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ABSTRACT 

This thesis describes a basically chronopotentiometric 

investigation into the electrode reactions of refractory metal 

ions in fused halide mixtures. 

The electro-reduction of niobium (IV) in the lithium 

chloride - potassium chloride eutectic, 720°C and in equimolgar 

potassium chloride - caesium chloride 760°C vas interpreted in 

terms of the following process. 

Nb
4+ 

e NO+  

rib 3+  + :14 -0- 1lb° 	= alkali metal) 

The anodic dissolution of niobium (III) was irreversible, 

the exchange current density was 1.7 x 10-4 Amp, cm72. 

The electroreduction of molybdenum (III) in sodium 

chloride 20 mole% - potassium chloride 30 mole % involved the 

slow dissociation of a multinuclea- complex, probably Binuclear. 

Mo6+  
slow21103.1. 

complex) 

Mo3+ + 3e + 1400. 

The diffusion coefficient was estimated to be 

6 x 10-6 cm2, sect. The addition of fluoride ions reduced 

the stability of the molybdenum (III) complex. 

Similar results were obtained for molybdenum (III) 

dissolved in littium chloride-potassium chloride eutectic 

- at 550oC. The diffusion coefficient was found to be 5 x 10 6cm,2sec-  1 



The addition of fluoride ions reduced the stability of the 

multinuclear species. 

The electro-reduction of platinum (II) ions in lithium 

chloride - potassium eutectic at 480°C was found to be partially 

irreversible. Adsorption (10 1°-10-9  moles cm-2) intervened 

in the electro-reduction process. The adsorption was reduced 

by the addition of fluoride ions. The quasi-reversibility of the 

reduction process could be attributed to the slay dissociation 

of a multinuclear platinum (II) species. The diffusion 

coefficient for platinum (II) was estimated to be in the order 

of 2 x 105  cm2  sec-1. 

The electro-reduction of tantalum (V) in sodium 

fluoride 240 mole % - potassium fluoride 60 mole % at 730°C 

was found to occur in two steps. 

Ta5+ Ta2+  + Tao. 

The first step was reversible with a soluble product. 

The second step occurred by two processes, that is primary 

electro-reduction and secondary reduction by deposited alkali 

metals. The diffusion coefficient for tantalum (V) was 

estimated to be (5.09 ± 0.54) x 10-5  cm2, sec 1. 



"The true method of experience first lights the candle, 

and then by means of the candle shows the way; commencing as 

it does with experience duly ordered and digested, not 

bungling or erratic, and from it educing anions, and from 

established axioms again new experiments 	
 ►i 

FRANCIS BACON, "Novum Organum", (1620). 
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CHAPTERI  

GENERAL INTRODUCTION  

1.1. Foreword  

Apart from a high melting point, there is no agreed upon 

definition for what constitutes a refractory metal. Since the 

interest in refractory metals arises largely from high temperature 

structural applications, it is convenient to consider metals 

with a melting point greater than that of iron, 1535oC, to be 

refractory. This definition includes groups IVA, VA and VIA 

of the periodic table, the six platinum netals and rhenium. 

Out of these metals, those in groups IVA, VA and VIA, owing 

to their relative abundance, are the only ones, which have any 

great importance as structural materials. 

In addition to their mechanical properties, which make 

these metals potential high temperature structural materials, 

some of them possess unique combination: of chemical and 

physical properties. Hence these metals have gained a very 

important position in modern technology. It is not the 

intention to consider these aspects any further, and detailed 

discussions of the properties of these metals are treated 

elsewhere. The mechanical, thermal and oxidation properties 

of groups VA and VIA metals have been described by Tietz and 

Wilson (1). The properties of group IVA metals are summarised 

in Hampel (2). 

1.2. Production of refractory metals.  

These metals tend to be very difficult to obtain in the 

free state in any reasonable purity, and are extremely sensitive 

to embrittlement by traces of interstitial impurities such as 

oxygen, hydrogen, carbon and nitrogen. This leads to complex 
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and expensive processes for their isolation. 

Three general approaches have been made in regard to the 

extraction of these metals; (a) thermal reduction; (b) thermal 

dissociation; (c) electrolytic deposition. The thermal reduction 

processes, for example, the Kroll process (3) or the Goldschmidt 

process (4), are expensive and batch wise processes. The thermal 

dissociation of the halide vapour on a hot wire, that is the van 

Arkel-de Boer process (1L), can produce extremely pure metal, but 

it is very costly. Electrolytic methods for the extraction of 

these metals offer the prospects of inexpensive  materials and a 

continuous or semi-continuous process, in which a high state of 

purity should be obtainable. Electro-deposition processes also 

afford potential methods for fabricating articles from refractory 

metals (5). The properties of these deposits should be better 

than those obtained from powder metallurgical methods (10). 

Apart from chromium there are no reports of groups IVA, VA 

or VIA metals giving electro -deposits, from aqueous or organic 

media, containing the metal as the major ingredient. All these 

metals on the other hand have been electrodeposited, in a powder 

or dendritic form, from their halides dissolved in molten 

halide melts (6). Coherent molybdenum deposits have been obtained 

from potassium hexachloromolybdate (K3MoC16) dissolved in 

lithium chloride-potassium chloride eutectic (7-9). Tungsten 

has given coherent electrodeposits from tungstic oxide (W0
3
) 

dissolved in a melt consisting of one part lithium sodium 

metaborate (LiNaB20 ) and six parts lithium sodium tungstate 

(Ti Na W04) (ii). All the metals from groups IVA VA and VIA 

apart from titanium, can be coherently electrodeposited from 

their pure fluorides dissolved in pure alkali fluoride melts (22). 

The addition of other halides or oxides was found to have a 
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deleterious effect on the deposits. All the above processes 

are reviewed in much greater detail by Senderoff (6). 

1.3. Electrodeposition processes. 

Electrodeposition processes can be divided up into four 

basic processes, electro-winning, electro-refininF, electro-plating 

and electro-forming. In electro-winning the compound of the 

metal to be deposited is dissolved in the electrolyte. The 

electro-refining process uses an anode of the impure metal as 

the cell feed. The last two processes use a pure metal anode as 

the cell feed. In the case of the first two processes, the 

state of the cathode deposit is not critical, as long as the 

metal is in a recoverable form.. The other two processes 

require a continuous coherent metal deposit. 

The metal deposits, obtained by electrochemical reduction, 

are of three main forms, that is dendritic, powder and coherent 

deposits. The condition of the deposit formed is very 

dependent on the kinetics of the overall electrode reaction. 

Barton and Bockris (13) have shown, that for a fast overall 

electrode reaction that is diffusion controlled, if the radius 

of a substrate electrode sphere becomes less than the diffusion 

layer thickness, "6", the latter becomes replaced in the 

equation, 

i = (nF)2  D C  n 

TIT 	6 

by the radius of the substate sphere. Hence for the same current 
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density "i", the diffusion overvoltage "n" at such a spherical 

surface would be less than that at a planar surface. It is 

apparent from these results that a diffusion controlled 

process would probably lead to dendritic rather than, coherent 

deposits. 

For a very slow overall electrode process, the overvoltage 

associated with the deposition, could be sufficiently high to 

allow the reduction of the solvent cations, for example 

alkali metals deposited from alkali halide melts. Under these 

conditions the solute metal ions would be reduced by the alkali 

metal deposited, giving secondary deposition. 

M+  e-->I0  (M+  = solvent cation) 

Rn+  n/P-411°  nM+  (Rn+  = solute cation) 

Powder deposits would result from these conditions. 

The intermediate case would be, where the overall electrode 

reaction is slow, but not slow enough to give rise to secondary 

deposition. Such a situation should produce continuous coherent 

deposits. It is therefore apparent that in order to design a 

successful electrodeposition process, it tc eAAAnti.A1 to 

understand the kinetics and mechanism involved in the overall 

electrode reduction process. 

1.4. Fused salts  

Fused salts can be split up into three main categories, 

(a) simple ionic salts such as molten halides and halide 

mixtures; (b) simple oxy-anion melts,for example molten sulphates 

and nitrates; 

(c) complex polymeric melts, for example phosphates and silicates. 
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It is the first category, simple ionic melts, which is of interest 

in this study. 

There are a number of reviews and monographs available on 

the chemistry of fused salts (14-20). A number of discussions are 

available on high temperature techniques in fused salts (21-23). 

The electro-chemistry of fused salts has been reviewed by Reddy 

(24), Delimarskii and Markov (25), Graves, Hills and Inman (26), 

Inman, Graves and Sethi (27). The applicable aspects of the 

chemistry and electrochemistry of refractory metal ions in fused 

salts will be discussed in detail in later chatters. 

1.5. Electro chemical Techniques  

A number of techniques have been developed for the study 

of electrochemical processes. Chronopotentiometry proves to 

be a very suitable technique for the study of these processes 

in fused salts which involve relatively high temperatures. The 

technique requires only Very simple electrode systems, and 

since the quantity of coulombs passed, during a pulse is very 

small, solid as well as liquid electro.des may be used. The 

technique can be used for the quantitative examination of multiple 

reduction steps, slow chemical steps, absorption and irreversible 

charge transfer processes. The theoretical treatment for these 

different processes is less complex than for other 

electroanalytical techniques. The theoretical aspects of the 

technique used will be discussed in a later chapter. 



CHAPTER 2  

THEORETICAL ASPECTS  

2.1. Chronopotentionetry  

2.1.1. Introduction 

The term chronopotentiometry applies to the technique of 

voltammetry at controlled current. The electrolysis is carried 

out under the following conditions: (a) the solution is not stirred; 

(b) the current is carried by a large excess of indifferent electrolyte 

in order that migration can be neglected; (c) conditions of semi infinite 

linear diffusion exist. A number of different current-time  

have been considered for the controlled current (28-31). For this 

study, chronopotentionetry will be considered to be voltammetry at 

constant current. 

The technique dnten 11-,ck historically to Weber (32) and Sand (33), 

but the emphasis of this early work was placed on the verification of 

Fick's (4.ffusion laws. The imortrnt experimental perameter in 

chropotentiometry, the transition time "T", was introduced by Butler 

and Armstrong (34,35). It is the time interval after the onset of 

constant current electrolysis when the concentration, at the electrode 

surface, of the species which is undergoing electron transfer, just 

reaches zero, and is indicated by a sharp increase in the electrode 

potential. A typical chronopotentiogram is shown in Fig. 2.1. 

From point A to point B, the potential changes rapidly, and the 

current is used almost exclusively to charge the double layer. Point 

B corresponds to the potential at which electrolysis becomes 

appreciable. The potential change from B to C is dependent on 

the nature of the overall electrode reaction. After C the 



Transition time 

Fig. 2. 2 

Stepwise reaction  

Fig.2.1 
E, micro electrode potential 

4 

t 

Chronopotentiogram 
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concentration of the electroactive species at the electrode 

surface becomes essentially zero, and the current is 

distributed between continued electrolysis of the species 

and a further charging process. 

The modern work began with Gierst and Juliard (36,37) 

in as much as the technique was applied to analysis and the 

study of an electrode process. Delahay and co-workers (38) 

expanded the theory to apply to more than just a simple, fast, 

charge transfer process. 

2.1.2. Simple diffusion controlled electrode process. 

Consider the simple electrode reaction, where substance 0 

is reduced at a plane electrode and the product R is soluble 

either in the electrolyte or the electrode material. 

0 +ne4 R 

The rate of the reaction is controlled by the diffusion of 0 

up to the electrode. 

According to Fick's first law (39), the rate of diffusion per 

unit area i.e. the flux 	at a perpendicular distance "x" 

• 
from the electrode at time "t" is given by 

q(x,t) = Do ,a Co (x ) 
tax 	 (2.1) 

Do = the diffusion coefficient of the oxidized species 0, and 

Do  = the concentration of species 0. 

Since the applied current density, "i", is constant, the 

following equation can be written: 



i = n F Do kp0 (x,t)i 

	

ax 	ix = 0 	(2.2) 

Let 	(3 Co (x1t)= A 	 (2.3) 
1:a 	x 	x=0 

then A = i 
	

(2.11) 
n FD0  

The sum of the fits of the species 0 and R at the 

electrode surface must be equal, and of opposite sign. 

Do (3.Co (x,t  
pc = o ‘dx 

+ D
R CR(x,t) = 0 

o 
D x / 

(2.5) 

Equations (2.4) and (2.5) represent the two boundary conditions. 

In the initial conditions, the concentration of R is equal 

to zero, and the concentration of 0 is constant and equal to the 

bulk concentration C°. 

(x,0) = 0 
	

Co (x,0) = C°  

For large distances from the electrode the functions CR  (x,t) . 

and Co (x,t) will tend to the same value at the initial conditions. 

CR  (x t) 	0 and Co(x,t) 	C°  as x 	°° 

The above boundary value problem was treated for the 

concentration of species 0 by Weber (32), Sand (33) and 

Rosebrugh and Miller (40). Karaglanoff (41) reported the 

solutions for the concentrations of both species 0 and R. 

1 1 
Co (x,t) = C°  - 2AD0/  2t2  e 

R2  

!-- x
2 	+ A x erfc I x 	\(2.6) 

ViTT I 	yaTaTi 0 

CR (x1t) = 2XD0 	expi-x2 	- A D0  erfc x ..\ (2.7) 
DR 	

.4Dt 
D
R 	

2D
R  2  t2  k  
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where erfc (x) = 1 - erf(x)41  

and erf($x) = 	2. 2 	xZ ) exp t- 	dZ 

II 

"Z" is an arbritrary integration variable. 

At the electrode surface, i.e. x = o, substituting 

equation (2.4), equations (2.6)aid (2.7), become respectively: 

Co (0,t) = C°  - 2i t2 	 (2.8) 

nFDo 

CR  (o,t) = 2i 	tl 
	

(2.9) 
n2 

Defining the transition time "T"  as the time at which Co (o,t) 

reaches zero, equation (2.8) becomes: 

1 	1 	1 

T2 = n F C° 2  Do  
2i 

(2.10) 

Equation (2.10) is known as Sand's equation, and for diffusion 

controlled electrolysis at constant current density, the 

quantity it2/C will be independent of the applied current 

density, the transition time and the concentration of the 

diffusing species 0. 

2.1.3. Stepwise diffusion-controlled electrode process. 

A species 0 is reduced in two steps, involving n1  and n2  

electrons to 	and R2  respectively. 

nle n2e 
0 4  R1 
	;R2 

The chronopotentiogram will exhibit two steps (Fig. 2.2), 

when the first wave, "T" applies to the reduction of 0 to Ri, 
1 
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and the second wave, ifT2IT applies to the reduction of 0 to R2, 

and Ri  from the first transition to R2. 

The current during the second wave is divided between the 

reduction of 0 and R1, and the sum of these- two currents gives . 

the boundary condition: 

n2  DR 	..DCF  (x,t')I + 3(n1  l' n2) 	'Do act, (xit 1 = ii 	(2.11) 
1 	\Dx 1 	= o 	\ D x 	Jx = 0 

i 
Delahay (42). CR

1 
 (0,t') = 2i 	(n1  + n,) ; - ( 1  + t) 	(2.12) 

	

n ITiD 1 	T 
n2 2

F 
R
1 

= 	2i ,  
n2FH2DR22 

When't' = T2, C, (0,T2) = 0, 
1 	1 

therefore  n
1  n2  T12  = (T1T2 

1 

, 	i 
(ty. 4 t v )-T 2  (2.13) 

(2.14) 

also 

T
2 
 = T12n2 + 

n1 	n1 
	 (2.15) 

Hence from the ratio of the two transition times it is possible 

to obtain the ratio of "n2" to "n " 1 • 

2.1.4. Consecutive diffusion-controlled electrode process  
involving two species. 

When two species 01 and 02 
are reduced at sufficiently 

different potentials, the chronopotentiogram will exhibit 

two waves. The first wave, corresponding to the reduction of 

0, will be described by the treatment in section 2.1.2. Species 

01 
will however continue to diffuse up to the electrode after 

the first transition. The second wave will therefore include 
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some function which involves species 01. 

01  + nl  t Ri  

02 + n2 9. -÷ R2 

Let Col and C
o
2 be the bulk concentrations of species 01  and 02 

respectively, and t = t - 

On this scale "T1'1  is equal to zero 

The initial conditions, (t = 0), are given by equation (2.6) 

when Col  (x,t) = Col  (x,T1) i.e. Co1 (x,0) 

also C
o2 

(x0) = 002' 

There are two boundary conditions to consider. Firstly, the 

flux at the electrode is the sum of the fluxes of the species 

0, and 02. 
1 

aCol 	 ,  (x.„t  
a  x 

n2 Do2 aCo2  (x,t' = i/F 
= o 	x o 

(2.16) 

Secondly the concentration of species 01  at the electrode surface 

is zero when t° is zero or greater than zero. 

Col (0-t°) = 0 	 (2.17) 

It can be said Col (x,t') 	C°1  and Co2  (x,t') ÷ C20  as 

X -* 00. 

The solution to this problem has been provided by 

Berzins and Delahay (42). 
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i 
Co2 (0't') = C2°  - 2? 	1 	1 

(1 + tl)2 T2 
en,no

2  2 
 

c  

(2.18) 

by substituting the condition, Co2  (0,T2) = 0, into equation 

(2.18), a simple relationship between "T"
1 
 and "T" 

2 
 results. 

1 	1 
(T 	T2)2"' T1  = n2  FC 2n  70 Do22  21 2  

(2.19) 

Comparison of equation (2.19) with equation (2.10) provides 

the relationship: 

1 	1 

T
2
- = (T

1 	
T2112 —T2 

1 
(2.20) 

'v is the transition time expected for species 02  if species 

0
1 was absent. 

2.1.5. Reactant adsorption  

In the presence of adsorption of the reactant at the 

electrode surface, the applied current will be divided between 

the discharge of the adsorbed species and the discharge of the 

diffusing species. 

1 
The product "i T2n will not be constant (see section 2.1.2.) 

but it will increase with increasing current density. The 

number of models available to describe the division of the 

current between the two processes is infinite, so that it is 

feasible to consider only the limiting cases. In one case 

it will be assumed that the adsorption equilibrium is established 

before electrolysis, and that the rate of adsorption is a 

slow process, HQnce the time required to attain equilibrium 

is very much longer than the transition time. The second 

case considered is where the rate 
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of adsorption is fast, and hence there is a rapid equilibration 

between the adsorbed and diffusing species during the transition 

time. 

2.1.5.1. Slow adsorption processes. 

For a slow adsorption process, it is assumed that 

the adsorbed reactants (A.R.) and the diffusing, or solution, 

reactant (S.R.) undergo electron transfer as essentially 

independent species. The kinetic scheme takes the following 

form 

low 

°(Adsorbed) 	0 (solution) 

°(Adsorbed) + ne R 

°( Solution) + ne R 

By Faradays' low 

i ads T ads = nFr 
	

(2.21) 

where suffix °ads", applies to the adsorbed species, and "F" 

is the molar surface excess concentration of the adsorbed species. 

For the above kinetic scheme three limiting models can 

be distinguished. The first model, the AR.SR model, assumes 

that the adsorbed species is completely depleted before the 

start of the electrolysis of the solution species (43-47). 

The transition times for both processes will be additive, 

and the applied current density  will be the same for both 

processes. 

T = T ads + T sole. 	 (2.22) 

i = i ads = i soln. 	 (2.23) 
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The suffix "soln" applies to the diffusion process, and symbols 

without the suffixes, "ads" or soln" apply to the overall 

process. A relationship for the AR.SP model can be obtained 

from equations (2.10) and (2.21-23). 

0 
iT = nFF 	(nFOL-ED 	 (2.210 

4i 

For the AR.SR model to be applicable, the plot of "iT" 

versus "1/i" should linear. The so-face excess may be calculated 

from the intercept, when 1/i is zero. The slope will be proportional 

to "C2D". 

The second model, described as the SAR model, assumes A.R. and 

S.R. are depleted concurrently, and that there is a fixed division 

of the applied current between the two such that their concentrations 

at the electrode reach zero simultaneously. 

	

T = T ads = Tsoln 	 (2.25) 

i = i ads 	i soln 	 (2.26) 

Equations (2.10, 2.19,2.23 and 2.24) give rise to the relationship: 
2 

= nFr 	nFC (TID)2  T%; (2.27) 
2 

The SAR model should apply if the plot of "iT"  versus 

"T2" is linear. The value for the surface excess will be given 

by the intercept, when T2  is zero, and slope will be proportional 

to "CD2". 	The third model, the SR.AR model, requires that the 

absorbed layer be electrolyzed at the end of the transition 

time. A rigorous mathematical solution to this model has been 

given by Reinmiuth (44) and Anson (48). 

ni! Tads  _(Tads T soln) arcs (Tsoln-Tads) 
(Tads 	T5toln) 42 (Tads Tsoln)2  

(2.28) 
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A computer solution to equation (2.26) using the overall 

transition time, "T", has been published (19), but it is more 

convenient to use the approximate solution put forward by 

Lorenz (43,46). 

1 	1 
(iT)2  = (nFT)2 	nFC (0)2  

2 
	

(2.29) 

The applicability of the SR.AR  model can be shown by the 

linearity of the plot (11:12  versus i 2. 	The surface excess 
1n 

may be derived from the intercept, when "i 2  is zero. 

The slope of the plot will be proportional to 'TD2". 

2.1.5.2. Fast adsorption processes. 

In the case where the rate of adsorption is fast, the 

assumption is made that there is rapid equilibration between 

AR and SR according to a linear adsorption isotherm: 

r = Ka.0 	 (2.30) 

The species actually undergoing electron transfer is unknown 

in as much as the adsorption equilibrium shifts during the 

electrolysis, the surface excess being determined by the 

concentration of SR near the electrode surface. The expression 

for the transition time was originally given by Lorenz (43). 

• Te 0 	g Ka - II  Ka..0  
2IA (2.31) 

= e 1 	; 
erfc D2 t 

Ka  / 
(2.32) 

is the transition time which would be expected if Sand's 

equation was obeyed, equation (2.10). At long transition times 

"0"  will be small and hence a plot of "T2" versus "1/i" should 



1 	1 	1 1 	7 

T2  + n 	= nFCR 	n 2Ka 
2D2 	2i 

2D 
(2.33) 
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be linear. Extrapolation, from long transition times, to "1/i" 

is equal to zero, should give an estimate of "Ka", and the 

slope will give an estimate of the diffusion coefficient. These 

values may then be used to estimate the value of ue at 

shorter transition times. 

Equation (2.31) can be rewritten: 

If the left hand side of equation is then plotted against "1/i", 

better estimates for the diffusion coefficient and "Ka`' can 

be obtained. These values can then be used to gain a more 

accurate view for 	'. The iteration should be continued 

until it is ascertained whether a linear plot can be obtained. 

