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Mg-Li based alloys have been widely used in various fields. However, the widespread use of Mg—Li based
alloys were restricted by their poor properties. The addition of rare earth element in Mg—Li can significantly
improve the properties of alloys. In the present work, different electrochemical methods were used to
investigate the electrochemical behavior of Y(i) on the W electrode in LiCl-KCl melts and LiCl-KCl-
MgCl, melts. In LiCI-KCl melts, typical cyclic voltammetry was used to study the electrochemical
mechanism and thermodynamic parameters for the reduction of Y(in) to metallic Y. In LiCl-KCl-MgCl,
melts, the formation mechanism of Mg-Y intermetallic compounds was investigated, and the results

showed that only one kind of Mg-Y intermetallic compound was formed under our experimental
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Accepted 7th April 2021 conditions. Mg—Li-Y alloys were prepared via galvanostatic electrolysis, and XRD and SEM equipped with
EDS analysis were used to analyze the samples. Because of the restrictions of EDS analysis, ICP-AES was

DOI: 10.1039/d1ra01349a used to analyze the Li content in Mg—Li-Y alloys. The microhardness and Young's modulus of the Mg-
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1. Introduction

Magnesium-lithium alloys are the lightest commercialized
metallic structural material and have many advantages, such as
high specific strength, high specific rigidity, and good casting
capability. In the last few years, magnesium-lithium alloys have
been widely used in various fields."> However, the widespread
use of magnesium-lithium alloys has been restricted by their
poor properties, including their low microhardness, low elastic
modulus, and poor corrosion properties. In recent years,
various methods have been used to improve the properties of
magnesium-lithium alloys. Among these methods, the addition
of a metallic element in magnesium-lithium alloys is one of the
more effective means.>® Because rare earth elements have
a unique outer layer that is a 4f electronic layer structure, rare
earth elements have only 5d and 6s electrons that can become
free electrons. Therefore, rare earth elements have also been
selected as the added metallic element in magnesium-lithium
alloys to improve the properties of the alloys.

The traditional method for preparing magnesium-lithium
alloys is mixing and fusing a metallic element, which has many
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shortcomings such as extremely expensive raw materials, high
pollution and high-energy consumption. In recent years,
aluminum, magnesium, and other metals alloys have been
directly prepared via the electrochemical reduction method.**®
In comparison to the traditional method, an electrochemical
reduction method that uses inorganic molten salts as electro-
Iytes has many advantages of mass production, simple proce-
dure and low-energy consume. In this work, Mg-Li-based alloys
were directly prepared via electrochemical reduction using
inorganic molten salts as electrolytes. Because the temperature
of the molten salt system is evenly distributed, the electrolysis
potential is easy to control in the electrolysis process, and the
phase composition of specific intermetallic compounds can be
controlled."* Furthermore, using electrochemical reduction
with inorganic molten salts as electrolytes significantly reduces
the reaction temperature, and this leads to lower energy
consumption.'”*® In the past few years, the information about
the preparation and formation of Mg-Li and Mg-Li-RE alloys by
molten salt electrolysis has been reported by many researchers.
Yan et al. described the electrochemical behavior of Pr(m),
Tm(m), Yb(ur) in chloride melts, explored the formation mech-
anism of alloys, and successfully prepared the Mg-Li," Mg-Li-
Pr,** Mg-Li-Tm*' and Mg-Li-Yb** alloys by potentiostatic/
galvanostatic electrolysis. In KCI-MgCl,-PrCl; molten salts
Mg-Pr intermetallic compounds were prepared by Sahoo et al.**
XRD analysis illustrated that the phase conversion between
MgPr, Mg,Pr, Mg;Pr and Mg,,Pr could be achieved by changing
the concentration of MgCl, and PrCl;. On an inert electrode,

RSC Adv, 2021, 11, 13839-13847 | 13839


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra01349a&domain=pdf&date_stamp=2021-04-13
http://orcid.org/0000-0002-3195-9818
http://orcid.org/0000-0001-8220-264X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01349a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011023

Open Access Article. Published on 13 2021. Downloaded on 22/10/2025 14:10:45.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Zhang et al.***® prepared Mg-Li-Gd, Mg-Li-La, Mg-Li-Er alloys
in LiCI-KCl molten salt system. The effects of concentration,
current density, experimental temperature and electrolysis time
on the composition of the alloys were investigated. Based on
above studies, the information about the preparation of Mg-Li-
Y alloy by co-deposition of Mg(u) and Y(m) are rare.

