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Salinity-gradient directed osmotic energy between seawater and river water has been widely considered as a promising clean and renewable energy source, as there are numerous river estuaries on our planet. In the past few decades, reverse electrodialysis (RED) technique based on cation-selective membranes has been used as the key strategy to convert osmotic energy into electricity. From this aspect, developing high-efficiency anion-selective membranes will also have great potential for capturing osmotic energy, however, remains systematically unexplored. In nature, electric eels can produce electricity from ionic gradients by using their “sub-nanoscale” protein ion channels to transport ions selectively. Inspired by this, here we developed a UiO-66-NH2 metal-organic framework (MOF) based anion-selective composite membrane with sub-nanochannels, and achieved high-performance salinity-gradient power generation by mixing artificial seawater (0.5 M NaCl) and river water (0.01 M NaCl). The UiO-66-NH2 metal-organic framework based composite membranes can be easily and economically fabricated with dense structure and long-term working stability in saline, and its performance of power generation can also be adjusted by pH to enhance the surface charge density of the MOF sub-nanochannels. This study will inspire the exploitation of MOFs for investigating the sub-nanochannel directed high-performance salinity-gradient energy harvesting systems based on anion-selective ion transport.
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INTRODUCTION
Due to the serious shortage and pollution of traditional energy sources and the increasing human demand for energy, the development of sustainable, abundant, and clean sources of energy is urgent for both the environment and human society (van Ruijven et al., 2019; Sadeghi, 2022). In the past few decades, salinity-gradient generated osmotic energy, which can be derived from ambient environments by mixing river water with salty seawater, has been recognized as a sustainable source of “blue energy” (Yip et al., 2016). Various efforts have been focusing on the development of highly-efficient salinity-gradient osmotic energy harvesting systems (Zhang et al., 2015; Xiao et al., 2019; Tawalbeh et al., 2021). Among these systems, reverse electrodialysis (RED) has been widely studied because of that electricity could be generated directly through ion transport driven by salinity gradients (Siria et al., 2017; Liu et al., 2020). An important component of the RED system is ion-selective membranes, as the permselectivity of membrane directly determines the energy conversion performance. Till now, extensive studies have been conducted, focusing on the high permselectivity of cation-selective membranes in RED systems (Zhang et al., 2015; Zhang et al., 2017; Xiao et al., 2019; Xin et al., 2019; Xin et al., 2020; Man et al., 2021). However, little research has been made on anion-selective membranes, which is to say, ignoring the possibility of energy generation with anion gradients. We consider that the use of anion-selective membranes could also be an efficient approach for salinity-gradient osmotic energy harvesting.
For achieving a high efficiency during the RED based power generation, people have learned a lot from the nature. The highly-selective ion transport thorough the sub-nanochannels of transmembrane proteins is one of the essential and fundamental activity for almost all life processes of living species (Montenegro et al., 2013; Gao et al., 2017; Ren et al., 2019; Xiao et al., 2019). For example, electric eels can produce high-voltage electricity from ionic gradients by using their “sub-nanoscale” protein ion channels (Schroeder et al., 2017; Liu et al., 2021). Inspired by that, artificial nanofluidic ion channels have been extensively investigated for their potential applications in energy conversion (Zhang et al., 2015; Gao et al., 2017; Xiao et al., 2019). Because of the unique nanoconfinement effect, the ion transport in nanofluidic channels is largely governed by the surface properties of channel walls, leading to excellent ion selectivity and high ionic throughput (Sun et al., 2020; Teng et al., 2021; Yang et al., 2021). Therefore, a variety of nanofluidic RED systems have been proposed for salinity-gradient osmotic energy harvesting. Firstly, one-dimensional (1D) single-nanopore and multi-nanopore based ion-selective membranes have been developed for the capture of osmotic energy (Gao et al., 2019; Xiao et al., 2019). However, the scalability of these nanochannels or nanopores is very hard to realize for the further commercialization, making these systems more suitable for fundamental research. As the research continues, nanofluidic heterogeneous membranes have shown their advantage for improving the power generation efficiency, thanks to their unique ionic diode effect to rectify ion transport and prohibit the flow back of current (Gao et al., 2014; Zhang et al., 2015). In addition, two-dimensional (2D) nanofluidic systems, mainly based on the stacking of 2D nanomaterials such as graphene and MXene, have also been exploited during the recent years (Zhao et al., 2015; Lao et al., 2018; Zhang et al., 2019; Ding et al., 2020; Lao et al., 2020), showing their potential in the facile fabrication of high-efficiency osmotic energy devices. However, despite of the prosperous study of nanochannel and nanopore based nanofludic RED system, ion-selective membranes based on sub-nanometer channels remain systematically unexplored for salinity-gradient osmotic energy generation, although it is sub-nanometer ion channels that are used in nature for ion transport and highly-efficient life processes.