2.1.5.3. Choice of adsorption model 

It must be pointed out that, even though a single transition 

time may be observed, the AR.SR or SR.AR models may still be 

applicable. Two transition times would only be observed, if 

the two processes occurred at widely separated potentials. 

Another point, which should also be stressed is that the above 

models represent limiting cases, and a fit to one of these 

models will only indicate that the system approaches that 

limiting case more closely than the next. 

A range of transition times must be measured. Short 

transition times will provide a maximisation of the adsorption 

contribution whereas long transition times will lend to a 

more accurate estimation of the diffusion coefficient. 
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Constancy of the value of the diffusion coefficient obtained 

over a range of concentration provides an extra criterion to 

the validity of the model. 

Laitine n and Chambers (46) carried out trial calculations 

assuming AR.SR  model to be valid. They made plots for the 

SAR and AR.SR  model using the same synthetic data. The amount 

of curvature however is very much dependant on the relative 

surface rind solution concentrations. For a surface excess of 

8.3 X 10 1°  mole, cm 2  (corresponding to a monolayer of 20 

sq. A molecular area) and a solution concentration of 10-214 

the curvature was barely detectable for the SAR and SR.AR  models. 

A more pronounced curvature would result if the solution 

concentration was reduced. Lingane (50) used least 

squares procedures to analyse extensive synthetic chronopotentiometric 

data according to the four models described above. His work 

illustrated the great difficulty in elucidating the adsorption 

model, in that exceedingly large amounts of data were required 

to satisfactorily detect which the model gave the best fit. 

The surface excess values obtained from the intercept 

of the best straight line decreases in the order AR.SR  SAR SR.AR. 

The magnitude of the variation increases with increasing 

concentration (46). The safest procedure is to use the SAR 

model, since this will give an intermediate value for the 

surface excess concentration. 

It is obvious that chronopotentiometry is of limited 

value for the study of adsorption. It does however indicate 



the presence of adsorption in an overall electrode process and 

it does give an assessment of the probable magnitude of the 

surface excess. From this point of view, it can be used to 

monitor the effects, that changes in the system, have on 

adsorption. 

2.1.6. Chemical Kinetic Processes. 

Consider the reduction of species 0.when the electrochemical 

reaction is preceded by a chemical reaction according to the 

following scheme: 

mY 
	p0 

kb 

0 ne R 

It is assumed that species Y is not electroactive near the 

reduction potential for species 0. Hence the rate of reduction 

of species 0 may be no longer totally controlled by the rate 

of mass transfer, c.f. section 2.1.2, but may also be 

dependant on the rate of interconversion between species 0 and Y, 

providing the rate is slow enough. 

Three kinetic schemes have been considered for a preceding, 

rate determining chemical reaction. The first scheme involves 

the decomposition of a single species Y to a single electroactive 

species, 0, i.e. "re and 11)" in the chemical equation are 

equal to unity. Examples of such a scheme are the breakdown of 

a phosphate polymer (51) or the break down of the cadmium 

cyanide complex species (37,53). The second scheme considers the 

formation of an electroactive polymeric species, i.e. "m" is 

greater than unity and ).?" is equal to unity. The final scheme 
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describes the dissociation of a dimeric species to two 

electroactive species, i.e. monomerization. In this case "le 

is equal to unity and "Ir is eoual to two. 

2.1.6.1. Simple kinetic scheme  

kf 
Y 0 

ltb  

0 + ne R 

Delahay and BerzinS (54) have treated this case and have 

provided a rigorous solution to the boundary value problem. 

The concentration of species 0 at the electrode surface is given 

by equation (2.324) 

L\ 	
J- 

Co(0,t) = 1/(1 +.1/K) 	+ 2X(Dt 	XD1  ‘1  erff 
II 	K(k 

f u 

C°  = Co  (x,o) + C (x,0) 

K = equilibrium constant = ki/kb  

1, 
k +kb ) 

The diffusion coefficient 7'D" is the common value for both 

species Y and 0, i.e. it is assumed D = Dy = Do."X'' is defined 

by equation (2.4). The transition time 1;'['; is determined 

by the condition Co  (0,t) = 0. Hence after substituting for 

"X" the following equation for "Tk can be obtained. 

itk2  = 11FC‘JeD2  

2 
1 

2K(kf + kb)2  
erf ((kf + kb).rk ) 	(2.35) 

When the argument of the error function is greater than two, 

the error function is virtually equal to unity (55). Therefore 

in the case of transition times greater than 4/(kf + kb) the 
1 I 

relationship )1.'"qc  versus °i" is linear. 

ir2  = nFC°  112  DZ - n2  i 	 (2.36) 
k • 	 

2 	2K(k + kb)2 
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The slope is inversely proportional to K (kf  + kb} and the 

intercept, when 	is zero, gives the product "iT2, which 

would be expected if Sands equation (2.10) was obeyed. 

The error function may expand as a series. 

erf(x) = 2 ---1-„ 
112 

(x - x3  
3x1 

+ x5  

   

+ ...) 	(2.37) 

 

5 x 2: 7 x  3! 

In the case of transition times shorter than those applicable 

to equation (2.36) it is necessary to take into account the 

variations of the error function using the expansion (2.37). 

Forverysmallvaluesof(k.+kb)2T, only the first term of 

the expansion need be used. 

Thus 
1 1 

(iTic2 ) = nFC-p2D2  
2(1 + 1/K) (2.38) 

At very short transition times, the amount of species "0" 

produced by the chemical reaction is insignificant, and hence 

only the equilibrium concentration of species "0", (C°/C1 + 1/K), 

is involved. This results in a constant value for the product 

"iTk 	c.f. equation (2.10). 

2.1.6.2. Polymerization Scheme.  

my 4.f0 

kb 

0 +ne R 

Reinmuth (44) has derived a theoretical treatment for 

this scheme, with the restriction that the equilibrium must 

strongly favour species Y, i.e. C (x,o) >>C0(xio) 
i 1. 	Yl 	x 

Co (o,t) = Kmm,CT  - 2y -Ica t2:  -Ica- XD2  erf (klot) 
n2 	 k 

(2.37) 
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where CT  = Co  (x,o) Cy(x,o)/m, and D = Do = Dy  

At the transition time "T7' the surface concentration of species 
k 

0 reaches zero. 

a 1 	 i 
Thus iT2  = nFCTOD2  

1/m 

2 	
nFirD2  i 	f

i
erf (kloTk) 

\ l/m (2.40) 

2m nF D2 kf 

The concentration term has to be considered as species 0.1.e. 

"C " T If the concentration is in terms of species Y, i.e. "C°" 

(for example if the species originally present was species Y) 

then it has to be converted to "CT"' 

C°  = mC0(x,o) + Cy (x,o) = m CT. 

When the error function argument, (kbIlt), is equal to or 

greater than two, the error function can be considered to be 

equal to unity (55). 

Hence equation (2.40) becomes: 

2 	1 
iT2

k 
= nFC

T2
n 	312 D2  - (n1)(m-1)/mni 

am 
(2.41) 

It can be seen from equation (2.41) that if the transition time 
1, 

is greater than 4/kb, "itic2h  has a linear relationship with 

.1/m 

	

	 1" 
, The intercept at zero current gives the product 1'0 

expected if Sands equation (2.10) was obeyed, i.e. totally mass 

transfer control. The slope will be inversely proportional to 

kfl/m
.  

When the rate of attainment of equilibrium is very slow 

in comparison with the electrolysis time, i.e. when (kbik) 

is small, the first term in the error function expansion (2.37) 

need be used. The resulting expression corresponds to the Sand's 

equation (2.10) using the equilibrium concentration of species 



"o", K(mCT)m  
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1 
(iT2 

T  
) 2 

0 
=  nFK(mCT) 

 m
n 

D
2 

2 
(2.42) 

2.1.6.3. Monomerization scheme  

kf 
v 	20 

kb 

0 + ne R 

This scheme was originally treated by Koutecky et alia 

(56,57) and extended by Fischer et alia (58). The treatment 

involves the restriction that the equilibrium is displaced 

strongly in favour of species Y. They published the relationship 

for the intermediate case, i.e. its  versus some function of current 

density, c.f. equations (2.36) and (2.40). 

6 1/3  )4/3 
911  

iTk2  = nFC 	 (2.43) 
T2 	16n i 

CT  = Co 
 (x,o) + 2C (x,o) 

and D = 	=Do. y 

In the limiting case when the rate of attainment of 

equilibrium is slow in comparison with the electrolysis time, 

it is justifiable to substitute the equilibrium concentration 

C K 2  
of species 0, —T- 

2 

into Sand's equation (2.10). 

	

1 	1 1 1 1 
(iT)

2 2 n = nFCT 
 K T D' 

	

1,k 	4 -T 4-  0 

(2.42) 

2.1.6.4. Choice of kinetic scheme  

A decrease in the product, iT2, with increasing applied 

current density is a diagnostic criterion for the occurrence 

of a preceding chemical reaction. The relationship of the 
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Fig. 2.3 
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product iT2, to the applied current density, 'i', falls into two 

parts; firstly there is the part where the product iT2  

decreases as a function of current density; and the second part, 

at high current densities where iT' is constant, applies to the 

situation when only the equilibrium concentration of species 0 

is electrolysed, (figure 2.3(a,b,c)). 

The diagnostic criterion used in the choice of the model 

is the form taken by the first part of the above relationship. 
. 

When the product, ''iT,2°  fits a linear function of current 

density (figure 2.3(a)) c.f. equation (2.36), the simple kinetic 

scheme will apply. The polymerization scheme will give a 

concave plot for the product, hiT2", versus 	(figure 2.3(b)) 

according to the equation (2.41). Finally the monomerization 

scheme is characterized by a convex plot for the product, 

versus 	(figure 2.3(C)) according to equation (2.43) 

The polymerization and monomerizstion schemes are confirmed 

by obtaining linear plots for iT3  versus nilim" and 

,i /0, 
respectively. 

2.1.7. Catalytic processes 

Catalytic processes are those, in which there is regeneration 

of the electrolysed species 0. These processes, considering a 

first order regeneration process, were first treated by 

Brdicka and Wiesner (59) using the concept of a reaction layer 

(60,61). The same scheme was later treated by Delahay et al 

(62,63) as a boundary value problem. 

0 + ne R 

0f R + 

Co (0,t) = C° 	i 	erf (y) 

FaintIOY 

CR(0,t) = C°  - Co  (0,t) 

and y = (k C°Tc  )2  f   

(2.45) 

(2.46) 

(2.47) 



- 	-- 

Fig.2.4. 
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It is assumed that D = Do  = DR. The catalytic transition 

time is c  and "k. is the formal rate constant for the 

regeneration of species 0. From equations (2.10) and (2.45) 

it can be deduced that 

= 	 

112erf(i) (2.43) 

The value for 'T;7  is given by Sand's equation (2.10). For 

very short transition times only the first term of the error 

function expansion, equation:37) is significant hence 

C 
	

1 as Tc  '4-  0. 
T 

At long transition times, where the argument of the error 

junction is equal to or greater than two, the error function is 

virtually unity (55). Under these conditions the function 
1 	 1 

2y(112erf(Y)) becomes asymptotic to 2y/112, (figure 2.4). The 

first limiting condition will give the diffusion coefficient, using 

Sand's equation, and hence "T can be calculated for any 

current density. The value for 'k can be obtained from the 

second limiting condition, knowing c?Tc  and ''T". 

2.1.8. Current Reversal  

A species 0 is reduced to species R, and at the 

transition time, "T"  for this reduction, the current is 

reversed. Species R will then be oxidised back to species 0, 

and a potential time curve will be observed for this process, 

(figure 2.5). Berzins and Dolahay (42) have developed the following 

mathematical interpretation for the re-oxidation process. 

The concentration of species R at the transition time 

is given by equation (2.7) in which time 	is made equal 

to 	The resulting express ion sets the initini 



R (x,t')  = A' 	 (2.49) 

ax 	x=0 

with 

X = 
nFDR 
	 (2.50) 
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condition. The boundary condition is similar to that 

for section 2.1.2. c.f. eauation (2.4) 

The time for the reverse electrolysis is "t'" -7d the current 

density is r• 9 . For x 4- 00 CR  (x t i ) 	O. 

Berzins and Delahay (42) solved the boundary value problem 

in terms of CR(x,t') and Co(x,t'). 

= 28 laR(T4t1 	
n c. C.R(x't')   -exp -x  

m 4D
R  (T+t") ,  '   

- exerfc 

 

 

DR 

-2(0+X') D tiZ R exp 
11 

-x2 

4D
R  t':  

(0+X') erfci 
(2.51) 

1 	1 
2+42 

(2.52) 

where 

0 = 
nF DR 

With the assumption that Do  and DR were equal 

Co (xt') = Co 	CR  (X t') 
	

(2.53) 

The reverse transition time °T.1" is determined by the 

condition CR  (0,T') = 0. Hence from equations (2.51) and (2.53). 

 

I -. 
62 

 

(2.54) 
T 

 

T 

 

(e 4. x , )2_62 

 

When "i" and "i'" are equal, 'eu is equal to X', and 

= 1/3T 	 (2.55) 

The applicability of equation (2.55) can be used as 

a diagnostic criterion for the solubility of species R in the 

electrolyte. If species R is deposited on the electrode, as 



- 38 - 

would be the case if species R was a metal, then T?  would 

be equal to T. 

2.1.9. Potential-time relationships 

2.1.9.1. Reversible charge-transfer. 

When charge-transfer is reversible, there is no 

significant activation overpotential. Thus the electrode 

potential "E" during electrolysis will be totally dependant on 

the surface concentration of the oxidised and reduced species, 

according to the Nernst equation. 

E = Eo + RT la Co 0 t).fo 
CR 0't)fR 

(2.56) 

substitution of equations (2.8), (2.9) and (2.10) into 

(2.54) gives the variable activity potential-time relationship. 

E = E
o 

+ RT ln foD
R
2  

RT ln 	(2.57) 

fR Do 	
nF 

In the case when the electrode substrate is the same material 

as the reduced species or the reduced species is insoluble 

the activity of the reduced species is unity, i.e. 

C (0t) f = 1 

E 	Eo 
1- HT  In 
nF 2r .6q.RT In ( T

i  
'2-t2) 	(2.58) 

nF7r2Doc nF 

= E + RT lnfoC
o + 1 	In -t--1- 

nF 	T2  
(2.59) 

If the activity coefficients "f'' are assumed to be 

unity and the diffusion coefficients for the two species to be 

equal, equations (2.57) reduces to 

E = Eo + RT In 	'2  -1 
	(2.60) 

nF 

and equation 259 reduces to 



E2 = E2°  + RT 	ln(T1  + T2) 	(T3 
 + t')2  

n2F (T1 
 t7)2-T

1  

1 
(2.64) 
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i 
E = E° + RT 1 	Co + RT In (.1 - -0 

nF n 	nF 	---i- 
T 

(2.61) 

The quarter-time potential ''E/ " is the potential at time 
L,4  

t = T/4, and the value of ET
/4 

is obtained by substituting 

for 	in the potential-time relationship. Thus for the 

variable activity relationship (2.60). 

E
T/4 
, = B 

and for the unit activity relationship 

LT/4 = E°  + RT In C°  
nF 2 

(2.62) 

(2.61) 

(2.63) 

In both cases the quarter-tine potential is independent of 

the applied current density. This criterion is diagnostic 

of a simple reversible electrode process. 

A similar treatment can be applied to the second wave 

given by a stepwise electrode process, section 2.13. Equations 

(2.12) (2.13) and (2.14) are substituted into the Nernst 

equation (2.56). The variable activity relationship is given 

by. 

and the unit activity relationship is given by 
1 

E2 = E2 
+ RT In n1 Co  + RT In (T1  + T21  )3  - (T1 

 + V)2  (2.65) 
n2F n

2 
n2F T

1
2 

The equivalent to the quarter-time potential,
T4

, is the 

potential at t' = T2/4 + n2T1/29.. 
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In the case of the 	activity relationship 

- 
E' 	E 
T/4 	-2- 

and in the case of the unit activity relationship 

E' 	= 	+ RT T/4 
n,F 	i 2 

(2.66) 

(2.67) 

If the second wave is a result of a reversible electrode 

process, then E' 	will be independent of applied current 

density. 

2.1.9.2. Totally irreversible  charge  transfer. 

When the electrode process is totally irreversible with 

respect to charge-transfer, the electrode potential will be 

related to the surface concentration by the following equation, 

c.f. reference 

i = nFk0  

(64), 
C0(0,t) exp (-anFE) 

( RT ) 
(2.68) 

where '21a.;' is the forward formal rate and "a ° the 

charge transfer coefficient for the above charge-transfer process. 

Equations (2.8) and (2.10) car be introduced into equation 

(2.681 to give the potential-tine relationship for a simple, 

totally irreversible charge transfer process. 

E = RT ln 2k°fh + RT In (7.2-t) 	(2.69) 
anF anF Do2 

that is 

E =, RT In ;nFC0ko 	, + RT In l-
anF   anF 	; 	anF 	T2  

(2.70) 

4aIxtrapolation of the plot "E'' versus In (1-t2/T) to t = o 

will give an estimate of the rate constant T'k°f/l'e. The slope 

of the plot will give a value 	for 	The slope of the 
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plot of "ET/4" versus "lni" will be "RT/anF". The values 

for "an" obtained from both plots should not differ significantly 

if the electrode process is controlled by the rate of charge 

transfer. 

2.1.10. Deviations from theoretical models. 

The derivatiqa  of the above models was based on the assumption 

that the following conditions were achieved. (a) The electrolyte 

was not stirred, and the effects of convection could be 

neglected. (b) A large excess of supporting electrolyte was 

present such that migration of the electroactive species was not 

significant. (C) The transport of the electroactive species 

through the electrolyte was by means of semi-infinite linear 

diffusion. If these conditions are applicable, the above 

mathematical treatment will be Lvalid. Thus it is necessary 

to carry out measurements within the limits where these conditions 

are applicable. 

Other factors, which also need to be considered are the 

influence of the double layer, surface roughness effects of 

solid electrodes, oxide films on electrodes and the effect of 

the adsorption of foreign substances. 

2.1.10.1. Convection  

At short transition times the effect of convection may 

be neglected, but at long transition it will lead to the 

enhancement of the product 1 1.T 	. In aqueous studies at 

room temperature (25°c). Delahay and Mattax (65) found that 

transition times of the order of one minute were not 

influenced by convection. In high temperature studies, e.g. 

fused salt stud;es, convection would have a much more marked 

effect. The rate of natural convective heat transfer is 

proportional the fourth root of the temperature difference, "AT1/4"'((6) 
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To ensure that the effect of convection is not 

significant, the transition times should be less than two 

seconds. 

2.1.10.2. Iteration 

The enhancement of the transition time by electrical 

migration, due to the absence of a supporting electrolyte was 

first observed by Sand's (33). Tle assumed that under these 

conditions the flux, "fr , for the electroactive species at 

the electrode surface is given by: 

f =i(1-t.4) 
	

(2.72) 
nF 

where "t4." is the transport number for the species. Sand's 

equation (2.10) has in this case to be modified. 

0  ;!. 
iT2  = nFC IT'D°  - 	 (2.73) 

2 (1-t+) 

This treatment is not rigorous since it is based on two 

erroneous assumptions. The solution is not homogeneous, but is 

less concentrated in the diffusion layer. The potential gradient 

in the diffusion layer is not linear, and hence Fla 's second 

law must be modified to include the influence of the potential 

gradient. A more rigorous treatment has been applied by Morris 

and Lingane (67 assuming ideal ionic behaviour. The resulting 

equation has the same form as equation (2,73), but hDo" is 

replaced by Ds", where 

De = D+D-(n+-1*n_) 	 (2.74) 
(n+D++n_D-) 

hD+' and "D_ are the diffusion coefficients for the 

reducible cation and its counter anion respectively, and 

and '71-1_ are their respective electronic charges. Morris and Ligane (67) 
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have experimentally confirmed that their treatment 

satisfactorily predicts the enhancement of transition times 

by electrical migration. 

2.1,10,3. 2rlindrical and Spheric al diffusion 

It is not always feasible to use planar 

electrodes, and instead spherical electrodes e.g. liquid metal 

electrodes, or cylindrical e.g. wire electrodes, have to be 

used. Under these conditions semi-infinite linear diffusion 

need not be applicable. The cases of spherical and cylindrical 

diffusion have been treated by several authors (68-71). For 

cylindrical diffusion 

iT 	= nFC
o 
 E'Do2  
2 

and for spherical diffusion 

(2.75) 

o it' = nFC IT2D0  1 + 
2r 

 

C- 

The radius of the cylinder or sphere is denoted by "r". 
1 1 

When the term  
T fr is very small compared to unity equations 

(2.75) and (2.76) reduced to Sands' equation. The upper 

limit for the length of transition time will be dependent 

upon the radius and the diffusion coefficient. 

2.1.10,4. Influence of the double layer  

During electrolysis the potential of the working 

electrode varies, and hence the charge of the double layer varies, 

with the result a fraction of the applied current is used in 

the charging or discharging of the double layer. An approximate 

treatment of the influence of the double layer (differential) 

capacity 	was discussed by Gierst (72). 



The quantity of electricity 	required to charge the double 

layer over the potential 6AE'' can be estimated using an average 

value for the doUble layer tcapacity (Cl  )Av. 

-c= (C
1 
)
Av 

AE 
	

(2.77) 

If the approximation, that all the applied current 	is involved 

in the electrochemical reaction, is applied, then 

Qe  =it 	 (2.78) 

"Qc.,;' is the quantity of electricity used in the electrochemical 

reaction. 

	

Qc 	= 
(7 )  Av— pr 

	

e 	IT 

Using Sand's equation; 

Qe = Cll Av AE. 4i  

	

Qe 	n F (C°)-11 Do  

(2.79) 

(2.80) 

To minimise the influence of the double layer, e.g. Qo/Qo  

is less than 0.01, the applied current density should be as low 

as possible and the concentration as high as possible. It is 

the concentration tern, which will have the most significant 

effect, since it is to the second power. 

2.1.10.5. Surface roughness of electrodes. 

The influence of the surface roughness of 

electrodes has been discussed by several authors (73-77). Diffusion 

up to or away from a rough electrode surface is not strictly 

linear, and there is no exact theory for non-steady state 

diffusion for such an electrode. A first approximation can be 

made by representing the roughness of a sinusoidal function, 
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there would be a contribution from spherical diffusion. 

Experimentally surface roughness gives rise to enhanced values 

for transition times at low current densities, i.e. - 

when the diffusion layer thickness is SraP11. The surface 

roughness factor can be consideredd qualitatively in terms 

of the diffusion layer thickness. When the diffusion layer 

thickness is large in comparison with the amplitude of the 

roughness, the diffusion area is identical to the projected 

electrode area. With decreasing diffusion layer thickness, 

the electrode roughness becomes more significant, since 

the diffusion area will aproach the actual electrode surface area. 

