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Abstract 

A primary challenge in developing rechargeable magnesium battery electrolytes is to 

create a chloride-free electrolyte with a facile fabrication process. The chloride-based 

additive is generally added to conventional magnesium electrolytes to improve their 

compatibility with the magnesium anode. The additive, however, tends to induce 

corrosion on the current collector of the cathode. This side effect increases the parasitic 

reaction and cell degradation rate during the battery operation. Although several novel 

magnesium electrolytes have been reported to be compatible with the magnesium 

anode, even in a chloride-free electrolyte formulation, the mass scale production 

viability of these electrolytes is low. To create a chloride-free simple to produce 

electrolyte formulation, the thesis seeks to explore various combinations of 

commercially available magnesium salts, additives, and solvents. The report shows that 

by using the appropriate combination of non-passivating magnesium salt, moisture 

scavenging additive, and ether-based solvent, a chloride-free electrolyte with good 

compatibility with the magnesium metal anode can be created. The electrolyte was also 

found to have high anodic stability on stainless steel and was also found to be 

compatible with the copper sulfide cathode material at high temperature. 
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Lay Summary 

 

One of the most prominent research fields on next-generation post-lithium-ion 

rechargeable batteries is the field of rechargeable magnesium batteries. The primary 

focus of the field is to implement magnesium metal as the negative electrode for novel 

rechargeable batteries. Magnesium metal anode is desirable due to its high natural 

abundance on the earth’s crust, high volumetric charge capacity, and its low reduction 

potential. In other words, a rechargeable magnesium battery has the potential to achieve 

a high energy density and to be used for a high-demand purpose (for example as EV 

energy storage devices). 

The primary focus of this thesis is to develop a new chloride-free rechargeable 

magnesium battery electrolyte with good stability at a high electric potential using 

commercial magnesium salt.  Commercial-based substances are desirable electrolyte 

constituents as their production can be done on a large scale. Furthermore, the chloride-

free approach is utilized in this research as chloride-based chemicals are known to 

corrode the battery components (especially during the battery charging process). 

However, removing chloride from the electrolyte comes with its challenge as the 

magnesium metal anode tends to become inactive due to a passivation effect of most 

chloride-free electrolytes. This thesis shows that a passivation-free magnesium 

electrolyte formulation made from a commercial magnesium salt (Mg(HMDS)2) does 

not require a chloride additive. This formulation was further shown to have high anodic 

stability against stainless steel and aluminum. The electrolyte also does not induce 

corrosion on the surface of the electrode. 
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Chapter 1 

Introduction 
 

This chapter begins by outlining the current problem faced in the 

development of rechargeable magnesium battery electrolytes. Mainly, 

the issue involves the use of corrosive chloride which limits the 

potential window of the electrolyte. It then briefly describes the 

hypothesis of this research regarding the relationship between the 

electrolyte constituents and the electrolyte potential window. A brief 

description of the research objective and scope is then given, followed 

by a thorough overview of the thesis content. The chapter ends with a 

list of major research findings in this report. 
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1.1 Problem Statement 

Currently, most of the Rechargeable magnesium battery (RMB) electrolytes that have 

been invented contains chloride constituent.1 Due to the existence of this component, 

rechargeable magnesium battery electrolytes tend to be corrosive to non-noble current 

collectors.2 Since high energy density magnesium battery typically requires a wide 

operating potential that can reach up to more than 3 V vs Mg,3 the corrosion issue makes 

the creation of a high-energy-density battery more challenging as the cathode current 

collectors would degrade at such a high potential. While state-of-the-art chloride-free 

electrolytes with non-corrosive property, wide potential window, high plating/stripping 

Coulombic efficiency, and high ionic conductivity exist;4-7 they are not commercially 

available and thus have questionable industrial production viability. 

This thesis tests the hypothesis that a wide potential window electrolyte can be made 

by proper electrolyte constituents engineering (magnesium salt, additive, and solvent). 

An investigation was also conducted to ascertain if the anodic stability of the electrolyte 

can be maintained at a high potential by using a relatively small concentration of 

chloride-based additives. The results of this thesis indicate that prudent magnesium salt 

selection is crucial to achieving a highly reversible magnesium plating and stripping 

process. Furthermore, the additives’ amount required in the electrolyte depends on the 

type of magnesium salt used in the electrolyte. A wide-potential window electrolyte, 

therefore, could be made by tuning the composition of the electrolyte. Evidence of 

corrosion in the chloride-containing (10 mM Cl-) is also provided, further establishing 

the need to remove chloride from rechargeable magnesium batteries. 

1.2 Objective and Scope 

This thesis investigates various electrolyte formulations which can be made by a one-

step dissolution process from commercial substances with (1) high magnesium plating 

and stripping Coulombic efficiency, (2) long cycle life, and (3) large potential window. 

The current target in this thesis is to achieve an electrolyte potential window of more 

than 2.6 V vs Mg on a stainless-steel or aluminum current collector, with a magnesium 

plating and stripping Coulombic efficiency of 99%. The magnesium cell should also be 

cyclable for about 1000 cycles. 

The scope of the report includes: 
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1. Electrochemical characterizations of the electrolytes such as magnesium plating 

and stripping overpotential and Coulombic efficiency measurement, anodic 

stability measurement, electrolyte’s ionic conductivity measurement, and full cell 

cycling. 

2. Electrolyte electrochemical species investigations by Raman spectroscopy and 

single-crystal X-ray Diffraction spectroscopy of the crystal from the saturated 

electrolyte solution. 

3. Chemical analyses of the magnesium deposit from the electrolyte such as 

Magnesium metal identification using XRD, Chemical composition analysis using 

EDS. 

4. Morphology analysis of the magnesium deposit from the electrolyte by SEM. 

5. XPS analysis of the anode-electrolyte interphase. 

1.3 Dissertation overview 

Chapter 1 describes the current problem in magnesium battery electrolytes which the 

author intends to address. Furthermore, the objective and scope of the thesis are 

described, and the structure of the thesis is also elaborated in this chapter. 

Chapter 2 expounds on the literature review needed to understand the background 

behind the research. It begins with the motivation behind the current research in 

rechargeable magnesium batteries, followed by the working principle of the battery. 

Some of the critical requirements needed to be achieved by the battery cell for 

functional use are then described. Afterward, a more in-depth discussion on the 

prerequisite for a functional electrolyte, along with a review on the development of the 

rechargeable magnesium battery electrolyte from its inception until now are laid.  The 

chapter ends with a summary of the performance of various electrolytes that had been 

discovered.  

Chapter 3 elaborates on the experimental procedures used in this thesis, such as: 

• The rationale behind the electrolyte formulation. 

• The fabrication process of battery components such as electrolyte, electrode, and 

coin cell. 



Introduction  Chapter 1 
 

4 
 

• Working mechanism and experimental procedure of the characterizations 

conducted in the thesis report. 

Chapter 4 discusses the preliminary study conducted in the thesis report, which 

includes: 

• Comparative study of various commercial magnesium salts (Mg(OTF)2, 

Mg(TFSI)2, Mg(ClO4)2, and Mg(HMDS)2) solubility and capability for reversible 

magnesium plating and stripping process. This section primarily shows two 

potential salts to be used: (1) Mg(HMDS)2 which has the highest Coulombic 

efficiency and relatively higher magnesium plating and stripping overpotential, 

and (2) Mg(OTF)2-based electrolyte, which has the second-best Coulombic 

efficiency amongst the salt and relatively low overpotential for plating and 

stripping. 

• Optimization of magnesium triflate-based electrolyte using borohydride and 

chloride-based additives. 

• Limitation of Mg(OTF)2-based electrolytes in terms of poor Coulombic 

efficiency and limited potential window. 

• Indication of corrosion upon the addition of minuscule content of MgCl2 into the 

Mg(OTF)2- and Mg(HMDS)2-based electrolytes. 

Chapter 5 discusses the optimization and performance characterization of 

Mg(HMDS)2-based electrolyte, including: 

• Evaluation of the effects of TBABH4 and MgCl2 on the anodic stability and half-

cell performance of the magnesium cell. 

• Evaluation of various solvents for the Mg(HMDS)2-based electrolyte and the 

optimization of the Mg(HMDS)2-concentration in the electrolyte. 

• Characterization of the electrolyte plating and stripping capability in various 

current densities and areal capacity. 

• Identification of the chemical structure of the magnesium complex in the  
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electrolyte. 

• Morphology and chemical analyses of the magnesium crystal deposited from the 

electrolyte. 

• Chemical analysis of the anode electrolyte interphase of the cycled magnesium 

anode. 

• Full-cell performance of various cathodes using the Mg(HMDS)2-based 

electrolyte. 

Chapter 6 summarizes the findings of the result and analysis chapter, followed by a 

discussion on the implication of the research and suggestion for future works on 

electrolyte development. 

1.4 Outcomes 

Several outcomes are established in this report: 

• Regardless of the magnesium salt types, moisture-induced passivation seems to be 

a major hindrance that needs to be overcome. In a chloride-free system, 

borohydride salt is an important additive to prevent moisture-induced passivation 

from happening. However, the borohydride salt concentration negatively correlates 

with the anodic stability limit potential of the electrolyte. This means that 

minimization of the borohydride content in the electrolyte must be done. 

• The identity of the magnesium salt in the electrolyte determines several crucial 

aspects of the electrolyte. Firstly, salt stability determines the magnesium plating-

stripping Coulombic efficiency and cell lifetime. Stable magnesium salt (i.e. 

Mg(HMDS)2) also allows for decent magnesium anode compatibility without the 

need for chloride-based additives. Furthermore, magnesium deposit morphology is 

also dictated by the identity of the magnesium salt employed. 

• By optimizing the electrolyte formulation of Mg(HMDS)2-based electrolyte, the 

reported electrolyte is able to achieve a magnesium plating-stripping Coulombic 

Efficiency of 98.3%, anodic stability of 2.7 V on stainless-steel and 2.8 V on 

Aluminium, as well as good compatibility with CuS cathode. 
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Chapter 2  

Literature Review  

The proceeding text will describe the motivation behind the 

development of rechargeable magnesium battery electrolytes. This 

includes the applications of rechargeable batteries in society and the 

potential capability of rechargeable magnesium batteries to fulfill 

future demands in energy storage technology. The literature review 

then covers the working principles of rechargeable magnesium 

batteries and critical requirements that the battery needs to fulfill. In 

particular, a comprehensive review of the fundamental criterion the 

electrolyte needs to achieve will be given. Then, a thorough 

description of the development of rechargeable magnesium battery 

electrolytes will be given along with a benchmark table of the current 

electrolytes’ capability. 
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2.1 The motivation behind the research in rechargeable magnesium battery 

The world is facing a climate change issue that will continue to worsen unless 

significant mitigation is done to reduce human carbon emissions.  According to The 

Intergovernmental Panel for Climate Change, various sectors with a major contribution 

to global green-house gas production include the energy sector (35%), transportation  

(14%), industry (21%), and land uses such as agriculture and forestry (24%).1 Thus, 

reducing our fossil-fuel reliance on energy production and transportation will 

significantly limit our greenhouse gas emissions. 

In both transportation and the energy sector, energy storage technologies have been 

increasingly used. The battery storage system will likely play an important role for our 

grid infrastructure as it allows for distributed energy storage, along with its cost-

effectiveness, pollution-free nature, and considerable service life.2 Rechargeable 

battery usage in Electric vehicles (EV) has also grown.3 In particular, Lithium-Ion 

Batteries has been the primary choice for EV power source due to their affordable price, 

high energy density, and long cycle-life.4, 5 In fact, Lithium-ion Battery (LiB) 

performance has been considered the most superior battery chemistry available due to 

its high specific power and specific energy density.2 

However, dependency on LiB for future EV deployment is not sustainable due to the 

limited lithium resource currently known.6 Moreover, metal anodes such as zinc, 

magnesium, or aluminum provide higher theoretical capacity compared to LIB anode.7 

In particular, Rechargeable Magnesium Battery (RMB) may be a prospective energy 

storage system that can be assembled from cheap and abundant magnesium with high 

anode capacity. The theoretical anode capacity of Magnesium is 3832 mAh cm-3, larger 

than the theoretical capacity of LiB anode (LiC6) as well as monovalent metal anodes 

currently in development such as lithium, sodium, and potassium metal.2 Magnesium 

is also 104 times more abundant than lithium in the earth’s crust.8 

Nevertheless, various challenges in the field have to be addressed before rechargeable 

magnesium batteries can be commercialized. They include the sluggish diffusion of 

magnesium ion into high-voltage intercalation oxide cathodes9, large capacity fade 

exhibited by sulfur conversion cathode,10 and limited potential window due to current 

collector corrosion induced by the electrolyte7, 10. Arguably, the limited capability of 
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the electrolyte has become the bottleneck in RMB research. Since electrolyte interacts 

with various parts of the battery, its compatibility with the anode, cathode, and current 

collector is crucial. 

As will be described later, a wide potential window and chloride-free electrolytes have 

been synthesized for the Mg battery. Nevertheless, the magnesium salts used in these 

electrolytes are not commercially available. Since these salts need to be synthesized 

before use, the production method of the electrolyte may be complex and not scalable 

to industrial manufacturing. A huge quantity of expensive reagents may be needed too. 

Hence, the current formulation for chloride-free magnesium electrolytes limits the 

commercialization of RMB. Moreover, a novel formulation of wide potential window 

electrolytes should be scalable to industrial manufacturing practice and minimize the 

use of costly substances while fulfilling the battery requirement such as long cycle life, 

large potential window, high plating/stripping Coulombic efficiency, low reaction 

overpotential, non-dendritic metal deposition, adequate ionic conductivity, and non-

nucleophilic nature. 

2.2 Working principles of a rechargeable magnesium battery  

In general, the rechargeable magnesium battery consists of a magnesium metal anode 

(negative electrode), an electrolyte-soaked separator layer, and lastly the cathode 

(positive electrode). During the discharge process, the magnesium metal anode oxidizes 

to magnesium ions. Accompanying this oxidation process is the chemical reduction of 

the cathode wherein the chemical species in the cathode accepts electrons while also 

reacting with the magnesium ion in the electrolyte to achieve charge neutrality. To 

sustain the reactions that are happening in both electrodes, the flow of electrons must 

happen through the electrical connection from the anode to the cathode, while the flow 

of magnesium ions (from the anode side to the cathode side) is maintained by the 

electrolyte solutions.  

Once the chemical energy of the battery has been discharged, a charging process will 

be required to revert the chemical reactions that have happened during the battery 

discharge. In essence, the reduction of magnesium ions will happen on the anode side 

to reproduce magnesium metal and an oxidation process will occur on the cathode side, 

releasing magnesium ions to the electrolyte and free electrons. Both processes are also 
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accompanied by the flow of electrons from the cathode side to the anode as well as the 

flow of magnesium ions from the cathode, through the electrolyte, to the anode. 

2.3 General requirements of a rechargeable magnesium battery  

Firstly, there is a need to sustain a highly conductive pathway for the magnesium ions 

to travel from one electrode to the other. Therefore, this entails, not only the need for 

highly conductive electrolyte,11 but also the prevention of passivating (i.e. non-

conductive) surface film formation on the anode and cathode sides12. 

For safety consideration, an even more important aspect of the battery operation is the 

magnesium anode deposition morphology during the charging process.7 Prevalently, it 

has been observed that various metal anodes (Li, Na, K, Mg, Zn) produce various 

morphologies such as highly packed crystal, mossy structure, tree-like dendrite, and 

porous agglomerates of metal spheres.7, 13 Generally, non-homogeneous metal growth 

such as dendrites and spherical aggregates is undesirable.7 During the deposition 

process of the metal, certain structures previously mentioned tends to grow away from 

the anode and tend to penetrate to the separator. If allowed to develop unconstrained, 

an internal electrical connection between both electrodes will be formed, resulting in a 

short circuit of the battery.7 Subsequently, electrical current flowing through this 

internal-short circuit connection will heat the volatile electrolyte solution inside the 

battery and may cause a thermal run-away failure.14 

Besides these requirements, parasitic side reactions need to be prevented as these 

reactions are generally irreversible and compete with the redox reaction that is supposed 

to happen in the electrodes. Such reaction, therefore, reduces the reversibility (or 

Coulombic Efficiency) of the cell 12, 15 and causes capacity decay16. Besides this main 

point, side reactions could also lead to the formation of passivating films on both 

electrodes and increase the internal resistance of the battery. 15, 17 Cathode performance 

is also a crucial aspect of the battery. These include (1) cathode resistance to dissolution 

into the electrolyte, (2) the diffusion barrier of Mg2+ into the cathode crystal, and (3) 

the reversibility of the cathode redox reaction.9, 18, 19 Cathode dissolution into the 
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electrolyte, for example, could lead to a self-discharge reaction, while high diffusion 

barrier of Mg2+ into the cathode would lead to a low discharge capacity. 

Figure 2.3.1: Degradation process of rechargeable magnesium battery. 

2.4 Cathodes for rechargeable magnesium battery 

Few active materials are suitable for magnesium battery cathode. The main challenge 

in finding a suitable cathode lies in the fact that the high charge density of Mg2+ reduces 

the diffusion capability of the ion into the active material crystal structure.19 Moreover, 

since most electrolytes are ether-based, there is a natural limit of the electrolyte anodic 

stability of up to ~3.3 V vs Mg/Mg2+.20 Hence, the natural limitation to the cathode 

electrochemical potential has to be compensated with high capacity to achieve a 

significantly high energy density. Most of the cathode materials are chalcogenides 

material which has a lower Mg2+ solid-state diffusion barrier (in comparison to common 

oxide cathodes used in LIB).9, 21 

In this thesis, two types of cathode material are used as cathode materials, Sulfur and 

CuS. CuS undergoes two steps electrochemical reduction in the battery discharge 

process as described below22 

Step 1: 2CuS + Mg → Cu2S + MgS 

Step 2: 2Cu2S + MgS → 4Cu + MgS 

From the reaction described above, it can be seen that the S2- ions of the CuS lattice 

ideally have no electrochemical activity. However, the S2- lattice lowers the magnesium 

ion diffusion barrier (as compared to the oxide analogue CuO) as the lower charge 

density of S2-  minimizes the electrostatic interaction between S2- and Mg2+.9, 21 
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Meanwhile, the reaction mechanism of sulfur reduction is more complicated as it 

consists of multiple reaction steps. In a typically S8 cathode, the sulfur molecule is 

reduced into polysulfide species (MgSx, x ≤ 8). With each reaction step, the S-S bonds 

in the polysulfides species are broken down, leading to the reduction in the polysulfide 

chain length until the material is converted to MgS.18 

2.5 Requirements of a rechargeable magnesium battery electrolyte 

As previously mentioned, electrodes passivation, dendritic growth, and side reactions 

are general failure mechanisms that need to be avoided in a rechargeable magnesium 

battery. As these problems are heavily intertwined with the chemical nature of the 

electrolyte, there is a need to discuss common electrolyte parameters that are important 

for the RMB. 

Due to the highly reductive nature of magnesium metal, most types of magnesium 

electrolytes are not compatible with rechargeable magnesium batteries. This is because 

most organic solvents (besides ether) and common commercial magnesium salts (such 

as Mg(TFSI)2, Mg(OTF)2, Mg(BF4)2, etc.) will undergo electrochemical reduction 

when in contact with the magnesium metal. 11, 23 Generally, this decomposition process 

leads to the formation of a passivating film which prevents reversible magnesium 

deposition and dissolution from happening. The ability of the electrolyte to resist being 

chemically reduced by the anode is an important parameter called the reductive stability 

of the electrolyte. Usually, Molecular Orbital energy understanding the electrolytes’ 

species are needed to predict the reductive stability of the electrolyte. In particular, for 

the electrolyte to resist decomposition by the magnesium anode, its Lowest Unoccupied 

Molecular Orbital (LUMO) energy level must be well above that of the magnesium 

metal chemical potential.14, 15, 24 The electrolyte purity is also an important aspect as 

any traces of oxygen, water, and protic species tends to passivate the magnesium 

anode.25, 26 

Naturally, electrolyte decomposition may also occur through the oxidation process of 

the electrolyte. This can happen either by the reaction of the electrolyte with the cathode 

or through the electrolysis of the electrolyte when the battery is charged at a high 

potential. Anodic stability, therefore, is an important factor that has to be considered as 

well. Generally, the anodic stability of the electrolyte can be determined by the energy 

level of the Highest Occupied Molecular Orbitals (HOMO) of the electrolyte species.14 
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Lower HOMO level will lead to a wider electrolyte potential window as it prevents the 

electrolyte from decomposing at high potential. It is important to mention that the 

potential window of the electrolyte is also determined by the cathode’s current collector 

(the metal foil which serves as the cathode film’s substrate) and other metallic parts of 

the cell. A pervasive problem in rechargeable batteries is the corrosion of the metallic 

current collectors of the battery electrode.10, 16, 19 As metal corrosion tends to happen at 

high electrical potential, corrosion becomes another pervasive side reaction that tends 

to occur during the battery charging process. Although not a requirement, a non-

nucleophilic characteristic is also desired in magnesium battery electrolytes. This is due 

to the current interest in developing Mg/S batteries with a significantly larger capacity 

than other cathodes materials.27 Elemental sulfur, however, tends to react with 

nucleophilic species, rendering them incompatible for Mg/S battery use.27 

 

Figure 2.5.1: Stability requirement of rechargeable magnesium battery electrolyte. 

