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Experimental Section

Electrolyte preparation

A 0.5 M Mg(TFSI); (magnesium bis(trifluoromethylsulfonyl)imide) solution in DME (1,2-
dimethoxyethane), denoted as PM electrolyte, was purchased from Suzhou Duoduo Chemical
Technology Co., LTD. Mixed-solvent electrolytes were then prepared to systematically investigate the
combined effects of SiBr, concentration and TMSP (tris(trimethylsilyl) phosphate) content. Specifically,
0.5 M Mg(TFSI), electrolytes containing varying concentrations of SiBr, (99.99% metals basis, Adamas;
0.2 M, 0.35 M, and 0.5 M) in DME:TMSP (Suzhou Qijtian New Material Co., Ltd.) mixed solvents with
volume ratios of 16:4, 17:3, and 18:2 were prepared. All electrolytes were prepared by stirring the
corresponding components at 25 °C in an argon-filled glovebox until clear solutions were obtained.
Molecular sieves (4 A) were subsequently added to remove residual moisture, and the electrolytes were
stored in the glovebox before use. All preparation procedures were carried out under an argon
atmosphere with H,0 and O, concentrations maintained below 0.1 ppm. Based on the cycling
performance of Mg||Mg symmetric cells shown in Fig. S2, the electrolyte composed of 0.5 M Mg(TFSI),,
0.35 M SiBr,, and a DME:TMSP volume ratio of 17:3 exhibited the most stable and prolonged cycling
behavior. This optimized formulation is denoted as the MST electrolyte and was therefore selected for
subsequent electrochemical studies. For comparison and extended investigations, additional electrolytes
were also prepared under identical conditions, including 0.5 M Mg(TFSI), + 0.35 M SiBr, in DME (denoted
as MS), 0.5 M Mg(TFSI), in DME:TMSP (17:3, v/v), as well as electrolytes containing alternative halide
additives (SiCl,, BBrs, SnBry, and MgCl,) or phosphorus-containing solvents (TPP (triphenyl phosphate)

and TMSP) at identical concentrations and solvent volume ratios.

Electrode preparation

Mg anode preparation. Mg foils (99.95 %, 0.3 mm thick) were purchased from XinXiang YouYueXin
Metal Materials Technology Co., LTD. Then the Mg foils were cut into disks with a diameter of 15 mm
and polished with a 2500-grit sandpaper in an argon-filled glovebox (with H,0 < 0.1 ppm and O, < 0.1
ppm) to remove the oxide layer.

MogSg cathode preparation. The Chevrel MogSg was synthesized using a modified procedure from the
previous work?!. Briefly, 0.8 g of CuS, 1.6 g of MoS,, 1.2 g of Mo powder, and 16 g of KCl were mixed and
ball-milled at 350 rpm for 3 h. The ground powder was then transferred to a crucible for sintering. Under

a sealed argon atmosphere, the sample was sintered in a tubular furnace at 300 °C for 1 h, then, the



sample was heated up to 1100 °C for another 24 h. After cooling to room temperature, the products
were washed with deionized water, and Cu,MogSg could be obtained. As prepared, Cu,Mo0gSg was then
immersed in a 6 M HCl solution and stirred for 72 h at 40 °C. The solution was centrifuged, and the MogSs
precipitates were washed with deionized water and dried under vacuum at 80 °C. The MogSg cathodes
were prepared by spreading the mixed slurry composed of 70wt. % MogSg powder, 20wt. % super P, and
10wt. % polyvinylidene fluoride (PVDF) in the NMP solvent to Mo foils and dried at 80 °C. The mass
loading of the active material is ~¥2.0 mg cm™2.

PANI-intercalated V,05 cathode preparation. The PANI-intercalated V,0s was prepared by hydrothermal
reaction?. Typically, 0.18 g of commercial V,05 powder was dispersed in 30 mL of deionized water and
vigorously stirred at room temperature. Then, 60 pL aniline was added to the precursor solution and
continuously stirred. Next, concentrated HCl was dropped into the above mixture to adjust its pH to 3.
After stirring at room temperature for 30 minutes, the mixture was transferred to a 50 mL Teflon lined
stainless steel autoclave. The autoclave is heated at 120 °C for 24 h and then cooled to room
temperature naturally. The product was washed with deionized water and anhydrous ethanol for 3
times. Finally, the obtained samples were dried under vacuum at 60 °C for 10 h before using. The PANI-
intercalated V,0s cathode paste was prepared by mixing 70wt. % V,0s, 20wt. % CNT and 10wt. % PVDF
evenly. Then the cathode paste was cast on titanium foils with a diameter of 12 mm. The mass loading of

the active material is ~¥2.0 mg cm™2.

