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Abstract: The alloying process of Mg−La in NaCl−KCl−MgCl2−LaCl3 (NKML) melts during electroreduction was 
elucidated using electrochemical techniques and deep potential molecular dynamics (DPMD) simulations. In the 
NKML system, the Mg2+/La3+ electrodeposition on the tungsten (W) electrode at 973 K was found to be a one-step 
process. The nucleation of metal ions on the electrode surface followed an instantaneous nucleation mode and was not 
influenced by the alloying process. The redox potential and underpotential deposition behavior of the metal ions in the 
NKML system were accurately predicted by the DPMD simulations, confirming the alloying process of the Mg−La. 
Additionally, scanning electron microscopy with energy dispersive spectroscopy (SEM−EDS) analysis results 
confirmed that the cathodic deposits consisted of a bright phase and a dark phase, corresponding to the Mg−La alloys 
and Mg, respectively. The distribution of electrolytic products suggests that the cathodic deposit initially favors the Mg 
phase, with the Mg−La alloy forming more easily when the Mg source in the melt is depleted. 
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1 Introduction 
 

Lanthanum (La) has been shown to have a 
beneficial effect on magnesium (Mg) alloys by 
regulating grain growth, increasing corrosion 
resistance [1], and improving mechanical properties 
[2]. These advances elevate the performance of Mg 
alloys and promote their broader application in the 
automotive [3], electronics 3C [4], and aerospace 
industries [5]. 

Molten salt electrolysis, which has emerged as 
the preferred method for alloy production, is highly 
attractive due to its advantages, such as easy control 
of product composition, homogeneous distribution 
without segregation, and low energy consumption 
[6,7]. Recently, several studies have investigated 
the electrochemical processes involved in 

producing Mg-based alloys through molten salt 
electrolysis [8−12]. In the case of Mg−La alloys, 
WANG et al [8] observed the underpotential 
deposition behavior of La3+ on a Mg substrate in 
LiCl−KCl melt. JI et al [9] employed potentiostatic 
and galvanostatic electrolysis to synthesize Mg−La 
compounds and Mg−Li−La alloys, respectively. 
SAHOO et al [10] produced Mg−La alloys via 
co-electrodeposition in MgCl2−LaCl3−KCl melt, 
and by adjusting the MgCl2 and LaCl3 contents in 
the melt, and they achieved phase regulation of 
electrolysis products, including MgLa, MgLa+ 
Mg2La, Mg2La, and Mg17La2. In a similar system, 
WANG et al [11] discovered that the current 
decreases as the LaCl3 concentration increases. 
TAKENAKA et al [12] prepared La-containing  
Mg alloys in a NaCl−KCl−MgCl2−LaCl3 (NKML) 
system by direct electrodeposition, demonstrating 
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that the La content in the product depends on both 
the LaCl3 concentration in the melt and the applied 
cathodic voltage. The corrosion testing revealed 
that the corrosion resistance of Mg−La alloys 
produced by molten salt electrolysis was superior to 
that of pure Mg. 

Mg−La alloys have been investigated in 
various molten salt systems. Among these, LiCl is 
not suitable as an additive due to its high cost    
in practical production; furthermore, conducting 
electrochemical experimental studies using KCl 
alone as a supporting electrolyte presents challenges. 
The use of NaCl−KCl as a supporting electrolyte is 
both cost-effective and feasible at an acceptable 
operating temperature. Additionally, NaCl−KCl− 
MgCl2 is a common electrolyte formulation used  
in magnesium electrolysis, making the NKML  
melt compatible with the existing magnesium 
electrolysis process, which enhances its potential 
for industrial promotion and application. Therefore, 
studying the alloying process of Mg−La in the 
NKML system is of significant importance. 
Although similar studies exist, the mechanism of 
Mg−La alloy electro-reduction in NKML melts has 
yet to be thoroughly explored. Moreover, the 
existing literature rarely emphasizes the alloying 
process during electro-reduction. 

In recent years, deep potential molecular 
dynamics (DPMD) simulations, which utilize 
machine learning, have emerged as a novel 
technique in the field of molten salts. This method 
has been applied to analyzing the microstructure 
and thermodynamic properties of molten salts 
[13,14], as well as the redox potentials of metal ions 
in melts [15]. Building on our previous study [16], 
in this work, the alloying process of Mg−La in   
the NKML system during electroreduction was 
investigated through a combination of electro- 
chemical experiments and DPMD simulations. 
Additionally, the deposition process was examined 
based on the microstructural characterization of the 
Mg−La alloy. 
 
