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    As a new type of functional molecular material, the design and synthesis of MOFs with the desired structure and properties have become one of the frontier fields of coordination chemistry, supramolecular chemistry, crystal engineering and materials science. The research of MOFs spans many disciplines, such as inorganic chemistry, organic chemistry, coordination chemistry, supramolecular chemistry, crystal engineering and materials science. The design, synthesis, and applications of MOFs have attracted tremendous attention in broad scientific areas. Therefore, it is worth releasing a professional publication to elucidate many related issues.




    In addition to catalysis, MOFs have found increasing applications in photocatalysis and electrocatalysis. Thanks to their remarkable features, MOFs have opened new horizons in solar photocatalysis for hydrogen generation, CO2 reduction, and removal of inorganic/organic pollutants. Their excellent photocatalytic behavior could be assigned to the interactions between the organic linkers and the metallic nodes. Photo-induced linker-metal single electron transfer is one of the most general mechanisms which can result in enhanced carrier mobility, decreased recombination rate, and improved charge separation efficiency. Visible light absorption can be enhanced by substituting the linkers with those having higher surface absorbance; while more efficient electron transfer can be achieved through nodes’ modification by ion exchange.




    MOFs and their composites have been lately used as a precursor for electrocatalysis of hydrogen evolution reaction (HER), oxygen evolution reaction (OER), oxygen reduction reaction (ORR), and CO2 reduction reaction (CO2RR) owing to their superior electrical conductivity and uniform active site distribution. Thanks to their tunable and porous crystalline structure, excellent surface area, feasible mass transfer routes, and atomic dispersion of metallic active sites, MOFs are promising structures for future electrocatalysis.
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      Abstract




      Fossil fuels are non-renewable energy sources and may cause environmental pollution. One of the appropriate solutions is to develop clean and renewable sources of energy as an alternative to fossil fuels. Environmental pollution and lack of renewable energy sources are two significant problems affecting the current life of human society and economic progress. Researchers have addressed semiconductor-oriented heterogeneous photo-electrocatalysis, photocatalysis, and electrocatalysis by the fuel cells to solve these crises. Photocatalytic water splitting is a promising approach in resolving the energy crisis. This process involves harvesting solar light, charge transfer and separation, and evaluation of catalytic reactions of H2 and O2. In this regard, the main challenge is to find an efficient, environmental-friendly, cost-effective, and easily fabricated photocatalyst with high stability and corrosion resistance in different media. Thanks to their tunable structure, structural flexibility, high specific surface area, tunable pores, and unsaturated metal sites, metal-organic frameworks (MOFs) could be an efficient photocatalyst for hydrogen production under UV, NIR, and visible radiation. Therefore, MOFs and MOFs-based compounds are widely utilized as alternatives for expensive commercial catalysts developed based on rare elements such as Pt and Au. They can also be employed as precursors for the synthesis of different types of materials with different structures, sizes, and morphologies. This chapter summarizes MOF-based photocatalysts for the splitting of water are MOFs modification strategies.
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      1. Introduction




      The inappropriate application of fossil fuels has led to significant environmental problems and energy crises, raising serious concerns [1]. Currently, fossil fuels are the source of more than 80% of the utilized energy in the world [2]. Excessive exploitation of fossil fuel reserves will soon result in serious shortages [3]. On the other hand, solar energy is a stable, safe, and clean energy source which has been proposed as a gleam of hope and a suitable alternative to fossil fuels [4, 5]. Some technologies have been developed for the conversion of solar energy into chemical energy and electrical energy. Low-temperature photocatalysis/elect- rocatalysis-based water splitting is highly promising [6, 7]. Hydrogen generation from water splitting using sunlight can be an efficient strategy to resolve the energy crisis and environmental pollution [8]. The increasing popularity of hydrogen generation through photocatalytic water splitting can be assigned to the following reasons: 1) water is the cleanest and most abundant source on earth, 2) water is produced as a result of hydrogen re-burning, releasing a lot of energy with no environmental consequences, and 3) the repeated application of hydrogen as fuel causes an efficient energy cycle that involves sunlight and efficient catalysts. Water splitting involves two half cathodic reactions: hydrogen evolution reaction (HER) and anodic oxygen evolution reaction (OER) [9, 10]. However, these reactions are kinetically slow and require catalysts [11]. Photocatalytic splitting of water through semiconductor-based photocatalysts involves the following steps: (i) When the photon energy is higher than the band-gap of the photocatalyst, the electrons are excited from the valence to the conductive bands, leaving a hole in the valence band. (ii) The charge carriers reach the surface of the photocatalyst. (iii) The protons of the water molecules absorb the released electrons and are converted into hydrogen, while the holes and oxygen atoms combine to produce oxygen molecules (Fig. 1) [12, 13]. In these half-reactions, the potential of the conductive bond must be more negative than the energy level of H+/H2 (0 V vs. NHE, pH = 0) while the potential required for the valence bond must be higher than the energy level required for O2/H2O oxidation. Therefore, the minimum required bandgap for photocatalytic splitting of water should be equal to 1.23 eV [14]. Moreover, the variation in the free energy should be equal to 1.23 kJ/mol for the overall splitting of water [15, 16]. According to the Nernst equation, the overall splitting of water requires 1.23 eV energy. Semiconductors with a band-gap equal to or higher than 1.23eV are ideal photocatalysts for water splitting. Semiconductors with a band-gap of 1.23 eV are not suitable candidates for photocatalytic splitting of water as the overpotential of interfacial charge transfer should be also considered [17-19]. The minimum band-gap for photocatalytic splitting of water is about 2eV [20]. The band structure plays an important role in the determination of the photocatalytic performance of semiconductors. In a semiconductor, potential positions of valence and conductive bands determine the oxidation and reduction capabilities [21, 22].




      
[image: ]


Fig. (1))


      The principle of photocatalytic water splitting based on semiconductors.



      Metal oxide-based photocatalysts play an effective role in water splitting under UV light [23-25]. For instance, TiO2 has been used in water splitting under UV light due to its low cost and nontoxicity as well as photostability [26]. Fujishima claimed the use of TiO2 in the photocatalytic splitting of water for hydrogen generation in 1972 [27]. Due to its large band-gap (3.2 eV), TiO2 can be only used under the UV spectrum of solar energy. Therefore, the efficiency of semiconductors decreases due to the fast rate of recombination of electron holes as well as the poor intensity of light in the UV region [28]. High-performance, visible-range photocatalysts can be helpful in photocatalytic water splitting [29, 30]. Conventional water-splitting photocatalysts are mostly inorganic compounds based on rare elements, making their mass production a costly process [31]. For instance, the high cost and instability of Pt nanoparticles have limited their application [32]. In this regard, the focus of future research should be on inexpensive and stable catalysts [33].




