 

2. THE E L E ( ' T R O C H E M I ( ' A I ,  FORMATION OF INSOLUBL[! FILMS 

2.1. AluminaJilm 
Aluminium can be anodically oxidized in low temperature melts (100 250 C) 

of sodium bisulphate, potassium bisulphate or a mixture of both. with the 
formation of an c~-alumina (corundum) fihn. At I A dm z, a white matt  film is 
produced which is rather porous but very hard and chemically resistant. The fihn 
thicknesses are of  the order of 10 lain. The coating ratio of film weight to metal loss is 
1.76 1.81, which is nearly equal to the theoretical value 1.89. X-ray diffraction 
patterns clearly indicate the formation of ~-alumina with a very slight amount of Y- 
alumina 14. Electron microscope studies of the electrocrystallization of the anodi- 
cally formed ~-alumina films have shown that they are of the all-barrier type. 
Crystals grow directly on the aluminium, and ilo boundary layers are observed 
between them. Refractive index measurements of  the stripped films have shown that 
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an amorphous oxide formed first, and this is immediately transformed to 3,-alumina 
and finally to s-alumina by local heating due to electric arcing. 

The oxidation reaction apparently occurs at or near the melt-oxide interface 
under the anodic potential by the migration of trivalent aluminium ions through 
lattice imperfections in the oxide 15. 

The anodization of aluminium in (sodium-potassium) nitrate eutectic at 
250"C proceeds in several stages, depending on the magnitude of the anodic 
polarization. The first stage, occurring between 1.2 and 3.8 V measured from the rest 
potential, corresponds to the formation of a thin tight barrier-type oxide film. The 
second stage, at higher potentials and 2 mA c m -  2, corresponds to the formation of 
a porous oxide film. During the third stage, with a further increase in current density 
and voltage, a thickening of the film occurs. The oxide coatings formed in the second 
and third stages of  anodic polarization are characterized by very well-expressed 
unipolar properties 16 

The anodization of aluminium in molten potassium nitrate at 450 ~'C yields an 
alumina film which appears as a structural compound in which crystalline and 
amorphous phases can be distinguished. The oxides are characterized by low 
porosity and sealability. The coating ratio depends on the anodizing temperature 
and in many cases is higher than the theoretical ratio. A series of  transition reactions 
during the anodization process involving the succession :x-alumina --, y-alumina --, 
5-alumina --* 0-alumina has been postulated 17. Both the properties of  the anodized 
film and the coating ratio depend markedly on the anodizing temperature 
(300 450 C). The current i changes with potential E according to the equation 
i = A exp(BE), the kinetic parameter B being 6.64 x 10 5 cm V l and the activation 
distance 13.8 ,~ 18 

Steady state ionic conduction studies on anodic film growth in 
(lithium sodium-potassium) nitrate melt have been performed up to a film 
breakdown voltage of 73 V. This voltage is independent of  the current density or 
temperature. The film-forming current-potential characteristics involve a Tafel line 
with a slope which decreases with increasing temperature. This effect has been 
explained in terms of Dignam's equation for ionic conduction, for which the 
parameter  p* depends on temperature but the exchange current density and 
potential are temperature independent 11' 19 

It has been claimed that non-porous and very pure anodic alumina films are 
formed in (sodium potassium) nitrite eutectic 2°. Transparent  films are obtained by 
anodization at voltages below the sparking voltage. Their formation proceeds 
according to the usual kinetics of non-porous films. An ever-burning spark appears 
at voltages higher than the sparking voltages and it moves over the electrode surface 
leaving a white matt  track until the film becomes opaque. Both types of films exhibit 
excellent adherence and high corrosion resistance. The melt possesses a strong 
tendency to form films. 

2.2. Copper oxide.films 
A thin film of cuprous oxide is formed when copper is immersed in 

(li thium-potassium) chloride eutectic containing oxide ions, in the temperature 
range 400 500"C and at oxide ion concentrations in the range 0.1-0.2 M. The 
corresponding interface, copper cuprous oxide-oxide ion, behaves as a second- 
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class reversible electrode e~. The solubilit> of  the copper  oxide is relatively high, a 
fact which limits the application of  the electrode in the evaluation of  oxide ion 
concentra t ion in these melts to concentra t ions  21 el 'greater  than l() ~ M. 

