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Experimental procedures
Materials

Anhydrous magnesium sulfate (MgSQO,4, >98%), tetrabutylammonium iodide (TBAIL, >99%),
acetonitrile (AN, 99.9%), 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]PF,
>99%), iodine (99%), sodium chloride (NaCl, 99.999%), and zinc sulfate heptahydrate (ZnSOy,
>99.5%) were purchased from Shanghai Titan Technology Co. Ltd. Carbon felt was adopted from
Tianjin Aosen Carbon Co. Ltd. All chemicals were used as received.

Battery assembly

The configuration of the self-sieving polyiodide-capable liquid-liquid biphasic system (1T-
7A3B/270.5M-W) was illustrated in Fig. 3a. The organic electrolyte was composed of AN
containing 1 M TBAI and [BMIM]PFg in a ratio of 7:3 (v/v). The aqueous electrolyte comprised
2 M ZnSO, and 0.5 M MgSQO, in deionized water. The volume ratio of the organic to aqueous
phase was 1:5. To enhance the energy density of batteries, additional solid iodine (0.5, 0.75, and
1.0 M) could be introduced into the organic phase. Besides, the realization of the two-electron
iodine conversion reaction (I"/I") within the 1T-7A3B/2Z0.5M-W system was achieved through
the addition of 1 M NaCl to the aqueous phase. A standardized 1 mL of organic electrolyte was
utilized in all routine tests. The positive current collector featured a carbon felt electrode measuring
2 cm (length) x 2 cm (width) x 0.8 cm (height), while the anode consisted of a zinc foil with a
diameter of 1.6 cm and a thickness of 0.1 mm. Copper and titanium were employed as negative
and positive wires, respectively. Subsequently, the battery was sealed using the hot melt adhesive
to avoid electrolyte volatilization. A similar assembly procedure was followed for larger-scale
batteries. Zinc-bromine battery was assembled following the design of the 1T-7A3B/2Z0.5M-W
system, with TBAI replaced by tetrabutylammonium bromide (0.5 M).

Battery tests

The galvanostatic charge/discharge characterization of the cells was conducted using a LAND-
CT2003A system within a voltage window of 0.6—1.6 V (vs. Zn?*/Zn) at varying rates ranging
from 0.1-2 C (with 1 C corresponding to 211 mA g 'o4ine) at 25 °C. The specific capacity of
batteries was determined based on the iodine content in the electrolyte. Cyclic voltammetry (CV)
measurements were performed on a CHI660E electrochemical workstation at a scan rate of 0.1
mV s, Electrochemical impedance spectroscopy was conducted using a CHI660E
electrochemical workstation, employing an AC amplitude of 10 mV and a frequency range
spanning 0.1 to 10° Hz under open-circuit voltage conditions. The energy storage module
comprised four 1T-7A3B/2Z0.5M-W cells connected in series, each containing 10 mL of organic
electrolyte (2.2 M I"). Charging of the energy storage module was facilitated by a 30 W solar panel,
with the voltage variations during charging being monitored in real-time. The discharge process
was carried out using an electrochemical workstation with a current of 50 mA. Battery self-
discharge tests were conducted using a 1T-7A3B/2Z0.5M-W system with 1 mL of organic phase
at room temperature. Specifically, the battery was first charged to 1.6 V following four
charge/discharge cycles at a current density of 0.5 C, after which it was allowed to rest. At
predetermined time intervals, the battery was then discharged at 0.5 C. This process was repeated
to systematically evaluate the self-discharge performance of the battery at different resting times
(0.5,1,2,4,8, and 30 d).

Characterization

S2



The ionic conductivity was evaluated using the FE38-Standard at 25 °C. Volatility assessments
were conducted by measuring the weight loss of various component solutions at room temperature
under ambient conditions. The oil-water distribution ratio was determined by quantifying the
volume variance between two phases after mixing. The interface overpotential was determined by
employing the four-electrode method reported in the literature.! The partition coefficient (Log P)
was calculated utilizing the following equation:

Log P= Log& (1)
CW
where C, and C,, represent the concentrations of polyiodide in the organic and aqueous phases,
respectively. C,, can be deduced from the polyiodide concentration determined via a standard curve
of polyiodide in the aqueous phase (Fig. S4).

