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Abstract

Ionically-conductive and stretchable hydrogels are ideally suited for the synthesis of flexible 

electronic devices. However, conventional hydrogels undergo dehydration at ambient conditions and 

freeze at subzero temperatures, limiting their functions. As an alternative to counteract these 

limitations, we propose double network hydrogels that are easily synthesized by a one-step 

acrylamide (AM) polymerization in the presence of cellulose nanofibrils (CNF) and LiCl. Following 

molecular dynamics simulation, thermogravimetric and spectroscopic (Raman and low-field nuclear 

magnetic resonance) analyses, we show that LiCl increases the interactions between the colloidal 

phase and water molecules, ensuring water holding capability at atmospheric conditions and 

endowing the hydrogels with freezing tolerance over a wide range of temperatures, from -80 to 25 °C. 

The synergy between CNF and LiCl is critical in maintaining the mechanical strength of the system, 

which simultaneously displays high stretchability (~748 %) and ionic conductivity (2.25 S/m) at low 
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temperatures (-40 °C). As a proof of concept, a flexible supercapacitor comprising the proposed 

electrolyte hydrogel is demonstrated as a reliable, low-temperature electrochemical device. Our 

results provide the basis for simple and universally applicable systems that fulfill the requirements of 

flexible electronics under extreme cold conditions.

Keywords: electrolyte hydrogels, cellulose nanofibrils, LiCl, anti-freezing, anti-dehydration.

Introduction

Conductive electrolyte hydrogels composed by cross-linked polymer networks [1] are emerging 

candidates in the electronic devices, such as touch panels [2, 3], energy storage units [4], implantable 

bioelectronics [5] and sensors [6, 7]. However, conventional hydrogels inevitably face the challenge 

of long-term use at ambient and extremely low temperatures. In the latter case, hydrogels tend to 

freeze once the temperature drops below the freezing point of the main component, water. Moreover, 

in such conditions, the frozen hydrogels lose their original properties, including elasticity and 

conductivity, which severely restrict any practical application in cold environments (seasonal low 

temperatures or high altitudes). Moreover, even at ambient temperature, typical hydrogels dehydrate 

rather quickly, producing hardening and deformation and, hence, they fail to preserve any property 

in the short or long term.

Freezing and dehydration tolerance is found in organohydrogels, which combine an organic 

solvent with a polymeric network. Such materials can be prepared either by directly submerging 

hydrogels in organic solvents or by in situ polymerization in a binary water/organic solvent system. 

The organic solvents, such as ethylene glycol [8-16], glycerol [17-24], and sorbitol [25], interact with 

water via strong hydrogen bonding, thus efficiently inhibiting ice formation and preventing water 

evaporation over a broad range of temperatures. However, organohydrogels usually require a well-

designed polymerization step [26] and suffer from limited conductivity at low temperature [27]. To 

overcome these issues, an alternative strategy relies on the addition of electrolytes at high-
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concentrations [27-40]. Unfortunately, as a consequence of salting-out effects, excess inorganic ions 

may damage the hydrogel’s 3D network, thereby sacrificing its mechanical properties [40]. Therefore, 

a prevalent challenge is the construction of hydrogels with freezing and dehydration tolerance 

together with suitable conductivity and mechanical performance.

Herein, we report a facile strategy for generating stretchable and conductive hydrogels with 

tolerance to freezing and dehydration. These hydrogels rely on one-step random polymerization of 

acrylamide (AM) monomers into polyacrylamide (PAM) in the presence of cellulose nanofibrils 

(CNF), as well as LiCl. Plant-derived CNF, with diameters <100 nm and with lengths of several 

micrometers [41], is proposed to act as stress reinforcing phase that dissipates energy. Meanwhile, 

LiCl, a highly soluble salt containing highly hydrated Li+ ion [42], is introduced to endow the 

hydrogels with freezing and dehydration resistance. Molecular dynamics simulation (MDS) provides 

insights into the interactions between the hydrogel network and water molecules. A PAM/CNF/LiCl 

hydrogel-based supercapacitor is demonstrated for their application in flexible electronic devices for 

operation under cold conditions.

