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Abstract

Production of N&* by cathodic electrolysis of Ndgtlissolved in molten LiCI-KCl was tested at 773 K. Cyclic voltammetry and differential
pulse voltammetry were adopted for the determination of the formal redox potential betw&emN s divalent or metallic states. UV-visible
absorption spectrophotometry was carried out at the vicinity of the cathode during the simultaneous electrelySi¥atersus Ag/Ag.
During the electrolysis, growth of a new broad absorption band ranging from 450 to 580 nm was observed and this was attributed to the
absorption by the chloride complex of Ridormed by the electrochemical reduction of Ng@lack precipitate formed in the melt as a result
of the constant potential electrolysis over long-period was analyzed by EPMA and ICP-AES and they were confirmed to be fine particles of
Nd. The results were discussed in relation to the disproportionation Bfavui reaction with quartz vessel.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and to examine the stability of produced ¥Nidn molten

LiCI-KCI. A special focus is put on the disproportion-
The chemical characteristics of lanthanides in chloride gtion reaction and reaction with the vessel material of

melts merit further investigation for enhancing the chemical Ng2+.
basis of lanthanides in molten salts and for developing
techniques for lanthanide refining. One of the particular
interests in relation to the performance of the electrolytic
refining of lanthanides in molten salts is the formation of
lanthanide’s less-common valence stdfies3]. Lanthanides
having less energetic difference between electron configu-
rations 4f~16°5d! and 4f6s25d° are likely to form stable _ _ _
or meta-stable divalent stafi4], especially in non-oxidizing Al th? expe_nments were .carrled out na glove box
conditions like molten chlorides. Nd is one of the lanthanides SyStém filled with dry Ar continuously purified to remove

that have divalent compounds and it has been investigated®Y9en and humidity. The content of impurit,@nd HO
in some particular organic solvents or solid mati§«7]. in the inside atmosphere was continuously maintained less

However, the formation of N& in LiCI-KCI eutectic than 1ppm. Anhydrpus LICI-KCI was p_urchased from
melt has not been sufficiently investigated. The purpose APL Ltd. and used without further pur|f|cat|on_. Anhydrous
of this study is to find the condition of the formation of 'NdCI3 purchased from APL Ltd. was used without further
Nd2* by cathodic electrolysis of N in molten LiCI-KClI treatment for electrochemical analysis. Anhy_drous NdCI

purchased from APL Ltd. and was used without further

treatment for electrochemical analysis. Anhydrous NdCI

* Corresponding author. Tel.: +81 724 51 2442; fax: +81 724 51 2634.  purchased from Kojundo Chemical Laboratory Co. Ltd. was

E-mail address: yamana@HL.rri.kyoto-u.ac.jp (H. Yamana). used for spectrophotometric measurements.

2. Experimental

2.1. Sample preparation
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2.2. Cyclic voltammetry and differential pulse elsewherd8]. The tungsten working electrode was deeply
voltammetry immersed into the solution so that the light passed through the
vicinity of its surface. The very thin tip of the PYREX glass
0.117 g of NdC4 was dissolved into 11.178 g of molten at the end of the counter electrode worked as an electrocon-
LiCI-KCI at 773 K. Test tubes of quartz of 13 mm inner di- ductive separator for the anode cell. Three kinds of working
ameter were used for the measurement. A 1.0 mm & molyb-electrode were tested: tungsten mesh electrode (mesh made
denum rod was used for working electrode and a graphite of 0.03 mm & tungsten wire, 50 mesh/in.); tungsten coil elec-
rod of the same diameter was used for counter electrode,trode made of 0.6 mm @ tungsten wire; U-shaped electrode
both covered with alumina sheath. A reference electrode, made of 0.8 mm @ tungsten rod. These three electrodes were
Ag/LICI-KCI-AgCI (1 mol%) contained in a PYREX glass designed to give higher electrode surface area in the light
membrane tube was used. Polarization measurement systerpath, but not to screen the light so much. The temperature
HZ-3000 (Hokuto-denko Co. Ltd.) was used for the voltam- of the sample during the experiment was controlled to 773K
metry measurements. All measurements were performed atwithin +5°.
773+ 5 K. The differential pulse voltammetry was performed
on a pulse period of 0.1 s with the square pulse having 0.01V 2.4. Long-period electrolysis followed by ICP-AES and
amplitude and 0.05 s width. EPMA analysis

Using the same electrode arrangement to the voltammetry
measurements, constant potential electrolysis ot*Nuas
performed using a quartz tube. The electrolysis was per-

Absorption spectrophotometry under electrolysis was car- formed at—1.9V versus Ag/Ag, which is the potential at
ried out using a transparent quartz cell illustratedFig. 1 which the reduction of N& to Nc#* was expected to pro-

The details of the absorption measurement system can be seef€€d- The melt was visually observed several times during
the electrolysis and it was sampled after the end of the elec-

trolysis, especially from the bottom of the cell. Qualitative
element analysis was performed by EPMA for the frozen salt

2.3. Absorption spectrophotometry under simultaneous
electrolysis

Tungsten working electrode

Reference electrode s L X
sample containing black precipitates, which had been formed
Counter electrode during the electrolysis. The salt sample was once dissolved in
in Pyrex membrane water and the undissolved black precipitates were removed
\ by filtration. The separated precipitates were completely dis-

solved in diluted hydrochloric acid and the amount of Nd was
11 analyzed by ICP-AES. Powder X-ray diffraction pattern of
the salt samples were taken by X-ray diffractometer.

