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Computational methodology

Molecular dynamics simulated annealing was performed using Gromacs 2024.2
[S1. 2] software to explore low-energy conformations of three-molecule clusters.
Atomic partial charges were assigned via the restrained electrostatic potential (RESP)
method implemented in Multiwfn 3.8(dev) [33 54, Ten annealing cycles were
conducted with temperatures ramped from 0 to 400 K. Then, the lowest-energy
configuration from annealing underwent structural optimization and frequency
analysis at the PBEQS31-D3(BJ) [56-571/6-311G** [S8.39] theory level using Gaussian 16
A.03 5101 All geometry optimizations employed the polarizable continuum model
(PCM) 81 with a solvent dielectric constant of € = 9.6, determined from the
volumetric ratio (1:1) of DME to PYRI14TFSI. Binding energies (AE) were computed
at the higher PBE0-D3(BJ)/ma-def2-TZVP [812-514] Jevel according to:

AE = E(complex) — XE(monomers)

Frontier molecular orbital energies (HOMO/LUMO) were derived from
optimized structures. Wavefunction analyses were conducted with Multiwfn 3.8(dev)

83,541 "and molecular visualizations were generated using VMD 1.9.3 [313] software.
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Figure S1 Nyquist plots of the Mg|[Mg symmetrical cells with varying Mg>":M4

molar ratios in MAID-NaOT{-M4 electrolyte.
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Figure S2 Equivalent circuit model for fitting Nyquist plots.



Table S1 EIS fitting results for Mg||[Mg symmetrical cells after standing in MAID,

MAID-NaOTf, MAID-M4 and MAID-NaOT{-M4 electrolyte.

Electrolyte 0h lh 2h 3h
R (Q) 29 29 3.0 3.0
MAID Rgg1 (Q) 45.7 58.2 150.1 164.2
Rt () 7392.8 7840.1 11726.0 13493.0
Rs () 3.5 3.6 3.7 3.8
MAID-NaOTf  Rgg(Q) 59.2 142.3 330.9 351.3
Rt (Q) 9162.1 13995.0 18094.0 22463.2
R (Q) 3.5 3.7 4.0 4.1
MAID-M4 Rgg (Q) 80.6 97.7 122.1 122.4
R (Q) 3795.2 6909.3 8165.0 8401.0
R (Q) 4.0 4.6 5.3 5.8
MAID-NaOTf-
Rsgr () 19.0 14.3 16.2 15.5
M4

R () 530.5 422.3 487.4 581.8




Table S2 EIS fitting results for Mg||[Mg symmetrical cells with varying Mg?*:M4

molar ratios in MAID-NaOT{-M4 electrolyte.

Mg?*:M4 (Molar ratio) 1:2 1:3 1:4
R, (Q) 3.5 4.0 5.4
R (Q) 27.1 19.0 29.6

R (Q) 2281.9 530.5 1140.1
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Figure S3 Ionic conductivity of the electrolytes.
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Figure S4 Raman spectra of the four electrolytes (a) and the change in the proportion



Figure S5 SEM image of the polished Mg anode (a) and corresponding elemental

content (b).
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Figure S6 The XPS survey of the Mg anode surface after 1 hour standing with the

four electrolytes (a); the XPS survey of the Mg anode surface in Mg||Mg cells after

1 hour standing and cycling for 50 cycles with these electrolytes (b).
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Figure S7 O 1s (a), S 2p (b), Al 2p (c) and CI 2p (d) XPS spectra of Mg anode surface

after 1 hour standing in these electrolytes; O 1s (e), S 2p (f), Al 2p (g) and Cl1 2p (h)

XPS spectra of Mg anode surface in Mg||Mg cells after 1 hour standing and cycling

for 50 cycles with these electrolytes.
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Figure S8 XRD pattern of the Mg anode after 1 hour standing in MAID-NaOTf-M4

electrolyte.
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Figure S9 The plating/stripping profiles and CEs of Mg||Cu cells with MAID (a)
MAID-NaOTf (b) and MAID-M4 (c) electrolytes with varied current densities (0.1-

2.0 mA cm? with 0.03 mAh cm™2).
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Table S3 The rate performance of Mg||Cu cells with different electrolytes.

