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Abstract

:

In the last few decades, photocatalysis has been found to be a practical, environmentally friendly approach for degrading various pollutants into non-toxic products (e.g., H2O and CO2) and generating fuels from water using solar light. Mainly, traditional photocatalysts (such as metal oxides, sulfides, and nitrides) have shown a promising role in various photocatalysis reactions. However, it faces many bottlenecks, such as a wider band gap, low light absorption nature, photo-corrosion issues, and quick recombination rates. Due to these, a big question arises of whether these traditional photocatalysts can meet increasing energy demand and degrade emerging pollutants in the future. Currently, researchers view heteroanionic materials as a feasible alternative to conventional photocatalysts for future energy generation and water purification techniques due to their superior light absorption capacity, narrower band gap, and improved photo-corrosion resistance. Therefore, this article summarizes the recent developments in heteroanionic materials, their classifications based on anionic presence, their synthesis techniques, and their role in photocatalysis. In the end, we present a few recommendations for improving the photocatalytic performance of future heteroanionic materials.
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1. Introduction


Due to overpopulation, the energy demand and the revolution of industries have increased triple times compared to the 1990s. The depletion of fossil fuels and the harmful effects of industrial pollutants made the world look toward the fabrication of nanomaterials capable of generating energy from greener sources and remediation of contaminants from the environment [1]. In the last few decades, semiconductor-based photocatalysts have shown an excellent capability to decompose organic pollutants from the environment and produce greener fuels, such as hydrogen, hydrogen peroxide, etc., from water using solar radiation [2,3]. The mechanism of semiconductor photocatalysis undergoes the following steps; (i) Light energy of a specific wavelength is allowed to fall onto a material, (ii) If the energy of the incident light is equivalent/higher to the band gap value of the material, it will induce electron excitations from the valence band (VB) to the conduction band (CB) of the material and holes will be left in the VB, (iii) Then the generated charge carriers could undergo subsequent oxidation and reduction reaction with any reactant species, which would be adsorbed on the material surface to provide the necessary intermediate/end products [4,5]. In the beginning stages, traditional photocatalysts such as TiO2, CdS, Cu2O, ZnO, etc., have been employed to decompose pollutants and solar-fuel generation such as H2, H2O2, NH3, etc. Furthermore, it has excellent chemical stability, less fabrication cost, and is non-toxic. However, it faces many bottlenecks, such as a wider band gap, less visible-light absorption nature, photo-corrosion issues, and quick recombination rates [6,7,8,9,10,11,12,13].



Therefore, designing cost-effective and novel visible-light active photocatalysts with enhanced stability and charge separation is much needed. Based on this, researchers believed that adopting homogeneous and heterogeneous structures, polarization field engineering, band gap engineering, etc., will enhance the photocatalyst’s stability and recombination rate. Recently, novel structured heteroanionic photocatalysts, such as metal oxynitrides, oxysulfides, oxyhalides, and oxycarbides, have been created based on heteroanionic engineering and begun to show their promising role in the photocatalysis sector [14,15]. Heteroanionic photocatalysts have more than one anion in their structure, which provide enough space for the valence band engineering by careful manipulation of anions [16,17]. Heteroanionic photocatalysts can be prepared with the help of electronic/crystal structure engineering, local coordination geometry, and other techniques [18]. Heteroanionic photocatalysts mainly possess metal cations as the primary elements connected with oxygen and other anion atoms. The VB of these materials is occupied by mixed anion-p and oxygen-2p orbitals. Its conduction band was made up of d0 or d10 orbitals of metal ions; this arrangement induces a narrower band gap with more negative VB than traditional photocatalysts [19,20]. Its band gap structure, good electrical conductivity, and corrosion-resistant characteristics make them more suitable for photocatalysis reactions [21]. Heteroanionic materials are more stable in air/moisture than bare sulfide/oxide/nitrides [22]. Most review articles were primarily reported based on bismuth oxyhalides, tantalum oxynitride, and their applications in photocatalysis [23,24]. However, to the best of our knowledge, a critical review that exclusively focuses on applications of heteroanionic compounds for photocatalysis has not been conducted elsewhere.



Therefore, this review study has been made to provide readers with a comprehensive grasp of the photocatalytic applications of heteroanionic materials, their synthesis procedures, and their advantages over traditional catalysts. Then it summarizes the characteristics of the heteroanionic material, its classification according to the nature of the anions present in them, and its application in photocatalysis. Finally, we present recommendations and outlooks for effectively utilizing and developing various heteroanionic materials to enhance their photocatalysis applications further.




2. Photocatalysis and Its Mechanism


Photocatalysis is a composite word composed of two parts, “photo (light)” and “catalysis”. Photocatalysis is a chemical reaction accelerated by light and a substance/semiconductor interaction. [25]. More specifically, when the light of a suitable wavelength is irradiated over a semiconductor, it induces photo-excitation by consuming photon energy. As a result, the electrons from the catalyst VB get excited to the CB by leaving holes in the VB. The energy gap between the VB and CB is known as the “band gap” [26]. It corresponds to the wavelength of the light by which the photocatalyst can effectively absorb it. After photo-excitation, the excited charge carriers would separate and transfer onto the photocatalyst’s surface and undergoes subsequent oxidation and reduction reactions with reactant species [27].



During the process of photocatalytic water splitting, the photogenerated electron and hole carriers in the catalyst perform the roles of reducing and oxidizing agents, respectively, to produce hydrogen gas and oxygen gas [28,29]. Figure 1 depicts the mechanism underlying water splitting using photocatalysts in the presence of light.



The photocatalytic splitting of water into H2 and O2 is considered an exothermic reaction. It requires a specific Gibbs free energy change of 237 kJ/mol or 1.23 eV to split water molecules successfully, as shown in Equations (1)–(3) [30]. Hence, the band gap of the photocatalyst (Eg) should be at least greater than 1.23 eV to participate in water splitting.


Photo-reduction: 2H2O + 2e− → H2 + 2OH−



(1)






Photo-oxidation: 2H2O → O2 + 4H+ + 4e−



(2)






Overall reaction: H2O → H2 + ½ O2; ΔG = +237 kJ/mol



(3)







Furthermore, the position of the CB and VB edges of the catalyst is crucial to carrying out both redox reactions of H2O via photogenerated electron–hole charges. The CB edge of photocatalysts must be more negative than the reduction potential of H+/H2 (0 V) vs. standard hydrogen electrode (SHE)). At the same time, the VB should be greater than the oxidation potential of O2/H2O.