1. Materials and methods

2.1. Materials

TEMPO-mediated oxidized cellulose nanofibrils, termed herein as CNF was supplied as an 

aqueous colloidal suspension (1.05 wt% concentration, 1.4 mmol/g -COO-, 10-20 μm in length, 20-

30 nm in diameter) by Tianjin Woodelfbio Cellulose Co., Ltd. (Tianjin, China). LiCl, AM, 

ammonium persulfate (APS), N, N′-methylene diacrylamide (MBA) and N, N, N', N'-

tetramethylethylenediamine (TMEDA) were purchased from Aladdin Reagent Inc. All the chemicals 

were used as purchased without further purification.

2.2. Synthesis of PAM/CNF/LiCl hydrogels

Firstly, LiCl was added to 3 mL 1.05 wt% CNF suspension under stirring. The concentration of 

LiCl was fixed at 0, 10, 20, 30, 40 or 50% (w/v). Subsequently, AM monomers were added into the 

dispersion and stirred in an ice bath. After 30 min mixing, 42 μL 0.5 g/mL APS aqueous solution, 30 
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μL 0.025 g/mL MBA aqueous solution and 12 μL TMEDA were added while stirring for 2 min. 

Finally, the precursor dispersion was poured into planar or columnar molds, and the free radical 

polymerization was allowed to occur at room temperature. The final products were denoted as 

PAM/CNF/LiClx, where x (w/v %) represents the LiCl concentration.

1.3. Molecular dynamics simulation 

A 12-residue polymer chain with 1200 water molecules was built by the Amorphous Cell of 

Materials Studio 7.0. MDS was conducted at 253 K under NVT ensemble with at least 5 ns. Energy 

minimization was carried out with the Forcite module of the MS software under compass II force 

filed. 

2.4. Thermogravimetric and spectroscopic tests

Samples were analyzed with a differential scanning calorimeter (TA Q200, USA). Samples (5-

10 mg) were sealed in an aluminum pan and then cooled at 2 °C/min to -80 °C, under nitrogen 

atmosphere. After an isothermal period of 30 min, the samples were heated to 25 °C at 2 °C/min rate. 

The total water content (Wc, %) of the hydrogel was calculated as: Wc = mw/mh × 100%, where mw 

and mh correspond to the mass of water and the total mass of the hydrogel, respectively. The freezing 

water content (Wf) was calculated as: Wf = △H/△H0 × 100%, where △H (units of J/g) is the enthalpy 

of hydrogel melting obtained by integration and △H0 (units of J/g) is the specific enthalpy of fusion 

of pure water (334 J/g). The percentage of non-freezing water (Wnf) was calculated by the difference: 

Wnf = Wc – Wf. Raman spectra of the hydrogels were recorded using a Raman spectrometer (LabRAM 

Aramis, France) with an excitation wavelength of 532 nm. The scan range was 400~4000 cm-1. Each 

hydrogel was subjected to low-field nuclear magnetic resonance (LF-NMR) analyses (MesoMR23-

060H-I, China). The transversal relaxation time (T2) measurements were performed with 90° pulse 

of 12 μs, 180° pulse of 24 μs, scans of 8, echoes of 18000 and echo time of 0.6 ms. The magnet 

temperature was set at 32 °C.
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2.5. Hydrogel characterization

The morphology of hydrogels was assessed by using a scanning electron microscope (SEM, 

Merlin, Germany). Prior to measurements, hydrogel samples were swollen to equilibrium in water 

and then lyophilized using a freeze dryer. The freezing behavior of the hydrogels was examined by 

direct observation and by determining the ensuing deformations. Prior to tests, the hydrogel samples 

were kept in a freezer at given temperatures for 2 h. The tolerance to dehydration by the hydrogels 

was determined at constant temperature (25 °C) and relatively humidity (50%). The hydrogel samples 

(1.5 cm in diameter and 0.4 cm in height) were held in air and the weights of the samples were 

monitored at given intervals. The weight change was expressed as: Weight ratio = Wt/W0 ×100%, 

where Wt is the weight of the hydrogel at time t, W0 is the initial weight of the hydrogel. Tensile tests 

at 25 °C were conducted on a universal mechanical test unit (Instron 5565), while tensile tests at -20 

and -40 °C were conducted with a CMT4304GD. The strain speed was kept constant at 50 mm/min. 