2.1.10.6. Surface oxide films 

The formation or reduction of an oxide film may precede, 

follow or occur simultaneously with the electrode reaction studied. 

The effect of such a process is the same as for adsorption in 

section 2.1. and the ARSR, the SEAR or the SAR model may be 

applicable. 

Bard (76) suggested a correction of the product "iT2" 

by allowing for the quantity of electricity involved 'O. It 

is virtually equivalent to the adsorption models mentioned 

above. 

Q,  
- TP 

o 	1  
= nFC 112D0  

2 

(2.81) 

2.1.10.7. Adsorption of foreign substances  

Gierst and Juliard (37) observed that transition times 

were markedly reduced by the addition of a strongly adsorbable 

substance to the electrolyte. It was accounted for by assUiming 

that the effective electrode area was reduced 	the adsorption. 

The study of this process has been extended by several authors 

(78-80). 
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2.1.11. Measurement of the transition time. 

The methods for measuring the transition are all very 

empirical since there is no detailed theoretical description 

of the potential time curve in the presence of double layer 

charging. Noonan (81) has tested the different graphical 

constructions, used to measure the transition time, using hiS 

own experimental data. (See figure 2.63). He demonstrated that 

none of the techniques gave an adequate correction of the 

double layer charging. It is of interest to note that the 

double layer charging region at the start of his chronopotentiograms 

take the form of distinct rump, which could be due to a very 

large double layer capacity or adsorption of the electroactive 

species. 

Electronic methods have been developed, involving the 

differentiation of the wave (86,87). These methods prove to 

be useful in cases where the wave is ill defined. 

2.2. Steady-state  voltanmetyy 

2.2.1. Charge-transfer overvoltage. 

Consider the simple electrode process 

_fh 
Dane 
	R  

bh 

which involves two soluble species, and the forward and 

reverse formal rate constants at equilibrium are "k4: and 

"kit" respectively. Their forward and reverse current densities 
7 < 7c 

are "i' and i respectively. At equilibram the two currents 

will be uoual, and their value is defined as the apparant-

exchange current density -i°", The current i1P  following 

during an electrode reaction, will6&he net current density 

i = 	 (2.82) 
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Thus for a cathodic process the nett current density will be 

positive and for an anodic process the nett current density will 

be negative. (IUPAC Stockholm convention (88)). The current 

potential relationship for pure charge-transfer was derived by 

Erdey-Gruz and Volmer (89) and generally confirmed by Glasstone 

and Laidler (64) 

i = kM- . C
0 
 expS-anF 

RT - Kb ' CR  exp*  (1-a)nF  E  (2.83) 
RT 

At equilibrium the neti current is zero hence 

.o 	o 

	

= k - 	-anF E 
fh 

RT 

= k%hh CR exp /(1-a)nF. 
RT 

(2.84) 

(2.846) 

"Eo" is the equilibrium electrode potential, l'a" is the 

charge-transfer coefficient, the significance of which is well 

reviewed by Bauer (90). The difference between the electrode 

potential and its equilibrium potential is defined as the 

overvoltage )1". 

n = E-Eo 
	 (2.85) 

Equations (2.83), (2.84) and (2.85) give the following 

relationship: 

i= o. 	-anFn Hio  exp (1-a)nFn' 	(2.86) 

cathodic current 	Andodic current 

When the -charge-transfer step is slow, such that it is 

the rate controlling step, the overvoltage for the electrode 

reaction will be given by equation (2.86). When the current 

of the electrode process is large compared with the reverse current 



equation (2.86) reduces to the Tafel equation (91). 

	

n = a A-b anti] 	(2.87) 

where 

a = RT In i°, b = RT 	(cathodic process) (2.889) 
anF 	anF 

a = RT 	lnio  b = RT 	(anodic process) 
	

(2.886) 
(1-a)nF 	(1-a)nF 

The exponential terms may be expanded thus 

	

exp (x) = 1 x x2 	X3  4- 

	

2; 	3: 
., (2.89) 

When "x" is very small only terms, i.e. (1 x), need be 

considered. Using this reasoning, at very low overvoltage 

equation (2.86) reduces to 

= 	10  nFn 	(2.90) 
RT 

Allen and Hickling (92) another relationship, which is valid 

regardless of the magnitude of the over voltage. Equation 

(2.86) is rewritten 

Hence In 	i 	= lni°  - anF 
1-exp(nFn /RT) 	RT 

1-exp(nFn  /RI)  

.o = 1 exp -anFfl 
RT 

(2.91) 

(2.92) 	' 

The slope of the plot (2.87) will yield the value for 

"an'' and the intercept atl,= 0 will yield the exchange 

current density "i)". The slope of the plot of (2.90) will 

yield the value for "n''. In the case of equation (2.92), "a" 

can be obtained from the slope and the exchange current 

density fr:m the intercept atn = 0. 
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2.2.2. Reaction overvoltage. 

Reaction overvoltage is a phenomena resulting from the 

existence of a slow(rate - determining) chemical step in the 

overall electrode reaction. The term was originally introduced 

to electrochemistry by Vetter (93-95). By definition, this 

chemical step is a reaction, whose rate constant is independent 

of the electrode potential. For the reaction overvoltage to 

appear separately, the other component steps of the overall 

electrode reaction, such as charge transfer and diffusion, 

can not be rate determining. The charge-transfer equilibrium is 

assumed to be negligibly disturbed, that is the exchange 

current density should be very much greater than the current 

density flowing. 

Consider the reaction 

n1'S1 	n 'S ' + 	n1S1 
+11
2 
S
2 
+ 	vS 

where "S" is the electroactive species, and 6v" is the 

stoichiometric number of species "S°  in the partial electrode 

reaction. When "S" is the oxidised (So) or reduced (SR) component 

of the charge transfer reaction, SR  -+ 	So + ze (redox) or 

SM + SR 4
- So + Ze (metal/metal ion), "v" 	1 or --1, 

if "n" of the fast partial electrode reaction is equal to the 

valence transfer "Z". The electrode potential "E" is given by 

= B' +V. RT ln C (0) 
nF 

(2.93) 

"E" is not the standard electrode potential, but also includes 

the contributions from the other components. "C(0) is the 

concentration of S at the electrode surface. The equilibrium 

potential "Bo" is given by 

Bo = 	+ YET In C 
nF 

(2.94) 
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C 	is the equilibruim concentration of "S" given by the 

equilibruim 

Yt Z pS 

Si 	If 

"Y" is equivalent to components "Si'" "Z" to components S. and 

" is  equal to the order of reaction, in terms of "S", for the 

reverse reaction. From the definition of overpotential (2.85)., 

equations (2.93) and (2.94) reduce to 

= V RT 
nF in C(0) = vRT lnu(o)  

nF 
C 

whereu = C(x)/c 

At equilibrtium the rate of formation "v0" of "S" is 

equal to the rate in the reverse direction, i.e. 

vo = kcP 

(2.95) 

(2.96) 

The constant "k' includes the rate constant for the reverse 

reaction components "S" lnd the rates for the other components. 

Under non equilibruim conditions, the rate of reaction, "v"; 

will be the difference between the rate of formation of "S" and 

the rate of reaction in the reverse direction. 

v = vo - k C( x) 
	

(2.97) 

Hence 
PT 

V = Vo,1 - 'C(X)' 	= Vo  
C 

(2.98) 

2,2.2.1. Homogeneous rate-determining reaction  

The rate-determining chemical step essentially occurs within 

a reaction layer, thickness of which is smaller than the thickness of 

of the adhering diffusion layer. Vetter (94,95) used the 

extended Fick's second law, to obtain a solution. 
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aC(x,t) = D.a
2
C(x t) + v 

at 	ax 

and 

aC(x t) = 0 
at 

(2.99) 

(2.100) 

under steady state conditions. The other assumption made was that 

the concentration of all the other components did not vary 

appreciably. The resulting solution was 

+ 	: 	(p + 1)_ 	+ 1  p 	U( 0 ) \ 2 
= % i = - VF ( 2p  . v 0 	+ u (0) 

v ‘, p+I 	
o 	 (2.101) 

P / \ P 	/ 

Introducing the overpotential from equation (2.95) 

equation (2.101) becomes. 

i = - r! 1 + 1 exp/n  (p I) F. n, 
p IvRT 

 

1 
2 

(2.102) 
- 
 21_11  expInF.n\ 

• P 	
TA(7 

   

where the limiting reaction current density "i " 

is defined thus 
1 
2 

ir =-nF, 	vo. C.D 
p+1 

(2.103) 

The upper (+) sign of equation (2.101) applies to "(401  

is greater than unity, the lover )-) sign to "UvY is less than 

unity. Thesign (±) of equation (2.102) is chosen, such that 

the current density "i" has the same sign as the overvoltage. 

At low overpotentials, the exponential terms can be written as 

a series up to the squared term, c.f. equation (2.89), hence 

equation (2.102) reduces to 

n = Iv'. RT• 
	 (2.104) 

nF 	I p 	1! li ri 

At higher overpotentials, when the sign which is opposite to 

that of the limiting current, only the first exponential term 

in equation (2.102) is significant, thus 
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n = - 2 v 	. RT. 
nF 

In + 2v 	RT 
nF.  

lnlil (2.105) 
p + 1. p5 1 	p + 1. 

c.f. the Tafel equation (2.87). 

2.2.2,2  Heterogeneous, rate-determining, reaction. 

The rate determining chemical step proceeds in an adsorption 

layer at the electrode surface. The heterogeneous chemical step 

has been treated ly Vetter (95). On the basis of Faraday's law 

and the definition of the stoichiometric 

=-n . F.v 

At the maximum rate of formation " vo  " of species "5", " 11" 

will be equal to zero. The limiting reaction current density "ir" 

will be given by 

it 
= - n. F.vo —

v 
(2.107) 

Substituting for ° v" and "-sro" into equation (2.99) 
1/p 

u (x = (1 - i/ir) 	 (2.108) 

hence by equation (2.95) the relationship for overpotential becomes 

n = v . RT. ln(1 - i/ii) 	 (2.109A) 
p nF 

or 

1 - i/ir = exp g. nF. v RT 
At low overpotentials, where ex:p(x)=(1 + x), equation 

(2.109b) can be rewritten: 

n = Iv!. RT. i 
p nF TirJ 

(2.109B) 

(2.110) 

When (-i/ir) is very much greater than unity, equation (2.109a) 

can be rewritten 

n = - v. RT. lnli I + v RT In - - p nF 	
r 	p nF. 

c.f. the Tafel relationship (2.87). 

•• „ V  

(2.106) 



-54- 

2.2.2.3. Application of a homogeneous chemical step 
to the Er/4  values  

If the diffusion equations (2.8) and (2.9) are 

applicable, the point, at quarter of the transition time, is 

equivalent on all chronopotentiometric waves for the same 

species at the same concentration. This means that the 

concentrations of the oxidised and reduced species at the electrode 

surface will be the same for each wave at the quarter - time 

point. If a slow intervening chemcial step is present, this 

will no longer be the case, and the potential at quarter-time 

will include a reac'ion overpotential "n" component. 

ET/4 = E' + n. 	 (2.112) 

The potential "E'" includes the potential contributions of 

all components at the electrode surface, apart from the 

species undergoing electron transfer. If "E" remains essentially 

constant at different current densities, then changes in 

"ET/4" can be considered as changes in overpotential. 

"E" will only remain constant if the concentration of the 

other species at the electrode surface remain constant, i.e. 

the current density is sufficiently low. The invariance 

of the product 5.1-  with current density will mean that the 

diffusion equations are obeyed when the components of the 

reaction are considered as one component, that is when no 

distinction is made between the species diffusing up to the 

electrode. Under these conditions "ET/4"  (equation (2.112)) 

may be substituted into equation (2.105), thus 

ET/4  = constant + 2v 	. RT. In III 	(2.113) 
p 1 nF 
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CHAPTER3 

STRUCTURAL ASPECTS 

3.1. INTRODUCTION  

Fused ionic salts are probably the most concentrated electrolytes 

obtainable by ordinary techniques, and for this reason are outside 

the range of applicability of the Debye-Huckel approach (96). 

The high electrostatic binding, which would be expected in fused 

ionic salts, gives rise to their high melting points and boiling 

points and also their fairly large surface tensions at elevated 

temperatures (17). 

X-ray and neutron diffraction studies (97) show that on 

melting, the short range order of the salt is retained. The most 

frequent nearest neighbour interionic distance i.e. cation to 

anion, is shorter than that found in the solid state at the 

melting point. On the other hand the most frequent next-nearest 

neighbour approach,i.e. cation to cation and anion to anion, 

is nearly always larger than that found in the solid. The average 

co-ordination number for nearest neighbours is significantly 

lower than that for the typical solid structure. It can be 

considered therefore, that on fusion of ionic salts, a large 

number of vacancies, e.g. Schottky defects, are introduced into 

the crystal lattice. This would result in the reduction of the 

co-ordination number and a loss in long range order. 

3.2. quasi-lattice model 

Ionic fused salts have an essentially disordered nature, 

in common with gases, when macroscopic distances are considered. 

However, it is clear that there is strong local ordering which 
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can be considered in terns of a lattice. Frenkel (98) and 

Bresler (99) described the structure of an ionic fused salt in 

terms of the quasi-lattice model. The model considers an 

asserb1y of ions, in a vacuum, occupying positions in two 

interlocking sub-lattices. One sub-lattice is available to 

cations, and the other is available to anions. 

In a thermodynamically ideal fused salt mixture, i.e. 

where the activity "a" of ascomponent is equal to the ionic or 

mole fraction "N" of that component, the different cations and 

anions will be randomly distributed on their respective sub-lattices. 

An ideal fused salt mixture containing ions all of the same 

charge type will fit the Terikin model (100). The activity of a 

component in such a mixture will be given by the product of the 

ionic fractions of the cation and anion of that component. 

Forland (101,102) extended the model in order to account for 

mixtures of salts of different charge types, where there will 

be a large number of vacancies in one of the sub-lattices. The 

ionic fraction terms were replaced by equivalent ionic fraction 

"IV"terns e.g. consider the mixture A2X-BX. The cation equivalent 

ionic fractions are 

541 =  A 
	

2nR  

nA 2nB 
	 nA  2AB 

	(3.1) 

where "n°  denotes the number of particles. The Temkin model 

assumes that the enthalpy of mixing is zero, but the enthalpy 

of mixing for reciprocal salt mixtures was found not to be zero. 

Flood et alia (103,104) further extended the model, still 

assuming the random distribution of cations and anions on 
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their respective sub-lattices, but including a non-zero value 

for the enthalpy of mixing. For a system of AD and BC 

AD NA D  N exp (NB  NC  Z AB) 
( RT 

(3.2) 

where "Z" is the average co-ordination number of the quasi-lattice, 

and "ZAR" is the approximate enthalpy change for the reaction 

AD 4. BC + AC BD. 

3.3. Non-random nixing 

Large deviations from ideality are found in mar?fused salt 

mixtures indicating that mixing is not random. These deviations 

from ideality may be explained in terms of ion association. A 

controvery exists as to the real significance of the ion 
Str,,,)L4,1 

association, whether it is purely coulombic, and hence a kinetic 

entity of the quasi lattice or whether it involves some form 

of orbital overlap, i.e. complex ion formation. 

Non-random mixing can be considered in terms of complex ion 

formation if the life-time of the associated species is long 

compared to the life-tine of the quasilattice "t". The 

life-time "t'' of the quasi-lattice can be estimated from the 

relationship between Brownian movement and diffusion (105) 

t = A 2  /2D, 	 (3.3) 
where "A" is the average value for the displacement of an ion, 

an "D" is the diffusion coefficient. For ionic liquids '7 

is about 10-8 cm and "D" is about 10 5  cm2, sec . These 

values suggest that the life-time of a quasi-lattice is of the 
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order of 10-11 second. 

3.3.1. Evidence for complex-ion formation  

The evidence for complex-ion formation is based on 

spectroscopic, ionophoretic, surface tension, cryoscopic, 

electrical conductivity and potenticaetric data. None of this 

evidence proves to be conclusive. 

The observation time for infra-red, Raman and atomic 

adsorption spectroscopy is the order of 10-12 second (105). 

That for electron spin resonance is of the same order as the 

relaxation time of the liquid. Hence these spectroscopic 

techniques, thonqh giving a insight to the stereochemistry of 

the species, will not differentiate between complex-ions and 

quasi-lattice entities. 

Fordyce and Baum (106-108), from. infra-red spectroscopic 

measurements on tantalum (V) and niobuim (V) in fluoride melts, 

have shown the existence of (Ta 7)2-, (TaF6)-, (NbF7)2 , (Ta0F6)3-  

and (NbOF )3-  entities. Infra red spectroscopy has shown the 

existence of kinctiu entities (not necessarily complex-ions) 

in the CuC12-KC1 system (105), and the ZrF4  - alkali fluoride 

systems (109). Harrington and Sundheim (110) have reported on 

electronic absorption spectra for the first row transition 

metal ions infused salts. Gruen (111) reviews the electronic 

absorption spectra obtained for transition metal ions in fused 

salts. In both references they give positive identification 

for kinetic entities (not complex ions). 

Nuclear magnetic resonance spectroscopy has an observation 

time of about 10-8 second (105). This time should be long 
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enough to alloy the averaging out of quasi-lattice effects, 

but still allow the observation of complex-ion formation. 

The results from N.M.R. studies can be taken as direct evidence 

for complex-ion formation in fused salts. Rowland and Bromberg 

(112) and Nafner and Nachtrieb (113,114) have carriedLN.M.R. 

studies on thallium ions in fused salts. Their data provided 

evidence for complex-ion formation between thallium ions and 

hallide ions. 

lonophoretic measurements on binary and reciprocal salt 

melts containing, transition metal ions, lanthanide ions or 

actinide ions have produced evidence of cations migrating 

to the anode (115-120). Since the extent of the solvent 

movement in the electric field was unknown, no correction was 

made for possible solvent flaw. For this reason the data 

cannot be considered as conclusive evidence for the formation of 

anionic complexes. However, the fact that many other metal ions 

in the same solvent moved towards the cathode (115-120) does 

suggest that solvent flow is not significant. 

Mellors and Senderoff (121, 122) observed that the 

relationship of surface tension with concentration of zirconium 

(IV) in alkali metal fluorides exhibited discontinuities. 

In the lithhim-potassilim fluoride melt, they corresponded to 

the stoichiometries for (Zr F7)3 and (ZrF
5
) 	In the 

lithium-sodium fluoride, the discontinuity corresponded to 

(ZrF
7
)3  . Even though these results are not strictly diagnostic, 

quasi-lattice effects would not be expected to give such 

discontinuities, but rather some smooth relationship. 
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Van Artsdalen (123) and Van Artsdalen and Yaffe (124) 

have explained their cyoscopic and electrical conductivity 

measurements in terms of complex ion formation, but none of 

it proves to be diagnostic. 

3.3.2. Ion association models in reciprocal salt melts. 

The existence of complex entities can be most clearly 

visualized in a dilute reciprocal salt solution. Take for 

example a dilute soltion of A+  and C ions in a solvent of B+ 

and D-  ions. The association 

A41-C- 	AC, 

is represented two dimensionally in figure 3.1. The circled 

anion is adjacent to one A+ cation and (Z-1) B+ cations. 
U U 
Z is the co-ordination number. The circled C anion is 

adjacent to "Z" B+  cations. The interchange of these two 

anions results in an energy change of 

Ae = AE/N 	(3.3) 

where "N" is Avogadros number. Letting the pair interaction 

energy of A
+
-Bbe t e'l,

+
-C be "e2", A - C be "e3" and 

mt:  +- 
be e 4; 

Ae = e4  e3 	e2  - el  = AE/N 
	

(3.4) 

A statistical-treatment, based on the quasi-lattice model, 

has been used by Blander and Braunstein (125), and Blander 

(126,127) to describe the formation of associated entities. 

In the three approximate treatments applied, only nearest 

neighbour interactions were considered. 
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The symmetric approximation (125) takes into account the 

processes: 

Am  c
n
(m-n)+ +A+ -4.): A 	(m + 1 - .p)+ 

(m + 1) n  

and pm  C (11-'1)4' 	(nr11-1)+ + C 	Anic n 
(n + 1) 

where (m + 1) or (n + 1) are less than or equal to "n". 

The energy change for both processes is assumed to be the same, 

and independent of the value for "rn" or "n" i.e. the bond 

energies are additive and there is non-interference of pair 

bonds. 

The asymmetric approximation (126) only considers the 

interactions of one A+  cation with up to as many as "Z" C 

anions. 

(2-n)+ 
AC 	+ C- 4 AC (1-n)+ 
(n-1) 	n 	Aen  

where 'In" is limited between unity add "Z", and Den  is 

independent of the value for "n". The anion portion of the 

lattice is divided into two regions, (a) and (b). Region (a) 

includes all anion positions adjacent to an A+  cation and (Z-1) 

B anions. Region (b) includes all other anion positions. 

Blander and Braunstein (125) found close agreement between 

theoretical calculations based on the two above approximations 

and experimental data. They attributed the difference found 

to a saturation effect on the pair bonds, that is 

Ae, VAe2  # Aen 	... VAeE 	(3.4) 
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A generalised treatment, based on the asymmetric 

approximation, was derived by Blander (127) to take into account 

this interference between pair interactions. 

3.3.3. Ion  association models  in binary salt melts  

It is not so easy to visualize complex entities in a binary salt 

system, i.e. only one anion present, as it is in a reciprocal 

system. 

In a binary salt system the solute cations are surrounded by anions 

in groupings, w1Lich are distinctly separated from each other. 

These groupings can be divided into two types, firstly those 

involving one solute cation, i.e. mononuclear, and secondly 

those involving more than one solute cation i.e. multinuclear. 

The mononuclear groupings will be distinguished by a 

co-ordination number and stereochemistry, which can be different 

to that of the quasi-lattice of the surrounding solvent. Such 

groupings should be apparent from spectroscopic data (105-111,128) 

and other thermodynamic measurements, for example, surface 

tension measurements indicated the presence of (ZrF7)3  and 

(ZrF
5
) in fluoride melts (121,123). 

Up to now there have been no reports of definitive 

or diagnostic evidence for multinuclear species, involving 

cations, in fused salts. However, in light of the fact that 

transition metals have a great tendency to form such species 

in the solid state (to be discussed in section 3.4) it is 

probable that such species could exist in fused salts. Such 

multinuclear groupings nay be visualized in terms of solute 

cations occu3,ying adjacent positions in the cation sublattice, 



with the anions e.g. chloride ions, acting as ligand bridges. 

Such a model could be fitted to the analysis of Martin and Winter 

(129). In this analysis the bridging ligands modify an 

intramolecular metal-metal interaction in one (or both) of two 

ways. Firstly, by multicentre bonding involving direct overlap 

of the orbitals of the bridging ligands and the two metal ions. 

