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Abstract 

Due to the increasing demand for energy storage materials, nowadays dominated by 

lithium-ion batteries (LIBs), battery technology has shown great potential, e.g. in the field 

of portable electrical power applications. Nonetheless, considering the safety issues and 

the high costs of lithium batteries, rechargeable magnesium batteries have obtained 

increased attention as an alternative due to their improved safety, high theoretical 

volumetric energy density (3832 mAh cm-3), as well as high earth-abundancy and low costs 

of the anode materials. At the same time, sulfur, which possesses a high theoretical capacity 

(1672 mAh g-1), non-toxicity and also earth abundancy, is attractive as the cathode material 

to be coupled with the magnesium anodes. However, research on magnesium-sulfur (Mg-

S) batteries is still very limited, compared to the developments in lithium batteries, mainly 

due to the lack of efficient electrolyte systems and compatible cathodes.  

The main objectives of this work are the fulfillments of stable-cycling Mg-S cells with 

high specific capacities, with a profound understanding of the cell mechanisms. In this 

work, four electrolyte systems have been developed for Mg-S batteries.  

The first Mg-S battery system based on a sulfur poly(acrylonitrile) (SPAN) composite as 

the cathode, a magnesium tetrakis(hexafluoroisopropyloxy) borate (Mg[B(hfip)4]2) as the 

conductive salt in the electrolyte and a Mg foil as the anode, is presented. Despite an 

average cell performance (ca. 300 mAh gs
-1 at C/30), the possibility of the reversible 

cycling of cells containing an SPAN cathode and a Mg anode has been demonstrated.  

In order to further improve cell performance, a second Mg-SPAN battery system 

containing a Mg2+/Li+ hybrid electrolyte (Li[BH4] and Mg[BH4]2 in diglyme) has been 

developed. Strikingly, this cell system stably delivers ca. 800 mAh gs
-1 at C/10 with > 99% 

Coulombic efficiency for 100 cycles, suggesting that the use of a dual salt electrolyte shows 

distinct benefits in Mg-SPAN batteries.  
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In order to further understand the role of a lithium salt in a Mg-SPAN battery, a third 

battery system has been developed, mainly because of the low solubility of Mg[BH4]2 in 

the previous electrolyte system. An electrolyte, which can dissolve both magnesium and 

lithium salts, has been found. A Mg-SPAN cell with a Mg2+/Li+ hybrid electrolyte 

(Mg[CF3SO3]2, Li[CF3SO3], MgCl2 and AlCl3 in 1,2-dimethoxyethane (DME)) delivers 

ca. 1100 mAh gs
-1 at 1 C with > 99.9% Coulombic efficiency for 100 cycles; whereas the 

Mg-SPAN cell with a pure Mg2+ electrolyte (Mg[CF3SO3]2, MgCl2 and AlCl3 in DME) 

delivers much lower capacities. Electrochemical measurements as well as post-mortem 

analysis reveal that the addition of a lithium salt in the electrolyte is crucial for the 

suppression of the polysulfide shuttle. It also dramatically reduces the cell resistance and 

the overpotential via the possible formation of MgLiSx species. At the same time, 

according to cyclic voltammetry results, post-mortem X-ray photoelectron spectroscopy 

(XPS) and scanning electron microscopy (SEM) analysis, the whole redox chemistry in the 

cell with the Mg2+/Li+ hybrid electrolyte is solely based on magnesium. Hence, the addition 

of a lithium salt does not compromise the safety of Mg-SPAN cells. 

Furthermore, a novel design concept comprising a gel-polymer electrolyte (GPE) has been 

developed for Mg-S/ion batteries, which can be achieved by in-situ crosslinking Li[BH4] 

and Mg[BH4]2 with poly(tetrahydrofuran) (PTHF). This GPE displays outstanding ionic 

conductivities in a wide temperature range and superior polarization behavior. Also, due 

to the successful suppression of the polysulfide shuttle by the gel, the GPE not only shows 

good cycle performance with SPAN cathodes, but also with conventional S8-based 

cathodes. In addition, this GPE shows wide compatibility, which can not only be used with 

sulfur-based cathodes, but also with intercalation-based cathodes. Remarkably, Mg-SPAN 

cells containing the GPE feature low self-discharge, excellent flexibility and safety 

characteristics, which all together significantly improve the possibility for future technical 

use. 
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Zusammenfassung 

Aufgrund der steigenden Nachfrage nach Energiespeichermaterialien, die heutzutage von 

Lithium-Ionen-Batterien (LIBs) dominiert werden, hat die Batterietechnologie ein großes 

Potenzial gezeigt. Aufgrund der verbesserten Sicherheit, der hohen theoretischen 

volumetrischen Energiedichte (3832 mAh cm-3) sowie der hohen Erdreichtum und der 

günstigen Rohstoffe sind Magnesium-Schwefel-Batterien eine vielversprechende 

Technologie für zukünftige Energiespeicher.  

Im ersten Teil dieser Arbeit wird das Mg-S-Batteriesystem auf der Basis von SPAN-

Kompositen als Kathode, Magnesiumtetrakis(hexafluorisopropyloxy)borat (Mg[B(hfip) 4]2) 

als Leitsalz im Elektrolyten und einer Mg-Folie als Anode gefertigt, analysiert und 

elektrochemisch getestet. Trotz einer durchschnittlichen Zellleistung (ca. 300 mAh g s
-1 bei 

C/30) wurde die Möglichkeit des reversiblen Zyklus von Zellen mit einer SPAN-Kathode 

und einer Mg-Anode nachgewiesen. 

Im zweiten Teil wurde ein SPAN-basiertes Mg-S-Batteriesystem mit einem Mg2+/Li+-

Hybridelektrolyten (Li[BH4] und Mg[BH4]2 in Diglyme) entwickelt, um die Leistung der 

Zelle weiter zu verbessern. Bemerkenswerterweise liefert dieses Zellsystem ca. 800 mAh 

gs
-1 bei C/10 mit >99% Coulomb-Effizienz für 100 Zyklen, was darauf hindeutet, dass die 

Verwendung eines Dualsalzelektrolyten deutliche Vorteile in Mg-S-Batterien aufweist. 

Im dritten Teil wurde ein anderes Batteriesystem mit einem neuen Elektrolyten entwickelt, 

der sowohl Magnesium- als auch Lithiumsalze lösen kann, um die Rolle eines 

Lithiumsalzes in einer Mg-S-Batterie besser zu verstehen. Diese neue Mg-S-Zelle unter 

Verwendung von einer Mg2+/Li+ Hybridelectrolyten (Mg[CF3SO3]2, Li[CF3SO3], MgCl2 

und AlCl3 in 1,2-Dimethoxyethan (DME)) liefert ca. 1100 mAh gs
-1 bei 1 C mit > 99. 9 % 

Coulomb-Effizienz für 100 Zyklen, während die Mg-S-Zelle mit einem reinen Mg2+-

Elektrolyten (Mg[CF3SO3]2, MgCl2 und AlCl3 in DME) wesentlich geringere Kapazitäten 

liefert. Elektrochemische Untersuchung und die post mortem Messungen zeigen, dass die 

Zugabe eines Lithiumsalzes zum Elektrolyten entscheidend für die Unterdrückung des 
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Polysulfid-Shuttlings, die Reduzierung des Zellwiderstands und der Überspannung durch 

die mögliche Bildung von MgLiSx-Spezies ist. Außerdem zeigen die Ergebnisse der 

analytischen Untersuchungen wie z. B. zyklischen Voltammetrie (CV), post-mortem- 

Röntgenphotoelektronenspektroskopie (XPS) und Rasterelektronenmikroskopie (REM), 

dass die gesamte Redoxchemie in der Zelle mit dem Mg2+/Li+-Hybridelektrolyten 

ausschließlich auf Magnesium basiert. Daher beeinträchtigt die Zugabe eines 

Lithiumsalzes die Sicherheit der SPAN-basierten Mg-S-Zellen nicht. 

Im vierte Teil wurde ein neuartiges Konzept mit einem Gel-Polymerelektrolyten (GPE) für 

Mg-S/Ionen-Batterien im vierten Forschungsjahr entwickelt, der durch In-situ-Vernetzung 

von Li[BH4] und Mg[BH4]2 mit Poly(tetrahydrofuran) (PTHF) hergestellt werden kann. 

Dieses GPE zeigt hervorragende Ionenleitfähigkeiten in einem breiten Temperaturbereich 

und ein hervorragendes Polarisationsverhalten. Aufgrund der erfolgreichen Unterdrückung 

des Polysulfid-Shuttles durch das Gel zeigt das GPE nicht nur eine gute 

Zyklusperformance mit SPAN-Kathoden, sondern auch mit herkömmlichen Kathoden auf 

S8-Basis. Die Mg-S-Zellen schafften 140 Zyklen mit ca. 600 mAh gs
-1 bei fast 100 % 

Coulomb-Effizienz. Des Weiteren zeigt dieses GPE eine breite Kompatibilität, die nicht 

nur mit schwefelbasierten Kathoden, sondern auch mit interkalationsbasierten Kathoden 

verwendet werden kann. 
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Chapter 1  

Introduction 

Energy storage technologies, such as batteries, hydrogen storage and fuel cells, have shown 

great potential to replace conventional energy supply methods, such as combustion 

reactions, to reduce the emission of carbon dioxide (CO2), and consequently protect the 

environment.[1] Batteries, nowadays dominated by LIBs, have already shown the tendency 

to partially replace gasoline for portable power applications. Due to better safety, high 

theoretical volumetric energy density (3832 mAh cm-3), high earth-abundancy and low 

costs of magnesium metal, magnesium batteries have attracted substantial attention in the 

recent years as an alternative to lithium batteries. Meanwhile, sulfur, which possesses a 

high theoretical capacity (1672 mAh g-1), non-toxicity and also earth abundancy, has 

intensively been applied in the field of lithium-sulfur (Li-S) batteries. The coupling of a 

magnesium anode with a sulfur cathode has also shown great potential due to the attractive 

features of both electrodes; however, Mg-S systems with good electrochemical 

performance have been rarely reported, mainly due to the incompatible electrolyte systems 

that allow reversible cycling, passivation of the anode, slow kinetics and polysulfide 

shuttle.  

In order to improve the performance of Mg-S batteries, in this work, four novel Mg-S 

battery systems have been developed. This dissertation is organized as follows: 

Chapter 1 gives a brief introduction on batteries and the structure of the dissertation.  

Chapter 2 contains the basic theory of batteries, the state-of-the-art of the three relavent 

battery systems: LIBs, Li-S batteries and Mg-S batteries. 

Chapter 3 introduces the main research objectives of this work. 

Chapter 4 conceptualizes and presents the Mg-S batteries based on an SPAN cathode. 
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Chapter 5 presents a high-performance Mg-SPAN battery by utilizing a Mg2+/Li+ hybrid 

electrolyte system. 

Chapter 6 investigates the role of a lithium salt inside of Mg-SPAN batteries in detail. 

Chapter 7 conceptualizes and presents a novel gel polymer electrolyte for Mg-S and 

magneisum-ion batteries. 

In Chapter 8 and 9, a summary of the work and an outlook for future Mg batteries are 

presented, respectively.  

The cited references and the curriculum vitae of the author are shown in Chapter 10 and 

11, respectively. 

In Chapter 12, a review article by the author in the field of Mg-S batteries is attached. 

The work presented in this dissertation has been partly published and presented. The 

following articles and patents are published within the PhD period: 

Publications (including conference papers): 

1. A Design Concept for Halogen-Free Mg2+/Li+ - Dual Salt-Containing Gel-Polymer-

Electrolytes for Rechargeable Magnesium Batteries 

P. Wang, J. Trück, J. Häcker, A. Schlosser, K. Küster, U. Starke, L. Reinders, M. R. 

Buchmeiser, Energy Storage Mater. 2022, 49, 509-517. 

2. Lithium Titanate as Mg-Ion Insertion Anode for Mg-Ion/Sulfur Batteries Based on 

Sulfurated Poly(acrylonitrile) 

J. Trück, P. Wang, E. Buch, J. Groos, S. Niesen, M. R. Buchmeiser, J. Electrochem. Soc. 

2022, 169, 010505. 

3. Performance Enhancement of Rechargeable Magnesium-Sulfur Batteries Based on a 

Sulfur Poly(acrylonitrile) Composite and a Lithium Salt 

P. Wang, K. Küster, U. Starke, C. Liang, R. Niewa, M. R. Buchmeiser, J. Power Sources 

2021, 515, 230604. 

4. A Novel Modelling Approach for Metal-SPAN Batteries 

S. Kezia, T. Danner, P. Wang, M. R. Buchmeiser, International Conference on Lithium-

Sulfur Batteries, 2021. 
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5. High-Performance Magnesium-Sulfur Batteries Based on a Sulfurated 

Poly(acrylonitrile) Cathode, a Borohydride Electrolyte and a High-Surface Area 

Magnesium Anode 

P. Wang, J. Trück, S. Niesen, J. Kappler, K. Küster, U. Starke, F. Ziegler, A. Hintennach, 

M. R. Buchmeiser, Batter. Supercaps 2020, 3, 1239-1247. 

6. Characteristics of Magnesium-Sulfur Batteries Based on a Sulfurized Poly(acrylonitrile) 

Composite and a Fluorinated Electrolyte 

P. Wang, J. Kappler, B. Sievert, J. Häcker, K. Müller, M. R. Buchmeiser, Electrochim. 

Acta., 2022, 361, 137024. 

7. Rechargeable Magnesium-Sulfur Battery Technology: State of the Art and Key 

Challenges 

P. Wang, M. R. Buchmeiser, Adv. Funct. Mater. 2019, 29, 1905248-1905275. 

Patents:  

1. Borate-based Gel-Polymer Electrolyte for Rechargeable Magnesium Batteries 

M. R. Buchmeiser, P. Wang (University of Stuttgart), patent pending (2021) 

2. Magnesium Sulfur Battery with High Discharge Capacity 

P. Wang, M. R. Buchmeiser (University of Stuttgart), EP3826095A1 
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Chapter 2  

Theory and State of the Art 

2.1 Basics of Electrochemistry 

A battery is an electrochemical device that converts chemical energy directly into electric 

energy by electrochemical redox reactions. [2] One battery cell is composed of two 

electrodes: an anode and a cathode, which possess different chemical potentials. These two 

electrodes are connected by an electrolyte, an ionically conductive material, which 

provides a medium for the charge transfer (Figure 2.1).[1] The electrodes, at the same time, 

are physically separated by a separator to avoid an internal short-circuit. When an external 

electronic device is connected to the electrodes, ions are transported through the electrolyte; 

at the same time, electrons flow from the anode to the cathode by the external circuit to 

keep the charge balance and power the electronic device.[1] In rechargeable batteries, the 

cell can be recharged in a reversible process, when the cell is connected to a charging 

circuit.[1] 

 

Figure 2.1: The main components of a cell: cathode, anode, separator and electrolyte. This 

scheme shows a discharge process.[2] 
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Whenever a conversion of chemical energy into electric energy occurs, a decrease in the 

standard free energy of the system (∆𝐺0) will spontaneously occur, which follows the 

Faraday equation (Equation 2.1):[2] 

∆𝐺0 = −𝑛𝐹𝐸0                                                            (2.1) 

where n is the number of electrons; F is the Faraday constant (26.8 Ah); E0 is the standard 

potential of the system (V). 

If the conditions are not the standard state, the voltage E is expressed by the Nernst 

equation (Equation 2.2). 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑎𝑂𝑥.

𝑎𝑅𝑒𝑑.
                                                            (2.2) 

where R is the gas constant (8.314 J∙mol-1∙K-1); ai is the activity of the relevant species; T 

is the absolute temperature (K). 

When discussing a battery system, some terminologies need to be identified. The energy 

output (energy density) of a battery system is commonly described based on the weight 

(specific energy, Wh/kg) or volume (Wh/L). The energy density is a function of the 

theoretical voltage and the capacity of a cell.[1, 3] The theoretical voltage of the cell is 

commonly calculated by the difference between the potential of the cathode and anode. It 

depends on the types of the active materials in the electrodes. The theoretical capacity 

describes the total quantity of electricity involved in the electrochemical reaction. It is 

based on the amounts of the active materials that are applied. However, in practice, the 

theoretical energy density cannot be realized due to the inactive components in the cell 

(separators, cell body etc.) and other practical factors (voltage level, polarization of the 

electrodes, current rate etc.) that influence the cell performance, which are discussed 

below.[4-6]  

When a cell is discharged, the working voltage is lower than the open circuit voltage 

(OCV, unconditioned state of a cell, approximately the theoretical voltage) due to the IR 

losses caused by the cell resistance and the polarization of the electrodes. [2, 5] Ideally, the 

voltage of the cell retains at the theoretical voltage during discharge until the active 

materials are totally consumed and the capacity is fully finished. This is accompanied by 

the sudden drop of the voltage. In reality, the voltage of a cell is lower than the theoretical 
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voltage and the voltage profile shows a sloping behavior. With a higher discharge current 

or a higher cell resistance, the discharge curve shows a more sloped profile. In addition, 

the cut-off voltage (end of discharge) is usually at which most of the capacity is delivered, 

resulting in a lowered capacity. 

The cell performance is related to the applied currents. Charge and discharge rates of a cell 

are governed by the C-rate, which can be expressed by Equation 2.3. 

𝐶 − 𝑟𝑎𝑡𝑒 =
𝐼

𝐶𝑁
                                                        (2.3) 

Where I is the charge/discharge current (A); CN is the capacity of the battery (Ah). For 

example, a C-rate of 1 C means a fully charged cell should deliver 1 A for 1 hour. If the 

same cell discharges at 0.5 C, it should provide 500 mA for 2 hours.[2, 7] Further on, the 

temperature of battery during discharge/charge, the types of discharge, as well as the cell 

design etc. all have great impact on the cell performance. [2]  

Coulombic efficiency (CE) is used to estimate the cycling life of a cell since it quantifies 

the reversibility of batteries.[8] In practice, the energy output is always less than the energy 

put in, leading to a loss of reversibility. CE interprets the charge efficiency of the transfer 

of the electrons in a cell, which can be expressed by Equation 2.4. 

𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑡𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦

𝑡𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑟𝑔𝑒 𝑝𝑢𝑡 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑏𝑎𝑡𝑡𝑒𝑟𝑦
× 100%                 (2.4) 

An ideal cell reaches a CE of 100%; however, because of heating, self-discharge and 

parasitic reactions, the CE is always <100%.[7] 
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2.2 Before Li-Ion Batteries 

Since Volta’s invention, the development in the battery technology is boosting due to the 

ever-increasing demands in electric applications. Several cell-prototypes have already been 

proposed and commercialized.[9] Figure 2.2 and Table 2.1 summarize a brief history of 

the major milestones and the detailed corresponding battery chemistries during the battery 

development.  

 

Figure 2.2: A brief history of the battery development.[1, 9] 

In 1800, Alessandro Volta invented the voltaic pile, the first electrical battery, which is 

composed of two plates of different metals (for example, zinc and copper) immersed in a 

salt solution with a closed circuit. This simple equipment was able to generate an electric 

current, which started a brand new research field, electrochemistry.[1, 9] 

Cell types with various electrochemical couples were then proposed, including primary 

cells (also known as Voltaic or Galvanic cells): Zn-MnO2 cells; and secondary cells (also 

known as rechargeable cells): lead-acid cells and nickel-cadmium (Ni-Cd) cells. In 1859, 

lead-acid batteries were the first commercialized rechargeable batteries and are nowadays 

still widely used, due to the advantages of low costs on a cost-per-watt base and moderate 

service life without deep discharge.[7] However, lead-acid batteries are heavy and less 

durable when they are deep cycled. After a deep charging/discharging, a strain and a 

permanent loss of capacity occurs. The ageing problem will be even severe at a higher 

operating temperature. Moreover, the toxicity of electrodes (lead) and the corrosion issues 

of the electrolytes are extremely harmful to the environment and health, which lead to the 

development of other types of cell systems to minimize the contamination of the 

environment.  
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Nickel-based batteries, such as Ni-Cd batteries, were then invented, showing the 

advantages of better safety, low-costs and long service life.[10] The low and degrading 

capacity, the ‘memory effect’ and toxicity issues of Ni-Cd batteries promoted the further 

development of the nickel-metal hydride batteries.[10] In the 1990s, Ni-metal hydride 

batteries were invented and gradually replaced Ni-Cd batteries.[10] The positive electrode 

of Ni-metal hydride batteries was similar to that of Ni-Cd batteries; whereas hydrogen in 

the form of a metal hydride was applied on the negative side. Ni-metal hydride batteries 

showed much higher energy density than Ni-Cd batteries.[10, 11] Nevertheless, the use of 

toxic and hazardous chemicals during the production of Ni-metal hydride batteries 

hindered its further development in battery technology, which encouraged the further 

investigation of the battery systems with the features of environmental-friendliness and 

higher energy density. As a consequence, LIBs then entered the battery market and are still 

attracting great research attentions. 

Table 2.1: A summary and a comparison of the history and the state-of-the-art battery 

chemistries.[1, 9, 10, 12-14] 

Battery 

type 

Cell 

voltage 

(V) 

Energy density 

(cycle durability) 

Features [1, 9, 10, 12-14] Applications 

Lead-acid 2.1 30-50 Wh/kg 

(<350 cycles) 

Low cost, moderate 

service life[12], heavy, 

electrolyte corrosion, 

environment-unfriendly 

Automobile, cell 

phone tower, 

Ni-Cd  1.2 40-60 Wh/kg 

(~2000 cycles) 

Broad temperature 

range, toxic (Cd), 

severe self-discharge, 

memory effect 

Aircraft, 

emergency medical 

equipment, power 

tools 

Ni-metal 

hydride 

1.2 60-120 Wh/kg 

(~180-2000 

cycles) 

Considered non-toxic, 

self-discharge issues 

Hybrid cars, 

consumer 

electronics 

Lithium-

ion 

batteries 

3.8 100-265 Wh/kg 

(~400-1200 

cycles) 

Fire hazard, voltage 

limits, environmental 

impacts 

Portable 

electronics, electric 

vehicles 
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2.3 Li-Ion Batteries 

2.3.1 An Overview 

The research on LIBs started in 1980 by Goodenough et al.[15] They reported a new type 

of cathode material, LixCoO2, prepared by electrochemical extraction of lithium from 

lithium cobalt oxide (LCO; LiCoO2).
[15] The use of the cathode material together with a 

lithium metal as the anode allowed a high OCV and a high energy density[15], which opened 

an avenue for a new area of electrochemistry. Two years later, Yazami et al.[16] developed 

a type of anode material using lithium electrochemically intercalated into graphite  instead 

of lithium metal, to avoid the dendritic electrodeposition. At the same time, the 

intercalation of lithium into graphite allowed a relatively high current density. This 

research provided the scientific basis of the application of graphite as the anode material, 

which is still one of the standard anodes in today’s LIBs. A prototype of the early-stage 

LIBs was then formed using LCO as cathode and lithium intercalated in graphite as anode. 

