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Abstract 

 

The rechargeable magnesium battery is considered as a next generation energy storage and 

conversion system for last few decades. Magnesium metal is an attractive candidate for the anode 

material owing to their characters of high theoretical specific capacity (3,832 mAh cm
-3

), great 

material abundance and good safety. In comparison with conventional Li-ion battery, Magnesium is 

non-dendrite system, which is a significantly improving battery safety. Magnesium batteries can be 

used for magnesium (Mg) metal anode. In spite of these advantages, Mg rechargeable batteries have 

some problems. Divalent Mg ion is the kinetically slow Mg insertion/deinsertion and diffusion 

reaction in the cathode materials. Mg rechargeable batteries have also been hindered by the surface 

chemistries of Mg, which very limits the choice of available electrolytes and cathodes materials. To 

improved performance can be obtained by search for suitable cathode materials and less passivated 

Mg anode. 

In this paper, main work is concerned with development of novel electrolytes to improve cell 

performance during charging and discharging. The prototype electrolytes suffer from the use of very 

volatile solvents, such as THF, and organohaloaluminate electrolytes with a highly corrosive nature 

toward current collectors, high air sensitivity, and low anodic stability (below 3.0 V versus Mg 

reference electrode), which limits the choice of cathodes. In order to shortcomings of the existing 

electrolytes and obtain the better performance, new electrolyte system should be developed. 

As a first work, this paper presents the effects of various existing electrolyte systems on Mg 

deposition and dissolution. The anodic stability of the electrolytes were determined by means of linear 

sweep voltammetry(LSV) and cycling experiments for Mg/Cu cells were galvanostatically conducted. 

On the basis of galvanostatic cycling of Mg/Cu cells, highly reversible Mg deposition and dissolution 

processes were obtained in 0.2 M MgBu2-(AlCl2Et)2/THF, 0.4 M (PhMgCl)2-AlCl3/THF electrolytes 

with and without TPFPB. Addition of the TPFPB Lewis acid could significantly improve the anodic 

stability of 0.4 M (PhMgCl)2-AlCl3/THF electrolytes By Linear sweep voltammetry experiments. 

Also, the surface morphology and chemical component of the Mg metal and Cu electrode after Mg 

deposition and dissolution were observed using a field emission scanning electron microscope (SEM) 

and energy dispersive spectrometer (EDS). It revealed that the shape of the Mg deposit strongly 

depends on the electrolyte composition. 

As a second work, to improve stability of electrolyte against electrochemical oxidation and 

reduction, we present new electrolytes based on magnesium (II) bis(trifluoromethane sulfonyl)imide 

(Mg(C2F6NO4S2)2, Mg(TFSI)2) dissolved in glyme-based solvents. To check the solvation of Mg2+ 

ions, we measured ion-dipole interaction with Fourier-transform infrared (FT-IR) analyses. Also we 

presents typical linear sweep voltammmetry (LSV) curves for various electrolytes and solvents. 0.3M 
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Mg(TFSI)2 in glyme/diglyme (1/1, v/v) showed significant higher anodic stability than AlCl3-

(PhMgCl)2/THF electrolytes. And highly reversible Mg deposition and dissolution processes were 

obtained in Mg(TFSI)2 dissolved in glyme-based solvents on the galvanostatic cycling. Moreover, the 

properties of glyme-based electrolytes in Mg/poly(2,2,6,6-tetramethylpiperidinyl-1-oxy-4-yl methacry 

late) (PTMA), Mg/CMK3-S, and Mg/Mo6S8 cells are discussed. 
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CHAPTER I 

 

1. Introduction 

 

1.1 Prospect of next generation battery system 

 

 Today, Science and Technology are amazingly growing and we have been concern of 

environmental issues. Many researchers are looking for substitute resources of scarce resources, such 

as solar energy, wind and hydropower energy. For these reasons, Energy storage and conversion 

system will be more important in the present and future.
1
  

Actually, the price of resources such as oil and gasoline is increased and quantity of 

resources is decreased. It may concern the demand gap and the CO2 emissions. In a variety of energy 

storage and conversion systems, lithium ion batteries are one of the most successful achievements of 

electrochemical applications, that is being proposed for the recommend of electric vehicles (EV) and 

hybrid electric vehicles (HEV). Some EVs have already started to use lithium ion batteries or ZEBRA 

batteries.
2
 Fig. 1 shows the principle of first commercial lithium ion battery.

3
 But lithium ion batteries 

are too low to meet the transport and the long term markets. These systems are still far from mass 

production and the use of large lithium ion batteries have been concern safety and lack of reserves 

issues. They are ideally suited for small cells in portable applications. Thus, we need of the 

exploration of new materials instead of lithium battery system. There are many alternate products 

such as Li/S and Li-air. In this dissertation, we proposed rechargeable magnesium batteries for large 

scale storage applications. Due to its safety, abundant and high capacity, many researchers are 

studying magnesium batteries. There are many reasons that will be explained in the following sections.  

 

1.2 The need to study rechargeable Mg batteries 

  
 Development of rechargeable batteries is one of the most important tasks for secure, novel 

and high energy density to achieve high electrochemical performance and low cost in current energy 

conversion and storage system. 

The study for expectation of new materials concentrated on magnesium metal as a 

significantly advantageous candidate for the metal anode materials in rechargeable batteries. Due to 

its bivalency, the specific volumetric capacity is approximately 3833 mAh cm
-3

, it is higher than 

lithium metal (2046 mAh cm
-3

).
4
 Also, Mg metal anode may have a large specific capacity of 2205 

mAh g
-1

. This is more than seven times the specific capacity of the graphite of the anode materials 

( 372 mAh g
-1 

) (Fig. 2a).
5
 Mg is abundant element in our earth’s crust. In spite of its potential 
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reactivity it is secure in ambient atmosphere. Also, Mg rechargeable batteries are dendrite free Mg 

deposition system, it is one of the most promising reasons for commercialization of battery system 

because dendrite causes serious safety issues. So, Mg is environmentally friendly, inexpensive, safe 

and easy of handling. So, rechargeable magnesium batteries are suitable for mass energy storage 

system. 

Despite of these advantages, magnesium rechargeable batteries suffer from several critical 

problems. First one is compatibility between metal anodes and electrolytes. Metal anodes are rarely 

exposed with oxygen and moisture. It causes a surface native film which hampers conducting ions and 

electrons.
6,7

 Thus, it should use polar organic electrolyte solutions such as using typical lithium ion 

batteries. But, magnesium metal anodes do not function at these electrolytes solutions, it becomes a 

fully passivated on the metal surface. On the contrary to lithium, magnesium bivalent ions cannot pass 

through the passivating film consist of magnesium ionic compound. Second one is narrow 

electrochemical stability window of organohaloaluminum and ether electrolyte solutions, which is 

permit reversible magnesium deposition and dissolution.
8
 These solutions are up to 2.2V (vs. Mg) of 

electrochemical stability window. It can extremely restrict selecting the high voltage cathode materials 

for rechargeable Mg batteries. In addition, it is hazardous to handle these organohaloalumium/ether 

electrolyte solutions. The third one is slow Mg
2+

 ions kinetic of solid state diffusion. The slow 

diffusion of magnesium is commonly generated by strong interaction with Mg
2+

 bivalent ions, which 

have a high charge and radius ratio, and between anions and cations of the hosts materials.
9
 And then, 

it has a relatively lower specific energy than lithium batteries. Specific energy is proportional to the 

theoretical cathode capacity and the average voltage. Magnesium is about 1V lower than lithium 

metal of voltage. So, magnesium system is low in specific energy as well as the low operating voltage. 

Fig. 3 shows theoretical voltage and capacity of rechargeable Mg battery compared to 

lithium ion battery and metal air system. To achieve the high energy rechargeable Mg batteries, there 

are two main way. First one is that it will use to high voltage intercalation cathodes and moderate 

capacity. Second one is utilizing high capacity and low voltage such as Mg/S system.
10

 To obtain high 

energy density for rechargeable Mg batteries, some researchers have been concentrated on the study 

of various cathode system with high capacities and voltage. 

Nowadays, a few international corporations such as Sony, LG and Toyota have developed 

rechargeable Mg batteries. Pellion Technologies of an American company is dedicated to the research 

of high energy density of rechargeable Mg batteries. Also, several groups around the world are 

studying new materials, mechanism system from 1990s.  
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Figure 1. The principle of charge and discharge on the commercialized lithium ion batteries. LiCoO2 

as a cathode, and graphite as an anode.
3
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Figure 2. (a) Theoretical capacities (mAh/g, mAh/cc) of lithium metal, graphite (LiC6), and 

magnesium metal of anode materials. (b) In the earth’s crust, abundance of elements.
5
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Figure 3. Operational voltage (v) and Discharge specific capacity (mAh g
-1

) of Magnesium batteries 

compared with other rechargeable batteries.
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2. Research object 

  

 Despite three decades of research on rechargeable Mg batteries, it is still suffer from many 

problems. The main challenge is to solve the problems of electrolytes which have been worked by 

many researchers in rechargeable magnesium batteries. The prototype of magnesium electrolytes such 

as Grignard solutions and organohaloaluminate electrolytes indicates highly reversible performance 

and high efficiency. In spite of the ability, the prototype electrolytes of magnesium batteries have easy 

to react with water (H2O), O2 and metal as well as very volatile solvent such as tetrahydrofuran(THF). 