Secondly, by localised super-exchange, which involves no direct 

overlap of the orbitals of the two cations; however, the 

magnetic properties from such an exchange would be the same 

as for the direct overlap of the metal ion orbitals. 

3.3.4. Solvent cation effects  

It has been shown that the stability of "complex" species 

is strongly affected by varying solvent cations (130-138). 

The solvent cation effect can be considered in terms of its 

charge density. The charge density of an ion is equal to its 

charge "Z" divided by the cube of its radius "i' that is 

"Z/r3". The greater the charge density the greater the solvent 

cation-anion interaction, that is the shorter the interionic 

distance. Take for example the alkali metal chlorides where 

the cationic radii are: 

Li+, 0.78R; Na, 4.0.98X;: e, 1.33R; Re, 1.48R, and Cs +1.692. (139) 

The interionic distances have been collated by Bauer and Porter 

(140) LiC1, 2.028; NaC1, 2.368; KC1, 2.678; RbC1, 2.79, and 

CsCl, 2.918. 

An increase in the interionic distance, between solvent cations 

and solvent, should lead to an increase in the solute cation - 

anion interaction, since there is a decrease in the competition 

for the anion. Hence it can be said that for solvent cations 

of the same charge, the stability of ionic associations of the 
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stability of ionic associations of the solute will increase with 

increasing solvent cation size. 

3.11. Refractory metal ion-halide ion interactions  

It has already been mentioned that refractory metals show 

a great tendency to form multinuclear groupings in the solid 

state. In view of the similarities in structure between the 

solid and liquid states for ionic systems (see section 3.1) it 

is probable that such multinuclear groupings can be found in 

ionic melts containing refractory metal ions. For this reason 

it is necessary to consider the interactions existing in the 

solid state as well as the liquid state. 

3.4.1. Interactions with fluoride ions. 

Wilmshurst (109) observed that infra red spectra of the 

molten systems LiF-KF-ZrF and NaF-KF-ZrF21  were consistent with 

the assumption of a "complex" zirconium species. This is in 

support of the observations of Mellors and Senderoff (121, 122) 

who from surface tension measurements, postulated the existence of 

(ZrF7)3-  and (ZrF6)-  in the LiF-KF-ZxF4  system, and (ZrF7)3  

species in the LiF-NaF-ZrF4  system. 

Fordyce and Baum (106-108) carried out infra red 

spectroscopic measurements on tantalum (V) and niobuim (V) in 

molten fluorides. They have shown, that in the case of tantalum 

(V), the (TaFT)2  is the predominant species in KF, LiF-KF and 

LiF-NaF melts. In the LiF-NaFmelt, the (TaF6) species were 

also shown to be present. Similarly for niobium (V) they 

have demonstrated that (NbF
7
)2  is the predominant species in 

molten LiF-KF. They observed that (Ta0F6)3— and (Nb0F6)3—

were the predominant species in melts containing hydrolysed 
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entities of tantalum (V) and niobium(V). 

The pentafluorides of niobium and tantalum have been shown 

by X-ray single-crystal techniques, to have a trimeric structure 

in the solid (141). The metal atoms are at the corners of a 

square and linked by linear bridging fluoride atoms. These two 

compounds are iso-structural with molybdenum pentafluoride (142). 

These fluorides also appear to have a polymeric form when 

molten (143). Lower valent fluorides have been reported for 

niobium (144). Out of these lower fluorides, NbF2.5  appears to 

be built up of Nb6  F12  groups involving fluoride bridges. 

3.4.2. Interactions with chloride ions. 

It is apparent that the chemistry of the refractory metal 

chlorides, in particular the lower chlorides, is dominated by 

the tendency to form apparent metal-metal bonds (c.f. Martin and 

Winter (129)) and polymeric structures. 

Dahl et alia (145), on the basis of X-ray powder diffraction 

patterns, propose a structure for Zr C13  and Hf C13, which consists 

of infinite chains of MC16 tetrahedra joined at opposite faces 

by chloride bridges. A number of chlorides approximating to 

trichlorides, i.e. Nb Cl 	Nb Cl2.67-3.13 Ta Cl 2.33, 	
2.5  and 

TaC12.9 - 3.1 have been reported (144). They  all appear to be 

built up from metal clusters involving bridging chloride ions. 

McCarley and Torp (146) found that the halides or niobium (IV) 

and tantalum (IV) are diamagnetic even though both have a d' 

electronic configuration, These results evidence the existence 

of some form of metal-metal bond. McCarley and Brown (147) 

obtained similar results for tungsten (IV) halides, but since 

2  tungsten (IV) is a d ion, their results do not necessarily require 
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the postulation of metal-metal bonds. The dichlorides of 

molybdenum (148) and tungsten (149) are not simple compounds, but 

contain metal atom clusters which involve bridging chloride ions. 

3.4.3. Concluding comments. 

The question of whether ionic association in fused salts 

exists in the form of quasi-lattice entities or of discrete 

complex ions, in many studies is purely a semantic one. However, 

such a question when considered in terms of structural influences 

on an electrode reaction, is important, since the break down of 

a complex species could in fact constitute a slow step in an 

electrode process. 



- 68 - 

CHAPTER )4  

ELECTROCHEMICAL ASPECTS  

4.1. Introduction  

It has already been mentioned briefly in the general introduction 

that one of the requirements in the design of an electrodeposition 

process is the understanding of the kinetics and the mechanisms 

involved in the overall electrode process. Up to this date the 

study of the electro-reduction of refractory metals has been 

concerned with the determination of the stoichiometry of the electrode 

process, the diffusion coefficients of the ions and whether the 

process is slow or fast. There appears to have been very little 

work carried out to ascertain the nature of any slow steps in the 

electrode process. 

4.2. The electrochemistry of refractory metal ions  

4.2.1. Titanium  

Baboian et alia (150) used potentiometric and polarographic 

techniques to study titanium (II) and titanium (III) ions in 

lithiur chloride-potassium chloride eutectic at 450°C and 550°C. 

They demonstrated that the reduction 

Ti 	 2+ 
+ e 	Ti 

was reversible, but the reduction of titanium (II) to the 

metal gave ill defined and not reproducible polorographic waves. 

They also determined the equilibrium constant, "K", for the 

equilibriuim 

	

.o + 2T1 
.3+ -* 	.2+ 

.  
(solid) 
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The value for "K" was in the range of 103 to 10
4, which means 

the equilibrium is far to the right. This supports the findings 

of Rossokhinet alia (151) from their potentiometric 

investigation into the equilibrium in fused potassium chloride, 

where 

log 	K = - 6.956 + 8165/T°K 
10 

The same authors have extended their studyto the fused chloride 

solvents of magnesium, calcium and barium (152). They found 

that the equilibrium constant decreased with increasing ionic 

radius of the solvent cation. In other words the increase in 

the titanium-chloride pair bond energy stabilises titanium (III) 

ions to a greater• degree than titanium (II). The addition of 

fluoride ions was also found to stabilize the titanium (III) 

ion (153,154). 

Menzies et alia (155) examined the electro-deposition of 

titanium from lithium chloride-potassium chloride and sodium 

chloride - potassium chloride eutectics. They observed, that 

the change over from large dendritic deposits to fine powder 

deposits, occurred over a small change in conditions e.g. 

concentration of titanium or current density. In polarographic 

experiments they observed that a limiting current for titanium 

was only present under conditions which gave dendritic deposits. 

They suggested that the powder deposits were produced from the 

reduction of titanium ions by electrodeposited alkali metal, 

i.e. secondary deposition. 
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Anodic dissolution of titanium from pure titanium anodes 

in chloride electrolytes gives divalent titanium (150, 154) 

If titanium carbide anodes (156) or titanium dioxide - carbon 

anodes (157) are used, trivalent titanium goes into solution 

according to the following equations 

. TiC(S) 	Tl
3 + 
+C(S) + 3e 

(g) 

Flellors and Senderoff (135) were not able to obtain primary 

electrodeposit3 i.e. dendritic or coherent, for titanium from 

pure fluoride melts. Delimarskii and Chernov (158) 

carried out an oscillopolarographic study of potassium 

hexafluorotitanate and potassium hexa fluorotitanate - sodium 

chloride melts. The former system exhibited three polarographic 

waves. The first waves were reproducible where as the final 

wave was not. Similar results were obtained for the latter 

system. The second wave however tended to disappear with increasing 

titanium concentration. The data was very inconclusive, but it 

did provide some evidence for a slow chemical step. 

4.2.2. zirconium and Hafnium  

Baboimi et alia (159) have carried out a potentiometric 

and polarographic investigation of solutions of zirconium and 

hafnium ions in molten lithium chloride-potassium chloride 

eutectic at 450°C to 550°C. Anodic dissolution of zirconium 

at 450°C yielded zirconium (IV) but at 550°C it chiefly 

yielded zirconium (11)6 At 500°C anodic dissolution yielded 

an average valency between 2 and 4. This led to the postulation 

of the equilibrium:- 

Zr
4+ 

Zr{ 2Zr2+ 
S) "4- 

Ti02(s)4-C(s) 	Ti3+  + 02 	+ 3e 
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Anodic dissolution of hafnium yielded only hafnium (IV) over the 

whole range of temperature. At 450°c one pola4graphic reduction 

wave was observed for the zirconium solution. The potential - 

current relationship fitted a reversible four electron step. At 

higher temperatures zirconium solutions gave two polarographic 

reduction waves which were not very reproducible. The second 

wave was much longer than the first wave. The first wave was 

ascribed to the reduction of zirconium (IV), and the second wave 

to the reduction of zirconium (II)n-  the metal. Hafnium 

gave only a single polarographic reduction wave, which fitted a 

reversible four electron step. The equilibrium between zirconium 

(IV) and zirconium (II) put forward by Baboian et alia (159) has 

been confirmed in molten equimolar sodium chloride-potassium 

chloride (150), molten potassium chloride (161) and in molten 

caesium chloride (164). 

Sakura (163) used chronopotentiometry to determine the diffusion 

coefficients of zirconium (II) and zirconium (IV) in equimolar 

sodium chloride-potassium chloride at temperatures from 7000c 

to 900°c. Zirconium was added to the melt by anodic dissolution 

and then was converted to the divalent state by reduction with 

hydrogen gas or converted to the quadrivalent state by 

oxidation with chlorine gas. The reduction of zirconium (IT) 

exhibited a single chronopotentiometric wave, and the product 

"ir " was independent of applied current density. The diffusion 

coefficient for zirconium (II) ion was equal to (5.4 - 0.8) 

10-3  exp (-11,000 300)/RT cm2  sec-1. Plots of E versus 

log (1-t2/ T ) i.e. equation (2.69) gave slopes for an 

irreversible process with equivalent a n = 1, i.e. a = 0.5. 

Intercepts gave values for the rate constant, "k°ft" , 

varying between 10-14  and 10-13  cm sec-1. The reduction of 

zirconium (Iv) pro,1_,ded in two steps, which were exhibited 
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by two chronopotentiometric waves presumably 

Zr
+ 
 24 Zr2+ a  Zr°  

The first wave did not obey Sand's equation. The plot 

of "Pd" versus "1/i" gave a negative intercept "a" on the 

"Ti" axis i.e. diagnostic of a preceding chemical reaction. 

The value of "Tl" was empirically corrected by adding the 

value of the intercept "a" to "Ti". Using the corrected value 
1 

for "Ti" the diffusion coefficient for the zirconium (IV) ion 

became (6.2 1.0) 10-3  exp (-9800 ± 500) /ET) cm2  sec-1. The 

first wave was not examined in terms of the preceding chemical 

reaction, which is suggested by the negative intercept 

mentioned above. 

Mellors and Senderoff (164) have investigated the 

electro-reduction of zirconium (IV) added as K2ZrF6  dissolved 

in lithium fluoride-sodium fluoride-potassium fluoride eutectic 

(Flinak). They obtained chronopotentiograms over the temperature 

range of 500°C to 750°C. The reduction went in one step, i.e. 

only a single wave on the chronopotentiogram. At low current 

densities, 50-100mA, cm 2, very poorly defined waves were 

obtained, but at higher current densities greater than 300 m A,cni2m 

the waves were very much better defined. The ET/4  

values were in the order of 200 mV more cathodic at the higher 

current densities. The process was not a simple diffusion 

controlled process, since plots of it-a versus concentration of 

zirconium (IV) were non-linear. They do not give any 

information concerning the form taken by the non-linearity. 

The potential time relationship for the waves at 500°C and 650°C 
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fit that for a reversible system with a variable activity 

product c.-f. equation (2.60). The values for "n" were 3.0 at 

500°c and between 2.6 and 10 at 650°C. At 750°C it was 

impossible to fit the wave to any relationship. From the variable 

T/A. values and the potential-time relationships one can infer 4 

that the electrode process is irreversible. Since only one 

wave is present, the process probably goes by a single four-electron 

transfer. It has been reported by Manning and Namantov (165) 

that polarographic measurements on the same system at 500°C 

indicated that zirconium (IV) was reduced in a single reversible 

four-electron step. 

4.2.3. Niobium 

An investigation has been made into the electrochemistry 

of niobium ions in molten lithium chloride potassium-chloride 

eutectic and molten equimolar sodium chloride-potassium chloride 

(166). Anodic dissolution at low current densities yielded 

sparingly soluble niobium (III) in both melts. Higher current densities 

yielded blue solutions of niobium (IV). Electrolysis of 

niobium (III) in lithium chloride-potassium chloride gave 

cathode deposits of niobium which were attached to the electrode, 

indicating single primary reduction; 

Nb3+ 3e + Nbo 

On the other hand when equimolar sodium chloride-potassium 

chloride was used as the solvent, electrolysis produced 

powdery deposits of niobium at an appreciable distance from 

the cathode. Such deposits suggest a secondary reduction 

process: 
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hlia+  +4e 4-  klia, 

IM(IV) + 4Na + iTh°  

Pimenov and Baimakov (167) had used the chronopotentiometric 

technique to determine the diffusion coefficient of niobium 

(III) in molten lithium chloride-potassium chloride eutectic at 

4000c to 610°C and the diffusion coefficients of niobium (II) 

and niobium (III) in equimolar sodium chloride potassium chloride 

melts at 700°C to 840°C. 

DNb(II1) = 2.18.10-3  exp (-7,000/RT) cm-2  sec-1, (LiCl-KCl) 

DNb (III) = 4.36.10-3  exp (-10,500/RT)cm2  sec-1  (NaCl-KC1) 

DNb(II) = 9.2.10-3  exp (-9,150/RT) cm2, sec-1  (Lie' -KC1) 

Their published chronopotentiograms show a single reduction 

wave for all the systems, but without further information it is 

difficult to draw any conclusions about the electrode process. 

It appears, however, that their work is in conflict with that of 

Dartnell et alia (166) who suggested that the reduction of 

ni,-,1,iur ions in the sodium chloride-potassium chloride melt 

occurred via a secondary reduction process, which could not 

give a reduction wave. Saeki et alia (158) studied the 

electrolytic reduction of anodically dissolved niobium (in 

solution as Nb C12.67  (159))in alkali metal chloride melts, 

including the lithium chloride-potassium chloride eutectic 

melt. Their chronopotentiometric data suggested that the 

reduction occurred via a diffusion controlled, reversible two 

electron step followed by an irreversible step. These results 

are again inconsistent with those of other workers. 
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Senderoff and Mellors (170) carried out a ehronopotentiometric 

investigation into the electro-reduction of niobium (V), added 

as K2NbF7 dissolved in molten Flinak. The investigation was 

carried out over the temperature range of 650°C to 800°C. At 

650°C the chronopotentiograms consisted of two waves. The ratio 

of the two transition times "T 
2
/T
1
" was 0.55 - 0.11, and since 

the valence of the niobium was live, i.e. n1  -I- n2  = 5 ,the number 

of electrons involved in the first step should be four, and the 

number of electrons in the second stage should be unity (when 

n1 = 4 and n2 = 1T 2/T1 = 0.56, c.f. section 2.1.3). At 750°C 

and low current densities the first wave was resolved into two 

waves, a new wave appearing at less cathodic potentials. This 

wave disappeared when the mean valence of the niobium in 

solution was reduced to 4.2. The first wave in the reduced 

solution fitted a reversible process with a variable activity 

product (equation (2.60))where the estimated number of electrons 

involved was 3.04 ± 0.I9. The overall electrode process may be 

summarised as follows:- 

5+ e 	4+ 3e + 	o Nb 	Nb 	Nb .4- Nb 

Both the first waves i.e. for reduction of niobium (V) and 

niobium (IV) obeyed Sand's equation. The diffusion coefficients 

for niobium (V) and niobium (IV) calculated from Sandis equation, 

- at 750°C were 2.03 x 10-5  cm2  sec-1 5  and 5 x l0 cm2  sec-1  

respectively. Reversal of the applied current density during 

the first wave gave a reverse transition time, which was greater 

than one third of the forward electrolysis time c.f. section 

2.1.8. This can be interpreted in terms of adsorption or 

partial solubility of the niobium (I) species. The final 

step i.e. the reduction of niobium (I) gave a value for iT/C 
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which decreased with increasing concentration, and hence it cannot 

be totally diffusion controlled. Contrary to the ideas of 

Senderoff and Mellors (170) this inconstancy cannot be considered 

a criterion of irreversibility i.e. a slow stage,charge transfer 

or otherwise, for the final step. 

4.2.4. Tantalum  

Suzuki (171) has shown, from potentiometric measurements at 

500°C and 600°C that tantalum anodically dissolves in molten 

lithium-chloride-potassium chloride eutectic as quadrivalent iews. 

In a further study, Suzuki (172) examined the electro-reduction 

and electro-oxidation of tantalum (IV) in the molten lithium 

chloride-potassium chloride eutectic at 500°C,600°C and 675°C 

using chronopotentiometry. The chronopotentiograms showed that 

the reduction of tantalum (IV) occurred in two steps. The 

potentiai-time relationship for the first step supported a 

reversible two electron transfer process, the product from which 

was soluble in the melt. The value of i T 2/c for the first step 

was constant showing the first step to be diffusion controlled. 

The diffusion coefficients, calculated from Sand's equation 

for tantalum (IV)at 500°C, 600°C and 675°C were 9.0 x 10-5. 

2.5 X 104  and 4.6 x 10-4  cm2 sec-1  respectively. Values for 

iT2/C for the second step were not constant, but decreased with 

increasing concentration. The inconstancy is given to be an 

indication of irreversibility,slow charge transfer, but this 

is not correct, since the length of the transition time is 

not dependant on charge transfer rates. &iodic chronopotentiograms 

showed one oxidation step for the tantalum (IV) ion. The 

potential-•time relationship supported a reversible one-electron 

transfer process in which the product Was  soluble in the melt. 
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The value of iT/C was constant, supporting a diffusion 

controlled process. The diffusion coefficients for tantalum 

(IV) at 500°C, 600°C and 675°C were estimated to be 4.4 x 10-5  

1.4 x 104  and 2.3 x 10 4  cm2, sec-1  respectively. The 

diffusion coefficients from both the reduction and oxidation 

measurements are larger than would be expected for such a highly 

charged cation, c.f. D._mo(In) = 2.84.10-5  cm2  sec-1  at 600°C 

in the same melt (167). 

Senderoff et alia (173) used chronopot1ntiometry to 

investigate the electro-reduction of tantalum (V) dissolved 

in molten Flinak. The tantalum (V) was added as K2  Ta F
7 

and the experiments were carried out in the temperature range of 640°C 

to 860°C. The chronopotentiogrars exhibited two reduction steps 

at all temperatures. The value of i.d/C for the first wave 

was constant indicating that it is purely diffusion controlled. 

The potential-time relationship for the first step fitted a 

reversible process with a soluble product. The average 

value for number of electrons involved was three. The ratio 

of the two transition tines T2/T1 was 1.8 - 0.7. Total number 

of electrons involved in the reduction, (n1  + n2) must equal 

five, and the only "n" values, which satisfy this and give 

72,T1 = 1.8 are n1  = 2 and n2  = 5 (c.f. section 2.3). 

The reduction may therefore be written: 

Ta5+ a  Ta2+ 2e Ta° 

The diffusion coefficient for tantalum (V) at 750°C 

calculated from Sand's equation, is 1.5 x 10-5  cia? sec-1. 

Reversal of the applied current density during the first wave gave a 
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reverse transition time which was 80-905 of the forward electrolysis 

time, c.f. section 2.1.8. This can be interpreted in terms of 

strong adsorption or insolubility of the tantalum (II) species. 

The second step, i.e. the reduction of tantalum (II) did not give 

a constant value for j/C, but it decreased with increasing 

concentration. 

4.2.5. Molybdenum 

It has been demonstrated potentiometrically that anodic 

dissolution of molybdenum in fused lithium chloride-potassium 

chloride eutectic  (137,171,174) fused lithium chloride (175) and 

fused equimolar sodium chloride-potassium chloride (174) results 

in solutions of molybdenum (III) 

The kinetics of the electrode,Mo-Mo3; have been exmined 

by Sells (174) in various molten alkali metal chloride and 

bromide melts using a galvanostatic technique. The values 

obtained for exchange current densities were those for 

reversible charge transfer process, for example with a molybdenum 

(III) concentration of 10-2min the solvents lithium chloride - 

potassium chloride eutectic at 667°C and equimolar sodium 

chloride-potassium chloride at 769r'C the exchange current 

densities wore 0.50 and 0.31  A, cm -2  respectively. 

The electro-reduction of molybdenum (III) ions in molten 

lithium chloride-potassium chloride eutectic at 600°C, 

7000C and 8000C has been investigated by Senderoff and Mellors 

(176) using chronopotentiometry. They observed that the 

solutions of molybdenum (III) were unstable and concluded that 

a disproportionation reaction, which yielded a volatile higher 

chloride of molybdenum, was occurring, e.g. 
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5 Mo C13(1). 	3Mb C 
As) 	

15 (g)  

The instability of these solutions increased with decreasing 

molybdenum (III) concentration and increasing temperature. As 

a result of such behaviour they postulated the possible existence 

of polynuclear molybdenum (III) ions which have a slow rate of 

decomposition e.g. 

slow 

414+ 	n Mr.03+ 

A single chronopotentiometric wave was observed for the reduction 

of molybdenum (III). The value of i T /C for the reduction wave 

was not invariant, and at temperatures 500°C and 700°C increased 

with increasing concentration. The values for iT2/C though 

were considered constant enough to justify the application of 

Sand's equation in order to calculate diffusion coefficients. 

The diffusion coefficients for molybdenum (III) at 600°C 700°C 

and 800°C were 1.43 x 10 5, 2.89 x 10 5  and 3.87 x 10 5  cm2  sec 1  

respectively. The potential-time relationships for waves at 

600°C did not fit any of the models described in section 2.1.9. 