2 Methodology 
 
2.1 Electrochemical experiments 

The entire salt mixture was vacuum-dried at 
473 K for 20 h and subsequently stored in a glove 
box (Microuna) to maintain O2 and H2O contents 
below 0.1×10−6 (mass fraction). For each 

experiment, the eutectic composition of NaCl 
(Aladdin, >99.5%) and KCl (Aladdin, >99.5%) 
supplied by Shanghai Aladdin Biochemical 
Technology Co. was used. Anhydrous MgCl2 
(Macklin, >99.5%) and LaCl3 (Macklin, >99.5%) 
were provided by Shanghai Zhonghe Chemical 
Technology Co. as sources of Mg2+ and La3+. To 
eliminate potential impurities, the potentiostatic 
method was applied at −1.70 V (vs Ag/AgCl) for 
2 h prior to electrolysis. The salts for electro- 
chemical experiments were melted in a sealed 
resistance furnace, with a continuous supply of 
argon gas (>99.99%) ensuring the inert atmosphere. 
All electrochemical measurements were conducted 
using an electrochemical workstation (Princeton 
4000) with a three-electrode system. A tungsten rod 
(diameter d=1 mm) served as the working electrode, 
while a spectrally pure graphite rod (d=6 mm) was 
used as the auxiliary electrode. A self-made 
Ag/AgCl reference electrode, composed of a silver 
wire embedded in a NaCl−KCl−AgCl mixture 
(1 wt.%), was employed. Unless otherwise 
specified, the effective surface area of the working 
electrode for electrochemical experiments was 
0.322 cm2. 
 
2.2 Computational details 

Six different compositions were developed to 
predict the redox potentials of Mg2+ and La3+ ions in 
NaCl−KCl melts. Detailed information regarding 
the number of atoms and ions in both the oxidized 
(-ox) and reduced (-red) states is provided in 
Table 1. In all cases, the reduced states were 
derived from the oxidized states by reducing the Cl− 
balance. This approach has been previously 
employed to predict redox potentials in other 
molten salt systems [17,18]. The presence of Mg2+ 
in the melt induces the deposition of La3+ at lower 
potentials during the reduction process, providing 
compelling evidence for the Mg−La alloying 
phenomenon in the melt. To further explore this 
process, La(Mg)-ox and La(Mg)-red states were 
developed, with (Mg) representing the metal Mg 
previously deposited on the electrode surface. 

The schematic diagram for calculating the 
thermodynamic behavior is shown in Fig. 1. In this 
study, ab initio molecular dynamics (AIMD) 
simulations were conducted using the Vienna Ab 
initio Simulation Package (VASP) [19]. AIMD 
simulations for each system were carried out for 
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Table 1 Numbers (N) of different metal atoms and ions in ox- and red-states for calculating redox potential in NaCl− 
KCl melts 

System N(Na+) N(K+) N(Mg2+) N(La3+) N(Cl−) N(Mg) N(La) 
Mg-ox 20 20 2 2 50 0 0 
Mg-red 20 20 1 2 48 1 0 
La-ox 20 20 0 2 46 0 0 
La-red 20 20 0 1 43 0 1 

La(Mg)-ox 20 20 0 2 46 1 0 
La(Mg)-red 20 20 0 1 43 1 1 

 

 
Fig. 1 Schematic representation of calculation method 
for predicting thermodynamic behavior of NKML melts 
 
10 ps at 973 K, with the input parameters for VASP 
kept consistent with those in our previous work [16]. 
Data from the AIMD simulations, including energy, 
force, and coordinates, were collected to serve as 
the initial data set. The exact interatomic potential 
surface was then generated using a machine 
learning approach, implemented through the 
DeePMD kit package [20]. 

The deep potential (DP) model was trained for 
5×105 steps, with embedding and adapting networks 
consisting of three layers. The initial and final 
prefactors for energy and force were set to (0.02, 1) 
and (1000, 1), respectively. DPMD simulations 
were conducted using the Large-scale Atomic/ 
Molecular Massively Parallel Simulator (LAMMPS) 
[21], which was compiled with the DP module to 
analyze the thermodynamic behavior of the NKML 
melts. Each system was first simulated in a 500 ps 
NPT ensemble, followed by 500 ps simulations in 
the NVT ensemble. 
 
