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Materials

Sulfur powder and Zn foil (0.5 mm thickness) were received from Thermo Fischer Scientific whereas,
zinc triflate (Zn(OTf)) was obtained from TCI, N, N-Dimethylformamide (DMF), Acetonitirile
(ACN), Dimethylsulfoxide (DMSO) was obtained from Spectrochem and zinc iodide (Znl») were
procured from Sigma Aldrich. Ketjen black (KB) and PVDF were obtained from the Electrode Store.
All electrolytes were prepared using de-ionized water with a resistivity of 18 M€, and all the above

reagents were analytically pure grade and were used without further purification.
Measurements and Characterization

Powder X-ray diffraction (PXRD) measurements were conducted using PANalytical X’PERT pro
diffractometer using Cu-Ka radiation (A=0.1542 nm, 20 kV, 20 mA) in the 20 range from 5 to 80° with
a scan speed of 10°/min. Bruker Tensor-27 with a zinc selenide window was used for recording FT-IR
spectra ranging from 4000 to 400 cm™'. The water contact angle was determined using a Kyowa DMe-
211 Plus by the sessile water drop method at ambient temperature. X-ray photoelectron spectroscopy
(XPS) was conducted to identify the various oxidation states and species formed using Thermo Fisher
Scientific Escalab Xi" spectrometer with a monochromatic Al Ko radiation (1486.6 eV).
Morphological analysis of materials and electrodes was done using field emission scanning electron
microscopy (FESEM) using JEOL JSM-7610F. Optical images of electrodes before and after cycling
were recorded using an Olympus microscope. '"H NMR spectra of the electrolytes were recorded using
a JEOL JNM-ECS 400 MHz spectrometer at ambient probe temperatures with d-acetone serving as
the internal reference. Raman spectra was acquired using LabRAM HR Evolution (Horiba Scientific)

in the range of 100 cm™'- 500 cm™ using a 532 nm laser as the excitation source.

Electrochemical measurements

Sulfur was physically ground with activated carbon in a 1:1 mass ratio followed by the melt diffusion

under inert conditions at 155 °C for 12 h. The solid obtained was allowed to cool down to room



temperature and denoted as S@AC. The sulfur cathode for all electrochemical measurements was then
prepared by mixing S@AC, Ketjen Black (KB), and PVDF in a weight ratio of 8:1:1 in N-Methyl-2-
pyrrolidone (NMP). The slurry was then ultrasonicated and the mixed slurry was uniformly coated on
a graphite sheet (10 mm dia.) with sulfur loading between 1.3-1.5 mg cm™. The cathodes were dried
in a vacuum oven at 60 °C for 12 h. For the Swagelok cell assembly, zinc foil with a diameter of 10
mm served as an anode, and GF-D glass fiber served as a separator. Different electrolytes containing
2M Zn(OTY), in water (denoted as AZ) were prepared as follows: AZ, AZ/Znl,, and AZ/ACN
(x%)/Znl>, where x% represents ACN in a weight ratio of 20%, 40%, and 60% respectively with 0.05
wt.% Znl; added in all the electrolytes; AZ, AZ/Znl, and AZ/DMF (x%)/Znl2, where x% represents
DMF in a weight ratio of 20%, 30%, and 40% respectively; and AZ, AZ/Znl,, and AZ/DMSO
(x%)/Znl>, where x% represents DMSO in a weight ratio of 10%, 20%, 30%, and 40% respectively.
60 pL electrolytes were used in all battery studies. Linear sweep voltammetry (LSV) and
electrochemical impedance (EIS) were carried out using glassy carbon (3 mm), Ag/AgCl/3M KCl,
and Pt wire as the working, reference, and counter electrode respectively using Metrohm Autolab
M204. Linear polarization was performed using zinc foil as a working electrode at 1 mV s! scan rate
from -0.3 V to +0.3 V vs OCP whereas, the electrochemical impedance spectroscopy (EIS) was
recorded from 1 MHz to 0.1 Hz. Cyclic voltammetry (CV) was performed to assess nucleation
overpotential (NOP) by scanning from 0 V to -1.5 V at 50 mV s’ using graphite sheet as working,
Ag/AgCl/3M KCl as reference, and Zn foil as counter electrodes. Zn** diffusion curves were obtained
via chronoamperometry (CA) in Zn||Zn symmetric cells under an overpotential of -150 mV. All
batteries were rested overnight before cycling at ambient conditions. The galvanostatic charge-
discharge (GCD) profile of Zn//Zn symmetrical cells and Zn/S batteries, cyclic voltammetry, and
electrochemical impedance spectroscopy (EIS) were performed using the battery cycler (BCS-810,
Biologic) at ambient conditions. Galvanostatic intermittent titration technique (GITT) measurements
were performed with a cutoff voltage of 1.5-0.1 V (vs. Zn**/Zn). A constant current density of 0.1 A
g’! was applied for 1 h, followed by a relaxation step of 2 h until the voltage reached upper or lower

