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1. Experimental section
1.1 Chemical reagents and materials
Acrylamide (AM), L-sorbose (L-SBS), zinc sulfate heptahydrate (ZnSO4·7H2O), N,N'-methylenebisacrylamide (MBAA), and ammonium persulfate (APS) were produced by Sigma-Aldrich Co., Ltd. Zinc sheets were provided by Qingyuan Metal Co., Ltd.
1.2 Preparation of petroleum pitch-based activated carbon material
In brief, 30 g petroleum pitch was added to a three-neck flask and stirred at 230 ℃ in an oil bath and air atmosphere for 12 h. After cooling to room temperature, the petroleum pitch was heated to 450 ℃with a heat rate of 5 ℃ min−1 in Ar atmosphere for 2 h. Afterward, the pre-carbonized material was mixed with KOH (the mass ratio of 1:3) and heated to 800 ℃ with a heat rate of 5 ℃ min−1 in Ar atmosphere for 2 h. Finally, the product was washed with 1 M HCl solution and deionized water and dried to obtain petroleum-based activated carbon material, denoted as AC.
1.3 Material characterization
[bookmark: OLE_LINK1]The tensile test were carried out by attaching the hydrogel samples (20.0×10.0×1.5 mm) to two clips at 150 mm min−1 using a tensile machine (ZQ-990LB). The adhesion strength was examined by the lap-shear measurement. The surficial component evolution of Zn electrodes after cycling was analyzed by X-ray photoelectron spectroscopy (XPS, Thermo FisherScientific ESCALAB 250XI) coupled with Ar+ sputtering. The Fourier transform infrared (FTIR, VERTEX 70 RAMI), Raman (HR Evlution), and nuclear magnetic resonance (NMR, AVANCE NEO 600) spectroscopies were used to investigate the structure of hydrogel electrolytes. The tensile and compression tests were conducted by securing the hydrogel electrolytes to two clamps with a tensile testing machine (ZQ-990LB). The tensile tests were executed on specimens measuring 20.0×10.0×1.5 mm at a rate of 150 mm min−1. The compression tests were performed on cylinders with a diameter of 12 mm and a height of 25 mm. The morphology, structure, and component of cycled Zn foils were studied by scanning electron microscope (SEM, JEM-2100), X-ray diffraction (XRD, D8 advance), XPS (Thermo FisherScientific ESCALAB250Xi), and time of flight secondary ion mass spectrometry (TOF-SIMS 5 iontof). The surface texture of Zn electrodes cycled in hydrogel electrolytes was checked by 2D-wide angle XRD (Bruker D8 Advance). The surficial appearances of Zn electrodes cycled in hydrogel electrolytes were observe by confocal laser scanning microscopy (CLSM, Leica TCS SP8) and atomic force microscopy (AFM, Bruker Dimension Icon).
1.4 Electrochemical performance

Symmetric cells with Zn electrodes were assembled to evaluate ionic conductivity and Zn2+ transference number () of hydrogel electrolytes. The electrochemical impedance spectroscopy (EIS) measurement was carried out from 10−1 to 105 Hz. The ionic conductivity (σ) of hydrogel electrolytes was calculated according to the equation S1.

                                                                    (S1)
where l, R, and A are the thickness, the resistance, and the area of hydrogel electrolytes, respectively. 

[bookmark: OLE_LINK23]The  of hydrogel electrolytes was evaluated by EIS before and after the potential static, and calculated by the equation S2. 

                                                          (S2)
where I0, Is, ∆V, R0, and Rs standed for the initial current, the steady state current, the applied polarization voltage, the initial resistance, and the steady state resistance, respectively. 
Chronamperometry (CA) tests were conducted on Zn//Zn cells with different hydrogel electrolytes using an electrochemical workstation (760F). A minimum nucleation overpotential of −0.1 V was initially applied to the Zn/PASHE/Zn cell to initiate zinc nucleation and deposition. Subsequently, the CA curves of the symmetric cells were measured at constant potentials of −0.15, −0.2, and −0.25 V, respectively. The obtained current-time transients were normalized and analyzed based on the Scharifker–Hills model. The nucleation density (N) can be calculated using the following formulas:

                                                          (S3)

                                                              (S4)