      Metal-organic frameworks are a group of photocatalysts that have attracted the attention of research communities [34, 35]. These photocatalysts are benefited from a large surface area, suitable band-gap, the ideal structure for charge transfer, and high photo-corrosion resistance [36]. The application of MOF-based photocatalysts in water splitting was first reported in 2009 by the Mori Group [37]. Xu et al. reviewed MOFs-based catalysts for hydrogen generation from water in 2018 [38]. In a review by the Lin Group, the photocatalytic performance of MOFs was evaluated in various photocatalytic reactions including water oxidation, and CO2 reduction [39]. The use of MOF-based photocatalysts, electrocatalysts, and chemical catalysts for hydrogen production has been recently discussed [40]. Statistics of the web of science reveal an explosive growth in papers addressing the field of MOFs (Fig. 2), suggesting the importance and applicability of the subject.
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Fig. (2))


      The trend of papers published on MOF-based photocatalysts for water splitting (according to the data of the web of science).



      The poor photocatalytic performance of most MOFs can be attributed to the decomposition of linkers of their structure upon exposure to light radiation [41]. Regarding the different kinetics of hydrogen and oxygen evolution reactions, the pH ​​of aqueous solutions of photocatalysts will be different [42], suggesting the significance of stabilization of MOFs photocatalysts in acidic and alkaline solutions. Heterojunction semiconductors can be a proper solution for this challenge [43]. Type (I), Type (II), Type (III) [44-46], P-n, and Z-scheme are the different types of heterojunctions [47-50]. The formation of heterojunction photocatalyst from materials with different functional groups will increase chemical stability, extend the harvesting of light, and improve the water splitting performance [51]. MOFs and MOFs-derived materials such as hydroxides, oxides, nitrides, phosphides, chalcogenides, and composites have been investigated as photocatalysts and electrocatalysts for hydrogen generation from water splitting due to their promising features such as tunable holes and tunnels, high specific surface area, and various structures and morphologies [52-54]. Some problems are still in the way, requiring further investigation. For instance, achieving the ideal active sites and desired pores in MOF derivatives by controlled synthesis, utilization of visible light even in near-infrared by combining two or more components are two unsolved challenges. This chapter, thus, discusses the use of MOFs and their derivatives as photocatalysts for water splitting.


    




    

      



      2. Mechanism and principles of photocatalytic water splitting




      According to Fig. (3), the steps of photocatalytic splitting of water are as follows: first, the photocatalyst electrons go from the valence band to the conductive band after the exposure to light rays and electron-hole pairs are formed [55]. The electrons and holes go to the surface of the photocatalyst and at this point some of them may recombine. Finally, electrons react with water molecules at the photocatalyst surface to produce hydrogen, and oxygen molecules are produced by the reaction of holes with water molecules at the photocatalyst surface. According to the above steps, some factors increase the performance and efficiency of photocatalysts. One of these factors is the harvesting efficiency of light. Based on the wavelengths of sunlight, there are three wavelength regions, including infrared, visible and ultraviolet rays, whose wavelengths are equal to λ>800 nm, 400 nm<λ<800 nm and λ<400 nm, respectively. Among these, the lowest percentage is related to the ultraviolet waves of the sun, while the percentage of visible and infrared rays of sunlight is higher [56]. The highest percentage is related to visible rays and therefore the harvesting of visible light is very crucial for improving energy conversion efficiency. However, some photocatalysts are used for water splitting under infrared light [57, 58]. The second factor is the separation of electrons and holes from each other, on which the behavior of photocatalysts greatly depends. Some strategies are employed for their separations, including the involvement of a sacrificial agent for preventing electron and hole recombination, the decrease of particle size for reducing the electron-surface distance, and the creation of heterojunction for extending the charge lifetime [59]. Finally, the presence of distributed active sites on the surface as well as high surface area is necessary to increase the contact between water molecules and photocatalysts and to improve the performance of the photocatalyst [60].
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Fig 3)


      Photocatalytic splitting of water and solutions for improving the performance of photocatalysts.



      From the thermodynamic point of view, total water splitting (Eq.1) is performed according to the two half-reactions of HER (Eq. 4) and OER (Eq. 2). Kinetically, water oxidation is performed slowly [61]. However, if OER is accelerated excessively, a competition may occur between HER and OER for electrons, resulting in the production of superoxide radicals [62]. Hence, controlling OER kinetics is necessary for water splitting. Photocatalysts should also have the ideal edges of conductive and valence bands for water splitting. In general, a photocatalyst should have positive O2/H2O (1.23 V vs. NHE) and negative H+/H2 (0 V vs.NHE) redox potentials for the edge of the valence band and the edge of the conductive band, respectively [63].
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      Due to industrial needs and ease of gas separation, the water splitting half-reaction has become very important. As Eqs. 3 and 5 confirm, that in some cases, electron acceptors and electron donors are added to accelerate the water splitting reactions [64]. There have been recent reports on the combination of a hydrogen generation half-reaction with a chemical oxidation reaction due to the decreasing costs and acceleration of water splitting reactions [65]. In total water splitting, less band-gap limitation allows a wide-range photocatalyst selection [66]. As a result, absorption of photons, charge separation, charge transfer and diffusion, catalytic reaction and transfer of mass are the steps of photocatalytic splitting of water. One of the most widely used photocatalysts in water splitting are heterojunction semiconductors, which consist of the surface contact of two different semiconductors with thermal and lattice matching [67]. During the formation of a heterojunction, a difference in interfacial potential occurs, which is due to the difference in properties and band structures of the constituent materials of the heterojunction that create an electric field. This electric field prevents the recombination of electrons and holes because in this case, the electrons and holes migrate rapidly. In type-I heterojunction, the valence band and conductive band of semiconductor 1 are located in the range of forbidden bands of semiconductor 2. Semiconductor 2 has a more positive potential for the conductive band than semiconductor 1. Consequently, semiconductor 2 will easily receive photoelectrons from semiconductor 1 in its conductive band, and similarly, the holes from the valence band of semiconductor 1 will be transferred to the same level in semiconductor 2 (Fig. 4a). At type II hetrojunction, the valence and conductive band potentials of semiconductor 1 are more negative than those of semiconductor 2. This facilitates the electron transfer from the conductive band of semiconductor 1 to semiconductor 2 and the hole transfer from the valence band of semiconductor 2 to semiconductor 1 (Fig. 4b). In Type-III heterojunctions, the conductive band and valence band are similar to type II, except that there is a very large gap between them, which causes a mismatch between the band gaps, and therefore electron and hole transfers between the two semiconductors and electron-hole separation do not occur, and therefore this makes thr photocatalytic activity impossible (Fig. 4c). The concentrations of electrons and holes in the p-n heterojunction of the two semiconductors are different and the penetration of the holes and electrons at the heterojunction level is reversible. As a result, an electric field is created from n to p, and this causes the electrons to move from the p-type semiconductor to the n-type one, while the holes move rapidly in the opposite direction and go back, so the electron and hole recombination is prevented (Fig. 4d). Z-scheme heterojunctions were first proposed in 1979 [68]. In this class, electrons and holes do not have the opportunity for recombination due to their special energy structure and their recombination rate is very low and this is very desirable for photocatalysts processes. According to the structure of the band in Fig 4e, the electrons are transferred from the conductive band of semiconductor 2 to the valence band of semiconductor 1 and recombine. Therefore, it is guaranteed that the electrons of the conductive band of semiconductor 2 do not recombine in the valence band of semiconductor 1, and this will improve the behavior of the photocatalyst. A heterojunction consisting of two semiconductors can signi-ficantly extend the harvesting of light and prevent the recombination of the hole with the electrons, so special attention should be paid to the type of heterojunction. Nonetheless, the Z-scheme photocatalysts are identified as the most promising photocatalysts due to their unique band structure and different way of electron transfer [69]. Also, there is a limit to the choice of semiconductor in the case of p-n heterojunction, which consists of two types of n and p semiconductors.




