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Abstract

The interaction between the K2NbF7±KCl±NaCl melt widely used for niobium electrolysis and niobium oxides of
higher (Nb2O5) and lower (NbO2 and NbO) oxidation states was studied by linear sweep voltammetry and analysis
of the dissolution time dependences. Three monooxo¯uoride complexes, NbOFÿ4 ; NbOF2ÿ

5 and NbOF3ÿ
6 , may

form at the mole ratio of Nb2O5 : K2NbF7 = 1 : 3. No signi®cant di�erence was found in the electrochemical
behaviour of the complexes, but their discharge potentials become more negative with increasing number of ¯uorine
anions in the complex. Due to the interaction of K2NbF7 with NbO2 and NbO, oxo¯uoride Nb(V) and ¯uoride
Nb(IV) complexes form simultaneously in the KCl±NaCl melt. Thus, the content of the latter increase until the
molar ratios in the melt become NbO2 dissolv. : K2NbF7 init. = 1 : 2 and NbOdissolv. : K2NbF7 init. = 1 : 3 and
decrease with further dissolution of oxides in the melt. Dissolution of lower niobium oxides in melts containing
oxo¯uoride Nb(V) complexes was also studied.

1. Introduction

The aim of this work was to study the oxidation±
reduction processes in melts widely used for electrowin-
ning and re®ning of refractory metals whose halide and
oxohalide complexes generally coexist in these melts
[1, 2]. The composition of cathode products formed
during electrolysis depends substantially on the compo-
sition of these complexes and on their ratio in the
molten electrolyte. It is also noteworthy that ¯uoro-
chloride melts containing dissolved niobium oxides and
oxo¯uorides are of particular interest because of the
recent electrochemical synthesis of previously unknown
niobium compounds [3].
Earlier studies on oxidation-reduction processes in

niobium containing halide and oxohalide melts were
focused predominantly on purely electrochemical as-
pects of their reduction and oxidation, that is, on the
processes occurring at the electrode surface [4±18]. The

chemical transformations occurring in the melt were
mainly of interest when niobium was in its highest
oxidation state (Nb(V)) [19±26]. Thus, the great variety
of chemical processes involving change in the niobium
oxidation state in the melt, as well as those where
niobium was initially low valent, were seldom consid-
ered in previously published work apart from experi-
mental studies of the stability of the Nb(V) complexes
and their spontaneous reduction to Nb(IV) in halide
melts [27, 28], as well as the work of Christensen et al. [2]
in which the average niobium oxidation number after
chemical reaction between Nb(V) and niobium metal
was determined as function of oxide content in the
FLINAK±K2NbF7 melt, and the existence of a low-
valent niobium oxo¯uoride species Nb(IV) OFy in such
melts was suggested. Unfortunately, this suggestion was
not con®rmed experimentally.
Thus, the principal aim of the present work was to

determinate the complex pattern of chemical interactions
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between oxo¯uoride and ¯uoride niobium complexes of
various oxidation states, niobium oxides and metallic
niobium in molten salt media and the role of these
interactions in niobium electrowinning and re®ning.

2. Experimental details

The interaction between halide and oxohalide melts with
niobium oxides and metallic niobium was studied by
linear sweep voltammetry and the determination of
kinetic data, using infrared spectroscopy, scanning elec-
tron microscopy, X-ray di�raction, optical crystallogra-
phy and chemical analyses of the products of interaction.

