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S1 Supporting Experimental Section 

S1.1 Adhesion Tests 

For the interfacial toughness tests, the hydrogel electrolyte/Zn samples with adhesion 

width of 2.5 cm were measured by the standard 90-degree peel test (ASTM D2861), 

and the hydrogel electrolyte/CNTs samples were measured by the standard 180-degree 

peel test (ASTM F2256). All tests were carried out using a universal testing machine (1 

kN load cell, UTM 4304GD, Shenzhen SUNS) with a constant peeling rate of 50 mm 

min−1. The interfacial toughness was determined by dividing the plateau force (for 90-

degree peel test) or two times the plateau force (for 180-degree peel test) by the 

adhesion width. Polyester film (PET, thickness 0.2 mm) as a stiff backing was applied 
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onto hydrogel electrolyte with cyanoacrylate glue (Loctite, Henkel) to prevent its 

elongation along the peeling direction. 

For the shear strength tests, the hydrogel electrolyte/Zn and hydrogel 

electrolyte/CNTs samples with an adhesion area of width 2.5 cm and length 1 cm were 

measured by the standard lap-shear test (ASTM F2255). All tests were carried out using 

a universal testing machine (1 kN load cell, UTM 4304GD, Shenzhen SUNS) with a 

constant tension rate of 50 mm min−1. The shear strength was determined by dividing 

the maximum force by the adhesion area. PET film backing was applied onto hydrogel 

electrolyte with cyanoacrylate glue to prevent its elongation along the shear direction. 

For the tensile strength tests, the Zn/hydrogel electrolyte/CNTs samples with an 

adhesion area of width 2.5 cm and length 2.5 cm were measured by the standard tensile 

test (ASTM F2258). All tests were carried out using a universal testing machine (1 kN 

load cell, UTM 4304GD, Shenzhen SUNS) with a constant tension rate of 50 mm min−1. 

The tensile strength was determined by dividing the maximum force by the adhesion 

area. 

The temperature-dependent adhesion performance of the Zn/hydrogel 

electrolyte/CNTs samples were measured with assistance of the universal testing 

machine equipped with an environmental chamber. The interfacial toughness tests 

(ASTM F2256) and shear strength tests (ASTM F2255) for the Zn/hydrogel 

electrolyte/CNTs samples were same as the above at different temperatures of 25, –20, 

–40, and –60 °C. 

S1.2 Mechanical Tests 

All mechanical properties of hydrogel electrolytes were performed on a universal 

testing machine (1 kN load cell, UTM 4304GD, Shenzhen SUNS) equipped with an 

environmental chamber (WGDN-7150S, Shenzhen SUNS). All temperature-dependent 

mechanical tests were conducted in an environmental chamber with desired 

temperatures. 

For the fracture energy tests, the hydrogel electrolytes with a rectangular shape (of 

length 10 mm, width 20 mm and thickness 2 mm) were measured by the pure-shear 

tensile test. The tests were performed at room temperature with a constant tension rate 

of 50 mm min−1. The fracture energy of hydrogel electrolytes was calculated from the 

tensile force-distance curves of the unnotched and notched samples according to the 

previously reported method [S1]. 

For the cyclic tension tests, the hydrogel electrolytes with a rectangular shape (of 

length 10 mm, width 20 mm and thickness 2 mm) were cyclically stretched to 100% 

strain and released to the original length. The tests were performed at desired 

temperatures with a constant tension rate of 50 mm min−1. 

For the cyclic compression tests, the hydrogel electrolytes with cylinder shape (of 

diameter 13 mm and height 10 mm) were cyclically compressed to 80% strain and 

released to the original height. The tests were performed at desired temperatures with a 

constant compression rate of 30 mm min−1. 

S1.3 Electrochemical Tests 

Electrochemical performances of the hydrogel electrolytes and the assembled Zn||CNTs 

hybrid capacitors were measured on an electrochemical working station (CHI 760E) 

and a multichannel battery testing system (CH8-1A, Shenzhen Betta). All temperature-

dependent electrochemical tests were conducted in an environmental chamber with 
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desired temperatures, which was controlled by Meiling refrigerator DW-HL100 (–86~–

10 °C) or Suns environmental chamber WGDN-7150S (–70~150 °C). Ionic 

conductivities of hydrogel electrolytes were obtained from EIS tests of the Pt|hydrogel 

electrolyte|Pt symmetric cells. GCD and CV tests of the assembled Zn||CNTs hybrid 

capacitors were carried out in the voltage range of 0.6~1.8 V at current densities of 

0.005~5 A g-1 and scan rates of 0.4~1 mV s-1, respectively. EIS tests of the hybrid 

capacitors were performed in the frequency range of 105~0.01 Hz with 5 mV amplitude 

at an open-circuit voltage. 

The temperature-dependent electrochemical behaviors of the hybrid capacitors 

under tension cycles were measured with assistance of the universal testing machine 

equipped with an environmental chamber. Each side of the Zn|hydrogel 

electrolyte|CNTs hybrid capacitor with an adhesion area of width 2.5 cm and length 2.5 

cm was cyclically stretched to 20 or 30% tensile strain (with respect to the adhesion 

length) at different temperatures of 25, –20, –40, and –60 °C. At the same time, the 

corresponding charge/discharge curves of the hybrid capacitor were recorded to 

evaluate its capacitive stability. All specific capacities were normalized using the 

weight of CNTs in the positive electrodes. 

S1.4 Simulation of Peeling Process 

The simulation of peeling process was implemented using the finite element method. 

In the simulation, a simplified two-dimensional model was created to simulate the 

peeling process of hydrogels adhered to rigid substrates [S2, S3]. For the simulated 

model, the hydrogel matrix was modeled with CPE4RH element, the stiff backing and 

substrate were modeled with CPE4R element, and the adhered interface between the 

hydrogel and substrate was modeled with COH2D4 element. For investigating the 

influence of hydrogel toughness on the peeling process, we used the tough hydrogel 

with energy dissipation and pure elastic hydrogel without energy dissipation to compare 

the peeling processes, respectively. We simulated several peeling tests by prescribing 

different energy values of the interfacial interactions Γ0, in which Smax was fixed to be 

500 kPa, and δmax was varied from 0.2 to 1.0 mm. The interfacial toughness as a 

function of different energy of interfacial interactions was then obtained. 

S1.5 Molecular Dynamics (MD) Simulations 

The MD simulations were performed on the GROMACS 2021 software package [S4] 

with OPLSS-AA force field [S5]. The water molecule was modeled with TIP3P element 

[S6]. In the simulations, the NPT (Number of atoms, pressure, and temperature are 

constant) ensemble was applied to deduce the system equilibrium. The temperature and 

pressure in the equilibrium process were maintained at 298.15 K by the V-rescale 

thermostat and at 1 bar by the Berendsen barostat, respectively. For studying the 

relationship between ion solvation configurations and ion interactions, we used aqueous 

solutions with three ZnCl2:LiCl molality ratios (5:0, 5:6, 5:12) to simulate the 

interactions among ions and water. After 20 ns of MD simulations, the radical 

distribution function (RDF) g(r) and the coordination number distribution function N(r) 

of Zn2+–OW, Zn2+–Cl-, and Cl-–HW in different solutions, as well as the number of H-

bonds between water molecules were analyzed. 
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S2 Supporting Figures and Tables 

 

 

Fig. S1 Schematic procedure for the fabrication of hydrogel electrolyte. The 

hydrogel electrolyte was fabricated in four steps. First, the SPI dispersion solution was 

made by dispersing SPI in water at 95 °C for 4 h. Second, the SPI-CSA-based solution 

was prepared by dissolving CSA, hybrid salts of ZnCl2 and LiCl in SPI dispersion 

solution at room temperature. Inorganic crystals of hydrated CSA were well dispersed 

and stabilized in water. Third, AAm-based solution was prepared by dissolving AAm 

(monomer), MBAA (crosslinker), APS (initiator) in water at room temperature. Finally, 

the SPI-CSA-based solution and AAm-based solution were homogeneously mixed to 

be a precursor solution, and then polymerized at 60 °C for 3 h, resulting in the formation 

of PAAm-CSA hydrogel electrolyte 
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Fig. S2 Stability of SPI-CSA and CSA dispersion. (a, b) Optical images of the SPI-

CSA and CSA dispersion. (c, d) Size distributions of the SPI-CSA and CSA dispersion. 