2.3 Electrolysis and Mg−La alloy characterization 

The Mg−La alloy was produced using the 
potentiostatic method at 973 K. After electrolysis, 

the alloy was cooled in an argon atmosphere in the 
furnace before being mechanically extracted from 
the salt. The alloy was then cleaned with anhydrous 
ethanol (99.5%, Macklin) using ultrasonic waves  
to remove any residual salts. Subsequently, it   
was processed using an automatic grinding and 
polishing machine (MECATECH 234, PRESI, 
France) in preparation for microstructural analysis. 
Specifically, the samples were embedded, ground 
(75, 40, and 20 μm), and polished (9, 3, and 1 μm). 

The microstructure of the alloy was observed 
using a scanning electron microscope (S−3400N, 
Hitachi, Japan), and microzone analysis was 
simultaneously conducted with an energy dispersive 
X-ray spectroscope (Falion 60S, EDAX, USA). The 
crystal phases of the alloys were identified using an 
X-ray powder diffractometer (D/Max 2550 VB/PC, 
Rigaku, Japan) within a 2θ range of 10°−80°, with 
increments of 0.02°, employing monochromatic 
Cu Kα radiation (40 kV, 100 mA). The elemental 
composition of the alloy products was quantified 
using an optical emission spectrometer with 
inductively coupled plasma (ARCOS FHS12, 
Spectro, Germany). 
 
3 Results and discussion 
 
3.1 Electroreduction results 
3.1.1 Cyclic voltammetry analysis results 

Figure 2 presents the cyclic voltammogram 
(CV) curves obtained on a tungsten electrode for 
different systems at 973 K. The green curve 
represents the typical CV result for the NaCl−KCl 
melt, showing a distinct redox peak E/E' 
(−2.01 V/−1.79 V) in the negative potential region, 
corresponding to the deposition and dissolution of 
Na, respectively. After introducing 2 wt.% LaCl3 
into the NaCl−KCl system (orange curve), the 
cathodic current at −1.77 V increased significantly 
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compared to that of the NaCl−KCl system. This is 
due to the deposition potential of La being close to 
that of Na, resulting in the current being a 
combined contribution from the formation of both 
La and Na. Additionally, a clear oxidation signal D' 
was observed during the anodic scan, corresponding 
to the oxidation of La deposited on the electrode 
surface. Simultaneously, the intensity of E' weakened 
considerably, as part of the current was consumed 
by La reduction during the cathodic scan. 
 

 
Fig. 2 CV curves for various systems at 973 K with scan 
rate of 0.1 V/s 
 

For the NaCl−KCl−0.5wt.%MgCl2 system 
(purple curve), the CV curve revealed a new anodic 
signal, A', adjacent to E/E', which was attributed  
to Mg dissolution. The current onset shifted      
to approximately −1.49 V, corresponding to the 
deposition potential of Mg in the NaCl−KCl melt. 
When 0.5 wt.% MgCl2 and 2 wt.% LaCl3 were 
simultaneously added to the NaCl−KCl system, the 
CV produced a sky-blue curve. In the anodic 
direction, in addition to the oxidation peaks A', B', 
and C', two new anodic signals, D' and E', appeared, 
which were associated with the formation of the 
Mg−La alloy during the electroreduction process. 
This behavior is consistent with previous CV 
analyses of Mg−Nd [22] and Mg−Tm [23] alloys. 
The phase diagram of the Mg−La alloy [24] 
indicates the presence of two solid intermetallic 
compounds, Mg3La and MgLa, at 973 K, 
corresponding to B' and C', respectively. 

The deposition signal of the alloy lies between 
those of the two pure metals. To distinguish the 
electrochemical signals generated by the deposition 
of Mg−La alloys, different cathodic potentials were 

applied, covering the potential range from −1.60 to 
−1.80 V, as shown in Fig. 3. When the potential is 
set to −1.60 V, the electrochemical window shows 
only a pair of redox peaks corresponding to the 
deposition and redox formation of Mg. When the 
cathodic potential is shifted to −1.70 V, the B' peak 
is observed, while at −1.75 V, the C' peak becomes 
visible. When the cathodic reversal is shifted     
to −1.80 V, the signal of La oxidation appears 
during the positive-going scan. Consequently, the 
deposition potentials of Mg3La, MgLa, and La in 
the NKML system on the tungsten electrode     
are −1.67, −1.71, and −1.77 V, respectively. By 
adjusting the termination potential from −1.90 to 
−2.20 V, the dissolution signal of Na (E') was 
detected during the anodic scan, and the deposition 
potential of Na was determined to be −2.01 V. 
 