In 1991, LIBs were commercialized by SONY.[13, 15, 17, 18] The commercialized LIB was 

composed of “soft carbon” as the anode, LCO as the cathode and a carbonate ester-based 

solution as the electrolyte.[19] The commercialization of LIBs significantly promoted 

battery applications in portable devices due to their doubled energy density compared to 

Ni-Cd and Ni-metal hydride batteries. The further commercialization and academic 

progress on LIBs did not stop afterwards. Researchers put great effort into the investigation 

of better LIBs with reduced weight and size, increased cycle durability, lowered costs and 

better safety.[19] 

Nowadays, LIBs are not only applied in the small portable electronics, such as cell phones, 

computers, but also in electric vehicles (EVs).[20] One of the main current challenges that 

the electric vehicles are facing, is the relatively long charging time.[21] Refueling a 

combustion engine-powered car (500-800 km) in a gas station takes 5 minutes, which is 

reasonable to let the customers expect a fast recharging of EVs.[22] To date, the Tesla Model 

3 (with a 76 kWh battery) needs about 30 minutes to reach the 80% state of charge (SOC) 

with a charging power of 250 kW; the Porsche Taycan (with a 93.4 kWh battery) takes 23 

mins to charge to 80% SOC with a charging power of 270 kW. The charging speed for 

refueling a car is still much slower than the traditional routine.[22] The US Advanced 
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Battery Consortium (USABC) therefore listed a target for electric vehicles: charging 80% 

SOC in 15 minutes. The current state-of-the-art electric vehicles apparently still do not 

meet these requirements.[22]  

Another major challenge for LIBs is the limited safety performance. [23-26] Several fire 

accidents and explosions have been reported due to the burning of the LIBs, which are not 

desired and will greatly reduce the reputations and potential markets.[26-28] The reasons 

causing a fire accident in batteries are predominantly the internal battery chemistry (such 

as the flammable electrolytes in the LIBs) and the working environment. In addition, fire 

accidents are always accompanied by a continuous heat and gas generation, which further 

lead to the combustion of combustible materials, resulting in more severe accidents.[29-31] 

Therefore, understanding the cell chemistry of LIBs is crucial to further improve the cell 

chemistry and prevent undesirable accidents. In the following chapters, principles, applied 

electrodes and electrolytes for LIBs are discussed. 

2.3.2 Principles of Lithium-Ion Batteries 

Similar to standard battery system, LIBs are composed of a cathode, an anode, an 

electrolyte and a separator.[20] Figure 2.3 shows a scheme of the discharging process of a 

typical LIB. In this example, the LiCoO2 and graphite were used as cathode and anode 

material, respectively, for the illustration.  

 

Figure 2.3: Illustration of a typical lithium-ion battery (discharge process). 
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During discharge, Li+ ions de-intercalate from the graphite anode and diffuse through the 

electrolyte and intercalate into the cathode. At the same time, the electrons move in the 

opposite direction in the external circuit to generate electricity. During charging, Li + ions 

move in a different direction: de-intercalate from the cathode, move through the electrolyte 

and intercalate into the graphite. The individual reactions are summarized as follows: 

 

2.3.3 Cathode and Anode Materials  

According to Argonne National Laboratory Battery Performance and Cost Model, in a 

typical battery system (including cathode, anode, current collector, separator, etc.), the 

costs for the electrode materials are ca. 44%, of which ca. 30% are for the cathode 

materials and ca. 14% are for the anode materials.[32] The price of the electrodes is almost 

half of the total cell costs, which underlines the dominant impact of the electrode materials 

in the cells. Therefore, it is crucial to understand and discuss the development of electrodes 

in the current LIBs. 

Cathode Materials  

The successful commercialization of LCO-based cathodes did not stop further 

developments and investigations of novel and promising cathodes for LIBs due to some 

limitations of the LCO cathodes. The drawbacks of the commercialized layered LCO 

cathodes, such as the low energy density (up to 274 mAh g-1), degradation over cycling 

and the low availability of cobalt, result in the unsuitability of LIBs for stationary energy 

storage applications and transportation, which lead to an evolution of novel cathode 

materials for LIBs.[33-35] 



Theory and State of the Art 

13 

Several categories of cathode materials have been developed: i) olivine LiMPO4 (M = Fe, 

Co, Ni, Mn, etc); ii) spinel LiM2O4 (M = Ni, Mn, etc., LMO); iii) layered lithiated transition 

metal oxide LiMO2 (M = Ni, Co, Mn, etc.) and iv) layered Li-rich oxides 

xLi2MnO3∙(1−x)LiMO2 (M = Ni, Co, Mn, etc.).[32, 36, 37] Table 2.2 summarizes the most 

typical cathode materials for LIBs. For a clearer observation, the crystal structures of the 

cathodes of each category are illustrated in Figure 2.4a. Since voltage profiles are an 

important parameter to characterize a cathode material, Figure 2.4b shows the voltage 

profiles of typical cathode materials.[18] 

Table 2.2: Summary of typical cathode materials for LIBs and their features.[38] 

Structure; 

category  

Cathodes Approx. working 

potential vs. 

Li/Li+ (V)[38] 

Specific capacity, 

(mAh g−1)[38] 

Layered LiCoO2 (LCO) 3.7 274 

Olivine; i LiFePO4 (LFP) 3.5 140 

Olivine; i LiMnPO4 4.1 170 

Olivine; i LiCoPO4 4.8 167 

Olivine; i LiNiPO4 5.2 170 

Spinel; ii LiMn2O4 4.0 148 

Layered; iii LiMnO2 4.0 285 

Layered; iii LiNi1−x-yCoxMnyO2, 

(NMC) 

4.5 200 
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Figure 2.4: a) Three typical crystal structures of cathodes for LIBs; b) typical discharge 

profiles of some intercalation cathodes.[18, 38] Reproduced with permission from ref.[18]. 

Copyright (2015). Elsevier. 

Olivine LiFePO4 (LFP), one typical cathode material in the LiMPO4 compounds group, 

has been commercialized due to its low cost and excellent cycling performance.  The LFP 

cathodes typically show a long and clear plateau at ca. 3.5 V (vs. Li/Li+) and a specific 

capacity of ca. 140 mAh g−1 (Figure 2.4b). However, due to the extremely low electric 

conductivity of LFP (10-10 ~ 10-5 S cm-1 at room temperature), additional processes are 

necessary in the preparation of LFP, such as the reduction of the particle size and mixing 

with conductive carbon. One of the main desired features of the cathode materials are the 

higher operating potential and, consequently, a higher energy density. In the same category, 

LiMPO4 (M = Co, Ni, Mn) cathodes show higher working potentials (for example, 5.2 V 

vs. Li/Li+ for LiNiPO4) than the LFP-based cathodes (3.5 V vs. Li/Li+), leading to a higher 

theoretical energy density.[38, 39] Nonetheless, the high working voltages, on the other hand, 

reduce their compatibility with established electrolyte systems, resulting in a less stable 

cell system.[40] Take spinel LiMn2O4 as another example, which possesses a working potential 

of around 4.1 V. This material has also been intensively researched for EVs due to low costs, 

earth abundancy, high safety and environmental-friendliness.[41-43] However, LIBs based on 
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these cathodes suffer from severe capacity decay at relatively high temperatures (> 60 °C) due 

to the dissolution of manganese from LiMn2O4 into the liquid electrolyte.[41] Various attempts, 

such as coating with inorganic materials (Al2O3, SiO2) as protective layer on LiMn2O4 have 

been made to avoid a direct contact of the cathode with the electrolyte.[44, 45] However, it is very 

important to control the thickness of the coating in order to balance the protective effect and 

the electrical conductivity.[46] These extra procedures certainly cause some additional efforts 

and costs in the processing routines. 

Due to the toxicity and the high costs of Co metal in LCO, researchers also tried to 

partially/fully substitute Co by more environmental-friendly metals, like Ni and Mn. 

Consequently, the Li-Co-Ni-Mn-O layered transition metal compounds (LiNi1−x-

yCoxMnyO2), so called NMC-type cathodes, have been intensively investigated in the last 

several decades.[47-49] In general, NMC-type cathodes show higher working potentials than 

LFP cathodes, leading to higher specific capacities. At the same time, the voltage profiles 

are sloped instead of the long plateau of LFP cathodes (Figure 2.4b). The different 

stoichiometric compositions of NMC-type cathodes based on Co, Ni and Mn greatly 

influence the properties of the final NMC, such as structural and chemical stability and cell 

capacity. In NMC-type cathodes, Ni shows the features of high specific energy but poor 

stability; whereas Mn can lower the internal resistance but has a low specific energy. 

Researchers are trying to increase the Ni content rather than the Co content to achieve 

higher energy density, better stability and lower costs.[13, 50] 

Anode Materials  

To fulfill the requirements of (hybrid) electrical vehicles (HEVs), a high-performance 

anode material that has high reversible capacity, long cycle life, low cost s and high rate 

capability, is of great importance. Pure lithium metal is known to be the best candidate to 

reach the highest specific capacity in an HEV application due to the absence of any dead 

weight. However, lithium deposits in form of dendrites, which is very likely causing 

internal short circuits, greatly reducing the safety characteristics. As an alternative, carbon 

materials, such as graphite[51], graphene[52, 53], carbon nanotubes[54] and carbon 

nanofibers[55], have then been researched as anode materials to reversibility hold lithium 

ions for LIBs. 
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Graphite is nowadays the most widely applied anode material in commercial LIBs due to 

its low costs, low working voltages and good cycle stability.[51] Nonetheless, the allowance 

of the intercalation of one lithium atom into six carbon atoms (LiC6) limits the capacity of 

graphite (372 mAh g-1). On the other hand, the slow diffusion rate of lithium into carbon 

materials (10-12 ~ 10-6 cm2 s-1) limits the power density.[51] Due to these concerns, 

alternative new-generation anode materials, such as intercalation anodes Li4Ti5O12 (LTO), 

alloy anodes (Si-based oxides), and conversion anodes (metal sulfides, nitrides) that 

possess high capacities and power densities have been intensively investigated in the past 

decades. 

Among all the potential anodes, silicon (Si) is considered the most promising anode to 

replace graphite due to its high gravimetric capacity (4200 mAh g-1, lithiated to Li4.4Si), 

high volumetric capacity (9786 mAh cm-3), acceptable discharge voltage (0.4 V), high 

earth-abundancy and low costs. The major issues regarding Si are its poor intrinsic 

electronic conductivity, the huge volume expansion and the generated stress upon lithiation 

and de-lithiation, which consequently leads to the deterioration of the electrode structure 

and the disconnection between electrode materials and current collectors. The anodes will 

finally collapse and the cell will become irreversible. To overcome these issues, strategies 

including structural modifications (Si nanoparticles, Si nanowire, etc.), compositional 

modifications (with different carbon species, metal oxides etc.) and hierarchical structure 

modifications (core-shell, yolk-shell etc.), have been intensively investigated. [56] 

2.3.4 Electrolyte Systems 

The electrolyte is also one of the most crucial components inside of a battery cell, since it 

serves as a connection between anode and cathode materials, to allow free diffusion of ions 

during charging and discharging of the cell.[57, 58] Important features regarding electrolytes 

to ensure a high performance lithium-ion cell include high stability in a wide 

electrochemical window, a wide temperature usability, high safety characteristics, and the 

same important, appropriate reaction with the electrodes to form a homogeneous and 

efficient solid electrolyte interface (SEI) layer. [57, 58] The research on the electrolyte 

systems starts from a conventional liquid electrolyte soaked by ceramic or polymeric 

separators, which nowadays gradually changes direction to solid-state electrolytes, which 

allow for a higher energy density and also possess better safety characteristics.[59-61] 
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Liquid electrolyte systems 

Conventional liquid electrolytes for current commercialized LIBs are based on LiPF6 

dissolved in a mixture of alkyl carbonates, such as ethylene carbonate (EC), dimethyl 

carbonate (DMC), diethyl carbonate (DEC) and ethyl-methyl carbonate (EMC). The 

chemical structures of the widely used conductive salts, solvents and additives in the 

current state-of-the-art electrolytes for LIBs are summarized in Figure 2.5. Generally, the 

use of EC is considered necessary to ensure the formation of an SEI layer on the negative 

electrode.[57] The conductive salt LiPF6
 outperforms other commercialized lithium 

conductive salts, such as LiClO4, LiBF4, LiSO3CF3 due to better safety characteristics, less 

passivation on the anodes and better conductivity, respectively. Nonetheless, 

commercialized LIBs are still limited in terms of cell performance at elevated temperatures, 

safety characteristics and consequently, stable long-term cycling. The use of various 

additives in the electrolyte is considered an efficient way to overcome these limitations in 

existing LIBs.[62]  

 

Figure 2.5: Chemical structures of the used electrolyte systems: conductive salts, solvents 

and selected additives in current LIBs.[62] 

One of the major issues in LIBs, especially in HEV applications, are safety concerns, 

because the applied solvents, as introduced above (such as DEC, DMC, EC), are volatile 
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and flammable organic solvents, which greatly reduce the safety characteristics of the 

entire battery systems.[57] 

Many attempts to suppress the flammability of the electrolytes have been made by adding 

various additives, such as phosphate-based flame-retardant additives, including trimethyl 

phosphate (TMP), triethyl phosphate (TEP), ionic liquids (ILs) and fluorinated solvents.[58, 

63] It was found that the flame-retardancy can be improved by using the above-mentioned 

phosphate-based flame retardants, however, on the expense of the reductive stability of the 

graphite anode.[64] Further attempts, including the synthesis of a series of partially 

fluorinated alkyl phosphates, such as tris(2,2,2-trifluoroethyl) phosphate, can not only 

improve the flame-retardancy, but also increase the reductive stability on the anode side. [65-

67] In addition, strategies, such as increasing the alkyl chain length[68], generating cyclic 

phosphate[69] or partially replacing the alkyl group with the aryl(phenyl) group [68, 70], are 

successful with regards to an improved flame retardancy and anode stability. Another 

method to improve the safety characteristic of a cell is replacing conventional flammable 

liquid electrolytes by solid-state electrolytes, which are discussed below. 

Solid-state electrolyte systems 

Nowadays, the application of a solid-state electrolyte (SSE) into a LIB is considered to 

lead to the most promising next generation batteries.[59] The use of a solid electrolyte is 

expected to significantly improve energy density, electrode stability and safety of a cell 

system.[63] With the application of a SSE, a bipolar stacking, with the anode of one cell and 

the cathode of the next cell using the same current collector, can be achieved. This will 

significantly improve the quantity of energy stored per mass/volume in an electrical device, 

i.e. energy density. 

SSEs are generally composed of either a polymer electrolyte or an inorganic solid 

electrolyte (ISE).[59, 71, 72] Polymer electrolytes can then be sub-categorized into solid 

polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs). [72] It needs to be 

mentioned that a small amount of organic liquid is immobilized inside the polymer network 

in GPEs, hence safety issues cannot be fundamentally solved by GPEs due to the existence 

of the remaining solvent inside of LIBs.[73] Therefore, in a strict categorization method, the 

all-solid-state electrolytes only include ISEs and SPEs. 
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To date, two major groups of ISEs exist: oxide-based electrolytes (ɣ-Li3PO4 type oxysalts, 

LiTi2(PO4)3, etc.) and sulfide-based electrolytes (sulfide oxide: 0.6Li2S-0.4SiS2, 

Li10GeP2S12, etc.).[71, 74] Actually, back to 1994, Panasonic (called as Matsushita Battery 

Industrial Co. Ltd. before) first filed a patent on the applicability of sulfide-based all solid 

state batteries (ASSBs).[75] One of the examples in this patent is an ISE based on Li2S and 

SiS2, with a doping by lithium orthosilicate (Li4SiO4). After tuning the composition, the 

ionic conductivity of the 0.15Li4SiO4-0.5Li2S-0.35SiS2 reached 10-3 S cm-1 at room 

temperature.[75] 

Apart from a better safety and higher energy density, ISEs also allow the operation of 

batteries at low or high temperatures; for example, from -50 to 200 °C, where traditional 

liquid electrolytes already freeze or decompose.[71, 74] Although ISEs have been widely 

researched, they are still not commercialized due to several remaining challenges. [76, 77] 

The low ionic conductivity of ISEs at room temperature is considered one of the most 

critical issues. The ionic conductivity of ISEs is in general lower than the use of organic 

liquid electrolytes.[78] Another limitation is the possible dendrite growth of lithium into the 

ISEs, leading to internal short circuits.[76, 79] Porz et al. [76] tested four types of ISEs 

(amorphous 70/30 mol% Li2S-P2S5, polycrystalline β-Li3PS4, polycrystalline and single-

crystalline Li6La3ZrTaO12 garnet) by galvanostatic electrodeposition together with in-situ 

microscopies. They found that the plating of lithium will penetrate into the cracks on the 

current collector if the applied current density is above a critical value, which consequently 

lead to the short circuit.[76] Another challenge is the formation of a resistive layer on the 

interface between ISE and electrodes, caused by the major differences of the interfacial 

composition and the structure between electrolytes and electrodes.[71] Last but not least, 

the physical contact between the ISEs and the electrodes is poor, especially when the 

volume change of the electrodes happens, which highly influences the ionic diffusion. [71, 

77, 80]  

In contrast, SPEs possess advantages over ISEs in the aspects of better flexibility, easier 

processability, better compatibility and contact between electrodes and electrolytes.[73, 81, 

82] The SPEs are usually prepared by mixing a polymer solution and conductive salt 

solution, followed by the removal of the organic liquid solvent.[73, 83] To date, SPEs have 

been developed based on several polymeric matrixes, such as poly(ethylene oxide) (PEO), 

polycarbonate and polysiloxane.[73] An ideal SPE should possess a low glass transition 
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temperature (Tg), to ensure the rubbery state of the polymer matrix at room temperature, 

and a similar ion conductivity as the liquid electrolytes. The most conventional PEO-LiX 

system shows a low ionic conductivity at room temperature (~10 -7 S cm-1). Meyer et al. [60] 

pointed out that the mobility of Li cations highly depends on the segmental motions of 

PEO. These segmental motions are believed to be significantly reduced with a decreasing 

temperature or an increasing crystallinity. On the other hand, the continuous movements 

of the amorphous chain segments above Tg
 is vital for the ion transport. Hence, increasing 

the amorphous region in PEO is considered important. Several strategies have been 

investigated, such as developing single-ion solid polymer electrolytes, copolymerization 

and crosslinking, to optimize the structure of the PEO polymer matrix. Polysiloxane has 

been well investigated due to the low Tg (such as, poly(dimethyl) siloxane: -123 °C), high 

conductivity (~10-4 – 10-5 S cm-1) high flexibility, high chemical stability and high free 

volumes. The research on this polymer focuses on the improvement of the mechanical 

strength by crosslinking.[73] 

Further on, the addition of inorganic fillers to SPEs, resulting in composite polymer 

electrolytes (CPEs), has been considered as a comprehensive strategy to improve the 

overall properties of the solid electrolytes.[73] The added fillers can be categorized into two 

groups: active and passive fillers, categorized by their ionic conductivities. Active fillers 

are in general the ISEs, such as NSICON (sodium super ionic conductor) and LISICON 

(lithium super ionic conductor). Passive fillers include oxide ceramics, such as Al2O3, TiO2 

etc., and natural clays.[59] The incorporation of nanofillers is expected to improve the 

electrochemical properties, mainly ionic conductivity, and also the mechanical strength of 

the solid electrolyte. For example, Wieczorek et al.[84] discovered that the addition of 

alumina powders (Al2O3) into PEO-based SPE can increase the ionic conductivity by at 

least one order of magnitude. However, up to now, the developed CPEs still show 

insufficient ionic conductivity (~10-4 S cm-1) with respect to the requirements for any 

practical applications (> 10-4 S cm-1). The interactions between the SPEs and the inorganic 

fillers also need to be further understood.[59] 
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2.4 Lithium-Sulfur Batteries 

Beyond the horizons of LIBs, the exploration of new materials for an increased energy  

density of a cell never stops. For example, sulfur-based cathode materials have been 

intensively investigated in the last three decades due to their potential high theoretical 

capacity compared to conventional cathodes for LIBs.[59, 85, 86] Assuming full discharge 

cases, an elemental sulfur based-cathode is expected to deliver a specific discharge 

capacity of 1675 mAh g-1and an energy density of 2600 Wh kg-1, which is 3-5 times higher 

than the current state-of-the-art LIBs.[14, 85, 87] On the other hand, sulfur is non-toxic and 

earth-abundant. These attractive features have encouraged intensive investigations of 

rechargeable lithium-sulfur (Li-S) batteries, including the development of novel sulfur 

cathodes, efficient electrolyte systems and also novel cell designs.[14] Li-S batteries are 

also believed to be one of the most promising next-generation high-energy density batteries. 

Research on Li-S batteries over the decades resulted in significant progress in this 

technology. A deeper understanding of the Li-S chemistry and the fundamental 

mechanisms has also been achieved through several in-situ characterization methods.[14, 85, 

87] However, some tremendous challenges due to the nature of the sulfur materials slow 

down their further practical applications.[88-93] For example, the reduction of the sulfur-

based cathodes into the final discharge product, lithium sulfide (Li2S), is accompanied by 

a ca. 80% volume change, which results in cracks in the electrodes.[14] Another well-known 

challenge is the “polysulfide-shuttle”, especially in elemental sulfur-based cathodes.[90, 94] 

The formed sulfur intermediates tend to dissolve in electrolytes and gradually migrate to 

the anode side, leading to a loss of active material and the corrosion of the anode. 

Consequently, the “polysulfide shuttle” results in a capacity decay and reduced cycle life. 

Further on, sulfur is an insulator, which indicates that a certain amount of conductive 

material, such as carbon black, needs to be incorporated into the cathode. This will on the 

other hand reduce the loading of the active materials.[14, 85, 87, 95] 

In this section, the basic electrochemical principles of Li-S cells and state-of-the-art 

cathode materials will be detailed discussed. In addition, a brief introduction of the 

nowadays applied electrolyte systems is given. 
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2.4.1 Principles of Lithium-Sulfur Batteries 

A Li-S cell, an electrochemical energy storage system, is composed of a sulfur-based 

cathode, a lithium anode and an electrolyte soaked in a separator, as is illustrated in Figure 

2.6.[14, 85, 87, 95] In the case of all-solid-state Li-S batteries, the separator can be omitted, i.e. 

replaced solely by a solid electrolyte. 

 

Figure 2.6: Schematic illustration of a lithium-sulfur cell based on elemental sulfur. 

In a Li-S battery, the electrical energy is stored inside the sulfur cathode. Since sulfur is 

typically in the charged state, the operation of the cell begins with the discharge process. [14] 

Upon discharging, the lithium anode is oxidized to produce lithium ions and electrons 

(Equation 2.5). The lithium ions migrate through the electrolyte to the cathode; wherea s 

the electrons move through the external electrical circuit to generate electricity. At the 

same time, the sulfur cathode is reduced. It accepts the electrons and the lithium ions, to 

form Li2S as the final product (Equation 2.6). The overall reaction during discharge is 

shown in Equation 2.7. The charge process is accompanied by the reversed reaction.[14] 

Reaction on the anode side during discharge (oxidation): 

2𝐿𝑖 → 2𝐿𝑖+ + 2 𝑒−                                            (2.5) 

Reaction on the cathode side during discharge (reduction):  

𝑆8 + 16𝐿𝑖+ + 16 𝑒− → 8 𝐿𝑖2𝑆                                     (2.6) 

Overall reaction: 
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𝑆8 + 16𝐿𝑖 → 8𝐿𝑖2𝑆                                               (2.7) 

During the entire discharge process, several sulfur species are stepwise formed, although 

the final reduction product is Li2S. Using an elemental sulfur-based cathode, the stepwise 

reduction reactions are listed from Equation 2.8 to Equation 2.12. The discharge process 

starts from the ring-opening of cyclo-S8, resulting in the formation of a series of long-chain 

polysulfides, S8
2-, S6

2- and S4
2-, which are generally considered to be soluble in the 

electrolyte. At the final steps of the reduction, the short-chain polysulfides, Li2S2 and Li2S, 

which are insoluble in the electrolyte, are formed.[14, 95, 96] Upon charging, the entire 

reactions reverse back. 