The main purpose of this work is to prepare Mg-Li-Y alloys
via electrochemical reduction using inorganic molten salts as
electrolytes. Therefore, it is necessary to investigate the elec-
trochemical behavior of Y(ur) in inorganic molten salts. Over the
past few years, many researchers have reported studies
regarding the electrochemical behavior of RE(m) in molten
salt.”””*” The kinetic and thermodynamic parameters can be
obtained via different electrochemical measurements. However,
investigations regarding the electrochemical behavior of Y(mr) in
inorganic molten salts are rare in the literature.

Therefore, this research focuses on investigating the elec-
trochemical behavior of Y(m) in LiClI-KCl molten salt using
different electrochemical methods. Cyclic voltammetry and
chronopotentiometry were used to determine the diffusion
coefficient of Y(m) in LiCI-KCI melts. Cyclic voltammetry was
also used to ascertain the apparent standard potential for the
formation of metal Y. Cyclic voltammetry, square wave vol-
tammetry, and chronopotentiometry were used to investigate
the co-deposition mechanism of Mg(u) and Y(m) on the W
electrode in LiCl-KCl melts. Mg-Li-Y alloys were then prepared
via galvanostatic electrolysis, and XRD and SEM equipped with
EDS analysis were used to analyze the deposits. The perfor-
mance of the Mg-Li-Y alloy was tested using a Leitz micro-
hardness tester and a tool for measuring the Young's modulus.

2. Experiment

Anhydrous LiCl and KCI were analytically pure and were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. YCl;
(99.0%) and MgCl, (99.9%) were purchased from Aladdin
Reagent Co., Ltd. All of the electrochemical measurements were
carried out on in argon atmosphere. LiCl-KCl melts with a mass
ratio of 1: 1 were selected as the electrolyte. To measure the
electrochemical behavior, the counter electrode that was used
was a spectrally pure graphite rod (diameter of 6 mm). An Ag/
AgCl electrode was used as the reference electrode, and all of
the potentials were referenced to this Ag/AgCl couple. The
working electrode was a tungsten electrode, and the electrode
surface area was 0.322 cm>.

All of electrochemical measurements were made using an
Autolab potentiostat/galvanostat controlled with the Nova 1.11
software package. Electrochemical testing and preparation of
the alloy were performed in a chamber electric furnace, and an
electronic energy saving temperature controller was used to
control the temperature. The Mg-Li-Y alloys were prepared via
galvanostatic electrolysis on a W electrode with the assistance of
MgCl,. XRD (Rigaku D/max-TTR-III diffractometer) with Cu-Ko
radiation at 40 kV and 150 mA was used to analyze the sample.
Scanning electron microscopy (SEM) equipped with energy
dispersive spectrometry (EDS) was used to investigate the
microstructure and crystal structure of the sample. To
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determine the contents of Mg, Y, and Li in the sample, the
sample was dissolved in aqua regia (a mixture of nitric acid and
hydrochloric acid in a 1:3 molar ratio). The solution was
diluted and analyzed using ICP-AES (Thermo Elemental, IRIS
Intrepid I XSP). With testing conditions of a 50 N load force and
15 s of holding pressure time, a Leitzs microhardness tester was
used to measure the microhardness of the alloy. Each group of
experiments measured 20 points on the surface of the Mg-Li-Y
alloy, and the final microhardness value was the average of the
measurements. A 5077PR square wave pulser Receiver and
Tektronix (DPO 3034) oscillograph was used to measure the
Young's modulus of the Mg-Li-Y alloy.