In the respect of material selection for ion-selective membrane with sub-nanometer channels, metal-organic frameworks (MOFs) have shown their potential usage as MOFs owns three-dimensional and interconnected sub-nm-sized channels. Through the combination of variable metal clusters and ligands, MOFs have been applied to various fields such as catalysis, sensing and gas storage, thanks to their highly ordered porosity, high surface area and adjustable surface properties (Kadhom and Deng, 2018; Kirchon et al., 2018; Zhao et al., 2020; Cai et al., 2021). Recently, MOF based ion-selective membranes have also been explored for RED osmotic energy harvesting (Rice et al., 2019; Jiang et al., 2020; Tan et al., 2021). The sub-nm-sized three-dimensional interconnected channels of MOFs can provide more rigid nanoconfinements than conventional nanochannel membranes, allowing the possibility for faster and more efficient selective ion transport. This property offers new opportunities for manufacturing high-performance salinity-gradient osmotic energy generation (Lu et al., 2021), however, has not been systematically investigated till now. Particularly, UiO-66-based MOFs with tailorable surface chemistry have recently been used for ion transport (Wan et al., 2017; Li et al., 2019; Ruan et al., 2021). The channels of UiO-66-based MOFs comprise angstrom-sized windows and nm-sized cavities that comparable to most hydrated ions in water, showing great potential for highly efficient harvesting of osmotic energy. For example, a UiO-66-NH2 MOF based heterogeneous membrane have been fabricated for highly selective anion ion transport, and achieved highly efficient osmotic power generation under a 100-fold KBr gradient (Liu et al., 2021). Therefore, it is worthful to further explore the potential usage of UiO-66-NH2 MOFs as anion-selective membrane toward high-performance salinity-gradient power generator as well as other applications.
Here, based on the previous study and inspired by the sub-nanochannel based ion-transport of living systems in nature, we report an UiO-66-NH2 based composite membranes fabricated by a secondary-growth approach using porous anodic aluminum oxide (AAO) support, and achieved efficient anion-selective salinity-gradient power generation. The channels of the prepared UiO-66-NH2 MOF comprise sub-1-nanometer sized windows and nm-sized cavities with a positive surface charge because of the NH2 functional group. The thickness of a UiO-66-NH2 layer is of the submicron scale (∼710 nm). These characteristics allow the UiO-66-NH2 membranes to achieve rapid ion transport with low fluid resistance. The proposed UiO-66-NH2 membranes can achieve a maximum power density up to 1.47 W/m2 under 50-fold sodium chloride (NaCl) gradient (0.5 M/0.01 M), which is higher than those produced by typical commercial membranes. This UiO-66-NH2 based composite membranes was fabricated economically and simply without complex synthesis and expensive scientific equipment. Moreover, the membrane kept their continuous and dense structures after immersion in deionized water for 1 month, and their power density exhibited no obvious change within 1 week. Therefore, we considered that the membranes showed long-term stability. The current work can inspire research for designing anion-selective MOF based membranes, to provide more possibilities for realizing high-performance salinity-gradient osmotic power harvesting systems.
MATERIALS AND METHODS
Materials
Zirconium (IV) chloride (ZrCl4), 2-aminoterephthalic acid (BDC-NH2), dimethylformamide (DMF), and sodium chloride (NaCl) were purchased from Sigma-Aldrich (Shanghai, China). Highly ordered porous AAO membranes (160–200 nm) were obtained from Puyuan nano (Anhui, China).
Preparation of Single-Growth UiO-66-NH2 Composite Membrane
For preparing single-growth UiO-66-NH2 membrane, 0.116 g of ZrCl4 and 0.0906 g of BDC-NH2 were firstly ultrasonically dissolved in 30 mL of DMF, and then the resulting solution was transferred into a 50 mL Teflon-lined stainless-steel autoclave. The AAO membrane was then placed vertically in the reaction solution by using a Teflon holder, which ensured that the generated UiO-66-NH2 layers were grown on both sides of the AAO membrane. The autoclave reactor was then placed in an oven and heated at 120°C for 1–5 days. After cooling to room temperature, the resulting solution (of a 1-day reaction) was collected for further use. Meanwhile, the single-growth UiO-66-NH2 based composite membranes were taken out and washed consecutively three times with ethanol and DMF. This was followed by drying overnight at room temperature.