 
Fig. 3 CV curves at different potential windows for 
NaCl−KCl−0.5wt.%MgCl2−2wt.%LaCl3 system at 973 K 
 
3.1.2 Square-wave voltammetry analysis results 

Square-wave voltammetry (SWV) has proven 
to be a more sensitive electrochemical technique 
than CV and is therefore frequently used to 
investigate the electroreduction mechanisms of 
metal ions in molten salts [25]. Figure 4 presents 
the results of SWV analysis for different melts, with 
a pulse height of 25 mV, a step potential of 2 mV, 
and a frequency of 10 Hz. Compared to the CV 
curves in Fig. 2, clear reduction signals were 
observed in the SWV. In the NKML system, four 
reduction signals were detected. When compared 
with the NaCl−KCl system, signal E was identified 
as the Na reduction signal. Similarly, peaks A and D 
were associated with the reduction of Mg2+ and La3+ 
on the electrode surface, respectively. Additionally, 
a clear reduction signal was observed between A 
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and D, which corresponded to the formation of the 
Mg−La alloy. The positive-going scanning process 
(i.e., square-wave dissolution voltammetry) for the 
NKML system was then examined, and five anodic 
peaks were identified. Peaks B' and C' represent  
the dissolution of Mg as Mg2+ along with the 
dissolution of Mg−La compounds. During NKML 
electroreduction, two alloys were deposited on the 
surface of the tungsten electrode, with peaks (B and 
C) overlapping during reduction due to their close 
potential values. 
 

 
Fig. 4 SWV analysis results for various melts at 973 K 
 
3.1.3 Open-circuit chronopotentiometry analysis 

results 
Open-circuit chronopotentiometry (OCP) is a 

powerful electrochemical method for studying alloy 
formation and dissolution. Figure 5 presents the 
comparative results of potential evolution over time 
(t) in different melts at 973 K. Initially, a constant 
potential pulse of −2.52 V was applied for 2 s, 
during which a sample layer was deposited on the 
working electrode. The potential then increased and 
reached a plateau, with each plateau indicating the 
coexistence of two phases. 

The sky-blue curve shows potential Plateau 1 
at approximately −1.92 V, representing the 
equilibrium potential of the Na+/Na pair in the 
NaCl−KCl system. After LaCl3 was introduced into 
the NaCl−KCl system (green curve), the potential 
evolution over time was revealed. In addition     
to Plateau 1, a potential Plateau 2 at −1.70 V, 
associated with the equilibrium potential of the 
La3+/La pair appeared. The appearance of Plateau 5 
(−1.48 V) in the NaCl−KCl−0.5wt.%MgCl2 melt 
corresponds to the Mg2+/Mg pair in the NaCl−KCl 
system. The orange curve represents the OCP 
results for the NKML system, where five potential 

plateaus were observed. Plateaus 1, 2, and 5 
correspond to the stripping of Na, La, and Mg, 
respectively. Plateau 3, at −1.61 V, is attributed to 
the intermetallic compound MgLa, which contains 
the highest concentration of La [22]. Plateau 4, at 
−1.54 V, was determined to represent Mg3La. The 
possible equilibrium reactions for these plateaus are 
expressed in Eqs. (1) and (2). Therefore, Plateaus 3 
and 4 are likely to correspond to the coexistence  
of MgLa and Mg3La, and Mg3La and Mg, 
respectively.  
3 MgLa 3e
2

− 3
3

1 Mg La La
2

++             (1) 
 

3Mg La 3e− 33Mg La ++                 (2) 
 

 
Fig. 5 Comparative results of OPC curves of different 
melts on tungsten electrodes at 973 K  
 
