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S1 Experimental section
S1.1 Characterizations
[bookmark: OLE_LINK1]The crystallographic structures were analyzed by X-ray diffraction (XRD) using a Shimadzu XRD-6000 diffractometer. Morphologies of the Zn anodes, hydrogels, and Z-VO cathodes were characterized using a scanning electron microscope (SEM, SU8600). The microstructure was further examined by transmission electron microscopy (TEM, JEM-2100). Surface roughness was quantified using an atomic force microscope (AFM, Dimension Icon) and a laser confocal scanning microscope (LCSM, KC-X3000). Chemical compositions and interactions were investigated using Fourier transform infrared spectroscopy (FTIR, Nicolet iS5) and X-ray photoelectron spectroscopy (XPS, PHI-5702). Mechanical properties, including tensile strength (5×1 cm2 samples) and adhesion strength (2×2 cm2 samples), were evaluated using a universal testing machine (AGX-V 500N) at room temperature. Adhesive performance was evaluated by measuring the separation force of zinc foils bonded to a hydrogel at a tensile rate of 100 mm min-1.
S1.2 Electrochemical Measurements
[bookmark: OLE_LINK3]Electrochemical performances of Zn//Zn symmetric batteries, Zn//Cu half batteries and Zn//Z-VO full batteries were evaluated using CR-2032 coin-type cells under room temperature in ambient air (~20 ℃). Zn foils (diameter: 10 mm, thickness: 0.1 mm) and Cu foils (diameter: 12 mm) were used as electrodes. For cells using aqueous ZS electrolyte, a glass fiber separator was employed, whereas hydrogel electrolytes served as both the electrolyte and the separator. Long-term cycling and rate capability tests were conducted on a LANHE-CT3004A battery testing system. Coulombic efficiency (CE) was evaluated in Zn//Cu half-cells at 1 mA cm-2 with a fixed capacity of 1 mAh cm-2. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS) were performed on a CHI660E electrochemical workstation.
Tafel plots were recorded in Zn//Zn symmetric cells from -0.3 V to 0.3 V at a scan rate of 1 mV s-1. The CA test was setting a bias voltage of 150 mV for 300 s. Ionic conductivity () was measured using EIS in a blocking Ti//Electrolyte//Ti configuration and calculated using the equation:

where σ (S cm-1) is the ionic conductivity, L (cm) is the hydrogel thickness, A (cm2) is the contact area, and R (Ω) is the bulk resistance (intercept on the Z’ axis).
Nucleation overpotential was tested in Zn//Cu cells from -0.2 V to 0.5 V at 5 mV s-1. LSV determined electrochemical stability window (ESW) in Zn//Ti cells from -1 V to 3 V at 0.5 mV s-1. Zn2+ transference number () was determined via the Bruce-Vincent method in a Zn//Zn symmetric cell. This involved a chronoamperometry step (5 mV polarization for 1000 s) combined with EIS measurements before and after polarization. was calculated as:

Where  is the bias voltage, Ro and Rs are the initial and steady-state charge transfer resistances of the electrode, and Io and Is are the initial and steady-state currents, respectively.
S2 Computational methods
Density Functional Theory (DFT) calculations were performed using Gaussian 16 software. Geometry optimizations and frequency analyses were conducted at the ωB97X level of theory, employing the D3BJ dispersion correction to account for weak interactions. No imaginary frequencies were found, confirming that the optimized structures correspond to local minima. The 6-31G** basis set was used for C, H, O, and N atoms, while the Stuttgart pseudopotential and basis set were adopted for Zn [S1].
The binding energy (Ebinding) between components was calculated as:

where EA+B is the energy of the system combined with two complexes, EA and EB are the energies of complex A and complex B, respectively.
The energy (ΔE) of the desolvation process is defined as:

Where x is H2O, PAM and TA molecule,  corresponds to the energy of an isolated water molecule in vacuum. 
S3 Supplementary Figures and Tables
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Fig. S1 (a) SEM image of MXene. (b) TEM image of MXene. (c) XRD pattern of Ti3AlC2 and Ti3C2Tx (MXene).

XRD analysis reveals that the (002) diffraction peak shifts from 9.52° to 6.88°, which is attributed to the expansion of interlayer spacing caused by the intercalation of F- and Li⁺. This result confirms the successful synthesis of MXene nanosheets.
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Fig. S2 (a) SEM image of MXene@TA. (b)TEM image of MXene@TA. (c) XRD pattern of MXene and MXene@TA.

