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Fig.1  Schematic diagram of the experimental device 
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Table 1  Results obtained by cyclic voltammetry and square wave voltammetry 

Reduction peak B C D E F G 

Potential in cyclic voltammetry/V -1.82 -1.58 -1.36 -1.15 -1.08 -0.89 

Potential in square wave voltammetry/V -1.72 -1.49 -1.28 -1.09 -1.05 -0.86 
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Fig.6  Open circuit chronopotentiometry of 1.5%AlCl
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NaCl-KCl-1.5%NdCl
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melt (potentiostatic electrolysis is 

-2.7 V for 30 s) 
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Table 2  Thermodynamic properties of Nd in the two-phase coexistence states 

Plateau E/V(vs. Ag/AgCl) E/V(vs. Nd(III)/Nd) 

NdG∆

/kJ·mol

-1

 

a

Nd

 

B -1.936±0.001 - - - 

C -1.721±0.004 0.215±0.005 -62.23±1.45 4.56×10

-4

 

D -1.456±0.002 0.480±0.003 -138.94±0.87 3.47×10

-8

 

E -1.059±0.001 0.877±0.002 -253.85±0.58 2.35×10

-14
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Table 3  Standard molar Gibbs energies of formation for Nd-Al intermetallic compounds 

Intermetallic compounds Equation 
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Fig.7  XRD pattern of cathodic products 
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 8  ,-&�� SEM /0123� A4B4C ' D 5� EDS 6789  

Fig.8  SEM images of morphology (a) and cross-section (b); EDS analysis (c~f) of the points labeled as A, B, C 

and D for the Nd-Al alloy  

 

b
Fi��jkl XRD Bm*nlo+p@\

Nd

3

Al

11

q&p"SEM-EDSIJrs
�	# Nd

3

Al

11

D

NdAl

3

DNdAl

2

E Al F 4 <tu+9:�
Fg�.

vwxy XRD+=HIJ9z�"�

��������

1{|700 �+NaCl-KCl !*
Nd(III)|}��

~+���_��\-2.1 V�vs.Ag/AgCl{̂ Nd(III)�

_\	cNd��j��3G�'+�_��^|��

����0.1~0.5 V·s

-1

{�
��_�����%��

+�1���
Nd(III)�'| !*+�%��e\

c   

0      5      10     15      20 

I
n

t
e
n

s
i
t
y

/
a
.
u

.
 

Al 

Point A   

Element ω/% at/% 

Al 100 100 

 

d 

0      5      10     15      20 

Al 

Nd 

Nd 

Nd 

Point B   

Element ω/% at/% 

Al 31.31 70.9 

Nd 68.69 29.10 

 

e 

0      5      10     15      20 

E/keV 

I
n

t
e
n

s
i
t
y

/
a
.
u

.
 

Nd 

Nd 

Nd 

Al 

Point C   

Element ω/% at/% 

Al 44.45 81.05 

Nd 55.55 18.95 

 

f 

0      5      10     15      20 

E/keV 

Al 

Nd 

Nd 

Nd 

Point D   

Element ω/% at/% 

Al 36.86 75.73 

Nd 63.14 24.27 

 

10 20 30 40 50 60 70 80 90

� Al

�

� N dAl

2

� NdAl

3

 

?

?

?

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
��

�

�
�

��

�
�

�

�

�

�

�I
n
t
e
n
s
i
t
y
/
a
.
u
.

 

 

2θ /(

o

)

?



�2468�                                       �������	
                                              � 49� 

1.2×10

-5

 cm

2

·s

-1

" 

2{NaCl-KCl-NdCl

3

-AlCl

3

��*
Nd-Al�	+

����\Al(III)|}��~���_�	cAl
�

�Nd(III)�|��H4+Al~N��������3

<	cd.�8�Nd

3

Al

11

DNdAl

3

DNdAl

2

{"� 


¡��¢£¤¥�¦tuNd-Al	cd.�8*Nd+

§�E|Al9*+¨©ª«¬®2y�	��+¯

�©ª«¬°#®" 

3{|700 �+NaCl-KCl-1.5%NdCl

3

-1.5%AlCl

3

 

!��*
A-2.3V�vs.Ag/AgCl{�±²���³5 h

1�´4Nd-Al�	"L��	PQ#Nd

3

Al

11

DNdAl

3

D

NdAl

2

EAl9:�"|NaCl-KCl-NdCl

3

-AlCl

3

 !*¡

�µ���+¶¤1�´��Nd-Al�	" 

 

����    References  

[1] Li Jidong( : ; < ), Wang Xuelian( = > ? ), Cao 

Wenliang(@AB) et al. Univ Sci Technol Liaoning(CDE

FGHHI)[J], 2011, 34(1): 28 

[2] Xue Y, Wang Q, Yan Y D et al. Chinese Journal Inorganic 

Chemistry[J], 2013, 29(9): 1947 

[3] Wang J, Dong H, Wang L et al. Journal of Alloys and 

Compounds[J], 2010, 507(1): 178 

[4] Huang Xiaofeng(JKL ), Wang Qudong(=M< ), Zeng 

Xiaoqin(NOP) et al. Journal of the Chinese Rare Earth 

Society (�Q�RHI)[J], 2004, 22(3): 361 

[5] Jin L, Kang Y B, Chartrand P et al. Calphad[J], 2011, 35(1): 

