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SUMMARY 

The quest for a suitable electrolyte formulation is pivotal to the success of rechargeable 

magnesium batteries. A simple conventional electrolyte having high compatibility with 

magnesium anode and cathode material is in great demand. Herein, we report a simple yet 

effective electrolyte formulation, comprising magnesium triflate (Mg(OTf)2) and magnesium 

chloride in monoglyme, that can enable highly reversible, conditioning-free, and homogeneous 

magnesium deposition. Galvanostatic Mg plating/stripping demonstrates an average Coulombic 

efficiency of 99.4% over 1000 cycles. The cells show excellent performance at current densities 

up to 3 mA cm-2 and areal capacities up to 5 mAh cm-2. Post-mortem analysis unveils the 

formation of a robust solid electrolyte interphase, which leads to improved kinetics at the 
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magnesium electrode. A prototype Mg battery with Mo6S8 cathode demonstrates stable cycling 

performance over 100 cycles. This study shows that rational design of Mg(OTf)2-based 

electrolytes is a promising direction towards the realization of high-performance magnesium 

batteries. 
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INTRODUCTION 

The integration of renewable energy sources and energy storage devices is the key to 

decarbonize economic growth. Energy storage devices play a pivotal role in transitioning away 

from our dependence on fossil fuels to clean energy sources, such as wind and solar power, as 

well as in the evolution of modern telecommunication and automobile industries. However, the 

heavy reliance on lithium (Li)-ion battery technology has placed its supply chain under huge 

pressure. Therefore, numerous efforts have been made to develop more sustainable batteries 

based on earth-abundant elements. Magnesium is earth-abundant, has a high volumetric 

capacity (3833 mAh mL-1) twice that of Li metal, and a low reduction potential of -2.4 V vs. 

standard hydrogen electrode (SHE).1-3 In addition, Mg deposition tends to form uniform 

structures and smooth surfaces rather than highly dendritic structures as seen in lithium and 

sodium deposition.4-5 Using density functional theory (DFT) calculations, Jäckle et al. showed 

that Mg exhibits a tendency towards the growth of smooth surfaces as it exhibits lower ion 

diffusion barriers than lithium and sodium, and as a hexagonal close-packed metal, Mg favors 

higher-coordinated configurations in contrast to the body-centered cubic metals, e.g. lithium 



  

3 

 

and sodium.6 These unique properties make Mg batteries attractive candidates for safer energy 

storage devices. 

Finding an appropriate electrolyte formulation that is uniquely suitable for rechargeable 

magnesium batteries is one of the major technological challenges. Unlike Li-ion chemistry, in 

which the solid electrolyte interphase (SEI) is highly conductive to Li+ ions, spontaneous 

reduction of the electrolyte components on the Mg metal surface results in the formation of a 

passivating surface layer, which is less conductive towards Mg2+ ions. Therefore, the search for 

electrolyte components, particularly Mg salts, which have high reductive stability against Mg 

metal is crucial for improving the performance of current Mg batteries. To date, a few Mg salts 

allow Mg plating and stripping to occur at various degrees of reversibility. The most notable 

electrolyte solutions for Mg batteries are based on the organohaloaluminate complexes,7  

magnesium aluminum chloride complex (MACC),8 magnesium monocarborane 

(Mg(CB11H12)2),
9 amidomagnesium halides,10-11 and magnesium borate.12-15 However, 

achieving high areal capacity and high current density for Mg plating/stripping over long 

cycling process, which is essential for the practical use of Mg metal anode, is still challenging.16 

In addition, new electrolyte systems with a simple synthetic route, based on commercially 

available salts and solvents, are in high demand. 

Magnesium trifluoromethanesulfonate, also known as magnesium triflate (Mg(OTf)2), is 

thermally stable (with a melting point above 300 oC), non-toxic, insensitive to ambient moisture, 

and commercially available with high purities. To evaluate its anodic stability, we performed 

density-functional theory (DFT) calculations of the highest occupied molecular orbital 

(HOMO)/lowest unoccupied molecular orbital (LUMO) levels and ionization potential (IP) of 

the triflate anion (OTf-) (Supporting Information, Figure S1 and Table S1). The DFT results 

show that OTf- anion has similar anodic stability as bis(trifluoromethanesulfonyl)imide (TFSI-) 

and perchlorate (ClO4
-) anions, and much higher than that of hexamethyldisilazide (HMDS-) 
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anion. The ionization potential of the OTf- anion is 4.81 V, which is close to that of TFSI- (4.66 

V) and ClO4
- (5.04 V) anions. This suggests that Mg(OTf)2

 salt is also a promising salt for high 

voltage electrolyte system. An initial study on Mg(OTf)2-based electrolyte conducted by 

Lossius et al. successfully observed the deposition of Mg from an electrolyte solution of 

Mg(OTf)2 in dimethylacetamide.17 NuLi et al. reported reversible deposition and dissolution of 

magnesium from an ionic liquid-based electrolyte consisting of Mg(OTf)2 and 1-n-butyl-3-

methylimidazolium tetrafluoroborate.18 However, magnesium metal passivation was reported 

to take place due to the negative potential limit of the ionic liquid cation.19-20 In addition, it is 

well established that only ethereal solvents are compatible with Mg metal anode due to their 

high reductive stability. However, Mg(OTf)2 has a low solubility in ethereal solvents such as 

glymes, resulting in their incompatibility.21 This is considered to be the biggest challenge for 

the development of Mg(OTf)2-based electrolyte for Mg batteries.  

Recent studies show that reversible Mg plating/stripping is obtainable in mixed ether-based 

electrolytes containing Mg(OTf)2 salt with the addition of multiple electrolyte additives.21-22 In 

particular, the solubility of Mg(OTf)2 was improved by using a mixture of ether solvents such 

as tetrahydrofuran (THF) and tetraethylene glycol dimethyl ether (tetraglyme), or by adding a 

mixture of electrolyte additives such as MgCl2, AlCl3, and anthracene.21-22
 In addition to being 

complicated and consisting of multiple components, the electrochemical performance of the 

electrolyte was also unsatisfactory as the average Coulombic efficiency was low,21 and 

electrochemical conditioning (indicated by no Mg deposition in early cycles) was required.22 It 

is worth noting that electrolyte solutions containing AlCl3 generally exhibit conditioning 

behavior, which limits the ease of practical application.23-24 To date, improving the solubility 

of Mg(OTf)2 in ethereal solvents using facile means is the key to the success of Mg(OTf)2-

based electrolytes for Mg batteries. 
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In this work, we carefully designed and conducted a systematic study on the combination of 

Mg(OTf)2 and MgCl2 salt in monoglyme (DME). Intriguingly, we found that by tuning the 

[Mg2+]:[Cl-] molar ratio above 1, a high concentration of Mg(OTf)2-MgCl2 can be completely 

dissolved into the electrolyte. The resulting electrolyte solution exhibited a superior 

electrochemical performance in Mg plating and stripping, showing dendrite-free deposition, 

high Coulombic efficiency and long cycle life (99.4% over 1000 cycles at 0.5 mA cm-2). 

