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Osmotic energy harvesting was a promising way to alleviate energy crisis with reverse electrodialysis (RED) membrane-based technology. Charged hydrogel combined with other materials was an effective strategy to overcome problems, including restricted functional groups and complicated fabrication, but the effect of the respective charges of the two materials combined on the membrane properties has rarely been studied in depth. Herein, a new method was proposed that charged hydrogel was equipped with charged filter paper to form dual network fiber-hydrogel membrane for osmotic energy harvesting, which had excellent ion selectivity (beyond 0.9 under high concentration gradient), high ion transference number and energy conversion efficiency (beyond 32.5% under wide range concentration gradient), good property of osmotic energy conversion (∼4.84 W/m2 under 50-fold KCl and ∼6.75 W/m2 under simulated sea water and river water). Moreover, the power density was attributed to the surface-space charge synergistic effect from large amounts overlapping of electric double layer (EDL), so that the transmembrane ion transport was enhanced. It might be a valid mode to extensively develop the osmotic energy harvesting.
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1 INTRODUCTION
In recent decades, the energy crisis has become a growing concern. Although the development of renewable energy sources, such as solar energy, wind energy, and tidal energy (Laucirica et al., 2021), has alleviated this problem to a certain extent, the collection and use of these clean energy sources are still limited by weather, geography, and time of the year. The osmotic energy, called “blue energy,” which has received extensive attention from researchers due to its advantages of large storage capacity, non-pollution and sustainability. It has been reported (Zhou and Jiang, 2020) that the theoretical total energy at the interface between seawater and river water can be up to 0.8 kWh m−3, and the global total energy can be up to 30 TW, which has a huge potential for acquisition. With the development of nanofluidics (Zhang Z. et al., 2021) and membrane science, reverse electrodialysis (RED) technology has become one of the effective means of osmotic energy harvesting, under which a variety of materials are used for the preparation of the corresponding membranes, such as two-dimensional materials (Zhang et al., 2019; Liu et al., 2020; Zhang L. et al., 2021), sulphonated polymers (Huang et al., 2019; Huang et al., 2020; Zhao et al., 2020; Sun et al., 2021), covalent organic frameworks (COFs) (Chen S. et al., 2021; Hou et al., 2021; Zuo et al., 2022), and polyionic liquids (Hu et al., 2022). Nevertheless, there are still some issues that limit their further application in osmotic energy harvesting, including complex preparation, high cost and high membrane resistance.
Compared with other materials, charged hydrogels have large amounts of three-dimensionally (3D) interconnected ion transport channels, enhancing the ion selectivity and transport. Currently, hydrogel membranes with different features and effects, including ample ion transport channels (Chen et al., 2020a; Chen et al., 2020b), enhanced ion interfacial transport efficiency (Zhang et al., 2020), and gradient structures (Chen Y. et al., 2021; Bian et al., 2021; Huang et al., 2023), have been reported for more effective osmotic energy harvesting and conversion. However, the complexity of the preparation of these hydrogel membranes, and the weak ion selectivity provided by limited functional groups still restrict their further applications. Therefore, selecting suitable materials to be combined with hydrogels for the preparation of corresponding membranes becomes a priority.
Cellulose-based materials are of interest due to their wide availability and lower cost. Presently, a number of cellulose materials, including wood (Chen et al., 2019; Chen G. et al., 2021; Chen J. et al., 2022), loofah fiber (Luan et al., 2022), bacterial cellulose (Wu et al., 2021; Sun et al., 2023) (BC), cellulose nanofibers (Liu et al., 2021) (CNF), etc., are often used to combine with charged hydrogels to prepare composite membranes. These strategies enhance ion conductivity, ion selectivity, mechanical and other properties, finally promoting the performance of osmotic energy harvesting. However, it is often unavoidable to use overly complicated treatment processes when using cellulosic materials (e.g., multiple alkali treatments at