2.1. Chemicals; preparations of salts and oxides

Alkali metal chlorides (`spectrally pure') and ¯uorides
(`chemically pure') were used. To remove residual
moisture, the salts were heated under vacuum (2 torr)
with a slow stepwise increase in temperature up to
700 °C and were then melted in an argon atmosphere in
platinum crucibles, at ®rst separately and then as a
mixture with the predeterminated ratio of components.
To study the interaction between molten salts and

metallic niobium, high-purity niobium crystals (3±5 mm
in length with a speci®c surface of about 450 cm2 g)1)
obtained by electrore®ning of commercial electron-beam
melted niobium in the K2NbF7±KCl±NaCl melt were
used. The electrore®ning process has been described in
detail [29]. The impurity contents in the re®ned niobium
did not exceed 1 ppm of any element, excluding oxygen
(200 ppm), carbon (10 ppm) and iron (8 ppm). High-
purity niobium pentoxide was prepared by calcination
of this niobium metal in air in a mu�e furnace at 900 °C
and was also used as the starting product for obtaining
lower niobium oxides, potassium ¯uoroniobate and
oxo¯uoroniobates.
For NbO and NbO2 preparation, compacted tablets

of ®nely crystalline electrore®ned niobium and Nb2O5 in
appropriate ratios were melted four times in a Hereaus
arc furnace at about 2000 °C with a tungsten electrode
under an atmosphere of high purity helium. The
products were homogenized by annealing at 1000 °C
for 72 h in evacuated sealed quartz ampoules with a
zirconium getter. Such samples were used only when
deviation of x in NbOx did not exceed �0.005 (analysis
by high-temperature oxidation to constant weight) and
X-ray powder di�raction did not show the presence of
other phases.
To produce K2NbF7, high-purity Nb2O5 was dis-

solved in chemically pure hydro¯uoric acid solution
(50 wt%). Precipitation of K2NbF7 occured on adding a

saturated solution of potassium chloride at 80 °C. The
product was ®ltered, washed with recti®ed ethanol and
dried under vacuum at 70±75 °C. The oxo¯uoride
content in the K2NbF7 was determined by X-ray
di�raction, optical crystallographic and polarographic
analyses and did not exceed 0.5%. Oxo¯uoroniobate
synthesis was performed by melting of K2NbF7, Nb2O5

and KF in appropriate ratios in a glassy carbon vessel
under argon atmosphere.

2.2. Experimental cells and procedures

The cell for kinetic studies (Figure 1) consisted of a
platinum crucible (25 mm diameter, 35 mm high) con-
taining 20 g of salt. The crucible was mounted in the
vertical channel of a massive graphite block to stabilize
temperature in the reaction zone, which was placed
inside a vessel made of heat resistant steel with a brass
water-cooled lid. The vessel was ®lled with argon,

Fig. 1. Cell for study of solubility of niobium and its oxides in halide

and oxohalide melts: (1) heat resistant steel vessel; (2) molybdenum

lining; (3) graphite block; (4) platinum crucible with molten salt;

(5) molybdenum sampler; (6) water cooling of the vessel; (7) Te¯on

O-ring; (8) brass lid; (9) water jacket of the lid; (10) Wilson gland;

(11) argon inlet; (12) molybdenum cup with reactants; (13) vacuum/

argon outlet; (14) Pt±PtRh thermocouple.
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puri®ed by passing through a heated quartz tube
(800 °C) containing titanium sponge. Heating of the
experimental cell was carried out in a shaft furnace with
silite heaters; the temperature controlling were accurate
to �2 °C.
Crystals of electrolytic niobium, coarse crystalline