3. Results and discussions

3.1 Electrochemical behavior of Y(im) on a W electrode in
LiCl-KCI melts

In the following, the electrochemical behavior of Y(m) was first
investigated using cyclic voltammetry. Fig. 1 shows typical cyclic
voltammograms of LiCl-KCl melts before (black curve) and
after (green curve) the addition of YCl; (2 wt%); the voltam-
mograms were obtained on a W electrode at 823 K with a scan
rate of 0.1 Vs~ . Before the addition of YCl; (2 wt%) in LiCI-KCl
melts, one pair of redox signals (A/A’) and an oxidation signal
(B') are observed in the electrochemical window. At the begin-
ning of the curve, the oxidation signal (B’) is related to the
formation of Cl,.****%% At the end of the curve, the reduction
signal A is attributed to the formation of metal Li, and the other
oxidation signal (A’) is related to the dissolution of metal Li. In
the electrochemical window, the black curve that corresponds
to purified blank salt shows no additional reaction signal. This
indicates that purified LiCI-KCI] melts are suitable for investi-
gating the electrochemical behavior of Y(ur).?”?** After YCl;
(2 wt%) was added to LiCI-KCI melts, redox signals (C/C’) are
observed in the electrochemical window. The reduction signal
C, which is at about —2.01 V vs. Ag/AgCl, corresponds to the
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—— LiCl-KCI-YCl

| B

1 |

/

cm————ER R

E/V vs Ag/AgCl

Fig. 1 Typical cyclic voltammogram of LiCl-KCl melts before (black
curve) and after (green curve) the addition of YCls (2 wt%) obtained on
a W electrode (S = 0.322 cm?) at 823 K; Scan rate is 0.1V s,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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formation of metal Y on the W electrode. Hua et al.*® reported
a similar reduction potential for NaCl-KCl melts. In the positive
direction, the oxidation signal C’, which corresponds to the
reduction signal C, is attributed to the dissolution of metal Y.
Typical cyclic voltammograms were measured on the W
electrode with different scan rates to further investigate the
electrochemical mechanism and thermodynamic parameters
for the formation of metal Y. Typical cyclic voltammograms
with different scan rates at 823 K on the W electrode in LiCl-
KCI-YCl; (2 wt%) melts are shown in Fig. 2a and c. The scan rate
ranged from 10 mV s~ ' to 700 mV s . For a soluble-insoluble
reaction system, the ratio of the peak current density obtained

0.04
a
0.02 -
< 000
=
—
-0.02
0.04 . . . .
22 2.1 2.0 -1.9 -1.8 -1.7
E /V vs Ag/AgCl
0.20
¢ —— 100 mV/s
—=— 150 mV/s
015} ——200mVs
——250 mV/s
0.10 - 300 mV/s
—— 400 mV/s
0.05 ——500mVi/s
<\t ~— 600 mV/s
= 0.00} e —— 700 mV/s
-0.05 |-
-0.10 |
-0.15 .
22 2.0 -1.8 -1.6 14
E/V vs Ag/AgCl
0.00
e
-0.01
0021 "N
'S
-
-0.03 -
< .
a-0.04 - i
— B
0.05F N
Ll
-0.06 |-
0.00 005 010 0.5 020 025 030 035
12 ENY]
vI(VsY)

View Article Online

RSC Advances

from cyclic voltammetry is an inherent parameter. Therefore,
this parameter is usually used to evaluate the reversibility of an
electrode reaction.*®*** Table 1 shows the values of the ratio of
the peak current density that were obtained via cyclic voltam-
metry with different scan rates. When the scan rate is below
100 mV s~ ', the ratio of the peak current density is unity.
However, the ratio of the peak current density deviated from
unity when the scan rate ranged from 100 to 700 mV s~ . These
observations indicate that the redox of Y(ui) on the W electrode
was quasi-reversible. In other words, the redox process of Y(ur)
to metal Y is reversible when the scan rate is below 100 mv s™*,
and it is irreversible when the scan rate is greater than 100 mV
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Fig.2 Typical cyclic voltammogram of LiCl-KCI-YCls (2 wt%) melts obtained on a W electrode (S = 0.322 cm?) with the different scan rate, (a):
(10-50 mV s7%) and (c): (100-700 mV s~ at 823 K; (b and d): peak potential versus the square root of the potential scan rate; (e and f): peak

current versus the square root of the potential scan rate.
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Table 1 Ratios of the anodic to cathodic peak current density

y/mv s~ 10 20 30 40 50 100 150 200 250 300 400 500 600 700
ipa/ipc 1.00 0.99 0.89 0.89 0.90 1.05 1.16 1.25 1.25 1.24 1.25 1.28 1.25 1.29

s~ '. The relationship between E, and »"’> was then also plotted
to illustrate the reversibility of the electrode reaction. Plots of peak
potential versus the square root of the potential scan rate are
shown in Fig. 2b and d. When the scan rate ranged from 10 to
100 mV s~ , the peak potential did not change with respect to the
scanning rate. When the scan rate is greater than 100 mV s, the
peak potentials change with an increasing in the scan rate. These
results also illustrate that the redox process of Y(m) to metal Y is
reversible at a low scan rate and irreversible at a high scan rate.