MAID-
Electrolyte MAID MAID-NaOTf  MAID-M4
NaOTf-M4
Current density
Discharge overpotential (V)
(mA cm™)
0.1 0.19 0.19 0.18 0.16
0.3 0.22 0.22 0.22 0.19
0.6 0.28 0.29 0.27 0.20
0.8 0.31 0.32 0.32 0.23
1.0 0.35 0.37 0.36 0.25
1.5 0.43 0.49 0.48 0.29

2.0 0.75 0.76 0.65 0.33
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Figure S10 LSV curves of MAID (a), MAID-NaOTf (b), MAID-M4 (c¢) and

MAID-NaOTf-M4 (d) on different working electrodes (Mo, Cu, SS and GF).



Table S4 The oxidation stability of the four electrolytes on different working

electrodes (V).

Electrolyte Pt Mo Cu SS GF
MAID 3.0 1.8 22 1.8 1.9
MAID-NaOTf 32 24 2.6 2.5 2.1
MAID-M4 3.1 24 2.7 2.5 22
MAID-NaOT{-M4 3.4 3.0 29 3.1 3.1
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Figure S11 Nyquist plots of Mg||[CMK-3@S, s¢S€o.14 cells with four electrolytes

after 0 h (a) and 1 h (b) standing.



Table S5 EIS fitting results of the Mg||CMK-3@Sy s6Seo.14 cells with four electrolytes

after standing for 0 and 1 h.

Electrolyte Time R (Q) Rsgr (Q) R (Q)
Oh 2.7 3384 8895.9
MAID
lh 2.9 2106.1 11064.0
Oh 2.9 668.9 5371.0
MAID-NaOTf
lh 3.5 2873.0 11695.0
Oh 3.7 241.3 3672.0
MAID-M4
lh 4.1 493.2 4873.0
Oh 5.1 84.7 1226.4

MAID-NaOT{-M4
lh 6.1 27.3 766.5




Table S6 Comparison of the electrochemical performance of Mg/S batteries using

MAID-NaOTf-M4 and state-of-the-art electrolytes.

Specific Reversible
Sulfur Current Cycle
Electrolyte capacity capacity Ref.
cathode collector numbers
(mAh g™ (mAh g™
THFPE-MgF,- 660 400
Sg@NdMC Al@C 20 S16
DME (0.02 C) (0.05C)
Mg(TFESI),- 800 468
CNT@KB/S Al@C 30 S17
TBABr+BTT (0.1 C) (0.10)
Mg(HMDS),- 654 270
CNTS Al@C 100 S18
AlCI;-DOL/DME (0.05 C) 020
Mg[B(hfip),],/D 449 152
S/CMK-3 Al@C 500 S19
ME (0.1 0) (0.50)
CMC- 650 69
Mg[B(hfip)4],/G1 Al@C 150 S20
SBR/KB/S/ (0.05 C) 0.10)
Mg[B(hfip)4],-3D 468 320
KB/S Al@C 100 S21
ME (0.1 0) (0.1 0
Mg(TFSI),-DME- 485.2 312.2
KB/S Al 30 S22
M4 (0.1 0) (0.10)
Activated
MgBOR—-PTHF— 741 500
ACC/S carbon 20 S23
GPE (0.1 C) 0.1 0
cloth
BMIMBE;- 386 334
S@CNTS SS 100 S24
Mg(TFSI), B00mA g (300mA g
MBA-(MgC12)2
1050 515
(AICL;),+LiCI/TH  S@pPAN Cu/SS 85 S25
(0.05 C) (0.10)

F




STAR@ 925 577
MgCL-LiCl/THF Cu@C 400 S26
LCNC-S (0.1 C) (0.5 C)
NG-
[Mg-6THF][AICI 869 300
NCNT@NCS Cu 500 S27
4]>-LiCl 0.1 C) (04 C)
@S
1150 800
AICL;-InCl/TEG KB/S Cu 50 S28
(0.01 C) (0.05 C)
M00.075V0.925 1021 835
PMC Cu 200 S29
Se,/S (100 mA g ") (1Agh
Mg(CF3S03),-
Cu/Ni- 1290 914
MgCl,-AlCl;- Cu 200 S30
NiO/C-S (0.1 A g (02 A g™
LiCF;S0;5
MAID-NaOTf- CMK-3 1142.2 675.2 This
Cu 200
M4 @80.86860_14 (005 C) (01 C) work
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