niobium pentoxide powder or lumps of niobium lower
oxides (2±3 mm across) were placed in a molybdenum
cup (20 mm diameter, 15 mm high) with walls perforat-
ed with 1.5 mm diameter holes. This was immersed in
the melt after the preset temperature had been attained
in the reaction zone. This cup was screwed to a
molybdenum rod of 5 mm diameter, which extended
through a gland in the centre of the vessel lid and was
connected to a stirring mechanism with vertical recip-
rocating motion of 15 mm amplitude. It was established
earlier [30], that molybdenum was inert to the melts
under study in the presence of niobium and its oxides.
The mass of niobium or niobium oxide taken exceeded
the possible change, caused by its interaction with the
melt, by a factor of 5±6. This change was roughly
evaluated in preliminary experiments. When the prede-
termined time of the contact between niobium or its
oxide with the melt was completed, the molybdenum
cup was lifted out of the melt by the rod to a water-
cooled chamber in the vessel lid, and a molybdenum
sampler was immersed in the melt for some seconds. The
melt sample taken was rapidly cooled in the same
chamber by contact with a powerful argon jet. The solid
reaction products in this sample and the unreacted
residue of materials in the molybdenum cup, were
washed free of entrapped salt phase with 10% hydro-
chloric acid and then washed with distilled water and
ethanol. After drying at 40±50 °C they were weighed
with an accuracy of 0.0001 g and analyzed for oxygen
content by the mass spectrometric method with an
accuracy of �20%, by vacuum extraction (Baltzers
EA-1) with an accuracy of �30% and by high temper-
ature oxidation to constant weight (for concentration of
up to 0.1 wt%). The small content of other impurities in
the electrore®ned niobium ensured a high accuracy
(�0.2%) for the latter method. The products in the
molybdenum cup, as well as the salt samples taken, were
also analyzed by X-ray di�raction with a DRON-3
di�ractometer. The total niobium content and the
tetravalent niobium concentration in the salt sample
were determined by the procedure used earlier [29] with
accuracies �5 and �1%, respectively. The weight loss
of material in the cup, as a result of its dissolution in the
melt in a given time, was used to construct the kinetic
plots.
Voltammetric measurements were conducted with a

three-electrode unit in a glassy carbon cell whose walls

were the auxiliary electrode. Working electrodes of
glassy carbon, platinum and tungsten were used. The
potentials were measured relative to a silver reference
electrode (Ag/NaCl±KCl±AgCl 2 wt%). The design of
both the electrochemical cell and the reference electrode
have been described in detail [31].

3. Results and discussion

3.1. Interaction of Nb(V) ¯uoride±chloride melts with
Nb2O5

This interaction is the simplest since it is the only one of
those considered that does not involved change of
oxidation state of the participating components. Never-
theless, a considerable number of compounds belonging
to the ternary reciprocal system of K, Nb(V)//F, O may
form [1]. Their compositions depend on the
Nb2O5 : K2NbF7 and F) : K2NbF7 molar ratios in the
melt (here F) are the free ¯uorine anions, that is, not
bonded in the NbF2ÿ

7 complex). In this investigation we
did not use melts where the molar ratio of
Nb2O5 : K2NbF7 exceeds 1 : 3, that is, the regions of
formation of di- and trioxo¯uoride Nb(V) complexes or
of potassium metaniobate [11], since such molten salts
are of no great importance for practical electrolysis.
When the Nb2O5 : K2NbF7 ratio in the melt was 1 : 3 or
less, the products of interaction were limited to niobium
monooxo¯uoride complexes, probably according to the
reactions:

3NbF2ÿ
7 �Nb2O5 � 4NbOFÿ4 �NbOF2ÿ

5 �1�
3NbF2ÿ

7 �Nb2O5 � 4Fÿ � 5NbOF2ÿ
5 �2�

3NbF2ÿ
7 �Nb2O5 � 9Fÿ � 5NbOF3ÿ

6 �3�

These reactions should be considered as plausible
although the presence of appropriate compounds,
KNbOF4, K2NbOF5 or K3NbOF6 [21, 25, 32±36] in
the ®nal products were corroborated by the analysis of
quenched samples of salt mixes. The electrochemical
properties of monooxo¯uoride melts indicated that
niobium electroreduction is not sensitively dependent
on the actual reaction. The introduction of niobium
pentoxide to the K2NbF7±KCl±NaCl melt (Figure 2(a))
both with and without KF decreased the height of peaks
I and II in the integral voltammetric curves. These peaks
corresponded to the reduction of complex ¯uoride or
¯uoride±chloride Nb(V) ions to Nb(IV) at E = )0.63 V
and Nb(IV) discharge to elementary niobium at
E = )1.23 V [36] respectively. At the same time, peak
III, corresponding to the one-step process of monoxo-
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¯uoride complex reduction [11], appeared at a potential
close to )1.0 V (Figure 2(b)). As the molar ratio
Nb2O5 : K2NbF7 = 1 : 3 was attained, that is, when
the melt did not contain any oxygen-free ¯uoride
complexes, this peak became the only one in the integral
voltammogram (Figure 2(c)). The presence (according
to reaction (1)) of two monoxo¯uoride complexes
simultaneously in the K2NbF7±KCl±NaClÐNb2O5