3.1.4 Chronoamperometry analysis results 

Chronoamperometry monitors the current 
development over time under a constant potential 
pulse and was employed in this work to investigate 
the nucleation behavior of metal ions on the 
electrode surface and their diffusion characteristics 
in the melt. Figure 6 displays the I−t curves for 
various melts at different applied potentials, along 
with comparative results between the experimental 
data and theoretical nucleation models. To study  
the nucleation mechanism of metal ions on the 
electrode surface, three potential ranges were 
selected based on the voltammetry results: from 
−1.60 to −1.66 V, from −1.80 to −1.86 V, and from 
−1.68 to −1.78 V, respectively. The I−t curves 
obtained for all systems can be divided into three 
phases. The first phase is characterized by a rapid 
increase in current to its maximum, which 
corresponds to the nucleation and subsequent  
growth of the metal. In the second phase, the current 
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Fig. 6 Chronoamperometric I−t curves of various melts at different applied potentials and corresponding comparative 
results 
 
gradually decreases, indicating that ion diffusion 
controls the process. In the third phase, the current 
stabilizes as mass transfer and the electrode reaction 
reach equilibrium. 

In this work, the non-dimensional models 
proposed by SCHARIFKER and HILLS [26] were 
applied to analyzing the nucleation pattern of metal 
ions on the tungsten electrode. These models   
were typically derived from I−t data, and       
the corresponding expressions were defined by 
Eqs. (3) and (4): 

For instantaneous nucleation, there exists  
22

m

m m
1.9542 1 exp 1.2564tI t

I t t
       = − −      

         
(3) 

 
For progressive nucleation, there exists 

 
22 2

m

m m
1.2254 1 exp 2.3367tI t

I t t

         = − −              
(4) 

 
where I is the current, Im is the peak current, t is the 
time, and tm is the time corresponding to the peak 
current. 

Figures 6(d), (e), and (f) show the comparison 
of the experimental data with the theoretical models 
for instantaneous and progressive nucleation. 
According to the results of the CV analysis, 
Fig. 6(f), corresponding to the deposition of the 
Mg−La alloy, follows the same nucleation mode as 

Figs. 6(d) and (e), which are both indicative of 
instantaneous nucleation. This finding suggests that 
the nucleation mechanism of the metal ions is not 
affected by the alloying process in the NKML 
system. 

The linear dependence between I and t 
−1/2, as 

shown in Figs. 6(a) and (b), is presented in Fig. 7. 
From this, the diffusion coefficients of Mg2+ and 
La3+ in NaCl−KCl were determined to be 2.80×10−5 
and 0.87×10−5 cm2/s, respectively, using Cottrell’s 
equation as described in Eq. (5): 
 

1/2
0

1/2 1/2π
nFAD CI

t
=                           (5) 

 
where n is the number of the transferred electrons, 
F is the Faraday constant, A is the area of the 
working electrode, D is the diffusion coefficient  
of the ions in the molten salt, C0 is the mass 
concentration of Mg2+ or La3+, and t is the 
polarization time. 
 
3.2 DPMD simulations 
3.2.1 DP model performance 

Before calculating the thermodynamic 
behavior of the NKML system, the accuracy of the 
DP model was thoroughly evaluated from multiple 
perspectives, including the root mean square error 
(RMSE) of energy and force, the comparison of 
energy and force data predicted by the DP model 



Jia ZHAO, et al/Trans. Nonferrous Met. Soc. China 35(2025) 3919−3932 

 

3925 

with density functional theory (DFT) results, and 
the reproducibility of the radial distribution 
function (RDF). Table 2 presents the RMSE values 
for energy and force for all designed systems, with 
the maximum energy error being 1.20 meV/atom 
and the maximum force error reaching 
33.98 meV/Å. The RMSE results for all states are 
consistent with those reported in Refs. [14,27], 
demonstrating that the trained DP model is reliable. 

A visual comparison of the energy and force 
predicted by the DP model with the DFT results is 
 

 
Fig. 7 Linear dependence of I versus t−1/2 for NaCl−KCl− 
0.5wt.%MgCl2 (a) and NaCl−KCl−2wt.%LaCl3 (b) melts 
at 973 K, with red curves representing fitted results 
 
Table 2 RMSEs of energy and force for designed 
systems 

System RMSE for energy/ 
(meV·atom−1) 

RMSE for force/ 
(meV·Å−1) 

Mg-ox 0.44 23.59 

Mg-red 0.32 33.68 

La-ox 0.51 25.59 

La-red 0.49 33.98 

La(Mg)-ox 1.20 33.84 

La(Mg)-red 0.59 29.09 

shown in Fig. 8. In this figure, the horizontal axis 
represents the DFT results, while the vertical axis 
represents the results predicted by the DP model. It 
is evident that the energy and the x, y, and z 
components of the force for all states are uniformly 
distributed along the diagonal. This uniform 
distribution indicates that the trained DP model 
successfully achieves DFT-level accuracy in 
predicting both energy and force. 
 