The relationship between peak current and the square root
of the potential scan rate was used to investigate the control
process of the electrode reaction. The relationship between
peak current and the square root of the potential scan rate are
shown in Fig. 2e and f. As seen in Fig. 2e and f, the peak current
has an approximately linear relationship with the square root of
the potential scan rate, and this indicates that the electrode
reaction depends on the diffusion controlled.**

For the reversible reaction at a low scanning rate, the diffu-
sion coefficient for the reaction of Y(m) to metal Y on the W
electrode can be calculated using the Berzins-Delahay equa-
tion.** The equation is as follows:

I, = 0.611(nF)**(RT)"2SC, D' (1)

where I, corresponds to current intensity, n is the number of
exchanged electrons, F is Faraday's constant, R is the gas
constant, T is the absolute temperature, S is the effective elec-
trode contact area, C, is the concentration of Y(u), D is the
diffusion coefficient, and » is the scan rate. According to
previous work,* reduction of Y(m) to metal Y is a one-step
process that involves the transfer of three electrons. There-
fore, the diffusion coefficient of Y(m) on the W electrode is
ultimately determined to be 8.3 x 107> cm® s~ " at a low scan-
ning rate.

For the irreversible reaction at a high scanning rate, the
diffusion coefficient of Y(m) to metal Y on the W electrode can
be calculated using the following equation:**

Ip — _0'4958(17)3/2(1%]-')7l/ZaI/ZSCOD]/Z,&l/Z (2)

The value of « can be obtained using the following equation:

1.857RT
Ep—Ep= — (3)
2

where E, is the cathode peak potential, Ej, is the half-peak
potential of the cathode, and « is the charge transfer coefficient.
At a high scanning rate, the diffusion coefficient of Y(u) on the W
electrode is ultimately determined to be 1.07 x 10™* em*s™".
The apparent standard potential can be calculated from the

cathodic peak potentials in a cyclic voltammogram. For the

13842 | RSC Adv, 2021, N, 13839-13847

reversible soluble-insoluble system at a low scanning rate, the
cathodic peak potential can be expressed as:

RT | (o3 RT
E, = E° (&) _ 08545 4
P /Y uF n(ayo) 085 nF )
or
RT . [y RT ., (X RT
E,=E° —1 —1 —0854— (5
P YS+/Y0+nF n(yyo)+nF n(XYu nF (5)

where Ej, is the cathodic peak potential, Eys+yo is the standard
potential, yys is the activity coefficient, and Xys+ is the mole frac-
tion of Y*" in the melts. The assumption is that the activity of the
metal Y is unity. Therefore, the equation can be expressed as:
RT RT
O*
Ep = EY“ /YO + ﬁln(){yu) — 0854ﬁ (6)

£ .

where EJ;, Jyo 18 the apparent standard potentials of Y**/Y. Eqn
(6) can be used to calculate the apparent standard potentials of
Y**/Y, which was ultimately calculated to be —2.01 V (vs. Ag/
AgCl) at 823 K.

Chronopotentiometry was used to further investigate the
electrochemical behavior of Y(ur) and to calculate the diffusion
coefficient of Y(m) in LiCI-KCI-YCl; (2 wt%) melts at different
temperatures. Chronopotentiograms that were obtained on
the W electrode in LiCI-KCI-YCl; (2 wt%) melts with different
current intensity at 823 K are shown in Fig. 3a. As seen in
Fig. 3a, a potential plateau (C) is observed at around —2.05 V;
plateau C corresponds to the formation of metal Y. The ob-
tained result is consistent with result observed in the cyclic
voltammogram. The transition time (z) can be acquired from
the chronopotentiograms. Chronopotentiograms with different
current intensities (—65 mA, —70 mA, —75 mA, and —80 mA)
were measured at 823 K, 873 K, 923 K, and 973 K to calculate the
diffusion coefficient of Y(u) in LiCI-KCI-YCl; (2 wt%) melts,
and the different transition time (7) were also obtained. Mean-
while, the dependence of I on the transition time t was plotted.
Fig. 3b exhibits a linear relationship of I versus ¢ for the
chronopotentiometry at five different temperatures, and the
straight line passes through the origin. In other words, a mass
transport process mainly controls the reduction of Y(ur) to metal
Y. Thus, the Sand equation™?****” can be used to calculate the
diffusion coefficient of Y(ur) in LiCI-KCI-YCl; melts on the W
electrode. The Sand equation is as follows:

