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[bookmark: _Hlk139624556][bookmark: _Hlk138518507][bookmark: _Hlk129612635]Precipitated iodine cathode enabled by trifluoromethanesulfonate oxidation for cathode/electrolyte mutualistic aqueous Zn−I batteries



Methods
1. Chemicals and Materials
Chemicals used in this study were purchased from Sigma-Aldrich and Aladdin, and were used as received without any further purification, unless otherwise specified. Zinc foil with a thickness of 0.1 mm, nickel tabs with a width of 4 mm, carbon cloth, and Whatman separator (Catalog No. 1820-047) were purchased from Nanjing WANQING Chemical Glass Ware & Instrument Co. Ltd.

2. Oxidation effect of trifluoromethanesulfonate ([OTf]−) on iodide species and Zn foils
2.1 Oxidation effect of [OTf]− on iodide species
Firstly, a 3 M [OTf]–-containing aqueous solution was prepared by dissolving 3 mmol of Zn[OTf]2 in 1 mL of deionized water, and then stirred thoroughly at room temperature to yield a colorless, transparent aqueous solution. Next, 50 mg of NaI and 1-ethyl-3-methylimidazolium iodide ([EMIm]I) powders were respectively dissolved in the aforementioned 3 M [OTf]–-containing aqueous solutions and stirred for 5 minutes. Control experiments were conducted using 3 mmol of ZnCl2 dissolved in 1 mL of deionized water to prepare a 3 M ZnCl2 aqueous solution, to which 50 mg of NaI powder was added and stirred for 5 minutes. Additionally, control experiments for ultraviolet-visible (UV-Vis) absorption analysis were performed using 0.1 M NaI, [EMIm]I, Zn(I3)2, and I2 aqueous solutions. To prepare the 0.1 M Zn(I3)2 solution, 0.1 mmol of ZnI2 and 0.2 mmol of I2 was dissolved together in 1 mL of deionized water and stirred to yield a purple aqueous solution.
The UV-Vis absorption spectra of the oxidized NaI and [EMIm]I by 3 M Zn[OTf]2 aqueous solutions, as well as prepared 0.1 M NaI, [EMIm]I, Zn(I3)2, and I2 aqueous solutions, were analyzed by a Shimadzu UV-2456 spectrophotometer. The Fourier transform infrared spectroscopy (FTIR) data of 3 M Zn[OTf]2 aqueous solutions with and without [EMIm]I, as well as a 0.1 M Zn[I3]2 aqueous solution, were collected using a Nicolet-iS50 spectrometer. Additionally, room-temperature electron paramagnetic resonance (EPR) spectra were obtained using a Magnettech ESR5000 spectrometer.
[bookmark: _Hlk138890758][bookmark: _Hlk138957020][bookmark: _Hlk138688455]Electrochemical measurement verification of the oxidation effect of [OTf]– on I– to form I3– was performed on a CR2032 coin cell comprising a Zn anode, a Whatman membrane separator, an iodine host cathode, and 3 M Zn[OTf]2 aqueous electrolyte containing 50 mg ZnI2. To prepare the Zn anode, commercial Zn foil with a thickness of 0.1 mm was cleaned sequentially with deionized water, ethanol, and acetone, and vacuum-dried for 8 hours at room temperature, and then cut into circular discs with a diameter of 14 mm. The Whatman membrane separator was also cut to circular discs with a diameter of 20 mm. For the fabrication of iodine host cathode, activated carbon, conductive carbon (Ketjen Black) and polyvinylidene fluoride (PVDF) mixed in a 7:2:1 weight ratio were dispersed in N-methly-2-pyrrolidone (NMP), casted onto a carbon cloth support, dried at 100 °C for 8 hours in a vacuum chamber, and then cut into circular discs with a diameter of 14 mm. The battery was assembled with a stacked iodine host cathode/separator/Zn anode configuration by dropwise adding 60 µL of as-prepared Zn[OTf]2/ZnI2 mixture onto the iodine host cathode. The assembled batteries were discharged to 0.8 V at 10 mA cm–2, and the iodine host cathode was then retrieved and rinsed with fresh 3 M Zn[OTf]2 aqueous solution to oxidize I– to I3–. Then, the iodine host cathode was re-assembled back into the battery and once again discharged to 0.8 V under the same current density.