Preparation of Secondary-Growth UiO-66-NH2 Composite Membrane
The reaction solution collected during the single-growth procedure was transferred into another 50 mL Teflon-lined stainless-steel autoclave for seed growth of UiO-66-NH2 MOF on a new AAO support. The autoclave was placed in an oven and heated at 120°C for 24 h. After cooling to room temperature, the old reaction solution was removed, and a new mixture solution (0.116 g ZrCl4 and 0.0906 g BDC-NH2 in 30 mL of DMF) was transferred into the Teflon container. The autoclave was placed in the oven again and heated at 120°C for 24 h. After cooling to room temperature, the secondary-growth membrane was washed with ethanol and DMF for three times, followed by drying overnight at room temperature.
RESULTS AND DISCUSSION
Fabrication of UiO-66-NH2 Composite Membranes
Inspired by the sub-nanometer protein ion-transporting channels of electric ell (Figure 1), we synthesized the UiO-66-NH2 MOF based composite membranes for salinity-gradient osmotic energy conversion. The synthesis of the continuous and ultrathin UiO-66-NH2 membranes using a seeded secondary-growth method is shown in Figure 2A. In the first step, nm-sized UiO-66-NH2 crystals, left in the reaction solution during the single-growth procedure, were used to deposit a seed layer on both surfaces of a porous AAO substrate. The seeded AAO support was then exposed to a UiO-66-NH2 precursor solution for secondary growth to form a dense UiO-66-NH2 membrane. Scanning electron microscopy (SEM) characterization showed a continuous and dense UiO-66-NH2 layer on the AAO support (Figure 2B). The samples exhibited clear octahedral shapes, which suggested high crystallinity. The thickness of the UiO-66-NH2 layers was ∼0.71 μm (Figure 2C). Furthermore, it is important to compare the influence of seeds to the single-growth and secondary-growth UiO-66-NH2 membranes. The single-growth UiO-66-NH2 has a small particle size and numerous defects (Figures 2D,E), while the introduction of a seed layer yields a larger particle size of UiO-66-NH2 membranes (Figures 2B,C). In addition, the seeding step was found to be very crucial for forming a continuous MOF membrane. Without a seed layer, a discontinuous and defective layer was observed even when the single-growth period was extended to more than 5 days (Supplementary Figure S1). The X-ray diffraction (XRD) patterns of the UiO-66-NH2 crystals were consistent with the reported calculated XRD patterns obtained from simulation (Supplementary Figure S2), confirming the successful synthesis of the UiO-66-NH2 MOFs. Moreover, the as-prepared UiO-66-NH2 owns a Brunauer–Emmett–Teller surface areas of 520 m2/g, sub-1 nanometer size window apertures, and 1.2 nm cavities of MOF channels, as calculated from N2 adsorption/desorption isotherm profiles (Supplementary Figure S3). These channel structures were comparable to most hydrated ions in water, therefore proved the potential of UiO-66-NH2 membranes for harvesting osmotic energy. The positive framework charge originated from NH2 functional groups was demonstrated by the positive zeta potential value, showing the ability of the as-prepared UiO-66-NH2 membranes to transport anions selectively (Supplementary Figure S4). The contact angle results show that the composite membrane obtained high hydrophilicity after MOF deposition, and therefore can realize fast and low-resistance fluid transport (Supplementary Figure S5).
[image: Figure 1]FIGURE 1 | Schematic illustration of the sub-nanometer protein ion channels of an electric ell.
[image: Figure 2]FIGURE 2 | Preparation and characterization of the UiO-66-NH2 composite membranes. (A) The fabrication process for the UiO-66-NH2 composite membranes. Representative (B) top and (C) cross-sectional SEM images of the secondary-growth UiO-66-NH2 membrane. Representative (D) top and (E) cross-sectional SEM images of the single-growth UiO-66-NH2 membrane.
