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Abstract: The electrochemical behavior of MgCl, and the co-deposition mechanisms of Mg and Sr in the SrCl,—KCl
eutectic system were evaluated using various electrochemical techniques, including cyclic voltammetry (CV), square
wave voltammetry (SWV), and open-circuit potential (OCP) analysis. It was observed the Mg(Il) reduction on the
tungsten electrode in SrCl,—KCl melt occurred in a single-step process involving the transfer of two electrons,
exhibiting a quasi-reversible mode. The electrochemical co-deposition of Mg and Sr in the SrCl,—KCI-MgCl, melt
involved the formation of two types of Mg—Sr intermetallic compounds. The evolution in the co-deposition mechanism
of the nucleation type with changing overpotential was explored through chronoamperometry (CA). It is shown that the
nucleation pattern on the electrode surface was depended on the substrate materials and the electrode reaction products.
Early-stage nucleation was attributed to Mg(II) reduction under all overpotential conditions. With the co-deposition of
Mg and Sr, Mg(II) was reduced to form the Mg nucleus on the electrode surface, followed by underpotential deposition
of Sr(II) on the Mg surface accompanied by Mg deposition simultaneously. Additionally, increasing MgCly
concentration in the SrCl,—KCl melt resulted in a higher current density during the Mg—Sr co-deposition process.

Key words: MgCly; electrochemical behavior; diffusion coefficient; nucleation mechanism; co-deposition

Given the global shortage of energy and resources

1 Introduction

As the “green engineering material of the
21st century” [1], magnesium (Mg) metal exhibits
numerous excellent properties, including low
density, recyclability, high thermal conductivity,
large hydrogen storage capacity, and exceptional
damping performance [2]. Consequently, Mg and its
alloys are being increasingly utilized in various
industries, such as automotive [3], aerospace [4],
the 3C industry (computers, communications, and
consumer electronics) [5], and energy storage [6].

and the rapid development in aerospace, national
defense, military, and other sectors, high-
performance, lightweight magnesium alloys hold
significant importance and garner considerable
attention.

Strontium (Sr) is recognized as a beneficial
addition to magnesium alloys. The homogeneous
distribution of Sr dispersoids in the AZ91 substrate
improves alloy hardness and facilitates grain
refinement [7]. Tensile and creep resistance tests
conducted on Mg—AI-Sr alloy have demonstrated
the positive effect of Sr addition on magnesium
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alloys [8]. Based on impregnation tests and
electrochemical measurements, the simultaneous
incorporation of Sr and Sn to the Mg—Zr—Ca alloy
has been found to enhance corrosion resistance [9].
YANG et al [10] investigated the effect of Sr
addition on the Mg alloy’s properties, revealing that
0.1 wt.% of Sr effectively refined the grain structure
of Mg—3.8Zn—-2.2Ca alloy and improved its tensile
properties. Moreover, the addition of a small
amount of Sr to the AZ61—0.7Si alloy leads to grain
refinement and modification of the Mg,Si phase,
resulting in a remarkable improvement in the tensile
and creep properties [11].