2.2 Surface passivation effect of [OTf]− on Zn foils
Zn foils were immersed in 3 mL of a 3 M Zn[OTf]2 aqueous solution for 7 days. Subsequently, the surface passivated Zn foils were retrieved and rinsed with deionized water, followed by vacuum drying at room temperature. The surface morphology and elemental compositions of surface passivated Zn foils were analyzed using SEM and EDX. The crystal structure of the surface passivated and pristine Zn foils, as well as Zn[OTf]2, were studied using XRD from 10° to 80° with a rotation rate of 2° min−1. The surface passivated Zn foils were analyzed using X-ray photoelectron spectroscopy (XPS) with a PHI-5000 Versa Probe instrument. FTIR analysis was conducted for the 3 M Zn[OTf]2 aqueous solution before and after soaking Zn foils.

3. Preparation and characterizations of cathode/electrolyte mutualistic aqueous (CEMA) mixtures
3.1 Preparation of CEMA mixtures
[bookmark: _Hlk139891348]A series of aqueous mixtures of ZnI2 and I2 with varying I2/I− ratios were prepared. Specifically, a certain amount of I2 was dissolved in 1 mL of deionized water, and then a varying amount of ZnI2 was added to the solution and then thoroughly stirred. Next, 20 µL of each aqueous mixture was injected into 1 mL of a 3 M Zn[OTf]2 aqueous solution to create the final CEMA mixtures with various I2 concentrations and I2/I− ratios, such as 1-1/0.5 and 1-1/1 (e.g., 1-1/0.5 represents an I2 concentration of 1 M and an I2/I− ratio of 0.5).
A series of aqueous solutions of Zn[I3]2 with different I2 concentrations, such as 1.0, 2.0, 3.0, 4.0, or 10.0 M and an I2/I− ratio of 1/1 were synthesized. For example, 0.254 and 0.160, 0.508 and 0.319, 0.761 and 0.479, 1.015 and 0.638, 2.538 and 1.596 g of I2 and ZnI2, respectively, were mixed in 1 mL of deionized water solvents and thoroughly stirred. Next, 20 µL of each Zn[I3]2 aqueous solution was injected into 1 mL of a 3 M Zn[OTf]2 aqueous solution to obtain the final 1-1/1, 2-1/1, 3-1/1, 4-1/1, and 10-1/1 CEMA mixtures.

3.2 Characterizations of iodine sediment particles
The morphology of iodine sediment particles was analyzed using scanning electron microscopy (SEM, HITACH S-4800) and transmission electron microscopy (TEM, JEOL JEM-2100, 150 kV). Elemental compositions were determined by energy dispersive X-ray spectroscopy (EDX) using a Bruker EDX spectrometer attached to the SEM instrument. The crystal structure of iodine sediment particles was studied using X-ray diffraction (XRD) with a Bruker D-8 Advance instrument and a Cu Kα radiation (λ = 1.5406 Å), scanning from 10° to 80° with a rotation rate of 2° min−1. For the direct chemical dissolution tests, the iodine sediment particles filtered from the 1-1/1 mixture, along with I2, ZnI2, and Zn[OTf]2, were dissolved in 1 mL of CCl4 solvents, respectively. The solution portions of the CEMA mixtures were characterized using FTIR spectroscopy.