melt was shown by two distinct peaks in the di�erential
voltammetric curve, the ®rst peak being approximately
four times higher than the second (Figure 3(a)), thus,
the ®rst peak may be attributed to the NbOFÿ4 complex.
The introduction of ¯uorine anions into the melt

resulted in a gradual decrease in the height of this peak
and in a growth of the second one (Figure 3(b)). As a

KF concentration ration corresponding to the stoichi-
ometry of Reaction 2, was attained, the di�erential
voltammetric curved showed only one peak (Figure 3(c))
corresponding to the discharge of NbOF2ÿ

5 complexes.
Narrow absorption bands appeared in the infrared
spectra in the 920 cm)1 region, attributed to terminal
Nb±O bonds [35]. As the ¯uorine ion concentration was
further increased, the formation of NbOF3ÿ

6 complexes
did not cause the appearance of discrete waves corre-
sponding to their discharge in any of the voltammo-
grams. Only a minor shift of the potential to negative
values (several tens of millivolts) was observed.
Thus, though the discharge potentials of niobium

oxo¯uoride complexes became somewhat more negative
as the ¯uoride content in the melt increased, they
remained more positive by 0.1±0.15 V than the dis-
charge of oxygen-free halide complexes [36].

Fig. 2. Linear sweep voltammograms of molten K2NbF7±KCl±NaCl

with di�erent contents of dissolved Nb2O5. Mole ratio Nb2O5 :

K2NbF7 of (a) 0, (b) 1 : 6 and (c) 1 : 3. CK2NbF7
� 1:02 �

10ÿ4 mol cmÿ3; T = 1023 K; cathodic area, S = 0.142 cm2; potential

sweep rate, v = 0.66 V s)1.

Fig. 3. Change in the shape of di�erential linear voltammogram of the

K2NbF7±Nb2O5±KCl±NaCl melt with addition of potassium ¯uoride.

Mole ratio KF : Nb2O5 of (a) 0, (b) 1 : 2 and (c) P 1 : 4. Experimental

conditions are the same as indicated in Fig. 2.

696



3.2. Interaction of Nb(V) ¯uoride±chloride melts with
NbO2

Niobium dioxide interacted actively with melts of the
K2NbF7±KCl±NaCl system. Figure 4(a) shows the
change in quantity of dissolved NbO2 (from the loss of
weight of NbO2 specimen) against time in a molten
equimolar mix of KCl±NaCl with 30 wt% of K2NbF7,
at 750 °C and Figure 4(b) illustrates the related change
in the proportion of Nb(IV) in the melt samples. Each of
the curves consists of two branches separated by a bend
and by a sharp maximum, respectively. The positions of
the bend and maximum on the abscissa coincide. The
left hand branches of the curves show a greater rate of
niobium dioxide dissolution in the melt along with a
greater rate of increase in Nb(IV) concentration in the
®rst stage of interaction to a maximum value which is
1/3 of the total niobium content in the melt. At the same
time curve 1 (Figure 5), plotted on the base of the same
experimental data, shows that, for the entire period, the
molar ratio between the quantity of the NbO2 dissolved
in the melt and the quantity of Nb(IV) formed thereby

remains constant and equal to 1 : 1. Transition from the
®rst to the second stage, at which the Nb(IV) oxide
continues to dissolve in the melt (although at a much
reduced rate), but nevertheless the Nb(IV) concentration
decreases rather rapidly, occurs when the molar ratio of
dissolved NbO2 to the amount of initial K2NbF7

reached 1 : 2 (Figure 4(a), curve 1).
The solid residues after the ®rst stage of dissolution

consisted of unreacted NbO2; however, no solid residue
was found when the ratio of initial NbO2 to K2NbF7 (in
moles) did not exceed 1 : 2. This fact along with the
stability of the NbO2 dissolv. : Nb(IV) molar ratio for all
the tests on the ®rst stage suggests that the reactions of
the ®rst and the second stages are strictly consecutive. In
other words, the reaction of the second stage reaches a
noticeable rate only after the completion of the ®rst
reaction.
The solid residues formed during the second stage of