Toward the practical use of Mg metal anode, the experiments were conducted on a conventional 

cell configuration using thin Celgard separator and low electrolyte volume, and tested at high 

current densities and high areal capacities. In addition, the deposition morphology of Mg under 

various current densities, the surface chemistry of the SEI formed on Mg electrode, and the 

electrolyte’s compatibility with Mo6S8 cathode were also carefully investigated. 

RESULTS AND DISCUSSION 

Homogeneous and reversible Mg deposition and dissolution 

One of the greatest challenges for the utilization of Mg(OTf)2 as a salt in Mg battery electrolytes 

is its low solubility in ethereal solvents, especially monoglyme and diglyme, which are 

commonly used as solvents for Mg electrolytes due to their high reductive stability against Mg 

metal anode. Despite its low solubility, the galvanostatic plating/stripping of a saturated 

Mg(OTf)2 in DME electrolyte showed reversible plating/stripping at 0.05 mA cm-2 and 0.05 

mAh cm-2 with an average Coulombic efficiency (CE) of 74.3% over 50 cycles and low 

overpotential of Mg plating (-0.4 V) (Figure S2). On the contrary, Mg(TFSI)2 alone in DME 

demonstrated poor Mg plating (Figure S3). This result suggests that Mg(OTf)2 is highly 

compatible with Mg metal anode and improving its solubility in DME may lead to a high-

performance electrolyte solution. 

In this study, we carefully designed and conducted a systematic investigation to improve the 

solubility of Mg(OTf)2 in DME solvent. MgCl2 is frequently used in Mg electrolytes and 



  

6 

 

demonstrates effectiveness in improving the compatibility of the electrolyte with the Mg metal 

anode.25-27 It should be noted here that the solubility of MgCl2 alone in DME is very low due 

to low chemical polarity of DME.28 Various combinations of Mg(OTf)2 and MgCl2 in DME 

were prepared (Figure S4) with [Mg(OTf)2]:[MgCl2] ratios ranging from 0.25 to 4, while the 

total concentration of Mg2+ in solution was fixed at 0.5 M. The results showed that clear and 

stable electrolyte solutions (i.e. complete dissolution) could be obtained at [Mg(OTf)2]:[MgCl2] 

ratios greater than 1, corresponding to [Mg2+]:[Cl-] ratios greater than 1 as well (Figure S4A-

C). When the ratio of [Mg(OTf)2]:[MgCl2] = [Mg2+]:[Cl-] = 1, the initially-clear solution 

(Figure S4D) was instead unstable and crystals were formed after a few days at room 

temperature (Figure S4G). In mixtures where both molar ratios are less than 1, the salts were 

found to be insoluble (Figure S4E-F). Interestingly, a clear electrolyte can be obtained with the 

total concentration of Mg2+ up to 2.5 M, corresponding to the electrolyte formula of 1.5 M 

Mg(OTf)2 + 1 M MgCl2 in DME. Previously, Yang et al. attempted to combine Mg(OTf)2 and 

MgCl2 in DME at a molar ratio of 0.5 but a clear electrolyte solution was not obtainable.21 This 

result is consistent with our solubility findings above, which suggests that the molar ratio 

between Mg(OTf)2 and MgCl2 plays an unexpectedly important role in improving the solubility 

of their combination. At 0.5 M of Mg2+, all soluble electrolyte combinations exhibited an ionic 

conductivity of approximately 0.3 mS cm-1 (Table S2). The low ionic conductivity of the 

electrolyte solution is due to strong interaction between OTf- anion and Mg2+, similar to that 

observed in LiOTf-based electrolyte.29 By increasing Mg2+ concentration to 1 M, a higher ionic 

conductivity was obtained at 0.53 mS cm-1. However, upon further increasing the Mg2+ 

concentration above 1 M, we noticed the increased viscosity of the electrolyte solution, which 

may reduce the mobility of ions in the electrolyte solution.  

Highly reversible plating/stripping of the Mg anode is an essential factor to evaluate the 

electrolyte performance, especially in metal anode batteries. Hence, Mg//Al asymmetric cells 
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were assembled using 2032-type coin cells to measure the Mg plating/stripping Coulombic 

efficiency of various Mg(OTf)2-MgCl2 combinations (Figure 1) to determine the optimal 

composition. In each cycle, a fixed areal capacity (0.1 mAh cm-2) of Mg was deposited onto the 

Al electrode at a current density of 0.5 mA cm-2, which was then stripped by charging the cell 

to 1.2 V vs. Mg/Mg2+ at the same current density. The Coulombic efficiency for each cycle was 

calculated based on the ratio of the capacity of stripped Mg to that of plated Mg. Amongst the 

three stable electrolyte combinations, 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME demonstrated 

the highest average Coulombic efficiency of 99.4% for 1000 cycles. The cell also shows an 

initial Coulombic efficiency (ICE) of 89.9% and reached 95.8% in the second cycle. In addition, 

it also exhibited the lowest Mg plating and stripping overpotential at -0.17 V and +0.17 V 

(Figure S5), respectively. It should be noted that all electrolyte combinations with 

Mg2+concentration of 0.5 M have similar ionic conductivity, implying that the improved cycling 

performance of 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME is related to the concentration of 

chloride in the electrolyte. It is well-established that MgCl2 plays a crucial role in enhancing 

Mg plating/stripping: it can inhibit Mg surface passivation through the formation of adsorbed 

Cl- and/or MgCl2 on the Mg surface as well as through a dynamic competition with adventitious 

H2O impurity in the double layer.30  

To evaluate the effect of doubling the total salt concentration on the reversibility of the anode 

plating/stripping process, 0.6 M Mg(OTf)2 + 0.4 M MgCl2 in DME electrolyte was also 

prepared for comparison (Figure 1A). The asymmetric cell showed lower ICE (75.6 %) but the 

CE rapidly reached 98.8% after the second cycle. Over 986 cycles, the cell exhibited an average 

CE of 99.2%. However, a slight decrease of CE after 500 cycles was observed, and the Mg 

plating and stripping overpotential also increased to -0.22 V and 0.23 V (Figure S5D), 

respectively. This is due to the increase of contact ion pairs in Mg electrolyte at a higher salt 

concentration as reported in the literature.31 Herein, we conclude that 0.3 M Mg(OTf)2 + 0.2 M 

MgCl2 in DME is the optimal electrolyte formula for highly reversible Mg plating/stripping 
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among the solutions tested. For comparison, a similar experiment was performed on 0.25 M 

Mg(TFSI)2 + 0.5 MgCl2 in DME electrolyte, which is a common formula used in Mg(TFSI)2-

based system (Figure S6).27 The asymmetric cell showed an average CE of 94.0 % and a cycle 

life of around 100 cycles, lower than our developed electrolytes, which indicates the superior 

performance of Mg(OTf)2 salt to Mg(TFSI)2. 

