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Abstract: In this work, the fabrication and characterization of the nanocomposite hydrogel, as a solid electrode in electrochemical cell and gel electrolyte material using Indium titanium oxide/polyethylene terephthalate (ITO/PET) flexible substrate for double-layer supercapacitors have been reported. The nanocomposite hydrogel composed of Arabic gum (AG), Acrylic acid (AA), reduced graphene oxide (RGO), and silver nanoparticles (AgNPs) was fabricated via a physical cross-linked polymerization reaction, in which the ascorbic acid was used as a reducing agent to generate AgNPs and to convert Graphene oxide (GO) to RGO during the polymerization reaction. The morphology and structural characteristics of nanocomposite hydrogel were investigated using atomic force microscopy (AFM), scanning electron microscope (SEM), Fourier transfer infrared (FTIR), and X-ray fluorescence (XRF). Additionally, the effect of RGO and AgNPs on hydrogel stability was assessed through Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC), while its mechanical properties were studied using the nanoindentation test. Electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV) were also conducted to study the electrochemical properties of the prepared hydrogel. The effects of AgNPs, RGO, and water content were all considered in the study of supercapacitor performance. The microstructural tests showed that the nanocomposite hydrogel has a relatively high swelling rate, which has a crucial effect on the capacitance. Furthermore, the effects of increasing AgNP concentration and water content in the hydrogel matrix showed a significant improvement in its electrochemical performance, compared with that for Arabic gum poly acrylic acid (AGPAA) hydrogel itself, were the specific capacitance exhibited a significant enhancement, converting from a low value to a substantially higher capacitance value. Moreover, when the nanocomposite hydrogel was used as the working electrode in an electrochemical cell with a hydrochloric acid (HCl) electrolyte solution, it exhibited good electrode performance. Additionally, using (ITO/PET) as a flexible substrate for nanocomposite hydrogel shows an improvement in their suitability for supercapacitor applications. Therefore, it is suggested that the fabricated hydrogel supercapacitor has potential applications in the field of renewable and clean energy harvesting.
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1  Introduction

The large development of industry has resulted in the consumption of natural fuel resources, contributing to an escalation in environmental pollution [1–4]. To address this challenge, there is a need to develop renewable, low-cost, and effective energy storage systems [5,6]. Among the various solutions, a flexible supercapacitor with sufficient energy storage has attracted the attention of the applications of wearable and flexible electronic devices. This interest is due to its high-performance attributes, represented by its fast charging-discharging ability, low cost, high specific power, and long cycle life. Furthermore, its high conductivity and stable mechanical properties make it an attractive choice for renewable energy solutions [5,7–9]. Recent progress in the supercapacitor field separates their performance based on the storage mechanisms into pseudo-capacitors and an electrostatic double layer (EDS) [10].

Pseudo-capacitor based on redox reactions between electrode materials to store energy. While the EDLC is the simplest and most commercially available supercapacitor, it stores energy based on electrolyte ion adsorption on the electrode surface [11–13]. Both transition metal oxides and conducting polymers are considered novel electrode materials for the enhancement of pseudo-capacitors, which show higher energy density compared with EDLC. Furthermore, the higher energy and power density increased researcher attention to the pseudo-capacitor method [14–16]. Electrode fabrication based on nano-structuring techniques has been employed to enhance the kinetics of charge transfer and increase the electrode material surface area. High specific surface area and the porosity of electrode materials play a key role in increasing EDLC capacitive performance, in addition to using carbon nanomaterials such as graphene and its derivatives, activated carbon, and carbon nanotubes in electrode fabrication to enhance their properties [13,17,18]. Recent literature reviews show the tendency of capacitive performance to find and understand the phenomenon of improving electrode materials and the importance of overcoming the challenges of supercapacitor technology in different applications, including renewable energy systems and energy storage [14,16].

Taking into account the electrolyte mode that could influence the capacitance, energy density, power density, or the voltage window. Reliability and resistance to corrosion and leakage, besides a lower ionic conductivity, make solid-gel electrolytes a good candidate for flexible energy storage devices compared to gel polymer electrolytes (GPE). The latter one has been introduced due to its environmental benefits, high ionic conductivity, high chemical stability, good mechanical properties, dimensional stability, and flexibility [6,19]. One of the most investigated flexible electrodes in electronic devices was indium tin oxide coated on polyethylene terephthalate (ITO/PET) [20].