The specimens had a width of 10 mm and a thickness of 2 mm. The gauge length between the clamps 

was 20 mm. The hysteresis test was performed under 400% strain at a constant stretching rate of 50 

mm/min and immediately unloaded at the same strain speed. Then, the successive loading-unloading 

test was conducted for five cycles. The dissipated energy was defined as the area in the hysteresis 

loop encompassing the loading-unloading profile. The recovery ratio was defined by a ratio of energy 

dissipation, after resting time, relative to that at the initial cycle. Electrochemical impedance 

spectroscopy (EIS) studies were carried out to evaluate the ionic conductivity using an 

electrochemical workstation (CHI660e, China) operated in the frequency range from 105 Hz to 10-2 

Hz. The conductivity measurements were performed in the temperature range from −80 to 25 °C by 

sandwiching the hydrogel electrolyte between two titanium plates. The ionic conductivity was 

calculated according to σ = L/(Rb×S), where L is the thickness (m), Rb is the bulk resistance obtained 

from the impedance data (Ω) and S is the contact area of the hydrogel with the titanium plates (m2).
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2.6. Fabrication of anti-freezing supercapacitor

CNT papers were electrodeposited with polypyrrole (PPy) through a three-electrode system. 

CNT papers (2 cm in length and 1 cm in width) were used as the working electrode under a potential 

of 0.8 V in a solution of 0.1 M p-toluenesulfonic acid, 0.3 M sodium toluenesulfate and 0.5% Py 

monomer (v/v) at 0 °C. A platinum plate and Ag/AgCl were used as the counter and reference 

electrodes, respectively. The supercapacitor was fabricated by assembling the CNT/PPy electrodes 

and hydrogel electrolyte in a sandwich configuration. Platinum wires were attached on the end of the 

electrodes using silver paste for electrical contact.

2.7. Electrochemical characterization

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) curves were acquired by 

using a CHI660e electrochemical workstation. The cycling stability was measured on a program 

testing system (CT2001A). Supercapacitors were kept at -40, -20 and 0 °C for 2 h prior to low 

temperature electrochemical measurements. All the specific capacitances reported in this study refer 

to the areal specific capacitance of the electrodes.

2. Results and discussion

3.1.   Hydrogel formation

The PAM/CNF/LiCl hydrogels were synthesized through free radical polymerization of AM 

monomers in the presence of cellulose nanofibers (CNF) with nanoscale lateral dimensions (Figure 

S1). The cellulose nanofibers were used as reinforcing phase while LiCl was added as electrolyte in 

the hydrogels, shown in Figure S2. As illustrated in Figure 1a, Li+ and Cl- dissociation and hydration 

occurs upon dissolution of LiCl crystal in CNF aqueous dispersions. Following, AM monomers and 

the as-prepared CNF/LiCl mixtures were polymerized to form PAM/CNF/LiCl hydrogels in the 

presence of MBA crosslinker, APS initiator and TMEDA, an auxiliary agent. Within the double 

network hydrogel, chemical cross-linking between PAM chains and MBA builds the primary 

hydrogel framework. Meanwhile, physical cross-linking comprising node interconnections and 

hydrogen bonding between PAM and CNF is responsible for further mechanical reinforcement 
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(Figure 1c), even in the presence of LiCl at high concentrations. Importantly, the Li+ and Cl- ions are 

highly hydrated in the hydrogel, effectively preventing both, the formation of ice crystals under low 

temperature conditions as well as evaporation of water at room temperature. Thus, PAM/CNF/LiCl 

hydrogels develop both freezing and dehydration tolerance (Figure 1b). The SEM image of a 

PAM/CNF/LiCl hydrogel indicate a highly porous structure in the polymer matrix, which is expected 

to endow the system with efficient ion transport paths (Figure S3).