In order to obtain a thorough understanding of Mg(OTf)2-MgCl2 electrolyte performance, we 

conducted various electrochemical characterizations as shown in Figures 1B-E. A typical cyclic 

voltammogram measured with Pt working electrode in 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME 

(Figure 1B) exhibited highly reversible and conditioning-free Mg plating/stripping. The first 

cycle demonstrated a large Mg deposition overpotential at -1.0 V vs. Mg/Mg2+, but it quickly 

reduced to -0.3 V in the second cycle, which is well consistent with voltage profiles of the 

galvanostatic cycling in Figure 1D. The large overpotential in the first cycle was probably due 

to the elimination of thin MgO oxide on Mg anode, which was formed by the reduction of trace 

moisture from the glovebox and/or the reduction of impurities during the first cathodic scan. 

The first positive scan exhibited a large cathodic peak, beginning near 0 V vs. Mg/Mg2+. In 

subsequent cycles, the cyclic voltammogram showed highly reversible Mg deposition and 

dissolution with low Mg deposition overpotential (-0.3 V) and high cathodic peak in the positive 

scan. The anodic stability of 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME was further studied by 

linear sweep voltammetry using inert Pt electrode and non-noble metal electrodes (Figure 1C). 

On the inert Pt electrode, the onset of the electrolyte oxidation appeared at 3.0 V vs. Mg/Mg2+, 

which is close to that of Mg(TFSI)2-MgCl2 system reported by Aurbach’s group.27 On non-

noble metal electrodes, including Al, stainless steel (SS), Ni, and Mo, the oxidation current 

began to increase at 1.9 V, 2.0 V, 2.4 V, and 3.1 V, respectively due to chloride corrosion.  

Figure 1D-E shows the galvanostatic cycling performance of the Mg//Al asymmetric cell at an 

areal capacity of 0.5 mAh cm-2 using a current density of 0.5 mA cm-2. During initial plating, 
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the asymmetric cell shows an overpotential of -0.4 V vs. Mg/Mg2+ (Figure 1D), which is 

probably due to the elimination of the thin MgO layer on Mg metal anode. The first Mg 

dissolution showed a low overpotential at 0.2 V vs. Mg/Mg2+ and delivers a CE of 84.8%. The 

irreversible capacity corresponds to the reduction of trace moisture and impurities presented in 

electrolyte and cell components. In subsequent cycles, the Mg deposition and dissolution 

overpotentials were reduced and well-maintained near ±0.2 V over 100 cycles. The CE was 

97.3% in the second cycle, reached 99.1% by the 7th cycle, and stabilized at 99% over 100 

cycles, indicating a typical behavior of a conditioning-free electrolyte system. The cell 

delivered an average CE of 99.1% over 100 cycles. At 1 mA cm-2 and 1 mAh cm-2, the 

asymmetric cell also demonstrated an excellent Mg plating/stripping with average CE of 99.2% 

(Figure S7). This electrolyte system demonstrated a significant performance enhancement 

compared to other Mg(OTf)2 electrolyte systems reported in literature and is highly competitive 

with other reported systems (Table S3), especially in terms of Coulombic efficiency, areal 

capacity and current density.21-22 It should be noted here that the excellent cycling performance 

of the asymmetric cell using 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME electrolyte was achieved 

using an experimental setup that is close to the practical requirement of batteries such as the 

use of thin Celgard separators, unlike the majority of other works which use glass fiber 

separators.13, 15-16, 22, 32  In addition, we also demonstrate low electrolyte volume (25 μl per coin 

cell), relatively high current density (0.5 to 1 mA cm-2), and areal capacity of 0.5 to 1 mAh cm-

2 as indicated in Table S3. 

In addition to the Coulombic efficiency, the morphology and composition of the deposited Mg 

film are also crucial to the cycle life of Mg batteries. Figure 2 demonstrates various 

characterizations conducted on Mg film deposited on Al foil at 0.5 mA cm-2. The Mg film was 

uniform, crystalline, dense, and free of dendritic structures (Figure 2A-B), which is very 

important to deliver high energy density and safe operation of Mg batteries. XRD measurement 
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was also performed on the Mg deposits (Figure 2C) to confirm its crystal structure. The 

measurement was conducted on Mg film plated at 0.5 mA cm-2 and 3 mAh cm-2. The XRD 

pattern clearly confirmed that the agglomerated deposits are pure Mg polycrystalline in nature 

(PDF Card No. 00-001-1141). EDX spectrum (Figure 2D) and elemental mapping (Figure S8) 

of the sample confirms that the Mg deposits were of high purity with Mg content of 91.6%. 

Other elements such as C, O, F, S, Cl, and Al were also present but at very low percentages 

(Figure S8). 

The galvanostatic cycling performance of asymmetric cells was also examined under various 

cycling conditions to provide a useful benchmark for the evaluation of electrolyte performance. 

Toward practical application of Mg batteries, the reversibility of Mg plating/stripping at high 

current density and high areal capacity is crucial for achieving high power and high energy 

densities, which has received great attention from recent studies.15-16, 33-34  Figure 3A-B 

demonstrates the cycling performance of Mg//Al cells at various current densities from 0.5 mA 

cm-2 to 3 mA cm-2 while keeping the areal capacity constant at 0.5 mAh cm-2. It is well known 

that the electrodeposition of metals at high current density will accelerate dendritic growth, 

which will lead to decreased Coulombic efficiency and internal short-circuiting. As the current 

densities increased (Figure 3A), the Mg plating and stripping overpotential increased from 0.15 

V at 0.5 mA cm-2 to 0.46 V at 3 mA cm-2. Despite the increasing overpotential, the average 

Coulombic efficiency remained high. At 0.5, 1, 1.5, 2, 2.5, and 3 mA cm-2, average CEs of 

96.7%, 97.0%, 96.6%, 97.6%, 98.4%, and 98.4% could be attained respectively (Figure 3B). 

This result suggests that the 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME electrolyte is promising 

for high power applications. In addition, toward high energy applications, we also examined 

Mg deposition at high areal capacity while keeping the current density at 0.5 mA cm-2 (Figure 

3C-D). At areal capacities of 0.25, 0.5, 1, 1.5, 2, 2.5, 3, and 5 mAh cm-2, the cell demonstrated 

high average Coulombic efficiency of 96.0%, 99.1%, 99.3%, 99.2%, 99.3%, 99.3%, 99.4%, 
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and 99.4%, respectively. This result suggests that Mg deposition and dissolution occurred at 

very high reversibility with similar overpotentials even at high areal capacity up to 5 mAh cm-

2. 