So, it is difficult to synthesize and to manage. It has a very volatile it has a limited anodic stability 

window for various cathode materials in typical current collectors such as Al, Cu.
4
 So, there is a lot of 

research to solve many problems in the existing results of rechargeable magnesium batteries. 

 In the chapter II, we tried to understand and improve the prototype electrolytes of 

magnesium batteries. Magnesium (Mg) deposition and dissolution behaviors of 0.2 M MgBu2-

(AlCl2Et)2, 0.5 M Mg(ClO4)2, and 0.4M (PhMgCl)2-AlCl3 electrolytes (APC) with and without 

tris(pentafluorophenyl) borane (TPFPB) are investigated by ex situ scanning electron microscopy 

(SEM) and galvanostatic cycling of Mg/copper (Cu) cells. To ascertain the factors responsible for the 

anodic stability of the electrolytes, linear sweep voltammogrametry (LSV) experiments for various 

electrolytes and solvents are conducted. The effects of TPFPB as an additive on the anodic stability of 

0.4M (PhMgCl)2-AlCl3/THF electrolyte are also discussed. 

 In the chapter III, we proposed new types of electrolytes with non-corrosive toward current 

collector, low volatility and high anodic stability contrary to prototype electrolytes for rechargeable 

magnesium batteries. To properly design an electrolyte with high stability against electrochemical 

oxidation and reduction, we focused on magnesium (II) bis(trifluoromethane sulfonyl)imide 

(Mg(C2F6NO4S2)2, Mg(TFSI)2) dissolved in glyme-based solvents such as Dimethoxy etane(DME) 

and Diethyleneglycol dimethyl ether(DEGDME). For the first time, we discovered that a large 

potential barrier exists at the beginning of Mg stripping at the Mg electrode, and this barrier does not 

indicate again in the subsequent cycling, LSV experiments for anodic stablity of electrolytes. Also, we 

confirm the morphology and structure via X-Ray diffraction (XRD) and Scanning electron 

microscope (SEM). Furthermore, it was found that glyme-Mg(TFSI)2 salt complex allows 

electrochemical oxidation and reduction of pendant radical polymer with a robust 2,2,6,6-

tetramethylpiperidinyl-N-oxy (TEMPO) radical moiety charged up to a high voltage of 3.4 V versus 

Mg/Mg
2+

 and a carbon-sulphur composite cathode, which has a high theoretical capacity of 1,672 

mAh g
-1 

and 3,459 mAh cm
-3. 
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CHAPTER II 

 

The Study of Various Prototype Electrolyte Systems on Mg metal Anode during 

Deposition and Dissolution 

 

1. Introduction 

 

1.1 History of rechargeable magnesium battery 

 

 The study of recently years involves a few result of research and develop on rechargeable 

Mg batteries. Also, primary magnesium batteries studied for commercial battery and military 

applications. The main concern to study with a magnesium metal anode is a suitable electrolytes in 

which highly reversible electrochemical Mg metal anode deposition can arise. Due to the magnesium 

metal anode, aqueous electrolyte solutions are not appropriate. Magnesium reacts with water to 

corrosion. So, Mg battery’s electrolyte should consist of organic polar solution as a lithium ion battery.  

 The first study of electrochemically very high reversible dissolution and deposition of 

magnesium in Grignard solution (RMgX, R = alkyl, aryl group, X= Cl, Br) in 1920s.
11

 But, Grignard 

solutions have the property of strong reducing agents. Grignard solutions indicate a very low anodic 

stability, too narrow voltage stability window for various cathode materials. Owing to the extremely 

poor dissociation of RMgX species in solvents, Ionic conductivities of Grignard solutions are too 

low.
7
 This solution is not suitable as electrolyte for rechargeable Mg batteries. In 1980s, Some 

researchers have found an Mg[B(C4H9)4]2 electrolyte from the reaction between the Lewis acid 

tributylborane and the dibutylmagnesium that indicates better anodic stability than Grignard solution 

(Fig. 4).
6
 And then, other researchers was reported that the Mg electrode shows highly reversible 

behavior in a group of electrolyte solutions based on organohaloaluminate magnesium salts by 

reactions between MgR2 Lewis base and AlCl3−nRn Lewis acid in tetrahydrofuran (THF).
12

 Nontheless, 

the applied application of Mg batteries is fairly limited because rechargeable Mg batteries suffer from 

the use of very volatile solvents, such as THF, and organohaloaluminate electrolytes with a highly 

corrosive nature toward current collectors, high air sensitivity, and low anodic stability (below 3.0 V 

versus Mg reference electrode) , which limits the choice of cathodes.
13,14

 Next, Advanced electrolyte 

solutions is all phenyl complex (APC) for rechargeable Mg batteries.
15

 APC solutions are made by 

reaction between PhMgCl and AlCl3. This solution has a higher anodic stability window up to 3.4V 

than previously solution of 2.2V. And these solutions have a conductivity of 2 mS cm-1, low 

overpotential for magnesium deposition and high coulombic efficiency around 100%.
16
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Specifically, the tri(3,5-dimethylphenyl)borane (Mes3B)–(PhMgCl)2 electrolyte, formed 

through the reaction of Mes3B and PhMgCl in THF, was found to yield outstanding electrochemical 

performance of Mg/Mo6S8.
17

 However, even though this Mes3B–(PhMgCl)2 electrolyte led to fairly 

good electrochemical performance of Mg/Mo6S8 cells, the charge voltage was limited to 1.7 V due to 

the low anodic limit of the electrolyte. Very recently, it was reported that a halide-free inorganic salt, 

magnesium borohydride Mg(BH4)2, with LiBH4 showed unprecedented reversible Mg deposition and 

stripping in dimethoxyethane (DME) solvents.
18

 Unfortunately, the overcharge and capacity fade of 

cells were shown in Mg(BH4)2/LiBH4 electrolytes, and the charge voltage limit was 1.5 V. Moreover, 

Mg deposition and stripping are very difficult in most nonaqueous organic electrolytes based on 

Mg(ClO4)2, because the magnesium surface of passivation formed are electronically insulating (which 

leads to passivation of the electrode) and do not assist the migration of Mg ions to the Mg electrode 

surface.
7
 Hence, it is very important to find suitable electrolytes for rechargeable Mg batteries; 

reversible Mg deposition and stripping, high ionic conductivity, low air/moisture sensitivity, and 

wide electrochemical windows should be attainable. In addition, there is strong demand for the 

development of electrolyte systems with low volatility to ensure battery safety. Electrochemical 

magnesiation and de-magnesiation of an Mg2Sn anode coupled with a Chevrel phase (Mo6S8) 

cathode were reported in Mg(TFSI)2 dissolved in a highly volatile DME solvent with a low 

boiling temperature of 85oC.19
 

 

1.2 The electrochemical behavior of magnesium electrodes 

 

 To obtain highly reversible magnesium stiripping and deposition for rechargeable Mg 

batteries, this system have no passivation film on magnesium metal anode. Because of its bivalent ion 

character, Mg
2+

 ions cannot migrate through the surface passivation film composed of the ionic 

magnesium compound. (In lithium based system, monovalent Li
+
 ions can easily migrate through the 

surface film composed of the ionic lithium compound. The surface phenomenon is indicated in Fig. 5. 

It shows situations of surface to both lithium and magnesium active electrodes in non-aqueous 

electrolyte. At top part of Fig. 5, surface of metal anodes is overlaid by native films is presented in the 

electrolyte solution. At the center of Fig. 5, surface is re-formed by water trace and water hydrates 

surface species and diffuses via the surface films to the active metal anodes. Finally, active metal 

anodes dissolution covered by surface film occurs through repair and re-covered of the surface 

film.
7,20

 

 In the first study of 1990s, the possible mechanism of electrochemical deposition and 

stripping of magnesium anode is that shown following formula.  

 



９ 

 

2RMgX ⇔ MgR2 + MgX2 Schlenk equilibrium                 (1) 

2RMgX ⇔ RMg
+
 + RMgX2 Ionization equilibrium                (2) 

  

Alkyl magnesium halides do not exist in ether solvers as single compounds, it has various 

equilibriums. The above equilibrium is most important.
6
 

 

Possible magnesium deposition mechanism
21

 

 

2RMg
+
 + 2e

-
 ⇔ 2RMg∙(ad)                            (3) 

2RMg∙(ad) ⇔ Mg + MgR2(sol) → (1)                  (4) 

 

or 

 

2MgR2 + 2e
-
 ⇔ 2RMg∙(ad) + 2R

-
                       (5) 

RMg∙(ad) ⇔ Mg + MgR2(sol) → (1)                  (6) 

R
-
 + RMg

+
 → MgR2(sol) → (1)                       (7) 

R
-
 + MgX

2+
 → RMgX

2-
(sol) → (2)                     (8) 

R
-
 + 2RMgX → MgR2(sol) + RMgX

2-
(sol)                (9) 

 

Possible magnesium dissolution mechanism 

 

1. Mg + MgR2 ⇔ 2e
-
 + 2RMg

+
 → (2)                   (10)  

2. Mg + 2RMgX
2-

 ⇔ 2e
-
 + 2RMgX + MgX2 → (1)           (11) 

 

In the electrolytes, magnesium deposition is all the time leaded by adsorption of various species of 

Mg-carbon bond and are stabilized surrounded by ether molecules such as THF or glymes on the 

magnesium anode surfaces.
7,22,23

 It proposes a possible diagram of Mg electrochemical deposition 



１０ 

 

mechanism by EQCM measurements and FT-IR studies. 
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Figure 4. (a) Image of electronmicrograph of Mg deposit, The hexagonal structure of the Mg deposit. 

