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Electrolyte Preparation

The 2 M ZnSO, electrolyte was prepared by dissolving ZnSO4-7H,0 in deionized water. The subject electrolytes were prepared by
adding different amounts of lithium iodide (Lil) (99.9%), lithium chloride (LiCl), lithium bromide (LiBr) or lithium sulfate (Li,SO,)
into 2 M ZnS0O, electrolyte, noted as Lil-ZnSO,, LiCl-ZnSQ,, LiBr-ZnSO4 and Li,SO4-ZnS0O,. The optimized concentration of Lil was

0.5M L™

Characterization

The crystal structures of the materials were analyzed using X-ray diffractometer. The samples were also subjected to field-
emission scanning electron microscopy (FESEM) using a 2020 JEOL-7100F scanning electron microscope. Raman spectra and
attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were recorded using a micro-Raman spectroscopy
system (Renishaw INVIA). Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker Avance Il 300MHz NMR
spectrometer. X-ray photoelectron spectroscopy (XPS) results were obtained through a VG MultiLab 2000 instrument.
Transmission electron microscopy (TEM) and the energy dispersive X-ray spectroscopy (EDX) mapping were performed on a JEM-

2100F transmission electron microscope at 200 kV.

Electrochemical characterization

The electrochemical workstation (CHI660E, China) was used to test the Tafel curves between -0.1 and 0.1 V at 5 mV s71, with
Zn||Zn symmetrical battery. The chronoamperometry (CA) curves were measured at an overpotential of -100 mV. The
differential capacitance curves were measured by scanning at 1000 Hz. For the Zn| |Zn symmetrical batteries, the Zn foil (20 um)
was cut into a round disk with a diameter of 10 mm, corresponding to a mass of about 8.9 mg. For the Zn| |Cu asymmetrical
battery, the Cu foil (100 um) was cut into a round disk with a diameter of 16 mm or 10 mm. To prepare the AC cathodes, a slurry
made up of AC, carbon black (Super P), and polytetrafluoroethylene (PTFE) at a weight ratio of 8:1:1. The full batteries were
assembled with the Cu foil anodes (diameter of 16 mm) and AC cathodes (diameter of 8 mm) separated by a glass fiber separator
with a diameter of 17 mm. All batteries were assembled as CR2016 coin batteries in an air atmosphere. The pouch battery was
fabricated using an Al pouch film as a packaging substance. The cycling performances of the batteries were measured by the
LAND and NEWARE instrument in the voltage range of 0.6 - 1.8 V. Additionally, cyclic voltammetry (CV) was performed with a
voltage range of 0.6 - 1.8 V at different scan rates of 2, 5, 8, 10 and 20 mV s, and electrochemical impedance spectroscopy (EIS)

tests were conducted using an Autolab PGSTAT 302N in a frequency range of 0.01 Hz - 100 kHz.

Molecular dynamics (MD) simulations method



MD simulations were conducted using the LAMMPS package with the AMBERO3 force field to investigate the electrolyte
structures.! The TIP4P model was employed to simulate water molecules. The MD parameters for Zn?*, SO, Li*, and |- were
utilized based on the built-in force field parameters. Each simulation cell consisted of 6960 H,0 molecules, 200 ZnSO4 molecules,
and 50 Lil molecules. Initially, NPT runs were conducted at 298 K for 500 ps to ensure system equilibrium, followed by another

NVT run of 500 ps for analysis purposes. Radial distribution functions (RDFs) were calculated using the built-in module.

Density Functional Theory (DFT) Calculation method

We employed dispersion-corrected density-functional theory (DFT-D3) %3 and the plane-wave method to compute the structures
and energetics. The projector-augmented-wave (PAW) # > method in conjunction with the generalized gradient approximation
(GGA) was used to determine the dispersion forces and energy. Perdew-Burke-Ernzerhof functional implemented in Vienna Ab
Initio Simulation Package (VASP) 68 was adopted to compute the exchange-correlation potentials.

The Marcus charge transfer energy barrier, represented as AG;*, was determined using the four-point method.® 1° Geometries of
ground-state molecules were optimized using M06-2X density-functional 1* with 6-311++G(d,p) basis set (H, O atoms) and lanl2dz
basis set (Zn, I, Cl, Br atoms) using Gaussian software. To ensure the minimum energy structures are obtained, the analysis of
frequency was carried out. Focusing on the +1 and +2 electronic states, the high-precision single-point energies of the optimally
solvated Zn?* structure were identified to be E; and E,, respectively. Simultaneously, for the optimally solvated Zn* structure
under the +2 and +1 electronic states, the high-precision single-point energies were established to be E; and E, respectively.
Following these calculations, AG,* was computed using the below formula:

2V =E, - E,

2 =E, -E,

/1(1) + /1(2)

Gl =
AGY 3

The desolvation energy barrier, denoted as AG,*, was approximated through the dissociation of a coordinated water molecule.



Fig. S2. SEM images of Zn plating at different concentrations of Lil additives under 10 mA cm=2

and 5 mAhcm™2, (a) 0 M, (b) 0.1 M, (c) 0.25 M, (d) 0.5 M, (e) 1 M.
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Fig. S3. (a-b) XRD patterns of Zn plating at different Lil concentrations.
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Fig. S4. The intensity ratio of diffraction peaks of Zn (002) to Zn (100) at different Lil

concentrations.
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Fig. S5. XRD patterns of Zn plating with different iodide salt additives at various concentrations:

(a) Nal, (b) K, (c) Znl,.
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Fig. S6. The intensity ratio of the diffraction peaks of Zn (002) to Zn (100) for different iodide

salt additives at various concentrations.
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Fig. S7. (a) XRD patterns of Zn plating in the Li,SO4-ZnSO, electrolyte at different Li,SO,

concentrations.
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Fig. S8. In situ optical characterization of Zn deposition/dissolution process in the first cycle on

Cu surfaces in the ZnSQ, electrolytes with and without Lil.
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Fig. S9. The binding energies between 1-/H,0 and Zn?*.