(e) Zeta potentials of the SPI-CSA, CSA and SPI dispersion 

To evaluate the stabilizing effect of SPI nanoparticles on the hydrated CSA crystals, 

we discuss the stability of SPI-CSA and CSA dispersion, including the apparent 

homogeneity, size distributions and zeta potentials. As shown in Fig. S2a, b, the SPI-

CSA dispersion presents a homogeneous mixture, and remains well-dispersed even 

after standing for 1 h. In contrast, the CSA dispersion without SPI shows a muddy state, 

and rapidly precipitates when standing for 3 min. This comparison confirms that the 

introduction of SPI is beneficial to stabilizing the hydrated CSA crystals in water. 

Meanwhile, the size distribution of SPI-CSA dispersion shows that hydrated CSA 

crystals are uniformly dispersed in SPI solution, in a drastic contrast to the behavior of 

CSA dispersion (Fig. S2c, d). Moreover, zeta potential results indicate that negatively 

charged SPI nanoparticles are fully absorbed on the surface of positively charged 

hydrated CSA crystals (Fig. S2e), thus inducing repulsive force between the CSA 

crystals for stabilization. Therefore, these results reveal that SPI serving as a bio-based 

pickering dispersant contributes to the stabilization of the hydrated CSA crystals 

through electrostatic interactions between Ca2+/Al3+ of hydrated CSA and –COO– of 

SPI nanoparticles. 
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Fig. S3 Polymerization process of the PAAm-CSA hydrogel electrolyte. First, CSA 

was hydrated with water to generate inorganic crystals of hydrated CSA. Second, 

inorganic crystals of hydrated CSA absorbed SPI nanoparticles by electrostatic 

interactions between Ca2+/Al3+ of hydrated CSA and –COO– of SPI nanoparticles, thus 

keeping stabilized in the dispersion. Then, the stable hydrated CSA, AAm monomer, 

APS initiator, MBAA cross-linker, and ZnCl2/LiCl hybrid salts were mixed together to 

form a precursor solution. Finally, AAm monomers were polymerized and chemically 

cross-linked to form PAAm network, followed by coordinating with hydrated CSA, 

leading to the organic-inorganic composite of hydrogel electrolyte 
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Fig. S4 Morphology of the hydrogel electrolyte. (a) SEM image of the hydrogel 

electrolyte. (b) Length distribution of hydrated CSA in (a). The inorganic phase of 

needle-shaped hydrated CSA with length ~3.6 μm is well dispersed in the continuous 

phase of PAAm porous polymer network. (c-f) Corresponding EDS mapping images 

of S, O, Zn and Cl elements for the SEM image in (a). S and O elements of the hydrated 

CSA are incorporated into the polymer skeleton. Zn and Cl elements serving as an ion-

conducting phase are uniformly distributed in the porous channel of the polymer 

network 
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Fig. S5 Summary of Young’s modulus, fracture stress and fracture strain of 

hydrogel electrolytes with different AAm:CSA mass ratios. Values correspond to 

the tensile stress versus strain curves in Fig. 2a 
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Fig. S6 Tension-release behavior of hydrogel electrolytes with different AAm:CSA 

mass ratios. (a) Tension-release hysteresis loops of various hydrogel electrolytes at 

300% tensile strain. (b) Values of dissipated energy and dissipation ratio corresponding 

to tension-release curves in (a) 

 

Fig. S7 Pure-shear test for measuring fracture energy of hydrogel electrolytes. (a, 

b) Schematics of the pure-shear test for the (a) unnotched sample and (b) notched 

sample. (c) Force versus distance curves for the unnotched (blue line) and notched (red 

line) hydrogel electrolytes for fracture energy determination. The light red area is the 

work U(Lc) done by the tensile force to the unnotched sample at Lc. Lc indicates the 

critical distance between clamps at which the notched sample starts to propagate the 

crack. 
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Fig. S8 Fracture energy of hydrogel electrolytes with different AAm:CSA mass 

ratios. (a-e) Force versus distance curves of various hydrogel electrolytes for the 

fracture energy determination, in which the AAm:CSA mass ratios ranges from 1:0 to 

1:4. (f) Comparison of fracture energy for various hydrogel electrolytes 
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Fig. S9 Schematic process of hydrogel electrolyte/electrode adhesion. (a) In situ 

adhesion of hydrogel electrolyte on Zn electrode. The adhesion of hydrogel 

electrolyte/Zn electrode was obtained by in situ copolymerizing the precursor solution 

on the silanized Zn surface. (b) In situ adhesion of hydrogel electrolyte on CNTs 

electrode. The adhesion of hydrogel electrolyte/CNTs electrode was acquired by 

penetrating AAm-based solution into the porous CNTs surface and covalently cross-

linking. 

 

Fig. S10 Mechanism of interactions between the TMSPMA-grafted Zn electrode 

and the hydrogel electrolyte. (a) FTIR spectra of the Zn metal surface before and after 

interaction. (b) The proposed mechanism of interactions between the TMSPMA-

grafted Zn electrode and the hydrogel electrolyte 
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To analyze the mechanism of interactions between the TMSPMA-grafted Zn 

electrode and the hydrogel electrolyte, we used Fourier transform infrared spectroscope 

(FTIR) to track the chemical compositions of the Zn metal surface before and after 

interaction. 

As shown in Fig. S10a, compared with the bare Zn metal, the TMSPMA-grafted Zn 

shows several characteristic peaks, including 1713 cm-1 (sharp) for C=O, 1632 cm-1 for 

C=C, 1041 cm-1(broad) for Si–O, 811 cm-1 for Si–C, and 482 cm-1 for Zn–O. This result 

suggests that the TMSPMA is successfully grafted onto the Zn surface. We then 

compared FTIR spectra of the TMSPMA-grafted Zn before and after in situ 

copolymerization of hydrogel electrolyte. The TMSPMA-grafted Zn with precursor 

solution shows peaks at 1650 cm-1 and 1587 cm-1, corresponding to C=O and C=C of 

AAm molecules. For comparison, the TMSPMA-grafted Zn with in situ polymerization 

of hydrogel electrolyte exhibits a decreased peak at 1587 cm-1, which indicates that the 

methacrylate groups of grafted TMSPMA can copolymerize with the acrylate groups 

of AAm monomers through free radical polymerization, generating chemically 

anchored polymer network onto Zn surface. 

The proposed mechanism of interactions between the TMSPMA-grafted Zn 

electrode and the hydrogel electrolyte is schematically illustrated in Fig. S10b. First, 

Zn metal plate is treated with oxygen plasma to add hydroxyl groups on its surface. 

