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Electrochemical Studies of the Molten System
K, NbF--Na,O-Nb-(LiF-NaF-KF),; at 700°C

Christian Rosenkilde,®* Aasmund Vik,? Terje @stvold,? Erik Christensen,® and Niels J. Bjerrum®*

aNorsk Hydro Research Center, N3901 Porsgrunn, Norway
PDepartment of Chemistry, Norwegian University of Science and Technology, 7491 Trondheim, Norway
‘Department of Chemistry, Technical University of Denmark, DK-2800 Lyngby, Denmark

Various voltammetric methods have been used to study FLINAK (LiF-NaF-KF eutectic melt 46.5-11.5-42 mol %) melts contain-
ing about 1 mol % niobium-fluoro and -oxofluoro complexes with Nb in oxidation states (V) and (1V) at 700°C and varying amounts
of Na,O in the range 0 < n2/nQ, < 7. A slow, spontaneous reduction of Nb(V)-fluoro complexes to Nb(IV)-fluoro complexes was
observed in the absence of Nb metal. With a stoichiometric amount of Nb metal, Nb(V) is reduced rapidly to Nb(IV) according to
the reaction 4NbF2~ + Nb = 5NbF¥~4)~, The sol ubilities of Nb,Os and KNbOj3 in FLINAK were measured and found to be 1.8
and 0.13 mol %, respectively. The following reactions probably occur when increasing amounts of oxide are added to a melt orig-
inally containing NbF&~4~: NoFX~4~ + 02~ = Nb(IV)-mono-oxo-fluoride + fluoride, 5SNb(IV)-mono-oxo-fluoride + 0%~ =
4ANDO,F3~ + Nb, and NbO,F§~ + O?~ + Alk™ = AIKNbO4(s) + 4F (Alk™ = Li™, Na*, or K™). At oxide to niobium molar
ratios higher than three, AIkNbO4(s) redissolves, and at n2/nQ, > 4, all Nb and O added are dissolved. Strong indications of the
coexistence of the oxygen rich Nb(V)OF complexes and O2~ ionsin FLINAK at n&/n%y, > 4 have been found. An equilibrium/sam-
pling/analysis technique was also used to study this system without Nb metal added. The results mainly agree with the results of
the voltammetric studies. However, no indications of spontaneous reduction of Nb(V) to Nb(1V) were observed, even after 24 h.

© 2000 The Electrochemical Society. S0013-4651(99)12-112-8. All rights reserved.
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The chemical and electrochemical properties of niobium and tan-
talum in alkali-fluoride melts° and chloride melts'®16 have been
studied extensively during the last decade. The motivation for this
work is mainly twofold. First, the very high stability of niobium and
tantalum against aqueous acids makes steel parts electroplated with
these metals highly corrosion resistant and, consequently, useful for
many purposes. Second, these systems are interesting from a scien-
tific point of view due to the strong complex-forming ability of nio-
bium and tantalum ions. Moreover, in these complexes, Nb and Ta
may exist in various oxidation states. This, together with the com-
plex-forming ability, leads to rather complicated chemical systems.
In spite of alot of previous work, both the chemistry and electro-
chemistry in fluoride and chloride melts containing oxides are still
meatters of discussion. Further investigations are therefore justified.

In the present study we have focused on the electrochemistry and
bulk properties of niobium ions in FLINAK (LiF-NaF-KF eutectic
melt 46.5-11.5-42 mol %) at 700°C. In particular, we have studied
melts where niobium ions are in equilibrium with Nb metal and con-
trolled amounts of oxide in the melt. This is interesting since niobi-
um metal is present during electroreduction of Nb. Equilibrium be-
tween Nb ionsin the melt and Nb metal will therefore be established.

Von Barner et al.! investigated Nb(V)-fluorides and -oxofluo-
rides in FLINAK by Raman spectroscopy, and the complexes
NbFZ~, NbOFZ~, and NbO,F3~ were suggested to be stable in the
melt. Indications of complexes even richer in oxygen were aso
given. Von Barner et al. did not determine, however, the oxide and
niobium concentrations in the melt analytically. Due to the precipi-
tation of AIKNbO4(s) (Alk = Li*, Na*, or K*) a molar ratios of
oxide to niobium 2 < n2/n}, < 3 and dissolution at ng/n%, > 3
observed by Matthiesen et al.17 inaccurate molar ratios of oxide to
niobium were probably given by von Barner et al.! Matthiesen
et al.” studied Nb(1V) in FLINAK at various Na,O concentrations
up to n2/nQ, = 10. The Nb(IV) was prepared by in situ reduction of
K,NbF; with the stoichiometric amount of Nb metal. They found
that the amounts of added and analyzed oxide in the melt were iden-
tical up to the molar ratio n2/nQ, = 1. Above thisratio, the Nb con-
centration in the melt decreased up to nQ/nQ,, = 2.2. Together with
an observed slope lower than one of oxide analyzed vs. oxide added,
the results indicated precipitation of a Nb(IV) oxide compound. The
reaction BNDOFE™ + 2 O~ = NbOF,(s) + 2NbO,F{~ + 5F was

* Electrochemical Society Active Member.

suggested to explain the results. In the composition region 2.2 <
n2/n%, < 3, Nb(1V) decreased even faster, and decreasing O?~ con-
centrations were measured, indicating that a compound of the type
Alk,NbO5(s) was precipitating. At 3 < n3/n, < 4, the solid precip-
itate dissolved, and, according to stoichiometry, the dominant reac-
tion was Alk,NbOg(s) + XF~ + 0?7 = NbO,F#9~ + 2Alk*.
Recently Vik et al.'® showed by Raman spectroscopy that a melt
consisting of K,NbF; in FLINAK with varying Na,O concentrations
up to n3/n3, = 8 probably contained several Nb(V)-O-F complexes
with varying stoichiometry depending on the O/Nb molar ratio. For
ng/ndp < 1, the monomeric NbOFs~ ion was present. For 1 <
ng/n%, < 2 both NbOF2~ and NbO,F3~ occurred. At higher ratiosit
is possible that NbOgF5, NbO,F3~, and corner shared NbOg octahe-
dralinked together in a network are present in the melt,118-21

Electrochemical work? has shown that good Nb deposits were
obtained from melts equilibrated with Nb metal and with small and
controlled amounts of oxide present. It was further found that small
amounts of oxide in the melt increased the current efficiency for the
deposition process. In the present work the effect of larger amounts
of oxide compared to the amount of Nb ions in the melt is studied.
Since there has been some debate as to the stability of Nb-oxofluo-
ride ions with niobium in oxidation states different from five, this
matter has also been studied more closely. Previous voltammetric
investigations in alkali fluoride?*?? or alkali-fluoride-chloride
melts>?3 have not shown a reduction step belonging to the reduction
of NbOFZ~ to a soluble product, e.g., a Nb(IV)-oxofluoride com-
plex. On the other hand, adding Nb metal to a melt containing
NbOF2~, Christensen et al.? observed dissolution of Nb metal, indi-
cating reduction of Nb(V) in NbOFZ~ to a Nb(1V) species.

