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Supplementary Note
In ZnSO4 aqueous solution (pH≈5-6), the amino groups (pKa≈6.5) on CMCS are readily protonated to -NH3+, while the carboxyl groups (pKa≈4.5-5.0) are partially dissociated into -COO-. Upon the addition of tert-butylamine (pKa≈10.7), its stronger basicity compared to the amino groups of CMCS enables it to preferentially capture free H+ in the solution, leading to an increase in the local pH. According to acid-base equilibrium principles, the presence of tB shifts the equilibrium toward the deprotonated state, thereby reducing the proportion of protonated -NH3+ groups.

In addition, the increase in local pH shifts the equilibrium toward dissociation, thereby promoting the formation of -COO- groups.

Meanwhile, the reduction of -NH3+ groups weaken the electrostatic attraction between -NH3+ and -COO-, thereby releasing previously associated -COO- groups. 
In summary, tB establishes a locally weakly alkaline microenvironment within the gel network, thereby suppressing the protonation of -NH2 groups, eliminating positive charge centers, promoting the dissociation of -COOH groups, and increasing the density of negatively charged sites. The elimination of electrostatic attraction between -NH3+ and -COO- promotes the extension of CMCS chains and exposes additional -COO- groups. These synergistic effects collectively enable precise regulation of charge polarity and provide a molecular basis for subsequent rapid Zn2+ transport and electrostatic repulsion of polyiodide species. 
Supplementary Figures
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Fig. S1 Cyclic performance of Zn//Zn symmetric cells assembled with different hydrogel electrolytes at current density of 1 mA cm-2 and area capacity matching of 1 mAh cm-2
To clarify the effect of alkyl groups on the hydrogel performance, ammonia and isobutylamine are used to replace tert-butylamine, and corresponding symmetric cells are assembled to evaluate cycling performance. In the PAM-CMCS-NH3·H2O hydrogel, the effect of alkyl groups is eliminated, whereas in the PAM-CMCS-iB hydrogel, an alternative alkyl structure is introduced. The results show that the cycling performance of the assembled symmetric cells is comparable to that of PAM-CMCS-tB, suggesting that the enhanced performance primarily originates from the weakly alkaline environment established by tert-butylamine, which promotes further deprotonation of amino groups and dissociation of carboxyl groups.
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Fig. S2 1H NMR spectra of PAM-CMCS-tB hydrogel
For the quantitative analysis of carboxyl content in PAM-CMCS-tB hydrogel, sodium formate is used as the internal standard, with its characteristic -CHO peak serving as the reference, and the carboxyl content is calculated using the following formula:

Here, I is the integrated area of the target peak, N is the number of protons in the target group, n denotes the amount (in moles) of the internal standard in the sample, and m is the mass of the hydrogel sample.
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Fig. S3 XPS spectra of all elements
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Fig. S4 a Stress-strain curves of the PAM-CMCS-tB hydrogel after immersion in 2 M ZnSO4 for different times. b The stress-strain behavior of the PAM-CMCS-tB hydrogel electrolyte evolves with increasing cycle number
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Fig. S5 Composition changes of different gel electrolytes in deionized water
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Fig. S6 Comparison of water retention capabilities of various hydrogels in different media at 25 °C. a 2 M ZnSO4, b deionized water
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Fig. S7 SEM images of different hydrogels. a PAM, b PAM-CMCS, c PAM-CMCS-tB
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[bookmark: _Hlk225620587]Fig. S8 Pore volume of different hydrogels
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Fig. S9 XRD patterns of different hydrogels
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Fig. S10 The radius of gyration (Rg) of the hydrogel electrolyte, as determined by SAXS
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Fig. S11 Molecular dynamics simulations showing the structural configuration of the a PAM-CMCS-tB and b PAM-CMCS hydrogel network. (PAM in the system has been hidden.)
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Fig. S12 Molecular dynamics simulation calculates the radius of rotation of CMCS chains in polymers
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Fig. S13 LSV curves for a HER and b OER
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Fig. S14 Tafel plots of Zn anodes in different hydrogel electrolytes
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Fig. S15 The zeta potential in different hydrogel systems
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Fig. S16 Stainless steel foil was used as working electrode and counter electrode, and symmetrical cells were assembled with different gel electrolytes to measure ionic conductivity. a Nyquist plots, b Ionic conductivity
The ionic conductivity (σ) of the hydrogel electrolyte was calculated using the equation:

where l is the thickness of the hydrogel electrolyte, R is the resistance obtained from the impedance spectrum of the symmetric cell, and A is the contact area of the electrode. [image: ]
Fig. S17 a-c Electrochemical impedance spectroscopy (EIS) spectra of Zn//Zn symmetric cells employing PAM, PAM-CMCS, and PAM-CMCS-tB hydrogel electrolytes at various temperatures, respectively. d-f Corresponding Arrhenius plots used to calculate the activation energies (Ea) for ion transport in each system
The activation energy was determined by fitting the impedance data to the Arrhenius equation:

where A denotes the pre-exponential factor, R is the universal gas constant, T is the absolute temperature, and Rct represents the charge-transfer resistance obtained from EIS measurements at various temperatures.
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Fig. S18 Zn deposition/stripping rate performance of Zn//Zn symmetric cells at different current densities
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Fig. S19 Zn deposition/stripping voltage profiles in half-cell tests. a PAM and b PAM-CMCS hydrogel electrolytes
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Fig. S20 Coulombic efficiency cycling performance under half cell testing
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Fig. S21 Chronoamperometric curves recorded at a constant potential of 20 mV, with the inset showing Nyquist plots obtained before and after polarization. a PAM and b PAM-CMCS hydrogel electrolytes
The Zn2+ transference number was calculated using the following equation:

where ΔV denotes the applied potential difference; I0 and R0 are the initial current and interfacial resistance before polarization, and Is and Rs represent the steady-state current and resistance after polarization.
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Fig. S22 SEM images of Zn anode surfaces after 100 cycles of plating/stripping at 1 mAh cm-2 for a PAM, b PAM-CMCS, and c PAM-CMCS-tB hydrogel electrolytes
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Fig. S23 The average roughness (Ra) and maximum height (Rz) of the zinc electrode after cycling
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Fig. S24 Images of the electrode surface under a laser confocal microscope after 100 cycles at 1 mA cm-2 and 1 mAh cm-2 for a, b PAM, c, d PAM-CMCS, and e, f) PAM-CMCS-tB hydrogel electrolytes
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Fig. S25 The adsorption configurations of different molecules on the Zn (002) surface are shown as follows: a H2O, b AM, c vertically oriented CMCS, and d horizontally oriented CMCS
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Fig. S26 Optical images of the polyiodide ion diffusion in H-type cells separated by PAM-CMCS hydrogel

[image: ]
Fig. S27 UV-vis absorption spectra of the solution in the right chamber at different time intervals using PAM-CMCS hydrogel
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Fig. S28 UV-vis absorption spectra of the solution in the right chamber of the H-type cell were collected at various time intervals for a the glass fiber membrane, b the PAM-CMCS hydrogel and c the PAM-CMCS-tB hydrogel
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Fig. S29 Calculated binding energies between polyiodide ions and functional groups on PAM-CMCS-tB polymer chains: a I3- and b I5-
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Fig. S30 In situ Raman spectra of Zn-I2 cells were recorded at various voltages during a single charge-discharge cycle using a the liquid electrolyte and b the PAM-CMCS-tB hydrogel electrolyte
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Fig. S31 a, b Voltage-time profiles and corresponding in situ Raman spectra of Zn-I2 batteries during one charge-discharge cycle using the PAM-CMCS hydrogel electrolyte
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Fig. S32 EDS image of NC@I2
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Fig. S33 CV curves of Zn/PAM-CMCS-tB/I2 cells at different scan rates