In situ ultraviolet-visible spectroscopy (UV-vis) and Raman analysis

In situ UV-vis analysis was performed using a TU-1900 spectrophotometer equipped with a
customized quartz cell (Fig. S15a). The scanning interval during observation was set at three
minutes with a current of 0.2 mA. In situ Raman spectroscopy tests were conducted utilizing an
inVia InSpect instrument with a customized quartz tube (Fig. S15b). The scanning interval was
adjusted to five minutes with a current of 0.5 mA.

TIon concentration measurement

The quantifications of Zn?*, Mg?*, and SO4>" ions in the aqueous phase were conducted using
inductively coupled plasma optical emission spectroscopy (ICAP 7400). I ions were scrutinized
via ion chromatography (Dionex Inuvion). BMIM® ions were identified through UV-vis
spectroscopy (TU-1900). During the UV-vis analysis, Ag,SO,4 was initially utilized to precipitate
I” ions, followed by the addition of NaCl to eliminate any excess Ag" ions, thus preventing signal
interference between ions. Subsequent centrifugation led to the collection of the upper layer of the
clarified solution for the determination of BMIM™ ion concentration. Further analysis of PF¢~ and
TBA™ ions was carried out using nuclear magnetic resonance (NMR, AVANCE NEO 600M)
spectroscopy. The samples (0.5 mL) underwent a drying process to remove water before being
diluted with D,O (0.6 mL). '"H NMR spectra were utilized for TBA" ion analysis, with BMIM*
ions serving as an internal calibrant. Additionally, '°F NMR spectra were employed to ascertain
the concentration of PF4~, with the inclusion of CF3SO;™ as the internal calibrant.

Electrolyte recovery experiment

For the electrolyte recovery experiment, a 1T-7A3B/2Z0.5M-W system containing 8 mL of
organic electrolyte (2.2 M I") was utilized. Initially, the battery underwent aging at 0.2 C before
being disassembled. Subsequently, the organic and aqueous phases were separated using a
separatory funnel. The graphite felt was then subjected to repeated soaking and washing with AN,
while the wash solution was recovered and combined with the organic phase. The iodine-
containing organic solution obtained was further concentrated through spin distillation. Finally,
the collected aqueous and organic solutions (supplemented with AN to a total volume of 8§ mL)
were employed to reassemble the cell for subsequent electrochemical performance testing.

Molecular dynamics (MD) simulations

The molecular structures of TBAI (optimized with the B3LYP/LANL2DZ basis set), [ BMIM]PFq
(optimized with the B3ALYP/DGDZVP basis set), AN (optimized with the B3LYP/6-311G basis
set), SO42 ions (optimized with the B3LYP/6-311G(d) basis set), and elemental iodine (optimized
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with the BALYP/DGDZVP basis set) were generated using GaussView 6.0, while their structural
optimizations were performed using Gaussian 09. MD simulations were conducted using the
GROMACS2021.7 software package.”? The OPLS-AA force-field parameters were applied for
TBAI [BMIM]PF,, AN, H,0, SO, polyiodide, Zn?>*, and Mg?*.3> The total numbers of TBAI,
[BMIM]PFg, AN, SO4*, Mg?" Zn?*, H,0, and I, in simulated system were 152, 317, 1455, 1500,
300, 1200, 8888, and 152, respectively.

All simulations were firstly energy minimized at temperature of 298.15 K, and then NPT
ensemble was conducted at 298.15 K and 1 bar. Temperature and pressure were regulated using
the velocity-rescale thermostat and Berendsen barostat with coupling constants of 1.0 ps.*?
Periodic boundary conditions were applied in all three dimensions of the simulation systems, and
a leap-frog integration algorithm with a time step of 1 fs was employed. Each MD simulation was
run for 100 ns to ensure equilibration.

The cumulative distribution function (CDF, n(r)) between particles of type A (ions/molecules)
and B (water/AN) can be calculated through the radial distribution function (RDF, g(7)) using the
following equation:

M) = [ 47", g y(1)dr (2)

Where pg represents the average number density of water/AN molecules in the bulk phase, and r
denotes the distance between ions/molecules and water/AN.

