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Methods

Materials

All chemicals were used as received directly without any further treatment. Zinc sulfate 

heptahydrate (ZnSO4·7H2O, 99%, Aladdin), zinc perchlorate hexahydrate 

(Zn(ClO4)2·6H2O, anhydrous, 99.95% metal basis, ALFA), ammonium chloride 

(NH4Cl, 99%, Aladdin), polyethylene glycol (PEG, Aladdin), lithium chloride (LiCl, 

99%, Aladdin), potassium chloride (KCl, 99%, Aladdin), sodium chloride (NaCl, 99%, 

Aladdin). Activated Carbon (YP-50, Kurraray, Japan), and carbon cloth (CC, 

W0S1011) were purchased from Suzhou Sinero Technology Co., Ltd. Zn foil (99.9%, 

100 μm, Canrd), N-methyl-2-pyrrolidone (NMP, 99%, Aladdin), poly(vinylidene 

fluoride) (PVDF, average Mw ~ 400,000, Aladdin).

Preparation of cathode electrode and electrolyte

Carbon cathodes were prepared by mixing YP50, acetylene black, and PVDF at a mass 

ratio of 7:2:1 in NMP for 4 hours. The uniform mixture was coated onto carbon cloth 

current collectors, then vacuum dried at 80 °C for 24 hours. The areal loading reached 

2 mg cm‒2. Circular electrodes with a diameter of 12 mm were punched and reserved. 

SnI4 was dissolved uniformly in ethanol to obtain a stable suspension. A total of 32 μL 

of the suspension was deposited onto the carbon cathode discs in multiple aliquots with 

uniform coverage, then dried at ambient temperature for 48 hours, yielding SnI4 

cathodes.

Polyethylene glycol (PEG, weight-average molecular weight Mw = 400 kg mol-1) 

was used as the co-solvent. All electrolytes were formulated with 0.5 mol kg-1 

Zn(ClO4)2 and 0.5 mol kg-1 NH4Cl, with the PEG mass fraction in the total solvent 

adjusted to 0 wt.%, 50 wt.%, 70 wt.% and 90 wt.%, denoted as CN0, CN5, CN7 and 

CN9, respectively. For chloride salt control groups, electrolytes were prepared with 70 

wt.% PEG, with only the chloride salt species changed while all solute concentrations 

and solvent compositions remained unchanged.



Characterizations

UV-vis spectra were measured on a Shimadzu UV-3600 Plus Ultraviolet instrument. 

In-situ Raman spectra were captured by the Horiba LabRam HR Evolution equipped 

with a 532 nm laser and a special battery testing device. Grazing-incidence X-ray 

diffraction (GIXRD) analysis was performed on Empyrean (PANalytical) with Cu Ka 

radiation (λ = 1.54056 Å). Differential scanning calorimetry-thermogravimetric (DSC-

TGA) were conducted by NETZSCH 3500. In the in-situ non-invasive dark-field light 

imaging (DFLI) test, the excess electrolyte and charge/discharge time were used to 

promote massive microdroplet generation, making the effect more pronounced. X-ray 

absorption fine structure (XAFS) spectroscopy was carried out using the Rapid XAFS 

2M (Anhui Absorption Spectroscopy Analysis Instrument Co., Ltd.) by transmission 

mode at 20 kV and 40 mA. Time of flight secondary ion mass spectrometry (TOF-

SIMS) measurements were conducted on an ION-TOF GmbH TOF SIMS 5 instrument. 

Electrochemical measurements

For static full batteries, the CR2032 coin-type batteries were assembled for the 

electrochemical properties test. For a symmetric Zn||Zn battery, Zn foils were used as 

both cathode and anode. Cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) data were acquired using a CHI760E electrochemical workstation. 

Galvanostatic charge-discharge (GCD) testing, rate capability, and galvanostatic 

intermittent titration technique (GITT) analyses were performed using LAND 

CT2001A battery testing equipment.

Calculation method

MD simulations were carried out using the LAMMPS package. The OPLS-AA force 

field with fitted parameters for ClO4
- anions, NH4

+ cations, and PEG molecules (from 

LigParGen) was used in this work. Water molecules were simulated with the TIP3P-

FB model, and the parameters of the Zn2+ and Cl- were adopted from Merz Jr’s results. 



