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bstract

The indirect electrolytic reduction of Nb2O5 has been investigated to produce metallic niobium powder in an electrolysis cell with a unique
athode assembly which consists of an electric conductor, solid oxide and magnesia membrane. The metallic niobium powder has been prepared
y the mechanism of an electrode reaction followed by a chemical reaction in a LiCl-Li O molten salt at 650 ◦C. The overall cathodic and the
2

nodic reactions are the reduction of Nb2O5 and the formation of O2 gas, respectively. The XRD analysis suggests that the lithium niobates are fully
onverted to the metallic niobium by supplying 1.5-fold charges to the theoretical charges. The obtained results demonstrate that the electrolytic
eduction technology by using a LiCl-Li2O molten salt is an efficient tool for preparing metallic niobium from Nb2O5.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Metallic niobium is important in the production of high-
emperature-resistant alloys and special stainless steels. Also, its

ost interesting applications are in the field of superconductiv-
ty. It is well known that niobium is a promising radio-frequency
uperconductor and niobium-based alloys, such as NbTi and
b3Sn, are superconducting materials [1,2].
The most widely used technique to prepare niobium is the alu-

inothermic process, where niobium in Nb2O5 is displaced by
luminum through a direct physical contact between the Nb2O5
eed and the metal reductant of Al to form niobium metal and
lumina at a temperature above the melting point of niobium
3]. This conventional process for the production of niobium
as several drawbacks from viewpoint of an energy saving,
aste management and simplicity. Recently, an electrochemi-

al reduction process has been focused on to prepare various
etallic particles [2–9]. Various molten salt systems have been

sed for an electrolytic production of pure metal powders from

heir oxides. Yan and Fray [2] carried out an electro-deoxidation
f Nb2O5 to niobium powder by applying a voltage, below the
ecomposition potential of a eutectic CaCl2-NaCl molten salt.

∗ Corresponding author. Tel.: +82 42 868 4864; fax: +82 42 868 4851.
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Li2O molten salt

hen et al. [4] proposed a direct electrochemical reduction of
itanium oxide to titanium in a molten CaCl2 salt. The novel
lectrochemical method, so called the FFC Cambridge process
y using a eutectic CaCl2-NaCl salt system, is a much easier, less
xpensive and more environmentally friendly process than the
onventional metallurgical routes [4]. Park et al. [5] employed a
aCl2 as an electrolyte for the preparation of metallic titanium

rom TiO2. Grinevitch et al. [11] investigated the interaction
etween K2NbF7-KCl-NaCl melt and niobium oxides by an
lectrochemical method. NbTi and Nb3Sn superconductors were
repared from their oxide precursors in a CaCl2-based molten
alt [12].

Our research group has investigated the indirect electrolytic
eduction of metal oxides to prepare metallic particles in a LiCl-
i2O molten salt [7–10]. The novel concept of the electrolytic

eduction process is to reduce the metal oxides to their metallic
orms by combining an electrode reaction and a chemical reac-
ion. We have designed a unique cathode assembly with a porous

agnesia membrane to realize a metallization of the oxides. By
sing a porous magnesia membrane, the fine metal oxide pow-
er is used for a preparation of the metallic powder without a
elletizing process.
In this work, we have investigated the reduction of Nb2O5
o produce metallic niobium powder in an electrolysis cell. The
hronopotentiometry method has been employed for the prepa-
ation of metallic niobium in a LiCl-3 wt% Li2O molten salt

mailto:smjeong@kaeri.re.kr
dx.doi.org/10.1016/j.jallcom.2007.02.057
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chemical run. Yan and Fray [2] reported that Ca(NbO3)2 as an
intermediate is formed by a reaction between CaO and Nb2O5 in
the presence of CaO in the molten salt. It has also been reported
that the LiTaO3 phase is formed and it is eventually reduced to
8 S.M. Jeong et al. / Journal of Allo

ystem. This paper reports on the mechanism for the indirect
lectrolytic reduction of Nb2O5 and the behavior of the Li2O
oncentration during the electrolytic run.