The conductive and flexible nature of nanocomposite hydrogels makes them an ideal choice for flexible supercapacitors [8]. Hydrogel is a 3D network structure created by physical or chemical bonds between its neutral or synthetic polymers. The low conductivity of hydrogel and its poor mechanical properties, represented by its low toughness, tensile ability, and strength, will limit its use in several electronic device applications. Incorporating inorganic components, including a metal oxide, graphene and its derivatives, indium tin oxide (ITO), nanoparticles, and conductive polymers, into the hydrogel matrix addresses these limitations [21–25]. Graphene is one of the most promising materials in energy storage due to its excellent mechanical properties, large surface area, and high conductivity. Zhao et al. used P and N co-doped graphene to enhance the energy and power density of the supercapacitor, which resulted in high specific capacitance of the Zn-ion hybrid supercapacitor in ZnSO4 solution. Ge et al. fabricated nitrogen-doped graphene coupled with an aligned polyaniline electrode (NG/PANI), which improved the electrochemical performance of supercapacitors compared with individual electrodes [26,27]. In addition, the presence of ions and inorganic compounds with high water content in the hydrogel network structure will help avoid the leakage of GPE, improve the conductivity of electrolytes, and enhance hydrogel surface area and porosity [3,7,19,28–31]. Considerations for size, toughness, and anti-swelling performance are crucial in the development of flexible supercapacitors using conductive polymers like polyacrylic acid (PAA) and its composite with Arabic gum (AG). The addition of AG to the PAA matrix polymer enhances material properties due to its high mechanical properties, high contact area, thermal stability, and high energy storage, in addition to its chemical stability. Furthermore, polyvinyl alcohol and polyacrylic acid are commonly used in most electronic devices, like flexible supercapacitors [7,30,32].

Arabic gum (AG) is a highly branched natural polysaccharide, extracted from the acacia tree. It is comprised of arabinose residues, rhamnose, galactose, and glucuronic acid. This amorphous, odorless, and colorless resin has been used in wide applications in several fields due to its biocompatibility, high water solubility, nontoxicity, PH stability, and low viscosity compared with other polysaccharides [33–37]. Due to these properties, AG is widely used as a stabilizer, liquid flavor emulsion, and emulsifier, in addition to being used in several applications, including the food industry, textile industry, water treatment, and printing. Furthermore, AG can be used to build up copolymer hydrogel, improve hydrogel physiochemical properties, and work as a stabilizing and reductant for AgNPs [38–41].

The hydrogel matrix lacks good electrical conductivity, which limits its usage in flexible electrode devices. To resolve this issue, graphene, which has a large specific surface area and excellent electrical conductivity, can be easily integrated into a hydrogel matrix. The 2D mono-atomic layer of graphene enables active material to be loaded on its surface through chemical bonds or electrostatic interaction with oxygen functional groups [1,28,42,43]. The noble metals were introduced to enhance the electrical conductivity of the hydrogel matrix electrode. In this profile, the unique properties of silver nanoparticles (AgNPs), with their low cost and stability, have advantages compared to gold and platinum metals [44]. In particular, the high thermal stability and high conductivity of silver metal make it an important material for nanoparticle production. The addition of AgNPs to the hydrogel matrix will reduce polymer electrical resistance, enhance the optical and thermal properties of the hydrogel, and increase the specific capacitance and electrical conductivity of the prepared nanocomposite hydrogel to be used as a supercapacitor material [45–47].

In this work, the nanocomposite of Arabic gum polyacrylic acid tough hydrogel (RGO-AgNPs/AGPAA-hydrogel) was fabricated using a novel technique. The nanocomposite served as a separator and an electrolyte. Both solid gel and polymer gel electrolytes were fabricated based on RGO/AgNPs/AGPAA-hydrogel by an in-situ polymerization reaction. In this study, both ITO/PET and a flexible hydrogel were used to fabricate a flexible supercapacitor device, allowing it to bend or conform to diverse shapes. The nanocomposite is sandwiched between two conductive ITO/PET electrodes. The electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and electrochemical and mechanical characteristics of the composite hydrogel were thoroughly investigated.