(b) Cycling behavior of the Mg/Co3O4 (0.25M Mg[B(Bu2Ph2)]2).
6
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Figure 5. A system of the active metal surface such as Li and Mg in non aqueous electrolytes.
20
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Figure 6. Possible magnesium deposition scheme.
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1.3. Research objectives 

  

 In this chapter, we research to understand and improve the prototype electrolytes of 

magnesium batteries. Magnesium (Mg) deposition and dissolution behaviors of 0.2 M MgBu2-

(AlCl2Et)2, 0.5 M Mg(ClO4)2, and 0.4M (PhMgCl)2-AlCl3 electrolytes (APC) with and without 

tris(pentafluorophenyl) borane (TPFPB) expect the performance by ex situ scanning electron 

microscopy (SEM) and galvanostatic cycling of Mg/copper (Cu) cells. To ascertain the factors 

responsible for the anodic stability of the electrolytes, The effects of TPFPB as an additive on the 

anodic stability of 0.4M (PhMgCl)2-AlCl3/THF electrolyte are also discussed. 
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2. Experimental 

 

2.1 Preparation of electrolyte 

 

 Electrolytes comprising tetrahydrofuran (THF) solvent and complexes of MgBu2-(AlCl2Et)2 

were prepared by the dropwise addition of 1 M ethylaluminumdichloride (EtAlCl2) in hexane (Aldrich) 

to a vigorously stirred 1M dibutylmagnesium (Bu2Mg) in heptanes (Aldrich).
12,15

 An exothermic 

reaction took place, yielding a powdery white precipitate. The reaction was allowed to continue at 

room temperature for 48 h in a glove box filled with argon. The resulting white powder was obtained 

after drying in a vacuum at room temperature for 10 h. The THF solvent distilled with a sodium-

benzophenone complex was added to the dry white solid, MgBu2-(AlCl2Et)2. The solution was clear 

and colorless.  

0.5 M AlCl3 in THF solution (Aldrich, 99.9%) was slowly added dropwise to a 

predetermined quantity of 2 M phenylmagnesiumchloride (PhMgCl)/THF solution (Aldrich) at 0
o
C. 

The resulting solution, 0.4 M (PhMgCl)2-AlCl3 in THF, was stirred for an additional 16 h at room 

temperature.
16

 0.5 M Mg(ClO4)2 (Aldrich) dissolved in propylene carbonate (PC)/dimethyl carbonate 

(DMC) (50/50, v/v) (Soulbrain Co. Ltd.) mixed solvent or acetonitrile was then prepared. 1 wt.% 

tris(pentafluorophenyl) borane (TPFPB) (Aldrich) as an additive was added into 0.4 M  (PhMgCl)2- 

AlCl3/THF electrolyte. 

 

2.2 Electrochemical properties measurements 

 

The anodic limits of the electrolytes were identified by means of linear sweep voltammetry 

at a scan rate of 20 mVs
−1

 using an Iviumstat (Ivium Technologies, The Netherlands); we used a 

magnesium electrode as the reference and counter electrodes and stainless steel as the working 

electrode. All of the electrodes were polished with sandpaper and rinsed with dry THF prior to use. 

To investigate the electrochemical reversibility of Mg dissolution and deposition in various 

electrolyte systems, cycling experiments for Mg/Cu cells were galvanostatically conducted at a rate of 

C/20 (0.163 mA cm
−2

) using a computer-controlled battery measurement system (WonATech WBCS 

3000). Cu functioned as the working electrode and a Mg disc as the counter electrode. 

 

2.3 Scanning Electron Microscopy (SEM) / Energy Dispersive Spectrometer (EDS) 

 

After rinsing the electrodes in THF or acetonitrile solvent, the surface morphology changes 
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of the Mg electrode and Cu substrate after Mg deposition and dissolution were observed using a field 

emission scanning electron microscope (FE-SEM; JEOL JSM- 6700F). During the gaining of the 

images, an energy dispersive spectrometer (EDS) was also used to determine the types of chemical 

components of electrodeposited Mg on a Cu foil and Mg electrode after Mg dissolution. 
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3. Results and Discussion 

 

3.1 Galvanostatic cycling performance of Mg/Cu cell 

 

Fig. 7 shows the galvanostatic cycling of Mg/Cu cells in various electrolytes. 1% of the 

magnesium from the Mg electrode was utilized and the capacity was 3.25 mAh cm
−2

. The initial steep 

potential drop indicating very difficult Mg dissolution at the Mg electrode is observed and then, the 

potential is shifted toward 0 V. This indicates that once the Mg dissociation from the Mg electrode is 

initiated, further Mg dissolution at the Mg electrode and Mg deposition at the Cu substrate readily 

take place. 0.2 M MgBu2-(AlCl2Et)2/THF electrolyte exhibited a large potential drop during the first 

Mg deposition and the overpotential for further Mg deposition discernibly decreased. It is thought that 

0.2 M MgBu2-(AlCl2Et)2/THF electrolyte is prone to oxidize on the Mg electrode during Mg 

dissolution and results in the formation of a surface layer that suppresses re-deposition of Mg onto the 

Mg electrode. Indeed, slightly increased potential for repeated Mg deposition and dissolution was 

observed due to ohmic resistance of the resistive surface layer, as shown in Fig. 7(a). 0.5 M 

Mg(ClO4)2 in acetonitrile showed a very high potential for the Mg dissolution from the Mg electrode 

and the Mg deposition on a Cu substrate, and a sharp potential rise during the next Mg dissolution 

from the Cu substrate with Mg deposition in Fig. 7(b). This significantly increased potential during 

the first Mg dissolution may lead to Cu dissolution from a Cu substrate. This agrees well with a 

previous report that Mg electrode is mostly blocked by the resistive surface layer, and Mg deposition 

is extremely inhibited.
7
 It is known that reversible Mg deposition is prohibited in aprotic solvents 

containing a commercial ionic salt such as Mg(ClO4)2.
4,24,20

 0.4 M (PhMgCl)2-AlCl3/THF with and 

without tris(pentafluorophenyl)borane (TPFPB) electrolytes exhibited a relatively low potential drop 

for Mg deposition at the Cu substrate and highly stable potential behavior for Mg deposition and 

dissolution on a Cu substrate, as presented in Figs. 7(c) and (d). It is clear that 0.4 M (PhMgCl)2-AlCl3 

in THF forms a less resistive surface film and effectively assists Mg deposition and dissolution during 

cycling. TPFPB as an additive did not lead to a large potential drop for Mg deposition at the Cu 

substrate and a high potential rise for Mg dissolution. 
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Figure 7. Galvanostatic cycling performance of Mg/Cu cells at a rate of C/20 in (a) 0.2 M MgBu2-

(AlCl2Et)2/THF, (b) 0.5M Mg(ClO4)2 in acetonitrile, (c) (PhMgCl)2-AlCl3/THF, (d) (PhMgCl)2-

AlCl3/THF with 1% TPFPB. 
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3.2 The effect of various electrolytes on the Mg deposition and dissolution 

 

 SEM images for magnesium (Mg) deposition on a Cu substrate and Mg dissolution from a 

magnesium electrode in 0.2 M MgBu2-(AlCl2Et)2/THF electrolyte are shown in Fig. 8. The deposition 

rate was 0.163 mA cm
−2

 with a capacity of 6.5 mAh. The morphological measurements exhibited that 

Mg deposition from 0.2 M MgBu2-(AlCl2Et)2/THF electrolyte is very uniform. It is know that the 

identity of the electrolyte affects the morphology of Mg deposition.
2
 Pyramid shaped Mg deposition 

without dendritic formation is important for practical application. The EDS results confirmed that the 

deposits on a Cu substrate are pure Mg without any surface species, as presented in Fig. 8(a). As 

clearly seen in Fig. 8(b), the Mg electrode had a very coarse surface and many voids after Mg 

dissolution. Importantly, aluminum (Al) and oxygen (O) signals appeared in the EDS spectra obtained 

from the magnesium electrode after Mg dissolution. The Al signal is attributed to compounds formed 

via the decomposition of the anion species, AlCl3Et
−
, in the electrolyte solution. It is clear that the 0.2 

M MgBu2-(AlCl2Et)2/THF electrolyte electrochemically decomposes and produces the surface species 

at the Mg electrode during Mg dissolution. . The EDS results of Figs. 8(c) and (d) confirmed that the 

deposits on the Cu substrate are pure Mg without any surface species. Interestingly, there is a 

significant difference between the SEM images obtained from Mg deposits in 0.4 M (PhMgCl)2-

AlCl3/THF with and without TPFPB. It is clear that the shape of the Mg deposit strongly depends on 

the electrolyte composition. 