The behaviour of  copper  in mollen (sodium potassium) nilratc at 250 ( ,  
deduced from electrode potential lneasurements and X-ray analb.sis, indicates that 
films formed on copper  consist mainl,, of  cuprous oxidc ee The passivity e l ' copper  
in the (sodium potassium) nitrate melt at 300 (" has been attributed to a protect i \c  
film of  cupric oxide =~ ca. 

The copper :oxygen  atomic ratio ol" the lilm formed depcnds on 1he anod- 
ization condit ions and temperature,  al though the potential limits related lo Ihe 
stability. of  either cuprous or cupric oxide can be eslablished througta 
potential p(oxide ion) diagrams-- .  Thc electrochemical bcha ; iour  o1 copper  in 
molten alkaline nitrites is very similar to that observed in molten nitrates e~'. 

When coppcr  is cathodizcd in nlollcn sodium nitrate a 5e o\~ precipitate, 
corresponding to the empirical formula N a , O - C u z O .  He(), is l'ormcd initially and 
is then oxidized either by. species present in the melt or by air. If sufficient sodium 
peroxide is added to the meh, the precipitate partially dissolves to form an 
orange red solution which on l'reezin,,_ ~.vields a ~erecn solid e-. 

The anodic oxidation o f  copper  in molten sodium tctraboralc rcsulls in the 
format ion of  cuprous oxide solid film if either the divalent copper  ion concentrat ion 
in the melt or the current density is increased es 

Z3. Oxide.It~ms q/dw iron ,~,roup melul.~ 
Oxide films on the iron group metals are l'orlned in various melts containing 

oxo anions such as sulphale, bisulphale, nitrate and carbonate  e~' 4=. These oxide 
films are flwmed either spontaneously when the electropolished metal contact>, the 
rnollen salt or when the metal is anodized in the melt. The spontaneous  formation is 
accompanied by an increase in tile potential at the metal fused sah inlerlace. 

The dit 'fractogram of  an iron sample spontaneously passivated after 12 h of  
immersion in (sodium potassium) nitrite at 243 C shows well-defined peaks which 
correspond to the metal and magncti tc  respectively *~ 4-,. A diffractogram of an iron 
electrode which has been previously polentiostatically anodized at 0.2 V for 2.5 h 
exhibits these same features a l though the heighl ratio of  the magnetite peak to the 
metal peak is greater, indicating the formation of  a thicker lilm in tile anodical l \  
treated iron. 

The fihn responsible for passivity in either mollen nitrates or molten nitrites 
requires a thickness o f  several layers, as has been deduced t'ronl lhc area of  the 
corresponding current peak obtained in voltammetric  curren/ potential curx.cs .5. 
The predominant  structure of  the thicker passivating l]lms obtained at low anodic 
potential corresponds to magnctile with traces o[" l'crlotls oxide. At higher anodic 
potentials thc oxidc fihn approaches the ferric oxide structure. No delinitc potential 
region can bc assigned to the composi t ion change of  tlae film which apparently 
occurs at potentials between the passivity potential and the potential l\~r the 
breakdown of  passivity'. 

Thc clcctrochemical formation of  the various oxides of  the iron l'amilv metals 
in molten nitratcs and nitrites has bccn correlated wilh difl'crent potential p(oxidc 
ion) diagrams "*~' ~s 
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A protective film of magnetite and spinel is formed on iron in 
(li thium-sodium potassium) carbonate melts at 500-700 °C under carbon dioxide, 
argon and carbon dioxide + oxygen (2:1) atmospheres. The substitution of carbon 
dioxide for argon at 500-600"C accelerates the formation of the oxide film. Its 
composition changes at 700~C, accompanied by a decrease in its passivation 
properties 49. 

The passivating films formed s° on iron in borate melts at 900 c~C consist of  
layers of mixed iron oxides. The potentials at which the individual oxides are formed 
have been determined. Two passivation regions have been found, one caused by the 
formation of magnetic layers and another related to the formation of a ferric oxide 
layer s ~. 

Iron passivation in alkaline carbonate melts at 600 :'C involves a thick layer (30 
~m) of the spinel (LiFeO2) and magnetite types of  coating compounds. These layers 
are able to protect the metal in carbonate melts s2. 

A nickel electrode in (lithium-potassium) chloride eutectic containing oxide 
ions at 400-500 C forms a nickel nickel oxide-oxide interface which shows 
irreversible behaviour 2 i. 

