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Hydrogel electrolytes are an integral part of flexible solid-state supercapacitors. To further improve the low ionic conductivity, large interfacial resistance and poor cycling stability for hydrogel electrolytes, the V4C3Tx MXene-enhanced polyvinyl alcohol hydrogel electrolyte was fabricated to enhance its mechanical and electrochemical performance. The high-conductivity V4C3Tx MXene (16,465.3 S m−1) bonding transport network was embedded into the PVA-H2SO4 hydrogel electrolyte (PVA- H2SO4-V4C3Tx MXene). Results indicate that compared to the pure PVA-H2SO4 hydrogel electrolyte (105.3 mS cm−1, 48.4%@2,800 cycles), the optimal PVA-H2SO4-V4C3Tx MXene hydrogel electrolyte demonstrates high ionic conductivity (133.3 mS cm−1) and commendable long-cycle stability for the flexible solid-state supercapacitors (99.4%@5,500 cycles), as well as favorable mechanical flexibility and self-healing capability. Besides, the electrode of the flexible solid-state supercapacitor with the optimal PVA-H2SO4-V4C3Tx MXene hydrogel as the solid-state electrolyte has a capacitance of 370 F g−1 with almost no degradation in capacitance even under bending from 0° to 180°. The corresponding energy density for flexible device is 4.6 Wh kg−1, which is twice for that of PVA-H2SO4 hydrogel as the solid-state electrolyte.
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1 INTRODUCTION
As the proliferation of portable electronics, wearable technology, smart homes, and Internet of Things devices continues, there is a rising demand for lightweight, flexible, and high-efficiency energy storage solutions (Anasori et al., 2017; Wei et al., 2024; Bin et al., 2022; Feng et al., 2023). Flexible solid-state supercapacitors are well-suited to address these demands. Hydrogel electrolytes are an integral part of flexible solid-state devices, they are usually composed of a polymer matrix and a liquid electrolyte, where a large amount of liquid electrolyte is absorbed into the polymer matrix to form a gel-like three-dimensional network structure (Boota and Gogotsi, 2018; Chang et al., 2018; Zhang et al., 2018; Zhang et al., 2017). This unique structure possesses the stability of solid electrolytes while maintaining the high ionic conductivity of liquid electrolytes. Currently studied polymer gel electrolyte matrices generally include potassium polyacrylate (PAAK), polyacrylamide (PAAM), polyvinyl alcohol (PVA), and polyvinyl alcohol/polyacrylic acid (PVA/PAA) hydrogels (Dong et al., 2018; Yu et al., 2018; Luo et al., 2022; Pang et al., 2018). Among these, polyvinyl alcohol (PVA) is more attractive due to its biodegradability, non-toxicity, low cost, and chemical stability. PVA-H2SO4 is often used as the electrolyte for flexible solid-state supercapacitors (VahidMohammadi et al., 2021; Sheng et al., 2021). On one hand, the addition of H2SO4 provides a proton source for the hydrogel electrolyte, on the other hand, it has a terrible effect on the mechanical properties for the hydrogel, disrupting the intermolecular hydrogen bonds between PVA chains and water molecules (Guo et al., 2018; Zhu et al., 2024). Besides, compared to liquid electrolytes, the low ionic conductivity, large interfacial resistance and poor cycling stability of hydrogel electrolytes limit the further development of flexible solid-state devices (Lukatskaya et al., 2017).
MXene’s unique electronic structure, tunable interlayer spacing, and abundant functional groups have made it shine in the field of energy storage (Bin et al., 2021; Bin et al., 2023). It exhibits a two-dimensional layered structure, and the general formula of MXene is Mn+1XnTx, where M represents a transition metal, X is carbon or nitrogen, and Tx refers to surface groups (such as -I, -OH, -Cl, -O, -Br, -OH, -S, -F, etc.) (Li et al., 2023; Jee et al., 2024). Due to the diversity of transition metals and surface functional groups, the properties of MXene can be tuned by selecting combinations of transition metals and X elements, as well as by controlling their surface chemical groups (Sheng et al., 2022; Bin et al., 2024). The two-dimensional, layered structure of V4C3Tx MXene nanosheets naturally forms channels to facilitate ion transport, making them ideal for charge storage applications. V4C3Tx MXene, which has the large interlayer spacing (2.1 nm) and the outstanding electrical conductivity (16,465.3 S m−1), exhibits remarkable rate performance and the splendid cycle stability (Bin et al., 2022; Bin et al., 2021). The outer layer of transition metals element vanadium with variable valence state can provide abundant redox sites, which conform to the pseudocapacitive energy storage characteristics, while the inner layer of transition metal carbides rapidly transports electrons. Additionally, two-dimensional V4C3Tx MXene also possesses good mechanical flexibility, holding great potential for the application of flexible supercapacitor devices. Introducing highly conductive V4C3Tx MXene as an inorganic filler in organic hydrogel electrolytes is an effective strategy to enhance its ionic conductivity. Xu et al. designed a three-dimensional coaxial confined MXene-based solid polymer electrolyte by introducing Ti3C2Tx MXene nanosheets into polyacrylonitrile (PAN) fibers, exhibiting excellent ionic conductivity (3.07 × 10−3 S cm−1) (Xu et al., 2024). Chen et al. prepared a solid-state electrolyte using an inorganic compatibilizer, polyacrylonitrile grafted MXene (MXene-g-PAN), and the constructed energy storage device had a capacity of 131 mAh g−1 (Chen et al., 2023). Feng et al. proposed a design concept of a multifunctional MXene-bonded transport network embedded in a solid-state electrolyte to achieve efficient and uniform ion transport within the electrolyte, which could improve the mechanical properties and thermal diffusion performance for the solid-state electrolyte (Feng et al., 2022).