Second, upon dissolving in water, the methoxy groups of TMSPMA hydrolyzes to form 

silanol groups. These silanol groups then condensate with the hydroxyl groups on Zn 

surface, thus forming the TMSPMA-grafted Zn metal surface. Finally, when the 

precursor solution was poured onto the TMSPMA-grafted Zn surface, the methacrylate 

groups of grafted TMSPMA can copolymerize with the acrylate groups of AAm 

monomers, thus generating the chemically anchored polymer network in situ. 

 

Fig. S11 Measurement of adhesion performance. (a) 90-degree peel test (ASTM 

D2861) for the interfacial toughness of hydrogel electrolyte/Zn hybrid. The interfacial 

toughness is determined by dividing the plateau force (Fplateau) by the adhesion width 

(W). (b) 180-degree peel test (ASTM F2256) for the interfacial toughness of hydrogel 

electrolyte/CNTs hybrid. The interfacial toughness is determined by dividing two times 

the plateau force (Fplateau) by the adhesion width (W). (c) Lap-shear test (ASTM F2255) 

for the shear strength of hydrogel electrolyte/Zn and hydrogel electrolyte/CNTs hybrids. 

The shear strength is determined by dividing the maximum force (Fmax) by the adhesion 
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area (WL). (d) Tensile test (ASTM F2258) for the tensile strength of Zn/hydrogel 

electrolyte/CNTs hybrid. The tensile strength is determined by dividing the maximum 

force (Fmax) by the adhesion area (WL). 
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Fig. S12 Adhesion test of hydrogel electrolyte/Zn hybrids with different AAm:CSA 

mass ratios. (a) Force/width versus displacement curves for 90-degree peel tests of 

various hydrogel electrolyte/Zn hybrids. (b) Shear stress versus displacement curves 

for lap-shear tests of various hydrogel electrolyte/Zn hybrids 
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Fig. S13 Adhesion test of hydrogel electrolyte/CNTs hybrids with different 

AAm:CSA mass ratios. (a) Force/width versus displacement curves for 180-degree 

peel tests of various hydrogel electrolyte/CNTs hybrids. (b) Shear stress versus 

displacement curves for lap-shear tests of various hydrogel electrolyte/CNTs hybrids 
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Fig. S14 Comparison of tensile strength for various Zn/hydrogel electrolyte/CNTs 

hybrids. Values correspond to tensile stress versus displacement curves in Fig. 2c 
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Fig. S15 Peeling simulation of hydrogels from rigid substrates. (a) Schematic of the 

finite element model. A hydrogel with rectangle shape (of length 80 mm and thickness 

2 mm) was adhered on a rigid substrate, where a partial hydrogel (of length 30 mm) 

was initially detached. The model was simplified as a plane-strain deformation. The 

elastic property and energy dissipation of the hydrogels were characterized with the 

Ogden hyperelastic material and Mullins effect, respectively. The stiff backing was 

modeled as a linear elastic material with Young’s modulus of 1.5 GPa. The adhered 

interface between the hydrogel and substrate was simulated as the cohesive element. (b) 

Experimental data for fitting the tough hydrogel model. (c) Triangular cohesive law for 

the cohesive element. The parameters of the cohesive element were fixed as maximum 

strength Smax = 500 kPa and maximum separation distance δmax = 1 mm. The cohesive 

element followed the Quads Damage 

 

Fig. S16 Simulated peeling results of various hydrogels from rigid substrates by 

finite element analysis. (a) Simulated force/width versus displacement curves of the 

tough hydrogel (top) and the pure elastic hydrogel (bottom) from rigid substrates. Γ0 

represents the energy of interfacial interactions. (b) Calculated interfacial toughness as 

a function of the energy of interfacial interactions for the tough hydrogel (red) and the 

pure elastic hydrogel (blue) 
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Fig. S17 Raman spectra of hydrogel electrolytes with different ZnCl2:LiCl 

molality ratios. (a) O–H stretching vibrations of hydrogel electrolytes with different 

ZnCl2:LiCl molality ratios from 5:0 to 5:15. (b-g) The corresponding fitted O–H 

stretching vibrations representing water molecules with strong, weak and non H-bonds. 

(h) The proportion of strong H-bound water and non H-bound water in hydrogel 

electrolytes with different ZnCl2:LiCl molality ratios. 

We conducted Raman spectroscopy tests of hydrogel electrolytes with different 

molality ratios of ZnCl2:LiCl. As shown in Fig. S17a, when the molality ratio of 

ZnCl2:LiCl increases from 5:0 to 5:15, the Raman peak in the region of 3000~3700 cm-

1 gradually shifts to high frequency, suggesting that the water molecules with strong H-

bonds are decreasing constantly in the hydrogel electrolyte [S7, S8] 

We then fitted the Raman spectra and calculated the water ratios with different H-

bound states (including strong H-bound water, weak H-bound water and Non-bound 

water) based on the area of fitted peaks (Fig. S17b-h). When the ZnCl2:LiCl molality 

ratio increases from 5:0 to 5:12, the strong H-bound water reduces rapidly but non H-

bound water increases obviously; As the ZnCl2:LiCl molality ratio further increases to 

5:15, the reduction in strong H-bound water and increase in non H-bound water remain 

stable. This result reveals that the moderate addition of LiCl into the hydrogel 

electrolyte is beneficial to breaking the H-bonds among water molecules, thus 

efficiently suppressing ice nucleation and hindering water freezing. 
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Fig. S18. MD simulations of aqueous solutions with three ZnCl2:LiCl molality 

ratios. The radical distribution function (RDF) g(r) and the coordination number 

distribution function N(r) of Zn2+–OW, Zn2+–Cl-, and Cl-–HW in aqueous solutions with 

different ZnCl2:LiCl molality ratios at (a) 5:0, (b)5:6, and (c)5:12. (d) Corresponding 

changes in coordination numbers of Zn2+–OW, Zn2+–Cl-, and Cl-–HW 
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Fig. S19. Low-temperature mechanical property of the hydrogel electrolyte. (a) 

Tensile stress versus strain curves of the hydrogel electrolyte in the temperature range 

of 25~–60 °C. (b) Change of fracture energy for the hydrogel electrolyte as the 

temperature dropping from 25 °C to −60 °C. (c) Compressive stress versus strain curves 

of the hydrogel electrolyte in the temperature range of 25~–60 °C. Force versus distance 

curves of the hydrogel electrolyte for fracture energy determination at (d) 25, (e) –20, 

(f) –40, and (g) –60 °C 
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Fig. S20 Cyclic tension behavior of the hydrogel electrolyte at low temperatures. 