. Experimental

.1. Chemicals and reagents

The chemicals used as a molten salt were anhydrous lithium chloride (LiCl)
nd lithium oxide (Li2O). All the chemicals were analytical grade and used
s received without any further purification. LiCl and Li2O were reserved in
glove box where an inert atmosphere was maintained by an Ar gas flow to

revent absorption of the water vapor. The niobium pentoxide (Nb2O5) used in
his study was 99.97 % pure, with mean particle sizes of 7.5 �m.

.2. Experimental apparatus

The electrochemical reduction units consisted of Ar gas and reactant feed-
ng systems, an electrolysis cell and a temperature controller. Fig. 1 shows the
xperimental apparatus for the electrolytic reduction of the Nb2O5 powder. The
lectrolysis cell was composed of a resistance furnace, a K-type thermocouple,
lumina and magnesia crucibles, three anodes, a cathode assembly, and a refer-
nce electrode. The cathode assembly consisted of a stainless steel conductor,
b2O5 powder and a non-conductive porous magnesia membrane. Nb2O5 pow-
er was filled in between a stainless steel conductor and a magnesia membrane.
Pt rods were used as the anode electrode. Also, a Pt quasi-reference electrode
as used for measuring the anode and cathode potentials during the experiments.

.3. Experimental procedure

The electrolyte in this work was Li2O-LiCl molten salt. The electrolysis
ell was flushed with high purity argon gas while it was heated to the required
emperature. The performance test of the electrochemical system was carried
ut at 650 ◦C under an Ar atmosphere. Inert Ar gas continuously conveyed the
xygen gas out of the reactor to maintain a constant oxygen partial pressure
hich can affect the anode potential. A line for cooling water was installed at

n upper flange to prevent an evaporation of the molten salt. Nb2O5 powder

f 7 g and LiCl of 270 g were introduced into the reactor at room temperature,
espectively. The reactor was heated up and maintained at 650 ◦C. And then
i2O was fed into the reactor to reach a concentration of ca. 3 wt% of the total
olten salt. After a complete melting of the Li2O in the LiCl molten salt, the

lectrolysis cell was operated by applying a desirable current with a potentiostat.

Fig. 1. Experimental setup for the electrolytic reduction of Nb2O5.
F
t
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uring the run, the variation of the Li2O concentration in the molten salt was
hecked by the titration method as follows: The molten salt sample of about
.4 g was taken from the electrolysis cell by using a pipette and it was dissolved
n distilled water. And then the dissolved alkali solution was titrated with 0.1 N
Cl. After a completion of the reaction, the cathode part was separated from

he cell. And then the reduced metallic niobium was taken out of the magnesia
embrane. Thereafter, the product was washed with deionized water and dried

n a vacuum oven to avoid a re-oxidation. The final sample was kept in a glove
ox under an inert Ar atmosphere.

. Results and discussion

Nb2O5 powder was maintained in the LiCl-Li2O molten salt
ithout applying a current at 650 ◦C to investigate a chemical

hange of Nb2O5 in the molten salt. The X-ray diffraction (XRD)
ethod was used to analyze the crystalline structure of the fresh
b2O5 and the other products with a variation of the treatment

ime in the molten salt, as can be seen in Fig. 2. The characteristic
eaks of Nb2O5 gradually decrease with the treatment time and
hey disappear after a reaction time of 10 h. On the other hand, the
haracteristic peaks of LiNbO3 and LiNb3O8 sharply increase
ith time, which is possibly due to the reaction between Nb2O5

nd Li2O. Also, the characteristic peak of NbO2 is observed as
inor peaks after a treatment time of 5 h. This result suggests

hat Nb2O5 is changed to LiNbO3 or LiNb3O8 as intermediate
eaction products in the molten salt phase during the electro-
ig. 2. X-ray diffraction patterns of Nb2O5 with a variation of the treatment
ime in the LiCl-Li2O molten salt at 650 ◦C.
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a metal during an electrolytic reduction of Ta2O5 in a LiCl-
i2O molten salt [9]. Jiang et al. [13] reported the formation of
aTiO3 during an electrochemical reduction of TiO2 in a CaCl2
elt.
The chronopotentiometric technique, where the potential is

easured as a function of the time at a constant current, has been
mployed to electrochemically reduce Nb2O5 to Nb metal. The
tandard decomposition potentials of pure LiCl, Li2O, Nb2O5
nd LiNbO3 at 650 ◦C can be calculated to 3.46, 2.47, 1.55 and
.90 V, respectively [7]. The cell voltage (2.47–3.46 V) for a
elective decomposition of Li2O to produce Li metal without
decomposition of LiCl was suggested in our previous work