The Mg alloy preparation generally involves
vacuum metallurgy and molten salt electrolysis.
Vacuum metallurgy, as a traditional technique,
suffers from several demerits, such as long process
durations, composition segregation, and high
energy consumption [12]. In contrast, molten salt
electrolysis offers short processing time, low costs,
and homogeneous product composition [13,14].
It has been successfully applied to various
Mg-containing alloys, including Mg-Li alloys,
Mg—Al alloys, Mg—Cu alloys, and Mg—La alloys.
ZHANG et al [15] investigated the electrochemical
formation of Mg—Li alloys in the LiCI-KCI] molten
salt system. They prepared Mg—Li—Al [16] and
Mg-Li—Zn [17] alloys using the electrochemical
co-deposition method. It is found that Mg—Li—Al
alloys can be yielded through the under-potential
deposition of Li on pre-deposited liquid Mg—Al
alloy. As for Mg—Li—Zn alloy, CP measurements
demonstrated that Mg, Li, and Zn co-deposited at
current densities lower than —0.78 A/cm? in
LiClI-KCI-MgCl, (8 wt.%)—ZnCl, (1 wt.%) molten
salt system. LI et al [18] investigated the electro-
chemical behavior of Mg(Il) and AI(IIl) in the
LiCI-KCl melt for Mg—Al alloy preparation using
potentiostatic electrolysis. As the over-potential
increased, Al tended to segregate at the grain
boundaries, with a decrease in Al content in
the Mg—Al alloy. CHEN et al [19] studied the
electrochemical formation mechanism of Mg—Cu
alloys in LiCI-KCI eutectic mixture and obtained
MgCu, and Mg,Cu phases. WANG et al [20]
explored the effect of electrolyte composition on
the Mg—La alloys, and achieved a current efficiency
of >90% using electrolyte composition of KCI
(65 wt.%), MgCl, (20—-15wt.%), and LaCls

(1520 wt.%). Overall, molten salt electrolysis
shows promising application prospects for alloy
preparation.

Electrochemical studies on the preparation of
Mg—Sr alloy through molten salt electrolysis have
been conducted [21]. However, limited information
is available regarding Mg(Il) electrochemical
properties and Mg—Sr co-deposition mechanism
in the molten salt system, which are crucial for
electrolysis preparation of Mg—Sr alloy. Therefore,
it is urgent to conduct related research to enhance
the understanding of Mg—Sr electrolytic preparation.
This work aims to explore the electrochemical
behavior of Mg(Il) and the Mg—Sr co-deposition
mechanism in the SrCl,—KCl molten salt system.
The reduction mechanism of Mg(II), the nucleation
mode, and the Mg—Sr co-deposition process are
thoroughly investigated to provide guidance for the
industrial preparation of the Mg—Sr alloy through
molten salt electrolysis.

2 Experimental

2.1 Materials

KCl (>99.0%, Aladdin), SrCl, (>99.0%, Diper),
and MgCl (>99.0%, Aladdin) were subjected to
vacuum drying for 20 h at a temperature of 473 K
to eliminate residual moisture and then stored in the
glove-box (Mikrouna) with oxygen and water levels
below 0.1x107° wt.%. The eutectic composition of
SrCl,—KCl (42.7 mol.% and 57.3 mol.%) was used
in each experiment, and anhydrous MgCl, was
introduced into the system as the Mg(Il) source.
Figure 1 shows the detailed schematic diagram of
the electrochemical experiment apparatus. Both
working electrode and reference electrode were
tungsten wires (d=1 mm, 99.99%), while the
auxiliary electrode was a spectral pure graphite rod
(d=6 mm).

2.2 Experimental method

All the measurements for cyclic voltammetry
(CV), square wave voltammetry (SWV),
electrochemical impedance spectroscopy (EIS),
open circuit potential (OCP), chronopotentiometry
(CP), and chronamperometry (CA) were conducted
using a Princeton 4000 electrochemical workstation
(Ametek Group Co., American). The workstation
was controlled by VersaStudio software package.
The measurements were performed in a three-
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Reference electrode Auxiliary electrode
Working electrode /‘ Thermocouple
Argon gas inlet ~_ | Argon gas outlet
Stainless-steel
container
High-purity
Resistor grap_lgi[e
furnace crucible Electrochemical
workstation
Princeton 4000
Fig. 1 Schematic diagram of electrochemical experiment apparatus
electrode system. Zview software was employed 0.15 R
to process EIS data. Before the experiment, all 0.10 |
electrodes were carefully polished with SiC paper 0.05 L
and ultrasonically cleaned with ethanol (99%). The
. . . . 0Fr ——
functioning area of the working area in the molten <
salt system was controlled using a homemade = -0.05¢
micro-positioning device, which was applied to -0.10}
cogtrolhng the worklpg ele-ctrode depth. In .the 0151 SrCL-KCI
resistor furnace, a high-purity graphite crucible — SrCL-KCI-1wt.%MgCl,
was used to hold the molten salt, sealed in the 0.201
i - i i -0.25 : . . .