𝑆8 + 2 𝑒− →  𝑆8
2−                                              (2.8) 

3 𝑆8
2− + 2 𝑒− →  4 𝑆6

2−                                          (2.9) 

2 𝑆6
2− + 2 𝑒− →  3 𝑆4

2−                                        (2.10) 

𝑆4
2− + 2 𝑒− + 4 𝐿𝑖+  →  2 𝐿𝑖2𝑆2                                 (2.11) 

𝐿𝑖2𝑆2 + 2 𝑒− + 2 𝐿𝑖+  →  2 𝐿𝑖2𝑆                                 (2.12) 

Cell voltage is an important parameter to monitor the stages of the redox processes.  Figure 

2.7 shows a typical voltage profile of the discharge and charge processes of a Li -S cell. 

 

Figure 2.7: Typical voltage profile of a Li-S8 battery in an ether-based liquid electrolyte 

during discharge and charge processes.[97] Reprinted with permission from Ref.[97]. 

Copyright 2012 Macmillan Publishers Ltd. 
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During the discharge process, after an initial sharp voltage drop, two distinct voltage 

plateaus at ca. 2.3 V and ca. 2.1 V can be detected. These two plateaus correspond to the 

reduction of S8 to Li2S4, and the reduction of Li2S4 to short-order lithium sulfides (Li2S), 

respectively. In the following recharge process, in an ideal case, the formed lithium sulfides 

stepwise re-oxidize back to the S8, thereby generating a reversible cycle.[14, 95, 96, 98] 

2.4.2 Electrolyte Systems 

The main challenge in the development of electrolytes for Li-S batteries is that the formed 

lithium polysulfides tend to react with common electrolyte solvents, such as esters and 

phosphates.[85, 99] Therefore, the selection of the solvents for Li-S batteries is limited to 

ether-based and carbonate-based electrolytes, such as 1,2-dimethoxyethane (DME), 1,2-

dioxolane (DOL), EC, DEC, etc.[85, 100] 

A typical ether-based electrolyte for Li-S batteries is composed of 1 M lithium bis-

trifluoromethanesulfonimide (LiTFSI) in DME/DOL, with LiNO3 as an additive.[101, 102] 

The main advantages of ether-based electrolytes are their high stability towards polysulfide 

species, low viscosity and good contact between electrolytes and electrodes.[85, 99, 103] The 

combination of DME and DOL, as a binary solvent, is considered to have synergistic 

effects that improve the cell performance. On the one hand, DOL is able to assist the 

formation of a stable SEI layer on the Li metal anode, for a better protection from the 

corrosive polysulfides.[104] On the other hand, DME has a high solubility for polysulfides, 

which improves the reaction kinetics at the cathodes.[104] Ether-based solvents are not 

limited to DME and DOL, other types of the ether solvents, such as tetraethylene glycol 

dimethyl ether (tetraglyme), diethylene glycol dimethyl ether (diglyme), tetrahydrofuran 

(THF), have also been investigated, with respect to their viscosities, polysulfides solubility, 

SEI layer formation, etc.[105]  

A small amount of additives is usually added to the electrolyte to protect the lithium anode. 

LiNO3 is one of the most common additives for ether-based electrolytes. Aurbach et al.[106] 

investigated the functions of LiNO3. It was found that a surface film, which is composed 

of LixNOy, is formed on the lithium anode, which protects the lithium anode from further 

corrosion by the polysulfides. Nonetheless, it has also been reported that the lower voltage 
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window cannot exceed 1.6 V in a LiNO3-containing electrolyte, due to decomposition 

issues of LiNO3.
[107] 

Carbonate-based electrolytes have initially been considered unsuitable for Li-S batteries, 

due to the side reactions between polysulfide anions and carbonates.[102] The irreversible 

degradation of carbonates in the first cycle and the loss of sulfur result in a sharp capacity 

decay.[100] However, Xin et al [108] have successfully addressed this issue by controlling the 

chain lengths of sulfur molecules to S2-4, and at the same time, by confining S2-4 in a 

conductive microporous carbon matrix. With this invention, Li-S cells were successfully 

cycled for 200 cycles with > 1000 mAh gs
-1 in a carbonate-based electrolyte (1 M LiPF6 in 

EC/DMC (1/1 wt%)).[108]  

It has also been found that cathodes with sulfur covalently bound to polymeric composites 

are compatible with carbonate-based electrolytes.[109-114] One typical example is sulfur 

poly(acrylonitrile) composite (SPAN), in which the sulfur chain length is <8. During 

reduction, the Li-SPAN cells undergo a solid-to-solid single-phase reaction. The formed 

lithium (poly)sulfides (Li2S2 and Li2S) are insoluble in carbonate-based electrolytes; hence 

they do not react with them. Consequently, these cathodes are compatible with carbonate 

electrolytes.[109-114] Due to the attractive characteristics of SPAN, the corresponding 

structures and properties will be discussed in detail in Chapter 2.4.3. One limiting factor 

of either S2-4 confined in microporous carbon or sulfur covalently bound to polymer matrix 

is the limited sulfur loading in the active material. Nevertheless, these materials are 

considered as one of the benchmarks in Li-S batteries, which not only widen the 

compatibility of commercialized carbonate-based electrolytes, but also significantly 

improve cell performance. 

Despite the dominated usage of organic liquid electrolytes in Li-S batteries, research on 

alternatives, such as solid-state electrolytes, is considered necessary for solving remaining 

issues, including polysulfide shuttle.[115, 116] Actually, the concepts for solid-state 

electrolytes for Li-S batteries are similar to those for LIBs. For example, in the field of 

polymer-based solid electrolytes, despite the intrinsic low conductivity, PEO-based 

electrolytes are intensively investigated. Various inorganic fillers have also been 

incorporated to improve the overall properties of the electrolytes. 
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2.4.3 Cathode Materials 

In a Li-S cell, the development of cathode materials is challenging, but important , since 

the efficiency of a cathode material directly influences the performance of the cell. A Li-S 

cell is generally considered performing well when the following three aspects are fulfilled 

at the same time:  

i) the loading of the active cathode material is > 70 wt%;  

ii) the specific capacity is > 1200 mAh gs
-1;  

iii) the capacity loss is < 10% over 100 cycles.[96] 

A series of cathode materials have been developed and characterized, which can be 

generally categorized into two groups, sulfur-carbon composite cathodes and sulfur-

polymer hybrid cathodes.[96, 98, 117-119] Research on sulfur-carbon composites has gained 

substantial attention since the breakthrough in highly ordered nanostructured carbon-sulfur 

cathodes, reported by Ji et al in 2009.[120] Generally, the carbon matrix, which serves as a 

repository for sulfur, should possess high electrical conductivity, sufficient accessibility 

for the electrolyte to the active material, electrochemical affinity for sulfur and high 

stability to allow for volume changes during cycling.[96] Figure 2.8 summarizes a series of 

hierarchical designs of various carbon matrixes: microporous carbon[121], porous carbon 

nanofibers[122], spherical ordered mesoporous carbon nanoparticles[96], porous hollow 

carbon[96], graphene oxide sheets[123] and hollow carbon nanofibers[124]. 

 

Figure 2.8: Hierarchical designs of sulfur-carbon composites: a) microporous carbon; b) 

spherical ordered mesoporous carbon nanoparticles; c) porous hollow carbon; d) graphene 

oxide sheets; e) porous carbon nanofibers; f) hollow carbon nanofibers to encapsulate the 

sulfur.[96] Reprinted with permission from Ref.[96]. Copyright 2012 American Chemical 

Society. 
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The basic concept behind these materials is that elemental sulfur physically embeds inside 

the porous carbon-based composites with various pore sizes. Substantial progress has been 

achieved in the development of these cathode materials; however, they still cannot fulfill 

all requirements of a high-performance Li-S cell at the same time. 

Another attractive concept regarding cathode materials are binder-free composite 

electrodes, since it excludes the use of the toxic solvents such as N-methyl-2-pyrrolidone 

(NMP) during the preparation of the cathodes. At the same time, the cathode conductivity 

and the loading of active materials can be increased.[125, 126] Aurbach et al.[125] have 

developed a method to produce a binder-free composite, named as “sulfur @ activated 

carbon cloth” (“ACC/S”), in 2011 (Figure 2.9a). They employed commercially available 

activated carbon cloth as carbon matrix and impregnated elemental sulfur into the carbon 

matrix at elevated temperature (155 °C) and reduced pressure, resulting in a cathode with 

sulfur loading of up to 6.5 mg cm-2.[125] In addition, the deposition of elemental sulfur onto 

multiwall carbon nanotubes (MWCNTs), followed by a vacuum filtration, also leads to a 

free-standing binder-free cathode (Figure 2.9b).[127, 128]  

 

Figure 2.9: Two types of binder-free cathodes: a) sulfur impregnated carbon fiber cloth; 

b) self-weaving sulfur-CNT composites.[96] Reprinted with permission from Ref.[96]. 

Copyright 2012 American Chemical Society. 

Apart from the sulfur-carbon composites, an alternative sulfur cathode can be achieved by 

covalently binding sulfur to a conductive carbon matrix, such as poly(acrylonitrile) [110, 112-

114, 129-132], polyethylene glycol[133], polypyrrole[134], polyaniline[135] etc. These sulfurized 
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polymers are generally prepared by a vulcanization process, leading to a carbon matrix 

with covalently bound sulfur.[136] 

Among these reported sulfurized polymers, the sulfur poly(acrylonitrile) composite (SPAN) 

is considered a promising cathode material for Li-S batteries due to its superior cycle 

stability and higher specific capacity when comparing with other reported cathode 

materials.[136, 137] Research on SPAN as cathode material for battery applications was 

started by Wang et al.[110], which opened a new avenue for the research on this material. 

SPAN can be synthesized by the dehydrogenation of poly(acrylonitrile) (PAN), followed 

by cyclization through a vulcanization process, with the generation of H2S as the side 

product.[136] Buchmeiser et al. [112-114, 129] identified the predominant structural features, 

shown in Scheme 1, where sulfur is covalently bound to the PAN polymer backbone, with 

short sulfur chains in the structure.  

 

Scheme 1: Proposed chemical structure of the sulfur poly(acrylonitrile) (SPAN) composite 

(x<6).[112-114, 129] 

Using SPAN as cathode material and a commercially available electrolyte, 1 M LiPF6 in 

EC:DEC (1:1, v:v), Li-S cells delivered ca. 1200 and ca. 600 mAh gs
-1 at C/4 and 4 C, 

respectively, in a rate capability test, as reported by Buchmeiser et al.[138] The reasons 

behind the outstanding cycle stability of Li-S batteries are of great interest.[139, 140] It is 

worldwide commonly accepted that no long-chain polysulfides form during the discharge 

process.[112-114, 129] Therefore, the whole discharge mechanism is based on the “solid-solid 

redox mechanism”, which entails a direct reduction of sulfur in SPAN to the final reduction 

products, lithium sulfides.[109, 141] Actually, this mechanism is in accordance with the 

unique voltage profile of SPAN-based cathode materials, in which only one sloped region 
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instead of two distinct plateaus can be detected.[141] These explanations might be able to 

explain the successful suppression of the polysulfide shuttle.  

However, some issues still remain unclear. For example, a much better cell performance 

has been observed in carbonate-based than in ether-based electrolytes. The reasons behind 

this phenomenon are still unclear due to the complex system. Also, the exact reaction 

mechanisms and the chemical structures are still subject of debate. At the same time, the 

low sulfur loading in SPAN is certainly a limitation for the future applications of this 

material, which requires the development of new materials with covalently bound sulfur 

but higher sulfur loadings. 
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2.5 Magnesium-Sulfur Batteries 

Research on LIBs and Li-S batteries has definitely made significant progress during the 

past decades; nonetheless, lithium-based batteries still show safety issues due to the 

intrinsic chemical nature of lithium, such as the uncontrolled electrochemical deposition 

of lithium in a dendritic manner, which bears the potential to pierce the separators, causing 

short microcircuits.[88-90] On the other hand, the formed lithium dendrites can detach from 

the lithium anodes, resulting in a de-lithiation and the formation of ‘dead’ lithium; which 

consequently leads to the ‘death’ of the cells.[90-93] 

As an alternative to lithium batteries, rechargeable magnesium batteries have gained 

increasing attention.[142] Apart from the application of the intercalation cathodes in 

magnesium batteries, similar to Li-S batteries, sulfur cathodes have also been considered 

compatible with magnesium anodes. The first magnesium-sulfur (Mg-S) battery was 

reported by a research group from Toyota Motor in 2011.[89] In this report, although the 

Mg-S cell was only successfully cycled for three cycles, it showed the possibility to couple 

a Mg anode with a sulfur cathode.[89] At the same time, the advantages of a Mg anode 

together with a sulfur cathode have attracted increasing attention, leading to the 

acceleration of the research in this field over the last ten years.[143]  

The advantages of Mg-S batteries can be summarized as follows. First, magnesium usually 

plates in a non-dendritic manner, which hints towards better safety characteristics of Mg 

anodes compared to lithium or sodium anodes.[144-146] Second, although Mg shows a higher 

reduction potential (-2.37 V vs. standard hydrogen electrode, SHE) than Li (-3.04 V vs. 

SHE), the divalent Mg2+ cation allows for the transfer of two electrons per Mg atom, which 

leads to a high theoretical specific capacity (2205 mAh g-1).[147] At the same time, Mg-S 

batteries possess a higher theoretical volumetric capacity than Li-S batteries (3832 vs. 

2062 mAh.cm-3).[144, 148] Last but not least, magnesium, the fifth-most abundant metal on 

earth, has substantial cost advantages over lithium.[149] Actually, in Li-S batteries, the cost 

advantages of the sulfur cathode have been compromised by the limited and expensive Li 

metal (ca. 250 dollar/kg). In comparison, both electrodes in Mg-S batteries are earth-

abundant and low-cost, with Mg metal only ca. 2.5 dollar/kg.[146] In view of these merits, 

Mg-S batteries are an attractive alternative to LIBs or Li-S batteries.[88, 150-153] 
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Despite these attractive advantages, substantial limitations or challenges have slowed down 

the development of Mg-S batteries. Apart from the common “polysulfide shuttle” issues 

remaining in the batteries with a sulfur-based cathode, additional problems emerged 

regarding the Mg anode and the electrolyte systems compared to Li batteries. These include 

a high overpotential during Mg plating/stripping, severe overcharge over cycling, a lack of 

compatible electrolyte systems and low sulfur utilization of the cathode. These all lead to 

poor electrochemical behavior and hinder future developments.[144, 152, 154, 155] Also, these 

encountered obstacles deviate largely from those in Li-S batteries. Therefore, the 

development in Mg-S batteries is considered more challenging. 

Substantial efforts have been made to understand the chemistry behind this type of battery 

and to improve the overall cell performance over the last decade.[143, 154-156] Since there are 

no commercial electrolytes available for Mg-batteries, the development of efficient 

electrolyte systems that are compatible with Mg anodes and also sulfur-based cathodes is 

of great importance. The research community has also developed a strong preference for 

investigating novel electrolyte systems, such as various magnesium salts, additives etc.[143, 

154-158] At the same time, the modification of the separator, the development of novel 

cathodes and anodes, new binder systems for cathodes, as well as the investigation of the 

artificial SEI layer, have been reported.[158-162] 

In this chapter, the working mechanism of Mg-S batteries and the state-of-the-art 

electrolyte development will be discussed in detail. In addition, a brief introduction of the 

cathode, anode and separator design will be given. 

2.5.1 Principle of Magnesium-Sulfur Batteries 

A typical Mg-S half-cell is composed of a sulfur-based cathode, a magnesium metal anode 

and an organic electrolyte soaked in separators, as is illustrated in Figure 2.10.[143, 163, 164] 

Similar to Li-S batteries, the majority of the energy is stored in the sulfur-based cathodes, 

so the entire electrochemical mechanism of Mg-S cells is based on the redox reactions of 

sulfur.  
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Figure 2.10: Schematic illustration of a magnesium-sulfur cell using elemental sulfur-

based cathodes. 

During the discharge process, the Mg anode is oxidized to Mg2+, yielding two electrons 

(Equation 2.13). Upon the migration of Mg2+ to the sulfur cathode, these electrons also 

transfer from the Mg anode to the sulfur cathode using an external electrical circuit. This 

process is accompanied by the reduction of the sulfur cathodes and the formation of 

magnesium sulfides as the final reduction products (Equation 2.14). The overall reaction 

is shown in Equation 2.15. 

Reaction on the anode side during discharge (oxidation): 

𝑀𝑔 → 𝑀𝑔2+ + 2 𝑒−                                            (2.13) 

Reaction on the cathode side during discharge (reduction):  

𝑆8 + 8 𝑀𝑔2+ + 16 𝑒− → 8 𝑀𝑔𝑆                                  (2.14) 

Overall reaction: 

𝑆8 + 8 𝑀𝑔 → 8 𝑀𝑔𝑆                                               (2.15) 

Similar to Li-S batteries, in the discharging process, S8 also stepwise converts to long-

chain polysulfides, then short-chain polysulfides and finally magnesium sulfide. In the 

following charging process, the formed magnesium sulfides ideally successively reverse 

back to the original S8.  
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In detail, the whole discharge process can be divided into three steps, as proposed by Zhao-

Karger et al. [144] Figure 2.11a shows the proposed typical discharging voltage profile of 

a Mg-S8 cell using a magnesium conductive salt (magnesium 

tetrakis(hexafluoroisopropyloxy) borate, Mg[B(hfip)4]2) dissolved in a mixture of diglyme 

and tetraglyme. 

 

Figure 2.11: a) A typical voltage profile of a Mg-S cell based on S8 during discharge.[144] 

Reproduced with permission from ref.[144]. Copyright (2015). WILEY-VCH Verlag GmbH 

& Co. KGaA, Weinheim; b) Voltage profile of a Mg-S cell based on S8 during 

discharge.[165] Reproduced with permission from ref.[165]. Copyright (2019). American 

Chemical Society. 

According to Figure 2.11a, the whole voltage profile is composed of two distinct voltage 

plateaus, which correspond to the two major reduction steps. The first step entails a solid-

to-liquid two-phase reduction; i.e. the elemental sulfur in the cathode transforms to MgS8 

and MgS6, which can be dissolved in the electrolyte. The formed MgS8 and MgS6 

subsequently convert to the low-order polysulfide, MgS4. After the first step of the 

reduction of S8, the voltage profile reaches the first voltage plateau at ca. 1.5 V. The 

reaction in the first step is shown in Equation 2.16.[144]  

𝑆8 + 4 𝑒− + 2 𝑀𝑔2+ → 2 𝑀𝑔𝑆4                                (2.16) 

In the second step, a liquid-to-solid two-phase reduction happens; i.e. the reduction from 

MgS4 (soluble in electrolyte) to MgS2
 (insoluble in electrolyte). The second reduction step 

corresponds to the second voltage plateau at ca. 1 V in Figure 2.11a. The reaction is 

described in Equation 2.17.[144]  

2 𝑀𝑔𝑆4 + 4 𝑒− + 2 𝑀𝑔2+ → 4 𝑀𝑔𝑆2                          (2.17) 



Theory and State of the Art 

34 

The final step is the further reduction from MgS2 to MgS, which is shown in Equation 

2.18.[144] 

2 𝑀𝑔𝑆2 + 4 𝑒− + 2 𝑀𝑔2+ → 4 𝑀𝑔𝑆                                   (2.18) 

However, there are some debates about the discharge mechanism of Mg-S8 systems. For 

instance, Xu et al.[165] pointed out a different reduction routine, shown in Figure 2.11b. 

They have proposed the formation of different magnesium polysulfide species via in-situ 

X-ray absorption spectroscopy (XAS) based on a Mg-S8 cell using a Mg(HMDS)2-AlCl3 

electrolyte. Similar to the reduction routine proposed by Zhao-Karger et al [144], in the 

initial cycle, the initial voltage plateau appears at ca. 1.5 V, which is accompanied by the 

formation of MgS8 and MgS4, resulting in a ca. 1080 mAh.gs
-1 discharge capacity. 

However, according to their observation, there are only two sloped regions, instead of 

distinguishable plateaus in the following discharging process. In detail, the sharp slope 

from 1.5 to 1.0 V and the long slope region from 1.0 to 0.3 V correspond to the formation 

of Mg3S8 and MgS, respectively. Interestingly, from the second cycle on, even the voltage 

plateau at ca. 1.5 V vanishes, which at the same time is accompanied by the drop of 

discharge capacity to only 400 and 200  mAh.gs
-1 in the second and third cycle, respectively. 

Xu et al.[165] have also investigated the reasons for the severe capacity decay. It has been 

reported that the severe capacity decay in the initial two cycles in the Mg-S system is not 

due to the shuttle effect of the polysulfides.[129, 166] Instead, they proposed that the main 

reason is an irreversible charging reaction; specifically, the irreversible formation of Mg3S8. 

The electrochemically inert MgS species are hard to be re-oxidized to Mg3S8; consequently, 

the discharge capacity from the second cycle on solely originates from the redox reactions 

between low-order magnesium polysulfides: Mg3S8 and MgS. The missing redox processes 

of the transformation between short-order polysulfides and long-chain polysulfides cause 

the sharp capacity decay in the initial two cycles. [165] 

2.5.2 Comparison of Mg-S and Li-S Systems 

The diagonal relationship between Mg and Li metal in the periodic table results in some 

similarities of the chemical properties, such as the formation of monoxides during 

combustion. However, when applied as metal anodes in the sulfur batteries, despite some 

superficial similarities between Mg-S and Li-S batteries such as the successive formation 
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of various polysulfides upon charging/discharging, the distinct differences between these 

two metals lead to the totally different cell chemistry and also different challenges.[164, 167] 

In order to get a better overview and understanding of the two systems, a comparison 

between Mg-S and Li-S systems is provided in this chapter before the further discussion 

of the electrodes and electrolyte systems in Mg-S batteries. Table 2.3 summarizes the 

major differences between Mg-S batteries and Li-S batteries, regarding their theoretical 

properties, metal anodes and the formed polysulfides.  

Table 2.3: Major differences between Mg-S and Li-S battery systems. 

