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Abstract. 
As a consequence of the rapid growth of industry, major problems are created related to energy and environment. Sunlight being one of the most potential alternative source of energy, the development of efficient solar-energy storage systems is an important subject in the fields of science and technology. Here we have reviewed and summarized some of the recent reports on visible responsive photocatalysts.  In this review, the influence of various metal oxide photocatalysts on energy production and pollutant removal are presented with special emphasis on titania based photocatalysts. The photoactivity of titania for various pollutant degradation, modified titania (TiO2) systems, their physical and chemical characteristics, and so forth,
 are described in detail at this juncture. Different methods used to enhance the visible light absorption of TiO2, like doping with metals and nonmetals, coupling with other metal oxides, and so forth,
 have been discussed. Various applications of photocatalysts including photocatalytic treatment of waste water, pesticide degradation and water splitting to produce hydrogen are summarized. The development of photocatalysts that function under visible light for the efficient utilization of sunlight is an area of current interest and thus the different methods of preparation for the visible active photocatalysts are also explored.


1. Introduction
Photochemistry deals with the chemical changes brought about by light. Its important aim is to discover or to design structurally organized and functionally integrated artificial systems that are capable of harvesting solar energy, to perform useful functions. Energy crisis is the main impetus to the study of photochemical reactions. The photochemical changes such as photofading of coloured materials, photosynthesis in plants, and blackening of silver halides, and were observed and so forth, studied qualitatively from 1817 onwards. The quantitative approach to photochemistry was initiated by Grotthus and Draper in the beginning of the nineteenth century, and it was formulated that only the light which is absorbed by a system can cause any chemical change. The probability or rate of absorption is given by the Lambert-Beer Law [1]. 
Photocatalysis is found to be an eco-friendly cheap method for removing various pollutants from gas and liquid streams and conversion of solar energy to chemical energy by splitting water (H2 generation) and reducing CO2 into light hydrocarbons. Splitting of water is a process that has great potential for the conversion of photo energy to chemical energy, in the form of hydrogen [2]. Millions of tonnes of H2S are produced in petroleum refinery plants in every year and is expected to increase considerably in the future [3, 4]. Thus, among various methods of solar energy conversions, much attention has been paid to photocatalytic decomposition of H2S, for its potential in obtaining clean and high energy containing H2 from abundant H2S.  As the direct thermal decomposition of H2S, for the production of hydrogen and elemental sulfur is energy intensive and economically unviable, there has been immense emphasis on the development of visible light photocatalysts for the production of hydrogen [5].  The development of a particulate photocatalyst that catalyzes overall water splitting under visible light for large-scale production of H2 from water and sunlight, has become an important endeavor [6–9]. It is also essential to find an alternative to fossil-fuel-based energy sources, for establishing new energy systems for the 21st century. Thus, photocatalysis appeared as a “green” technology with promising applications in a wide assortment of chemical and environmental technologies.
                 Over the past decades, photocatalytic activity of semiconducting inorganic solids have attracted passionate research interest for the degradation of organic pollutants and/or the decomposition of water molecules [10, 11]. Semiconductors (such as TiO2, ZnO, Fe2O3, CdS, and ZnS), which are characterized by a filled valence band and an empty conduction band [12], are proved to be important materials due to the electronic structure of the metal atoms in chemical combination.
                The major organic compounds that constitute the industrial waste water include dyes, phenols, chlorophenols, aliphatic alcohols, aromatics, polymers, and carboxylic acids. Although, dyes are creating a colorful world, they are becoming a major source of environmental contamination, as their release into the ecosystem is a dramatic source of aesthetic pollution, eutrophication, and perturbation in aquatic systems [13]. Colour removal, especially from textile waste water, has been a big challenge over the last decades [14]. The conventional technologies are not capable of reducing them to the lowest levels demanded by the environmental laws. The complexity and variety of dyestuffs employed in the dying processes made it difficult to find a unique treatment procedure that entirely covers the effective elimination of all types of dyes. Principally, biochemical oxidations go through considerable restrictions in view of the fact that the majority of dyestuffs commercially available have been deliberately planned to resist aerobic microbial degradation and are thus, converted to toxic or carcinogenic compounds. Physical processes, for example, flocculation, reverse osmosis, and adsorption on activated charcoal are nondestructive and simply transfer the pollutant to another media, consequently causing secondary pollution. Among the advanced oxidation processes (AOP) prompted for treating both gas and water pollutants, the heterogeneous photocatalysis is a powerful tool to solve environmental and energy problems [15, 16]. Injurious atmospheric pollutants, which are exhausted from internal combustion engines and furnaces, like nitrogen oxides (
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) such as nitric oxide (NO), nitrous oxide (N2O), and nitrogen dioxide (NO2) originates acid rain, photochemical smog, and greenhouse effects. Therefore, successful removal of the above pollutants has become a vital topic in the meadow of environmental protection, and there had appeared many winning reports on the catalytic oxidation of 
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 under photo irradiation.