Surface Charge-Governed Ion Transport
The positively charged framework and sub-1 nanometer apertures of the UiO-66-NH2 composite membranes (Figure 3A) suggest that it should have surface charged-governed ion transport at low electrolyte concentration. To demonstrate, we measured the ionic conductivity of the UiO-66-NH2 membranes by changing NaCl electrolyte concentration. Two Ag/AgCl electrodes were inserted on either side of the custom-made electrochemical cell (Supplementary Figure S6) to record the current generated by sweeping voltages from −1 V to +1 V. I–V curves at different NaCl concentrations were firstly recorded, and I–V curves at three representative concentrations are shown in Figure 3B. As MOF layers were deposited on both sides of the AAO support, the ion transport of the composite membrane showed a symmetric behavior. Then, the conductance was calculated from the I–V slopes (Figure 3C). At high concentrations, the ionic conductance values of the UiO-66-NH2 membranes were similar to that of the bulk phase. However, the ionic conductance started to deviate from the bulk value tendency, and was considerably higher than the bulk value when the salt concentration was below 1 M. When the salt concentration was <0.1 M, the Debye lengths were larger than the window apertures of UiO-66-NH2 MOFs. Thus, the anions were the dominant charge carriers, and their concentrations were determined by the surface charge densities of the UiO-66-NH2 sub-nanochannels. The result that the conductance of as-prepared composite membrane is larger than that of the bulk phase at low electrolyte concentration demonstrated that ionic transport is controlled by surface charge, which also sheds light on the further application of the as-prepared MOF composite membrane for harvesting salinity-gradient osmotic energy through selective anion transport.
[image: Figure 3]FIGURE 3 | Surface charge-governed ion transport in UiO-66-NH2 composite membrane. (A) Schematic illustration of the UiO-66-NH2 composite membrane with sub-nanometer sized channels. (B) Representative I-V curves obtained with three different NaCl concentration. (C) Ionic conductance of the UiO-66-NH2 membranes at different electrolyte concentration. When the salt concentrations were <1 M, the ionic conductance values of the UiO-66-NH2 membranes (red square) deviate significantly from the bulk value (black curve), demonstrating the surface charge governed ion transport behavior.
Evaluation of Electrochemical Properties
The performance of the UiO-66-NH2 composite membranes for salinity-gradient osmotic energy conversion was further studied by using asymmetric NaCl electrolyte solutions in the electrochemical cell (Figure 4A). The high concentration solution was standard artificial seawater (0.5 M NaCl), while the low concentration solution ranged from 0.0001 to 0.05 M NaCl. The salinity gradient was converted into electrical energy by the positively charged UiO-66-NH2 composite membranes to transport anions selectively. We firstly recorded the current generated by sweeping voltages. The quadrant of the I-V curve under a 50-fold NaCl concentration gradient further indicated the positive charge of the UiO-66-NH2 MOF (Supplementary Figure S7). During the osmotic energy conversion with asymmetric electrolytes, we eliminated the imbalance in electrode potentials by using a pair of salt bridges. The results showed that the Vdiff values increased as the salinity gradient increased. However, the Jdiff values decreased as the concentration gradient increased (Figure 4B). The reason of Vdiff and Jdiff changing in the opposite ways is that the increase in salinity gradient produces higher osmotic pressure and increases the resistance of the system. In a 50-fold salinity gradient, the Vdiff and Jdiff values of the UiO-66-NH2 composite membranes were 40.85 mV and 70.91 A/m2, respectively. However, the Vdiff and Jdiff of the single-growth UiO-66-NH2 membranes were about 15.69 mV and 70 A/m2 respectively (Supplementary Figure S8), which Vdiff was smaller than that of the secondary-growth UiO-66-NH2 membranes. In addition, the performance of the single-growth UiO-66-NH2 composite membrane did not change obviously with the single-growth period (Supplementary Figure S8), showing the necessity of this seeded secondary-growth procedure for high-performance power-generation UiO-66-NH2 composite membrane. Under the 50-fold salinity gradient, the corresponding energy conversion efficiency of the UiO-66-NH2 composite membranes was 8.8% (Supplementary Table S1).
[image: Figure 4]FIGURE 4 | UiO-66-NH2 composite membranes for salinity-gradient osmotic energy conversion. (A) Schematic illustration of the proposed energy harvesting device. (B) As the concentration gradient was increased, the Vdiff gradually increased and the Jdiff gradually decreased. The high NaCl concentration was fixed at 0.5 M. (C) Current density and (D) power density of the as-prepared UiO-66-NH2 composite membranes as a function of the external resistance under three different NaCl concentration gradients. For three salinity gradients, the measured current densities all gradually decrease with increasing external resistance. The maximum power density values were ∼0.8, 1.47, and 0.42 W/m2 for 5-, 50-, and 500-fold NaCl concentration gradients, respectively.