      
[image: ]


Fig. (4))


      The different types of heterojunctions: (a) Type-I, (b) Type-II, (c) Type-III, (d) p-n and (e) Z-scheme heterojunctions, p, n refer to the type of semiconductor.

    




    

      



      3. Photocatalytic splitting of water based on MOFs




      In addition to the development of new and advanced photocatalytic materials, the importance of developing new technologies to separately produce hydrogen and oxygen has been a major concern in recent years. Despite the advances that can be evidenced in these fields, traditional materials face major problems because of their low stability, high cost of mixing H2 and O2 products, and not very high efficiency and performance safety [70, 71].




      The performance of MOF-based photocatalysts in water splitting is highly dependent on factors like the capability of sunlight absorption, the efficiency of charge transfer/separation and active sites number. Two very important features in this respect are photosensitivity and catalytic behavior [72]. MOFs have special advantages with regard to these two features. As for the catalytic behavior of MOFs, some of them act as microporous semiconductors and experience electron and hole separation under light radiation [73]. However, most of the MOFs have poor electrical conductivity due to ligand and orbital mismatch and inadequate level of energy [74, 75]. Meanwhile, the porosity of MOFs plays a role and indicates effectiveness which can be explained by the short distance between redox sites and photo-generated carriers. On the other hand, these pores in the MOF structure allow reactants to penetrate and make a close contact with active sites [76]. As for the photosensitivity property of some MOFs, it can be said that some of them including MIL-53 and MIL-101, are very photoactive even when exposed to visible light [77]. One of the important parameters in the photocatalytic splitting of water is related to the efficiency of separation and transfer of charge and therefore different ways have been employed for improving these factors. For example, according to the LLCT process in Zr-MOFs, electrons from photoexcited linkers are transferred to clusters [78]. According to the LLCT process of H2 generation, the conductive band potential of the titaniumoxo cluster is more positive compared to that of its Zr counterpart, and therefore, its corresponding conductive band edge is more appropriate for charge transfer [78]. This feature makes Ti-MOFs as a very ideal photocatalyst for H2 generation. Furthermore, solutions like designing new photocatalysts with functional additives such as graphitic carbon nitride have been used for increasing the separation and transfer of charges [79, 80]. One factor that shows the superiority of MOFs rather than other semiconductors such as TiO2 and ZnO is the high designability of MOFs, which is employed as a very effective solution for enhancing the response of MOFs to the visible light and even NIR [81]. The existence of amino groups in the linkers of Ti-MOFs shifts the band so that 2p electrons are assigned to aromatic linkers [82]. On the other hand, the pore size of MOFs is directly related to the length of the linker, which is effective for functional materials with different sizes if needed [83]. This goal can be achieved by adjusting the band gap for increasing the efficiency and performance of MOFs [84]. This can be attained by changing the bridging linkers and M-oxo clusters. The band-gap values of some MOFs are shown in Table 1 [85-87].




      

        Table 1 The band gap related to some MOFs.




        

          

            

              	MIL-53(Al)



              	Mil-100(Fe)



              	MIL-125(Ti)



              	MIL-47(V)



              	MIL-53(Fe)



              	Mil-100(Al)



              	MIL-101(Cr)



              	UiO-66(Zr)



              	MOF-1999

            


          



          

            

              	3.87 eV



              	2.80 eV



              	2.70 eV



              	2.76 eV



              	2.7 eV



              	4.06 eV



              	3.66 eV



              	3.88 eV



              	2.48 eV

            


          

        




      




      Organic linkers and metal nodes are important parts of MOF photocatalysts. It has been suggested that metal nodes can act as semiconductor dots of quantum and linkers can act as light absorbers and metal nodes can be stimulated and activated directly by linkers [85-90]. Therefore, due to the availability of different types of ligands as well as different types of metal ions with different coordination, the ability of sunlight absorption by MOFs can be easily adjusted by the logical and appropriate choice of ligands and metal ions and they can be used much more effectively in this field [91, 92]. It has been confirmed that the binding of Pt nanoparticles to MOFs can effectively improve their photocatalytic performance [93]. The application of nonprecious metals in MOFs affects their photocatalytic performance and needs more attention in the future. Another important issue is that MOFs can be reused. This issue can be solved by combining magnetic materials with MOFs [94]. After the water splitting reactions are performed, the magnetic material used in the MOF structure can be collected by a magnet and reused in the future. Magnetic MOF composites could be the next generation of photocatalysts for water splitting. Additionally, MOFs can be utilized as precursors or templates for synthesizing a variety of materials including carbon materials, metal hydroxides, sulfides, nitrides and chalcogenides [95]. These MOF-derived materials not only keep the initial MOF properties but also add new features to the photocatalyst making them perform much more efficiently [96].