Similarly, in the photocatalytic degradation of pollutants, photo-induced charge carriers serve as powerful oxidizing and reducing candidates, causing a cascade of subsequent oxidative and reductive processes, as shown in Figure 2.



The sequence of redox processes involved in photocatalytic pollutant degradation is shown in Equations (4)–(9) [31,32].


Photocatalyst + hv → e− + h+



(4)







Photo-oxidation reactions:


h+ + H2O → H+ + ·OH



(5)






h+ + OH− →·OH



(6)







Photoreduction reactions:


e− + O2 → ·O2−



(7)






2e− + O2 + 2H+ → H2O2



(8)






e− + H2O2 → OH− + ·OH



(9)







The formation of hydroxyl and superoxide radicals through redox processes is the principal pathway for photo-induced pollutant degradation, as shown in the general Equations (10) and (11):


·OH· + pollutant → intermediates + CO2 + H2O (degradation products)



(10)






·O2− + pollutant → intermediates + CO2 + H2O (degradation products)



(11)







In a general photocatalytic degradation process, if the reduction reaction of adsorbed oxygen does not happen simultaneously with pollutant oxidation, there is much possibility for the electrons to gather on the surface of the catalyst, leading to a higher recombination rate of charge carriers. Hence, it is essential to avoid electron accumulation by delivering O2 molecules into the reaction chamber to achieve a successful photocatalytic process.




3. Advantages and Limitations of Traditional Photocatalysts


In the 1970s, Fujishima and Honda employed titanium dioxide in a photoelectrochemical cell to split water molecules into H2 and O2 [7]. Their research also provided the foundation for producing innovative semiconductor photocatalysts to eliminate environmental contaminants and applications in the energy sector [33,34]. Traditional photocatalysts, such as metal oxides, sulfides, nitrides, etc., are utilized in various applications, including hydrogen gas generation through water splitting and water purification via wastewater degradation [35]. Eliminating water contaminants and producing greener fuels through photocatalysis are crucial to meet the rising demand for pure water and energy [36]. Conventional photocatalysts have a wider surface area that aids in purifying polluted water sources and produces greener hydrogen gas without generating environmental damage [37,38]. Traditional photocatalysts can increase the number of active reaction sites on their surface through the interaction of light, resulting in a significant amount of catalytic activity. [39]. Traditional photocatalysts possess distinctive properties, making them a potential candidate for an effective photocatalyst [40,41]. The advantages are outlined below.



	➢

	
Conventional catalysts possess promising band gap energy and display enhanced photocatalytic behavior under UV-Visible light [42,43,44].




	➢

	
It enables multi-active areas on their surface to carry out photocatalytic reactions quickly [45].




	➢

	
Some photocatalysts have suitable CB and VB edges that are optimal for the reduction and oxidation potentials of H+/H2 and O2/H2O, respectively [46,47].







Although traditional photocatalysts provide various advantages, they also possess a few disadvantages, as outlined below.



	➢

	
Only a few conventional photocatalysts possess a negative CB potential for hydrogen generation. However, many traditional photocatalysts have unfavorable CB edges that are substantially lower than the standard reduction potential, which is essential for hydrogen production by splitting water molecules [48,49].




	➢

	
Due to the rapid recombination of electron–hole carriers, the electrons in the CB cannot be successfully tapped by O2 to form superoxide radicals during the degradation process [50].




	➢

	
Some traditional photocatalysts exhibit a lesser surface area reaction with pollutants and less charge-carrier transport, which leads to low pollutant degradation efficiency [51].




	➢

	
Although many traditional photocatalysts are paramount, they are not independent [52].




	➢

	
Few conventional photocatalysts necessitate an acidic pH between 2.5 to 3.5 for the photo-Fenton reaction [53].




	➢

	
Recombination of charge carriers is one of the significant limitations of conventional semiconductor photocatalysts.




	➢

	
Few traditional photocatalysts are susceptible to photo corrosion.




	➢

	
The reusability of the catalyst is the most critical factor since few materials quickly mix with the reaction chamber when exposed to light radiation [54]. Separating the photocatalyst from the reaction chamber is a difficult task.







Therefore, developing an optimal photocatalyst with the ability to maintain the increase in the density of active reaction sites over a large surface area along with reducing the recombination of charge carriers and the back-reaction rate is much required in recent days. It has motivated considerable research activity over the last few decades and has helped overcome the above limitations by designing heteroanionic materials for photocatalysis applications.




4. Applications of Heteroanionic Photocatalyst in Solar-Induced Direct Pollutant Degradation and Greener Fuel Generation


Heteroanionic engineering is an emerging technique for producing more efficient photocatalysts than conventional photocatalysts. Heteroanionic photocatalysts have more than one anion in their structure [55,56]. Its electrical and thermal properties can be easily adjustable, and its oxidation resistance, chemical inertness, and photon absorption are exceptional [57,58]. It has a smaller band gap than metal oxide complexes because of the lower electronegativity of non-oxide anions in its structure, which facilitates more excellent visible-light absorption [59,60].



Heteroanionic photocatalysts can be classified based on the anionic present in their structure, such as metal oxynitrides (MOxNy), oxysulfides (MxOySz), oxyhalides (MOX), oxycarbides (MOyCz) [14]. The VB of the heteroanionic photocatalysts is occupied by hybridized anion/oxygen atoms p-orbitals, while its CB is made up of empty d0 or d10 orbitals of metal ions. This configuration induces a smaller band gap with a more negative VB than conventional metal oxides/sulfides/nitrides photocatalysts. These photocatalysts can be synthesized by mixing several anions using various strategies such as electronic/crystal structure engineering and local coordination geometry [61,62]. Heteroanionic photocatalysts produced via in-situ chemical solution procedures have greater efficiencies than those synthesized through physical mixing techniques. Recently, heteroanionic photocatalysts exhibited higher efficiency, principally attributable to the greater separation of electron–hole pairs via interfacial charge transfer and its lower band gap energy. Consequently, the interface between various anions in heteroanionic materials serves as the crucial charge-carrier transfer route during photocatalysis. Due to their stability and high efficiency, these materials have recently created incredible interest in photocatalysis as both catalysts and supports. Figure 3a–e compares the electronic structure of metal oxides with various types of heteroanionic photocatalysts.



Therefore, this review outlines the few heteroanionic materials classified based on the anion group they contain and highlights their roles in photocatalysis technology.