[

il | 3. Results and discussions

~

/

-
T 3.1. Voltammetry measurement
ransparent

Quartz window

Fig. 2 shows the cyclic voltammogram of NdCin
LiCl-KClat 773. The potential was swept from natural poten-
tial, which is about-0.4 V versus Ag/Ag, toward negative
direction and it had been reversed before the reduction’of Li
began. The reduction peak of Rfd— NdC is seen at about
—2.1V versus Ag/A§ and this is followed by an intensive
oxidation peak. The peak potential of the major reduction
current, which was taken at the scanning rate of 100 my s
was—2.062 V versus Ag/Ag for 773 K. A small growth of
the reduction current can be seen in the region frein8
to —1.9V versus Ag/Ag before the peak of Nt — Nd®
grows, which can be assigned to the one-electron reduction
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Molten LiCl-KClsample of Nd®* — Nd?*. The oxidation peak dfig. 2appears to con-
<—>1 sist of two components and this is different from the sharper
cm

oxidation peaks shown by other lanthanides having no di-
Fig. 1. Electrode arrangement for the spectrophotometry under simultane- Valent statesiig. 3shows the result of the differential pulse
ous electrolysis. voltammetry. At scanning rate of 20 mv’ E1/, of the small
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60 - Table 1
Results of the redox potential measurements
40 E*(3-0) (V vs. Cb/CI™) —3.254+ 0.01
E*(3-2) (V vs. C/CI7) —3.178+ 0.005
— a0 E*(20—0) (V vs. Ch/CI7) —3.286+ 0.015
< AGy (kJ) 20.84 3.2
£ 0
5 In these equationd) is a diffusion coefficient of suffixed
204 species(, the bulk concentration anfile; is the potential of
reference electrode whichis 1.263 V for Ag/LiCI-KCI-AgClI
404 (2 mol%). ThoughD2+ andD3+ of Nd are unclear, since it is
considered that the ratio éf,+ andD3+ of lanthanides does
-60 ——— not vary largely because of their monotonic trend of the ionic

24 290 -16 12 08 04 radius contraction along the serig¥;./Ds+ of similar lan-

E (V) vs. Agiag thanide was adopted as an approximation. In this p@psr,
andDs. of Eu, which have been reportfg], were adopted for
Nd. These approximations resulted in larger errors of the de-

. termined potentials. Derived formal potentiat$(3—-2) and
peak and major peak were found to b4.89 and-2.01V E*(3-0), are summarized ifable 1 E*(2-0) derived from
versus Ag/Ad, respectively. It was found that the small peak other two was also shown iFable 1

did not depend on the potential scanning rate so much, but the

major peak showed a slight dependence. Taking into ConSid_3 2. Spectrophotometry under simultaneous electrolysis
eration that these dependences on the scanning rate were not ™ '
large, especially at lower scanning rates, they were treated
as reversible reactions for estimating their formal potentials.
Formal potentials of the reaction Rid— Nd?* was estimated
from theE1; of differential pulse voltammetry using equation
(2) [9], by adopting unity to the activity coefficiept That

of Nd®** — Nd° was estimated from th&,, peak potential of
reduction current, of cyclic voltammetry using equat{@p

Fig. 2. Cyclic voltammogram of N in LiCI-KCl at 773 K.

Before starting the electrolysis, the absorption spectrum
was obtained for the Ndgbample. The absorption spectrum
of NdCl3 is shown inFig. 4(a), in which an intensive hy-
persensitive absorption peak of Nctan be seen at 589 nm.
Electrolysis was performed at a potential abe@t9 V versus
Ag/Ag* by controlling the negative currentto 1 or 2 mA. This

[10], by adopting unity to the activity coefficiefiy. 25¢
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Fig. 4. UV-visible absorption spectrum of Ridin LiCI-KCI under elec-