           Photocatalytic treatment plays an important role in the environmental and energy applications, including purification and recycling of waste water and degradation of pesticides, dyes, and other volatile organic compounds. Production of hydrogen by water splitting becoming an interesting area of research. For the efficient utilization of solar energy, photocatalysts exhibiting longer wavelength absorption are highly desirable. In the present review, we have tried  to make an illumination into the visible responsive photocatalytic world.
2. Effect of Band Gap
Generally, photodissociation driven by a semiconductor originates from a redox reaction with transient electrons or holes generated by an electronic transition from valence band (VB) to conduction band (CB), by the  absorption of light with energy equal to or greater than the band gap of the semiconductor. The separated photo-induced electrons and holes transferred themselves efficiently to the semiconductor surface. At the surface, electrons react with acceptors (usually O2 dissolved in the solution) to produce radical anions such as 
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. Meanwhile, holes react with donors (H2O, OH−) to produce oxidant species such as OH·. These highly active species, which are produced from electrons and holes, have strong oxidizing and reducing abilities and can directly oxidize organic compounds into CO2 and H2O. So the efficiency of photocatalysts strongly depends on their band structures such as bandgap energy (Eg) and the positions of VB and CB. 
Due to the large band gap, these semiconductors could be activated only by UV irradiation. This limited the utilization of sunlight as an irradiation source in photocatalytic reactions. It is known that the UV part of the solar spectrum accounts only for about 5% of the incoming solar energy while the rest is visible light. The holes and electrons excited by the UV light can recombine easily, which will reduce the efficiency of photons. Thus suppression of the recombination of hole-electron pairs is a necessity. Therefore, a photocatalyst material having visible light activity is required for harvesting solar energy and interior lighting applications. It is therefore of great significance to adjust the band structure of photocatalyst to improve photocatalysis by efficient utilisation of solar energy. There have been many attempts such as dye sensitization, coupling of different semiconductors, and so forth are performed to optimize the band structure of semiconducting photocatalysts [17, 18]. Recently, attempts have been made to modify the band gap energy simply by substituting metal or oxygen ions in part of the oxide lattice [19–21].
3. Visible Light Responsive Photocatalysts
Semiconductor photocatalysts had been widely employed in pollutant removal as well as energy production, after the early work on TiO2 photoelectrochemical hydrogen production reported by Fujishima and Honda [10]. Nowadays scientific and engineering interests in semiconductor photocatalysis have full grown extensively. The major limitations of the application of semiconductor photocatalysts, as mentioned before, are their high band gap and UV light activity. Smoothening of the progress of their applications necessitated the use of sunlight or visible light responsive systems, which can make the process of semiconductor photocatalysis economical. In the preceding sections different photocatalysts and the factors leading to their visible light response are sighted (see Figure 1).





	
		
		
			
		
		
		
		
		
	


	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	
	
		
			
			
				
			
		
	


	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 1: Pictorial representation of semiconductor photocatalyst band structure that leads to pollutant degradation upon exposure to light.


3.1. Titania
TiO2 is one of the most talented heterogeneous photocatalysts because of its first-rate properties such as high photocatalytic activity, strong oxidizing power, low cost, chemical and thermal stability, resistance to photo corrosion and nontoxicity, in addition to its favorable optoelectronic property [22]. TiO2 is also a very popular material for optical and protective applications, because of its high transparency in the visible region [23] and excellent mechanical durability. Anatase, rutile, and brookite are the three phases in which TiO2 usually exists in nature. Among them anatase and rutile are commonly utilized as photocatalysts. Even though anatase is believed to be the more reactive phase of TiO2 than rutile crystalline phase, it has low quantum yield for oxidation steps (~5%) as a result of rapid recombination of photogenerated electron-hole pairs [24]. The high intrinsic band gap energy of pure TiO2 photocatalysts (3.2 eV for anatase phase and 3.0 eV for rutile) made anatase operate effectively as a photocatalyst only when the wavelengths of light are shorter than 387 nm. Thus, pure anatase is able to use only around 4% of the terrestrial solar spectrum because of its wide band gap [25]. Many attempts have been made to make it active in the visible range, which include dye sensitization, metal ion doping, nonmetal doping, and so forth [19–21]. 