 Li-S Mg-S 

Theoretical energy density[146] 2654 Wh kg-1 

2856 Wh L-1 

1684 Wh kg-1 

3221 Wh L-1 

Standard reduction potential 

(metal)[146] 

-3.04 V (vs. SHE) -2.36 V (vs. SHE) 

Thermodynamic stability 

(metal) against liquid 

electrolyte[146] 

Low  

(SEI formation, electrolyte 

decomposition) 

High  

(only initial reaction with 

impurities) 

Deposit morphology[146] Dendrite-like,  

needle-like 

Homogeneous,  

dendrite-free 

Polysulfides species (in ether-

based electrolytes)[146] 

Li2S8, Li2S4, Li2S2, Li2S MgS8, MgS2, MgS 

Solubility of polysulfides[154] High Low 

Utilization of sulfur[168] High Low 

One major difference is the different standard reduction potentials. The less negative 

standard reduction potential of magnesium metal leads to the high thermodynamic stability 

against liquid organic electrolytes. Therefore, in Li-S cells, a Li+-conductive solid 

electrolyte interphase (SEI) layer, which is formed by the decomposition of the electrolyte, 

is usually formed on the surface of the lithium metal to protect the lithium anode from 

further corrosion. This protective SEI layer is helpful to improve the cycle life. [146] In 

contrast, in the case of Mg-S cells, due to the high stability of the magnesium metal against 

the electrolyte, a homogeneous SEI layer to protect the Mg anode is hard to form. Instead, 

a “conditioning process” has been observed in Mg batteries, as reported in several 

publications.[146, 169-171] During the “conditioning process”, some irreversible capacities 
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and low Coulombic efficiency can be observed during the initial cycling of the cells. This 

is caused by the initial reaction between electrolyte/magnesium with the impurities, such 

as water.[146, 169-171]  

Also, the lower theoretical cell voltage of Mg-S cells (ca. 1.77 V) compared to Li-S cells 

(ca. 2.24 V) leads to lower voltage plateaus during discharge, which consequently lowers 

the gravimetric energy density of Mg-S systems (1684 Wh kg-1) compared to Li-S cells 

(2654 Wh kg-1).[164, 167]  

Another major difference which leads to the different cell performances, is related to the 

formed polysulfides. Since carbonate-based solvents are generally considered 

incompatible with the magnesium metal anode, only ether-based solvents such as THF, 

DME etc. are discussed here. In ether-based lithium electrolytes, the reduction of S8 

successively proceeds through Li2S4 and Li2S2 species via the disproportionation of Li2S8. 

Therefore, in the majority of reported Li-S batteries, two distinct voltage plateaus are 

described.[100, 172] However, a tendency for a direct reduction of S8 to MgS2 species has 

been reported for certain Mg2+-based electrolytes.
[146] This corresponds to one distinct 

plateau in Mg-S cells, which is also accompanied by a fast decrease of the cell voltage 

until the lower voltage limit is reached.[148, 156, 173]  

Further on, Mg2+ cations show a strong electrostatic interaction with polysulfides. 

Consequently, the solubility of magnesium polysulfides in ether-based electrolytes is much 

lower than the one of lithium polysulfides. For example, the solubility of MgS8 in 

tetraglyme is < 100 mM. In contrast, the solubility of Li2S8 in the same solvent is 6 M.[100, 

172] The huge solubility difference results in different conversion rates and reversibility, 

and consequently, cell performance.[154] 

Figure 2.12 provides a comparison between these two systems, with regards to the number 

of publications, sulfur utilization, cycle life, current rate, deposition morphology etc.[146] 

It is clear that research on Mg-S batteries is still at an early stage compared to the intensive 

research on Li-S batteries. As shown in Figure 2.12, the number of publications, the sulfur 

utilization, cycle life, current rate and the efficiency of Mg-S systems are still far behind 

the one of Li-S systems.  
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Figure 2.12: Comparison between Li-S batteries (LSB, blue) and Mg-S batteries (MSB, 

red) in the aspect of anode reversibility, number of publications, sulfur utilization, cycle 

life, current rate, electrolyte-to-sulfur (E:S) ratio, voltage efficiency and deposition 

morphology.[146] Reproduced with permission from ref.[146]. Copyright (2021). Springer 

Nature. 

Compared to Li-S systems, the major obstacle in Mg-S systems is the lack of suitable 

electrolyte systems, which must be compatible with the electrophilic sulfur cathodes and 

allow for a reversible Mg plating/stripping. Most of the commercial available magnesium 

salts cannot meet these requirements; hence, extensive efforts have been put to the 

synthesis of novel electrolyte systems for Mg-S batteries. In addition, some common 

solvents for electrolytes, i.e. carbonate-based solvents, are not compatible with Mg anodes, 

which certainly increases the challenges in electrolyte developments. Additionally, the 

passivation of the Mg anodes due to minor impurities (such as water, oxygen) results in a 

poor cell performance, underlining the need for highly clean working conditions. Also, 

similar to Li-S cells, a high-performance sulfur cathode is necessary for high-performance 

Mg-S batteries. Similar issues regarding the sulfur cathodes in the Li-S cells, such as the 

low conductivity of sulfur, low sulfur loadings and polysulfide shuttle etc., also slow down 

the development of Mg-S batteries. Overall, substantial modifications and developments 

in the cell components are definitely needed for a high-performance Mg-S battery. 
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2.5.3 Cathode and Anode Materials 

Cathode Design 

In a Mg-S cell, the discharge and charge processes are governed by the redox reactions of 

sulfur. The sulfur-based cathodes belong to the group of conversion cathodes, rather than 

to intercalation cathodes.[174] In view of the attractive features of sulfur, such as earth 

abundancy, low-cost, non-toxicity and high theoretical energy density (1675 mAh.g-1), a 

sulfur-based cathode is considered beneficial for use in rechargeable Mg batteries.[149] In 

this section, the sulfur-based conversion cathodes applied in Mg batteries are discussed. 

Indeed, the majority of the reported sulfur cathodes applied in Mg batteries originate from 

Li-S batteries, which mainly focus on the accommodation of elemental sulfur in 

carbonaceous materials.[14, 175-180] Similar to S8-based cathodes in Li-S batteries, a porous, 

conductive and mechanically stable carbon matrix is required to embed the elemental sulfur, 

in order to increase the utilization of active material and reduce the polysulfide shuttle 

effect.[143, 173] The reported carbon matrix used in Mg-S cells includes carbon black[89, 181, 

182], CMK-3[120, 180, 183, 184], sulfur graphdiyne (SGDY)[185], activated carbon clothes 

(ACC/S)[154, 186], microporous carbon[187], and metal organic frameworks (MOFs)[188] etc. 

One typical example is the elemental sulfur imbedded in CMK-3, which was invented by 

Nazar et al[120] for the use as cathode material in Li-S systems in 2009. Recently, the CMK-

3/S composite materials were then utilized by Ha et al.[183], Zhao-Karger et al.[144] and 

Gao et al.[189] as cathode material in Mg-S batteries. Figure 2.13 a, b show a schematic 

illustration of the S/CMK-3 composite and the synthetic procedures.[120] 

 

Figure 2.13: a) Illustration of S8 (yellow) imbedded in CMK-3 (gray); b) synthetic 

procedure of S/CMK-3 composites.[120] Reprinted by permission from ref[120]. Copyright 

(2009). Springer Nature: Nature Materials. 
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In S/CMK-3, sulfur is filled into a highly ordered mesoporous carbon framework, which is 

composed of a series of carbon nanotubes with uniform pore diameters between 3-4 nm. 

Due to the excellent contact between carbon and the non-conductive sulfur, electrical 

conductivity of the composites is ca. 0.2 S cm-1, which is similar to one of the CMK-3 

carbon matrix (0.2 S cm-1), indicating a homogeneous distribution of the insulating sulfur 

within the mesoporous carbon. In addition, the preparation of the composite follows a 

simple melt-diffusion method (Figure 2.13b).[190] It is prepared by the impregnation of 

molten sulfur into the pores at 160 °C by capillary forces and the densification by 

crystallization. After the incorporation of sulfur, the Brunauer-Emmett-Teller (BET) 

surface area and the pore volume of the CMK-3 matrix drops from 1976 to 46 m2.g-1, and 

from 2.1 to 0.028 cm3 g-1, respectively,[120] indicating the successful impregnation of the 

elemental sulfur in to the pores. 

The stunning properties of S/CMK-3 composites encouraged the researchers to apply them 

in a Mg-S battery. Zhao-Karger et al.[144] utilized this cathode together with a modified 

non-nucleophilic electrolyte, (HMDS)2Mg-2AlCl3-MgCl2/tetraglyme, in a Mg cell. The 

cell possessed a specific discharge capacity of ca. 250 mAh.gs
-1 for 20 cycles. The authors 

reported that a huge voltage hysteresis accounts for the quick capacity fading. In 2017, the 

same group combined the S/CMK-3 cathode with a new electrolyte system (Mg[B(hfip)4]2 

in diglyme-tetraglyme), resulting in improved cycle stability. The initial discharge capacity 

was ca. 500  mAh.gs
-1, which, however, dropped to ca. 200 mAh.gs

-1 in the 100th cycle at 

0.1 C.[184] 

In 2017, Du et al.[185] developed a sulfur graphdiyne (SGDY) cathode (Figure 2.14), which 

can be prepared by the incorporation of molten sulfur into the layered structure of GDY. 

One attractive feature of the SGDY cathode is its compatibility with the nucleophilic 

electrolytes in the presence of a lithium salt. The majority of the sulfur cathodes are only 

compatible with non-nucleophilic electrolytes, due to the reaction between sulfur and 

nucleophilic systems.[185, 187, 191] However, the authors stated that the reduced 

electrophilicity of the SGDY cathode allows for its use with nucleophilic electrolytes. 

Another important feature is that only short-sulfide units (Sx, 1<x<5, with dimension of 

<0.5 nm) are accommodated in the structure due to the limited size of the carbon skeleton 

GDY, which possesses uniformly distributed pores with a diameter of 5.42 Å and large 

interlayer distances of 0.365 nm. The confining of short-chain sulfur species in the 
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nanopores reduces the dissolution of sulfur and consecutive shuttle effects. [185] In addition, 

the butadiene groups serve as conjugated linkages and connect the individual benzene rings 

in the layered GDY, thereby providing a high electrical conductivity of the cathode 

material (4.37 × 10-4 S m-1).[185] However, the sulfur content of the SGDY composite is 

only 30.2 wt%, which is comparably low for practical use. 

By using the SGDY cathode in a Mg battery, together with the all phenyl complex (APC, 

AlCl3 and phenyl magnesium chloride in THF) electrolyte, and with LiCl as the additive, 

the cell delivered a discharge capacity of ca. 1125 mAh.gs
-1

 in the initial cycle, which, 

however, dropped to only ca. 540 mAh.gs
-1 at the 35th cycle at a charge/discharge rate of 

C/30. The authors observed severe overcharging of the system, be attributable to the 

reduction of the electrolytes or the corrosion of the cells.[185] 

 

Figure 2.14: Illustration of a sulfur graphdiyne (SGDY) cathode.[185] Reproduced from the 

permission of ref[185] Copyright (2017). WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Using a similar concept, namely distributing of short chain sulfides in the pores of a 

microporous carbon (MC) matrix and elemental sulfur on the outside surface of the carbon 

matrix, Wang et al.[187] developed a carbon-sulfur composite sulfur at microporous carbon 

composite (S@MC), again using a melt-diffusion method. In addition, they confirmed the 

compatibility of S@MC with a nucleophilic electrolyte (with the addition of lithium salts) 

using S@MC cathodes coated on a copper current collector, dried at 50 °C. Due to the 

formation of copper sulfides in course of the reaction between the elemental sulfur on the 

outside surface of carbon and the copper current collector, the interaction between sulfur 

and copper prevents the sulfur from further reacting with the nucleophilic electrolyte. [187] 

On the other hand, the good adsorption of the polysulfides inside the microporous carbon 

increases cycle stability.[187, 191] With this S@MC cathode, Mg-S cell with an APC-based 

electrolyte with LiCl as the additive delivered ca. 350 mAh gs
-1

 at 0.1 C for 200 cycles. In 
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comparison, cells with an elemental sulfur cathode were only cyclable for 50 cycles with 

ca. 180 mAh gs
-1

 at 0.1 C.[187] Similar concept of stabilizing elemental sulfur via the use of 

a copper current collector has also been applied by Zeng et al.[191] and Huang et al.[192] 

Based on these reports, Robba et al.[193] investigated the functions of a copper current 

collector. The use of a copper current collector can improve cycle stability; however, they 

observed certain corrosion of the copper foil by means of scanning electron microscopy 

(SEM), which might be caused by its reaction with the formed sulfur species.[193] 

Sulfur at activated carbon clothes (ACC/S), a binder-free and current collector-free cathode, 

which has been intensively applied in Li-S systems (Chapter 2.4.3, Figure 2.9a), has also 

been reported for use in Mg-S batteries. Zhao-Karger et al.[194] reported a type of Mg-

ACC/S cell, together with the use of a Mg[B(hfip)4]2 - based electrolyte. The cell delivered 

an initial discharge capacity of around ca. 950 mAh gs
-1, whereas the discharge capacity 

quickly dropped to only ca. 200 mAh gs
-1 at the 100th cycle at 0.1 C. They outlooked the 

future work by using novel methods to restrain the dissolution of magnesium polysulfides. 

Gao et al.[154, 156] have also applied the ACC/S cathodes in a series of Mg-S cells, using a 

concentrated (1 M Mg(TFSI)2/MgCl2/DME) and a diluted electrolytes (0.25 M 

Mg(TFSI)2/MgCl2/DME). Discharge capacities were ca. 530 mAh gs
-1 for 110 cycles at 

100 mA g-1 (C/15) in the concentrated electrolyte; whereas only ca. 400 mAh gs
-1 for 20 

cycles at 200 mA g-1 (C/7) were found for the diluted electrolyte. The authors stated that 

the better cell performance in the concentrated electrolyte is mainly due to a reduced 

dissolution of magnesium polysulfides due to the highly concentrated electrolytes, leading 

to the suppression of the polysulfide shuttle and a reduced loss of active materials.[156] 

Similar to Li-S batteries, apart from S8-based cathodes, sulfur covalently bound to a 

carbonaceous matrix as the cathode materials, such as SPAN cathodes (Scheme 1, Chapter 

2.4.3), have also been utilized in the Mg batteries.[157, 158, 162, 195, 196] Up to date, only the 

research groups of Prof. Buchmeiser [157, 158, 195, 197] and Prof. Wang [162] reported on Mg-

SPAN batteries. In 2020, Wang et al [162] reported on the influence of different binder 

systems, such as poly(vinylidene fluoride) (PVDF), poly(ethylene oxide) (PEO), sodium 

polyacrylate (PAAS), guar gum (GG), on the Mg-SPAN cell performance. They observed 

certain improvements regarding cycle stability and rate capability with the water-soluble 

binder PAAS, compared to conventional PVDF and PEO binders. With an SPAN cathode 

coated on a Cu current collector using the PAAS binder, the corresponding Mg-S cell 
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delivered around 400 mAh gs
-1 for 50 cycles at 0.1 C. In contrast, cells with SPAN 

cathodes using PVDF and PEO binders delivered only ca. 180 and 150 mAh gs
-1, 

respectively, under the same cycling conditions. They stated that the better cell 

performance with the PAAS binder is mainly due to a better adhesion and better 

stretchability of the PAAS binder.[162]  

Apart from the developments in cathodes, the design of an interlayer, which is normally 

placed between the cathode and the separator to restrain the movement of polysulfide 

species, has also been reported.[161, 165, 198] For example, Kaland et al. [161] reported a type 

of current collector- and binder-free Mg-S battery by the use of an interlayer placed 

between the cathode material and the separator, in order to improve sulfur utilization and 

at the same time capture the formed polysulfides. They prepared the interlayer, MXene-

based composites, as the sulfur host material, by a low-temperature, wet-chemical 

procedure.[161] They used an S8-based cathode, prepared by the mixing of S8 nanoparticles 

with MXene-CNT dispersion, called S8-mixed cathode with a 50% sulfur content (Figure 

2.15a).[161]  

 

Figure 2.15: a) Preparation of an S8-mixed cathode material; b) Mg-S8 cell using the 

MXene as the interlayer.[161] Reproduced from the permission of ref [161]. Copyright (2021). 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The Mg-S cell with the as-prepared S8-mixed cathode in a Mg[B(hfip)4]2-based electrolyte, 

together with an MXene interlayer (Figure 2.15b) delivered ca. 400 mAh gs
-1 at C/30 for 

25 cycles. In comparison, a Mg-S cell without the MXene interlayer delivered only half of 

the capacity, indicating the synergistic effect of MXene and CNT. However, severe 

overcharging was observed in the Mg-S cell with the MXene interlayer, which might be 
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due to the collapse of the unstable SEI layer formed by the [B(hfip)4]
- anion; followed by 

the severe polysulfide shuttle.[161] The authors proposed the addition of a lithium salt to 

improve the stability of the SEI layer and the cycle performance.[161] 

Anode Design 

Research on Mg-S batteries focuses on the design of cathodes and electrolyte systems 

whereas the anode developments are very rare. The reported Mg metal anodes are generally 

used in form of discs or foils[148, 154, 155, 180, 183, 184, 188, 194, 199, 200]. Unlike Li anodes, which 

tends to form dendrites over cycling, one drawback of these Mg anodes is their low surface 

area. While dendrites can cause short-circuits, their formation increases the surface area, 

consequently more active sites exist.[143] 

Friedrich et al.[201] reported a type of pressed Mg pellets out of Mg powders in 2017 to 

increase the surface area of Mg anodes. They prepared and compared three different types 

of Mg anodes: Mg pellets pressed at high pressure, Mg pellets pressed at low pressure and 

conventional Mg foils. The Mg pellets were composed of commercialized Mg powder and 

graphite powder (weight ratio=4:1). The authors observed an improved cycling 

performance of Mg-S cells with the porous Mg electrodes comparing to conventional Mg 

foils due to a better electrolyte addressability. However, the discharge capacity still 

vanished to almost neglectable after 10 cycles, even with the pressed Mg anodes. Most 

likely, the incompatible sulfur cathodes and electrolytes can be well accountable for that. 

In addition, the commercial Mg powder might also be partially passivated before the cell 

assembling. 

2.5.4 Electrolyte Systems  

Great efforts have been put into the development of suitable electrolytes for rechargeable 

Mg-S batteries.[202-206] Indeed, one of the main obstacles in the Mg-S systems is the lack 

of suitable electrolytes. Generally, a high-performance electrolyte should possess the 

following properties: high ionic conductivity, high chemical/electrochemical stability 

against the cathode and anode to allow a wide cell operation window, high thermal stability, 

no passivation towards electrodes, high electroactivity to allow for a reversible Mg plating 

and stripping, low toxicity and flammability.[143, 144, 207] With Mg batteries, carbonate-

based electrolytes are in general incompatible due to the reaction between magnesium and 
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carbonates. In addition, a group of conductive salts in the electrolytes that have been 

developed for Mg batteries are not suitable for sulfur-based cathodes, due to their 

nucleophilic properties.[185, 187, 191] Hence, the design of fully compatible electrolytes for 

Mg-S batteries is challenging and of great importance. In this chapter, the current 

developments of various electrolyte systems for Mg-S batteries, such as the design of novel 

non-nucleophilic electrolytes and the modification of cell components to fit the 

nucleophilic electrolytes, are discussed. 

Nucleophilic Electrolytes 

The reported state-of-the-art nucleophilic electrolytes are rarely applied in Mg-S batteries, 

due to the nucleophilicity of the organo-magnesium compounds.[88, 208]. The use of a 

nucleophilic electrolyte in Mg-S batteries is always accompanied by the modification of 

the cathode, such as using different active material/carbon matrixes or different current 

collectors, to generally prevent the reaction of the sulfur (species) with the electrolyte. One 

example of a Grignard-based nucleophilic electrolyte, the so called “all-phenyl complex 

(APC)” electrolyte, (PhMgCl)2-AlCl3 in THF, shows good compatibility with Mg anodes, 

including high oxidative stability (3.2 V) and allows for an efficient Mg plating and 

stripping. 

Due to these attractive features, Zeng et al. [191] have pointed out a strong dependency of 

the electrochemical performance of Mg-S cells containing a nucleophilic electrolyte, on 

the applied current collector. The authors replaced the conventional stainless steel or 

aluminum current collector by a copper foil. The authors confirmed the formation of copper 

sulfide during the drying process of the cathode (50 °C), due to the strong interaction 

between sulfur and copper.[191] The protection of sulfur by the copper current collector was 

believed to increase the compatibility of sulfur with the nucleophilic electrolytes. In 

addition, they characterized cells based on a conventional S8-based cathode coated on Cu 

(70 wt% S8 powder, 20 wt% Super-P carbon powder and 10 wt% PVDF in NMP) and an 

APC-based electrolyte, (PhMgCl)2-AlCl3 in THF, and found a reversible cycling of the 

cell.[191] The cell delivered ca. 650 mAh.gs
-1 in the initial cycle, which decreased to 

ca. 100 mAh.gs
-1 in the 20th cycle, with almost 100% Coulombic efficiency at 10 mA g-1 

(0.005 C). Despite the poor cycle performance, which might be due to the formation of 

irreversible magnesium polysulfides, the cells showed the possibility of combing an S8-

based cathode coated on a Cu current collector with a nucleophilic APC electrolyte.[191] In 
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order to further improve this system, the authors added some LiCl to the APC electrolyte 

but kept the other cell parameters. The cell performance substantially improved. These 

cells successfully delivered ca. 300 mAh.gs
-1 for 40 cycles with approximately 100% 

Coulombic efficiency at a discharge rate of 10 mA g-1 (0.005 C).[191] 

The still unsatisfactory cell performance regarding the specific capacity and the life span 

encouraged the same research group to further modify the cathode material.[187] Instead of 

using a conventional coating of a slurry of S8, carbon black and binder on Cu, they used 

sulfur at microporous carbon composites (S@MC) coated on Cu as the cathode. As 

discussed in Chapter 2.5.3, the novelty of this S@MC was combining small-chain S2-4 

inside microporous carbon, and ring-like S8 molecules outside the microporous carbon 

surface.[187] Using this concept, the sulfur content was not greatly compromised (sulfur 

content of S@MC: 64.7 wt%); at the same time, the sulfur can be either immobilized inside 

of the micropores, or stabilized by the Cu current collector.[187] The authors characterized 

the performance of Mg-S cells using the APC electrolyte (0.4 M (PhMgCl)2-AlCl3 in THF) 

and the S@MC coated on Cu. The discharge capacity stabilized at ca. 200 mAh gs
-1 at 

0.006 C at the 50th cycle, which was a substantial improvement, compared to conventional 

S8-based cathodes at that time. However, the cell experienced overcharging in the initial 

10 cycles, followed by a decrease in Coulombic efficiency and, consequently, loss of 

reversibility. To further improve the reversibility of the system, the authors added 1 M 

LiCl to the 0.4 M (PhMgCl)2-AlCl3 in THF. Cell performance was enhanced due to the 

reactivation of the short-chain magnesium polysulfides by the addition of the lithium salt. 

The corresponding cell successfully delivered ca. 360 mAh.gs
-1

 at 200th cycle at 0.1 C.[187] 

Using the similar LiCl-containing APC-based electrolyte, the Mg-S cell, composed of 

short-chain sulfides-containing SGDY coated on Cu cathode (Chapter 2.5.3, Figure 2.14) 

has also been reported.[185] The cell delivered ca. 400 mAh gs
-1 at 50 mA g-1 (0.03 C) for 

35 cycles.  

In general, the reports on the use of nucleophilic electrolytes together with sulfur-based 

cathodes are scare. All of them have applied a Cu current collector to form copper sulfide 

to stabilize the sulfur, which tended to reduce the reaction between sulfur and the 

electrolyte. At the same time, LiCl has been also added to improve the reversibility of the 

system. Nonetheless, the reported cells did not show superior cycling performance and 
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reversibility. Consequently, the focus in the electrolyte development for Mg-S batteries 

was placed on non-nucleophilic electrolytes. 