Therefore, the V4C3Tx MXene-enhanced polyvinyl alcohol hydrogel electrolytes were designed to increase the ionic conductivity, minimize interfacial resistance for hydrogel electrolytes, and further enhance its mechanical and electrochemical performance. The high-conductivity V4C3Tx MXene (16,465.3 S m−1) bonding transport network was embedded into the PVA-H2SO4 hydrogel electrolyte, which was prepared by cyclic freeze-thawing for physical cross-linking coupled with a mechanical blending method. The enhancement mechanism of V4C3Tx MXene on polyvinyl alcohol containing sulfuric acid (PVA-H2SO4) may involve the following aspects. First of all, the surface of MXene typically contains rich functional groups, such as hydroxyl (-OH), to form hydrogen bonds with the hydroxyl groups on PVA molecules. The formation of hydrogen bonds helps to improve the interfacial compatibility and overall stability for the hydrogel electrolyte. Furthermore, the interaction between sulfate ions (SO42−) and the metal sites on the MXene surface, resulting in the formation of ionic bonds, significantly boosts the ionic conductivity of the electrolyte. Additionally, there may be van der Waals forces between the MXene nanosheets and PVA molecules, which help to maintain the structural stability for the hydrogel electrolyte. Thus, the V4C3Tx MXene/polyvinyl alcohol hydrogel (PVA) electrolyte has significant advantages in increasing the ionic conductivity for hydrogel electrolytes, improving interfacial contact, and enhancing mechanical and electrochemical properties, which is of great importance for the development of flexible solid-state electrolytes with high-performance.
2 EXPERIMENTAL
2.1 Preparation of V4C3Tx MXene/polyvinyl alcohol (PVA) hydrogel electrolytes
Firstly, the V4C3Tx MXene was synthesized as reported in our previous work. Typically, the precursor V4AlC3 (MAX) powder with a molar ratio of V: Al: C of 4:1.5:2.7 was sintered in an atmosphere furnace at 1,600°C and held for 2 h under flowing argon gas. Then, 2 g V4AlC3 (MAX) powders (with a particle size <38 μm) were slowly added into the 20 mL HF (49 wt%) solution. V4C3Tx MXene was thus prepared by etching in an oil bath at 55°C for a duration of 5 days. The etched powders were washed several times with ultrapure (UP) water, and centrifuged at 3,500 rpm for 180 s each time until the pH value of the supernatant was above 6. After that, the collected clay-like precipitates were put in the vacuum drying oven at 60°C for 24 h, namely, multi-layered V4C3Tx MXene. Secondly, 500 mg multi-layered V4C3Tx MXene powders were intercalated by 5 mL TBAOH, which was stirred at room temperature for 48 h. Followed that the resulted colloidal suspension was washed using ultrapure (UP) water, and centrifuged at 3,500 rpm for 180 s to separate the intercalated powders from the TBAOH liquid. After the decantation of the supernatant containing TBAOH, the residue and the mixture were dispersed into 100 mL UP water, deoxidized using the vacuum degassing device, ultrasonicated in the water bath for 1 h, and centrifuged at 3,500 rpm for 1 h. The final supernatant was collected and filtered on the mixed cellulose esters (MCE) membrane under a vacuum-assisted condition. After being dried in a vacuum oven for 12 h, the flexible V4C3Tx MXene film was easily peeled off the MCE membrane.
Subsequently, the preparation for the PVA-H2SO4-V4C3Tx MXene hydrogel electrolyte is shown in Figure 1, using a cyclic freeze-thawing for physical cross-linking coupled with a mechanical blending method. The details are as follows: (1) 4 g of polyvinyl alcohol (PVA) were combined with 28 mL of 3 M H2SO4 solution and 12 mL of ultrapure water in a 50 mL beaker. The mixture was then stirred and heated at 90°C for approximately 60 min until the PVA particles were completely dissolved under an ice bath condition; (2) After the PVA-H2SO4 solution was fully dissolved and cooled to room temperature, the solution was degassed to remove any bubbles. The solution was then divided into four equal parts and added back to the beaker. Then, 0 mg, 30 mg, 60 mg, and 90 mg of V4C3Tx MXene were added to each beaker while stirring. The mixture was stirred for 1 h to ensure uniform distribution and then cast into glass petri dishes with a diameter of 9 cm, labelled as PVA-H2SO4, PVA- H2SO4-413 MXene-30, PVA- H2SO4-413 MXene-60, and PVA- H2SO4-413 MXene-90; (3) The glass petri dishes containing the solution were covered with plastic wrap and placed in the refrigerator at −20°C for 6 h of freezing; (4) After freezing was over, the glass petri dishes were taken out and allowed to thaw at room temperature for 6 h until fully thawed; (5) The thawed samples were then placed back again in the refrigerator at −20°C for 6 h of freezing; (6) After freezing was completed, the samples were taken out and allowed to thaw at room temperature, thus the V4C3Tx MXene/polyvinyl alcohol hydrogel electrolytes were obtained.