4. Assembly and characterizations of CEMA Zn−I batteries
4.1 Assembly of coin-type CEMA Zn−I batteries
Circular Zn foil discs with a diameter of 14 mm were utilized as anodes, which were separated from the iodine host cathode with a Whatman separator. The coin-type batteries are assembled with a stacked iodine host cathode/separator/Zn anode configuration. To prepare the battery electrolyte, 60 µL of CEMA mixtures were added onto the iodine host cathode. It is worth noting that the CEMA mixtures were thoroughly shaken before use to ensure consistency. After this step, the coin-type cells were sealed with stainless steel shells. To simplifying the naming process, for example, the batteries assembled with the 0.1-1/0.5 CEMA mixture were referred to as 0.1-1/0.5 CEMA Zn−I batteries, and so forth. The entire battery assembly process was carried out at room temperature in an ambient environment.

4.2 Assembly of pouch-type CEMA Zn−I batteries
The well-cleaned Zn foil anode and iodine host cathode were cut into pieces of 3 × 3 cm2. Nickel tabs were attached to the Zn foil anode and iodine host cathode to facilitate connection in outer circuits. The Zn foil anode, Whatman separator, and iodine host cathode were then sequentially stacked together, and the CEMA mixtures were added with a loading amount of 30 µL cm−2. Finally, the pouch-type CEMA Zn−I batteries were sealed with aluminum plastic foils. It should be noted that the CEMA mixtures were thoroughly shaken before use, and the entire battery assembly process was carried out at room temperature in an ambient environment.

4.3 Electrochemical tests of CEMA Zn−I batteries
The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) tests of coin-type batteries were carried out using a CHI-760 (Chenhua) electrochemical workstation. CV curves of the CEMA Zn−I batteries were scanned from 0.8 to 1.6 V vs. Zn/Zn2+ at the scan rates of 10 and 100 mV s−1. The rate performances of the CEMA Zn−I batteries were demonstrated through galvanostatic charge/discharge at current densities of 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mA cm−2 in a voltage range of 0.8−1.6 V vs. Zn/Zn2+. The cycling performance of the CEMA Zn−I batteries was studied by galvanostatic charge/discharge processes at various current densities.
The pouch-type CEMA Zn−I batteries were subjected to cycling at a current density of 0.5 and 2.5 mA cm−2, in a voltage range of 0.8−1.4 and 1.0−1.4 V vs. Zn/Zn2+. EIS analysis was conducted on the CEMA Zn−I batteries under an amplitude of 5 mV within the frequency range of 10‒2 to 105 Hz. The generated gas during the cycling tests of pouch-type 10-1/1 CEMA Zn−I batteries was analyzed using gas chromatography (GC-7920, Shanghai Techcomp). Furthermore, the specific capacity values were calculated based on the weight of iodine and iodide species loaded on iodine host cathode and the surface area of iodine host cathode.

5. Theoretical calculations
The lowest-energy geometry for Zn[OTf]2 model was determined in gas phase by Gaussian 16 package, employing tight convergence criteria. The B3LYP hybrid functional (Becke 3-parameter exchange functional combined with Lee-Yang-Parr correlation functional) and the 6-31G (d, p) basis set for all atoms were used in the calculations. The Multiwfn 3.7 programs were used to calculate the results of molecular electrostatic potential (MESP), with the .fch files converted and supplied by the Gaussian 16 program packageS1. The visualization of MESP plot was performed using visual molecule dynamics (VMD) softwareS2.
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[bookmark: _Hlk131925697]Fig. S1. Photographs demonstrating iodide oxidation by [OTf]−. (a) 3 M Zn[OTf]2 aqueous solution without and with NaI. (b) 3 M ZnCl2 aqueous solution with NaI.
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Fig. S2. EPR analysis of 3 M Zn[OTf]2 aqueous solutions without or with iodide species.
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Fig. S3. Photographs of dissolution studies. Photographs of (a) as-formed iodine sediment particles, (b) commercial I2, (c) ZnI2, and (d) Zn[OTf]2 mixed with CCl4 solvent.
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Fig. S4. (a) Overall and (b) partially magnified FTIR spectra of the supernatant aqueous solutions of 1 mL of 3 M Zn[OTf]2 aqueous solution before and after adding 20 µL of 0.5, 1.0, 2.0, and 5.0 M Zn[I3]2 aqueous solutions.
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Fig. S5. EDX spectra of Zn foil surface (a) before and (b) after reaction with [OTf]− by immergence in a 3 M Zn[OTf]2 aqueous solution.
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Fig. S6. (a) Overall and (b) partially magnified FTIR spectra of 3 M Zn[OTf]2 aqueous solution before and after reaction with Zn foils.
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Fig. S7. (a) Cycling performance and (b) representative voltage profiles of the pouch-type 10-1/1 CEMA Zn−I battery at 0.5 mA cm−2. (c) Photographs of the pouch-type 10-1/1 CEMA Zn−I battery before and after cycling tests. (d) Gas chromatography spectrum of the gas formed in the swollen pouch-type battery in (c).