Non-Nucleophilic Electrolytes 

The reported non-nucleophilic electrolytes for Mg-S batteries can be mainly classified into 

two groups: i) the electroactive species [Mg2(µ-Cl)3]
+-containing electrolytes; ii) 

magnesium conductive salts with a weakly-coordinating anion (WCA)-containing 

electrolytes. Similar to the reported nucleophilic electrolyte, the used solvents are 

generally ether-based solvents, such as DME, THF, diglyme, tetraglyme etc. Researchers 

have also utilized various additives, such as ionic liquids, lithium salts etc., in the 

electrolytes to improve the cell reversibility and the formation of stable SEI layer on the 

Mg anode. 

i) Electroactive species [Mg2(µ-Cl)3]+-containing electrolytes 

Back to the year of 2011, Muldoon et al. from Toyota research group [89] demonstrated the 

first proof-of-concept Mg-S battery using a non-nucleophilic electrolyte synthesized by the 

reaction between hexamethyldisilazide magnesium chloride (HMDSMgCl) and aluminum 

trichloride (AlCl3) in a ratio of 3 to 1 in THF as the solvent. The crystal structure of [Mg2(µ-

Cl)3 6THF][HMDSAlCl3] was solved (Figure 2.16a). The cation is composed of two 

octahedrally coordinated Mg centers, each of which is bridged by three chlorides. The other  

empty sites are occupied by the three THF molecules bridged by the oxygen atoms. The 

electroactive species [Mg2(µ-Cl)3 6THF]+ was also confirmed.[89] Although the whole 

synthetic procedure was conducted in an oxygen and water-free glovebox due to the 

sensitivity of the organo-magnesium chemistry to water and air, the author found the 

resulting products were not pure enough. This was attributed to an excess of unreacted 

HMDSMgCl, leading to low oxidative stability (2.5 V) and insufficient Coulombic 

efficiency (95%). After crystallization of the compounds, the electrochemical properties 

of the electrolytes substantially improved, the oxidative stability increased to 3.2 V and 

Coulombic efficiency reached 100%.[89] 



Theory and State of the Art 

47 

 

Figure 2.16: a) Structure (ORTEP plot) of the [Mg2(µ-Cl)3 6THF][HMDSAlCl3], 

hydrogen atoms and THF molecules are omitted for clarity; b) voltage profile of a Mg-S 

cell with the [Mg2(µ-Cl)3 6THF][HMDSAlCl3] electrolyte.[89] Reproduced with permission 

from ref[89]. Copyright (2011). Nature Publishing Group. 

Muldoon et al.[89] also cycled the first Mg-S cell using the above-synthesized electrolyte 

and an elemental sulfur-based cathode, to investigate the feasibility of the electrolyte. The 

corresponding voltage profile is shown in Figure 2.16b. Although the capacity faded from 

ca. 1200 mAh gs
-1 in the initial cycle to only ca. 394 mAh gs

-1 in the second cycle, the first 

Mg-S battery proved cyclable. Based on the X-ray photoelectron spectroscopy (XPS) data, 

the fast capacity fading and overcharging of the cells were mainly attributed to the 

dissolution of sulfur and magnesium polysulfides, which are the common problems in 

sulfur batteries.[89] 

Actually, a common approach to synthesize this type of organo-magnesium complex can 

be realized via the reaction between a Mg complex containing a non-nucleophilic base, 

such as Mg[HMDS]2 
[153, 209], HMDSMgCl [89, 210], bis(diisopropyl)amide [211] and a boron- 

or aluminum-containing Lewis acid, such as AlCl3 and boron chloride (BCl3).
[151] The 

purpose of the addition of the Lewis acid was mainly to increase the current density for 

Mg deposition, as pointed out by Muldoon et al.[89] Using this synthesis routine, the 

obtained electroactive species was [Mg2(µ-Cl)3 6THF]+. 

Fichtner et al. [144] modified the above-outlined synthesis route of Muldoon et al. to avoid 

the use of flammable and volatile THF. They reacted magnesium bis(hexamethyldisilazide), 

[(HMDS)2Mg], with two equivalents of AlCl3 in ether-based solvents, such as diglyme and 

tetraglyme, resulting in a similar electroactive species, [Mg2Cl3][HMDSAlCl3] and a by-

product, HMDSAlCl2. The by-product can be converted to the desired electroactive species 

via the addition of MgCl2.
[144] They further modified the electrolyte by adding the ionic 
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liquid, N-methyl-N-butyl-piperidinium bis(trifluoromethanesulfonyl)imide (PP14TFSI) to 

increase the viscosity of the entire system, which should reduce the diffusion of 

polysulfides to the anode side. In addition, the ionic liquid was expected to improve the 

conductivity, increase the boiling point and the chemical, as well as the thermal stability 

of the electrolyte system. Using the electrolyte, [Mg2Cl3][HMDSAlCl3] in 

diglyme/PP14TFSI or tetraglyme/PP14TFSI, Mg cells using a Pt disc as the working 

electrode in a cyclic voltammetry test showed successful Mg plating/stripping. 

Unfortunately, when applying the electrolyte to a sulfur-based magnesium cell (cathode: 

S/CMK), the cell experienced a sharp capacity decay within the initial 20 cycles, resulting 

in less than ca. 200 mAh gs
-1 discharge capacity in the 20th cycle. The authors stated the 

capacity fading could be due to the large hysteresis between charge and discharge 

voltage.[144] Owing to the simplicity of the synthesis procedures, this type of electrolytes 

has also been used in combination with various separator designs, cathodes and anodes, as 

reported by Vinayan et al.[173], Yu et al.[155], Friedrich et al.[201] and Muthuraj et al.[212].  

Similar to the synthesis routine of Fichtner et al.[144], Nuli et al.[211, 213] replaced 

(HMDS)2Mg by magnesium bis(diisopropylamide) (MBA). They reacted MBA with AlCl3 

in a ratio of 1 to 2 in THF. The authors also found that an increase in the amount of the 

AlCl3 could improve the cycle efficiency and oxidative stability of the Mg cells, due to the 

stabilization effect of the Lewis acid to the Mg-N bond in MBA.[211] Using single-crystal 

X-ray analysis, the electroactive species was determined to be [Mg2(µ-Cl)3
.(THF)6][AlCl4], 

which is the same as that of the Muldoon et al.[89] The prepared electrolyte, 0.25 M MBA 

and 0.5 M AlCl3 in THF, allowed for a successful Mg plating and stripping. However, using 

this electrolyte, the discharge capacity of the Mg-S@microporous carbon (MC) cells 

dropped to only around 100 mAh∙g-1 in the 3rd cycle at 0.04 C. 

The electroactive species [Mg2(µ-Cl)3 6THF]+-containing electrolytes allowed for a Mg 

plating and stripping; however, they did not show good compatibility with the elemental 

sulfur-based cathodes. Capacity faded quickly when using these electrolytes. At the same 

time, chloride-containing [Mg2(µ-Cl)3 6THF]+ was considered corrosive. In 2016, Li et 

al[151] developed a non-corrosive salt containing a chloride-free [Mg(THF)6]
2+ cation, with 

AlCl4
- as the counter-anion. The preparation of the magnesium salt proceeded via the 

simple reaction between magnesium chloride (MgCl2) and AlCl3 in a molar ratio of 1 to 2, 

in a mixture of the ionic liquid N-methyl-(N-butyl) pyrrolidinium 
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bis(trifluoromethanesulfonyl)imide (PYR14TFSI) and THF at 95 °C (Figure 2.17a).[151] 

The authors also characterized the molecular structure of the resulting magnesium salt, 

shown in Figure 2.17b, by means of single-crystal X-ray diffraction. The structure clearly 

shows replacement of the chlorides from MgCl2 by solvent molecules, THF. The anion of 

the magnesium salt is [AlCl4]
-, which has also been proved by means of Raman 

spectroscopy.[151] 

 

Figure 2.17: a) Chemical reaction for the synthesis of [Mg(THF)6][AlCl4]2; b) chemical 

structure of [Mg(THF)6][AlCl4]2.[151] Reproduced with permission from ref [151]. Copyright 

(2016). WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The as-prepared electrolyte, 0.3 M [Mg(THF)6][AlCl4]2 in PYR14TFSI/THF (1/1 v/v), 

showed several promising features. First, the ionic conductivity was 8.5 mS cm-1, which 

was comparably high among other Mg2+ electrolytes.[151] In addition, this electrolyte 

showed acceptable oxidative stability, up to 2.3 V, 2.1 V, 2.5 V, 2.4 V and 2.4 V, against 

carbon coated on Al foil, Cu, nickel (Ni), stainless steel and platinum (Pt), respectively. [151] 

Equally important, CV of a Mg cell with a Pt disc or Cu foil as working electrode 

containing this electrolyte showed excellent reversible Mg plating/stripping, indicating the 

electroactivity of this electrolyte against Mg.[151] Also, a symmetric Mg-Mg cell showed 

relatively low overpotential (0.5 V) at a current density < 0.1 mA cm-2. The Mg-S cell 

performance using this electrolyte and an elemental sulfur-based cathode (N-doped 

graphene-sulfur composite) has also been determined by charging and discharging the cell 
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at 0.02 C and 0.01 C, respectively. Unfortunately, the cell was only capable of cycling for 

20 cycles, with a severe capacity dropping from the initial discharge capacity of 

ca. 700 mAh gs
-1, to only ca. 70 mAh gs

-1 from the 6th to 20th cycle.[151] The authors also 

conducted post-mortem SEM/EDX study on the cathode and the anode after 20 cycles. 

Some obvious cracks were found on the cathode, which might be the reason for the poor 

electric conductivity and final capacity decay. On the anode side, although no dendrites 

were observed, some obvious sulfur signals were detected, indicating the loss of sulfur and 

a polysulfide shuttle, which was most likely the reason for the fast capacity fading. [151] 

ii) Magnesium conductive salts containing a weakly-coordinating anion 

Another group of non-nucleophilic electrolytes in Mg-S batteries is based on weakly 

coordinating anion (WCA)-containing conductive salts dissolved in ether-based solvents. 

WCAs-containing conductive salts show favorable properties, such as their high solubility 

in low polarity solvents and low nucleophilicity.[214] These attractive features have 

widened their applications in the field of electrolytes for battery technology. For example, 

in the field of LIBs or Li-S batteries, one typical conductive salt in the electrolyte is LiTFSI, 

which is a WCA-containing conductive salt. There are scarcely commercialized highly 

purified WCA-containing conductive salts for use in Mg batteries. Hence, the development 

of novel conductive salts with a WCA is of great interest.[215, 216] 

One typical example of a magnesium salt containing a WCA is magnesium 

tetrakis(hexafluoroisopropyloxy) borate, Mg[B(hfip)4]2
.3DME (hfip=OCH(CF3)2), 

synthesized by Fichtner et al.[184, 194] for use in Mg-S batteries. Mg[B(hfip)4]2
.3DME can 

be synthesized by the reaction between Mg[BH4]2 and excess hexafluoro-2-propanol (hfip) 

in DME, with an evolution of hydrogen (general chemical reaction see Figure 2.18a). After 

removing the solvent and excess hfip, the white conductive salt can be obtained. One 

attractive feature of Mg[B(hfip)4]2
.3DME is the water- and air- insensitivity of the final 

product, though the educts should be handled under inert gas atmosphere. [184, 194] 



Theory and State of the Art 

51 

 

Figure 2.18: a) Chemical reaction for the synthesis of a fluorinated magnesium 

alkoxyborate-based electrolyte; b) chemical structure of Mg[B(hfip)4]2
.3DME.[184] 

Reproduced with permission from ref.[184]. Copyright (2017). Royal Society of Chemistry. 

The single crystal X-Ray structure of Mg[B(hfip)4]2
.3DME was determined by Fichtner et 

al.[184, 194] (Figure 2.18b). The anion shows a boron-centered tetrahedral structure, with a 

boron coordinated by four hexafluoroisopropyloxy groups. Mg2+ is solvated by three DME 

molecules. Successful Mg plating and stripping was observed by CV using 0.6 M 

Mg[B(hfip)4]2
.3DME dissolved in DME as electrolyte and Pt as the working electrode. 

Post-mortem XRD also proved the deposition of Mg metal.[184] Furthermore, the authors 

characterized the oxidative stability of the electrolyte against various common current 

collectors, Cu (2.8 V), Al (3.6 V), Pt (3.6 V), stainless steel (4.3 V). The electrolyte 

showed promising stability against these current collectors. [184] They also prepared the 

electrolyte using the solvents with relatively high boiling temperatures, such as a mixture 

of diglyme and tetraglyme (1:1, v:v) with 0.8 M Mg[B(hfip)4]2.
[184] Furthermore, the Mg-

S cell performance was characterized at a charge and discharge rate of 0.1 C, using the 

corresponding electrolyte, a S-CMK-3 cathode and a Mg metal anode. The discharge 

capacity of the Mg-S cell increased from ca. 400 to 500 mAh.gs
-1

 in the initial two cycles, 

due to the activation of the Mg anode; however, the capacity dropped successively to 

ca. 200 mAh.g-1
s in the 100th cycle. The cell experienced overcharging in the initial 10 

cycles (Coulombic efficiency > 100%), but gradually stabilized in the following cycles, 

indicating a comparably good reversibility of the system.[184] 

In view of these results, Mg[B(hfip)4]2-based electrolytes are considered suitable for use 

in Mg-S batteries. In order to further investigate this electrolyte, Fichtner et al.[194] 
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published a more detailed study about this electrolyte. They evaluated the ionic 

conductivity of Mg[B(hfip)4]2 dissolved in DME at different concentrations.[194] The 

electrolyte showed relatively high ionic conductivities (ca. 10.5 mS.cm-1 and 9.8 mS.cm-1, 

respectively) when the electrolyte concentration was 0.3 M and 0.4 M, respectively. Hence, 

they additionally characterized the overpotential of a 0.3 M and 0.4 M electrolyte, 

respectively, using Mg-Mg symmetric cells by charging and discharging the cells for 0.5 

hours.[194] The 0.3 M Mg[B(hfip)4]2/DME electrolyte showed a relatively constant and low 

overpotential of <0.09 V at 0.1 mA cm-2 for more than 1000 hours; whereas the 0.4 M 

electrolyte showed a gradually increased overpotential after 260 hours. In general, 

Mg[B(hfip)4]2 showed high compatibility with the magnesium metal anode. To further 

evaluate its compatibility with a sulfur cathode, the authors assembled the cell with the 

ACC/S cathodes. They selected a more concentrated electrolyte, 0.4 M 

Mg[B(hfip)4]2/DME, to suppress the solubility of the polysulfides.[194] Similar to the 

above-discussed Mg-S/CMK-3 cell, the Mg-ACC/S cell delivered a high discharge 

capacity in the initial cycle (ca. 980 mAh.gs
-1), whereas the capacity sharply dropped to 

only ca. 500 mAh.gs
-1 in the 8th cycle, followed by the continuous dropping of the 

electrolyte to only ca. 200 mAh.gs
-1 in the 100th cycle.[194] The authors attributed the 

capacity fading to the dissolution of polysulfides and loss of active material. Also, a carbon 

nanofiber (CNF)-coated separator was applied in the cell to trap the magnesium 

polysulfides. A slight improvement in cell performance was observed in the initial 20 

cycles. However, the beneficial effect of the CNF-coated separator gradually vanished, 

because a large amount of the electrolyte was utilized to fully wet the CNF-coated separator 

and the formed polysulfides were likely flushed to the anode during cycling.[194]  

Apart from the above-discussed fluorinated alkoxyborate-based electrolytes, the authors 

also reported a fluorinated alkoxyaluminate-based electrolyte, Mg[Al(hfip)4]2
.3DME, 

which is also electroactive, although it has not been applied to Mg-S batteries yet.[184] 

Cui et al.[217] summarized the most relevant conductive salts and their disadvantages 

(Figure 2.19a). In general, the potential conductive salts for Mg batteries are restricted to 

the group of anionic boron-based salts, mostly because of the passivation and corrosion 

issues with other elements with boron-centered anions. Commercial Mg[BF4]2 is 

incompatible with Mg metal and Mg[B(Bu)4]2 has a limited voltage window. Hence, the 

invention of novel conductive-salts for Mg batteries is challenging. [217] Nonetheless, apart 
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from the above-discussed alkoxyborate-based and alkoxyaluminate-based conductive salts, 

Cui et al.[217] developed a boron-centered anion-based magnesium electrolyte (BCM 

electrolyte), showing a prolonged cycle life and good rate capability.  

The BCM electrolyte can be easily synthesized via the mixing of tris(2H-

hexafluoroisopropyl) borate (THFPB) and MgF2 in DME (Equation 2.19).[217]  

𝑀𝑔 + 𝑛 𝐷𝑀𝐸 + 2 𝑇𝐻𝐹𝑃𝐵 → [𝑀𝑔(𝐷𝑀𝐸)𝑛]2+ + 2[𝐹𝑇𝐻𝐵]−          (2.19) 

The proposed mass spectroscopy derived structure of the salt in the as-prepared electrolyte 

is shown in Figure 2.19 b and c.[217] Interestingly, the authors observed a gradually 

improved scan performance in the CV scans. In addition, after cycling, the effective anion 

species in the BCM electrolyte proved to be the tetra(hexafluoroisopropyl) borate anion 

(Figure 2.19d), which is the same as the above-discussed weakly coordinating [B(hfip)4]
- 

anion.[194]  

 

Figure 2.19: a) Overview of the potentials and restrictions of conductive salts for 

magnesium-sulfur batteries; b) anion of the as-prepared BCM electrolyte ([FTHB]-); c) 

cation of the BCM electrolyte; d) effective anion species of the cycled BCM electrolyte.[217] 

Reproduced from the ref.[217]. Copyright (2017). WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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The authors further characterized the Mg-S cell performance with the BCM electrolyte and 

a sulfur@microporous carbon composite coated on a Cu current collector. The cell 

delivered a discharge capacity of ca. 1000 mAh gs
-1 for 30 cycles at 0.05 A g-1, with almost 

100% Coulombic efficiency, which was stated as the best system until 2017.[217] 

The same working group, Cui et al.[180] reported on another borate-based electrolyte for 

Mg-S batteries in the same year by a facile one-step reaction between 

tris(hexafluoroisopropyl) borate [B(hfp)3], MgCl2 and Mg powder in DME, named as 

organic magnesium borate-based (OMBB) electrolyte. The cation and anion in the 

electrolyte are the tetranuclear complex [Mg4Cl6(DME)6]
2+ and the 

tetrakis(hexafluroisopropyl)borate ([B(hfip)4)2]-), respectively. Their chemical structures 

are shown in Figure 2.20. The reported anion is also a WCA, which is the same as the 

previous discussed anion reported by Fichtner et al.[184, 194] and Cui et al.[217]. However, 

the change of cation from the mononuclear complex [Mg(DME)3]
2+ to the larger 

tetranuclear complex [Mg4Cl6(DME)6]2+ allows for an easier desolvation during 

magnesium deposition. The authors also stated that the preparation of the OMBB 

electrolyte was facile and in-situ; also, it does not need the rigorous synthetic routine, as 

demonstrated by Fichtner et al.[184, 194]. 

 

Figure 2.20: Chemical structures of the cation: [Mg4Cl6(DME)6]2+ (right) and anion: 

[B(hfip)4)2]- (left).[180] Reproduced from the ref.[180]. Copyright (2017). Royal Society of 

Chemistry. 

The authors prepared the OMBB electrolyte by dissolving 0.5 M B(HFP)3 and 0.25 M 

MgCl2 in DME, with the addition of an excess amount of Mg powder. They adjusted the 
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ratio between B(HFP)3 and MgCl2 to 2:1, because with this ratio the plating overpotential 

was the lowest (0.11 V) and the oxidation peak signal was the strongest in the CV test. [180] 

Further on, the authors tested the compatibility of the OMBB electrolyte with a sulfur-

carbon composite cathode, S-CNT composites. The Mg-S cell delivered a discharge 

capacity of ca. 1000, 800 and 400 mAh gs
-1 at current rates of 160 mA/g (0.1 C), 320 mA/g 

(0.2 C) and 500 mA/g (0.3 C), respectively, for 100 cycles with almost 100% Coulombic 

efficiency.[180] Compared to the literature until 2017, the cell performance using this 

system was a significant improvement with regards to discharge capacity, rate capability 

and cycle stability.[180] 

Additives 

Considering the unsatisfactory cell performance of Mg-S batteries using either 

nucleophilic or non-nucleophilic electrolytes, predominantly a result of a severe 

polysulfide shuttle, limited selections of the conductive salts, slow Mg2+ diffusion and 

passivation of the Mg anode etc., great efforts have also been devoted to the use of various 

additives in the electrolyte, in order to suppress the polysulfide shuttle, construct a 

homogeneous SEI layer on the Mg anode or improve the general properties of the 

electrolyte.[218] Several categories of additives have been reported. For example, lithium 

salts, such as LiTFSI [154], Li[BH4] [158], Li[CF3SO3] [157, 192], LiCl [200], are considered 

efficient to improve the overall Mg-S cell reversibility. In addition, additives such as 

YCl3 
[219]

 and I2 
[220] have also been applied in the Mg-S batteries. 

Back in 2015, Wang et al. [154] introduced the concept of adding a lithium salt, 1 M LiTFSI, 

to a magnesium electrolyte, 0.1 M Mg[HMDS]2-2AlCl3-MgCl2 (termed Mg-HMDS 

electrolyte). They observed a significant improvement in the reversibility of the Mg-ACCS 

cells by the addition of the lithium salt into the electrolyte. At the same time, no dendrites 

were detected on the cycled Mg anode even when a relatively large amount of the lithium 

salt was present. The Mg-S cell with the Li+-containing electrolyte delivered a discharge 

capacity of ca. 1000 mAh gs
-1 for 30 cycles; however, severe overcharging was observed. 

The authors attributed the high capacity to the improved reversibility of the magnesium 

(poly)sulfides. To further confirm this, they analyzed the surface of the Mg anode after 

cycling with a Mg-HMDS electrolyte and a LiTFSI-containing electrolyte, respectively, 

by means of XPS analysis (Figure 2.21 a and b). Distinct signals of MgS were observed 

on the Mg anode from the Mg-HMDS electrolyte. In comparison, no MgS species were 
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detected on the Mg anode from the LiTFSI-contained electrolyte. The authors stated that 

the presence of Li+ successfully dissolved MgS through lithiation, and formed higher-order 

magnesium lithium polysulfides, which possessed a higher solubility.[154] 

 

Figure 2.21: a) XPS analysis of the Mg anode cycled from a Mg-HMDS electrolyte; b) 

XPS analysis of the Mg anode cycled from a Mg-HMDS electrolyte with LiTFSI as 

additive; c) proposed charging and discharging voltage profile of a Mg-ACC/S cell using 

a Li-containing electrolyte.[154] Reproduced with permission from ref.[154]. Copyright 

(2015). American Chemical Society. 