2  Experiment Section

2.1 Materials

All materials used in this research were purchased from Sigma-Aldrich and were of analytical grade: Iron (iii) Chloride (FeCl3), graphite (fine powder extra pure), Ascorbic Acid (VC), sulfuric acid (H2SO4, 96%), Arabic Gum (AG), sodium nitrates (NaNO3), Acrylic Acid (AA), potassium permanganate (KMnO4), hydrogen peroxide (H2O2, 30%), hydrochloric acid (HCl, 37%), silver nitrate (AgNO3), and Ammonium Per Sulfate (APS).

2.2 Preparation of GO

Graphene oxide was synthesized using the modified Hummer method [48].

2.3 Preparation of RGO/AgNPs/AGPAA-Nanocomposite Hydrogels

  1.  GO was first dissolved in deionized water using ultrasonication. Then ascorbic acid was added slowly to convert GO to RGO.

  2.  Formation of AG-PAA-hydrogel: AG was dissolved completely in deionized water, then AA solvent was added slowly. After 10 min, FeCl3 and APS were added to the hydrogel matrix. Then keep stirring at 40°C for 2 h [49].

  3.  Formation of RGO-AgNPs-AGPAA-hydrogel: The AgNO3 and (1) solution were slowly added to the hydrogel matrix (2), and then it was allowed to stir at 90°C for 1 h. Fig. 1 shows the flowchart of the synthesis process of AGPAA nanocomposite hydrogel.
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Figure 1: Flowchart of the (a) synthesis procedure of AGPAA nanocomposite hydrogel and (b) supercapacitor hydrogel devices

2.4 Preparation of the Hydrogel Supercapacitor

  1.  Hydrogel electrolyte gel: the hydrogel with 1.0% GO and several Ag concentrations was swelled in 10 mL of distilled water until the hydrogel size was fixed.

  2.  Solid-gel electrode: 10.0% of the AGPAA-hydrogel matrix was used to prepare nanocomposite hydrogel.

  3.  ITO/PET was used as a flexible substrate in the supercapacitor. A PET/ITO/solid-gel/hydrogel electrolyte/solid gel/ITO/PET double-sandwiched layer was used as a supercapacitor device. Fig. 1b shows the schematic diagram of the nanocomposite hydrogel devices.

Table 1 shows the AGPAA-hydrogel with a different concentration of AgNPs and RGO. The hydrogel was allowed to swell for 10 min to increase its water content. The effect of adding AgNPs and RGO on hydrogel properties was studied. In addition, the change in hydrogel electrochemical properties between two different hydrogel electrolyte types was instigated to study the effect of increasing water content inside a hydrogel matrix network.
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The H1, NCH2, and NCH3 hydrogels were used in a 3-electrode system with 0.6 M of aqueous hydrochloric acid (HCl) as the working electrode to study their electrochemical behavior (Fig. S1a). The Ag/AgCl was used as the reference electrode, while Pt foil was used as a counter electrode. As shown in the (Fig. S1b) the hydrogel supercapacitor sandwiched between two ITO/PET electrodes. The hydrogel was used as an electrolyte in the capacitor, while the NCH4 sample was used as a solid electrode. In this research, we study the effect of gel polymer electrolyte and solid polymer electrolyte on supercapacitor efficiency.

3  Results and Discussion

The surface morphology of the as-prepared hydrogel structure was mapped using SEM and AFM techniques (Fig. 2). The SEM images of H1 and NCH3 samples are illustrated in Figs. 2a,b. A high-porous structure of the hydrogel matrix H1 sample is supported by a volcano-like structure, as seen in Fig. 2a. The high porosity can enhance the mobility of ions and charge transfer within the electrolyte hydrogel due to its large surface area. Fig. 2b reveals the effect of additives of RGO and AgNPs on the internal structure and surface morphology of the hydrogel matrix, in addition to the presence of AgNPs on the NCH3 sample surface. The AgNPs embedded within the hydrogel exhibited a size distribution ranging from 20 to 50 nm. Fig. 2c shows AFM images in two- and three-dimensional modes of the NCH3 sample. The dispersed AgNP nanoparticles are shown on the surface of the NCH3. The roughness and the projected area of the NCH3 sample were found to be 145.62 nm and 99.6098 µm2, respectively.
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Figure 2: SEM images of (a) H1 and (b) NCH3 samples; (c) 2D and 3D AFM images of NCH3 samples

