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Abstract The electrochemical reduction of Nd(III) was investigated on an inert W 

and a liquid Al electrode in molten NaCl–KCl eutectic salt. On both W and liquid Al 

electrodes, the reduction of Nd(III) ions to Nd(0) metal occurred in a single reaction 

step, which avoids the corrosion reaction: 2Nd(III)+Nd→3Nd(II). Therefore, 

corrosion of Nd metal in this molten chloride media is not expected. The co-reduction 

behavior of Nd(III) and Al(III) ions was studied on a W electrode in 

NaCl–KCl–AlCl3–NdCl3 melts. Five kinds of Al–Nd intermetallic compounds were 

detected via cyclic voltammetry and open circuit chronopotentiometry. Intermittent 

galvanostatic electrolysis was employed on liquid Al electrodes to extract Nd in the 

form of Al–Nd alloys in NaCl–KCl–NdCl3 melts. Nd, AlNd3, Al2Nd, and AlNd 

phases were identified by X-ray diffraction (XRD). With the increase of electrolytic 

time, the content of Nd-rich Al–Nd intermetallic compound in Al–Nd alloy increased. 

The morphology and micro-zone chemical analysis of the deposits were characterized 

by scanning electron microscopy (SEM) equipped with energy dispersive 

spectrometry (EDS), and Al11Nd3 phase was confirmed by EDS analysis. 
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Introduction 

Nuclear energy provides a significant contribution to the overall energy supply. 

However, every year, the worldwide nuclear power plants generate a large quantity of 

nuclear waste, which is discharged from the used fuel and contains highly radioactive 

long-lived minor actinides (MA) and fission products (FPs). To significantly reduce 

volumes and radiotoxicity of the waste, the so-called partitioning and transmutation 

(P&T) techniques are being investigated in most countries with significant nuclear 

power generating capacity.
1,2

 In this way, transuranium elements (TRU) recycled by 

separation from FPs (partitioning) and subsequently transmuted into stable or 

shorter-lived nuclides with the assistance of neutron (transmutation). This would 

greatly facilitate the disposal and management of wastes and raise public acceptance 

of nuclear energy.
3
 Till now, two main reprocessing technologies have been widely 

studied: hydrometal-lurgical (aqueous) and pyrochemical (or non-aqueous) 

technologies. Compared with hydrometal-lurgical technology, advantages of 

pyrochemical reprocessing are higher levels of radiation tolerance, higher thermal and 

radiation stability towards heat generating FPs. Therefore, pyro-reprocessing 

technology based on electrometallurgy with molten salts as electrolyte is a more 

promising partitioning process. Special attention should be paid to rare earth elements 

(RE) because of their strong neutron absorption properties, which are the most 

awkward FPs to be separated from the TRU for their chemical similarity with the 

TRU.
4,5

 On the other hand, there is a problem concerned with accumulation of FPs in 

the molten salts. When the concentration of FPs exceeds 10 wt% in the melts, it must 
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be regenerated to avoid affecting the TRU/FPs separation efficiency and to recycle the 

molten salts; because the accumulation of FPs in the solvent will modify their 

physical and chemical properties.
5,6

  

 Neodymium is one of major FPs elements with larger neutron capture cross 

sections, which is required to be removed from molten salts.
7
 In molten fluoride, such 

as LiF–CaF2, LiF–NaF, LiF–CaCl2, and LiF melts,
8–11

 Nd(III) is reduced to Nd(0) in a 

one-step process with three-electron transfer. Generally, in molten chloride, the 

reduction of Nd(III) takes place in two consecutive steps: Nd(III)+e
-1

→Nd(II), 

Nd(II)+2e
-1

→Nd(0), such as LiCl–CaCl2, LiCl–BaCl2, CaCl2–NaCl, and LiCl–KCl 

melts.
12–16

 The corrosion reaction is expected: 2Nd(III)+Nd→3Nd(II), which is 

responsible for a low current yield in the electrolysis and a low stability of the 

deposits. Interestingly, Nohira et al. have found that in NaCl–KCl melts the Nd(III) 

reduction on an inert electrode is a one-step, three-electron exchange, reaction.
17

 They 

have prepared different Nd–Ni alloys on Ni plate electrodes at various potentials. The 

formation reactions of the Nd–Ni alloys and their corresponding equilibrium 

potentials were determined. Eutectic NaCl–KCl melts with a melting point of 930 K 

was chosen as electrolyte due to its high thermal stability, the natural abundance of 

sodium and potassium, and the availability of a stable Ag
+
/Ag reference electrode.