[image: Figure 1]FIGURE 1 | Preparation process of PVA-H2SO4-V4C3Tx MXene hydrogel electrolytes.
2.2 Physical characterizations
The X-ray diffraction (XRD) patterns of the as-prepared samples were characterized by Rigaku D/max 2,200 pc diffractometer with Cu Kα radiation (λ = 1.5406 Å) in a 2θ angular range of 5°–80°. The morphological properties of the samples were observed by field-emission scanning electron microscopy (FE-SEM, Hitachi S-4800 and FEI company Tecnai G220 S-twin). Contact angles of the samples were measured by using the contact angle measurement instrument (DSA100S, KRUSS, Germany).
2.3 Electrochemical measurements
The electrochemical performances for the flexible solid-state supercapacitors were tested by a CHI 660E electrochemical workstation. The flexible solid-state symmetric supercapacitor was assembled using PET as the flexible substrate, copper foil as the conductive wire, and V4C3Tx MXene film as the positive and negative electrodes. The PVA-H2SO4, PVA-H2SO4-V4C3Tx with different contents of V4C3Tx MXene (PVA-H2SO4-413MXene-30, PVA-H2SO4-413MXene-60, and PVA-H2SO4-413MXene-90) hydrogels were used as the solid-state electrolytes, respectively. The electrochemical behaviours of the electrodes were explored by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance spectroscopy (EIS) measurements. In addition, the Landian CT2001A tester was used to evaluate the long cycling stability of the electrode material.
2.4 Calculation
Gravimetric capacitance (Cg, F g−1) for the electrodes of flexible solid-state supercapacitors calculated from the GCD curves is given by the following formula:
[image: image]
where I (A) is the constant discharging current of the GCD curve, Δt (V) is the discharging time of the GCD curve, ΔV (V) is the potential window, and m (g) is the total mass of electrodes for the flexible solid-state supercapacitor.
Gravimetric capacitance (Cg0, F g−1) for the flexible solid-state supercapacitors can be obtained by the formula:
[image: image]
Energy density (E) and power density (P) of the flexible solid-state supercapacitor can be calculated via the following equations:
[image: image]
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where ΔV0 (V) is the voltage window and Δt0 is the time for a sweep segment for the flexible solid-state supercapacitor.
3 RESULTS AND DISCUSSION
Figure 2 shows the X-ray diffraction (XRD) patterns of hydrogel electrolytes for PVA- H2SO4, and PVA- H2SO4-V4C3Tx with different contents of V4C3Tx MXene. It can be seen that all hydrogel electrolyte samples exhibit a broad and diffuse peak in the range of 2θ = 18°–30°, which is attributed to the characteristic peak of an amorphous structure for PVA (indicated by the blue region in the Figure 2A). This peak lacks of the sharp and well-defined nature typically seen in crystalline materials, reflecting the disordered and random arrangement of the polymer chains in the PVA matrix. Compared to the PVA-H2SO4 hydrogel electrolyte, the PVA-H2SO4-V4C3Tx MXene hydrogel electrolytes all show characteristic diffraction peaks corresponding to the preferential orientation (002) of V4C3Tx MXene (as indicated by the yellow area in the Figure 2A) (Bin et al., 2022; Bin et al., 2021), confirming the successful incorporation of V4C3Tx MXene into the PVA-H2SO4-V4C3Tx MXene hydrogel electrolytes. Besides, the characteristic peaks of PVA in PVA-H2SO4-V4C3Tx MXene hydrogel electrolytes are shifted towards a smaller 2θ angle, indicating an expansion of the interlayer spacing by 0.18 Å (calculated by Bragg’s law). This shift is likely attributed to the formation of more ordered structures in the amorphous regions induced by the incorporation of V4C3Tx MXene, or due to the influence of V4C3Tx MXene on the local structure of the amorphous regions, resulting in an increase in the average interplanar spacing and a leftward shift in the diffraction angle.
[image: Figure 2]FIGURE 2 | (A) XRD patterns of the hydrogel electrolyte samples for PVA-H2SO4, PVA-H2SO4-V4C3Tx with different contents of V4C3Tx MXene and the enlarged (002) peak. (B) XPS survey spectra, (C) IR spectra and (D) enlarged part of IR spectra for the V4C3Tx MXene, PVA-H2SO4, and PVA-H2SO4-413MXene-60 hydrogel electrolyte.
However, the intensity of the characteristic diffraction peak corresponding to V4C3Tx MXene is relatively weak, which might be due to the dynamic disorder of the MXene sheets as they move with the polymer chains, thereby reducing long-range orderliness and leading to a decrease in the intensity of the diffraction peak.