7–9]. In this cell voltage, Li metal and O2 gas are produced by
he electrolysis of Li2O at the cathode and the anode, respec-
ively. Fig. 3 shows the chronopotentiometric curves obtained
ith constant currents of 0.8 and 2.0 A. The anode and cathode
otentials sharply decrease at the initial stage of a run and exhibit

pseudo-steady state, where they vary slowly with the reaction

ime. An initial transition stage in Fig. 3 is much longer than
hat in the electrolytic reduction of Ta2O5 reported in our previ-
us work [7]. In this work, the cell voltage at a pseudo-steady

ig. 3. Chronopotentiogram of the electrolytic reduction of Nb2O5 in the LiCl-
wt% Li2O molten salt at 650 ◦C. The applied current was (A) 0.8 A and (B)
.0 A.
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tate was somewhat lower than the theoretical operating window
2.47–3.46 V) for a selective decomposition of Li2O in the elec-
rolysis cell. Li2O may be decomposed at a lower potential due
o the EC mechanism in this work, where the cathode potential
or the reduction of Li+ shifts toward positive potentials [14]. It is
oticeable that a sharp drop in the cathode potentials takes place
t the latter part of the electrolytic run. Such a drop probably rep-
esents the transition of the reaction mechanism in the cathode.
n the initial stage of the electrolytic run, the Li metal produced
y the electrolysis of Li2O is consumed by the chemical reaction
ith metal oxides such as Nb2O5 and LiNbO3 to form metallic
iobium and Li2O in the inside of the cathode assembly. The
esultant Li2O is ionized to Li+ and O2−. This mechanism can
e classified with a well-known EC mechanism, which includes
n electrode reaction followed by a chemical reaction [14]. As
he reaction proceeds, the niobium oxides as a reactant are grad-
ally reduced to a metallic form and the amount of the niobium
xides becomes much smaller than that of the metallic niobium
t the latter part of the run. In this case, the rate of Li generation
xceeds the rate of Li consumption by a reaction with the nio-
ium oxides. This result brings about the deposition of Li metal
n the inside of the cathode, which probably leads to a sharp drop
n the cathode potential. It has been reported that a similar drop
n the cathode potential is due to a transition to a cathode poten-
ial which is representative of a lithium deposition potential in
n electrochemical reduction of uranium oxides [15]. Also, the
2− ion formed in the cathode moves to the anode across the

olid oxide layer and the magnesia wall, and the bulk electrolyte.
nd then, the O2- ion is eventually evolved as oxygen gas from

he anode surface [7]. The anode potential gradually increases
ue to not only a decrease in the Li2O concentration of the elec-
rolyte bulk by Li2O electrolysis, but also an oxidation of the Pt
lectrode surface [9].

The reaction at the cathode part can be summarized as fol-
ows:

lectrode reaction : Li+ + e− → Li (1)

Chemical reactions : Nb2O5 + 10Li

→ 2Nb + 10Li+ + 5O2− (2)

iNbO3 + 5Li → Nb + 6Li+ + 3O2− (3)

iNb3O8 + 15Li → 3Nb + 16Li+ + 8O2− (4)

he lithium niobates such as LiNbO3 and LiNb3O8 are formed
y the chemical reactions between Nb2O5 and Li2O at the cath-
de assembly as described previously. The overall reaction at
he cathode is as follows:

b2O5 + 10e− → 2Nb + 5O2− (5)

lso, at the anode;
2− → 1/2O2 (g) + 2e− (6)

ig. 4 shows the reaction scheme of an indirect electrolytic
eduction of Nb2O5 in the LiCl-Li2O molten salt.
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nesia basket is removed after the electrolytic run. The metallic
niobium containing the molten salt sticks to the cathode conduc-
tor even after the removal of the magnesia basket. Pure metallic
powder was collected after washing and drying of this mixture.
ig. 4. Process concept of the electrolytic reduction of Nb2O5 in a LiCl-3 wt%
i2O molten salt at 650 ◦C.