18 

Kuznetsov et al. have investigated redox electrochemistry and formal standard redox 

potentials of the Eu(III)/Eu(II) redox couple in NaCl–KCl melt.
19

 The electrochemical 

behaviour of cerium oxychloride in MgCl2–NaCl–KCl ternary eutectic was 

investigated by cyclic voltammetry at 823 K.
20 

Smolenskii et al. have studied 
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electrochemical behavior of cerium oxide ions in NaCl–KCl melt.
21

 Picard and 

co-workers have studied the electrochemical properties of plutonium in NaCl–KCl 

eutectic salts.
22

 These researchers obtained the thermodynamic data of Eu, Ce and Pu 

in NaCl–KCl melts, which is of crucial importance for the understanding of the 

separation process of FPs from TRU and the design of the separation cells. 

Theoretical separation efficiency between the TRU and FPs from the molten salt is 

related to both the number of electrons exchanged to produce metal on the electrode 

and the potential gap (∆E) between their reduction and the potential of the solvent.
23

 

As the reduction potential of neodymium is close to that of the common solvents, two 

methods can be used to increase ∆E: (i) using a nobler metal (Al, Ni, Cu) than it as a 

cathode material leading to the formation of intermetallic compounds by shifting their 

reduction potentials towards more positive potentials, which is usually called 

underpotential electrodeposition; (ii) direct alloying with other metallic elements on 

inert electrodes by co-reduction.  

Therefore, in this paper, we tried to study the Nd(III) reduction in NaCl–KCl melts 

not only on an inert W electrode with the assistance of AlCl3, but also at a liquid Al 

electrode.  

Experimental 

Preparation and purification of the melt 

   The chloride eutectic NaCl–KCl (NaCl:KCl=50.6:49.4 mol%, analytical grade 

≥99.5% and 99.5%, respectively ) placed in a alumina crucible was dried under 

vacuum for more than 72 h at 473 K to remove excess water before being used. Al(III) 
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and Nd(III) ions were introduced into NaCl–KCl melts in the form of anhydrous 

AlCl3 and NdCl3 (Aladdin Chemistry Co. Ltd ≥99.95%), respectively. To remove 

oxide ions and the oxidation of NdCl3, HCl was bubbled into the melt before each 

experiment. And then, Ar gas was bubbled into the melt to remove remanent HCl, O2 

and H2O to maintain an inert environment.  

Electrochemical apparatus and electrodes 

  Electrochemical tests, such as cyclic voltammetry, open circuit 

chronopotentiometry and galvanostatic electrolysis, were carried out using an Autolab 

PGSTAT 302N potentiostat/galvanostat controlled with the Nova 1.8 software 

package. The working electrodes were a polished W wire (d=1 mm) and a liquid Al 

(about 2-3 g) placed in an alumina crucible (d=1.5 cm, h=2.2 cm ). A W wire (d=1 

mm) placed in an alumina sleeve was immersed in the cathode Al and used as an 

electric lead. The working electrodes were cleaned by applying an anodic polarization 

between each measurement. The counter electrode was a spectral pure graphite rod 

(d=6 mm). All the potentials in this study are given with respect to Ag
+
/Ag couple, 

which consisted of AgCl (1.0 wt.%) in NaCl–KCl eutectic salt with a Ag-wire (d=0.5 

mm) inserting into a 3 mm diameter quartz tube.  