stainless-steel cont.ametr, and .heated. An. inert 25 20 s 0 05 0
atmosphere was maintained during the experiments A%

by continuously supplying argon gas. The
potentiostatic method at —1.8V for 2h was
employed for the pre-electrolysis step to purify the
melts. After MgCl, introduction, the melt was
stirred by argon gas for 0.5h to promote the
homogeneity of the system. During the experiment,
the system temperature was monitored using a
thermocouple, which was enclosed in an Al,Os
tube. The temperature was controlled by the
programmable device with an accuracy of +1 K.

3 Results and discussion

3.1 Electrochemical behavior of Mg(II)
3.1.1 Cyclic voltammetry analysis

The CV curves obtained on the tungsten
electrode in SrCl,—KCl eutectic melts are shown in
Fig. 2. The measurements were conducted before
and after adding MgCl, at a temperature of 923 K.
For the typical CV curve obtained in the pure
SrCl,—KCl melts, the cathodic peak D, occurring
at approximately —2.30 V, was attributed to the Sr
deposition on the electrode surface. In the reverse

Fig.2 CV curves on electrode W before and after
addition of 1wt% MgCl, to SrClL—KCl
(8=0.322 cm?; 7=923 K; Scan rate: 0.1 V/s)

system

scan direction, the anodic peak D' at —2.11V
corresponded to the Sr dissolution. Additionally, a
small reduction peak I at —1.99 V, along with its
corresponding oxidation peak I', was attributed to
formation and dissolution of Sr—W intermetallics.
Upon MgCl, addition, the redox couple of A/A’
corresponded to the deposition and dissolution of
metallic Mg. Aside from couples A/A' and D/D',
two distinct anodic peaks (B' and C') were observed,
although their corresponding reduction signals were
not apparent. The reduction—oxidation peak of the
Sr—W alloy disappeared after the Mg(Il) source
introduction. This phenomenon can be explained by
the Mg reduction occurring before the formation of
Sr—W alloy. The preferentially formed Mg metal
covered the electrode surface and inhibited the
formation of Sr—W alloy.

The CV potential was adjusted to assign the
redox coupling of these cathodic and anodic peaks,
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as shown in Fig. 3. Six termination potentials were
selected (—1.65, —2.05, —2.15, —2.25, —2.35 and
—2.45V). When the cathodic inversion potential
was set as —1.65V, only A/A’' redox couples
appeared, with no other electrochemical signals
present. This indicates that Mg metal could be
directly deposited in a single step via the direct
reduction of Mg(Il) ions into Mg. Shifting the
potential to —2.05V did not result in apparent
anodic peak in the positive-going scan, suggesting
that —2.05 V was insufficient for the formation of
Mg—Sr alloys. At —2.15V, the B' peak can be
observed, while the termination potential of
—2.25 V was associated with the appearance of the
C' peak. Consequently, the corresponding cathodic
peaks of B (-2.10V) and C (-2.20 V) were
determined. These peaks represent the formations
of Mg—Sr intermetallic compounds. The B' and C'
peaks can be attributed to Mg dissolution into
the melts as Mg(l), in conjunction with the
decomposition of Mg—Sr intermetallic compounds.
Finally, adjusting the potential to —2.35 and
—2.45V allowed for the observation of all peaks
within the electrochemical window.

0.15
0.10} ,
0.05 c L
B/ J
or D / = =
< 005t f/ —,

——-1.65V
~010F B —— 205V
| /c —— 215V

0.15r 'p 225V
ol 235V
0.20 245V
_025 1 1 1 1
25 20 -15 -10 05 0

o/V
Fig.3 CV curves at tungsten electrode (5=0.322 cm?)
of SrCl,—KCl-MgCl, molten salt systems at different
inversion potentials (Scan rate: 0.1 V/s)

3.1.2 Square-wave voltammetry analysis

SWYV is a powerful technique utilized in the
determination of electron transfer numbers for
electrochemical reactions. Equation (1) establishes
the correlation among the half-peak width (W15),
the number of electron transfer, and temperature:

W1,=3.5RT/(nF) (1)

where R corresponds to the molar gas constant, 7

symbolizes the thermodynamic temperature, n
represents the number of exchanged electrons, and
F represents Faraday’s constant.