D = 4Ptn* PPreCyS> 7)

where 7 corresponds to the transition time. The diffusion
coefficients at different temperatures are listed in Table 2. As
seen in Table 2, the experimental temperature can be used to
control the diffusion coefficient. Along with an increasing in the
experimental temperature, the diffusion coefficient is higher.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01349a

Open Access Article. Published on 13 2021. Downloaded on 22/10/2025 14:10:45.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
-0.4

a —0— 65 mA
-0— 70 mA
l ——75mA
-0.8 ——80 mA

@)

on

<

~

on

<

Il

=

>

T

£

2.4
0
Fig. 3

View Article Online

RSC Advances

0.00
0\ 823K
N\ o 873K
N A 93K
-0-02 - \\\ v 973 K
N
0.04 - N\
< N
e \\
\\
0.06 F
N\
\w\ n
2008 . A .
00 01 02 03 04 05
-12, -172
T /s

(a): Chronopotentiograms obtained on the W electrode in LiCl-KCl-YClz (2 wt%) melts with different current intensity at 823 K; (b): linear

relationship of | versus Y2 for the chronopotentiometric at different temperatures.

Table 2 Diffusion coefficients of Y(u) ions on W electrode in LiCl-
KCL-YCls (2 wt%) melts at different temperatures

823 873 923 973

1K)

D x 10%*/cm?s™*

1.39 1.84 2.31 2.73

3.2 Electrochemical behavior of Y(m) and Mg(u) on a W
electrode in LiCI-KCl melts

Cyclic voltammetry was used to investigate the electrochemical
formation mechanism of Mg,Y, intermetallic compounds.
Fig. 4 shows a typical cyclic voltammogram of LiCl-KCI melts
that have added MgCl, (1 wt%) and YCl; (2 wt%); the cyclic
voltammograms were obtained on a W electrode (s = 0.322 cm?)
at 823 K. Compared to the cyclic voltammogram of blank LiCl-
KCI melts, the cyclic voltammogram of the sample with added
MgCl, (1 wt%) showed a signal for F and a pair of redox signals
for D/D’. The reduction signal D is related to the formation of
metal Mg. The oxidation signal D’ corresponds to the reduction
signal D and is attributed to the dissolution of metal Mg.>*>*5-%°
The reduction signal F, which is near signal A, is associated with
the formation of a Mg-Li intermetallic compound that is
formed via underpotential deposition of Li(1) on Mg that was
predeposited on the W electrode.** After YCI; (2 wt%) was added
to LiCI-KCI-MgCl, (1 wt%) melts, redox signals E and E’ are
observed in addition to the redox signals A/A’, D/D/, and the
reduction signal F. The reduction signal E, which is between
signals D and F, are related to the formation of a Mg-Y inter-
metallic compound that is formed by underpotential deposition
of Y(ur) on the Mg that was predeposited on the W electrode. The
oxidation signal E’ corresponds to the reduction signal E and is
attributed to the subsequent dissolution of the Mg-Y interme-
tallic compound. According to the binary alloy phase diagram,
there are three kinds of Mg-Y intermetallic compounds that
should form on a W electrode. However, only one pair of elec-
trochemical signals that correspond to the formation and
dissolution of Mg-Y intermetallic compounds is detected. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

absence of other Mg-Y intermetallic compounds may be
because of the deposition potentials of signal E are similar and
because the formation rate of other Mg-Y intermetallic
compounds is very slow.***®3

To verify whether the Mg-Li and Mg-Y intermetallic
compounds are formed via underpotential deposition of Li(i)
and Y(m) on Mg that was predeposited on the W electrode, the
semiempirical equation was used.*”>* The equation is as
follows:

AU = alAg (8)

where AU is the difference between the monolayer under-
potential deposition voltage and the bulk deposition voltage,
Agis the difference between the work functions of the substrate
and deposited metal, and « is a constant that has a value of 0.5V
eV~ '. AU values are calculated to be 0.38 (Mg-Li) and 0.08 (Mg-
Y).** Thus, the underpotential deposition of Li(1) and Y(u) on the

12
NA —o— LiCI-KCI-MgCl,
0 / ' /;\A D —— LiCI-KCI-MgCl-YCl,
0.6 - | -
/-41‘
TR
1 1 1
1.0 0.5 0.0
E/V vs Ag/AgCl

Fig. 4 Typical cyclic voltammogram of LiCI-KCl melts with the
addition of MgCl, (1 wt%) and YCls (2 wt%) obtained on a W electrode
(S =0.322 cm?) at 823 K; scan rate is 0.1 Vs ™%,
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Mg that was predeposited on the W electrode was achieved
under our experimental conditions.

An interesting phenomenon is found in Fig. 4. After YCI;
(2 wt%) was added to LiCI-KCI-MgCl, (1 wt%) melts, the
current density of the reduction signal D, which corresponds to
the formation of Mg, is almost unchanged. However, the
current density of the oxidation signal D’ significantly
decreased; specifically, the current density decreased by 17.5%.
This indicates that the mass of metal Mg that dissolved to Mg(u)
decreases in the positive direction. This phenomenon may
occur because the Mg that was pre-deposited on the W electrode
is consumed in the reduction of Y(i) ions; the reaction equation
is as follows:

3Mg + 2Y*" - 2Y(in Mg-Y) + 3Mg>* 9

Square wave voltammetry is a more sensitive method than
cyclic voltammetry. Therefore, we used square wave voltam-
metry to verify the results that were obtained via cyclic vol-
tammetry. As seen in Fig. 5, three reduction signals (D, F, and G)
were detected when MgCl, (1 wt%) was added to LiCl-KCl
melts. The signal D is also related to the reduction of Mg(u) to
metal Mg. Unlike the results obtained via cyclic voltammetry
(Fig. 4), the second signal (G) corresponds to the formation of
Mg-Li intermetallic compounds, and the signal F is not
observed. However, the signal G was not observed in the cyclic
voltammetry curves that were obtained for LiCl-KCI-MgCl,
(1 wt%) melts. This phenomenon should be attributed to the
reason that the reduction signal of Li(1) to metal Li is too large,
and the reduction signal G overlapped with signal A. Therefore,
the reduction signal G was not detected via cyclic voltammetry.
When YCl; (2 wt%) was added to LiCl-KCl melts, signals A and
C, which are attributed to the reduction of Li(1) and Y(m),
respectively, were detected. When MgCl, (1 wt%) and YCl;
(2 wt%) were both present in LiCI-KCl melts, three reduction
signals (D, E, and A) are observed. The reduction signal E is
related to the formation of the Mg-Y intermetallic compound.

—— LiCI-KKCL-YCl,
—— LiCI-KCI-MgCl,
—— LiCI-KKCI-MgCL-YCl,

j/A cm

I L

-1.5 -ll.0
E/V vs Ag/AgCl

Fig. 5 Square wave voltammogram of LiCl-KCl melts with the addi-
tion of MgCl, (1 wt%) and YCls (2 wt%) obtained on a W electrode (S =
0.322 cm?) at 823 K.

-0.5 0.0
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Interestingly, the same phenomenon occurs, that is, the current
density of signal D significantly decreases when YCl; (2 wt%)
was added to LiCl-KCI-MgCl, melts. The results from square
wave voltammetry further verify the results that were obtained
via cyclic voltammetry.