The FTIR spectra obtained for acrylic acid (AA) and Arabic gum (AG), in addition to the prepared hydrogels (H1, NCH3, and NCH4), are shown in Fig. 3. Fig. 3a shows a significant difference between the AA monomer, AG polymer, and H1 sample, in which many of the FTIR peaks on AA monomers disappeared from the H1 sample. The peak at 1685 cm−1 is assigned to C=C stretching vibration in AA that disappeared from the H1 sample, which reveals the successful formation of PAA. The peaks at 2932 and 2897 cm–1 are attributed to the sp3 stretching vibration of the C-H group in the H1 sample and AG, respectively, with a highly intense peak compared with a tiny peak in the AA monomer. The peaks at 1711 and 1693 cm–1 represent the C=O stretching vibration of the H1 sample and AA monomer, respectively. Peaks from (1031–1072) cm–1 represent a C-O-C and C-O-H stretching vibration in the H1 sample and AG polymers; these peaks refer to the saccharide structure of hybrid hydrogel. The O-H stretching vibration of oxygen functional groups was found in the range of 3000–3500 cm–1, with a significant difference in peak broadness between AA, AG, and the H1 sample due to the interaction between the prepared H1 sample hydroxyl group and Fe+3. Also, the interactions between the oxygen functional groups, like the -OH group and C=O group in PAA-AG and PAA-PAA, will affect the broadness of the -OH stretching vibration in the H1 sample. Fig. 3b shows a significant difference in hydrogel spectra as a result of the addition of RGO and AgNPs with different concentrations in both the NCH3 and NCH4 samples compared with the H1 sample. The peaks at 3789 and 3776 cm–1 refer to the -OH stretching vibration on H1 and NCH3 samples, which disappeared in the NCH4 sample. The board peaks at (3000–3500) cm–1 which refers to the -OH stretching vibration of alcohol that disappeared from the NCH4 sample. In the NCH3 sample, a peak at 2982 cm–1 that represents the C-H stretching vibration is absent from both the NCH4 and H1 samples. The absence of these peaks from the NCH4 sample may be related to the strong interaction between hydrogel functional groups and the additive (AgNPs and RGO) when a high concentration is used. In addition, these additives in the hydrogel matrix will affect the hydrogen and dipole bonding in the polymer network structure, which causes a change in peak intensity or appearance. The peaks from (1346–1348) cm–1 in both H1 and NCH3 samples represent the deformation vibration of the CH3 group, where his peak disappeared from the NCH4 sample. The C-O stretching vibration at 1008 cm−1 in the H1 sample becomes very small in the NCH3 sample and disappears from the NCH4 sample, which shows the high effect of RGO concentration. Also, the change in C=O stretching vibration (1750–1660) cm–1 in carboxylic acid indicates the presence of RGO.
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Figure 3: (a) FTIR spectrum fitting diagram of AA, AG, and H1 samples in 400–4000 cm–1; (b) FTIR spectrum fitting diagram of H1, NCH3, and NCH4 samples in 500–5000 cm–1

The thermal stability and crystallinity of the H1 and NCH3 samples were characterized by TGA and DSC analysis in their dry states. In the TGA, the thermal stability of the prepared hydrogel was tested. The H1 and NCH3 samples show two steps of weight loss. The Te (extrapolated onset temperature) was used to compare the thermal stability of both samples. We can see the effect of added AgNPs and RGO on the hydrogel thermal stability; sample H1 shows more weight loss compared with the NCH3 sample behavior at different temperatures (Fig. 4a). The loss in weight after 200°C refers to removing water content and gases from the hydrogel matrix. Fig. 4b shows the DSC of the H1 and NCH3 dried samples. The crystallinity difference between samples refers to adding RGO and AgNPs to the hydrogel matrix. A small peak close to 90°C represents the loss of water and volatile content. The physical transition endothermic peaks are found close to 150°C and 190°C of the Tg and Tm values, respectively. The Tg value of the NCH3 sample shows a more intense peak compared with the H1 sample, which indicates the increase in water content inside the matrix structure, in addition to the effect of the RGO and AgNPs on increasing the porosity of the hydrogel. The H1 sample shows two intense peaks close to 200°C, while the small peak of the NCH3 sample is at 190°C; therefore, the difference in peak intensity between samples indicates the difference in sample crystallinity.
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Figure 4: (a) TGA fitting diagram of H1 and NCH3 samples; (b) DSC fitting diagram of H1 and NCH3 samples