The reader will find some discrepancies in the results obtained
with the different methods used in the present work. We have not
been able to resolve these, but hope that the work presented will help
the scientific community to resolve the discrepancies.

Experimental

Two experimental techniques have been used. The first method
was based on equilibration, sampling, and analysis of the melt. The
analysis of the sampleswas performed with inductively coupled plas-
ma (ICP) for Nb and the carbothermal-reduction technique using
LECO TC-436 for oxide in the melt.1” The experimental procedure
has been published elsewhere.l” The electrochemical techniques
involved cyclic voltammetry, linear sweep voltammetry, staircase
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voltammetry, and square wave voltammetry. These methods are avail-
able through the use of a computer-controlled potentiostat/gal vanos-
tat model M273, Princeton Applied Research. All voltammograms
were recorded with more than 85% of full ohmic (IR) compensation.
The IR drop was measured with a Solartron 1255 HF frequency
response analyzer connected to the PAR M 273 potentiostat. The elec-
trochemical cell was a glassy carbon crucible (Carbon-Lorraine V25,
diam 50 mm) with a common three-electrode system. Platinum has
proved to be inert in the melts, and therefore Pt quasi-reference (wire
diam 0.5 mm), counter (sheet, area 2 cm?), and working (wire diam
0.5 mm) electrodes were employed. Working electrodes made of
glassy carbon (SU2000, diam 1 mm) were also used to study oxida-
tion of oxide-containing species. The electrodes were connected to
stainless steel rods. The area of the working electrodes was deter-
mined by immersing the electrode at several depths and measuring a
suitable voltammetric peak current at each depth. The immersion
depth was controlled by a scaled micrometer screw. In thisway alin-
ear relationship between current and immersion depth was obtained.
The current is proportiona to the surface area of the electrode since
the current density is the same. The relationship between the surface
area and the immersion depth is thus given by A = Ay + wdh, where
A isthe areawhen the electrode just dipsinto the electrolyte (at zero
immersion), d is the electrode diameter, and h the immersion depth.
A is determined from the intercept of the line in a plot of area vs.
immersion depth. A, is the sum of the area of the bottom of the elec-
trode and the surface covered by the meniscus. The furnace used in
the experiments was a water-cooled three-zone Kanthal wound verti-
cal tubular furnace with a nickel inner tube. The temperature was
measured with atype-K thermocouple positioned just outside the cru-
cible. Figure 1 shows a drawing of the cell.

A Pt quasi referenceisusualy inferior to aproper reference elec-
trode. In the highly corrosive niobium-containing fluoride melts,
however, design of atrue reference electrode that does not contami-
nate the melt has proved to be very difficult. Furthermore, in the
presence of Nb(V), Nb(IV) ions, or Nb metal in the melt and at con-
stant melt composition, the potential of the Pt quasi-reference elec-
trode has proved to be stable for times long enough to allow record-
ing of voltammograms with low sweep rates, i.e., several minutes.
The Pt quasi-reference electrode was therefore found to be suitable
for the present work, where the amount of impurities was to be kept
at aminimum.

The observed spontaneous reduction of Nb(V)-fluorides to
Nb(IV)-fluoride in the melt introduces some experimental problems.
In the experiments where the Nb(V)-fluorides were studied electro-
chemically the experiments were performed as fast as possible to
avoid significant amounts of Nb(IV) to formation. In experiments
where Nb(V) is to be reduced with Nb metal, the amount of Nb(V)
in the melt shortly before addition of Nb metal must be known to
calculate the amount of Nb metal dissolved according to Eqg. 4. This
isimportant sinceit is necessary to know the total amount of Nb ions
in solution before starting additions of Na,O. According to Eq. 4, the
amount of Nb metal dissolved would be 1/4 the amount of Nb(V)
added when there is no spontaneous reduction, but with spontaneous
reduction less Nb metal is dissolved. Since the reduction of Nb(V)
to Nb(IV) is much faster in the presence of Nb metal, one can, by
knowing the amount of Nb(V) spontaneously reduced, calculate the
precise amount of Nb metal dissolved. Since it is possible to moni-
tor the degree of spontaneous reduction by voltammetry (cf. Fig. 6),
the amount of Nb(V) reduced to Nb(IV) can be found. When neces-
sary, this was done in the present voltammetric study.

All handling and weighing of the salts was performed in a dry
box to avoid water contamination of the hygroscopic fluoride salts.
The FLINAK mixture was prepared from recrystallized alkali fluo-
rides (Merck, p.a). Ko;NbF; (>97% by analysis) was prepared
according to Christensen et al.,” and Na,O (>98% by acid titration)
prepared from Na,O, according to Horsby.>* Nb was used as pur-
chased (Goodfellow, >99%), as was Nb,O5 (CERAC, >99.95) and
KNbO; (Hereaus, >99.8). The two latter salts were dried at 150°C
before use. In the voltammetric studies, a crucible with 60 g of the

akali fluoride weighed out according to the composition of FLI-
NAK (LiF-NaF-KF: 46.5-11.5-42 mol %) was removed from the dry
box and placed in the furnace, which was then evacuated. The fur-
nace was left under vacuum at 350°C overnight. It was then filled
with argon, and the temperature was raised to 700°C. An overpres-
sure of 0.1 bar was maintained in the furnace by electronically con-
trolled valves. Thus, the atmosphere in the furnace was practically
the same during the whole experiment. The other salts were weighed
in the dry box and removed from the box in an airtight container that
was connected to the salt-addition tube. The salt-addition tube was
built in such a way that neither the salt to be added nor the atmos-
phere in the furnace was in contact with air during addition.

The solubility studies using the equilibrium/sampling technique
were performed in the same type of cell as described previously, but
the furnace containing the cell was connected directly to a dry box.
Inthisway all handling of salts was under the dry-box atmosphere.1”

Q=
=
2
=
|
=

Figure 1. Drawing of the experimental cell: (a) brass cover, (b) furnace inner
nickel tube, (c) stainless steel rods connected to the lid, (d) stainless steel
addition tube, (e) alumina insulation tubes, (f) thermocouple, (g) stainless
steel connection piece, (h) platinum quasi reference electrode, (i) glassy car-
bon working electrode, (j) platinum working electrode, (k) platinum counter
electrode, (1) glassy carbon crucible.
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The solubility studies were done at NTNU in Norway, while the
electrochemical work was done at DTU in Denmark.

