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Electrochemical reduction of niobium ions in 
molten LiF-NaF 
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The mechanism of  the electrochemical reduction of  niobium ions in molten LiF-NaF (1 : 1 mol) has 
been studied in detail at 750 and 800 ~ C by  the use of  cyclic voltametry, chronoamperometry and 
chronopotentiometry. In the solution of niobium ions in LiF-NaF, it is concluded that the mechanism 
for the electrochemical reduction of  fluoroniobate is: 

Nb v + e ~ Nb TM 

Nb TM + 4e -+ Nb ~ 

at potentials of  about -- 0.06 and -- 0.17 V, respectively (referred to the reliable Ni/NiF2 (1 mol %) 
electrode [1 ]. The electrochemical reaction Nb TM + 4e -+ Nb ~ is a (quasi)reversible and diffusion- 
controlled process. 

The conclusion has also been confirmed by analysis of  the cathodic product obtained at constant 
potential with a scanning electron microscope. 

1. Introduction 

The mechanism of the electrochemical reduction 
of  niobium ions in fluoride and fluoride-chloride 
molten salts has already been studied by several 
authors [2-10]. However, the results are different 
from each other. Starting from a solution of  
K2NbF7 in Flinak'*, Mellors and Senderoff [3] 
observed three reduction steps by means of  
chronopotentiometry: 

Nb v + e -~ Nb TM + 3e ~ Nb I + e -~ Nb ~ (1) 

at potentials: -- 0.11, --  0.76 and -- 1.02 V. 
(referred to the Ni/NiF2 electrode). In the usual 
tetravalent solution which was generated by the 
disproportionation of  Nb v as K2NbF7 and Nb 
metal in molten Flinak which is used for plating, 
only the last two steps occur. Yoko and Bailey 
[8] investigated the electrochemical behaviour of  
Nb v in molten Flinak using the method of  cyclic 
voltametry and chronopotentiometry and 
showed that Nb v is reduced in two steps: 

Nb v + 2e ~ Nb nI  + 3e ~ Nb ~ (2) 

In molten KC1-NaC1-K2NbF7 and in molten 

KC1-KF-K2NbF7 Chemla [9] and Konstantinov, 
Polyakov and Stangrit [10], respectively, found 
two steps of  niobium reduction: 

Nb v + e -+ Nb TM + 4e -+ Nb ~ (3) 

To aim at a better understanding of  the mech- 
anism of the electrochemical reduction of  niobium 
ions, further study on the cathodic reduction of 
niobium ions in molten LiF-NaF (1 : 1 mol) at 
750 and 800 ~ C has been carried out by use of  
cyclic voltametry, chronoamperometry and 
chronopotentiometry. 

2. Experimental details 

2.1. The electrochemical cell 

The electrolysis cell which was similar to that used 
for tantalum deposition is shown diagrammatically 
in Fig. 1. The details are described by Taxil and 
Mahenc [11 ]. 

*Permanent address: Beijing University of Iron and Steel Technology, Department of Physics and Chemistry of Metals, 
Beijing, China. 
$ Flinak: eutectic melt LiF-NaF-KF. 
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Fig. 1. Experimental device: (a) thermoeouple, 
(b) counter electrode, (c) working electrode, (d) refer- 
ence electrode, (e) nickel crucible, (f) stainless steel lid. 

2.2. Chemicals and salt preparation 

All the chemicals used are reagent grade. 
LiF and NaF (Suprapur grade) were obtained 

from Merck Laboratory. The solute containing 
niobium, K2NbFT, and NiF2 used in the reference 
electrode were obtained from Alpha Inorganics 
(purity: 99.9%). The reference electrode was 
isolated from the electrolyte by a sheet of  boron 
nitride (Grade HP) provided by Carborundum. 
Molybdenum and nickel used as electrodes were 
purchased from Alpha Inorganics (purity 3 N) and 
graphite or vitreous carbon, used as counter elec- 
trode from Carbone Lorraine. 