Fig. 5 shows the XRF analysis of nanocomposite hydrogel samples with different Ag concentrations. The increase in Ag concentration results in increasing peak intensity of the sample; the NCH4 sample shows a higher peak intensity compared with that of the NCH1 and NCH2 samples. The different number of peaks and the change in peak intensity for AgNPs within the same sample refer to the variation in the size of AgNPs inside the hydrogel matrix. The X-ray fluorescence (XRF) analysis revealed the elemental composition of the hydrogel samples. Table 2 illustrates the percentage composition of several elements within the hydrogel matrix across different concentrations of Ag. The quantities of Ag show variation in mass percentage (3.34%, 10.8%, 63.8%) for the three tested samples, NCH1, NCH2, and NCH4. The NCH4 sample showed the highest percentage of AgNPs compared to the other samples.
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Figure 5: XRF analysis of NCH1, NCH2, and NCH4 samples
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Fig. 6 shows the nanoindentation test for two different samples, NCH2 and NCH3. The figure shows the effect of increasing Ag concentration on the hydrogel matrix. The array patterns were fixed for two samples to be 9-point with the same space distance (2 µm), with a fixed applied force of 500 µN. Fig. 6a,b shows a slight difference in curve shape indicating a change in the mechanical properties of samples with increasing Ag concentration.
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Figure 6: Scheme curve of nanoindentation load-displacement curve at nine different points for (a) NCH3 sample and (b) NCH2 sample passed on the 9-point array taken for the indentation test with a fixed distance

Table 3 shows the significant difference in standard deviation for both NCH3 and NCH2 samples, indicating a higher difference in sample mechanical properties. The NCH2 sample shows a higher standard deviation compared with the NCH3 sample for both hardness and elastic modulus. The Ag concentration plays an important role in increasing hydrogel mechanical properties. Sample NCH3 shows a lower elastic modulus and hardness value than the NCH2 sample.
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Prepared hydrogels exhibited excellent swelling properties due to their porosity structure. The incorporation of AgNPs and RGO within the hydrogel matrix shows an increase in its porosity density as evidenced by SEM and AFM imaging, therefore increasing hydrogel swelling capability.

Fig. 7 illustrates the effect of concentrations of AgNP on the swelling capability of the hydrogel. Notably, the NCH3 sample with high AgNP concentration shows remarkable swelling capability. Conversely, the H1 sample without AgNPs and RGO shows the lowest swelling capability compared to all other tested samples. The water content affords an interactive medium for charge transfer and ion diffusion in flexible energy storage devices. In addition, the surface properties and related electrochemical activity of hydrogel can be improved throughout swelling. Fig. 8 shows the cyclic voltammetry (CV) of hydrogel electrodes operated in a voltage window of –0.2 to 0.6 V. Fig. 8a shows the behavior of the (H1, NCH2, NCH3) sample working electrode in HCl as an acidic supporting electrode with a PH of 2.2. The current density of the hydrogel electrode shows significant differences between the H1 sample and the nanocomposite hydrogel (NCH3 and NCH2) samples, which refers to the effect of RGO and AgNPs on increasing the hydrogel conductivity and porosity. As a result, the diffusion channel resulting from high hydrogel porosity will allow electrolyte ions to transfer effectively. The CV curve of the H1 sample was included in the Y-axis, which refers to the insufficient intrusion of electrolyte ions into the hydrogel network and the increased hydrogel resistance. The effect of increasing AgNP concentration was also investigated.
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Figure 7: Swelling ratio of (H1, NCH1, NCH2, NCH3) samples
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Figure 8: (a) The cyclic voltammetry curve of the H1, NCH2, and NCH3 samples, (b) The cyclic voltammetry curve of the NCH3 sample at four cycles

The NCH3 sample has a high content of AgNPs compared to the other samples, as seen in Fig. 8a, implying an improvement in their ionic conductivity supported by the porosity of the hydrogel matrix. Fig. 8b shows a multi-cycle scan to determine the electrochemical stability of the NCH3 sample. The NCH3 sample retains high capacitive storage. The strong electrochemical peak associated with redox and oxidation chemical reactions takes place at the electro-active species at the electrolyte/electrode interface.