In consideration of practical battery applications, the electrochemical behavior and morphology 

of the Mg metal anode are crucial to the full-cell performance. Therefore, we carefully 

investigated the performance of Mg//Mg symmetric cells, in which the cell performance is 

completely dependent on Mg plating and stripping occurring at the Mg electrode surface. Figure 

4 presents various electrochemical characterization of Mg//Mg symmetric cells. It should be 

noted here that the cell configuration in this study used 2 layers of Celgard separators (25 μm 

thick) filled with 25 μl of electrolyte solution per coin cell. In our separate experiment with a 

thicker glass fiber separator (680 μm thick), the cell showed much longer cycle life due to 

increased distance between the two Mg electrodes that mitigates short-circuiting, but the use of 

such a thick separator is less practical (Figure S9). Figure 4A-B present the stable cycling 

performance of Mg//Mg symmetric cell over 500 h at 0.5 mAh cm-2 and 1 mAh cm-2, 

corresponding to 250 cycles and 125 cycles respectively, both at current density of 0.5 mA cm-

2. Figure 4C-E provides a detailed view of the voltage change of Figure 4A at the first 10 h, 

between 250-260 h, and 490-500 h, respectively. In the first cycle (Figure 4C), high 

overpotential is observed in both charge and discharge profiles, which is probably due to the 

presence of a thin MgO film on the Mg metal electrode. In subsequent cycles, the overpotential 

gradually reduced to 0.17 V vs. Mg/Mg2+ (Figure 4D). After 500 cycles, a low overpotential 

was observed at 0.3 V vs. Mg/Mg2+ (Figure 4E). To understand the change of overpotential 

with cycle number, electrochemical impedance spectroscopy (EIS) was conducted on Mg//Mg 

symmetric cells at various states of the cycling process (Figure 4F-G). Large cell impedance 

was observed after resting the cell at OCV for 3 h before cycling, which corresponds to the 

large overpotential in initial cycle. In subsequent cycles, the symmetric cell shows a gradual 
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decrease of the cell impedance with cycle number, which is due to the elimination of surface 

oxide and formation of fresh Mg metal by repeated deposition/dissolution. A similar 

observation was also reported by Zhao-Karger et al. in the magnesium 

tetrakis(hexafluoroisopropyloxy) borate electrolyte.15 

Due to the inherent nature of the electrochemical deposition process, dendritic structures 

typically form when a high current density is applied to deposit metals. In the case of Mg, the 

maximum current density limit that allows for dendrite-free Mg plating is highly dependent on 

the electrolyte solution used. Thus, it is important to determine this current density limit to 

avoid the dendritic growth of Mg with our electrolyte system.35 Figure 4H presents the voltage 

vs. time curve of an Mg//Mg symmetric cell cycled at 0.5 mAh cm-2 with current density 

gradually increased from 0.5 mA cm-2 to 3 mA cm-2. The overpotential increased from 0.17 V 

at 0.5 mA cm-2 to 0.3 V at 1 mA cm-2, and 0.5 V at 2 mA cm-2. Even at high current densities, 

the symmetric cell showed flat potential curves during plating/stripping, implying a smooth Mg 

cycling process. At a current density of 3 mA cm-2, the overpotential increased significantly to 

0.8 V and a short circuit occurred in the 3rd cycle. The SEM images show a significant change 

in the shape of Mg deposits to a dendritic structure at 3 mA cm-2 (Figure S10). This result 

suggests that the limiting current density for dendrite-free deposition in our electrolyte is 2 mA 

cm-2. It is worth noting that this limiting current could be improved by enhancing the ionic 

conductivity of the electrolyte solution, which will be reported in future work. 

To gain insight into the Mg plating/stripping process at the Mg metal anode, we conducted a 

post-mortem SEM analysis of Mg//Mg symmetric cells. Figure 5 presents SEM images of Mg 

electrodes from a symmetric cell after 3 cycles (0.5 mA cm-2
, 0.5 mAh cm-2), followed by a 6 

h plating/stripping at 0.5 mA cm-2, corresponding to an areal capacity of 3 mAh cm-2. In the 

plated state (Figure 5A and B), the uniform and crystalline structure of Mg deposition were 

clearly obtained even at a high areal capacity of 3 mAh cm-2. For the electrode disassembled in 
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the stripped state (Figure 5C and D), the Mg deposits from previous cycles were completely 

removed and a clean surface was observed. In both cases, the electrode surface became uneven 

but shows no dendritic structure formation as illustrated in Figure 5E. To further analyze the 

Mg deposition morphology, we acquired a cross-section SEM image of an Mg electrode after 

Mg deposition (Figure 5F). The film appears to be dense and uniform with an average thickness 

of 13.3 μm at 3 mAh cm-2. 

Formation of a robust solid electrolyte interphase on Mg anode 

Since the Mg anode-electrolyte interface is crucial to the reversibility of the Mg 

plating/stripping process, we carried out X-ray photoelectron spectroscopy (XPS) in depth 

profiling mode to examine the surface physiochemistry of Mg metal anode from the top surface 

to the bulk of the SEI. Figure 6 presents the XPS spectra obtained from the Mg metal electrode 

from a symmetric cell after 20 cycles at the current density of 0.5 mA cm-2 and areal capacity 

of 0.5 mAh cm-2. The electrode was removed from a coin cell in the plated state to be examined 

under XPS analysis, carefully avoiding any ambient contamination or decomposition of surface 

species as described in the experimental section. Due to the weak C 1s signal, all spectra herein 

were calibrated using the Mg 2p peak of Mg0 at 49.8 eV.36 

Figure 6 and Table S4 presents the XPS spectra collected at the top surface (0 min), after Ar-

etching for 30 sec and for 5 min. Before etching (0 min), the C1s spectrum contains peaks at 

284.7 eV, 286.2 eV, and 288 eV, which is attributed to the C-H/C-C, C-O-C, and C=O signals, 

respectively.36-37 These peaks originate from the ether and ester moieties. The presence of a 

strong peak at 533.7 eV in O 1s spectrum further supports this assignment.38-39 These organic 

species originated from the reduction of the electrolyte solvent DME at the Mg surface. The C 

1s peak with low binding energy of 283.8 eV is assigned to the Mg-C bonding.38, 40 
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The Mg 2p spectrum contains characteristic peaks corresponding to Mg0 (49.8 eV), Mg(OH)2 

(50.3 eV), MgO/MgF2 (51 eV), and MgCl2/MgCO3 at 51.8 eV.30, 36, 41-42 We also noticed the 

presence of a broad peak at a low binding energy of 48.9 eV. This peak is attributed to Mg 

dangling bonds,43 which refers to Mg atoms residing on the surface of crystals with less 

coordination compared to that of Mg atoms in the bulk crystal. The existence of MgO and 

Mg(OH)2 in the XPS spectrum is due to the reduction of trace amount of moisture in the 

electrolyte solvent and/or electrolyte decomposition.30 The MgO and Mg(OH)2 are also 

detected in the O 1s spectrum with two strong signals at 529.1 eV and 531.4 eV, respectively. 