[image: ]
Fig. S34 Charge-discharge profiles at various current densities
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Fig. S35 Nyquist plots of Zn-I2 full cells
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Fig. S36 Static evaluation of the initial state of charge (SoC)
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Fig. S37 Cycling performance at 1 C rate
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Fig. S38 GCD curves of Zn/PAM-CMCS-tB/I2 cells at 1 C rate for different number of cycles
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Fig. S39 GCD curves of a PAM-CMCS-tB and b LE electrolytes at representative cycles.
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[bookmark: _Hlk225678885]Fig. S40 Optical photos of NC@I2 cathode (cropped to 3.5 × 4.5 cm)
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[bookmark: _Hlk225683533]Fig. S41 Optical photos of gel electrolyte before and after immersion in 2 M ZnSO4 (cropped to 4.0 × 5.0 cm)
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Fig. S42 Optical image of the monitoring device powered by a PAM-CMCS-tB hydrogel-based pouch cell
Supplementary Tables
Table S1 Mechanical properties and ionic conductivity of the dual-network hydrogel
	Electrolyte
	Tensile strength (kPa)
	Fracture strain (%)
	Ionic conductivity (mS cm-1)
	Ref

	HACC-co-PAM
	≈150
	590
	16.8
	[S1]

	PNMA/SA
	838
	-
	33.1
	[S2]

	PAPTMA
	96
	680
	28.7
	[S3]

	G/PAAm/AG
	72.4
	489.2
	26.4
	[S4]

	This work
	30.7
	518
	18.1
	


Table S2 A summary of the advanced performance of the recently reported Zn-I2 battery
	
	Symmetrical cell
	Full cell
	
	Refs.

	Electrolyte
	Lifespan
(mA cm-2;
mAh cm-2; h)
	Cycle performance
(A g-1; mAh g-1; cycles; retention rate)
	Reaction type (electron transfer)
	

	Hydrogel Electrolyte (ZnSO4)
	1; 1; 2100
	2; 94.1; 1000; 96.4%
	2
	[S5]

	Hydrogel Electrolyte (ZnSO4)
	0.5; 0.5; 3500
	20; ≈100; 85000; 90.1%
	2
	[S6]

	Hydrogel Electrolyte (ZnSO4)
	1; 1; 3000
	2 C; 200; 2000; 82%
	2
	[S7]

	Hydrogel Electrolyte (ZnSO4)
	1; 1; 5000
	2 C; 205; 2000; 82.9%
	2
	[S8]

	Hydrogel Electrolyte (ZnSO4)
	1; 0.25; 6300
	2; 185.6; 8000; -
	2
	[S9]

	Hydrogel Electrolyte (ZnSO4)
	5; 5; 1385
	5 C; 287.8; 3700; -
	4
	[S10]

	Hydrogel Electrolyte (Zn(ClO4)2)
	1; 1; 2000
	2 C; 200; 2000; 100%
	2
	[S11]

	Hydrogel Electrolyte (Zn(ClO4)2)
	-; -; -
	1; ≈610; 4000; 91%
	4
	[S12]

	Hydrogel Electrolyte (ZnCl2)
	5; 2; 1200
	1 C; 215.1; 1000; 96.5%
	2
	[S13]

	Hydrogel Electrolyte (ZnCl2)
	0.2; -; 2400
	0.2; ≈150; 4500; -
	4
	[S14]

	Liquid Electrolyte (ZnSO4)
	2; 2; 1800
	0.2; 219.3; 1000; 88.7%
	2
	[S15]

	Liquid Electrolyte (ZnSO4)
	-; -; -
	20; 138; 63000; 95%
	2
	[S16]

	Liquid Electrolyte (ZnSO4)
	1; 1; 7000
	1; 158.6; 13000; 75.2%
	2
	[S17]

	Liquid Electrolyte (ZnSO4)
	0.5; 0.5; 2250
	4; 303.4; 6000; 96%
	4
	[S18]

	Liquid Electrolyte (ZnSO4)
	1; 1; 2100
	1 C; ≈410; 600; 93.4%
	4
	[S19]

	Hydrated Eutectic Electrolyte (ZnSO4)
	5; 5; ≈600
	2 C; 404.6; 3000; 76.2%
	4
	[S20]
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