5. Classification of Heteroanionic Photocatalyst


5.1. Oxynitride-Based Photocatalyst


Metal oxynitrides are one of the emerging photocatalysts that possess combined characteristics of their oxides and nitrides. Oxynitrides photocatalysts mainly have metal cations as the primary element connected with oxygen and nitrogen atoms [63,64,65]. The VB of these materials is occupied by hybridized N-2p and O-2p orbitals [66,67]. Its conduction band was made up of d0 or d10 orbitals of metal ions; this arrangement induces a smaller band gap with more negative VB than conventional metal oxide/nitride photocatalysts [58,68]. Its band gap structure, good electrical conductivity, and corrosion-resistant characteristics favor photocatalysis. Oxynitrides are more stable in air and moisture than bare nitrides [69]. Pure nitrides are more sensitive to visible and UV light than oxide materials; however, they predominantly suffer from stability issues and cannot maintain their photocatalytic character for a long time. Therefore, researchers attempted to introduce nitrogen into the oxide network to obtain superior physical and chemical characteristics compared to metal oxide and nitride materials. Nitrogen atoms are less electronegative and more polarizable than oxygen atoms, so replacing nitrogen with oxygen helps to narrow down the band gap between the anion-based VB and cation-based CB [70]. Most oxynitrides have suitable band gap values between 1.6–3.3 eV, as necessary for various photocatalytic reactions [62,71]. The following section discusses essential oxynitride-based materials, their synthesis process, and their photocatalytic character.



The synthesis process of oxynitride-based materials is very complex compared to oxide materials. A significant nitriding candidate is needed to prepare oxynitrides photocatalysts from oxide precursors. The most common method for fabricating oxynitrides is thermal ammonolysis [72]. Here, ammonia plays both roles of nitriding (oxidizing) and reducing agent; this dual character is most crucial for the ammonolysis reaction [73]. When the ammonia passes over the oxide precursor, it decomposes over the oxide surface by creating reactive nitriding candidates (N, NH, NH2) in a native state and H2 [74]. Then the hydrogen reacts with oxygen atoms from the oxide precursor and escapes as water vapors. This thermodynamic reaction acts as a driving force to introduce nitrogen through the substitution approach, as shown in Equation (12) [75].


Oxide + NH3 (g) → Oxynitride + H2O



(12)







High pressure is supplied to this process to avoid the decomposition of precursors such as oxides and nitrogen gas. It helps to stabilize the oxynitrides with novel structures at moderate temperatures. Only a few solid-state syntheses of oxynitrides at high pressures have been studied in the literature [76]. The temperature supplied to this process mainly depends upon the choice of the chosen oxide precursor. The purity of the oxynitride phase primarily depends upon the proper control over vital parameters such as temperature, ammonia flow rate, the pressure inside the alumina tube, reaction time, and type of oxide precursor kept inside the alumina tube. Similarly, some oxynitrides have been fabricated in thin films via physical and chemical approaches. For example, thin films of BaTaO2N have been prepared through pulsed laser deposition [77], and also thin films of LaTiO2N have been obtained via reactive RF-magnetron sputtering to analyze its photocatalytic performance [78].



In particular, tantalum oxynitride is a promising heteroanionic photocatalyst that possesses suitable valence and conduction band edges to generate H2 and O2 from water [79]. It has narrower band gap energy than tantalum oxide [80,81]. As a result, it captures visible light more efficiently and has improved photocatalytic capability. Its crystal structure is monoclinic, where tantalum is hepta-coordinated and interconnected with N and O anions. For instance, Domen et al. explored the photocatalytic characteristics of TaON [82]. It demonstrated a quantum efficiency of 34% for oxygen evolution in the presence of a sacrificial reagent because it has a maximum visible-light absorption capability of up to ~530 nm, with a VB edge of 2.20 eV vs. SHE. It was prepared by heating the Ta2O5 on tantalum foil at 1073–1123 K under an ammonia flow of 10 mL min−1. Apart from TaON, most d0 metal oxynitride belongs to a subgroup named perovskite oxynitrides. Generally, perovskite-structured materials possess promising properties in terms of electric conductivity, light absorption, and high photostability. Perovskite-based oxynitrides (ABO2N) can be formed by adding nitrogen into the anionic network of the corresponding oxides [83]. It consists of the irregular, corner-shared BO(N)6 octahedra joined by metal cations. It can result in materials with a narrower band gap than the parent oxide. This narrowing happened due to the inclusion of higher energy N-2p orbital along with the O-2p orbital in VB of the parent oxide, making them excellent candidates for visible light-absorbing photocatalysts. The general formula for perovskite oxynitride is termed as ABO2−xN1+x [84]. Ammonolysis is the most common process for producing perovskite-based oxynitrides. Perovskite-type compounds (ABO2N) are often synthesized by heating the oxide precursors (A2B2O7) or mixes of oxides and oxysalts, such as carbonates in the presence of ammonia in the temperature range of 600–1100 °C [73]. Perovskite oxynitrides such as CaTaO2N, SrTaO2N, LaTaON2, and BaNbO2N oxynitride perovskite also showed promising photocatalytic characteristics [85]. Their band gap and edge positions offered significant activity over water oxidation and reduction processes. The general crystal and band gap structure of a few perovskite oxynitrides are shown in Figure 4a,b [86].



Perovskite oxynitrides possess a narrower band gap value of 1.5−2.5 eV than TiO2 and are more stable under various reaction mediums [87]. It also has favourable CB and VB edges for photocatalytic water splitting [88]. For example, the band gap and crystal structure of BaTaO2N are shown in Figure 5a. In addition, the UV-visible absorption spectra for some perovskite (oxy) nitrides are demonstrated in Figure 5b [58].



In 2002, the first study on water splitting into hydrogen and oxygen using a perovskite-based oxynitride was published. Kasahara et al. synthesized LaTiO2N through thermal ammonolysis and reported its promising H2 and O2 generation activity in the presence of the sacrificial reagents [89]. Moreover, Shunhang Wei studied the influence of adding the extra layer of SrO in the SrTaO2N materials by forming Sr2TaO3N because the Sr2TaO2N photocatalyst undergoes self-oxidative decomposition even in the presence of hole scavenger protection. The crystal structure of the Sr2TaO3N and SrTaO2N can be seen in Figure 6a. From the absorption graph of Figure 6b, it is found that the inclusion of an extra layer of SrO significantly increased the light absorption character of Sr2TaO3N compared to SrTaO2N, and it possesses more excellent photostability. During the oxygen evolution process, Sr2TaO3N supported with the CoOx co-catalyst performed better than the SrTaO2N, as is shown in Figure 6c,d [90].



Furthermore, BaNbO2N, a niobium-based oxynitride, was prepared by Hisatomi and their team by nitriding the Ba5Nb4O15 (oxide precursor) under an NH3 gas. It absorbs more light up to 740 nm, one of the longest wavelengths ever observed for an oxynitride photocatalyst. They also determined its water-splitting behavior can be increased in the presence of sacrificial reagents and by loading suitable co-catalysts [91,92,93].