38, 44-45 The Mg 2p peaks at 51 eV together with F 1s peak at 685.5 eV (C-F) confirms the 

presence of MgF2 in the top surface of Mg metal anode. MgF2 originates from the 

decomposition of -CF3 from OTf- anion, which is the only source of fluorine in the electrolyte 

solution. In addition, a strong signal at 688 eV (CF3) in F 1s spectrum occurs due to the presence 

of residual OTf-, which are further confirmed by an S 2p peak at 168.6 eV.46-47  The O 1s peak 

at 533.7 eV is assigned to O=C-O*.48-49 The high-resolution spectrum of Cl 2p shows a broad 

peak between 204 eV- 196 eV, which can be fitted using 2 spin-orbit split doublets with the 

binding energy of Cl 2p3/2 at 200.4 eV and 198 eV. The Cl 2p3/2 peak at 200.4 eV is a 

characteristic of Cl atoms in stoichiometric MgCl2.
44, 50-51 The residual MgCl2 on the cycled 

electrode is due to its low solubility in DME. The Cl 2p3/2 peak appearing at low binding energy 

(198 eV) is assigned to organic chloride salts and/or chloride in metal complexes.36, 41, 44, 50 The 

result suggests the formation of different chloride-containing species at the Mg anode-

electrolyte interface, confirming the two major roles of MgCl2: (1) It interacts with Mg(OTf)2 

to improve the solubility of the two salts; (2) The adsorption of various chloride-containing 

species at the Mg metal-electrolyte interface improves Mg plating/stripping and prevents the 

Mg metal surface from being passivated by electrochemical reduction products.30 In the S 2p 

spectrum, MgS is also detected with a strong signal at 162.2 eV in addition to the presence of 

OTf- anion, which originates from the reduction of OTf- anion.50, 52 Overall, the top of the 
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surface film contained both organic species (ether and ester moieties), inorganic components 

(MgO, Mg(OH)2, MgF2, MgS, MgCl2), and adsorbed chloride-containing components. 

After conducting Ar-etching on Mg metal anode, we saw remarkable changes in the 

composition of its interior. First, after a short time of etching (30 s), the C 1s and O1s peaks 

corresponding to organic species are significantly weakened and became indistinct. In addition, 

all peaks related to OTf- in F 1s and S 2p also decreased or disappeared. This result suggests 

that the top layer containing reduced organic species was very thin. Second, the peaks 

corresponding to Mg metal (Mg 2p) and other inorganic components such as MgO, Mg(OH)2, 

MgF2, and MgS intensified, which is due to the removal of the top organic layer. The Cl 2p 

peaks corresponding to chloride species remain strong and distinct. Upon further etching up to 

5 min, we observed that the intensity of the Mg metal peak (Mg0) increased at the expense of 

other components such as MgO, Mg(OH)2, and MgF2. Chloride-containing species and MgS 

were mostly diminished after 5 min etching. Further etching up to 15 min yielded the same 

trend. The atomic concentration of various elements as a function of etching time for the surface 

film on Mg metal anode after cycling is presented in Figure S11A. This result indicates that the 

interior of the surface film consisted largely of inorganic components, including MgO, 

Mg(OH)2, MgCl2, MgS, and MgF2, with very little organic species arising from the reduction 

of electrolyte solvent. Note that the concentration of oxygen remains high even with increased 

etching time, which is also observed in other metal anodes such as Li and Na.30, 53-54 Connell et 

al. suggested that the presence of MgO/Mg(OH)2 even after a deep etching is due to the 

heterogeneous nature of deposits.30 To explain this phenomenon, we propose the structure of 

Mg metal anode in Figure S11B. The Mg deposits on Mg anode (Figure 5A and B) consist of 

agglomerated Mg polycrystalline with high surface roughness. The high concentration of 

MgO/Mg(OH)2 after Ar etching is possibly due to the high surface roughness and/or their 

presence within the interior surface of polycrystalline Mg deposit layers. Overall, we conclude 
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here that the surface film on Mg metal anode consists of organic and adsorbed chloride-

containing species on the top surface, and mostly inorganic components such as MgO, 

Mg(OH)2, MgCO3, MgS, MgCl2, and MgF2 within the interior (Figure S11B). This largely 

inorganic surface film plays an important role in enabling the reversibility of Mg deposition 

and dissolution. It is well known that solid phases such as MgF2 or MgO are not conductive to 

Mg2+ due to its high charge density. Since high reversibility is still observed at the Mg anode, 

we propose that the inorganic layer is not entirely compact; instead it contains pinholes that 

allow Mg2+ diffusion, similar to that of hexafluorophosphate-based solutions reported by 

Aurbach’s group.55 The chloride is expected to play an important role in engineering the 

structure and composition of this layer. Further investigation on the structure and Mg mobility 

through this SEI will be reported in future work. 

Electrochemical performance of Mg//Mo6S8 full-cell 

Toward the practical application of this electrolyte, its compatibility with cathode materials and 

its stability in the working voltage window of the cathode also needs to be characterized. We 

examined the ability of 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME to support reversible Mg 

intercalation into a Chevrel phase (Mo6S8) cathode (Figure S12-S13). In this experiment, the 

full-cell test was performed using 2032-type coin cell with Celgard separator, and the cathode 

was prepared by a conventional slurry route using polyvinylidene fluoride (PVdF) as the binder 

and Ni foil as the current collector. This experimental setup allows us to examine our electrolyte 

in a condition that is close to that of practical cells. Figure 7 presents the voltage profile and 

cycling performance of Mg//Mo6S8 after one formation cycle. The full cell showed high 

overpotential in the early cycles, which is due to the high overpotential of Mg plating as seen 

in the symmetric and asymmetric cells. In subsequent cycles, the overpotential reduced 

gradually with a discharge plateau at 1 V and charge plateau at 1.3 V. This is consistent with 

previous reports of Mo6S8 cathode in Mg batteries.9, 32, 56-59 The cell demonstrated a reversible 
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capacity of 75 mAh g-1 and stable cycling performance over 100 cycles with a capacity retention 

of 90.8% at 0.1 C, indicating high compatibility with cathode materials up to 2.2 V. The 

electrolyte appears to be promising for future development of Mg battery by combining with 

high capacity and fast kinetic cathode materials such as metal chalcogenide cathodes.60-61  

Reaction mechanism of Mg(OTf)2 and MgCl2 in DME 

In order to explain the improved solubility of Mg(OTf)2 and MgCl2 combination in DME, we 

conducted a structural analysis of the electrolyte solution using single-crystal XRD (SCXRD) 

(Figure 8) and Raman spectroscopy (Figure 9). To induce crystal precipitation, an electrolyte 

with a high concentration of 1.5 M Mg(OTf)2 + 1 M MgCl2 in DME solution was prepared to 

grow the single crystal. The single-crystal structure refinement yielded the structure shown in 

Figure 8 and Table S5. The single-crystal structure with the formula Mg(DME)2(OTf)2 clearly 

shows an Mg2+ cation encaged by two DME molecules and two OTf- anions without any 

coordination to chloride ions. Mg(OTf)2 acquires a V-shape with an equilibrium angle of 91.51o 

between the oxygen atoms of the triflate group (Figure 8). This structure is similar to that of 