For safety concerns previously mentioned in § 2.1., dendritic or inhomogenous metal 

deposition needs to be avoided during the battery charging process. Although it was 

ascertained that magnesium has a lesser tendency to form dendrite due to its high 

surface self-diffusivity28, dendritic growth of magnesium has been demonstrated in 

various conditions29, 30. In theory, dendrite tends to form when there is a high mass 

transport limitation of magnesium ion flow from the electrolyte to the anode.14 Thus, 

the ionic conductivity of the electrolyte is an important factor to prevent dendritic 
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growth from happening. Other relevant considerations are the anode/electrolyte 

interphase wherein inhomogeneity in the interphase conductivity and electrode 

smoothness could lead to preferential magnesium deposition in localized region28. 

Finally, to attain high energy efficiency during the charge and discharge cycle, it is also 

important to maintain a low overpotential for the cathode and anode electrochemical 

reactions. Generally, overpotential refers to the shift in the potential of an 

electrochemical reaction from its equilibrium potential.14 Such shifts arise from the 

existence of an activation energy barrier for the electrochemical reaction or mass 

transport limitation to sustain the chemical reaction.31 Naturally as the electrodes’ 

reactions involve magnesium ion solvation and de-solvation process, the chemical 

complex formed by the magnesium ion in the electrolyte determines the energy barrier 

of the electrochemical reactions.32, 33 

2.6 Development of RMB electrolyte 

Initially, only a few compounds were known to have high reductive stability against 

magnesium metal. One of the earliest magnesium compounds known for reversible 

magnesium deposition and dissolution are Grignard reagents (MgRX; X: halide ion, R: 

alkyl group).10, 19 Other compounds known to enable reversible magnesium deposition 

and are Mg(B(C4H9)4)2
34 and magnesium borohydride (Mg(BH4)2)35.  However, as 

these compounds tend to have low anodic stability (primarily due to their highly 

reductive nature), they are not suitable for high voltage battery applications.11, 12, 19 

Thus, subsequently, various methods to extend the anodic stability of the electrolyte 

were explored. 

Mainly by combining the organomagnesium salts with Lewis acid, higher stability was 

achieved.12, 19, 36 Through this method, an electrolyte with magnesium plating and 

stripping Coulombic efficiency of 100 % and oxidative stability of 2.2 V was created 

by the combination of MgBu2 and AlCl2Et at a 1:2 ratio.10, 19 Later on, it was further 

discovered by Aurbach et al. that the weak Al-C bond in the anion species can be broken 

due to beta-hydrogen elimination.10, 36, 37 This prevents the electrolyte from achieving 

high anodic stability. Hence, by substituting the alkyl chains of the organometallic 

reagents with phenyl groups, the electrolytes' anodic stability was further increased up 

to 3.3 V vs Mg. This electrolyte formulation is commonly known as APC (All Phenyl 

Complex, made from PhMgCl and AlCl3 at 2:1 ratio). However, the organometallic 
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reagent is a strong reducing agent which will react with water molecules and thus is 

sensitive to moisture-containing air.38 This means that the electrolyte would severely 

degrade if it comes into contact with air. The nucleophilic nature of such reagent also 

does not permit the use of Sulfur cathode which has high charge capacity but is reactive 

toward nucleophilic substances.27, 39 

Due to the limitation of Grignard-based compounds, other salts with non-nucleophilic 

characteristics were explored. Usually, these electrolytes are made by mixing 

commercial magnesium salts with chloride-based compounds (AlCl3, MgCl2, or 

CrCl3).40-45 Chloride compounds are added to these electrolytes mainly to increase the 

reversibility of the deposition and dissolution process of the magnesium anode46, 

alleviate passivation, improve the Coulombic efficiency, and reduce the plating and 

stripping overpotential47. The exact mechanism by which chloride ion gives an 

improvement in the electrolyte is not clearly understood. Nevertheless, there are several 

proposals for its functionality. It is argued that chloride ions adsorb on the surface  of 

magnesium and prevent the reduction of trace water which would have passivated the 

Mg metal by forming Mg(OH)2/MgO layer.16 Several sources also indicate that chloride 

reduces the stability of the oxide layer or passivation layer on the magnesium metal. 

This effect is beneficial as it effectively removes the pacifying film on the magnesium 

surface.16, 48 It is also hypothesized that Mg-Cl clusters in the magnesium electrolyte 

have reduced desolvation energy due to reduced charge density of the ion cluster 

compared to Mg2+ ion. Thus, Mg-Cl complexes have a lower deposition overpotential 

when chloride is added to the electrolyte.26 

It is important to note, however, that chloride limits the potential window of the 

electrolyte by inducing corrosion in non-noble current collectors.49 Often, the primary 

mode of current collector degradation in a chloride-containing electrolyte is pitting 

corrosion,16 a form of accelerated metal dissolution induced by the breakdown of the 

passivation film (native oxide film) on the surface of the metal surface.50 As reported 

in previous studies, the corrosion process contributes to the parasitic reaction of the cell 

and leads to faster battery capacity degradation.51, 52  

Besides the addition of chloride, a common approach to extend the potential window 

of the electrolyte is to use novel magnesium salts. Recently, there is a surge in interest 

in novel boron-based magnesium electrolytes due to their high anodic stability. A 

critical achievement in magnesium electrolyte research is the discovery of 
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Mg(CB11H12)2 electrolytes with Coulombic efficiency of  99% and anodic stability 

beyond 3.8 V vs Mg.53 However, Mg(CB11H12)2-based electrolyte is unlikely to be 

utilized in a commercial battery as its production method is highly complicated.54 

Following this discovery, other high-performance electrolytes with simpler synthesis 

methods were discovered. These include Mg(Al(HFIP)4)2
55, Mg(B(HFIP)4)2

56, and 

Mg(B(PFPINA)2)2.
57 Due to the anions’ weakly coordinating nature, these salts tend to 

be highly conductive.57, 58 Moreover, they allow for a highly reversible magnesium 

plating and stripping (CE of 98%) and enable the use of Sulfur cathode and stainless-

steel current collector with anodic stability of 3 V or above.  

Currently, boron-based electrolytes (e.g. Mg(B(HFIP)4)2) are more favored than 

aluminum-based electrolytes (e.g. Mg(Al(HFIP)4)2)  as boron-based electrolytes are 

more resistant towards air-induced decomposition.56 State-of-the-Art borate-based 

electrolytes such as Mg(CB11H12)2 and Mg(B(HFIP)4)2 are appealing for battery 

electrolytes as their solution has high ionic conductivity, wide potential window, and 

great stability against the magnesium metal. The great capability of the electrolytes 

most likely arises due to the highly delocalized charge distribution of the electrolyte 

anion.53, 59 The delocalized charge distribution reduces the cation-anion interaction of 

the magnesium salt and eases the cation and anion separation in the electrolyte. This 

property, therefore, improves the solubility of the salt, leading to higher ionic 

conductivity. In the case of Mg(B(HFIP)4)2, the highly fluorinated structure of the anion 

makes the HOMO level of the anion low, thereby preventing the oxidation of the 

anion.59 Similarly, the high stability of Mg(CB11H12)2, owing to the aromaticity of the 

anion,60 increases its potential window. 

The great compatibility of borate-based electrolytes with the anode is also one of their 

appealing characteristics. In the case of Mg(CB11H12)2, the salt seems to be reductively 

stable against magnesium anode as no signs of anion decomposition are observed in the 

anode electrolyte interphase61. On the other hand, salts such as Mg(B(HFIP)4)2 

decomposes during the cell operation as indicated through XPS analysis by Tang et al. 

The ability of the electrolyte to conduct magnesium plating and stripping may, 

therefore, relates to the decomposition rate of the electrolyte or the structure of the SEI 

that is formed.62 It was also suggested in previous publications that the increased anodic 

stability of these salts may be due to their weakly coordinating nature with Mg2+. With 

strong Mg2+-anion interaction, cation-anion clusters are formed, and these clusters may 
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have reduced cathodic stability as compared to the free anion species32, 59. This is due 

to the reduced LUMO energy level of the anion upon complexing with Mg2+. 

Nevertheless, Mg(B(HFIP)4)2 is still a moisture-sensitive compound and would 

decompose if the electrolyte contains a trace amount of water.37 Issues regarding short-

circuit formation, unstable cycling, unreliable batch-to-batch performance has also been 

associated with the  Mg(B(HFIP)4)2 electrolyte.62, 63 

It is important to note that other magnesium electrolytes were made by mixing Tetrakis-

hexafluoroisopropylborate anion with unique cationic species. Generally, they are made 

by combining magnesium salts (e.g. MgCl2, MgF2, MgO and Mg(BH4)2) with Tris-(2H 

hexaflouroisopropyl) borate (THFPB).64-66 These electrolytes exhibit high magnesium 

deposition/dissolution Coulombic efficiency (potentially due to the inherent 

compatibility of the anion with magnesium metal) and varying ionic conductivity. 

MgF2- and MgO-based electrolytes seem to have low ionic conductivity64, 66 while 

Mg(BH4)2 and MgCl2 based electrolytes have a high ionic conductivity65, 67. This may 

suggest that the ionic conductivity depends on the solubility of the magnesium salt used. 

2.7 Summary of Current Electrolyte Characteristics 

Table 2.6.1 shows the performance metric of various electrolytes based on plating and 

stripping overpotentials, the magnesium plating and stripping Coulombic efficiency in 

the electrolyte, the anodic stability of the electrolyte, and the ionic conductivity of the 

electrolyte. The table presents three types of magnesium battery electrolytes: chloride-

based non-nucleophilic electrolytes (No. 1-14), chloride-free weakly coordinated 

anion-based electrolytes (No. 15-18), and chloride-free THFPB-based electrolytes (No. 

19-21).  

In general, chloride-based electrolytes can be fabricated by mixing various 

commercially available chemicals. Thus, their fabrication process tends to be simple. 

The drawback of using these electrolytes, generally, is their low anodic stability against 

non-noble current collector (≤2.65 V vs Mg on Stainless-steel and ≤2.5 V vs Mg on 

Aluminium). On the other hand, chloride-free electrolytes (No. 15-21) tend to have high 

anodic stability (>3V vs Mg) on aluminium and stainless steel. The weakly coordinated 

anion-based electrolytes (No. 15-18) have a complicated fabrication procedure due to 

the need to pre-synthesize the magnesium salt while the THFPB-based electrolytes (No. 
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19-21) are simpler to make. However, it is worth noting that THFPB is costly ($497/5 

g, TCI America). 

Interestingly, several notable chloride-based electrolytes seem to show high anodic 

stability on non-noble current collectors. These include OMBB (Mg-MgCl2-THFPB, 

no. 11) electrolyte with anodic stability of ~3 V on Aluminium,67 Mg-CrCl3-THFPB-

based electrolyte (no.14) with anodic stability of 3.46 V on Aluminium,68 MBA-

[C2mim] [AlCl4] electrolyte (no. 12) with anodic stability of 3 V on Stainless-steel, 69 

and [Mg2Cl3] [Al(PFPINA)2(THF)]  (no. 13) with anodic stability of more than 3 V70. 

In the case of OMBB electrolyte, this observation was explained by the passivation 

process of the aluminium electrode after the anodic reaction has happened on the 

electrode. Ha et al. in their study of Mg-CrCl3-THFPB-based electrolytes also 

attributed the anodic stability of their electrolyte due to the less corrosive nature of 

chloride-free anion in the electrolyte.68 It is important to highlight, however, that the 

anodic stability of most of these electrolytes (except for MBA-[C2mim] [AlCl4] 

electrolyte68) are not investigated by long-duration chronoamperometry measurement. 

As will be shown in chapter 5, LSV may overestimate the corrosion onset potential of 

the electrolyte as the timescale of LV experiments tends to be small.  
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Table 2.7.1: Summary table of current electrolyte characteristics. 

 Electrolyte 
Overpotential 

(V) 
CE (%) 

Anodic 
stability vs. 

Mg (V) 

Conductivity 
(mS cm-1) 

Remarks 

1 MACC (Ref41) 
<0.2 (0.5 mA 

cm-2) 
98.8 3.1 (Pt) ~2 

Corrosive but 
non-

nucleophilic. 

2 
Mg(HMDS)2-

AlCl3/Diglyme 
(Ref40) 

< 0.2 (0.5 
mA cm-2) 

99 
3.9 (Pt), 
2.6 (SS) 

1.7 

3 
Mg(HMDS)2-

4MgCl2/THF(Ref71) 
N.A. 99 2.8 (Pt) 0.7 

4 
Mg(TFSI)2-MgCl2 

(Ref 43) 
N.A. 93 

3 (Pt), 
2.5 (SS) 

N.A. 

5 
Mg(OTF)2-MgCl2-
AlCl3-Anthracene 

(Ref44) 

0.1 (0.088 
mA cm-2) 

>95 

(0.088 
mA 

cm2), 

98.5 (1 
mA 

cm-2) 

3.25 (Pt), 
2.5 (SS), 

1.85 (Al) 

1.8 

6 
Mg(OTF)2-MgCl2-

AlCl3 (Ref45) 
0.25 (0.05 
mA cm-2) 

99.1 

3 (Pt), 

1.75 (SS), 
2.5 (Al) 

 

N.A. 

7 MBA-AlCl3 (Ref72) 

<0.2 [plate], 
< 0.1 [strip] 
(0.088 mA 

cm-2) 

>97 
2.25 (Pt), 
2.35 (Al), 
2.65 (SS) 

0.947 

8 
MBA-MgCl2-AlCl3 

(Ref73) 
<0.1 (0.088 
mA cm-2) 

98 
2.56 (Pt), 
1.46 (Al), 
2.1 (SS) 

N.A. 

9 MMAC/DME (Ref42) N.A. 100 

3.3 (Pt), 

2.2 (SS), 
0.8 (Al) 

N.A. 

10 MaCC/THF (Ref74) N.A. 100 
3.1 (Pt), 
2.5 (SS) 

0.23 

11 OMBB (Ref67) N.A. 

98.5 

(0.1 
mA 

cm-2) 

3.3 (Pt), 3 
(Al), 

2.5 (SS) 
5.58 

12 
MBA/[C2mim][AlCl4] 

(Ref69) 
N.A. 95-98 >3 (SS) N.A. N.A. 

13 
[Mg2Cl3] 

[Al(PFPINA)2(THF)] 

/THF (Ref70) 

~0.18 (0.5 

mA cm-2) 
~99 >3 (SS) N.A. N.A. 

14 
Mg-THFPB-
CrCl3/DME 

(Ref68) 

0.05 (15 μA 
cm-2) 

92 ~3.5 (Al) 4 N.A. 

15 Mg(CB11H12)2/G4 

0.25 [plate], 

0.01 [strip] 
(1 mA cm-2) 

(Ref61) 

99 

(Ref53), 
97 

(Ref61) 

3.8-4.0 V 
(Al, SS, Pt) 

(Ref53) 
1.8 

Complicated 
synthesis 
procedure. 

16 
Mg(Al(HFIP)4)2 

(Ref55) 
<0.5 (0.5 mA 

cm-2) 
99.3 

< 3 (Al, 
SS) 

6.5 
sensitive to 
moisture. 

17 
Mg(B(HFIP)4)2 

(Ref56) 

<0.2 (0.5 mA 

cm-2) 
>98 

3.5 (Pt), 
4.3 (SS, 

Al) 

11 (Ref75) 
Commercially 

unavailable. 
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18 
Mg(B(PFPINA)2)2  

(Ref57) 
0.09 (1 mA 

cm-2) 
95 

4.0 (SS, 
Al) 

3.95 

19 
THFPB + MgF2 

(Ref64) 
N.A. 99.8 

>3.5 (SS), 
3.8 (Al) 

1.1 N.A. 

20 
THFPB + MgO 

(Ref66) 
<0.1 (0.05 
mA cm-2) 

N.A. 
>4.0 (SS), 
4.2 (Al) 

0.174 N.A. 

21 
THFPB + Mg(BH4)2 

(Ref65) 
 99 

2.8 (SS), 
1.6 (Al) 

 

3.72 N.A. 
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Chapter 3 

Experimental Methodology  

This chapter discusses the rationale behind selecting the electrolyte 

components to be investigated in the research project as well as 

details on the electrolytes’ base materials. The chapter then explores 

the fabrication process of various battery components such as the 

electrolyte and the magnesium battery cathode. Then, the chapter 

covers the fabrication process of the coin cells and how various 

characterization methods are conducted. Detailed explanations of the 

working principles of each characterization method are also 

discussed.  
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3.1 The rationale for Electrolyte Design 

As indicated in table 3.1.1, the electrolyte consists of a magnesium source, solvent, and 

additives. The magnesium salts indicated in the table serve as the main source of Mg2+
 

for the electrolytes. Magnesium trifluoromethanesulfonate (Mg(OTF)2, Solvionics, 

99.5%), magnesium bis(trifluoromethanesulfonimide) (Mg(TFSI)2, solvionics, 99.5%) 

and magnesium bis(hexamethyldisilazide) (Mg(HMDS)2, Sigma Aldrich, 97%) are 

common magnesium salts that has been used to create rechargeable magnesium battery 

electrolytes. Magnesium perchlorate (Mg(ClO4)2, Sigma Aldrich, 99%) is known to 

passivate the magnesium anode but is nevertheless chosen as a point of comparison 

with other electrolytes. These salts are selected for their commercial availability, 

making them suitable for mass-scale electrolyte production. Other magnesium 

compounds such as Grignard reagent or organomagnesium salts are also available in 

the market but issues such as low oxidative stability and moisture sensitiveness make 

these compounds unattractive for the magnesium source of magnesium battery 

electrolyte1. The salts explored in this thesis also have appreciably high anodic stability, 

which is suitable for a high voltage window electrolyte.2, 3 Table 3.1.2 shows the 

thermal stability of the salts (except for Mg(HMDS)2). According to the table, the salts 

are thermally stable for battery application. 

THF (Sigma Aldrich, 99.9%, anhydrous), DME (Sigma Aldrich, 99.5%, anhydrous), 

Diglyme (Sigma Aldrich, 99.5%, anhydrous), Triglyme (Sigma Aldrich, 99%) and 

Tetraglyme (Sigma Aldrich, 99%) are chosen due to their stability against magnesium 

metal, high purity. No BHT-inhibitor (alcohol impurities) is in the solvents. As 

indicated in Table 3.1.3, Diglyme, Triglyme, and Tetraglyme are of primary interest 

due to their high thermal stability (high boiling point and flash point).  Chemical 

properties such as dielectric constant and viscosity of the solvents affect their ionic 

conductivity. Generally, viscous solvent inhibits ion mobility in the electrolyte while a 

high dielectric constant facilitates salt solvation4, 5. Hence an ideal electrolyte solvent 

to achieve high ionic conductivity would be one with high dielectric constant and low 

viscosity. Therefore, THF may be the most appropriate solvent for increasing the ionic 

conductivity of the electrolyte due to its high dielectric constant and low viscosity. 

Glyme-based solvents, however, are more likely to be desirable based on their thermal 

stability. 
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TBABH4 (Sigma Aldrich, 95%) is selected due to the ability of BH4
- to react with H2O 

contaminants in the electrolyte. This reaction is expected to prevent the passivation of 

the anode during the battery cycling process. TBA+ cation is also known to be stable 

against the magnesium metal anode.6 Secondary additives were also included in this 

study to empirically test their functionality in improving electrolyte performance. 

MgCl2 (Sigma Aldrich, 99% anhydrous) is selected as a chloride source used to study 

the effect of chloride on the magnesium plating-stripping electrochemistry and 

corrosion potential of the current collector. Although the solubility of MgCl2 is low in 

ether solvents,7, 8 it is well known that MgCl2 solubility improves upon the addition of 

other Mg salts such as Mg(TFSI)2,7 Mg(OTF)2,9 and Mg(HMDS)2
10. 

Table 3.1.1: Various components of the electrolytes and their functions. 

Compounds Functions 

Mg(OTF)2 

Magnesium ion sources 

Mg(ClO4)2 

Mg(TFSI)2 

Mg(HMDS)2 

DME 

solvents 

THF 

Diglyme 

Triglyme 

Tetraglyme 

TBABH4 Primary additive (moisture scavenger) 

MgCl2 Secondary additive (improve electrochemical performance) 

Table 3.1.2: Thermal stability of the magnesium salts utilized. 

Compounds Thermal decomposition 

temperature 

Mg(TFSI)2  (ref11) > 300°C 

Mg(OTF)2(ref11) >400°C 
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Mg(HMDS)2 ~ 

Mg(ClO4)2(ref11) 400°C 

Table 3.1.3: Physical property of the solvents. 