Furthermore, as shown in Figures 2B–D, the X-ray Photoelectron Spectroscopy (XPS) survey spectra and Infrared (IR) Spectroscopy for the V4C3Tx MXene, PVA-H2SO4, and PVA-H2SO4-413MXene-60 hydrogel electrolyte were tested. There are characteristic elements (V, C, O, F) and peaks (corresponding to V-C, C-C, V-O, V-F, and C-F stretching) for V4C3Tx MXene can be found from the PVA-H2SO4-413MXene-60 hydrogel electrolyte (Parker et al., 2024). It suggests that V4C3Tx MXene was successfully introduced into PVA molecular chains.
Contact angle measurements were utilized to quantify the angle formed by a liquid droplet when it comes into contact with a solid substrate. This angle is a result of the equilibrium among the interfacial tension at the liquid-solid interface, the interfacial tension at the liquid-air interface, and the surface energy of the solid. Contact angle measurements are commonly performed using a camera in conjunction with specialized software. Here, a known volume of liquid is dispensed on the solid surface, and the camera captures the shape of the droplet. Subsequently, the software analyzes the image to determine the contact angle. The contact angle is helpful for characterizing the wettability of the solid surface, with angles less than 90° indicating hydrophilicity, angles greater than 90° indicating hydrophobicity, and angles greater than 150° indicating super hydrophobicity. As shown in Figure 3, the contact angle of the PVA- H2SO4 hydrogel is 94.6°, while the contact angles for the PVA-H2SO4-413MXene-30, PVA-H2SO4-413MXene-60 and PVA-H2SO4-413MXene-90 hydrogels are 78.7°, 71.9° and 60.0°, respectively. As the contents of V4C3Tx MXene increases, the contact angles for the hydrogel electrolytes decrease, indicating a transition towards greater hydrophilicity. This is attributed to the formation of hydrogen bonds between the hydroxyl groups (-OH) on the surface of MXene and the hydroxyl groups (-OH) on the PVA, which enhances the interfacial wettability of the hydrogel electrolytes.
[image: Figure 3]FIGURE 3 | Photographs of hydrogel electrolytes for PVA-H2SO4, PVA-H2SO4-V4C3Tx MXene with different contents of V4C3Tx MXene, and contact angle measurement images.
Figure 4A displays the optical microscopy images for the optimal PVA-H2SO4-413MXene-60 hydrogel electrolyte, revealing a smooth surface morphology. The mechanical properties for the optimal PVA-H2SO4-413MXene-60 hydrogel electrolyte were assessed. As shown in Figure 4B, it is evident that the PVA-H2SO4-413MXene-60 hydrogel electrolyte can be elastically stretched to more than twice its original length and rapidly returns to its original shape. Furthermore, the PVA-H2SO4-413MXene-60 hydrogel electrolyte can be easily compressed multiple times and rapidly rebounds, as seen in Figure 4C. These results indicate that the as-prepared PVA-H2SO4-413 MXene-60 hydrogel electrolyte possesses good tensile and compressive resistance, as well as superior flexibility.
[image: Figure 4]FIGURE 4 | Photographs of the PVA-H2SO4-413MXene-60 hydrogel electrolyte: (A) Surface, (B) Stretching, and (C) Compression.
Furthermore, the optimal PVA-H2SO4-413MXene-60 hydrogel electrolyte also exhibits an excellent self-healing property upon physical damage. The PVA-H2SO4-413MXene-60 hydrogel electrolyte is cut into two parts as seen in Figure 5A, with the corresponding scanning electron microscopy (SEM) images shown in Figure 5D. Subsequently, the two separated parts can be naturally contacted together at room temperature. Figure 5B shows that the separated parts can easily reintegrate into a single entity after 30 min. The SEM morphology images for the hydrogel electrolyte at the partially connected areas (Figures 5E, F) reveal its three-dimensional porous structure, as well as show the internal structure re-crosslinked via hydrogen bonding. The Figure 5G shows the SEM image for the PVA-H2SO4-413MXene-60 hydrogel electrolyte, and the corresponding EDS elemental mapping images, including C, O, V, S, and F elements, which is consistent with the analysis results from XRD, XPS, and IR above. The hydroxyl groups (-OH) for the functional groups on the surface of V4C3Tx MXene form more hydrogen bonds with the hydroxyl groups (-OH) on the PVA molecules, which facilitates the rapid self-healing of the hydrogel electrolyte. Moreover, the unique three-dimensional structure for hydrogel electrolyte can promote ion transport, thereby enhancing its ionic conductivity. The mechanical property for the self-healing hydrogel electrolyte was further tested. As shown in Figure 5C, the self-healing hydrogel electrolyte is not deformed after being compressed again. Especially, the self-healing joint does not fall off when suspended vertically, and is still firmly adhered to together, which shows its good bending resistance.
[image: Figure 5]FIGURE 5 | Photographs of cutting (A), self-healing surface (B), and compression and vertical suspension (C), SEM images of the corresponding cutting (D), the internal structure re-crosslinked (E), the surface for the self-healing joint (F), SEM image and the corresponding EDS elemental mapping images (G) for the PVA-H2SO4-413MXene-60 hydrogel electrolyte.