Battery assembly and the electrochemical measurements

Mg||IMg symmetric cells, Mg||[Mo asymmetric cells, and Mg||MogSs/PANI-V,0s full cells were assembled
by using CR2025-type coin cells with glass fiber (Whatman GF/D) as the separator and 200 plL
predetermined electrolytes. All cell assemblies were conducted in an Ar-filled glove box (H,0 < 0.1 ppm
and O, < 0.1 ppm). The battery performance was evaluated using a multi-channel battery test system
(Shenzhen Xinwei Electronics Co., LTD). Linear sweep voltammetry (LSV) was used to study the oxidation
stability of different substrates in the PM, MS and MST electrolytes, which was conducted at a scan rate
of 1 mV st in coin cells with molybdenum (Mo) foil as the working electrode and polished Mg foil as the
anode. Cyclic voltammetry (CV) measurement based on asymmetric cells (from -1 V to 2 V vs. Mg/Mg?*),
Mg|IMogSg full cells (from 0.2 V to 1.8 V vs. Mg/Mg?*), and Mg||PANI-V,Os full cells (from 0.1V to 2.6 V vs.
Mg/Mg?*) was conducted using Biologic work station at a scan rate of 0.5 mV s™. Tafel curves based on
symmetric cells were obtained from -100 mV to 100 mV at a scan rate of 0.1 mV sL. The corresponding

exchange current density was calculated by the Butler-Volmer Equation. Electrochemical impedance



spectroscopy (EIS) characterizations of cells were carried out using an amplitude of 10 mV with
frequencies between 100 MHz and 0.1 Hz by the Solartron Frequency Analyzer. To further quantify the
interfacial kinetics, the activation energy (E,) was derived using the Arrhenius relation:

1/R. = Aexp(-E./RT)

where A is the pre-exponential factor, R is the gas constant, and T is the temperature.

Material characterizations

The morphology of the Mg anode was examined using scanning electron microscopy (SEM)
(ZEISS/Sigma 560, ZEISS), coupled with an energy dispersive X-ray spectrometer (EDS) to determine
elemental composition. X-ray diffraction (XRD) patterns were measured on an X-ray diffractometer (D8
Advance, Bruker) with Cu-K, radiation under 40 kV and 40 mA. X-ray photoelectron spectroscopy (XPS)
(Thermo SCIENTIFIC Nexsa) experiments were performed in a Theta probe using monochromatic Al K, X-
rays at hv = 1486.6 eV. Raman spectra of PM, MS, and MST electrolytes were collected with DXR3xi
Raman Microscope (Thermo Fisher Scientific) using the 532 nm He-Ne laser source. PM, MS, and MST
electrolytes were used for nuclear magnetic resonance (NMR) spectroscopy measurement by a Bruker
Avance NEO 400 spectrometer. 3 mg of the sample was used for Mettler-Toledo differential scanning
calorimetry (DSC), and the measurement was conducted under the protection of a nitrogen atmosphere with a
heating rate of 1 °C:min-! from 25 °C to 70 °C. All the electrodes were disassembled from the coin cells in an
Ar-filled glove box (H,O < 0.1 ppm and O, < 0.1 ppm). The electrodes were washed with 1,2-

dimethoxyethane (DME) solvent and dried at room temperature for further characterization.

Theoretical calculations

Classical Molecular Dynamics (CMD) Simulation Methods. All the classical molecular dynamics
simulations in this work are performed by the Gromacs 2020.3 package3. The boxes with the size of
10x10%x10 nm?3 containing 962 DME, 50 Mg?*, 100 TFSI, 962 DME, 50Mg?*, 100 TFSI-, 37SiBr, and 962
DME, 50 Mg?*, 100 TFSI-, 37SiBr,4, 46 TMSP respectively, were built by Packmol software®. General amber
force field (GAFF) parameters were generated by Sobtop®. The conjugated gradient method was used for
energy minimization. The equilibrium simulation was carried out with an NPT ensemble at 300 K and 1
bar for 20 ns. The production simulation was carried out with an NVT ensemble at 300 K for 20 ns. RDF
analysis and simulation snapshot visualization were visualized by VMD software®.