 Fig. 9 displays SEM images and EDS spectra for the Cu substrate after Mg deposition and 

the Mg electrode after Mg dissolution in 0.5 M Mg(ClO4)2 in acetonitrile,. In addition, SEM / EDS 

spectra for the Mg electrode after Mg deposition are shown in Figs. 9(e) and (f). The EDX spectrum 

of Mg deposits on a Cu electrode in 0.5 M Mg(ClO4)2 in acetonitrile shows peaks corresponding to 

chlorine (Cl), O, and Mg signals, as seen in Fig. 9(a). The Cl and O signals attributed to compounds 

formed via the decomposition of Cl anions in Fig. 9(a) and are not observed for the Cu substrate, as 

shown in Fig. 9(b). This indicates that significant decomposition of Cl anions takes place along with 

Mg deposition on the Cu substrate. Atomic amounts related to Cl, O, and Mg are detected in the EDX 

spectrum during Mg dissolution from the Mg electrode, as shown in Fig. 9(c). It was reported that Cl 

anions react with the Mg electrode and Mg-Cl-O species are formed on the Mg electrode surface 

during storage for 3 h.
7
 Importantly, non-uniform Mg dissolution from the Mg electrode occurred, as 

depicted in the inset of Fig. 9(d). Surprisingly, a thick surface layer entirely covered the Mg electrode 

when Mg dissolved from the Cu substrate with Mg deposition on the Mg electrode, as shown in Figs. 

9(e) and (f). The EDX analysis revealed that this thick layer consists of Cu and O. It is concluded that 

a sharp potential rise during Mg dissolution from the Cu substrate with Mg deposition leads to Cu 

dissolution from the Cu substrate and causes irreparable damage to the Mg electrode. 
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Figure 8. SEM images and EDS spectra for (a) Mg deposit on a Cu substrate, (b) Mg electrode after 

Mg dissolution in 0.2 M MgBu2-(AlCl2Et)2/THF. Red box represents the selected zone for the EDS 

measurements. (c) (PhMgCl)2-AlCl3/THF, (d) (PhMgCl)2-AlCl3/THF with 1% TPFPB. SEM images 

and EDS spectra for Mg electrodes after Mg dissolution in (e) (PhMgCl)2-AlCl3/THF, (f) (PhMgCl)2-

AlCl3/THF with 1% TPFPB. 
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Figure 9. SEM images and EDS spectra for (a), (b) Mg deposit on a Cu substrate, (c), (d) Mg 

electrode after Mg dissolution, (e), (f) Mg re-deposit on Mg electrode in 0.5 M Mg(ClO4)2/acetonitrile. 
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e f 
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3.3 Anodic stability of various electrolytes 

 

 Fig. 10 presents typical linear sweep voltammmetry (LSV) curves in various electrolytes and 

solvents. Stainless steel (SS), an important component in testing coin cells, was used as a working 

electrode. The presence of the most oxidative species such as anions governs the anodic stability 

window of the electrolyte.
11

 0.2 M MgBu2-(AlCl2Et)2/THF and 0.4 M (PhMgCl)2- AlCl3/THF 

electrolytes, developed by Aurbach, display an electrochemical stability window of up to 2.75 V and 

2.5 V vs. a Mg reference electrode on a SS working electrode, respectively. It should be noted that the 

anodic stability of electrolytes will be greatly different with working electrodes (platinum, copper, 

nickel, stainless steel, and aluminum). The onset potential of pure THF solvent is 0.2 V more positive 

than that of 0.2 M MgBu2-(AlCl2Et)2/THF electrolyte, as shown in Fig. 10. Since THF solvent 

without salt has a very high polarization resistance, it may occur to a very high overpotential. In this 

regard, higher oxidation potential of THF can be thought to attribute to its high polarization resistance. 

We think that this overpotential can make the oxidation of THF solvent more difficult on a stainless 

steel working electrode and the anodic stability of the electrolyte solution is governed by 

organochloroaluminate Mg salt rather than the THF solvent.
25

 Fig. 10(b) displays a comparison 

between the anodic limits of 0.4 M (PhMgCl)2-AlCl3/THF with and without 1% tris(pentafluorophe-

nyl) borane (TPFPB). Interestingly, the oxidative stability of 0.4 M (PhMgCl)2-AlCl3/THF with 

TPFPB on a SS working electrode reaches 2.9 V on the SS electrode. This implies that electron 

deficient boron atoms of TPFPB interact with the anion species such as Ph4Al
−
, Ph3AlCl

−
, Ph2AlC , 

and PhAlC in the electrolyte and lessen the oxidative nature of the electrolyte.
15,11,26,27

 High oxidative 

stability of 0.4 M (PhMgCl)2-AlCl3/THF with TPFPB, which is analogous with a THF solvent, is 

expected to ensure very good compatibility toward the cathode. 
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Figure 10. Linear sweep voltammograms depicting anodic stability of (a) various electrolytes and 

solvents, (b) (PhMgCl)2-AlCl3/ THF with and without 1% TPFPB. 
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4. Conclusions 

 

 On the basis of galvanostatic cycling of Mg/Cu cells, highly reversible Mg deposition and 

dissolution processes were obtained in 0.4 M (PhMgCl)2-AlCl3/THF electrolytes with and without 

TPFPB. The observation of surface morphology clearly showed that 0.2 M MgBu2-(AlCl2Et)2/THF 

decomposes during Mg dissolution and the shape of the Mg deposits is affected by the electrolyte 

components. Linear sweep voltammetry experiments confirmed that the addition of the TPFPB Lewis 

acid could improve the anodic stability of 0.4 M (PhMgCl)2-AlCl3/THF electrolytes. We hope that the 

outcome of this search and the related analysis contribute to the study for advanced electrolyte 

ensuring use of high voltage cathodes. 

 

 

  



２５ 

 

CHAPTER III 

 

The Effect of Glyme-Based Electrolytes for Rechargeable Magnesium Batteries 

 

1. Introduction 

 

1.1 Need of new electrolytes system for magnesium rechargeable batteries 

 

 The development of magnesium electrolytes is considered the most important challenge for 

commerical application of rechargeable magnesium (Mg) batteries, because electrolyte properties 

govern battery performance and determine the class of cathodes utilized.
4
 It was reported that the Mg 

electrode shows highly reversible behavior and Mg batteries present superior cycling properties 

among a family of electrolyte solutions based on organohaloaluminate Mg salts in tetrahydrofuran 

(THF) developed by the Aurbach group.
12

 Nevertheless, the practical application of Mg batteries is 

quite challenging because rechargeable Mg batteries use very volatile solvents, such as THF, and 

organohaloaluminate electrolytes that have a highly corrosive nature toward current collectors, high 

air sensitivity, and low anodic stability (below 3.0 V versus Mg reference electrode), which limits the 

choice of cathodes.
10

 Moreover, Mg batteries have difficut using the electrolyte solution of 

conventionnal Mg salt such as Mg(ClO4)2 because the surface species formed on Mg electrodes are 

electronically insulating (which leads to passivation of the electrode) and do not assist the migration 

of Mg ions to the Mg electrode surface.
7
 It is thus very important to find suitable electrolytes for 

rechargeable Mg batteries. Thus, reversible Mg deposition and stripping, high ionic conductivity, low 

air/moisture sensitivity, and wide electrochemical windows should be attainable. In addition, there is 

strong demand for the development of electrolyte systems with low volatility to ensure battery safety. 

 

1.2 Various cathodes materials for Mg batteries 

 

 The transition metal oxide and sulfide cathode materials have been developed for magnesium 

rechargeable batteries in the early 1980s. Many researchers are trying to find the suitable Mg battery 

system. Among them, sulfide cathode materials such as TiS2, NiS2, FeS2, insertion and conversion 

reaction are very poor results in the cycle data.
28

  

 Especially, the intercalation Chevrel phase of Molybdenum chalcogenides are very 

promising cathode material for Mg rechargeable battery. The research of the Chevrel phase material 

showed that this cathode material is suitable to a variety of divalent ions.
29

 In the various cathode 
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materials, divalent Mg
2+

 ion has kinetic problem. Compared to oxides, sulfides have lower iconicity 

that means Molybdenum sulfide can reduce the electrostatic force between the Mg
2+

 ion and host ion 

and it has faster mobility. The application of Chevrel phase Molybdenum sulfide (Mo6S8) was suitable 

as intercalation cathode for Mg rechargeable battery. The success of this material by facile Mg
2+

 ion 

mobility was due to the presence of various vacant sites as diffusion channels, short distances among 

them, high electronic conductivity and compensation of charge unbalance by metallic Mo6 cluster. It 

has highly reversible cycle performance for long term cycling.  