Preparation and characterization of Al–Nd alloys 

  Al–Nd alloys were prepared via intermittent galvanostatic electrolysis on liquid Al 

electrodes. In this way galvanostatic electrolysis was applied for a given time, and 

then it was interrupted for a given period to allow Nd diffusion into the liquid Al 

substrate. This process was repeated several times. After electrolysis, the samples 
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were washed with ethylene glycol to remove solidified salts attached on the surface of 

the alloy samples. To make a cross-section, the deposits were successively polished 

with 360#, 600#, 1500# and 2000# metallographic emery papers and abrasive 

finishing machine. The samples were analyzed by X-ray diffraction (XRD) (Rigaku 

D/max-TTR-III diffractometer) using Cu-Kα radiation at 40 kV and 150 mA. 

Scanning electron microscopy (SEM) equipped with energy dispersive spectrometry 

(EDS) (JSM–6480A; JEOL Co., Ltd.) was used to analysis the microstructure and 

micro-zone chemical of bulk Al–Nd alloys. 

Results and discussion 

cyclic voltammetry 

  Fig. 1 shows the cyclic voltammograms obtained on a W and a liquid Al electrode 

in NaCl–KCl melts. The electrochemical window of the melt system on the liquid Al 

is limited by the reduction of Al(III) and Na(I) ions, which is much narrower than that 

on the W electrode. Interestingly, the intensities of the anodic signals related to the 

oxidation of Na on both W and Al electrodes are much lower than that of their 

corresponding reduction signals. This is due to the formation of Na fog and the high 

solubility of Na in NaCl melt.
24

 On glassy carbon electrodes electrode, Kuznetsov et 

al. have obtained similar curves in NaCl–KCl melts. 
25

 

  After the addition of Nd(III) in NaCl–KCl melts (Fig. 2), on the W electrode, a new 

pair of signals C/C′ was detected. The signal C corresponds to the reduction of Nd(III) 

in NaCl–KCl melts in a single process: Nd(III)+3e
-1

→Nd(0).
17

 The corresponding 

anodic signal C′ is related to the oxidation of Nd metal. On the liquid Al electrode, the 

Page 7 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 8

reduction of Nd(III) (see signal I) occurs at about –1.0 V via the formation of Al–Nd 

alloy: yNd(III)+3ye
-1

+xAl→AlxNdy, whose potential is more positive than that on the 

W electrode. The reduction potential shifting toward anodic direction is attributed to a 

lowering of the activity coefficient of Nd in liquid Al phase. In general, the formation 

potential of Al–Nd alloy with higher Al content should be close to that of the 

deposition of Al. Therefore, signal I should be related with Al-rich Al–Nd alloy. 

Moreover, the deposition potential of Nd(III) on liquid Al electrode is much more 

positive than that of Na(I), which allows the electrochemical extraction of Nd into Al 

without the co-reduction of solvent.    

Fig. 3 shows a series of cyclic voltammograms of NaCl–KCl–NdCl3 melts obtained 

on a liquid Al electrode at different scan rates. The following information can be 

obtained from these curves: 1) the cathodic/anodic peak currents are directly 

proportional to the square root of the scan rates. This suggests that Nd(III) 

reduction/oxidation reaction is a diffusion-controlled process both in the melt and the 

metallic phases;
26,27

 2) the cathodic/anodic peak potentials change with the increase of 

scan rates, which indicates the system is not fully reversible; 3) the ratio of 

cathodic/anodic peak currents is close to one, indicating the diffusion coefficients of 

Nd(III) in the melt and the metallic phases are assumed to be similar. 

To further study the formation of Al–Nd alloy, the co-reduction of Al(III) and 

Nd(III) in NaCl–KCl melts was investigated. Fig. 4 shows cyclic voltammograms 

obtained on a W electrode in NaCl–KCl–AlCl3–NdCl3 melts at different cathodic 

limits. Five pairs of signals were detected. The signals A/A′ peaked at about 
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–0.88/–0.68 V are attributed to the deposition/dissolution of Al(III) ions in NaCl–KCl 

melts. As seen from Fig. 2 the signal C′ corresponding to the dissolution of Nd occurs 

at about –1.81 V. Therefore, signal I′, II′, III′, and IV′ located between the dissolution 

of Al and Nd should correspond to the dissolution of four kinds of Al–Nd 

intermetallic compounds.
28,29

 The corresponding cathodic signals I, II, III, and IV are 

related to the formation of Al–Nd intermetallic compounds, which are formed via the 

underpotential deposition of Nd(III) on pre-deposited Al coated W electrode. 