Harshavardhan Mohan et al. produced nickel-coated manganese oxynitride/graphene sheets to increase the base materials’ surface area and band gap energy value. The band gap value of the manganese oxide reduced from 2.10 eV to 1.97 eV due to the addition of nitrogen and nickel in the MnO structure. The composite demonstrated a high degradation activity over acetylsalicylic acid under visible-light illumination and had good structural stability even after being used multiple times [94].



The results of the above-reported investigations demonstrated that metal oxynitride could be made more robust through the surface and interface modification. These modifications enhance the durability of metal oxynitride by regulating h+ extraction and driving them to realize as visible-light absorption catalysts. Future developments that strengthen the endurance of metal oxynitrides may be achievable by understanding how durability can be engineered in future heteroanionic materials. The photocatalytic (H2 and O2 generation) activity of a few essential oxynitrides is detailed in Table 1.




5.2. Oxyhalide-Based Photocatalyst


Metal oxyhalides (MOX) have played a potential role in solar–fuel generation and water purification processes due to their promising energy band gap structure and light absorption properties [98,99]. These characteristics mainly depend upon the type of halide engineered in its structure. Bismuth oxyhalides - BiOX (X = Cl-3p, Br-4p, I-5p) are the most commonly employed heteroanionic catalysts due to their easy band gap tuning nature [100,101]. The visible-light absorption character of BiOX dramatically depends upon the size of the halogen ion. If the size of the halogen increases, its polarizability character also increases from Cl to I. These compounds are composed of [Bi2O2]+2 layers between double slabs of halogen atoms [102,103]. Their crystal structure is shown in Figure 7a–c [104].



This kind of arrangement induces an internal electric field within the BiOX structure. The internally generated electric field improves the lifetime of photogenerated electron–hole pairs and reduces the recombination rate when irradiated by the light of appropriate energy [105,106]. BiOX-based photocatalysts show some favorable characteristics, such as chemically stable, non-toxic, and anti-corrosive nature [107]. Furthermore, BiOX materials are more sensitive and responsive to visible light than UV light due to their narrower band gap [108]. The VB maxima of BiOX compounds are comprised of O-2p and X-p orbitals, whereas their CB maxima consist of Bi-6p orbitals [109,110,111]. BiOCl has a wider band gap value of 3.2 eV and demonstrates a significant photocatalytic character under UV light [112]. Similarly, BiOBr (2.64 eV) has a suitable band gap and redox potential, which encourages the conversion of the oxygen molecule into O2− radicals and H2 into H+ ions [113,114]. However, BiOI is very complex to attain the redox potential due to its narrow band gap value of 1.77 eV [108,115].



The most common techniques for producing BiOX are hydrothermal [116], calcination [117], precipitation [118], microwave [119], reverse micro-emulsion [120], sonochemical methods [121], and template approaches [122]. These approaches helped to enhance visible-light absorption and photocatalytic character. The band gap structure of a few essential oxyhalide photocatalysts is shown in Figure 8 [123].



Mainly, Yu and Han et al. analyzed the influence of the solvent used for the fabrication process on the band gap structure and morphology of BiOCl, BiOBr, and BiOI photocatalysts. They used different solvents such as water, acetic acid, N, N-dimethylformamide, glycerol, ethylene glycol, and ethanol to prepare BiOX [124]. Figure 9 a–d shows that the surface morphology of prepared BiOX compounds changes while using different solvents in the preparation process. Then the synthesized BiOX samples were utilized to degrade various pollutants such as tetracycline, rhodamine B, and methyl orange. They found that pure BiOCl and BiOBr, produced using ethylene glycol, had a more photocatalytic activity with respect to tetracycline and rhodamine B than BiOI, as shown in Figure 9e,f. However, in the case of the degradation of methyl orange, BiOI responded well compared to BiOCl and BiOBr (Figure 9g–i) [124].



Even though pure BiOX has demonstrated good photocatalytic activity in removing organic pollutants, it still faces problems, such as the low usage of the solar spectrum and the high recombination rate of charge carriers. Therefore, researchers attempted to solve these bottlenecks by doping metal/nonmetal ions and forming BiOX composites. For instance, Jei Cui and their colleagues produced Ni-BiOCl via a one-step solvothermal process to analyze its degradation behavior over Rhodamine B [125]. Ni-BiOCl photocatalysts decomposed Rhodamine B within 5 min under visible–light irradiation and performed better than the bare BiOCl. These studies confirmed that the doping of foreign ions could significantly improve the photocatalytic efficiency of MOX materials by tuning and enhancing their band gap energy and surface area reaction sites, respectively. Xia and their team also designed BiOCl and BiOBr-based photocatalysts by combining them with carbon quantum dots [126]. The weight percentage of carbon quantum dots and the type of halide present in the composites decide the performance of the photocatalytic activity. They found that BiOBr-based composites with 3 wt% carbon quantum dots effectively remove bisphenol A, phenol, and rhodamine B from the aqueous solution. BiOBr/carbon quantum dots show good optical absorption and an improved charge separation rate, effectively improved by carbon quantum dots. Numerous studies on BiOX-based composites, such as Fe3O4/BiOI [127], BiOX/TiO2 [128], etc., have been conducted. In addition, attempts have been made to develop BiOX-based ternary composite, such as Cd/CdS/BiOCl [129], Ag/AgCl/BiOCl [130], etc., to evaluate their photocatalytic activity.



BiOX-based materials also played a dominant role in hydrogen generation via photocatalytic water splitting. For instance, Gang-Juan Lee et al. produced flower-like BiOX catalysts using a solvothermal technique with microwave assistance [131]. BiOI generated a maximum H2 evolution rate of 1316.9 mol h−1.g−1 in 360 min at a pH value of 7; this was the highest of all the compounds. BiOI has a small band gap value and suitable conduction band edges, which is sufficient for H2 generation and has the better capability to separate the photogenerated electrons and holes. Zhidong Wei et al. also synthesized a new type of photocatalyst, such as Bi4MO8X (M = Nb, Ta; X = Cl, Br), via a solid-state reaction method [132]. They studied how adding a sacrificial reagent to a photocatalyst enhanced its H2 generation performance. When glycerol was used as a sacrificial reagent, Bi4NbO8Br was found to have superior hydrogen generation performance than all other samples due to its large amount of α-OH and lower standard oxidation potentials. In the last few decades, BixOyXz also exhibited promising photoreduction of carbon dioxide to solar fuel (CH3OH, CH4, CO, etc.) compared to its capacity to split water molecules into hydrogen. For instance, microspheres of Bi4O5Br2 were produced through the glycerol precursor route (Figure 10a) and utilized for the photoreduction of CO2. The prepared Bi4O5Br2 could significantly reduce CO2 into solar fuels (CH4 = 2.04 and CO = 2.73 mmol g−1 h−1) under sunlight due to its bismuth-rich and ultrathin structure. It is higher than that of ultrathin BiOBr (CH4 = 0.16 and CO = 2.67 mmol g−1 h−1) and bulk BiOBr (CH4 = 0.16 and CO = 2.67 mmol g−1 h−1), as shown in Figure 10b–d [133]. In addition, new oxyhalides such as Bi4O5I2, Bi4O5BrI, Bi4O5Br2, and Bi5O7I were also created to assess their photoreduction behavior over CO2 to produce solar fuels [134].