At 700°C the potential-time relationship fitted an irreversible 

charge-transfer process or a reversible process with an insoluble 

product i.e. equations (2.61) or (2.69) with a value for "an" 

or "n" of 2.66 1: 0.28. The potential difference between the 

reduction and oxidation processes was obtained by current 

reversal during the reduction wave. The potential difference 

at 500°C was three times and at 700°C two times that expected 

from the ohmic resistance of the melt. At 800°C the potential 

difference was very close to that expected from ohmic resistance. 

It was suggested therefore that the reduction process approach 

closely to reversibility at 800°C. 
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Senderoff and Mellors (177) have investigated the reduction 

of molybdenum (III) in molten Flinak at 600°C, 700°C and 800°C 

using chronopotentiometry. Their chronopotentiograms consisted 

of single reduction wave, which N.02 too irreproducible for any 

conclusions to be drawn from them. Only at 800°C did the 

potential-time relationship approach a fit to any model described 

in section 2.1.9. At 800°C the relationship approached the 

irreversible charge transfer model with a value for 

"an'' of 2.0 	0.2 i.e. a = 0.67. 

The potential difference between the reduction and 

oxidation process obtained by current reversal were always 

very much greater than that expected from the ohmic 

resistance of the melt. 

4.2.6. Tungsten and Platinum 

Senderoff and Mellors (177) have examined the electro-

reduction of tungsten ions in molten Flinak at 600°C, using 

chronopotentiometry. The mean valence of the tungsten ions was 

4.48 but during the experiment the valence would rapidly 

increase to 5 or above. At mean value of 4.48 one irreproducible 

chronopotentiometric wave was observed. The potential difference 

between cathodic and anodic processes, from current reversal, 

was 0.65 volt, which is very large compared with the potential 

difference 0.05 volt, expected from the ohmic resistance of 

the melt. This indicates a very high degree of irreversibility. 

At mean valencies of 5 or greater, a second chronopotentiometric 

wave appeared, which probably corresponded to the reduction 

of a higher valence state. 
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Schmidt et alia (178) have investigated the reduction of 

platinuti (II) molten lithium chloride potassium chloride eutectic 

at 450°C using polarography. The polarographic waves were 

described by the Kolthoff Lingane equation, i.e. assuming unit 

metal activity, for a reversible two electron transfer. The 

diffusion coefficient for platinum (II) was calculated to be 

1.49 x 10-5 cm2, sec-l. Inman et alia (188) have examined the 

complex-ion formation of platinum (II) with a bromide ions in 

lithium chloride potassium chloride eutectic. The potentiometric 

data indicated that the platinum (II) - bromocomplexes were 

stronger than *he platinum (II) - chloro complexes. 

4.2.7. Discussion  

The polorographic studies of the electro-reduction of 

titanium ions (150, 155) zirconium ions and hafnium ions (159) 

in chloride electrolytes, and zirconium ions in fluoride electrolytes 

(165) all support fast processes. However, it was observed by 

Menzies et alia (155) that at lower concentrations of titanium 

there was no limiting current for the titanium reduction. This 

suggests the presence of slow step, resulting in secondary deposition 

(see section 4.3.2.) which is supported by the fact that these same 

ennaitinnA oPITP tiSP to nowder electro-deposits of titanium metal. 

Chronopotentiometric studies of the reduction of zirconium ions 

in chloride electrolytes (163) and fluoride electrolyte (164) 

support a slow step in the reduction process. These apparent 

anomalies can in some degree be accounted for by the different 

current density ranges employed by the two techniques. The 

current densities in polarography are low, that is below the 

limiting current for the process, where as the current densities 

used' in chronopotentiometry are high, that is above the 

limiting current for the process. Thus the chronopotentiometric 
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technique' will tend to place greater emphasis on any slow step 

than a polarographic technique. 

The anomalies between the studies of electro-reduction of 

niobium ions in chloride electrolytes, carried out by Darnwell et alia 

(166), Pimenov and Baimakov (167) and Saeki et alia (168) 

cannot be easily accounted for. This is mainly as a result of 

the lack of information in their works. It could possibly be 

attributed to impurities present in the electrolytes e.g. oxides. 

It has been shown that the molybdenum-molybdenum (III) 

couple is electro-chemically reversible in chloride melts (174). 

The electro-reduction of molybdenum (III) to the metal has been 

shown by chronopotentiometry (176) to be slaw,• but the potential 

tine relationships at lower temperatures do not fit an irreversible 

charge-transfer model. These facts tend to support a rate 

controlling step, which involves a chemical reaction i.e. 

dissociation of a complex species. The absence of adsorption 

suggests such a reaction would be homogeneous. 

The electro reduction et' niobium (V) {170)  and tantalum  (V)  

 

•	 u U. J. 

 

to-be--shown- to occur via 

  

-the forte-the- 

first 	two st-eps suggest such a reaction would be homouncour. 

The electro-reduction of niobium (V) (170) and tantalum 

(V) (173) in fluoride electrolytes have been shown to occur 

via three steps and two steps respectively. In the former 

the first two steps were fast, and in the latter the first 

step was fast. It was proposed that the final steps in both processes 
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were slow on the criterion that IT 7C decreased with increasing 

concentration. This is not a criterion of irreversibility, 

but indicates that the process is not totally diffusion controlled. 

The only evidence for the above final steps being slow is that, 

even though the preceding steps are fast, coherent and not 

dendritic electro -densities of the metals are obtained from this 

electrolyte (see section 1.3). 

Zirconium (IV) (165) molybdenum (III) and tungsten (IV) 

(177) ions in pure fluoride electrolyte, have been shown to be 

reduced to the metal in a single slow step. The chronopotentiometric 

potential-time relationships did not support an irreversible 

charge-transfer process. The inconstancy of ill/C indicated 

the process was not totally diffusion controlled. 

There is a considerable amount of evidence that the presence 

of a slow step, in the electro-reduction of refractory metal 

ions in chloride and fluoride electrolytes is the rule rather 

than the exception. However, there is very little evidence 

to support an irreversible charge-transfer process as the slow 

step, in fact there is considerable evidence to the contrary. 

On this evidence it is suggested that the break down of 

multi-nuclear complex species could play an important role in 

the mechanism of the slow step. Evidence for the existence 

of such complex species in the solid state has been discussed 

in chapter 3. 

The evidence for adsorption of niobium (I) (170) and tantalum 

(II) (173) and the decrease in itl/C with increasing concentration 

in the final step for all the processes in the fluoride electrolyte 

suggest such a slow chemical step in fluorides could be heterogeneous 

in nature. 
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4.3. Electrodeposition  

4.3.1. Simple electrodeposition model 

4.3.1. Simple electrodeposition model. 

The dependence of the nature of electro-deposits on the 

kinetics of the overall electro-reduction process has already been 

discussed briefly in section 1.3. It was shown that the diffusion 

overvoltage at a substrate electrode sphere would be less than at 

a planar electrode substrate, for the same current density, if the 

radius of the sphere was less than the diffusion layer thickness. 

It will also mean that for a given diffusion over voltage, the 

current density will be greater at such a sphere than at a planar 

electrode. Consider a fast overall electrode reaction, i.e. 

diffusion controlled. At the start of metal deposition, the metal 

will build up at certain growth sites and as the deposition 

continues metal atoms will build up on these sites. These 

aggregates of metal atoms will be equivalent to very small 

substrate electrode spheres with radii less than the diffusion 

layer thickness. The current density, i.e. the rate of deposition, 

will be greater at these metal aggregates than at surrounding 

electrode substrate, and hence there will be a tendency for 

dendrites to grow out into the electrolyte. 

If the electro reduction process is not fast, i.e. the 

overpotential for the process is not a result of diffusion, 

equation (1.1) will not be applicable. Under these conditions, 

where the overpotential for diffusion is small compared to 

the total over potential, one would expect a multilayer 

coherent deposit, since the rate is not strictly determined by 

the geometry. 
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There are situations where the overpotentials are so large 

that the potentials required to deposit the metal are more 

cathodic than those required to reduce the solvent cation. Such 

a situation would arise, if the electro-reduction process was 

very irreversible or if the applied current density was very large 

and hence giving a very large diffusion overpotential. The 

reduced solvent cations, which will be thermodynamically unstable, 

will then reduce the solute cations around the electrode. The 

resulting metal deposits will be powdery in form and not 

necessarily attached to the electrode. This type of deposition 

is generally described as secondary deposition. Take for example 

the reduction of a solute cation Mil+  in an alkali metal halide 

electrolyte AX, where secondary deposition occurs, then 

nA+ + ne nA° 

nA°  + te+  + 	+ le 

The picture drawn of metal deposition has been very much 

simplified in order to illustrate the effect of the electrode 

kinetics on metal deposition. A very thorough treatment of the 

mechanism of electrodeposition of metals has been provided by 

Bockris and Damjanovic (174). 

4.3.2. Electrodeposition of refractory metals from molten fluorides  

Mellors and Senderoff (135) have attempted to relate the 

polarising power of the solvent cations, c.f. section 3.3.1 .Z/r3  

ratios, to the nature of the electrode deposits. The polarising 

power of the solvent cations should reflect in the stability 

of the solute complexes, and hence should be related to the 

reversibility of the overall electroreduction process. 
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In order to quantify the concept of the polarising power 

of the solvent cations they define the molar dissociation 

coefficient, "14", for the solvent 

M = E ni  Zi/ri3  

where 11i  is ionic fraction of solvent cation "i", "r" is 

the ionic radius and "Z" is the valency. According to the 

concepts discussed in section 3.3.4. an increase in the value 

of "M" will result in a decrease in the stability of any 

solute cation complex species. The parameter used to judge 

the solute complex stability was 14.Z/r3  where "Z" and "r" 

apply to the solute cation. 

It was found that it was possible to obtain coherent 

deposits for tantalum, niobium and zirconium solutes in molten 

flinak. It was found though that the deposition of zirconium 

was difficult and deposition of titanium was impossible. 

The values of the parameter MZ/r3  for titanium (II) and 

zirconium (IV) in molten Flinak were 16.4 and 19.3 respectively. 

These results indicate that, if the parameter is greater than 19.3 

coherent deposits should be obtainable. Hence the 

minimum value of "M" required to give coherent deposits from 

titanium (II) would be 2.90. The use of the solvent 

(0.36 NaF: 0.54 Lir0.10KF), which has an "M" value of 2.96 

produced titanium plates of limited thickness. 

The applicability of the concept of the molar 

dissociation coefficient is useful in the way it emphasises 

the important part played the solvent cations in electrode 

processes. It cannot though be considered as diagnostic 

evidence of chemical kinetic effects in the overall electrode 
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process, since the solvent cation effect on the electrode 

potential could be equally important. 
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CHAPTER 5  

EXPERIMENTAL 

5.1. Apparatus  

5.1.1. Furnace and Controls  

A conventional wire wound furnace was used. The furnace 

tube was made of a vitreous silica (Thermal Syndicate Ltd.) 

with an internal diameter 100 m.m.,wall thickness 6.00 m.n. 

and length 18 ins. Since the tube was made of silica the upper 

operating temperature was limited to 1000°C. The tube was 

stagger wound logaritbaicallywith 16 s.w.g. Kanthal Al wire, 

and the wire was held in place with alumina cement. The 

resistance of the furnace was 19 ohms, which limited the maximum 

power to about 3 K.watts. The furnace tube was insulated with 

a layer of "Triton" ceramic fibre and finally M.I.28 bricks 

(Morgan Crucible Ltd.), such that the insulation was 18 in 

cube around the tube. The tube and insulation was contained 

in a "Syndanyo" box with a welded mild steel frame. The furnace 

and box were counterbalanced with lead weights so that it 

could move easily up and down within an outer welded mild 

steel frame. (Similar to the principle of sash cord windows). 

The cell was clamped at the top of the outer frame by a 

water-cooled brass collar. The whole arrangement facilitated 

the slow heating and cooling of the cell, by raising or 

lowering the furnace from around the cell. An earth shield 

of Ninonic 75 alloy lined the inside of the furnace tube 

to minimize electrical noise. 

The furnace temperature was controlled by a Eurotherm 

P.I.D.15 controller, which is solid state, proportional, 
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integral, differential controller. The proportional band range 

was variable, but the integral and differential terns were 

fixed. The controlling thermocouple, which was platinum-platinum, 

13% rhodium, was sheathed in alumina, and situated six inches 

from the bottom inside the furnace tube. The constant temperature 

zone (hot zone) started four inches from the top of the furnace 

tube and was eight inches in length. The temperature of the 

constant temperature zone could be controlled with in ± 1°C. 

5.1.2. Dry box assembly. 

The basic glass fibre glove box, with perspex windows, 

but without posting ports, was made by Marine and Industrial 

Plastics Ltd. A horizontal side posting port 7.5 inches in 

diameter and 24 inches in length, and a vertical bottom posting 

port 5.5. inches in diameter and 22.5 inches in length were 

added to the basic box. The ports were made of brass and the 

ends were sealed by aluminium covers fitted with 0-rings. The 

ports were capable of holding a vacuum of 10-2  torr. The 

bottom port facilitated passing the cell in and out of the glass 

box without having to lay it horizontally. The side port was 

used for passing other articles in and out of the box. The 

atmosphere in the ports was evacuated via one inch diameter 

copper tubing. Articles to be passed into the '_,ox-sere 71nce,4  

in the posting port, which was then sealed. The atmosphere 

in port was then evacuated down to a reasonable vacuum, 

10 1-10-2 torr, and then filled with argon dried over molecular 

sieve. This procedure was repeated three times, and then the 

inner cover was removed and the articles taken into the 

box. The atmosphere inside the box was dry argon at slightly 

greater than atmospheric pressure. The atmosphere inside the 

box was continually circulated through a molecular sieve 

drying train by a Dymax I II diaphragm pump. The pressure 
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inside the glove box was controlled by two electromagnetically 

operated valves. (nagnetic valve Co. Ltd.) via a modified 

diaphragm pressure switch (Londex Ltd.) The pressure switch 

was modified by incorporating two micro-switches, which were 

operated by the diaphragm. One switch controlled the argon 

inlet magnetic valve, opening the valve if the pressure in the 

box dropped below 0.1 ins water, gauge, and switching off when 

the pressure reached 0.8 ins water, gauge. The other switch 

controlled the outlet magnetic valve, opening the valve if 

the pressure went above 1.3 ins water, gauge and closing it 

when the pressure reached 0.8 ins water gauge. The argon gas 

was dried over molecular sieve before passing into the box. 

The box containing a Kern single pan top loading balance 

which could weigh up to 150 g plus a tare up to 40 g. The 

balance was capable of weighing to - 0.2 m.g. As a precautionary 

measure ell the chemicals were stored in closed bottles or 

desiccators. 

A schematic diagram of the glove box assembly is shown 

in figure 5.1. 

5.1.3. Vacuum and gas system, 

An integrated vacuum system, which supplied the dry box, 

the vacuum pre-electrolysis cell and the electrolytic cell, 

was used. The main vacuum lines were one inch diameter glass 

tubing to allow high pumping speeds. The vacuum pump was 

a two stage rotary pump with a pumping speed of 82 litres, 

min-1 and an ultimate vacuum of 5 x 10-4  toxr(Edvards ED75 

pump). Volatile compounds were removed from the vacuum 

system by a liquid nitrogen cooled trap. The vacuun was 



- 91 - 

measured by Edwards GSC1 Pirani head and Edwards 8-1 Pirani 

gauge. An Edwards type CF3 vacuum dial gauge, 0-760 torr, was 

used to measure higher pressures, e.g. when bringing the cell 

or glove box ports back to atmospheric pressure. 

The argon gas system to the vacuum pre-electrolysis 

cell and the electrolytic cell were integrated. High purity 

argon (British Oxygen Co.) was dried over magnesium perchlorate 

and thenpassed over calcium granules at 650°C to remove residual 

nitrogen and oxygen. 

5.1.11. Electronic Equipment 

The circuit for the constant current pulse generator used 

through out the chronopotentiometric study is shown in figure 

5.2. The current step output was supplied by single side 

stable, mercury wetted relay (RL1), Elliots EBSC 65015, 

triggered from a 30 volt D.C. supply. The constant current 

pulse could be reversed or switched off a fixed time after 

the start off the pulse by the adjustment of the resistance R2 

and the capacitance C. The current reversal was effected by 

the mercury wetted relay, RL2, (Elliots EBSC65015). The 

forward and reverse current pulses were supplied by two 50 volt 

D.C. stabilized power supplies, through a variable resistor 

(R1) to the micro electrode (W) and the counter electrode (C). 

Resistance, R1, was selected from 44 resistors ranging from 1.0 

K.ohms to 2.2. Meg. ohms. The height of the constant current 

pulse was determined by measuring the potential difference 

across a 100 ohm standard resistor, built in series with the 

pulse circuit. The oscilloscope time base was triggered by 

the same voltage that triggered relay, RLI. The working 

and counter electrodes could be shorted closing by switch (X). 
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Fig.5.3 
CONSTANT CURRENT POWER SUPPLY 
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Fig. 5.4 

CONSTANT VOLTAGE POWER SUPPLY 
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The circuit diagram for the constant current power 

supply used for anodic dissolution is given in figure 5.3. The 

power supply was able to give a constant current of up to 250 m A. 

Its maximum operating voltage was 27 volts. The current flowing 

was determined by measuring the potential difference across a 

10 ohm standard resistor. 

The constant voltage power supply used in the vacuum 

pre-electrolysis of melts, would supply up to 3 volts. The 

maximum current capable of being drawn from the unit was 100 mA. 

A circuit diagram for the unit is shown in figure 5.14. 

A Tektronic 564 oscilloscope, with a 2B67 time base unit and 

a 3A8 operational amplifier unit. This oscilloscope is capable 

of storing traces on the screen for at least an hour. The 3A8 

unit consists of two operational amplifiers. One of the 

amplifiers was used as a unity gain amplifier, with a very high 

impelence input and a low impedance output. Signals from the 

electrodes were fed into the unity gain amplifier, and the 

output from the amplifier was fed into the oscilloscope. The 

high impedence input was used to ensure that the current drawn 

from the electrode system was insignificant. The other 

operational amplifier was used to differentiate signals from the 

electrode system. 

A solatron digital voltmeter type LM 1420.2 was used to 

measure all potentials 

5.1.5. Electrolytic Cell  

The cell is shown diagrammatically in figure 5.5. It 

consisted af outer envelope (A), of external diameter 3 ins 
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and length 14 ins. capped by a water cooled brass head (B). 

The pot (C) containing the electrolyte rested on a bed of small 

ceramic beads (D) at the bottom of the envelope. 

The materials used for the outer envelope varied according 

to the experiment. For low temperature studies, that is below 

5700C, Pyrex glass was used. In high temperatures studies in 

chloride electrolytes outer envelopes of transparent silica 

were used. It was found that silica could not be used with molten 

fluorides at high temperatures, because it was disastrously 

attacked by the fluoride vapour. It was found necessary to use 

outer envelopes fabricated from tqlfullite" (Thermal Syndicate 

Ltd). These envelopes were also attacked by the fluoride vapour, 

but not to such a serieysextent. They were also considerably 

cheaper than silica, and could therefore be discarded after a 

few experiments. The cell head fitted over the top of the 

outer envelope, and a vacuum and gas tight seal was achieved 

by means of a Wilson 0-ring seal (B). Seven holes (F), 7 mm 

in diameter, were drilled through the cell head. The tops 

of the holes were chamfered at 1.50  in order to accommodate 

0-ring seals (G). The electrodes etc. were located through 

these holes. The 0-rings were compressed around the electrode 

and against the cell head by an upper plate (H), and thereby 

achieving a gas and vacuum tight seal. By slightly slackening 

off the screws holding the upper plate down on to the 0-ring, 

one was able to easily raise and lower the electrodes. The 

centre hole in the cell head was used to accommodate the gas 

outlet and solute addition tube (I) which was fitted with a B 10 

socket. When all the seals are tight the cell was able to 

maintain a vacuum of better than 5Y10- 3torr. 
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A d±? ram of the cell head is given in figure 5.6. 

5.1.6. Thermocouples, etc. 

The thermocouples used to measure the melt temperature were 

platinum-platinum, 13% rhodium. For the low temperature (570°C) 

work Pyrex sheaths were used. Silica sheaths were used in the 

high temperature studies in molten chlorides. It was necessary 

to use alumina sheaths for the fluoride studies. The same 

materials were used for the gas bubblerswhich were also used 

to apply the vacuum, figure 5.7(a). 

Pyrex pots were used to contain the low temperature melts 

(570°C). The high temperature chloride melts were contained in 

silica or vitreous carbon (Vitreous Carbon Ltd.) pots. Vitreous 

carbon pots were also used to contain the pure fluoride melts. 

5.2. Materials 

5.2.1. Lithium chloride-potassium chloride  

The lithium chloride-potassium chloride (58.8 mole% -4C1 

41.2% KC1) eutectic mixture was used. The lithium chloride used 

was Hopkin and Williams G.P.R. grade and the potassium chloride 

was Hopkin and Williams A.R. grade. The purification of this 

melt is very necessary since there are three major sources 

of impurity. Lithium chloride is very hygroscopic and 

attempts to remove the water lead to the hydrolysis of the salt. 

Lithium chloride in particular contains heavy metal ions and 

carbon. The different purification processes have been 

discussed by Wrench (180). The method used in this study 

involved the vacuum pre-electrolysis of the molten eutectic 

using a carbon anode and a stainless steel cathode, followed 
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by filtration. Details of the purification apparatus and technique 

have been given elsewhere (180). After cooling,the solid 

eutectic was transferred to the dry box in a polythene bag, which 

had been flushed with argon. The eutectic was transferred to 

the electrolytic cell in the dry box, and used immediately. The 

absence of transitions on the chronopotentiograms for the pure 

melt were considered a criterion for a pure melt. 

The expression of the melt density "p " g cm-3 versus 

temperature can be obtained from data given by Van Artsdalen and 

Yaffe (181). 

oC = 1.885 - 5.274 x 10-4  T 	(5.1) 

5.2.2. Sodium chloride -potassium chloride 

It was found in the studies of niobium ions in sodium 

chloride - potassium chloride melts that A.R. grade salts melted 

under vacuum gave melts free of any impurities detectable by 

chronopotentiometry. In the studies of molybdenum ions in 

sodium chloride-potassium chloride melts the A.R. grade 

was not sufficiently pure. This is probably dueGvariability 

in the quality of batches of the salts. 

A technique was developed to purify the salts separately 

using sublimation under vacuum at 76000. The sublimation 

was carried out in the electrolytic cell. A stainless steel 

condenser plate was suspended from the bottom of the cell 

head by four stainless steel rods, screwed into the underside 

of the cell head. The plate was 2.5 ins in diameter and 0.125 

ins thick and the rods were 0.25 ins in diameter and 3.0 ins long. 