higher temperatures of naturally derived wood and loofah fibers to remove impurities, longer cycles of bacterial cultures to form cellulosic materials, etc.); besides, in the above research results, most of them investigated the effect of charge on the osmotic energy generation of one material without using the other, and little mention was made of the interaction between cellulosic materials and charged hydrogels (e.g., the link of charge effects). Compared to these cellulosic materials, low-cost filter papers tend to be more commercially available and their easy modification and hydrophilicity due to the abundance of hydroxyl groups have also been reported to be used in superhydrophilic-hydrophobic Janus-type interfaces (Kosak Soz et al., 2018), diagnostic systems (Böhm and Biesalski, 2017), and ultrasensitive strain sensors (Li et al., 2019), among others.
Herein, we report a charged fiber-hydrogel dual-network composite membrane combining charged filter paper and charged hydrogel obtained by modification of 2,2,6,6-tetramethylpiperidinium oxyradical (TEMPO) and used in osmotic energy harvesting. Due to the surface charge of N-filter paper and the space charge of hydrogel, the dual-network fiber-hydrogel membrane had excellent ion selectivity, high ion transference number and energy conversion efficiency (beyond 0.9% and 32.5% respectively under wide range concentration gradient), good current response stability and the property of osmotic energy conversion (∼4.84 W/m2). Moreover, it was further found that for the composite membranes corresponding to different charged filter papers, the composite membrane corresponding to the negatively charged filter paper had relatively better performance due to the enhanced ionic transport by the synergistic effect of surface-space charge. This provides a new strategy to improve the performance of osmotic energy conversion.
2 EXPERIMENTAL SECTION
2.1 Materials and chemicals
2-acrylamido-2-methylpropane sulfonic acid (AMPS) was purchased from J&K Chemicals. Methyl methacrylate (MMA), acrylic acid (AA), 2,2,6,6-tetramethylpip-eridine oxygen radical (TEMPO), (3-Chloro-2-hydroxypropyl) trimethylammonium chloride solution (CHPTAC, 60 wt% aqueous solution) and lithium chloride (LiCl) were purchased from Aladdin. Methacrylic acid (MAA), [2-(methacryloxy)ethyl] dimethyl-(3-sulfonopro-pyl) ammonium hydroxide (SBMA) were purchased from Sigma-Aldrich.2-hydroxy-4’-(2-hydroxyethoxy)-2-methylphenylacetone (I2959), urea and Rhodamine 6G (R6G) were obtained from Adamas-beta. Sodium hydroxide (NaOH), sodium chloride (NaCl) and sodium bromide (NaBr) were obtained from Sinopharm. Co., Ltd. Sulfonated rhodamine (SR) was obtained from Shandong Yousuo Chemical Technology Co., Ltd. Sodium hypochlorite (NaClO, 10 wt% aqueous solution) was purchased from Ron reagent. Except for removing inhibitors, all the other chemicals are analytically pure and were used without any further purification.
2.2 Fabrication of negative-charged filter paper (N-filter paper)
The fabrication of N-filter paper was derived from Chen’s study (Xu et al., 2021). Briefly, 1 g filter paper was cut into pieces and then added into 100 mL aqueous solution containing 0.016 g TEMPO, 0.1 g NaBr and water at the speed lower than 100 rpm. After that, 3.722 g NaClO solution (10 wt%, 5 mmol/g filter paper) was dropwise added into the mixture. Then, 0.5 M NaOH was used to maintain the pH = 10.5 during the reaction for 2 h. The as-prepared N-filter paper was taken out, rinsed with plenty of water for three times to remove residual chemicals, dried in a 80°C oven for several minutes and soaked in 1 M HCl for 4 h. After soaking, the above washing and drying process was repeated again and finally obtained N-filter paper.
2.3 Fabrication of dual-network fiber-hydrogel membrane
Dual-network fiber-hydrogel membrane was fabricated by the following procedures. Firstly, the uniform precursor solution was prepared by adding AMPS (40 wt% in the solution), MMA, the third monomer (X, including MAA, AA or SBMA, the molar ratio of AMPS, MMA and X was certain), 1 mol% I2959 and 3 mol% MBAA (relative to the moles of monomers) into water and stirring for 30 min. It was noted that MMA and water should be firstly mixed to form emulsion, and when AMPS was added immediately and then the mixture was stirred violently, it would become clear after stirring. Then, the solution was added into a 0.1 mm-thick silicone mold containing N-filter paper. After putting it between two layers of glasses, removing the possible bubbles and irradiating with 365 nm UV light (the power was 50 W) for 90 min, the dual-network fiber-hydrogel membrane was obtained.