(a) Optical images of the hydrogel electrolyte with a ZnCl2:LiCl ratio of 5:12 during 

tension cycles in the temperature range of 25~–60 °C. (b) Changes in maximum stress, 

plastic deformation, and resilience of the hydrogel electrolyte during 100 tension cycles 

with 100% strain at 25, −20, −40, and −60 °C 
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Fig. S21 Cyclic compression behavior of the hydrogel electrolyte at low 

temperatures. (a) Optical images of the hydrogel electrolyte with a ZnCl2:LiCl ratio 

of 5:12 during compression cycles in the temperature range of 25~–60 °C. (b) Changes 

in maximum stress, plastic deformation, and resilience of the hydrogel electrolyte 

during 100 compression cycles with 80% strain at 25, −20, −40, and −60 °C 
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Fig. S22 Tension cycle tests of the hydrogel electrolyte in the temperature range of 

25~–60 °C. Tensile stress versus strain curves of the hydrogel electrolyte with a 

ZnCl2:LiCl ratio of 5:12 under 100% tensile strain for 100 cycles at (a) 25, (b) –20, (c) 

–40, and (d) –60 °C 

 

Fig. S23 Compression cycle tests of the hydrogel electrolyte in the temperature 

range of 25~–60 °C. Compressive stress versus strain curves of the hydrogel electrolyte 

with a ZnCl2:LiCl ratio of 5:12 under 80% compressive strain for 100 cycles at (a) 25, 

(b) –20, (c) –40, and (d) –60 °C 
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Fig. S24 Differential scanning calorimetry (DSC) and dynamic mechanical 

analysis (DMA) tests of the hydrogel electrolyte. (a) The DSC curve of the hydrogel 

electrolyte from –140 to 25 °C. The glass transition temperature is about –116 °C. (b) 

The storage modulus (E’) and loss modulus (E’’) of the hydrogel electrolyte from –140 

to 20 °C 

We conducted differential scanning calorimetry (DSC) and dynamic mechanical 

analysis (DMA) tests of the hydrogel electrolyte with a critical ZnCl2:LiCl ratio of 5:12. 

The DSC curve in Fig. S24a shows that the hydrogel electrolyte has a glass transition 

temperature (Tg) of –116 °C, indicating that the hydrogel electrolyte can endure the 

lowest temperature of –116 °C. For DMA curves in Fig. S24b, when the temperature 

increases from –120 °C to –60 °C, the storage modulus (E’) and loss modulus (E’’) of 

the hydrogel electrolyte decrease abruptly, suggesting that the hydrogel electrolyte 

experiences a phase transition from frozen state to unfrozen state. Meanwhile, the E’ 

maintains constant (~105 Pa) above the temperature of ~–60 °C, revealing that the 

hydrogel electrolyte presents mechanical stability and elasticity in the temperature 

range of 25~−60 °C. These results are consistent with low-temperature mechanical tests 

results of the hydrogel electrolyte. Therefore, the thermodynamics analysis strongly 

confirms that the hydrogel electrolyte shows a phase transition around –116 °C, and is 

able to maintain mechanical stability above −60 °C. 

 

Fig. S25 Ionic conductivities of hydrogel electrolytes with and without CSA in the 

temperature range of 25~–80 °C. To investigate the effect of hydrated CSA crystals 

on ions transport in the hydrogel electrolyte, we compared the ionic conductivities 

between the hydrogel electrolytes with and without CSA in the temperature range of 
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25~–80 °C. Clearly, the introduction of CSA into the hydrogel electrolytes results in a 

slight decrease in the ionic conductivity. One possible explanation is that the addition 

of CSA could partially impedes the ions transport in the hydrogel electrolyte, due to the 

fact that the inorganic phase of hydrated CSA crystals is filled in the continuous phase 

of PAAm porous polymer network, thus reducing the porous channels for ions transport.  

However, we notice that changes in the ionic conductivities of the hydrogel 

electrolytes with and without CSA exhibit a similar trend as the temperature drops from 

25 to –80 °C, indicating that the addition of CSA has no negative effect on ions transport 

at low temperatures. Considering that the incorporation of hydrated CSA nanocrystals 

plays a vital role in stiffening and strengthening the polymer skeleton at low 

temperatures, it is necessary to adding moderate content of CSA in the hydrogel 

electrolyte. 

 

Fig. S26 Flame retardancy of the hydrogel electrolyte. Optical images of 

flammability test for the hydrogel electrolyte 
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Fig. S27 Low-temperature adhesion performance of the Zn/hydrogel 

electrolyte/CNTs. Changes of interfacial toughness and shear strength for the 

Zn/hydrogel electrolyte/CNTs with the temperature dropping from 25 °C to –60 °C 
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Fig. S28 Voltage profiles of the symmetric Zn||Zn cells. (a) Zn plating/stripping tests 

of the Zn||Zn cells assembled with different ways. (b) SEM images of the Zn anodes 

surface assembled with ex situ adhesion and in situ adhesion. (c) Cycling performance 

of the Zn||Zn cell with in situ adhesion at 25 °C. (d) Zn plating/stripping test of the 

Zn||Zn cell with in situ adhesion at 25~–60 °C. The inset is the corresponding 

overpotential at each temperature. (e) Linear sweep voltammetry (LSV) curve of the 

hydrogel electrolyte in Zn||Pt cell at a scan rate of 1 mV s-1 

Compared with the Zn||Zn cell with ex situ adhesion, the Zn||Zn cell with in situ 

adhesion shows obviously lower overpotential (Fig. S28a), which indicates that the 

robust interfacial contact formed by in situ adhesion of hydrogel electrolyte can 

effectively reduce the interfacial resistance and generate a uniform Zn-ion flux. 

Meanwhile, the morphologies of the Zn metal anodes with ex situ adhesion and in situ 

adhesion were compared after 10 plating/stripping cycles at 0.2 mA cm-2. As seen in 

Fig. S28b, the Zn anode with ex situ adhesion shows protruding dendrites on the surface. 

In contrast, the Zn anode with in situ adhesion exhibits a much smoother and flatter 

surface. This result confirms that the well-adhered interface formed by in situ adhesion 

is more beneficial to the stable Zn plating and stripping. Also, the symmetric Zn cell 

with in situ adhesion demonstrates excellent stability and cyclability, maintaining a low 

overpotential of below 26 mV over 40 plating/stripping cycles (Fig. S28c). At the same 

time, the cycled Zn anode still keeps smooth on the surface, showing a dendrite-free 

morphology after 40 cycles (Fig. S28b). 

Furthermore, we tested the symmetric Zn cell with in situ adhesion in the 

temperature of 25~−60 °C (Fig. S28d). When the temperature drops from 25 °C to 

−60 °C, even though the symmetric cell shows increased overpotential due to the 

reduced ionic conductivity and sluggish Zn plating/stripping kinetics at lower 

temperatures, it remains working even at −60 °C. 

In addition, the electrochemical stability window of the hydrogel electrolyte was 

measured by linear sweep voltammetry (LSV) in Zn||Pt cell, showing an oxidation wave 

over 1.8 V (Fig. S28e). This enhancement of oxidative stability is attributed to the 

cooperative solvation of ZnCl2 and LiCl, resulting in the scarcity of free water 

molecules and suppression of water decomposition. 
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These results suggest that the hydrogel electrolyte with strong adhesion and high 

anti-freezing properties favors Zn reversibility and compatibility, enabling stable Zn 

plating/stripping cycles across a temperature range of 25 °C to −60 °C. 
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Fig. S29 Capacity changes of the Zn||CNTs hybrid capacitor in the temperature 

range of 25~–60 °C. (a) Discharge capacities of the hybrid capacitor with the current 

density of 0.1 A g-1 at temperatures dropping from 25 to –60 °C. (b) The corresponding 

capacity retention at different temperatures 

 

Fig. S30 CV tests of the Zn|hydrogel electrolyte|CNTs hybrid capacitor at different 

temperatures. CV curves of the Zn||CNTs hybrid capacitor in the scan rates of 0.4~1.0 

mV s-1 at (a) 25, (b) –20, and (c) –60 °C. The CV results show quasi-rectangular shapes 

in the temperature range of 25~–60 °C, indicating the stable and reversible capacitive 

performance of the hybrid capacitor at low temperatures 
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Fig. S31 Electrochemical impedance analysis of the Zn||CNTs hybrid capacitor in 

the temperature range of 25~–60 °C. (a) Comparison of internal resistance (Rs) and 

charge-transfer resistance (Rct) of the hybrid capacitor at different temperatures. Values 

are obtained by fitting the EIS plots in Fig. 4c. (b) Linear fitting between log (1/Rct) 

and 1000/T. The linear fitting indicates that the electrode/electrolyte interface of hybrid 

capacitor is well maintained at low temperatures. (c) Linear fitting between the real 

impedance (Z') and the inverse square root of angular frequency (ω1/2, ω=2πf) at 

different temperatures. (d) Warburg factors (σw) at different temperatures. Values of σw 

correspond to the slope of fitted lines in (c). (e) Linear fitting between log (DZn2+) and 