To further investigate the electrochemical performance of hydrogel electrolytes for PVA-H2SO4, PVA-H2SO4-V4C3Tx with different contents of V4C3Tx MXene in flexible all-solid-state supercapacitors, the flexible solid-state symmetric supercapacitor was assembled using PET as the flexible substrate, copper foil as the conductive wire, and V4C3Tx MXene as the positive and negative electrodes. The electrochemical properties of flexible solid-state symmetric supercapacitors constructed using various hydrogel electrolytes were individually evaluated.
Figure 6A shows the cyclic voltammetry (CV) tests for the hydrogel electrolytes at a scan rate of 50 mV s-1. It can be observed that the areas of CV curves for the PVA-H2SO4-V4C3Tx MXene hydrogel electrolytes are all larger than that of the PVA-H2SO4 hydrogel electrolyte, indicating that the PVA-H2SO4-V4C3Tx MXene hydrogel electrolytes are beneficial for the capacitive performance of the flexible solid-state supercapacitor. Obviously, the PVA-H2SO4-413MXene-60 hydrogel electrolyte has the largest area, which suggests that it has the highest capacitance value (370 F g−1) and thus is the optimal hydrogel electrolyte. Figure 6B presents the capacitance values for the PVA-H2SO4 and PVA-H2SO4-413MXene-60 hydrogel electrolytes at different current densities. At a current density of 1 A g−1, the electrode of the flexible device with PVA-H2SO4 as the solid-state electrolyte has a capacitance of 182 F g−1, while the electrode of the flexible device with PVA-H2SO4-413MXene-60 as the solid-state electrolyte has a capacitance of 370 F g−1, which is twice for that of the electrode for PVA-H2SO4 as the solid-state electrolyte. The enhancement mechanism of V4C3Tx MXene on polyvinyl alcohol containing sulfuric acid (PVA-H2SO4) electrolytes may be attributed to the formation of hydrogen bonds between the hydroxyl groups on the surface of V4C3Tx MXene and the PVA chains, the interaction between sulfate ions (SO42−) and the metal sites on the V4C3Tx MXene, as well as the van der Waals forces between the V4C3Tx MXene nanosheets and PVA molecules, which thus improves the interfacial hydrophilicity for the hydrogel electrolytes, enhances the interfacial contact between the electrodes and the solid-state electrolytes, reduces interfacial internal resistance, as well as boosts charge storage efficiency. Besides, the large specific surface area and abundant surface functional groups of V4C3Tx MXene provide more active sites for electrochemical reactions, increase the contact area between the electrolyte ions and the electrode materials, and thus enhance the capacitance. Moreover, the high electrical conductivity for V4C3Tx MXene facilitates ion transport in the solid-state electrolytes, reduces resistance, and increases ionic conductivity, thereby enhancing the overall capacitance for the flexible solid-state supercapacitors.
[image: Figure 6]FIGURE 6 | Electrochemical performance for the flexible solid-state symmetric supercapacitors: (A) CV curves, (B) capacitance values at different current densities, (C) electrochemical impedance spectroscopy (EIS), and (D) ionic conductivities for different hydrogel electrolytes.
Furthermore, the ionic conductivities of the hydrogel electrolytes were calculated by analyzing the electrochemical impedance spectroscopy (EIS), using the formula δ = d/(R × S), where δ is the ionic conductivity for the hydrogel electrolyte (mS cm−1), d is the distance between the two current collectors (cm), R is the resistance of the hydrogel electrolyte (Ω), and S is the contact area between the current collector and the electrolyte (cm2). As shown in Figures 6C, D, the ionic conductivities for PVA-H2SO4, PVA-H2SO4-413MXene-30, PVA-H2SO4-413MXene-60, and PVA-H2SO4-413MXene-90 are 105.3 mS cm−1, 117.6 mS cm−1, 133.3 mS cm−1, and 123.5 mS cm−1, respectively. Also, the PVA-H2SO4-413MXene-60 hydrogel electrolyte with the optimal content for V4C3Tx MXene has the highest ionic conductivity.
The electrochemical properties of the flexible solid-state symmetric device assembled with the PVA-H2SO4-413MXene-60 hydrogel electrolyte were examined. As depicted in Figures 7A, B, even at a high scan rate of 200 mV s−1, the CV curves do not appear severe distortion and maintain a quasi-rectangular shape, while the GCD curves also exhibit good symmetry, which has as a quasi-triangular shape, indicating that the flexible solid-state supercapacitor has good reversibility. The Ragone plots in Figure 7C illustrate that flexible device with PVA-H2SO4-413MXene-60 hydrogel as the solid-state electrolyte achieves an energy density of 4.6 Wh kg-1 at a power density of 300 W kg−1, while the flexible device with PVA-H2SO4 hydrogel as the solid-state electrolyte only has an energy density of 2.3 Wh kg−1. Moreover, the flexible supercapacitor with PVA-H2SO4-413MXene-60 hydrogel as the solid-state electrolyte demonstrates superior cycling stability (Figure 7D), that is, at a current density of 3 A g−1, the device retains 99.4% of its original capacitance after 5,500 cycles, whereas the flexible supercapacitor with PVA-H2SO4 hydrogel as the solid-state electrolyte degrades to 48.4% of its original capacitance after only 2,800 cycles. The enhanced cycling performance for the PVA-H2SO4-413MXene-60 hydrogel electrolyte is attributed to the incorporation of V4C3Tx MXene, which results in a hydrogel electrolyte with high ionic conductivity and good interfacial compatibility.