NbO2 dissolution contained NbO, which covers the
surface of the NbO2 lumps with a dense crust (Figure 6).
Apparently, the formation of this crust, almost imper-
vious to the melt, is responsible for the gradual slow
down of the second stage reaction. This is supported by

Fig. 4. Amount of dissolved niobium lower oxide (moles per one mole

of initial amount of K2NbF7) (a) and the relative proportion of Nb(IV)

in the melt (b) against time during interaction of NbO2 (1) and NbO

(2) with the K2NbF7 30 wt%±KCl±NaCl melt at 750 °C.

Fig. 5. Molar ratio of the amount of niobium oxide dissolved in the

molten K2NbF7 30 wt%±KCl±NaCl at 750 °C to the amount of

Nb(IV) in the melt: (1) NbO2 and (2) NbO.
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the fact that, in additional tests when partially reacted
NbO2 was substituted for fresh niobium(IV) oxide, the
process of the second stage continued to a signi®cantly
greater decrease of Nb(IV) concentration, for example,
Nb(IV) : Nb(IV) + Nb(V) = 0.01 at s = 5 h with four
changes of the NbO2 charges against 0.23 for one charge
used.
The introduction of niobium dioxide to the K2NbF7±

KCl±NaCl melt changed its voltammogram
(Figure 7(a)): wave I shifted to the anodic region
(Figure 7(b)) due to the appearance of low-valent
niobium ions in the melt. The ratio of the values of
anodic and cathodic currents of the ®rst wave became
proportional to the ratio of concentrations of Nb(IV)
and Nb(V) ¯uoride complexes in the melt.
Simultaneously, a new wave III analogous to wave III

in Figure 2(b) appeared at a peak potential of )1.0 V.
This may be caused by the formation of Nb(V) oxo¯u-
oride complexes. On attaining the ratio NbO2 dissolv. :
K2NbF7 init. = 1 : 2 (the maximum on curve 1 in
Figure 4(b)) wave I shifts completely to the anodic
region, thus being transformed from a reduction wave
Nb(V) + e) ® Nb(IV) to an oxidation wave
Nb(IV) ) e) ® Nb(IV). So, from this point, the melt
contained no initial Nb(V) ¯uoride complexes, but only
the complexes formed from the interaction of the melt
with NbO2, that is, Nb(IV) ¯uoride and Nb(V) oxo¯u-
oride complexes (Figure 7(c)). The decrease in the
concentration of the former and a simultaneous increase
in the concentration of the latter with further NbO2

dissolution (the descending branch of the curve 1 in
Figure 4(b)) manifest themselves on voltammograms as
a growth of wave III and a decrease in waves I and II
(Figure 7(d)).
Thus, niobium dioxide dissolving in the K2NbF7±

KCl±NaCl melt interacts with it in two successive stages.
At the ®rst state Nb(IV) ¯uorocomplexes form, and, at
the second stage, they are oxidized to oxo¯uoride Nb(V)
ions. Apparently, the reactions are as follows:
When NbO2 dissolv: : K2NbF7 init:O1 : 2;

2NbF2ÿ
7 �NbO2 � NbFÿ5 � 2 NbOFÿ4 � Fÿ �4�

Fig. 6. SEM micrograph of the surface of an NbO2 lump covered

partially with NbO crust after 3 h contact with the K2NbF7 30 wt%±

KCl±NaCl melt at 750 °C (a part of initial fresh surface of NbO2,

which has been screened by an other NbO2 lump in the course of

experiment, can be seen at the top of the photograph).

