Nano-Micro Letters
Supporting Information for
Regulating the Coordination Environment of H2O in Hydrogel Electrolyte for a High Environment-Adaptable and High-Stability Flexible Zn Devices 
[bookmark: OLE_LINK11][bookmark: OLE_LINK17]Jianghe Liu1,2, Qianxi Dang2, Jodie Yuwono3, Shilin Zhang3, Zhixin Tai1,*, Zaiping Guo3, Yajie Liu1,*
1 Advanced Energy Storage Materials and Technology Research Center, Guangdong-Hong Kong Joint Laboratory for Carbon Neutrality, Jiangmen Laboratory of Carbon Science and Technology, Jiangmen, Guangdong 529199, P. R. China 
2 Shenzhen Key Laboratory of Advanced Materials, School of Materials Science and Engineering, Harbin Institute of Technology, Shenzhen, Guangdong 518055, P. R. China
3 School of Chemical Engineering, Faculty of Sciences, Engineering and Technology, University of Adelaide, Adelaide, SA, 5005 Australia.
*Corresponding authors. E-mail: liuyajie@hkustgz-jcl.ac.cn (Yajie Liu); taizhixin@hkustgz-jcl.ac.cn (Zhixin Tai)
Supplementary Figures and Tables
[image: ]
Fig. S1 a Wide-temperature ionic conductivities of various reported Zn-ion hydrogel electrolytes [S1-S9], b Mechanical properties of PAM-based hydrogel [S9-S13]
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Fig. S2 Optical photograph of (a) HEA-3 pecursor solution; (b) HEA-3 hydrogel electrolyte membrane
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Fig. S3 FTIR spectrum of the PAM, PAM/CMC, PAM/CMC/EG, and high environmentally adaptable hydrogel electrolytes (HEA-1, HEA-2, HEA-3, HEA-4)
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Fig. S4 TGA curves of PAM/CMC, PAM/CMC/EG, and HEA-3 at a test range form 25 to 600 ºC
For the HEA-3 gel electrolyte, the weight loss in the temperature range of 100-220 οC can be attributed to the volatilization of ethylene glycol. The mass loss in the range 220-330 οC results from the decomposition of Zn(ClO4)2 salt and the carbonization of CMC, while the mass loss in the temperature range 400-570 οC is associated with the decomposition of the PAM.
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Fig. S5 SEM images of a HEA-1 and b HEA-4 hydrogel electrolytes
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Fig. S6 Strain-stress curves of the HEA-1, HEA-2 and HEA-4 hydrogel electrolytes
[image: ]
Fig. S7 EIS plots of HEA hydrogel electrolytes measured at room temperature, with the corresponding equivalent circuit shown in the inset
[bookmark: _Hlk197592673]The EIS plots of hydrogel electrolytes consistently feature a high-frequency real-axis intercept corresponding to bulk ionic resistance (Rb), followed by a linear low-frequency response reflecting distributed capacitive behavior at electrode-electrolyte interfaces. The equivalent circuit (inset) incorporates Rb in series with a constant phase element (Q), which models non-ideal double-layer dynamics and interfacial heterogeneity [S14, S15]. 
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Fig. S8 a the equivalent circuit model of Zn||Zn symmetric cell, and DC polarization curve of the cells with b Zn(ClO4)2 (aq) and c Zn(ClO4)2+EG electrolyte at room temperature (the inset shows the EIS plots of the corresponding Zn||Zn symmetric cell before and after polarization). 
In the equivalent circuit, in the high-frequency region, the value of the first intersection between the impedance spectrum and the Z-axis represents the bulk resistance (Rb) of the electrolyte. The first semicircle can be expressed by a parallel combination of the charge transfer resistor (Rct) and a constant phase element (Q). The second semicircle can be represented by a parallel combination of the passivating layer resistor (Rp) and another constant phase element (Q) [S16]. 	[image: ]
Fig. S9 EIS plots of the HEA-3 hydrogel electrolyte at different temperatures
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Fig. S10 Low-temperature ionic conduction ability of the HEA-3 hydrogel electrolyte
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Fig. S11 Capacity-voltage curves in the Zn(ClO4)2+EG electrolyte at different cycles at a current density of 1 mA cm-2 with a fixed capacity of 1 mAh cm-2
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Fig. S12 Magnification of the GCD curve of Zn||Zn cell with HEA-3 electrolytes at a current density of 0.5 mA cm-2 with a fixed plating capacity of 0.5 mAh cm-2[image: ]
Fig. S13 EIS plots of Zn|HEA-3|Zn symmetric cell after different cycles under GCD cycling (a current density of 1 mA cm−2 with a fixed capacity of 1 mAh cm−2) . 
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Fig. S14 Room temperature cycling performance of Zn|HEA-3|Zn cell w at a current density of 5 mA cm-2 with a fixed plating capacity of 5 mAh cm-2
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Fig. S15 a Cycling performance of Zn|HEA-3|Cu cell at -40 ºC, and b corresponding capacity-voltage curves at different cycles at a current density of 1 mA cm-2 with a fixed capacity of 1 mAh cm-2
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Fig. S16 SEM images of cycled Zn anode of Zn||Cu cell in a aqueous electrolyte and b HEA-3 hydrogel electrolyte, under a current density of 1 mA cm-2 at room temperature
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Fig. S17 a SEM images and b XRD pattern of cycled Zn anode surface in HEA-3 electrolyte at -40 ºC
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Fig. S18 a XRD pattern of cycled Zn anodes in different electrolytes at room temperature. b Illustration of hexagonal structure of Zn