Compounds 
Boiling 

point 

Flash 

point 

Dielectric 

constant (20 °C) 

Dynamic viscosity 

(mPa s) 

THF 66°C -15°C 7.6 0.45 (25 °C) 

DME (ref.12) 85°C 5°C 7.2 0.42 (20 °C) 

Diglyme (ref.12) 162°C 51°C 7.4 0.98 (20 °C) 

Triglyme (ref.12) 218°C 111°C 7.62 1.96 (20 °C) 

Tetraglyme 

(ref.12) 

275°C 141°C - 4.1 (20 °C) 

 

3.2 Electrolyte Fabrication 

Before being used, all solvents were dehydrated using zeolite beads (pore size 0.3 nm, 

size 4-8 mesh) for at least 12 hours to remove water contaminants which are known to 

passivate magnesium anode in the solvent, thus minimizing the use of any hydride 

material in the next step. To make the electrolytes, the predetermined amount of 

magnesium salt and additives are mixed in the dehydrated solvent. Electrolytes were 

then stirred for at least 12 hours at 40-50 °C before the electrolytes were ready for 

galvanostatic cycling. All electrolytes were fabricated inside a glovebox with 

maintained moisture and oxygen contents of ≤ 1 ppm and ≤ 2.3 ppm respectively. 
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Figure 3.2.1: Electrolyte fabrication steps. 

3.3 Cathode fabrication 

3.3.1 Short-chain Sulfur/microporous carbon composite cathode 

Short-chain sulfur in microporous carbon composite (S/MC) cathode is chosen as a 

candidate cathode for the battery as it mitigates polysulfide diffusion and has a reduced 

electrophilicity, thereby making it more compatible with TBABH4 containing 

electrolyte.13, 14 

Short-chain sulfur species is generated by a melt-diffusion process into microporous 

carbon with a pore size smaller than the dimension of S8 ring.14, 15 In this thesis, the 

microporous carbon is generated from ZIF-8 metal-organic framework as previously 

used in other report15. The first step to synthesize the composite is to create the 

precursor material for the carbon host. Zeolitic Imidazolate Framework 8 (ZIF-8) is 

used as the precursor, and it was synthesized by a wet chemical method. 30 grams of 

2-methyl imidazole was firstly dissolved in 250 mL of methanol. Then, a solution of 

Zn(NO3)2.6H2O (12.6 gram in 150 mL methanol) was added to the 2-methyl imidazole 

solution. After being left overnight, the ZIF-8 material was washed and centrifuged four 

times in methanol before being dried overnight in a vacuum. The ZIF-8 was then 

carbonized by heat treatment in an argon-filled furnace (argon flow rate of 200 sccm) 

at 800 °C for 4 hours. During this process, the Zinc in the ZIF-8 material was evaporated 

out of the material, leaving behind the microporous carbon structure. 

Moisture removal 

from stock solvent for 

≥ 12 hours with 

molecular sieves 

Dissolution of magnesium 

salt and additives in the 

solvent at room temperature 

Ready for coin cell 

fabrication 

Conducted in an Argon-filled 

glovebox 
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To sulfurize the carbon framework, S8 was mixed thoroughly with the microporous 

powder (3:1 ratio). The mixed substance was then transferred into an autoclave vial and 

heated to 160 °C for 16 hours. Excess sulfur was then removed from the fabricated 

S/MC composite by heating the mixture in an argon-flowed heat furnace at 250 °C for 

3 hours. By elemental analysis measurement, the sulfur content of the fabricated 

composite was determined to be 33.71%. 

Sulfur cathode (80% wt. S/MC, 10% wt. Carbon black (CB), 10% wt. poly-vinylidene 

difluoride (PVDF)) was fabricated by mixing 200 mg of the S/MC composite with 25 

mg of Carbon black and PVDF solution (25 mg of  PVDF in 1215 mg of N-methyl-2-

pyrrolidone (NMP)). The cathode mixture was homogenized twice using Thinky mixer 

by stirring at 2000 rpm for 3 minutes each time. Defoaming was also conducted using 

the Thinky mixer for 25 seconds after each homogenization process. The slurry was 

then coated on carbon-coated aluminium with a controlled slurry thickness of 100 μm. 

The slurry was then dried off the NMP solvent by heating the foil in a 60 °C oven and 

was then further dried overnight in a 60 °C vacuum oven to remove any water 

contamination in the cathode slurry. 

3.3.2 S-PAN cathode preparation 

S-PAN cathode is also an interesting candidate cathode. The cathode material consists 

of Sulfur chain species that are chemically bonded to a polyacrylonitrile (PAN) 

backbone.16 The chemical bonding of the sulfur in the cathode prevents or mitigates 

polysulfide drift, thereby improving the capacity retention of S-PAN. 17 Moreover, the 

previous report indicates that the S-PAN cathode is compatible with nucleophilic BH4
-

,17 unlike S8. Thus, the S-PAN cathode is a prospective cathode to explore. 

The cathode material was synthesized according to a previously published work.16 S8 

was mixed with polyacrylonitrile polymer (PAN) in a weight ratio of 5:1. The mixture 

was then ground and heated to 450 °C to facilitate the chemical reaction between S8 and 

PAN. The heating process was conducted by applying a heat ramp from room 

temperature to 450 °C with a ramp rate of 10 °C min-1. The heating process at 450 °C 

was conducted for 6 hours before the material was cooled down to room temperature. 

The S-PAN composite was then made into a slurry to be coated on a carbon-coated 

aluminium foil. The slurry is made by mixing S-PAN active material (70% wt), carbon 
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black (20% wt), and CMC binder (10% wt) in an NMP solvent. The carboxymethyl 

cellulose (CMC) binder was firstly dissolved in water (5%wt solution) before being 

mixed with THE NMP slurry. The slurry was then coated on a carbon-coated 

aluminium foil and dried in a 70 °C oven. 

3.3.3 Copper Sulfide nanomaterial cathode 

Copper (II) Sulfide is chosen as a candidate cathode material due to its high theoretical 

capacity and generally high activity with magnesium electrolytes. CuS cathode material 

was synthesized by a wet-chemical process. 2.33 g of Cu(NO3)2.2.5H2O was firstly 

dissolved in 80 mL of Ethylene Glycol: DI water solution (3:1 volume ratio). While the 

Cu(NO3)2 solution was heated to 60 °C, 1.29495 g of Na2S2O3.5H2O was dissolved in 

80 ml of Ethylene Glycol: DI water solution (3:1 volume ratio). Na2S2O3 solution was 

then added to the heated Cu(NO3)2 solution and the reaction was let to occur for 30 

minutes at 60°C. The solution was then let to cool down and after 3 hours, the CuS 

product was separated from the mixture by centrifugation. The product was then 

washed 3 times with DI water and once more with ethanol. The CuS powder was then 

let to dry in a 60 °C vacuum oven for at least 12 hours. 

The cathode slurry (80% wt. CuS, 10% wt. CB, 10% wt. PVDF) was fabricated by 

mixing 204.6 mg of CuS with 25.575 mg of Carbon black and PVDF solution (25.575 

mg of PVDF in 1088 mg in NMP). The CuS cathode slurry was then homogenized 

using a Thinky mixer by stirring at 2000 rpm for 3 minutes (twice) followed by a 25 

seconds defoaming process at 2000 rpm for 25 seconds after each homogenization 

process. The slurry was then coated on a carbon-coated aluminium foil with a controlled 

thickness of 100 μm. The slurry was then dried off the NMP solvent a 60 °C. The film 

was then vacuum dried a 60 °C for at least 12 hours. The average loading of the CuS 

cathode is 1.18 mg cm-2. 

3.3.4 Mo6S8 cathode 

Mo6S8 is a commonly used material active material for rechargeable magnesium battery 

cathode due to high magnesium ion mobility in the crystal structure. This is due to the 

existence of Mo6 clusters which are able to screen the highly charge dense Mg2+
 ion. 

Hence, despite its low gravimetric capacity (129 mAh g-1) and low operating potential 
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(1.1 V vs. Mg/Mg2+), it is still commonly used to test rechargeable magnesium battery 

electrolytes. 

Mo6S8 was produced from Cu2Mo6S8 from a copper leaching process. The process was 

conducted by mixing the Cu2Mo6S8 into a 6 M HCl solution. The solution suspension 

was then stirred (200 rpm) for 24 hours while being aerated by flowing air into the 

suspension during the whole process. The Mo6S8 product is then centrifuged from the 

suspension and washed several times with DI water until the waste liquid used to wash 

the material has a neutral pH. Then, the solid product was washed once more with 

ethanol and dried for 24 hours in an oven. The active material is then mixed with CNF 

to increase the conductivity of the cathode material using a ball-milling method. The 

Mo6S8: CNF ratio is 80:20 by weight. 

The cathode slurry was coated on prepared on two types of current collectors (stainless-

steel or aluminium). The cathode slurry (64% wt. Mo6S8, 16% CNF, 10% wt. CB, 10% 

wt. PVDF) was made by mixing 500 mg of Mo6S8-CNF mixture and 62.5 mg of carbon 

black into a PVDF solution in NMP (62.5 mg of PVDF in 2600 mg of NMP). The 

mixture was then homogenized using a thinky mixer for 3 minutes at 2000 rpm, 

followed by 10 seconds of slurry defoaming process. The slurry was then coated on 

carbon-coated aluminium and stainless-steel foils. The electrodes were then dried for 

24 overnight in a vacuum oven. 

3.4 Coin Cells Preparation 

Each cell is composed of Mg foil as the counter and the reference electrode, a glass 

fiber separator, and a cathode (for a full-cell), carbon-coated aluminium (for an 

asymmetric half-cell configuration), or another magnesium foil (for a symmetric half-

cell configuration). Coin cell 2032 parts were used to construct all half -cell 

configurations for galvanostatic tests. They were sonicated in an acetone bath before 

being dried to clean the cell parts. 

Before cell assembly, both surfaces of the magnesium foil were polished inside the 

glovebox with moisture and O2 content of ≤ 1 ppm and ≤ 1 ppm respectively before 

being cut into a circular electrode with a diameter of 12.7 mm (⌀12.7 mm). This was 

done to prevent anode passivation and ensure good electrical contact with the cell 

casing. 
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To prepare the aluminum electrode for the asymmetric half-cell, an aluminum-coated 

carbon foil was cut into circular disk electrodes (⌀11.28 mm), which were then dried of 

moisture in a 60 °C vacuum oven for 24 hours before use. 

Glass fiber separators were prepared by cutting a glass fiber sheet into circular 

separators (⌀16 mm). These separator disks were then dried at 150°C for 4 hours before 

being transferred to the glovebox to be used. Graphene oxide-coated separators are 

prepared for full-cell galvanostatic cycling. Graphene oxide was added to the Mg//CuS 

cell mainly to combat several issues that were found in the cell if graphene oxide was 

not added in. These issues include battery overcharge (which is likely due to electrolyte 

oxidation) and capacity fade (potentially due to Cu ion dissolution in the electrolyte). 

Previous publications indicate that CuS may produce polysulfide species that could 

potentially dissolve into the electrolyte and cause capacity fading.18, 19 19The functional 

groups of Graphene oxide have been shown to bind to polysulfide species and may 

prevent cathode dissolution in the electrolyte.20 

 

 The separator was prepared by coating graphene oxide suspension (Graphenea, 

0.4%wt in water) on the glass fiber. The separator is then dried for several minutes at 

80 °C to dry. Then the glass fiber separator is further dried in a vacuum oven at 60 °C 

for overnight before being used. The average loading of the graphene oxide coating is 

0.2 mg cm-2. For each cell, 75 microliters of electrolytes are used. 

Figure 3.4.1: Internal structure of the coin cell. 

3.5 Characterization Method 

Table 3.5.1: Various characterization utilized in this project, along with their types and 

purposes. 

Characterization methods types Purpose 
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Galvanostatic cycling Electrochemical 

characterization 

To measure full-cell and 

half-cell overpotential and 

Coulombic efficiency. 

Ionic conductivity Electrochemical 

characterization 

To measure the resistance of 

the electrolyte. 

LSV Electrochemical 

characterization 

Utilized to measure the 

onset potential of the 

current collector corrosion 

or electrolyte oxidation. 

Multistep 

Chronoamperometry 

Electrochemical 

characterization 

Utilized to measure the 

onset potential of the 

current collector corrosion 

or electrolyte oxidation. 

XRD Material 

characterization 

Crystal structure 

characterization of 

electrochemically deposited 

substance. 

SEM Material 

characterization 

Characterization of 

magnesium deposit 

morphology on copper and 

aluminium electrode. 

EDS Chemical Analysis Chemical identification of 

deposit on copper electrode. 

XPS Chemical analysis Identification of chemical 

species on the magnesium 

anode surface. 

CHNS Elemental analysis Chemical analysis Identification of Sulfur 

%wt. content in the S/MC 

composite 

Raman Chemical structure 

analysis 

Identification of chemical 

bonds in the electrolyte 

solution. 

SCXRD Chemical structure 

analysis 

Identification of magnesium 

complex in the electrolyte 

solution. 
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3.5.1 Galvanostatic cycling 

3.5.1.1 Mg deposition and dissolution reversibility measurement 

To characterize the Coulombic efficiency of magnesium deposition and dissolution of 

each electrolyte, galvanostatic cycling of asymmetric half-cell (Mg//Al-C) made with 

the electrolyte of interest was done. The galvanostatic method is chosen due to its higher 

accuracy in determining Coulombic efficiency, as compared to the commonly used 

Cyclic voltammetry method.21 After assembly, the coin cells were rested at room 

temperature for 3 hours to ensure the electrodes and separator inside the cells are fully  

wetted with the electrolyte. The galvanostatic cycling started with a negative constant 

current of 0.5 mA cm-2 for a period until the desired plating magnesium plating capacity 

was reached (0.5 mAh cm-2
), followed by magnesium stripping from the working 

electrode that was stopped once the electrode reached a cut-off potential of 1.2 V. The 

magnesium deposition and dissolution processes were repeated for 1000 cycles for each 

coin cell unless an internal short-circuit occurred. The Coulombic efficiency in each 

cycle number “n” is calculated based on the formula: 

CE (n)=
magnesium stripping capacity ( n)

magnesium deposition capacity (n)
×100% 

On the other hand, the overpotential of magnesium deposition/dissolution on the 

working electrode can be derived by measuring the stabilized potential shift against the 

magnesium counter electrode for each deposition/dissolution process. 

3.5.1.2 Mg deposition and dissolution overpotential measurement 

To characterize the overpotential of magnesium deposition and dissolution of each 

electrolyte, galvanostatic cycling in a symmetric half-cell (Mg//Mg configuration) was 

used. After assembly, the coin cell was rested at room temperature for 3 hours to ensure 

the electrodes and separator inside the cells are fully wetted with the electrolyte. Each 

test cycle started with a negative constant current of 0.5 mA cm-2 for 1 hour, followed 

by the application of a positive constant current of 0.5 mA cm-2 for 1 hour. The 

galvanostatic cycling proceeds until the 1000 cycle was finished or when the cell has 

short-circuited. 
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3.5.1.3 Full-cell galvanostatic cycling 

To test if the electrolyte could be used in an actual battery, galvanostatic cycling is also 

conducted for the electrolytes using Mg//CuS, Mg//S-MC, and Mg//Mo6S8 full-cells. 

Before being cycled, the cells are rested for 6 hours at OCV before being cycled using 

the galvanostatic method between a low and high cut-off potential. Details of the 

cycling process are shown on the full-cell data presented. To calculate the Coulombic 

Efficiency of the full-cell in each cycle number “n” is calculated by the formula: 

CE (cycle number n)=
discharge capacity(n)

charge capacity (n-1)
×100% 

The Coulombic efficiency of the cell is used to measure the amount of discharge 

capacity that is retained in proportion to the initial charge capacity. Since the battery 

tested is in the charged state after fabrication. The charge process is not present in the 

first cycle and the Coulombic efficiency of the full-cell is not calculated for the first 

cycle. 

3.5.2 Potential window measurement 

Potential window measurements were done in a three-electrodes setup. Polished 

magnesium strips are used as the reference and counter electrode while a thick 

aluminium plate (Alfa Aesar) or stainless-steel foil (SS316, MTI) was used for the 

working electrode. To measure the anodic stability of an electrolyte, about 1 ml of the 

electrolyte solution was used to dip all three electrodes into it. After it was ensured that 

there is no short circuit between the electrodes. Open circuit potential was measured for 

each cell before linear sweep voltammetry (LSV) measurement or multi-step 

chronoamperometry measurement. 

 

3.5.2.1 Linear sweep voltammetry measurement 

Linear Sweep Voltammetry measurement was conducted using a Gamry potentiostat 

and a Gamry instrument program. After 5 seconds of equilibration time, the working 

electrode potential was increased from its open circuit potential at a constant increment 

of 5 mV per second until its potential reaches 5 V against the magnesium reference 

electrode. During this potential sweep, the current applied to the working electrode was 

measured. After the experiment, the active surface of the working electrode was 
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measured by measuring the area of the electrode that has changed due to residue of 

electrolyte decomposition and the corrosion process. 

3.5.2.2 Multi-step chronoamperometry measurement 

Once the onset of corrosion or electrolyte decomposition was determined, 

chronoamperometry measurement can be done to determine the anodic limit of the 

electrolyte more accurately. To conduct the measurement process in a 3-electrodes cell, 

several constant potential steps were applied to the working electrode for a fixed 

duration while the current applied to the working electrode was measured. After the 

experiment, the active surface of the working electrode was measured by measuring the 

area of the electrode that has changed due to residue of electrolyte decomposition and 

the corrosion process. 

3.5.3 Ionic conductivity measurement 

3.5.3.1 Working principle of ionic conductivity measurement 

The measurement of the ionic conductivity of an electrolyte, typically, employs a 

similar method as that for EIS measurement. Generally, a high-frequency AC voltage 

perturbation is applied to the electrolyte. As the impedance contribution of charge 

transfer processes is negligible at high AC frequency, most of the resistance in the cell 

is attributed to the electrolyte resistance, which is inversely proportional to the 

conductivity of the electrolyte. Moreover, AC current also prevents any change in the 

chemical composition of the electrolyte due to electrolyte oxidation or reduction 

reaction.5 Generally, the relationship between ionic conductivity (σ), Electrode 

polarization potential (V), Current (I), and the cell constant (K, determined by the probe 

geometry) is:5 

σ=K
I

V
 

The conductivity of the electrolyte, therefore, can be determined based on the 

relationship between the AC current and the voltage difference of the electrodes. The 

ionic conductivity probe used in this study was a 4-electrode probe. The device set-up 

minimizes inaccuracy in conductivity measurement by eliminating the polarization 

effect on the ionic conductivity measurement. Polarization happens due to charge 

transfer reactions that happen on the electrodes when current is applied to the 
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electrodes. The probe minimizes this effect by separating the perturbing electrode and 

the measurement electrode. By doing so, the polarization on the perturbing electrode 

does not affect the potential measurement associated with the electrolyte resistance.  

 

Figure 3.5.3.1: Electrode structure for ionic conductivity measurement. 

3.5.3.2 Ionic conductivity measurement method 

The ionic conductivity of the electrolyte was measured by using Fisherbrand Accumet 

AB200 with a 4-cell ionic conductivity probe. Measurement was done inside the 

glovebox and the probe was firstly washed with DME before and after the measurement 

of electrolyte. Conductivity measurements were conducted three times and the average 

measurement was taken as the electrolyte conductivity. 

3.5.4 EIS measurement 

3.5.4.1 Working principle of the EIS characterization 

EIS characterization was conducted on symmetric magnesium cells to characterize the 

electrochemical processes in the battery. In particular, the method is able to separate 

the internal resistance of the cell into various components such as electrolyte resistance, 

interfacial resistance, charge-transfer resistance of the electrodes, and diffusional 

impedance of the electroactive species.22 The method generally relies on measuring the 

current response of an electrochemical cell upon the application of a low amplitude AC 

voltage. By measuring the current amplitude and phase shift of the current response, 

the impedance of the electrochemical cell at each specific frequency can be determined. 

The impedance is a complex function analogue of the cell resistance, and it can be 

represented as 

AC 

Pertuba-

tion 

Electrolyte 

Voltage measurement 

Minimal electrode polarization 
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Z(ω)=
|V|eiωt 

|I|eiωt-θ
 

Wherein |𝑉|𝑒𝑖𝜔𝑡 and |𝐼|𝑒𝑖𝜔𝑡−𝜃 is the complex function representation of the perturbing 

AC voltage and the corresponding AC current response wave respectively 22. For the 

characterization of battery electrochemistry, it is useful to represent the impedance 

measurement across various frequencies as a bode plot, wherein the real and imaginary 

components of the impedance are plotted from low to high frequency. The figure below 

exemplifies a typical Nyquist plot that can be obtained after an EIS measurement of an 

electrode. 

 

Figure 3.5.4.1: Idealized Nyquist plot of an electrode. 