XRD pattern reveals a leftward shift in the (002) diffraction peak after the introduction of TA, indicating the successful intercalation of TA molecules between MXene interlayers.
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Fig. S3 XPS spectra of Mxene and Mxene@TA.
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Fig. S4 XPS spectra of (a) Ti 2p, (b) C 1s, (c) O 1s and (d) F 1s for MXene and MXene@TA.
In the C 1s spectrum, compared with MXene, the content of C=O bonds in MT increases significantly, and an additional C-O bond with a relative content of 11.60% is observed, originating from the oxygen-rich functional groups of TA. The O 1s spectrum shows that the peak position of C-Ti-Ox shifted from 528.79 eV to 527.80 eV, which is attributed to the formation of hydrogen bonds between MXene and TA, further confirming the successful synthesis of MT.
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Fig. S5 Image of TP hydrogel.
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Fig. S6 SEM images of (a) PAM and (b-f) MTP series hydrogels.
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Fig. S7 Water retention of MTP and PAM hydrogels at 25 ℃.
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Fig. S8 HOMO-LUMO energy level distribution of [Zn(H2O)6]2+, [Zn(PAM)(H2O)5]2+, and [Zn(TA)(H2O)5]2+.
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Fig. S9 Cycling tests of the Zn//Zn-symmetric battery coupled with different electrolytes under 4 mA cm-2, 4 mAh cm-2.
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Fig. S10 Ionic conductivity of MTP series electrolytes.
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Fig. S11 Ionic conductivity of diverse electrolytes.
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Fig. S12 The Zn2+ transference number in (a) MTP gel electrolyte, (b) PAM gel electrolyte, and (c) ZS electrolyte.


Table S1 Comparison of ionic conductivity and Zn2+ transference number among MTP and recently reported works.
	Strategies
	Ionic conductivity (mS cm-1)
	Zn2+ transference
	Refs.

	MTP
	27.69
	0.833
	This work

	PCG20-PC5
	16.18
	0.45
	[S2]

	PAHE352
	23.10
	0.69
	[S3]

	PAP
	25.4
	0.70
	[S4]

	Phos-XK-1
	20.72
	0.83
	[S5]

	PICZ
	25.62
	0.76
	[S6]

	P-MCs
	22.02
	0.712
	[S7]

	APHE
	14.1
	0.72
	[S8]

	IL-Br
	0.739
	0.61
	[S9]

	HE-RS
	3.9
	0.40
	[S10]

	Gel/SA-acetate
	13.6
	0.68
	[S11]
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Fig. S13 LSV curves Zn//Zn symmetric cells using different electrolytes.
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Fig. S14 CE test curves of different electrolytes.

Table S2 Cumulative capacity comparison of Zn//Zn symmetric cells using MTP gel electrolyte at high current density with previous reports
	Strategies
	Current
density
(mA cm-2)
	Lifespan
(h)
	Cumulative
Capacity
(mAh cm-2)
	Ref.

	MTP
	0.5
1
4
	4600
2680
800
	2300
2680
3200
	This work

	IL-Br
	0.2
	2400
	480
	[S9]

	USPH-5
	0.5
	1000
	500
	[S12]

	ZGPE
	0.5
	3600
	1800
	[S13]

	CZHE
	1
	1200
	1200
	[S14]

	PAMS30-ZH
	1
	1700
	1700
	[S15]

	PMPC
	1
	3300
	3300
	[S16]

	PASHE
	2
	400
	800
	[S17]

	In-situ GPE
	3
	200
	600
	[S18]

	PDMAPS
	3
	800
	2400
	[S19]

	PC-PVA/Zn(CF3SO3)2
	4
	400
	1600
	[S20]

	PSC-gel
	5
	500
	2500
	[S21]


Table S3 Comparison of integrated performance among MTP and 2D material-based hydrogel electrolytes
	Strategies
	Current
density
(mA cm-2)
	Lifespan
(h)
	Cumulative
Capacity
(mAh cm-2)
	Ionic conductivity
(mS cm-1)
	Elongation at Break
(%)
	Refs.

	MTP
	0.5
1
4
	4600
2680
800
	2300
2680
3200
	27.69
	377
	This work

	MXene-CNF
	5
	550
	2750
	0.52
	24
	[S22]

	MXene-PAM-PVA
	1
	1900
	1900
	17.36
	295.75
	[S23]

	MMT-PAM
	0.5
	300
	150
	20.7
	1075
	[S24]

	PCG20-PC5
	1
	2200
	2200
	16.18
	320
	[S2]

	P-MCs
	5
	600
	3000
	22.02
	2400
	[S7]
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Fig. S15 SEM images of the Zn anodes after 50 cycles at 2 mA cm-2, 2 mAh cm-2 in (a) ZS, (b) PAM and (c) MTP.
[image: ]
Fig. S16 Cycling test curves of Zn//Zn symmetric cells assembled with different electrolytes in (a) 50 cycles and (b) 200 cycles.
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AI 生成的内容可能不正确。]Fig. S17 LCSM images of the Zn anodes after 200 cycles at 2 mA cm-2, 2 mAh cm-2 in (a) ZS and (b) MTP.
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Fig. S18 (a) XRD pattern of Z-VO. (b) SEM image of Z-VO. (c and d) TEM of Z-VO. (e) SEM image of Z-VO and the corresponding element mapping of (f) O, (g) V and (h) Zn.
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Fig. S19 CV curves at different scan rates of Zn//Z-VO full cells assembled with (a) MTP, (b) PAM, and (c) ZS.
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Fig. S20 LSV curves of the full cells assembled with different electrolytes.
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