The electrochemical performances of as-deposited flexible electrodes coincide with those of solid polymer electrolytes were also studied. Fig. S2a illustrates the time variation of current density for H1, NCH1, NCH2, and NCH3 solid polymer electrode devices. The H1 electrode devices tend to have a low current density compared with other nanocomposite hydrogel electrodes. Hereby, the notable performance of flexible electrodes is assigned to integrating the RGO and Ag NPs into the hydrogel matrix, which results in higher ionic conductivity. The higher ratio of these additives plays a significant role in better electrode performance, while the dispersion and loading of this material can result in varying performance.

The solid structure of hydrogel in its dried state will increase hydrogel resistance. The CV curve of H1, NCH1, NCH2, and NCH3 solid electrolyte devices was measured in a potential range between (–0.2–0.6) V at a 100 mV/s scan rate. The CV for solid electrolytes shows a rectangular shape that comes close to the ideal electronic double-layer capacitor. The CV enclosed area differs with additive concentrations of RGO and Ag-NPs, which in turn will affect the energy stored in the flexible electrode. This finding implies that the large surface area of RGO can assist in energy storage in the hydrogel matrix (Fig. S2b).

In the last case, to quantify the wet surface properties on the performance of a flexible electrode device. The hydrogel was allowed to swell in deionized water before being used as an electrolyte. The device was constructed of an NCH4 sheet sample on one side of the supercapacitor, where the hydrogel was sandwiched between two ITO/PET flexible substrates, as shown in Fig. S1b. Fig. 9a–d represents the CV scan at 100 mV/s for different electrolyte samples. Interestingly, the capacitive energy storage can improve with increases in the additive ratios in nanocomposite hydrogel electrolytes. A higher water content in the hydrogel electrolyte after swelling leads to enhanced electrochemical performance of flexible electrode devices. The pseudocapacitive behavior was observed after swelling, suggesting the mechanism of charge storage can be tuned from double-layer performance to pseudocapacitive. At higher contents of RGO and AgNPs, stable electrochemical performance was observed due to efficient charge transfer and ion diffusion within the hydrogel matrix. The stability of the supercapacitor was demonstrated through consistent performance across multiple cycles, as observed in samples NCHS2 and NCHS3, which underwent many cycles with similar results (Fig. S3).
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Figure 9: The cyclic voltammetry curve of the (a) NCHS2, (b) NCHS3, (c) NCHS1, and (d) HS1 samples

Fig. 10a,b shows the current and potential response curves with the time of the NCHS3 sample. The triangle shape of these curves is strongly believed to match the ideal supercapacitor. A stable performance with time variation was confirmed for the NCHS3 electrode device.
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Figure 10: The plot of (a) current density and (b) potential difference vs. time for the NCHS3 sample

Fig. 11a–d elucidates the CV curves for both solid and gel polymer electrolytes at several scan rates (20–100) mV/s within the potential window of –0.2–0.6 V. The typical double-layer capacity coincides with the rectangular shape of a solid polymer electrolyte, as seen in Fig. 11a. On the other hand, the pseudocapacitive mechanism governed by semi-rectangular curves corresponding to the gel electrolyte polymer is shown in Fig. 11b. The energy storage mechanism converts from DLC to pseudocapacitive, suggesting efficient energy storage due to well-dispersed RGO and AgNPs. A stable performance at high scan rates was observed for both polymer electrolytes. Fig. 11c,d shows the effect of water content on the current density, as a result, gel-
polymer electrolyte shows a higher current density than solid electrolyte. The figure shows the stability of the current density of the NCH3 sample compared with the NCHS3 sample, which indicates the smooth transport of ions inside the hydrogel matrix of the NCH3 sample.
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Figure 11: Cyclic voltammetry of (a) The NCH3 sample and (b) The NCHS3 sample at different scan rates. Current density to time plot of (c) The NCH3 sample and (d) The NCHS3 sample