                                                            (S5)
where M, ρ, c, D, z, and F represent the molar mass (g mol−1), the density of the deposition (g cm−3), the ZnSO4 concentration in the electrolyte (mol cm−3), the diffusion coefficient of the electroactive species (cm−2 s−1), the number of electrons involved in the redox process, and the Faraday constant, respectively.
Galvanostatic intermittent titration technique (GITT) measurements were performed on Zn//Zn symmetrical cells employing different hydrogel electrolytes. The tests were conducted by first discharging the cell at a current density of 1 mA cm−2 for 1 min, followed by a rest step of 1 min. This discharge-rest procedure was repeated for 60 cycles. Subsequently, the cell was charged at the same current density of 1 mA cm−2 for 1 min, again followed by a rest step of 1 min, and this charge-rest sequence was also repeated for 60 cycles.
The in situ EIS data were analyzed using the “DRT tools” software.
The Zeta potentials of the solid surface particles were measured by dispersing zinc powder (0.05 g) in 10 mL liquids (pure water and 1 M L-SBS solution) using a Nanoparticle size and Zeta potential analyzer (Malvern Zetasizer Nano ZS90). The electric double layer (EDL) measurement was carried out in Zn//Zn cells in a voltage range of −15 to 15 mV under various scanning rates. The EDL capacitance (C) was calculated through the equation S6:

                                                                        (S6)
where ic and v refer to capacitive current and scan rate, respectively.   
The Tafel test was carried out on a three-electrode system concluding a saturated calomel electrode (reference electrode) and two Zn sheets (working and counter electrodes). Linear sweep voltammetry (LSV) test was conducted in a three-electrode system that comprises of an Ag/AgCl electrode and two Zn sheets. In situ measurement of hydrogen evolution flux was tested in a three-electrode configuration consisting of an Ag/AgCl electrode and two Zn sheets with the assistance of gas chromatography-mass spectrometry (GC-MS, Shimadzu GC-2010 Pro). Electrochemical quartz crystal microbalance (EQCM, QCM 200) was used to monitor the mass change during the Zn plating/stripping, in which the gold-plated quartz crystal electrode attached by Zn foil, Pt electrode, and Ag/AgCl electrode were used as working electrode, counter electrode, and reference electrode, respectively. The EQCM test was carried by chronopotentiometry on a CHI760E electrochemical workstation at 10 mA cm−2. The mass change (∆m) of the Zn foil was calculated based on the equation S7 [1].

                                                     (S7)
where ∆f, f0, μq, ρq, and A are frequency change, the resonant frequency of the quartz crystal, shear modulus of quartz (2.947 × 1011 g cm−1 s−2), the density of quartz (2.648 g cm−3), and piezoelectrically active crystal area, respectively. In situ Raman accompanied by a laser Raman spectrometer (HR Evlution) was carried out on Zn//Cu cells.
The gauge factor (GF) was calculated by the following equation:

                                                            (S8)
where R and R0 are the resistance values of PASHE at stretching and original states, respectively, and ε is the applied strain.
The monitoring of electroencephalograph (EEG) and electrooculography (EOG) signals is mainly realized by a device composed of electrodes, self-powered sensors, and acquisition software. EEG signals were collected by installing two PASHE patches on the forehead of volunteers and a reference patch behind the ears; EOG signals were collected by applying PASHE patches on the upper and lower parts of the volunteers' orbit, and the reference electrode was placed in the same position. The signal quality was measured using the SNR, a high SNR indicating that the signal power was greater than the noise power, resulting in higher fidelity. It could be calculated as follows [2]:

                                      (S9)
where Vsignal and Vnoise denote the voltage values of the signal and noise, respectively, and N is the total number of samples.
The experiments involving human subjects have been performed with the full informed consent of the volunteer. To assess the skin irritation potential of PASHE, we performed a comparative abrasion test on the backs of the volunteers' palms. Skin samples were collected before and after each test cycle, with exposure durations of 0.5, 1, and 3 h applied to the test Materials. Five participants were enrolled in the comfort assessment study. Each PASHE was affixed to the back of the palm, with instructions for the volunteer to remove the sample immediately upon experiencing any discomfort, while recording the precise duration of wear. Changes in skin temperature beneath the gel patch were monitored in real time using a thermal imaging camera (Fotric 618C-L29).
1.5 Density functional theory (DFT) calculations
The adsorption energy was performed by the Vienna ab initio simulation package (VASP) using the Perdew-Burke-Ernzerhof of DFT and the projector augmented wave method. The adsorption energy (∆Eads) between the adsorbate and the Zn surface substrate was calculated using the equation S10: 
∆Eads = Eadsorbate@substrate – Esubstrate – Eadsorbate                                          (S10)
where Eadsorbate@substrate and Esubstrate represent the total energies of the Zn surface with and without the adsorption of adsorbate, respectively. Eadsorbate is the total energy of the adsorbate.   
The migration barrier along the migration paths was located using the climbing image nudged elastic band method with nine intermediate images along the pathway between the initial and the final states. Each identified transition state was further confirmed by the vibrational frequency analysis.
Molecular Dynamics (MD) simulations were conducted to investigate the Zn2+ solvation structure in the electrolytes as well as the interfacial structure between zinc electrodes and two distinct electrolyte systems. All simulations were performed using the Gromacs software suite. The number density distributions of key electrolyte components and the density distribution of hydrogen bonds were calculated as a function of distance from the zinc electrode surface.
2. Supplementary figures and tables
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Fig. S1. a EIS plots and b tensile stress-strain curves of hydrogel electrolytes with 0, 0.5, 1.0, and 1.5 M L-SBS.
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Fig. S2. SEM images of a in situ and b ex situ formed Zn-PASHE interfaces. c EIS plots of Zn//Zn cells using ex situ and in situ formed PASHE.
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Fig. S3. Adhesive strengths of PAHE and PASHE to zinc foil, copper foil, and graphite paper.
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Fig. S4. SEM image of PASHE.
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Fig. S5. I-t curves of Zn//Zn cells with a PAHE and b PASHE at an applied voltage of 10 mV (inset: EIS plots before and after polarization).
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Fig. S6. Adsorption models and corresponding adsorption energies of Zn2+ on the PASHE-Zn interface.
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Fig. S7. SEM images of Zn deposits for Zn//Zn cells using a PAHE and b PASHE after 100 cycles at 5 mA cm–2.
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Fig. S8. Current-time transients obtained at a given potential in PAHE.
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Fig. S9. Current-time transients obtained at a given potential in PASHE.
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Fig. S10. XRD patterns of Zn electrodeposits in a PAHE and b PASHE.
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Fig. S11. Optical microscope images of Zn deposition in PAHE and PASHE at 1 mA cm–2.
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Fig. S12. CV curves of Zn//Zn cells with a PAHE and b PASHE.
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Fig. S13. High-resolution XPS depth spectra of Zn electrodes cycled in a PASHE and b PAHE at 5 mA cm−2/5 mAh cm−2 after 100 cycles.
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Fig. S14. Three-dimensional spatial distribution of elements and compounds for the Zn electrode cycled in PASHE.
[image: ]
Fig. S15. Three-dimensional spatial distribution of elements and compounds for the Zn electrode cycled in PAHE.
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Fig. S16. The comparison of τ for diverse interfacial processes in PASHE and PAHE.
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Fig. S17. Finite element modelling of electric field distribution and deposition morphology evolution in a PAHE and b PASHE during electrodeposition.
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Fig. S18. MD simulation snapshots of a PAHE and b PASHE.
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Fig. S19. FTIR spectra of PAHE and PASHE.
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Fig. S20. Schematic diagram of in-situ Raman measurement.
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Fig. S21. Cycling performance of Zn//Zn cells using PAHE and PASHE at 2 mA cm–2/2 mAh cm–2.
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Fig. S22. Rate performance of Zn//Zn cells using PAHE and PASHE.
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Fig. S23. The selected voltage profiles of the Zn//Cu cells using a PASHE and b PAHE.
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Fig. S24. SEM images of a Zn electrode and b Cu electrode after cycling in PAHE. SEM images of c Zn electrode and d Cu electrode after cycling in PASHE.
[image: ]
Fig. S25. Voltage profiles of Zn//Cu cells with PAHE and PASHE under the ‘reservoir half-cell’ protocol.
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Fig. S26. a SEM image of I2 cathode. b XRD patterns of AC and I2 cathode.
[image: ]
Fig. 27. Cycling stability of Zn//I2 batteries using PASHE and PAHE at 0.5 mA g–1.
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Fig. S28. Comparison of capacity retention of the PASHE-equipped Zn//I2 battery with recently reported batteries. Inset: Photographs of small appliances powered by PASHE-equipped Zn//I2 batteries.
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Fig. S29. Rate capability of Zn//I2 batteries with PASHE and PAHE.
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Fig. S30. a N2 absorption/desorption curves and b SEM image of AC.
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Fig. S31. SEM images of Zn anode in PASHE before and after cycling.
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Fig. S32. Rate capability of the ZHC with PASHE.
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Fig. S33. Photos of the PASHE-equipped Zn//I2 battery under different bending deformations.
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Fig. S34. Photos of the PASHE-equipped ZHC under different bending deformations.
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Fig. S35. a The digital image displays the inflammatory state of the skin on the left palm back covered with PASHE at different times. b Infrared images of the skin after adhesion of the PASHE for different times.
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Fig. S36. Relative resistance curve of PASHE under 0.5% cyclic tensile strain.
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Fig. S37. SNR of EEG signals collected by PASHE and commercial hydrogel patch.
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Fig. S38. The corresponding symbols of Morse code in the alphabet, numbers, and symbols table.

