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Abstract This work presents a novel electrochemical
study on the codeposition of Mg, Li and Al on a molyb-
denum electrode in LiCI-KCl-MgCl,—AICl; melts at
943 K to form Mg-Li—Al alloys. Cyclic voltammograms
(CVs) showed that the underpotential deposition (UPD) of
magnesium on pre-deposited aluminum leads to the for-
mation of a liquid Mg—Al solution, and the succeeding
underpotential deposition of lithium on pre-deposited Mg—
Al leads to the formation of a liquid Mg—Li—Al solution.
Chronopotentiometric measurements indicated that the
codeposition of Mg, Li and Al occurs at current densities
lower than —0.47 A cm™2 in LiCI-KCI-MgCl, (0.525 mol
kg™") melts containing 0.075 mol kg~' AICl;. Chrono-
amperograms demonstrated that the onset potential for the
codeposition of Mg, Li and Al is —2.100 V, and the
codeposition of Mg, Li and Al is formed when the applied
potentials are more negative than —2.100 V. The diffusion
coefficient of aluminum ions in the melts was determined
by different electrochemical techniques. X-ray diffraction
and inductively coupled plasma analysis indicated that o,
o + f and f Mg-Li-Al alloys with different lithium and
aluminum contents were obtained via potentiostatic and
galvanostatic electrolysis.
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1 Introduction

Mg-Li based alloys are the lightest among the magnesium
alloys, and serve as crucial structural materials for the
aerospace industry [1]. These alloys possess excellent cold
formability but relatively low strength, especially for those
with high lithium contents [2]. Poor corrosion resistance
and thermal stability of Mg-Li binary alloys limit their
wide application. It has been reported that the addition of
some alloying elements, such as Al and/or Zn, enhances
their mechanical properties. For instance, the addition of
aluminum to Mg-Li based alloys improves their strength
due to the formation of intermetallic particles [3].
Mg-Li-Al alloys have become very attractive in recent
years because of their low densities and superior mechan-
ical properties [4-8]. Almost all of the Mg—Li—Al alloys
are conventionally prepared by directly mixing and fusing
the metallic elements. This conventional method has some
drawbacks, such as a complicated process of production,
problems of oxidation and a high energy cost. Therefore,
electrochemical methods for the preparation of magnesium
base alloys are drawing increased attention. In our previous
work, we successfully prepared Mg-Li alloys on a mag-
nesium cathode from LiCl-KClI melts, and investigated the
electrochemical formation process and phase control of
Mg-Li alloys at 693-783 K [9, 10]. Lin et al. [11] studied
a method of preparing a Mg-Li—Al-Zn alloy on a Mg—Al-
Zn cathode by electrodeposition and diffusion of the lith-
ium atoms. However, in these methods, remaining
shortcomings include a long process time and high energy
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consumption. These drawbacks originate from producing
the corresponding metallic cathode materials, and still
cannot be eliminated.

Recently, our group proposed a new approach for the
direct preparation of Mg-Li—Al alloys via electrochemical
codeposition of Mg, Li and Al from LiCl-KCIl-MgCl,—
AICl; melts. The process is simpler than the former
methods. Deposition and electrochemical studies of pure
metallic magnesium and aluminium have been an area of
research. For example, Martinez and co-workers [12-15]
have investigated the electrodeposition of magnesium ions
in CaCl,—NaCl, CaCl,—NaCl-KCl, eutectic LiCl1-KCI and
MgCl,-MgF, melts. Pal and co-workers [16] reported the
electrolytic production of magnesium from magnesium
oxide dissolved in fluoride-based fluxes via a solid oxide
membrane process. Other researchers [17-19] have inves-
tigated the electrochemical parameters of aluminium
deposition from alkali chloride melts. However, the code-
position of Mg-Li—Al alloys has not been investigated
even though the electrochemical codeposition method has
been widely used to prepare other alloys. For example, Ito
et al. [20, 21] investigated the electrochemical codeposi-
tion of Sm—Co alloys from LiCl-KCI-SmCl;—CoCl, melts,
and electrochemical formation of Yb—Ni and Sm—Ni alloy
films by a Li codeposition method on Ni electrode from
corresponding chloride melts. Freyland and co-workers
[22, 23] reported the preparation of Ni,Al,_, and Co,Al,_,
alloys via codeposition on Au from room temperature
molten salts. Tsuda et al. [24-26] prepared a series of Al-
based alloys by codeposition from the molten salts of
aluminum chloride-1-ethyl-3-methylimidazolium chloride.
Yan et al. [27] investigated the preparation of Mg-Li
alloys by codeposition of Mg and Li on an inert electrode
from LiCl-KCI-MgCl, melts.