About 120 g of A.R. grade salt vas nixed intimately 

with about 5 g of ammonium chlorithand placed in a silica pot 
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inside the silica envelope. The cell head was assembled, without 

the condenser, with a connection to the argon/vacuum supply and 

a gas outlet. The cell was assembled and the evacuated and 

flushed with argon three times. The temperature of the cell 

WS very slowly raised to 760°C, with argon passing slowly 

through the cell. When the cell had reached 760°C, it was placed 

under vacuum for two hours to ensure that the more volatile 

impurities had sublimed off. When cool the cell was unloaded 

in the glove box, the pot containing the salt was left in the 

box and the cell was washed clean of sublimed salt. The 

condenser was then fitted to cell head and the cell was reloaded 

with the remaining salt. The cell was heated up to 760°C 

under vacuum and held there for about 18 hours. This was 

sufficient time for most of the salt to sublime, but some 

unsublimed salt, which should contain the involatile 

impurities, remained. The cell was dismantled in the glove box, 

and the crystals were removed from the condenser plate. The 

layer of crystals up to 1/8 inch away from the condenser plate 

was discarded. The remaining crystals were ground to powder 

inside the glove box. 

The initial treatment with ammonium chloride, was carried 

out to ensure removal of any oxides present. The sublimation 

treatment was found to give melts free of detectable impurities. 

The melt densities can be calculated from their individual 

densities, since sodium chloride and potassium chloride form 

virtually ideal mixtures with each other (182) i.e. 

melt 
= WNan P NaC1 

 +• W KC P 
	

( 5.2)  

where W = weight % and P= density in g, cm73. 
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5.2.3. Potassium  chloride - caesium chloride 

It was found that A.R. caesium chloride could be purified 

by recrystallization from distilled water. The A.R. potassium 

chloride did not require such purification. Fusion of mixtures of 

the two salts under vacuum provided melts of sufficient purity. 

5.2.3. Sodium fluoride - potassium  fluoride  

Mixtures of A.R. grade sodium fluoride and GPR grade 

potassium were fused under vacuum, and then held at 850°C under 

vacuum for two hours. This treatment tended to give a melt of 

reasonable purity, but it was not really satisfactory, as 

impurity waves were frequently present on chronopotentiograms. 

5.2.4. laplex fluoride salts of refractory metals  

The salts potassium heptafluoroniobate (KgbF7) and 

potassium heptafluorotantalate (K2TaF7) were obtained from 

Alpha Inorganics, U.S.A. 

The analysis of these salts is given in table 5.1. 

5.2.5. Metals  

The metals used for the electrodes were supplied by Alpha 

In-Ix-zanies, U.S.A. except for the platinum which was supplied 

by Johnson Matthey. The purities of the metals are listed 

below. 

Molybdenum 99.95% 

Tantalum 99.9% 

Niobium 99.8% 

5.3. Electrodes 

5.3.1. Nicroelectrodes and counter electrodes  

Four types of microelectrodes were used in this study. They 
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Table 5.1. 

Maximum limits of impurities in complex fluoride salts. 

Kin° 	K2TaF7  F7  

Nb 	_. 	140 p.p.m. 

Ti 	10 p.p.m. 	10 p.p.m. 

Fe 	800 p.p.m. 	35 P.P-m. 

Sn 	10 p.p.m. 	10 p.p.m. 

Si 	350 p.p.m. 	100 p.p.m. 

Cr 	- 	10 p.p.m. 

Mo 	- 	10 p.p.m. 

Ni 	- 	10 p.p.m. 

N 	- 	75 P.P.m. 

Ta 	3,700 
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were a tungsten planar electrode, a platinum spherical electrode, 

a platinum flag electrode and a tantalum flag electrode. The 

electrode areas of the flag electrodes were not so well defined, 

since it was not always possible to accurately assess their depth 

of immersion in the electrolyte. It was for this reason flag 

electrodes were only used for the study in pure fluoride 

electrolytes, where any insulating material e.g. silica would 

be severely corroded. These electrodes are illustrated in 

figure 5.7(b). 

The tungsten planar electrodes were prepared by sealing 

the tungsten rod 2 mm in diameter into silica using the G.E.C. 

graded seal G.S.10. The tungsten was then ground down on 

grade 90 carborundun paper until the tungsten was flush with 

the seal. The end of the electrode was then polished on grade 

800 carborundum paper. Finally the electrode was polished on 

a lapping wheel using firstly 311  diamond paste and in alloy 

1p diamond paste. The electrode was then examined under a magnifier 

to ensure it was free from scratches. Tungsten may be sealed 

directly into Pyrex glass for the low temperature studies, but 

these electrodes were found to be less reliable perhaps because 

of lowPr thPrmni RhrIC'k n54igtnneP. TI11,1c 	variety 

of tungsten planar electrode was used even for the low 

temperature studies. It was found that a new tungsten electrode 

should be used for each series of experiments, if it was to 

be relied upon. 

The platinum spherical electrodes were used in the 

platinum study at 480°C, and hence the platinum could be 

sealed into pyrex glass. The platinum wire, 22 S.W.G. 

was sealed into pyrex glass with about 2 mm of the wire 
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protruding. The protruding platinum was then fused, using a 

fine oxy-gas flame, to produce a sphere. Immediately prior to 

using the platinum electrode, it was soaked in concentrated 

hydrochloric acid and heated in coal gas flame. 

The flag electrodes used were approximately 2 mm square 

and were spot welded to 10 nil wire. The area of the platinum 

flag electrode and the spherical electrode were calibrated in 

an aqueous solution of 10-314 potassium iodide plus 1M sulphuric 

acid. Using the chronopotentiometric constant 0.700 AMID, 

sect , mole, cm-1  (183). The tantalum flag electrode was 

calibrated against the platinum flag electrode during a 

fluoride experiment. The area of the tungsten electrodes were 

estimated geometrically. The area of the electrodes at the 

experimental temperature were calculated from the coefficients of 

expansion "a" supplied by Smithells (184). 

a.10
6 

for (20 to t°c) 

Platinum 9.6 

Tungsten 6.6 

The counter electrodes, which were also used as the anode in 

sundin dissolution, wera fnbrinnted from the say.* mete]. AS the 

ions being studied. The dimensions of the metal foil used was 

3.5 cm by 3 cm and 10 mil thick. 

5.3.2. Reference electrodes 

Reference electrodes were only used in the chloride 

electrolyte studies. The couple used for all the reference 

electrodes all the reference electrodes was the silver-silver 

(I) couple. 
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The reference electrode used in the low temperature studies 

( <57000 consisted of a dilute solution of silver chloride in 

the lithium chloride-potassium chloride eutectic, which was contained 

in a Pyrex glass bulb. This type of electrode was originally 

developed by Inman (185). The Pyrex glass acted as a 

membrane, in which the alkali netal ions are in equilibrium 

with the alkali metal ions in the electrolyte. The solution of 

silver (I) ions was prepared by anodic dissolution at 470°0 

under an argon atmosphere, and its concentration was determined 

by atomic adsorption spectroscopy. A single 100 g batch of 

the solution was prepared, and lasted the whole study. The 

concentration of silver was 7.22 x 10 3  moles per 1000 g. 

The reference electrode used in the high temperature 

studies consisted of a dilute solution of silver chloride in 

eauimolar sodium chloride potassium chloride. The membrane 

used in this case was "Mullite" in the form of a closed end 

tube. The silver chloride was prepared from sodium chloride 

and silver nitrate in the usual way. The concentration of the 

silver chloride solution was 0.1 moles per 1000 g. 

Diagramatic representation of the reference electrodes 
are shown in figure 5.8. 

5.3.3. Anodic dissolution cathodes  

Two types of anodic dissolution cathodes have been used, 

those employing liquid bismuth. The requirement of the 

cathode is to prevent the electrochemically produced alkali 

metals entering the bulk of the electrolytes. Illustrations 

of the types of cathodes employed are in figure 5.9. 
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The graphite cathode, consisted of graphite electrode 5 cm 

long and 6 mm in diameter enclosed in a cathode compartment 5 cm 

long and internal diameter 1.0 c.m. The bottom of the 

compartment was closed by a No. 2 porosity sintered disc. The 

graphite electrode was electrically connected to the outside 

of the cell via a steel wire. A complete new assembly was used 

for each series of experiments, and since this proved to be 

expensive, a liquid bismuth cathode assemble was 

employed in all the later experiments. 

The liquid bismuth cathode was contained in a cathode 

compartment, which consisted of a closed end tube 4.5 cm long and 

1.0 cm in diameter, contact was made with the electrolyte via a 

small side arm which was situated 2.0 cm from the bottom, and 

packed with silica wool. Electrical contact was made with 

the molten bismuth through a tungsten rod (1 mm diameter). The 

tungsten rod could be raised and lowered without breaking the 

vacuum and gas-tight seal by employing a precision sliding 

glass joint greased with Apieson T. grease. Only the cathode 

compartment needed replacing after each series of experiments. 

The cathode assemblies were fabricated from Pyrex glass 

for use in the low temperature studies, and silica for use in the 

high temperature studies. 

5.4. Experimental procedure 

5.4.1. Chronopotentiometric measurements 

Constant current pulses of varying heights were applied 

between the micro electrode (cathode) and the counter electrode 

(anode). The change in potential difference between the two 
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electrodes with respect to time (chronopotentiogram) was 

observed on the oscilloscope screen. Since themicroelectrode 

was very much smaller in area than the counter 

electrode (about 500 tines in terns of geometry) the current 

density at the counter electrode was insignificant compared to 

the current density at the micro electrode. The potential 

of the counter electrode could be assumed to stay constant 

during the electrolysis, and any changes in potential 

difference between the two electrodes could then be assumed 

to be due to changes in the potential of the micro electrode. 

The current was reversed at the end of each pulse, to remove 

the reduced species from the electrode surface. The micro 

electrode was then allowed to return to a steady potential 

before the next pulse was applied. Several constant current 

pulses of the same value were applied to the cell to ensure the 

chronopotentiograms were reproducible. 

Two methods were used to measure the length of 

transition times. The earlier measurements were taken directly 

off the screen of the storage oscilloscope. To facillitate the 

direct measurement of the transition times the chronopotentiograms 

were electronically differentiated. The potential-tine 

measurements were taken directly from the undifferentiated wave. 

In the majority of experiments undifferentiated 

chronopotentiograms were recorded photographically, using a 

Tetronic C.12 camera. The camera was fitted with a Graflex 

back which accommodated a 12 exposure, 120 roll film holder. 

The 120 roll film used was Kodak Panatomic-X, which had a 

film speed of 32 A.S.A. To overcome parallax effects 

between the oscilloscope graticule and screen, an external 
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graticule was used. The virtual image of the external graticule 

was projected on the same plane as the oscilloscope screen. 

The use of a projected graticule also allowed a more complex 

graticule to be employed, and hence make measurements from 

the chronopotentiogram simpler. Since the double layer charging 

part at the start of the chronopotentiograms was very steep a 

simple tanget construction was used to estimate the length 

of the transition time (see figure 5.10). All the measurements 

were made from prints about 1.16X the actual screen size. 

5.4.2. Solute addition  

The complex fluoride salts (K2  NbF7) and the simple 

fluorides (NaF and KF) were added as pellets which were prepared 

in the dry box. The solute addition assembly, shown in 

figure 5.11, fitted into the gas outlet of the cell, using 

B10 cone and socket joints. To add the solute, the plunger (A) 

was retracted, the sample tube (B) was rotated a little over 

90°  from the vertical and one of the weighed pellets was tapped 

into the horizontal tube (C). The plunger was then used to push 

the pellet into the vertical tube (D), from which it dropped 

into the electrolyte underneath. The pellet was allowed to 

dissolve, and the electrolyte was stirred by bubbling argon 

gas through it. 

The addition of refractory metal ions to chloride 

electrolytes was achieved by anodic dissolution of the counter 

electrode. The current was applied between the counter and 

the anodic dissolution cathode by the constant current power 

supply described in section 5.1. The electrolysis time for 

the dissolution was accurately timed using a stop watch, and 

hence the amount of the ion added was calculated from the 



-114-- 

E 

TANGENT CONSTRUCTION TO MEASURE 
Fig.5.10 

Precision sliding 
joint 

'A 

Fig.5.11 SOLUTE ADDITION ASSEMBLY 

,—B10 

To gas 
outlet of cell 



-115- 

quantity of coulombs passed. The melt was stirred after dissolution. 

5.4.3. Preparation of apparatus.  

Prior to an experiment all glassware and silica ware was cleaned 

by the following procedure. They were soaked in a 1:1 mixture 

of concentrated nitric and concentrated sulphuric acids for 

at least one hour, washed with distilled water, followed by A.R. 

acetone, and finally dried in an oven at 110°C. The counter 

electrodes were cleaned by dipping them briefly into a 1:1:1 

mixture of concentrated nitric, concentrated sulphuric and 40% 

hydrofluoric acids. (Great care and full safety precautions 

must be taken in preparing this mixture). The electrodes were 

then washed with distilled water and finally with A.R. acetone, 

and allowed to dry. The other micro electrodes were washed 

with distilled water and A.R. acetone. 

The cell was assembled, transferred into the dry box where 

it was loaded with the solid electrolyte. The reference electrode 

and the solute addition tube were also loaded in the glove 

box. The sealed cell was then taken from the glove box, and fitted 

into the water cooled collar on the furnace. The cell was then 

connected to the argon-vacuum system and the gas outlet system. 

The gas outlet system included a dibutyl phthalate bubbler 

to ensure no air diffused back into the cell. The cell head 

was earthed to minimise pick up of electrical interference. 

The cell was then evacuated and flushed with argon three tines. 

With argon passing slowly through it, the cell was heated to 

the experimental temperature and evacuated. When the 

electrolyte was completely molten, the cell was brought back 

to atmospheric pressure by admitting argon, and the electrodes 

together with the thermocouple were lowered into the melt. 
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If pyrex or silica, was used the lowering of the elctrodes may be 

carried out visually by briefly lowering the furnace. When a 

"Mullite" outer envelope was used the lengths of the 

electrodes needed to be known accurately and the melt level accurately 

estimated. In the case of the fluoride electrolyte the thermocouple 

sheath was not lowered into the melt until the end of the series 

of experiments, so that its corrosion was minimised. A very 

small flow of argon was maintained over the melt throughout 

the series of experiments. 

5.4.4. Study of niobium  ions in chloride melts. 

Experiments were carried out in the lithium chloride-potassium 

chloride eutectic at 724°C using about 100 g of melt, equimolar 

sodium chloride-potassium chloride at 7550C using about 120 g 

of melt and equimolar potassium chloride-caesium chloride at 7500C 

using about 120 g of melt. The niobium was added to all the 

melts by anodic dissolution, except for one experiment where potassium 

potassium heptafluoroniobate was added to the caesium containing 

melt. The current density used for the anodic dissolution was 

about 5m A, cm-2. Also a very high current density was achieved 

by just touching the anode on the melt surface. The 

chronopotentiometric measurements were carried out using 

tungsten micro electrodes also steady state current-voltage 

measurements were made for the anodic dissolution in the 

caesium containing melt. The potential of the anode was 

measured against the reference electrode. 

5.4.5. Molybdenum ions in chloride melts 

The melts investigated in this study were the lithium 

chloride-potassium chloride eutectic at 5700C using about 

100g of melt, equimolar sodium chloride - potassium chloride 
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at 765°C using about 120 g of melt, and sodium chloride - 

20 mole % - potassium chloride 80 mole % at 765°C using 

150g of melt. The molybdenum ions were added by anodic 

dissolution. The fluoride ions were added as pellets of 

sodium fluoride at low the temperature and pellets of sodium 

fluoride 20 mole% - potassium fluoride 80 mole % at the high 

temperature. 

All the measurements made were chronopotentiometric using tungsten 

micro electrodes. 

5.4.6. Platinum ions in chloride melts  

The melt investigated was the lithium chloride-potassium 

chloride eutectic at 470°C using about 100 g melts. The platinum 

ions were added by anodic dissolution, and the fluoride ions were 

added as pellets of sodium fluoride. Chronopotentiometric 

and potentiometric measurements were made using platinum electrodes. 

5.4.7. Tantalum ions in fluoride melts  

The study was carried out in sodium fluoride 40 mole % - 

potassium fluoride 60 mole % at 728°C using about 100 g of melt 

The tantalum was added as pellets of potassium heptafluorotantalate. 

The chronopotentiometric measurements were made on platinum and 

tantalum flag electrodes. 
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CHAPTER6 

RESULTS AND DISCUSSION  

6.1. Niobium ions in chloride melts 

6.1.1. Results in lithium chloride-potassium chloride  

No chronopotentiometric reduction wave was observable in 

the eutectic melt at 724°C using anodic dissolution current 

densities of about 5mA, cm 2. When anodic dissolution was 

carried out at a high currents, with the anode just touching 

the melt surface, a chronopotentiometric reduction wave was 

observed. A large amount of precipitation occurred during 

anodic dissolution and hence the concentration was not known. 

The precipitate was very dark in colour. 

The wave produced by anodic dissolution at high current 

densities diminished with time. See table 6.1 where the values 
3. 

of the product it2  are listed in the order they were measured, 

i.e. iT2  decreased with time. The plot of the micro electrode 

"E" versus logio  (T2/t -1) was virtually linear for example 

with a slope of 207 mV (figure 6.1). The slope corresponds 

to n = 0.96, see equation (2.60). The plot of "E" versus log10  

(1-t2/T2) was totally non linear (see figure 6.1). 

6.1.2. Results in sodium chloride potassium chloride  

Anodic dissolution when carried out at current densities 

of about 5m A, cm-2  did not produce a chronopotentiometric 

reduction wave in the equimolar sodium chloride-potassium 

chloride at 760°C. Anodic dissolution, carried out at high 

currents and with the anode just touching the melt surface, 
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Table 6.1. 

Viobium ions in Li Cl-KC1 eutectic at 724°C. 

1 
i,mA. T,sec iT2105,A.sec.2 

o.6o4 0.019 8.33 

0.510 0.025 8.06 

a. g35 0.040 7.70 

0.337 0.050 7.54 

0.270 0.080 7.64 

0.204 0.140 7.62 

0.185 0.167 6.91 

0.135 0.305' 7.44 

0.128 0.322 7.25 

0.116 0.390 7.25 

0.114 0.415 7.33 

0.0962 0.590 7.39 

0.0772 0.850 7.12 
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Table 6.2.  

Niotritm ions in equimolar NaCl-KC1 at 760°C  

i,mA T  onsec i h03,A. msec . 1  

1.421 13.5 5.22 

1.198 14.3 4.53 

1.046 18.4 4.4? 

0.817 31.6 4.59 

0.757 36.5 4.58 

0.604 48.9 4.22 

0.509 55.2 3.78 

0.384 72.2 3.26 

0.336 82.6 3.05 

0..269 107 2.78 

0.2033 147 2.46 

0.1844 154 2.29 

0.1342 231 2.04 

0.1274 244 1.99 

0.1157 259 1.86 

0.1132 278 1.89 

0.0959 353 1.80 
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produced a chronopotentiometric reduction wave. (See photograph 

6.1.(a)1 It was not possible to estimate the concentration of 

the niobium species, owing to the large amount of precipitation. 

On cooling the melt was blue in colour. 

The reduction wave for the species produced by the anodic 

dissolution at high current densities were not very reproducible 

and diminished with time. Table 6.2. lists the values of the 

1 
product iTd in the order they were measured. The plot of the 

micro electrode potential "E" versus log10  (T2/t2-1) was linear. 

An example is shown in figure 6.2 which has a slope of 165 m V. 

The slope corresponds to n = 1.23, see equation (2.60). The 
i 	I 

plot for "E" versus log10  (1-.0/.0) was non-linear, see figure 6.2. 

6.1.3. Results in potassium chloride-caesuin chloride  

No chronopotentiometric reduction wave was observed in the 

equimolar potassium chloride-caesium chloride melt at 760°C, 

when anodic dissolution was carried out at current densities 

about 5mA, cm 2. A chronopotentiometric reduction wave was 

obtained at high anodic dissolution current densities and with 

the anode just touching the melt surface. A large amount of 

precipitation occurred during anodic dissolution, End hence 

it was impossible to estimate the concentration of the niobium 

species. The colour of the melt, when cooled, was blue. 

The reduction wave for the species (see photograph 6.1(b)) 

produced by the anodic dissolution at high current densities was 

reproducible and invariant with time. The product 1.0 

was independent of current density (see table 6.3) i.e. a plot 

of "1.2h  versus 1/i passed through the origin, figure 6.3. The 
:? 

plot of the electrode potential "E" versus log10  (T2/t2-1) was 
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alnost linear. An example is shown in figure 6.4 where the 

slope is 211 mV. The slope corresponds to n = 0.96, see 

enuation (2.60). The plot of "at  versus log10  (1-t2/T2) 

was not linear, see figure 6.4. 

The addition of niobium (V) as the complex fluoride, 

K2NbF7, produced a multiple wave which disappeared too rapidly 

to make any measurements. 

Steady state anode current-anode potential measurements were 

carried out on a melt apparently saturated by the species 

produced by anodic dissolution as about 5m A cm 2   , i.e. 

precipitation had occurred. The measurements were carried 

out in the anode current density range - 4.84 x 10 5  

to -2.16 x 10-3  Amp, cm-2, and anode over potential 	range 

4.6 to 123 n V. The Tafel plot of "n” versus log10 Ii'  

was linear at high overpotentials see figure 6.5. The 

slope was equal to 85.1 nV and the intercept, at q = 0, 

was -3.76. This gave a value for (1-a)n of 2.4 and an 

exchange current density "i0 of 1.74 x 104 Anp, cm , 

if the process is an irreversible charge transfer process, 

c.f. equation (2.88b). The plot of "1-1' versus 	shown 

in figure (6.6),gave limiting slope,as -ih tended to 

zero,of -98.3 V cm 2, Amp
-1. Applying equation (2.90) 

the exchange current density 	is 3.02 x 104  Amp.cn
2 

if n = 3 and 2.27 x 10 4  Amp cr.-2  if n = 4. 

6.1.4. Discussion 

The uork of Dartnell et alia (166) and Saeki and 

Suzuki (169) indicate that the anodic dissolution of niobium 

at low current densities in chloride electrolytes produces 
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(a) Nb ions in Fa Cl KC1 
y = 0.1 V,cm-1  x = 2 msec, cm 1, 
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Table 6.3 

Niobium ions in equimolar KC1 - CsC1 at 760°C. 

i,mA sec iT  10,3 A.msec 

1.198 16.5 4.87 
1.046 22.4 4.95 

0.817 34.6 4.81 

0.757 40.4 4.81 

o.604 67.6 4.97 

0.509 92.o 4.88 

0.384 159 4.84 

0.336 204 4.80 

0.269 306 4.71 

0.2033 528 4.68 

0.1844 644 4.68 

0.1342 1330 11.89 
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niobium (III) species. No chronopotentiometric wave was 

observed for species produced by low dissolution current 

densities. It can be concluded therefore that the reduction 

of the niobium (III) species, at the current densities employed 

by chronopotentiometry was irreversible and occurred by a 

secondary process following the deposition of alkali metal, c.f. 