Density functional theory (DFT) calculations

All calculations were performed in the Accelrys Material Studio DMol3 module. I;~ and TBA,
[BMIM]*, AN, and H,0O were optimized by generalized gradient approximation (GGA) and
Perdew-Burke-Ernzerh (PBE) functional form.® The valence orbitals of atoms were described
using double numerical plus polarization (DNP) basis sets.” The convergence criterion for the self-
consistent field calculations was 1e® Hartree, while the tolerances of energy, maximum force, and
maximum displacement for geometry optimization were 0.00001, 0.002, and 0.005 au,
respectively. To better explore the potential energy surface, several initial configurations were
established for the structure optimization. The binding energy (E},) between A (I;7) and B (TBA™,
[BMIM]*, AN, and H,0) was defined as the following equation (3):

E, =E,_p—E,~Ep 3)
where E5 g, Ea, and Ep represent the total energies of A (I;7) with B (TBA™, [BMIM]*, AN, and
H,0), A (Is7), and B (TBA™, [BMIM]*, AN, and H,0), respectively.
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Supporting figures
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Fig. S1 Images of AN containing varying concentrations of TBAI. While AN is capable of
dissolving 1.5 M of TBAI through sonication, precipitation of TBAI occurs following 12 h of

standing time.
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Fig. S2 a) Images of AN or 1T-AN solutions with varying iodine concentrations. Al depicts AN
with 0.5 M I, while A2, A3, A4, and A5 correspond to 1T-AN solutions containing 0.5, 1.0, 1.5,

and 2.0 M I, respectively. b) The corresponding digital images after removing dissolved iodine.
A substantial amount of insoluble iodine was observed in AN with 0.5 M I,, whereas minimal

solid iodine was present in 1T-AN even at a concentration of 2 M I,.
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Fig. S3 Images of a) the polyiodide solution, and b) the polyiodide solution with TBAIL. Upon the
addition of TBAI to the polyiodide solution, the color of the polyiodide solution transitioned from

brownish-red to colorless, indicating the robust adsorption of TBAI on polyiodide ions.
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Fig. S4 a) UV-vis spectrum of the aqueous phase in the 1T-7A3B/2Z0.5M-W system containing
0.2 M I,. b) Standard curve illustrating the correlation between the concentration of I3~ and

absorbance.
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Fig. S5 Flammability assessment of AN/2Z0.5M-W (i.e., IT-7A3B/2Z0.5M-W system without
TBAI and [BMIM]PF).

Initial After6d
Fig. S6 Comparison of Cu, Al, Fe and Ti before and after corrosion of the organic phase containing

2.2 M iodide ions at 40 °C for 6 days.
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Fig. S9 Energy efficiency of 1T-7A3B/2Z0.5M-W system at various current densities.
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Fig. S10 Rate performance of 1T-7A3B/2Z0.5M-W system with TBAI replaced by equimolar
solid iodine (0.35 M).
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Fig. S11 a) Cycling performance of an unencapsulated cell model with the organic phase exposed
to an open environment at 0.5 C. Digital images of the electrodes obtained b) before and c) after
the introduction of AN following 15 cycles in a parallel set of experiments. In the open-structured
biphasic battery system, the volatilization of AN was found to promote the precipitation of salts
within the electrodes, leading to a reduction in battery capacity. Notably, the lost capacity can be

recovered through the re-dissolution of the salts by reintroducing AN.
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Fig. S12 a) Charge-discharge curves of 1T-7A3B/270.5M-W system after different cycles at 1 C.
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Fig. S14 UV-vis spectrum of the aqueous phase obtained from 1T-7A3B/2Z0.5M-W system after
600 cycles at 2 C.
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Fig. S15 Images of a) in situ UV-vis, and b) in situ Raman experimental configurations.
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(B1: open-circuit voltage; B2: 1.3 V; B3: 1.6 V; B4: 1.1 V; B5: 0.6 V).
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Fig. S17 a) UV-vis spectra of BMIM™ ions in the aqueous phase at various SOCs (B1: open-circuit
voltage; B2: 1.3 V; B3: 1.6 V; B4: 1.1 V; B5: 0.6 V). b) Standard curve revealing relationship
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Fig. S18 a) '°F NMR spectra of the aqueous phase at various SOCs (B1: open-circuit voltage; B2:
1.3 V; B3: 1.6 V; B4: 1.1 V; B5: 0.6 V) using CF5SO5™ ions as an internal standard. No signal
corresponding to PF¢™ is detected, indicating the absence of PF¢™ in the aqueous phase. b) 'H NMR
spectra of the aqueous phase at different SOCs. By utilizing the known concentration of BMIM™*
as the internal standard, the concentration of TBA™ can be calculated based on the ratio of