[image: 手机屏幕截图

AI 生成的内容可能不正确。]

[bookmark: OLE_LINK48]Fig. S19 In-situ observation of Zn plating in Zn||Zn symmetric cell with a Zn(ClO4)2 (aq) electrolyte, b Zn(ClO4)2+EG electrolytes, c HEA-3 electrolyte (current density: 5 mA cm-2; scale bars: 50 µm)
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Fig. S20 a Diffusion contribution and capacitive contribution at 0.6 mV s-1. b Normalized capacity contribution at different scan rates
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Fig. S21 a GCD curves of Zn||PANI device with the Zn(ClO4)2 (aq) electrolyte and Zn(ClO4)2 (aq)+EG electrolyte at 0.1 A g-1 at room temperature. b Cycling performance of Zn||PANI device with HEA-3 electrolyte at 0.1 A g-1 at room temperature[image: ]
Fig. S22 a GCD curves of Zn||PANI devices with different current densities at -70 ºC. b Cycling performance of Zn||PANI devices with a current density of 0.1 A g-1 at -70 ºC
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Fig. S23 Schematic diagram of flexible Zn||PANI device
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Fig. S24 a GCD curves of flexible device under different bending conditions; b GCD curves of flexible device for various bending times at a bending angle of 180º
[bookmark: _Hlk174469645]
Table S1 Comparison of low temperature performance of anti-freezing gel electrolyte and Zn-based devices 
	System
	electrolyte
	Ionic conductivity /mS cm-1
	Low temperature performance
	Refs

	
	
	
	capacity
	Cyclig number
	Working temperature (ºC)
	

	Zn||AC
	PVA/MMT/
Zn(ClO4)2
	——
	110 F g-1
	10000
	-20 	
	[S17]

	Zn||AC
	PAMPS/PAAm/EG/ZnCl2/NH4Cl
	1
(-30 )
	48 F g-1
	5500
	-30 	
	[S18]

	AC||δ-MnO2
	PVA/glycerol/
Zn(Cl)2
	0.21
(-50 °C)
	8 mAh g-1
	100
	-30 	
	[S2]

	Zn||δ-MnO2
	PAM/EG/ GO/ZnSO4/
MnSO4
	14.9
(-20 °C )
	183.2 mAh g-1
	1000
	-20 	
	[S8]

	Zn||PANI
	PAM/ZnCl2
	9.93
(-20 °C)
	0.616 mAh cm-2
	100
	-20 	
	[S7]