2.4 Characterizations and measurements
2.4.1 Morphology characterization
The morphology of N-filter paper and dual network fiber-hydrogel membrane were confirmed by scanning electron microscope (SEM, Hitachi, SU8230).
2.4.2 Fourier-transform infrared (FT-IR) spectra characterization
To obtain the information about hydrogen interaction or the functional group, the FT-IR spectra were carried out using Nicolet-iS50 spectrometer with ATR accessories.
2.4.3 Zeta potential measurements
The Zeta potential was measured by using electrokinetic analyzer (Surpass3, Anton paar) with 1 mM KCl solution at different pH (ranging from 3 to 11).
2.4.4 Ion selectivity measurements
The ion selectivity was determined by permeation experiment according to the previous study (Huang et al., 2019). In the experiment, R6G or SR solution (0.1 mM) was added to the left side of the H-type diffusion cell and deionized (DI) water was fed into the right side, respectively. The permeability was monitored using a spectrofluorophotometer (FLS1000, Edinburgh Instruments). According to the standard curve of R6G or SR, the permeable concentration was obtained.
2.4.5 Relaxation time measurements
To record the relaxation time (T2) of the water molecular probe, VTMR20-010V-I low-field spectrometer (NIUMAG) was used. In the test, a Carr-Purcell-Meiboom-Gill (CPMG) sequence was used and the proton resonance frequency was 20.661 MHz. Besides, the π/2 and π pulse length in the CPMG sequence were 2.80 us and 4.64 us, respectively.
2.4.6 Electrical measurements
The ion transport and osmotic power generation tests were performed using electrochemical workstation (CHI760E, Chenhua). The stability was tested by Autolab electrochemical workstation in I-t mode as the voltage ranging from −0.3 V to 0.3 V periodically (Each cycle maintained 10 min and the test lasted 6 cycles). To eliminate the redox potential automatically, a pair of commercial Ag/AgCl electrodes containing saturated KCl solution was used in the tests. Linear sweep voltammetry (LSV) was applied to obtain the I-V curve. According to the literature (Chen J. et al., 2022; Chen W. et al., 2022), the sweeping voltage ranged from −0.2 V to 0.2 V and the step voltage was 0.001 V. In this way, the open-circuit voltage (VOC) and short-circuit current (ISC) were directly acquired through recording the value of axis intercept. In the osmotic power generation test, two sides of the H-type diffusion cell were filled with high and low concentration solution, respectively. The testing membrane and PI membrane were mounted between two sides of cell, and the effective area of testing membrane was 0.03 mm2, the same as the previous works (Huang et al., 2019; Chen et al., 2020a; Chen et al., 2020b; Liu et al., 2021; Hu et al., 2022). By recording the current at the zero voltage and then calculating with the formula:
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The power density of testing membrane was obtained.
3 RESULTS AND DISCUSSION
3.1 Dual-network fiber-hydrogel membrane and its characterizations
The schematic illustration is shown in Figure 1. Combining the N-filter paper fibers with the hydrogel matrix to form the structure of a dual network increases the number of paths for ion transport while increasing the cation transport flux. Based on it, the composite membrane has a higher ion mobility number and better ion selectivity than previously reported results, allowing more cations to migrate along a greater number of paths, increasing the corresponding current values and thus improving the performance of osmotic energy harvesting and conversion.
[image: Figure 1]FIGURE 1 | Schematic illustration of dual-network fiber-hydrogel membrane.
For the interaction between the N-filter paper fibers and the hydrogel, which is shown schematically in Figure 2A, the interwoven gel polymer chain-charge-negative filter paper fiber dual network structure was formed by in situ polymerization through the infiltration of the hydrogel prepolymerization solution on the charge-negative filter paper fibers by taking advantage of the superhydrophilic nature of the filter paper. As shown in Figure 2B, the absorption peak at 3,297 cm−1 in the spectrum of hydrogel can be attributed to the stretching vibration of the O-H bond, whereas in the composite film sample the absorption peak is displaced to 3,289 cm−1, which indicates the existence of hydrogen bonding interactions between the