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S1 Experimental Section
S1.1 Preparation of iodine cathode material
Iodine (I2) and activated carbon (AC) (1: 1 mass ratio) were thoroughly homogenized in an agate mortar, then transferred to a Teflon-lined stainless-steel autoclave for thermal treatment at 130 ℃ for 8 h. After cooling to room temperature, the autoclave was opened and reheated at 130 ℃ for 3 h to desorb excess I2, yielding homogeneous I2@AC composite.
S1.2 Ionic conductivity measurements
[bookmark: _Hlk172411258]EIS tests were performed on stainless steel//stainless steel (SS//SS) symmetric cells to measure the ionic conductivity (σ) of SCF, TOCN, and TOCN-A separators. 2 M ZnSO4 aqueous solution was used as the electrolyte. The calculation formula is as follows:
          (S1)
where L is the separator thickness, S is the contact area between the SS electrode and the separator, and R (Ω) is the bulk resistance obtained from the intercept of the Nyquist plots with the real axis.
S1.3 Zn2+ ion transfer number measurements
Zn//Zn symmetric cells were tested using CA and EIS tests to determine the Zn2+ ion transfer number (tZn2+) of SCF, TOCN, and TOCN-A separators. 2 M ZnSO4 aqueous solution was used as the electrolyte. The calculation formula is as follows:
          (S2)
where I0 and Is represent the initial and steady-state currents, ΔV denotes the applied constant potential (10 mV), and R0 and Rs correspond to the initial and steady-state interfacial impedances obtained from EIS measurements, respectively.
[bookmark: _Hlk175821732]S1.4 In-situ optical microscopy observations
[bookmark: _Hlk204281628]In-situ optical microscopy images were captured by Sunny CX40M metallurgical microscope coupled with a Gaoss Union C031-5 electrochemical cell. Zn//Zn symmetric cells were employed for in-situ monitoring of zinc deposition process. The cell configuration consisted of two symmetric electrodes made from 200-μm-thick Zn plates (8 mm × 10 mm), separated by SCF, TOCN, or TOCN-A membrane. The cells were galvanostatically operated at 10 mA cm−2 for 60 min using a CT2001A battery testing system.
S1.5 Visual observations of polyiodide migration
Polyiodide migration was visualized using an H-type electrolytic cell. The left chamber contained 0.1 M Zn(I3)2 solution, while the right chamber contained deionized water, separated by SCF, TOCN, or TOCN-A membrane. The I3− concentration in the right chamber was periodically monitored by UV-vis spectroscopy at specified time intervals, with concentrations quantified using a pre-calibrated standard curve.
S2 Density functional theory (DFT) calculations
[bookmark: _Hlk185410150][bookmark: _Hlk198039741]All the calculations were performed with Vienna ab initio Simulation Package (VASP) based on the DFT [S1], within the generalized gradient approximation of the Perdew-Burke-Ernzerhof (PBE) [S2]. The interactions between ion cores and valence electrons were treated using the projector augmented wave (PAW) method [S3]. The plane-wave cutoff energy was set to be 500 eV. The cellulose and APAM surface models were simulated by a symmetric periodic slab model with consecutive slabs separated by a 15 Å vacuum layer. Throughout the simulations, van der Waals (vdW) interactions at DFT-D2 level were taken into account [S4]. The calculation formula for the interaction energy between cellulose/APAM and electrolyte ion (Zn2+ or SO42− ion) is as follows: 
          (S3)
where Eab is the energy of the optimized system, Ea is the energy of isolated Zn2+ or SO42− ion, and Eb is the energy of the optimized structure of cellulose or APAM.
S3 Supplementary Figures
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Fig. S1 a Photograph and b SEM image of SCF separator
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Fig. S2 a Photograph and b, c SEM images of TOCN separator
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Fig. S3 a Photograph and b, c SEM images of TOCN-A separator
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Fig. S4 Photograph of TOCN-A separator, demonstrating its high transparency
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Fig. S5 Photographs of TOCN-A separator in its pristine, bending, curling, and unfolding states
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Fig. S6 XRD patterns of SCF, TOCN, and TOCN-A separators
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[bookmark: _Hlk198149753]Fig. S7 FTIR spectrum of APAM
[bookmark: _Hlk198149809][bookmark: _Hlk198149736]The absorption bands at 3437, 1632, and 1400 cm−1 correspond to N−H stretching of amide group, C=O stretching of amide group, and C=O symmetric stretching of COO−, respectively [S5, S6].
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Fig. S8 Nyquist plots of SS//SS cells using SCF, TOCN, and TOCN-A separators
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Fig. S9 CA curves and corresponding Nyquist plots of Zn//Zn cells: a using SCF separator and b using TOCN separator
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Fig. S10 Nyquist plots of Zn//Zn cells under different temperatures: a using SCF separator, b using TOCN separator, and c using TOCN-A separator
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Fig. S11 CV curves of Zn//Zn cells with SCF, TOCN, and TOCN-A separators
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Fig. S12 Voltage-capacity profiles of Zn//Cu cells at different cycles: a using SCF separator, b using TOCN separator, and c using TOCN-A separator
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Fig. S13 Cycling performance of Zn//Zn cells with SCF, TOCN, and TOCN-A separators under 5 mA cm−2 and 2.5 mAh cm−2
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Fig. S14 Cycling performance of Zn//Zn cells with SCF, TOCN, and TOCN-A separators under 10 mA cm−2 and 2 mAh cm−2
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Fig. S15 Low-magnification SEM images of the Zn electrodes after cycling: a using SCF separator, b using TOCN separator, and c using TOCN-A separator
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Fig. S16 CV curves of Zn//I2 batteries with SCF, TOCN, and TOCN-A separators at a scan rate of 0.2 mV s−1
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Fig. S17 GCD profiles of Zn-I2 batteries at varying current densities: a using SCF separator, b using TOCN separator, and c using TOCN-A separator
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Fig. S18 Cycling performance of Zn//I2 batteries with SCF, TOCN, and TOCN-A separators at 0.2 A g−1
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Fig. S19 GCD profiles of Zn-I2 batteries at 2 A g−1 and different cycles: a using SCF separator, b using TOCN separator, and c using TOCN-A separator
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Fig. S20 Self-discharge behaviors of Zn-I2 batteries: a using SCF separator, b using TOCN separator, and c using TOCN-A separator. The batteries were subjected to three GCD cycles at a current density of 0.2 A g−1, followed by a 48-h rest period and subsequent discharging at 0.2 A g−1
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[bookmark: _Hlk189595706]Fig. S21 Photograph of utilizing pouch cells with TOCN-A separator to illuminate an electronic hygrometer
S4 Supplementary Tables
Table S1 Comparison of the thickness and tensile strength of TOCN-A separator and the life span of corresponding Zn//Zn cell in this work with those in previous reports involving various separators for zinc-based batteries. The light blue-shaded zones in the table indicate that nanocellulose-based separators were used in these reports.
	[bookmark: _Hlk204283666]Separator
	Thickness
	Tensile strength
	Current density,
areal capacity
	Lifespan
	Refs.