characteristic peak areas of BMIM™ (1) and TBA™ (2). The BMIM* to TBA™ ratios in B1, B2, B3,
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B4, and B5 are 15.20:1, 2.85:1, 2.42:1, 2.86:1, and 3.84:1, respectively.
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Fig. S19 Electrostatic potential distributions of TBA*, BMIM*, and AN.

Fig. S20 Polyiodide distribution in the 1T-7A3B/2Z0.5M-W system in the absence of TBAI and
[BMIM]PF; at 5 ns.
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Fig. S21 1T-7A3B/270.5M-W systems with varying salt concentrations in the aqueous phase: (1)
2 M ZnSO4+ 0.5 M MgSOy; (2) 2 M ZnSOy; (3) 1 M ZnSOy; (4) 0 M ZnSO,.
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Fig. S22 a) Raman spectra of aqueous solutions with varying salt concentrations. With increasing
salt concentration, the V,((OH) peak of the —OH group in H,O (~3227 cm™!) diminishes, while the
area of its V{(OH) peak (~3400 cm™!) expands, indicating a reduction in free water content.® b)
Digital images of polyiodide in 2 M ZnSO4/0.5 M MgSOy (1) and pure water (2). Evidently, due
to the decreased presence of free water molecules, the solubility of polyiodide in 2 M ZnS0O,/0.5

M MgSQ, is significantly lower than that in pure water.
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Fig. S23 a) Rate performance of 1T-7A3B/2Z0.5M-W system with different concentrations of

iodide ions at various current densities. b) Charge-discharge profiles of the 1T-7A3B/2Z0.5M-W
system with 1.7, 2.2, and 2.7 M T" at 0.1 C.
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Fig. 24 a) UV-vis spectrum of the aqueous phase within a biphasic system containing 2.7 M iodide
ions in the organic phase (top). The inset displays a digital image of the corresponding biphasic
system, which reflects that the instability of the 2.7-ZIB cannot be attributed to the occurrence of
polyiodide shuttling. b) Evaluation of specific capacity for batteries with varying iodide ion
concentrations at 30 °C under a current density of 0.4 C. Considering that the specific capacities
of the biphasic systems with 1.7, 2.2, and 2.7 M iodide ions at 25 °C were measured as 122.4,
126.1, and 64.5 mAh g'!, respectively; these results underscore the pronounced sensitivity of the
specific capacity in batteries containing 2.7 M iodide ions to temperature variations. c) Cycling

performance of the 1T-7A3B/2Z0.5M-W system with 2.7 M 1" at 0.4 C.
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Fig. S25 CE of 1T-7A3B/2Z0.5M-W system with different concentrations of iodide ions at various

current densities.

Fig. S26 Cycling performance assessment of the 1T-7A3B/2Z0.5M-W system with 1.7 and 2.2 M

I"at04 C.
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Fig. S27 Evaluation of cycling performance of the Ah-level 1T-7A3B/2Z0.5M-W system at a

current of 100 mA.

Fig. S28 Powering a) a cell phone, and b) an electric fan with the 1T-7A3B/2Z0.5M-W system.
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Fig. S31 a) Charge/discharge curves for the 1T-7A3B/2Z0.5M-W system capable of two-electron
reaction processes (I/I") at 0.5 C. In comparison to the one-electron process, the two-electron
iodine conversion process not only significantly enhances the specific capacity of the 1T-
7A3B/2Z0.5M-W system (348.4 mAh g!) but also elevates the discharge voltage (median
discharge voltage: 1.49 V), resulting in an impressive energy density of up to 474.1 Whkg™! (based
on the iodine mass). This will effectively enhance the competitiveness of the 1T-7A3B/2Z0.5M-
W system for large-scale energy storage. b) Cycling performance of the 1T-7A3B/2720.5M-W

system based on the two-electron iodine conversion processes at 0.5 C.
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Table S1. Key electrochemical parameters of zinc-iodine batteries for statistical year 2023-2024,
highlighting iodine loading, self-discharge rate, and renewability (iodine host materials in black;

alternative strategies, including modified membranes/interlayers/electrolytes, in blue).