charge-negative filter paper and the hydrogel (Zhang S. et al., 2021; Chen J. et al., 2022). In addition, characterising the interaction by means of low-field NMR measurements of the relaxation time of hydrogen in the water molecules, it can be seen that the peak of bound water with an initial relaxation time T2 < 50 ms is shifted to the left in the composite membranes, indicating that the water molecules in the membrane samples are more “tightly” bonded, as shown in Figure 2C. This “confinement” or binding of water molecules may be due to the interaction between the polymer molecular chains in the hydrogel and the cellulose molecular chains in the filter paper, which regulates the pore size of the composite membrane and verifies the formation of the dual network structure. The source of this restriction might be the interaction between cellulose molecular chains and polymers, thus adjusting the pore of membrane and proving the establishment of dual-network structure. SEM results of the N-filter paper (Figure 2D) and composite membrane samples also showed that the filter paper itself has a network structure with interlocking fibers, while the cross-sectional structural characterisation of the membranes in Figures 2E, F suggests that the hydrogel binds well to the filter paper fibers. Taken together, due to the interaction between the negatively charged filter paper fibers and the hydrogel as well as the introduction of the hydrogel matrix, the good combination of the two lays the foundation for the subsequent performance testing of the composite membrane, while the hydrogel fills up the larger pores in the filter paper and regulates the pore size of the membrane.
[image: Figure 2]FIGURE 2 | (A) The interaction of cellulose and polymer chain; (B) The peak shift of O-H in FT-IR image; (C) The T2 of H from water molecules of three kinds of samples had different states; (D–F) SEM images of N-filter paper and dual-network membrane.
3.2 Ion transport properties of dual-network fiber-hydrogel membrane
To investigate the ion transport behavior of the composite membrane, the composite membrane was placed in the center of a symmetric H-type diffusion cell and the I-V curves were tested when the two reservoirs of were filled with the same concentration of KCl solutions. As shown in Figure 3A, the linear curves obeyed the Ohm’s law, indicating that the membrane had symmetrical structure. Subsequently, different ion transport behaviors were determined. In Figure 3B, the curve’s trend was almost linear when the concentration was higher than 10−3 M, while the conductance deviated obviously from the bulk curve when the concentration was below 10−3 M, which was attributed to the fact that the ion transport was dominated by the surface charge (Chen J. et al., 2022).
[image: Figure 3]FIGURE 3 | (A) The I-V curves of membrane at 0.1/0.01/0.001 M KCl; (B) The conductance of the membrane at different concentration; (C) Comparison of R6G and SR’s permeation rate within 25 min; (D) The I-t curve at the −0.3 V and +0.3 V to test the stability of membrane; (E,F) The changing of VOC, ISC, ion transference number and energy conversion efficiency at different concentration gradient (Low concentration was set as 1 mM).
Ion selectivity was one of the most important properties for the membrane in osmotic energy harvesting. Therefore, in order to further explain the ion selectivity, two kinds of molecules with similar volume and opposite charge polarity, R6G and SR, were used in the experiment. In Figure 3C, the permeating concentration and permeating rate of R6G was much higher than that of SR, which proved excellent cationic ion selectivity. It could be attributed to the surface charge from N-filter paper and the space charge from hydrogel.
Besides, in order to evaluate the stability of membrane, the current test was taken with each cycle lasting 10 min in 0.1 M KCl solution, and the voltage alternated between +0.3 V and −0.3 V, respectively. In the I-t curve of membrane in Figure 3D, both positive and negative current still maintained at the same level after 60 min, showing the good stability. In Figure 3E, when the low concentration was set as 1 mM, the VOC and ISC increased with the growing concentration gradient. What’s more, in Figure 3F, we calculated the ion transference number (t+) and energy conversion efficiency (η). The calculating formula of them were as follows:
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Here, Ediff was diffusion potential; R, T, z, F represented ideal gas constant, thermodynamic temperature, the valence of ions and Faraday constant, respectively. [image: image], [image: image], [image: image], [image: image] represented high (low) concentration and their ionic activity coefficient.
The results in Figure 3F indicated that when the concentration gradient was large (1,000 fold), the t+ was beyond 0.9 and the energy conversion efficiency closed to 35%, showing great ion selectivity and efficiency, which was higher than results reported in other studies.
3.3 Dual-network fiber-hydrogel membrane for osmotic energy harvesting
Many factors affected the osmotic energy harvesting performance of dual-network fiber-hydrogel membrane. Firstly, in the direction of forward concentration gradient direction, when the molar ratio of AMPS to MMA was 1.5:1, the membrane resistance was relatively low (Supplementary Figure S2A). At the same time, the performance of osmotic energy harvesting was further evaluated via using a variable external resistance. Supplementary Figures S2B–D, S3 demonstrated the current densities and power densities generated by membrane-based power generators with different molar ratio and crosslinking agent’s mole fraction. According to the results of calculation (using Eq. 1), the maximum power density was relatively higher (3.7 W/m2) when the molar ratio was 1.5:1 and MBAA was 3 mol%. Besides, the power density of membrane could be adjusted by introducing the third monomer or replacing MMA with HEMA (Supplementary Figures S4–S7). These results showed that the molar ratio of AMPS, MMA, MAA was 1.5:1:0.9 satisfied the optimum condition.
Figure 4A exhibited the I−V curves measured in 50-fold KCl gradient under forward and reverse diffusion directions. When the direction was forward, the VOC and ISC were −88.48 mV and 9.084 μA, respectively. Thus, the internal resistance of membrane was 9.74 kΩ. Nevertheless, it increased to 11.86 kΩ as the gradient direction was reversed. These phenomena resulted from the ion transport behavior, which included the diffusion and drift. Due to the same drift direction, under the reverse direction, the short-circuit current was relatively lower. In Figure 4B, in this condition, the current density decreased with the increasing external resistance. When the internal resistance of membrane was equal to the external resistance, the maximum power density was acquired (4.84 W/m2).
[image: Figure 4]FIGURE 4 | The osmotic energy conversion of membrane when molar ratio of AMPS, MMA, and MAA was 1.5:1:0.9. (A) The I-V curves of membrane at 50-fold concentration gradient with opposite directions; (B) The current density and power density curves at different external resistance; (C) Power density of different electrolyte; (D,E) Power density at different concentration gradient and effective area when using KCl and NaCl as electrolytes.
Furthermore, the power density was tested to investigate the membrane’s performance in different conditions. In Figure 4C, the power densities of 50-fold KCl, NaCl and LiCl were 4.84 W/m2, 4.19 W/m2 and 3.58 W/m2, respectively. The highest power density for KCl was ascribed to the lowest hydrate ionic radius and the largest diffusion coefficient. In Figures 4D, E, the osmotic energy conversion of membrane with different gradient and effective area were tested. The power density under 5-fold, 50-fold and 500-fold KCl were 0.812 W/m2, 4.84 W/m2 and 10.08 W/m2, respectively. At the same time, under 500-fold NaCl, the power density was a little lower (9.32 W/m2), which was caused by the larger hydrated ionic radius of Na+ than K+. Besides, as the effective area increased, the power density decreased. These results above proved that the membrane had good osmotic energy conversion properties.
To further explore the relationship between the charge polarity of filter paper fiber and the osmotic power generation of membrane, the cellulose in the filter paper fibers was etherified and cationized by CHPTAC to make the filter paper fibers positively charged, and composite membranes were prepared in a similar manner. Firstly, in Figures 5A, B, the peak at 1,477 cm−1 in the spectrum of P-filter paper could be attributed to the vibration of the C-N bond, which can prove the success of the positively charged modification of the fibers. Then, in Figure 5C, the zeta potential of the N-filter paper and P-filter paper at pH = 7 were −20.1 mV and 1.77 mV, respectively. In Figure 5E, the power density of different charged fiber-hydrogel membrane had significant differences, and the N-filter paper-hydrogel membrane had