The rutile phase of TiO2 has a slightly smaller band gap (3.0 eV), and, therefore, rutile should be photo-excited more easily [26]. The higher recombination rate of photo-generated charge carriers is the major reason for the poor photocatalytic activity of rutile as compared to anatase [19]. The most feasible methods for humanizing the photocatalytic performance of TiO2 are doping with metals and nonmetals. Doped metal atoms could suppress the recombination of photo-induced electron-hole pairs, where the excited electron migrates from the inside of the photocatalyst to the surface of the metal so as to increase the photo quantum efficiency [19, 27] by trapping the electron from recombination. On the other hand, nonmetal doping decreases the band gap, and shifts the response to the visible part of the solar spectrum by incorporating nonmetal atoms into the lattice structure of TiO2 [21, 28, 29]. Based on literature review, the outcome of different attempts to improve the photoactivity of TiO2 is described in the following sections.
3.1.1. Metal-Doped Visible Light Active TiO2
The second most detrimental aspects of the photoactivity of TiO2 is its relatively high electron-hole recombination rate. Previous studies demonstrated that the appropriate amount of metals doped on TiO2 could inhibit the recombination of photo-induced electron-hole pairs [30, 31]. The change in electronic properties of TiO2 by substitution of metal ion for Ti4+ sufficiently reduced the energy band gap to absorb visible light. Abundant studies were reported for the characteristic behavior of visible-active metal-doped semiconductor photocatalysts where the dopants include noble metals [32], rare earth metals [31], and transition metals, and so forth [33]. Silver and gold nanoparticles possess additional ability to absorb visible light, due to localized surface plasmon resonance (LSPR) [34], which again contributes to the visible light activity, when the noble metals are doped over TiO2.
              A series of transition metal ions, such as Cr, Mn, and Co, when doped in TiO2 powders by hydrolysis method [35] and showed considerable shift of absorption towards visible light region. Li and Li reported Au3+ doped TiO2 for the photodegradation of methylene blue (MB) under visible light [36]. Kim et al. reported the preparation of Pt ion-doped TiO2 for the photodegradation of chlorinated organic compounds under visible light irradiation [37]. The photo-activity of TiO2 could be enhanced by the incorporation of lanthanide ions into TiO2 matrix. Lanthanide ions have the aptitude to form complexes with a variety of Lewis bases (including organic acids, amines, aldehydes, alcohols, and thiols) by the interaction of functional groups with f-orbitals of lanthanides. This could provide a way to concentrate organic pollutant at the semiconductor surface [38]. Thus, TiO2, doped with lanthanide metals, such as La3+, Eu3+, Nd3+, and Ce4+, produces effective photocatalysts that are found to be visible-light active   [39–42]. The vanadium ions showed a marked effect in the red shift of the spectral response of TiO2 [43].  Vanadium dopant is accounted as one of the best metal dopants to extend the optical absorption of TiO2 towards the visible light region [44]. The enhanced absorption to visible light region and improved quantum efficiency, owing to the improvement in e−–h+ pair separation make TiO2 an efficient photocatalyst in the presence of vanadium. The V4+ species in the V-doped TiO2 materials could act as a trapping center for both h+ and e−, favoring charge separation, while V5+ might have acted as an electron acceptor [45–47]. Xu et al. [48] reported that, the presence of Gd in TiO2 accelerated interfacial electron transfer process and thus exhibited better photocatalytic activity. Though DRS results showed more red-shift on higher Gd-doping, the photoactivity was not consistent with the result. It may be due to the large amount of Gd which would form recombination centers where photo-induced carriers could be captured, which led to a lower photocatalytic activity. Fe doping is also found to be highly efficient to impart visible activity to TiO2. Fe2O3-modified TiO2 nanotube arrays were first prepared by Kuang et al. [49] by annealing anodic TiO2 nanotubes preloaded with Fe(OH)3 which was uniformly clung to the TiO2 nanotubes using sequential chemical bath deposition (S-CBD). Fe2O3-modified systems showed higher photopotential and photocurrent values than those of unmodified TiO2 nanotubes. The maximum photocurrent was obtained with 0.5 at% Fe content, which was 7 times greater than that achieved with unmodified TiO2 nanotubes. The enhanced photoelectrochemical behaviours can be attributed to the shifting of photoresponse of TiO2 from UV to visible region due to the low band gap of 2.2 eV of Fe2O3. The Fe2O3-modified samples also resulted in a negative shift of the zero-current potential from −0.36 to −0.78 V, which further confirmed that the enhancement in the separation of the photogenerated e−–h+ [50].