The LiF-NaF eutectic, with a freezing point 
of  650 ~ C, was chosen as a suitable solvent from 
which solutions of K2NbF7 (from 5.85 x 10 -s to 
1.46 x 10 -4 tool %)were prepared. Each fluoride 
salt used was pure; after being well mixed and 
dried in an oven at 100 ~ C for 24h, the salt mix- 
ture was dehydrated in vacuum by slowly heating 
to the following temperatures and kept at these 
temperatures for 30 h each: 300 and 500 ~ C. The 
bath was next melted under argon, then at 700 ~ C 
argon gas was bubbled through it for 16 h. For the 
LiF-NaF eutectic alone the residual current at 
- -  1.2 V was 1.5 mA cm -2. The K2NbF7 was 
dehydrated in vacuum at 350 ~ C for 24 h. A solute 
assembly was used for the addition of K2NbF7 and 
niobium under argon atmosphere. In order to pre- 
pare a solution of fluoroniobate ions with niobium 
valence close to IV in NaF-LiF, excess niobium 
metal was added and a niobium anode was ira- 

mersed in the melt to equilibrate the niobium 

Nb + 4 Nb v ~ 5 Nb TM 

at a value between 4.2 and 4.5 [2, 7]. 

(4) 

2.3. Electrodes 

The cathode was of 1 mm diameter pure molyb- 
denum. Before use the molybdenum cathode was 
scoured in trichloroethene, then polished by elec- 
trolysis in a HaPO4-H2SO4 solution and finally 
washed with distilled water and acetone. 

The counter electrode was made of 5 mm 
diameter pure graphite rod or 3 mm diameter 
vitreous carbon rod. These electrodes were washed 
with distilled water and acetone. 

In the case of  molten LiF-NaF-K2NbF7 the 
reliable Ni/NiF2 (X = 0.01) electrode was used for 
the reference electrode. The stability, reproduci- 
bility and reversibility of the Ni/NiF2 (X = 0.01) 
electrode was recently studied [1]. When in the 
molten solution the mean valence of niobium ions 
was approximately 4.5, the redox reference elec- 
trode Mo/Nb v, Nb TM was also used [1, 7]. The 
standard redox potential of this couple was 
- 60 _+ 5 mV at 750 ~ C and -- 65 -+ 5 mV at 
800 ~ C vs the Ni/NiFz (X = 0.01) reference elec- 
trode [1]. 

2.4. Instrumentation 

A multipurpose installation was used based on a 
Tacussel PRT 20-10X potentiostat and a periodical 
triangular signal generator Tacussel Model GSTP 3. 
Cyclic voltamograms and chronopotentiograms 
were recorded with X-Y recorder and storage 
oscilloscope, Schlumberger 5071 or recorder 
Tacussel Type EPLI. Chronoamperograms were 
recorded on the same apparatus. 

3. Resu l t s  and d iscuss ion  

3.1. Cyclic voltametry 

A typical cyclic voltamogram of the molten LiF- 
NaF-K2NbF7 at 750 ~ C on the molybdenum elec- 
trode is shown in Fig. 2. In the range of potential 
from + 0.2 to -- 1.2 V a second reduction wave at 
about - -0 .17 V is observed. However, the first 
reduction wave at about -- 0.06 V is not clear. But, 
according to the value of the standard redox 
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Fig. 2. Typical voltamogram of the molten LiF-NaF- 
K2NbF 7 at 750 ~ C with a Ni/NiF2 (x = 0.01) reference 
e lec t rode .  (XK2NbF  7 = 5 .85  X 10 -s m o l  c m - %  c a t h o d i c  

area, A = 0.785 cm 2, potential sweep rate V = 0.056 V 
S -1 .) 

potential  of  the couple NbV/Nb TM, one can reason- 
ably consider that  this step corresponds to the 
reduct ion of  Nb v to  Nb TM at about - -  0.06 V and 
750 ~ C. It is obvious that  the first and second 
successive reduction peaks occur too  near each 

other to  be separated. 
In  order to be sure that  the second step corre- 

sponds to niobium deposit ion,  in the case o f  
niobium (V) and of  approximately valence 4.5 
the cathodic product  obtained b y  electrolysis at 
constant potential  from - -  0.05 to  - -  0,25 V for 
5 min was analysed by  scanning electron micro- 
scopy with energy dispersive analysis o f  X-rays 
(Edax Model 711). Fig. 3 shows that  in the case 
of  electrolysis at a potential  more positive than 
- -  0.163 V only molybdenum was observed. How- 
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Fig. 4. Voltamograms of molten LiF-NaF-K2NbF ~ at 
750 ~ C with a Ni/NiF~ (x = 0.01) reference electrode 
(X'K2NbF7 = 5 .85  X 10 -s molcm-% A = 0.785 cm ~ 
1 - 0.0112Vs -1, 2 -  0.028Vs -1, 3 - 0.043Vs -1, 
4 -  0.086 Vs -1. 

ever, at potentials from --  0.163 to - -  0.25 V the 
niobium deposit ion on the molybdenum cathode 
surface was examined. It is certain that  the second 
wave corresponds to niobium deposition. 