      

        



        3.1. Pristine MOFs as Photocatalysts for Splitting of Water




        Pristine MOFs are used as photocatalysts in water splitting. Some reports suggest the application of MOFs in the photocatalytic splitting of water without the application of post-modification [97, 98]. In a report, Shi et al. used pristine Cu-MOF as a photocatalyst for hydrogen generation and achieved good results [99]. One of the efficient methods is the combination of MOFs with photosensitizing units such as some molecular dyes and porphyrins as linkers, which improves the photocatalytic performance of hydrogen generation [100]. Nevertheless, there are still some limitations for pristine MOFs such as short time of life and application in the visible light region, and overcoming these limitations and developing MOFs is an important challenge. Given the limitations of the pristine MOFs, the proposition and application of strategies for their decoration or modification in order to improve or enhance their photocatalytic performance are very logical and reasonable [101]. In this regard, two strategies are emphasized and examined in this chapter of the book. These two strategies are pore or surface decoration and functional modification. In the first strategy, foreign substances with functional groups are located in the pores or on the surfaces of MOF, and in the second strategy, foreign ions or groups are integrated into metal centers or organic ligands of the MOF structure. Many MOFs containing noble metals display very high and ideal catalytic performance in photocatalytic hydrogen production, but the drawback of these metals is their very high cost, leading to the lower utilization of MOFs containing these metals in this field [102]. For example, Mori et al. used the Ru(bpy)3+2 photosensitizer to produce hydrogen from water splitting under visible light by using methyl viologen as the relay of electron and EDTA-2Na sacrificial agent [37]. Two new MOFs of Ru-TBP-Zn and Ru-TBP with Ru2 secondary building units have recently been reported [103]. Both of these MOFs act as excellent photocatalysts in the splitting of water and are reported to have high hydrogen generation rates. After visible light irradiation, TBP-Zn goes to an excited state and its electrons are transferred to SBUs, and at the SBU surface, protons are converted into hydrogen. The excited TBP-Zn takes an electron from the sacrificial agent and returns to the ground state. The Ir-Rh/layered ZrP hybrid photocatalyst was introduced and utilized for hydrogen generation via the splitting of water under visible light by the Yamashita group. In order to synthesize this hybrid, this research group used two complexes of [Rh(bpy)3](BF6)3 and [Ir(ppy)2(bpy)]BF6 between the layer of the layered ZrP [104]. In a study by Garcia et al., the photocatalytic behaviors of UiO-66 and NH2-UiO-66 were studied and compared together. They observed that the photocatalytic performance of NH2-UiO-66 became better after 3 hours of light irradiation. This can be due to the fact that the presence of NH2 enhances the absorption of light wavelength and improves charge separation [105]. In another study, a group improved the photocatalytic performance of UiO-66 for hydrogen generation by using an Erythrosin B sensitizer [106]. In this situation, the hydrogen production rate is enhanced due to electron transfer from the sensitizer to MOF and the response to the visible light in UiO-66 is improved. The introduction of a photosensitizer is a new and efficient method that makes MOF-based photocatalysts to perform better with regard to the photocatalytic splitting of water. Organic dyes have also been utilized for increasing the response of MOFs to light leading to an improvement in the performance of the photocatalytic splitting of water under visible light. However, the stability of these organic dyes deserves further study in future research [107]. Two stable-in-water MOFs were reported by Rosseinsky’s group [108], both of them showed ideal photocatalytic behavior in terms of hydrogen generation in the presence of EDTA, Pt and MV+2 under visible light irradiation. Visible light is absorbed by porphyrin ligands and MV+° is formed, and then, EDTA is oxidized by porphyrin positive charges, and eventually, electrons are transferred from MV+° to Pt and hydrogen is produced. In another system with no presence of MV+2, reduced porphyrins are created due to the reaction of excited porphyrin with EDTA, which transfers electrons to pt for increasing the hydrogen evolution. The results indicate the acceptable rate of hydrogen generation for both substances under the irradiation of light for 2 and 3 hours (Fig. 5).
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Fig. (5))


        The photocatalytic mechanism for hydrogen generation, MOFs/MV2+/EDTA/Pt system (path 1), MOFs/EDTA/Pt system (path 2). Reproduced from [108] with permission from Wiley-VCH, Copyright © 2012.



        In another report, two Cu-MOFs (3 and 4) have been utilized for hydrogen production by splitting of water without the application of co-catalysts or photosensitizers under visible and near-infrared lights [109]. Excellent stability after 24 hours was observed for number 4. MOF-199 and MOF-199/Ni were synthesized by Hu [110]. These two materials showed optimal photocatalytic behavior and the hydrogen production rate by these two materials using Eosin Y photosensitizer reached 7200 and 8000 μmol g-1 h-1, respectively. Among the performed investigations, MOF-based catalysts showed higher performance and hydrogen production rate. In order to investigate the factors that influence the behavior of photocatalysts, Cu-MOF (5) and Cd-MOF (6) isostructures were studied [111]. The investigations indicated that under the same conditions, the hydrogen generation rate of Cu-MOF was several times higher than those of cd-MOF. This advantage is due to the Cu-MOF conduction band which has a more negative value than Cd-MOF conduction band, strengthening the Cu-MOF reduction capability (Fig. 6).
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Fig. (6))


        The mechanism of photocatalytic behavior of Cu-MOFs and Cd-MOFs. Reproduced from [111] with permission from Elsevier, Copyright © 2017.



        Jiang group reported to synthesize an In-porphyrinic MOF (USTC-8 (In)) whose structural metal and ligands were non-coplanar, a feature that can be very useful in photocatalytic behavior [112]. This MOF showed a higher hydrogen production rate in comparison with other coplanar structures of its class, i.e. USTC-8 (M) (M = Cu, Co, Ni). Non-coplanar metal centers of USTC-8 (In) were reduced by receiving photoinduced electrons, while this did not occur in the USTC-8 structures containing other metals where electrons were transferred from metal centers to porphyrin rings. This reduced the atomic size of the In ions and consequently weakened their interaction with the nitrogen atoms of the porphyrin rings and caused them to separate from these ligands. Electrons are transferred from In ions to Pt particles and hydrogen is generated, so In ions are oxidized to In+3. Meanwhile, the USTC-8 (In) recovery provides electrons for interaction with porphyrin holes (Fig. 7). They thought that it is irrational to utilize USTC-8 (In) as a catalyst due to its structural change, so they used metal ions as a catalyst for splitting of water to confirm this, so it was confirmed.
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Fig. (7))


        The mechanism of reaction for In atoms in USTC-8 (In). Reproduced from [112] with permission from American Chemical Society, Copyright © 2018.

