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Experimental methods   

Materials. Magnesium bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2, 97%, TCI) was 

dried in a glass oven (Büchi) at 240 oC for 24 h under vacuum and transferred to Ar-

filled glove box (Etelux, H2O < 1.0 ppm, O2 < 1.0 ppm). Magnesium chloride (MgCl2, 

anhydrous, ≥98%), poly(tetrafluoroethylene) (PTFE, 60% suspension in water) and 2-

propanol (anhydrous, 99.5%) were received from Sigma-Aldrich. Molybdenum sulfide 

(MoS2, 99.5%) and iodine (I2, 99.8%) were received from Macklin. Copper powders (Cu, 

99.9%) were received from Meryer and molybdenum powders (Mo, 99.95%) were 

received from Alfa Aesar. 1,2-dimethoxyethane (DME, anhydrous, 99.5%, Sigma-

Aldrich) and 1,3-dioxane (DOL, anhydrous, 99.8%, Sigma-Aldrich) were dried with 

activated 4Å molecular sieves (Sigma-Aldrich). Tetrahydrofuran (THF, anhydrous, 

99.9%, Sigma-Aldrich) and 2-methyltetrahydrofuran (2-MeTHF, anhydrous, 99%, 

Meryer) were dried with 3Å molecular sieves (Meryer) for one week to remove 

moisture.  

Cathode fabrication. Mo6S8 was synthesized according to previous report.1 The MoS2, 

Cu, Mo, and iodine powders were milled under Ar, and the mixture was heated to 800 ℃ 

at 2 ℃  min-1 and kept under Ar for 24 hours.1 Then Cu in obtained Cu2Mo6S8 

precursors was leached out in 6 M HCl solution for 12 h with O2 bubbling.1 Mo6S8 was 

mixed with Ketjen Black EC-600JD (KB, AzkoNobel) and PTFE in IPA at the weight ratio 

of 8:1:1, then the electrode was prepared via compressing the mixture on a Φ12 mm 

× 0.1 mm Mo mesh. 

Electrolyte preparation. 0.8 M Mg(TFSI)2-2MgCl2 (MTC) was prepared by adding 584 

mg Mg(TFSI)2 and 190 mg MgCl2 in 1 ml DME and stirring at 70 oC for half an hour. 

Then the solutions with 0.2 M MTC and 0 ~ 75 vol % THF were obtained via diluting 

the saturated 0.8 M solutions with 3 ml DME / THF / binary mixtures.  
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Electrochemistry. All the two-electrode cells were assembled with a piece of Φ12 mm 

× 0.1 mm Mg disc (polished under Ar gas), a piece of quartz fiber (Φ16 mm × 1.0 mm, 

Whatman) and Mo6S8 cathode. Quartz fibers were dried in glass oven under vacuum 

at 150 oC overnight to remove the moisture. All the cells were assembled in glove box 

under Ar gas and tested in 2032-type coin-cell configuration. All the electrochemical 

test was carried out with LAND Battery Testing System (Land, Wuhan Land Electronic 

Co., Ltd.) and VMP3 electrochemical testing unit (Bio-Logic, France) at 25 ℃. All the 

electrochemical performance data was obtained based on three-times measurement. 

Coulombic efficiency was measured with Mg-Cu cells under 1.0 mA cm-2, 1.0 mAh cm-

2 according to previous report.2 10 mAh cm-2 Mg0 was deposited on the Cu cathode by 

discharging the Mg-Cu cells for 10 hours, then 1.0 mAh cm-2 Mg0 was cycled between 

Cu cathode and Mg anode under 1.0 mA cm-2. After 20 cycles, all the Mg0 deposited 

on the Cu cathode was removed by charging the Mg-Cu cells to 1.0 V vs Mg/Mg2+, and 

the corresponding charge capacity was recorded as Qs. Therefore, the average CE is 

equal to (20+Qs)/30×100 %. 

Materials characterizations. All the samples were washed with DME/THF for three 

times with Ar protection to remove the residue salts. SEM and EDS were performed 

on a field emission scanning electron microscopy (HR-FESEM) (FEI, Quanta 400). X-ray 

photoelectron spectroscopy (XPS) analysis was performed with Thermo Scientific K-

Alpha+ (Thermo Fisher Scientific Inc.) using the mono Al Kα radiation (1486.6 eV) at 

the pressure lower than 5.0×10-9 mbar. The obtained XPS spectra were calibrated by 

C1s at 284.8 eV and fitted with CASA. In-situ FT-IR spectra were collected by Nicolet 

iS50 FTIR Spectrometer employing a two-electrode cell with diamond window. Atomic 

force microscopy (AFM) was performed using Nanoscope V Multimode 8 scanning 

probe microscope (Bruker). Nuclear magnetic resonance spectra were obtained with 
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Bruker AVANCE III 400 NMR Spectrometer in CDCl3. 