Year lodine CE (%) after ~ Calculated self- Recyclability Ref.
loading resting (h) discharge
(mg cm™?) rate (%, per day)
2023 1.0-1.2 9
2023 2 10
2023 2.5 11
2023 2.5 99.2 (72) 0.3 12
2023 3 91 (12) 18.0 13
2023 0.5-1 14
2023 2 15
2023 0.8-1.5 81 (70) 6.5 16
2023  3.545 17
2023  0.8-1.2 83.3 (24) 16.7 18
2023 1-1.2 19
2024 18 65.8 (144) 5.7 20
2024  1.0-1.2 21
2024 2 78 (125) 4.2 22
2024  2.0-2.5 23
2024 93 (24) 7 24
2024 ~16.3 25
2024 3 26
2024 1-2 98.8 (24) 1.2 Recyclable binder 27
2024  0.8-1.2 28
2024 7.82 29
2024 2 30
2024 0.8-1.2 31
2024 2 32
2024 3 33
2024 14.1 88.2 (48) 5.9 34
2024  0.8-1.2 1.7%/h 40.8 35
2024 1 85 (12) 30 36
2023 3.15 37
2023 | 1.8-2.0 38
2023 0.8-1.8 39
2023 1.2 40
2023 5 82.3 (20) 21.2 41
2023 1.5 42
2023 25.33 43
2023 2.5-2.8 90.5 (48) 4.8 44
2023 2 65 (48) 17.5 Recyclable membrane 45
2023 8 96.7 (48) 1.65 46
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2023
2023
2023
2023
2023
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024
2024

1 99.8 (24)
2-3 90.44 (48)
96 (48)
33.3
20
86.8 (24)
52
78 (24)
2.4
0.8-1.5
3 97.5 (5)
38
0.8-1.5
0.6 85 (72)
1 85.9 (12)
35 88.3 (30 day)
~9.5 93.1 (48)
96.8 (20)
90.42 (48)
1-1.3
10
94.9 (48)
2-3 90.3 (48)
0.8-1.0 90.2 (48)
37.5
35 95.53 (48)
9 90.89 (48)
1.5-2.0 = 82.9 (41 day)
1 87.8 (48)

69.8 96.6 (30 day)

0.2
4.8

13.2

22
12

5.0
28.2

0.4
3.5
3.8
4.8

2.6
4.9
4.9

2.2
4.6
0.4
6.1
0.1
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~100 % recovery efficiency
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
This
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Table S2. Material cost analysis for 1 liter of electrolyte in the 1T-7A3B/2Z0.5M-W system
based on the organic phase containing 2.2 M of iodide ions (1 mL, 40.1 mAh).

Raw material Unit weight price* ($ kg™ Weight (g) Cost ($)
ZnSO, 2.1 479.3 1.0
MgSO, 0.1 50.0 0.005

TBAI 3.5 43.1 0.2
[BMIM]PF; 44.6 69.0 3.0
lodine 8.0 31.7 0.3
AN 1.3 57.0 0.1
Total cost 4.6

Table S3. Content analysis of the components within 1T-7A3B/2Z0.5M-W system based on the
organic phase containing 2.2 M of iodide ions. The high proportion of the aqueous phase results
in a diminished iodine content; thus, reducing the water-to-organic phase ratio represents an

effective strategy for enhancing the energy density of the 1T-7A3B/2720.5M-W system.

AN  Water TBAI lodine ZnSO, MgSO, [BMIM]PF,

Mass content (wWt%) 4.4 43.8 33 2.4 36.9 3.9 53
Volume content (vol%) 7.3 56.9 3.6 0.8 24.5 1.9 5.0
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