      




      

        



        3.2. Composites Based on MOFs for Photocatalytic Splitting of Water




        Many studies in the field of photocatalytic splitting of water have been performed on single materials [113]. But the problem with most of these materials is the photo corrosion and recombination of photo-excited or UV-active charges [114]. To overcome such problems that occurred for single materials, heterostructures with functionalized materials can be used [115]. It is necessary to match their band structures in terms of energy level for creating these heterojunctions [116]. During the charge transfer from one material to another in the interface of heterojunction, the ability of oxidation and reduction of holes and electrons decreases [117]. Due to the high surface area and porosity of MOFs, some materials such as nanoparticles can be loaded in their pores so that the synergistic effect between them improves the performance of hydrogen generation by splitting of water. In this regard, UCNPs-Pt@MOF/Au composite was reported by Li’s research group [118]. UCNPS absorbs near-infrared light and emits UV-visible light and nanoparticles of Au harvest visible light and UIO-66 absorbs parts of the visible light and UV light. These results increase the photocatalytic performance of the composite with respect to hydrogen generation under NIR, UV and Visible radiations (Fig. 8). This is the first report of the application of MOFs as photocatalysts under three types of radiations.
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Fig. (8))


        (a) The mechanism of H2 generation and principle of light absorption for UCNPs-Pt@MOF/Au composite and (b) UCNPsPt@MOF/Au composite schematic illustration. Reproduced from [118] with permission from Wiley-VCH, Copyright © 2018.



        Wang's research group synthesized hybrids with different ratios of UiO-66 and g-C3N4 in the presence of Ar. They performed these syntheses to improve the photocatalytic behavior of UiO-66 with a wide band gap (Fig. 9a) [119]. As the g-C3N4 fraction of mass increases, the surface of the hybrids becomes rougher and completely covered (Fig. 9b-d). Due to its layered structure and low band gap of 2.7 eV, g-C3N4 anchors on UiO-66 and transfers electrons to it and therefore the hybrid photocatalytic behavior is improved and the hydrogen generation is increased by increasing g-C3N4 up to 50% (Fig. 9e). But due to the covering effect in the hybrid, the rate of hydrogen generation reduced when the g-C3N4 mass fraction reached 70%.




        Recently, UiO-66/CdS composites have been synthesized [120]. These composites indicated a higher hydrogen generation rate compared to CdS, which is due to the significant role of UiO-66 in CdS nanoparticles dispersion as well as in electron acceptor [121, 122], causing the separation of charge and increased hydrogen production (Fig. 10). In these composites, the sample containing 10% of CdS had the highest performance with respect to hydrogen generation and the hydrogen evolution rate decreased with increasing the amount of CdS. This performance can be explained as that the recovery of exciton bleach in a composite containing 10% of CdS has the highest rate representing itself with an increase in the lifetime of the electron in its conductive band and decreases with increasing CdS [120].
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Fig. (9))


        (a) Schematic illustration for decorating of g-C3N4 on UiO-66 octahedrons, (b) SEM images of (b) UiO-66, (c) UG-10 and (d)> UG-50, (e) the histogram of the rate of hydrogen generation for g-C3N4, UiO-66 and UG-x samples (x = 10, 30, and 50), the long term hydrogen generation for UG-50 sample (UG-x means UiO-66 and g-C3N4 composites and x is the mass content of g-C3N4 in hybrids (inset). Reproduced from [119] with permission from Wiley-VCH, Copyright © 2015.
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Fig. (10))


        (a) The synthetic process for CdS/UiO-66 composites, (b) proposed mechanism of photocatalytic hydrogen generation by CdS/UiO-66 under visible light, (c) The dependence of photocatalytic H2 production activity/rate on the CdS amount. Reproduced from [120] with permission from American Chemical Society, Copyright © 2018.



        Co@NH2-MIL-125(Ti) as a photocatalyst for water splitting was reported by Gascon et al. [123]. This group used two strategies for the modification of NH2-MIL-125(Ti) and eventually succeeded in using the ship-in-the-bottle strategy (Fig. 11). NH2-MIL-125(Ti) plays a role as a photosensitizer for creating Ti+3 and holes. Electrons required to reduce Co (III) to Co(II) are supplied by TEA and Co(II) species are utilized for hydrogen evaluation. Constant TOF was observed for Co@MOF so that it can be recovered after 68 hours of radiation.
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Fig. (11))


        ‘ship-in-the-bottle’ strategy for Synthesis of Co@MOF. Reproduced from [123] with permission from Royal Society of Chemistry, Copyright © 2015.



        A novel NiC/NU-1000 photocatalyst via the chemistry of ALD has been reported by the Hupp’s research group (Fig. 12) [124]. When UV light was used for hydrogen generation by these catalysts, NU-1000 had no role in hydrogen evaluation and the rate of hydrogen evaluation was assessed with respect to the presence of 70 μmol g-1 of NiSx while a significant hydrogen evaluation rate was reported for NiS/NU-1000. This significant performance can be justified by the synergistic effect between the NiS and NU-1000 components. Large channels in the NiS/NU-1000 system facilitate the electron transfers, so increasing the performance of this system with respect to hydrogen generation (Fig. 12).
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Fig. (12))


        (a) NiS/NU-1000 idealized representation and hydrogen evaluation in NiS/NU-1000 composite under UV light schematic illustration, (b) Photoluminescence of NU-1000 (red) and NiS/NU-1000 (blue) in 380 nm wavelength. Reproduced from [124] with permission from American Chemical Society, Copyright © 2016.



        Recently, earth-abundant metals have been introduced as a good alternative for noble metals in the field of clean energy production. Among them, Ni has attracted special attention due to its excellent photocatalytic performance. For example, NiPd cocatalyst had an ideal performance in hydrogen generation [125]. Also, Ni2P nanoparticles are introduced in composites such as g-C3N4/UiO-66 and prevent the recombination of holes and electrons (Fig. 13) [126], causing a significant increase in the hydrogen evaluation rate in the g-C3N4/UiO-66/Ni2P system.