Parameter fitting was performed using the density functional theory (DFT) 

package Gaussian16 under B3LYP exchange-correlation functional with Grimme’s 

DFT-D3(BJ) empirical dispersion correction, and the def2-TZVP (for neutral 

molecules) and the ma-TZVP (for anions) basis set was adopted for self-consistent field 

(SCF) calculations.

The RESP2(0.5) charges combining gas- and liquid-phase (implicit solvent, PCM 

model) charges were adopted for ClO4
- anions, NH4

+ cations, and PEG molecules in 

this work, calculated using Gaussian16 and the Multiwfn package. 

The pure water system contains 3889 H2O molecules, 70 Zn(ClO4)2, and 35 

NH4Cl; the PEG-H2O system contains 1167 H2O molecules, 119 PEG molecules,70 

Zn(ClO4)2, and 35 NH4Cl. The systems were initialized using the Packmol package and 

the Moltemplate package. The systems were then subjected to a simulated annealing 

equilibration protocol as follows: (1) equilibration at T = 298 K for 2 ns in NPT 

ensemble; (2) heating up the system to 500 K over 2 ns in NPT ensemble; (3) relaxation 

at T = 500 K over 2 ns in NPT ensemble; (4) cooling down to T = 298 K over 2 ns in 

NPT ensemble; (5) equilibration at T = 298 K for 50 ns in NPT ensemble. The 

production run was subsequently performed at the specified temperature over 50 ns in 

the NVT ensemble. All the simulations in this work used a timestep of 2 fs and a 

pressure of 1 atm. The temperature and pressure were regulated with a Nose-Hoover 

thermostat and barostat, with a damping parameter of 0.2 ps and 2 ps, respectively.

All the calculations involving binding energy in this article were performed with 

Gaussian16. Optimization was finished at B3LYP/def2-SVP level with Grimme’s 

DFT-D3 empirical dispersion correction. Single point energy was calculated at M06-

2X/ma-TZVP level. The PCM implicit solvent model was applied.

Supplementary Note 1. Calculation of Cl– diffusion coefficient (DCl-) based on 

electrochemical impedance spectroscopy (EIS)

The ion diffusion coefficients were calculated from EIS spectra according to the 

following equation:
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Where R is the gas constant (8.314 J K–1 mol-1), T is the room temperature (298.15 K), 

A is the surface area of the electrode (1.13 cm2), n is the number of electrons transferred 

(1), F is the Faraday constant (96500 C mol–1), C is the concentration of Cl– (0.5×10-3 

mol cm-3), and σ is the slope of the plot of Z, against ω–1/2 based on Z′= Rs + Rct +σω-

1/2.1

Supplementary Note 2. Calculation of b value

In principle, the relative contributions of the surface-controlled effect (k1v) and 

diffusion processes (k2v1/2) could be quantitatively determined by the following 

equation:

1/2
1 2i k v k v 

Where k1 and k2 are the corresponding constants at different sweep rates.2-4

Supplementary Note 3. Calculation of Cl– diffusion coefficient (DCl) based on 

galvanostatic intermittent titration technique (GITT)

Ionic diffusivity was determined using the GITT. The total ionic diffusion 

coefficient (DCl) is calculated by the following equation:
22
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Where τ is the duration of the current pulse, nm, and Vm are the mole number (mol) 

and molar volume (cm3 mol–1); S is the total contacting area between electrode and 

electrolyte; ∆ES is the voltage change between two adjacent equilibrium states; and ∆Et 

is the voltage change induced by the galvanostatic charge-discharge.5, 6

Supplementary Note 4. DRT 

In-situ EIS measurements were conducted in parallel using a CHI700E 

electrochemical workstation under galvanostatic cycling at 0.1 A g-1, with EIS spectra 



acquired at 0.2 V potential intervals (frequency range: 0.1-105 Hz) and subsequently 

analyzed via DRT tools software (a MATLAB-based specialized EIS analysis tool) to 

derive the distribution of relaxation time (DRT) curves. The impedance spectra were 

transformed using the γ(lnτ) relaxation function model (where characteristic peak 

positions correspond to specific relaxation times τ = 1/f), enabling the identification of 

distinct electrochemical processes through peak localization and impedance 

quantification via peak area analysis.7, 8



Fig. S1. SEM and EDS mapping images of the SnI4 cathode.