Typically, the Nyquist plot of the EIS measurement will provide several important 

characteristics of the cell. This includes the bulk resistance of the cell at high frequency, 

which constitutes the electrolyte, current collector, and separator resistance22, 23. The 

Nyquist plot would also show a semicircle profile which represents the contribution of 

the electrode double-layer capacitance and charge transfer resistance along with a linear 

profile which represents the contribution of the diffusion impedance of the electroactive 

species.22, 23 

3.5.4.2 EIS characterization method 

EIS measurement was conducted to observe changes in the cell impedance after a given 

number of cycles magnesium plating and stripping in the cell. The electrochemical cell 

used for the characterization is a symmetric Mg//Mg cell. Each EIS measurement was 

conducted with alternating current with a frequency range of 10 MHz to 1 mHz with a 

perturbation potential of 7 mV (Vrms 5 mV) in the OCV state. Before the first EIS 
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measurement, which was conducted before magnesium plate and strip cycling, the cell 

is rested for three hours to allow the OCV potential to stabilize. Subsequently, 10 

minutes of cell rest was implemented before additional EIS measurements to observe 

the cell impedance after cell cycling. 

 

3.5.5 Material characterization 

3.5.5.1 XRD 

3.5.5.1.1 XRD working principle 

X-ray diffraction characterization of material is a well-developed method to identify 

unknown material or to confirm the identity of a sample. The main component of the 

instrument consists of an X-ray source, sample stage, and X-ray detector. The 

characterization technique relies on the X-ray Bragg’s diffraction phenomenon.24 X-

ray Bragg’s diffraction happens when a coherent X-ray photon is reflected by the 

atomic planes of crystalline material. Each crystalline material has its own set of crystal 

planes, and each plane has a unique interplanar spacing. Bragg’s diffraction is a 

constructive diffraction phenomenon in which the X-ray photons which are reflected 

by the crystal plane are in phase with one another. The figure helps in elaborating the 

geometric constraint of Bragg’s diffraction in a crystalline material. 

 

Figure 3.5.5.1.1: The geometric description of Bragg’s diffraction. 

For constructive interference to happen, the photons reflected by the upper and lower 

plane must be in phase. Due to this constraint, the length of path A to B to C must be 
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equal to the multiple of the photon’s wavelength. In other words, the equation stated 

below must hold for Bragg’s diffraction to occur. 

AB+BC=2d sin(θ) =n×λ  

θ (reflection angle) 

d (interplanar distance) 

n (integer numbers 1, 2, 3, …) 

λ (photon wavelength) 

Consequently, given that the wavelength of the photon source is fixed, Bragg’s 

diffraction can only happen at specific series of θ (i.e. angle of reflection) values. 

Moreover, the series of θ values are dependent on the crystal structure and constituents 

of the material, as the interplanar distances of the plane are determined by both factors. 

Hence, by measuring the diffraction intensity of the X-ray radiation across various θ 

values, the identity of the material can be determined. 

3.5.5.1.2 XRD characterization method 

To corroborate that an electrolyte enables Mg crystal deposition, ex-situ material 

characterization (XRD) was done on a nickel foil. The nickel substrate was firstly 

deposited with magnesium using the magnesium battery electrolyte with a constant 

deposition current density of 0.5 mA cm-2 for 5.5 hours in the glovebox. The Nickel 

sample was then washed with DME, wrapped with Kapton tape (to prevent contact with 

oxygen) before being brought outside of the glovebox. 

XRD was then conducted on Bruker D8 Advance diffractometer using Cu  Kα X-Ray 

source (1.54 Å). Diffraction data were collected from 30 to 60° with a step size of 0.02°. 

X-Ray Diffraction spectrum of the sample was then fitted to that of nickel and 

magnesium crystal obtained from the JCPDS database. Confirmation of CuS successful 

synthesis was also done on the synthesized CuS nanomaterial using the same 

instrument. 
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3.5.5.2 SEM 

3.5.5.2.1 SEM working principle 

Electron microscopy and EDS analysis are conducted in a FE-SEM microscope. 

Electron microscopy is used to analyze the morphology of the sample. Electron 

microscope offers a better resolution power compared to an optical microscope and is 

better suited to study the morphology of nanomaterials or the crystal morphology at 

extremely high magnification. In this thesis, scanning electron microscopy is used. The 

sample is kept under a high vacuum environment during the analysis process. The 

instrument works by irradiating the sample with a primary highly accelerated electron 

beam. Upon colliding with the sample, the primary electron beam may collide with the 

outer electron of the sample. This collision results in an inelastic collision whereby 

some of the energy of the primary electron is transferred to the sample’s electron. This 

process generates the secondary electron beam. By collecting the Secondary electron 

signal across the sample, surface contours of the sample can be generated.25 

3.5.5.2.2 SEM characterization 

SEM characterization was conducted to CuS and magnesium films to identify the 

morphology of the substance. The characterization was conducted inside FE-SEM JSM 

6700F with an acceleration potential of 5 kV and a chamber pressure of 5.14 10-4 Pa. 

3.5.6 Chemical characterization 

3.5.6.1 EDS 

3.5.6.1.1 EDS working principle 

 Energy-dispersive X-ray spectroscopy (EDS) is conducted by using an electron 

microscope. This characterization is conducted to identify the elemental composition 

of a sample. The characterization technique relies on the X-ray fluorescence 

phenomenon.26 During the irradiation process of the sample with a high-energy primary 

electron beam. Sometimes, the primary electron beam transferred its energy to the core 

electron of the atoms of the sample. This process excites the electron, thereby freeing 

it from the atom, creating an empty orbital in the excited atom. The state of the atom, 

therefore, becomes unstable. To reach a lower energy state, one of the electrons at the 

outer shell of the atom undergoes a relaxation process to fill the empty core-level energy 
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state. During this relaxation process, an X-ray photon is emitted. The X-ray photon 

energy equals the difference between the binding energy of the empty orbital with the 

binding energy of the initial state of the relaxing electron [B.E. (1)-B.E. (2)]. 

  

Figure 3.5.6.1.1: Mechanism of Characteristic X-ray generation. 

As the emitted X-ray is dependent on the binding energy of the electrons in the atom, 

the emitted X-ray spectrum functions as a characteristic signal of the elements in the 

sample. EDS sample, therefore, serves as an elemental analysis method to identify the 

constituents of the sample. Furthermore, the intensity of a characteristic X-ray also 

correlates positively with the concentration of the source elements. Thus, EDS analysis 

also provides a quantitative analysis of the sample composition. 

3.5.6.1.2 EDS characterization of magnesium film 

EDS chemical analysis was done using FE-SEM JEOL 7600F (acceleration potential 

of 15 kV) coupled with Oxford Technologies X-ray detector. This analysis was 

conducted to gain information regarding the chemical identity of the deposit, thus 

giving additional evidence for magnesium crystal deposition. The samples were created 

by depositing 0.5 mAh cm-2 of magnesium on carbon-coated aluminium in asymmetric 

half-cells.  A piece of Celgard film was placed between the analyte sample and the glass 

fiber separator to prevent the magnesium sample from sticking to the glass fiber 

separator. The aluminium foils were then extracted from the cell, washed with DME, 

and then dried inside an Argon-filled glovebox before being analyzed. 

3.5.6.2 XPS 

3.5.6.2.1 XPS working principle 

XPS measurement is a surface analysis technique conducted to analyze the surface 

chemical composition of a conductive sample. The primary components of the XPS 
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instrument are its monoenergetic X-ray Source, electron analyzer, and photoelectron 

energy detector. 

The basic working principle of the XPS characterization is based on the photoelectron 

emission process.27 The photoelectron emission process is initiated when the sample is 

irradiated with X-ray radiation. During the irradiation process, some of the X-ray 

photons will encounter electrons of the atom constituents of the sample. If the energy 

of the photon is larger than the binding energy of the electron, an excitation process 

will occur whereby the electron is freed from the atom. Some of the excited electrons 

will also escape the sample as it gains some kinetic energy from the photon. The XPS 

instrument determines the initial binding energy of the excited electrons by measuring 

the kinetic energy of the electron. By using the equation stated below, the initial binding 

energy of the photoelectron can be determined. 

K.E. =h.v. -B.E.-Φ 

K.E. (Kinetic energy of the excited electron) 

h.v. (photon energy) 

B.E. (initial binding energy of the excited electron) 

Φ (work function of the sample/ energy required to remove an electron from the sample 

to the vacuum outside of the sample) 

The electron energy analyzer works by separating the photoelectron signals according 

to their kinetic energy or velocity. The analyzer employed a magnetic field to do this 

process. As the electron passes through the magnetic field, it will experience a Lorentz 

force perpendicular to its velocity. Due to this force, the photoelectron will move into 

a semicircular motion in the analyzer. Furthermore, the radius of the photoelectron’s 

arching path will depend on its velocity (which in turn is determined by its  kinetic 

energy). Thus, the analyzer is able to separate the photoelectron signal based on its 

kinetic energy. After passing through the analyzer, the photoelectron will then hit the 

detectors.  

Based on the binding energy spectrum generated by the measurement, elemental 

constituents of the sample can be determined. Furthermore, the chemical bonds and 
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oxidation state of the elements can also be inferred as the unique chemical state of an 

element determines its binding energy. The quantitative elemental composition of the 

sample can also be inferred from the intensity of the photoelectrons from each element. 

3.5.6.2.2 XPS analysis of magnesium anode 

In this thesis, XPS characterization is used to identify the chemical composition of the 

cycled magnesium anode. To create the magnesium anode-electrolyte interphase to be 

analyzed, a symmetric Mg//Mg cell was cycled 20 times with a current density of 0.5 

mA cm-2. A piece of Celgard film was placed between the analyte sample and the glass 

fiber separator to prevent the magnesium sample from sticking to the glass fiber 

separator. The magnesium foils were then extracted from the cell, washed with DME, 

and then dried inside an Argon-filled glovebox. Samples were then mounted on a sealed 

XPS holder and transferred to the XPS loading chamber. After vacuuming the samples 

in the loading chamber for ~4 hours to remove the solvent. The samples were 

characterized with the Thermo Scientific Theta Probe Angle-Resolved Spectrometer 

instrument. To analyze the chemical state of the elements at various thicknesses, Argon 

etching was done on the sample using a 2 μA argon beam accelerated using a 3 kV 

potential difference. The XPS spectrums are charged referenced to the Mg0 peak at 49.8 

eV and each peak is modeled using Gaussian/Lorentzian mixture of 70:30. 

3.5.6.3 CHNS elemental analysis 

Elemental CHNS analysis was conducted to analyze the sulfur content of S/MC and S-

PAN cathode. The measurements are conducted using a Thermo Scientific Flash 2000 

analyzer. The instrument was calibrated using sulphanilamide analytical standard 

(Elemental Microanalysis, UK). The cathode material was analyzed before being used 

for slurry fabrication. For the elemental analysis measurement, each sample was 

prepared in tin foil capsules. 

3.5.6.4 Raman spectroscopy 

3.5.6.4.1 Raman working principle 

Raman spectroscopy is a characterization technique often used to assist in identify ing 

chemical groups in a sample. Typically, a laser source is used to irradiate the sample 

during the measurement process. The basic principle of the characterization technique 
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relies on the Raman-stokes and Raman anti-stokes scatterings of photons by molecules. 

Raman-stokes scattering happens due to an inelastic collision process between a 

molecule in its ground state and a photon.28 The process happens when the energy of 

the photon is sufficiently high to induce vibrations of certain chemical bonds in the 

molecule. Upon collision, some of the photon energy is transferred to the molecule to 

excite a vibration mode. The scattered photon, therefore, would have reduced energy, 

and would therefore redshift its wavelength. Conversely, a Raman Anti-stokes 

scattering process may also happen when a photon collides with a molecule in its 

excited state. In this collision process, the vibration energy of the molecule will be 

transferred to the photon, thereby increasing its energy and blueshift its wavelength. By 

measuring the spectrum of the scattered laser lights, the energy shift (or wavenumber 

shift) of the scattered photons can be determined. This information leads to 

identification in the vibrational energy or wavenumber of the chemical bonds in the 

sample. Identification of the chemical bonds (chemical groups) in the sample can 

therefore be determined from the wavenumber of the chemical bonds. It is important to 

note that not all chemical bonds are Raman active. In particular, Raman spectroscopy 

is best used to excite symmetric vibration and non-polar bonds and may provide little 

information on unsymmetric vibration and polar groups in the molecules. 28 

3.5.6.4.2 Raman spectroscopy procedure 

Electrolyte samples were analyzed by Raman Spectroscopy to identify the chemical 

bondings which exist in the electrolyte. This spectroscopy helps in identifying the 

chemical structure of the electroactive species in the electrolyte. Each electrolyte 

sample was made in the glovebox and then sealed in a small glass vial using parafilm 

to prevent the samples from being contaminated by the outside atmosphere. The 

samples were then analyzed using RENISHAW invia Raman microscope using a 

primary laser beam with a wavelength of  532 nm. 

3.5.6.5 Single Crystal XRD analysis 

The single-crystal XRD was conducted to analyze the chemical structure of the 

electroactive species in the electrolyte. The working principle of the instrument is 

described in §3.5.4.1.  
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The electrolyte firstly needs to be crystallized before being analyzed. The crystal was 

grown from a saturated Mg(HMDS)2 solution. The solution is made in an argon-filled 

glovebox by mixing 577.4 mg of Mg(HMDS)2 with 1 ml of DME  (~1.67 M). After the 

dissolution process, the stir bar used during the stirring process was removed and the 

electrolyte was let to grow crystal for 1.5 months. The crystal vial was sealed with 

parafilm before being transferred to outside the glovebox. 

The XRD spectrum of the crystal was obtained by using a Bruker D8 Quest 

diffractometer. The experiment is conducted at 100 K with a Mo Kα X-ray source. The 

collected diffraction frames were interpreted using the SAINT software and absorption 

correction is conducted using the SADABS software. The structure of the crystal was 

solved using the direct methods and refined with the full-matrix least-squares analyses 

on F2 (SHELXL-2018/3). Refinement of non-hydrogen atoms was conducted 

anisotropically. The positions of the hydrogen atoms were determined geometrically 

and allowed to ride on their respective parent carbon atoms before the final cycle of 

least-squares refinement. 
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Chapter 4 

Preliminary Studies 

This chapter begins by studying the performance of various magnesium salts 

(Mg(ClO4)2, Mg(TFSI)2, Mg(OTF)2, Mg(HMDS)2) along with its combination 

with additives such as moisture scavenger TBABH4 and MgCl2.  This 

investigation primarily investigates the reversibility of the magnesium plating 

and stripping process along with the morphology of the magnesium crystal from 

each magnesium salt. After establishing that Mg(HMDS)2-based electrolyte is 

most appropriate to create a high Coulombic efficiency electrolyte, the chapter 

further establishes the importance of non-passivating magnesium salt. This is 

done by showing that even a slightly passivating Mg(OTF)2-based electrolyte 

would require corrosive MgCl2 and a high concentration of TBABH4 additive. 

This requirement is shown to limit the anodic stability of high-functioning 

Mg(OTF)2-based electrolytes. Thus, to create a high-functioning wide potential 

window electrolyte, Mg(HMDS)2 salt has to be used. 
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4.1 Solubility of Various Magnesium Salt and Their Capability for Reversible 

Magnesium Deposition and Dissolution 

To ascertain which salt is appropriate as the base material for the electrolyte, several 

salts were explored. These salts are magnesium trifluoromethanosulfonate [Mg(OTF)2], 

magnesium bis(trifluorosulfonylimide) [Mg(TFSI)2], magnesium 

bis(hexamethyldisilazide) [Mg(HMDS)2], and magnesium perchlorate [Mg(ClO4)2]. 

Figure 4.1.1a shows the solubility of all these salts when they are dissolved in 1,2-

dimethoxyethane (DME) with an intended concentration of 0.1 M. It is seen that 0.1 M 

Mg(OTF)2 and 0.1 M Mg(ClO4)2 were not able to fully dissolve in the DME solvent. 

Besides these salts, Mg(TFSI)2 and Mg(HMDS)2 are well dissolved. However, phase 

separation occurs inside the Mg(TFSI)2 in DME solution, as indicated by the less 

transparent bottom layer in the solution. Such observation is consistent with the 

previously reported phase separation phenomenon in Mg(TFSI)2 in DME solution1. 

 

Figure 4.1.1: Visual Image of various magnesium electrolytes and ionic conductivities. 

(a) From left to right, images of 0.1 M Mg(OTF)2, 0.1 M Mg(TFSI)2, 0.1 M 

Mg(HMDS)2 and 0.1 M  Mg(ClO4)2. (b) Ionic conductivity of the electrolytes. All 

electrolytes were stirred at 40 °C for 2 days. The white oval substance in each vial is a 

stir bar. 
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The measured ionic conductivities of the salts are shown in figure 4.1.1b. The 

electrolyte with the highest ionic conductivity is 0.1 M Mg(TFSI)2 with an ionic 

conductivity of 0.198 mS/cm. The other well solubilized electrolyte, 0.1 M 

Mg(HMDS)2 in DME, has the lowest ionic conductivity of 6.28 μS/cm, indicating that 

the salt has an extremely low ionic dissociation in DME. The other salts with low 

solubility, Mg(OTF)2 and Mg(ClO4)2, have ionic conductivities of 0.019 mS/cm and 

0.061 mS/cm respectively. 

To analyze the suitability of each electrolyte for a rechargeable magnesium battery, a 

magnesium plating and stripping experiment is conducted with each electrolyte. Figure 

4.1.2 shows the galvanostatic cycling profile of these electrolytes at the controlled 

current density of 50 μA cm-2 and magnesium plating capacity of 50 μAh cm-2
. Figure 

4.1.2 shows that the irreversible plating and stripping process occurs in Mg(OTF)2 in 

DME, Mg(TFSI)2 in DME, and Mg(HMDS)2 in DME electrolytes in the first cycle of 

the plating and stripping process. Moreover, The cells containing the Mg(HMDS)2 in 

DME electrolyte stopped operating during the plating process in the first cycle as the 

working electrode potential reached the cut-off potential during the plating process. 

Similarly, the cells that are cycled with Mg(ClO4)2 in DME electrolyte can be cycled 

for only 3 cycles as the working electrode potential during the plating process reached 

the cut-off potential in the 3rd cycle. Therefore, only Mg(OTF)2 in DME and Mg(TFSI)2 

in DME can be cycled for a large number. 

After the first plating and stripping cycle, the electrochemistry of the plating and 

stripping process in the Mg(OTF)2 in DME electrolyte improves as indicated by the 

reduced working electrode overpotential and increased Coulombic efficiency as 

indicated in figure 4.1.2b. Similar observation can be seen in the Mg(TFSI)2 electrolyte 

as seen in figure 4.1.2c. figure 4.12c plots the Coulombic efficiency of the Mg(OTF)2 

in DME and Mg(TFSI)2 in DME electrolyte. From this figure, it can be seen that 

Mg(OTF)2 in DME has the highest Coulombic efficiency. The Coulombic efficiency, 

nevertheless, is well below the appropriate limit for magnesium battery application. The 

overpotentials of the magnesium plating and stripping process in each electrolyte are 

also extremely high for magnesium battery application. 
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Figure 4.1.2: Galvanostatic magnesium plating and stripping process in various conventional 

magnesium electrolytes. (a) First plating and stripping cycle of each electrolyte. (b and c) 

magnesium plating and stripping process in Mg(OTF)2- and Mg(TFSI)2-based electrolytes 

across multiple cycles. (d) Coulombic efficiency of the magnesium plating and stripping 

process in Mg(OTF)2- and Mg(TFSI)2-based electrolytes. 

4.2 Comparison of various magnesium salt electrolytes with borohydride and 

chloride-based additive 

Given that the magnesium is easily passivated by the existence of a minuscule amount 

of moisture in the electrolyte, it is not surprising that the electrolytes shown in figure 

4.2.1 show poor Coulombic efficiency and large overpotential. To reduce the 

passivation of the anode, tetrabutylammonium borohydride (TBABH4) is added to each 

electrolyte. Images of the electrolyte are shown below. Visually, it is seen that both 

Mg(OTF)2 and Mg(ClO4)2 have poor solubility. Moreover, the amount of solid 

precipitating in the 0.1 M Mg(ClO4)2 seems to increase upon the addition of TBABH4, 

indicating the incompatibility between Mg(ClO4)2 and TBABH4. More importantly, the 

0.1 M Mg(TFSI)2 solution does not separate into two liquid phases upon the addition 

of TBABH4. Such observation is also seen in other Mg(TFSI)2 solutions which were 

mixed with other additives such as TBAOTF or TBACl (figure A1). The origin of a 

two phases separation in Mg(TFSI)2DME solution was previously investigated by Chen 

et al.2 It was suggested in their study that the stability of the liquid phase in Mg(TFSI)2 
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in DME solution is determined by the electrostatic interaction between Mg2+ ions in the 

solution. Thus, the addition of other salts might disrupt the stability of one of the phases 

in the solution.  