 
Fig. 8 (a) Energy (E) comparison between DP and DFT 
results; (b) Force (F) comparison between DP and DFT 
results 
 

The RDF is an essential tool for characterizing 
liquid materials. The robustness of the DP model is 
also demonstrated by its ability to accurately 
reproduce the RDF, as shown in Fig. 9. Figure 9(a) 
presents the RDFs for Na−Cl, K−Cl, Mg−Cl, and 
La−Cl, comparing results from the systems 
MgCl2−NaCl [28], MgCl2−KCl [29], and LaCl3 
[30]. The RDFs obtained from the DPMD 
simulation align closely with those from the AIMD 
simulation and reference data, with only a slight 
difference observed in the height of the first peaks 
for Mg−Cl and La−Cl. These comparative results 
confirm that the well-trained DP model delivers 
sufficient accuracy for further investigations. 
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Fig. 9 Radial distribution function (g(r)) from DPMD 
simulation compared to AIMD simulation 
 
3.2.2 Prediction of redox potential 

Figure 10 presents the total energy distribution 
of the NKML melt, which exhibits a high central 
peak with a symmetrical distribution on both sides. 
A Gaussian fit was applied to characterizing this 
energy distribution. The mathematical expectation 
value was used to approximate the ensemble mean, 
representing the energy of the system in this state. 
Based on this approach, the redox potentials of 
Mg2+ and La3+ in the NKML system were evaluated 
following the strategy proposed by NAM and 
MORGAN [31]. Table 3 shows the mathematical 

expectation derived from the Gaussian fit and the 
predicted redox potential. 
 

 
Fig. 10 Total energy distribution and Gaussian fit results 
for NKML melt at 973 K 
 

For the Ag/AgCl reference electrode, which 
contains a low AgCl concentration, the electrode 
potential between it and Cl2/Cl− can be expressed 
mathematically:  
φAg/AgCl (vs Cl2/Cl−)=−1.0910+1.17×10−5T      (6) 
 
where T is the thermodynamic temperature. 

The redox potentials relative to Ag/AgCl for 
Mg2+/Mg, La3+/La, and La3+ underpotential 
deposition on a Mg substrate in NaCl−KCl melts, as 
described in Section 3.1.1, were converted to 
potentials relative to Cl2/Cl−. The results are shown 
in Table 3. The predicted redox potential of 
Mg2+/Mg in the NaCl−KCl system exhibited a 
negative deviation of −0.03 V, while the redox 
potentials of La3+/La and La3+ underpotential 
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deposition on the Mg substrate showed positive 
deviations of 0.02 and 0.03 V, respectively. 
Furthermore, the redox potentials obtained from the 
DPMD simulations captured the differences 
between the presence and absence of the Mg 
substrate in the system, accurately reflecting the 
underpotential deposition behavior of La3+ on the 
Mg substrate observed during the electrochemical 
experiments. This outcome confirms the reliability 
of the DPMD simulation and calculation strategy, 
while also providing new insights and potential 
approaches for accurately predicting the redox 
potentials of metal ions during molten salt 
electrolysis. 
 
Table 3 Predicted total energy of different systems from 
DPMD simulations, predictions of redox potentials, and 
deviation values 

System 
Total 

energy/ 
eV 

Redox  
potential 

by 
DPMD/V 

Redox 
potential by 
experiment/ 

V 

Deviation/ 
V 

Mg-ox −316.29 
−2.60 −2.57 −0.03 

Mg-red −305.10 

La-ox −294.76 
−2.86 −2.88 0.02 

La-red −277.17 

La(Mg)-ox −295.27 
−2.72 −2.75 0.03 

La(Mg)-red −278.12 

 
3.2.3 Local structure and diffusion coefficient 

To gain insight into the microstructural 
properties of the NKML system, the number of ions 
in the Mg-ox state, as simulated by AIMD, was 
increased by 10-fold. The trajectory of the NVT 
ensemble was analyzed to determine the temporal 
evolution of RDF, coordination number, and mean 
square displacement (MSD), as shown in Fig. 11. 
The first peak of Mg−Cl is higher than that of 
La−Cl, which is due to the stronger interaction in 
Mg−Cl pairs, while coordination number of La−Cl 
(nLa−Cl) is higher than that of Mg−Cl (nMg−Cl). 