Figure 1. Strategy used in the design of a conductive and stretchable electrolyte hydrogel with low 

temperature and dehydration tolerance. (a) Schematic illustration of the formation of PAM/CNF/LiCl 

hydrogel. (b) The PAM/CNF/LiCl hydrogel shows anti-freezing and anti-dehydration performance, 

is flexible and conductive under cold conditions (-40 °C). (c) Schematic illustration of hydrogen 

bonding between PAM and CNF chains in the PAM/CNF/LiCl hydrogel.

3.2. Water interactions

MDS was performed to gain insights into the interactions between water and the components of 

the hydrogel (PAM, CNF and electrolyte). Such information will guide our experimental inquiries 
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based on thermometric and spectroscopic analyses, discussed in later sections. First, we note that both 

PAM polymer chains and the cellulose nanofibrils interact with water molecules via hydrogen 

bonding, while the ions (Li+ and Cl-) participate in electrostatic interactions, Figure 2a. The radial 

distribution function g(r) of water and hydrogel components (PAM, CNF, Li+ and Cl-) was calculated 

to investigate the structure of water molecules around the networks (Figure 2b). Comparison of g(r) 

for PAM and CNF, with and without LiCl, indicates that the first hydration layer peak of PAM/CNF 

is located at 0.19 nm. However, in the presence of LiCl, the height of the peak becomes somewhat 

higher and the peak position is shifted to a shorter distance (r = 0.17 nm). Therefore, there is indication 

that LiCl enhances water structuring around the polymer network. 

Figure 2. Molecular dynamics simulations. (a) Equilibrium structures comprising PAM/CNF/LiCl 

hydrogel and interactions of each component with water molecules. (b) Radial distribution function 

g(r) of water in PAM/CNF and PAM/CNF/LiCl. (c) Potential mean force (PMF) between water and 

PAM/CNF or PAM/CNF/LiCl. (d) Potential energy of PAM/CNF and PAM/CNF/LiCl systems.
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In terms of energetic considerations, the potential mean force (PMF), representing the free 

energy change, was calculated from g(r) [43] to reflect the interaction between the hydrogel 

components and water molecules. As illustrated in Figure 2c, the free energy of PAM/CNF/LiCl was 

lower than that of PAM/CNF, indicating a stronger binding ability. Furthermore, the overall potential 

energy summed over all interactions within the hydrogels was calculated to more fully comprehend 

the interactions in the hydrogel system [44]. The PAM/CNF/LiCl possessed a lower potential energy 

than that of PAM/CNF, corresponding to a more stable system, with stronger interactions, Figure 2d. 

The results indicate that the incorporation of LiCl effectively enhances the interactions with water 

molecules within the hydrogel. The information provided by MDS set the basis for the following 

discussion based on complementary approaches, namely, DSC, Raman and LF-NMR spectroscopies 

which further allows elucidation of the impact of LiCl salt on the hydrogels.

DSC was used to clarify the boundaries of phase regions and to reveal the water content in the 

hydrogel at the different states (non-freezing bound water, freezing bound water and free water) [45]. 

The prevalence of such states depends on the extent of interactions within the hydrogel structure. In 

this work, non-freezing bound water, which shows no obvious solid-liquid phase transition, is closely 

associated with the ions (Li+, Cl-) through hydration and with the polymers (PAM, CNF) via hydrogen 

bonding (Figure S4). Freezing bound water, the water fraction that interacts weakly with the ions or 

polymer molecules, exhibits a freezing peak far from 0 °C. Free water does not participate in 

hydrogen bonding nor hydration, and shows similar freezing temperature than that of bulk water. Two 

endothermic peaks were observed in the absence of LiCl (PAM and PAM/CNF hydrogels) (Figure 