Results

\oltammograms of oxide-free melts—Figure 2 shows a voltam-
mogram of a FLINAK melt containing 0.8 mol % K,NbF;. The
voltammogram has two reduction steps, R; and R,, and two corre-
sponding oxidation steps, Ox; and Ox,. Voltammograms were re-
corded using sweep rates from 0.1 to 20V s~1, and a linear rela-
tionship between the pesk currents of R; and R, and the square root
of the sweep rate was observed. Included in Fig. 2 is a smulated
voltammogram based on the following reduction mechanism assum-
ing reversible and diffusion-controlled conditions

Nb®" + e= Nb*" [1]
and
Nb*™ + 4e” = Nb [2]

The good agreement between the measured and simulated voltam-
mogram together with the linear dependence of the peak current on
the square root of the sweep rate show that the reductions given by
Eq. 1 and 2 are reversible and diffusion controlled. This mechanism
isin agreement with previous work in alkali-fluoride melts418 and
mixed alkali-chloride-fluoride melts. 24222628 Details concerning
the simulation are previously described.” The diffusion coefficient of
NbF2~ can be calculated using Eq. 3%°

iy = 0.4463nF [NFDV . [3]
RT

where nisthe number of electrons transferred (in this case one), F is
Faraday’s number, D the diffusion coefficient, R the gas constant, T
absolute temperature, v the sweep rate, and ¢ the bulk concentration
of the species undergoing reduction or oxidation. Using Eq. 3 with

| I

—_
T T YT T

i,Acm-?

]

-0.5 0 0.5
E vs Pt quasi ref. electrode,V

Figure 2. Cyclic voltammogram of a FLINAK melt containing 0.81 mol %
K,NDbF; at 700°C. Sweep rate: 0.2V s~ L. Pt reference, working, and counter
electrodes. Area of working electrode 0.044 cm?. Included in the figure is a
simulated LSV based on the reversible and diffusion-controlled reduction
steps Nb®™ + e~ = Nb*™ and Nb** + 4e = Nb. (—) Measured and (---)
simulated.

2--|v-r|---I.-.|...|...|..-|...l-—v
1 7]
s b ]
S [
<
— 1
Op
[ .
L
4B §
W1 ] ] ] N P IR P P

0 0.4 0.8 1.2

E vs. Pt quasi ref. electrode,V

Figure 3. Cyclic voltammogram of a FLINAK melt containing 1 mol %
K,NbF, saturated with Nb metal at 700°C. Sweep rate 0.2V s~ Pt refer-
ence, working, and counter electrodes. Area of working electrode 0.044 cm?.

the measured voltammograms, a diffusion coefficient of NbF2~ in
FLINAK at 700°C equal to 1.4 X 10~ cm? s 1 is obtained.

Figure 3 shows a voltammogram of a FLINAK melt containing
1 mol % K,NbF; saturated with Nb metal. The same reductions as
thosein Fig. 2 are observed, but there is a general anodic shift of the
current. The reason for this is that the Nb(V) added as K,NbF; is
reduced by Nb metal. The oxidation state of Nb ions in equilibrium
with Nb metal can be found from the voltammogram scanned at 5 mV
s~ 1 in the positive direction from the rest potential in Fig. 4. The
voltammogram is of the same melt as the voltammogram in Fig. 3.

i,Acm=2

0 0.4 0.8 1.2
E vs. Pt quasi ref. electrode,V

Figure4. LSV of aFLINAK melt containing 1 mol % K,NbF; saturated with
Nb metal at 700°C. Sweep rate 0.005 V s~L. Pt reference, working, and
counter electrodes. Area of working electrode 0.044 cm?. Included in the fig-
ure is a curve based on the equation E = E° + RT/F In(ifij, — 1) where all
the symbols have their usual meaning. The curve was fitted using E° =
0.625V and ijj,, = 0.461 A cm~2. (—) Measured and (---) simulated.

Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



Journal of The Electrochemical Society, 147 (10) 3790-3800 (2000) 3793
S0013-4651(99)12-112-8 CCC: $7.00 © The Electrochemical Society, Inc.

Voltammograms recorded at such low scan rates are usualy very
close to the steady-state situation where one can assume linear diffu-
sion gradients within the Nernst layer. Under such conditions, limit-
ing current values can be measured at sufficiently high overpotentials.
One oxidation step is observed in Fig. 4, and asimulated curve based
on an oxidation reaction involving transfer of one electron is includ-
ed in the figure. Since the measured and simulated curves compare
well, it is reasonable to conclude that Nb(IV)-fluoro complexes are
the main species in the FLINAK melt at 700°C after reduction of
Nb(V) with Nb metal. The reduction of Nb(V) by Nb meta therefore
follows the reaction

4ANb®" + Nb = 5Nb** [4]

Spontaneous reduction of Nb(V).—Figure 5 shows a voltammo-
gram recorded at 5 mV s~1 of a FLINAK melt to which 1 mol %
K,NbF; was added. The voltammogram was recorded 23.75 h after
addition of K,NbF5. The voltammogram shows two limiting current
levels, one anodic at positive potentials and one cathodic at negative
potentials. The anodic and cathodic limiting currents are plotted as
functions of the time after addition of K,NbF; in Fig. 6. Since the
limiting current is directly proportional to the bulk concentration of
the species undergoing reduction or oxidation, Fig. 6 shows that
there is a spontaneous reduction of Nb(V) to Nb(lV) without addi-
tion of Nb metal. The cathodic limiting current represents the reduc-
tion of Nb(V) to Nb(IV), and the anodic limiting current the oxida-
tion of Nb(IV) to Nb(V). Shortly after addition of K,NbF,, only a
very low limiting current of the oxidation of Nb(IV) to Nb(V) is
observed compared to the limiting current of the reduction of Nb(V)
to Nb(1V). Consequently, there is practically no Nb(IV) in the melt
compared to the amount of Nb(V). As the time after addition in-
creases, however, the limiting current of the oxidation of Nb(IV) in-
creases while the limiting current of the reduction of Nb(V) is de-
creasing. After about 100 h, aimost all of the Nb(V) initially added
is reduced to Nb(1V). Included in Fig. 6 are two fitted curves based
on first-order reaction-rate expressions

dijim _ FDnbv) enbv) _  FDubw) ke
dt ) dt S

where t is time, D is the diffusion coefficient of Nb(V), 8 is the
thickness of the Nernst diffusion layer, k is the rate constant, and
Cnpv) the bulk concentration of Nb(V). For Nb(IV) the first-order
rate expression becomes

Nb(V) (5]

0-04_ff'f*’r"'l'"l"'r"'l"'l'fﬁ
L
« O
g +
< 3
= [ B
[ ]
-0.04 -
A I el N T
-0.8 -0.4 0 0.4 0.8

E vs. Pt quasi ref. electrode,V

Figure5. LSV of aFLINAK melt to which 1 mol % K,NbF; was added. The
voltammogram was recorded 23.75 h after addition of K,NbF;. Temperature
700°C. Sweep rate 0.005 V s™1. Pt reference, working, and counter elec-
trodes. Area of working electrode 0.044 cm?,

dijm _ FDnbiv) 9Cnn(v) _ FDub(v) ke
dt 5 dt 5 Nb(V)

_ FPubiv) |
)

where ¢y is the initial concentration of Nb(V).

Second-order rate expressions were also tested, but the first-order
expressions (Eg. 5 and 6) gave much better fits to the data.

Figure 6 aso shows that the limiting currents for reduction of
Nb(V) and oxidation of Nb(IV) are almost the same at similar con-
centrations, indicating that the diffusion coefficient of the Nb(IV)-
fluoride is about the same as that of NbF2~.