The ionic conductivities of the electrolytes are shown in figure 4.2.1 b. Upon the 

addition of TBABH4, a significant increase in the ionic conductivity of each electrolyte 

is observed. The increased ionic conductivity is likely due to the increase in ion 

concentration due to the contribution of TBABH4 salt. The introduction of TBA+ ions 

into the solution may also increase the dissociation of the magnesium salts in the 

electrolytes. Overall, the Mg(TFSI)2-based electrolyte has the highest ionic 

conductivity 0.74 mS/cm, followed by Mg(HMDS)2-based electrolyte with an ionic 

conductivity of 0.42 mS/cm, Mg(OTF)2-based electrolyte with an ionic conductivity of 

0.21 mS/cm and Mg(ClO4)2-based electrolyte with an ionic conductivity of 0.12 

mS/cm. Surprisingly, the Mg(HMDS)2-based electrolyte has a higher ionic 

conductivity than Mg(OTF)2 and Mg(ClO4)2. Potentially, this observation indicates that 

TBABH4 forms ion clusters when it is added to the Mg(OTF)2 and Mg(ClO4)2. It is well 

known that BH4
- strongly bonds with Mg2+

.
3, 4

 The coordination between BH4
- and Mg2+ 

in Mg(OTF)2 and Mg(ClO4)2-based solution may cause the ion concentrations in 

Mg(OTF)2 and Mg(ClO4)2 solutions to be lower than the ion concentrations in 

Mg(HMDS)2-based electrolyte. 
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Figure 4.2.1: Visual images of various magnesium electrolytes with borohydride 

additives and their ionic conductivity. (a) From left to right, images of 0.1 M 

Mg(OTF)2, 0.1 M Mg(TFSI)2, 0.1 M Mg(HMDS)2 and 0.1 M Mg(ClO4)2 in DME with 

the addition of 30 mM TBABH4 in each electrolyte. (b) Ionic conductivities of 0.1 M 

Mg(HMDS)2 in DME, 0.1 M Mg(ClO4)2 in DME 0.1 M Mg(OTF)2 in DME, 0.1 M 

Mg(TFSI)2 in DME and 0.1 M Mg(OTF)2 in DME with 30 mM TBABH4. All 

electrolytes were stirred at 40 °C for 2 days. The white oval substance in each vial is a 

stir bar. 

Figure 4.2.2 a,b,c, and d show the galvanostatic profile of various magnesium salts in 

DME with the addition of 30 mM TBABH4. Comparing the potential profile of the first 

cycle, it can be observed that except for 0.1 M Mg(ClO4)2, all the electrolytes allow for 

reversible magnesium deposition and dissolution. Moreover, even though the cells are 

cycled at an increased current density of 0.5 mA cm-2, the Coulombic efficiencies of 

plating and stripping in most electrolytes improved. Furthermore, the overpotentials of 

the plating and stripping processes in each electrolyte were also reduced (as compared 

to the electrolyte in figure 4.1.1 a).  This indicates that electrode passivation by 

electrolyte impurities is a major problem in the conventional electrolytes previously 

tested in §4.1. TBABH4 salt is also shown to be an effective additive to circumvent the 
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issue. It is worth noting that the Mg(ClO4)2-based electrolyte seems to passivate the 

magnesium anode despite the addition of TBABH4 into the electrolyte, as seen from 

figure 4.2.2a. 

 In the first cycle of the magnesium plating and stripping process, Mg(OTF)2-based 

electrolyte shows the highest plating and stripping Coulombic efficiency. This may 

indicate that other salts such as Mg(TFSI)2 and Mg(HMDS)2 have much more 

passivating impurities. Figures 4.2.2 b, c and d show the cycling profile of each 

electrolyte in subsequent cycles. As the half -cell cycling progresses, the Coulombic 

efficiency of the cells containing Mg (HMDS)2-based electrolyte increases significantly 

reaching up to more than 99%. The average Coulombic efficiency of the Mg(HMDS)2-

based electrolyte is also the highest amongst other electrolytes (98.61%).  Although the 

plating and stripping overpotential of Mg(HMDS)2 based electrolytes is larger than 

other electrolytes (overpotential of 0.6 V), it reduces to 0.45 V in the subsequent cycle. 

This behavior contrasts with other electrolytes salts that also show reversible 

magnesium plating and stripping processes. The initial Coulombic efficiency of 

Mg(OTF)2-based electrolyte is the highest within the cell lifetime (95.71%) and it 

subsequently reduces to lower than 90% within 4 cycles.  The average Coulombic 

efficiency of the electrolyte is 88.6%, significantly lower than Mg(HMDS)2-based 

electrolyte. Simultaneously, the plating and stripping overpotential of magnesium metal 

in the Mg(OTF)2-based electrolytes also does not stabilize and increases with each 

cycle. Similar to Mg(OTF)2-based electrolytes, the Coulombic efficiency of the 

Mg(TFSI)2-based electrolytes reduces with each cycle and is subsequently shorted 

(average CE of 17.78%). The plating and stripping overpotential in the Mg(TFSI)2-

based electrolyte also grows with each cycle. Nevertheless, it is important to note that 

the overpotential growth and Coulombic efficiency degradation in Mg(TFSI)2 are 

exacerbated as compared to Mg(OTF)2-based electrolyte. To summarize the 

interpretation of figure 4.2.2, the magnesium salt stability against magnesium metal 

heavily influences the magnesium cell lifetime, plating and stripping overpotentials, 

and Coulombic efficiency. With a non-passivating salt such as Mg(HMDS)2, high 

Coulombic efficiency, stable plating, and stripping overpotential, and long cell lifetime 

can be maintained. However, when a passivating salt is used, poor magnesium plating 

and stripping Coulombic efficiency, high overpotential, and short cell lifetime are to be 

expected. 
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Figure 4.2.2: Galvanostatic magnesium plating and stripping using various conventional salts 

with TBABH4 additive. (a) The first cycle of all electrolytes tested. (b, c, and d) Cycling profiles 

Mg(HMDS)2-, Mg(OTF)2-, and (Mg(TFSI)2 based electrolytes respectively. (e) Coulombic 

efficiency of each electrolyte for magnesium plating and striping. 

Another additive that was also explored is MgCl2. Chloride-based additives are often 

used in conventional magnesium electrolytes to improve the magnesium plating and 

stripping overpotential (as discussed in chapter 2). However, as chloride is known to 

induce corrosion on the cathode current collector, the amount of chloride in the 

electrolytes was kept at a low concentration of 40 mM (20 mM MgCl2). Although the 

chloride content in the electrolytes was low, it was found that the additive effectively 

improves the magnesium plating and stripping overpotentials in each electrolyte, except 

for Mg(ClO4)2-based electrolyte which is too passivating (figure 4.2.3a). 

In the case of Mg(HMDS)2-based electrolyte (figure 4.2.3 b), MgCl2 significantly 

reduces the overpotential of the cell in the cell's early cycling progression. The first 
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plating and stripping overpotential of the Mg(HMDS)2-based electrolyte reduces 

significantly from 0.6 V to 0.35 V due to the addition of MgCl2. As the cell-cycling 

progressed, the magnesium plating and stripping overpotential of the Mg(HMDS)2-

based electrolyte was further reduced to ~0.24 V. Due to the non-passivating nature of 

Mg(HMDS)2, the Mg(HMDS)2-based electrolyte has a Coulombic efficiency of which 

is close to 100%. Thus, MgCl2 could not provide a large improvement to the plating 

and stripping overpotential for the electrolyte (from 98.61% to 98.91%). A general 

increase in the maximum cell-cycling number was also seen, indicating that MgCl2 

suppresses the formation of short-circuit connections. This means that MgCl2 prevents 

dendrite from growing from the magnesium metal, or that it homogenizes the 

magnesium plating process on the anode. 

Similar to what is observed in the Mg(HMDS)2-based electrolyte, the addition of MgCl2 

into Mg(OTF)2- and Mg(TFSI)2- based electrolytes improved the Coulombic efficiency 

and reduces the overpotentials of the magnesium plating and stripping reaction. MgCl2 

provides a significant benefit for Mg(OTF)2-based electrolytes, increasing the average 

Coulombic efficiency from 88.4% to 94.6%. On the other hand, the performance of 

Mg(TFSI)2-based electrolyte was not significantly improved upon the addition of 

MgCl2. In particular, MgCl2 could not prevent the severe Coulombic efficiency 

degradation associated with Mg(TFSI)2. It can be concluded, therefore, that the 

effectiveness of the MgCl2 additive is dependent on the main magnesium salt utilized 

in the electrolyte. In particular, highly unstable salts such as Mg(TFSI)2 and Mg(ClO4)2 

are not compatible with the magnesium anode even if MgCl2 is added to the electrolyte 

(higher MgCl2 concentration may be needed to create a magnesium anode compatible 

electrolyte). Less passivating salts such as Mg(OTF)2 showed a significant 

improvement upon a small addition of MgCl2. However, the additive does not prevent 

passivation and cell failure from happening. Rather, it suppresses the negative effect of 

the passivating anion. Thus, it is seen in this study that the combination of Mg(HMDS)2, 

TBABH4, and MgCl2 in the electrolyte allows for high Coulombic efficiency and low 

plating and stripping overpotential, making the electrolyte highly desirable in terms of 

its anode compatibility. The symmetric Mg||Mg cell test (Figure 4.2.3f) further 

confirms the benefit of MgCl2 in reducing the cell overpotential. It is worth noting, 

however, that this effect is short-termed to several cycle numbers. 
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Evidence of the MgCl2 effect on Mg/Mg2+ charge transfer resistance is also shown in 

the Nyquist plot of figure A2. The graph shows the effect of the conditioning process 

in Mg(HMDS)2 + 30 mM TBABH4 in DME electrolyte which reduces the charge 

transfer resistance of the magnesium electrode with each cycle. In contrast, the general 

trend of the Nyquist plots of Mg(OTF)2 + 30 mM TBABH4 in DME and Mg(TFSI)2 + 

30 mM TBABH4 in DME does not show any conditioning process to be happening in 

the electrolytes. In general, the charge transfer resistance of Mg(HMDS)2 + 30 mM 

TBABH4 in DME is lower than of Mg(OTF)2 + 30 mM TBABH4 in DME, which in 

turn is also lower than Mg(TFSI)2 + 30 mM TBABH4 in DME. This trend is also 

consistent with the stability trend of the electrolytes’ anion (HMDS->OTF->TFSI-).  

Crucially, the Nyquist plots also show that the MgCl2 additive reduces the charge 

transfer resistance in Mg(HMDS)2- and Mg(OTF)2-based electrolytes. This effect, 

however, was not seen in the Mg(TFSI)2-based electrolyte and may indicate reduced 

effectiveness of MgCl2 additive in this electrolyte. 
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Figure 4.2.3: Galvanostatic magnesium plating and stripping using various conventional salts 

with TBABH4 and MgCl2 additives at 0.5 mA cm-2 and 0.5 mAh cm-2. (a) The first cycle of all 

electrolytes tested. (b, c, and d) Magnesium plating and stripping cycle of Mg(HMDS)2-based, 

Mg(OTF)2-based and Mg(TFSI)2-based electrolytes respectively. (e) Coulombic efficiency of 

the electrolytes. (f) Mg//Mg Symmetric cell potential profile of Mg(HMDS)2-based electrolytes 

with and without 20 mM MgCl2 in the electrolyte. 
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4.3 Magnesium deposit elemental analysis and interphase study 

To study how each magnesium salt affects the electrochemically deposited magnesium 

morphology and its chemical composition. Electron microscopy and EDS elemental 

analysis of each magnesium deposit from the electrolytes were conducted. The 

electrochemical deposition was conducted using asymmetric Mg//Al-C half-cell. 

Figure 4.3.1 shows the lateral and cross-section image of the magnesium deposits on 

carbon-coated aluminum electrodes.  

The figures show that the magnesium salt used in each electrolyte affects the 

magnesium deposit size, porosity, growth type, and distribution on the aluminium 

electrode. In the Mg(TFSI)2 + 30 mM TBABH4 in DME electrolyte, magnesium was 

observed to grow into hemispherical deposits at the applied current density of 0.5 mA 

cm-2 (figures 4.3.1 a and d). This is consistent with publications under similar plating 

condition.5, 6 MgCl2 does not seem to change the morphology of the magnesium 

deposits in the Mg(TFSI)2- based electrolyte (figures 4.3.1 g and j), but it seems to 

affect how the distribution of the magnesium deposit on the electrode. Generally, it is 

seen that the magnesium globules are distributed more closely toward each other when 

MgCl2 was added to the electrolyte. 

On the other hand, the magnesium deposition morphology from the Mg(OTF)2 + 30 

mM TBABH4 in DME electrolyte is unsuitable for magnesium battery application 

(figures 4.3.1 b and e). The magnesium deposits from the electrolyte are shown to be 

made of interconnected magnesium granules forming a thick and porous deposit on the 

aluminium electrode. The bulk magnesium mass in this deposit, therefore, has poor 

electrical contact with the current collector. This may partly explain the low Coulombic 

efficiency of the electrolyte. Moreover, dendrites (shown in figure A3) are also shown 

to grow in certain parts of the electrode. However, MgCl2 additives reduce the thickness 

and porosity of the anode (figures 4.3.1 h and k). 

Amongst the electrolytes discussed, the Mg(TFSI)2 + 30 mM TBABH4 in DME 

electrolyte produces the best magnesium morphology suitable for battery application 

(figures 4.3.1 c and f). As seen in the images, the magnesium film is thin, densely 

packed, and is evenly distributed on the aluminium substrate. The deposit, therefore, 

has good electrical contact with its substrate and is unlikely to cause a short circuit 
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during battery cycling. The addition of MgCl2 into the electrolyte does not seem to 

change the deposition morphology of the Mg(HMDS)2-based electrolyte (figures 4.3.1 

i and l). 

Figure 4.3.2 shows the EDS elemental analysis of each sample (point analysis is used 

to quantify the magnesium percentage of the deposit more accurately). The elemental 

analysis of each point shows magnesium as the primary component of every sample 

analyzed. This confirms that magnesium electrochemical deposition was successfully 

conducted in the Mg(TFSI)2, Mg(OTF)2, and Mg(HMDS)2-based electrolytes. In the 

case of Mg(OTF)2 and Mg(TFSI)2 derived samples, fluorine and sulfur impurities are 

observed on the samples (figures 4.3.2 a and b). This observation shows that TFSI- and 

OTF- are reduced when they are in contact with the magnesium metal. Generally, higher 

concentrations of fluorine and sulfur were detected on the Mg(TFSI)2-derived samples 

than on the Mg(OTF)2 derived samples. This confirms that OTF- is more stable than 

the TFSI- ion. Additional EDX analysis of the sample in figure 4.3.2 A (figure A4) 

further indicates that the magnesium to impurity ratio in some samples is relatively 

high, indicating that the decomposition rate of TFSI- is higher on certain magnesium 

deposits. 

The addition of MgCl2 into the electrolyte reduces the concentration of both F and S in 

the spectrum of each sample (figures 4.3.2 d and e). Thus, it is shown that MgCl2 

prevents the decomposition of TFSI- and OTF- ions. On the other hand, Mg(HMDS)2-

derived sample does not show any sign of Mg(HMDS)2 salt decomposition in its 

spectrum (figures 4.3.2 c and f). These observations confirm that Mg(HMDS)2-based 

electrolyte is more stable as compared to Mg(TFSI)2-based and Mg(OTF)2-based 

electrolyte. Hence, the morphological study and elemental analysis of the magnesium 

samples affirms that Mg(HMDS)2 is most suitable for rechargeable battery electrolytes. 

Specifically, the electrolyte creates a homogenous and non-passivated magnesium film 

during the plating process. This allows for a highly reversible magnesium anode plating 

and stripping process in the electrolyte. 
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Figure 4.3.1: Electron microscopy image of various magnesium deposits (plating current 

density of 0.5 mA cm-2 and areal capacity of 0.5 mAh cm -2). Electrolyte sources: (a and d) 0.1 

M Mg(TFSI)2 + 30 mM TBABH4 in DME, (b and e) 0.1 M Mg(OTF)2 + 30 mM TBABH4 in 

DME, (c and f) 0.1 M Mg(HMDS)2 + 30 mM TBABH4 in DME, (g and j) 0.1 M Mg(TFSI)2 + 

30 mM TBABH4 + 20 mM MgCl2 in DME, (h and k) 0.1 M Mg(OTF)2 + 30 mM TBABH4 + 

20 mM MgCl2 in DME, (i and l) 0.1 M Mg(HMDS)2 + 30 mM TBABH4 + 20 mM MgCl2 in 

DME. 
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Figure 4.3.2: EDX elemental analysis of the electrochemically deposited magnesium from 

each sample in figure 4.3.1. (Aluminium peak originated from the aluminium substrate) 

4.4 Performance study of Mg(OTF)2-based electrolyte with increased 

borohydride and chloride additives 

The previous section shows that Mg(HMDS)2-based electrolytes exhibited the best 

compatibility with the magnesium anode. Nevertheless, Mg(OTF)2-based electrolyte 

could also achieve a Coulombic efficiency above that of 90% (with the addition of 

MgCl2). Since Mg(OTF)2 salt is relatively cheaper than Mg(HMDS)2, optimizing the 

magnesium salt compatibility with the magnesium metal could reduce the rechargeable 

battery manufacturing cost. Hence additional experimentation is conducted to find the 

appropriate magnesium salt and additive concentration to achieve plating and stripping 

efficiency that is competitive against Mg(HMDS)2. 

To further increase the capability of Mg(OTF)2-based electrolytes, a higher amount of 

additives has to be added. Figure 4.4.1 shows the performance of Mg(OTF)2-based 

electrolytes (0.125 to 0.25 M Mg(OTF)2) with the addition of TBABH4 (10 to 128 mM) 

and MgCl2 (0 to 31 mM) additives.  The solutions are not fully dissolved and excess 

undissolved Mg(OTF)2 is let to settle before the solution is used for cell cycling. It is 
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interesting to note that the solubility of Mg(OTF)2 salt improves significantly with the 

addition of a high amount of TBABH4 (figure A5). 

Figures 4.4.1 a, b, and c indicate, firstly, that without MgCl2 additive, the TBABH4 

concentration has to be as high as 128 mM to create a long life-cycle cell. Several 

problems occur when the TBABH4 concentration is low. First, the anode passivation 

process by OTF- anion occurs at a higher rate. As seen in Figures 4.4.1 a, b, and c, the 

overpotential of the magnesium plating and stripping process grows with each cycle. 

TBABH4 seems to suppress the passivation growth in the electrolyte. As TBABH4 

suppresses the passivation of the anode, the average Coulombic efficiency of the 

magnesium plating and stripping process also increases when more TBABH4 is added 

to the electrolyte (figure 4.4.1 g). Moreover, the maximum cycle number of each cell 

seems to correlate negatively with the passivation rate of its anode. This likely indicates 

that another side effect of the anode passivation is that the magnesium deposition 

process becomes less homogenous6, 7 and eventually results in the build-up of short-

circuit connection between the electrodes. A potential explanation for the passivation 

suppressing effect of BH4
- is that it replaces OTF- from the solvation shell of Mg2+, 

thereby preventing OTF- from decomposing upon contact with the magnesium anode. 

This was suggested in a previous study of the Mg(TFSI)2-Mg(BH4)2 system by Wang 

et al.8 They proposed that the Mg-BH4
+ ion clusters preferentially adsorb on the 

magnesium anode during the deposition process. This phenomenon prevents side 

reactions between the passivating TFSI- anion and the magnesium metal. A similar 

mechanism may have also occurred in the Mg(OTF)2-based electrolyte reported in this 

thesis. Supporting this hypothesis is the fact that the ratio of OTF- and BH4
- seems to 

be crucial even at high TBABH4 of 128 mM. This can be seen by comparing the 

behavior of cells containing 0.125 M Mg(OTF)2 versus those which contain 0.25 M of 

Mg(OTF)2. When the Mg(OTF)2 concentration in the electrolyte is doubled, passivation 

of the anode seems to increase as indicated by the reduced Coulombic efficiency (93.39 

to 91.17%, figure 4.4.1 g), shorter cell lifetime, and faster overpotential growth rate 

(figure 4.4.1 c and e). Since a high amount of TBABH4 was added to the electrolyte 

(128 mM), the moisture concentration in the electrolytes was likely to be minuscule. 