3a), corresponding to the freezing of free water and freezing bound water entrapped within the 

hydrogels. The incorporation of LiCl makes the respective peaks to shift to lower temperatures and 

to become smaller and broader. Correspondingly, lower freezing points are observed. Remarkably, 

the thermal profile of the PAM/CNF/LiCl 50% hydrogel displays a negligible heat flow in the 

temperature range between -80 and 25 °C, indicating the absence of any phase transition. DSC 

analyses of aqueous solutions of the AM monomer, CNF and LiCl were performed to assess the 
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effects of such single components on the freezing point. As shown in Figure S5, both the AM 

monomer solution and CNF dispersion only show a sharp peak that can be assigned to the freezing 

point of water. In contrast, the freezing point of LiCl solutions dramatically decreases with salt 

addition, pointing to the possibility that low temperature resistance can be achieved at higher LiCl 

loadings. Taken the results together, it can be reasonably stated that PAM/CNF/LiCl hydrogels rely 

on the colligative property of LiCl to depress the freezing point of water within hydrogels.

The freezing water (freezing bound water and free water) within these hydrogels, as evaluated 

from the DSC thermograms, is associated with the melting of ice [46]. As shown in Figure 3b, for 

PAM and PAM/CNF hydrogels, the freezing water content (Wf) reached a value of 34.6% and 25.6%, 

respectively. In contrast, the value of Wf for PAM/CNF/LiCl hydrogels decreases significantly, from 

20.4% to 0.8%, as the LiCl concentration is increased from 10% to 30%. In the more concentrated 

system, PAM/CNF/LiCl 50%, completely inhibits water in the hydrogel from freezing, even after 

cooling to -80 °C (2 °C/min) and reheating at the same rate. Therefore, the interactions between the 

hydrogel and water became stronger upon the introduction of LiCl, further confirming that LiCl 

significantly alters the state of water within the hydrogels, preventing freezing or resisting ice 

formation.
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Figure 3. Results from thermogravimetric and spectroscopic (Raman, LF-NMR) analyses of 

hydrogels to reveal structure-water interactions. (a) DSC heating curves and (b) total, freezing and 

non-freezing water content in the PAM, PAM/CNF and PAM/CNF/LiCl hydrogels. (c) Raman 

spectra and (d) intensity ratio of 3207 cm-1 and 3443 cm-1 vibration bands (I3207/I3443) of the prepared 

hydrogels. (e) T2 distribution curves and (f) proportion of water of the prepared hydrogels.

The Raman spectra shows the vibrations in polymer networks and water molecules in the 

hydrogels, Figure 3c. The vibration bands corresponding to PAM, PAM/CNF and PAM/CNF/LiCl 

are centered at 3207 cm-1 and 3443 cm-1. These are assigned to strongly hydrogen-bonded O-H 

stretching in regular tetrahedral coordination and weakly hydrogen-bonded O-H stretching in an 

incomplete tetrahedral structure [47], respectively. The relative intensity of the two bands (I3207/I3443) 

can be used to estimate the ratio of the intermolecular hydrogen bonds to that of weak hydrogen bonds. 

As shown in Figure 3d, the I3207/I3443 ratio of the PAM/CNF hydrogel is higher than that of the pure 

PAM hydrogel, indicating the formation of relatively large number of strong hydrogen bonds with 

the participation of CNF. In contrast, PAM/CNF/LiCl hydrogels with high LiCl loadings display 

lower I3207/I3443 ratios. This is supported by the fact that dissolved ions in the hydrogels, Li+ and Cl-, 
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bind water molecules, e.g., they are highly hydrated. The ionic hydration likely weakens the 

intermolecular hydrogen bonding. Typically, a higher ion concentration correlates with higher 

hydration numbers, thus affecting more water molecules. As a result, for PAM/CNF/LiCl hydrogels, 

the I3207/I3443 ratio decreases from 0.66 to 0.37 as the LiCl concentration increases from 10% to 50%. 

The vibration bands at 1667, 1615, 1461, 1433 and 1109 cm-1 for PAM, PAM/CNF and 

PAM/CNF/LiCl hydrogels are attributed to C-O stretching, NH2 bending, CH2 bending, C-N 

stretching and C-C skeletal stretching [48], respectively, indicating the presence of identical main 

structures in the three types of hydrogels (Figure 3c and Figure S6a). However, compared with 

PAM/CNF hydrogel, the I1615/I1667 ratio of that associated to PAM/CNF/LiCl decreases with 

increasing LiCl concentration (Figure S6b). This points to the fact that the incorporation of LiCl 

reduces the regularity of NH2 groups[48] and weakens intermolecular hydrogen bonding.  