Fig. S2. The ratio of active materials in the SnI4 cathode.



Fig. S3. DSC curve of SnI4.

Fig. S4. The color of the deionized water solution over time after adding SnI4. 



Fig. S5. The color of CN0, CN5, CN7, and CN9 electrolytes over time 

after adding SnI4.

Fig. S6. (a) Determination of the shear rate range based on steady-state results from 

pre-tests of the CN9 electrolyte. (b) Viscosity vs. time curves of CN7 and CN9 

electrolytes at a shear rate of 25 s-1.



Fig. S7. The EIS spectra of CN7 and CN9 electrolytes.

Fig. S8. The Raman spectra of O-H stretching.



Fig. S9. RDFs of Zn-O in CN0 electrolyte.

Fig. S10. LSV curevs of CN0 and CN7 electrolytes in three-electrode sysytem.



Fig. S11. GIXRD patterns of Zn foil after cycling in CN0 and CN7 electrolytes at 0.5 

mA cm–2/0.5 mAh cm–2.

Fig. S12. (002) pole figure of Zn anode in CN0 electrolyte after 100 cycles of 0.5 mA 

cm–2/0.5 mAh cm–2.



Fig. S13. In-situ optical microscopy images of the Zn plating process in CN7 

electrolyte.

Fig. S14. Rate performance of Zn||Zn battery with CN7 electrolyte from 0.5 to 10.0 mA 

cm‒2.



Fig. S15. Voltage profiles of Zn||Zn battery with CN7 electrolyte at 1.0 mA cm–2/1.0 

mAh cm–2.

Fig. S16. The voltage polarization of peak R1 and R2 of CV curves in the range of 0.1-

1 mV s-1.



Fig. S17. Relationship between peak current and the square root of scanning rate 

ranging from 0.1-5.0 mV s-1.

Fig. S18. CV curves of Zn||SnI4 battery in CN0 electrolyte within 1.0 – 50.0 mV s-1.



Fig. S19. Illustration of capacitive contribution at 0.1 mV s-1.

Fig. S20. Rate performance of the battery at a wide range of current densities, ranging 

from 1.0 to 10.0 A g-1.



Fig. S21. (a) CV curves of of Zn||SnI4 battery in LiCl, KCl, NaCl-based electrolytes at 

1.0 mV s-1. (b) Optical photographs of different chloride salts in 70 wt.% PEG + 1 m 

Zn(ClO4)2, with incomplete dissolution and bottom precipitation of KCl-based 

electrolyte observed after 24 h of standing.

Fig. S22. GCD curves of the 1st, 100th, 1000th, and 4000th cycle of the battery at 2.0 A 

g-1.



Fig. S23. Powder diffraction file card of SnI4 and XRD patterns of SnI4 cathode after 

200 cycles at 1.0 A g-1.

Fig. S24. TOF-SIMS negative in-depth ion profiles.



Fig. S25. (a) Corresponding plots of Z’ against ω-1/2 during charging process. (b) 

Corresponding plots of Z’ against ω-1/2 during discharging process. (c) Fitted ion 

diffusion coefficients (DI) derived from ex-situ EIS measurements.

Fig. S26. Voltage profiles with 48 hours rest in fully discharged state with different 
electrolytes.



Fig. S27. Optical images of CN0, CN5, CN7, and CN9 electrolytes at -20 °C.

Fig. S28. CV curves of Zn||SnI4 battery at different temperatures from 25 °C to -20 °C 

at 1 mV s-1.



Fig. S29. (a) EIS spectra of Zn||SnI4 battery at different temperatures from 25 °C to -20 

°C. (b) Temperature-dependent internal resistance derived from EIS.

Fig. S30. (a) Corresponding plots of Z’ against ω-1/2. (b) Fitted ion diffusion 

coefficients (DI).



Table. S1. Comparison of various performance parameters with those reported for 

AZIBs cathodes.

Cathode Total capacity

(mAh g-1)

Contribution of I0/+

(%)

Mass ratio of cathode

(%)

Ref.