Hence, the increased passivation in the electrolyte is likely to be due to an increased 

OTF- concentration. 
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As mentioned in §4.2, MgCl2 seems to be a crucial additive. Just by adding a minuscule 

amount of 31 mM MgCl2, the cell lifetime and Coulombic efficiency of the electrolyte 

improve drastically. By controlling the concentration of Mg(OTF)2, TBABH4, and 

MgCl2, a highly magnesium-compatible electrolyte can be created. Particularly, 0.125 

M Mg(OTF)2 with the addition of 128 mM of TBABH4 and 31 mM of MgCl2 shows a 

stable and small magnesium plating and stripping overpotentials of 0.17 V  for at least 

250 cycles (figure 4.4.1 d). Furthermore, the electrolyte exhibits an average Coulombic 

efficiency of 96.87% (figure 4.4.1 g). This means that Mg(OTF)2 based electrolyte can 

be quite compatible with the magnesium anode if a high concentration of TBABH4 and 

MgCl2 are mixed into the electrolyte. 
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Figure 4.4.1: Performance of Mg(OTF)2-based electrolytes.(a, b, c) Capacity-potential profile 

of 0.125 M Mg(OTF)2 with various TBABH4 concentration of 30 to 128 mM TBABH4. (d) 

Capacity-potential profile of 0.125 M Mg(OTF)2-based electrolyte with 128 mM TBABH4 and 

31 mM MgCl2. (e) Capacity-potential profile of 0.25 M Mg(OTF)2-based electrolyte with 128 

mM TBABH4. (f) Capacity-potential of 0.25 M Mg(OTF)2-based electrolyte with 128 mM 

TBABH4 and 31 mM MgCl2. (g) Coulombic efficiency of Mg(OTF)2-based electrolyte. 
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However, the addition of these additives severely reduces the anodic decomposition 

onset potential of the electrolyte. Figure 4.4.2 a shows, for example, that the anodic 

decomposition onset potential of the electrolyte reduces with increasing TBABH 4 

concentration. With the addition of 128 mM TBABH4 (the amount used to optimize the 

Mg(OTF)2-based electrolyte performance), the onset of anodic decomposition of the 

electrolyte is at 2.25 V vs Mg/Mg2+ on stainless-steel electrode, and lower when tested 

against aluminium electrode. (figure 4.4.2 b) 

Although the LSV data does not show any obvious change in the electrolyte oxidation 

potential upon the addition of  MgCl2 to the electrolyte (figure 4.4.2 b), the 

chronoamperometry measurements of both electrolytes show otherwise (figure 4.4.2 c 

and d). When the stainless-steel electrode potential is at 2.25 V vs Mg/Mg2+ or lower, 

the anodic current stays relatively low and stable for both electrolytes. However, at an 

increased potential of 2.375 V vs Mg, a clear difference in the decomposition current 

is observed. In particular, the anodic current shows an increasing trend when MgCl2 is 

added to the electrolyte. Starting from ~3 μA cm-2, the current density during the 

measurement increases up to 17.2 μA cm-2 after measurement.  In contrast, when the 

electrolyte does not contain chloride, the anodic current at 2.375 V which flows through 

the electrolyte stays stable for 20 minutes. The increasing trend of the anodic current at 

2.375 V in the chloride-containing electrolyte likely indicates that the corrosion process 

is happening on the Stainless-steel electrode. 

To summarize this subsection, several limitations of using Mg(OTF)2-based 

electrolytes have been established. Primarily, the performance of Mg(OTF)2-based 

electrolyte heavily depends on the concentration of the additive in the electrolyte. To 

achieve a long cell lifetime and to suppress the passivating effect of Mg(OTF)2, a high 

concentration of TBABH4 (up to 128 mM) has to be added to the electrolyte. Moreover, 

a chloride-based additive is also necessary to improve the Coulombic efficiency of the 

electrolyte. Problematically, both TBABH4 and MgCl2 reduce the potential window of 

the electrolyte. Particularly, the high content of TBABH4 causes the potential window 

of the electrolyte to be limited to about 2.375 V vs Mg (against stainless-steel 

electrode). The inclusion of even a minuscule amount of MgCl2 further causes corrosion 

on the non-noble current collector. Creating a wide-potential window electrolyte with 

the Mg(OTF)2 salt, therefore, is challenging, and thus, more focus is put on exploring 
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Mg(HMDS)2 based electrolyte. Similar to what is observed in the Mg(OTF)2-based 

electrolyte. The addition of MgCl2 into the Mg(HMDS)2 + 30 mM TBABH4 in DME 

electrolyte seems to induce corrosion as shown by the LSV curve in figure 4.4.3. In 

particular, the anodic limit of the electrolyte reduces from ~2.75 V and ~2.6 V on 

stainless-steel and aluminium electrodes to ~2.3 V and ~1.5 V on stainless-steel and 

aluminium electrodes respectively after the addition of MgCl2 to the electrolyte. 

 

Figure 4.4.2: Anodic stability of Mg(OTF)2-based electrolyte. (a) LSV measurement of 

stainless-steel electrode in 0.25 M Mg(OTF) in DME with various TBABH4 concentration. (b) 

LSV measurement of stainless-steel and aluminium electrodes in 0.25 M Mg(OTF)2 in DME 

with 128 mM TBABH4. (c) Chronoamperometry measurement of a stainless-steel electrode in 

0.25 M Mg(OTF)2 in DME with 128 mM TBABH4. (d) Chronoamperometry measurement of 

a stainless-steel electrode in 0.25 M Mg(OTF)2 in DME with 128 mM TBABH4 and 31 mM 

MgCl2. 
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Figure 4.4.3: LSV measurement of stainless-steel electrodes in Mg(HMDS)2-based 

electrolytes (with and without MgCl2). 

4.5 Conclusion 

Based on the comparative study of various salts, it is seen that each commercial 

magnesium salt has a differing degree of compatibility with the magnesium anode. This 

resulted in varying degrees of magnesium plating and stripping reversibility depending 

on the magnesium salt used in the electrolyte. Moreover, it is found that Mg(HMDS)2-

based electrolyte provides the highest magnesium plating and stripping Coulombic 

efficiency (~99%). The major drawback of the electrolyte, however, is its high 

magnesium plating and stripping overpotential. As shown in the latter part of this 

chapter, the passivation effect of the magnesium salt anion is crucial. In particular, high 

concentrations of TBABH4 and MgCl2 must be added to the electrolyte to alleviate the 

passivation effect. These additives, however, reduce the potential window of the 

electrolyte severely. Hence, to create a wide potential window electrolyte, Mg(HMDS)2 

salt, which is the most stable salt studied, will be most suitable. 
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Chapter 5 

Optimization Study on Mg(HMDS)2-Based Electrolyte 

After validating the Mg(HMDS)2 as an appropriate magnesium source for the 

rechargeable battery electrolyte, this chapter focused on the optimization of the 

electrolyte composition. The chapter begins by evaluating the effect of TBABH4 

and MgCl2 on various aspects of the electrolyte. Mainly, it is argued that 

chloride-based additive must be removed from the electrolyte to avoid current 

collector corrosion and that a moderate amount TBABH4 (20 mM) is most 

appropriate. Further, DME is re-validated as the most appropriate solvent for 

the electrolyte and data will be shown to argue that the optimum concentration 

of Mg(HMDS)2 in the electrolyte is 0.2 M. Additional galvanostatic cycling 

measurements are also provided to show that the Coulombic efficiency of the 

electrolyte is high across various applied current density (0.1-1.5 mAh cm-2) and 

various areal capacity (0.5-1.5 mAh cm-2). The capability of the electrolyte to 

accommodate the plating and stripping process at high current density or high 

areal plating capacity is also provided. Then, characterization of the magnesium 

complex in the electrolyte, the chemical composition of the magnesium crystal 

deposited from the electrolyte, and the chemical composition of the anode-

electrolyte interphase are then provided. Lastly, the electrolyte is tested against 

Sulfur-based and CuS cathodes. In particular, the Mg(HMDS)2-based 

electrolytes are shown to be highly compatible with the  CuS cathode at 60 °C. 

*This section is published substantially as “Using a Chloride-Free Magnesium Battery Electrolyte 

to Form a Robust Anode-Electrolyte Nanointerface” in Nano Letters 

(DOI:10.1021/acs.nanolett.1c02655). Reprinted with permission. Copyright 2021 American 

Chemical Society. 
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5.1 Establishing the amount of electrolytes additive suitable for the 

Mg(HMDS)2-based electrolyte 

As previously discussed in chapter 4, Mg(HMDS)2 combination with TBABH4 is most 

suited for rechargeable magnesium battery application. Although MgCl2 helps in 

reducing the magnesium plating and stripping overpotential in the Mg(HMDS)2-based 

electrolyte, even a minuscule concentration of chloride reduces the electrolyte potential 

window. Similarly, the amount of TBABH4 also affects the potential window of the 

Mg(HMDS)2-based electrolyte. To maximize the potential window of the electrolyte, 

this subsection explores the effect of TBABH4 and MgCl2 on the potential window of 

the electrolyte. 

Firstly, the optimum amount of TBABH4 concentration is established by analyzing the 

magnesium plating and stripping process at various TBABH4 concentrations along with 

the anodic decomposition potential of each electrolyte. Figures 5.1.1 a, b, and c plot the 

potential capacity profile of the magnesium plating and stripping process with various 

TBABH4 concentrations from 10 mM to 30 mM. Based on the data, it is seen that with 

an increased amount of TBABH4, the overpotential of the plating and stripping process 

reduces. In particular, a TBABH4 content of 20 mM or higher is needed to achieve a 

plating and stripping process of less than 0.5 V vs Mg. The Coulombic efficiency and 

the lifetime of the asymmetric cell increase with more TBABH4. Moreover, during the 

symmetric cell cycling process of 0.1 M Mg(HMDS)2 + 10 mM TBABH4 in DME, it 

is also found that short-circuit would be developed during the first magnesium plating 

process in the cell (figure A6). Hence, the TBABH4 concentration inside the cell must 

be maintained at a level above 10 mM. 

Turning to the optimization of the electrolyte anodic stability, LSV analysis is 

conducted to determine the onset of electrolyte oxidation of 0.1 M Mg(HMDS)2 

containing 20 mM and 30 mM of TBABH4 (figure 5.1.1 e).  As indicated, the potential 

window of the electrolytes slightly increases when the amount of TBABH4 is reduced. 

Since 20 mM of TBABH4 is sufficient to enable the plating and stripping process 

without causing short-circuit, 20 mM is chosen as the base amount of TBABH4 needed 

in the formulation. 
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Figure 5.1.1: Magnesium Plating and stripping performance in Mg(HMDS)2-based electrolyte 

at the varying amount of TBABH4 concentration. (a, b and c) Capacity-Potential curves of 0.1 

M Mg(HMDS)2 in DME with 10, 20, and 30 mM of TBABH4 respectively. (d) Coulombic 

efficiency of the electrolytes. (e) LSV measurement of stainless-steel electrode in Mg(HMDS)2-

based electrolyte with various concentrations of TBABH4. 

Furthermore, as mentioned in the previous chapter, chloride seems to induce corrosion 

on the non-noble current collector. In this section, it is further investigated if the 

corrosion process on the stainless-steel and aluminium current collector can be avoided 

by reducing the amount of chloride additive added to the electrolyte. For this purpose, 

5 mM of MgCl2 is added to the electrolyte. Although it was found previously that 30 

mM of MgCl2 could reduce the magnesium plating and stripping overpotential in the 

Mg(HMDS)2-based electrolyte, a much lower concentration of  5 mM of MgCl2 does 

not seem to produce a similar effect. As seen in figures 5.1.2 a and b, the plating and 

stripping overpotential and Coulombic efficiency are unchanged upon the addition of 5 

mM MgCl2. Thus, it can be inferred that the effectiveness of MgCl2 is dependent on its 
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concentration. Besides providing no benefit, the addition of 5 mM MgCl2 is found to 

cause corrosion on the anode.  

Figure 5.1.3 shows the LSV profile comparison of 0.1 M Mg(HMDS)2 + 20 mM 

TBABH4 in DME with and without the addition of 5 mM of MgCl2. Stainless steel and 

aluminium electrodes are tested against each electrolyte in the experiment. The 

measurement indicates that on the stainless-steel electrode, the onset point of anodic 

current seems unchanged with the addition of 5 mM of MgCl2 in the electrolyte. In 

contrast, the onset of the anodic current on aluminium increases ~2.56 V to ~2.75 V vs 

Mg/Mg2+. The reason for the increased stability is unknown. This data may seem to 

indicate that a minuscule concentration of MgCl2 does not induce corrosion. However, 

a more accurate determination of the anodic stability with chronoamperometry 

measurement shows otherwise. 

Figures 5.1.3 b, c, d, e, f, and g show the chronoamperometry data. As seen in figures 

5.1.3 b, the chloride-free electrolyte (0.1 M Mg(HMDS)2 + 20 mM TBABH4 in DME) 

has anodic stability of up to 2.75 V. Above 2.75 V, an anodic decomposition current 

flowing through the stainless-steel electrode would increase significantly. However, 

when the electrolyte is added with 5 mM of MgCl2, it was found that the anodic current 

onset potential of the stainless-steel electrode would reduce significantly to 2.625 V vs 

Mg/Mg2+ (figure 5.1.3 c). This observation stands in contrast with the LSV data which 

indicates unchanged anodic stability on stainless steel. When the chronoamperometry 

duration is increased to 3 hours (figure 5.1.3 e), the anodic current in the chloride-

containing electrolyte increases up to 0.2 mA cm -2. Similarly, chronoamperometry tests 

with aluminium electrodes (figures 5.1.3 f and g) also indicate an increased anodic 

current in the chloride-containing electrolyte (0.1 M Mg(HMDS)2 + 20 mM TBABH4 

+ 5 mM MgCl2 in DME) at 2.8 V vs Mg. The disparity in the anodic current is even 

higher at 3.0 V vs Mg/Mg2+. This indicates that aluminium corrosion would occur in 

the chloride-containing electrolyte at around 2.8 V vs Mg/Mg2+. It is worth noting that 

the low decomposition current during the chronoamperometry measurement of 

aluminium may be due to the surface film which develops on the aluminium electrode.  

After the chronoamperometry measurement, the stainless-steel and aluminum 

electrodes are inspected using electron-microscopy (figure 5.1.4). It was found that 

corrosion pits are observed on the surface of the electrodes that were tested in the 
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chloride-containing electrolyte. Meanwhile, the other electrode tested with the 

chloride-free electrolyte does not exhibit any corrosion pit on its surface. Instead, 

surface films are found to partly cover the electrode. This further proves that the current 

increase at the high potential in the chloride-based electrolyte is due to the corrosion 

process happening on the electrode. 

To conclude the findings of this subsection, it is found that similar to the Mg(OTF)2-

based electrolyte, the Mg(HMDS)2 in DME electrolyte performance is also affected by 

the concentration of TBABH4 in the electrolyte. To significantly reduce the plating and 

stripping overpotential of the cell while maximizing the potential window of the 

electrolyte, the TBABH4 concentration has to be in a certain sweet spot. Herein it is 

determined that 20 mM is the appropriate concentration. More importantly, this 

subsection further shows that chloride-based additive cannot be used to create a wide-

potential window electrolyte (even if the amount of chloride added is minuscule). 

Furthermore, the data of this section also indicates that the corrosion onset potential of 

the current collectors cannot be accurately determined using LSV measurement. 

Instead, chronoamperometry measurement needs to be conducted as well to further 

validate the potential window of the electrolyte. 

 

Figure 5.1.2: Magnesium plating and stripping process of Mg(HMDS)2-based electrolyte with 

5 mM of MgCl2. (a) The Capacity-Potential curve of the electrolyte. (b) Coulombic efficiency 
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of the electrolyte. (c) Mg//Mg symmetric cell potential of the cell with the Mg(HMDS)2-based 

electrolyte with 5 mM MgCl2. 

 

Figure 5.1.3: Anodic stability measurements of the electrolyte. (a) Linear Sweep Voltammetry 

of chloride-containing and chloride-free electrolytes against stainless-steel and aluminium 

electrodes. (b and c) Chronoamperometry of the stainless-steel electrodes at varying applied 

potential. (d and e) Chronoamperometry of the stainless-steel electrodes at the anodic limit of 

the electrolytes for 3 hours. (f and g) Chronoamperometry of the aluminium electrodes at the 

anodic limit of the electrolytes for 3 hours. 
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Figure 5.1.4: SEM analysis of the stainless steel and electrodes after the chronoamperometry 

measurement in Figures 5.1.3. (a) Corroded stainless steel in figure 5.1.3 d. (b) Stainless steel 

electrode in figure 5.1.3. e. (c) Corroded Aluminium electrode in figure 5.1.3. f. (d) Aluminium 

electrode in figure 5.1.3. g. 

5.2 Establishing electrolyte solvent and appropriate Mg(HMDS)2 concentration 

Having determined the appropriate amount of TBABH4, the study turned to a re-

evaluation of the electrolyte solvent. Up until now, it has been shown that DME is a 

suitable solvent for Mg(HMDS)2 electrolytes. However, high molecular weight ether is 

a more desirable solvent as these solvents have a higher boiling point and flash point 

than DME. Thus, if the DME solvent can be exchanged with other solvents, the thermal 

stability of the battery can be improved. In this section, several solvents were used as a 

replacement for the DME solvent. These are THF, diglyme, and high molecular weight 

ether such as triglyme and tetraglyme. Figure A7 shows the visual image of the 

electrolytes. The figure shows that the Mg(HMDS)2 is well dissolved in all of these 

solvents at the concentration of 0.1 M. Figure 5.2.1 shows the capacity-potential profile 

of Mg//Al-C asymmetric half cells. Each cell consists of 0.1 M Mg(HMDS)2 with 20 

mM TBABH4 that are dissolved in various solvents. The figure shows that all of these 
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solvents are not suitable to create the Mg(HMDS)2-based electrolyte. In general, the 

first magnesium plating overpotential of the Mg(HMDS)2 in DME electrolyte is well 

below 1 V. In comparison, the plating overpotential of the electrolyte in other solvents 

is above that of 1 V. More importantly, short-circuit phenomena are observed in all of 

the cells. The observation, therefore, indicates that, unlike DME, these solvents induce 

non-homogenous deposition of magnesium. Figure A8, further affirms that the short-

circuit occurrence is solvent-dependent. The experiment represented in the figure is the 

deposition process of magnesium with 0.1 Mg(HMDS)2 with 80 mM TBABH4 in 

triglyme. Despite using a high concentration of BH4
- moisture scavenger, the 

experiment still indicates the formation of short-circuit during the magnesium plating 

process. 

 

Figure 5.2.1: Magnesium plating process in 0.1 M Mg(HMDS)2  electrolyte in various solvents 

(each with 20 mM of TBABH4). Magnesium is plated in half cells with an applied current 

density of 0.5 mA cm-2. 

5.3 Further study on the Mg(HMDS)2-based electrolyte 

After establishing that DME is the most appropriate solvent for the electrolyte, the 

amount of Mg(HMDS)2 in the electrolyte was varied. To further minimize the 

electrolyte’s overpotential for magnesium plating and stripping, the concentration of 

the magnesium salt is increased to above 0.1 M. Figure A9 shows that Mg(HMDS)2 is 

well dissolved in the range of 0.2 to 0.6 M.  Figures 5.3.1 a, b, and c show the capacity-
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potential curves of 0.2, 0.4, and 0.6 M Mg(HMDS)2 respectively. Generally, it was 

found that the plating and stripping overpotentials of the first magnesium plating and 

stripping cycle are independent of the Mg(HMDS)2 concentration. However, the 

Coulombic efficiency of the first cycle decreases with the increase in Mg(HMDS)2 

concentration. 0.2 M Mg(HMDS)2 in DME shows a first cycle CE of 68.38% while 0.4 

M and 0.6 M of Mg(HMDS)2 exhibited first cycle CE of 64.55% and 61.00% 

respectively (figure 5.3.1 d). This observation may indicate that the impurity content of 

the electrolyte increases with the Mg(HMDS)2 (97% purity) concentration. 

Upon further cycling of the half -cells, the Coulombic efficiency of the electrolytes 

increases for fifty cycles, as seen in figure 5.3.1 d. Furthermore, the plating and 

stripping overpotentials of the cells reduce with each cycle. When the plating and 

stripping overpotentials of the conditioned electrolytes were analyzed, it is found that 

the overpotentials of the magnesium half-cell reduce with increasing Mg(HMDS)2 

concentration. However, at high Mg(HMDS)2 concentration (0.4-0.6 M), it is observed 

that the Coulombic efficiency of the electrolyte would decay after reaching its optimal 

value. The rapid CE decay at the end of the cell life causes the average Coulombic 

efficiency of the highly concentrated electrolyte to be low. 0.4 M Mg(HMDS)2 and 0.6 

M Mg(HMDS)2 in DME for example have an average Coulombic efficiency of 97.04% 

and 97.86%. 

Thus, to achieve high CE and low plating and stripping overpotential, the concentration 

of the Mg(HMDS)2 electrolyte is fixed to 0.2 M. The optimized Mg(HMDS)2 

electrolyte was found to be highly compatible with the magnesium metal, allowing the 

symmetric magnesium half-cell to operate for up to 1000 cycles without short circuit 

(figure 5.3.1 e).  The symmetric cell also shows a decreasing trend in the overpotential 

of the cell. In the first cycle of the symmetric cell, the plating and stripping 

overpotentials of the cell are higher than 0.5 V. This is consistent with the cell behavior 

in the asymmetric half-cell. After 250 cycles, the overpotentials of the plating and 

stripping process is 0.3 V, which is slightly higher than the cell overpotentials in the 

asymmetric half-cell after 150 cycles. As the cell cycling progresses to up to 1000 

cycles, the plating and stripping overpotentials of the cell become 0.24 V. EIS 

measurement (Figure A10) of a Mg//Mg symmetric cell which was cycled in the 
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electrolyte confirms that the charge-transfer resistance of the cell is reduced after each 

cycle of magnesium plating and stripping process. 

 

Figure 5.3.1: Magnesium plating and stripping process of 0.2 to 0.6 M Mg(HMDS)2-based 

electrolyte. (a, b and c) Capacity-Potential profile of 0.2, 0.4 and 0.6 M Mg(HMDS)2 in DME 

(each with 20 mM of TBABH4). (d) Coulombic efficiency of the electrolytes. (e) Potential 

profile of Mg//Mg cell with 0.2 M Mg(HMDS)2 and 20 mM TBABH4 in DME. 