In this study we investigated the codeposition of
Mg-Li-Al alloys from LiCl-KCI-MgCl,—AICl; melts by
employing a series of electrochemical techniques. The
Mg-Li-Al alloys with different phases were prepared by
potentiostatic and galvanostatic electrolysis.

2 Experimental
2.1 Preparation and purification of the melts

The LiCl-KCIl mixture (63.8:36.2 mol %, analytical grade)
was melted in an alumina crucible placed in a quartz cell in
an electric furnace. The temperature of the melts was
measured with a nickel-chromium thermocouple sheathed
by an alumina tube. The mixture was dried under vacuum
for more than 72 h at 473 K to remove excess water. Metal
ion impurities in the melts were removed by pre-electrol-
ysis at —2.0 V (vs. Ag/AgCl) for 4 h. Magnesium and
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aluminum ions were introduced into the bath in the form of
dehydrated MgCl, and AICl; powder. All experiments
were performed under an argon atmosphere.

2.2 Electrochemical apparatus and electrodes

All electrochemical measurements were performed using
an Im6eX electrochemical workstation (Zahner Co., Ltd.)
with a THALES 3.08 software package. A silver wire
(d = 1 mm) dipped into a Pyrex tube containing a solution
of AgCl (0.070 mol kg™ ") in LiCI-KCI melts was used as a
reference electrode (Ag/AgCl couple) for all potentials.
The working electrodes were molybdenum wires
(d = 1 mm, 99.99% purity). A spectrally pure graphite rod
(d = 6 mm) served as the counter electrode. The molyb-
denum working electrode was polished thoroughly using
SiC paper, and then cleaned ultrasonically with ethanol.
After each experiment, the active electrode surface was
determined by measuring the immersion depth of the
electrode in the molten salts.

2.3 Auxiliary techniques

The samples of Mg-Li—Al alloys were prepared by po-
tentiostatic and galvanostatic electrolysis under different
conditions. After electrolysis, all samples were washed in
hexane (99.8% purity) in an ultrasonic bath to remove salts
and stored in a glove box for analysis. These deposits were
analyzed by XRD (X’ Pert Pro; Philips Co., Ltd.) using
Cu—Ko radiation at 40 kV and 40 mA. In order to deter-
mine the Li and Al contents of the samples, each sample
was dissolved in aqua regia (HNO;3;:HCI:H,O = 1:3:8,
v/v). The solution was diluted and analyzed using an
inductively coupled plasma atomic emission spectrometer
(ICP-AES, Thermo Elemental, IRIS Intrepid IT XSP).

3 Results and discussion
3.1 Cyclic voltammetry

Figure 1 shows typical CVs obtained at a molybdenum
electrode before and after the addition of 0.525 mol kg ™'
MgCl, and 0.075 mol kg~' AICl; in LiCI-KCl melts
(63.8:36.2 mol %) at 943 K. The dotted curve represents
the voltammogram before the addition of MgCl, and
AICl;. Only one couple of cathodic/anodic signals is
observed which corresponds to the deposition and disso-
Iution of liquid Li. The solid curves show the
voltammograms at different cathodic limits after the
addition of MgCl, and AICl;. Since the deposition poten-
tial of Al ions is more positive than that of Mg ions in a
chloride system [28], peak A and peak B in the forward
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Fig. 1 Typical CVs of the LiClI-KCIl melts before and after the
addition of 0.525 mol kg~' MgCl, and 0.075 mol kg~" AICl; on a
molybdenum electrode at 943 K. Scan rate: 0.1 V s~