the better power density, which meant the synergies of the surface charge from the N-filter paper and the space charge from hydrogel. In Figure 5D, the N-filter paper with micrometer-sized pores had no overlapping electric double layer (EDL), resulting in no power density, while hydrogel had far lower power density than dual network fiber-hydrogel membrane. At the same time, the hydrogel membrane without N-filter paper showed a relatively lower power density. Meanwhile, when the charged hydrogel in the fiber-hydrogel membrane was replaced with non-charged PAAm hydrogel, the power density was also far lower (only 0.24 W/m2). From the results above, it proved the necessity of combining negative fibers with charged hydrogel, which implied that the synergies of surface charge and space charge played a key role in improving osmotic energy harvesting. From the ion transport mechanism analysis, high ion selectivity mainly depends on the membrane pore size and chargeability, and the formation of the effect here is mainly because of the composite membrane in the filter paper fiber surface charge and hydrogel space charge formed a large number of bilayer overlap, triggering the synergistic effect of the two, which effectively improves the performance, and in the case of no hydrogel composite or only non-charged hydrogel composite, the bilayer overlap is little, no overlap or even the opposite charge is depleted and thus the performance is lower, which is shown schematically in Figure 5F. Based on the results and analyses above, it could be proved that the surface-space charge synergies affected the osmotic energy harvesting to large extent. It was worth noting that this result was firstly reported in the field of hydrogel based on other researches.
[image: Figure 5]FIGURE 5 | (A,B) The FT-IR characterization of different filter-paper samples; (C) The zeta-potential of different filter-paper samples; (D) Power density of four kinds of membranes; (E) Power density of membranes with different filter-paper samples; (F) The schematic illustration of the surface-space charge synergies model.
To further evaluate the osmotic energy harvesting of dual-network membrane, the simulated seawater/river water containing several kinds of ions was obtained and the power density was higher than that in the condition of 50-fold KCl (6.75 W/m2), (Figure 6A). What’s more, to verify the actual effect of membrane, RED devices were made and connected with homemade Ag/AgCl electrodes in series. After adding high and low concentration solution, we observed that the stopwatch was lightened (Figure 6B). This phenomenon proved the application potential of the dual-network fiber-hydrogel membrane. It was noted that the voltage of multiple connected RED devices met the demand of electronic facilities (Figure 6C) and made them work.
[image: Figure 6]FIGURE 6 | (A) Power density of dual network fiber-hydrogel membrane in the 50-fold concentration gradients of KCl and simulated seawater/freshwater; (B) The experiment of lightening the stopwatch with 18 homemade RED devices; (C) The RED devices were connected in series to provide the facilities with electricity.
4 CONCLUSION
In summary, the combination of N-filter paper and the same charged hydrogel could form dual-network fiber-hydrogel membrane, which had good ion selectivity, high transference number (>0.9) and energy conversion efficiency (>32.5%) under different concentration gradients for harvesting osmotic energy. The performance of fiber-hydrogel membrane-based osmotic power generator was treated and the power density was 4.84 W/m2 under 50-fold KCl and 6.75 W/m2 under the condition of simulated seawater/river water, respectively. Furthermore, through more experiments and ion transport mechanism analysis, these results formed because of the synergies of the surface charge from N-filter paper fibers and the space charge from hydrogel, which was different from other results. Meanwhile, it demonstrated the opportunities and potential to supply electric power for electronic devices.
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
LC: Writing–original draft, Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization. HW: Writing–original draft.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
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.2024.1401854/full#supplementary-material
REFERENCES
 Bian, G., Pan, N., Luan, Z., Sui, X., Fan, W., Xia, Y., et al. (2021). Anti-Swelling gradient polyelectrolyte hydrogel membranes as high-performance osmotic energy generators. Angew. Chem. Int. Ed. Engl. 60 (37), 20294–20300. doi:10.1002/anie.202108549