Additional electrochemical half-cell characterization is provided in figure 5.3.2. The 

electrolyte is shown to be able to withstand high current density cycling wherein 

reversible plating and stripping could occur without any internal short-circuit within the 

current range of 0.1 to 1.5 mA cm-2 (figure 5.3.2 a).  The overpotential of magnesium 

plating and stripping in the magnesium half-cell at various current density is as follow: 

0.16 V at 0.1 mA cm-2, 0.37 V at 0.5 mA cm-2, 0.58 V at 1 mA cm-2, and 0.91 V at 1.5 

mA cm-2. The Coulombic efficiency of the electrolyte in the current density range of 

0.5 to 1.5 mA cm-2 is within the range of 97.7-98.4% after conditioning (figure 5.3.2 
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b). When the current density measurement is conducted in a symmetric cell, it is found 

that the maximum current density of the electrolyte is slightly higher than the 

asymmetric half-cell (Figure 5.3.2 c).  

The magnesium plating and stripping process are also investigated at higher deposition 

capacity. Figures 5.3.2 d and e show the capacity-potential graph and Coulombic 

efficiency graphs of the asymmetric half-cell at various plating capacities from 0.1 to 

2.0 mAh cm-2. The plating capacity seems to slightly affect the magnesium plating and 

stripping overpotentials. Figure 5.3.2 d shows that on the 25th
 cycle, the magnesium 

plating and stripping overpotential is 0.39 V.  This value is higher than the magnesium 

plating and stripping overpotentials of asymmetric half -cell that is cycled a lower 

constant plating capacity of 0.5 mAh cm-2 (given the same cycle number). Nevertheless, 

the Coulombic efficiency of the electrolyte remains high in the range of 97.4-98.4%. 

Across the 3 cells tested for the areal-capacity test, it is found that the minimum and 

maximum plating capacity before short-circuiting is 1.5 mAh cm-2
 to 4.0 mAh cm-2. To 

better ascertain the maximum plating capacity of the magnesium metal in the 

electrolyte, the plating and stripping process of the cell is conducted with increasing 

magnesium plating capacity in symmetric magnesium cells. From this experiment 

(figure 5.3.2 f), it is found that one of the cells shorted at 0.5 mAh cm-2. However, the 

other 2 cells were able to achieve a higher plating capacity of 6.0 mAh cm-2 without 

any short-circuit. Thus, the magnesium plating capacity on magnesium metal is higher 

than on carbon-coated aluminium. 
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Figure 5.3.2: Further characterization of the magnesium plating and stripping process in the 

0.2 M Mg(HMDS)2 with 20 mM TBABH4 in DME. (a) Capacity-Potential curve and (b) 

Coulombic efficiency of magnesium plating and stripping process in asymmetric half-cell at 

various applied current densities (0.1 to 1.5 mA cm-2). (d) Capacity-Potential curve and (e) 

Coulombic efficiency of magnesium plating and stripping process in asymmetric half-cell at 

various areal capacities (0.5 to 1.5 mA cm-2).  (f) Capacity-Potential profile of Mg//Mg 

symmetric cell at various areal capacities from 1 to 5 mAh cm-2. 
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5.4 Structure of the electroactive species of Mg(HMDS)2 electrolyte in DME 

After optimizing the Mg(HMDS)2-based electrolyte formulation, the electroactive 

species of the electrolyte are analyzed. To ascertain the electroactive species in the 

electrolyte, Raman and single-crystal analysis is done on the Mg(HMDS)2 in DME 

electrolyte. Firstly, to accurately determine the magnesium complex in the electrolyte. 

A highly concentrated Mg(HMDS)2 in DME (1.67 M) is used to grow a single crystal 

of the Mg(HMDS)2 complex in DME. Upon analyzing the crystal structure of the 

Mg(HMDS)2 in the DME complex, it is found that the Mg(HMDS)2 salt does not 

dissociate in the DME solvent (figure 5.4.1). As seen in the ball and stick representation 

of the Mg(HMDS)2 crystal in DME,  the Magnesium center atom is bonded to two 

HMDS- anions and the oxygen atoms of the DME molecule. The Magnesium complex, 

thus, exhibited tetrahedral coordination. The coordination structure of the electroactive 

species is also consistent with the findings of Schüler et al.1, even though their 

crystallization process was done under a different condition. 

The interaction of Mg(HMDS)2 and TBABH4 with DME solvent was investigated 

using Raman spectroscopy (Figure 5.4.2). The Raman spectrum of Mg(HMDS)2 

powder (Figure 5.4.2ii) shows two primary peaks at 617 cm -1 and 671 cm-1, 

corresponding to one-dimensional symmetric vibration (A1g) and two-dimensional 

representation (Eg) of Si-C bonds.2, 3 The peak at 633 cm-1, which disappears upon 

dissolving into solution, remains unknown due to the lack of reference data. Upon 

dissolving into DME, the A1g and Eg symmetric vibration signals show a redshift to 614 

cm-1 and 664 cm-1, respectively. Notably, a new small peak at 869 cm-1 is attributed to 

engaging DME in the Mg2+ complex. It should be noted that the engaging DME in a 

fully dissociated Mg salt solution ([Mg(DME)3]2+ ) would show a signal at a higher 

wavenumber of 881 cm-1.4, 5 Hence, the signal at 869 cm-1 also indicates that the 

Mg(HMDS)2 is not fully dissociated.4 As the concentration of the Mg(HMDS)2 in the 

solution is increased, no peaks of the Raman spectrum shifted. This indicates that the 

structure of the Magnesium complex remains unchanged with the salt concentration. In 

addition, the full Raman spectra of 0.1 M Mg(HMDS)2 in DME without and with 20 

mM TBABH4 are unchanged (figure A11). This means that the TBABH4 salt does not 

affect the speciation of the electroactive species in the electrolyte and merely functions 

as a moisture scavenger (this is likely due to the low concentration of TBABH4 

employed).  
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In previous reports, the Raman peak of the Si-C symmetric vibration would shift in 

position upon the dissociation of HMDS- from the Mg(HMDS)2 complex to form new 

species.2, 6 Given that the symmetric Si-C vibration signals of the Mg(HMDS)2 are in 

the same position in DME or triglyme (Figure A12), it is proposed that the Mg(HMDS)2 

compound remains relatively undissociated in triglyme. This indicates that a general 

low dissociation rate of Mg(HMDS)2 in various ether solvents such as THF2, DME, or 

triglyme. Table A2 in the supplementary section shows the ionic conductivity of the 

optimum electrolyte to be 0.32 mS cm-1. Given, that there is no significant difference 

in ionic conductivity between 0.2 M Mg(HMDS)
2 
+20 mM TBABH

4
 in DME and 0.1 

M Mg(HMDS)
2
 +20 mM TBABH

4
 in DME (0.32 vs. 0.26 mS cm-1), the ionic 

conductivity data further shows the low dissociation of Mg(HMDS)2 complex in the 

solution. 

 

Figure 5.4.1: Structure of the magnesium complex in the Mg(HMDS)2-based electrolyte. 
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Figure 5.4.2: Raman spectroscopy of various Mg(HMDS)2-based electrolyte. Raman 

spectroscopy of (i) pure DME, (ii) Mg(HMDS)2 powder, (iii) 0.1 M Mg(HMDS)2 in DME, (iv) 

0.1 M Mg(HMDS)2 + 20 mM TBABH4 in DME, (v) 0.2 M Mg(HMDS)2 in DME, (vi) 0.4 M 

Mg(HMDS)2 in DME, (vii) 1 M Mg(HMDS)2 in DME. 

5.5 Chemical and morphological analysis of the electrochemically deposited 

magnesium from the electrolyte 

To provide further additional evidence that the Mg(HMDS)2-based electrolyte can 

deposit magnesium metal electrochemically, XRD analysis is conducted on a nickel 

substrate that has been deposited with magnesium in 0.2 M Mg(HMDS)2 + 20 mM 

TBABH4 in DME (plating current of 0.5 mA cm-2 for 5.5 hours). The XRD spectrum 

of the nickel substrate (figure 5.5.1 a) shows the existence of additional peaks which is 

attributed to the magnesium metal peak (PDF 00-001-1141). This observation further 

affirms that magnesium metal deposition occurs in the Mg(HMDS)2-based electrolyte 

during the half-cell cycling tests shown before. 

The morphology and chemical analysis of the electrochemically deposited magnesium 

from the electrolyte is also shown in figure 5.5.1 b and figure 5.5.1 c. The images show 

a homogeneous distribution of  magnesium crystals with a non-dendritic morphology. 

EDS analysis of the deposit further confirms a high purity magnesium deposit (53.3-
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73.1% wt.) with some carbon, oxygen, and silicon residue (figure 5.5.1 d). This likely 

indicates that a small amount of Mg(HMDS)2 is decomposed during the cell cycling 

process. To further ascertain the morphology of the magnesium metal after 20 cycles 

of plating and stripping in the electrolyte, the cycled magnesium metal surface 

morphology is inspected using SEM in figure A14. Figure A14 a and figure A14 b show 

that the magnesium morphology on the surface of the anode is relatively flat and non-

dendritic, affirming that the electrolyte is suitable for long-term cycling. It is noted, 

nevertheless, that some magnesium protrusion may develop on the surface of the 

magnesium anode after cycling in the electrolyte (figure A14 c and figure A14 d). 

To identify the chemical constituent of the magnesium anode after multiple plating and 

stripping processes in the optimized electrolyte, XPS analysis (figure 5.5.2) was done 

on the cycled anode (20 cycles of plating and stripping at 0.5 mA cm -2 and 0.5 mAh 

cm-2). The surface of the anodes shows the existence of Mg metal (49.8 eV7-9), MgO 

.10-12 (Mg 2p 51.0 eV7-9, O 1s 529.6 eV7),  Mg(OH)2 and/or MgCO3 (Mg 2p 51.85 eV9, 

O 1s 533.7 eV8, 9, 13-15), and elemental silicon (Si0) (Si 2p3/2 99.27 eV7). The O 1s peak 

at 531.3 eV is attributed to the existence of Oxygen vacancy in the MgO lattice.10-12 

Minor silane species can also be identified from the Si 2p3/2 peak at ~100.9 eV derived 

from the Mg(HMDS)2 salt residue (figure A15). Further, A small peak at 283 eV and 

48.6-48.2 eV also potentially indicates the existence of Mg-C bond16 and the existence 

of dangling bonds on the surface of Mg-O17, respectively. Besides these inorganic 

species, the C 1s spectrum also indicates the existence of organic species on the 

interphase, as indicated by the existence of C-O (285.8 eV7, 18), C=O (287.4 eV7), and 

C-C bonds (284.4 eV7).  A small peak at 290.3 eV in the C 1s spectrum can potentially 

be assigned to C2O4
2- and MgCO3

7.  

Analysis of the XPS spectra indicates that the anode-electrolyte interphase seems to be 

stratified into layers consisting of various components. Based on the XPS analysis 

presented, it is inferred that the anode-electrolyte interphase consists of two layers 

(figure 5.5.2 h). First, directly on top of the Magnesium crystal is the inorganic layer 

consisting of the native oxide and Mg(OH)2, along with byproduct of Mg(HMDS)2 

decomposition (i.e. Si and Si-C). Between the first interphase layer and the electrolyte, 

lies the organic surface layer which is made from the decomposed DME solvent. Figure 

5.5.2 e shows this to be true as evolution in the composition of the magnesium surface 
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is observed upon argon etching. Mainly, it can be observed that the carbon 

concentration reduces significantly from 28.39% to 4.77%. This indicates that the top 

surface layer of the interphase consists mainly of organic species. Moreover, a clear 

increase in magnesium concentration from 27.87% to 47.22% upon surface etching is 

consistent with the removal of surface species and an increase in the signal from the 

Magnesium metal itself. The shift in organic to mainly inorganic constituents is also 

observed in the evolution of the O 1s spectrum wherein the peaks attributed to C-O or 

C=O bonds reduce while the intensity of MgO and Mg(OH)2 peaks increases with 

etching time.  An increase in the inorganic Si-based inorganic species was also found 

on the deeper part of the anode electrolyte interphase, as shown by the increase in the 

silicon content from 4.15 % to 8.04%. It is worth noting that the concentration of 

oxygen and silicon does not seem to reduce even after 60 minutes of argon etching. 

This indicates that inorganic species such as MgO, Mg(OH)2, and elemental silicon are 

well incorporated with the electrochemically deposited magnesium.  
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Figure 5.5.1: Characterization of the magnesium deposit from the magnesium plating process 

in the Mg(HMDS)2-based electrolyte. (a) XRD signal of the Mg film on Nickel foil. (b and c) 

Lateral and cross-section image of the magnesium crystal deposited from the Mg(HMDS)2-

based electrolyte. (d) EDS spectrum of the magnesium crystal.  
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Figure 5.5.2: XPS analysis of the anode surface after several cycles of magnesium plating and 

stripping process. (a) Mg 2p, (b) C 1s, (c) O 1s, (d) Si 2p, (e) B 1s, (f) N 1s binding energy 

spectrum. (g) Quantitative analysis of the element concentrations on the magnesium anode at 

various levels of etching (h) Anode-electrolyte interphase on the surface of the magnesium 

anode. Time indication on the right side of the XPS spectra indicates various etching time used 

on the samples. 
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5.6 Anodic stability of the electrolyte 

Before testing the compatibility of the electrolyte with various cathode materials, the 

anodic stability of the electrolyte has to be ascertained. In this section, the anodic 

stability of the electrolyte against stainless steel and aluminum is characterized by using 

linear sweep voltammetry and chronoamperometry. Based on the linear sweep 

voltammetry in figure 5.6.1a, it was found that the anodic current of the electrolyte is 

high on stainless steel and aluminium. Using the linear fit method19 to determine the 

anodic decomposition onset potential, the anodic limit of the electrolyte on platinum, 

stainless steel and aluminium are determined to be 1.98 V, 3.18 V, and 2.54 V vs Mg 

respectively. It is worth noting, nevertheless, that a significant oxidation process occurs 

on Al after ̀ ~3 V. 

Further, current leak measurements were also conducted to observe the current which 

indicates the decomposition rate of the electrolyte at various potential levels (vs. 

Mg/Mg2+) over a long duration of time. It is observable that at an electrode potential of 

2.8 V vs. Mg/Mg2+ or lower, the anodic decomposition current of the electrolyte on 

aluminium is maintained at a low level of lower than 10 μA cm-2 (figure 5.6.1 b). 

Similarly, against the stainless-steel electrode, the decomposition current of the 

electrolyte is maintained below 20 μA cm-2 at an electrode potential of  2.7 V vs. 

Mg/Mg2+ or lower (figure 5.6.1 c). The SEM image of the stainless-steel and aluminium 

foil after the chronoamperometry measurements (5.6.1 d and e) show that the electrodes 

are covered with a surface film originating from the decomposed electrolyte. The 

surface of the electrode also does not show signs of corrosion process occurring on the 

anode and the measurements indicate the high anodic stability of the electrolyte. 
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Figure 5.6.1: Anodic stability analysis of the 0.2 M Mg(HMDS)2-based electrolyte. (a) LSV 

measurement of platinum, stainless steel, and aluminium electrodes in the electrolyte. (b and c) 

Chronoamperometry measurement of aluminium (b) and stainless-steel (c) electrodes at various 

potentials for 3 hours. (d and e) SEM analysis of the surface of aluminium (d) and stainless-

steel (e) electrodes after the chronoamperometry measurements. 
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5.7 Full-cell cycling of the optimized electrolyte 

To show the suitability of the electrolyte for battery application, this chapter discusses 

two prototypical magnesium batteries with several types of cathodes (S/MC, S-PAN, 

and CuS cathode). Sulfur-based cathodes such as short-chain sulfur in microporous 

carbon (S/MC) and S-PAN cathode are tested due to their high gravimetric capacity. In 

the experiments shown below (figure 5.7.1 a,b,c, and d), these cathodes are cycled at a 

low C-rate of 0.05 C for S/MC cathode and 0.01 C for S-PAN cathode.  

The S/MC (figures 5.7.1 a and b) cathode shows the lowest discharge capacity (~2.5 

mAh g-1 on the first cycle) although it has the best capacity retention. The low discharge 

capacity of S/MC likely indicates the low reactivity between the Mg(HMDS)2.DME 

complex and the short-chain sulfur species. This observation is consistent with the 

sluggishness of the solid-state reaction between Magnesium ions with short-chain 

sulfur.20 The high capacity retention of the S/MC cathode could be attributed to the low 

utilization of sulfur which allows for most of the active material to be unused in each 

discharge-charge cycling. This minimizes the capacity reduction as the parasitic 

reaction in the discharge and charge cycle does not affect most of the active material.  

The S-PAN cathode, on the other hand, shows higher discharge capacity (~56 mAh g-1 

on the first cycle) with the magnesium electrolyte but exhibited a higher capacity 

degradation rate (figure 5.7.1 c and d). The discharge capacity of the S-PAN cathode 

may also be affected by the reactivity of the Mg(HMDS)2.DME complex. Since the 

theoretical capacity of sulfur is 1672 mAh g-1,20
 The capacity utilization of the S/MC 

cathode and S-PAN cathode are too low for practical application. 

Mo6S8, a common cathode known to conduct highly reversible magnesium 

intercalation/de-intercalation,21 was also found to be incompatible with the 

Mg(HMDS)2-based electrolyte. As seen in figure 5.7.1g, the discharge capacity of the 

Mo6S8 cathode is way higher than the maximum intercalation capacity of Mg2+ in 

Mo6S8 (129 mAh g-1).22 The over-discharge phenomenon may indicate that conversion 

reaction had occurred during the discharge process. Moreover, the charging plateau of 

the electrolyte Mg//Mo6S8 is also lower than 1 V. As the working potential of Mo6S8 is 

~1 V vs Mg/Mg2+,23, 24 the relatively low charge plateau potential is likely to be not 

related to Mo6S8 deintercalation. Instead, it may indicate an electrolyte decomposition 

process. Experiments had also been conducted on the cycling process of Mg//Mo6S8 in 
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0.1 M Mg(HMDS)2 + 20 mM TBABH4 in DME (figure A16). Despite being cycled at 

a low C-rate of 0.05 C, the cell seems to show poor discharge capacity. This indicates 

a general incompatibility of the Mg(HMDS)2 electrolyte for Mo6S8 intercalation. A 

previous study by Attias et al shows the importance of chloride-based species in the 

intercalation process of the Mo6S8.25 Given that Mo6S8 performs well chloride-

containing Mg(HMDS)2-based electrolytes,26 the low performance of Mo6S8 in the 

chloride-free Mg(HMDS)2-electrolyte indicates high activation energy barrier for the 

charge transfer process of Mo6S8 in the electrolyte.25  

Only CuS cathode is shown to exhibit a good initial discharge capacity at 60 °C (figures 

5.7.1 e and f).  Nevertheless, overcharging seems to occur on the first cycle of the 

battery and the capacity of the cathode on the subsequent cycle reduces significantly. 

This overcharging behaviour could potentially be attributed to CuS dissolution during 

the charging process and increased electrolyte decomposition rate due to high cathode 

surface area. 27, 28  Previous publications indicate that CuS may produce polysulfide 

species that could potentially dissolve into the electrolyte and cause capacity fading.29, 

30 Previously, Feng et al. had incorporated reduced Graphene oxide into the 

composition of the CuS electrode. This modification was found to prevent CuS 

shuttling. The functional groups of Graphene oxide have also been shown to bind to 

polysulfide species and may prevent cathode dissolution in the electrolyte.31 Moreover, 

Graphene oxide is known to be chemically reduced upon contact with BH4
-, as indicated 

in several reports32, 33. Given that electrolyte decomposition may also be the possible 

failure mechanism for the cell, graphene oxide may be an effective component to 

combat the issue. 

Taking inspiration from previous publications, a small amount of Graphene oxide is 

added to the surface of the glass fiber separator. By adding graphene oxide on the 

interphase between the glass fiber separator and the CuS cathode, an improvement in 

the cell discharge capacity was achieved (figure 5.7.2). With the application of 

graphene oxide on the separator, the cell was able to achieve an initial discharge 

capacity of 261.5 mAh g-1 (46.7% of the cathode theoretical capacity, 560 mAh g-1). 

Importantly, the overcharge behaviour in the first cycle is reduced even though  the 

charging cut-off potential has been increased to 2.0 V. This corroborates the 

effectiveness of graphene oxide in reducing cell overcharge. Figure A17 shows other 

CuS replicate cells which also shows even lower overcharge behaviour.  
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There are several possible working mechanisms of the graphene oxide layer in the cell. 