Density Functional Theory (DFT) Calculation Methods. All molecular structures were optimized with the
TPSSh functional and def2tzvp basis set, followed by HOMO and LUMO energy calculations using

Gaussian 09.7,2 The SMD solvation model of tetrahydrofuran (e = 7.4257) was employed to describe the



solvent environment®. The electrostatic potential (ESP) of solvent molecules was analysed in the
Multiwfn program?0 11,

Adsorption Energy Calculation Methods. First-principles calculations were performed using Vienna
Ab-initio Simulation Package (VASP) version 5.4.1 with the Perdew-Burke-Ernzerhof (PBE) functional.1?
The (001) surface of hexagonal close-packed (hcp) Mg was modeled using a four-layer slab. The plane-
wave cut-off energy was set to 500 eV, and the convergence criteria were 10 eV and 0.05 eV Al for
electron energy and ion force. The adsorption energy (E.qgs) was defined by the equation:

Eads = Eoo1-solvents = Eoo1 — Esolvents
where Egpisolvents 1S the total energy of the Mg (001) surface with an adsorbed solvent molecule, Egy face is
the energy of the clean Mg (001) plane, and Esyents is the energy of the isolated solvent molecule,
respectively. Therefore, a more negative E,4s value indicates a more exothermic adsorption process and

thus a more favorable adsorption in all calculations.
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Fig.S1 EIS of the (a) pristine PM, (b) MS, and (c) MST electrolyte at different temperatures.
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Fig.S2 Long-term cycling performance of MglMg symmetric cells at 0.1 mA cm? with a capacity of 0.1
mAh cm? in 0.5 M Mg(TFSI), electrolytes containing different concentrations of SiBr, in mixed
DME:TMSP solvents. In the legend, x/y denotes an electrolyte with x M SiBr, and a DME:TMSP volume

ratio of 16:4, 17:3, or 18:2, corresponding toy = 4, 3, or 2, respectively.
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Fig.S3 EIS spectra of the Mg||Mg symmetric cell using (a) the pristine PM, (b) MS, and (c) MST electrolyte

at the initial state, after 20 cycles, and after 100 cycles.
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Fig.S4 (a) EIS spectra of Mg||[Mg symmetric cells with MS and MST electrolytes at different temperatures

after 20 cycles. (b) In-situ EIS spectra were recorded every 20 min during cycling.
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Fig.S5 Differential scanning calorimetry (DSC) curves of MS and MST electrolytes.
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Fig.S7 Plating/stripping curves of the Mg||Mo asymmetric cell using the pristine PM electrolyte at cut-off

voltages ranging from 1.0to 1.2 V.
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Fig.S8 Cycling performance of the Mg||Mo asymmetric cell using MS electrolyte at a current density of 0.1 mA cm-

2 with a cut-off voltage of 3.4 V.
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Fig.510 CV curve of the Mg||[Mo asymmetric cell using the pristine (a) PM, (b) MS, and (c) MST electrolyte

at a scanning rate of 0.5 mV s



Fig.S11 SEM images of Mg deposited on Mo current collectors for 50 hours using (a) MS and (b) MST

electrolyte, respectively, along with the corresponding EDS mapping images.



Fig.512 SEM images of uncycled Mg anode.



Fig.S13 SEM image of the Mg anode after cycling in the pristine PM electrolyte until short circuit,

together with the corresponding EDS mapping.



Fig.514 SEM image of the Mg anode after 300 cycles in the MS electrolyte, with the corresponding EDS

mapping.



(b)

Fig.515 Magnified SEM cross-sectional images of the SEl on Mg anodes after 100 cycles in (a) MS and (b)

MST electrolytes.



Fig.S16 SEM image of the Mg anode after 300 cycles in the MST electrolyte, with the corresponding EDS

mapping.
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Fig.517 The atomic force microscope (AFM) images of the Mg anode after 100 cycles in the (a) pristine

PM, (b) MS, and (c) MST electrolyte, respectively.
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Fig.518 AFM images of the Mg anode (fringe field) after 100 cycles in the MS electrolyte.