Figure 4 shows the SWV results for the MgCl,
reduction in the SrClL—KCl molten salts on a
tungsten electrode at a temperature of 923 K. In
agreement with the CV findings, only one reduction
peak was observed within the electrochemical
window. The presence of an asymmetrical shape in
the reduction peak can be due to the nucleation
overpotential of magnesium on the tungsten
electrode. To ensure the accuracy, the half-peak
width was determined using the left peak width to
account for the nucleation effect. According to
Eq. (1), n was deduced as 1.94, indicating that
Mg(Il) electrodeposition on the tungsten electrode
in the SrCl,—KCI molten salt system occurred in a
single-step process involving the transfer of two
electrons.

-0.006 12w,,=0.0718

-0.012

I/A

-0.018
-0.024

-0.030

-2.0 -1.5 -1.0 -0.5
o(vs W)/'V

Fig. 4 Square-wave voltammograms for Mg(II) reduction

on tungsten electrode (Pulse height: 25 mV; Step height:
2 mV; Frequency: 10 Hz; 7=923 K)

3.1.3 Electrochemical
analysis

The EIS was employed to understand the
electrolyte resistance, revealing the IR drop of the
SrClL—KCl-1wt.%MgCl, system. Figure 5 displays
the Nyquist plots for SrCl,—KCl-1wt.%MgCl,
melts on a tungsten electrode at a temperature of
923 K. The frequency ranged from 2000 to 1 Hz
with a potential amplitude of 10 mV. The curve
showed an remarkable linear relationship with
slopes of 0.98 when the frequency was below
400 Hz. It is indicated that impedance processes
accompany the mass transport of the species. The
inset graph in Fig. 5 shows the equivalent circuit of

impedance spectroscopy
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the electrochemical cell required for analyzing
impedance spectra. In this circuit, Rs denotes the
solution resistance, Caq denotes the double-layer
capacitance, R represents the charge transfer
resistance on the electrode surface, while CPE,
previously adopted in the molten salt system by
YOON and PHONGIKAROON [22] and YIN
et al [23], describes diffusion-related resistance.
The consistency between the measured and the
fitting results confirms the accuracy of the findings.
Subsequently, the initial value was determined by
instant fitting and then assigned to respective
element in the equivalent circuit. The fitted data
yielded a resistance value of 1.146 Q for the
SrCl,—KCl-MgCl, melt with 0.3% of error margin.

1.5¢

0.51 o  Measured
Fitted

l.IS 210 2I.5

Z.JQ
Fig.5 Measured and fitted Nyquist plots for
SrCL—KCl-1wt.%MgCl, melts on tungsten electrode
(S=0.322 cm?) at 923 K (Inset graph illustrates the
equivalent circuit of the electrochemical cell)

Furthermore, the Mg(Il)/Mg(0) reversibility
was evaluated over a wide range of scan rates from
0.05 to 0.50 V/s. Figure 6 shows the corresponding
results after potential compensation based on
the electrolyte resistance, which can reduce
experimental artifacts. It is observed that the
cathodic potential shifted slightly to negative
values as the scan rate increased, accompanied
by a successive increase in the cathodic current,
implying that the Mg(Il) reduction was not
completely reversible.