Fig. 7. Linear sweep voltammograms of the molten K2NbF7±KCl±

NaCl with di�erent contents of dissolved NbO2. Mole ratio

NbO2 dissolv. : K2NbF7 init. of (a) 0, (b) 0.25, (c) 0.5 and (d) 0.7.

CK2NbF7
� 1:60� 10ÿ4 mol cmÿ3; T = 1073 K; S = 0.137 cm2;

v = 0.5 V s)1.
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When NbO2 dissolv: : K2NbF7 init: > 1 : 2;

3NbFÿ5 � 3NbO2 � Fÿ � 4 NbOFÿ4 � 2 NbO �5�

The designation NbOx dissolv. (x = 1 or 2), indicates the
loss of weight of oxide contained in the molybdenum
cup here and throughout the paper, including Figures 4,
5, 8, 9.
The equilibrium of Reaction 4 is virtually completely

shifted to the right, and Reaction 5 is hindered by the
solid product formed and by the di�usion of NbFÿ5 and
F) into the bulk melt. It may be assumed that Reaction
5 describes the entire process based on disproportion-
ation of complex Nb(IV) ions in the melt according to
the reaction:

5NbFÿ5 � 3Fÿ � 4NbF2ÿ
7 �Nb0 �6�

In oxygen-free chloride±¯uoride melts, the validity of
Reaction 6 was established earlier [29]. However, in
these melts, this reaction was not substantially devel-
oped, particularly when the melt was in contact with
metallic niobium (as in cells for electrolytical re®ning
and electroplating). Apparently, an excess of niobium
dioxide in the reaction system promotes a shift of
equilibrium (Reaction 6) to the right as a result of NbO2

interaction with its products by the reactions:

Nb0 �NbO2 � 2NbO �7�

and (4). It is clear that Reactions 6, 7 and 4 give the
same total reaction (i.e. Reaction 5).

3.3. Interaction of Nb(V) ¯uoride±chloride melts with
NbO

The oxidation±reduction processes in the K2NbF7±KCl±
NaCl melt involving niobium monoxide are similar to
those during niobium dioxide dissolution. In both cases
there are two stages of interaction, however, the `oxidiz-
ing' power of niobium(II) oxide is much weaker than that
of niobium(IV) oxide and hence the `reducing' function
of NbO is more evident. This is clearly indicated by a
signi®cant decrease in the rate of Nb(IV) oxidation in the
second stage of dissolution in transition from NbO2 to
NbO (Figure 4(b)). Moreover, the proportion of Nb(IV)
to total niobium a the maximum point increases to 0.75
in the case of NbO dissolution. This occurs at the molar
ratio NbOdissolv. : K2NbF7 init. = 1 : 3.
Figure 5 (curve 2) shows that, for the entire ®rst stage

of NbO dissolution the NbO : Nb(IV) molar ratio
remains constant, indicating the formation of three
moles of Nb(IV) upon dissolution of one mole of NbO.

As in the case of NbO2, a second phase appears in the
solid residue after NbO dissolution only at the second
stage of the interaction, but in this case it is a very small
amount of ®nely dispersed metallic niobium.
The voltammograms of the K2NbF7±KCl±NaCl melt

after addition of NbO show the same qualitative
patterns at both stages of interaction, as those observed
after the addition of NbO2, di�ering in the height of the
peaks as well as by a minor negative shift of peak III at
the ®rst stage. The shape of the di�erential voltammo-
grams after the second stage of NbO dissolution
suggests the presence of oxo¯uoride complexes of two
types, presumably NbOFÿ4 and NbOF3ÿ

6 . Because of the
complex composition of the corresponding salt samples,
we have failed to de®nitely interpret their X-ray and
infrared spectra, but the di�erences in the phase
compositions of ¯uoride±chloride melts after dissolution
of NbO2 and NbO are seen.
The data suggest that niobium monooxide dissolution

in the K2NbF7±KCl±NaCl melt is described by the
following reactions in two successive stages:
When NbOdissolv: : K2NbF7 init:O1 : 3;