Oxyhalide photocatalyst also reported promising characteristics in the case of the photocatalytic nitrogen fixation process. In particular, Li et al. first reported nitrogen fixation using the BiOCl photocatalyst in 2015 [135]. Moreover, Li and their team proved that the nitrogen fixation rate (12.72 mmol g−1 h−1) of oxyhalides (Bi5O7Br) could be improved by increasing oxygen vacancy concentration [136]. In another work, Lan et al. determined the influence of oxygen vacancies in BiOI on photocatalytic nitrogen fixation [137]. They prepared hydrogenated Bi5O7I (H-Bi5O7I) by annealing in a hydrogen atmosphere at 300 °C for 4 h, and also bare Bi5O7I was used for comparison. Electromagnetic resonance signals have found that H-Bi5O7I has more oxygen vacancy concentration than the bare Bi5O7I due to hydrogenation. This is presumably due to a high number of oxygen atoms detaching from the surface of Bi5O7I during hydrogenation. Even in photocatalytic nitrogen fixation studies, H-Bi5O7I produced a good amount of ammonia after 180 min of light illumination at a rate of 162.48 mol g−1 h−1. It also found that the quantity of ammonia produced rose approximately linearly with the illumination period. This performance was significantly superior than the pure Bi5O7I, indicating that oxygen vacancies play an essential role in the adsorption and activation of nitrogen molecules.



Based on the available reports, it has been found that most of the MOX catalysts were synthesized through more time and energy-consuming processes such as solvothermal and hydrothermal. Hence, future research must concentrate on simple and less time-consuming approaches to produce oxyhalide materials. For instance, the microwave-assisted method enables the quick manufacture of oxyhalide materials; however, research into this technique is still in the beginning stage. In addition to surface modification, investigating catalytic processes on the atomic level during various photocatalysis processes is most required because the active sites in the catalysts play a crucial role during reactions. More in situ characterization must be done on oxyhalide materials to understand the keen relationship between the catalyst reaction sites and their catalytic efficiency. Furthermore, most research reports on oxyhalide materials were based only on BiOX-based photocatalysts. Hence, it is necessary to fabricate a new type of oxyhalide-based photocatalysts (such as NbOCl, VOCl3, etc.) to employ them in the degradation process of environmental pollutants and solar-fuel generation and make them more accessible in the future. Table 2 summarizes the different forms of oxyhalide and their applications in various solar-induced catalytic reactions.




5.3. Oxysulfide-Based Photocatalyst


Oxysulfide photocatalyst has a chemical composition between the oxide and chalcogen photocatalysts [149]. It possesses at least a metal, oxygen, and sulfur in its crystal structure with negative oxidation states for both O and S [150]. It is an independent group from metal oxide and metal sulfide. It can be coined with the generic formula MxOySz. Their VB is composed of the sulfur and oxygen orbitals, and d0/d10-metal ion orbitals occupy the conduction band (e.g., SrZn2S2O, Ln2Ti2S2O5, etc.) [151]. It possesses narrower bandgaps that are more favorable for photocatalytic water splitting under visible-light exposure due to its sulfide ions, which shift its valence band edges to the negative potential. Most oxysulfide is not available in nature; it needs to be synthesized. In 1947, Pitha and their team fabricated the first crystalline oxysulfide called La2O2S [152], and in 1949, Zachariasen synthesized some La2O2S, Ce2O2S, and Pu2O2S [153]. For instance, La2O2S can be made by reducing Ln2(SO4)3 using hydrogen gas or heating the Ln2S3 in the presence of air. It has been found that La2O2S is made up of one metal atom that was interconnected with four atoms of oxygen and three atoms of sulfur with a space group of P-3m1. Most metal oxysulfides are fabricated by treating the oxide precursors with sulfur/metal sulfide. However, the band gap tuning of oxysulfide is very complex by varying stoichiometric ratios because sulfur has larger atomic radii than oxygen.



Metal sulfides such as CdS and ZnS generally show excellent absorption in visible light. It has the capacity to generate a considerable amount of H2 through the photoreduction of H+ ions with the support of the electron donors such as S2− and SO32−. The significant bottlenecks of metal sulfide are subjected to photo-corrsion, because S2− anions are sensitive to oxidation by photogenerated holes [154]. These drawbacks can be rectified by synthesizing more stable oxysulfide compounds [155]. For instance, Wang and their team prepared Y2Ti2O5S2 through a solid-state reaction with tetragonal symmetry [16]. It possesses a narrower band gap energy of 1.9 eV, which absorbs a massive region of solar radiation even up to the wavelength of 650 nm. The conduction and valence band maximum of prepared Y2Ti2O5S2 lies between 1.1 to −1.0 V and 0.8–0.9 V versus SHE, respectively. It has been found that Ti-3d orbitals occupy their CBM, whereas VBM is mixed up with O-2p, S-3p, and Y-3d orbitals. Their band edge positions favored H2 and O2 generation via photocatalytic water splitting. These photocatalysts produced considerable hydrogen and oxygen gas when supported with IrO2 and Rh/Cr2O3 during the oxygen and hydrogen evolution process by maintaining pH values around 8–9. During the photocatalysis study, it was found that Y2Ti2O5S2 has more chemical and photostability. Their experiment results are shown in Figure 11a–e [16].