The diffusion coefficients (D) of Mg2+ and 
La3+ in the NKML melts were derived from the 
evolution of the MSD over time, yielding 
DMg2+=2.82×10−5 cm2/s and DLa3+=1.58×10−5 cm2/s, 
which closely match the results obtained using the 
CA technique. Additionally, LIU et al [32] and 
VANDARKUZHALI et al [33] reported the diffusion 
coefficients of Mg2+ and La3+ at different temperatures 

in LiCl−KCl molten salt, determining that DMg2+ and 
DLa3+ at 973 K were 3.67×10−5 and 2.78×10−5 cm2/s, 
respectively. Overall, our experimental and 
simulation results are in good agreement with the 
values reported in the literature [32,33]. In the 
NKML system, Mg2+ exhibits a larger diffusion 
coefficient due to its lower valence state, making it 
less affected by Coulomb forces during the 
movement compared to La3+. Moreover, the 
coordination number of the first shell of Mg−Cl is 
much smaller than that of La−Cl, meaning that 
Mg2+ encounters less spatial resistance during the 
movement. 
 

 
Fig. 11 Local structure information (a) and evolution of 
MSD with time (b) for NKML melts at 973 K 
 
3.3 Electrolysis and Mg−La alloy characterization 
3.3.1 XRD pattern of Mg−La alloys 

To obtain the electrolysis products, the 
concentrations of MgCl2 and LaCl3 in the 
electrolyte system were increased, resulting in the 
selection of NaCl−KCl−5wt.%MgCl2−3wt.%LaCl3 
mixed salt to produce the Mg−La alloy. Based on 
the CV results for this system (Fig. 12) and the 
electrolysis strategy for Mg−Nd alloys [22], 
potentiostatic electrolysis was performed at −2.30 V 
on a tungsten electrode (S=0.322 cm2) at 973 K for 
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10 h. Figure 13 shows the XRD analysis of the 
cathodic deposits, which were identified as Mg and 
Mg17La2. 
 

 
Fig. 12 CV result for NaCl−KCl−5wt.% MgCl2−3wt.% 
LaCl3 melts at 973 K with scan rate of 0.1 V/s 
 

 
Fig. 13 XRD patterns of cathodic deposits obtained by 
potentiostatic electrolysis 

In the electrochemical experiments, Mg3La 
and MgLa were identified in the phase diagrams of 
Mg−La binary alloys, but these phases did not 
appear in the final alloy products. TAKENAKA   
et al [12] demonstrated that the La content in 
Mg−La alloys prepared by direct electrodeposition 
in NKML melts depended on the concentration   
of La3+. The higher Mg2+ concentration during 
electrolysis resulted in the cathodic product being 
the Mg-rich Mg17La2 phase. 
3.3.2 Microstructural characteristics of Mg−La alloy 

The microscopic morphologies of the cathodic 
products were analyzed to understand the electro- 
reduction mechanism of the Mg−La alloy in the 
NKML melts. Surface (superficial) and cross- 
sectional (deep) samples of the cathodic deposits 
were prepared by controlling the depth of different 
sections. Figures 14(a), (b), and (c) show the 
microscopic morphology of the surface samples at 
different magnifications. Overall, the samples 
exhibit two distinct phases: a light phase and a dark 
phase. The light phase forms a dense and irregular 
network, while the dark phase represents the 
substrate. Figures 14(d) and (e) show the 
microscopic morphologies at the edge and center  
of the cross-sectional sample, respectively. The 
comparison reveals that the lighter areas are more 
pronounced in the edge region. Based on 
subsequent EDS characterization, the dark areas 
correspond to the Mg phase, while the light areas 
represent the Mg−La alloy phase. During the 
electrolysis process, deposition begins at the center 

 

 
Fig. 14 SEM images of cathodic products (a−e) and sample embedded in epoxy resin (f): (a−c) Microscopic 
morphologies of surfaces; (d, e) Microscopic morphologies of cross-section at edge and center, respectively  
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of the sample, followed by the edge region. This 
indicates that the electrolysis product tends to form 
the Mg phase in the early stages. As the Mg source 
in the melt becomes depleted, the product is more 
likely to transition into the Mg−La alloy phase. 