3NbF2ÿ
7 �NbO� 3NbFÿ5 �NbOF3ÿ

6 �8�

When NbOdissolv: : K2NbF7 init: > 1 : 3

3NbFÿ5 � 4NbO� Fÿ � 4NbOFÿ4 � 3Nb0 �9�

In this case, Reaction 8 proceeds more rapidly and
practically completely, whereas the rate of oxidation of
Nb(IV) ions with excess NbO (Reaction 9) is rather slow.

3.4. Interaction of Nb(V) oxo¯uoride±chloride melts
with NbO2 and NbO

During the electrolysis of oxohalide±halide niobium
melts, lower niobium oxides may be electrodeposited
[1±3, 10, 18, 38] on the cathode, and, being in contact
with the melt, can interact with it. NbO2 and NbO are
also formed as a result of the interaction of melts con-
taining niobium oxohalides with metallic niobium wich
is both the cathode product and the anodic material [39].
Therefore, it seemed of interest to study the processes of
lower niobium oxide dissolution in these melts.
Figure 8 represents the kinetic curves for the interac-

tion of the K2NbF7±Nb2O5±KCl±NaCl melt (of molar
ratio K2NbF7 : Nb2O5 = 3 : 1) with NbO2. As in the
case of a melt without Nb2O5, this interaction occured in
two stages but at a much lower rate of Nb(IV) ion
oxidation in the second stage. However, the principal
difference of NbO2 dissolution in oxo¯uoride±chloride
melt from its dissolution in an oxygen free melt, is a
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rather small share of lower oxidation state niobium, for
example, at the maximum in the curve (Figure 8(b)),
Nb(IV) : Nb(IV) + Nb(V) = 0.05 only. This corre-
sponded to molar ratios NbO2 dissolv. : Nb(IV) = 4 : 5
and NbO2 dissolv. : K2NbF7 init. = 1 : 15. It is di�cult to
use these empirical ratios for writing equations for
NbO2 interaction with the chloride±¯uoride melt. It is
conceivable that, in this case, there are several simulta-
neously redox reactions at each step of NbO2 dissolu-
tion.
During the interaction of a K2NbF7±Nb2O5±KCl±

NaCl melt (molar ratio K2NbF7 : Nb2O5 = 3 : 1) with
NbO (Figure 9(a)) the stage of Nb(IV) oxidation is
probably absent, in contrast to the earlier cases of
lower niobium oxide dissolution. At the same time, the
curve describing the relationship between the mass of
oxide dissolved in the melt and the dissolution time
(Figure 9(a), curve 1) has the most complex shape.
Three sections are clearly seen in this curve.
The ®rst section corresponds to the formation of a

liquid phase product. This is indicated not only by the
decrease in mass of the NbO sample but also by the
relatively high rate of Nb(V) to Nb(IV) reduction at this
stage of dissolution and by the absence of a solid

product after experiments without excess NbO. For the
entire ®rst stage of NbO dissolution, the molar ratio
NbO : Nb(IV) was constant (1 : 3.3). This stage termi-
nated at the ratio of NbOdissolv. : K2NbF7 init. = 1 : 25.
Increase in the weight of solid and a lower rate of

niobium reduction in the second stage is probably due to
a transition to the formation of a solid reaction product
of reaction at the NbO surface. This product is identi®ed
by X-ray phase analysis as NbO2.
We suggest that the melt at the third stage generally

interacts, not with the initial NbO, but with NbO2

formed in the second stage. The process is accompanied
by a small decrease in the weight of solid and occurs at a
rather low rate of Nb(V) reduction. The highest degree
of reduction of the oxo¯uoride±chloride melt with
niobium monoxide, (Nb(IV) : Nb(IV) + Nb(V) = 0.07,
obtained by reduction for 6 h at 750 °C, is signi®cantly

Fig. 8. Amount of dissolved NbO2 (moles per one mole of initial

quantity of K2NbF7) (a) and the relative proportion of Nb(IV) in the

melt (b) against time during interaction of NbO2 with the K2NbF7

30 wt %±Nb2O5±KCl±NaCl melt at 750 °C. Mole ratio K2NbF7 :

Nb2O5 = 3 : 1.