(Cgb(v) — Cabgv)) L6

Oxide oxidation measurements at glassy carbon electrodes.—
Polyakova et al.2 have shown that a glassy carbon electrode can be
used to detect tantalum-oxofluoride complexes quantitatively in FLI-
NAK melts. Haarberg et al.° used the same method to determine the
amount of CaO dissolved in a CaCl, melt. The oxides in the oxo-
complexes are oxidized at positive potentials, and the pesk currents
of sweep voltammograms can be used to measure the concentration
of oxide species in the melt. Our experiments show that this is also
possible for niobium-oxofluoro complexes. Figure 7 shows staircase
voltammograms recorded at a glassy carbon electrode. Staircase
voltammetry was found to give slightly more reproducible measure-
ments than regular linear-sweep voltammetry or square-wave voltam-
metry. The melt was FLINAK with 1 mol % K,NbF; and excess Nb
metal to which Na,O was added gradually. The figure shows that the
voltammograms are rather noisy, making it difficult to determine pre-
cisely the peak currents. Therefore, instead of using the peak current
as a measure, the area below the voltammograms has been used.
Since the potential axis also is atime axis, this areais the time inte-
gral of the current and, consequently, a measure of the charge trans-
ferred through the cell during recording of the voltammogram. The
areas below voltammograms as a function of the amount of oxide
added to three different meltsare given in Fig. 8. The three melts con-
tained FLINAK with 1 mol % K,NbF; and excess Nb metal, 0.5 mol
% Nb,Os, and 0.3 mol % KNbO; before oxide additions. The plot in
Fig. 8 is discussed |ater.

The molar ratio between oxide and niobium is expressed in the
following as ng/n},. The amount of Nay,O added is used as the basis
for ny, while the sum of the niobium added as K,NbF; and the
amount of Nb metal dissolved according to Eq. 4 before addition of
oxide defines the value of Ny,

0.08

time,h

Figure 6. Anodic and cathodic limiting currents of a FLINAK melt to which
1 mol % K,NbF; was added. The limiting currents were measured as func-
tions of the time after addition of K,NbF,. Figure 5 shows an example of the
limiting currents in this figure. (O) Cathodic limiting currents, (l) anodic
limiting currents and (—) fitted curves based on a first-order reaction rate.
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Figure 7. Four staircase voltammograms of a FLINAK melt containing 1 mol
% K,NDbF,, excess Nb metal, and varying amounts of Na,O recorded at a
glassy carbon electrode. The amount of Na,O added (from the bottom curve
and up): 0, 0.37, 1.06, and 1.65 mol %. Temperature 700°C. Parameters for
the staircase voltammograms: step length 5 mV, step time 5 ms. Area of
glassy carbon electrode: 0.051 cm?.

Solubility of KNbO5 and Nb,Os in FLINAK at 700°C.—The solu-
bilities of Nb,Os and KNbO; were measured by adding the salts step-
wiseto FLINAK melts and after equilibration to record oxide oxida-
tion voltammograms at aglassy carbon electrode. The solubility limit
is reached when additional salt does not lead to increasing currents
for the voltammograms. Figures 9 and 10 give the area below the

0.6

0.4 A _

0.2 :_u ®eee , |, . —

Area under oxide oxidation peaks
at the glassy carbon electrode
T
L[]
]

Figure 8. The area below voltammograms such as those in Fig. 7 plotted vs.
the oxide to niobium ratio, ng/nyy, in three different melts. The inset figure
shows the ngy/ny, range up to 3.5 in more detail. The melts were (@)
FLINAK containing 1 mol % K ,NbF;, excess Nb metal and varying amounts
of Na,O, ([J) FLINAK containing 0.5 mol % Nb,Os and varying amounts of
Nay,O, (A) FLINAK containing 0.3 mol % KNbO; and varying amounts of
Na,O. The areas for the latter melt have been divided by 0.3 to correct for the
lower niobium content compared to the two other melts. Temperature for all
melts: 700°C. Area of glassy carbon electrode: 0.051 cm?.
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Figure 9. The solubility of Nb,Os in FLINAK at 700°C. Staircase voltam-
mograms were recorded at a glassy carbon electrode, and the areas below the
oxide oxidation peaks obtained are plotted vs. ng/n}, in the figure.

voltammograms as a function of the amount of salt added. They show
that the nominal solubilities of Nb,Os and KNbO; are 1.8 and
0.13 mol %, respectively. Matthiesen et al.,}” using chemical analy-
sis of melt samples extracted from a FLINAK melt at 700°C, found
the same solubilities.

Nb(IV)-oxofluoride complexes in FLINAK.—Figure 11 shows a
cyclic voltammogram of a FLINAK melt to which 1 mol % K,NbF,
excess Nb metal, and 0.9 mol % Na,O were added. As previously re-
ported, 2422 no reduction peak except for the deposition peak is ob-
served. There is, however, a reduction shoulder less than 100 mV
positive of the reduction peak which is discussed in the following.

Linear-sweep voltammograms (LSVs) were recorded positively
from the rest potential at a sweep rate of 5 mV s~ 1. An example of
such a voltammogram is given in Fig. 12. The FLINAK melt con-
tained 1 mol % K,NbF, excess Nb metal, and 0.46 mol % Nay,O.
Two limiting-current levels are observed, one at ca. 0.4 V and the
other at ca. 1.1 V. When no oxide is added to the melt, only the level
at more positive potentialsis present. Thisis the limiting current for
the oxidation of Nb(IV)-fluoride complexes to NbF2~. At oxide to
niobium ratios above 0.8, however, only the level at more negative
potentials is present in the voltammograms. A plot of the two limit-
ing currents as functions of the oxide to niobium ratio is given in
Fig. 13. The limiting current of the oxidation of Nb(IV)-fluoride
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Figure 10. The solubility of KNbO5 in FLINAK at 700°C. Staircase voltam-
mograms were recorded at a glassy carbon electrode, and the areas below the
oxide oxidation peaks obtained are plotted vs. ng/n}, in the figure.
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Figure 11. Cyclic voltammogram of a FLINAK melt containing 1 mol %
KoNbF, excess Nb metal, and 0.9 mol % Na,O at 700°C. Sweep rate 0.2V
s~ 1. Pt reference, working, and counter electrodes. Area of working electrode
0.044 cm?.

complexes to NbF4~ is the difference between the total current at
anodic potentials (ca. 1V) and the limiting current for the oxidation
at more negative potentials (ca. 0.3 V). The figure shows that the
limiting current for the oxidation of Nb(IV)-fluorides to NbF2~
drops to zero at ny/n}, =~ 0.8. Thus, the concentration of Nb(IV)-
fluoro complexes reaches zero at this oxide to niobium ratio. At the
sameratio, the limiting current for the oxidation taking place at more
negative potentials reaches its maximum. It is therefore reasonable
to assume that the Nb(IV)-fluoro complexes in the melt react with
the added oxide to form Nb(IV)-oxofluoro complexes according to
the reaction

NbFX™ 9~ + a0?” = NbO,F¥ 279~ + (xy)F~  [7]

LA LR B B R R B S R R A

0.08 |

i,Acm-2

0.04 |
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E vs. Pt quasi ref. electrode

Figure 12. LSV recorded at 5 mV s~ of a FLINAK melt containing 1 mol
% K,NbF,, excess Nb metal, and 0.46 mol % Na,O. Temperature 700°C. The
figure shows two limiting-current levels, one at about 0.3V and a second at
about 1 V.
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Figure 13. Limiting currents for the two limiting current levels observed in
Fig. 12 as functions of ng/ny, in the melt. The melt was FLINAK containing
1 mol % K,NbF, excess Nb metal, and varying amounts of Na,O. Temper-
ature 700°C. (O) Limiting currents of the oxidation at about 1V in Fig. 12
and (M) limiting currents of the oxidation at about 0.3V in Fig. 12.