Based on the improved reversibility and post-mortem analysis, the authors also proposed a 

reaction sequence for Mg-ACC/S batteries with a LiTFSI-containing electrolyte (Figure 

2.21c). During discharge process, similar to pure magnesium electrolytes, the elemental 

sulfur is first reduced to soluble high-order MgLi-polysulfides. Consequently, either short-

chain lithium (poly)sulfides or magnesium (poly)sulfides form. However, during charging, 

the potentially formed short-chain lithium polysulfides are re-oxidized to long-chain 

lithium polysulfides. At the same time, the electrochemical inactive short-chain 

magnesium (poly)sulfides experience a re-activation process, either through an ion 

exchange process or coordination of Li+ to the surface of S2- or S2
2- of MgS or MgS2. The 

reactivation process increases the solubility of the magnesium short-chain (poly)sulfides 

and reduces the kinetic barrier by forming MgLi-polysulfides.  

Although the Mg-ACC/S cell using a LiTFSI-containing electrolyte in the study of Wang 

et al. [154] only successfully cycled for 30 cycles and overcharging was observed, the use 
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of lithium salts as the additive in Mg-S cells is considered helpful to improve the 

reversibility and kinetics. In the following studies, different lithium salts, such as 

Li[BH4] 
[158], Li[CF3SO3] 

[157, 192] and LiCl [200], have been used as additives to improve 

cell performance. 

Apart from the use of lithium salts as the additives, Fichtner et al. [220] reported that the 

addition of iodine (I2) to the electrolyte could help the formation of a more homogeneous, 

less corrosive and stable interfacial layer on the Mg anode. The authors galvanostatically 

cycled the Mg-Mg symmetric cells with 0.4 M Mg[B(hfip)4]2/DME, 0.4 M 

Mg[B(hfip)4]2/DME + magnesium polysulfides, 0.4 M Mg[B(hfip)4]2/DME + I2, 0.4 M 

Mg[B(hfip)4]2/DME + magnesium polysulfides + I2, respectively. These measurements 

recorded that the overpotentials of cells containing 0.4 M Mg[B(hfip)4]2/DME with or 

without I2 were very similar in the initial 300 cycles (ca. 0.08 V).[220] After 300 cycles, a 

slight increase in the overpotential to ca. 0.18 V was detected in cells with 0.4 M 

Mg[B(hfip)4]2/DME electrolyte; whereas the I2-containing cell showed a stable 

overpotential. More obvious differences were observed in cells containing magnesium 

polysulfides with or without I2. Mg-Mg cells using 0.4 M Mg[B(hfip)4]2/DME + 

magnesium polysulfides showed large and instable overpotentials (ca. 0.35 V).[220] In 

comparison, after adding I2, the overpotential of the cell was optimized, which was low 

and relatively stable (increasing slightly from 0.08 V to 0.18 V over 700 cycles).[220] These 

results indicated the beneficial effects of I2 as the additive by means of reducing the 

passivation of the magnesium anodes, especially in the presence of magnesium polysulfide 

species. The authors stated the formation of a stable, thin and homogeneous SEI layer on 

the Mg anode in the presence of I2 and magnesium polysulfides (Figure 2.22b).[220] In 

comparison, a resistive, inhomogeneous and thick layer formed on the Mg anode surface 

from the electrolyte in the presence of magnesium polysulfides (Figure 2.22a).[220] 

 

Figure 2.22: Illustration of a) a Mg anode cycled in a Mg electrolyte with polysulfide 

additive; b) a Mg anode cycled in a Mg electrolyte with polysulfide and I2 additive.[220] 

Reproduced from the ref.[220]. Copyright (2017). Royal Society of Chemistry.  
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The authors also examined the chemical composition of the formed interfacial layers on 

the Mg anodes. Using the I2 additive, the formation of MgI2 on the Mg anode was observed. 

The authors stated that the MgI2 layer was helpful to not only reduce the corrosion from 

magnesium polysulfide species to the Mg anode, but also to form an electrochemically 

stable and homogeneous SEI layer on the Mg anode. [220] 

Although some beneficial effects of the I2 additive were observed in the symmetric cells, 

the Mg-S8 cell using the 0.4  M Mg[B(hfip)4]2/DME electrolyte with the I2 additive did not 

show much optimization. The authors cycled the cell at 0.05 C at room temperature. The 

cell delivered an initial discharge capacity of ca. 900 mAh gs
-1, which, however, gradually 

dropped to only ca. 250 mAh gs
-1 at the 100th cycle.[220] A severe capacity decay still 

existed in the Mg-S cells although the use of the I2 additive.  
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Chapter 3 

Research Objectives 

As discussed in Chapter 2.5, one major challenge in the field of Mg-S batteries is the lack 

of compatible electrolyte systems, although great efforts have been made over the last 

decade. Therefore, the objectives of this work were to develop and improve the electrolyte 

systems for the high-performance Mg-S batteries, especially for Mg-SPAN batteries and 

to understand the underlying mechanisms. The detailed objectives for each sub-project are 

listed as below. 

In the first sub-project, the main objective was to investigate the use of SPAN cathodes in 

rechargeable Mg batteries. Based on the obtained results from this project , and despite an 

average cell performance, the possibility of reversible cycling of Mg-SPAN cells over 70 

cycles was demonstrated.  

In the second sub-project, the objective was to further improve the electrochemical 

performance of Mg-SPAN batteries, regarding cycle stability and specific capacities. By 

using a Mg2+/Li+ hybrid electrolyte (Li[BH4] and Mg[BH4]2 in diglyme), the performance 

of the Mg-SPAN cells have been successfully improved (ca. 800 mAh gs
-1 with > 99% 

Coulombic efficiency for 100 cycles at C/10). 

In the third sub-project, the main objective was to understand the role of a lithium salt in 

a Mg-SPAN battery. At the same time, due to the low solubility of the Mg[BH4]2 (0.1 M) 

in the previous electrolyte system, an electrolyte, which can dissolve both magnesium and 

lithium salts had to be found. As a step further, the reaction mechanism of Mg-SPAN 

batteries containing a Mg2+/Li+ hybrid electrolyte was also an objective. 

The application of a Mg2+/Li+ hybrid electrolyte, together with an SPAN cathode, resulted 

in outstanding electrochemical performance, with regards to cycle stability and rate 

capability, compared to existing reports. One of the main reasons leading to the high-
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performance Mg-SPAN batteries was the successful suppression of the polysulfide shuttle. 

Since gel-polymer-electrolytes have also been reported to be able to reduce the polysulfide 

shuttle in Li-S batteries and there had barely reports on gel-polymer-electrolytes for Mg-

S/ion batteries, the objectives for the fourth sub-project were the conceptualization and 

design of a gel-polymer-electrolyte for Mg-S and Mg-ion batteries. 
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Chapter 4 

Magnesium-Sulfur Batteries Based on SPAN Cathodes 

4.1 Motivation 

In recent years, a few electrolyte systems have been developed for Mg-S batteries. Among 

these reported electrolytes, the electrolyte containing the non-corrosive conductive salt, 

Mg[B(hfip)]4]2, published by Fichtner et al.[184, 194] in 2017 and 2018 respectively, showed 

several promising features. For example, the Mg[B(hfip)]4]2-containing electrolyte 

allowed for a reversible magnesium plating and stripping in cyclic voltammetry (CV) using 

Pt as the working electrode (Figure 4.1a). In addition, the electrolyte showed relatively 

good oxidative stability against the common current collectors, such as copper (~2.8 V), 

carbon-coated aluminum foil (~3 V), stainless steel (~4 V) and Pt (3.5 V) (Figure 

4.1b).[194] These results suggested that electrolytes containing Mg[B(hfip)]4]2 showed 

promising compatibility with the Mg anodes.  

 

Figure 4.1: a) CV scans of Mg-Pt cell using the 0.6 M Mg[B(hfip)]4]2/DME electrolyte at 

25 mV s-1; b) LSV analysis of the 0.6 M Mg[B(hfip)]4]2/DME against various current 

collectors.[184] Reproduced with permission from ref.[184]. Copyright (2017). Royal Society 

of Chemistry. 
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Further on, the Mg[B(hfip)]4]2-containing electrolytes also allowed for a reversible cycling 

of the Mg-S cells. Figure 4.2 shows the voltage profiles and the cycle stability tests of Mg 

cells using a Mg[B(hfip)]4]2-based electrolyte at 0.1 C at room temperature with two 

different elemental sulfur-based cathodes, namely S-CMK-3 and ACC/S cathodes, 

respectively. In both cases, the plateaus at ca. 1.5 V and 1.2 V in the discharge curve 

indicated the stepwise reduction of the elemental sulfur (Figure 4.2 a and c). In addition, 

a gradual capacity fading and slight overcharging, especially in the initial cycles, were 

observed in both cell systems (Figure 4.2 b and d), which was most likely due to the 

polysulfide shuttle.[194] 

 

Figure 4.2: a) Voltage profile; b) cycle stability test of the Mg/S-CMK-3 cell using  a 

Mg[B(hfip)]4]2/diglyme-tetraglyme (1-1, v-v) electrolyte at 0.1 C;[184] Reproduced with 

permission from ref.[184]. Copyright (2017). Royal Society of Chemistry. c) Voltage profile; 

d) cycle stability test of the Mg-ACC/S cell using 0.4 M Mg[B(hfip)]4]2/DME at 0.1 C.[194] 

Reproduced with permission from ref.[194]. Copyright (2018). American Chemical Society. 

The promising properties of the Mg[B(hfip)]4]2-based electrolytes; however, the 

unsatisfactory cell performances of the Mg-S8 cells, encouraged the further developments 

of Mg-S cells using this electrolyte. 
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4.2 Publication: “Characteristics of Magnesium-Sulfur Batteries 

Based on a Sulfurized Poly(acrylonitrile) Composite and a 

Fluorinated Electrolyte” 

The use of SPAN-based cathodes in Li-S batteries showed high capacity retention and good 

cell reversibility due to the fact that sulfur is covalently bound to the carbonaceous matrix, 

which can better immobilize sulfur species than conventional cathodes based on elemental 

sulfur. However, in Mg-S batteries, SPAN has been barely reported as cathode materials. 

In this sub-project, Mg-S cells were electrochemically characterized using an SPAN-based 

cathode, a Mg foil anode and the above-discussed Mg[B(hfip)]4]2-based electrolyte. 

Electrochemical characterizations, such as cycle stability test, cyclic voltammetry analysis 

and rate capability test, etc., were conducted. In addition, the cell performances of Mg-

SPAN cells using a standard Mg foil anode and a Mg pressed anode, which possessed a 

larger surface area and more active sites, were studied. Furthermore, an understanding of 

the voltage profiles of Mg-SPAN cells, which differed from those of reported S8-based 

cathodes, was developed. Moreover, post-mortem analysis of the electrodes was conducted 

in order to understand the reaction mechanism of a Mg-SPAN battery.  

 

Figure 4.3: Graphical abstract of the publication “Characteristics of magnesium-sulfur 

batteries based on a sulfurized poly(acrylonitrile) composite and a fluorinated electrolyte”. 
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Publication 

P. Wang, J. Kappler, B. Sievert, J. Häcker, K. Küster, U. Starke, F. Ziegler, M. R. 

Buchmeiser, Electrochim. Acta 2020, 361, 137024. 

Author Contributions: P. Wang: Conceptualization, Investigation, Writing - original draft, 

Writing - review & editing; J. Kappler: Conceptualization, Writing - review; B. Sievert: 

Sample Preparation; J. Häcker: Sample preparation, Writing- review & editing; K. Küster: 

XPS Characterization, Writing - review & editing; U. Starke: XPS Characterization, 

Writing - review & editing; Felix Ziegler: BET Characterization; M. R. Buchmeiser: 

Conceptualization, Supervision, Writing - original draft, Writing - review & editing 

 

Reprinted with permission from the © 2020 Elsevier Ltd.  
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4.3 Supporting Information to “Characteristics of Magnesium-

Sulfur Batteries Based on a Sulfurized Poly(acrylonitrile) 

Composite and a Fluorinated Electrolyte” 

Cathode and Electrolyte System 

In the IR spectrum of PAN, the signal at 2244 cm -1 is attributed to the stretching of the 

nitrile group in the polymer chain.[1, 2] The characteristic bands at 2935 cm -1 (vC-H in CH2), 

1452 cm-1 (δC-H in CH2) and 1370 cm-1 (δC-H in CH) refer to the aliphatic groups of the 

PAN backbone.[3] After the reaction with sulfur, the signal of the nitrile group disappears. 

At the same time, the signals for C=N (1375 cm -1), C-H (1228 cm-1), C=C (1504 cm-1), 

which belong to the conjugated backbone including pyridine-like moieties, appear.[4] In 

addition, the peaks at 512 and 939 cm-1 are attributed to S-S groups.[4] The signal at 665 cm-

1 refers to the covalent C-S bond.[4] 

  

Figure S1: IR spectrum of PAN and SPAN. 
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Figure S2: a) Linear sweep voltammograms of a cell containing 0.8 M Mg[B(hfip)4]2 in 

diglyme/tetraglyme (1/1) and Al/C as working electrode at a scan rate of 1 mV .s-1; b) cyclic 

voltammograms of a cell containing 0.8 M Mg[B(hfip)4]2 in diglyme/tetraglyme (1/1) and 

Al/C as the working electrode, Mg as counter and reference electrode at a scan rate of 

1 mV.s-1. 

  

  

Figure S3: a) Mg plating and stripping test results using a symmetric Mg-Mg cell at a 

current rate of 1 mA/cm2; b) Coulombic efficiency study using asymmetric Mg-Al/C cell. 
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Figure S4: a) Electrochemical behavior of a cell composed of a SPAN cathode, a Mg foil 

and 0.8 M Mg[B(hfip)4]2 in diglyme/tetraglyme (1/1, v/v) at C/30; b) galvanostatic charge 

and discharge curves of the initial, 5th, 10th, 20th and 30th cycle. 
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Figure S5: Nyquist plots of a symmetric Mg-Mg cell containing 0.8 M Mg[B(hfip)4]2 in 

diglyme/tetraglyme before cycling and after the given number of cycles. Mg foils were 

fully polished before the measurements. 

  

Table S1: Data fit of the EIS results. 

measurement R1 (Ohm) R2 (Ohm) χ²/|Z|  

Before cycling 10.1 4233 0.05 

1st cycle  10.52 69.95 0.04 

3rd cycle 10.54 34.14 0.03 

5th cycle 10.02 22.79 0.02 
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Figure S6: UV-VIS spectrum of the cycled electrolyte after 40 cycles. The peak at 273 nm 

corresponds to the MgS species. 

 

 

  

Figure S7: SEM images of a) a pressed Mg anode; b) cross-section of the pressed Mg 

anode. 
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Figure S8: Adsorption curve for Mg powder used for the calculation of the specific 

surface area (BET method). 

 

 

  

Figure S9: SEM image and EDX mapping of an aged Mg foil in a fully charged state 

after 7 cycles. 
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Figure S10: Complete ex-situ XPS spectra of a Mg anode after cycling to 1.5 V and 

0.1 V, respectively. The peaks in the range of 160 eV to 150 eV correspond to Si species 

from the residual glass fiber separators. 
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Table S2: Mg polysulfide species, their reduction potentials and theoretical capacities. [5; 

6] 

Magnesium 

polysulfide species 

Solubility in an 

ether-based 

electrolyte [5] 

Reduction potential 

(V) [5] 

Theoretical capacity (each 

step) (mAh/gsulfur) [6] 

S8 insoluble 1.8  

    

MgS8 insoluble 1.5-1.6 209 

    

MgS6 soluble 1.5-1.6 70 

    

MgS5 -- -- 56 

    

MgS4 soluble 1.4 84 

    

MgS3 -- -- 140 

    

MgS2 insoluble 0.4 279 

    

MgS insoluble 0.4 837 
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Table S3: Important XPS binding energies and the corresponding compounds that are 

found in the anode and the SPAN cathodes.  

Compound  F 1s 

[eV] 

S 2p 

[eV] 

O 1s 

[eV] 

Mg 2p 

[eV] 

C 1s 

[eV] 

Ref. 

MgF2 685.2  

 

 51.0   [7-9] 

MgO  532.0 

MgS 161.9 

-CF3  

from the conductive 

salt 

688.2      [8] 

C=S  161.9     [8; 10; 

11] 

MgSx   

164.0 

    [7; 10] 

C-S 284.2 

S-S  

MgSO4  170.0     [8] 

Mg    49.3   [8; 9; 12] 

MgCO3   533.6  290.8  [9] 

-OH   535.2    [13] 

C-O   533.8  286.2  [7; 10] 

C-H 

C-C 

C-S 

    284.2  [10] 

CH2 

C-N 

    284.7  [10] 

MgCR3     288.8  [7; 10] 
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Figure S11: 1H-NMR (400 MHz, DMSO-d6) spectrum of Mg[B(hfip)4]2
.3DME. 

 

 

Figure S12: 19F-NMR (376 MHz, DMSO-d6) spectrum of Mg[B(hfip)4]2
.3DME. 
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Figure S13: 11B-NMR (128.42 MHz, DMSO-d6) spectrum of Mg[B(hfip)4]2
.3DME (the 

insert shows the enlarged version of the signal). 

 

 

Figure S14: 13C-NMR (101 MHz, DMSO-d6) spectrum of Mg[B(hfip)4]2
.3DME. 
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Chapter 5 

Use of a Dual-Salt-Electrolyte in Mg-SPAN Batteries 

5.1 Motivation 

In Chapter 4, the electrochemical performance of a Mg battery based on an SPAN cathode 

and an electrolyte containing a pure magnesium conductive salt was studied. Reversible 

charging and discharging of Mg-SPAN cells proved possible. Unlike reported Mg cells 

using S8-based cathodes, a severe capacity decay was observed. The Mg-SPAN cells 

delivered a relatively stable and high discharge capacity, especially in combination with a 

Mg pressed anode. However, the cell was cycled at a relatively low current rate. The overall 

cell performance therefore needed to be further improved.  

According to the available publications, the addition of a lithium salt into a magnesium 

electrolyte by forming a hybrid electrolyte[154] or the use of a pure lithium salt-based 

electrolyte in a magnesium cell to form an in-situ hybrid electrolyte[221] could improve the 

cell performance of Mg cells by improving the reversibility of the system and forming a 

stable and homogeneous SEI layer on the Mg anodes.  

A comparison between the cell performance of Mg-ACC/S cells using 0.1 M Mg-HMDS 

electrolyte (black) and those using a 0.1 M Mg-HMDS + 1 M LiTFSI electrolyte (red) is 

shown in Figure 5.1a. The addition of 1 M LiTFSI could significantly improve the cell 

performance with regards to discharge capacity and reversibility. Gao et al.[154] pointed 

out that the lithium salt could reactivate the short-chain magnesium (poly)sulfides, which 

further improved the reversibility of the system.[154] On the other hand, it is important to 

know whether the addition of a lithium salt into the electrolyte caused the formation of 

lithium dendrites on the magnesium anode, since a non-dendritic plating is of great benefit 

for the Mg cells. Gao et al.[154] also characterized the surface and cross-section of the 

cycled Mg anode from the Mg-ACC/S cell with the lithium salt-containing electrolyte 
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(Figure 5.1 b and c). It is clear that the surface of the aged Mg anode showed some spheres 

with diameters around 2 µm instead of dendrites. In addition, the cross-section of the Mg 

anode also showed the absence of the dendrite formation.[154]  

 

Figure 5.1: a) Comparison of the cell performance of Mg-ACC/S cells using a pure 

magnesium electrolyte (black) and a Mg-HMDS electrolyte with the LiTFSI additive (red); 

b) SEM image of the surface of the Mg anode using the Mg-HMDS electrolyte with the 

LiTFSI additive; c) SEM image of the cross-section of the cycled Mg anode from the Mg-

ACC/S cell using the Mg-HMDS electrolyte with the LiTFSI additive. [154] Reproduced 

with permission from ref.[154]. Copyright (2015) American Chemical Society. 

In view of these, the addition of a lithium salt in a Mg-S battery could improve cell 

performance, and at the same time, it does not cause dendrite formation. This novel idea 

opens a new avenue for Mg-S cells, which is worth to be further investigated.  
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5.2 Publication: “High-Performance Magnesium-Sulfur 

Batteries Based on a Sulfurated Poly(acrylonitrile) Cathode, a 

Borohydride Electrolyte, and a High-Surface Area Magensium 

Anode” 

It has been reported that the addition of a lithium salt into the electrolyte of the Mg-ACC/S 

cell can significantly improve both reversibility and discharge capacity.[154] However, the 

combination of a Mg2+/Li+ hybrid electrolyte together with the use of an SPAN cathode 

has not yet been reported. On the other hand, the use of a Mg pressed anode is also 

beneficial for the cell performance. Therefore, in this sub-project, a major goal was to 

improve the performance of Mg-SPAN cells by combining a Mg2+/Li+ hybrid electrolyte, 

an SPAN cathode and a Mg pressed anode in one cell system. 

In this study, the compatibility of a Mg2+/Li+ hybrid electrolyte (0.1 M Mg[BH4]2 + 1.5 M 

Li[BH4] in diglyme) with Mg metal anodes was analyzed using Mg-Mg symmetric cells. 

These cells showed low and stable overpotentials over 200 cycles, indicating good 

compatibility of the electrolyte with Mg anodes. Post-mortem SEM analysis of aged Mg 

anodes also confirmed the absence of the dendrites after Mg plating. In addition, Mg-S 

cells based on an SPAN cathode, a Mg2+/Li+ hybrid electrolyte and a Mg foil anode were 

further characterized. The cell showed stable and outstanding cycle performance 

(ca. 800 mAh gs
-1 at 0.1 C for 100 cycles with almost 100% Coulombic efficiency). More 

strikingly, the replacement of the Mg foil by a Mg pressed anode made of Rieke Mg powder 

could further improve the cell performance. Further on, post-mortem XPS analysis proved 

the absence of lithium metal on the Mg anode, indicating the dominated magnesium 

chemistry during cycling. The stable SPAN structure, according to post-mortem XPS 

analysis, also explained the stable cycling performance.  
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5.3 Supporting Information to: “High-Performance Magnesium-

Sulfur Batteries Based on a Sulfurated Poly(acrylonitrile) 

Cathode, a Borohydride Electrolyte, and a High-Surface Area 

Magensium Anode” 

Table S1: Data fit of the EIS results for the Mg foil. 

OCV (h) R1 (Ohm) R2+R3 (Ohm) χ²/|Z|  

0.5 9.8 5120 0.0040 

5 9.4 7550 0.0039 

25 8.9 12690 0.0049 

35 9.0 14060 0.0039 

47.5 9.0 15300 0.0028 

50 9.0 15340 0.0032 

  

 

  

Figure S1: Results of the rate capability test using a coin cell setup; anode: Mg foil, 

cathode: SPAN coated on graphite foil; electrolyte: 0.1 M Mg[BH4]2 and 1.5 M Li[BH4] in 

diglyme. 



Use of a Dual-Salt-Electrolyte in Mg-SPAN Batteries 

101 

  

Figure S2: Comparison of the cell performance of an SPAN-Mg foil cell with 0.1 M 

Mg[BH4]2 / 1 M Li[BH4] in diglyme and 0.1 M Mg[BH4]2 / 1.5 M Li[BH4] in diglyme, 

respectively. 

  

Figure S3: Rate test between 0.1 C and 2 C, 28 °C, showing the discharge capacity and 

the Coulombic efficiency. The cells contained 0.1 M Mg[BH4]2 / 0.5 M Li[BH4] / diglyme 

and 0.1 M Mg[BH4]2 / 1.5 M Li[BH4] / diglyme, respectively. The sulfur content of all 

cathodes was 0.6 mg/cm2. 