Mo6S8 cathode material has increasingly facile kinetic of Mg
2+

 ions due to numerous 

available vacant sites, short distance among these sites, high electronic conductivity and easily 

compensation of charge disproportion caused by bivalency Mg
2+

 ion. There are scheme of advantages 

in Fig. 14a. For these reasons, Chevrel phase Mo6S8 of cathode material can achieve highly 

reversibility of Mg deposition and dissolution. The Chevrel phase, MgxMo6S8, has a wide range of x 

from 0 to 2. The insertion of Mg
2+

 ions into Mo6S8 happen by following two step reactions and cation 

distribution on Fig. 11b.
30

  

 

Mg
2+

 + 2e
-
 + Mo6S8 ⇔ MgMo6S8 

Mg
2+

 + 2e
-
 + MgMo6S8 ⇔ Mg2Mo6S8 

 

Chevrel phases do not require a variety of cathode structures such as nano-particles, nano-tubes or 

thin films for Mg insertion cathode materials. Chevrel phases have unusual crystal structure to move 

the fast Mg
2+

 ions, specifically Mo6 cluster that can smoothly take in four electrons. According these 

reasons, Chevrel phase, Mg6S8, is the most attractive cathode materials on rechargeable magnesium 

batteries. 

 Many researchers studied some strategies for fast Mg cathode materials. Firstly, the divalent 

Mg
2+

 ions are shielded by strong dipoles such as H2O in the solution or layer structure. The divalent 

character of Mg
2+

 ions affect the slow transport in common hosts materials. So, if strong dipole 

groups around the inserted Mg
2+

 ions intercalate together and shield the charge of Mg
2+

, the kinetics 

of ion might be vastly improved (Fig. 12). In spite of the fast kinetics, this system would have serious 

disadvantages. The big ionic guest groups consist of six H2O molecules around each Mg
2+

 ion is 

difficult to insertion/deinsertion. And the use of H2O containing electrolytes should be lead to side 

reaction between water and Mg metal anode.
31

 Also, the second strategy is nanosizing that can 

decrease the all diffusion length. As a result, the rate capability and cycleability of the small size 

materials was higher than the bulk material.
24

 The third one is the blend of the first and second 
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strategies such as metal oxide aerogels (Fig. 13).  

 To obtain the high energy Mg cathodes, we need to develop high voltage and capacity 

cathode materials. The layered metal dichalconides, MoS2, has been known as appropriative material 

for high energy applications. Because of weak van der Waals’ interaction between layers of MoS2, 

graphene-like MoS2 as the cathode material is interesting in the rechargeable Mg batteries. And 

decrease of the Mg anode size, capacity increased in Mg/Air and Mg/MnO2 batteries, accompanied by 

facile kinetics. Also, nano-particle Mg anode has remarkably decreasing the thickness of the 

passivating films on the Mg surface, increasing ion diffusion in the Mg anode. For these reasons, Fig. 

14 show the performance of combination of graphene-like MoS2 (G-MoS2) cathode and Mg nano-

particle (N-Mg) for rechargeable Mg batteries. The combination of G-MoS2 cathode and N-Mg anode 

has good performance with high operating voltage and good reversible capacity of 170mAh g
-1

.
 32

 The 

other way to obtain high energy Mg batteries is to study a conversion reaction of cathode materials 

with significantly large capacity such as sulfur cathode. This system does not involve solid state 

diffusion, thus it is important for compatibility with Mg electrolyte solution. The Toyota group 

announced non-nucleophilic electrolytes such as re-crystallizes HDMS-MgCl or APC electrolyte 

solutions. At the first magnesiation, capacity is approximately 1200 mAh g
-1

. However, the capacity is 

declined to 394 mAh g-1 during the second magnesiation. Moreover, this system has problems of 

overcharging during the de-magnesiation stage. As a redox shuttle reaction of polysulfides, 

polysulfide dissolution and self discharge lead to active material loss. For these reasons, Mg/S 

batteries are seriously disturbed.
10  
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Figure 11.  (a) The scheme of Chevrel phase Mo6S8 cathode for fast kinetic of Mg
2+

 diffusion. (b) 

The cation distribution in R-MgxMo6S8 (x= 1 and 2).
5,30
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Figure 12. Crystal structure model of hypothetic intercalation compound with solvated Mg
2+

 ions 

located between the V2O5 layers.
31
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Figure 13. (a) Discharge curves of the electrodes comprising mesoporous Mg1.03Mn0.97SiO4 a and b, 

and bulk Mg1.03Mn0.97SiO4 c. (b) Electrochemical behavior of carbon particles covered by a thin layer 

of V2O5 xerogel cyclic voltammetry.
31,33,22,34
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Figure 14. (a) SEM image of B-MoS2 . (b) TEM images of G-MoS2. (c) Cyclic voltammograms of 

the electrodes made from B and G-MoS2 with B and N-Mg as the counter and reference electrodes. (d) 

Galvanostatic discharge/charge voltage profiles of the cells.
32
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1.3. Research objectives 

 

 In this chapter, we propose a new class of electrolytes based on Mg(TFSI)2 dissolved in 

glyme-based solvents with noncorrosive nature toward current collector, high anodic limit, low 

volatility, high solvating power, and the ability to form an appropriate salvation sheath structure for 

Mg stripping/deposition at the Mg metal anode. This approach is a simple and effective way to allow 

highly reversible Mg stripping/deposition, which has not been reported before. Moreover, the unique 

properties of glyme-based electrolytes in Mg/poly(2,2,6,6-tetramethylpiperidinyl-1-oxy-4-yl 

methacrylate) (PTMA) and Mg/CMK3-S cells are discussed.
35
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2. Experimental 

 

2.1 Preparation of electrolytes 

 

Mg(TFSI)2-based electrolytes: The bulk electrolyte used for electrochemical tests of 

Mg/PTMA and Mg/CMK3-S cells was 0.3 M magnesium bis(trifluoromethane sulfonyl)imide 

(Mg(TFSI)2) (Kishida Chemical Co. Ltd.) dissolved in binary ether solvents of glyme/diglyme (1/1, 

v/v). The effects of various solvents, such as acetonitrile (ACN), tetrahydrofuran (THF), 

tetra(ethylene glycol) dimethyl ether (Tetraglyme), tri(ethyelene glycol)dimethyl ether (Triglyme), 

di(ethylene glycol) dimethyl ether (diglyme), and dimethoxy ethane (glyme) on Mg stripping from the 

Mg electrode were tested. All the solvents were purchased from Aldrich. The chemical structure and 

physical properties of each solvent are listed in Table. 1. 

 

 

2.2 Characterization 

 

 The attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of the 

electrolytes were recorded by reflectance measurements obtained using a Varian 670-IR spectrometer 

with a spectral resolution of 4 cm
-1

 under a nitrogen atmosphere. Scanning electron microscope (SEM; 

JEOL JSM-6700F) images and EDS spectra of pristine and cycled Mg electrodes were recorded using 

an FEI Nanonova 230 with a field emission gun and energy-dispersive X-ray spectroscopy (EDS) 

detector. Cycled cells were disassembled in an argon filled glove box and the Mg electrodes retrieved 

from disassemble cells were immersed in a distilled THF and shaken for 30 seconds to remove excess 

surface bound electrolyte, then sealed in pouches for transport to the SEM. Galvanostatically 

deposited Mg on a Cu electrode was characterized via X-Ray diffraction (XRD) operated from 2θ = 

10 - 80
o
 at a rate of 1 degree per minute using monochromatic Cu Kά radiation. 

 

2.3 Electrical properties measurements 

 

 The anodic limits of the electrolytes were determined by means of linear sweep voltammetry 

(LSV) using an Iviumstat (Ivium Technologies, The Netherlands); we used aluminum or stainless 

steel as the working electrode and magnesium disc electrodes as the reference and counter electrodes. 

The magnesium electrodes were polished with sandpaper and rinsed with dry THF distilled with a 

sodium-benzophenone complex prior to use. 

 For electrochemical tests of Mg/Mg and Mg/Cu cells, coin-type cells with a Mg (or Cu) 
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working electrode and a Mg metal electrode used as a counter electrode was assembled in an argon 

filled glove box with less than 1 ppm of both oxygen and moisture. Cycling experiments for Mg/Cu 

and Mg/Mg cells were galvanostatically conducted using a computer-controlled battery measurement 

system (WonATech WBCS 3000). Mo6S8 cathode material was synthesized according to a procedure 

reported in the literature.
 
The Mo6S8 composite cathode was prepared by casting and pressing a 7:2:1 

weight-ratio mixtureof Mo6S8, super-P carbon powder, and poly(vinylidene fluoride) (PVDF) binder 

on a stainless steel (SS) foil. Poly(2,2,6,6-tetramethyl-piperidinyloxy-4-yl methacrylate) (PTMA) 

cathode material was synthesized according to a procedure reported in the literature. The 

PTMAcomposite cathode was prepared by casting and pressing a 4:5:1 weight-ratio mixture of PTMA, 

super-P carbon, and PVDF binder on aluminum (Al) foil. The CMK-3/sulphur (S) nanocomposite was 

prepared following a melt-diffusion strategy. Cathodes were composed of a 70 wt% CMK-3/S 

composite, 20 wt% super-P carbon, and 10 wt% PVDF binder. The cathode was slurry-cast onto an 

aluminium current collector.  
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3. Results and Discussion 

 

3.1 Properties of glyme-based electrolytes 

 

The solvation of Mg
2+

 ions via ion-dipole interaction can be improved by the use of glymes 

with oxygen atoms showing high electron donicity. To clarify the influence of a family of glyme-

based solvents on coordination with Mg
2+

 ions, Fourier-transform infrared (FT-IR) analyses were 

carried out. If an interaction occurs in a material, a peak corresponding to a specific functional group 

in the FT-IR spectrum shifts toward either a higher or lower wavenumber, or a new peak (or shoulder) 

appears in the spectrum. Fig. 15b shows a clear disparity between pure diglyme solvent and diglyme 

with Mg(TFSI)2 salt in the frequency regions characteristic of C-O-C and C-C coupled with C-O 

stretching. A new peak at 1080 cm
-1

 in the C-O-C region was produced by the addition of Mg(TFSI)2 

salt to a diglyme solvent, and the peak intensity gradually increased as a function of salt concentration. 