Figure 15 presents the elemental analysis 
results of the dark and light zones of the electrolysis 
products. The dark phase contains 95.78 wt.% Mg 
and 4.22 wt.% O, indicating it corresponds to the 
Mg substrate, with the presence of O likely due to 
the oxidation of Mg after polishing. The mass 
fractions of Mg, La, and O in the light phase are 
70.35%, 28.01%, and 1.63%, respectively. The 
presence of La in the light phase confirms that it 
corresponds to the Mg−La alloy. Additionally, the 
introduction of La reduced the mass fraction of   
O from 4.22% to 1.63%, indicating that the 
antioxidant properties of Mg alloy with La were 
improved. 

The Mg/La atomic ratio in the bright region is 
14.34꞉1, which differs from the ratio in the Mg17La2 
identified by XRD. This discrepancy is due to   
the electron beam bombardment during EDS 
measurements, which results in an averaged 
elemental ratio over the bombardment depth. The 
inhomogeneous distribution of the light and dark 
phases in the vertical direction and the large amount 

of Mg in the products contribute to a lower La 
content in the light zones. ICP was subsequently 
used to determine the total concentration of the 
samples, yielding Mg and La mass fractions of 
85.33% and 14.67%, respectively. 

Figure 16 illustrates the element distribution  
of the electrolysis products analyzed by EDS 
mappings. Red and green colors represent the 
elements Mg and La, respectively. In Fig. 16(b), Mg 
is shown to be distributed throughout the sample, 
with a higher concentration in the dark phase, as 
observed in the SEM image. In Fig. 16(c), La is 
predominantly distributed in the bright zones, 
which correspond to the Mg−La alloy phase, and is 
negligible in the dark phase. Figure 16(d) shows the 
superimposed distribution of Mg and La elements, 
which aligns with the observations from Figs. 16(b) 
and (c). 
 
4 Conclusions 
 

(1) The electrochemical experiments in the 
NKML system demonstrate that the reduction of 
Mg2+ and La3+ ions occurs in a single step. The 
nucleation of Mg and La on the electrode surface 
follows an instantaneous nucleation mode and is not 
affected by the alloying process. 

 

 
Fig. 15 (a, b) Morphologies of local microzones in cathodic deposit; (c, d) EDS analysis results 
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Fig. 16 Elemental distribution of electrolysis products analyzed by EDS mappings: (a) Microscopic morphology;     
(b, c) Elemental distribution of Mg and La, respectively; (d) Overall distribution of Mg and La 
 

(2) The redox potentials predicted by the 
trained DP model align well with the experimental 
values. Furthermore, the redox potential results 
from the DPMD simulations captured the under- 
potential deposition behavior of La3+ on the Mg 
substrate, positively influencing the alloying 
process of Mg−La alloy. 

(3) SEM−EDS results confirmed that the 
cathodic deposits consist of light and dark phases, 
corresponding to Mg−La alloy and Mg, respectively. 
Their distribution suggests that the cathodic 
deposits initially form the Mg phase, with the 
Mg−La alloy phase emerging later in the alloying 
process. 
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摘  要：采用电化学技术和深度势能分子动力学(DPMD)模拟研究了 NaCl−KCl−MgCl2−LaCl3(NKML)熔体在电还

原过程中 Mg−La 的合金化过程。973 K 时，NKML 熔体中 Mg2+/La3+在 W 电极上的电沉积为一步过程，金属离子

在电极表面的成核方式为瞬时成核且不受合金化过程的影响。利用 DPMD 模拟，准确预测了 NKML 熔体中金属

离子的氧化还原电位和欠电位沉积行为，证实了 Mg−La 的合金化过程。此外，SEM−EDS 的分析结果显示，阴极

沉积产物 Mg−La 和 Mg 分别表现为明和暗两相。电解产物分布表明，电解早期容易形成 Mg 相，随着熔体中 Mg

被消耗，电解产物更易形成 Mg−La 合金相。 

关键词：NaCl−KCl−MgCl2−LaCl3 熔体；Mg−La 合金；合金化过程；电还原；氧化还原电位 
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