	Zn||PANI
	PAMPS/PAM/EG/ZnCl2/NH4Cl
	1.62
(-30 ºC)
	59.7 mAh g-1
	1500
	-30 	
	[S19]

	Zn||PANI
	PVA/EG/ZnCl2/
NH4Cl
	2.89
(-30 ºC)
	58.8 mAh g-1
	150
	-20 	
	[S20]

	Zn||PANI
	PAM/CMCS/
Zn(ClO4)2/
	7.8
(-30 °C)
	123 mAh g-1
	2500
	-30 	
	[S21]

	Zn||Au-CNT-PANI
	PAM/EG
Zn(OTf)2
	——
	160.3 mAh g-1
	600
	-20 	
	[S22]

	Zn@CC||GNP
	PVA/EG/Zn(CF3SO3)2
	5.6
(-30 °C)
	202.8 F g-1
(133.5 mAh g-1)
	30000
	-20 	
	[S3]

	Zn@CC||PANI
	HEA-3
	7.97
(-30 °C)
4.12
(-50 °C)
	244.8 F g-1/
(109.2 mAh g-1)
96.9 F g-1
	30000
400
	-40 	
-70 
	This work


Table S2 Comparison of the room temperature cycling stability of the reported Zn(ClO4)2-based electrolyte system
	Electrolyte system
	Zn||Zn cell
(current density/plating density)
	Zn||Zn cell Cycling life
	 DOD
	Coulombic efficiency of half-cell
	Refs

	Sulfolane/
Zn(ClO4)2·6H2O
	0.2 mA cm-2/0.1 mAh cm-2
0.5 mA cm-2/0.5 mAh cm-2
	1000 h
800 h
	——
	98%
	[S23]

	
Succinonitrile/
Zn(ClO4)2·6H2O
	0.05 mA cm-2/0.5 mAh cm-2
	800 h
	——
	98.4%
	[S24]

	
NaClO4/H2O/
Zn(ClO4)2
	0.2 mA cm-2/0.2 mAh cm-2
	1000 h
	——
	98.2%
	[S25]

	Adiponitrile/H2O/Zn(ClO4)2
	0.5 mA cm-2/0.5 mAh cm-2
1 mA cm-2/1 mAh cm-2
	265 h
155 h
	0.85%
1.71%
	62.92%
	[S26]

	β-cyclodextrin/H2O/Zn(ClO4)2
	1 mA cm-2/1 mAh cm-2
5 mA cm-2/5 mAh cm-2
	1000 h
140h
	1.71%
30%
	97.6%
	[S27]

	NaClO4·H2O/H2O/Zn(ClO4)2·6H2O
	[bookmark: OLE_LINK37]0.5 mA cm-2/0.25 mAh cm-2
	3500 h
	0.43%
	98.3%
	[S28]

	HEA-3
	1 mA cm-2/1 mAh cm-2
5 mA cm-2/5 mAh cm-2
	1700 h
>110 h 
	3.42%
17.1%
	99.4%
	This work


[bookmark: _Hlk165196024]Table S3 Comparison of low temperature performance of Zn||Zn cells with different electrolytes
	Electrolyte system
	Current density
(mA cm-2)
	Cumulative capacity
(mAh cm-2)
	Temperature (ºC)
	Refs

	2 M ZnSO4 (40 vol%EG+60vol% H2O)
	2
	160
	-20
	[S29]

	4 M Zn(BF4)2 (aq)
	0.5
	750
	-30
	[S30]

	GG/SA/EG
	0.2
	40
	-20
	[S17]

	3M Zn(ClO4)2 (aq)
	0.5
	200
	-30
	[S31]

	CSAM-C
	1
	1000
	-30
	[S5]

	ZL-PAAm
	1
	100
	-20
	[S32]

	2 M Zn(CF3SO3)2 (aq)
	0.2
	80
	-30
	[S33]

	Zn(CF3SO3)2/methanol (Me56)
	1
	200
	-20
	[S34]

	ZS/GL/AN
	0.2
	100
	-20
	[S35]

	HEA-3
	1
	1400
	-40
	This work
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