Fig. 3. Differential pulse voltammogram of Ritlin LiCI-KCl at 773 K. trolysis.
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potential was expected to allow the reaction®Ne> Nd2*, 3.3. Long-period electrolysis
but not to allow the formation of Ntby the reduction of
Nd®*. The absorption spectrum obtained about 13 min after  Electrolysis at—1.9V versus Ag/A§ was performed
the start of the electrolysis is shownkig. 4(b). Fig. 4b) is a for about 2 h using the same electrode arrangement as the
spectrum obtained by use of U-shaped rod electrode, but sim-spectrophotometry measurement. By the visual observation
ilar spectra were obtained for other two types of electrode. during the electrolysis, it was found that the melt entirely
This spectrum is characterized by the appearance of a newbecame black at the mid time, but that it became clear as the
broad absorption band in the region from 450 to 580 nm. As electrolysis proceeded. At the end of the electrolysis, very
the time passed during the electrolysis, the spectrum grad-black precipitate settled down to the bottom of the cell with
ually slanted. The inclination of the background line of the very clear meltleftin the upper part. The inside surface of the
spectrum s possibly attributable to the increased light scatter-quartz cell became lightly black and partly light brown. After
ing or the slight change of the color of the silica window as a the end of the electrolysis, the bottom of the quartz tube be-
result of the electrolysis; it may be also due to a particular ab- came completely black and lost its glassy nature. The qualita-
sorption by the product of the electrolysisg. 4(c) indicates tive chemical analysis of the black precipitate by EPMA and
the spectrum obtained 30 min after the stop of the electroly- ICP-AES showed that the major component of this precipitate
sis. It should be emphasized that the broad absorption bandvas Nd. On the other hand, the XRD pattern of the salt sam-
in the region from 450 to 580 nm completely disappeared on ple, which contained a little amount of fine black particles,
the high inclined background within about 2 min after the did not obviously show the diffraction patterns of Nd metal
electrolysis was stopped. or Nd oxide.

The absorption peak at 589 nm observed before the elec-
trolysis can be assigned to the hypersensitive f—f transitions 3.4. Srability of electrochemically produced Nd**
of Nd®*[11] and it did not change during the electrolysis.
The broad absorption band ranging from 450 to 580 nm grew  The low observed absorbance and the rapid disappearance
only during the electrolysis and it quickly disappeared af- of this broad absorption within about 4 min after stopping the
ter stopping the electrolysis. By the literatures about absorp- electrolysis, suggests the instability of the electrochemically
tion spectra of divalentiodides of Nd in tetrahydroflan (THF) produced N@&" in this system. The intensity of the broad
[5] and in Cak [7], it has been reported that Ridin THF absorption was approximately kept constant over the period
shows a broad absorption band ranging from 450 to 600 nm|ater than about 10 min from the start of the electrolysis and
which consists of two peaks at 507 and 54(5jnand that  this indicates that the generation and the disappearance of
Nd?* in CaR [7] shows a broad absorption band over the Nd2* in the measured region were equilibrated during the
region from 520 to 640 nm showing a maximum at 590. electrolysis. According to the general understanding that the
Since the broad absorption band was observed under a parinstability of divalent species with respect to its oxidation is
ticular negative potential that corresponds to the reduction in proportion to the instability with respect to the dispropor-
Nd®* — Nd?* and since its wave length region agrees well tionation[3], Nd?* is likely to disproportionate into Ntand
with that observed for Ndlin THF and Cag, it should be Nd3* by reaction(3),
considered that this broad absorption is of the electrochem-
ically produced N& by the electrolysis in the melt. This 3N (melt) - Nd®+ 2Nd** (melt) 3)
assignment well agrees with the result by Terakado et al.
[12]. In general, the electronic transitions, which give rise
to the broad absorption bands of divalent lanthanides ion
in various ligand fields are considered to be transitions be-
tween 4f and 4f~15d! electron configurationg 3]. There-

where N&*(melt) and Nd*(melt) means chloro-complex of
these cations in the melt, Ndg3t- and NdC[*—2)— | respec-
tively. The standard Gibbs energy change of reac{®n
AG gy, can be given by

fore, it should be a transition b_etw_eerf‘za‘nd 4\@3f:'>d3L elec- AGoy. = 3F(E*(3-2)— E*(3-0)) 4)
tron configurations of N&t ion in LiCI-KCI. This should
correspond to the transition frofh to *F d, which is about With the use of the formal potentials listed Table 1,

20kent! in CaF matrix [13]. In general, f—d transition, ~AGg = 208+ 3.2kJ/mol is obtained for reactior3)
which is Laporte allowed, shows very intensive molar ab- at 773 K. Due to this slightly positive value cxstaiS,
sorptivity than f—f transition, but the observed absorbance is equilibrium (3) is likely to be sided to the left-side under
as high as hypersensitive peak of 589 nm. This means thatthe presence of the metal. However, under the continuous
the average concentration of formed Ndvas quite low, production of Nd* by the electrolysis, at the vicinity of the
suggesting that quite limited amount of Xdvas observed  electrode surface, the local concentration ofNbecomes
only in the vicinity of the cathode. The large inclination of high and leads to disproportionation into Nahd N&*. Ag-

the base line, which is considered to be partly attributable gregation and settling down of the metallic fines accelerate
to the change of the light scattering or window conditions, the disproportionation more. Ndormed by reactior§3), as
may also be attributable to the intervalence charge transfermetallic fog, explains the dark color of the melt during the
[13]. electrolysis and the settle down of the black precipitate to the
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