scan are ascribed to a three-dimensional (3D) phase for-
mation [22] of Al and Mg electrodeposition (i.e.
overpotential deposition), respectively. In the reverse scan,
excluding the anodic peak corresponding to oxidation of
liquid lithium, the profile of peaks B’ and A’ clearly indi-
cates the dissolution reactions of deposited Mg and Al.
These peaks also show oxidation reactions of the alloys.
For example, an anodic current wave prior to peak A’
corresponds to the oxidation reactions of Mg—Al alloys.
Figure 2 shows CVs obtained for 0.075 mol kg~' AICI,
(1.14 x 10~* mol cm ) in LiCl-KCl-MgCl, (0.525 mol
kg™") melts on a molybdenum electrode at different scan
rates at 943 K. A pair of cathodic/anodic peaks is observed
which corresponds to the deposition and dissolution of Al.
The peak currents (/) increase with the increase of scan
rate (v). Figure 3 gives the plot of I, against v!"2 1t can be
seen that I, and v!"? shows a linear relationship, which
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Fig. 2 CVs of the LiCI-KCI-MgCl, (0.525 mol kg~") melts with
0.075 mol kf{1 AICl; on a molybdenum electrode (0.4789 sz) at
different scan rates at 943 K
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Fig. 3 Variation of cathodic peak current as a function of the
potential scan rate on a molybdenum electrode (0.4789 cm?) in the
LiCI-KC1-MgCl, (0.525 mol kg~") melts with 0.075 mol kg~'
AlCl; at 943 K

indicates that the electrode process of Al(III) ions is con-
trolled by rate of the mass transfer. The diffusion
coefficient of the AI(III) ions was calculated using the
Berzins-Delahay equation for soluble—insoluble systems
[29]:

I, = 0.61(nF)*SCoD'*v'/2(RT) ™'/ (1)

where S is the electrode surface area in cm2, C is the solute
concentration in mol ¢cm ™3 , D is the diffusion coefficient in
em?sL Fis Faraday’s constant (96,485 C mol_l), R is
the universal gas constant, n is the number of exchanged
electrons, v is the potential sweep rate in V s, and T is
the absolute temperature in K. The calculation of the dif-
fusion coefficient using Eq.1 yields Daamy =
0.65(£0.07) x 107> cm? s~!. For a reversible electrode
reaction involving the deposition of an insoluble substance,
}Ep - E, /2| (where E), is the half-peak potential) should
have a value of 0.7725RT/nF or 0.021 V for a three-elec-
tron reaction at 943 K [18]. However in this case,
’Ep — Ep/2| is found to exceed 0.021 V. Besides, the
cathodic peak potential shifts slightly towards negative
values as the sweep rate is increased. These observations
suggest that the AI(III) deposition/dissolution reaction is
not completely reversible.

Figure 4 shows CVs obtained at a molybdenum electrode
in LiCI-KCI-MgCl, (0.525 mol kg~') melts containing
AlCl; with different concentrations at 943 K. When com-
pared to curve 1, an obvious cathodic current can be seen
between peak A and B in curves 2 and 3. With reference to
the phase diagram of the Mg—Al system [30] the cathodic
current is likely due to the formation of a Mg—Al alloy. Peak
B is associated with the reduction of Mg(II) ions on the
Mg-Al pre-deposited on the molybdenum electrode. The
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Fig. 4 CVs of the LiCI-KCI-MgCl, (0.525 mol kg~") melts con-
taining different AICl; concentrations at a molybdenum electrode at
943 K. Scan rate: 0.1 V s~!

underpotential deposition of lithium on pre-deposited
Mg—Al leads to the formation of a liquid Mg-Li—Al solution
at 943 K. In addition, the difference in peak potentials
between the reduction and oxidation of Al and Mg increases
with the increase of AlCl; concentration, indicating that the
electrode processes of Al and Mg are more irreversible at
high AICI; concentration.

3.2 Chronopotentiometry

Figure 5 shows chronopotentiograms measured on a
molybdenum electrode (S = 0.3847 cm?) in LiCl-KCl-
MgCl, (0.525 mol kg~") melts containing 0.075 mol kg~"
AICl5 at different current intensities. At a cathodic current
lower than —20 mA (current density —0.052 A cm_z), the
curves exhibit two potential plateaus (plateaus 1 and 2),
which are associated with the reduction of aluminum
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Fig. 5 Chronopotentiograms obtained at different current intensities
on a molybdenum electrode (0.3847 sz) in the LiCl-KCIl-MgCl,
(0.525 mol kg~") melts containing 0.075 mol kg~"' AICl; at 943 K
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Fig. 6 The plot of I vs. t!/? for the reduction of Al(III) in the LiCl—
KC1-MgCl, (0.525 mol kgfl) melts. Electrode area: 0.3847 cm?;
temperature: 943 K; concentration of AlCl;: 0.075 mol kg’1
(1.14 x 107* mol cm ™)

(plateau 1) and magnesium (plateau 2) ions to metals.
When the current reaches —180 mA (—0.47 A cmfz), a
third plateau appears caused by the reduction of lithium
ions. At this current intensity, codeposition of Mg, Li and
Al occurs. It is obvious that the potential ranges for the
deposition of Mg, Li and Al are the same as those observed
in the cyclic voltammograms.