1000/T. The diffusion coefficients of Zn2+ (DZn2+) at different temperatures are 

calculated based on the Warburg diffusion area. The linear relationship between log 

(DZn2+) and 1000/T obeys Arrhenius law, reflecting an efficient Zn2+ diffusion in the 

electrode at low temperatures between 25 and –60 °C 
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Fig. S32 Electrochemical impedance analysis of the Zn||CNTs hybrid capacitor 

with ex situ adhesion in the temperature range of 25~–60 °C. (a) Temperature-

dependent Nyquist plots of the hybrid capacitor with ex situ adhesion. The solid lines 

correspond to the fitting equivalent circuits. (b) Comparison of internal resistance (Rs) 

and charge-transfer resistance (Rct) of the hybrid capacitors with in situ adhesion and 

ex situ adhesion at different temperatures 

We assembled another type of Zn||CNTs hybrid capacitor by directly stacking the 

hydrogel electrolyte between Zn and CNTs electrodes (defining as ‘the Zn||CNTs 

hybrid capacitor with ex situ adhesion’), to be compared with the Zn||CNTs hybrid 

capacitor with in situ adhesion. The temperature-dependent Nyquist plots and the fitting 

equivalent circuit results are shown in Fig. S32a,b. We compare the fitting results 

between the Zn||CNTs hybrid capacitors with ex situ adhesion and in situ adhesion, as 

shown in Table S6. 

Apparently, when the temperature drops from 25 to –60 °C, the internal resistance 

(Rs) of the hybrid capacitor with ex situ adhesion presents almost same value as that of 

the hybrid capacitor with in situ adhesion, which indicates that the anti-freezing 

hydrogel electrolyte contributes to ions transport at low temperatures. In contrast, the 

charge-transfer resistance (Rct) of the hybrid capacitor with ex situ adhesion is more 

than twice as that of the hybrid capacitor with in situ adhesion at each temperature. This 

significant growth means that the charge transfer is impeded at the interface formed by 

ex situ adhesion, which could be attributed to a weaker interfacial contact between 

hydrogel electrolyte and electrode. Moreover, Nyquist plot of the hybrid capacitor with 

ex situ adhesion exhibits a larger slope at each temperature, indicating that the ions 

diffusion in the electrode could also be affected by the weak interfacial contact formed 

by ex situ adhesion. 

Therefore, EIS results suggest that compared with the weak interface formed by 

ex situ adhesion, the robust interface formed by in situ adhesion significantly facilitates 

efficient charge transfer at the interface and ions diffusion in the electrode at low 

temperatures, which is beneficial to improving the electrochemical performance of the 

hybrid capacitor across a temperature range of 25~–60 °C. 
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Fig. S33 Cycling life tests for the Zn||CNTs hybrid capacitor at different 

temperatures. Charge/discharge curves of the hybrid capacitor over 10,000 

charge/discharge cycles at (a) 25 °C and (b) –60 °C with 200 mA g-1 
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Fig. S34 Cyclic tension tests for the Zn||CNTs hybrid capacitor at 20% strain. 

Force and strain versus time curves of the hybrid capacitor for 1000 tension cycles at 

(a) 25, (b) –20, (c) –40, and (d) –60 °C, respectively. (e) Force versus strain curves of 

the hybrid capacitor under 20% strain for 1000 tension cycles at 25, –20, –40, and –

60 °C  
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Fig. S35 Mechanical and capacitive behavior of the Zn||CNTs hybrid capacitor 

under tension cycles of 30% strain in the temperature range of 25~–60 °C. (a) 

Force versus strain curves of the hybrid capacitor under 30% strain for 1000 tension 

cycles at 25, –20, –40, and –60 °C. (b) Charge/discharge traces of the hybrid capacitor 

undergoing 1000 tension cycles of 30% strain at different temperatures. (c) 

Corresponding changes in discharge capacities of the hybrid capacitor during cyclic 

tension at different temperatures. The hybrid capacitor shows slight capacity 

degradation of less than 7.7% over 1000 tension cycles in the temperature of 25~–60 °C, 

achieving stable operation during dynamic deformations at low temperatures. 

 

Fig. S36 Cyclic tension tests for the Zn||CNTs hybrid at 30% strain. Force and strain 

versus time curves of the hybrid capacitor for 1000 tension cycles at (a) 25, (b) –20, (c) 

–40, and (d) –60 °C 
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Fig. S37 High-temperature electrochemical performance of the Zn|hydrogel 

electrolyte|CNTs hybrid capacitor. (a) Charge/discharge curves of the Zn||CNTs 

hybrid capacitor in the temperature range of 25~60 °C. Charge/discharge curves of the 

Zn||CNTs hybrid capacitor with different current densities of 0.5~10 A g-1 at (b) 40 °C 

and (c) 60 °C. CV curves of the hybrid capacitor in the scan rates of 10~50 mV s-1 at 

(d) 25 °C, (e) 40 °C and (f) 60 °C 

To investigate the high-temperature electrochemical performance of the 

Zn|hydrogel electrolyte|CNTs hybrid capacitor, we performed electrochemical tests of 

the Zn||CNTs hybrid capacitor in the temperature range of 25~60 °C. As shown in Fig. 

S37a, when the temperature rises from 25 °C to 60 °C, the Zn||CNTs hybrid capacitor 

delivers the discharge capacity of 79, 84, and 89 mAh g-1 with the current density of 1 

A g-1 at 25, 40 and 60 °C, demonstrating slight capacity growth at high temperatures.  

Meanwhile, the GCD curves with different current densities of 0.5~10 A g-1 show 

symmetric triangular shapes at both 40 °C and 60 °C (Fig. S37b,c), revealing stable 

capacity output and satisfying rate capability at high temperatures. Similarly, the CV 

curves in the scan rates of 10~50 mV s-1 maintain quasi-rectangular shapes at 25~60 °C 

(Fig. S37d-f), indicating the excellent reversible capacitive behavior at high 

temperatures.  

Combining the impressive low-temperature capacitive performance we have 

discussed, the Zn||CNTs hybrid capacitor based on the hydrogel electrolyte achieves 

distinguished wide-temperature adaptability, operating stably across a wide 

temperature range of –60 to +60 °C. 
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Fig. S38 Fabrication process of the Zn|hydrogel electrolyte|CNTs pouch-type cell. 

The image of the as-prepared Zn||CNTs pouch-type cell is presented in Fig. S38a. First, 

the silanized Zn plate with length 65 mm and width 47 mm is designed as the negative 

electrode, and the CNTs paper loaded on the carbon cloth with length 64 mm and width 

46 mm is served as the positive electrode (Fig. S38b). Afterwards, the precursor 

solution of the hydrogel electrolyte is in situ polymerized onto the Zn and CNTs 

electrodes to form the Zn|hydrogel electrolyte|CNTs stack. Finally, this entire stack is 

sealed with aluminum-plastic film, thus obtaining the Zn||CNTs pouch-type cell (Fig. 