3.1.2. Nonmetal Doping on TiO2
Considerable efforts have been made to extend the photoactivity of TiO2-based systems into the visible light region for the efficient utilization of solar energy. Nonmetal doping is an alternative for improving the visible light response of TiO2, and extensive research work has been done on synthesis of N-doped, S-doped, F-doped, and C doped TiO2 [51–54]. The doping with nonmetal could narrow down the band gap by modifying the electronic structure around the conduction band edge of TiO2, by incorporating anion into the crystal lattice of TiO2 [21]. This might drive better photocatalytic performance under visible light [21, 28]. Recently, many researchers paid much attention to nitrogen-doped TiO2, which can be produced using different techniques, such as hydrolytic process [55, 56], mechanochemical technique [57, 58], and reactive DC magnetron sputtering, and so forth [59, 60]. The first study on nitrogen-doped TiO2 including its visible light photocatalysis was conducted by Sato in 1986 [61]. The mixtures of a commercial titanium hydroxide and ammonium chloride calcined at about 400°C showed higher photocatalytic activity in the visible lightregion due to the presence of nitrogen and, thereafter N-doping is considered as an efficient method to extend the optical absorption edge of TiO2 into the visible light region [21, 59, 61]. Similarly, carbon and sulphur were identified to form new impurity levels closest to the valence band whilst maintaining the largest band gap for maximum efficiency. Carbon-doped TiO2 obtained by controlled combustion of Ti metal showed an impressive performance for photochemical water splitting under visible light [28]. Khan et al. [28] reported a chemically modified C-doped TiO2 as the photochemical water splitting material under visible light. Chou et al. reported carbon containing nanostructured mixed TiO2 phases with enhanced visible light photoactivity [62]. Wong et al. [63] fabricated carbon-incorporated TiO2 films in an anatase structure. The carbon was present both in the form of substituted Ti–C bonds and free graphitic carbon. The films exhibited absorption bands in the visible light region, with an absorption edge red-shifted up to ~450 nm, corresponding to a band gap ~2.7 eV, with the gradual increment of carbon content. The films possessed outstanding visible light-induced photocatalytic properties in the reduction of silver ions, degradation of MB, and super-hydrophilicity. Park et al. demonstrated the catalytic efficiency of the C-doped TiO2 nanotubes, for water splitting under visible light irradiation, which was prepared at an elevated temperature range of 500–800°C, by using carbon monoxide precursor [64]. Visible light responsive, carbon doped TiO2 films were developed by ion-assisted electron-beam evaporation using rutile powder as source material and two different gases, CO2 and CO, in the ion source as dopant source by Wong et al. [65]. The annealed, carbon-doped, anatase TiO2 film, with a carbon content of 1.25 wt%, gave the best visible light photocatalytic activity for super hydrophilicity, degradation of (MB), and reduction of silver ions. 
              Asahi et al. [21] and other investigators [58, 66] reported the shifting of optical absorption edge to the visible region because of the narrowing of the band gap, by mixing the N 2p and O 2p states in N-doped TiO2. It has initiated a new research area to extend the photo absorbance into the visible light region using nitrogen-doped TiO2. But most of current researchers supported an alternative proposal in which the dopant atom orbitals generate an isolated mid-gap level above the valence band [51, 56, 67]. Irie et al. suggested that the formation of an isolated N 2p narrow band above the O 2p valence band is responsible for the visible light response in the nitrogen-doped TiO2 [51]. Doped nitrogen can be incorporated into the TiO2 structure as substituted N and/or as interstitial N. Peng et al. [68] found that the interstitial N impurities can enhance the photoactivity of TiO2 in visible light and the activity was found to be higher than that of substitutional N-doped TiO2. But, some researches [69, 70] presented that the interstitial N impurities might reduce the direct oxidation ability of sample in the photocatalytic process by acting as stronger hole trapping sites. 
              Burda et al. [71] used triethylamine as the N-dopant to get nitrogen-doped TiO2, with an average grain size of 6–10 nm, which could absorb well in the visible light region up to 600 nm. Based on theoretical predictions and available experimental results, recently Wang and Lewis [72] had reported that carbon doping of TiO2 gave the best photo-response compared to nitrogen or sulfur doping. A series of nitrogen-doped TiO2 catalysts were generated by Qin et al. [73] with N/Ti proportioning of 4, 8, 12, 20, 24, 28, and 32 mol%. Among them N/Ti = 20 mol% showed highest catalytic activity and, they stated that an optimal content of Ti3+ might be the critical factor leading to the improvement of the photoactivity. This observation is supported by the previous report, which affirmed that in nitrogen-doped TiO2 catalysts, the oxygen sites were partially replaced with nitrogen atoms, while TiO2 was simultaneously reduced [74] and it leads to an increase in oxygen vacancy and amount of Ti3+.  As the concentration of dopant increased, more TiO2 was reduced and the amount of oxygen vacancies increased. When it is excessively high, the space charge region became very narrow and the penetration depth of light into TiO2 greatly exceeded the space charge layer and thus the recombination of photo-generated electron hole pairs became easier [39]. Here, excessive oxygen vacancy and Ti3+ acted as a recombination center for holes and electrons [51]. N-doped TiO2 is mainly applied for the removal of various types of organic pollutants from the environment such as acetaldehyde [75], methylcyclohexene [76], benzoic acid [77], and dyes [78]. Wang et al. [79] demonstrated a unique incorporation of carbon into TiO2 films with carbon-covered (along grain boundaries) columnar grains of carbon-doped (inside the grains) anatase phase, using the method of reactive magnetron sputtering. The characterizations revealed that carbon is incorporated both in the form of substituted Ti–C bonds as well as free graphitic nature. The gradual increment of power of the graphite target shifted the absorption edge of the 
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 : C films from ultraviolet to visible region which increased the photocatalytic performance with retained crystallinity, even at a high carbon content of 9.3%.