This result is persuasive evidence that diglyme with a high donor number of 19.5 kcal mol
-1

 solvates 

Mg
2+ 

ions sufficiently to prevent ion pairing (inset of Fig. 15b, Table 1). A pronounced new peak in 

the frequency region, which is characteristic of C-C stretching vibration coupled with the C-O 

stretching of a diglyme solvent, appeared at 1041 cm
-1

 due to the introduction of Mg(TFSI)2 salt. This 

implies that the ion-dipole interaction between the ether moiety and Mg
2+

 ions affects the C-C 

stretching vibration mode. The characteristic band of the CH2 rocking vibration coupled with C-O 

stretching is located at 852 cm
-1

. In this region, a new shoulder peak, which arises from coordination 

between the C-O group and Mg
2+

 ions, is clearly seen at 874 cm
-1

. Although glyme has a 24 kcal  

mol
-1

higher donor number than that of diglyme, as shown in Table 1, Mg(TFSI)2 salt in a 

concentration exceeding 0.1 M does not easily dissolve in the glyme solvent. Fig. 15a shows that 

Mg(TFSI)2 does not entirely break up into charged ions in glyme; its solution is consequently semi-

transparent. Moreover, two separated layers were observed in a 0.3 M solution of Mg(TFSI)2 in glyme. 

This indicates that the organic solvent should not only have high solvating power but it should also 

make a stable solvation sheath structure based on ion-dipole interaction to dissociate the highly 

concentrated Mg salt. 

Fig. 16 presents typical linear sweep voltammmetry (LSV) curves for various electrolytes 

and solvents. Stainless steel (SS), an important component in testing coin cells, was used as a working 

electrode. The presence of oxidative species such as anions governs the anodic stability window of the 

electrolyte. 0.4 M (PhMgCl)2-AlCl3/THF, which is the magnesiumorganohalo-aluminate electrolyte, 

displays an electrochemical stability window of up to 2.5 V versus a Mg reference electrode on an SS 

working electrode. The oxidative stability of electrolytes based on ether solvents and Mg(TFSI)2 on an 

SS working electrode was investigated. Interestingly, Mg(TFSI)2 dissolved in glyme, diglyme, or 
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glyme/ diglyme showed significantly increased potential stability up to 4.6 V on a SS electrode 

compared to the 0.4 M (PhMgCl)2-AlCl3/THF electrolyte (Fig. 16a). Surprisingly, the LSV result of 

glyme/diglyme with 0.3 and 1.0 M Mg(TFSI)2 on an aluminum (Al) working electrode suggests that 

oxidation current attributed to Al corrosion was not induced up to 2.5 V versus Mg/Mg
2+

 and there 

was no significant current even at 4.0 V (Fig. 16a). However, after increasing the anodic current at 1.5 

V versus Mg/Mg
2+

, 0.3M LiTFSI in glyme/diglyme (1/1, v/v) exhibited steadily increased oxidation 

current and eventually produced considerable current on an Al electrode (Fig. 16b). This indicates that 

the extent of Al corrosion is greatly reduced in Mg(TFSI)2-based electrolytes compared with LiTFSI-

bsaed electrolyte. The detailed mechanism will be investigated in further work. It should be noted that 

Al is not stable beyond 1.2 V with Mg(AlCl2EtBu)2/THF and AlCl3-(PhMgCl)2/THF electrolytes. 

Similarly, the 0.4 M (PhMgCl)2-AlCl3/THF electrolyte started to oxidize at a low voltage of 1.0V (Fig. 

16b). Pure glyme and diglyme solvents did not generate anodic current on the SS working electrode, 

as shown in Fig. 16a. Since a pure solvent without salt has a very high polarization resistance, it may 

lead to a very high overpotential. In this regard, the higher oxidation potential of pure glyme and 

diglyme solventsis attributed to their high polarization resistance. We speculate that this overpotential 

can make the oxidation of a pure solvent more difficult on a SS working electrode. This indicates that 

the anodic stability of the electrolyte solution is governed by the Mg salt rather than the solvent. This 

preliminary evidence suggests that Mg(TFSI)2 dissolved in ether-based solvents lessens the corrosion 

nature of an electrolyte and would enable rechargeable magnesium batteries to be operated over 2 V 

versus Mg/Mg
2+

.   
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Figure 15. (a) Photo showing the solubility limit of Mg(TFSI)2 in glyme or glyme/diglyme mixed 

solvent. a) Pure glyme, b) Glyme with 0.1 M Mg(TFSI)2, c) Glyme with 0.3 M Mg(TFSI)2, d) 

Glyme/diglyme with 0.3M Mg(TFSI)2 at room temperature. (b) FT-IR spectra of diglyme solvent, 0.1, 

0.3, and 0.5 M Mg(TFSI)2 dissolved in diglyme, Mg(TFSI)2 salt. The inset shows a schematic 

drawing of the ion-dipole interaction between Mg
2+

 ions and diglyme solvent.  
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Table 1. Physical properties of cyclic and linear ether solvents 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] Acetonitrile [b]Tetrahydrofuran [c] Dimethoxy ethane [d] Diethyleneglycol dimethyl ether [e] 

Triethyleneglycol dimethyl ether [f] Tetraethyleneglycol dimethyl ether 

 

 

 

 

 

 

 

 

Table 2. Ion conductivities of electrolytes 

 

 

 

 

 

 

 

 

 

 

 

 

 

Solvent Chemical structure Donor number 

[kcal mol
-1

] 

Boiling point 

[
o
C] 

ACN [a]
 

 
N  14.1 81 

THF [b]  

 

Glyme [c]
 

 

Diglyme [d] 
 

 

Triglyme [e]
 

 

Tetraglyme [f]
 

 

 

20.0 

 

24.0 

 

19.5 

 

- 

 

16.6 

66 

 

85 

 

162 

 

216 

 

275 

Solvents  Salt  
Ion Conductivity 

 (S cm
-1

)  

Glyme 0.1M Mg(TFSI)2 0.54 x 10
-3

 

Diglyme  0.3M Mg(TFSI)2 2.52x 10
-3 

 

Glyme/diglyme(1/1,v/v)  0.1M Mg(TFSI)2 0.58x 10
-3

 

Glyme/diglyme(1/1,v/v)  0.3M Mg(TFSI)2 3.03 x 10
-3 

 

Glyme/diglyme(1/1,v/v)  0.5M Mg(TFSI)2 5.22 x 10
-3  

 

O

 O
O

3
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Figure 16. (a) Linear sweep voltammetry of various electrolytes and solvents. Stainless steel (SS) or 

aluminum (Al) was used as a working electrode, and the scanning rate was 20 mV s
-1

. (b) Linear 

sweep voltammetry of LiTFSI and Mg(TFSI)2in glyme/diglyme (1/1, v/v) on an Al electrode at a scan 

rate of 20 mV s
-1

. The potential scan was initially conducted in the anodic direction from open circuit 

voltage (OCV  5.5V vs. Mg).  
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3.2 Effect of glyme-based electrolytes on Mg deposition/dissolution process in Mg symmetric cell 

 

 To understand the effects of solvent species on Mg stripping/deposition, potential behaviors 

of various solvents with 0.1 M Mg(TFSI)2 were investigated. Fig. 17a presents the voltage profiles for 

Mg/Cu cells at a rate of C/40 (0.081 mA cm
-2

). A rate of nC corresponds to a full discharge in 1/n 

hours. Interestingly, the acetonitrile (ACN) solvent exhibited an initial steep potential drop, indicating 

very difficult Mg stripping/deposition, and the potential was significantly decreased to -10 V during 

further cathodic direction scan. This is in good agreement with aprevious finding that ACN reductive 

decomposition occurs rather than Mg deposition at negative low voltages.
 4
 Note that the cyclic ether 

solvent, THF, with 0.1M Mg(TFSI)2 showed a greatly reduced potential barrier for Mg stripping 

compared to a the ACN solvent (Fig. 17a). A greater potential drop of Mg/Cu cells was observed in 

0.1 M Mg(TFSI)2 in dimethoxyethane (DME), which is known as monoglyme (or glyme), during the 

first Mg stripping and deposition processes, and the potential there after shifted toward -13 mV (Fig. 