S38c) 

 

Fig. S39 Self-discharge behavior of the Zn|hydrogel electrolyte|CNTs pouch-type 

cell in the temperature range of 25~–60 °C. (a) Voltage versus time curves of the 

pouch cell with a current density of 100 mA g-1 at 25, –20, –40, and –60 °C. (b) 

Charge/discharge curves after self-discharging for 24 hours at different temperatures. 

The pouch cell remains ~88%, ~91%, ~89%, and ~77% of the initial capacity after 

resting 24 hours at 25, –20, –40, and –60 °C, respectively, exhibiting high capacity 

retentions at low temperatures 
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Fig. S40 Demonstration of the Zn|hydrogel electrolyte|CNTs pouch-type cell 

providing power in harsh conditions. The pouch cell can function well at (i) –60 °C, 

and (ii) under successive compression at –60 °C 

Table S1 Ionic conductivities of hydrogel electrolytes with different ZnCl2:LiCl 

molality ratios in the temperature range of 25~–80 °C 

Temperature 

(°C ) 

Ionic conductivities (mS cm-1) 

5:0 5:3 5:6 5:9 5:12 5:15 

25 17.73 27.07 37.95 37.82 48.38 33.34 

0 9.17 14.17 29.32 31.35 37.49 21.60 

–10 4.79 8.56 14.06 14.99 20.61 12.88 

–20 3.71 5.82 8.29 9.45 12.67 10.70 

–30 1.95 3.53 5.80 6.72 7.73 5.23 

–40 5.23×10-1 1.87 2.96 3.81 4.25 3.17 

–60 1.51×10-2 2.93×10-1 5.47×10-1 9.16×10-1 1.03 7.39×10-1 

–80 7.97×10-5 1.36×10-2 6.61×10-2 7.61×10-2 1.18×10-1 5.73×10-2 
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Table S2 Activation energies of ionic conduction in hydrogel electrolytes with different 

ZnCl2:LiCl molality ratios at various temperature stages 

Hydrogel electrolyte 
Activation energy (eV) 

Stage I (25~–20 °C) Stage II (–30~–80 °C) 

ZnCl2:LiCl=5:0 0.285 0.840 

ZnCl2:LiCl=5:3 0.280 0.471 

ZnCl2:LiCl=5:6 0.272 0.382 

ZnCl2:LiCl=5:9 0.253 0.381 

ZnCl2:LiCl=5:12 0.241 0.357 

ZnCl2:LiCl=5:15 0.214 0.385 

Table S3 Comparison of the anti-freezing property of our hydrogel electrolyte with 

previously-reported anti-freezing hydrogel electrolytes, in terms of conductivity and 

mechanical cyclability 

Type Hydrogel electrolyte 
Tension cycles (strain) 

(at temperature) 

Maximum 

Stress 

remaining 

Conductivity 

(mS cm-1) 

Salty-

dissolved  

hydrogel 

Chitosan-PAAm/H3PO4 

hydrogel [S9] 

10 (1000%) 

(25°C) 
~88% ~12.6 (–60°C) 

CG/PAAm-Li/K hydrogel 

[S10] 

10 (300%) 

(–40°C) 
~78% 19 (–40°C) 

10 (300%) 

(25°C) 
~73% 87 (25°C) 

CNF-Gelatin-Betaine-PAAm 

hydrogel [S11] 

10 (70%) 

(–40°C) 
~58% 12.4 (–40°C) 

10 (70%) 

(25°C) 
~83% 15 (25°C) 

PHEAA/SF-LiCl hydrogel 

[S12] 

20 (200%) 

(–30°C) 
~81% 4.4 (25°C) 

PVA/LiCl hydrogel [S13] 
10 (200%) 

(25°C) 
~80% 

~112 (25°C) 

~40 (–40°C) 

CS-P(AM-co-AA)/FeCl3 

hydrogel [S14] 

1000 (100%) 

(25°C) 
~65% 0.1 (–20°C) 

PANI/CS-PAAm 

Hydrogel [S15] 

1000 (50%) 

(25°C) 
~100% ~1 (–30°C) 

PVA/ Fe2(SO4)3 

Hydrogel [S16] 

50 (200%) 

(25°C) 
~80% 6 (25°C) 

CS-PHEAA  

Hydrogel [S17] 

60 (200%) 

(–60°C) 
~74% 1 (25°C) 

G-CyBA/PAAm 

SP-KOH hydrogel [S18] 

10 (500%) 

(25°C) 
~38% 63.2 (–80°C) 

Organic 

hydrogel 

PBA/CPA/Gly hydrogel [S19] 
20 (500 %) 

(25°C) 
~100% 0.29 (–40°C) 

PMZn-GL hydrogel [S20] 
5 (60%) 

(25°C) 
~94% 0.56 (25°C) 
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P(AAm/AMPS)-AFPS 

hydrogel [S21] 

10 (500%) 

(25°C) 
~92% 7 (–10°C) 

XG-Fe3+/PAAm-Gl hydrogel 

[S22] 

1000 (100%) 

(25°C) 
~55% 5.1 (25°C) 

This work 
PAAm-CSA/ZnCl2-LiCl 

hydrogel 

100 (100%) 

(25°C) 
90.89% 48.38 (25°C) 

100 (100%) 

(–20°C) 
78.43% 12.61 (–20°C) 

100 (100%) 

(–40°C) 
73.01% 4.25 (–40°C) 

100 (100%) 

(–60°C) 
69.05% 1.03 (–60°C) 

Table S4 Comparison of the low-temperature adhesion performance of our hydrogel 

electrolyte with previously-reported anti-freezing hydrogels 

Type Hydrogel 
Freezing tolerance 

(°C) 

Shear strength 

(kPa) 

Salty-

dissolved  

hydrogel 

PHEAA-SF/LiCl hydrogel [S12] −30 45.3 (25°C) 

PEG/NaCl hydrogel [S23] −80 61 (25°C) 

PVA-PAM-MXene/CaCl2  

Hydrogel [S24] 
−50 12 (25°C) 

PVA/LiCl hydrogel [S13] −40 
25 (25°C) 

190 (−40°C) 

TC-PSA/ZnCl2 hydrogel [S25] −60 
31.5 (25°C) 

98 (−60°C) 

CNF-PAA/ZnSO4 

Hydrogel [S26] 
−40 

25.5 (25°C) 

111 (−40°C) 

Organic 

hydrogel 

Gluten-based hydrogel [S27] −20 
35.4 (25°C) 

32 (−20°C) 

Poly(AAm-co-APMA)/GO-Gly 

hydrogel [S28] 
−20 277.3 (−20°C) 

AU/PAA hydrogel [S29] −20 
8 (25°C) 

6 (−20°C) 

PVA-P(AM-co-SBMA)/CaCl2 

hydrogel [S30] 
−40 

12.3 (25°C) 

30.3 (−40°C) 

PDA/CNTs/GW hydrogel [S31] −20 
57 (25°C) 

67.5 (−20°C) 

Dopamine/PSBMA hydrogel [S32] 0 20.4 (25°C) 

KOH-filled SP-DN hydrogel [S33] -50 
1.3 (25°C) 

1.6 (–40°C) 

PAM-EG/W/H2SO4 hydrogel [S34] −30 10.5 (25°C) 

Zwitterionic 

hydrogel 
PBA/CPA/Gly hydrogel [S19] −40 

11.5 (25°C) 