	TOCN-A
	20 μm
	147 MPa
	2 mA cm−2, 2 mAh cm−2
5 mA cm−2, 2.5 mAh cm−2
10 mA cm−2, 2 mAh cm−2
	1800 h
1250 h
1000 h
	This work

	Zr-CNF
	40 μm
	−
	10 mA cm−2, 2 mAh cm−2
	~710 h
	[S7]

	CCM
	21 μm
	65 MPa
	5 mA cm−2, 1 mAh cm−2
	600 h
	[S8]

	HC
	[bookmark: OLE_LINK5]80 μm
	−
	4 mA cm−2, 2 mAh cm−2
	875 h
	[S9]

	CTNF
	28 μm
	75 MPa
	2 mA cm−2, 2 mAh cm−2
	900 h
	[S10]

	M-3-separator
	−
	−
	1 mA cm−2, 1 mAh cm−2
	735 h
	[S11]

	TN-5
	45 μm
	−
	5 mA cm−2, 2.5 mAh cm−2
	1000 h
	[S12]

	WCCNF
	70 μm
	−
	5 mA cm−2, 1.25 mAh cm−2
	1000 h
	[S13]

	FCNF
	23 μm
	121 MPa
	5 mA cm−2, 2.5 mAh cm−2
	660 h
	[bookmark: _Hlk135744970][S14]

	BM
	50 μm
	0.32 MPa
	1 mA cm−2, 1 mAh cm−2
	1000 h
	[S15]

	C3N4@GF
	>300 μm
	41.5 MPa
	10 mA cm−2, 2 mAh cm−2
	830 h
	[S16]

	PTFE
	50 μm
	34.1
	10 mA cm−2, 2 mAh cm−2
	900 h
	[S17]

	HDP
	250 μm
	6.33 MPa
	1 mA cm−2, 1 mAh cm−2
	1500 h
	[S18]

	PAN@SBMA
	72 μm
	13 MPa
	1 mA cm−2, 1 mAh cm−2
	1700 h
	[S19]

	SHM
	300 μm
	6.18 MPa
	1 mA cm−2, 1 mAh cm−2
	1600 h
	[S20]

	PEM
	160 μm
	7 MPa
	10 mA cm−2, 1 mAh cm−2
	380 h
	[S21]
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