This implies that both the NbOFY =2~ and NbO,Fy~ complexes
form in the melt, in agreement with the data of Matthiesen et al 7
The reason the reduction/oxidation of the Nb(IV)oxofluoro com-
plexesis observed only as a shoulder in the cyclic voltammogram in
Fig. 11 is that the potential for the reduction

NbOFZ~ + e~ = NbOFy*22~9~ + (5-y)F~ + (1-a)0*" [8]

is close to the deposition potential. The shoulder in Fig. 11 is not
present in melts without oxide. Due to the overlap of the reduction
in Eq. 8 and the deposition reaction, characterization of the reduc-
tion with respect to reversibility, the number of electrons transferred,
or diffusion coefficients has been impossible.

Figure 14 shows L SVsrecorded at a Pt electrode. The melts were
FLINAK with additions of K,NbF; + NaO (ng/n}, = 2),
KoNbF; + Nb metal + Nay,O (ng/ny, = 1.6), and Nb,Os. The volt-
ammograms are quite similar, indicating that the same species is
being reduced in all three melts. There are two reduction steps, one
a —0.4V and asecond at —0.85 V. The first step is a deposition
step. Matthiesen et al.* performed potentiostatic electrolysis at the
potential of the first reduction step, but the deposit did not adhere to
the Pt electrode. Thus, identification of the material that depositsin
the first reduction step is difficult. Voltammograms recorded shortly
after each other gave reproducible peak currents for the first reduc-
tion step, while those of the second step changed considerably. It is
therefore possible that the second step is not due to reduction of a
species dissolved in the melt; it may as well be caused by further
reduction of the material deposited in the first step.

Measurements of melts with ng/ny, = 3. —Voltammograms of
FLINAK melts to which 0.5 mol % Nb,Og + Na,O or 0.3 mol %
KNbO; + Na,O were added were alike at comparable ng/ny, val-
ues. Similar voltammograms were also recorded of melts to which
1 mol % K,NDbF;, excess Nb metal, and Na,O were added, except
that ng/ny, was shifted to lower values.

For ng/n}, val ues between three and four (somewhat lower for the
melt containing 1 mol % K,NbF-, excess Nb metal, and Na,O), only
minor changes were observed in the voltammograms recorded at the
Pt electrode, the main change being a slight decrease of the measured
currents. In this ng/n}y, range, cathodic currents were only slightly
higher than the background current of the FLINAK melts. At the
glassy carbon electrode, however, currents of the oxide oxidation
peaks increased linearly with the amount of Na,O added, as observed
in Fig. 8. Thisindicates that the dissolved oxide species cannot be re-
duced within the electrochemical window of the FLINAK melt. When
the oxide to niobium ratio, ngy/ny,, increased above 4, the typica
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Figure 14. LSVsof FLINAK melts with additions of (—) 1 mol % K5NbF;
and 2 mol % Na,O (ng/nYp = 2), (---) 1 mol % Nb,Og, (——-) 1 mol %
KoNbF5, excess Nb metal, and 2 mol % Na,O (ng/n}yy, = 1.6). Pt working,
reference, and counter electrodes, area of working electrode 0.044 cm?. Tem-
perature 700°C. Sweep rate 0.5V s 1.

deposition/dissolution pesks recorded at the Pt electrode disappeared

and new peaks appeared. Figure 15 shows such a voltammogram.
Voltammograms in the oxide-rich region are characterized by a

reduction/oxidation, R,/Ox, (Figure 15) slightly positive of the alka-
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Figure 15. Cyclic voltammogram of a FLINAK melt containing 0.30 mol %
KNbO5 and 1.6 mol % Na,O, ng/n‘,’\,f = 7.4. Platinum working electrode,
area 0.044 cm?. Sweep rate: 0.5V s~ L. Temperature 700°C.

li metal deposition peak and an oxidation/reduction, Ox,/R,, about
1.5V above the reduction step. The current of both redox couplesin-
creased with increasing amounts of Na,O added. The origins of these
peaks were studied in a separate experiment. Na,O was added to a
FLINAK melt without niobium to study the electrochemical behavior
of the noncomplexed O~ ion. Voltammograms of these melts
showed the redox couple Ox,/R,, but not the more negative couple
R;/Ox4. The current for the oxidation peak Ox, increased linearly
with the concentration of Na,O. 0.22 mol % K,NbF; was added to
the melt, giving an ng/ny, value of 5.6, and then the redox couple
R,/Ox4 appeared. It is therefore reasonable to assume that the reduc-
tion/oxidation close to the alkali metal deposition, R;/Ox4, is due to
niobium species, and that the oxidation/reduction Ox,/R; is due to
noncomplexed or weakly bonded O%~. An oxidation reaction on plat-
inum due to O?~ jons was also observed by Inman and Weaver3!
using a LiCI-KCl eutectic melt with additions of Li,O. The shapes of
the reduction peak R; and the corresponding oxidation peak Ox4 indi-
cate that the reduction/oxidation involves only soluble species, since
the characteristic shapes of deposition/stripping peaks are absent.
Moreover, the large value of the ratio between the current of the re-
duction peak and the corresponding current of the oxidation peak
indicates that reduction R; is partly irreversible. This irreversibility
decreased with increasing sweep rates, but was present even at sweep
rates as high as 20 V s1. The peak current of the reduction step R,
was measured using square wave voltammetry, and the peak currents
are plotted vs. ny/n}, in Fig. 16. The figure shows that the peak cur-
rents increase linearly with the amount of Na,O added until ng/n}, =
6. Further additions of oxide did not cause increasing peak currents.
Theleveling out of the peak current at ng/ny, values close to six was
also found when Na,O was added to melts containing Nb,Os or
K,NDbF; and Nb metal. The presence of dissolved niobium speciesin
FLINAK melts with ng/n}, = 3 is discussed later.