Fig.519 Image of the Mg anode and separator after 100 cycles in the PM electrolyte.
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Fig.520 Photographs of electrolytes containing individual halides (MgCl,, SiCl,, SiBrs, SbBr3, SnBrs, BBrs)
or combined halide and phosphate ester components (e.g. TPP and TMSP), together with images of Mg

foils after 0.5 h immersion and the corresponding XRD patterns.
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Fig.S21 The DFT calculation results of DME, TFSI, trimethyl phosphate (TMP), triethyl phosphate (TEP),

TPP, TMSP, and the SiBrs* cation.
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Fig.S22 XPS spectra of C 1s, F 1s, O 1s, Mg 1s, Si 2p, and Br 3d for Mg anode after 100 cycles in the MS

electrolyte, measured at different Ar* sputtering times.
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pristine PM, MS, and MST electrolyte.
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Fig.S29 SEM image of the polyaniline-intercalated V,05 powder.
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Table S1. A systematic comparison with previously reported Mg(TFSI),/Mg(OTf),-based electrolyte

systems.
Electrolyte Plating Cycle Coulombic  Electrochemical Cathodes Capacity Capacity Cycle Refs
compositions potential lifespan efficiency Window retention lifespan

ratio (cycles)

0.5 M Mg(TFSI), + 2.0 -045V  26h 56.0 % 13
M DMA in THF
0.25 M Mg(TFSI), + 2.0 -0.2V 23 98.0 % 14
M DMA in THF cycles
0.5 M Mg(TFSl), in -0.1V 190 h 99.5 % 3.80V Mgp.1sMnO, 93.0 =74.5 % 200 15
(DME+MOPA-1)
0.25 M Mg(OTf ), in -0.26V 5000 h 98.0 % 2.80V MogSg/CusSe, 59.3/67.0 =88 % 1000/200 16
(G2+MOEA) /=42 %
0.25 M Mg(OTf ), in -0.15V 1000h  98.0% 3.50V MogSg 52.5 84 % 300 b
(G2+DME+MOEA)
05 M Mg(TFSl), in -0.15V  150h 70.0 % 18
(DME+aniline)
0.1 M Mg(TFSl), in -0.05V 350 h 95.9% 19
MOPA-2
0.25 M Mg(TESl), in -0.1V 320 h 92.0% 20
(G2+DMAPA)
0.5 M Mg(TFSl), in -0.2V 300 h 79.0 % 2
(DME+TMP)
0.4 M Mg(TFSl); in -0.16V 100 h 90.6 % 4.03V MogSg 30.0 =18.6 % 600 22
(G2+IBA)
0.25 M Mg(TFSI), in co, 600.0 70 23
(G4+PDA)
0.18 M Mg(TFSI), + 0.1 -0.22V 450 h 98.0 % 3.50V MogSg 53.0 =82.8% 200 >
M LiOTf in (DME+TMP)
0.4 M Mg(TFSl), in -0.15V 7000 h 95.2 % 416V PANI 113.0 72 % 400 24
(DME+G2+BTFE+TEP)
0.125 M Mg(OTf ), + -0.29V  550h 90.0 % 25
0.125 M Mg(HMDS), +
0.5 M TBAOTF in
(DME+G3)
0.5 M Mg(TFSI), + 2% -0.4V 160 66.2 % 26
HpMS in G3 cycles
0.5 M Mg(TFSI), + 0.15 -0.23V 20 h 74.0 % 27
M Mg[B(OPh);H], in G2
0.5 M Mg(TFSI),+0.3M -0.25V 3100 h 290V MogSg/CuS 36.7/85.2 71.35 % 500/300 28
SbBr3 in DME /82.8 %
0.25 M Mg(TFSI),+0.4M -0.19V 7000 h 98.15 % 2.81V CusS =55.4 % 65 23
BrFB in G2
0.5M Mg(TFSI),+0.35M -0.42V 1800 h 93.52 % 3.76V MogSs 225 39.35% 500 This
SiBr, in DME Work
0.5M Mg(TFSI),+0.35M -0.14V 1800h 99.97 % 3.94V MogSg/V,05 45.3/93.6 56.63 % 500/50 This
SiBr, in (DME+TMSP) /73.13 % Work




DMA: Dimethylamine

THF: Tetrahydrofuran

DME: Dimethoxyethane

MOPA-1: 1-.methoxy-2-prpylamine

G2: Diethylene Glycol Dimethyl Ether

MOEA: 2-Methoxyethylamine

MOPA-2: 3-methoxypropylamine

DMAPA: 3-dimethylaminopropylamine

TMP: Trimethyl phosphate

IBA: Isobutylamine

G4: Tetraethylene glycol dimethyl ether

PDA: 1,3-propyleneamine

BTFE: Bis(2,2,2-trifluoroethyl) ether

TEP: Triethyl phosphate

G3: Triethylene glycol dimethyl ether

TBAOTF: Tetrabutylammonium Triflate

HpMS: Heptamethyldisilazane

BrFB: 3-Bromofluorobenzene

TMSP: Tris(trimethylsilyl) phosphate
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