A nickel electrode attains a passive state in a nitrite melt even when there is no 
net current flow through the external circuit. This phenomenon is undoubtedly 
related to a nickel oxide film, probably having the NiO lattice structure. No 
evidence has been obtained to indicate the existence of a nickel oxidation state 
higher than divalent nickel. The average thickness of the passive film is 4s 10 ,~. The 
oxygen : nickel atomic ratio can then be increased above unity by the penetration of 
adsorbed atoms. 

Nickel undergoes spontaneous passivation in a nitrate melt z9-4~ at 
400-500 ~"C, as is revealed by the continuous shift of  the electrode potential from its 
value on immersion to more positive values. It has been confirmed that the film 
which characterizes the passive region also corresponds to an NiO lattice 
structure s3. The average thickness of  nickel oxide involved at the onset of passivity 
according to galvanostatic transients 43-45 is again of the order of 10 ,& as in alkali 
nitrite melts. The passivation process takes place much faster than in the nitrite 
melt, probably because of the higher oxidizing power of  molten nitrates. An 
interpretation for the nickel rest potential in the nitrite melt has been advanced on 
the basis of  nickel oxides of  different stoichiometry s4. Extending this interpretation 
to the nitrate system it is concluded that the nickel oxide related to the rest potential 
has on average a composition of N iO~.36. 

The passivation of nickel in (lithium-sodium) carbonate, (lithium potassium) 
carbonate, (l i thium-sodium potassium) carbonate and lithium carbonate melts at 
600 800 C is caused by a thin solid film consisting s2 of either L i20 .N iO  or 
N a 2 0 . N i O .  

A nickel oxide (NiO) film is also formed on nickel anodes in molten sodium 
tetraborate at 800 900 C as revealed by X-ray analysis s°. It grows to a definite 
thickness of about 35/~, exhibiting the characteristics of  a p-type semiconductor 55. 

A NiO film is electrochemically formed on nickel in silicate melts (sodium oxide 
40'~, + silica 60 ?d) at 125 ~C during polarization in the potential region of oxygen 
evolution 56. 

On electro-oxidation s7 of cobalt in molten alkali nitrate melts at 250 ~C, the 
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melal becomes covcrcd ~.ilh a ('o.~(), tilm. The same Iilm is l]~lmed aflcr immersion 
of the racial in the melt. 

Thc pass ivat ion  of  cobal t  in IllOJicn tclraboraic. '  tit 9()0 (" i n , e l \ c ,  -~s the 
f o rma t iono fasemiconduc t i ve ( ' oO l i lmo f50  100A. Al  high anodic potentials tile 
fihn thickness increases Io 3000 /k. apparcnllv approaching tl~e nor~-stoichiomciric 
struclure Co() l .~ {.v>0). The electrochemical c \o lu l io i l  of  oxygen takes place a~ 
soon as a critical concenlration el'excess ox'>'gen atoms in lhc l i lm is aliained -'s 

2.4. Films oil lda l imml and older noh/c /m'la/~ 
2.4.1. ttydroC, eJ~ adamm.ti/m 
Studies of  hydrogen  e lect rode react ions  in ionic melts h a \ c  indicaled thai  near 

the equi l ibr ium potent ia l  the p la t inum surl'acc is probabl3 co~ered to a large extent 
with hydrogen  a d a i o m s  5s~' ' .  Rcsuhs from recent studies ' ' '~ '~ h a \ c  c l ca r l \  
d emons t r a t ed  that the first stage of  hydrogen  cvolul iol l  on p la t inum clectrode~ in 
mollen alkali bistllphatc is ihc fornlal ion of a monola\cr o1" h_~dio~eil actaioms. 
Fur lher l l lo re .  this m o n o l a \ e r  c;in bc quanli tal i \cl_\  e lect ro-oxidized in the same 
potent ia l  region m which the initial e lec i ro- reduct io l l  process took place. \Vhcn 
both tile caltlodic and tile anodic process procccd polcniiod_vnanfically, tile 
current poteniial curve exhibils al Icast 1~o \~ell-dulined current peaks lk~l- each 
process which can be inlerpreled in lcrlns of tit luasl l\Vo dill'crenl inleraclions 
between the h.~drogen adalom> and the nletal sties. To a first approximalion, in 
(sodium poiass iunl)  bis t l lphale  melt LIt ]S(:~ ( '  the nunlbers  of  sites lk)r w e a k h  
bound  and l\w s t rongly  bound  hydrogen  a d a t o m s  on phl t inum are ncarl3 lhc same. 
The free cncrg3 dittL'rcqcc ~'~ bctween these states, as derived from lhe potent ia l  
difl 'erence of  the anodic  currenl  peak~, is abou t  6 kcal reel ~. In spite of  \ o r \  
difl 'erenl l cmpcra lu rcs  and soh 'cnl  sxslcms the phl i inum h~drogcn {.,,odium 
potass ium)  bist l lphatc melt interface cxhibits  a bchakJour  \ 'cr 3 ~,imilar Io lhai  o1 
aqueous  s \ s ic lns  ~,e. Thc difl'erenl p la t inum h \ d r o g c n  surl'acc bond cnergics can be 
in terpre ted  in terms of  latt ice slrtlclUrc and possible a tom a c c o m m o d a t i o n  on the 
metal  su rl'ace +'~ . 