Fig. 9. Amount of dissolved NbO (moles per one mole of initial

quantity of K2NbF7) (a) and the relative proportion of Nb(IV) in the

melt (b) against time during interaction of NbO with the K2NbF7

30 wt %±Nb2O5±KCl±NaCl (1) and K2NbF7 30 wt %±Nb2O5±LiF±

NaF±KF (2) melts at 750 °C. Mole ratio K2NbF7 : Nb2O5 = 3 : 1.
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lower than that attained at the ®rst stage of NbO disso-
lution in the ¯uoride±chloride oxygen-free melt. Fig-
ure 9 (curves 2(a) and 2(b)) indicates that the degree of
reduction of Nb(V) to Nb(IV) may be increased several
times with simultaneous transition to a simpler NbO
dissolution, when the chloride mixture is replaced by a
¯uoride mixture (FLINAK). This effect is caused by the
fact that ¯uoride melt dissolves more solid products
from the sample surface than the chloride±¯uoride melt.

4. Conclusion

The Nb(V) ¯uoride±chloride melts interact actively with
all three niobium oxides. The composition of complexes
formed during Nb2O5 dissolution depends on the molar
ratios Nb2O5 : K2NbF7 and F) : Nb2O5. When Nb2O5 :
K2NbF7 = 1 : 3 and less, the formation of three mono-
oxo¯uoride complexes (NbOFÿ4 , NbOF2ÿ

5 , or NbOF3ÿ
6 �

is possible, probably depending on the availability of
free F) ions in the melt. The presence of any of these
ions is characterized by the appearance of a wave with
the peak at a potential close to )1.0 V vs Ag/Ag+ on the
voltammograms (i.e., more positive than the potential of
Nb(IV) ion discharge to niobium metal).
The interaction of ¯uoride±chloride Nb(V) melts with

lower niobium oxides occurrs in two successive stages.
At the ®rst stage Nb(IV) ions are formed and their
concentration grows strictly proportionally to the in-
crease in the oxide content. The observed voltammetric
curves, infrared spectroscopy and X-ray diffraction do
not give reliable proof of the formation of Nb(IV)
oxo¯uoride complexes. Apparently, as a result of lower
oxide dissolution, oxygen-free Nb(IV) complexes are
formed, and oxygen appears in the monoxo¯uoride
Nb(V) complexes, formed simultaneously, with the
concentration of the latter increasing proportionally
with the increase of the oxide. At the same time, the
concentration of the initial ¯uoride complex NbF2ÿ

7 fails
and reaches zero by the end of the ®rst stage.
In the second stage, as niobium oxide is further

dissolved, the oxo¯uoride complex concentration in-
creases further, but the Nb(IV) concentration decreases
(this occurs more extensively in the case of NbO2).
Apparently, the latter process involves disproportion-
ation and is accompanied by the formation of solid
products such as NbO and Nb due to the dissolution of
NbO2 and NbO, respectively. The maxima in the
[Nb(IV) : Nb(IV) + Nb(V)] against time curves separate
the stages and occur at the molar ratios given in Table 1.
The time dependencies of NbO2 interaction with

oxo¯uoro±chloride melts are analogous in form to those
observed for NbO2 interaction with ¯uoro-chloride

melts (which is due to a two stage process), but are
characterized by a relatively smaller maximum degree of
niobium reduction. The NbO interaction with these
melts occurs in three stages with increase in Nb(IV)
concentration at all the stages. The chemical nature of
these interactions is complex and not completely under-
stood.
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