Given that the cell is also allowed to rest for 6 hours at 60 °C, it is likely that the 

BH4
- moieties in the Mg(HMDS)2 based electrolyte reacts with graphene oxide on the 

separator during the cell resting stage. As a consequence, the concentration of BH4
- in 

the electrolyte would be reduced and the anodic decomposition of BH4
- during the cell-

charging stage will be inhibited. Thus, the cell overcharging behavior in the Mg-CuS 

cell becomes less severe when the graphene oxide coating is used. The graphene oxide 

layer may also act as a conductive framework which increases the discharge capacity 

of the cell and prevents CuS dissolution, thereby reducing the cathode capacity fade.29 

Nevertheless, large capacity degradation is still exhibited by the CuS cell. This issue 

may arise from several phenomena commonly find in conversion cathodes such as 

cathode pulverization and the dissolution of the active material into the electrolyte. 27, 

34-36  To improve the cell performance, future works may focus on better CuS cathode 

engineering such as size reduction37, using nanocage CuS nanomaterial to 

accommodate for the volumetric expansion during the battery discharge38, or the 

incorporation of graphene oxide into the CuS cathode composite29. 
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Figure 5.7.1: Full cell performance of various cathodes in 0.2 M Mg(HMDS)2 + 20 mM 

TBABH4 in DME. (a and b) Capacity-Potential profile graph and Discharge capacity plot of S-

MC cathode respectively. (c and d) Capacity-Potential profile graph and Discharge capacity 

plot of S-PAN cathode respectively. (e and f) Capacity-Potential profile graph and Discharge 

capacity plot of CuS cathode respectively. (g) Capacity-Potential profile graph of Mo6S8 cells. 

Each cathode film was coated on carbon-coated aluminium film. 
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Figure 5.7.2: Mg//CuS cycling performance with graphene oxide coated separator. (a) 

Capacity-Potential profiles of the cell for 6 cycles. (b) Discharge capacity and Coulombic 

efficiency of the cell for 20 cycles. The cathode was coated on carbon-coated aluminium foil. 

5.8 Conclusion 

After studying the appropriate concentration of additives, salt, and type of solvent, it 

was established that 0.2 M Mg(HMDS)2 dissolved in DME with the addition of 20 mM 

TBABH4 is the optimum formulation of chloride-free Mg(HMDS)2-based electrolyte. 

The electrolyte exhibit an average Coulombic efficiency of 98.3% (at 0.5 mA cm-2, 0.5 

mAh cm-2) and was able to cycle for 1000 cycles without short-circuiting. Moreover, 

the electrolyte enables short-circuit free battery cycling up to an applied current density 

of 2.0 mA cm-2 (at 0.5 mA cm-2) and an applied areal capacity of 6 mAh cm -2 (at 0.5 

mA cm-2). 

Analysis of the magnesium complex structure in the electrolyte show that the 

Mg(HMDS)2 salt does not dissociate in the electrolyte. This observation is consistent 

with the electrolyte’s low ionic conductivity (0.32 mS cm -1). The TBABH4 

concentration in the electrolyte is also relatively low to establish any change in the 

Raman spectrum of the electrolyte. Thus, the TBABH4 does not seem to cause changes 

in the chemical speciation of the magnesium complex. The morphology of the 

electrochemically deposited magnesium crystal is established to be non-dendritic and 

homogenous magnesium deposition can also be obtained from the electrolyte. 

Moreover, it was further established that Mg(HMDS)2 is relatively stable as little sign 

of Mg(HMDS)2 decomposition is observed from the magnesium anode after several 

cycles of plating and stripping. The structure of the magnesium-electrolyte interphase 

has also been investigated with XPS and it was discovered that the interphase consists 

of an organic surface layer with an inorganic layer consisting of MgO, Mg(OH)2, Si, 

and silane underneath the organic layer. 
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The anodic stability of the electrolyte was found to be 2.7 and 2.8 V vs Mg on stainless 

steel and aluminium, respectively. Crucially, the application of the Mg(HMDS)2-based 

electrolyte for a full cell application has been investigated for Mg//S and Mg//CuS cells. 

This test indicates that good compatibility between CuS cathode and Mg(HMDS)2 can 

be expected, at least in a high-temperature environment of 60°C. 
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Chapter 6 

Conclusions and Recommendations 

 This chapter begins by summarizing the major findings of chapter 4 and chapter 

5, followed by a discussion on how the research findings in this thesis could add 

to the RMB research field. Finally, some suggestions on the possible approach to 

improve the Mg(HMDS)2-based electrolyte is shown based on the issues currently 

exhibited by the electrolyte. 
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6.1 Thesis summary 

This thesis report began by investigating the compatibility of various magnesium salts 

against the magnesium metal anode. Two main critical findings are the need for a 

moisture scavenging agent to allow for reversible magnesium plating in all of the 

magnesium electrolytes studied and the difference in magnesium salt compatibility for 

the magnesium plating and stripping process. Amongst Mg(HMDS)2, Mg(OTF)2. 

Mg(TFSI)2 and Mg(ClO4)2, Mg(HMDS)2  was found to have the highest compatibility 

with the magnesium metal anode, followed by Mg(OTF)2, Mg(TFSI)2, and Mg(ClO4)2. 

The stability level of each electrolyte determines the magnesium cell lifetime as well 

as its Coulombic efficiency. Furthermore, the magnesium salt employed determines the 

magnesium morphology during the electrochemical deposition process. The 

morphological difference of the magnesium deposit is also a key aspect of electrolyte 

performance. For example, although Mg(OTF)2-based electrolyte could produce high 

Coulombic efficiency, the magnesium deposit from the electrolyte is highly porous. 

Furthermore, dendrite was also found on this deposit. This means that despite having 

high Coulombic efficiency, the cell lifetime using the Mg(OTF)2-based electrolyte is 

likely to be short due to the potential formation of an internal short-circuit. On the other 

hand, Mg(HMDS)2 based electrolytes exhibited high Coulombic efficiency and 

homogenous magnesium film on the working electrode. The cell lifetime of 

Mg(HMDS)2-based cells tends to be the longest amongst other electrolytes used. 

Further, it is also found that to improve the performance of passivating electrolytes 

(Mg(OTF)2, Mg(TFSI)2, and Mg(ClO4)2), chloride-based additive needs to be added. 

However, chloride is found to severely reduce the anodic stability of the electrolyte, 

even at a very low chloride concentration. Thus, to create a magnesium metal 

compatible electrolyte using conventional salt, a highly stable magnesium source has 

to be chosen. Mg(HMDS)2 is the appropriate salt for this purpose. The Mg(HMDS)2-

based electrolyte can be optimized by careful selection of solvent,  additive 

concentration, and salt concentration. Chapter 5 shows that the optimized electrolyte is 

highly compatible with the magnesium anode and enables a dendrite-free magnesium 

deposition process. Moreover, high compatibility with the CuS cathode has also been 

established. 

The table below provides a comparison of the optimized electrolyte in this study against 

previously published data. In comparison with the chloride-containing system (No.2-
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7), the chloride-free Mg(HMDS)2 electrolyte (No. 1) generally has higher anodic 

stability on stainless steel and aluminium than these electrolytes. Moreover, the plating 

and stripping average Coulombic efficiency of the chloride-free Mg(HMDS)2 seems 

relatively close to the performance of other chloride-free electrolytes (98.6%). 

However, the anodic stability of the electrolyte is still lower than most chloride-free 

electrolytes that had been reported (No.11-16). Another deficiency of the electrolyte 

seems to be its low ionic conductivity. 

Table 6.1.1: Benchmark table of the chloride-free Mg(HMDS)2-based electrolyte against 

other published electrolytes. 

No. Electrolyte 
Galvanostatic 
Overpotential 

(V) 

Coulombic 
Efficiency 

(%) 

Anodic 
stability 

vs. Mg (V) 

Ionic 
conductivity 
(mS cm-1) 

Remarks 

1 

Mg(HMDS)2-

TBABH4/DME 
(this work) 

0.25 (0.5mA 
cm-2) 

98.3% 

2.7 (SS), 

2.8 (Al), 
1.98 (Pt) 

0.32 N.A. 

2 

Mg(HMDS)2-

AlCl3/Diglyme 
(Ref1) 

< 0.2 (0.5 

mA cm-2) 
99 

3.9 (Pt), 

2.6 (SS) 
1.7 

Corrosive but 
non-

nucleophilic. 

3 
Mg(OTF)2-MgCl2-
AlCl3-Anthracene 

(Ref2) 

0.1 (0.088 

mA cm-2) 

>95 (0.088 
mA cm2), 

98.5 (1 
mA cm-2) 

3.25 (Pt), 
2.5 (SS), 

1.85 (Al) 

1.8 

4 
Mg(OTF)2-MgCl2-

AlCl3 (Ref3) 

0.25 (0.05 

mA cm-2) 
99.1 

3 (Pt), 
1.75 (SS), 

2.5 (Al) 
 

N.A. 

5 MBA-AlCl3 (Ref4) 

<0.2 [plate], 

< 0.1 [strip] 
(0.088 mA 

cm-2) 

>97 

2.25 (Pt), 

2.35 (Al), 
2.65 (SS) 

0.947  

6 
MBA-MgCl2-

AlCl3 (Ref5) 

<0.1 (0.088 

mA cm-2) 
98 

2.56 (Pt), 

1.46 (Al), 
2.1 (SS) 

N.A. 

7 
MMAC/DME 

(Ref6) 
N.A. 100 

3.3 (Pt), 
2.2 (SS), 

0.8 (Al) 

N.A. 

8 Mg(CB11H12)2/G4 

0.25 [plate], 
0.01 [strip] 

(1 mA cm-2) 
(Ref7) 

99 (Ref8), 

97 (Ref7) 

3.8-4.0 V 
(Al, SS, 

Pt) (Ref8) 

1.8 
Complicated 

synthesis 

procedure. 

9 
Mg(B(HFIP)4)2 

(Ref9) 
<0.2 (0.5 mA 

cm-2) 
>98 

3.5 (Pt), 
4.3 (SS, 

Al) 

11 (Ref10) 
Commercially 
unavailable. 

10 
Mg(B(PFPINA)2)2  

(Ref11) 
0.09 (1 mA 

cm-2) 
95 

4.0 (SS, 
Al) 

3.95 

11 
THFPB+MgF2 

(Ref12) 
N.A. 99.8 

>3.5 (SS), 
3.8 (Al) 

1.1 N.A. 

12 
THFPB+MgO 

(Ref13) 

<0.1 (0.05 

mA cm-2) 
N.A. 

>4.0 (SS), 

4.2 (Al) 
0.174 N.A. 

13 
THFPB+Mg(BH4)2 

(Ref14) 
 99 

2.8 (SS), 
1.6 (Al) 

3.72 N.A. 
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6.2 Research implication 

The findings of this thesis indicate that contrary to common assumptions, some 

conventional chloride-free magnesium sources may be compatible with the magnesium 

metal anode. Consequently, the findings of this thesis suggest an alternative pathway 

for the future of magnesium electrolyte development. As discussed in chapter 2, a 

common electrolyte development pathway currently pursued is to generate new boron-

based electrolytes. The practicality of the industrial production of this salt remains 

unclear and needs to be investigated before being applied for commercial battery 

application. Hence, electrolyte development by using novel magnesium salts is 

challenging due to the need for performance optimization and electrolyte production 

consideration. The development of conventional magnesium salt-based electrolytes 

may be more fruitful as the industrial-scale production method of the electrolyte is well 

established. 

Furthermore, the thesis highlights the potential benefit of a chloride-free approach to 

improving the magnesium plating and stripping electrochemistry in less studied 

magnesium salts such as magnesium amides4, 5 and magnesium 

alkoxides/phenoxides15-17. As shown in this thesis, the primary hindrance in 

establishing good magnesium plating and stripping reversibility could be  the 

passivating effect of moisture and contaminants in the electrolyte. The addition of 

chloride-based additive is well known to suppress the passivating effect of moisture.18 

Nevertheless, this common strategy, as discussed in §2, will cause corrosion on 

Aluminum and stainless-steel current collectors. An alternative method such as 

utilizing moisture scavenger has been used previously. However, due to the passivating 

nature of the magnesium salt used [i.e. Mg(TFSI)2] in combination with the moisture 

scavenger, the electrolytes’ performance shown in the studies tends to be poor. 

Nevertheless, certain classes of commercial magnesium salts such as magnesium 

alkoxides, phenoxides, or amides had not been explored through this approach. 

6.3 Suggestions for future works 

Several drawbacks of the Mg(HMDS)2-based electrolyte (0.2 M Mg(HDMS)2 +20 mM 

TBABH4 in DME) are as follows: 
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• (1) Low electrolyte ionic conductivity. The ionic conductivity of the optimized 

electrolyte is 0.32 mS cm-1. This value is far below the ionic conductivity of 

common lithium battery electrolytes which is within the range of 3 to 11 mS 

cm-1.19 With the current need for fast-charging batteries for electric vehicles, the 

need to improve the electrolyte’s ionic conductivity becomes more crucial.20 

• (2) Low thermal stability of DME. As only DME is known to be suitable for 

Mg(HMDS)2-based electrolytes, the electrolyte is likely to have poor thermal 

stability. This is because DME solvent is known to have a low boiling point 

(85°C) and an even lower flash point (-6°C).21 

• (3) The use of TBABH4 is likely to contribute to battery overcharging. Although 

it has been shown that the anodic stability of the electrolyte is relatively high on 

aluminum and stainless-steel current collectors (2.8 V on aluminium and 2.7 V 

on stainless steel). Overcharging is still observed in the full cell cycling process. 

This could be due to the high surface area of the cathode, which further 

exacerbates electrolyte decomposition, or due to reduced decomposition onset 

potential of BH4
- on conductive carbon or active material in the cathode. 

• (4) Lack of cathode material suitable with the Mg(HMDS)2-based electrolyte. 

As shown in chapter 5, various magnesium battery cathodes such as Mo 6S8 and 

Sulfur exhibited low discharge capacity when used with the Mg(HMDS)2-based 

electrolyte. The low discharge capacity of the Mg//S cell is particularly 

troubling as the sulfur cathode has a high theoretical capacity and has been the 

primary cathode of interest in the development of a high-energy-density 

magnesium battery. 

To overcome these issues, various research work is suggested, such as: 

• Given problems (1) and (2), the addition of ionic liquid solvent as part of the 

Mg(HMDS)2-based electrolyte is worth exploring. Ionic liquid tends to have 

high ionic conductivity and high thermal stability. As magnesium plating and 

stripping process from the Mg(HMDS)2 complex seems to be conducive from 

DME, the initial work could begin by mixing various ionic liquids with DME 

at various ratios. 

• Issue (3) may potentially be resolved by extending the anodic stability of the 

moisture scavenger species in the electrolyte. A previous report by Hebie et al. 

shows that the anodic stability of BH4
- can be further improved by substituting 
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some of the hydride groups with phenol to create B(OPh)3H- species22. 

Alternatively, as shown in chapter 5, the addition of graphene oxide on the 

separator seems to reduce the overcharging effect in the electrolyte. Additional 

future works can also seek to optimize the amount of graphene oxide inside the 

cell to prevent the overcharging effect from occurring. 

• Lastly, the low discharge capacity of the sulfur cathode in the electrolyte (issue 

4) may indicate low reaction kinetic between the Mg(HMDS)2.DME complex 

and the sulfur cathode (S-PAN or short-chain sulfur species). To increase the 

reaction rate, catalytic material known to improve the reaction rate of sulfur 

cathodes may be investigated in combination with the electrolyte. Materials 

such as TiS2
23, sulfurized cobalt24 are known to improve the redox reaction of 

the sulfur cathode in rechargeable magnesium batteries. 
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APPENDIX 

 
Figure A 1: Visual image of 0.1 M Mg(TFSI)2 in DME. (a), 0.1 M  Mg(TFSI)2 + 30 

mM TBAOTf in DME (b), and 0.1 M  Mg(TFSI)2 + 30 mM TBACl in DME (c). The 

white oval substance in each vial is a stir bar. 
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Figure A 2: Nyquist plots of Mg//Mg cells with various electrolytes. (a and b) Mg anode 

cycled in 0.1 M Mg(HMDS)2 + 30 mM TBABH4 without (a) and with (b) 20 mM of 

MgCl2. (c and d) Mg anode cycled in 0.1 M Mg(OTf)2 + 30 mM TBABH4 without (c) 
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and with (d) 20 mM of MgCl2. (e and f) Mg anode cycled in 0.1 M Mg(TFSI)2 + 30 mM 

TBABH4 without (e) and with (f) 20 mM of MgCl2. 

 

 
Figure A 3: Evidence of dendritic magnesium, grown from 0.1 M Mg(OTF)2 + 30 mM 

TBABH4 in DME. Magnesium is deposited on aluminum at 0.5 mA cm-2. 

 
Figure A 4: Electrochemically deposited substance from 0.1 M Mg(TFSI)2 + 30 mM TBABH4  

in DME with low Magnesium content. (a) SEM image of the deposit. (b) EDX spectrum of 

the deposit. (c) EDX quantitative analysis of the deposits. 

10 μm 
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Figure A 5: Visual image of 0.25 M Mg(OTF)2 solubility in DME with the addition of 

TBABH4. The white oval substance in each vial is a stir bar. 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

V
o
lt
a
g
e
 (

V
) 

v
s
 M

g
/M

g
2

+

Capacity (mAh cm-2)

0.1 M Mg(HMDS)2 in DME 

+ 10 mM TBABH4

Mg//Mg

0.5 mA cm-2, 0.5 mAh cm-2

 
Figure A 6: Cell short-circuit in 0.1 M Mg(HMDS)2 + 10 mM TBABH4 in DME. 
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Figure A 7: Visual image of various Mg(HMDS)2-based in various solvents. 
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Figure A 8: Magnesium plating and stripping process with 0.1 M Mg(HMDS)2 + 80 mM 

TBABH4 in Triglyme on carbon-coated aluminium (0.5 mA cm-2 and 0.5 mAh cm-2). 

 

Figure A 9: Visual image of Mg(HMDS)2-based electrolyte in DME (0.2 to 0.6 M). 
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Figure A 10: Nyquist plot of Mg//Mg symmetric cell with 0.2 M Mg(HMDS)2 + 20 mM 

TBABH4/DME electrolyte. The cell is cycled by plating and stripping the working electrode at 

0.5 mA cm-2
 for 1 hour each. 

 

Figure A 11: Raman spectroscopy of DME based electrolyte. (i) DME solvent (ii) Mg(HMDS)2 

powder (iii) 0.1 M Mg(HMDS)2 in DME (iv) 0.1 M Mg(HMDS)2 + 20 mM TBABH4 in DME. 
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Figure A 12: Raman spectroscopy of Triglyme based electrolyte. (i) Triglyme solvent (ii) 

Mg(HMDS)2 powder (iii) 0.1 M Mg(HMDS)2 in Triglyme (iv) 0.4 M Mg(HMDS)2 in Triglyme 

(v) 1 M Mg(HMDS)2 in Triglyme. 

Table A 1: Crystallographic data of Mg(HMDS)2.DME complex 

Chemical formula C16H46MgN2O2Si4 

Formula weight 435.22 g/mol 

Temperature 100(2) K 

X-ray Wavelength 1.54178 Å 

Crystal size 0.020 x 0.240 x 0.280 mm 

Crystal habit colorless plate 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 8.3270(5) Å α = 90° 

 b = 34.141(2) Å β = 100.373(4)° 
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 c = 19.6183(13) Å γ = 90° 

Volume 5486.2(6) Å3 
 

Z 8 

Density (calculated) 1.054 g/cm3 

Absorption coefficient 2.320 mm-1 

F(000) 1920 

Total Reflection 34497 

Independent reflection 9668 (Rint = 5.97%, Rsig = 5.69%) 

Maximum angle 66.8° 

 

 

Figure A 13: Crystal unit structure of Mg(HMDS)2.DME. 
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Table A 2: Ionic conductivity of various Mg(HMDS)2-based electrolytes. 

Electrolyte Ionic 

conductivity 

(mS cm
-1

) 

Temperature (°C) 

0.2 M Mg(HMDS)
2 
+20 mM 

TBABH
4
/DME 

0.32 24.7 

0.1 M Mg(HMDS)
2
 +20 mM 

TBABH
4
/DME 

0.26 25.2 

0.1 M Mg(HMDS)
2
 +30 mM 

TBABH
4
 /DME 

0.42 25.4 

0.1 M Mg(HMDS)
2
 /DME 0.0063 25.5 

 
Figure A 14: Surface of a cycled magnesium anode (cycled 20 times in 0.2 M Mg(HMDS)2 + 

20 mM TBABH4, 0.5 mA cm-2 and 0.5 mA cm-2). 
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Figure A 15: Si 2p XPS analysis of drop casted Mg(HMDS)2 powder. 

 
Figure A 16: Full cell cycling of Mg//Mo6S8 cell at room temperature using 0.1 M 

Mg(HMDS)2 in DME. The cathode was coated on stainless steel foil. 
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Figure A 17: Full cell cycling of Mg//CuS cells with graphene-oxide coated separator. CuS 

cathode coated on carbon-coated aluminium. 

 

Figure A 18: CuS nanomaterial morphology and XRD spectrum. 
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Figure A 19: Magnesium plating and stripping behavior on various working electrodes. (a) 

Polished copper electrode, (b) unpolished copper, (c) carbon paper, (d) carbon-coated 

aluminium. Electrolyte: 0.2 M Mg(HMDS)2 + 20 mM TBABH4 in DME. 

 