The actual power generation performance of the UiO-66-NH2 membranes was further investigated by using an external circuit resistor (RL). I–t curves under different external resistances were recorded, where I denotes the measured current. Then, the output power density was calculated as P = I2 × RL. Under three salinity gradients, the current density decreased as the external resistance increased because the Vdiff is the same at the same concentration (Figure 4C). However, the output power density increased firstly and then decreased with the increase of resistance, and reached a maximum value when the internal and external resistances were equal (Figure 4D). Moreover, a larger concentration gradient means a comparatively lower concentration on the low salt concentration side, which leads to an increase in the internal resistance of the system. Due to that, the power density of 500-fold salinity gradient turned smaller than that of the 50-fold salinity gradient. The resultant power density values were 0.80, 1.47, and 0.42 W/m2 under 5-, 50-, and 500-fold NaCl gradients, respectively, indicating the practical application merits in estuaries with different concentration gradients. In contrast, the power density of the AAO support itself at the 50-fold NaCl concentration gradient was only 0.07 W/m2, much less than that of the UiO-66-NH2 composite membrane (Supplementary Figure S9), further indicating that the power generation performance of the composite membrane was ascribed to the MOF layer with sub-nanometer channels. It is worth noting that the power density measured here is not low compared with other MOF based materials (Supplementary Table S2).
Membranes with another two different thickness of MOF layer have also been fabricated (Supplementary Figure S10), to investigate the influence of MOF thickness to energy conversion. The results demonstrated that under the 50-fold NaCl concentration gradient, the power density values decreased from 1.47 to 0.42 W/m2 due to the increased internal resistance caused by the increase in MOF layer thickness (Supplementary Figure S11). Furthermore, to prove that the UiO-66-NH2 membranes can be applied to different fields, we measured the current density and power density of the UiO-66-NH2 membranes at different pH conditions (Supplementary Figure S12). Under the 50-fold NaCl concentration gradient, the power density values decreased from 3.2 to 1.2 W/m2 when the pH values of the solutions increased from 2 to 11. This is because of that positively charged materials have a higher surface charge density under more acidic condition, therefore exhibiting better ion-transport performance and higher power generation capability. The related zeta potential results also proved this explanation (Supplementary Figure S13). The external resistance values corresponding to the maximum value of power densities were close even under different pH conditions, indicating that the internal resistance was independent of pH at the same concentration gradient. These results demonstrated that the ion transport behaviour of the UiO-66-NH2 membranes can be modulated by adjusting pH values, and therefore high performance of salinity-gradient osmotic energy generation can be achieved by further tailoring the surface charge properties of UiO-66-NH2 MOF, as we expected.
Stability of the UiO-66-NH2 Composite Membranes
More importantly, we demonstrated the long-term stability of the proposed UiO-66-NH2 composite membranes. The UiO-66-NH2 membranes maintained their continuous and dense structures after immersion in deionized water for 1 month (Figure 5A; Supplementary Figure S14). XRD patterns also indicate that there is no obvious change of the MOF crystal structure (Supplementary Figure S15). The long-term power generation stability of the UiO-66-NH2 membrane was also confirmed, as the output power density was found maintained for at least 1 week (Figure 5B). This further suggests the good application viability of the MOF membranes in practical osmotic energy harvesting.
[image: Figure 5]FIGURE 5 | Long-term stability of the as-prepared UiO-66-NH2 composite membranes. (A) Representative SEM images of the UiO-66-NH2 composite membranes, showing no obvious change after immersion in deionized water for 1 month. (B) Under 50-fold NaCl concentration gradient, the output power density of the UiO-66-NH2 composite membranes showed strong stability examined in 1 week.
CONCLUSION
In summary, we prepared positively charged UiO-66-NH2 MOF based composite membrane with sub-1-nm windows through a simple seed-assisted secondary growth method, and achieved successful capture of salinity-gradient osmotic energy by anion-selective ion transport. The secondary-growth MOF membrane showed better structure and properties than the single-growth membrane. The as-prepared UiO-66-NH2 composite membrane was also practical based on the results of power density under different salinity gradients and pH conditions and their long-term stability of structure and performance. We note that by adjusting the physical structures and the surface chemistry of the composite membrane, the power generation capability can be further improved. The current work suggests the potential of the UiO-66-NH2 composite membrane in various practical applications, and provides inspirations for designing anion-selective and sub-nanochannel based membranes towards high-performance osmotic energy harvesting.
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