 Böhm, A., and Biesalski, M. (2017). Paper-based microfluidic devices: a complex low-cost material in high-tech applications. MRS Bull. 42 (05), 356–364. doi:10.1557/mrs.2017.92
 Chen, G., Li, T., Chen, C., Kong, W., Jiao, M., Jiang, B., et al. (2021c). Scalable wood hydrogel membrane with nanoscale channels. ACS Nano 15 (7), 11244–11252. doi:10.1021/acsnano.0c10117
 Chen, G., Li, T., Chen, C., Wang, C., Liu, Y., Kong, W., et al. (2019). A highly conductive cationic wood membrane. Adv. Funct. Mater. 29 (44). doi:10.1002/adfm.201902772
 Chen, J., Liu, Y., Wang, D., Zhi, H., Tang, J., Shen, A., et al. (2022a). Wood vessel-confined anti-swelling hydrogel for efficient osmotic energy conversion. Nano Energy 104, 107981. doi:10.1016/j.nanoen.2022.107981
 Chen, S., Zhu, C., Xian, W., Liu, X., Sun, Q., Zhang, Q., et al. (2021a). Imparting ion selectivity to covalent organic framework membranes using de novo assembly for blue energy harvesting. J. Am. Chem. Soc. 143 (25), 9415–9422. doi:10.1021/jacs.1c02090
 Chen, W., Dong, T., Xiang, Y., Qian, Y., Zhao, X., Xin, W., et al. (2022b). Ionic crosslinking-induced nanochannels: nanophase separation for ion transport promotion. Adv. Mater 34 (3), e2108410. doi:10.1002/adma.202108410
 Chen, W., Wang, Q., Chen, J., Zhang, Q., Zhao, X., Qian, Y., et al. (2020b). Improved ion transport and high energy conversion through hydrogel membrane with 3D interconnected nanopores. Nano Lett. 20 (8), 5705–5713. doi:10.1021/acs.nanolett.0c01087
 Chen, W., Zhang, Q., Qian, Y., Xin, W., Hao, D., Zhao, X., et al. (2020a). Improved ion transport in hydrogel-based nanofluidics for osmotic energy conversion. ACS Cent. Sci. 6 (11), 2097–2104. doi:10.1021/acscentsci.0c01054
 Chen, Y., Feng, J., Fang, M., Wang, X., Liu, Y., Li, S., et al. (2021b). Large-scale, ultrastrong Cu2+ cross-linked sodium alginate membrane for effective salinity gradient power conversion. ACS Appl. Polym. Mater. 3 (8), 3902–3910. doi:10.1021/acsapm.1c00471
 Hou, S., Ji, W., Chen, J., Teng, Y., and Jiang, L. (2021). Free-standing covalent organic framework membrane for high efficiency salinity gradient energy conversion. Angew. Chem. 60 (18), 9925–9930. doi:10.1002/anie.202100205
 Hu, Y., Teng, Y., Sun, Y., Liu, P., Fu, L., Yang, L., et al. (2022). Bioinspired poly (ionic liquid) membrane for efficient salinity gradient energy harvesting: electrostatic crosslinking induced hierarchical nanoporous network. Nano Energy 97, 107170. doi:10.1016/j.nanoen.2022.107170
 Huang, K. T., Hung, W. H., Su, Y. C., Tang, F. C., Linh, L. D., Huang, C. J., et al. (2023). Zwitterionic gradient double-network hydrogel membranes with superior biofouling resistance for sustainable osmotic energy harvesting. Adv. Funct. Mater. 33 (19), 2211316. doi:10.1002/adfm.202211316
 Huang, X., Pang, J., Zhou, T., Jiang, L., and Wen, L. (2020). Engineered sulfonated polyether sulfone nanochannel membranes for salinity gradient power generation. ACS Appl. Polym. Mater. 3 (1), 485–493. doi:10.1021/acsapm.0c01272
 Huang, X., Zhang, Z., Kong, X.-Y., Sun, Y., Zhu, C., Liu, P., et al. (2019). Engineered PES/SPES nanochannel membrane for salinity gradient power generation. Nano Energy 59, 354–362. doi:10.1016/j.nanoen.2019.02.056
 Kosak Soz, C., Trosien, S., and Biesalski, M. (2018). Superhydrophobic hybrid paper sheets with janus-type wettability. ACS Appl. Mater Interfaces 10 (43), 37478–37488. doi:10.1021/acsami.8b12116
 Laucirica, G., Toimil-Molares, M. E., Trautmann, C., Marmisolle, W., and Azzaroni, O. (2021). Nanofluidic osmotic power generators - advanced nanoporous membranes and nanochannels for blue energy harvesting. Chem. Sci. 12 (39), 12874–12910. doi:10.1039/d1sc03581a
 Li, Q., Liu, H., Zhang, S., Zhang, D., Liu, X., He, Y., et al. (2019). Superhydrophobic electrically conductive paper for ultrasensitive strain sensor with excellent anticorrosion and self-cleaning property. ACS Appl. Mater Interfaces 11 (24), 21904–21914. doi:10.1021/acsami.9b03421
 Liu, P., Sun, Y., Zhu, C., Niu, B., Huang, X., Kong, X. Y., et al. (2020). Neutralization reaction assisted chemical-potential-driven ion transport through layered titanium carbides membrane for energy harvesting. Nano Lett. 20 (5), 3593–3601. doi:10.1021/acs.nanolett.0c00526
 Liu, P., Zhou, T., Yang, L., Zhu, C., Teng, Y., Kong, X.-Y., et al. (2021). Synergy of light and acid–base reaction in energy conversion based on cellulose nanofiber intercalated titanium carbide composite nanofluidics. Energy & Environ. Sci. 14 (8), 4400–4409. doi:10.1039/d1ee00908g