        Polyoxometalates are formed by bonding polyatomic clusters to transition metals, and indicate good redox performance which plays an important role in catalytic reactions [127]. Particularly, as polyoxometalates can maintain their structure during electron transfer, so they are utilized in half-reaction of water splitting [128]. However, their catalytic applications are limited due to their low stability in aqueous solutions and small surface area [129]. It has been confirmed that polyoxometalates immobilization is a promising procedure for the catalytic behavior and stability of the MOF structures. What improves the catalytic behavior is the interaction between MOF and polyoxometalates. The synergistic effect also improves the behavior of both components. Li’s group synthesized MIL-101(Cr) loaded with polyoxometalates by introducing anionic polyoxo-metalates into cationic MOF in a simple procedure, and then MIL-101(Cr)@POM composite absorbed [Ru(bpy)3]2+ from aqueous solution (Fig. 14a). Studies have shown that MOF@P2W15V3 polyoxometalate has better behavior in terms of adsorption of light compared to MIL-101(Cr) (Fig. 14 b,c). Consequently, the photocatalytic performance of hydrogen generation in MIL-101(Cr) with different ratios of polyoxometalates was higher than that of the homogeneous system (Fig. 14 d,e) [130].
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Fig. (13))


        (a) Schematic mechanism for photocatalytic hydrogen generation by g-C3N4/UiO-66/Ni2P, (b) hydrogen production trend of different component photocatalysts, (c) hydrogen production of photocatalysts with different contents of Ni2P. Reproduced from [126] with permission from Elsevier, Copyright © 2018.
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Fig. (14))


        (a) scheme view of POM@Photosensitizer@MOF and POM@MOF composites, UV–vis spectra for solution of [Ru(bpy)3]2+ (48 μM) in 10mg (b) isolated MIL-101, (c) MIL-101 and 80mg P2W15V3, (d) photocatalytic rate of hydrogen generation of different photocatalysts, (e) photocatalytic rate of hydrogen generation in Mo2S12. Reproduced from [130] with permission from Elsevier, Copyright © 2018.



        MOF-545, which uses TCCP-H2 as the linker and the Zr cluster as a metal center in its structure, has been reported (Fig. 15a,b) [131]. Unlike the results of previous research, the photocatalytic performance of this MOF is due to the linker that adjusts the valence band. After the introduction of [Co4(H2O)2 (PW9O34)2]10−POM in the channels, an excellent catalytic performance was observed for oxidation of water by Co-polyoxometalates (Fig. 15c).
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Fig. (15))


        (a) TCPP-H2 linker, [Co4(H2O)2(PW9O34)2]10− POM, P2W18Co4@MOF- and Zr-based unit 545 systematic illustration, (b) “top” (right) and “Side” (left) views of the POM positioned between two porphyrins and two Zr6-clusters in Computed position of the P2W18Co4 POM in MOF-545, (c) schematic proposed mechanism for OER behavior of P2W18Co4@MOF-545. Reproduced from [131] with permission from American Chemical Society, Copyright © 2018.



        According to the investigations of Kong’s group on two cases of [Ru(bpy)3]2+-derived UiO-MOF and [Ir(ppy)2(bpy)]+-derived [Ni4(H2O)2(PW9O34)2]10- POM, it was found that Ir-MOF shows better photocatalytic behavior than Ru-MOF with respect to HER and its mechanism of action for OER is similar to Co-POM/MOF (Fig. 16 e) [132].


      




      

        



        3.3. MOF-derived Photocatalysts




        Own to the properties like large pore size and diverse structures, MOFs are used in catalytic reactions. Their application as a template in the synthesis of derivatives influences their stability and the derivatives are widely used in hydrogen generation from water [133, 134]. So, MOFs are widely used as precursors or templates for the synthesis of various materials including metal oxides and carbon materials that are employed as catalysts [135, 136]. The initial properties of MOFs such as high surface area are preserved in most of the derivatives [137]. Li’s group synthesized Pt-ZnO-Co3O4, Pt-ZnS-CoS and PtZn3P2-CoP using the ZnCo-ZIF template and employed them as a photocatalyst for hydrogen evaluation (Fig. 17) [138]. TEM and SEM studies indicated that the morphology of MOF is preserved in Pt-doped ZnO-Co3O4. Also, the porosity of the precursor is preserved in Pt-ZnO-Co3O4 and the band structure matching between the components of Pt-ZnO-Co3O4 has resulted in the excellent photocatalytic performance of this hybrid material compared to each of its components. In other words, among the three materials reported by this group, Pt-Zn3P2-CoP showed the best performance and the highest rate in terms of hydrogen evaluation. These three photocatalysts were shown to be recycled more than 5 times. An explanation for this performance is the electron coupling of ZnO with Co3O4, CoS with ZnS and CoP with Zn3P2, causing the electron-hole separation and allowing the electron transfer for photocatalytic reactions with an improved performance.




        
[image: ][image: ]


Fig. (16))


        (a) [Ir(ppy)2(bpy)]+ -derived and Ru(bpy)3]2+-derived dicarboxylic acids chemical structures, (b) [Ni4(H2O)2(PW9O34)2]10- POM Polyhedral structure, (c) structure of [Ni4(H2O)2(PW9O34)2]10- POM@MOF in direction of [1, 1, 1], (d) structure of central [Ni4(H2O)2(PW9O34)2]10- POM-loaded octahedral cavity and unoccupied tetrahedral cavities, (e) Schematic electrons injection to the [Ni4(H2O)2(PW9O34)2]10- POM upon photoexcited MOF to reduction of proton, (f) proposed catalytic cycle for visible-light-driven hydrogen evolution catalyzed by Ni4P2@MOF-1 Reproduced from [132] with permission from Wiley-VCH, Copyright © 2016.



        MOFs are also suitable templates to synthesize other carbonaceous materials. These carbonaceous materials derived from MOFs are ideal photocatalysts [139]. Zhang’s group, for example, reported Cu-TiO2/C composites synthesized using this procedure, as shown in Fig. (18). They used this material as a photocatalyst for hydrogen generation from water [140]. This photocatalyst also had better performance and a higher hydrogen evolution rate compared to other photocatalysts such as Cu-TiO2/C, SiO2@HKUST-1-Ti. After exposed to sunlight, photoelectrons are generated from the valence band of Cu2O and TiO2 in the CuTiO2/C composite and excited to the left holes and conductive band. Electron-hole pair separation is improved because of the transfer of electrons and holes between TiO2 and Cu2O. The Fermi level of TiO2 is higher compared to that of Pt, so the transfer of electrons to Pt is easier and reduced for hydrogen generation, and porous carbon causes better hydrogen diffusion, resulting in excellent performance for Cu-TiO2/C composites.
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Fig. (17))


        (a) the synthetic protocol of hybrids of Pt-ZnS-CoS, Pt-ZnO-Co3O4 and Pt-Zn3P2-CoP, (b) SEM and (c) TEM images for ZnO-Co3O4, (d) TEM images for Pt-ZnO-Co3O4, (e) photocatalytic H2 production versus time of reaction for Co3O4, ZnO, Pt-ZnO-Co3O4 and ZnO-Co3O4, (f) photoexcited electron transfer schematic illustration and H2 production in Pt-ZnO-Co3O4, (g) the photocatalytic rate of hydrogen generation of Pt-ZnO-Co3O4, Pt-ZnS-CoS and Pt-Zn3P2-CoP hybrids. Reproduced from [138] with permission from Elsevier, Copyright © 2017.
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Fig. (18))


        (a) synthetic protocol of Cu-TiO2/C composites and (b) photocatalytic rate of hydrogen generation compared with other photocatalysts, (c) photocatalytic mechanism of hollow Cu-TiO2/C nanospheres under simulated sunlight irradiation. Reproduced from [140] with permission from Royal Society of Chemistry, Copyright © 2018.