Similarly, Ishikawa and their team prepared Sm2Ti2O5S2 oxysulfide-based photocatalysts with a band gap value of 2.0 eV [149]. It possesses a suitable conduction band edge position, which acts as a driving force for photocatalytic water splitting. In the case of pollutant degradation, oxysulfide photocatalysts also served as promising candidates. Hairus Abdullah and their team recently used indium oxysulfide for hexavalent chromium detoxification [156]. Indium oxysulfide was prepared through a solution-based reaction between indium chloride and thioacetamide at 90 °C. It showed an excellent degradation behavior of Cr(VI) within 15 min without employing any hole scavengers due to its narrower band energy of 2.4 eV. Then it also combined with Ag to test its performance for photocatalytic water splitting. It generated nearly 400 mol/g of hydrogen gas in ethanol solution under exposure to 150 W Xe-lamp irradiation for 5 h. Ma and their group also used La5Ti2CuS5O7-based heteroanionic materials to act as photocathodes/anodes to analyze their behavior in the water-splitting process [157]. Then Hisatomi et al. prepared a novel La5Ti2Cu1−xAgxS5O7 and investigated its potential in the H2 evolution process through the photoelectrochemical cell [158]. Kiyonori Ogisu et al. prepared Lanthanum–Indium oxysulfide to boost the reduction reaction of H+ to molecular hydrogen and oxidize water molecules to oxygen under light illumination in the presence of a sacrificial agent [159]. It possesses a band gap energy of 2.60 eV and acceptable reduction and oxidation potentials for oxygen and hydrogen evolution reactions in the presence of IrO2 and Pt, respectively, as co-catalysts.



Xin-de tang et al. mainly adopted a new approach to prepare a La3NbS2O5 photocatalyst [160]. They prepared different types of La3NbS2O5 samples by varying the sulfurization time (0.5, 1, and 2 h) and temperatures (1023, 1073, 1123, 1173 K) supplied to it and compared them with La3NbS2O5 prepared through solid-state reaction. This study significantly reduced the time required to prepare La3NbS2O5 to 1.0 h compared to the traditional solid-state approach (9 days). The band gap energy of La3NbS2O5 (2.13−2.17 eV) prepared via the sulfurization process was found to be a little narrower than the La3NbS2O5 samples prepared through solid-state reaction (2.26 eV). The maximum H2 evolution activity was seen for the sample prepared at 1073 K for 1 h, which was approximately 1.83 times that of La3NbS2O5 generated by the solid-state reaction. Table 3 summarizes the few photocatalytic studies on oxysulfide photocatalysts.



In conclusion, research on oxysulfide catalysts is significantly less than other heteroanionic materials. Therefore, it is necessary to develop new oxysulfide compounds to increase their catalytic studies because sulfide-based materials generally possess promising characteristics. Furthermore, attempts such as surface modification should be made on the oxysulfide materials to improve their catalytic efficiency via loading suitable co-catalysts (apart from pt), ion doping, coupling with carbon materials, hetero-junction engineering, etc. It helps to extract h+/e− from oxysulfide and induce a strong hybridization between S- and O-orbitals near the VBM.




5.4. Oxycarbide-Based Photocatalyst


Oxycarbide-based materials are among the newest photocatalysts; they contain a metal ion linked to oxygen and carbon atoms. [165]. Their electrical and thermal properties are easily modifiable, and their oxidation resistance, chemical inertness, and photon absorption are exceptional. They exhibit a small band gap structure. The VB of these materials is occupied by mixed C-2p and O-2p orbitals, while its CB is composed of empty d orbitals of metal ions [19,20]. This configuration induces a smaller band gap with a more negative VB than conventional metal oxide photocatalysts [166]. It can be obtained by regulating the calcination temperature and environment in a complex manner during the synthesis process. Due to their stability and high capacity, most oxycarbide-based compounds were utilized as anodes in the batteries [167,168,169]. Compared to typical photocatalysts, their preparation procedures are pretty tricky. Moreover, a strong interface between various anions in oxycarbide plays a significant role in photocatalytic degradation by enhancing its charge-carrier transfer route.



For instance, Kan Huang and their team produced highly conductive titanium oxycarbide by reducing titanium oxide in a carbothermic environment [170]. Titanium dioxide was thermally coated with carbon by heating 10% acetylene in N2 at 700 degrees Celsius for 20 min in a quartz tube furnace. After applying the carbon coating, their products are calcined at 900 and 1100 °C for four hours in an H2/N2 mixture. They observed that titanium oxycarbide exhibited significant photocatalytic activity in oxygen evolution reactions. Also, platinum-coated titanium oxycarbide was more effective in ORR and OER processes. Then, Sujun Guan and their colleagues found that the heat treatment of titania coatings in a carbon environment increases their photocatalytic activity. They produced two titania coatings by mechanically coating titanium powder over alumina balls at 480 rpm for 10 h. Then the prepared coatings were subjected to 15 h of heat treatment at 1073 K in a carbon and air environment to assess the impact of the atmosphere. The coating treated in a carbon atmosphere demonstrated more photocatalytic activity against methylene blue than air atmosphere coatings. This enhanced photocatalytic activity results from the findings that carbon-treated titania coatings have a nano-bump structure composed of titanium oxycarbide and rutile TiO2. Moreover, it exhibited a smaller band gap energy of 1.48 eV than air-treated titania coatings (2.88 eV), which improves their good light absorption characteristics. It is depicted in Figure 12a–e [171].



Like titanium oxycarbide, silicon oxycarbide also possesses advantageous properties, including good oxidation stability and corrosion resistance. Eranezhuth Wasan Awin and colleagues attempted to incorporate titanium dioxide into silicon oxycarbide to create a TiO2/SiOC composite with meso- and macroporous characteristics [172]. In addition to SiOC’s advantageous properties, the incorporation of titanium oxide was anticipated to improve SiOC photocatalytic activity by boosting visible-light absorption and chemical stability. The surface morphology of the macroporous samples was found to be foamy, whereas mesoporous samples were found to be more agglomerated and have disordered structures. Moreover, the meso-/macroporous samples exhibited narrower band gap energy (2.05 eV and 2.75 eV, respectively) compared to pure titanium dioxide (2.9 eV), which enabled both composites to demonstrate promising photocatalytic degradation behavior over methylene blue dye under visible-light illumination.



According to our knowledge, oxy-carbides are utilized as a photocatalyst only in fewer papers. Even though oxycarbide compounds have intriguing properties, their synthesis processes are more complex than conventional photocatalysts. Therefore, it is necessary to create low-cost green synthetic methods with precise control over the anion stoichiometry to synthesize oxycarbide materials at a wide scale. This trend supports us in having a more profound knowledge of how to control the surface morphology of these materials and their creation, which helps to enhance their fundamental characteristics in the future.





6. Advantages of the Heteroanionic Photocatalyst


	➢

	
Promising optical absorption property: Heteroanionic photocatalysts may absorb both visible and ultraviolet light effectively in order to drive an electron from VB to CB. Heteroanionic photocatalysts capture the visible portion of sunlight more efficiently than conventional photocatalysts [173,174].