3.1.3. Effect of Codoping on TiO2
The modification of TiO2 by codoping is an effective method apart from doping TiO2 with a single metal or nonmetal. It is highly anticipated that doping TiO2 with an appropriate combination of metals and/or nonmetals would, of course, result in more visible light-sensitive photocatalysts for a desired application. Many of the recent efforts and strategies revealed that codoping of TiO2 with a metal and a nonmetal can result in the development of highly efficient visible active photocatalysts [80–82]. Zhao et al. [82] reported an improvement in both spectral response and photocatalytic efficiency through a combined action of a nonmetal and a metal oxide. They had prepared 
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 photocatalyst by a simple modified sol-gel method. They demonstrated that incorporation of B into TiO2 could extend the spectral response to the visible region, and the photocatalytic activity was greatly enhanced when Ni2O3 was further loaded into it. Sakatani et al. [81] reported that La–N–TiO2 photocatalyst prepared by means of a Polymerization method which could effectively decompose acetaldehyde under visible light irradiation. Shi et al. [83] reported the cooperative effects of the two dopants Fe3+ and Ho3+ ions that resulted in improved photocatalytic activity to the codoped TiO2. Li et al. [84] pointed out high photocatalytic activity for N–F codoped catalyst prepared by pyrolysis method, and the high visible light activity was ascribed to a synergetic effect of its unique surface characteristics, doped N atoms, and doped F atoms. Yuan et al. [85] revealed the cooperative action of Zn2+ and Fe3+, over TiO2, in the photocatalytic degradation of phenol. The mechanisms of modification using metal and nonmetal element are completely different. Metal atoms either form individual phases dispersed into TiO2 or accommodate into the lattices of TiO2, which are primarily related to metal ion radii [86] while nonmetal atoms can enter into TiO2 lattice [21, 28]. So it is expected that the doping with different transition metals, rare earth metals, nonmetals as well as their combination can be used to raise the photoactivity of TiO2 synergistically. Balek et al. [87] reported that the nitrogen and fluorine codoped TiO2 photocatalyst prepared by spray pyrolysis using a mixed solution of TiCl4 and NH4F showed high photocatalytic activity in the visible region of spectrum for acetaldehyde decomposition. They demonstrated that the observed high photocatalytic activity of the samples could be ascribed to a synergetic effect due to the codoping of nitrogen and fluorine.  Ling et al. [88] prepared the B and N codoped TiO2 nanopowders using boric acid and ammonium fluoride as the precursors of boron and nitrogen and proved the synergistic effect of B/N codoping, in its photocatalytic performance. Ling et al. [88] prepared B/Fe/Ce codoped TiO2, and their characterization results showed that B doping led to the modification of electronic structure around the conduction band edge of TiO2, and eventually resulted in the visible light response. In fact, the Ti 3d orbital of TiO2 split into two parts, and the CB was divided into the lower and upper parts. On doping TiO2 with B, the B 2p states are somewhat delocalized and thus resulted in the modification of the electronic structure around the conduction band edge of TiO2. The mixing of the B 2p states with VB increased the width of the VB itself and thus decreases the band gap energy [89]. By investigating the electronic and optical properties of several possible B-doped models, Yang et al. [90] pointed out that the transition of excited electrons from the valence band to the empty gap states above the Fermi level might be responsible for the red shift of the absorption edge in substitutional B- to O-doped anatase. Zhao et al. [82] had preformed theoretical calculations and found that the mixing of p orbital of B with O 2p orbital was responsible for narrowing of the band gap by calculating the densities of states (DOSs). According to the reports [31, 85] on degrading dichlorophenol, Fe3+ ion trapped an electron to change into Fe2+, thus demolishing the stable half filled electronic configuration. Thus for maintaining steady structure, the trapped electron could rapidly be transferred from Fe2+ to the oxygen molecules adsorbed on the surface of the photocatalyst and the Fe2+ recurred to the original half-filled state (Fe3+), thus accelerating charge transfer and prohibiting the electron-hole recombination. Additionally, the titanium atoms could enter into the lattice and replaced Ce3+ or Ce4+, as the ionic radius of Ti4+ is much smaller than that of Ce3+ or Ce4+. This substitution led to a charge imbalance and to keep the equilibrium, more hydroxide ions were adsorbed onto the surface, thus benefiting the photo-generated electron-hole pairs separation, which eventually increased the photoactivity. Ling et al. [88], therefore, suggested that the cooperative actions of boron, ferrum, and cerium resulted in the increase of the photoactivity for degradation of DCP. Silija et al. [91] developed an efficient