MgCl2 in DME, which forms MgCl2(DME)2 solution species.62-63 

Raman spectra of various triflate anion-containing salts in DME solvent and Mg(OTf)2 powder 

are presented in Figure 9. The DME spectrum (Figure 9A) shows strong signals at 367, 397, 

821, 849, 994 and 1025 cm-1. In all Mg(OTf)2-containing electrolyte solutions (Figure 9E-H), 

we observed three major trends. First, the absence of the peak in the 200-300 cm-1 region 

suggests that cation complexes such as [Mg2(μ-Cl)2(DME)4]
2+ and [Mg3(μ-Cl)4(DME)5]

2+ do 

not exist in these solutions,63 at least at the detection level of these measurements. Second, a 

new peak appears at 876 cm-1, which is assigned to DME cage in Mg(DME)2(OTf)2. It should 

be noted that the DME cage in [Mg(DME)3]
2+ complex, which is well studied in Mg(TFSI)2-

based electrolyte, shows a signal at 881 cm-1,63 confirmed by the spectrum of Mg(TFSI)2/DME 

(Figure 9B). Third, the existence of the Mg-OTf ion pair is also evidenced by the red shift of 
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vibrational mode at 773 cm-1 to 762 cm-1 and the blue shift of vibrational mode at 1038 cm-1 to 

1049 cm-1 of triflate anion (Figure 9C). In addition, we also observed the presence of free OTf- 

anion, evidenced by the signals at 311 and 346 cm-1. The Raman spectrum of 1-butyl-3-

methylimidazolium trifluoromethanesulfonate ([BMIM][OTf]) and DME (1:5 vol. ratio) 

solution (Figure 9D) supported this assignment. The absence of chloride-containing species in 

Raman spectra suggest that Cl- might form cation that is not detectable by Raman spectroscopy 

such as [MgCl]+. 35Cl nuclear magnetic resonance (NMR) measurements showed that these 

solutions contain no free chloride ions (Figure S14). Characterization of the electroactive 

complex, especially chloride-containing species, would require extensive research and will be 

the subject of future studies. 

The formation of Mg(DME)2(OTf)2 crystal structure is explained as follows: (1) The 

composition of electroactive species reported in the literature is generally based on the 

[Mg2+]:[Cl-] ratio in the electrolyte solution.63 In the present Mg(OTf)2-MgCl2 electrolyte, the 

[Mg2+]:[Cl-] molar ratio must be larger than 1 (Figure S4 and Table S2). Thus, electroactive 

species such as [Mg3(μ-Cl)4(DME)4]
2+ or even [Mg2(μ-Cl)2(DME)4]

2+ are unlikely to form as 

the main species, especially when the [Mg2+]:[Cl-] molar ratio is as high as 2.5, as evidenced 

by Raman spectroscopy (Figure 9). This result suggests that MgCl2 does not stoichiometrically 

react with Mg(OTf)2 to form the electroactive species seen in the low [Mg2+]:[Cl-] ratio systems 

such as [Mg2(μ-Cl)2(DME)4](TFSI)2, [Mg3(μ-Cl)4(DME)4](TFSI)2, and [Mg2(μ-

Cl)2(DME)4](AlCl4)2.
63 (2) With regard to the OTf- anion, the strong electron-withdrawing 

effect of the terminal -CF3 group helps to delocalize the negative charge over the -SO3 group. 

However, the charge density of the OTf- anion is expected to be higher than that of TFSI- anion, 

where all the electronegative sulfur, nitrogen, and oxygen atoms can participate in dispersing 

the negative charge, leading to good charge delocalization.29 In other words, the formation of 

the Mg-OTf ion pair in Mg(OTf)2-based electrolyte is more significant than that of Mg(TFSI)2 

electrolytes, especially in low dielectric media such as glyme solvents.64 (3) The smaller size 
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of the OTf- than that of TFSI- anion also allows it to coordinate into the octahedral structure of 

the Mg complex. Herein, we propose the following possible reaction schemes of Mg(OTf)2 and 

MgCl2 in DME solution (Equations 1-5): 

Mg(OTf)2 + 2DME  Mg(OTf)2(DME)2       (1) 

Mg(OTf)2(DME)2 + DME  [Mg(DME)3]
2+ + 2OTf-    (2) 

MgCl2 + 2DME  MgCl2(DME)2       (3) 

[Mg(DME)3]
2++  MgCl2(DME)2  [Mg2Cl2(DME)4]

2+ + DME   (4) 

[Mg2Cl2(DME)4]
2+  2[MgCl(DME)x]

+ + (4-2x)DME    (5) 

Equations 1 and 2 illustrate the interactions between Mg(OTf)2 and DME, forming 

Mg(OTf)2(DME)2 and possibly [Mg(DME)3]
2+ cation. In the electrolyte solution containing 

only Mg(OTf)2, Equation (2) might be negligible due to the strong interaction between Mg2+ 

and OTf- anion as explained above, corresponding to the low solubility of Mg(OTf)2 alone in 

DME. The presence of MgCl2 leads to the occurrence of reactions (3) to (5) as suggested by 

Aurbach’s group.62-63 These reactions effectively increase the dissociation of Mg(OTf)2 

(Equation 2) into more soluble species such as [Mg(DME)3]
2+ and  [MgCl(DME)x]

+. The 

formation of complexes such as [MgCl(OTf)(DME)2] also cannot be ruled out. The formation 

of these species might well explain the enhanced solubility of Mg(OTf)2 with the addition of 

MgCl2. However, since the [Mg2+]:[Cl-] ratio is above 1 in all the electrolyte solutions, a large 

portion of Mg2+ ions exist as Mg(OTf)2(DME)2 and possibly [Mg(DME)3]
2+. Therefore, the 

crystallization of the electrolyte solution yielded only the formation of Mg(OTf)2(DME)2 

probably due to its charge-neutral nature, which made it less soluble than other complexes. 

Further structural analysis of Mg complexes in this electrolyte system will be reported in future 

work. 

CONCLUSIONS 
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In this work, we report for the first time that the simple combination of Mg(OTf)2 and MgCl2 

in DME with a [Mg2+]:[Cl-] ratio larger than 1 exhibits  highly reversible and conditioning-free 

Mg dissolution/deposition (99.4% Coulombic efficiency over 1000 cycles) at room temperature. 

In addition, the electrolyte is promising for practical applications at high areal capacity (5 mAh 

cm-2) and high current density (3 mA cm-2) while maintaining high CE at 99.4% and 98.4%, 

respectively. Investigation on the surface chemistry of Mg anode reveals the formation of a 

surface film, which consists of organic and adsorbed chloride-containing species on the top 

surface, and mostly Mg-based inorganic components in the interior. This largely inorganic and 

robust SEI structure enables reversible Mg deposition and dissolution at high Coulombic 

efficiency. This work provides new insights on the rational design of promising electrolyte 

systems for rechargeable magnesium batteries, which can be extended to other energy storage 

systems beyond Li-ion batteries in the future. 