	➢

	
High diffusion rate: The electrons and holes in CB and VB of heteroanionic photocatalysts diffuse more rapidly from the bulk to the surface than traditional ones [175,176].




	➢

	
Reasonable surface charge transfer property: Heteroanionic photocatalysts possess good surface charge transfer capability, interact well with various contaminants, and prolong charge-carrier recombination time [177,178].




	➢

	
Effective oxygen utilization: Heteroanionic photocatalysts effectively utilize atmospheric oxygen as an oxidant; no additional oxidant is required [94,179].




	➢

	
Utilize less UV Light: Heteroanionic materials utilize low-energy UV light to activate their photocatalytic properties [151].




	➢

	
High stability: Heteroanionic photocatalysts are inexpensive, less toxic, stable, physiologically and chemically inert, largely insoluble, and recyclable [180].








7. Limitations of the Heteroanionic Photocatalyst


	➢

	
Even though heteroanionic materials possess a narrower band than conventional photocatalysts, they still face quick recombination of the charge carriers during some catalytic reactions.




	➢

	
Most heteroanionic materials employ expensive material (platinum) as a co-catalyst during hydrogen generation, which inevitably raises their synthesis costs.




	➢

	
Current synthesis methods adopted for preparation for heteroanionic materials are very complex and do not possess precise control over the anion stoichiometry.




	➢

	
Many heteroanionic materials are found to be potentially fit for photocatalysis, but they are utilized very rarely in catalytic reactions such as nitrogen fixation and CO2 reduction compared to conventional catalysts.








8. Conclusions and Future Outlook


Energy harvesting from long-lasting sunlight has proven to be a promising answer to the world’s energy needs and pollutant degradation. In the last few decades, most photocatalysts utilized for photocatalysis were basically made up of metal oxides/sulfides/nitrides. In recent days, heteroanionic photocatalysts that perform the same function with greater efficiency have accelerated research when compared with conventional catalysts. Heteroanionic photocatalysts were found to have a narrower band gap, which facilitates electron excitation when exposed to sunlight. In addition, these photocatalysts have a large surface area and small particle size, resulting in a low recombination rate. In this regard, we have emphasized the most recent developments of four types of heteroanionic photocatalysts, including oxynitride, oxysulfide, oxycarbide, and oxyhalide. Based on this review, we made a few recommendations and prospects to improve heteroanionic materials to advance photocatalysis technology further.



	➢

	
Simple and effective synthesis methods: Although these materials have intriguing properties, most of their synthesis processes are more complex than conventional photocatalysts. Hence, it is necessary to create low-cost green synthetic methods to fabricate these photocatalysts on a wide scale at a high-efficiency level. For example, Xin-de tang et al. mainly adopted a simple approach to prepare a La3NbS2O5 by varying its sulfurization time and synthesis temperatures [160]. It reduced preparation time to 1 h compared to the conventional synthesis process (which takes nine days).




	➢

	
Theoretical analysis: Theoretical computations on the band gap and energy level of heteroanionic photocatalysts would provide theoretical guidance for building the desired structure and selecting suitable matching elements. For the fabrication of heteroanionic photocatalysts, a combination of experiment and computation approach is most required. Notably, DFT-based first-principles calculations can be employed to investigate the characteristics of these materials and to gain a deeper understanding of the roles of the various components in the photocatalytic mechanism.




	➢

	
Developing new and cost-effective co-catalysts: It is essential to fabricate novel and cost-effective co-catalysts that can effectively extract h+/e− from heteroanionic materials during catalytic reactions.




	➢

	
Doping and Heterostructures: The photocatalytic efficiency of heteroanionic materials can be enhanced further through various approaches such as metal and non-metal doping, oxygen vacancies generation, sensitizers, carbonaceous materials, and heterostructures with other materials.




	➢

	
Defect control: It was found that defects on the surface/bulk of heteroanionic materials will act as recombination sites for photogenerated charge carriers. Therefore, decreasing these defects is necessary, but it is very challenging due to the crucial heavy anionization process. Also, it is required to investigate new precursors and synthesis procedures under moderate conditions to eliminate defects in the heteroanionic materials. Hence, defect control will help to reduce the recombination sites resulting in an improvement in the efficiency of the heteroanionic materials.




	➢

	
Morphology control: The morphology of these photocatalysts is the most determining parameter in light absorption capability, charge-carrier transport, and surface reaction rates. Hence, various nanotechnology approaches can be extensively used to control the morphology characteristics of heteroanionic materials. Reducing the particle size to the nanoscale reduces the migration distance, which makes more electron–hole pairs to travel onto the catalyst surface before recombination. A hierarchical structure will improve the water-splitting process of heteroanionic photocatalysts.