The EC mechanism, where the Li metal takes part in the
eduction of niobium oxide, may be evidenced by the behavior
f Li2O during the reduction of Nb2O5. The Li2O concentra-
ion in the molten salt was measured during the electrolytic
roduction of metallic niobium. Fig. 5 shows the variation of
he Li2O concentration in the electrolyte bulk during the elec-
rolytic runs with 0.8 and 2.0 A. As can be seen, the amount of
i2O in the molten salt decreases according to Faraday’s law
f an electrolysis regardless of the applied current, indicating
hat the electrochemical reduction of Nb O proceeds via an
2 5
lectrolysis of Li2O. On the other hand, the concentration of the
2− ion gradually increases in the cathode according to reac-

ions (2)–(4). As a result, the O2− ion moves to the electrolyte

ig. 5. Variation of the Li2O concentration in the electrolyte as a function of the
eaction time.

F
s
c

Fig. 6. Photograph of the reduced sample after the electrolytic run.

ulk by diffusion due to a difference in the Li2O concentration
etween the inside and the outside of the magnesia basket. That
s why the Li2O concentration of the electrolyte bulk is higher
han the theoretical value at the latter part of the run in Fig. 5.
uch a diffusion of the O2- ion from the cathode to the electrolyte
ulk helps to prevent a depletion of the Li2O in the electrolyte
ulk during the reduction of metal oxides. This concept allows
or a decrease in the reactor volume and in the operating cost as
ell as a stable operation in a large-scale reactor [9].
After the completion of the electrolytic run, the magnesia bas-

et is removed from the cathode assembly to collect the metal
owder. Fig. 6 shows the cathode assembly from which the mag-
ig. 7. X-ray diffraction patterns of the reduced sample with a variation of the
upplied charges; (a) 100%, (b) 120% and (c) 150% charges of the theoretical
harges necessary for the complete reduction of Nb2O5.
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The crystalline structure of the reduced samples after the
lectrolytic reduction for various periods of times has been deter-
ined by the XRD method. In this work, we supplied 100 (5 h

t 1.2 A), 120 (6 h at 1.2 A) and 150% (7.5 h at 1.2 A) of the the-
retical charges necessary for a complete reduction of Nb2O5,
espectively. As can be seen in Fig. 7(a and b), the characteristic
eaks of LiNbO2 were observed as a minor product besides the
ain peaks at 2θ = 38.5, 55.6 and 69.5 assigned to the metal-

ic niobium. This result indicates that the mixed oxides such as
iNbO3 or LiNb3O8, which are formed in the cathode during

he electrolytic run, may be reduced to the metallic niobium via
lower oxidation state such as LiNbO2. These LiNbO2 peaks

isappear due to conversion to the metallic niobium by supply-
ng 1.5-fold charges to the theoretical value as can be seen in
ig. 7(c). The characteristic peak intensity of metallic niobium

ncreases with the electrolysis duration which is associated with
he amount of supplied charges. By an elemental analysis, the
xygen content was found to be 0.38 wt% in the sample treated
uring 7.5 h at 1.2 A.

. Conclusions

The characteristics of an indirect electrochemical reduction
f Nb2O5 have been investigated for a preparation of metallic
iobium. LiNbO3 and LiNb3O8 as intermediates during the elec-
rolytic production of metallic niobium are formed by a reaction
etween Nb2O5 and Li2O in the molten salt phase. The produced
ithium niobates as well as Nb2O5 are successfully reduced to

etallic niobium according to the following reactions;

i+ + e− → Li

b2O5 + 10Li → 2Nb + 10Li+ + 5O2−
iNbxOy + (2y − 1)Li → xNb + 2yLi+ + yO2−

lso, oxygen gas is produced by an electrolysis of Li2O and an
onization of the lattice oxygen of Nb2O5 at the anode. The Li2O

[

[

d Compounds 452 (2008) 27–31 31

oncentration in the molten salt decreases according to Faraday’s
aw of an electrolysis up to the reaction time regardless of the
pplied current, indicating that the electrochemical reduction of
b2O5 proceeds via an electrolysis of Li2O. This work suggests

hat the indirect electrolytic reduction technology by using a
iCl-Li2O molten salt is an efficient tool for preparing metallic
iobium from Nb2O5.
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