EXPERIMENTAL PROCEDURES 

Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Prof. Zhi Wei Seh (sehzw@imre.a-star.edu.sg). 

Materials Availability 

Materials synthesized in this manuscript can be obtained by request to the Lead Contact. 

Data and Code Availability 

All data are available from the corresponding author upon reasonable request. 

Electrolyte preparation and handling 

mailto:sehzw@imre.a-star.edu.sg
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MgCl2 (99.99%), molecular sieve (3Å beads, 4-8 mesh), 1,2-dimethoxyethane (DME, 99.5%), 

N-Methyl-2-pyrrolidone (NMP, 99.5%), and poly(vinylidene fluoride) (PVdF, Mw ~ 534,000)  

were purchased from Sigma-Aldrich. Mg(OTf)2 (99.5%) and Mg(TFSI)2 (99.5%) were 

purchased from Solvionic. Carbon black (99%) and platinum foil (99.99%) were purchased 

from Alfa Aesar. Mg foil (>99%, 0.1 mm thick) was purchased from MTI. 

Molecular sieves were dried at 200 oC for 24 h in the oven followed by vacuum drying overnight, 

and finally stored in an Ar-filled glovebox. DME was dried with molecular sieves for at least 

24 h prior to electrolyte preparation. A predetermined amount of Mg(OTf)2 and MgCl2 powders 

were weighted directly into a glass vial, followed by addition of DME solvent and stir bar. The 

mixture was stirred for 24 h at 60 oC. The solution was rested overnight and a trace amount of 

white solid powder at the bottom of glass vial was removed. Finally, molecular sieves were 

added into the electrolyte solution to further remove moisture from the electrolyte solution. The 

moisture content in all electrolyte solutions is determined to be less than 20 ppm using Karl 

Fischer Coulometer C30X (Mettler Toledo). The ionic conductivity of the electrolyte solution 

was measured using Fisherbrand Accumet AB200 at room temperature. 

Cell configurations and electrochemical characterization  

Cyclic voltammetry (CV) was performed using a three-electrode cell (EL-CELL) with 1 cm2 

platinum (Pt) disk as the working electrode, 1.26 cm2 polished Mg disk as the counter electrode 

(Figure S15), Mg wire as the reference electrode, 2 layers of Celgard separators and 50 μl of 

electrolyte solution. The CV measurement was conducted at a scan rate of 5 mV s-1 between -

1.5 and 2.2 V vs. Mg/Mg2+. Linear sweep voltammetry (LSV) was performed using 3 electrode 

flooded glass cells filled with 1 ml electrolyte solution. Platinum, stainless steel (SS), aluminum 

(Al), nickel (Ni), and copper (Cu) were used as the working electrode. Mg ribbons were used 

as the counter and reference electrodes. These metal electrodes were polished with sandpaper 

prior to cell assembling. The LSV measurements were conducted at a scan rate of 5 mV s-1 
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between OCV and 6.0 V vs. Mg/Mg2+. All cell assembly and voltammetry measurements were 

conducted in an Ar-filled glove box (H2O < 0.1 ppm, and O2 < 1 ppm). 

Galvanostatic plating/stripping was performed using a 2032-type coin cell. In the asymmetric 

cell configuration, the coin cell consists of a carbon-coated Al disk (Figure S16) (1 cm2) as the 

working electrode, polished Mg disk (1.26 cm2) as the counter electrode, and 2 layers of Celgard 

separators. The cell was filled with 25 μl of the electrolyte solution. It should be noted here that 

in our experiments with various working electrodes, including carbon-coated Al, Cu, stainless 

steel, nickel, and titanium, the highest plating/stripping Coulombic efficiency was achieved 

with carbon-coated Al foil. In the symmetric cell configuration, the Al disk was replaced with 

polished Mg disks (1.26 cm2). All coin cell components were washed with isopropanol and 

acetone, and dried overnight in 60 oC oven. Celgard separators (16 mm in diameter) were 

punched out and dried in vacuum at 60oC for three days, and stored in an Ar-filled glovebox 

prior to cell assembly. Galvanostatic plating of Mg was carried out at the desired current density 

and areal capacity, followed by stripping of Mg by charging to a cutoff voltage of 1.2 V vs. 

Mg/Mg2+, all performed at room temperature. The Coulombic efficiency for each cycle was 

calculated as the ratio of the capacity of Mg stripped to that of Mg deposited. Electrochemical 

impedance spectroscopy was carried out on symmetric Mg//Mg cell before cycling, after the 

first plating/stripping cycle, after 20 and 50 cycles using Gamry potentiostat between 1 MHz to 

10 mHz. The full cell Mg//Mo6S8 was cycled between 0.2 - 2.2 V using constant current-

constant voltage mode (CC-CV mode) at a current density of 0.1 C after a formation process, 

which includes one discharge-charge cycle at 0.05 C followed by discharge to 0.2 V at 0.1 C. 

The C rate was calculated based on the theoretical capacity of Mo6S8 at 129 mAh g-1 (1 C = 

129 mA g-1). The Coulombic efficiency of Mg//MgMo6S8 cell for each cycle was calculated 

based on the ratio of discharge capacity to charge capacity. 

Single-crystal XRD analysis and Raman spectroscopy 



  

23 

 

Single crystals were obtained by layering hexane on the top of 1.5 M Mg(OTf)2 + 1 M MgCl2 

in DME solution (0.5 ml) in 1 ml glass vial. The sample then was placed in an Ar-filled 

glovebox for 7 days. Intensity data were collected at 100 K using Mo-Kα radiation (λ = 0.71073 

Å) on a Bruker D8 Quest diffractometer with an Incoatec microfocus X-ray Source. The 

collected frames were processed with the software SAINT.65 The data were corrected for 

absorption by using the SADABS program.66 The structure was solved by the Direct methods 

and refined by full-matrix least-squares analyses on F2 (SHELXL-2018/3).67 All non-hydrogen 

atoms were refined anisotropically. The positions of all hydrogen atoms were generated 

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

of least-squares refinement. A Renishaw inVia confocal microscope was employed for Raman 

spectroscopy, using a 532 nm excitation laser in backscattering geometry. Samples (1 ml of 

electrolyte solution or powder) were sealed in a glass tube filled with Ar. 

Post-mortem characterizations  

After cycling, coin cells were disassembled in Ar-filled glovebox. The electrodes were washed 

with dried DME to remove residual electrolyte for 30 seconds and dried overnight at room 

temperature. The Mg deposition morphology was studied using SEM (JEOL 7600F) at an 

accelerating voltage of 5 kV. The electrode was mounted on the SEM sample holder in an Ar-

filled glovebox and transferred to the analysis chamber using an airtight carrier. The crystal 

structure information of Mg deposits was revealed by D8 Advance, Bruker, X-ray 

diffractometer (XRD), and the materials were scanned between 10 and 70o (2θ) using Cu Kα 

radiation. The Mg deposited electrode was mounted in an airtight specimen holder (Bruker). 