        Co3O4/CuO was also synthesized from ZIF-67/Cu(NO3)2•6H2O template [141]. After the addition of Na2S2O8 as electron acceptor and [Ru(bpy)3]2+ as photosensitizer to Co3O4/CuO, this catalyst showed excellent performance in term of the oxidation of water (Fig. 19).
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Fig. (19))


        (a) the cycle of photocatalytic oxidation of water in Co3O4/CuO photocatalyst, ([Ru(bpy)3]2+) photosensitizer and Na2S2O8 electron acceptor, (b) the curve of band and charge separation mechanism of Co3O4/CuO heterojunction. Reproduced from [141] with permission from Elsevier, Copyright © 2016.



        The application of templates is also an effective and efficient method to synthesize other materials. In a study, NiS/ZnxCd1−xS heterojunction with ideal performance for hydrogen evolution was investigated (Fig. 20a) [142]. The capacity of light capturing and the photocatalyst behavior were adjusted by doping Zn2+ into the precursor (Fig. 20b-e). NiS played an important role in the performance of the heterojunction. It became clear that because of different ratios of Zn to Cd, the photocatalyst showed different performance for hydrogen evolution. Among the different samples, NiS/Zn0.5Cd0.5S showed an excellent hydrogen evolution rate own to suitable band gap, conductive band position, stability and recyclability (Fig. 20f-i).
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Fig. (20))


        (a) NiS/ZnxCd1−xS synthesis procedure, (b) XRD pattern of NiS/ZnxCd1−xS, (c) TEM images, distribution of particle size, (d) elemental mapping, (e) HRTEM images for NiS/Zn0.5Cd0.5S. (f) EIS curve and (g) time dependent behavior of NiS/ZnxCd1−xS, (h) photocatalytic rate of hydrogen evaluation for NiS/ZnxCd1−xS in visible light, (i) hydrogen evaluation cyclic behavior of NiS/Zn0.5Cd0.5S in visible light. Reproduced from [142] with permission from Wiley-VCH, Copyright © 2018.



        ZnO/ZnS photocatalysts have been synthesized by the solvothermal method using precursor MOF-5 for hydrogen evolution [143]. The uniform integration of components in this heterojunction occurred from the homogenous sulfurized MOF and ZnS@C oxidation (Fig. 21a-g). With the application of this facile method and optimization of calcination time for ZnS@C, the capability of light absorption, active sites and separation of charges increases, therefore the optimal sample ZnOS-30 with excellent recyclability shows excellent photocatalytic performance for hydrogen evolution (Fig. 21h-k).




        
[image: ][image: ]


Fig. (21))


        (a) ZnO/ZnS heterostructure synthetic protocol, ZnS@C (b)TEM and (c) HRTEM images, TEM images of ZnOS-15, ZnOS-30, ZnOS-45 and ZnOS-60 (d, e, f, g, respectively), (h0 Time dependent behavior of ZnOS-n for hydrogen evaluation in visible light.(i) hydrogen evaluation behaviors for ZnS, ZnOS-n and ZnS/ZnO mixture in visible light. (j) hydrogen evaluation cyclic behavior of ZnOS-30 in visible light. (k) hydrogen evaluation cyclic behavior for ZnOS-30 after 40 hour. Reproduced from [143] with permission from Wiley-VCH, Copyright © 2018.



        The composition of MOFs has a significant effect on the photocatalytic behavior. Hence, the organic linker modification and metal nodes are very important in the creation of the desired properties in these compounds and can be created in two ways: doping of metals and modification of functional groups (Table 2) [111, 123, 144-151]. Although, these strategies have a significant effect on the performance of photocatalysts, the decoration of surface or pores should be performed to further increase their performance [152]. The advantage of the decoration of surface over the modification of functional groups is that when MOFs are combined with other photoactive materials, their band gap becomes easily adjustable, and therefore the range of light absorption in the obtained composites spreads and extends to the visible and NIR lights. On the other hand, the separation of electrons and holes is carried out more efficiently. The strategy of the combination of MOFs with photoactive materials also prevents the recombination of electrons in the low position of conductive band and holes in the high position of valence band. Additionally, this strategy results in the creation of more catalytic active sites on MOFs (Table 2) [118, 119, 125, 131, 132, 153-164]. Also, dual excitation of MOFs and photoactive materials is an effective method to increase quantum yield. MOFs with porous structures have been widely used as precursors or templates in the synthesis of various types of porous substances such as metal oxides and carbonaceous materials [135, 165]. The various materials obtained from MOFs preserve the intrinsic properties of MOFs such as high surface area and rich active sites [166]. These essential properties that are required for photocatalyst activity have led to extensive studies on MOFs derivatives. Recent advances in these composites that have been investigated in terms of photocatalytic hydrogen and oxygen evaluation are given in Table 2 [138, 141, 142, 167-172].




        

          Table 2 Photocatalytic splitting of water behavior for pure MOFs, decorated by MOF-derived and other different materials.
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                	Sacrificial Reagent



                	Target Reaction



                	Production Rate


                (mmol·h-1·g-1)



                	Recycle d Times



                	Ref.