[image: Figure 7]FIGURE 7 | Electrochemical performance for the flexible solid-state supercapacitors with PVA-H2SO4 hydrogel and PVA-H2SO4-413MXene-60 hydrogel as the solid-state electrolytes: (A) CV curves, (B) GCD curves, (C) Ragone plots, (D) Long-term cycling performance testing.
To evaluate the bending resistance of the PVA-H2SO4-413MXene-60 hydrogel electrolyte, a flexible supercapacitor with PVA-H2SO4-V4C3Tx MXene-60 hydrogel as the solid-state electrolyte was subjected to cyclic voltammetry (CV) testing at bending angles of 0°, 30°, 60°, 90°, and 180°. As seen in Figure 8A, the CV curves for different bending angles at a scan rate of 5 mV s−1 show similar areas, indicating that their capacitance almost have no degradation, and bending angles have little impact on the specific capacitance for the supercapacitor. After 200 bending cycles (Figure 8B), it still maintained 90% capacitance retention, indicating that the hydrogel electrolyte has good durability. It also suggests that the flexible solid-state supercapacitor based PVA-H2SO4-413MXene-60 hydrogel electrolyte possesses good flexibility and bending resistance performance.
[image: Figure 8]FIGURE 8 | (A) The CV curves for the flexible solid-state supercapacitor based on PVA-H2SO4-413MXene-60 hydrogel electrolyte at different bending angles at a scan rate of 5 mV s−1, with an inset showing a photograph of the fabricated flexible solid-state supercapacitor. (B) The capacitance retention with various bending cycles of PVA-H2SO4-413MXene-60 hydrogel electrolyte.
4 CONCLUSION
To solve the low ionic conductivity, large interfacial resistance and poor cycling stability for hydrogel electrolytes, the high-conductivity V4C3Tx MXene-enhanced polyvinyl alcohol hydrogel electrolytes (PVA-H2SO4-V4C3Tx MXene) have been successful prepared by cyclic freeze-thawing for physical cross-linking coupled with a mechanical blending method. The PVA is used as the polymer matrix, while sulfuric acid (H2SO4) is used as the proton source, and V4C3Tx MXene is used as the inorganic filler embedded into the PVA-H2SO4 hydrogel electrolyte via MXene bonding transport network. Compared to the pure PVA-H2SO4 hydrogel electrolyte (105.3 mS cm−1, 48.4%@2,800 cycles), the optimal PVA-H2SO4-V4C3Tx MXene hydrogel electrolyte demonstrates high ionic conductivity (133.3 mS cm−1) and commendable long-cycle stability for the flexible solid-state supercapacitors (99.4%@5,500 cycles), and exhibits favorable mechanical flexibility and self-healing capability. Besides, the electrode of the flexible solid-state supercapacitor with the optimal PVA-H2SO4-V4C3Tx MXene as the solid-state electrolyte has a capacitance of 370 F g−1 with almost no degradation in capacitance even under bending from 0° to 180°. The corresponding energy density for flexible device is 4.6 Wh kg−1, which is twice for that of PVA-H2SO4 hydrogel as the solid-state electrolyte. The enhancement mechanism of V4C3Tx MXene on polyvinyl alcohol containing sulfuric acid PVA-H2SO4 hydrogel may be attributed to the formation of hydrogen bonds between the hydroxyl groups on the surface of MXene and the PVA chains, the interaction between sulfate ions (SO42−) and the metal sites on the MXene, as well as the van der Waals forces between the MXene nanosheets and PVA molecules, thus strengthening the interfacial compatibility, the ionic conductivity, and the structural stability for the hydrogel electrolytes. The improvement for hydrogel electrolyte property is great importance for the development of high-performance flexible solid-state supercapacitors.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
XB: Writing–original draft, Investigation, Formal Analysis. MS: Writing–review and editing, Conceptualization. WQ: Writing–review and editing, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Key Science and Technology Developing Project of Shaanxi Province (2020KWZ-004).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1482072/full#supplementary-material
REFERENCES
 Anasori, B., Lukatskaya, M. R., and Gogotsi, Y. (2017). 2D metal carbides and nitrides (MXenes) for energy storage. Nat. Rev. Mater. 2, 16098. doi:10.1038/natrevmats.2016.98
 Bin, X., Sheng, M., Kong, B., Luo, Y., Xiao, J., and Que, W. (2024). The synthesis and supercapacitor application of flexible free-standing Ti3C2Tx, Mo2TiC2Tx, and V4C3Tx MXene films. Nanoscale 16, 15196–15207. doi:10.1039/d4nr01826e
 Bin, X., Sheng, M., Luo, Y., and Que, W. (2022). Self-assembling delaminated V4C3Tx MXene into highly stable pseudocapacitive flexible film electrode for supercapacitors. Adv. Mater. Interfaces 9, 2200231. doi:10.1002/admi.202200231
 Bin, X., Sheng, M., Luo, Y., and Que, W. (2023). Heterostructures of MoO3 nanobelts assembled on delaminated V4C3Tx MXene nanosheets for supercapacitors with excellent room/high temperature performance. Electrochimica Acta 446, 142070. doi:10.1016/j.electacta.2023.142070
 Bin, X., Tian, Y., Luo, Y., Sheng, M., Luo, Y., Ju, M., et al. (2021). High-performance flexible and free-standing N-doped Ti3C2Tx/MoOx films as electrodes for supercapacitors. Electrochimica Acta 389, 138774. doi:10.1016/j.electacta.2021.138774