24 (−40°C) 
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SA-PAAm-SBMA/Zn(CF3SO3)2 

hydrogel [S35] 
−20 4.1 (25°C) 

P(AM-co-SBMA)-Zn(OTf)2 hydrogel 

[S36] 
25 19 (25°C) 

This work PAAm-CSA/ZnCl2-LiCl hydrogel 

25 73.88 (25°C) 

–20 103.38 (−20°C) 

–40 236.17 (−40°C) 

–60 347.39 (−60°C) 

Table S5 Fitting equivalent circuit results of the Zn||CNTs hybrid capacitor in the 

temperature range of 25~–60 °C 

Temperature (°C) Equivalent circuit Rs (Ω) Rct (Ω) DZn2+ (cm−2 s-1) 

25 

 

2.78 25.21 4.06×10-14 

0 3.75 62.56 1.10×10-14 

–10 4.20 95.66 4.05×10-15 

–20 4.63 135.20 1.95×10-15 

–30 7.15 205.90 4.79×10-16 

–40 11.26 270.20 1.31×10-16 

–50 31.04 314.52 4.58×10-17 

–60 71.08 392.60 3.92×10-18 

Table S6 Comparison of fitting equivalent circuit results between the Zn||CNTs with 

ex situ adhesion and in situ adhesion in the temperature range of 25~–60 °C 

Zn||CNTs hybrid 

capacitor  
Equivalent circuit 

Temperature 

(°C) 
Rs (Ω) Rct (Ω) 

Zn||CNTs with  

ex situ adhesion 

 

25 2.91 85.98 

–20 5.26 310.40 

–40 12.10 592.36 

–60 75.88 845.60 

Zn||CNTs with  

in situ adhesion 

25 2.78 25.21 

–20 4.63 135.20 

–40 11.26 270.20 

–60 71.08 392.60 
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Table S7 Summary of specific capacitances, energy densities and power densities of 

the Zn||CNTs hybrid capacitor in the temperature range of 25~–80 °C 

Temperature 

(°C) 

Current density 

(A g-1) 

Capacity 

(mAh g-1) 
Capacitance 

(F g-1) 

Energy density 

(Wh kg-1) 

Power density 

(W kg-1) 

25 

5 23.30 69.89 15.10 41801.89 
2 43.01 129.03 42.42 25454.60 

1 52.69 158.06 59.16 14488.38 

0.5 62.19 186.56 74.94 7773.90 

0.2 72.62 217.85 91.68 3258.94 

0.1 80.65 241.94 103.90 1662.76 

0 

5 12.54 37.63 5.41 27803.13 
2 33.69 101.08 29.28 22423.87 

1 44.09 132.26 46.20 13522.00 

0.5 52.87 158.60 61.40 7492.92 

0.2 62.37 187.10 77.46 3205.93 

0.1 68.81 206.44 87.66 1644.03 

–10 

5 8.96 26.88 3.25 23419.52 
2 28.67 86.02 23.51 21159.54 

1 38.35 115.05 38.57 12978.35 

0.5 46.24 138.71 52.40 7311.74 

0.2 56.27 168.82 69.24 3176.29 

0.1 59.96 179.89 75.68 1628.89 

–20 

2 23.66 70.97 17.59 19189.38 
1 33.69 101.08 32.25 12350.98 

0.5 41.76 125.27 45.81 7076.88 

0.2 50.97 152.90 61.67 3122.93 

0.1 54.44 163.33 67.91 1609.84 

–30 

2 13.62 40.86 7.07 13397.09 
1 25.81 77.42 21.05 10525.59 

0.5 34.41 103.23 34.32 6434.73 

0.2 42.72 128.17 48.94 2956.08 

0.1 50.65 151.94 62.33 1588.53 

–40 

1 16.13 48.39 9.80 7840.31 
0.5 26.88 80.64 23.47 5633.92 

0.2 37.78 113.33 41.32 2822.48 

0.1 41.50 124.51 48.42 1505.69 

–50 

0.5 12.02 36.07 6.77 2512.10 
0.2 23.01 69.03 20.62 1599.49 

0.1 30.54 91.61 33.27 1033.64 

0.05 34.52 103.55 40.77 527.17 

0.02 38.74 116.21 49.19 226.41 

–60 

0.2 12.69 38.06 7.70 1026.67 
0.1 19.53 58.60 16.04 723.57 

0.05 25.79 77.38 27.97 483.91 

0.02 31.48 94.44 38.61 218.74 

–70 

0.05 12.98 38.93 8.42 289.52 

0.02 21.74 65.82 22.25 180.84 

0.01 27.67 83.02 32.20 104.02 

0.0075 30.00 90.00 36.88 82.51 

0.005 32.02 96.07 40.68 56.92 

–80 
0.01 11.07 33.22 7.69 61.93 

0.0075 14.57 43.71 11.97 54.91 

0.005 19.19 57.56 17.71 41.34 

 

https://springer.com/journal/40820


Nano-Micro Letters 

S34/S44 

 

Table S8 Comparison of electrochemical performance of our hybrid capacitor with previously-reported low-temperature aqueous-based energy storage devices 

Type Device configuration 

(negative electrode|| 

positive electrode) 

Electrolyte Freezing 

tolerance 
Cycle life Max. energy (Wh kg-1) 

@ power (W kg-1) 

Energy (Wh kg-1) @ 

max. power (W kg-1) 

Capacity retention 

under deformation 

Symmetrical 

supercapacitor 

CNT||CNT[37] 
PVA/H2O/EG/LiCl

organohydrogel 
–40 °C 

88.3% over 

5000 cycles at 

–20 °C 

— — 

90.1% under 1000 

180°-bending cycles at 

25 °C 

AC||AC[38] 
PAMPS-

PAAm/EG/LiCl 

hydrogel 

–20 °C 
97.9% over 

10,000 cycles 

at –20 °C 

6@999 (–20 °C) — 

Stable under 100 kg-

crushing or different 

bending angles at 25 °C 

PANI/carbon cloth|| 

PANI/carbon 

cloth[39] 

PVA-

PAAm/H2SO4 

hydrogel 

–40 °C — 16@1433 (25 °C) — 
86.5% under 4,000 180°-

bending cycles at –30 °C 

CNT||CNT[40] SF/EMImAc/H2O/

KCl hydrogel 

–50 °C 99.3% over 

1000 cycles at 

–50 °C 

— — 
Stable under knotting 

state at –50 °C 

Graphene||graphene 

[41] 

MMT/PVA/DSMO

/H2SO4 hydrogel 

–50 °C 95% over 

10,000 cycles 

at 25 °C 

— — 
91% under 1000 bending 

cycles at 25 °C 

AC||AC[9] 
Chitosan-

PAAm/H3PO4 

hydrogel 

–60 °C 
97.5% over 

10,000 cycles 

at 25 °C 

15@50 (25 °C) 8@2311 (25 °C) 

Stable under 1000 180°-

bending or compression 

cycles at 25 °C 

AC||AC[42] EGINA-PVA-

PHEAA/LiCl 

hydrogel 

–20 °C 56.3% over 

2000 cycles at 

–20 °C 

— — — 
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AC||AC[43] Poly(SBMA-co-

HEA)/LiCl 

hydrogel 

–30 °C 71% over 

10,000 cycles 

at –30 °C 

— — 
78.5% under 500 twisting 

cycles at 25 °C 

AC||AC[44] Poly(HFBA-co-

HEMA)/LiTFSI 

gel 

–20 °C 76% over 

8000 cycles at 

–20 °C 

— — 
100% under 500 180°-

bending cycles at 25 °C 

MWCNT/RGO|| 

MWCNT/RGO[45] 