photocatalytic system with unique incorporation of carbon and nitrogen into TiO2, using urea as N precursor and ethanol as cosolvent. The systems, calcined at low temperature retained the carbon and showed excellent photoactivity. The coexistence of both the anion dopants, C and N, enhanced the catalytic efficiency and was evident from the activity comparison studies. Surprisingly, this most photocatalytically active system, which was calcined at 300°C, is found to be amorphous in nature and possesses highest surface area and lowest band gap among the prepared samples. The nitrogen was incorporated interstitially and it is found to be one of the best photocatalyst for MB degradation under visible light irradiation. Codoping of nanosilver, carbon, and nitrogen was done by Binitha et al. [92] on TiO2 to get efficient degradation in visible light for methyl orange degradation. Results showed a synergetic effect of carbon and nitrogen doping as well as nanosilver loading on the performance of TiO2. A dual-functional composite of nitrogen-doped TiO2 supported on activated carbon (N–TiO2/AC) were prepared by Yap et al. [93]. Both adsorption and photocatalytic degradation effects of N–TiO2/AC were evaluated using bisphenol-A (BPA) as the target pollutant, in the aqueous phase. The effect of pH and influence of excitation wavelengths were investigated. Inhibition of BPA adsorption occurred at pH 11.0 thus resulted in a slower kinetics of BPA photodegradation. N–TiO2/AC was found to be photoresponsive under visible light (420–630 nm) illumination. Pt- and CdS-codoped TiO2 system CdS/(Pt/TiO2) showed the highest rate of hydrogen production under visible light irradiation in comparison with CdS/TiO2 or Pt/CdS single component doped system due to the cooperation of the electron trapping ability of noble metal and decreased band gap energy due to the presence of CdS [94]. Similarly, the same observation had found in the case of Ag- and InVO4-codoped TiO2 composite thin film with 1% Ag doping, where the system exhibited higher visible light photocatalytic activity for decomposition of aqueous methyl orange compared with TiO2 or InVO4–TiO2 [95].
             Yu et al. [96] reported visible light active catalyst with Ga- and W-codoped TiO2 with Cu2+ modification and found its quantum yield under visible light irradiation as 13%. Many systems such as CdS/TiO2 [97, 98]. CdSe/TiO2 [99, 100], Bi2O3/SrTiO3 [101], Bi2S3/TiO2 [98, 102], ZnMn2O4/TiO2 [103], and TiO2/Ti2O3 [104] were formed sensitizer-loaded TiO2, which have shown efficient visible light photoactivity. In most of these catalysts, the addition of sensitizers reduced the band gap of the material and enhanced the visible light absorption. But the photogenerated holes of the sensitizer remain in the valence band (VB), and its accumulation leads to photocorrosion of the catalyst resulting in low stability of the composite photocatalyst [105].
3.2. ZnO-Based Photocatalysts
Nanostructured ZnO is especially important in hi-tech applications owing to its unique chemical and physical properties [106, 107]. It is a direct wide gap and n-type semiconductor with a band-gap of 3.37 eV and found to be useful in various opto-electronic applications such as light emitting diodes and solar cells, and so forth [108, 109]. It is widely employed as a raw material in the textile, cosmetic, ceramic, and glass industries. Though TiO2 is the most extensively used photocatalyst [110], in recent years ZnO has attracted special attention owing to its low cost [111, 112],  efficient synthesis, easy handling, reliability, and its application as a chemisensor and photocatalyst for the detection of toxic chemicals such as H2, NH3, liquid petroleum gas (LPG), HCHO, ammonium hydroxide, and alcohols, and so forth [113, 114]. Moreover, ZnO has performance advantages over TiO2 for the decomposition of volatile organic compounds, including azo dyes [115]. ZnO-based visible light photocatalyst seems to be an alternative to TiO2 and WO3 [116]. The energy levels for the conduction and valence bands and the electron affinity of zinc oxide are similar to those of TiO2, making ZnO a likely candidate as a semiconductor material for photocatalysis. Therefore, its photocatalytic ability had attracted much interest. ZnO has found to be a suitable alternative to TiO2 in a number of studies such as photodegradation of pesticides and herbicides [117], photocatalytic oxidation of pulp mill, bleaching waste water [118], degradation of 2,4,6-trichlorophenol [119] and 4-chlorophenol [120], photodegradation of Acid Red B dye [121] and degradation of cyanide, and so forth [122]. Poulios et al. [123] studied photocatalytic degradation of Auramine O in aqueous suspension using ZnO and TiO2 separately in a batch reactor, and they concluded that the rate of degradation of pollutants is faster with ZnO than with TiO2 (Degussa P25). Its low efficiency of photocatalysis and low stability due to photocorrosion are the two main drawbacks facing by these ZnO photocatalysts compared with the common photocatalyst, TiO2. The principal advantage of ZnO is that it absorbs over a larger fraction of solar spectrum than TiO2 [124]. 