The transition time, 7, was determined by the duration of
plateau 1 in the chronopotentiograms between —15 and
—40 mA using the methodology described in Ref. [31].
Several current intensities were applied, and the plot of
I'vs. ©~ "% exhibits a linear relationship as shown in Fig. 6.
In addition, the chronopotentiograms do not shift towards
negative potentials with the increasing current intensity.
Based on these results, it can be concluded that the elec-
trochemical reduction of AI(III) ions is diffusion controlled
[32]. The diffusion coefficient of AI(III) in the LiCI-KCl
melts was calculated using Sand’s equation [33]:

FSC, Dl/2 1/2
o2 R 02 r (2)

where 7 is the transition time measured in the chronopo-
tentiograms, and S, Cy and D have the same meanings and
units as described in Eq. 1. The value of the diffusion
coefficient, Daamy, calculated using Eq. 2 is 0.84(£0.06) x
107> cm? s™', which is in good agreement with the value
obtained by cyclic voltammetry in Sect. 3.1.

3.3 Chronoamperometry

Chronoamperometry was employed to further investigate
the electrochemical formation of Mg-Li-Al alloys via
codeposition of Mg, Li and Al. The chronoamperometric
curves show typical features of a reduction process
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Fig. 7 Chronoamperograms for the LiClI-KCI-MgCl, (0.525 mol
kg~') melts containing 0.075 mol kg~' AICl; on a molybdenum
electrode (0.3847 cm?) at various applied potentials at 943 K

controlled by planar diffusion (see Fig. 7). It is obvious
that the total current density sharply increases at an applied
potential of —1.700 V, indicating that the reduction of
AI(ITT) is accompanied by that of Mg(II). For a planar
electrode, the Cottrell equation [33] is given as follows:

FAD'/2C
j— Ay o (3)
7l/241/2

The current falls as r'? in the potential range of

—1.000 to —1.600 V for the reduction of AI(III), and a plot
of I vs. t~"? should therefore be linear and pass through the
origin (this is frequently used for a diagnosis of diffusion
control) [34]. However, this relationship is only satisfied in
the region of —1.300 to —1.500 V. Superposition of the
curves in the interval of —1.300 to —1.500 V also indicates
the validity of the Cottrell equation. Accordingly, the
calculation of the diffusion coefficient using Eq. 3 yields
Dayam = 2.87(£0.09) x 107> ¢cm® s~'. The values of
diffusion coefficients of AI(III) obtained by three
electrochemical techniques are summarized in Table 1.
The discrepancy in the diffusion coefficients between
this work and data reported in the literature [17, 18] in
MCI-AICl; melts (M = Na, K, Cs) might be due to
different experimental temperatures and uncertainties
caused by different melt systems. Figure 8 shows
chronoamperometry with increased applied potentials on

Table 1 Diffusion coefficient (D 10° cm? s™") of AI(III) species
obtained by different electrochemical techniques in the LiCI-KCl-
MgCl, (0.525 mol kgfl) mixture at 943 K

Technique D 10° cm? s™!
Cyclic voltammetry 0.65 + 0.07
Chronopotentiometry 0.84 £ 0.06
Chronoamperometry 2.87 £ 0.09

459
4.5
J -2.300 V
4.0 + -2.200V
o
IS
(3]
<
Fig. 8 Chronoamperograms for the LiCl-KCIl-MgCl,

(0.525 mol kg™') melts containing 0.075 mol kg~' AICl; on a
molybdenum electrode (0.3847 cm?) at more negative applied
potentials at 943 K

a molybdenum electrode. The total current density
increases rapidly when the step potential changes from
—2.000 to —2.100 V, which shows that Li (I) also starts to
be reduced. Accordingly, codeposition of Mg, Li and Al
can occur when the applied potential is more negative than
—2.100 V. In addition, the potential ranges of deposition of
Mg, Li and Al are the same as those observed in the cyclic
voltammograms and chronopotentiograms.

3.4 Potentiostatic electrolysis and characterization
of the deposits

Based on the results obtained by CVs, chronopotentiometrys
and chronoamperometrys, potentiostatic and galvanostatic

¢ -oMg
A-BLi
e_KCl

G

Intensity / a.u.

. . — .
20 30 40 50 60 70 80
20/deg.