 Luan, P., Zhao, Y., Li, Q., Cao, D., Wang, Y., Sun, X., et al. (2022). Compressible ionized natural 3D interconnected loofah membrane for salinity gradient power generation. Small 18 (2), e2104320. doi:10.1002/smll.202104320
 Sun, Y., Wu, Y., Hu, Y., Zhu, C., Guo, H., Kong, X.-Y., et al. (2021). Thermoenhanced osmotic power generator via lithium bromide and asymmetric sulfonated poly(ether ether ketone)/poly(ether sulfone) nanofluidic membrane. NPG Asia Mater. 13 (1), 50. doi:10.1038/s41427-021-00317-9
 Sun, Z., Kuang, Y., Ahmad, M., Huang, Y., Yin, S., Seidi, F., et al. (2023). Enhanced osmotic energy conversion through bacterial cellulose based double-network hydrogel with 3D interconnected nanochannels. Carbohydr. Polym. 305, 120556. doi:10.1016/j.carbpol.2023.120556
 Wu, Z., Zhang, T., Wang, B., Ji, P., Wang, H., Zhang, M., et al. (2021). Scalable bacterial cellulose biofilms with improved ion transport for high osmotic power generation. Nano Energy 88, 106275. doi:10.1016/j.nanoen.2021.106275
 Xu, Y. L., Song, Y. J., and Xu, F. (2021). TEMPO oxidized cellulose nanofibers-based heterogenous membrane employed for concentration-gradient-driven energy harvesting. Nano Energy 79, 105468. doi:10.1016/j.nanoen.2020.105468
 Zhang, L., Zhou, S., Xie, L., Wen, L., Tang, J., Liang, K., et al. (2021b). Interfacial super-assembly of T-mode Janus porous heterochannels from layered graphene and aluminum oxide array for smart oriented ion transportation. Small 17 (13), e2100141. doi:10.1002/smll.202100141
 Zhang, S., Li, Y., Zhang, H., Wang, G., Wei, H., Zhang, X., et al. (2021c). Bioinspired conductive hydrogel with ultrahigh toughness and stable antiswelling properties for articular cartilage replacement. ACS Mater. Lett. 3 (6), 807–814. doi:10.1021/acsmaterialslett.1c00203
 Zhang, Z., He, L., Zhu, C., Qian, Y., Wen, L., and Jiang, L. (2020). Improved osmotic energy conversion in heterogeneous membrane boosted by three-dimensional hydrogel interface. Nat. Commun. 11 (1), 875. doi:10.1038/s41467-020-14674-6
 Zhang, Z., Wen, L., and Jiang, L. (2021a). Nanofluidics for osmotic energy conversion. Nat. Rev. Mater. 6 (7), 622–639. doi:10.1038/s41578-021-00300-4
 Zhang, Z., Yang, S., Zhang, P., Zhang, J., Chen, G., and Feng, X. (2019). Mechanically strong MXene/Kevlar nanofiber composite membranes as high-performance nanofluidic osmotic power generators. Nat. Commun. 10 (1), 2920. doi:10.1038/s41467-019-10885-8
 Zhao, Y., Wang, J., Kong, X. Y., Xin, W., Zhou, T., Qian, Y., et al. (2020). Robust sulfonated poly (ether ether ketone) nanochannels for high-performance osmotic energy conversion. Natl. Sci. Rev. 7 (8), 1349–1359. doi:10.1093/nsr/nwaa057
 Zhou, Y., and Jiang, L. (2020). Bioinspired nanoporous membrane for salinity gradient energy harvesting. Joule 4 (11), 2244–2248. doi:10.1016/j.joule.2020.09.009
 Zuo, X., Zhu, C., Xian, W., Meng, Q., Guo, Q., Zhu, X., et al. (2022). Thermo-osmotic energy conversion enabled by covalent-organic-framework membranes with record output power density. Angew. Chem. 61 (18), e202116910. doi:10.1002/anie.202116910
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.
Copyright © 2024 Cao and Wu. 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/math_qu2.gif
(28, - 1) x 100%





OPS/xhtml/nav.xhtml
Contents

		Cover

		Dual-network fiber-hydrogel membrane for osmotic energy harvesting		1 Introduction

		2 Experimental section		2.1 Materials and chemicals

		2.2 Fabrication of negative-charged filter paper (N-filter paper)

		2.3 Fabrication of dual-network fiber-hydrogel membrane

		2.4 Characterizations and measurements





		3 Results and discussion		3.1 Dual-network fiber-hydrogel membrane and its characterizations

		3.2 Ion transport properties of dual-network fiber-hydrogel membrane

		3.3 Dual-network fiber-hydrogel membrane for osmotic energy harvesting





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/math_qu1.gif





OPS/images/math_1.gif
(1)





OPS/images/inline_4.gif
95









OPS/images/crossmark.jpg
©

|





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





OPS/images/fchem-12-1401854-g005.gif





OPS/images/fchem-12-1401854-g006.gif





OPS/images/fchem-12-1401854-g003.gif





OPS/images/fchem-12-1401854-g004.gif
SREEE8 T

@ G o s






OPS/images/inline_3.gif
L





OPS/images/inline_1.gif
CH





OPS/images/inline_2.gif
-





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-12-1401854-g001.gif





OPS/images/fchem-12-1401854-g002.gif