Fig. $10. The MD snapshots of ZnSQO, electrolyte.



Zn-0, ZnS0,

20 20
15 15
= =

o
10 10
5 5
0 A ; . 0
0 2 4 6 8 10
Distance (A)

Fig. S11. RDF and the coordination number of Zn-0,, in ZnSO, electrolyte.
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Fig. $12. (a-f) Adsorption models of I~ on different crystal planes of Zn and Cu metals.
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Fig. $13. (a-f) Adsorption models of water molecule on different crystal planes of Zn and Cu

metals.
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Fig. S14. Enlarged view of CV curves of Zn| | Cu batteries in the electrolyte with and without Lil.
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Fig. S15. (a) CV curves of Zn| | Cu batteries in the electrolyte with LiCl and with LiBr. (b) Enlarged

view of the corresponding CV curves.
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Fig. S16. Tafel curves of Zn| | Zn batteries in the electrolyte with LiCl and with LiBr.
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Fig. S17. CA curves of Zn| | Zn batteries in the electrolyte with LiCl and with LiBr at -100 mV.
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Fig. $18. Comparison of CE values with previously reported literature.1>-2

Fig. $19. (a) Optical photograph of Cu foil after 10 cycles in ZnSQ, electrolyte. (b) Optical

photograph of Cu foil after 10 cycles in Lil-ZnSO,4 electrolyte.
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Fig. S20. (a) CE of Zn| | Cu battery in the Li,SO4-ZnSO, electrolyte. (b) The corresponding 41th

Q.

charge and discharge curve.

— Lil-Zi

—2ns0,

(]

nso, nips

I

Intensity (a.u.)

+2n,S0,(OH)s xH,0

Intensity (a.u.)

0l | i

——1ZnsS0,

Intensity (a.u.)

——Lil-ZnSO,

PV, RS VY SYatlyi|

10 20

30 40 50 60 70 80
2 Theta (degree)

1200 1000 800

600 400

200

Binding energy (eV)

240 220 200 180 160
Binding energy (eV)

Fig. S21. Characterizations of the Zn anode after cycling in Zn symmetric cells. (a) SEM image of

Zn anode in the ZnSO, electrolyte. (b-c) SEM images of Zn anode in the Lil-ZnSO, electrolyte. (d)

XRD patterns of Zn anode. (e) XPS wide-scan spectra of Zn anode. (f) Enlarged XPS spectra

belong to S signal.
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Fig. $22. The structure of key intermediates in (a-c) ZnSO, and (d-f) Lil-ZnSO, electrolytes.
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Fig. S24. The structure of key intermediates in (a-c) LiCl-ZnSO, and (d-f) LiBr-ZnSQO, electrolytes.
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Fig. S25. EIS of Zn| | Zn batteries standing for different durations in the ZnSO, electrolyte with
and without Lil. (a) Zn| |Zn battery in the ZnSO, electrolyte. (b) Zn| |Zn battery in the Lil-ZnSO,

electrolyte. (c) Zn| | Zn batteries in their initial state in both electrolytes.
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Fig. S26. DRT analysis of charge transfer process of Zn?* in (a) ZnSO, and (b) Lil-ZnSO,

Fig. S27. The contribution ratio of capacitive processes to diffusion-controlled process at
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The calculation of the capacity contributions from the two energy storage behaviors using the

following equation:

i (V) =kyv+ ky'/?

At scan rates of 2, 5, 8, 10, and 20 mV s, the capacitive behavior contributed 21%, 22%, 25%,

27%, and 45% of the capacity, respectively.
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Fig. $28. The charging-discharging curves of Cu| | AC batteries in Lil-ZnSQ, electrolyte.
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Fig. S29. EIS of Cu| | AC batteries in Lil-ZnSO, electrolyte at different cycle numbers.
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Fig. S30. SEM images of electrodes before and after cycling in Cu| | AC batteries at 10 mA cm=2.
(a) Cu foil before cycling. (b) Cu foil at the 100th charging state. (c) Cu foil at the 100th
discharging state. (d) AC power before cycling. (e) AC cathode at the 100th charging state. (f) AC

cathode at the 100th discharging state.

Fig. S31. TEM images, corresponding STEM images, and EDX mapping images of AC before and

after cycling in Cu| |AC batteries at 10 mA cm™.
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Fig. $S32. The electrochemical performance of Cu| | AC battery in the ZnSO, electrolyte.
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Fig. S34. (a-f) Optical photos of Cu foil in different charging and discharging states in Cu| | ACC

battery in the Lil-ZnSO, electrolyte.
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Fig. $35. XRD of Cu foil in different charging and discharging states.
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Combined map

Fig. S36. EDS mapping of Cu foil in different charging and discharging states.

Table S1. Atomic content of element of Cu foil in different charging and discharging states.

AN Zn 0 s |
C-1.3V 100
C-1.6V 23.296 33.857 39.649 2.525 0.674
C-1.8V 7.900 54.578 33.235 1.860 2.428
D-1.6V 8.315 54.834 35.674 1.177
D-1.3V 18.929 56.403 23.842 0.826
D-0.6V 100.00
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