2.4.2. O.\.v~,,en-contuitfin,4 iilm,~ 
The facl thai  p la t inum imrncrsed in [used electrolytes  such as inolten oxides 

and slags at high t empera tu res  is a useful reference e lcc i rodc  is p robab ly  related to 
the reversibil i ty o f t h e  p la t inum p l a l i l l u m o x i d e  oxide ion in t c r f acc  " ~ ~ ' 5 . T h u s t h c  
metal  metal  oxide interface tit high t cmpcra tu rc  can bc considcred in terms o f  
convent iona l  electrical equivalent  circuits. B 3 using this corlcept, diffcrcnl re- 
laxat ion techniques have bccn appl ied  to s tudy file p la t inum slag inlcrfacc ¢''. 

P la t inum is pass ivated  by the t\~rmation of  a proicctix.e lilm m fused chlor ide  
salts ~,~ ~'~. The fo rma t ion  of  a chlor ide  film takes place at low conccn t ra t ions  of  
oxide ions, but all oxide fihn occurs in more  conce i l t ra led  n-lolls. The thick heSS of  tile 
pass ivat ion  film is several hundred  a tomic  layers, and the matr ix  is f a i th  loosc. The 
add i t ion  of  oxide ions to the ( l i thium potassi tun)  chlor ide  eutectic at 430 C 

passivatcs  the p la t inum surthce by the fo rmat ion  of  a prolec i ive  oxide tilm. Thc 
basic c lect rochemical  proper t ies  of  the lilm formcd arc similar  to thosc repor ted  for 
the same metal  in b isu lphatc  melts ~" -~ 

in deoxygena ted  mol ten  chlor ide  media,  the e lectrochemical  pass ival ion  of  
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platinum is related 53"57 to a precipitation of a compound with the formula 

K2PtCI 6. 
Oxide layers can also be formed on platinum anodes and platinum cathodes in 

molten lithium, sodium and potassium nitrates individually 75. The area of the 
anode that is covered by oxygen atoms increases with the polarization potential and 
with time although it reaches a limiting value of about 2.6 oxygen atoms per 
apparent surface platinum atom. No cation effect on the anodic formation of  the 
oxide films has been observed v6. The cathodic reaction involves thick multilayer 
oxide formation with a growth rate that depends on the cation present in the melt 76. 

2.4.3. Sulphur-containing films 
The electrochemical behaviour of pure molten potassium thiocyanate has been 

studied in the temperature range 150-325 '~C in order to develop electrolyte systems 
that can be used in high energy density thermal batteries 77' 78. A film growth occurs 
on platinum when the metal is anodized in the melt 79 at 190°C. The anodic 
discharge of  thiocyanate ions at low anodic potentials yields the thiocyanate radical 
SCN which, through the dimer (SCN) 2, undergoes polymerization to parathio- 
cyanogen (SCN) x, a yellow-orange solid that is insoluble in most solvents. The film 
remains unaltered only for a relatively short time, allowing the study of the kinetics 
of its electroformation and electrodissolution by the application of different 
relaxation techniques 79' so. At the temperature of the melt the solid film undergoes 
chemical decomposition into sulphur and dicyanogen (CN)2 after a relatively long 
time s 1.82. Two main processes can be distinguished at anodic potentials. The initial 
process corresponds to a uniform coverage of the surface by the reaction product, 
and the process that follows is the thickening of the passivating film. The rate of the 
initial process at constant potential is apparently determined by the peripheral area 
of the growing patches as described in Section 3. 