According to the phase diagram of Al and Nd,
30

 at the experimental temperature, 

there exist five solid phases Al–Nd intermetallic compounds, Al11Nd3, Al3Nd, Al2Nd, 

AlNd, and AlNd2. Therefore, the NdCl3 concentration was adjusted to seek for more 

information about Al–Nd intermetallic compounds (see Fig. 5). Compared with the 

cyclic voltammograms in Fig. 4, a new signal (V′) was detected in the anodic 

direction corresponding to the dissolution of an Nd rich Al–Nd alloy. Moreover, 

interestingly, the differences among the intensity of each anodic peak become larger, 

which is probably due to different formation rates of Al–Nd intermetallic compounds 

in the molten salt. 

Open-cicuit chronopotentiometry 

  Open-cicuit chronopotentiometry is an appropriate means to study the equilibrium 

potentials of intermetallic compounds. In this method, potentiostatic electrolysis was 

carried out to deposit a thin layer of specimen on a W electrode. Then, the 

open-circuit potential of the electrode is registered versus time in the melts. During 

this process, a potential plateau is observed when the composition of the electrode 
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surface is within the range of a two-phase coexisting state. Fig. 6 displays open circuit 

chronopotentiometry curves obtained on the W electrode in LiCl–KCl–AlCl3 (2 

wt.%)–NdCl3 (2 wt.%) melts after potentiostatic electrolysis for different durations. 

Apart from potential plateau C corresponding to the equilibrium potentials of redox 

Nd/Nd(III), five potential plateaus (I, II, III, IV and V) were observed. With reference 

of the phase diagram of Al and Nd,
30

 plateaus V, IV, III, II and I at about –1.44, –1.35, 

–1.27, –1.20 and –1.08 V are associated with two-phase coexisting states of 1) AlNd2 

and AlNd; 2) AlNd and Al2Nd; 3) Al2Nd and Al3Nd; 4) Al3Nd and Al11Nd3; 5) 

Al11Nd3 and Al. Each plateau corresponding to the reaction is considered as follows: 

plateau I: 
311NdAl3e)III(Nd311Al →++  

plateau II: Nd11Al6e)III(2NdNd3Al 3

-1

311 →++  

plateau III: Nd3Al3e)III(NdNd2Al 2

-1

3 →++  

plateau IV: 2AlNd3e)III(NdNdAl -1
2 →++  

plateau V: 2AlNd3e)III(NdAlNd →++  

The number of plateaus and their corresponding potentials are in agreement with   

the anodic peaks in the voltammograms in Fig.5.  

Extraction of Nd and characterization of Al–Nd alloy  

  Based on above electrochemical results, intermittent galvanostatic electrolysis was 

carried out on liquid Al electrodes to extract Nd in the form of Al–Nd alloys. Liquid 

Al placed in a small alumina crucible was used as the working electrode. After 

electrolysis, the alloy sample was kept in the melt with its gradually cooling. The 

NaCl–KCl salt was difficult to adhere on the surface of the crucible. Then, the 
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samples were separated from the salt and washed by ethylene glycol, and stored inside 

the glove box until their analysis. 

  Fig. 7 shows XRD patterns of Al–Nd alloy prepared at 1003 K at liquid Al 

electrodes in NaCl–KCl–NdCl3 (4 wt.%) melts by galvanostatic electrolysis at 0.6 A 

for 2 h (sample A), 4 h (sample B), 6 h (sample C) and 8 h (sample D), respectively. 

In samples A, B, and C, Al, Nd, AlNd3, Al2Nd and AlNd phases were identified. The 

presence of Nd is precipitated out of the Al matrix during cooling period of the alloy 

after electrolysis due to its limited solubility in Al at room temperature. Al phase is 

predominant in samples A and B due to the liquid Al electrode. Moreover, there are 

some unknown diffraction peaks that could not be identified by current XRD database, 

which are thought to be related to other Al–Nd intermetallic compounds. In sample C, 

AlNd3 phase is the predominance. However, only Al, Nd, AlNd3 and AlNd phases 

were detected in sample D with predominance of AlNd3. Therefore, with the increase 

of electrolysis time, the content of Nd-rich Al–Nd intermetallic compound in Al–Nd 

alloy increases. Interestingly, the detected AlNd3 phase in samples A, B, C and D is 

liquid at the experimental temperature,
30

 which is formed during the cooling period of 

the alloy.   