Section 4. 

M
+ 
+ e+M°  (M = alkali metal) 

Nb3+ + 3M°  + Nb°  + 3M+  

The steady state anode current density - anode potential 

measurements support an irreversible process for the anodic 

dissolution of niobium. The Tafel plot gave an exchange current 

density of 1.74 x 104  Amp cm 2  and a value for (1-a) n of 2.1. 

If this exchange current density is compared with that obtained 

from the low overpotential plot, i.e. 

io  = 3.02 x 10 4  and 2.27 x 10-4  Amp cm-2  when n = 3 and 1 

respectively, it can be seen that they are all very close. 

The accuracy in determining the limiting slope from the applied 

current density tending to zero makes it impossible to 

differentiate between n = 3 or 4. Earlier work (166,169) suggests 

than n = 3, and in this case a = 0.2. It cannot be 

said for certain whether the instability of the niobium species 

Produced by rlissolution at high current densities was a result 

of high volatility or chemical instability. The species 

though was stabilised by increasing the mean ionic radius of 

the solvent cations, and in the equimolar potassium 

chloride-caesium chloride, the higher valence species were 

stable. Linear plots for the "E" versus log10  (T 3/0 -1) 

relationship in all the electrolytes supports a reversible 

charge-transfer, diffusiol cpntrolled reduction step, in 
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which the reduced species is soluble. The slopes for these 

plots indicate the process involves the transfer of a sille 

electron. The constant value for the product i T 2  supports 

the fact that in the caesium containing melt the process is 

diffusion controlled. The fact that the melts were blue in 

colour indicated that the electroactive species present was 

Po 
niobium (IV) (166). The chroktentionetric wave can then be 

interpreted in terms of the reduction of niobium (IV)to 

niobium (III). The precipitate found in all cases could be 

ascribed to partially soluble niobium (III) as reported by 

Dartnell et alia (166). 

Hence the probable process occurring in all the electrolytes 

may be summarised as follows:- 

slow 

Nb3+ + 3e 
	4. 

- 
low 

Nb
4+ 

e N 3+b 	Primary process 

1b3.4. + 3M0  Nbo + 3M'  secondary process. 

6.2. Molybdenum ions in sodium chloride-potassium chloride. 

6.2.1. Results. 

Attempts to atAin measurements in the equimolar sodium 

chloride-potassium chloride electrolyte at 765°C had to be 

abandoned. The molybdenum species produced by anodic 

dissolution were far too volatile to obtain satisfactory 

results. 

The stability of the molybdenum species in the sodium 

chloride 20 mole % - potassium chloride (30 mole % at 765°C 

was sufficiently increased to allow measurements to be carried 

out. It must be pointed out though that the molybdenum 
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(a) Nb (III) in NaC1 - KCl 
y = 0.1v, cm-1. x = 50 msec, cm-1. 

(b) mo (III) in NaC1 - KC1 + 0.04 mole % F 
y = 0.1 v,cnia 	x = 0.1 sec, cm-1. 



Photograph  6.3. 

(a) Mo (III) ions in NaCl-KC1, Cmg 3 x 10-2m 

y = 0.1 V, cm11  x = 0.1 sec, cm . 

(b) Mo  (III) in NaC1 - KC1,C=6 x 102m. 
y = 0.05 V,cm-1. x = 0.2 sec, cm-1 
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PhotoGraph  6.3. 

(C) Mb (III) in NaC1 - KC1 C 2  7 x Wi2  M 
y = 0.05 v,cm-1. x = 0.1 sec, cm-1. 

(d) Mb  (III) in NaC1-KC1 C=7 x 10-1M 
y = 0.5 	x = 0.1 sec, cm-1. 



-136— 

species was still volatile, and hence only approximate estimates 

could be made of the concentration of the species. The molybdenum 

was anodically dissolved at a current density of 5 m A, cm-2  

At these current densities it was assumed- that the molybdenum went 

into solution as molybdenum (III). The assumption was based on 

the findings of Sells (174) Suzuki (171) andSeirnc,v and Ilyzhik 

(175). The density of the melt calculated using equation (5.2), 

was 1.54 g cm -3  at 765°C. The values for the densities of 

sodium chloride and potassium chloride were estimated by 

extrapolation to 1038°K the densities calculated from molar 

volume values (186). 

Molar volume NaC1 1073°K 37.5 cm3 

1139°R 39.2 cm3  

Molar volume KC1 1043°K 48.8 cm3  

1133oK 	50.6 cm3 

A single chronopotentiometric reduction wave was observed for 

molybdenum (III) concentrations of less than about 2.2 x 10-2  DI 

(See photograph 6.2(a)). Above this concentration a second wave 

appeared at a more cathodic potential. At low concentrations the 

second wave appeared as a -hump" at the end of the first 

original wave but as the concentration was increased, the lerrat 

length of the second wave and the potential separation between the 

two waves increased (see photograph 6.3(a) to (d)). At 

concentrations of above about 2 x 10-2M losses of molybdenum (III) 

from the melt were not too significant over the time required 

for a set of measurements. Significant losses though 

were incurred in between sets of measurements. Examples of values 

for the transition time 	and the product i T2  are listed in 

tables 6.4 for the concentration 1.7 x 10-3M and 6.5 for the 
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Table 6.4  

Nblybdenum (III) ions in NaC1 20 mole % - KCl 80 mole  

Concentration = 1.7 x 10 3M. 

i,mA 	T,msec 

Electrode area = 3.14 mm2. 

, 
i T210,'A.msec2  

0.2681 2'.1.9 1.44 

0.2020 45.2 1.36 

0.1831 54.1 1.35 

0.1330 96.2 1.31 

0.1266 102 1.28 

0.1150 117 1.24 

0.1122 118 1.22 

0.09540 142 1.14 

0.07619 234 1.17 

0.05920 362 1.13 

0.04585 555 1.08 

0.03999 766 1.11 
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Table 6.6  

Molybdenum (III) ions in Na Cl 20 mole % KC1 80 mole %. 

2 
Concentration = 3.3 x 10-2M Electrode area = 3.14 mm 

i,nA T sec. 7.2,sec. 

0.8136 0.687 0.447 

1.044 0.496 0.333 

1.237 0.392 0.251 

1.192 0.422 0.302 

1.408 0.348 0.239 

1.692 0.275 0.219 

2.109 0.224 0.159 
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Table 6.7 

Nblybdenum (III) ions in Na01 20 mole % KC1 80 mole %  

Concentration = 6.8 x 10-2M 

i,mA T
1 
 sec 

Electrode area = 3.14=2  

t2"c 

1.408 0.596 0.346 

1.692 0.399 0.250 

2.109 0.255 0.165 

2.782 0.150 0.0932 

3.541 0.0927 0.0614 

4.390 0.0631 0.0404 

4.930 0.0492 0.0286 

6.103 0.0328 0.0155 

7.357 0.0232 0.0097 
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concentration 1.7 x 10 2M, There is a small but significant 
1 

loss from the melt at the low concentration, i.e. iT2  
1 

decreasing down the table. The values for iT2/c were at the 
1 

low concentration 8.6 x 10 4 app, sect  cm mole-1  and at the 
1 

high concentration was 6.6 x 10-4 amp, sect, cm, mole-1, 

assuming a correct estimate was made for the concentration. 

Within the limits of the measurements it is possible to say 

Sand's equation is obeyed when only one reduction wave is 

present. The diffusion coefficient estimated from Sand's 

equation was 6 x 10-6  cm2, sec-1. 

1 	1 
Plots of the micro electrode potential "E" versus log10  (T2/t2-1) 

were non-linear when only one wave was present. At low concentrations 

the beginning of these plots were linear with slopes between 67 and 

68 in mV which correspond to a value for "n" of 3 (equation (2.60)). 
1 	1 

The plots of "E" versus log10  (1-t2/T2) were linear with slopes 

varying between 160 mV and 220 mV, which cor:r•esponds to values of 

"n" between 1.3 and 0.94 (equation (2.69)). Examples of the 

potential-time plots are shown in figures 6.7 and 6.8. 

Plots of E “versus log10 i (when only one wave was present) were 1/4 

linear witb slopes of between 45 and 49 m V (see figure 6.9). 

Where fluoride ions were added (up to 0.04 mole %) to the 

melt Refthe shape of the single molybdenum (III) reduction wave 

was altered distinctly. Photograph 6.2 (b) shows a typical 

wave. The plot of micro electrode potential "E" versus 
1 2 

log10  (.0/t'-1) approached linearity, with slopes of about 
1 a 

150 mV, i.e. n; 1.4. Plots of "E" versus log10  (i-t/ ) 

were non-linear. Examples of these plots are shown in figure 6.10. 
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Fig.6.10 Mo3+  IN NaCI 20male% KCI 80 mole% 
+ 0.04 mole clo 

T = 1029 ° K 	T - 39.2 m sec. 

1.00 	1.40 	1.80 	2.20 
X 	3 

aim 	149 mV bf(t) 

F..(mV) 



Plots for potential-time relationships for the first wave, 

when two waves were present in the pure chloride, were the same 

as for the single wave, except rar  varied between 1.0 and 1.5. 

Examples for the values of the two transition times are given 

in tables 6.6 and 6.7. 

6.2.2. Discussion  

The appearance of a second wave, which was more cathodic 

than the first wave, at higher concentrations is not consistent 

with the reduction of another oxidation state of molybdenum. 

Firstly if a higher oxidation state were produced by anodic 

dissolution at high concentrations, the new wave would appear 

before the original wave, i.e. at more anodic potentials. 

If the second wave were the result of the reduction of a lower 

oxidation state, i.e. the reduction went in two steps the 

second wave would also be present at low concentrations. It 

has been shown that the second wave was due to a molybdenum-containing 

species, since it was enhanced on the addition of more molyldenum. 

It is apparent therefore the second wave must result from the 

reduction of a species containing molybdenum in the same 

oxidation state as the first wave. The only way this could 

be possible ,in a binary melt, is for a multinuclear species 

to exist, e.g. a dinuclear molybdenum (III) species. In this 

case the first wave would be due to the mononuclear 

molybdenum (III) species. Further evidence for the existence 

of such a large species is the very low diffusion coefficient 

for molybdenum (III), 6 x 10-6  cm2  sec-1. 

Considering the first wave, the linearity in the plots of 

microelectrode potential "E" versus log10  (1 -t'/T) and the 

non-integral values for "n" obtained from their slopes indicate 
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the reduction of molybdenum (III) is irreversible. If the 

irreversibility is due to the charge - transfer process the 

charge transfer coefficient "n" would be between 0.3 and 0.5 

which is not an unreasonable value. The linearity at the start 

of the plots of "E" versus log (-0t2-1) and a slope equivalent 

to n = 3, is curious. It suggests that at the start of the 

electrolysis at low concentrations, charge transfer would 

take place via a reversible three electron step. This would 

be expected if the slow step were a chemical step producing 

molybdenum (III) ions. The initial part of the chronopotentiometric 

wave would then involve the depletion of the free molybdenum (III) 

ions present at the start of the electrolysis. If the first wave 

were a reduction process involving an irreversible charge transfer 

step, then the plot of ET/4  versus logni, would have the same 

slope as the plots of "E" versus log10  (1-t2/0) c.f. section 

2.1.9,2. that is 160 - 220 my. The slopes though were in the 

range 45 - 49 mV, when only one wave was present. If the 

process were considered in terms of a homogeneous chemical step i.e. 

slow 	fast 
B -4- PO 	0 ne 	R 

the slope could be considered to be 2.303 X 2 v RT/(p+1 )nF 

c.f. section 2.2.2.3. A slope of 45.6 mV corresponds to 

a 3 electron transfer process assuring p = 2 and v= 1. 

The slopes for the ET/4  versus log10  (1) plots support the 

rest of the evidence for a slow chemical step, and the involvement 

of a dinuclear species, viz 

slow 
MO2

6+ (complex) + 2No 

M03+ + 3e 4-  MO 

If the diffusion coefficients of the two species were 
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assumed to be equal, and it was assumed that the current density 

was high enough to ensure that the dissociation of the complex species 

species was insignificant, it was possible to gain an estimate 

for the value of the equilibrium constant. The concentration 

of the uncomplexed species was estimated from the first wave 

using Sand's equation, and the concentration for the complexed 

species was obtained from the second wave using the treatment 

for the reduction of two different species, c.f. section. 

2.1.4. Hence 

K ={ mo3+}  2 	-1 
	 = 10-6 mole, litre 

f n°26+  / 

It must be pointed out that there is no real justification for 

the assuuptions made above, and therefore no great reliance 

can be placed on the value for the equilibium constant. 

The addition of fluoride ions of up to 0.04 mole % changed 

the shape of the reduction wave markedly. The change was 

represented by the reversible plot E versus log10  (T`/t-1) 

becoming linear, but with a non integral "n" value. This 

can be interpreted in terms of a decrease in irreversibility 

of the reduction process even though the value of "n'' is not 3. 

If the multinuclear complex of molybdenum (III) involved 

chloride liquid bridges as found in the solid state c.f. 

section 3.4.2. then it is feasible to consider that the 

fluoride ions would tend to break up the liquid bridges. The 

breaking up of the liquid bridges would then lead to a greater 

nqtnbility of the multinuclear species, and a decrease in 

the irreversibility of the reduction process. 
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6.3. - Molybdenum ions in lithium chloride-potassium chloride  

6.3.1. Results  

The molybdenum was anodically dissolved in the eutectic 

reit at 567°C, using current densities of 5mA, cm 2. The 

density of the melt, given by equation (5.1), was 1.59 g, cm 3. 

A single chronopotentiometric reduction wave was observed over the 

concentration range of 4.87 x 10-3M to 3.31 x 10-2M. An 

example of the wave is shown in photograph 6.4(a). The wave 

was found to be stable with time and reasonably reproducible. 

The product 	iT1  was found to decrease with applied current 

density "i", i.e. a plot of T2  versus 1/i had a negative 

intercept at 1/i equal to zero. An example of such a plot is 

shown in figure 6.11. The values of the product iT1  and 

applied current density "i" could be fitted to the equation 

ita 103 = a - b.103.i 	(6.1) 

The values for "a't  and "b" together with concentration are 

listed in table 6.8. It was considered that the scatter of 

results did not justify fittings the data to a more complex 

relationship i.e. its as a function of i2  on i 
4/3 for complex 

kinetic schemes discussed in 2.1.6.4. The diffusion coefficient 

was calculated from the intercept "a", when the applied 

current density tends to zero (section 2.1.6). 

Values for the diffusion coefficient at different concentrations 

are listed in table 6.9. The diffusion coefficient increases 

from (4.4 0.6) x 10 6  cm2  sec-1  to (7.4 1.3) x 10-6  cm2  sec 1  

for a concentration change of 4.87 x 10 3M to 3.31 x 10-2m. 

Plots of the micro electrode potential "E" versus 

log10  (Ti/ti-1) and log10  (1-t3/T3) were both non-linear at 

long transition times i.e. greater than 500 m sec (Figure 6.12). 

At shorter times i.e. about 10 m sec, plots of "E" versus 
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Photographs  6.4. 

(a) Mo  (III) in LiC1 KC1 eutectic. 
y = 0.1V, cm-1. x = 0.1 sec, cm-1. 

(b) Pt (II) in LiC1 - KC1 eutectic. 
y = 0.05 V,cm-1. x = 0.2 sec, cm-1. 
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Table 6.8  

Molybdenum (III) ions in LiCl-KC1 eutectic. 

Electrode area = A Cr.2 

iT2.10
3 
 = a - b.i.103  

i = Amps T = sec. 

Cone a/A b/A 

4.87 x 10-3M 2.63 0.199 

6.82 x 10-3M 3.83 0.247 

8.77 x 10-3M 5.13 0.498 

9.73 x 103M 5.90 1.03 

3.31 x 10-2M 23.0 0.579 
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Table 6.9  

Molybdenum (III) ions in LiC1 - KC1 eutectic. 

Concentration 

4.87 x 10-3M 

6.82 x 10-3M 

8.77 x 10-3M 

9.73 x 16-311 

3.31 x 10-2M 

3.31 x 102M 4.44 x 102M, F  

Diffusim coefficient 

(4.4 Y 0.6) x 10-6,cm2sec-1  

(4.8 ± 0.7) x 10-6,cm2sec-1  

(5.2 ± 0.5) x 106  cm2 sec-1  

(5.6 0.8) x 10-6  cm2  sec-1  

(7.4 1.3) x 10-6  cm2  sec 1  

6 (5.8 ± 1.7) x 10  cm2  sec- 
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1 	; 
log10  (1-t'/T 2 ) becare linear with slopes of about 130 mV 

which corresponds to a value for "an" of about 1.3. 

(Figure 6.13) The addition of fluoride ions to a solution of 

3.31 x 10 3  M molybdenum (III) (fluoride concentration of 4.44 x 102m) 

did not alter the shape of the curve significantly. The product 

iT2  became independant of applied current density, that is it 

obeyed Sand's equation. The diffusion coefficient decreased from 

(7.5 1.3) x 10-6  cm2  sec-1  in the pure chloride to (5.3 	1.5) 

x 10-6 cm
2, sec-1. For a wave of 330 m sec the plot of "E" versus 

log10  (1-t2/ ) was almost linear with a slope of 53 mV, i.e. 

n = 2.9 (Figure 6.14). For a wave of 10 m sec the plot of "E" 

versus loc.
10 

 (1-t2/1-2) was again almost linear but its slope was 

173 mV which gives "an" = 0.96. 

6.3.2. Discrssion 

The work of Selis (174) Suzuki (171) and Enirmov and 

Ryzhik (175) show that molybdenum at low current densities 

dissolves as the trivalent ion. The single chronopotentiometric 

wave observed was therefore ascribed to the reduction of 

molybdenum (III). The decrease of iT2  with increasing current 

density is diagnostic of an intervening slow chemical reaction. 

If the electrode process were a purely chemical kinetic 

controlled reaction the value for "b'' would be constant, and 

-a" would fit a pure diffusion controlled process (section 2.1.6). 

The calculation of the diffusion coefficient from "e should 

give a value,  independent of concentration "C". This was 

not found to be the case. The diffusion coefficient for 

molybdenum (III) in pure chloride melt increased with increasing 

concentration i.e. 'a/c" increased with concentration. The 

These slope 	also increased with increasing concentration. 
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results indicate that the chemical step is complicated by 

another process, which could perhaps be adsorption. Adsorption 

would also account for the scatter found for the values of the 

transition time. 

An intervening chemical step in a binary melt can only 

be explained in terms of the slow dissociation of a multi — 

nuclear complex species e.g. (molybdenum 	The very 

low values obtained for the diffusion coefficient would support 

the concept of a large multinuclear species. The low diffusion 

coefficient is in agreement with the low diffusion coefficients 

observed by Mellors and Senderoff (176) in the same melt at 

higher temperatures. 

The adlition of fluoride ions to the melt lead to the 

disappearance of the kinetic effect. At longer transition 

tines i.e. lower current densities the slopes of the plots of 

t'EP  versus log (1-0/ 1.2 ) were eauivalent to an ''n" value of 

virtually three. At high current densities the plot reverted 

to that for the wave in pure chloride. The integral value 

of an 	at low current densities fits a reversible process 

in which the product of the reduction is insoluble. 

Hence it appears that at low current densities the process is 

reversible, but not at high current densities. 

If the multinuclear complex of molybdenum (III) 

involved chloride briding ligands, as found in the solid state, 

cf. section 3.4.2. then the inclusion of the small fluoride 

ion would tend to break up the ligand bridges. 
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Hence it would be expected that the addition of fluoride ions 

would at least reduce the chemical kinetic effect and produce a 

more reversible electro-reduction rrocess. 

There is, however, though one apparent anomaly in the 

data and that is the decrease in the diffusion coefficient on the 

addition of fluoride ions. Since the breakdown of the multinuclear 

species by fluoride ions should lead to smaller species and 

therefore a larger diffusion coefficient. If, however, the 

diffusion coefficient measurements in the pure chloride solvent 

is an apparent value enhanced by adsorption, then such results 

would be expected. The addition of the strongly complexing 

fluoride ion would increase the stability of the molybdenum 

(III) species in solution and hence decrease the adsorption. 

The reduction in the adsorption of the molybdenum (III) would mean 

a reduction in the value of iT2  and hence a reduction in the 

measured diffusion coefficient. 

The results fit an electroreduction process of molybdenum 

(III) which involves a slow chemical step. The slow step can be 

ascribed to the dissociation of a multinuclear species 

containing molybdenum (III). However, there is no real evidence 

to indicate whether the process is homogeneous, or heterogeneous 

in nature. There is some indication that adsorption could play 

a part in the electro-reduction process. If this is the case 

it would suggest that the slow stage is at least in part 

heterogeneous. 

6.1 . Platinum ions in lithilar. chlorid2:potassium chloride  

6.4.1. Results 

The platinum ions wore anodically dissolved at a current 
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density of 5mA, cm-2  into the eutectic melt at 480°C. 

The Nernst plot of the potential of the platinum counter 

electrode versus the logarithm of the concentration of the 

platinum ions is shown in figure 6.16. The platinum was 

assumed to be present in the divalent state. The potential 

of the platinum electrode was measured against the silver-silver 

(I) reference electrode. The slope of the Nernst plot was 

80.5 mV, which corresponded to an nn' value of 1.9. This 

confirms that the anodic dissolution of platinum at current 

densities of 5mA, cm-2  produces platinum (II) ions. The 

equation describing the plot was 

E = 1.06 0.0806 log c (6.2) 

Hence the standard electrode potential for the couple platinum - 

platinum (II) at 480°0 in lithtam chloride-potassium chloride 

eutectic would be 1.06 41V (against Ag/Ag+  1.18 x 10-2M). 

Only one reduction wave was observed on chronopotentiograms 

for platinum (II). Measurements were carried out in the 

concentration range 3.06 x 10-3M to 2.76 x 10 2M. The product 

iT2  increased slightly with increasing current density, and the 

plot of .0 versus 1/i exhibited a small positive intercept at 

1/1 = 0 (Figure 6.17). The positive intercept can be 

considered in terms of adsorption. Values for the diffusion 

coefficient and surface excess calculated from the SAR model 

are given in table 6.10 and the same values for the AR.SR  model 

are given in table 6.11. The adsorption models are discussed 

in Chapter 2. Typical plots for the SAR and AR.SR  models are 

given in figures 6.18 and 6.19 respectively. The shape of a 

typical chronopotentiogram is shown in photograph 6.4 (b). 