To quantify the capacity that stems from a potential intercalation and deintercalation of the 

Li+ or Mg2+ ions into the graphite current collector, Swagelok-cells using Mg foil, a 

graphite current collector without SPAN and 0.1 M Mg[BH4]2 / 1.5 M Li[BH4] / diglyme 

electrolyte were cycled following the same test plan. Only a negligible discharge capacity 

of 0.04 mAh/cm2 based on the weight of graphite was measured, indicating that the overall 

measured discharge capacity of ca. 800 mAh/g virtually solely stems from the redox 

reaction of sulfur. 
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Figure S4: Cycle behavior of a Mg-graphite current collector without SPAN. 

 

Figure S5: Cyclic voltammogram of an SPAN cathode using a three-electrode set-up at a 

scan rate of 1 mVs-1. The cells contained SPAN, 0.1 M Mg[BH4]2 / 1.5 M Li[BH4] / 

diglyme and a Mg foil anode. The Figure shows the typical CV result using a three-

electrode cell set-up (PAT cell from EL-CELL), with SPAN as working electrode (WE), 

Mg foil as the counter and reference electrodes (MgCE and MgRE). In the third scan, two 

reduction regions, were observed at 1.2 V - 0.5 V and, 0.4 V - 0.1 V (vs. MgCE), which is 

in line with the discharge profile in Figure 2c. This indicates multi-step sulfur reactions. 

Also, in the reverse scan, two oxidation regions at 0.4 - 0.7 V and 0.7 - 1.5 V (vs. MgCE) 

can be detected. Concomitantly, the potential vs. MgCE was recorded. The reduction peak 

is located at slightly lower potential (0.1 V difference) compared to the voltage region vs. 

MgRE. Nonetheless, the oxidative signal is shifted by ca. 0.3 V, indicating the recharge of 

the cathode is restricted to the half reaction at the MgCE.[1] 
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Table S2: Data fit of the EIS results with pressed Mg anodes and Mg foils.  

Anode R1 (Ohm) R2+R3 (Ohm) χ²/|Z| 

Pressed Rieke Mg 13.8 MPa 23 330 0.0008 

Pressed Rieke Mg 55.1 MPa 20 770 0.0131 

Pressed Rieke Mg 96.5 MPa 1 1150 0.0381 

Mg foil 17 5590 0.4026 

  

 

 

Figure S6: SEM image of customized Mg powder (Alfa Aesar, 325 mesh).  

 

 

 

Figure S7: XRD pattern of the synthesized Rieke Mg powder. 
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Figure S8: Values of the surface area of the Rieke Mg anodes prepared at different 

pressures compared to the raw Rieke Mg powder. Measured by N2-adsorption and 

evaluated using the Brunauer-Emmett-Teller (BET) method. 

 

 

Figure S9: Rate tests of SPAN-Mg cells with pressed Mg anode between 0.1 C and 2 C, 

22 °C. All cells contained 0.1 M Mg[BH4]2 / 1.5 M Li[BH4] / diglyme. 
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Figure S10: Contribution of the Li ion intercalation to the total capacity in the graphite 

current collector using Rieke Mg (13.8 MPa) and graphite current collector without SPAN.  

 

 

Figure S11: Discharge and charge profiles at 0.5 C of a cell containing 0.1 M Mg[BH4]2 / 

1.5 M Li[BH4] in diglyme and a pressed Rieke Mg anode at 55.1 MPa.  
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Figure S12: 1H NMR spectrum of the electrolyte 0.1 M Mg[BH4]2 and 1.5 M Li[BH4] in 

diglyme (DMSOd6). 

 

Table S3: Summary of the electrochemical performance of the different anodes using 0.1 

M Mg[BH4]2 / 1.5 M Li[BH4] in diglyme as electrolyte and SPAN as cathode. 

Anode Rieke Mg, 

pressed at 13.8 

MPa 

Rieke Mg, 

pressed at 55.1 

MPa 

Rieke Mg, 

pressed at 96.5 

MPa 

Foil 

Resistance [Ohm] 330 770 1150 5120 

Discharge 

Capacity (0.1 C) 

[mAh/g] 

1400 1100 1000 800 

Discharge 

Capacity (0.5 C) 

[mAh/g] 

800 500 480 400 

[1] Z. Zhao-Karger, R. Liu, W. Dai, Z. Li, T. Diemant, B. P. Vinayan, C. Bonatto 

Minella, X. Yu, A. Manthiram, R. J. Behm, M. Ruben, M. Fichtner, ACS Energy Lett. 2018, 

3, 2005-2013.  
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Chapter 6 

Understanding the Role of a Lithium Salt in Mg-SPAN 

Batteries 

6.1 Motivation 

As presented in Chapter 5, the use of a Mg2+/Li+ dual salt-electrolyte in a Mg-SPAN cell 

resulted in an outstanding electrochemical performance. However, the question why a dual 

salt electrolyte improved the cell performance in borohydride systems could not be 

investigated because of the extremely low solubility of Mg[BH4]2 in ether-based solvents. 

Without the addition of the Li[BH4] salt, even 0.1 M Mg[BH4]2 could hardly be dissolved 

in diglyme. On the other hand, the role of a lithium salt in Mg-SPAN batteries have not 

been studied in detailed. Although Gao et al.[154] observed a better electrochemical 

performance with the addition of 1 M LiTFSI to Mg-HMDS-based electrolytes, their cells 

showed severe overcharging and the functions of the lithium salt were not investigated. 

Hence, a different electrolyte system, which can dissolve both lithium and magnesium salts, 

and at the same time, show good compatibility with the Mg-SPAN cells, had to be 

developed in order to gain a better understanding of the role of a lithium salt in Mg-SPAN 

batteries. 

The electroactive species [Mg2(µ2-Cl)2(DME)4]
2+ reportedly allowed for a reversible Mg 

plating and stripping.[89] Huang et al.[192] further reported on an electrolyte composed of 

Mg(CF3SO3)2, MgCl2 and AlCl3, which also contained the electroactive species [Mg2(µ2-

Cl)2(DME)4]2+ after the synthesis of the electrolyte. They outlined the possible reaction 

routine of the formation of the electroactive species (Figure 6.1a). The authors also 

simulated the possible chemical structure of the corresponding electroactive species  

(Figure 6.1b). Further on, they have investigated the cycle stability of a Mg-S8 cell using 
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the electrolyte (Mg(CF3SO3)2, MgCl2 and AlCl3 dissolved in DME). The results shown in 

Figure 6.1c, suggested a stable cycling of the cell, which delivered ca. 500 mAh gs
-1 for 

100 cycles at 500 mA g-1 (ca. 0.3 C) with almost 100% Coulombic efficiency, indicating 

good compatibility of the electrolyte with Mg anodes and sulfur-based cathodes.[192]  

 

Figure 6.1: a) Proposed formation of the electroactive species; b) simulated molecular 

structure of the electroactive species [Mg2(µ2-Cl)2(DME)4]2+; c) cell stability test of a Mg-

S cell with a Mg(CF3SO3)2, MgCl2 and AlCl3-based electrolyte at 0.3 C.[192] Reproduced 

with permission from ref[192]. Copyright (2020) American Chemical Society. 

In view of the reported outstanding compatibility of the electrolyte (Mg(CF3SO3)2, MgCl2 

and AlCl3 in DME) with Mg anodes and sulfur-based cathodes, together with the 

unsaturation of the electrolyte,[192] a similar electrolyte system was used to test the 

compatibility with SPAN cathodes and to investigate the functions of the lithium salt in 

Mg-SPAN batteries.  

Consequently, two electrolytes, i.e. a pure magnesium salt-based electrolyte (Mg(CF3SO3)2, 

MgCl2 and AlCl3 in DME) and a Mg2+/Li+ hybrid electrolyte prepared on the basis of 

Mg(CF3SO3)2, MgCl2, AlCl3 and Li(CF3SO3), have been investigated. For simplicity, 

Li(CF3SO3), which has the same anion as the Mg(CF3SO3)2 was selected as the source of 

the lithium ions. 
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6.2 Publication: “Performance Enhancement of Rechargeable 

Magensium-Sulfur Batteries Based on a Sulfurized 

Poly(acrylonitrile) Composite and a Lithium Salt” 

In order to investigate the specific role of a lithium salt in Mg-SPAN batteries, a pure 

magnesium electrolyte (Mg(CF3SO3)2, MgCl2 and AlCl3 in DME) and a Mg2+/Li+ hybrid 

electrolyte (Mg(CF3SO3)2, MgCl2, AlCl3 and Li(CF3SO3) in DME) were prepared. The 

electrochemical performances of Mg-SPAN cells containing these two different 

electrolytes were compared and investigated.  

In good accordance with the findings in Chapter 5, in this study, the addition of a lithium 

salt also greatly improved the performance of Mg-SPAN cells. The Mg-SPAN cells 

containing the Mg2+/Li+ hybrid electrolyte delivered ca. 1100 mAh gs
-1 for 100 cycles with 

almost 100% Coulombic efficiency. In contrast, Mg-SPAN cells containing the pure Mg 

electrolyte showed severe capacity decay in the initial few cycles. These results again 

indicated the beneficial effects of the addition of a lithium salt.  

In order to understand the reasons behind, Mg-Mg symmetric cells were first studied to 

exclude the influences from the sulfur species. Surprisingly, with both electrolytes, the 

symmetric cells showed similar low overpotentials (0.15 V) when the same current 

conditions were applied to the cells. In both symmetric cells, the overpotentials were low 

and stable, suggesting that both electrolytes did not passivate Mg anodes. Hence, the poor 

cycle performance of the Mg-SPAN cell containing the pure Mg electrolyte should be 

caused by the in-situ formed sulfur species.  

In order to further confirm this assumption, magnesium polysulfide species (MgSx) were 

synthesized and added to both electrolytes to mimic a sulfur species-containing 

environment. The Mg-Mg symmetric cells with the pure Mg electrolyte + MgSx  showed 

large and unstable overpotentials; whereas the cell with the Mg2+/Li+ hybrid electrolyte + 

MgSx  showed stable and much lower overpotentials (ca. 0.15 V) under the same current 

conditions. These data strongly suggested that the magnesium polysulfide species are 

harmful to the Mg anode in the absence of a lithium salt. Impedance spectroscopy analysis 
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of these two symmetric cells at the OCV state also confirmed that the magnesium 

polysulfide species tended to passivate the Mg anode surface in the absence of a lithium 

salt in the electrolyte. 

The overpotentials of Mg-SPAN cells with both electrolyte systems (pure Mg electrolyte 

and Mg2+/Li+ hybrid electrolyte) have also been evaluated by galvanostatic intermittent 

titrations technique (GITT), which showed that cells with the pure Mg electrolyte 

possessed much higher overpotentials than those with the Mg2+/Li+ hybrid electrolyte, 

which could also explain the better cycling performance of the cell with the hybrid 

electrolyte.  

Next, post-mortem XPS analysis of the Mg anodes from both electrolytes was conducted 

to investigate whether the use of a lithium salt reduced the amount of sulfur species, which 

potentially passivated the Mg anodes. The Mg anode from the Mg-SPAN cell using the 

hybrid electrolyte showed much lower amount of MgS species than those using the pure 

Mg electrolyte. MgS species are known to be corrosive, electrochemically inactive and 

hard to be re-oxidized to higher-order polysulfides, consequently reducing the reversibility 

of the system. These XPS results, however, suggested that the final reduction product, MgS, 

was most likely lithiated or dissolved in the presence of lithium ions in the electrolyte, 

which helped in the further re-oxidizations in the following cycles. 

At the same time, SEM analysis on the cycled Mg anodes from Mg-SPAN cells based on 

the Mg2+/Li+ hybrid electrolyte was carried out to exclude dendrite formations. On the 

cycled Mg anode, agglomerates of spheres rather than dendrites were observed. Also, post-

mortem XPS analysis of the aged Mg anode from a Mg-SPAN cell containing the Mg2+/Li+ 

hybrid electrolyte also confirmed the absence of lithium metal. Further on, the three-

electrode CV analysis also confirmed that the redox reactions are based on the Mg/Mg2+. 

All these results suggested the whole chemistry inside of Mg-SPAN cells were dominated 

by the magnesium chemistry, even when the lithium salt was inside of the electrolyte. 

A detailed discussion and introduction to this sub-project is presented in the following 

publication. 
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Publication 

P. Wang, K. Küster, U. Starke, C. Liang, R. Niewa, M. R. Buchmeiser, J. Power Sources 

2021, 515, 230604. 

Author Contributions: P. Wang: Conceptualization, Investigation, Writing - original draft, 

Writing - review & editing; K. Küster, U. Starke: XPS Characterization, Writing - review 

& editing; C. Liang, R. Niewa: XRD Characterization; M. R. Buchmeiser: 

Conceptualization, Supervision, Writing - original draft, Writing - review & editing 

 

Reprinted with permission from the © 2021 Elsevier Ltd. 
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6.3 Supporting Information to: “Performance Enhancement of 

Rechargeable Magensium-Sulfur Batteries Based on a Sulfurized 

Poly(acrylonitrile) Composite and a Lithium Salt” 

  

Figure S1: a,b) 19F-NMR spectra of a Mg2+/Li+ hybrid electrolyte before and after cycling; 

c,d) ESI-MS (positive and negative modes) of the pristine Mg2+/Li+ hybrid electrolyte. 
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Figure S2: a) UV-vis spectrum of a MgSx-diglyme solution; inset: orange-red color of the 

MgSx-diglyme solution after filtration; b) transparent color of the filtrate of a mixture of 

Mg and S8 powder.  

 

 

Preparation of a Mg2+/Li+ hybrid electrolyte containing MgSx and of a Mg2+ 

electrolyte containing MgSx 

As described in the experimental section, after dissolving 0.1 g MgSx in 6 mL diglyme, 

there remains still some undissolved MgSx in the mixture; consequently, the filtered 

MgSx/diglyme solution is saturated. The mixtures containing the Mg2+/Li+ hybrid 

electrolyte + MgSx solution and the Mg2+ electrolyte + MgSx solution, respectively, were 

prepared by mixing the corresponding electrolytes and the MgSx solutions in a volumetric 

ratio of 2:1. In each cell, 130 μL electrolyte were used.  
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Figure S3: a) XRD pattern of a pristine SPAN cathode, a cycled SPAN cathode and an 

elemental sulfur reference; b) SEM image of an SPAN cathode; c-f) elemental mapping of S 

and N. The covalently bound sulfur, nitrogen from SPAN are all evenly distributed in the SPAN.  

 

  

Figure S4: Higher resolution SEM image of a SPAN cathode. 
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Figure S5: CV of the Mg electrochemical plating and stripping of Mg at 0.5 mV/s in a 

Mg2+/Li+ hybrid electrolyte on Pt and Cu/C disc electrodes, respectively.  

 

 

Figure S6: Linear sweep voltammetry on stainless steel, Al-C and Cu-C electrodes. 
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Figure S7: Coulombic efficiency of stainless steel-Mg cells using the Mg2+/Li+ hybrid 

electrolyte by charging and discharging the cell at 0.1 mA/cm2 (0.05 mAh/cm2); inset: 

voltage profile. 

 

 

 

Figure S8: a) Chronoamperogram of a Mg2+ electrolyte with an applied voltage of 10 mV. 

I0 indicates the initial current; Iss is the steady state current; b) Nyquist plots of the Mg2+ 

electrolyte. The red curve shows the impedance spectrum before polarization. The blue 

curve shows the impedance spectrum after polarization at steady state. Inset: equivalent 

circuit of the electrode resistance. 
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Table S1: Fitted resistance values before and after polarization. 

 R1 (electrolyte resistance, Ω) R2 + R3 (electrode resistance, Ω) 

Before 

polarization 

6.433 (2.59 + 39564)/2 = 19783 

Steady state 6.383 (1.185 + 57114)/2 = 28557 

 In order to exclude the influence of Li+, the transfer number of Mg2+ was measured based 

on the Bruce and Vincent method (Eq.1) using a Mg2+ electrolyte. A small constant 

potential (10 mV) was applied to the electrolyte between two magnesium electrodes, 

leading to a decrease of the initial current value (0.4 mA) until steady state (0.14 mA) after 

15 hours (Figure S8). Since the anions are not involved into the redox reaction, the anion 

current vanishes after reaching the steady state and the total current is only caused by the 

Mg2+ cations. The contact resistance was measured before and after polarization. Figure 

S8 shows the chronoamperometric and impedance measurement using the Mg2+ electrolyte. 

The fitted resistance values are listed in Table S1. The transfer number of the Mg2+ was 

further determined by Eq. 1: 

                   Eq 1 

 

Figure S9: Voltage profile of a Mg-SPAN cell using a Mg2+ electrolyte. 
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Figure S10: a) Mg-S8 cell using a Mg2+/Li+ hybrid electrolyte, cycled at 1 C; b) voltage 

profile of the cell in a). The fast capacity decay is attributed to the fast loss of sulfur during 

cycling. 

 

 

 

Figure S11: Mg-SPAN cell containing 0.2 M Mg triflate and 1.6 M Li triflate cycled at 

0.5 C. Neglectable capacity was detected, indicating the importance of the electroactive 

species. 
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Table S2: Resistance values of a Mg-SPAN cell using a Mg2+/Li+ hybrid electrolyte. 

 R1 (Ω) R2 (Ω) R3 (Ω) | χ2/z | 

OCV 2h 6.76 1413 1538 0.02121 

1st charge 24.33 86.74 233.40 0.00024 

6th charge 27.15 36.60 236.50 0.00019 

11th charge 28.73 59.18 232.10 0.00026 

16th charge 29.34 66.99 265.20 0.00016 

1st discharge 27.52 231.80 260.10 0.01082 

6th discharge 30.54 299.10 153.90 0.00029 

11th discharge 31.60 302.70 158.00 0.00038 

16th discharge 32.22 318.80 165.10 0.00041 

  

 

Table S3: Resistance values of the Mg-SPAN cell using the Mg2+ electrolyte. 

 R1 (Ω) R2 (Ω) R3 (Ω) | χ2/z | 

1st charge 2.18 5.06 3239 0.38000 

6th charge 9.06 49.94 5102 0.04988 

11th charge 11.19 73.32 9760 0.02845 

16th charge 13.75 93.39 27839 0.00028 

21st charge 16.96 110.20 34324 0.00034 

1st discharge 7.51 7.62 1969 0.55770 

6th discharge 9.37 37.34 5491 0.04232 

11th discharge 11.55 61.01 12214 0.02829 

16th discharge 14.22 104.80 28043 0.00079 

21st discharge 17.05 125.20 36075 0.01435 
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Figure S12: Nyquist plots of cells after each cycle at the discharged state, using  a) a 

Mg2+/Li+ hybrid electrolyte; b) a Mg2+ electrolyte. 

 

 

Table S4: Resistance values of a symmetric Mg-Mg cell containing a Mg2+/Li+ hybrid 

electrolyte. 

 R1 (Ω) R2 (Ω) R3 (Ω) | χ2/z | 

OCV 0h 2.7 712.5 277.9 0.0252 

OCV 1h 2.7 1633.0 412.3 0.0088 

OCV 5h 2.7 5335.0 343.9 0.0155 

OCV 10h 2.8 8896.5 592.5 0.0109 

OCV 20h 2.9 13474.0 821.0 0.0116 

OCV 40h 2.9 19507.0 1248.5 0.0176 

OCV 50h 2.9 21674.0 1417.5 0.0220 

after polarization 2.9 4060.5 19.9 0.1918 
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Table S5: Resistance values of a symmetric Mg-Mg cell containing a Mg2+/Li+ hybrid 

electrolyte + MgSx and the Mg2+ electrolyte + MgSx. 

 R1 (Ω) R2 (Ω) R3 (Ω) | χ2/z | 

Mg2+/Li+ hybrid electrolyte + MgSx (1h 

OCV) 

3.3 3180.5 495.9 0.0288 

Mg2+ electrolyte + MgSx (1h OCV) 4.6 5630.0 683.5 0.00047 

 

 

 

 

Figure 13: Mg-SPAN cell using a Mg2+/Li+ hybrid electrolyte + MgSx solution cycled at 

1 C. 
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Figure S14: Nyquist plots of a symmetric Mg-Mg cell at the OCV state with a) a Mg2+ 

electrolyte + MgSx solution; b) a Mg2+/Li+ hybrid electrolyte + MgSx solution. 

 

 

Figure S15: CVs of the Mg-SPAN three-electrode cell using a Mg2+/Li+ hybrid electrolyte 

and a Mg2+ electrolyte, respectively, applying a scan rate of 0.1 mV/s.  
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Figure S16: a) CVs of a three-electrode Mg-SPAN cell. Differences between the initial cycle 

and the following cycles are attributed to the formation of an SEI layer; b) potential change of 

the MgCE (vs. MgRE) versus time. After each cycle, the MgCE returns back to the original state, 

showing only Mg joins the plating and stripping. 

 

 

  

Figure S17: GITT curve of a Mg-SPAN cell using a Mg2+ electrolyte cycled at 0.1 C. 
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Figure S18: Overpotential in the GITT curve (charge). 

 

 

 

Figure S19: a) Comparison between a solution of MgSx in DME (left) and MgSx in DME 

with the addition of the Mg2+/Li+ hybrid electrolyte (right); b) UV-Vis spectra of the two 

solutions. 
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Figure S20: High resolution XPS spectra of a Mg anode after 10 cycles in the charged state; 

a) F1s; b) Cl 2p; c) C1s; d) O1s.[1-2]   

 

 

Table S6: Elemental analysis of SPAN. 

Element  Composition (%) 

C 42.6 

H 1.1 

N 13.8 

S 38.0 
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In order to compare the battery performance of cathodes with a higher sulfur loading, an SPAN 

slurry was prepared using the same composition (SPAN:carbon black:PVDF=70:15:15), but a 

thicker coating thickness (300 µm wet). The sulfur loading was around 1 mg/cm2, which is 

comparable with the state of the art.[3] Figure S21 shows the corresponding cycling data. The 

cell delivered around 700 mAh/gs discharge capacity for over 50 cycles with 100% Coulombic 

efficiency at 1 C, indicating superior cycling performance and good combination between 

SPAN and the lithium-containing hybrid electrolyte. 

  

Figure S21: long-term cycling data of Mg-SPAN cell with higher sulfur loading (1 mg/cm2). 

 

In order to investigate the electrolyte with different lithium salt concentrations, 0.8 M lithium 

triflate was added to the hybrid electrolyte. Figure S22 shows a Mg-SPAN cell using the 0.8 M 

lithium triflate electrolyte. The cell showed some capacity decay in the initial cycles but 

stabilized around 450 mAh gs
-1 in the following cycles. It is known that an unsaturated 

electrolyte can further dissolve polysulfides, which leads to the polysulfide shuttle.[3] Therefore, 

a saturated electrolyte concentration was selected: 0.2 M magnesium triflate, 0.4 M MgCl2, 

0.4 M AlCl3 and 1.6 M lithium triflate in DME. 
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Figure S22: Long term cycling of Mg-SPAN at 1 C using 0.2 M magnesium triflate, 0.4 M 

MgCl2, 0.4 M AlCl3 and 0.8 M lithium triflate. 