Computational details. All the calculations basing on density functional theory (DFT) 

were conducted by employing Vienna ab initio simulation package (VASP).3,4 The 

projector augmented wave (PAW) method5 was performed to describe the ion-

electrons interactions. The exchange and correlation interaction was described by 

generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 

functional6,7. Dispersion correction method of DFT-D3 was used to correct the van der 

Waals (vdWs) interaction8. The convergence criteria for energy was set as 10-5 eV, the 

atomic positions were fully relaxed and the threshold for force was set to be 0.02 eV/Å. 

Subsequently, the cut-off energy of plane wave expansion was considered as 500 eV. 

A vacuum layer of 20 Å in z direction was adopted for the following calculation. The 

lowest energy surface for Mg and MgO was performed for calculations. And the 

geometry optimization was performed based on a k-point mech of 3 × 3 × 1.    

For Mg, the conresponding surface was (0001), as confirm by previous literatures.9,10 

The 4 × 4 supercell containing 80 atoms and five surface layers with physical 

dimensions of 12.84 Å × 12.84 Å was used. The two bottom layers was fixed as their 

bulk spacing. According to the previous report11, the (100) termination of MgO was 

adopted, with a 3 × 3 supercell (lattice parameter: a = b = 12.62 Å). The substrate 

included five layers and 90 Mg and 90 O atoms. The bottom two layers of atoms were 

fixed.  

The adsorption energy, 𝐸ads, for THF/DME on each surface was calculated as 

𝐸ads = 𝐸surf+THF/DME − 𝐸surf − 𝐸THF/DME 

where 𝐸surf+THF/DME  is the total energy of the adsorbed THF/DME and surface system, 

𝐸surf  is the total energy of the surface, and 𝐸THF/DME is the energy of the isolated 

THF/DME molecule. Considering that adsorption energies calculated via DFT are 
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typically regarding to a gas-phase molecule, the liquid state reference is more 

physically realistic due to the adsorbate will be a liquid phase in a real battery. The 

energy of the liquid state for THF/DME was determined by subtracting the latent heat 

of vaporization (ΔvapH) from the gas phase energy. The ΔvapH for THF and DME are 36 

and 32 kJ/mol, respectively.12 All the structures are visualized by VESTA software.13 

 

Table S1. Summary of representative nucleophilic and non-nucleophilic salts for RMBs.  

Nucleophilic electrolytes Grignard reagents such as amidomagnesium 

halides and alkylmagnesium halides.14 

Dichloride complex (DCC): 2(Bu2Mg) – 

EtAlCl2.
15 

“All phenyl” complex (APC): 2(PhMgCl2)–

AlCl3.16 

Non-nucleophilic 

electrolytes 

Chloride-

based 

electrolytes 

Mg(TFSI)2/Mg(Otf)2-MgCl2.17–20 

MgCl2-AlCl3.21–23 

Weakly-

coordinating-

anion-based 

salts 

Magnesium 

tetrakis(hexafluoroisopropyloxy)borate: 

Mg[B(Ohfip)4]2.24,25
 

Magnesium closo-carbadodecaborate: 

Mg(CB11H12)2.26,27
 

Magnesium perfluorinated tert-butoxide 

Mg(pftb)2.28 

Magnesium perfluorinated 

pinacolatoaluminate (MgFPA). 28–30 
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Fig. S1. Digital photographs of (a) DME-2MeTHF, (b) DME-DOL, (c) DME-THF (75 vol%) 

electrolytes.  

 

 

Fig. S2. Deconvoluted peaks in ex-situ FT-IR spectra of DME, DME-THF (25~75 vol% 

THF), and THF electrolytes.  
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Fig. S3. (a) Nyquist plots of electrochemical impedance spectroscopy (EIS) over 1.2 kHz 

~ 1.0 MHz for SS-SS symmetric cells with DME, DME-THF, and THF electrolytes. (b) 

Relative ionic conductivities compared with DME electrolytes. The first intercepts (Rx) 

with x-axis revealed the relative ionic conductivity with DME electrolytes according to 

the equation below31: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑖𝑜𝑛𝑖𝑐 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑅𝐷𝑀𝐸

𝑅𝑥
 

Although THF resulted in ten times lower ionic conductivity if serving as single solvent, 

similar ionic conductivity was retained if both DME and THF were involved.  

 

Fig. S4. Voltage profile of Mg-Cu cells with 0.2 M MTC in (a) pure DME, (b) DME-THF 

(25 vol% THF), (c) DME-THF (50 vol% THF), (d) DME-THF (75 vol% THF) and (e) pure 

THF. 
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Fig. S5. Voltage profile of Mg-Cu cells with DME (yellow line) and DME-DOL (50 vol% 

DOL) electrolytes. 