PC-PMMA/ 

[BMIM][TFSI] gel 

–30 °C 
95.2% over 

5000 cycles at 

–30 °C 

4 μWh cm-2@12 μW 

cm-2 (25 °C) 

4 μWh cm-2@12 μW 

cm-2 (–30 °C) 

2 μWh cm-2@800 μW 

cm-2 (25 °C) 

0.2 μWh cm-2@400 

μW cm-2 (–30 °C) 

97.6% under 1000 30% 

tension cycles at 25 °C 

AC||AC[46] Poly(AAm-

SBMA)/EG/H2SO4 

hydrogel 

–70 °C 81.5% over 

10,000 cycles 

at –50 °C 

— — — 

Zn-ion battery 

Zn||NiCo[47] PANa/Zn(CH3COO)2 

hydrogel 

–20 °C 87% over 

10,000 cycles 

at –20 °C 

172 (–20 °C) 6800 (–20 °C) 
97.3% under different 

bending angles from 30° 

to 180° at 25 °C 

Zn||MnO2-CNT[48] EG-waPUA-

PAAm/ZnSO4-MnSO4 

hydrogel 

–20 °C 74.54% over 

600 cycles at 

–20 °C 

350@650 (25 °C) 

210@820 (–20 °C) 

210@2100 (25 °C) 

150@1800 (–20 °C) 

Stable under bending, 

compression, or 

hammering at –20 °C 

Zn||NH4V3O8[49] Xanthan gum/ZnCl2 

gel 

–20 °C 83% over 450 

cycles at 

–20 °C 

— — 
Stable under 90° and 

180°-bending cycles at  

–20 °C 

Zn||PANI[50] ZnCl2 aqueous 

solution 

–90 °C ~100% over 

2000 cycles at 

–70 °C 

98 (25 °C) 

43 (–70 °C) 

— — 

Zn||PANI-V2O5[51] Water/EG/ZnSO4 

solution 

–40 °C Stable over 

250 cycles at 

–20 °C 

121 (–20 °C) 1700 (–20 °C) — 
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Zn||LiFePO4[52] PAAm/ZnSO4-LiCl 

hydrogel 

–20 °C ~100% over 

500 cycles at 

–20 °C 

— — 
>80% under 400 bending 

cycles at –20 °C 

Zn||MnO2[53] 

Guar gum-

alginate/EG/ZnSO4-

MnSO4 hydrogel 

–20 °C 

80.39% over 

100 cycles at 

–20 °C 

432@208 (25 °C) 

234@133 (–20 °C) 

111@7430 (25 °C) 

141@665 (–20 °C) 

97.58% under bending 

state at –20 °C 

Zn||V2O5[54] 
Zn(CF3SO3)2 aqueous 

solution 
–30 °C 

81.7% over 

1000 cycles at 

–30 °C 

— — — 

Zn||MnHCF[55] 
PVHF/MXene-g-

PMA polymer 
–35 °C 

Stable over 

90 days at 

–15 °C 

— — — 

Zn||E-Bi2Se3[56] 
HC-

EGPAm/Zn(TFSI)2 

hydrogel 

–40 °C 
94.6% over 

2000 cycles at 

0 °C 

400@390(25 °C) 

441@683 (–20 °C) 

200@3800 (25 °C) 

210@4000 (–20 °C) 
— 

Zn-ion hybrid 

capacitor 

Zn||AC[57] 
Cellulose/ZnCl2 

Hydrogel 

–20 °C 
94.7% over 

5000 cycles at 

25 °C 

192@499 (25 °C) 58@16976 (25 °C) 
Stable under 500 bending 

cycles at 25 °C 

Zn||porous carbon[58] 
PVA/Zn(CF3SO3)2 

hydrogel 
–15 °C 

~74% over 

10,000 cycles 

at –15 °C 

147@136 (25 °C) 65@15700 (25 °C) 
Stable under different 

bending states at 25 °C 

Zn||N-doped AC[51] 
Water/EG/ZnSO4 

solution 
–40 °C 

Stable over 

5000 cycles at 

–20 °C 

80@85 (25 °C) 

36@80 (–20 °C) 

45@17000 (25 °C) 

20@3100 (–20 °C) 
— 

Zn||AC[59] 
Water/EG/ZnSO4 

solution 

–40 °C 
97.8% over 

1000 cycles at 

–20 °C 

— — — 
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Zn||AC[60] Zn(ClO4)2 salty ice –60 °C 

Operating 

over 280 days 

at –30 °C 

40.55 (–60 °C) — — 

Zn||porous carbon[61] 
PAAm/ZnCl2 

Hydrogel 
–20 °C 

92.9% over 

40,000 cycles 

at –20 °C 

217@450 (25 °C) 65@18000 (25 °C) 
Stable under 400 bending 

cycles at 25 °C 

Zn||graphene[62] PVA/EG/Zn(Tf)2 gel –20 °C 
Stable over 

30,000 cycles 

at –20 °C 

137@200 (25 °C) 

158@237 (–20 °C) 
57@94000 (25 °C) 

91.8% under 300 bending 

cycles at 25 °C 

Zn||AC[25] 
TC-P(SBMA-co-

AA)/ZnCl2 hydrogel 
–60 °C 

84.6% over 

100,000 

cycles at    

–40 °C 

253@690 (25 °C) 

81@720 (–40 °C) 

176@27500 (25 °C) 

40@27800 (–40 °C) 

88% under 100 bending 

cycles at –40 °C 

Zn/Li hybrid 

capacitor 
Zn||CNTs this work 

PAAm-CSA/ZnCl2-

LiCl hydrogel 
–60 °C 

98.7% over 

10,000 cycles 

at –60 °C 

104@1663 (25 °C) 

39@219 (–60 °C) 

15@41802 (25 °C) 

8@1027 (–60 °C) 

>90% under 1000 

20% tension cycles at  

25~–60 °C; 

>84% under 1000 

30% tension cycles at  

25~–60 °C 
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Description of Supporting Movies 

Movie S1: Demonstration for adhesion tests of the hydrogel electrolyte/Zn hybrids, 

hydrogel electrolyte/CNTs hybrids, and Zn/hydrogel electrolyte/CNTs hybrids. First 

column: 90-degree peel tests of various hydrogel electrolyte/Zn hybrids with different 

AAm:CSA mass ratios. Second column: 180-degree peel tests of various hydrogel 

electrolyte/CNTs hybrids with different AAm:CSA mass ratios. Third column: tensile 

tests of various Zn/hydrogel electrolyte/CNTs hybrids with different AAm:CSA mass 

ratios. 

Movie S2: Simulated peeling processes of the tough hydrogel and the pure elastic 

hydrogel from rigid substrates. 

Movie S3: Demonstration for testing processes of mechanical and capacitive behaviors 

of the Zn||CNTs hybrid capacitor under 20% and 30% cyclic tensions at 25 °C and –

60 °C. 

Movie S4: Working performance of the Zn||CNTs pouch-type cells at 25 and –60 °C. 

When the environmental temperature drops from 25 to –60 °C, the pouch cell is able to 

continue powering an electronic watch, and the five pouch cells in series enable a flash 

lamp to work well. 

Movie S5: Demonstration for the Zn||CNTs pouch-type cells providing power at harsh 

conditions. Both a pouch cell and five pouch cells in series can function well under 

successive compressions at –60 °C. When being punctured and cut, the pouch cell can 

still power an electronic watch. 
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