[bookmark: OLE_LINK4][bookmark: OLE_LINK2][bookmark: _GoBack]The pouch-type 10-1/1 CEMA Zn−I batteries were prepared by adding 20 µL of 10 M Zn[I3]2 aqueous solution (with an I2/I− ratio of 1/1) in 1 mL of 3 M Zn[OTf]2 aqueous solution. After assembly, the battery was cycled at 0.5 mA cm−2. Nevertheless, both the coulombic efficiency and capacity decreased rapidly as the battery cycling progressed (Fig. S7a), suggesting the competitive HER during iodide redox reactions. Furthermore, the pouch-type CEMA Zn−I battery gradually swelled, with an increase in thickness (Fig. S7a−c). Gas chromatography analysis was performed on the gas formed during the cycling tests, indicating the presence of H2 (Fig. S7d)S3.
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Fig. S8. (a, c) Cycling performance and (b, d) voltage profiles of the (a, b) 0.1-1/0.5 and (c, d) 0.1-1/2 CEMA Zn−I batteries at 0.5 mA cm−2. The coulombic efficiency decreased from 100% to 98% as the I2/I− ratio decreased from 1/0.5 to 1/2, indicating the competitive HER promoted by dissociative I−.
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Fig. S9. (a, c) Voltage profiles and (b, d) coulombic efficiencies of the CEMA Zn−I batteries with various (a, b) I2/I− ratios and (c, d) I3− concentrations in the first cycle.

To further investigate this phenomenon, we conducted a systematic experimental demonstration of the promoted HER due to the reinforced ionizing effect by increasing dissociative I− and I3− concentrations. We measured the coulombic efficiencies of CEMA Zn−I batteries with different initial ionizing effects of I2/I− ratios (1/0.5, 1/1, 1/2, 1/3, 1/4) and I3− concentrations (0.3, 1.0, 4.0, and 10 M), and found that the coulombic efficiency parameter decreased even under suppressed charge cutoff voltages (Fig. S9). Specifically, the coulombic efficiency decreased from 99.7% to 90.3% as the I2/I− ratio decreased from 1/0.5 to 1/2, and decreased from 99.7% to 92.3% as the I3− concentration increased from 0.3 to 4.0 M. Notably, CEMA Zn−I batteries with I2/I− ratios of 1/3, 1/4 and a I3− concentration of 10 M showed battery overcharge failure during the first cycle (Fig. S9a and b), indicating the aggravation of HER.


[image: ]
Fig. S10. (a, b) CV curves of the CEMA Zn−I batteries with (a) various I2/I− ratios and (b) various I3− concentrations.

The redox peaks at a higher voltage became more prominent as the I2/I− ratio decreased from 1/1 to 1/4 (Fig. S10a). This tendency was also observed when the I3− concentration was increased from 2.0 to 10 M, as illustrated in Fig. S10b. However, an incomplete redox reaction occurred as the amount of iodide or triiodide species increased. This could be ascribed to a larger charge transfer impedance for the I3− → I− process compared to the I2 → I3− process, which involved twice as many electrons being transferred.


[image: ]
Fig. S11. Representative voltage profiles of the (a) 1-1/1, (b) 2-1/1, and (c) 10-1/1 CEMA Zn−I batteries during different cycles.
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