The Mg(I1)/Mg(0) reversibility was discussed
in-depth using the diagnostic parameter (A1) [24], as

given in Eq. (2):
K’ 1
Ne—— 2
[DnF/(RT)]"? v''? @

where D is the diffusion coefficient equal to

0.12

—0.05 V/s
—0.10 V/s
—0.15V/s
—0.20 V/s
— 030 V/s
—0.40 V/s
— 0.50 V/s

0.08

0.04

V/AY

-0.04 -

-0.08 |

-1.8 -16 -14 -12 -10 -0.8 -0.6
o/V

Fig. 6 CV curves for Mg(Il) reduction after correcting
ohmic resistance drop in SrCl,—KCl-MgCl, melts over
scan rate ranging from 0.05 to 0.50 V/s

9.46x10%cm?/s; v denotes the potential scanning
rate (V/s). For the reversible reaction, 4>15. For
the quasi-reversible reaction, 1072("“<4<15. For
the irreversible reaction, 4<10720*%, o represents
the transfer coefficient for Mg(II)/Mg(0), equal to
0.204. k° (cm/s) is derived from the difference
between the anodic and cathodic peak potentials, as
given in Eq. (3):

DnaF nF
no V)o.s exp(a n

k' =2.18(———
RT RT

@-o) 0
where ¢ and ¢ are the cathodic and anodic
peak potentials, respectively.

Table 1 lists the value of £° and A at various
scanning rates. As the scanning rate increases, k°
shows a similar trend while 4 decreases slightly.
However, the variations in A values are negligible
in relation to the quasi-reversible reaction criteria
(0.004<4<15). Therefore, Mg(Il) reduction on the
tungsten electrode is considered a quasi-reversible
process.

Table 1 ¢, —¢;, k°, and 4 at various scanning rates for

SrCl,—KCI-MgCl, melts on tungsten electrode

vI(V-sh (2o =)V K(cm-s™) 4
0.05 —0.1301 0.0030 0.8593
0.10 —0.1340 0.0042 0.8558
0.15 —0.1422 0.0051 0.8485
0.20 —0.1495 0.0058 0.8420
0.30 —0.1588 0.0070 0.8339
0.40 -0.1678 0.0081 0.8261
0.50 -0.1772 0.0089 0.8180




2386 Jia ZHAO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2381-2392

3.1.4 Open-circuit chronopotentiometry analysis
OCP, which describes the evolution of the
potential over time, is an appropriate electro-
chemical technique for studying the formation and
dissolution of alloys [25]. Figure 7 illustrates
the potential evolution of the working electrode
against the reference electrode over time in the
MgCl,—SrCl,—KCl molten salt system at a
temperature of 923 K. Firstly, a continuous
potential pulse of —2.55V was applied for 7s
between the working electrode and the counter
electrode. During this period, a thin layer of the
specimen was deposited on the working electrode
surface. Subsequently, the potential stepped up and
exhibited four plateaus, namely D (-2.11V), C
(—2.01 V), B (-1.95V), and A (-1.38 V), which is
consistent with CV results. Plateaus D and A were
attributed to the presence of Sr and Mg, respectively,
deposited on the electrode surface. In other words,
the equilibrium electrode potentials of Sr(II)/Sr
and Mg(I)/Mg with respect to tungsten in the
MgCl,—SrCl,—KCI melts were —2.11 and —1.38 V,
respectively. The plateaus B and C corresponded
to the formation of Mg—Sr alloys. Plateau B
represented a two-phase coexisting state of an alloy
with Mg, while plateau C represented another alloy
with Sr. When elapsed time exceeded 40 s, the
potential rose rapidly in that the deposits on the

working electrode surface were thoroughly
consumed.
-0.5¢1
-1.01
0 10 20 30 40

Elapsed time/s

Fig. 7 Potential evolution of working electrode against
reference electrode over time in SrCl,—KCI eutectic
melts containing 1 wt.% MgCl, at 923 K

3.1.5 Diffusion coefficient and activation energy
Figure 8 depicts CPs recorded on the tungsten
electrode for MgCl, in SrCl,—KCl eutectic melts at

different current intensities. A potential plateau
appeared at around —1.50 V, which corresponded
to the Mg(Il) reduction into Mg metal, and the
duration of this plateau decreased with the applied
current. The potential shifted negatively rapidly and
converged on another plateau, corresponding to the
reduction of the Mg—Sr alloy and the Sr deposition.
As evidenced by the CV results, the potential for
the reduction of the Mg—Sr alloy was close to that
of Sr deposition. Therefore, the plateau associated
with the Mg—Sr alloy reduction was obscured by
that corresponding to Sr reduction.