 Boota, M., and Gogotsi, Y. (2018). MXene—conducting polymer asymmetric pseudocapacitors. Adv. Energy Mater. 9, 1802917. doi:10.1002/aenm.201802917
 Chang, T.-H., Zhang, T., Yang, H., Li, K., Tian, Y., Lee, J. Y., et al. (2018). Controlled crumpling of two-dimensional titanium carbide (MXene) for highly stretchable, bendable, efficient supercapa citors. ACS Nano 12, 8048–8059. doi:10.1021/acsnano.8b02908
 Chen, Z., Ma, X., Hou, Y., Cui, H., Li, X., Yang, Q., et al. (2023). Grafted MXenes based electrolytes for 5V-class solid-state batteries. Adv. Funct. Mater. 33, 2214539. doi:10.1002/adfm.202214539
 Dong, Y., Mallineni, S. S. K., Maleski, K., Behlow, H., Mochalin, V. N., Rao, A. M., et al. (2018). Metallic MXenes: a new family of materials for flexible triboelectric nanogenerators. Nano Energy 44, 103–110. doi:10.1016/j.nanoen.2017.11.044
 Feng, J., Liu, R., Yuan, X., Cao, C., Xie, J., Sun, Z., et al. (2023). MXene-enhanced ePatch with antibacterial activity for wound healing. Front. Chem. 11, 1280040. doi:10.3389/fchem.2023.1280040
 Feng, J., Ma, D., Ouyang, K., Yang, M., Wang, Y., Qiu, J., et al. (2022). Multifunctional MXene-bonded transport network embedded in polymer electrolyte enables high-rate and stable solid-state zinc metal batteries. Adv. Funct. Mater. 32, 2207909. doi:10.1002/adfm.202207909
 Guo, M., Liu, C., Zhang, Z., Zhou, J., Tang, Y., and Luo, S. (2018). Flexible Ti3C2Tx@Al electrodes with ultrahigh areal capacitance: in situ regulation of interlayer conductivity and spacing. Adv. Funct. Mater. 28, 1803196. doi:10.1002/adfm.201803196
 Jee, Y. C., Yun, J. S., Im, S. H., and Kim, W.-S. (2024). Environment-friendly synthesis of Ti3C2Tx MXene by etching and galvanic reactions for Al removal of Ti3AlC2 MAX. Chem. Eng. J. 495, 153354. doi:10.1016/j.cej.2024.153354
 Li, J., Yang, Z., Wang, C., Wu, S., Zheng, Y., Cui, Z., et al. (2023). Rapid electron transfer via hetero-interface engineering of 2D MOF anchored Ti3C2 MXene nanosheet for enhanced photocatalytic disinfection. Appl. Catal. B Environ. 339, 123163. doi:10.1016/j.apcatb.2023.123163
 Lukatskaya, M. R., Kota, S., Lin, Z., Zhao, M.-Q., Shpigel, N., Levi, M. D., et al. (2017). Ultra-high-rate pseudocapacitive energy storage in two-dimensional transition metal carbides. Nat. Energy 6, 17105. doi:10.1038/nenergy.2017.105
 Luo, Y., Que, W., Bin, X., Xia, C., Kong, B., Gao, B., et al. (2022). Flexible MXene-based composite films: synthesis, modification, and applications as electrodes of supercapacitors. Small 18, e2201290. doi:10.1002/smll.202201290
 Pang, J., Mendes, R. G., Bachmatiuk, A., Zhao, L., Ta, H. Q., Gemming, T., et al. (2018). Applications of 2D MXenes in energy conversion and storage systems. Chem. Soc. Rev. 48, 72–133. doi:10.1039/C8CS00324F
 Parker, T., Zhang, D., Bugallo, D., Shevchuk, K., Downes, M., Valurouthu, G., et al. (2024). Fourier-transform infrared spectral library of MXenes. Chem. Mater. 36 (17), 8437–8446. doi:10.1021/acs.chemmater.4c01536
 Sheng, M., Bin, X., Yang, Y., Tang, Y., and Que, W. (2022). In situ electrosynthesis of MAX-derived electrocatalysts for superior hydrogen evolution reaction. Small 18, 2203471. doi:10.1002/smll.202203471
 Sheng, M., Yang, Y., Bin, X., Zhao, S., Pan, C., Nawaz, F., et al. (2021). Recent advanced self-propelling salt-blocking technologies for passive solar-driven interfacial evaporation desalination systems. Nano Energy 89, 106468. doi:10.1016/j.nanoen.2021.106468
 VahidMohammadi, A., Rosen, J., and Gogotsi, Y. (2021). The world of two-dimensional carbides and nitrides (MXenes). Science 372, eabf1581. doi:10.1126/science.abf1581
 Wei, X., Zhang, Z., Wei, B., and Zhang, Q. (2024). Laminating layered structures of 2D MXene and graphene oxide for high-performance all-solid-state supercapacitors. Small , e2402422. doi:10.1002/smll.202402422
 Xu, Z., Huang, H., Tang, Q., Peng, H., Huang, J., He, H., et al. (2024). Coaxially MXene-confined solid-state electrolyte for flexible high-rate lithium metal battery. Nano Energy 122, 109312. doi:10.1016/j.nanoen.2024.109312
 Yu, L., Hu, L., Anasori, B., Liu, Y.-T., Zhu, Q., Zhang, P., et al. (2018). MXene-bonded activated carbon as a flexible electrode for high-performance supercapacitors. ACS Energy Lett. 3, 1597–1603. doi:10.1021/acsenergylett.8b00718
 Zhang, C., Kremer, M. P., Seral-Ascaso, A., Park, S.-H., McEvoy, N., Anasori, B., et al. (2018). Stamping of flexible, coplanar micro-supercapacitors using MXene inks. Adv. Funct. Mater. 28, 1705506. doi:10.1002/adfm.201705506
 Zhang, C. J., Anasori, B., Seral-Ascaso, A., Park, S. H., McEvoy, N., Shmeliov, A., et al. (2017). Transparent, flexible, and conductive 2D titanium carbide (MXene) films with high volumetric capacitance. Adv. Mater. 29, 1702678. doi:10.1002/adma.201702678
 Zhu, J., Zhu, S., Cui, Z., Li, Z., Wu, S., Xu, W., et al. (2024). Dual redox reaction sites for pseudocapacitance based on Ti and -P functional groups of Ti3C2PBrx MXene. Angew. Chem. Int. Ed. Engl. 63, e202403508. doi:10.1002/anie.202403508
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Bin, Sheng and Que. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-12-1482072-g005.gif