              Many efforts have been made to develop ZnO-based visible light photocatalysts, particularly, combination with GaN [125] or Co doping [126] into ZnO, to extend the absorption spectrum of ZnO to the visible region. Efficient ZnO-based visible light photocatalysts, Cu(II)-modified 
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, were developed by adopting a hybrid approach, consisting of band-engineering by formation of a solid solution and multielectron reduction by the modification of cocatalysts by Anandan et al. [116]. Due to the similar physical characteristics of Cd2+ and Zn2+, a substitution of Zn2+ by Cd2+  results in the visible light absorption without the formation of defects.  
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 showed high photocatalytic activities under visible light illumination as compared to pure ZnO for the decomposition of gaseous acetaldehyde. Further, Cu2+ modification ensures the enhancement in the visible light activity of 
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 by capturing the photoexcited electrons [116]. A novel approach to the oxidative degradation of toluene, salicylic acid, and 4-chlorophenol using a specially designed photoelectrochemical detoxification reactor with ZnO electrodes under solar radiation has been proposed by Shinde et al. [127]. Pardeshi and Patil [128] had investigated the photocatalytic degradation of resorcinol, a potent endocrine disrupting chemical, in aqueous medium using ZnO under sunlight irradiation in a batch photoreactor. Resorcinol solutions of lower concentration were completely mineralized by photocatalytic degradation on the surface of ZnO under irradiation of sunlight, and the degradation was found to be favorable in neutral and basic solutions.  
                The ZnO/Cu2O compound photocatalysts were prepared by Xu et al. [129] using “soak-deoxidize-air oxidation” method. The prepared ZnO/Cu2O compound showed absorption in the visible light region, between 400 and 610 nm. All the ZnO/Cu2O compounds have higher photocatalytic activity than pure ZnO, and some compounds are better than pure Cu2O. The degradation of MO reached 73% after 180 min of reaction when the ZnO/Cu2O compound (the mole ratio of Cu2O to ZnO was 0.138) was used as photocatalyst. Kanade et al. [5] reported a new approach for the synthesis of lattice-doped copper in the nanocrystalline wurtzite ZnO in different solvents, and their use as a photocatalyst for the decomposition of H2S to generate hydrogen. The average particle size was found to be in the range of 40–85 nm. The maximum hydrogen production rate achieved was 1932 μmol h−1 over the as synthesized Cu doped ZnO by H2S decomposition under visible light irradiation. There, Cu doped ZnO acts as a photocathode, and adsorption of light promoted electrons in the conductance band (CB) of semiconductor where the potential (−0.88 V) was sufficient to liberate hydrogen. At the same time, holes in the valence band (VB) moved into the bulk to facilitate the oxidation process, where they were transferred to the reduced species S2−, which acts as a hole-scavenger and prevented the photocorrosion of the photocatalyst. In their study, it was observed that the visible light photocatalytic activity of Cu-ZnO synthesized in organic media was higher when compared to that synthesized in water medium due to well-crystallined self-aligned particles. Chen et al. [130] modified ZnO photocatalysts with thiourea to enhance their photocatalytic activity by nonmetal dopants under visible light illumination. The photocatalytic activity of modified ZnO had also been examined for the degradation of AO7 and phenol under UV and visible light illumination. N-, S-, and C-doped ZnO (N,S,C–ZnO) particles were synthesized from thiourea and zinc sulfate via precipitation method. The visible light activity of the N,S,C–ZnO samples was confirmed by degradation of phenol. The optimal molar ratios of thiourea to zinc sulfate were 1 and 2 for the highest photocatalytic activities under UV and visible light illumination, respectively.  The 500°C-calcined N, S and C–ZnO showed strong photoabsorbance in the visible light region. 