-0.6
— -2mA
-0.8F —— 24 mA
—— 26 mA
-1.0f —— -28mA
> T12f
S
-1.4
-16}
-1.8+
-2.0 . L . .
0 2 4 6 8 10

Elapsed time/s

Fig. 8 Typical CPs for SrCl,—KCl-MgCl, melt on

tungsten electrode at different current (7=923 K

Electrode area: 0.322 ¢cm?)

The Laity method [26] was adopted to
ascertain the transition time for magnesium
reduction. Figure 9 illustrates the linear evolution
for I versus 7 "2 at different temperatures ranging
873—948 K. This linear relationship indicates the
suitability of Sand’s equation, deduced for mass
transfer processes, in evaluating the diffusion
coefficient of Mg(Il) in SrCl,—KCl melt. Table 2
gives the diffusion coefficients of Mg(Il) at
different temperatures, determined by Eq. (4):

I1'2=0.5nFCoSn' 2D )

where [ represents the applied current (A), 7
represents the transition time (s), Co represents the
bulk concentration of Mg(II) in the melts (mol/mL),
and S denotes the surface area of the working
electrode (cm?).

Figure 10 shows the evolution of natural
logarithm of the diffusion coefficient as a function
of temperature, with diffusion activation energy of
28.73 kJ/mol deduced from the slope of the plot.
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Fig.9 Linear evolution of I versus 7 '? at different
temperatures ranging from 873 to 948 K

Table 2 Diffusion coefficients of Mg(I) in molten
SrCl,—KCI eutectic salt at different temperatures of
873-948 K

T/K D/(cm?-s7h)
873 7.49x107°
898 8.30x10°°
923 9.46x107°
948 1.01x1073
~11.48
-11.55}F
o -11.62
&
S
S -11.69F
=
-11.76
-11.83 .
1.05 1.10 1.15
771/1073K!

Fig. 10 Dependence of InD on 1/T based on chrono-
potentiograms

3.2 Co-deposition mechanism for Mg—Sr alloy
3.2.1 Chronoamperometry and nucleation mechanism
CA is an electrochemical measurement
technique that records the current evolution over
time under a constant potential pulse. CA methods
are widely used in the molten salt field to analyze
the nucleation mechanism of metal ions on the
electrode substrate [27—29], as its initial response of

the current in /—¢ curve reflects the characteristic
of nucleus formation. Figure 11 depicts the
dependence of current with time on the tungsten
electrode in the SrCl,~KCI-MgCl, melts under
different applied potentials. In the initial stage, the
current increased rapidly to its maximum value,
signifying the formation and growth of Mg and
Sr nuclei. Subsequently, the current gradually
decreased due to diffusion control. Moreover, the
higher the overpotential, the greater the current
value.

—ansl — -220V -175V
02517 — -215V  —-170V
I\ -210V  —-165V
0.20 1‘1’\\\ -205V —-160V
PPN 200V —-1ssy
N

\

<015}
~0.10

-0.05

0 0.2 0.4 0.6 0.8 1.0
Elapsed time/s

Fig. 11 Chronoamperometry /—¢ curves for deposition of
Mg on tungsten electrode at temperature of 923 K

According to the CA experiments data,
SCHARIFKER and HILLS [30] developed a
non-dimensional model to reveal the nucleation
mechanism of metal ions on the electrode surface.
The detailed expressions are shown in Egs. (5)
and (6).