LF-NMR, a powerful tool for studying molecular mobility of water, was used to gain further 

insights into water binding, e.g., by monitoring the T2 [47]. A shorter T2 is typical of water bound 

more tightly to a material, e.g., more immobile. In contrast, mobile, free water shows relatively large 

T2 values. PAM and PAM/CNF exhibit three T2 components located in the 150~2200, 3~20, and 

0.1~3 ms regions, corresponding to free water, immobile water and bound water, respectively (Figure 

3e). Upon introduction of LiCl, all three T2 values for PAM/CNF/LiCl hydrogels shift to shorter 

figures, indicating that the motion of water molecules is restricted. Moreover, these components 

moved to much shorter T2 regions with increased LiCl concentration.

To further evaluate the binding ability between the hydrogel structures and water molecules, the 

relative proportion of the three types of water in the hydrogel, namely, bound water, immobile water 

and free water, were calculated according to the T2 distribution curves. For hydrogels in the absence 

of LiCl, the proportion of free water in PAM and PAM/CNF hydrogels is above 71% (Figure 3f). For 

the hydrogels with an increased concentration of LiCl, the free water fraction decreases from 71 % to 

68.9%, while that of bound water increases from 16.3% to 30.9%. In agreement with the results 
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obtained from MDS, DSC and Raman, the LF-NMR results clearly indicate that the incorporation of 

LiCl strengthens water interactions in the hydrogel. 

3.3. Hydrogel characterization

We next demonstrate PAM/CNF/LiCl hydrogels for their tolerance to freezing and dehydration, 

which is expected to be highly dependent on the concentration of LiCl. We first evaluated the physical 

state of the hydrogels at different temperatures based on their optical transparency and flexibility (see 

the phase diagrams in Figure 4a).  As anticipated, PAM and PAM/CNF hydrogels become frozen 

solids below 0 °C, while PAM/CNF/LiCl 10% and PAM/CNF/LiCl 30% freeze only when the 

temperature drops below -20 and -60 °C, respectively. Distinctively, the hydrogel with the highest 

LiCl concentration (50%) does not freeze even at temperatures as low as -80 °C. This result is 

consistent with DSC observations. Moreover, the mechanical properties of the PAM/CNF/LiCl 50% 

hydrogel are well preserved after holding at -80 °C for 2 h. In fact, such hydrogel exhibits a high 

flexibility and withstand stretching and bending deformations (Figure 4b and Video 1). In contrast, 

PAM/CNF hydrogel turn into a stiff icy solid and is shown to be brittle under bending.

Apart from the anti-freezing property, the PAM/CNF/LiCl resistance to dehydration is a key 

feature of interest. As such, the weight ratio was compared for hydrogels after storage for 150 days 

under constant temperature and humidity conditions (25 °C/50% RH), Figure 4c-d. Under such 

conditions, the LiCl-free hydrogels extensively shrinks and loses nearly 56% its initial mass, implying 

nearly complete evaporation of water. In contrast, the weight ratio for PAM/CNF/LiCl hydrogels 

increases with the increased LiCl content. For instance, the values for PAM/CNF/LiCl 10% and 

PAM/CNF/LiCl 30% drop by 41.8% and 10.1%, respectively, exhibiting the given extent of 

dehydration. The PAM/CNF/LiCl 50% hydrogel shows an increase in volume and gains 18.5% extra 

mass, which is likely due to the hygroscopicity of LiCl. 
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Figure 4. Hydrogel characterization. (a) Experimental phase diagram (frozen/non-frozen state) of 

PAM, PAM/CNF and PAM/CNF/LiCl hydrogels. Note that the color of the background is suppressed 

in the cases where a hydrogel is frozen. (b) Digital images under various mechanical deformations of 

PAM/CNF and PAM/CNF/LiCl hydrogels after coloring with light blue dye. (c) Weight ratio and (d) 

visual comparison after holding the hydrogels for 150 days at 25 °C and 50% RH. (e) Tensile stress-

strain profiles for PAM, PAM/CNF and PAM/CNF/LiCl hydrogels. (f) Tensile stress-strain curves 

of PAM/CNF/LiCl 50% hydrogel at given temperatures. (g) Ionic conductivity of PAM/CNF and 

PAM/CNF/LiCl hydrogels. (h) Demonstration of PAM/CNF/LiCl 50% hydrogels functioning as 

conductive wires at 25 °C and -40 °C.