Fig. 9 XRD patterns of deposits obtained by potentiostatic electrol-
ysis on Mo electrodes in the LiCI-KCl-MgCl, (0.525 mol kg™ ")
melts containing 0.225 mol kgfl AICl5 at (a) —2.40 V; (b) —2.45 V;
(¢) —=2.50 V for 2 h
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electrolysis were carried out in LiCI-KCl melts containing
MgCl, and AICI; with different concentrations on molyb-
denum electrodes at 943 K. Figure 9 shows the XRD
patterns of typical «, o + f and f Mg-Li—Al alloy phases
obtained by potentiostatic electrolysis from the LiCl-KCl-
MgCl, (0.525 mol kg™") melts containing 0.225 mol kg~"
AlCl; at —2.4, —2.45 and —2.5 V for 2 h, respectively. Al
has no apparent effect on the phase structure of Mg-Li
alloys because of relatively low Al contents in Mg-Li—Al
alloys. It is obvious that the lithium contents of the Mg-Li—
Al alloys increase (from o to 5 phase) with negative shifts
in the applied potential. The ICP analyses of all samples
obtained by potentiostatic and galvanostatic electrolysis are
listed in Tables 2 and 3, respectively. Under potentiostatic
electrolysis, the more negative the applied potential in the
LiCI-KCI-MgCl, (0.525 mol kg~ ') melts with equivalent
AICl; concentration, the higher the lithium content of Mg—
Li—Al alloy. In addition, the aluminum contents of Mg-Li—
Al alloys increase with increasing AlCl; concentrations in
LiCI-KCI-MgCl, (0.525 mol kg~') melts. Under galva-
nostatic electrolysis, the lower MgCl, concentration in the

Table 2 The ICP analyses of all samples obtained by potentiostatic
electrolysis on Mo electrodes from the LiCI-KCI-MgCl,
(0.525 mol kg~") melts for 2 h

Samples AICl; Electrolytic Al content Li content
concentration potential (V)  (at.%) (at.%)
(mol kgf')

1 0.075 —2.50 0.31 86.38

2 0.225 —2.40 0.99 3.55

3 0.225 —245 0.63 29.16

4 0.225 —2.50 0.65 68.98

5 0.375 —2.50 2.23 4.12

6 0.375 —2.60 1.03 79.65

Table 3 The ICP analyses of all samples obtained by galvanostatic
electrolysis (2 A) on Mo electrodes (S = 0.322 cm?) from the LiCl-
KCI melts containing different MgCl, and AICl; concentrations for
2h

Samples MgCl, AlCl; Al Li
concentration concentration content content
(mol kg™") (mol kg™") (at.%) (at.%)
1 0.525 0.075 0.08 90.35
2 0.735 0.075 0.04 77.66
3 0.840 0.075 0.05 67.97
4 0.945 0.075 0.35 17.56
5 0.525 0.225 0.74 81.33
6 0.525 0.375 1.66 62.09
7 0.735 0.375 1.91 14.87
8 0.840 0.375 2.44 5.63
9 0.945 0.375 2.42 2.89
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LiCI-KCI melts with equivalent AICI; concentration at a
constant current intensity, the higher the lithium content of
the Mg-Li—Al alloys. The aluminum contents of Mg-Li—
Al alloys increase with the increase of AICI; concentra-
tions in LiCI-KC1-MgCl, melts. These results indicate that
the lithium and aluminum contents of Mg-Li—Al alloys are
adjustable simply by changing the concentrations of MgCl,
and AICI; and the electrolytic parameters.

4 Conclusions

The electrochemical codeposition behavior of Mg, Li and
Al on a Mo electrode, in LiClI-KCl (63.8:36.2 mol %)
melts containing different concentrations of MgCl, and
AICl; at 943 K, was investigated. The electrode process of
AI(TII) ions in LiCl-KCI melts containing 0.525 mol kg~
MgCl, is controlled by the rate of mass transfer, and some
irreversibility is involved in the process. From the current
work, Mg-Li—Al alloys can be directly prepared via co-
deposition of Mg, Li and Al on inert electrodes from LiCl-
KCI-MgCl,—-AICl; melts. «, o 4+ ff and f Mg-Li-Al alloys
with different lithium and aluminum contents were
obtained by potentiostatic and galvanostatic electrolysis on
molybdenum electrodes at 943 K. The lithium and alumi-
num contents of Mg-Li—Al alloys can be controlled by
MgCl, and AICl; concentrations and the -electrolytic
parameters. Mg-Li—Al alloys prepared directly from
MgCl,, LiCl and AICl; could revolutionize the Mg-Li—Al
alloy industry.
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