 

In order to exclude the capacity contribution from the in-situ formed copper sulfide, the CuS 

cathode was prepared with carbon black and PVDF. The cell composed of a CuS cathode, a Mg 

anode and Mg2+/Li+ hybrid electrolyte was cycled between 0.05 V to 2 V at 0.5 C. Figure S23 

shows that the capacity contribution from the CuS is minor, suggesting that the copper sulfide 

in the system only catalyzes the reversible reactions and suppresses the polysulfide shuttle. 

  

Figure S23: Comparison of cells with an SPAN cathode and a CuS cathode. 
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Figure S24: Elemental mapping of the cycled Mg foil from Figure 5e. 
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Chapter 7 

Design of a Gel Polymer Electrolyte for Magnesium-

Sulfur/Ion Batteries 

7.1 Motivation 

Based on the outstanding electrochemical performance of Mg-SPAN cells presented in 

Chapter 5-6, SPAN cathodes proved to be well compatible with Mg anodes together with 

the liquid Mg2+/Li+ hybrid electrolytes. However, the liquid electrolytes for Mg-S batteries, 

which are mostly investigated so far, have shown some inevitable shortcomings, such as 

potential leakage and polysulfide shuttle, which lead to the cycle performance decay. 

There are barely reports on the solid-state electrolytes for Mg-S batteries. At the same time, 

polysulfide shuttle and leakage issues are common challenges in both Li-S and Mg-S 

batteries containing liquid electrolytes. In Li-S systems, one possible solution to overcome 

these issues is the replacement of traditional liquid electrolytes by solid-state 

electrolytes.[222] By using a solid-state electrolyte, the dissolution of polysulfides is 

substantially reduced; consequently, the shuttle effect can be eliminated. The internal short 

circuit and electrolyte leakage can also be inhibited by using a solid-state electrolyte. 

Concerning low ion conductivity and poor contact between electrodes and electrolytes in 

the majority of the all-solid-state batteries, an in-situ prepared gel-polymer-electrolyte 

(GPE) is designed for Mg-S batteries in this sub-project. 

In view of the outstanding electrochemical performance of Mg-SPAN cells containing the 

Mg2+/Li+ borohydride-based hybrid electrolyte (Chapter 5), it is interesting to investigate 

the compatibility of a borate-based GPE, prepared via an in-situ crosslinking reaction 

between the Mg[BH4]2/Li[BH4] solution and poly(tetrahydrofuran) solution, with Mg-

SPAN cells.   



Design of a Gel Polymer Electrolyte for Magnesium-Sulfur/Ion Batteries 

140 

7.2 Publication: “A Design Concept for Halogen-Free Mg2+/Li+-

Dual Salt-Containing Gel-Polymer-Electrolytes for 

Rechargeable Magnesium Batteries” 

Solid-state electrolytes can effectively promote the development of Mg-S batteries because 

of the improved safety and reduced polysulfide shuttle effect. However, electrolyte leakage 

issue and shuttle effect in Mg-S cells containing traditional liquid electrolytes prohibit their 

further development. Here, a new borate-based GPE, in-situ prepared by mixing 

Mg[BH4]2/Li[BH4] and poly(tetrahydrofuran) solutions, has been designed. Due to the 

reported beneficial effects of the nanofillers in the solid-state electrolytes[222], TiO2 nano 

powder has also been embedded. 

The as-prepared GPE possessed relatively high ionic conductivities from 0 to 40 C, 

excellent polarization behavior and good reversibility. More remarkably, the GPE 

displayed outstanding compatibility not only with sulfur-based cathodes, but also with 

intercalation cathodes (TiS2, LTO, Mo6S8). Specifically, Mg-SPAN and Mg-ACC/S cells 

containing the GPE stably delivered ca. 600 and 420 mAh gs
-1 at 0.2 C for 140 and 50 

cycles, respectively. Post-mortem XPS analysis of the Mg anode from the Mg-SPAN cell 

also confirmed the successful suppression of polysulfides. In addition, the Mg-SPAN 

system containing the GPE featured low self-discharge, high flexibility and safety 

characteristics. 

The graphical abstract, which well summarized the sub-project, is shown in Figure 7.1. A 

detailed discussion and introduction to this sub-project is presented in the following 

publication. 
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Figure 7.1: Graphical abstract of the publication “A design concept for halogen-free 

Mg2+/Li+-dual salt-containing gel-polymer-electrolytes for rechargeable magnesium 

batteries”. 

Publication 

P. Wang, J. Trück, J. Häcker, A. Schlosser, K. Küster, U. Starke, L. Reinders, M. R. 

Buchmeiser, Energy Storage Mater. 2022, 49, 509-517. 
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Schlosser: Methodology; Resources; Writing - review & editing; Kathrin Küster: 

Methodology; Writing - review & editing; Ulrich Starke: Methodology; Writing - review 

& editing; Leonie Reinders: Methodology; Writing - review & editing; Michael R. 

Buchmeiser: Funding acquisition; Project administration; Supervision; Validation; Writing 

- review & editing 
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7.3 Supporting Information to: “A Design Concept for Halogen-

Free Mg2+/Li+ - Dual Salt-Containing Gel-Polymer-Electrolytes 

for Rechargeable Magnesium Batteries” 

Section 1. Supporting Figures 

 

Figure S1. SEM images of a) the surface of a pristine glass fiber separator; b) a cross-

section of the MLT-GPE.  

The comparison between a pristine glass fiber separator and a magnesium, lithium, TiO 2-

gel polymer electrolyte (MLT-GPE) (Figure S1a), together with the SEM image of the 

cross-section of the MLT-GPE, confirms that the pores in the glass fiber separator are 

infiltrated by the MLT-GPE after the in-situ cross-linking reaction.  

  



Design of a Gel Polymer Electrolyte for Magnesium-Sulfur/Ion Batteries 

152 

 

Figure S2. TGA-DSC analysis of the MLT-GPE. 

Figure S2 shows the TGA-DSC results of the MLT-GPE. The crosslinked MLT-GPE shows 

a higher melting temperature (380 °C) than the reactants (PTHF, 28 °C).[1] 
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Figure S3. Nyquist plots of the Mg|| MLT-GPE || Mg cell with an before and after 

cycling. 

 

 

Figure S4. Nyquist plots of the SS||GPE||SS cell without TiO2 at different temperatures. 

 



Design of a Gel Polymer Electrolyte for Magnesium-Sulfur/Ion Batteries 

154 

 

Figure S5. Long-term galvanostatic cycling of symmetric Mg||Mg cells at 0.1 mA cm -2 

with various amounts of TiO2 as additive. Blue: 0.1 M Mg[BH4]2 and 1.5 M Li[BH4] in 

diglyme + PTHF/THF; red: 0.1 M Mg[BH4]2 and 1.5 M Li[BH4] and 10 wt% TiO2 in 

diglyme + PTHF/THF (MLT-GPE).  

The overpotentials of the symmetric cells using the GPE with/without TiO2 nanoparticles 

were compared at 0.1 mA cm -2 (Figure S5). The GPE without TiO2 nanoparticles shows 

nearly twice the overpotential than the one with TiO2 nanoparticles, indicating the 

comprehensive improvement of the conductive behavior by the introduction of TiO 2 

nanoparticles.  
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Figure S6. Cyclic voltammetry (CV) of Mg-stainless steel cells using gel polymer 

electrolytes with and without TiO2. Red: 0.1 M Mg[BH4]2 and 1.5 M Li[BH4] and 10 wt% 

TiO2 in diglyme + PTHF/THF (MLT-GPE); scan rate: 10 mV∙s-1; blue: 0.1 M Mg[BH4]2 

and 1.5 M Li[BH4] in diglyme + PTHF/THF; scan rate: 50 mV∙s -1.  

A Mg||SS cell without TiO2 nanoparticles and a Mg||SS cell with the MLT-GPE was 

subjected to cyclic voltammetry applying a scan rate of 50 and 10 mV s -1, respectively 

(Figure S6). The Mg||SS cell with the MLT-GPE shows higher current density even at a 

slower scan rate, demonstrating the improvements of the cell performance by the TiO2 

nanoparticles. 
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Figure S7. Electrochemical measurements with MLT-GPE as electrolyte: a) linear sweep 

voltammetry (LSV) with Mg foil as counter electrode, stainless steel foil/graphite 

foil/platinum foil as working electrode; b) cyclic voltammetry (CV) of Mg-stainless steel 

cell; scan rate: 10 mV∙s-1; c) coulombic efficiency measurements using a Mg-stainless steel 

cell; inset: corresponding potential curve; d) discharge capacity and CV (inset) of Mg-

stainless steel cell, measured in a voltage window of 0.05 V to 2.3 V.  

Figure S7a shows the LSV results of the MLT-GPE against three different current 

collectors: Pt, graphite and stainless steel. Some common current collectors such as Al or 

carbon coated Al foil were not tested due to the known poor corrosion resistance.[2] 

According to Figure S7a, the highest oxidative stabile voltages of these current collectors 

(Pt, graphite and stainless steel) are 2 V, 2.6 V and 3.6 V, respectively. The reasons for 

which the Pt current collector does not show the best corrosion resistance might be due to 

the solvents existing inside of the gel.[3] Due to the low cost and good corrosion resistance 

of the stainless steel foil, the stainless steel has been used as current collectors in the 

following studies. 
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Figure S7d shows the galvanostatic cycling and CV of a Mg||SS cell to  examine whether 

the stainless steel current collector was inert and the MLT-GPE contributed to the capacity 

in the voltage window (0.05 V to 2.3 V). Negligible discharge capacity (<1 mAh/g) was 

detected in the applied voltage window. Also, no signals in CV were detected in this 

voltage range. Therefore, in the following electrochemical cycling tests, the voltage 

window was set from 0.05 V to 2.3 V. 

 

Figure S8. a) Nyquist plots of the Mg2+ electrolyte. The red curve shows the impedance 

spectrum after polarization. The blue curve shows the impedance spectrum before 

polarization at steady state. The black curves represent the fitting; b) chronoamperogram 

of a Mg2+ electrolyte with an applied voltage of 10 mV.  

In order to exclude the influence of Li+, the transfer number of Mg2+ was measured based 

on the Bruce and Vincent method (Eq.S1) using a pure Mg2+ electrolyte, 0.1 M Mg[BH4]2, 

10 wt% TiO2 in diglyme, with the addition of PTHF/THF (Figure S8). A small constant 

potential (10 mV) was applied to the electrolyte between two magnesium electrodes, 

leading to a decrease of the initial current value (0.623 mA) until steady state (8.9 µA) 

after 2000 minutes (Figure S8b). Since the anions are not involved in the redox reaction, 

the anion current vanishes after reaching the steady state and the total current is only caused 

by the Mg2+ cations. The contact resistance was measured before and after polarization. 

Figure S8a shows the chronoamperometric and impedance measurement using the Mg2+ 

electrolyte. The fitted resistance values are listed in Table S3. The transfer number of the 

Mg2+ was further determined by Eq. S1: 

𝑡𝑀𝑔2+ =
𝐼𝑆𝑆(∆𝑉−𝐼0𝑅𝑃,0)

𝐼0(∆𝑉−𝐼𝑆𝑆𝑅𝑃,𝑆𝑆)
=  

8.938 𝜇𝐴×(10 𝑚𝑉−623 𝜇𝐴 ×4.4 𝑘Ω) 

623 𝜇𝐴 ×(10 𝑚𝑉−8.938 𝜇𝐴 ×10.34 𝑘Ω)
= 0.5                                    (S1)   
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Figure S9. SEM image and elemental mapping of the SPAN cathode. 

The elemental mapping of the SPAN cathode shows good homogeneity (Figure S9). 

Signals for S and N stem from the SPAN structure. Signals for F stem from the binder 

(PVDF). The C signals stem from conducting super carbon 65, PVDF and SPAN.  
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Figure S10. Voltage curves of the Mg||MLT-GPE||SPAN cell shown in Figure 3a. 

The voltage curves show the characteristics SPAN features. In the discharge curve, a 

plateau at around 1 V represents the formation of short chain polysulfides MgSx (x<4).   
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Figure S11. Nyquist plot of a Mg-SPAN cell after 5, 10, 15, 20, 25 and 30 cycles. Dots: 

experimental data; line: fitted data (by the inset equivalent circuit model); where R1 is the 

bulk resistance, R2 represents the resistance of the solid electrolyte interphase (SEI) layer 

on the Mg anode; R3 is the charge transfer resistance between the active material (SPAN) 

and the electrolyte.[4]   
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Figure S12. Performance comparison of Mg-SPAN cells cycled with the liquid electrolyte 

(green, 0.1 M Mg[BH4]2, 1.5 M Li[BH4], 10 wt% TiO2 in diglyme) and the MLT-GPE 

(blue) at 0.2 C at room temperature.  

The Mg||MLT-GPE||SPAN cell shows better capacity retention than the Mg||liquid 

electrolyte||SPAN cell, indicating successful suppression of the polysulfide shuttle in the 

MLT-GPE. Nonetheless, the Mg||liquid electrolyte||SPAN cell still shows acceptable cycle 

performance compared to other reported systems (Table S4), attributable to an effective 

retaining of sulfur by covalently bound sulfur in the SPAN structure. 
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Figure S13. a) Long-term cycling data at 0.2 C and 0 °C; b) rate capability results of the 

Mg||MLT-GPE||SPAN cell cycled at 0 °C.   
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Figure S14. a) Cyclic voltammetry (CV) curves of the Mg||MLT-GPE||SPAN cell at 

different scan rates (0.1 mV∙s-1 to 0.8 mV∙s-1); b) logarithm of the anodic and cathodic 

peak currents versus the logarithm of the scan rate. 
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Figure S15. a) Voltage curves of the Mg||MLT-GPE||ACC/S cell charged/discharged at 

0.2 C at room temperature; b) typical CV curves of the Mg||MLT-GPE||ACC/S cell, scan 

rate: 0.2 mV∙s-1; c) electrochemical performance of the Mg||liquid electrolyte||ACC/S cell.  

After the initial cycle, the voltage curves of the Mg||MLT-GPE||ACC/S cell in Figure S15a 

shows sloped regions during discharging and charging starting from 1.2 V and 0.5 V 

respectively, which is in accordance with the typical CV curves in Figure S15b.  

  



Design of a Gel Polymer Electrolyte for Magnesium-Sulfur/Ion Batteries 

165 

 

Figure S16. Mg||MLT-GPE||Mo6S8 cells: a) rate capability test (0.5 C, 1 C, 2 C, 3 C); b) 

voltage curves from S16a; c) CV curves at a scan rate of 0.2 mV∙s-1.  

A Chevrel phase Mo6S8 cathode was tested together with a Mg foil and the MLT-GPE 

(Figure S16). The Mg||MLT-GPE||Mo6S8 cell showed good rate capability when cycling 

the cell from 0.5 C to 3 C (Figure S16 a). A relatively high discharge capacity of ca. 

80 mAh∙g-1 was delivered at 0.5 C. The voltage curves and the CV shown in Figure S16b 

and c shows plateaus and featured redox peaks, indicating the successful cation insertion 

and extraction. 
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Figure S17. Mg||MLT-GPE||TiS2 cells: a) voltage curves from Figure 5a; b) voltage curves 

from Figure 5b; c) CV curves at a scan rate of 0.2 mV∙s-1. 
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Figure S18. Mg||MLT-GPE||LTO cell: a) voltage curves from Figure 5c; b) voltage curves 

from Figure 5d; c) CV curves at a scan rate of 0.2 mV∙s-1.  
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Section 2. Supporting Tables 

Table S1. Calculated resistance and ionic conductivity of MLT-GPE at different 

temperatures from Figure 2a. 

Temperature (° C) R1 (Ω) Ionic conductivity (S∙cm-1) 

0 105.7 1.46×10-4 

10 98.9 1.56×10-4 

20 89.9 1.72×10-4 

30 79.4 1.94×10-4 

40 69.3 2.23×10-4 

 

Table S2. Calculated resistance and ionic conductivity of the GPE without TiO2 additive 

at different temperatures from Figure S4. 

Temperature (° C) R1 (Ω) Ionic conductivity (S∙cm-1) 

0 263.7 5.87×10-5 

10 257.5 6.01×10-5 

20 227.2 6.81×10-5 

30 198.7 7.79×10-5 

40 173.1 8.94×10-5 

 

Table S3. Fitted resistance values before and after polarization. 

 R1 (electrolyte resistance, Ω) R2 + R3 (electrode resistance, Ω) 

Before 

polarization 

4352 8826/2 = 4413 

Steady state 1223 20680/2 = 10340 
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Table S4. Comparison of Mg-S cell performance with published work. 

Cathode Electrolyte Current 

density 

Cycle 

number 

Capacity Ref. 

SPAN 

ACC/S 

MLT-GPE (solid) 0.2 C 

0.2 C 

140 

50 

580 mAh∙gs
−1 

510 mAh∙gs
−1 

This 

work 

CC@PANI+ 

MgSx catholyte 

MACC (Liquid) 0.01 C 25 428 mAh∙gs
−1 [5] 

S8-MXene/carbon 

nanotube 

Mg[B(hfip)4]2 

(liquid) 

0.03 C 25 400 mAh∙gs
−1 [6] 

SPAN MBA (liquid) 0.1 C 90 450 mAh∙gs
−1 [7] 

VN/60S MTB (liquid) 0.3 C 100 420 mAh∙gs
−1 [8] 

S/NC Mg[B(hfip)4]2+I2 

(liquid) 

0.05 C 100 210 mAh∙gs
−1 [9] 

S8 THFPB (Liquid, 

50°C) 

0.06 C 25 915 mAh∙gs
−1 [10] 

S/MC MBA (liquid) 0.04 C 100 400 mAh∙gs
−1 [11] 

S/MC MTB (liquid) 0.05 C 55 390 mAh∙gs
−1 [12] 

S/NC Mg[B(hfip)4]2 

(liquid) 

0.02 C 50 200 mAh∙gs
−1 [13] 

ACC/S Mg[B(hfip)4]2 

(liquid) 

0.1 C 100 200 mAh∙gs
−1 [14] 

S/rGO@PCC Mg[HMDS]2 

(liquid) 

0.01 C 40 400 mAh∙gs
−1 [15] 
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Table S5. Fitted resistance values from Figure S11. 

Cycle number R1 (Ω) R2 (Ω) R3 (Ω) 

5 20.59 35.53 4218 

10 22.65 31.06 4673 

15 25.02 34.84 5646 

20 29.11 37.67 6698 

25 32.67 34.12 6423 

30 35.92 32.54 5743 
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Chapter 8 

Conclusions 

In conclusion, four different electrolyte systems have been conceptualized and investigated 

for Mg-SPAN cells in this thesis. In the first sub-project, Mg-SPAN cells using 

Mg[B(hfip)4]2 as the conductive salt in the electrolyte and a Mg foil anode reversibly 

delivered ca. 300 mAh gs
-1 at C/30. Replacing the Mg foil by a Mg pressed pellet, the 

discharge capacity increased to ca. 550 mAh gs
-1 at C/30. In summary, this study showed 

the possibility of the reversible cycling of Mg-SPAN batteries. 

In order to further improve the electrochemical performance of Mg-SPAN cells, a Mg2+/Li+ 

hybrid electrolyte (Li[BH4] and Mg[BH4]2 in diglyme) has been developed to replace the 

electrolyte containing a pure magnesium salt. The Mg-SPAN cell using the Mg2+/Li+ 

hybrid electrolyte showed improved electrochemical performance. Cells stably delivered 

ca. 800 mAh gs
-1 at C/10 with > 99% Coulombic efficiency for 100 cycles, which was 

among the best performing Mg-S cells. In summary, the addition of a lithium salt into the 

electrolyte of Mg-SPAN cells greatly improved the cell performance. The detailed 

functions of the lithium salt in this system could not be investigated due to the low 

solubility of Mg[BH4]2 in the ether-based solvents.  

In order to further understand the role of a lithium salt in Mg-SPAN batteries, an electrolyte, 

which can dissolve both magnesium and lithium salts has been found. Mg-SPAN cells with 

a Mg2+/Li+ hybrid electrolyte composed of Mg[CF3SO3]2, Li[CF3SO3], MgCl2 and AlCl3 

in DME successfully delivered ca. 1100 mAh gs
-1 at 1 C with > 99.9% Coulombic 

efficiency for 100 cycles. In contrast, Mg-SPAN cells with a pure Mg2+ electrolyte 

(Mg[CF3SO3]2, MgCl2 and AlCl3 in DME) delivered lower and unstable capacities. Based 

on the electrochemical measurements and post-mortem analysis, the magnesium 

(poly)sulfides proved to be harmful since they tended to passivate the magnesium anodes. 

The addition of a lithium salt to the electrolyte greatly suppressed the passivation of Mg 
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anodes and polysulfide shuttle. At the same time, the cell resistance and overpotential were 

greatly reduced via the potential formation of MgLiSx species. 

Apart from the addition of a lithium salt, the development of a GPE has also been proved 

to be capable of suppressing the polysulfide shuttle. A novel high-performance GPE, 

prepared by an in-situ crosslinking reaction between Li[BH4]/Mg[BH4]2 solution and 

poly(tetrahydrofuran) solution, has been developed for the use of Mg-S/ion batteries. This 

GPE displayed outstanding ionic conductivities in a wide temperature range, superior 

polarization behavior, remarkable reversibility and compatibility with different sulfur 

containing and intercalation cathodes. Specifically, Mg-SPAN and Mg-ACC/S cells 

delivered discharge capacities of around 600 and 420 mAh∙gs
-1 at 0.2 C after 140 and 50 

cycles with almost 100% Coulombic efficiency, respectively. Remarkably, the Mg-SPAN 

pouch cells also showed excellent flexibility and safety characteristics, which could 

potentially bridge the gap between the lab cells and the practical applications.  
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Chapter 9 

Future work 

Research on Mg-S batteries has made substantial progress during the last decade. However, 

more investigations still must be carried out in this area in the future. Regarding the 

electrolyte systems, the development of all-solid-state electrolytes for Mg-S batteries 

should definitely be investigated, since there are no reports yet in this field. Despite the 

common issues in all-solid-state electrolyte such as low ionic conductivity and poor 

interaction between the electrolyte and the electrodes, all-solid-state electrolytes can 

greatly suppress the polysulfide shuttle and improve the energy density of the cell system, 

which are attractive in Mg-S batteries. 

On the other hand, the development of advanced liquid electrolytes for Mg-S batteries is 

still an important research direction. Novel electrolyte systems that can successfully 

suppress the polysulfide shuttle and allow for a stable cell cycling with high energy 

densities are still highly demanded. The cycle life of the state-of-the-art Mg-S batteries is 

only around 100 ~200 cycles; however, in the practical applications, a longer cycle life is 

definitely needed. 

Further on, high-performance sulfur cathodes are also highly demanded for Mg-S batteries. 

The majority of the current applied cathodes are still sulfur-carbon composites, which have 

shown limitations in cycle performances. Therefore, cathodes with covalently bound sulfur 

are of great interest for Mg-S batteries. Although SPAN cathodes have shown high 

compatibility with Mg batteries, low sulfur loading of the SPAN material is a drawback. 

High sulfur-loading cathode materials need to be developed in the future work.  

Also, the development of electrolyte systems that are compatible with high-voltage cathode 

materials should be further investigated. Due to the intrinsic properties of magnesium 

anodes and sulfur cathodes, the voltage plateaus of the redox reactions are relatively low, 

which further limit the energy density of the system. Hence, novel high-voltage cathode 
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materials with high energy densities together with the corresponding electrolyte systems 

with high oxidative stability need to be further developed. 
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