Equilibrium, sampling, and analysis of O?~ and Nb(V) in
FLINAK with varying nd/nQ;, ratios—The influence of NaO on
KoNbF; containing FLINAK melts was studied as a function of
n/nQ, molar ratios at 700°C. The oxide and niobium contents in
both the melt and in the solid phases are included in thisratio, which
is therefore equal to the total amount of both Na,O and K,NbF,
added. The oxide and Nb(V) concentrations in the melt are plotted
vs. the ng/ng, ratio in Fig. 17. From the following observations, it is
possible to give an evaluation of the stoichiometry of the precipitat-
ing species as well as an idea of the complexes formed.
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Figure 16. Peak currents of square-wave voltammograms recorded at a plat-
inum electrode (area 0.044 cm?) plotted vs. n3/n%,. The reduction studied is
R; inFig. 15. The melt was FLINAK containing 0.3 mol % KNbO3 and vary-
ing amounts of Na,O. Temperature 700°C. Parameters for the square-wave
voltammograms: step length 5 mV, amplitude 20 mV, frequency 200 Hz.
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n%/n, = 0.—The pure fluoride melt was stable at least up to 25 h
at 700°C. Samples of this melt were always white, in contrast to
melts containing Nb(1V).1”

0 < nd/n%, <2.—The niobium concentration in the melt was con-
stant, and the oxygen concentration increased linearly as n2/nQ,
increased, indicating that all added oxide went into solution. The sol-
ubility results are therefore consistent with the formation of
NbOFZ~ and NbO,F3~ complexesin the melt, as suggested by von
Barner et al.> (y = 1 or 2)

y 0%~ + NbFZ~ = NbO X9~ + (x-7)F~ [9

2 < nO/Iny, <3.—As shown in Fig. 17, the concentrations of both
oxygen and niobium decrease as the ratio n%/n,, increases and reach
a solubility minimum at n/nQ,, = 3. Precipitation of a solid com-
pound, probably AIkKNbO,, as indicated by Eq. 10, seems to occur,
in agreement with Matthiesen et al.1” and the voltammetric studies

NbO,F~ + 0%~ + Alk* = AIKNbO4(s) + 4F~  [10]

In this case, the relative slopes of the lines showing the decreasing
Nb(V) and O%>~ concentrationsin the melt should be closeto —1 and
—2, respectively. The data presented in Fig. 17 show dlightly less
negative slopes, and thisis discussed elsewhere. 18 The measured sol-
ubility seems to be caused by the presence of a species like
NbO,F§~.18

3 < nd/nQy, < 4.6.—Dissolution of AIkKNbO4(s) occurs. The concen-
trations of both oxygen and niobium increases up to the ratio
nd/n%, = 4. The experimental data indicated that all solids are dis-
solved at this point. Matthiesen et al.}” proposed the formation of
NbO,F@*+*=5~ complexes, probably with y = 4. When the ratio
nd/n%, exceeds 4, the niobium concentration remains constant while
the oxygen composition in the melt increases. The increase, howev-
er, is less than what would be expected if all the added oxide dis-
solves completely, indicating the possible formation of another solid
compound.

Based on the present data only, it is not possible to give a fina
conclusion on the Nb(V)-O-F complexes formed in the concentra-
tion region 0 < n3/n%, < 4.6. Recently, Vik et al.*® showed by Raman
spectroscopy that a melt consisting of K,NbF; in FLINAK with
varying Na,O concentrations up to n%/n, = 8 probably contained
several Nb(V)-O-F complexes with various stoi chiometry depending
on the O/Nb molar ratio.
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Figure 17. Na,O and Nb(V) concentrationsin the liquid LiF-NaF-KF eutec-
tic at 700°C vs. the molar ratio of the total amount of oxide and niobium in
the melt and in the solid phases, n2/n;,. (O) Oxide analysis with standard
deviation and (H) Nb analysis, standard deviations less than size of squares.

Discussion

Soontaneous reduction of Nb(V)-fluorides—The reduction of
Nb(V)-fluorides has also been observed by Alimova et al.,%2 and by
St6hr.10 Stéhr also observed spontaneous reduction of Nb(V) in
FLINAK but found that longer times were required for compl ete con-
version of Nb(V) to Nb(IV) than observed in our electrochemical
study. Alimova et al.32 found that Nb(V) was reduced to Nb(IV)
when K,NbF; was added to an akali chloride melt. It is, however,
rather surprising that Nb(V)-fluorides are reduced spontaneously in
FLINAK. Reduction of Nb(V) to Nb(IV) requires oxidation of other
species. Positively scanned voltammograms of melts containing
Nb(V)-fluorides show no oxidation other than oxidation of the plat-
inum working electrode close to 1V above the reduction of Nb(V) to
Nb(IV). Similar scans at a glassy carbon electrode show only oxida-
tion of the very small amount of oxide impurities in the melt taking
place about 1.5 V positive of the reduction of Nb(V) to Nb(IV).
Moreover, neither the platinum electrodes nor the glassy carbon cru-
cible showed any signs of corrosion after finishing the experiments.
Itistherefore unlikely that platinum or glassy carbon is oxidized dur-
ing reduction of Nb(V)-fluorides. Reduction of Nb(V) to Nb(IV) has
also been observed in akali chloride melts.13 However, in such melts,
thereduction of Nb(V) to Nb(1V) takes place at potentialsonly slight-
ly below the oxidation of chloride to chlorine, and the reaction

Nb(V) + CI~ = Nb(IV) + %dz(g) [11]

is expected to take place. Chlorine evolution has been observed
when Nb(V) chlorides have been added to akali chloride melts.33 A
similar reaction in FLINAK melts involving oxidation of fluoride to
fluorine is not expected. The oxidation potential of fluorides com-
pared to fluorine is considerably higher than the oxidation of chlo-
ride to chlorine, and the reduction of Nb(V)-fluorides compared to
Nb(V) chlorides is much more negative. Consequently, one should
expect that AG for the reaction

Nb(V) + F~ = Nb(IV) + %Fz(g) [12]

is too positive for the reaction to occur. Nevertheless, Alimova
et al.%2 report that fluoride is oxidized when K,NbF; is added to an
akali chloride melt. Analysis of the melt after spontaneous reduction
of Nb(V) to Nb(IV) showed that the amount of fluoride ions in the
melt had decreased. They also present other quite convincing results
indicating that Eq. 12 occurred. One should aso bear in mind that
Eq. 12 is thermodynamically possible if the fluorine pressure is suf-
ficiently low, which is the case if the fluorine that escapes the melt
reacts with, e.g., the iron materials in the cold zones inside the fur-
nace. Equation 12 is also in agreement with the first-order reaction
mechanism observed in the present work.

It should be noted that these results disagree with the observa-
tions made during the present solubility experiments. After K,NbF;
had been added to the melt, it was left to equilibrate for about 24 h
before the first sample was withdrawn and Na,O was added. Accord-
ing to Fig. 6, about 50% of the Nb(V)F2~ originally present should
be reduced to Nb(IV)F&~4~. From similar solubility experiments
with Nb(IV),Y it is known that samples of melts with Nb(IV)fluo-
ride complexes have a distinct blue color, but this color was never
observed in any of the samples withdrawn from the melt in the pre-
sent solubility experiment. The reaction mechanism of Reaction 12
seems to vary from one investigation to another. One specul ates that
the rate may, e.g., depend on the ability of the materials used in the
cell to react with fluorine escaping from the melt, or on the catalyt-
ic effect of small impuritiesin the melt.