Sulphide films (NazSz) can apparently be formed on vitreous carbon cathodes 
when sodium polysulphide melts are electrolysed 83 in the temperature range 
300-400°C. Metal sulphides and metal oxide can also be produced during the 
electro-reduction of (lithium sodium-potassium) sulphate melts 31 at 550 °C. 

2.5. Other anodic fihns electrochemicallyJormed in ionic melts 
Palladium and bismuth in (lithium-potassium) chloride eutectic at 400-500 ~C 

also form thin films in the presence of oxide ions (0.1 0.2 M). Palladium forms a 
palladium-palladium oxide PdO-oxide interface, while bismuth yields a 
bismuth-bismuth oxychloride BiOCl-oxide interface; both these systems behave as 
reversible electrodes of the second kind 21. 

Aluminium carbide formation can take place in molten alkali metal chlorides 
containing aluminium trichloride when aluminium is electrodeposited on a carbon 
electrode at 620'~C. X-ray analysis has shown that the film consists of species s4 
having the formula AI4C 3 and AI~O4C. The rate of formation obeys the parabolic 
rate law. 

On the anodization of zirconium in (lithium potassium) chloride eutectic at 
400 and 500 °C a plateau has been observed which is attributed to the formation of a 
layer of insoluble zirconium dichloride which disproportionates at temperatures 
higher than 550 °C, yielding zirconium and zirconium tetrachloride 85. 
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An insoluble zirconium trichloridc fihn can also bc formed during the 
eleclro-rcduction u~ of either zirconium tctrachloridc or Na,ZrCI~, in fuscd 
(aluminium sodium)chloride(51 52mol.", ,aluminiumtrichloride)at175 200 C. 

Uranium dioxide hcmisphcrical deposits halve been oblained s; on a platinum 
cathode tip in (lithium potassium uranyl) chloride melt at 400 ('. 

Carbon and graphitc anodes (often used in halide-containing molten sail 
systems) usually become covered with a fihn of the CX type, wherc X is a halogen 
atom such as chlorine or fluorine ss ,~2. These surface compounds exhibit electro- 
insulating properties which probably render the electrode less wettable bv the 
electrolyte. 

Anodic oxide fihns have bccn formed on titanium in fused (sodium cobalt) 
nitrate at 300 ('. The metal had bccn treated v,.ith 30 ",, nilric acid, which produced 
a polycrystalline (octahedral) film with a small amount of rutile intrusions ''~. The 
anodization of the fihn yields thc rutilc structure because the oxidation proceeds 
primarily by oxide ion movement. 

On the anodic oxidation of tantalum in molten (lithium, sodium, potassium) 
nitratc electrolytes an oxide fihn is formed on the metal: its growth is accounted for 
satisfactorily by Dewald's double-barrier thcory. Thc kinetics arc indepcndcnt of 
the electrolyte used ~a. 

Cadmium electrodes in molten nitrate melts exhibit a chronopotentiometric 
wavc at high cathodic voltages : this has bccn ascribed to the reduction of the surface 
cadmium oxide layer spontaneously l\~rmed in the melt ~5. 

A protective film is also formed on tungslcn: this is assunled to bc either 
potassium tungstatc or sodium tungstate s4. 

2.6. ('alt~odic.Mnll/iSrnzcltio,~ 
The electro-reduction of potassimn chromate in molten (lithium potassium) 

chloride in the presence of divalent magnesium ions shifts tile well-characterized 
electrode potential of chromate reduction by 0.9 V, yielding a highly insoluble 
chemically resistant electrodcposil at the cathode; this deposit has been identified as 
a single non-stoichiomctric compound of empirical formula Li,Mg, CrO,, where 
.v + 2y - 5. and .v and y dcpcnd on thc clcctrolysis conditions ~J~'. 