The results that were obtained via cyclic voltammetry are not
sufficient to explain the formation mechanism of intermetallic
compounds. Hence, open circuit chronopotentiometry was
used to investigate the formation mechanism of the Mg-Y
intermetallic compound. The open-circuit potential transient
curve of LiCl-KCl melts with added MgCl, (1 wt%) and YCl;
(2 wt%) is shown in Fig. 6. When only MgCl, was present in
LiCI-KCl melts, a potential platform (D), which corresponds to
the reduction of Mg(u) to metal Mg is observed. The potential
platform C, which is at around —1.92 V in the open-circuit
potential transient curve that is obtained in LiCl-KCl melts
with added YCl; (2 wt%), is related to the formation of metal Y.
The result that is obtained wvia open circuit chro-
nopotentiometry is in a good agreement with the result that is
obtained via cyclic voltammetry. When MgCl, and YCI; are both
present in molten salt systems, a new potential platform (I) is
observed and can be interpreted as the formation of the Mg-Y
intermetallic compound. According to the open circuit chro-
nopotentiometry and XRD pattern in subsequent investigation,
the electrochemical co-deposition of the Mg-Y intermetallic
compound involves two consecutive steps, which can be
described as follows:

24Mg*" + 48¢~ — 24Mg (10)
5Y* + 24Mg + 15¢7 — Mg, Ys (11)
The overall reaction can be described as follows:
24Mg>" + 5Y3" + 63e” — Mg Ys (12)
-0.8
—— LiCHKCI-YCI,
|—— LiCI-KCI-MgCL
——LiC-KCI-MgCl,-YCl,
— -l2Ff
Q
=)
<
jt" 16f
S
E 201
2.4 ! !
0 120 160 200

t/s

Fig. 6 Open-circuit potential transient curve of LiCl-KCl melts with
the addition of MgCl, (1 wt%) and YClz (2 wt%) obtained on a W
electrode (S = 0.322 cm?) at 823 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XRD pattern of Mg—Li-Y alloy obtained by galvanostatic elec-
trolysis (—0.4 A) in MgCl, (8 wt%)-YClz (2 wt%) melts on the W elec-
trode (S = 0.322 cm?) at 973 K.

3.3 Electrochemical preparation and characterization of the
Mg-Li-Y alloy

According to results from the different electrochemical method,
one kind of Mg-Y intermetallic compound is formed under our
experimental conditions. Preparation of Mg-Li-Y alloys via
galvanostatic electrolysis was attempted with various concen-
trations of MgCl, at 823 K. However, it is difficult to produce
large amounts of Mg-Li-Y alloys because of the undesirable
coalescence (dendritic deposits), which occurs at low experi-
mental temperature.* Thus, we prepared Mg-Li-Y alloys at 973
K. The XRD pattern of Mg-Li-Y alloys that were obtained via
galvanostatic electrolysis in LiClI-KCl-MgCl,-YCl; melts on
the W electrode at 973 K are shown in Fig. 7. The results show
that the obtained alloy mainly contains Mg and Mg,,Y phases.
SEM equipped with EDS mapping and quantitative analysis
were used to further examine the microstructure and

View Article Online
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distribution of Mg and Y elements in Mg-Li-Y alloys. SEM
images of the Mg-Li-Y alloy that was obtained on the W elec-
trode at 973 K are shown in Fig. 8a and b. The Mg-Li-Y alloy can
be clearly distinguished by the grey and bright zones (Fig. 8a
and b), where the bright zones indicate the Mg-Y intermetallic
compound and grey zones indicate the Mg substrate. Subse-
quently, we used EDS mapping and quantitative analysis to
verify our conjecture. As seen in Fig. 8c and d, the EDS mapping
analysis indicates that the Mg is mainly distributed in the grey
zone, and the Y is mainly distributed in the bright zone. EDS
quantitative analysis of the Mg-Li-Y alloy is shown in Fig. 8e
and f. Point 1 is in the bright zone, and point 2 is in the grey
zone. The EDS quantitative analysis further verified the results
obtained via EDS mapping analysis. On the basis of the XRD,
SEM, and EDS results, the electrochemical signal E, which is
observed in different electrochemical curves, can be assigned to
Mg54Ys.

It is well known that, the composition of an alloy could be
adjusted by the concentrations of M,Cl, (M = Al, Zn, and
Mg).**4%4¢ Therefore, Mg-Li-Y alloys were prepared via galva-
nostatic electrolysis on the W electrode at 973 K using different
concentrations of added MgCl,. The EDS detectors cannot
detect the presence of elements with atomic number less than 4,
meaning that EDS cannot detect Li, thus the distribution of Li
element is not shown in Fig. 8. Therefore, the ICP analysis were
applied to analysis the content of Mg, Li and Y. Table 3 exhibits
results of the ICP analysis of Mg-Li-Y alloys. As seen in Table 3,
when the concentration of YCI; is constant, the concentration of
MgCl, can be used to adjust the content of Y and Li in the Mg-
Li-Y alloys.