For instantaneous nucleation:

el

For progressive nucleation:

2 2
(L] = 1.2254[tﬂj 1—exp —2.3367[L]
Im t tm
(6)

where [ and I, represent current and peak current,
respectively, ¢ and #, represent time and peak
current time, respectively. In LiClI-KCIl melts, the
effect of overpotential on the nucleation mechanism
of erbium [31], gadolinium [32], dysprosium [33],
terbium [34], and yttrium [35] on the electrode
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surface was investigated. It is consistently
concluded that the nucleation mode remained
unchanged regardless of overpotential. However,
the overpotential range investigated in these studies
was relatively limited. Therefore, in this study, a
wider overpotential interval was considered to
comprehensively understand the overpotential
effect on the nucleation mechanism.

To gain insights into the nucleation mechanism
of metal ions on the surface of the working
electrode, Fig. 12 shows the comparison of the
experimental data for various applied potentials
with the instantanecous and progressive nucleation
theoretical models, as presented in Egs. (5) and (6).
A series of CA measurements were performed
under different overpotentials in the SrCL,—KCIl—
MgCl, melts to investigate the evolution rule.
According to the OCP experiment results, these
overpotential scenarios involved the Mg deposition
on the electrode surface (Fig. 12(a)) as well as the

1.0F

Progressive

0 -175V

Progressive

it

Fig. 12 Comparison of experimental data for various
applied potentials deduced from /-t curves with
instantaneous and progressive nucleation theoretical
models: (a) From —1.55 to —1.75 V; (b) From —2.20 to
-2.00V

nucleation and growth of Mg and Sr on the
substrates (Fig. 12(b)). Remarkably, regardless of
the overpotentials, the nucleation mechanisms were
consistent with the instantaneous nucleation model
until #/tm was about 1. Moreover, the further growth
of instantaneously formed nuclei was sensitive to
variations in overpotentials.

When t/t, was greater than 1, the nucleation
type for the magnesium reduction transitioned
from instantaneous nucleation to progressive
nucleation as the overpotential increased. This shift
in nucleation type was a result of the wvaried
overpotential-induced changes in the substrates
occurring on the electrode surface over time.
Specifically, the higher overpotential facilitated
faster transformation into the magnesium substrate
on the electrode surface, ultimately leading to
differences in the nucleation patterns due to the
contrasting crystal structures of magnesium and
tungsten. Additionally, when the overpotential
reached a level where the simultaneous deposition
of Mg and Sr occurring on the electrode surface,
the nucleation regime exhibited fluctuations but
remained within the domain of instantaneous
nucleation as #/tn exceeded 1. Notably, this trend
was opposite from the observations made under
lower overpotential conditions. During the
co-deposition of Mg and Sr, Mg(Il) reduction
occurred and resulted in the formation of Mg
nucleus on the electrode surface, followed by an
underpotential deposition of Sr(II) on Mg surface
accompanied by Mg deposition simultaneously.
Thus, early-stage nucleation primarily stemmed
from Mg(Il) reduction, irrespective of the specific
overpotential conditions, leading to a consistent
nucleation pattern. However, as time increased,
strontium reduction also took place, leading to
alterations in the electrode surface product.
Consequently, these discrepancies in the deposited
species brought about distinct nucleation pattern
when compared to scenarios characterized by lower
overpotential. Similarly, based on the Scharitker
and Hills model, TYLKA et al [36] reported that the
deposition of uranium (U) alone exhibited a
progressive nucleation mode, while the addition of
plutonium (Pu) shifted the nucleation mechanism to
the instantaneous nucleation. This demonstrated
that the characteristics of the electrode surface
deposit would affect the nucleation mode.
Accordingly, in the SrCl,—KCI-MgCl> melt, the
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nucleation of metal ions was dependent on both the
electrode substrate and the composition of the
deposited species.
3.2.2 Chronopotentiometry
discussion