I2@AC 560.4 35.7 34.3 9

I2@AC 412.0 48.5 20.0 10

I2@AC 355.5 42.2 20.0 11

Ni-Fe-I-LDH 350.0 37.1 10.0 12

I2@NBOC 414.5 38.6 24.0 13

I2@AC 389.4 38.9 30.7 14

PVPI 419.0 35.8 34.8 15

BPD-HI 385.0 39.0 43.2 16

I2@KB 418.9 49.8 40.0 17

I2@KB 317.5 39.4 40.0 18

I2@AC 350.0 42.9 40.0 19

FeSA-I2 524.0 43.2 26.6 20

PAC@I2 589.0 42.4 20.0 21

I2@AC 450.0 44.4 28.0 22

Ti3C2I2 207.0 45.4 20.0 23

BiI3 270.0 37.0 38.8 24

SnI4 375.0 73.0 73.0
This 

work
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Supplementary Table 2. Detailed data on the capacity contribution from the I0/I+ 

conversion reaction at different current densities, based on the four-electron conversion 

mechanism.

Concentration of 

Cl- in electrolyte

(M or m)

Current 

density 

(A g-1)

Capacity above 1.25 V

(mAh g-1)

Contribution of I0/I+

(%)

Ref.

1 109.07 45.9 11

2 70.93 45.8

5 91.46 39.4

2 M ZnSO4 + 0.5 

M NaCl

8 73.03 33.9

1 194.16 49.6 25

2 163.74 47.6

5 133.33 46.9

3 m Zn(OTf)2 + 5 

wt.% ANCl

10 97.66 46.0

1 130.16 47.5 16

2 151.44 46.8

3 132.12 41.1

4 195.79 38.6

Zn(OTf)2 + Urea

5 164.09 39.0

1 192.06 42.8 26

2 173.82 41.5

5 152.9 41.8

2 M ZnSO4 + 0.5 

M TAH

10 123.39 39.2

0.5 96.63 46.9 27

1 90.03 46.4

2 86.27 46.8

5 79.67 46.6

2 M ZnCl2

10 69.5 .44.6

1 m Zn(ClO4)2 + 0.5 222.65 53.0 This 



work

1 199.56 51.7

2 184.21 50.3

4 150.6 49.9

6 117.4 48.9

0.5 m NH4Cl

10 81.25 48.9



Table. S3. Kinetic parameters of CN7 electrolyte under different temperatures.

Temperature (℃) 25 10 0 -20 25

Warburg Coefficient (σ) 3.98 5.81 8.51 381.6 4.8

Diffusion coefficient (10-15 cm2 s-1) 155.3 72. 7 33.9 0.02 106.6



Table. S4. Detailed comparison of low-temperature full-batteries performance 

with literature data.

Full battery

(Anode//Cathode)

Electrolyte Temperatur

e

(℃)

Time

(day)

Capacity

(mAh g-1)

Cycle 

number

Ref.

Li//LFP HEPE -20 248 80 500 28

Na//Na3V2(PO4)3@C
Composite 

materials
-20 125 68 500

29

Na//Ti3C2 / -40 32 60 150 30

Na//AlF3-

Na3.12Fe2.44(P2O7)2

/ -40 5 97 400
31

Zn//AC Zn(ClO4)2 -30 280 50 7000 32

Zn//MnO2 ZOTf-OQCNs -30 90 150 5000 33

Zn//V2O5 Zn(Otf)2 -20 167 170 2000 34

NCM811//Gr APT -20 125 124 100 35

Zn//PANI ZnSO4 -40 67 140 5000 36

Zn3(PO4)2@Zn//KVOH 

ZnF2

Zn(Otf)2+TMP -30 150 50 2300
37

Zn//V2O5 Zn(CF3SO3)2 -40 21 41 2000 38

Zn//PANI@V2O5 P5W5 -20 250 82 1000 39

Zn//MnO2/CNT
ZnSO4/H2O 

DMSO
-20 50 176 300

40

Zn//Zn2NC Zn(ClO4)2 -20 73 120 7000 41

Zn//SnI4

Zn(ClO4)2+NH4

Cl in PEG/H2O
-20 493 180 9000

This 

work
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