According to the resuRs of  cyclic vol tametry 
shown in Fig. 4, the peak potential  of  the second 
wave was independent  of  the potential  sweep rate. 
It is clear that  in Fig. 5 the cathodic current peak 
height is linear wi th  the square root  of  the sweep 

rate. 
The voltamogram of  a solution of  fluoro- 

niobate ions with niobium valence of  approxi- 
mately 4.5 in N a F - L i F  at 750 ~ C is shown in 
Fig. 6. The process of  electrochemical reduction 
is almost the same as that  in molten L i F - N a F -  
K2NbFT. The peak potent ial  of  the second wave is 
independent  of  the potential  sweep rate and the 
cathodic current peak height is also linear with 
the square root  of  the sweep rate. 

I t  is obvious that  in both  cases the second 
reduction step of  niobium ions corresponding to 

Fig. 3. EDAX analysis of cathode surface in the case of 
electrolysis at a potential which is: (a) more positive than 
-- 0.163 V, when only molybdenum substrate (right peak) 
was observed; and (b) from -- 0.163 to -- 0.25 V, when 
niobium deposition (left peak) was also examined. 
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Fig. 5. A variation of the cathodic current peak height 
with the square root of the sweep r a t e  (XKzNbF~ = 

5.85 X 10 -~ molcm-%A = 0.785 cm 2, 750 ~ C). 
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Fig. 6. Typical voltamogram of a solution of  fluoro- 
niobate ions with niobium valence of approximately 
4.5 in NaF-LiF at 750 ~ C with Ni/NiF2 (x = 0.01) 
reference electrode (XK2NbF~ = 1.46 X 10 -4 mol cm -3, 

A = 0.875 cm 2, V =  0.086Vs-~) .  

about -- 0.17 V is a simple (quasi)reversible charge 
transfer and diffusion-controlled process. 

Since the separation between the first and the 
second wave is not great enough, the following 
equations can only be used for approximate esti- 
mation of the electron number involved in this 
step [12]: 

Ep/2--Ep = 2 .2RT/nF (5) 

Ex/2 - -Ep = 1.11RT/nF (6) 

or at 750 ~ C 

n = 0.1939/Ep/2 --Ep (7) 

n = 0.0978/Ev2 - -Ep (8) 

According to our experimental data, the differ- 
ence between the half-peak potential, Ep/2, and 
the peak potential, Ep, as well as the difference 
between the potential corresponding to 0.85 Ip 
[12] andEp are: 

Ep/2 -- Ep = 0.046 V (9) 

El/2 - -Ep  = 0.025 V (10) 

Thus, the electron number, n, is calculated to be 
4.2 and 3.9, respectively. Each is the average of 
five cyclic voltametric runs. This large value of n 
is in coordination with the shape of the i-E curve 
in Figs. 2, 4 and 6:. Since n has a large effect upon 

the shape of the i-E curve, the sharp curve indi- 
cated that the value of n should be large. 

The reason for the validity of Equations 5 
and 6, which correspond to the case of reversible 
reduction of soluble matter, may be due to the 
change of the concentration at the electrode sur- 
face rather than the formation of surface alloy. 
One can assume that niobium crystallization on 
the electrode surface will react with Nb v to pro- 
duce Nb TM according to the following reaction: 

Nb + 4 Nb v ~ 5 Nb Iv  (11) 

Thus, the concentration of the reacting ion in the 
cathode surface is changed. 

Thus one can consider that the cathodic process 
mechanism of niobium ions in the solution of 
fluoroniobate ions with niobium of valence 5 and 
approximately 4.5 in NaF-LiF is a double-step: 
Nb v + e -+ Nb TM and Nb TM + 4e -+ Nb ~ at poten- 
tials of about -- 0.06 and -- 0.17 V, respectively. 
This conclusion has been further confirmed by 
the results of chronoamperometry and chrono- 
potentiometry. 