 

Fig. S6. Comparison of cycle life of Mg-Mg symmetric cells under different current 

densities with single-solvent and hybrid-solvent commercial MgCl2-based electrolytes. 

Ref 1: MgCl2-AlCl3-Mg(TFSI)2/DME21; Ref 2: MgCl2-AlCl3-Mg(TFSI)2/THF22; Ref 3: MgCl2-

LiCl/THF32; Ref 4: Mg(OTf)2-MgCl2/DME17; Ref 5: MgCl2-LiCl-AlCl3-PYR14TFSI/THF33. 
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Table S2. Summary of cycle life of Mg-Mg symmetric cells under different current 

densities with single-solvent and hybrid-solvent commercial MgCl2-based electrolytes. 

 

Electrolyte 
Current density of Mg-Mg 

symmetric cells / mA cm-2 

Cycle life / 

hour 
Reference 

Mg(TFSI)2-MgCl2 / DME-

THF 

0.1 4000 

This work 

1.0 700 

MgCl2-AlCl3-Mg(TFSI)2 / 

DME 
0.025 2000 21 

MgCl2-AlCl3-

Mg(TFSI)2/THF 
0.200 90 22 

MgCl2-LiCl / THF 0.05 700 32 

Mg(OTf)2-MgCl2 / DME 0.500 500 17 

MgCl2-LiCl-AlCl3-

PYR14TFSI / THF 
0.500 500 33 
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Fig. S7. Voltage profile of Mg-Mo6S8 cells during 1st~30th cycles under 0.5 C. (a) Cells 

with DME electrolytes. (b) Cells with DME-THF electrolytes.  

 

 

Fig. S8. Polarization of Mg-Mo6S8 cells with DME and DME-THF (75 vol% THF) 

electrolytes. 

 

Fig. S9. Voltage profile of Mg-Mo6S8 cells after 30th cycle under 0.5 C. (a) Cells with 

DME electrolytes. (b) Cells with DME-THF electrolytes.  
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Table S3. Summary of the electrochemical performance of state-of-the-art Mg-Mo6S8 

cells with electrolytes based on commercial salts. 

 

Electrolyte Rate / C Cycle life / hour Reference 

Non-

nucleophilic 

electrolytes 

Mg(TFSI)2-MgCl2 / 

DME-THF 
0.5 2300 This work 

Mg(OTf)2-MgCl2 / 

DME 
0.1 1267 17 

MgCl2-AlCl3-

Mg(TFSI)2/THF 
0.2 833 22 

Mg(TFSI)2 / DME-

diglyme 
0.05 ~200 34 

Mg(HMDS)2-4MgCl2 

/ THF 
0.1 667 35 

Nucleophilic 

electrolytes 

MgAlCl2BuEt2 

/ THF 
0.5 2286 15 

PhMgCl-AlCl3 / THF 0.5 1500 1 

 

 

 

Fig. S10. The atomic concentration of Mg, F, O, and Cu measured by EDS. 
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Fig. S11. SEM image of cross sections of the Mg anode cycled with DME (left) and DME-

THF (right) electrolytes. 

 
Fig. S12. S2p spectra of the Mg electrode cycled in (a) DME and (b) DME-THF 

electrolyte.  
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Fig. S13. FT-IR spectra of 0.2 M MTC in DME-THF, 0.2 M MTC in DME, Mg(TFSI)2 powder, 

THF solvent, and DME solvent. 

 

 

Fig. S14. The morphology of surface film on Mg anode soaked in (a), (c) DME and (b), 

(d) DME-THF electrolytes for 11 days. F element mapping of Mg anode soaked in (e) 

DME and (f) DME-THF electrolytes measured by EDS. 
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DFT calculations 

In order to evaluate the optimal adsorption geometry, three adsorption sites (Fig. S15a, 

top, bridge and hollow of Mg) on Mg (1000) and four adsorption sites (Fig. S15b, top, 

bridge, hollow of Mg, and top of O) on MgO (100) surfaces were considered. The 

adsorption configurations were shown in Fig. S15c-d.  

 

 
Fig. S15. (a) Top view of Mg (0001) surface and possible adsorption sites; (b) Top view 

of MgO (100) surface and possible adsorption sites. (c) Initial configurations of DME 

and THF on Mg (0001). (d) Initial configurations of DME and THF on MgO (100). 
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Fig. S16. Optimal configurations of DME and THF on Mg (0001).  

 

 

Fig. S17. Optimal configurations of DME and THF on MgO (100). 
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Fig. S18. Adsorption energy of (a) DME on Mg (0001) surface; (b) THF on Mg (0001) 

surface. (c) DME on MgO (100) surface. (d) THF on MgO (100) surface.  
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