17a). This indicates that once Mg stripping/deposition is initiated, further Mg stripping at the Mg 

electrode and Mg deposition at the Cu electrode readily take place in a glyme solvent. Nevertheless, a 

large potential drop was still observed for 2 hrs. To enhance the practical application of electrolytes 

and reduce the potential drop for the first Mg stripping/deposition, a diglyme solvent with a high 

boiling temperature of 162
o
C and a high donor number (D.N.= 19.5 kcal mol

-1
), indicating high 

solvating power toward Mg, was considered. Similarly, a large potential drop was apparent at the 

beginning of the first Mg stripping from the Mg electrode in diglyme with 0.1 M Mg(TFSI)2. The 

potential drop then almost disappeared after only 10 min, and apotential of around -15 mV, indicating 

very low ohmic resistance for Mg stripping from the Mg electrode and Mg deposition at the Cu 

electrode, was maintained at the end of the first Mg stripping and deposition processes. The surface 

morphology of the Mg electrodes after the first Mg stripping was analogous (Fig. 19). In the case of 

triglyme and tetraglyme solvents, having long ether chains, extremely large potential drops appeared, 

as seen in Fig. 17a. This is likely because the solvating power of tetraglyme (D.N.= 16.6 kcal mol
-1

) is 

not sufficient to initiate the dissociation of Mg ions from the Mg electrode and deposit the Mg on the 

Cu electrode (Table 1). Since a high dielectric constant and low viscosity usually cannot be integrated 

into a single solvent, a solvent mixture, usually binary with one of the components selected for 

solvating power and the other for viscosity, is used to formulate electrolytes for Li batteries. Similarly, 

anappropriate electrolyte formulation for Mg batteries should be identified to enhance ionic 

conductivity, the stabilization of electrodes, cell performance, and safety. Indeed, the introduction of a 

glyme solvent could slightly improve the ionic conductivity of an electrolyte (Table 2). In this regard, 

a glyme/diglyme (1/1, v/v) mixture was considered as a solvent of an electrolyte. Note that 0.3 M 

Mg(TFSI)2 in a glyme/diglyme mixed solvent exhibited the lowest potential barrier for the first Mg 
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stripping and deposition at the Mg electrode (Fig. 17b). A salt concentration of 0.5 M in a 

glyme/diglyme mixed solvent led to a large potential drop between the two Mg electrodes, and this 

overpotential increased with an increase of the applied current from 0.0188 (C/40) to 0.0375 mA cm
-

2
(C/20) (Fig. 17c). Even though 0.5 M Mg(TFSI)2 in glyme/diglyme has a high ionic conductivity of 

5.22 x 10
-3

 S cm
-1 

(Table 2), high potential barriers and unstable potential profiles for Mg stripping 

and deposition processes were observed during cycling. This suggests that most solvents contribute to 

the dissociation of 0.5 M Mg(TFSI)2; the fraction of free solvent, which can dissociate Mg
2+

 ions from 

the Mg electrode, is consequently reduced. During the first cathodic direction scan, Mg deposition 

occurred on the Cu electrode, while Mg was stripped from the Mg counter electrode (Fig. 17d). 0.3 M 

Mg(TFSI)2 in glyme/diglyme showed apotential drop of around -2.0 V versus Mg/Mg
2+

, which is 

similar to glyme and diglyme-based electrolytes, at a rate of C/20 (0.0375 mA cm
-2

) and then rapidly 

increased up to around -2 mV (Figs. 17d and f). This indicates that the activation process is required 

for Mg stripping from the Mg electrode and Mg deposition on the Cu electrode in 0.3 M Mg(TFSI)2 

dissolved in a glyme/diglyme mixed solvent. This potential drop disappeared after 42 min (Fig. 17f). 

After the first cathodic direction scan, the cell was allowed to rest at an open circuit for 20 hrs. The 

potential difference between the Cu and the Mg electrodes was close to 0 V (Fig. 17f). This is because 

Mg has been deposited on the Cu electrode. Mg stripping then took place from the Mg deposits on the 

Cu electrode, while Mg was deposited on the Mg counter electrode. No large overpotential for Mg 

stripping from the Mg deposits on the Cu electrode was observed.This appears to be caused by the 

different morphology between deposited Mg particles and pristine Mg metal. To confirm the origin of 

the initial potential drop of Fig. 17d, the voltage curves of a 3-electrode cell with a SS working 

electrode, a Mg reference electrode, and a Mg counter electrodes were monitored (Fig. 17e). It is 

clearly seen that the overpotential for the first Mg stripping from the Mg electrode is much higher 

than that for the Mg deposition on a SS electrode. This indicates that the initial potential drop can be 

largely ascribed to the overpotential for Mg stripping. The 0.4 M (PhMgCl)2-AlCl3/THF electrolyte 

exhibited a relatively low initial potential drop of -0.354 V for the first Mg stripping compared to that 

of 0.3 M Mg(TFSI)2 in glyme/diglyme (initial potential drop  -2.0 V) (Fig. 18a,b) ). Clearly, once 

Mg dissolution from the Mg electrode is initiated, further Mg stripping at the Mg electrode and Mg 

deposition at the Cu electrode readily take place without a significant potential barrier. After this 

activation process, no large potential drop in diglyme with 0.1 M Mg(TFSI)2 appeared again during 

cycling (Fig. 18c). The potential change for Mg stripping and deposition in Mg/Mg symmetrical cells 

with 0.3 M Mg(TFSI)2 dissolved in diglyme or a glyme/diglyme mixture was investigated at various 

rates (C/3, C/2, 1C, and 2C). All C-rates are based on the capacity of the utilized Mg metal (1C = 0.75 

mA cm
-2

). Stable potential profiles between the two Mg electrodes were clearly observed in the 

subsequent cycling at rates of C/3 and C/2, and the corresponding potential drop profiles slightly 
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increased with an increasing C rate (Fig. 18d). By contrast, diglyme with 0.3 M Mg(TFSI)2 showed a 

high potential barrier and led to a significant increase of the potential drop (i.e., ΔV) with an 

increasing C rate. This result is in good agreement with Table 2, which shows the effect of solvent 

species on ionic conductivities. From the rate capability results and solubility tests of Mg salt, it is 

believed that Mg(TFSI)2 is mainly dissociated by diglyme and that glyme is entirely responsible for 

providing a low viscous conduction medium in glyme/diglyme-based electrolytes. 

 Figs. 19a and b show SEM images of non-dendritic Mg deposits on a Mg electrode obtained 

at 0.163, 0.65, and 3.25 mA cm
-2

. This agrees well with previous results.
 
Importantly, non-dendritic 

Mg deposits mitigating safety concern were formed in glyme/diglyme with 0.3 M Mg(TFSI)2 even at 

a high current density of 3.25 mA cm
-2

 (corresponding to 1C) (Figs. 19a, b). It is notable that 

agglomerated Mg secondary particles composed of ca. 50 nm primary particles were observed on the 

electrochemically deposited Mg particles obtained from glyme/diglyme with 0.3 M Mg(TFSI)2, as 

shown in the magnified SEM image (Fig. 19c). The nanosized  agglomerated morphology causes 

relatively high surface area of Mg electrodes, and this appears to result in high electrochemical 

activity (low polarization) for Mg stripping. This morphology is further supported by broader XRD 

peaks (larger FWHM) of the electrochemically deposited Mg electrode relative to those of the pristine 

Mg metal (Fig. 19d). Moreover, only Mg element was observed on the deposited Mg particles, as 

shown in the EDS spectrum (inset of Fig. 19c), indicating  that no electrolyte decomposition occurs 

during Mg deposition on the Mg electrode. 
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Figure 17. (a) Relation between the initial potential drop of Mg/Cu cells and electrolytes with 0.1 M 

Mg(TFSI)2 at a rate of C/40. (b) Potential drop profiles of Mg/Mg cells in glyme/ diglyme (1/1, v/v) 

with various Mg(TFSI)2 concentrations. (c) Galvanostatic cycling of Mg/Mg cells at a rate of C/20 

after the first cycle at C/40. (d) Voltage profiles of a Mg/Cu cell in glyme/diglyme (1/1, v/v) with 0.3 

M Mg(TFSI)2 at a rate of C/20. (e) Voltage profiles of a SS/Mg/Mg cell (3-electrode cell) with 0.3 M 

Mg(TFSI)2 in glyme/diglyme (1/1, v/v) (f) Enlarged region showing the initial potential drop of a 

Mg/Cu cell in glyme/diglyme (1/1, v/v) with 0.3 M Mg(TFSI)2 at a rate of C/20. at 30
o
C.W: working 

electrode, C: counter electrode, R: reference electrode.  
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Figure 18. (a) Initial potential drop of Mg/Cu cells in 0.4 M (PhMgCl)2-AlCl3/THF (blue line) or 

glyme/diglyme (1/1, v/v) with 0.3 M Mg(TFSI)2 (red line) at a rate of C/20. The inset shows a 

schematic illustration of Mg stripping by diglyme forming a stable solvation sheath. (b) The relation 

between the utilized capacity and initial potential drop of Mg/Cu cells in 0.3M Mg(TFSI)2 dissolved 

in glyme/diglyme (1/1, v/v). The initial potential drops for two different utilized capacities of 0.75 and 

3.25 mAh cm
-2

wereanalogous at a rate of C/20. (c) Galvanostatic cycling of Mg/Cu cells in 0.1M 

Mg(TFSI)2 dissolved in diglyme (corresponding capacity = 0.325 mAh cm
-2

) (d) Rate capability of 

Mg/Mg cells with 0.3 M Mg(TFSI)2 in glyme/diglyme (1/1, v/v) (red line) or diglyme (dashed black 

line) at rates of C/3, C/2, 1C, and 2C. The inset displays potential profiles at rates of 1C and 2C.  
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Figure 19. (a) SEM image of pristine Mg electrode. (b) SEM image of the Mg electrode after first Mg 

deposition at a rate of 1C (3.25 mA cm
-2

). SEM images reveal that non-dendritic Mg deposits are 

formed on the Mg electrode surface even at a high rate of 1C (3.25 mA cm
-2

). (c) SEM image of a 

selected zone A of (b). The inset shows EDS spectrum of Mg deposits. (d) XRD pattern of the 

galvanostatic deposition of Mg on a Cu electrodeat a rate of C/5 (1.3 mA cm
-2

) in glyme/digylme (1/1, 

v/v) with 0.3 M Mg(TFSI)2. 