The improvement of freezing and dehydration tolerance is clearly  attributed  to  the  role  of  

LiCl  in  the  hydrogel,  which is  enhanced with loading. As shown above, the presence of LiCl in 
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the hydrogels contributes to strengthening the interactions  with water molecules. A higher LiCl 

concentration results in more extensive water binding, making the PAM/CNF/LiCl hydrogels less 

vulnerable to the effects of freezing and evaporation.

The mechanical properties of the prepared double network hydrogels were evaluated by tensile 

tests. The tensile strength of PAM/CNF hydrogels was enhanced by the presence of CNF, Figure 4e. 

The rigid CNF phase disperses in the PAM polymer network and intertwine with PAM chains via 

hydrogen bonding. Upon incorporation of LiCl, the PAM/CNF/LiCl hydrogels display tensile 

strength and elongation at break of 0.09~0.25 MP and 731~1099%, respectively. The strength results 

are consistent with Raman observations. A comparison of stretchability of PAM/LiCl and 

PAM/CNF/LiCl hydrogels was carried out. In the absence of CNF, upon LiCl solution loading, the 

PAM/LiCl hydrogel showed a mechanical strength of 0.03~0.05 MPa and a strain of 784~972% 

(Figure S7a). The I3207 /I3443 ratio of PAM/LiCl hydrogel (Raman spectra) was lower that of the pure 

PAM hydrogel (Figure S7b-c), indicating a reduction in intermolecular hydrogen bonding after LiCl 

loading. These results reveal the role of CNF in enhancing the mechanical strength of hydrogels 

loaded with LiCl. The hysteresis behavior of hydrogels during the loading-unloading process were 

determined to illustrate their energy dissipation. Upon introduction of CNF, the hydrogels dissipated 

energy more significantly (and achieved higher energy dissipation ratios) than those of the PAM 

hydrogel (Figure S8a), revealing the contribution of CNF in enhancing energy dissipation. For the 

continuous cyclic tensile loading-unloading test, a large hysteresis in PAM/CNF/LiCl 30% was 

observed in the first loading-unloading cycle (Figure S8b). However, the hysteresis loop and the 

maximum stress appeared to be substantially reduced in the second and subsequent cycles, indicating 

that damage could not be recovered immediately without rest. Moreover, the PAM/CNF/LiCl 

hydrogels exhibited time-dependent recovery behavior and recovered over 90% of their original 

dissipation energy after 60 min (Figure S8c). Finally, the tensile stress-strain profiles for 

PAM/CNF/LiCl hydrogels reveal a slight change in strain at 25, -20 and -40 °C, Figure 4f, indicating 

an excellent performance even at extreme low temperatures.
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Conductivity measurements were performed by sandwiching hydrogels between two titanium 

plates, as shown in Figure S9a. The EIS spectra of PAM/CNF/LiCl 50% hydrogel are included in 

Figure S9b. The bulk impedance increases at reduced temperatures, from 25 °C to -40 °C. 

PAM/CNF/LiCl 50% hydrogels exhibit a satisfactory ionic conductivity, as high as 9.97 S/m at 25 °C 

(Figure 4g). However, in the absence of LiCl, the PAM/CNF hydrogel is nearly non-conductive. The 

notable improvement in ionic conductivity with the increased LiCl concentration is explained by the 

role of increasing charge carriers. Despite the fact that reducing temperature, from 25 °C to -40 °C, 

the hydrogels present a more limited ionic conductivity, due to the reduction of ion diffusion rate 

[49], they nevertheless show a desirable conductivity level. For example, at -40 °C the hydrogels 

maintain a high ionic conductivity, 2.25 S/m. As a further demonstration, the PAM/CNF/LiCl 50% 

hydrogel is found to act as electrical conductor, for example, by connecting a light-emitting diode 

(LED) with a battery (Figure 4h and Video 2), even under operation at -40 °C. In sum, good ionic 

and electric transport at subzero temperatures are demonstrated. 