              


            



            

              

                	Pt/NH2-MIL-101(Cr)



                	TEOA



                	HER



                	0.6



                	5



                	[144]

              




              

                	HNTM-Ir/Pt



                	TEOA



                	HER



                	0.2



                	-



                	[145]

              




              

                	Co@MOF



                	TEA



                	HER



                	22.5



                	3



                	[123]

              




              

                	MIL-101(Fe)-NH2




                	Na2S2O8




                	OER



                	61.8



                	-



                	[146]

              




              

                	PMOF



                	Ascorbic acid



                	HER



                	8.52



                	3



                	[147]

              




              

                	Pt/Cd-MOFs



                	TEOA



                	HER



                	1.2



                	5



                	[111]

              




              

                	Pt/Cu-MOFs



                	TEOA



                	HER



                	7.3



                	8



                	[111]

              




              

                	RhOH2@UiO



                	TEOA



                	HER



                	10.4



                	-



                	[148]

              




              

                	Pt(1.5)/Ti-MOF-NH2




                	TEOA



                	HER



                	≈ 0.4



                	3



                	[149]

              




              

                	Ti-MOF-Ru(tpy)2




                	TEOA



                	HER



                	≈ 0.4



                	3



                	[150]

              




              

                	NH2-UiO-66(Zr/Ti)



                	TEOA



                	HER



                	7.8



                	-



                	[151]

              




              

                	UiO-66/g-C3N4




                	Ascorbic acid



                	HER



                	≈1



                	-



                	[119]

              




              

                	NH2-MIL-125(Ti)/g-C3N4, Ni15.8Pd2.1 NPs



                	TEOA



                	HER



                	8.7



                	3



                	[125]

              




              

                	UNiMOF (2D)/ g-C3N4




                	TEOA



                	HER



                	0.4006



                	3



                	[153]

              




              

                	MIL-101(Cr)/ CdS



                	Lactic acid



                	HER



                	≈7.5



                	4



                	[154]

              




              

                	MIL-101(Cr)/ Au, CdS



                	Na2S and NaSO3




                	HER



                	25



                	4



                	[155]

              




              

                	MIL-101(Cr)/ CDs, CdS



                	Lactic acid



                	HER



                	0.488



                	4



                	[156]

              




              

                	UiO-66/Cd0.5Zn0.5S, g-C3N4




                	Na2S and NaSO3




                	HER



                	1.2811



                	3



                	[157]

              




              

                	UiO-66/CdS, MOS2




                	Lactic acid



                	HER



                	32.5



                	4



                	[158]

              




              

                	UiO-66-NH2/MoS2 quantum dots



                	TEOA



                	HER



                	0.8344



                	-



                	[159]

              




              

                	ZIF-8/TiO2 HNPs



                	Methanol



                	HER



                	0.2542



                	5



                	[160]

              




              

                	Cd-TBAPy/CoPi NPs



                	AgNO3




                	OER



                	1.634



                	-



                	[161]

              




              

                	UCNPs-Pt@MOF/ Au



                	TEOA



                	HER



                	0.280



                	4



                	[118]

              




              

                	SMOF-1/Wells-Dawson-type POM



                	Methanol



                	HER



                	3.353



                	-



                	[162]

              




              

                	MIL-101(Cr)/[Co4(H2O)2(PW9O34)2]10−




                	Na2S2O8




                	OER



                	≈6.7



                	-



                	[163]

              




              

                	MIL-100(Fe)/[Co4(H2O)2(PW9O34)2]10−




                	Na2S2O8




                	OER



                	≈7.5



                	-



                	[164]

              




              

                	MOF-545/[Co4(H2O)2(PW9O34)2]10−




                	Na2S2O8




                	OER



                	≈4



                	3



                	[131]

              




              

                	[Ir(ppy)2(bpy)]+ -derived UiO-MOF/ [Ni4(H2O)2(PW9O34)2]10-




                	Methanol



                	HER



                	4.4



                	3



                	[132]

              




              

                	N-doped graphene analogs (Template: ZIF-8, pyrolysis temperature: 1000 °C)



                	TEOA



                	HER



                	0.37



                	4



                	[167]

              




              

                	ZnO/Co3O4 (Template: ZnCo-ZIF, pyrolysis temperature: 350 °C)



                	Methanol



                	HER



                	7.80



                	5



                	[138]

              




              

                	C-ZIF/g-C3N4 (Template: ZIF-8 (melamine), pyrolysis temperature: 650 °C)



                	TEOA



                	HER



                	0.0326 1




                	4



                	[168]

              




              

                	ZnO/rGO/carb (Template: ZIF-8/GO/melamine), pyrolysis temperature: 350 °C)



                	Methanol



                	HER



                	0.0146



                	3



                	[169]

              




              

                	CN/FeNiP (Template: NH2-MIL-101(Fe)/N i(OH)2), pyrolysis temperature: 350 °C)



                	TEOA



                	HER



                	13.81



                	5



                	[170]

              




              

                	HP-CdS (Template: MIL-53(Al)/CdO), pyrolysis temperature: 350 °C)



                	Na2S



                	HER



                	0.63



                	4



                	[171]

              




              

                	Ni2P (Template: Ni-BTC MOF), pyrolysis temperature: 275 °C)



                	Lactic acid



                	HER



                	33.48



                	5



                	[172]

              




              

                	NiS/Zn0.5Cd0.5S (Template: Ni-ZnxCd1-x -MOF), pyrolysis temperature: 580 °C)



                	NaSO3




                	HER



                	16.78



                	5



                	[142]

              




              

                	Co3O4/CuO (Template: ZIF-67/Cu(NO3)2.6H2O), pyrolysis temperature: 360 °C)



                	Na2S2O8




                	OER



                	0.01244 mmol (0.2 g L-1 catalyst after 11 min photoirradiation)



                	5



                	[141]

              


            

          




        


      


    




    

      



      CONCLUDING REMARKS




      Hydrogen generation through the photocatalytic splitting of water is an effective strategy to solve environmental crisis and energy shortage. The hydrogen production rate of this method depends on the intrinsic properties of photocatalysts. MOFs photocatalysts have been recently used for this purpose. Diverse substances including MOF-based materials can be employed as photocatalysts for hydrogen generation, but MOF-based materials have some advantages over other conventional catalysts. For example, organic molecules can serve as linkers while metal ions or clusters could act as nodes in the structure of MOFs to absorb visible or UV radiations, causing electron transfer from HOMO to LUMO, representing semiconductor behavior. Some MOFs even can absorb NIR light and transfer charge from metals to their ligand at lower energies. The structure of MOFs can also be modified by doping metal ions or changing linkers. Therefore, their band-gap can be easily adjusted to attain the ideal photocatalytic behavior. MOFs possess a high surface area and unique porosity, facilitating the loading of some photoactive materials such as g-C3N4 and CdS to enhance their photocatalytic behavior in terms of hydrogen generation. Some MOFs are stable at different pHs and solvents; resulting in high efficiency and low cost of hydrogen generation. Although the photocatalytic mechanism of conventional catalysts is known, this mechanism has not yet been elucidated in MOFs, limiting the search for effective MOFs in this field. To overcome this limitation, it is necessary to design and perform more accurate tests and calculations. Despite the challenges in the application of MOF-based photocatalysts for water splitting, more advanced MOFs can pave the way for their extensive application. Regarding huge studies on the use of MOF-based photocatalysts in water splitting, the application of these composites in solar cells can be also considered which is beyond the scope of this chapter.
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