OPS/images/fchem-12-1482072-g006.gif
® %] 3 e
5,
H o]
s 900

Voltage?

IR
Currentdemsit/A 2

o





OPS/images/fchem-12-1482072-g003.gif
. = © =mmn
omme -





OPS/images/fchem-12-1482072-g004.gif





OPS/images/math_qu1.gif
Cy =414t [(maAV)





OPS/images/fchem-12-1482072-g007.gif
@)+

Enersy densityVh kg

£
T 0T 02 03 04 05 08
Voltgey

0
30 w0 6 % w1 1

T g | @5 s
¢ '“Qn
; oaz,

[T T T—T
Power demsityW kg?

Tooo o0 o0 w50
Cyche namber





OPS/images/fchem-12-1482072-g008.gif
O

re—

T 0T 02 03 04 05 08
N

TH W @
‘Bending cvcles.






OPS/xhtml/nav.xhtml
Contents

		Cover

		Highly conductive V4C3Tx MXene-enhanced polyvinyl alcohol hydrogel electrolytes for flexible all-solid-state supercapacitors		1 Introduction

		2 Experimental		2.1 Preparation of V4C3Tx MXene/polyvinyl alcohol (PVA) hydrogel electrolytes

		2.2 Physical characterizations

		2.3 Electrochemical measurements

		2.4 Calculation





		3 Results and discussion

		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiersin Chemistry

Highly conductive V4C3T,
MXene-enhanced polyvinyl
alcohol hydrogel electrolytes
for flexible all-solid-state
supercapacitors





OPS/images/math_qu4.gif
E[At,





OPS/images/fchem-12-1482072-g001.gif





OPS/images/fchem-12-1482072-g002.gif





OPS/images/math_qu3.gif





OPS/images/math_qu2.gif
Ceo = 1/4C,









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