30 

[6] Xue Yun(S T), Zhou Zhiping(UVW), Yan Yongde(XY

Z) et al. Acta Physico-Chimica Sinica (-)[HHI)[J], 

2014, 30(9): 1674 

[7] Shen Yuanyuan(\]]), Chen Chaoyi(^_`), Li Junqi(:

ab) et al. Rare Metal Materials and Engineering(���

����	
)[J], 2019, 48(5): 1671 

[8] Konishi H, Nohira T, Ito Y. Electrochimica Acta[J], 2003, 

48(5): 563 

[9] Chen Y, Xu Q, Song Q et al. Journal of the Electrochemical 

Society[J], 2017, 164(7): D380 

[10] Wang Shidong, Li Quan, Ye Xiushen et al. Rare Metal 

Materials and Engineering[J], 2015, 44(7): 1623 

[11] Vandarkuzhali S, Chandra M, Ghosh S et al. Electrochimica 

Acta[J], 2014, 145: 86 

[12] Yan Y D, Xu Y L, Zhang M L et al. Journal of Nuclear 

Materials[J], 2013, 433(1-3): 152  

[13] Gibilaro M, Massot L, Chamelot P et al. Journal of Nuclear 

Materials[J], 2008, 382(1): 39 

[14] Chen Z, She C, Zheng H et al. Electrochimica Acta[J], 2018, 

261: 289 

[15] Liao Chunfa(cde), Luo Linsheng(fgh), Wang Xu(= 

i) et al. The Chinese Journal of Nonferrous Metals(�Q�

j��HI)[J], 2015, 25(12): 3523 

[16] He J, Hua Z, Lu H et al. Journal of the Electrochemical 

Society[J], 2018, 165(11): E598 

[17] Li X, Yan Y D, Zhang M L et al. RSC Advances[J], 2014, 

4(76): 40 352 

[18] Hua Z, Liu H, Wang J et al. ACS Sustainable Chemistry & 

Engineering[J], 2017, 5(9): 8089 

[19] Vandarkuzhali S, Gogoi N, Ghosh S et al. Electrochimica 

Acta[J], 2012, 59: 245 

[20] Li M, Liu B, Ji N et al. Electrochimica Acta[J], 2016, 193: 

54 

[21] Bard A J, Faulkner L R. Student Solutions Manual: to 

Accompany Electrochemical Methods: Fundamentals and 

Applications Second Edition[M]. New York: John Wiley, 

2002: 145  

[22] Yan Y D, Tang H , Zhang M L et al. Electrochimica Acta[J], 

2012, 59: 531 

[23] Su L L, Liu K, Liu Y L et al. Electrochimica Acta[J], 2014, 

147: 87 

[24] Castrillejo Y, Fernández P, Medina J et al. Electrochimica 

Acta[J], 2011, 56(24): 8638 

[25] Jiang Tao(k l), Tian Jie(m n), Wang Ning(= D) et al. 

Acta Physico-Chimica Sinica(-)[HHI )[J], 2016, 

32(10): 2531 

[26] Castrillejo Y, Bermejo M R, Barrado E et al. Electrochimica 

Acta[J], 2006, 51(10): 1941 

[27] Han W, Zhao Q, Wang J et al. Journal of Rare Earths[J], 

2017, 35(1): 90 

 

 

 

 

 

 

 



� 7�                          � �� NaCl-KCl-NdCl

3

-AlCl

3

��!"�#$%Nd-Al&�'()                  

 

�2469� 

 

Preparation and Reaction Mechanism of Nd-Al Alloys by Electrolysis in Molten 

NaCl-KCl-NdCl

3

-AlCl

3

 

 

Geng Ao

1

, He Jiwen

1

, Liu Huan

1

, Hua Zhongsheng

1,2

, Zhang Menglong

1

, Xu Liang

1,2

 

 (1. School of Metallurgical Engineering, Anhui University of Technology, Ma’anshan 243032, China) 

(2. Anhui Province Key Laboratory of Metallurgical Engineering & Resources Recycling,  

Anhui University of Technology, Ma’anshan 243002, China) 

 

Abstract: The electrochemical behaviors of Nd(III) on tungsten electrode and its co-deposition with Al(III) in NaCl-KCl salts at 700 °C 

were investigated by a series of electrochemical techniques such as cyclic voltammetry, square wave voltammetry and open-circuit 

chronopotentiometry, and then Nd-Al alloy were prepared via direct co-deposition of Nd and Al on the inert electrode. The results show 

that the reduction of Nd(III) in NaCl-KCl-NdCl

3

 melts is a one-step process with three electrons exchanging, and the reaction is an 

irreversible process controlled by diffusion at low scanning rates (0.1~0.5 V/s) with the calculated diffusion coefficient being 

approximately 1.2×10

-5

 cm

2

·s

-1

. After AlCl

3

 introduced into the NaCl-KCl-NdCl

3

 melts, the curves of cyclic voltammetry, square wave 

voltammetry and open-circuit chronopotentiometry indicate that three kinds of Nd-Al intermetallic compounds (Nd

3

Al

11

, NdAl

3

 and NdAl

2

) 

are formed. It can be deduced that the underpotential deposition of Nd occurs on the tungsten electrode covered with the pre-deposited 

metal Al from the open circuit chronopotentiometry. Based on the results of open circuit chronopotentiometry, the thermodynamic 

properties of Nd-Al intermetallic compounds are determined by electromotive force measurement at 700 °C, such as the activity of Nd in 

two-phase coexisting state and relative partial molar Gibbs energies, as well as the standard Gibbs energies of Nd-Al intermetallic 

compound. Finally, potentiostatic electrolysis was carried out at –2.3 V for 5 h to prepare Nd-Al alloys. X-ray diffraction (XRD) and scan 

electron micrograph (SEM)-energy dispersive spectrometry (EDS) analysis indicate that the obtained alloys are mainly composed of 

Nd

3

Al

11

, NdAl

3

, NdAl

2

 and Al phases. 

Key words: molten salt electrolysis; Nd-Al alloys; electrochemical behavior; intermetallic compounds; underpotential deposition 
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