The electro-reduction of chromate on platinum in chloride melts containing 
eilher nickel chloride '~: or zinc chloride '~s at 450 and 300 (7 respectively yields 
insoluble clectrodeposits. For a melt containing nickel chloride ')7 the stoichiomctry 
of the deposit depends mainl 3 on thc temperature at which it is formed. At 500 C 
the composition approaches thc formula LiNi2CrO> corresponding to at single 
compound with an f.c.c, lattice. In a melt containing zinc chloride the deposit 
appears to be a non-stoichiometric compound of the general form KxZn,CrO: 
where .v, y and - depend upon the conditions of the electrolysis '~s. In the melts 
containing lithium ions the insoluble reduction product corresponds '~9 to 
LiZneCrO a. The same process in ttle prcsence of cobalt(lI) chloride yields ~'~ 
Co2CFO 4 all low cathodic potentials and high cobalt(ll) ion concentrations and 
LiCo2CrO 4 at high cathodic potentials and low cobalt(ll) ion concentrations. 

The irreversible electro-reduction of the nitrate ion in molten nitrates is limited 
by the precipitation of alkali metal oxides at the electrode surfaces 4e ~oo 



FUSED SAUl ELECTROCHEMICAL SYSTEMS 181 

3. KINETIC ASPECTS 

3.1. Oxide monolayer electro[brmation and eleetrodissolution at platinum melt 
inteJJhces 

Oxide monolayers, either adsorbed or chemisorbed, can be electroformed on 
platinum electrodes in molten alkaline bisulphate under various experimental 
conditions 7°-v3. The kinetics of these processes, particularly the early stages, can be 
followed by means of potentiodynamic methods. Two basic experimental tech- 
niques, the linear potential sweep (as either a single or a triangular potential 
sweep '°1) and the triangularly modulated linear potential scan ~°2, give not only 
qualitative information but also a reasonable amount of quantitative data. 

The oxygen monolayer formation and its electro-reduction occur in the 
potential range between 0.2 V and 0.6 V, measured against the hydrogen reference 
electrode in potassium bisulphate melt. Thus, under a triangular potential sweep 
between these potential limits, the current potential (time) display exhibits, apart 
from double-layer charging and discharging, an anodic current region with a 
current maximum corresponding to the formation of the oxygen monolayer and a 
cathodic current region also with its own current maximum corresponding to 
surface oxygen electro-reduction 72' 73. It should be emphasized that, in spite of the 
very different temperatures and solvent systems, the platinum potassium bisul- 
phate melt interface is very similar in behaviour to the aqueous acid systems 62. 

The current-potential profile presents a broad anodic current peak and a 
narrow more symmetric cathodic current peak. The potential of the anodic current 
peak is always more positive than that of the cathodic current peak, and both 
depend on the rate of the potential perturbation. The amount of charge related to 
the oxygen monolayer can be obtained by integration of the current potential 
(time) curves. The roughness factor of the platinum electrode can be determined by 
the amount of charge involved in the anodic reduction (hydrogen) current 
peaks ~ 03. ~04. The ratio ofanodic charge to cathodic charge approaches unity as the 
rate of the potential scan increases. 

It has been observed that the anodically formed monolayer suffers an aging 
process which, although the plat inum'oxygen atom ratio remains unchanged, is 
clearly manifested by the current potential curves related to its electro-reduction. 
Thus electro-reduction of the aged oxide shows the highest degree of symmetry of 
the cathodic current peak ; simple linear relationships can then be obtained between 
the cathodic current peak height and the potential sweep rate and between the 
cathodic current peak potential and the logarithm of the potential sweep rate. 
Under these circumstances the initial portions of the cathodic current-potential 
curves are coincident whatever the perturbation conditions vl'v2. The electro- 
reduction of the aged oxide takes place with an appreciable degree of irreversi- 
bility TM. The aging process is also involved during oxide electroformation as a 
parallel reaction 1°5. The electrochemical reduction of the surface oxygen- 
containing species apparently becomes more reversible as the temperature in- 
creases v 2. 

However, the current-potential curves obtained with triangularly modulated 
linear potential sweeps reveal the formation of a short-life species whose half-life at 
223 C has been estimated 72 to be of  the order of 10-3 s. This reaction intermediate 
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is associated with a reversible redox couple which is clcarly formed whcn the 
amount of charge involved at the surface is only a fraction of a monola\er. 