 

  

2 Theta / degree

30 40 50 60 70

In
te

n
s
it

y
 /
 a

.u
.

Mg deposits on a Cu electrode

Pristine Mg metal

20mm

A

a

1mm

c d

b

10mm

1
0
1

0
0
2

1
0
0

Cu Cu 2 Theta / degree

30 35 40 45 50
In

te
n

s
it

y
 /
 a

.u
.

1
0
1

0
0
2

1
0
0

Cu



４６ 

 

3.3. Effect of glyme-based electrolyte on various cathode materials of Mg full cell 

 

 In order to demonstrate that glyme/diglyme with 0.3 M Mg(TFSI)2 allows magnesiation/de-

magnesiation of Mo6S8 in a Mg-ion battery, cycling properties of Mg/Mo6S8 cells were investigated. 

The first discharge and charge capacities of a Mg/Mo6S8 cell (theoretical capacity of Mo6S8 is 128.8 

mAh g
-1

) with glyme/diglyme/0.3M Mg(TFSI)2 were 132 and 125 mAh g
-1

, respectively (Fig. 20a). 

Excellent Mg extraction capacity of 125 mAhg
-1 

is ascribted to slow C rate providing sufficient de-

magnesiation of Mo6S8. A Mg/Mo6S8 cell with glyme/diglyme /0.3M Mg(TFSI)2  delivers a 

reversible capacity of about 97 mAh g
-1

 at the second cycle (Fig. 20b). Moreover, highly reversible 

cycling performance was shown in the glyme/diglyme/ 0.3M Mg(TFSI)2 electrolyte at a rate of C/30 

(Fig. 20b). To confirm the oxidative stability of 0.3 M Mg(TFSI)2 in glyme/diglyme at a high voltage 

cathode, galvanostatic cycling for a Mg/PTMA (theoretical capacity = 111 mAh g
-1

) cell was 

performed, as presented in Fig. 21a.
36,

 
37

 To overcome the initial potential barrier for Mg stripping at 

the Mg anode, the discharge process was carried out at a low rate of C/50. The cell showed capacities 

of 69.4 and 37.6 mAh g
-1

 for the first charge and discharge processes (Figs. 21a, b), respectively. In 

addition, when the Mg/Al cell was charged up to 3.4 V, there was negligible capacity generation, 

indicating that there was no corrosion of the Al current collector in the Mg(TFSI)2–based electrolyte 

(inset of Fig. 21a). This indicates that 0.3 M Mg(TFSI)2 in glyme/diglyme is extremely stable for a 

high potential PTMA cathode with an Al current collector. Moreover, 0.3 M Mg(TFSI)2 in 

glyme/diglyme displayed excellent compatibility toward a sulphur (S) cathode.  

To overcome the initial potential drop for the initiation of Mg stripping in Mg/CMK3-S cells, 

a very slow rate of C/200 was applied to cells during 5 hrs of the first discharge. The applied rate was 

next increased to C/100 at the first discharge, and the rate for the first charge was C/10 (Fig. 22a). The 

Mg/CMK3-S cell with 0.3 M Mg(TFSI)2 in glyme/diglyme exhibited a discharge capacity of 500 

mAh g
-1

 and a potential plateau of 0.2 V. This indicates that magnesium sulfide (MgS) is reversibly 

formed, which is supported by XRD results. Fig. 22c shows that a peak corresponding to MgS is 

formed at the first discharge and its peak intensity was slightly reduced after the first charge. It should 

be noted that the well-resolved peaks corresponding to bulk crystalline sulphur completely disappear 

after sulphur is impregnated in CMK-3. Although the electrochemical conversion of sulphur to MgS 

in a Mg/CMK3-S cell successfully takes place in 0.3 M Mg(TFSI)2 in glyme/diglyme, the shuttle 

process mainly by dissolution of long chain polysulfide anions (Sn
2-

) into the electrolyte was not 

completely eliminated (Fig. 22b). Although some electrolytes such as magnesium 

organohaloaluminate with a given formula of Mg(AlCl2BuEt)2 have shown impressive 

electrochemical properties in Mg batteries coupled with Chevrel phase Mo6S8 insertion cathodes, they 

were found to be corrosive toward current collectors and showed low anionic stability against high 
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voltage. A high energy density in Mg batteries can be achieved by increasing the discharge capacity of 

the cathode or by augmenting the working potential of the cathode materials. Hence, the discovery of 

Mg electrolytes with a wide electrochemical stability is vital for realizing a rechargeable Mg battery 

with high energy density. Glyme/digylme with Mg(TFSI)2 showed superior anodic stability, highly 

reduced corrosive nature toward SS and Al electrodes, and excellent compatibility with high voltage 

cathodes, PTMA and CMK-3/S composite. Surprisingly, Mg has been successfully deposited from 

glyme/diglyme/Mg(TFSI)2 without an ion-blocking layer, indicating that electrolyte decomposition 

did not occur on the Mg electrode (inset of Fig. 19c: EDS spectrum of Mg deposits).  Furthermore, 

the excellent oxidation durability of glyme/diglyme/Mg(TFSI)2 is expected to stimulate the 

development of high voltage cathodes of above 2.0 V versus Mg/Mg
2+

, which is impossible in 

conjunction with magnesium organohaloaluminate-based electrolytes. Even though the 

electrochemical oxidation and reduction of a high voltage PTMA cathode take place in glyme/digylme 

with Mg(TFSI)2, capacity fading appeared at the second cycle due to the partial solubility of PTMA 

into the electrolyte. This challenge could be overcome by reducing the solubility of the molecular 

architecture of the electrochemically active radical polymer into electrolytes. The inset of Fig. 22c 

presents excellent discharge capacity retention of a Mg/CMK3-S cell from the 1st to 4th cycles at a 

rate of C/50 after activation cycling. However, charge and discharge curves of Fig. 22c reveal that 

Mg/CMK3-S cells with glyme/diglyme/Mg(TFSI)2 still suffer from the shuttle phenomena due to the 

high solubility of polysulfides. Promising approaches such as surface coating using poly(3,4-

ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) to confine polysulfides more 

effectively have been reported. It is expected that further modification of a CMK-3 mesoporous 

carbon/sulfur composite cathode would mitigatethe shuttle mechanism. 
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Figure 20. (a) First discharge and charge curves of the Mg/Mo6S8 cell at a rate of C/50. The inset 

displays that a very low rate of C/500 was applied to cells during 5 hrs of the first discharge and was 

next increased to C/50. (b) Cycling performance of the Mg/Mo6S8 cell at a rate of C/30.  
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Figure 21. (a) Schematic of electrochemical oxidation and reduction of the PTMA cathode in an 

Mg/PTMA cell. (b) First charge and discharge curves of Mg/PTMA and Mg/aluminum cells. 
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Figure 22. (a) First discharge and charge of an Mg/CMK3-S cell. (b) Galvanostatic cycling of an 

Mg/CMK3-S cell from 1 to 4 cycles after activation cycles. The inset shows the discharge curves of 

the Mg/CMK3-S cell at a rate of C/50. (c) XRD pattern of the CMK-3/S cathodes a) before cycling, b) 

after first discharge, c) after first charge in 0.3 M Mg(TFSI)2 dissolved in glyme/digylme (1/1, v/v). 

The peak corresponding to MgS formed by the electrochemical conversion of sulphur is clearly 

observed after the first discharge.  
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4. Conclusions 

 

 We have demonstrated for the first time a unique and extremely promising electrolyte based 

on glymes with Mg(TFSI)2 for rechargeable Mg batteries.Mg(TFSI)2 dissolved in glyme/diglyme 

showed excellent anodic stability of more than4.0 V with Al used as a cathode current collector, which 

is impossible in organohalo-aluminate Mg salt-based electrolytes. In addition, galvanostatic cycling 

tests of Mg/Mg and Mg/Cu cells confirmed that glyme/diglyme with Mg(TFSI)2 has enough solvating 

power to initiate Mg stripping at the Mg electrode and alarge potential barrier for Mg stripping does 

not appear again during further cycling. Furthermore, it was found that a glyme-Mg(TFSI)2 salt 

complex allows electrochemical oxidation and reduction of a pendant radical polymer with a robust 

2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) radical moiety charged up to a high voltage of 3.4V 

versus Mg/Mg
2+

 and a carbon-sulphur (CMK-3/S ) composite cathode. We hope that the results of this 

study and the associated analysis will contribute to the search for a whole new class of cathodes with 

the promise of further improvement in the electrochemical performance of rechargeable Mg batteries. 
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