  To study the distribution of Nd element in Al–Nd alloy, SEM and EDS analysis 

were employed. Fig. 8 shows cross-sectional SEM of samples A, B, C and D. The 

samples are composed of gray and bright zones. EDS results (see Fig. 9) of the points 

labeled 001, 002 and 003 taken from the gray and bright zones indicate that the 

deposit is composed of Al and Nd. Nd mainly distributes at the bright zones, 
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indicating that the bright zones are Al–Nd intermetallic compounds. The atom 

percentage ratios Al/Tm of points 001 and 002 are about 4.3 and 4.2, respectively. 

Therefore, the precipitated Al–Nd intermetallic compound is thought to be Al11Nd3. 

The ratios are a little higher than that of Al11Nd3, due, most likely, to the characteristic 

X-ray of Al overlapping with Nd. Since the current XRD data base lacks the JCPDS 

of Al11Nd3 alloy, therefore, the unknown diffraction peaks in XRD patterns (in Fig. 7) 

might be related to the Al11Nd3 phase.   

Based on above results, Al11Nd3, Al2Nd, AlNd and AlNd3 intermetallic compounds 

were detected in Al–Nd alloys. The reason of the absence of Al3Nd and AlNd2 is that 

they are not stable phases in NaCl–KCl melts in liquid Al and easily change to other 

alloy phases or their formation rates are very slow.
31,32

 In LiCl–KCl–AlCl3–NdCl3 

melts, only Al3Nd and Al2Nd phases were detected by Xu et al. in Al–Nd alloy 

obtained by galvanostatic electrolysis.
16

 Massot et al. identified Al11Nd3, Al3Nd, 

AlNd2 and AlNd3 intermetallic compounds in LiF–CaF2–AlF3–NdF3 melts via 

potentiostatic electrolysis at different potentials.
33

 The results suggest that all kind of 

intermetallic compounds are possible to form at the cathode. However, only the stable 

phases predominate in the deposits. 

 The ICP analyses of all samples obtained by galvanostatic electrolysis are listed in 

Table 1. The results show that the chemical compositions of alloys are consistent  

with the phase structures of the XRD patterns. When the electrolysis time is 2 h, the 

content of Nd in the alloy is low. Meanwhile, the current efficiency was also 

monitored. With the increase of electrolysis time, the current efficiency decreases. 
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which is related to the limited diffusion rate of Nd in Al phase. Most of deposited Nd 

formed Al-Nd intermetallic compounds which conserve Nd. While, some lost in the 

molten salt during electrolysis.   

Conclusion 

  In NaCl–KCl molten salt, the reduction of Nd(III) ions to Nd(0) metal occurred in a 

single reaction step on both W and liquid Al electrodes. The Nd(III) ions reduction 

potential on a liquid Al electrode is much more positive than that on a W electrode. 

The co-reduction of Al and Nd in NaCl–KCl–AlCl3–NdCl3 melts was studied on a W 

electrode by cyclic voltammetry and open circuit chronopotentiometry. Five kinds of 

Al–Nd intermetallic compounds at about –1.44, –1.35, –1.27, –1.20 and –1.08 V were 

detected. Extraction of Nd was carried out via intermittent galvanostatic electrolysis at 

0.6 A at liquid Al electrodes. Nd, AlNd3, Al2Nd, and AlNd phases were identified by 

XRD in the deposits and Al11Nd3 phase was confirmed by EDS analysis. During 

electrolysis, the corrosion reaction is not expected: 2Nd(III)+Nd→3Nd(II). Therefore, 

NaCl–KCl melt is suitable for extraction of Nd. 
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A comparison of the cyclic voltammograms obtained on the W (dotted line) and liquid 

Al (solid line) electrodes in NaCl–KCl–NdCl3 (2 wt.%) melt. Temperature: 1003 K, 

scan rate: 0.1 V s
−1
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