limits. The diffusion coefficient (D) was obtained using the following equation:

. 4 (mBVM>2 (AES>2
“mt\ MpA / \AE,

where 7 is the duration time of the discharge step, mp is the mass of active material, Mp and Vi are the

molecular weight and molar volume of sulfur, respectively, 4 is the contact area between electrode
and electrolyte, AE; is the change of cell voltage during discharge, AFE; is the change of steady-state

voltage for the corresponding step.



Computational methods

DFT calculations were performed with the Gaussian 09W software package to gain structural
information on the solvation ions. The geometries of all species were fully optimized without any
symmetry constraint at the B3LYP level of theory by considering the water solvation effect in the
CPCM model. In these calculations, we used Hay-Wadt effective core potentials (ECPs) with the
associated Lanl2dz basis set for Zn and the standard 6-31G+(d, p) basis set for all other atoms.

The adsorption energy (Eads) is defined as

Eads = Ezn-solvent—E zn—E solvent

where Ezu-sonen: 18 the total DFT energy of the optimized structure and Ez, and Esonen: are the energies

of the Zn ion and the solvent, respectively.
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Fig. S1. FT-IR spectra of (a-c) AZ, ACN-20, DMF-20, and DMSO-20; (d-f) AZ, DMSO-10, DMSO-20, DMSO-30, and
DMSO0-40; (g-i) AZ, DMF-20, DMF-30, and DMF-40; (j-1) AZ, ACN-20, ACN-40, and ACN-60 electrolytes.
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Fig. S2. (a) Donor number of various solvents; (b) HOMO and LUMO energy level of these solvents, and (c) Optimized

structure of Zn?*-additive complex (Colour code: Zn?*: gray; N: blue; O: red; S: yellow)

Molecular orbital calculations were conducted to determine the affinity of solvents towards zinc ions,
focusing on the energy levels of the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO), summarized in Fig. 2g. Based on molecular orbital theory, a
narrow HOMO-LUMO band gap indicates enhanced electron transfer capability i.e. facile electron
transfer onto zinc thereby facilitating solvent adsorption onto the metal surface. The calculated band
gaps for water, ACN, DMF, and DMSO were 9.419, 8.897, 6.833, and 6.407 eV, respectively. These
findings reveal that DMF and DMSO exhibit significantly narrower band gaps and superior adsorption

energies than water and ACN, highlighting their effectiveness in interacting with the zinc surface.

Table S1. HER overpotential obtained from LSV of various electrolytes by varying concentrations of ACN.

Electrolyte HER overpotential (V)
ACN-0 -0.99
ACN-20 -1.02
ACN-40 -1.06
ACN-60 -1.07




Table S2. HER overpotential obtained from LSV of various electrolytes by varying concentrations of DMF.

Electrolyte HER overpotential (V)
DMF-0 -0.99
DMF-20 -1.06
DMF-30 -1.08
DMF-40 -1.10

Table S3. HER overpotential obtained from LSV of various electrolytes by varying concentrations of DMSQO.

Electrolyte HER overpotential (V)
DMSO-0 -0.99
DMSO-10 -1.07
DMSO0-20 -1.09
DMSO0-30 -1.14
DMSO0-40 -1.27

Table S4. Electrochemical parameters obtained from EIS for different concentrations of ACN.

Electrolyte R, (Qcm?) | R (Q cm?)
ACN-20 2.3 11.9
ACN-40 3.1 12.2
ACN-60 5.4 15.6

Table S5. Electrochemical parameters obtained from EIS for different concentrations of DMF.