Since the electromluctirnof platinum was carried out on platinum 

electrodes only, the irreversible model and the 

model for electro-deposition at a 
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Table 6.10  

Platinum (II) ions in LiCl-KC1 eutectic at 480°C  

SAR adsorption model. 

Concentration 
	Diffusion coefficient 

	surface excess 
moles litre-1. 	cm2 sec-1 
	

toles cm7-2  

3.06 x 10-3  

6.13 x 10-3  

1.23 x 10-2  

1.84 x 10-2  

2.76 x 10 2  

(2.08 ± 0.20) x 10-5  

(2.08 ± 0.03) x 10-5  

(2.32 ± 0.05) x 10-5  

(2.46 ± 0.06) x 10 5  

(2.72 ± 0.17) x 10-5  

1.6 x 1010  

2.2 x 10-10  

3.2 x 10 10 

1.8 x 10 1°  

7.5 x 1010 
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Table 6.11  

Platinum (II) ions  in LiC1 - KCl eutectic at 480°C  

AR.SR. adsorption model 

Concentration 
moles litre71  

3.06 x 103  

6.13 x 103  

1.23 x 10-2  

1.84 x 10-2  

2.76 x 10-2  

Diffusion coefficient 
cm2  sec-1  

	

(2.05 	0 .20 ) x 10-5  

(2.08 1: 0. 02 ) x 10-5  

(2.32 17  0. 05) x 10 5  

	

( 2.46 	0. 06) x 10-5  . 

	

(2.54 	0. 15) x 10 5  

Surface excess 
Moles cm-2  

3.9 x 10-10  

4.3 x 10-10 

6.4 x 10-10  

3.7 x 10 10  

1.6 x 10-9 
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unit activity were applicable, when considering the micro 

electrode potential - time relationships c.f. eauations (2.62) 

and (2.69). Plots of "E" versus log (1 --d/.d) were linear 

with slopes between 88 and 98 mV i.e. "an" was between 1.5 

and 1.7 a sample plot is given in diagram 6.20. The slopes 

were the same, within the above limits, at both long and short 

transition times (T = 16 to 1,540 sec). Fluoride ions were 

added to a solution containing 2.76 X 10-2  M platinum (II) ions. 

The concentration of fluoride ions added were in the range of 

4.65 x 10-2  N to 1.92 x 10-1M. A small decrease of the product 

it with increasing current density was observed e.g. see figure 

6.21. This is diagnostic of a slow chemical step. The values 

for "a" and "b" for equation (6.1) are listed in table 6.12. 

Values for the diffusion coefficient were calculated from the 

intercept "a", when the applied current density tends to 

zero (section 2.1.6.). The values for the diffusion coefficient 

are listed in table 6.13. for different fluoride ion 

concentrations. The diffusion coefficient given by the SAR 

model for a concentration of 2.76 x 10-2M platinum (II) 

in the absence of fluoride ions was (2.72 0.17) x 10 5  cm sec-1  

This value decreased on the addition of fluoride ions to 

(2.21 - 0.10) x 10
-5 cm sec

-1 for a fluoride concentration 

of 1.92 x 10-1M. Plots of "E" versus log is (1-.0/13) were 

still linear after the addition of fluoride ions. Their slopes 

were of the same value as those in the absence of fluoride ions. 

Plots of "E' versus log10 	were not linear, see figure 6.22. 
t/4 

6.4.2. Discussion  

The potentiometric data is consistent with anodic 

dissolution at low current densities (5 m A, cm 2 ) giving 

divalent platinum ions. 
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Table 6.12. 

Platinum (II) ions in LiCI-KC1 eutectic at 480°C 

Electrode area = 3.43 mm2  

Cone of platinum (II) = 2.76 x 10-2M 

it 1  103  = a - b.i.103  

= Amps 	T 

F 	cons- 

4.65 x 102M 

9.15 x 10-2M 

1.07 x 10-1M 

1.33 x 10 1M 

1.92 x 10-1M 

= secs. 

a 

0.804 

0.791 

0.792 

0.790 

0.762 

b 

0.0008 

0.0038 

0.0019 

0.0097 

0.0043 
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Table 6.13  

Platinum (II) ions in LiCl-KC1 eutectic at 4800C  

Concentration of platinum (II) = 2.76 x 10 2M 

Cone 	of F 	ions added 
moles, litre 1. 

Diffusion coefficient 
cm2  sec-1. 

0 t 2.72 ± 0.17) x 10-5  

4.65 x 10-2  ( 2.47 ± 0.07) x 10-5  

9.15 x 10-2  (2.39 ± 0.13 )x 10-5  

1.07 x 10-1  (2.39 ± 0.05) x 10 5  

1.33 x 10-1  (2.38 ± 0.05) x 10-5  

1.92 x 10-1 (2.21 ± 0.10) x 10-5 
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The chronopotentiometric data for the electro-reduction 

of platinum (II) ions in the pure chloride melt indicated the 

presence of adsorption of the platinum (II) ions. This is in 

agreement with the findings of Ukshe and Bukun (187) 

in their impedance measurement study on the same system at 450°C. 

The small increase in the diffusion coefficient, using the S.A.R. 

model (2.08 ± 0.20) x 10-5  cm2  sec-1  to (2.7 2 ± 0.17) x 10-5cn2  sec-1  

can be explained in terms of an incomplete fit to the absorption 

model. Other workers (178) have determined the diffUsion 

coefficient for platinum (II) in the sane melt at 450°C. 

The polarographic technique used, gave a value of 

1.49 x 105  cm2  sec-1  which is within reasonable agreement with 

this value. They made no mention of the presence of adsorption. 

The potential time relationships in both the pure 

chloride and the chloride plus fluoride systems indicate the 

electro -reduction process is to some degree irreversible with 

a charge transfer coefficient between 0.75 and 0.85. The 

value is rather high, one would expect the value to be closer 

to 0.5. The non-linearity of the plot of ET/4 versus log i 

supports the idea of a quasi reversible process. 

The slow chemical kinetic effect observed on the addition 

of fluoride ions can be attributed to the slow dissociation of 

the platinum (II) - fluoride complex species. It can be 

considered as direct evidence of a long-lived complex species 

in a reciprocal salt melt. The proposed electrode process 

may be summarised as follows:- 

(a) Chloride melt Pt2+( 	2e 4' Pt°  
absorbed) 

Pt Pt2+(solution) 2e  4. 
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(b) Chloride plus fluoride melt 

slow 
Pt
2+ 

+ Pt2+ 

(Fluoride + 
Complex 

Pt2+ + 2e + Pto 

The proposed process is not in agreement with the findings 

of Inman et alia (188), who propose that the strength of 

platinum (II) complexes in fused lithium chloride-potassium 

eutectic fitted Ahrland's table (189). They found that the 

bromide complex was stronger than the chloride complexes, and 

hence it could be inferred that the fluoride complexes would be 

weaker than the chloride complexes. If this were the case, then 

a kinetic effect should not appear on the addition of fluoride 

ions. The only alternative explanation is that the slow 

chemical step was also present in the pure chloride melt, but it 

was masked by adsorption. This could perhaps account for the 

slight increase in the diffusion coefficient for platinum (IIi 

with increasing concentration of platinum (II) ions. The addition 

of fluoride ions reduced the adsorption of platinum (II) ions, 

but did not significantly alter the strength of the bulk 

complexes. The quasi-reversibility of the reduction process 

could then be attributed to a slow chemical step. There is 

evidence from X-ray diffraction studies (190) that solid 

platinum dichloride exists as Pt6  C112  clusters involving 

chloride bridging type structures. The slow chemical 

step could then be attributed to the dissociation of a 

multinuclear complex species. 

slow 
pt2n+ 	nPt2+ 

4- 

Pt2+ + 2e + Pt
o 
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6.5. Tantalum ions in sodium fluoride-potassium, fluoride  

6.5.1. Results  

Experiments were carried out in the molten sodium fluoride 

40 mole % - potassium fluoride 60 mole % at 730°C. The density 

of the melt at this temperature is 2.01 g cm 3  (121). 

The tantalum (V) ions were added as the complex fluoride salt 

K2TaF7. 

Great difficulty was experienced in obtaining results 

which were in any way reproducible. Too often the chronopotentiometric 

waves were almost totally coulombic i.e. not diffusion controlled, 

which would be expected for the discharge of oxide films on the 

electrode surface. The problems appeared to be associated with 

the presence of oxide in the melt. However, it was possible 

to obtain a set of data at onof concentration of tantalum (V) 

using a platinum and a tantalum micro electrode. 

Two reduction waves were observed on the chronopotentiograms 

using the platinum micro electrode. The second, more cathodic, 

wave was so close to the melt decomposition voltage, that it 

merged with the melt decomposition wave (photograph 6.5(a). 

The product 1T3  for the first wave was independent of applied 

current density, and the plot of Ta versus 1/i passed through 

the origin (Figure 6.23 and table 6.14). The plot of the 

micro electrode potential "E" versus 
log10 

(T2/t-A -1) was 

virtieily linear with slopes of the order of 73 mV which corresponds 

to n = 2.7. The plots of "E" versus log10  (1-t'/T2) were 

non-linear. Figure 6.24. Assuming the number of electrons 

"n" involved in the first wave was 3, the diffusion coefficient 

was calculated from Sand's equation. 

D =(5.09 .1  0.54) x 10-5  cm2  sec-1. 
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Photograph  6.5. 

(a) Ta (V) in NaP-KF. Platinum riicro electrode 
y = 0.1v, cm-1. 	x = 0.1 sec, cm-1. 

(b) Ta (V) in NaF - KF. Tantalum micro electrode. 
y = 0.1V, cm-1. 	x = 0.1 sec, cm-1 
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Table 6.14  

Tantalum (V) in NaF 40 mole% - KF60 mole % 

Platinum mirco electrode area = 19.5 mm2 

Concentration of Ta(V) = 

i,mA 	Ti,sec 

1.37 x 10-2M 

i T1  210
3  

4.930 1.04 5.02 

6.103 0.619 4.80 

7.357 0.477 5.08 

8.710 0.324 4.96 

10.51 0.228 5.02 

11.37 0.197 5.04 

14.52 0.125 5.13 

17.15 0.0739 4.66 

4.930 0.951 4.81 

6.103 0.645 4.90 

7.357 0.483 5.11 

, A. sect  
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Chronopotentiograris obtained using the tantalum 

micro electrode exhibited two clearly definable waves. The ratio 

of the second transition time to first transition time t2/T1 

was 1.69 0.15. The product it` increased markedly with 

increasing concentrp+ion (see table 6.15). 

Plots of it versus L (SAR adsorption model) and it versus 1/i 

(AR.SR adsorption model) are shown in figures 6.25 and 6.26 

respectively. The electrode area of the tantalum electrode was 

calculated from the slope of the SAR plot using the value for 

the diffusion coefficient obtained on the platinum electrode. 

The surface excess "r" was then calculated for both the models. 

SAR = (5.6 ± 3.7) x 10-8  moles cm 2  

rARSR = (8.0 3.2) x 10-8  moles cm-2  

6.5.2. Discussion 

Considering the chronopotentiograns on the platinum micro 

electrodes, it can be said that the first wave fits the reduction 

of tantalum (V) to tantalum (II) by an almost reversible step, 

the tantalum (II), being soluble in the melt. The second wave 

was only partially visible, could be associated with the 

reduction of tantalum (II) to the metal. If this were the 

case tantalum (II) would be reduced to the metal by two 

processes. Firstly by primary electro-reduction and secondly 

by secondary reduction by nJkali metal. 

Ta5+  + 3e Fist  Ta2+ 

Ta2+ + 2e 4- Tao  

and Ta2+  + 2? Tao  (M = alkali metal) 

When a tantalum micro electrode was used two well defined waves 
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Table 6.15 

Tantalum (V)  in NaF40 mole% - KF 60 mole  

Tantalum micro electrode used. 

Concentration of Ta(V) = 1.37 x 10 5 

i,mA t 
1
103  

14.52 0.885 12.9 

17.15 0.661 11.3 

21.53 0.477 10.3 

21.53 0.490 10.5 

34.11 0.286 9.76 

39.29 0.226 8.88 

47.20 0.183 8.62 

A.sec 
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were observed. If the waves were assumed to represent the 

reduction of tantalum (V) to the metal then the total number 

of electrons involved would have to be 5; i.e. (ni  + n2) = 5. 

The ratio oft2/i1  when 101  = 3 and n2  ' 2,  would be 1.78. 

If r11  = 2 and n2  = 3 theal2A1  = 0.56 (equation (2.15)). 

Even in the presence of adsorption the values for T2/11  

differ so widely that a ratio of 1.69 0.15 can only be 

interpreted in terms of n1 = 3 and n2 
= 2. 

Ta5+ + 3e + Ta2+ 

Ta2+ + 2e 4- Tao 

The very large value for the surface excess of (5.6 

3.7) x 10-8  moles cm-2  (SAR model) when a mono layer will be 

of the order of 10-10  - 10-9 mole cm 2 could be explained in 

terms of a surface layer of oxide i.e. Ta205  

If it was postulated that the oxide was more readily reduced 

than the chloride, then it would be expected that the second 

reduction step would occur at a less cathodic potential on 

the tantalum electrode than on platinum. The multiple reduction 

step postulated for tantalum (V) in the above electrolyte is 

identical to that rroposed by other workers (173) in molten 

Flinak electrolyte. 
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CHAPTER7  

C ONCLUSIONS  

7.1. Summary and general conclusions  

The chronopotentiometrie study of niobium (Iv) ions in 

fused chloride electrolytes can be interpreted in terms of a 

one electron reduction step, which is reversible, followed by 

reduction to the niobium metal via a secondary process. This 

is in agreement with the findings of Dartnell et alia (166) in 

the fused equimolar sodium chloride - potassium chloride 

electrolyte. Caton and Freund's (191) polarographic measurements 

indicated niobium (Iv) was reduced to niobium (III) which 

was in turn reduced to the metal. 

k+ 
Nb 	+ 3+ 

Nb 	+ 311o -*  Nbo  + 3M+  (M = alkali metal). 

The chronopotentiometric study of molybdenum (III) 

in fused sodium chloride 20 mole% - potassium chloride 80 mole % 

was hampered by volatility problems. The data supported a 

reduction process which involved the slow dissociation of a 

multinuclear complex species. On the basis of the data it 

was postulated that the complex species was a dinuclear species. 

6+ 	Slow 
Mb
2 

(complex) + 2M - 

Mo3+  + 3e .4- HO°  

The complex species was found to be electro-active, which 

would support a dinuclear species rather than some larger 

species i.e. trinuclear upwards. The low diffusion 

coefficient, 6 x 10
6 

cm
2 
sec-1, also suggests the presence 

of a large species. The addition of fluoride ions to the 
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electrolyte appeared to increase the reversibility of the 

reduction step. The effect of fluoride ions on the stability 

of the complex species could result from the replacement of 

chloride ligand bridges by non-bridging fluoride ions. 

The chronopotentiometric investigation of the q1cetroduction 

of molybdenum (III) in molten lithium chloride-potassium chloride 

eutectic indicated the involvement of a slow chemical step. 

It was suggested that the slow step resulted from the slow 

dissociation of a multinuclear species containing molybdenum 

(III). There was no evidence to suggest the complex-species was 

electroactive, and hence it is possible that the complex species 

could involve more than two molybdenum (III) nuclei. The 

low value for the diffusion  coefficient, of the order of 

5 x lo-6 cm2 sec-1, is supported by the low values obtained 

by other workers (176) in the same electrolyte at higher 

temperatures. There is some evidence to suggest that adsorption 

also plays some part in the reduction step. 

NO 3n+  (complex) 81T7  n1403+  
•(-• 

M63+  + 3e + Moo  

It was found that the presence of fluoride ions led to 

an increase in the reversibility of the reduction process. 

The effect was explained in terms of the replacement of 

chloride liquid bridges in the complex species by non-bridging 

fluoride liquids. 

It was shown by potentiometric measurements that 

platinum (II) ions were produced by the anodic dissolution 

of platinum (5m,A, cm-2) into fused lithium chloride-potassium 
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chloride eutectic. The standard electrode potential for 

platinum (II) (in molar units) was 1.063 ± 0.007 volts versus 

silver-silver (I) 1.18 x 10-2M at 479°C. Chronopotentiometric 

peasurempntP on the reduction of platinum (II) in the same 

electrolyte indicated that the process was quasi-reversible, 

and that adsorption also played a role in the process. The 

surface excesses were within 10-10  and 10-9  moles cm 72  which 

is the range expected for a monolayer, (area of species 

of 10-20 sq 2). The data obtained from the addition of 

fluoride ions indicated the appearance of a slow chemical 

step. The presence of some adsorption made any quantitative 

calculations impossible. The slow chemical step could be 

accounted for by two postulations. The first explanation 

ascribes the slow chemical step to the slow breakdown of 

a fluoride complex species. 

Chloride melt 

Pt2+ 	4. 2e -+ Pt°  
(adsorbed) 

Pt solution)  + 2e ÷ Pt
o 

solution) 

Chloride + fluoride melt 

Pt2+  
(fluoride 
complex) 

Slow 

+ Pt2+ 

Pt2+ + 2e Pto 

The second explanation, which in many ways is more 

satisfactory, takes into account the findings of 

Inman et alia (188). Their work suggested that fluor° -• 

complexes in the bulk would be less stable than the 

chloro-complexes. It is assumed that the slow chemical 

step is also present in the chloride melt, but is not 

apparent because of the presence of adsorption. The effect 

of the addition of fluoride ions is to reduce the adsorption 
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of platinum (II), and hence the slow chemical step becomes 

apparent. The slow chemical step can be ascribed to the slow 

dissociation of platinum (II) multinuclear species, c.f. 

reference (190). 

slow 
Pt 2n+ 	nPt 2+ n  

Pt2+ + 2e + Pto 

The study of tantalum (V) in sodium fluoride 40 mole % - 

potassium fluoride 60 mole %, gave similar results to those 

obtained by other workers in molten Flinak (173). The 

reduction proceded by a two step process 

Ta5+ 3e Ta2+ 

Ta2+  + 2e -* Tao 

The first step was reversible with a soluble product. 

The second step occurred by two processes, that is primary 

electroreduction and secondary reduction by deposited alkali 

metals. The diffusion coefficient for tantalum (V) was estimated 

to be (5.09 0.54) x 10-5  cm2  sec-1. which appears to be 

reasonable. There is evidence to indicate that the formation 

of tantalum (V) oxide (Ta205) on the electrode reduces the 

deposition potential of tantalum, such that the reduction of 

tantalum (II) proceeds via a primary process. 

It was mentioned in Chapter 4 that there is evidence 

from the studies of other workers for a slow chemical step 

intervening in the electro-reduction process of refractory 

metals in pure fused chloride and fluoride melts. 

The solid state chemistry of the halides of refractory metals 

is dominated by the formation metal cluster compounds involving 
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halide bridges. Hence it is not unreasonable to speculate that 

these multinuclear species play a part in the slow chemical 

step. Other evidence for such metal cluster compounds is the 

increase in reversibility of molybdenum (III) reduction on 

the addition of fluoride ions. 

7.2. Significance of the studylo industrial processes  

The concepts of the effects reversibility of electro-reduction 

processes on the type of electro deposit obtained have been discussed 

in Chapter 4. From the discussion it is apparent that the design 

of a plating bath involves choosing a system, which has the right 

kinetics. In the case of irreversibility due to a slow chemical 

step, it would require the choice of a system containing complex 

species of a certain stability. One method of controlling the 

stability of the complex species is by altering the size and charge 

of the solvent cations, see chapter 3 and 4. Another method as 

has become apparent from the study of molybdenum (III) is the 

addition of fluoride ions, which appear to inhibit thehrmation 

of chloride bridges and it is possible that such concepts could 

be applied to other methods. It should be possible using a 

suitable mixture of alkali on alkaline earth halides, to obtain 

a plating bath to give coherent deposits of the refractory metals. 

The only proviso is that the overvoltage required to produce 

coherent deposits will not take the deposition potential more 

cathodic than the solvent cation deposition potential. This 

The use of mixed chloride-fluoride plating baths would allow 

lower operating temperatures, and the use of systems far less 

corrosive than pure fluorides. 
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7.3. Possible extensions to the study  

The first and most obvious extension to the study is an 

investigation into the electro reduction of the lower valent 

refractory metal ions in pure fused fluorides and fused fluorides 

with additions of chlorides. Mblybdenum (III) and tungsten (IV) 

ions have already been briefly examined in molten flinak 

(177) but they still require further examination. Other ions 

worth examining are tantalum and niobium in low oxidation states 

e.g. Ta2+ and NL-1-. It is possible that these ions could be 

produced by anodic dissolution. No auantitative data has 

been obtained for any of the refractory metal - fused halide - oxide 

systems. These systems are important in the field of electrowinning 

from oxides. 

The study also needs extending to include other refractory 

metals in fused chloride electrolytes and fused chloride 

electrolytes with added fluoride ions. 

Diagnostic evidence is required for the existence of 

multinuclear complexes in the binary systems. Such evidence 

could be supplied by magnetic susceptibility measurement 

supported by spectroscopic data. Such measurements should 

supply evidence for metal metal bonding i.e. pairing of 

electrons. 
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S Y M B 0 L S  

a = activity 

C. = concentration of species at an infinite distance 
from the electrode surface. 

(Cx,t) = concentration of species at a distance "x" 
perpendicular to the electrode surface, and 
at time "t" after onset of electrolysis. 

co . 	bulk concentration of species. 

D = 	diffusion coefficient. 

E = 	electrode potential or energy. 

Eo 	standard electrode potential. 

f = 	activity coefficient, infinite dilution standard state. 

= 	current or current density. 

F = 	1 Faraday. 

io exchange current density. 

= 	current or current density. 

it = 	limiting reaction current density. 

kf = 	forward formal chemical rate constant. 

kb  = 	reverse formal chemical rate constant. 

K = 	equilibrium constant = kf/kb  

Ka = 	equilibrium constant for a linear adsorption isotherm. 

K
ofh 

= forward formal rate constant for charge-trnnsfor. 

k°bh= 	reverse formal rate constant for charge-transfer. 
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N = ionic or mole fraction. 

n = number of electrons. 

q (x.t) = flux at perpendicular distance "x" from the 
electrode surface at time ut". 

T = temperature in degrees absolute. 

t = time for onset of process. 

= weight percentage. 

x = perpendicular distance from the electrode surface. 

z = co•-ordination number or charge. 

a = charge transfer coefficient. 

r = molar surface excess concentration. 

= diffusion layer thickness. 

r  = overvoltage 

v = stoichionotric number. 

p = density i.e. g, cm-3 

T = transition time. 
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