The kinetic results reveal that thc controlling process occurring during clectro- 
oxidation or during electro-reduction is confined to the metal electrolyte interface. 
The overall processes, either anodic or cathodic, involve charge transfer steps. 
chemical reaciions, yielding different intermediates and including the l\)rmation of 
aged species, and eventually chemical dissolution of the oxygen-coniamiug film. 
The kinetic data that have recently been reported indicate that in principlc at least 
two different species participate in the overall electrode reactions ~°s' ~<' 

The initial species formed during the electro-oxidation process behaves more 
reversibly than the intermediate species that follows, and the rate of any reaction 
corresponding to a change from the initial intcrmcdiatc to the second species is 
slower than the rate of reaction of the redox couple involving the initial anodic 
product. The reaction mechanism recently proposed ~°s ,o, comprises consecutive 
and alternative steps which are envisaged as follows. Thc anodic process is given by 

Pt, + He() ~ + Pry(OH)*_ ~"~ , Pt~,(O)*~, - - ' ~ ,  Pt/,(O),, 

It implies the electrochemical formation of the Pt(OH) species, which transforms 
into the Pt(O)* species either through an electron transl'er step (e) or through 
electron transfer and a chemical reaction (c) both acting simultancously; finally 
there is a chemical transformation of Pt(O)* into a more stable state Pt(O) which 
identifies the aged oxide species. During the overall process, at any time 
.v+)'÷/~ = 1. 0<~7./i)<~ I. O<~l~/q<~ I. The overall reaction involves at least l\>ur 
different sites on the electrode surface, i.e. the bare metal surface, the sites covered 
by (OH)* and those covered by the (O)* and (O) species respcctivcb. 

The cathodic reaction (aged) is 

¢ c PtpOq , PIp(OH)j , Pt,, + H ~O 

The electro-reduction of the aged species involves an electrochemical step yielding a 
stable Pt(OH) surface compound, followed by. a ctlemical step which gives the bare 
platinum surface. The cathodic reaction (unaged) is 

Pt(O)* ~" , Pt(OH)* ~' + P t + H 2 0  
and ~I 

Pt(O) ~ , Pt(OH) ~ , P t + H 2 0  

The cathodic reduction of the unaged species is simply the reverse of the anodic 
process and, depending on the amount of aged species formed, there is a parallel 
contribution from the cathodic process of the aged surface. Most of the 
experimental data are in reasonably good agreement with the reaction mechanism 
just described ' 0s., 06 

The proposed reaction model becomes more general in character since not only 
does it explain both the anodic and the cathodic potenfiodynarnic processes related 
to the platinum platinum oxide potassium bisulphate melt interface but it also 
helps us to understand the potentiodynamic behaviour of similar processes taking 
place at the iridium iridium oxide potassium bisulphate interface ~°v and at the 
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various noble metal aqueous acid interfaces that have been studied by many 
authors in the last 30 years 62. 

It is worthwhile, however, to note that in spite of  the good agreement between 
theory and experiment the reaction model involves some crude assumptions. It is 
more realistic that any surface reaction that yields a monolayer thickness of  film 
under potentiodynamic conditions should be represented in terms of a communal  
interacting system changing from 0 = 0 to 0 = 1, where given values of  the 
metal:oxygen atom ratio must coincide with the stoichiometry of isolated oxide 
molecules~O,. 108-~ ~. From this point of  view, the aged species can be imagined as 
resulting from a re-accommodation of adsorbed species that acquire a more 
compact structure either through an exchange mechanism between the metal and 
oxide ions in the solid (where there is a penetration of oxide ions into the metal 
lattice) or through a distortion of the first crystallographic planes of  the metal 
lattice. 

The kinetics of  PtO formation and dissolution in fused (lithium potassium) 
chloride eutectic with added oxide ions at 450 ~C has recently been interpreted 67 
using various mechanisms based upon thermodynamic predictions and potentio- 
dynamic current potential curves for different experimental conditions. The 
reported dissociation values of  the constant for platinum(II) oxide are 1.2 x 10-8 
(ref. 21) and 3 x 10 4 (ref. 67). The decomposition temperature of  platinum(II) 
oxide is not well established, the literature values being 430 and 560 °C (refs. 112, 
113). Since oxide formation has been observed 67 at 525 °C, the more likely reaction 
pathway implies that the platinum oxide is thermodynamically stable at that 
temperature and that the passivation potential fits the Nernst equation in the 
potential-p(oxide ion) diagram. However, this is not satisfied because the lithium 
oxide solution, in which the oxide is considered to be completely dissociated, does 
not act as a buffer. Accordingly, oxide ion concentrations of less than 10 -4 M are 
insufficient to cover the electrode surface. Within the oxide ion concentration range 
10-5_10 4 M the passivation is due to the simultaneous formation of oxide and 
chloride. 