Table S1. Comparison of cycle duration between our PASHE-optimized Zn//Zn cell and reported cells.
	Electrode
	Electrolyte
	Current density, capacity
(mA cm-2, mAh cm-2)
	Lifespan
(h)
	Ref.

	Zn
	2 M ZnSO4
	0.5, 0.5
	500
	[3]

	P−Zn40
	ZnSO4
	0.5, 0.5
	1000
	[4]

	Zn@Bi/BiOCl
	Zn(Otf)2
	0.2, 0.2
	1200
	[5]

	HMNVP/C@Zn
	Zn(CF3SO3)2
	0.2, 0.2
	1208
	[6]

	ZnF2(90)/Zn
	1 M ZnSO4
	0.5, 1
	1500
	[7]

	Zn
	50-DMSO+0.1 H2SO4
	0.5, 0.5
	1500
	[8]

	Zn
	HEE
	0.5, 0.5
	1900
	[9]

	BC@Zn
	1M ZnSO4
	0.5, 0.5
	2000
	[10]

	Zn
	HMEs
	0.5, 0.5
	2150
	[11]

	Zn
	ZnBF-VC.
	0.5, 0.25
	2200
	[12]

	MUA@Zn
	ZnSO4
	0.5, 0.5
	2400
	[13]

	Zn
	N phase
	0.2, 0.2
	2500
	[14]

	Zn
	P-4
	0.5, 0.5
	2500
	[15]

	Zn
	Zn-In electrolytes
	0.5, 0.25
	2500
	[16]

	Zn
	ZS-In/CTS electrolytes
	0.5, 0.5
	2500
	[17]

	COF-Zn
	2M ZnSO4
	0.2, 0.2
	2900
	[18]

	Zn
	GPE
	0.5, 0.5
	3000
	[19]

	Zn foil
	PASHE
	0.5, 0.5
2, 2
	3300
1700
	This Work



Table S2. Comparison of cycle life between our PASHE-equipped Zn//I2 cell and reported cells.
	Zn//I2 battery
	Cycle
	Capacity 
retention 
(%)
	Ref.

	Zn//3-01-90-I2 with Zn(CF3SO3)2
	500 (0.2 A g−1)
	99.3
	[20]

	Zn//N2221-I2 with ZnSO4
	4000 (0.2 A g−1)
	99.5
	[21]

	Zn//GC-PAN-I2 with ZnSO4
	2000 (20 C)
	98.71
	[22]

	Zn//AC-I2 with ZnSO4
	5600 (5 A g−1)
	98.7
	[23]

	Zn//Co[Co1/4Fe3/4(CN)6]-I2 with PAM
	2000 (4 A g−1)
	100
	[24]

	Zn//ACF-I2 with ZnSO4
	3000 (2 C)
	97
	[25]

	Zn//MX-AB@I with ZnSO4 and Li2SO4
	500 (1 A g−1)
	91.1
	[26]

	Zn//CuPc@rGO-ZnI2 with ZnSO4
	1000 (3 A g−1)
	88.8
	[27]

	Zn//LA133@I2 with ZnSO4 and Li2SO4
	2700 (2 A g−1)
	80.9
	[28]

	Zn//I2@MBene-Br with Zn(OTf)2 and LiTFSI
	3000 (1 A g−1)
	61.7
	[29]

	Zn//I2 with PASHE
	2600 (1 A g−1)
9000 (10 A g−1)
	78.9
94.9
	This Work
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