3.2. Chronoamperometry 

Further study on the deposition of niobium ions 
onto molybdenum electrode was made using 
chronoamperometry. Fig. 7 shows several 
current-time curves obtained with increasing 
applied potential. At potentials more positive than 

- -  0.156 V a typical diffusion-controlled transient 
is observed following the i - t  -1/2 relationship, that 
is, the Cottrell equation is obeyed. 

it 1/2 = nFADt/ZC/Trl/2 (12) 

It is clear that a process other than deposition 

~ 0210V 

10 ~ 0 1 8 4 V  
- 0~63V 

I ] ] ] ] - 0.'15 6V 
I 2 3 4 i ' ime (rain) 

Fig. 7. Potentiostatic transients for the reduction of 
niobium ions in NaF-LiF-K~NbF 7 at 800 ~ C and at the 
applied potentials indicated (A --- 0.785 cm2). 
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occurs. At a potential more negative than 
-- 0.156 V a significant change in the current-t ime 
transient occurs. After the initial double layer 
charging for some seconds, a minimum in the 
current occurs, followed by an increase of  current. 
The minimum current and the time at which the 
minimum occurs are highly sensitive to the magni- 
tude of  the applied potential. The rising portion 
o f  the current-t ime curves obeyed the i - t  ~/2 

relationship approximately. Since the early stages 
of  metal deposition are controlled by an instan- 
taneous nucleation process [13, 14] and the 
current usually increases due to an increasing 
surface area and a change from planar to two- or 
three-dimensional diffusion [ 15 ], the minimum 
current and the i - t  1/2 relationship do show an 

Fig. 8. A series of scanning electron mierographs obtained 
at different potentials for the same time. (a) -- 0.178 V, 
(b) -- 0.207 V, (c) -- 0.254 V (in a solution of fluoronio- 
bate ions with niobium valence 4.5 at 7500 C). 

instantaneous nucleation reaction. Just as shown 
in Fig. 3, at a potential of  - 0.163 V and that 
more negative than - 0.163 V the niobium depo- 
sition on the molybdenum substrate was examined 
and nucleation as well as the growth process was 
found to occur. 

Thus, it is concluded that the cathodic process 
mechanism of niobium ions mentioned above is 
reasonable. From Fig. 7 it is also shown that the 
extent and rate o f  nucleation and growth of  
niobium deposition are very sensitive to the value 
of  the applied potential. This conclusion was con- 
firmed by scanning electron microscopic exami- 
nation o f  the molybdenum cathode surface. 
Figs. 8a-c  show a series of  photomicrographs 
obtained at different potentials for the same 
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time. Progressive stages of the growth of the 
niobium deposition were observed. The greater 
the extent of the niobium deposition, the more 
negative the applied potential for the niobium 
deposition to occur. The series of  photomicro- 
graphs in combination with the potentiostatic 
transients in Fig. 7 also confirmed that the grain 
size increased with increasingly negative applied 
potential when the electrode reaction was con- 
trolled by the diffusion process which brings 
about dendrite formation [16]. Different tech- 
niques can be used to avoid dendrite formation. 
The periodic reversal (PR) technique, in which a 
cathodic (depositing) step is followed by an 
anodic (polishing) step was especially beneficial 
to the increase of plating rate of  coherent niobium 
[6]. 

3.3. Chronopotentiometry 

Typical chronopotentiograms are shown in Figs. 9 
and t0. In both cases the first reduction wave is 
not observed. For the second reduction wave, the 
potential measured at a quarter of the cathodic 
transition time E r :  4 w a s  independent o f / :  the 
value of E~-/4 was about -- 0.17 V. Assuming that 
the transition time of the first step, T1, is much 
smaller than that of  the second step, ~2 (at 
--0.17 V), they will be treated together just as 
Mellors and Senderoff [3] did, so that r = ~'1 + rz. 
Since by assuming rl  ~ ~2, one can consider that 
this combined step is a reversible diffusion- 
controlled process. One may calculate n2, the 
electron number of the second step from: 

[rl/2 -- tu2 t 2.303RTlog  ~ tl/2 ...... ] (13) 
E = E1/z + n2F 

where t is any time up to the transition time r, or 
the time corresponding to the length of the 
plateau in the chronopotentiogram. According to 
the data taken from Figs. 9 and 10 a plot of poten- 
tial E vs log [(r 1/2 -- tl/2)/t 1/2] yielded a straight 
line with a slope of 2.303RT/nF. The electron 
number n2 corresponding to the second reduction 
wave was approximately 4. 