The co-deposition mechanism of Mg and Sr on
tungsten electrodes in the SrCl,—KCl system with
different MgCl, concentrations at a temperature
of 923 K was further investigated using the CPs
method, as illustrated in Fig. 13. In the absence of
MgCl, (Fig. 13(a)), a potential plateau was observed
around —1.8 V for Sr reduction when a current of
—20 mA (0.062 A/cm?) was applied. This plateau
shifted towards more negative potentials with
increasing current density. In the presence of
1 wt.% MgCl, (Fig. 13(b)), same current density
was applied to the working electrode, causing the
potential to rapidly decrease to around —1.5V.
This potential shift corresponded to the deposition
of Mg on the surface of the working electrode,
as confirmed by voltammetry results. When the
current density for Mg(Il) approached the limiting
diffusion current density, the potential plateau
shifted towards more negative potentials, and Sr(II)

and co-deposition

-1.0 @

_12 L

—-20mA
— -30 mA

_22 L L L L
0 2 4 6 8 10
Elapsed time/s
0.5
© —-15mA
0 — =30 mA
—-60 mA
—— =70 mA
—05 1 ——-80 mA
—-100 mA
> —-150 mA
< 710
15 ===
_25 1 1 1
0 5 10 15 20

Elapsed time/s

o/V

2389
in the melt started to gain electrons at
approximately —1.7V due to the formation of
Mg—Sr alloy, signifying the co-deposition of Mg
and Sr. When MgCl, concentration in the system
increased to 5 wt.% (Fig. 13(c)), the reduction
plateau resulting from Mg(II) shifted towards more
negative potentials as the current increased. Sr was
deposited on the electrode surface at a current of
—70 mA (0.217 A/cm?). As the MgCl, concentration
reached 10 wt.% (Fig. 13(d)), the current required
for Mg—Sr co-deposition increased to —200 mA
(0.621 A/cm?).

Consequently, an increase in current density
leads to a cathodic shift of the deposition potential
of Mg(Il) and Sr(Il) in the melt. Furthermore,
increasing the concentration of Mg(Il) enlarged the
current density for Mg and Sr co-deposition. This
implies that the regulation of Sr content within the
Mg substrate can be achieved by adjusting the
MgCl, concentration and applied current density.
This conclusion is consistent with previous
studies involving the preparation of Mg—La [20] and
Mg—Pr [37] intermediate compounds by molten salt
electrolysis.

b
-1.0t® —-20mA
—— =30 mA
-12F ——-40mA
——-50mA
——-60mA
_22 L 1 L 1
0 2 4 6 8 10
Elapsed time/s
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Fig. 13 Evolution of potential with time at different applied currents recorded by CP for SrCl,—KCI system with
different MgCl, contents at 923 K (5=0.322 cm?): (a) 0% MgCly; (b) 1% MgCly; (c) 5% MgCly; (d) 10% MgCl,
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4 Conclusions

(1) The Mg(Il) deposition on the tungsten
electrode in the SrCl,—KCl eutectic occurred in a
single-step process involving the transfer of two
electrons, resulting in the formation of two kinds of
Mg—Sr intermetallic compounds. Electrochemical
impedance spectroscopy (EIS) analysis indicated
that the electrolyte resistance of SrCl,—KCI-MgCl,
(1 wt.%) system was measured to be 1.146 Q
at a temperature of 923 K. Moreover, the quasi-
reversible mode of Mg(Il) reduction on the
tungsten electrode was confirmed through cyclic
voltammetry measurements. Diffusion coefficient
for Mg(l) within the SrClL,—KCl eutectic was
determined to be 9.46x10°cm?/s at a temperature
of 923K, with an activation energy (FE.) of
28.73 kJ/mol.

(2) The nucleation mechanism governing the
co-deposition of Mg and Sr was consistent with that
observed for Mg during the early nucleation stages.
However, a change in the nucleation pattern was
subsequently observed due to the different products
formed on the electrode surface resulting from the
presence of Sr.

(3) The CPs analysis for SrCl,—KCI eutectic
with different MgCl, concentrations demonstrated
that Sr content in the Mg substrate could be
regulated by manipulating both the MgCl,
concentration and the applied current density during
the co-deposition process.
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