The main purpose of adding Y into the Mg-Li alloy is to
strengthen the properties of the Mg-Li alloy. Therefore, the
microhardness and Young's modulus of the Mg-Li-Y alloy were
measured using a Leitzs microhardness tester and a tool for
measuring Young's modulus. The Mg-Li and Mg-Li-Y alloys
with nearly the same composition of Mg and Li were prepared

Element Mass% at.%
Mg 7788 9209
¥ 212 791

Element Mass% at.%
Mg 100 100
Y 0 0

Fig.8 SEM (a and b), EDS mapping (c and d) and quantitative (e and f) analysis of Mg—Li-Y alloy obtained by galvanostatic electrolysis (—0.4 A) in
LiCI-KCl-MgCl, (8 wt%)-YCls (2 wt%) melts on the W electrode (S = 0.322 cm?) at 973 K.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 ICP analysis of Mg—Li-Y alloys obtained by galvanostatic electrolysis (—0.4 A) on W electrode (S = 0.322 cm?) in LiCI-KCl-YCls (2 wt%)

melts with the different concentrations of MgCl, at 973 K

MgCl, concentration YCl; concentration Y content Li content Mg content
Samples (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
1 8.0 2 8.47 5.17 Bal.
2 10.0 2 6.65 4.36 Bal.
3 12.0 2 4.98 3.92 Bal.
4 14.0 2 3.03 2.77 Bal.
60 Mg-Y intermetallic compound was formed in LiCl-KCI-MgCl,
[ | Micro hardness/HV melts under the experiment conditions. The Mg-Li-Y alloys
T XY Young’s modulus/GPa were prepared via galvanostatic electrolysis, and the Mg,,Ys
551 \ intermetallic compound was detected using XRD analysis. The
ICP analysis of the Mg-Li-Y alloys illustrate that the concen-
50 - T tration of MgCl, can be used to adjust the content of Y and Li in
T the Mg-Li-Y alloys. With the inclusion of Y, the microhardness
\ and Young's modulus of the Mg-Li-based alloy increased
s 14.26% and 17.4%, respectively.
40 - . .
Conflicts of interest
35 There are no conflicts to declare.

1 2

Fig.9 Comparison diagrams of micro hardness and Young's modulus
of Mg-Li-Y (column 1) and Mg-Li (column 2) alloys.

under the same experiment condition. A diagram that compares
the values of the microhardness and Young's modulus of the
Mg-Li-Y alloy (column chart 1) and Mg-Li alloy (column chart
2) are shown in Fig. 9. Compared to the microhardness of the
Mg-Li alloy, the microhardness of the Mg-Li-Y alloy was
enhanced 14.26% (57.29 + 0.5 GPa and 50.14 + 0.4 GPa). In
a work by Chapelon et al.>® and our previous work,* the Young's
modulus of the Mg-Li-Y alloy was measured using the tool for
Young's modulus. As seen in Fig. 9, the Young's modulus of the
Mg-Li-Y alloy is 55.97 + 0.4 GPa, and that of the Mg-Li alloy is
47.65 % 0.0.6 GPa. With the inclusion of Y, the Young's modulus
of the Mg-Li based alloy increased 17.4%.

4. Conclusions

Cyclic voltammetry and chronopotentiometry were used to
determine the diffusion coefficient of Y(ur) in LiCI-KCl melts on
the W electrode. The calculated results from chro-
nopotentiometry illustrate that the experimental temperature
can be used to adjust the diffusion coefficient of Y(m) in LiCl-
KCI melts. The results from the cyclic voltammetry show that
the reduction process of Y(ir) to metal Y is reversible when the
scan rate is below 100 mV s, and it is irreversible when the
scan rate is greater than 100 mV s~ . At a low scanning rate, the
apparent standard potential of Y(ur)/Y(0) was ultimately calcu-
lated to be —2.01 V at 823 K. The results obtained using
different electrochemical methods show that only one kind of

13846 | RSC Adv, 2021, 11, 13839-13847
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