Just as shown by the method of chronoampero- 
metry and scanning electron microscopy, the 
second wave corresponds to the niobium depo- 
sition step. Thus, the sum of nt § n2 = 5. Since 
nz has already been shown to be 4, nl must be 
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Fig. 9. Chronopotentiogram of molten LiF-NaF-K2 NbF~ 
at 750 ~ C with a Ni/NiF~ (x = 0.01) reference electrode 
(XKzNbF7 = 1.1 X 10 -4 tool cm -a, A = 0.785 cm 2, I = 
90 mA). 

unity. According to the chronopotentiogram of 
the molten HF-NaF-K2NbF7 at 750 ~ C (Fig. 9), 
the transition time r2 equals c. 2.15 s. On the 
basis of  Equation 14, r l  equals about 0.09 s. 

F_L = n_2 + _  (14) 
T1 \n i l  nl 

It is shown that the assumption of rl  ~ ~'~ is 
reasonable. 

The stepwise reduction of a substance O 
according to the equations: 

O + n l e  = R~ (I5)  

R1 +n2e = R2 ( t6)  

has been treated by Berzins and Delahay [17]. In 
the case of  electrochemical equilibrium the 
equation for the potential-time curve for the 
second step of the electrode process (Reaction 16) 
is as follows. 

2.303 R T 
E = (E1/2)R~ _ R~ -t n2F 

(r:  + r2) 1/2 -- (r,  + t ') 1/2 
x log (rt + t ') 1/2 --r122 (17) 

where the potential (Ev~)R ~ _ R2 is defined in the 
same fashion as the potential Ell 2 for the system 
O-R1, that is, (E1/2)R 1 _ R~ for Reaction 16 is 
determined experimentally at a time equal to 
1/4r2. Besides, r = 7t + ~'2 and t ' =  t --~'1, t being 
the time elapsed since the beginning of the elec- 
trolysis (first step). Obviously, in the case of 
71 ~ z2, one can neglect ~1 and use the plot of 
potential E vs log [(r v2 --  tl/2)/t 1/2] to find the 
electron number n2. The value is the same as that 
obtained above. 

Thus, it is also confirmed that the conclusion 
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-15 
Fig. 10. Chronopotentiograms of a solution of fluoro- 
niobate ions with niobium valence of approximately 4.5 
in NaF-LiF at 750 ~ C: 1 - on a clean molybdenum elec- 
trode, and 2 - a second pulse 1.5 min after 1 (XK2Nblr 7 = 
1.46 X 10-* mol cm -3, A = 0.785 cm 2 , I = 80 mA). 

of  a double-step mechanism obtained by  use of  
cyclic vottametry and chronoamperometry  is 

reasonable. 
Comparing Curve 1 with Curve 2 of  Fig. 10, a 

nucleation process is observed. The chronopoten-  
tiogram of  Curve 1 is relative to  a molybdenum 
electrode (which was polished by  electrolysis 
before use) wi thout  initial nuclei. The chrono- 
potent iogram of  Curve 2 is relative to the next  
pulse applied on the same electrode wi thout  dis- 
solving the niobium deposit.  It  is further certain 
that the reduction wave at El/4 = - -  0.17 V corre- 
sponds to  niobium deposi t ion and the nucleation 
process is the early stage o f  metal  deposit ion as 
has already been pointed out  by  several authors 

[13, 14, 18,191. 

4. C o n d u d i n g r e m a ~ s  

Based on the experimental  data obtained by  use o f  

cyclic vol tametry,  chronoamperometry,  chrono- 
potent iometry  as well as scanning electron micro- 
scopy a double-step mechanism is proposed for the 
electrochemical reduct ion of  niobium ions bo th  in 
mol ten  L i F - N a F - K ~ N b F 7  and in a solution o f  
f luoroniobate ions with niobium valence of  4.5 in 

N a F - L i F  at 750 and 800 ~ C. In bo th  cases reduc- 
t ion can be considered to proceed according to the 
following scheme: Nb v + e ~ Nb TM and Nb v I  + 
4e -~ Nb ~ at potentials o f  about  - -  0.06 and 
- - 0 . 1 7  V, respectively. The electrochemical reac- 
t ion Nb TM + 4e -~ Nb ~ is (quasi)reversible and 
diffusion controlled.  

The s tudy also showed that  the early stages o f  
metal  deposit ion are controlled by  an instan- 

taneous nucleation process and the grain size 
increased with  the more negative potent ial  applied 
when the electrode reaction was control led by  the 
diffusion process. 
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