In conclusion, heteroanionic materials have greatly improved over the past decade due to extensive research and development efforts. Due to the synergetic effect of light harvesting, electron–hole separation and migration, and surface reaction during the photocatalysis activity, more future research needs to be focused on making materials with all characteristics. Constant efforts in this field are anticipated to result in photocatalysts capable of splitting water and degrading contaminants with high efficiency. In addition, the knowledge gained via investigating these compounds will illuminate the future creation of novel, efficient, and sustainable heteroanionic photocatalysts. For the advancement of the catalysis process, a unified set of assessment standards and parameters for the overall efficiency of photocatalysts, including their performance and stability, are necessary. It will help the research community reach its long-term, sustainable solar-fuel generation goal.
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Figure 1. Mechanism of photocatalytic water splitting. 
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Figure 2. Schematic representation of the mechanism of photocatalytic degradation of pollutants. 
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Figure 3. Comparison of the electronic structure of (a) metal oxides with (b) oxysulfides, (c) oxyhalides, (d) oxynitrides, and (e) oxycarbides photocatalysts [14]. 
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Figure 4. (a) Crystal structure of perovskite oxynitride; (b) band gap structure of perovskite oxynitrides. Reproduced with permission [86], Copyright 2016, Elsevier. 
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Figure 5. (a) Crystal structure of perovskite oxynitride BaTaO2N photocatalyst; (b) absorption spectra of few important oxynitrides. Reproduced with permission [58], Copyright 2011, Springer Nature. 
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Figure 6. (a) Atomic arrangement of the Sr2TaO3N and Sr2TaO2N photocatalyst; (b) band gap energy of both photocatalyst; (c) oxygen evolution rate of SrTaO2N and Sr2TaO3N when loaded with 2.0 wt% CoOx under visible light; (d) oxygen evolution rate of Sr2TaO3N with various percentage of CoOx co-catalyst in the presence of AgNO3. Reproduced with permission, [90] Copyright 2018, Elsevier. 
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Figure 7. Crystal structure of (a) BiOBr, (b), BiOCl, and (c) BiOI photocatalysts. Reproduced with permission [104], Copyright 2020, Elsevier. 
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Figure 8. Band gap structure of few important oxyhalide photocatalysts. Reproduced with permission [123], Copyright 2021, Elsevier. 
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Figure 9. SEM graphs of (a) BiOBr, (b) BiOI synthesized using water, (c) BiOBr, (d) BiOI prepared using ethylene glycol, (e) photocatalytic behavior of BiOBr over tetracycline in the presence of simulated sunlight, (f) under visible light; (g) photocatalytic behavior of BiOCl (h) BiOBr and (i) BiOI over methyl orange dye under visible light. Reproduced with permission [124], Copyright 2021, Elsevier. 
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Figure 10. (a) Preparation process of Bi4O5Br2 using glycerol precursor route, photocatalytic CO2 reduction activity of (b) BiOBr, (c) ultrathin BiOBr, and (d) Bi4O5Br2. Reproduced with permission [133], Copyright 2016, Elsevier. 
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Figure 11. (a) Crystal structure of Y2Ti2O5S2 photocatalyst; (b) diffuse reflectance spectra for Y2Ti2O5S2; (c) band gap structure of Y2Ti2O5S2 (d) represents the amount of hydrogen and oxygen gas produced by Cr2O3/Rh/IrO2-modified Y2Ti2O5S2 prepared at two different temperatures in the presence of La2O3 (pH 8.5); and (e) gas evolution rates of Cr2O3/Rh/IrO2-modified Y2Ti2O5S2 at various pH. Adapted with permission from ref. [16], Copyright 2019, Springer Nature. 
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Figure 12. Photocatalytic behavior of TiCxOy coatings (prepared at carbon and air) over methylene blue degradation in the presence of (a) UV, and (b) Visible light; (c,d) XPS spectra for both TiCxOy coatings; (e) its band gap energies. Reproduced with permission [171], Copyright 2016, Elsevier. 
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Table 1. List of few reported oxynitride photocatalysts, their crystal structure, band gap, and amount of H2 and O2 evolved.
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	S. No
	Name of the Photocatalyst
	Crystal Structure
	Band Gap Value (eV)
	Amount of H2 Gas Evolved
	Amount of O2 Gas Evolved
	Reference





	1
	CaNbO2N
	Perovskite
	1.9
	1.5 μmol h−1
	46 μmol h−1
	[95]



	2
	LaTiO2N
	Perovskite
	2.0
	30 μmol h−1
	41 μmol h−1
	[95]



	3
	CaTaO2N
	Perovskite
	2.5
	15 μmol h−1
	0
	[88]



	4
	SrTaO2N
	Perovskite
	2.1
	20 μmol h−1
	0
	[88]



	5
	BaTaO2N
	Perovskite
	2.0
	15 μmol h−1
	0
	[88]



	6
	LaTaON2
	Perovskite
	2.0
	20 μmol h−1
	0
	[95]



	7
	TaON
	Baddelyite
	2.5
	15 μmol h−1
	660 μmol h−1
	[95]



	8
	SrTaO3N/CoOX
	Perovskite
	1.97
	0
	20 μmol
	[90]



	9
	GaON
	Wurtzite
	2.2 to 2.8
	18 μmol h−1
	30 μmol h−1
	[96]



	10
	ZnO:InN oxynitride
	Wurtzite
	2.82
	48 μmol/g
	0
	[97]
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Table 2. Summarization of studies on various oxyhalide-based materials for solar-induced different photocatalytic reactions.
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	S. No
	Name of the Photocatalyst
	Band Gap Value (eV)
	Name of Pollutant
	Degradation Efficiency/Evolution Rate
	Light Illumination Time
	Reference





	1
	BiOCl
	3.43
	Rhodamine B
	100%
	60 min
	[138]



	2
	BiOIO3
	3.10
	Heavy metal mercury
	76%
	12 h
	[139]



	3
	Bi5O7I nanosheets/nanorods
	3.06 eV (Nanorods) and 3.09 eV (nanosheets)
	Heavy metal mercury
	33% (nanorods)

52% (nanosheets)
	70 min
	[140]



	4
	Ce-doped BiOBr
	2.87
	RhB
	99.22%
	40 min
	[141]



	5
	Co–Bi3O4Br
	2.21
	CO2 reduction to CO
	2142.1 μmol g−1
	20 h
	[142]



	6
	BiOCl-OV-rich
	3.12
	O2 evolution
	344 μmol g−1 h−1
	5 h
	[143]



	7
	BiOBr-OV
	2.8
	N2 photofixation
	104.2 μmol h−1
	60 min
	[135]



	8
	BiOCl-OV
	3.33
	CO2 reduction to CO
	35.03 μmol g−1
	4 h
	[112]



	9
	Cobalt doped BiOCl

ultrathin nanosheets
	2.96
	Carbamazepine
	86.4%
	180 min
	[144]



	10
	Sr-BiOI
	1.73
	Indomethacin
	98%
	60 min
	[145]



	11
	Defect-rich single unit cell Bi3O4Br
	2.29
	Photocatalytic reduction of nitrogen
	25.4 μmol L−1
	1 h
	[146]



	12
	Bi4SbO8Cl
	2.53
	Hydrogen generation
	120 μmol
	200 min
	[147]



	13
	Bi4O5I2/Bi4O5I2
	1.89
	Degradation of RhB
	98%
	90 min
	[148]
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Table 3. List of oxysulphide-based photocatalysts with their band gaps and H2 evolution in different experiments.
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	S. No
	Name of the Photocatalyst
	Band Gap Value (eV)
	Amount of H2 Gas Evolved
	Reference





	1
	Pt-SrZn2S2O
	3.9
	67.8 μmol
	[150]



	2
	Ag-InOS
	2.4
	400 mol/g
	[156]



	3
	Pt–LaInS2O
	2.6
	9 μmol h−1
	[159]



	4
	Rh/Ag–Sm2Ti2S2O5
	2.1
	949 μmol h−1
	[161]



	5
	Pt–La5Ti2AgS5O7
	1.5
	225 μmol h−1
	[162]



	6
	Pt–La3GaS5O
	2.3
	108 μmol h−1
	[163]



	7
	Cr-TPPCl dye modified n-Bi2O2S/In2O3 (with Co3O4)
	1.5
	75.1 μmol
	[164]
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