3.2. Parathiocyanogen multilayer electroJormation and electrodissolution 
The electroformation of a multilayer thin film entails a different type of kinetic 

behaviour. Film growth involves nucleation followed by a film growth process. The 
different kinetic possibilities arising for these processes are given in various 
reviews ~ ~4-116. 

The kinetics of parathiocyanogen film formation on platinum in molten 
potassium thiocyanate is probably one of the reactions that has been studied most 
thoroughly using potentiostatic transients (either potentiostatic pulses or linear 
potential sweep techniques) 79'8°. The film behaves as a non-conductor for the 
anodic current, although it exhibits a Faradaic rectification effect which depends on 
the a.c. frequency and amplitude. These current-t ime transients are related to the 
mechanism of film growth. The metal surface acts only as the initial reaction 
surface, and the potential response of the anode agrees with the model of  film 
growth with constant thickness control. Thus the current-t ime curve exhibits a 
current maximum. The time required to reach the current maximum decreases and 
the height of  the maximum increases when the magnitude of the potential pulse 
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increases. The amount ofchargc rehiled to thc fihn growth process is aboul 10 13 
mC cm e which corresponds to a fihn thickness of 3.0x 10 " cm. A linear 
relationship between the logarithm of the current density oil the l'aces el'the growing 
nuclei and the potcntial applied to the interface has bccn observed : lhc slope of this 
approaches the value RT,'F where R is lhe universal gas conslallI. / ' is the absolute 
temperature and/- ' is  the Faraday. This suggests that the kinetics of nuclei growth 
for a polymcric film are analogous to the kinetics observed for the growth ofanodic 
oxides I ~4. The electroformation of the thin fihn can be represenled by the follow.ing 
series of reactions : 

Pt +SCN Pt(SCN) --e (I) 

Pt(SCN) +Pt* - Pt*(SCN) +P!  (2) 

i~t*(SCN), + Pt(SCN) Pt*(SCN),.  ~+Pt (3) 

Steps (1) and (2) correspond to elementary initial reactions. Pt* representing a 
nucleation centre. The occurrence of steps (1) and (2) dcpends on the extent of the 
electrode coverage. This explanation, however, is probably even more complex 
because of the possible contribution of diffusion-controlled proccsses during the 
film growth. The latter possibility is now being considered ~ * : 

The electro-reduction of tile lihn implies a chemical and mechanical lihn 
dctachment out of the surlacc acting simultancously. Thus thc initial process can be 
represented as follows : 

(SCN), + e = ( S C N ) ,  (SCN), ~+(S( 'X) 

(SCN)., ~+e = SCN + ( S C N ) ,  , 

and 

SUN)., + 2 e = ( S C N ) ,  3 =S- '  + C N  +(SCN),  

The three species, i.e. thiocyanatc, sulphide and cyanide ions, ha\.e been detected as 
products of the electrochemical fihn reduction. Owing to the nature of the film the 
cathodic reaction mainly proceeds at the metal fihn interfiice instcad of at the 
film electrolytc interface as generally occurs during the electroformalion process. 
Therefore it is reasonable that. if the potential is at the cathodic side of the potential 
of zero chargc, a type of charge repulsion will produce a detachment of the filrn out 
of the surface. 

4. ('ON(I_t~SU)NS 

The occurrence of difl'crcnt types of thin film lbrmation at metal molten 
electrolyte interfaces is quite general: the formation either is spontaneous through 
an initial corrosion process or occurs on application of an applied potential. It can 
be predicted when thermodynamic data are available. 

In spite of the scarce quantitative information about the kinetics and 
mechanisms of these processes, they can in principle be interpreted analogously to 
those occurring at lower temperatures in the presence of a polar solvent, from the 
point of view of" either monolayers or inultilayers. 



FUSED SALT ELECTROCHEMICAL SYSTEMS 185 

The study of the properties of thin films in melts must be encouraged because of 
their applications in improving the stability of materials at high temperatures, in 
developing energy storage or energy converter devices and in directing the 
electrocatalytic properties of electrodes in ionic melts for the production of new 
substances. 
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