The EIS was carried out to determine the charge transfer and ion diffusion of electro-chemicals with hydrogel matrix. The nyquist plot reveals significant differences between the NCH3 (Fig. 12a) and NCHS3 (Fig. 12b) samples. In addition, the increase in the electrical conductivity of flexible electrode devices improved with increases in the ratio of RGO and AgNP additives. Fig. 12c shows the difference in specific capacitance (Cs) between NCH3 and NCHS3 samples. The increase in Cs of the NCHS3 sample compared with that of the NCH3 sample results from improved ion insertion on the hydrogel surface. Furthermore, the evaluated specific capacitances (Cs) for NCH3 and NCHS3 samples are compared to verify the influence of several additives in the hydrogel matrix. The efficient charge storage is confirmed by the Cs of the NCHS3 sample. This excellent performance assigned to several parameters can be epitomized as efficient charge transfer due to water content, RGO, AgNP additives, and large surface area. In addition, the smoothness of ion diffusion within the hydrogel matrix.
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Figure 12: EIS plot for (a) H1, NCH1, NCH2, and NCH3 and (b) NCHS3 samples, (c) Specific capacitance of NCHS3 (red) and NCH3 (blue)

Fig. 13 illustrates the exceptional flexibility of the nanocomposite hydrogel structure. The image demonstrates its resilience against various mechanical stresses, including tension, crimping, knotting, and bending, without experiencing any cracking or tearing. This classification further emphasizes the robustness and elasticity of the hydrogel under applied loads, reflecting its suitability for flexible and durable supercapacitors.
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Figure 13: Mechanical properties of the nanocomposite hydrogel twisting and knotting

4  Conclusion

In summary, the advanced nanocomposite hydrogel matrix was synthesized by a physically cross-linked polymerization reaction of AG, AA, and Fe+3 ions. The hydrogel flexible electrode for supercapacitor devices was investigated. The device exhibits excellent mechanical and electrical properties under different conditions in dry and swelling environments. The high sensitivity of the hydrogel matrix to water content significantly improves the specific capacitance up to 20.0 F/g. The quite good performance is associated with the presence of RGO and AgNP additives in the hydrogel matrix, resulting in higher electrical conductivity. Additionally, the nanocomposite hydrogel was successfully utilized as a working electrode in HCl acidic electrolyte solution. The relatively high swelling capability, with higher RGO and AgNP contents at large surface structures, enables higher device performance. This result was confirmed by SEM, FTIR, XRF, AFM, and electrochemical performance. Consequently, high ionic mobility also enhances the energy storage efficiency of flexible hydrogel-based flexible supercapacitors. The prepared nanocomposite hydrogel may be used as a potential candidate for other energy-harvesting devices.
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Table 1: The AGPAA-hydrogel with different Ag and GO concentrations

Hydrogel code %GO %Ag"!
H1 0.00 0.00
NCH1 1.00 0.10
NCH2 1.00 0.50
NCH3 1.00 1.00
NCH4 32.0 32.0
HS1* 0.00 0.00
NCHST1* 1.00 0.10
NCHS2* 1.00 0.50
NCHS3* 1.00 1.00

Note: *: The sample was allowed to swell in distilled water until its size was fixed.
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Table 3: The differences in mechanical properties of NCH2 and NCH3 samples

Variables name NCH2 sample NCH3 sample
Hardness standard deviation 0.0070 0.0005
Elastic modulus standard deviation 0.1023 0.0039
Hardness 0.0221 0.0092

Elastic modulus 0.5794 0.1319
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Table 2: Mass percentage of elemental in nanocomposite hydrogel samples determined by X-ray fluorescence
(XRF) analysis

Sample Cl (mass%o) Fe (mass%) Ag (mass%) K (mass%)
NCHI 9.17 17.2 3.34 10.4
NCH2 19.9 42.1 10.8 4.51

NCH4 0.88 0.62 63.8 10.1
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