The spontaneous reduction of Nb(V) to Nb(IV) does not occur
for the NbOF2~ complex. An explanation for this can be found by
considering the voltammogram in Fig. 12. The figure shows that the
reduction of NbF#~ takes place about 0.8 V above the reduction of
NbOFZ~ to the Nb(1V)-oxofluorocomplex. The reaction
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Nb(V)F2~ + Nb(IV)OF¥ 2~ = Nb(V)OF2~
+ Nb(IV)FY 9~ + (y — x)F~ [13]

will therefore be strongly shifted to the right (AG = —nFAE =
—77 kJ). This indicates that oxide stabilizes niobium in the oxida-
tion state five.

Oxide oxidation measurements at the glassy carbon elec-
trode—A further discussion of the data in Fig. 8 is required.
Polyakov et al.® measured the oxide oxidation peak currents of LSV's
at a glassy carbon electrode. When they added Na,O to a FLINAK
melt containing K,TaF, they found that the peak currents increased
linearly with the amount of Na,O added until ng/n$, = 2, then de-
creased linearly until n2/n, = 3, and then increased again when
Na,O was added beyond n2/n%, = 3. The increasing currents meas-
ured for n2/n?, = 3 were explained simply by assuming that the
added Na,O dissolved and dissociated in the melt. The O?~ ionswere
oxidized at the glassy carbon electrode, resulting in higher currents.
This, however, is not correct, as shown by Vik et al.3* When Na,O is
added beyond n2/n?, = 3, KTaO;, which precipitated when 2 <
n2/n?, < 3, dissolved in the same way as for the present system
(Fig. 17). The plot in Fig. 8 apparently shows a somewhat different
behavior. The amount of oxide in the melt, supposedly represented by
the area below voltammograms such asthosein Fig. 7, does not seem
to increase with the first additions of Na,O to the melt. There is a
plateau for ng/ny, values between 0 and 0.8, then thereis alinear in-
crease between 0.8 and 1.6, adecrease between 1.6 and 2.4, and final -
ly a steady increase for higher ng/n}, values. The experiment was
made three times, and the same results were obtained each time.

Both the plateau and the nonintegral values at the transitions in
Fig. 8 require further discussion. Starting with the plateau, Fig. 18
shows chronoamperograms recorded at various potentials at the
glassy carbon electrode. A normal diffusion-controlled oxidation
would give increasing currents with increasing overpotentials until
the limiting-current level is reached. The chronoamperograms in
Fig. 18 deviate from this behavior in that they show increasing cur-
rents until a certain overpotential, but increasing the potential above
that value leads to decreasing currents. Thisisillustrated more clear-
ly in Fig. 19 where the current measured 0.1 and 15 s after applying
the potential is plotted vs. the potentia applied. The shapes of the
curves resemble the staircase voltammograms in Fig. 7, there being
an increase of the current to a certain potential value, and then a sud-
den decrease. Such behavior indicates that the electrode passivates,
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Figure 18. Chronoamperograms recorded at a glassy carbon electrode at
three different potentials. The potentials were (bottom and up): 0.7, 2.3, and
1.5V vs. aplatinum quasi reference electrode. The FLINAK melt contained
1 mol % K,NbF;, excess Nb metal, and 2.3 mol % NaO. Temperature
700°C. Area of glassy carbon electrode 0.051 cm?.

i.e, that the oxidation of oxide is hindered above a certain potential
value. Passivation of graphite electrodes was also observed by
Reddy et al.;3® who studied the oxidation of oxide at a graphite
anode in a Li,O-LiF-CaF, melt at 1093 K. They report that the pas-
sivation is due to adsorption of CO on the electrode surface.

The plateau for 0 < ng/n}, < 0.8 in Fig. 8 can therefore be caused
by apassivation of the glassy carbon electrode above a certain poten-
tial. Assuming that the oxide in Nb(IV)-monoxo-fluoro complex is
so strongly bonded that the oxidation takes place mainly at potentials
in the passive region of the glassy carbon electrode, only a minor
part of the total oxide would be detected. However, oxide bonded to
a Nb-dioxo-fluoro complex would probably be more weakly bonded
and would consequently be oxidized at sufficiently negative poten-
tials to be in the nonpassive potential region of the electrode. This
would lead to considerably higher currents during the oxidation of
the dioxo complex. The formation of a Nb-dioxo-fluoro complex can
therefore explain the sharp increase at ng/ny, = 0.8in Fig. 8. A tran-
sition at ny/n}, = 0.8 is aso seen in Fig. 13, where the oxidation
current of the Nb(1V)-fluoro to Nb(V)-fluoro complex reaches zero
and the oxidation current of the Nb(IV)-monoxo-fluoro to the
Nb(V)-monoxo-fluoro complex is at its maximum. The falling oxi-
dation currents of the Nb(IV)-monoxo-fluoro complex above
ng/nyp, = 0.8, together with the increase in the oxide oxidation cur-
rents seen in Fig. 8, indicate the formation of a new species. This
species is probably a Nb-dioxo-fluoro complex.

A straightforward explanation for the ng/n}, value at this transi-
tion has not been found. Efforts were made to study melts with
ng/nyp = 0.8 in the presence of excess Nb metal by Raman and
infrared (IR) spectroscopy of the melt, but the experiments were un-
successful. The melt was too strongly colored to allow recording of
Raman spectra. To record IR spectra, a cell with a diamond window
was to be used, but preliminary tests showed that athin, shiny black
layer, possibly niobium carbide, formed on diamond when it wasin
contact with the melt, making it unsuitable for IR spectroscopy.

The nonintegral values of the transitions at ny/n}, = 1.6 and 2.4
also need discussion. Figure 14 shows that voltammograms of melts
containing ng/ny,(V) = 2 and ng/n(1V) = 1.6 were similar. More-
over, only very low anodic currents were measured at potentials
above the deposition peak, indicating that Nb in the dissolved Nb
species was present in its most oxidized form, i.e., as Nb(V). Stohrl®
aso found, when studying a FLINAK melt with excess Nb metal,
that the anodic limiting current of the Nb(IV)-monoxo-fluoro com-
plex reached zero at ngy/n}, = 1.6. Consequently, at ng/ny, = 1.6,
even in the presence of Nb metal, it is reasonable to assume that
Nb(V)-dioxo-fluoro complexes, probably NbO,F$~, are the pre-
dominant dissolved Nb species. The following reaction is therefore

0.5 1.5 2.5 3.5
E vs. Pt quasi ref. electrode,V

Figure 19. Samples of chronoamperograms such as those in Fig. 17 plotted
vs. the applied potential. The times after application of the potentials from the
rest potential are: (O) 0.1 sand (W) 15s.
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suggested to take place when oxide is added to a melt with Nb(1V)-
monoxo-fluoro complexes

5Nb(1V)-monoxo-fluoride + O?~ = 4NbO,F3~ + Nb(s) [14]

Due to the precipitation of Nb metal according to Eq. 14, the con-
centration of dissolved niobium in the melt decreases. When Eq. 14
is completely shifted to the right, the concentration of dissolved nio-
bium species, nyy, islessthan n, by afactor of 4/5. Thus, ny/ny, =
5/4ng/n},. Multiplying the ng/ny, values 1.6 and 2.4 by 5/4, 2 and
3 are obtained, respectively. Figure 20 shows the same data as in
Fig. 8 plotted vs. ng/nyy, i.e., the molar fraction between oxide and
niobium in the melt corrected for precipitation of Nb according to
Eq. 14. Since no metal precipitation occurs in melts where Nb,Og or
KNbO; was used as the niobium source [only Nb(V) added], ny, =
n{p in these melts. The corrected plot shows a maximum at
ng/Nyp = 2 and aminimum at 3. It also shows that the areas below
the oxide oxidation voltammograms of melts with Nb,Os and
KNbO; compare well with those obtained from melts with excess
Nb metal, supporting the assumption that Nb complexes with more
than one oxide per niobium are stable only when Nb is in oxidation
state five.