Electrolyte R, (Q cm?) | R (Q cm?)
DMF-20 7.9 12.1
DMF-30 15.5 12.7
DMF-40 20.7 13.1

Table S6. Electrochemical parameters obtained from EIS for different concentrations of DMSO.

Electrolyte R, (Q cm?) | Rt (Q cm?)
DMSO-10 7.3 11.9
DMSO0-20 12.1 12.3
DMSO-30 23.8 12.6
DMSO0-40 30.3 13.3
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Fig. S3. Flammability test of separator soaked in (a) Z/ACN/Znl,; (b) AZ/ACN-40/Znly; (¢) Z/DMF/Znl;, electrolytes; (d)
AZ/DMF-40/Znly; (¢) Z/DMSO/Znl,, and (f) AZ/DMSO-20/Znl; electrolytes (in 2M Zn(OTY),).
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Fig. S4. Linear polarization of (a) ACN, (b) DMF, and (c) DMSO based electrolytes at a scan rate of 1 mV s';
Corresponding EIS spectra of (d) ACN, (¢) DMF, and (f) DMSO based electrolytes using zinc foil, Ag/AgCl/3 M KCI

and Pt wire as working, reference, and counter electrodes, respectively.



Table S7. Electrochemical parameters obtained from potentiodynamic linear polarization curves for Zn anodes in aqueous

and ACN-based hybrid electrolytes.

Electrolyte Ecorr (V) I.orr (mA cm?) | Corrosion rate (mm y)
AZ -0.94 4.3 52.6
AZ/Znl, -0.94 12.6 371.8
AZ/ACN/Znl, -0.93 3.8 116.3

Table S8. Electrochemical parameters obtained from potentiodynamic linear polarization curves for Zn anodes in aqueous

and DMF-based hybrid electrolytes.

Electrolyte Ecorr (V) I.orr (mA cm?) | Corrosion rate (mm y)
AZ -0.94 43 52.6
AZ/Znl, -0.94 12.6 371.8
AZ/DMF/Znl; -0.96 34 97.9

Table S9. Electrochemical parameters obtained from potentiodynamic linear polarization curves for Zn anodes in aqueous
and DMSO-based hybrid electrolytes.

Electrolyte Ecorr (V) I.orr (mA cm?) | Corrosion rate (mm y')
AZ -0.94 4.3 52.6
AZ/Znl> -0.94 12.6 371.8
AZ/DMSO/Znl; -0.95 2.6 60.1
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Fig. S5. (a) PXRD of pure S, AC, and S@AC; (b) Deconvoluted S2p XPS spectrum; (¢) TGA of the S@AC composite;
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Fig. S8. Wettability of sulfur powder in water, ACN/water (40/60 v/v); DMF/water (40/60 v/v); and DMSO/water (20/80

v/v).
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Fig. S10. EIS of Zn/S battery assembled utilizing various hybrid electrolytes.

Exchange current density for Zn/S batteries utilizing various electrolytes was calculated using the

following equations:'
jO = RT/TlFARCt

jo, R, T, n, F, A, and R, represent the exchange current density, universal gas constant, temperature,
number of electrons, Faraday constant, the surface area of the electrode and charge transfer resistance

respectively.

Table S10. Exchange current density obtained from EIS of Zn-S batteries utilizing various hybrid electrolytes.

Electrolyte Jo (mA cm™?)
AZ/Znl, 4.46
AZ/ACN/Znl, 5.37
AZ/DMF/Znl, 8.81
AZ/DMSO/Znl, 10.95




Electron Image 1

B Spectrum 4
A%

C 70.1
5 150
F

5.1
n 4.8
47
0.4

Spectrum 4
»
Spectrum 3
+

4

500nm

Fig. S11. (a) FESEM images of sulfur cathode after 800 cycles; and (b) Corresponding EDAX (From the position spectrum

4, other three points also show similar elemental distribution.

Fig. S12. OCP obtained by assembling two Zn/S batteries.
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Fig. S13. LUMO energy level of [Zn(H20)s]*", [Zn(H,0)s(DMSO),]*

Fig. S14. Optical images of Zn in (a) AZ/Znl,, and (b) AZ/DMSO/Znl, electrolytes after 1 h deposition time

Table S11. Performance comparison with reported Zn/S batteries.
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