The chemical composition of the electrode surface was revealed by X-ray photoelectron 

spectroscopy (XPS), Thermo Scientific Theta Probe Angle-Resolved Spectrometer. The Mg 

electrode was washed with dried DME for 30 s and dried in an Ag-filled glovebox prior to XPS 

measurement. The sample was mounted on a specially designed air-tight XPS holder to avoid 
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exposing the sample to air during transfer from the Ar-filled glovebox to the XPS analysis 

chamber. The sample was vacuumed overnight to remove gases and absorbed solvent. XPS 

measurement was conducted within 18 h after removal from the coin cell to minimize the 

decomposition of surface species. Due to the weak signal of C 1s spectra, herein all spectra 

were calibrated using Mg 2p peak of Mg0 at 49.8 eV. The chemical composition of the 

interphase as a function of its thickness was characterized using XPS depth profiling, conducted 

at 3 kV (ion-beam current of 2 μA) for 30 s, 1 min, 2 min, 5 min, 8 min, and 15 min. 

Synthesis of Mo6S8 and cathode preparation 

Chevrel phase Cu2Mo6S8 was first synthesized as described in the literature.56 The Cu2Mo6S8 

powder was then underwent a chemical leaching process to yield the final product of Mo6S8 as 

follows: 600 mg of Cu2Mo6S8 was added into 40 ml 8 M HCl solution. The mixture was then 

stirred for 8 h at room temperature with dried air bubbling. The crystal structure of Cu2Mo6S8 

and Mo6S8 was confirmed by XRD. Mo6S8 cathode slurry was prepared by mixing active 

material, carbon black, and PVdF in the weight ratio of 80:10:10 in NMP solvent using Thinky 

Mixer (ARE-250) for 20 minutes. The slurry was then coated on Ni foil and dried at 60oC for 

12 h and 120 oC for 6 h. The electrodes were then punched into 12 mm-diameter disks and dried 

at 120 oC in a vacuum oven prior to use. The total electrode loading mass is 8.8 mg cm2 (7.0 

mg cm-2 for Mo6S8). 
 

SUPPLEMENTAL INFORMATION 

Document S1. Supplemental Experimental Procedures, Figures S1–S16, and Table S1-S5. 
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Figure 1. Electrochemical characterization of Mg(OTf)2 – MgCl2 in DME electrolyte.  

(A) Plating/stripping Coulombic efficiency of Mg//Al asymmetric cell using various 

compositions of Mg(OTf)2 – MgCl2 in DME electrolyte at 0.5 mA cm-2
 
and 0.1 mAh cm-2.  

(B-E) Electrochemical characterizations of Mg//Al asymmetric cell using 0.3 M Mg(OTf)2 + 

0.2 M MgCl2 in DME. (B) Cyclic voltammetry at 5 mV s-1 between -1.5 V and 2.2 V. (C) 

Linear sweep voltammetry on various metal electrodes using three-electrode flood cell at 5 
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mV s-1. (D) Voltage profile and (E) Coulombic efficiency of galvanostatic cycling of Mg//Al 

asymmetric cell at 0.5 mA cm-2
 
and 0.5 mAh cm-2. 
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Figure 2. Analysis of Mg deposition on Al foil using 0.3 M Mg(OTf)2 + 0.2 M MgCl2 

in 

DME electrolyte.  

(A-B) SEM images of Mg deposits at 0.5 mA cm-2, 1 mAh cm-2.  

(C) XRD pattern of Mg deposits at 0.5 mA cm-2, 3 mAh cm-2.  

(D) EDX elemental analysis on Mg deposits. 
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Figure 3. Galvanostatic cycling of Mg//Al at different current densities and areal capacities 

using 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME.  

(A) Voltage profile and (B) Coulombic efficiency of cell cycled with current densities from 

0.5 - 3.0 mA cm-2 at 0.5 mAh cm-2.  

(C) Voltage profile and (D) Coulombic efficiency of cell cycled with a current density of 0.5 

mA cm-2
 
at areal capacities between 0.25 - 5 mAh cm-2. The voltage profile is selected from 

the last cycle of each cycling steps. 
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Figure 4. Electrochemical characterization of Mg//Mg symmetric cell using 0.3 M Mg(OTf)2 

+ 0.2 M MgCl2 in DME. 

(A-B) Voltage profile of symmetric cell with a current density of 0.5 mA cm-2 at an areal 

capacity of (A) 0.5 mAh cm-2 and (B) 1 mAh cm-2 for 500 h.  
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(C-E) Expanded voltage profile of (A) at (C) 0-10 h, (D) 250-260 h, and (E) 490-500 h.  

(F) Nyquist plots of Mg//Mg symmetric cell at various points during cycling.  

(G) Expanded Nyquist plots at high-frequency region.  

(H) Voltage profile of Mg//Mg symmetric cell at 0.5, 1, 2, and 3 mA cm-2 at areal capacity of 

0.5 mAh cm-2. 
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Figure 5. Morphology of Mg electrodes from a Mg//Mg symmetric cell after cycling in 0.3 M 

Mg(OTf)2 + 0.2 M MgCl2 in DME after plating or stripping at 0.5 mA cm-2
 for 6 h (3 mAh 

cm-2). 

(A-B) SEM images of Mg electrode after plating. 

(C-D) SEM image of Mg electrode after stripping. 

(E) A schematic illustrates the morphology change of the Mg electrodes in a symmetric cell. 

(F) Cross-section image of the Mg electrode after plating where the arrows refer to the Mg 

deposited. 
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Figure 6. XPS surface analysis of Mg electrode cycled in 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in 

DME electrolyte for 20 cycles. 
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Figure 7. Cycling of Mg//Mo6S8 full cell using 0.3 M Mg(OTf)2 + 0.2 M MgCl2 in DME at 

0.1 C and voltage window of 0.2 - 2.2 V. 

(A) Voltage profile. 

(B) Capacities vs. cycle number.  
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Figure 8. Refined SCXRD structure for Mg(DME)2(OTf)2 single crystal, recrystallized from 

1.5 M Mg(OTf)2 + 1 M MgCl2 in DME solution. 
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Figure 9. Raman spectra of various Mg(OTf)2-containing solutions and reference samples. 

(A) DME solvent only 

(B) 0.75 M Mg(TFSI)2 in DME 

(C) Mg(OTf)2 powder 

(D) [BMIM][OTf]-DME mixture solution (1:5 vol. ratio) 

(E) Saturated solution of Mg(OTf)2 in DME 

(F) 0.4 M Mg(OTf)2 + 0.1 M MgCl2 in DME 

(G) 0.3 M Mg(OTf)2 + 0.2 MgCl2 in DME 

(H) 1.5 M Mg(OTf)2 + 1 M MgCl2 in DME 