Matthiesen et al.1” also reported a decrease in the niobium con-
centration when Na,O was added to a Nb(1V) containing FLINAK
melt at n2/n, > 1. However, they also observed that some of the
oxide added above n2/n};, > 1 did not go into solution. Two inde-
pendent series of experiments were performed, and the slopes of the
lines describing the changes in the Nb(IV) and O%~ compositions
with additions of Na,O indicate precipitation of a niobium oxide
compound above n2/n, = 1. These solubility results arein contrast
with the present voltammetric data, Fig. 8 and 20. The voltammetric
data indicate that all oxide added until ng/nQ, = 1.6 is dissolved,
while the melt analysis'” showed that some oxide precipitated. A
reasonable explanation for the apparent discrepancy in the two sets
of data has not been found.

Niobium-oxo complexes in FLINAK melts with ng/ny, =
3.—Polyakov et al.® assumed that noncomplexed O~ ions caused
the increasing currents measured during oxide oxidation for ny/nT4
= 3. In view of the present results, those of Matthiesen et al.17 and
Vik et al.,3* this is not the case, neither for the niobium system nor
the tantalum system. Using the peak current of the Ox, oxidation
shown in Fig. 15, it is possible to detect O%~ concentrations at |east
as low as 0.05 mol %. Traces of noncomplexed O%~ ions were not
detected below ng/ny, = 4 (using the corrected ny,). Figure 20
shows, however, that the oxide oxidation currents increase from
ng/Nyp = 3. Since noncomplexed oxide is not present in the range 3

0.6 A I B B DAL DAL B

0.4 A -

0.2 |

Area under oxide oxidation peaks
at the glassy carbon electrode
[ ]
L]
pe ©

Figure 20. The same data as those in Fig. 8 plotted vs. ng/nyy, is the ratio
between the amount of oxide added and the amount of niobium in the melt
corrected for the precipitation of Nb metal according to Eq. 14 (see text).

< ng/ny, < 4, it isreasonable to assume that the rise in the oxide oxi-
dation currents is due to niobium-oxo complexes. This means that
solid KNbO; dissolves when Na,O is added to the melt. However,
for 3 < ng/ny, < 3.8, voltammograms recorded at the platinum elec-
trode do not show any reductions of significance between the alkali
metal reduction and the platinum oxidation. The soluble product of
the reaction between AIKNbO5(s) and Na,O in FLINAK therefore
seems to be a niobium-oxo complex that is electroinactive except for
the oxide oxidation at glassy carbon. At ng/ny, > 3.8, a reduction
step due to niobium species, R; in Fig. 15, appears.

We have not been able to give clear-cut explanations for al the
reported observation, but some suggestions are given. Andonov
et al.?! have studied molten LiNbO; by neutron scattering. They
found that niobium oxide clusters with niobium octahedrally coordi-
nated by oxygen were present in the melt. These octahedra typically
shared corners, forming quite ordered clusters. Moreover, Raman
spectroscopic measurements of FLINAK melts containing 2.7 mol
% K,NbF; and relatively much Na,O showed Raman bands which
were assigned to NbOg octahedrals sharing corners or edges.! It is
therefore possible that clusters similar to those observed by Andonov
et al.?! aso exist in FLINAK melts. At nd/ny, > 3.8, R, in Fig. 15
starts to appear, and at dightly higher ng/ny,, values, oxidation of
weakly bonded and noncomplexed 02~ ions (Ox, in Fig. 15) be-
comes significant. Thisindicates that new Nb speciesform as ng/ny,
increase above 3.8, in agreement with Raman spectroscopic meas-
urements'® that indicate the presence of two Nb species at n/ny, >
4. These new species show both oxide oxidation at the glassy carbon
electrode and reduction at the Pt electrode. Moreover, they exist in
equilibrium with relatively large concentrations of noncomplexing
O?~ ions. Figure 16 shows that the peak current for R, stops to
increase at ng/ny, values close to six, indicating that Nb-oxo com-
plexes with an oxide to niobium ratio, ny/ny;,, equal to six is stable
in the melt. Thus, it is possible that the species first formed when
Na,O is added to a melt with KNbO; react with subsequently added
oxide to form niobium-oxo complexes with ny/ny, = 6. The reduc-
tion at Ry in Fig. 15 may thus be due to such complexes. Since Ry
does not show completely reversible behavior, simple voltammetric
analysis of this peak does not give precise results. However, the
reversibility condition?®

RT

_ =0 15
Ep — Epz = [15]
can give a rough estimate of the number of electrons transferred at
R;. Using relatively high sweep rates (1-10 V s™1), n values around
0.8 were obtained. Possibly one Nb(V) ion is reduced to Nb(1V) for
each species reduced, indicating that the Nb-oxo complex with

No/Nyp = 6 is monomeric.

Conclusion

The equilibria suggested to be valid for niobium complexesin a
FLINAK melt containing excess Nb metal deduced from the elec-
trochemical measurements are summarized as follows. With no
oxide added to the melt only Nb(IV)F*~4~ ions are present. When
n%/nQ, < 0.8, Nb(IV)F{~ 4~ and Nb(IV)OF{ "2~ coexist in the
melt. At 0.8 < n2/nQ, < 2, some inconsistency between the present
voltammetric data and the solubility data of Matthiesen et al.l” is
apparent. The solubility data'’ indicate that Nb(IV)OF{ 2",
Nb(IV)OZFQ,”, and a solid niobium-oxo-compound are formed. The
present voltammetric data, however, indicate that only Nb(V) is sta-
ble at these high oxide concentrations, and that an equilibrium of the
type 5Nb(IV)-monoxo-fluoride + oxide = 4NbO,F3~ + Nb(s)
shifted heavily to the right is established. At 2 < nd/nQ, < 3,
NbO,F3~ reacts with O~ and KNbOs(s) is formed. Nb,O¢ dis-
solves according to the reaction Nb,Og + 4F~ + K™ = NbO,F5~ +
KNDbO4(s), in agreement with the data of Matthiesen et al.*” At high-
er oxide to niobium ratios, KNbO5(s) dissolves, and Nb(V)-O-F
complexes with higher O/Nb ratios are formed. This is aso shown
by Raman spectroscopy.18 The stability of Nb(V) in FLINAK in the
absence of oxide seems to depend on the experimental setup. Some
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investigations show that Nb(V) is slowly and spontaneously reduced
to Nb(IV), while others show no reduction. We have not been able to
resolve this apparent discrepancy.
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