3.4. Electrolyte hydrogel supercapacitance

The good ionic conductivity, together with flexibility and mechanical strength of 

PAM/CNF/LiCl hydrogels at low temperature indicate the potential for operation in extremely cold 

conditions. Herein, we assembled a supercapacitor consisting of the as-prepared PAM/CNF/LiCl 

50% hydrogel sandwiched between two flexible paper electrodes comprising carbon nanotubes 

electrodeposited with CNT/PPy, Figure 5a. SEM images of CNT/PPy confirm the uniform deposition 

of PPy on the multi-walled CNT paper, Figure S10. Initially, we measured the electrochemical 

performance of the resulting supercapacitor at 25 °C. The results indicate a close-to rectangular CV 

curves and triangular GCD profiles, Figure 5b-c, revealing the typical performance of an electric 

double-layer capacitor. The temperature dependence on electrochemical performance of the device 

was examined via CV and GCD at temperatures ranging from 25 °C to -40 °C. As the temperature is 

reduced, the CV and GCD curves gradually deviate from the initial shape (Figure 5d-e). This 

observation is explained by the more limited ion migration under low temperatures. The areal 
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capacities calculated according to the GCD curves, with a current density of 1 mA/cm2, are plotted 

in Figure 5f. As shown, the supercapacitor possesses the capacitances of 110.2 mF/cm2 at 25 °C and 

36.9 mF/cm2 at -20 °C. The as-assembled supercapacitor maintains about 96% of its original 

capacitance after 10000 charge-discharge cycles at 25 °C, Figure 5g, proving stability for long-term 

operation. Additionally, the capacitances obtained at the given temperature (25, 0, -20 and -40 °C), 

after cooling-heating-cooling cycling, are almost identical to the pristine values (Figure 5h). 

Furthermore, benefiting from the soft and compliant nature of the PAM/CNF/LiCl electrolyte 

hydrogel and the corresponding paper electrodes, the assembled device successfully supports extreme 

bending (0 to 180°) while showing no significant reduction in the capacitive performance (Figure 

S11). Our demonstrations indicate that the flexible supercapacitor based on PAM/CNF/LiCl 

hydrogels can be operated in extremely low temperature conditions. 
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Figure 5. Application of PAM/CNF/LiCl electrolyte hydrogel. (a) Illustration of the assembly of a 

supercapacitor. (b) CV curves at scan rate of 10~100 mV/s. (c) GCD curves at current density of 1~10 

mA/cm2. (d) CV curves obtained at different temperatures (10 mV/s scan rate). (e) GCD curves at 

different temperatures with current density of 1 mA/cm2.  (f) Areal capacitance at 1 mA/cm2 for 

different temperatures. (g) Cycling stability performance of the supercapacitor at 25 °C. (h) 

Continuous reversible changes of the electrochemical performance at temperatures between 25 and -

40 °C.

3. Conclusion

To conclude, a class of freezing- and dehydration-tolerant PAM/CNF double network hydrogels 

containing LiCl were synthesized via one-pot polymerization. The presence of Li+ and Cl- ions 

effectively strengthens the interactions between the water molecules within the hydrogel, preventing 

both ice formation and water evaporation. Therefore, PAM/CNF/LiCl hydrogels exhibited impressive 

freezing and dehydration tolerance. Owing to the corporation of CNF and LiCl salt, the tensile 

strength and high ionic conductivity were preserved even at temperatures as low as -40 °C. The use 

of PAM/CNF/LiCl 50% hydrogel electrolyte in an assembly supercapacitor showed stable 

electrochemical performance and excellent flexibility at low temperatures. In conclusion, the 

introduced freezing- and dehydration-tolerant hydrogels are simultaneously stretchable and 

conductive, paving the way to a range of devices for operation in extreme cold environments.
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