Pardeshi et al. [131] had synthesized ZnO crystallites by two-steps solution-free mechanochemical method for the complete mineralization of resorcinol solutions of 100 ppm concentration by photocatalytic degradation under sunlight irradiation. Li and Haneda [132] reported the synthesize of two series of N-containing MOx–ZnO composite powders (WO3–ZnO and V2O5–ZnO) by spray pyrolysis. Acetaldehyde photodecomposition was used as a probe reaction to evaluate their photocatalytic activity. The MOx addition enhanced the photocatalytic activity of the N-containing ZnO powder under both UV and visible light irradiation. This enhancement under visible light is due to a synergistic effect of N-doping and MOx–ZnO coupling. The N doping induced the formation of an electronic impurity level in the band structure of ZnO; therefore, the electron transition from valence band to conduction band in a ZnO semiconductor could be achieved through two-step transitions even with the lower energy of visible light. ZnO has emerged to be a more efficient catalyst concerning water detoxification in an efficient way. Also it has more number of surface active sites with high surface reactivity. Due to its low-price, very simple synthesis process, biocompatibility nature, high-stability, high-activity towards photo-induced redox reactions, various applications in photonics and electronics, photocatalytic reduction, the eradication of environmental pollutants, it is predicted that ZnO as well as modified ZnO could be one of the best photo-catalysts for the degradation of organic dyes and other pollutants.
3.3. Tantalum Oxide, Tantalum Nitride, and Tantalum Oxynitride
As a typical semiconductor, tantalum oxide (Ta2O5) has attracted increasing interests due to its superior properties, such as good chemical resistance, high melting point, and photocatalytic activity under UV irradiation [133]. Recently, it is identified that the tantalum oxynitride and tantalum nitride are potential photocatalysts that function under visible light irradiation [134]. Tantalum (V) nitride, with an optical band gap of 2.08 eV [135], is found to be an efficient photocatalyst in the visible region of the electromagnetic spectrum, with a quantum efficiency of ca. 10% for overall water splitting and showed good hydrolytic stability [134]. Tantalum nitride with an anosovite structure [136] has been studied as a 600 nm light-absorbing photocatalyst [134, 137] and as a photoanode for water splitting reactions [138]. The conduction band of Ta3N5 is composed of vacant Ta 5d states, and the valence band consists of occupied N 2p orbitals. The conduction bands of tantalates consisting of a tantalum (Ta 5d) orbital located at more negative potential than titanates (Ti 3d) and niobates (Nb 4d) [139], Maeda et al. [140] attempted to increase the photocatalytic activity of tantalum oxynitride (TaON) for H2 evolution under visible light by reducing the particle size, since smaller particle size usually results in a shorter diffusion length for photogenerated electron-hole pairs in a given photocatalyst. Tantalum oxynitride (TaON) and tantalum nitride (Ta3N5) are investigated in detail as visible light driven photocatalyst for overall splitting of water. The Ta3N5 is found to be in red (Eg = 2 : 08 eV), whereas TaON is in yellow colour (2.5 eV) [141]. It was found that TaON and Ta3N5 evolved H2 or O2, respectively, in the presence of a sacrificial electron donor or acceptor, via band gap excitation. The band gap energies of Ta2O5, TaON, and Ta3N5 are to be 3.9, 2.5 and 2.1 eV, respectively. This band gap narrowing occurs by substituting nitrogen for oxygen in these oxides since nitrogen has a lower electronegativity than oxygen and the presence of O2− in the anionic framework will increase the band gap. As the electronic potential of the N 2p orbitals is higher than that of O 2p, it is expected that the N 2p orbitals will dominate the occupancy of the top of the valence band, leading to band-gap narrowing [135]. Thus the electronic structural changes in the valence-band states may occur as a result of the incorporation of nitrogen. Density functional theory (DFT) calculations showed that the upper part of the valence band is dominated by N 2p orbitals on account of the higher potential energy of the N 2p orbital compared to the O 2p orbital [135].  Luan et al. [142] synthesized new pyrochlore-type structure compounds Bi2GaTaO7 and Ga2BiTaO7 by solid-state (SS) reaction methods and evaluated photocatalytic properties for the degradation of MB dye under ultraviolet and visible light irradiation. A systematic study of the structural, morphological, optical, and visible light photocatalytic properties of Ta-doped ZnO and pure ZnO samples has been carried out by Kong et al. [143]. The Ta doping also changes the morphology, surface adsorption, specific surface area, crystalline size and increases the lattice constants and band gap of the nanocrystals. The photocatalytic efficiency of the Ta-doped ZnONPs is much more excellent than the pure ZnO and is attributed to the increase of the active hydrogen-related defect sites caused by Ta5+ doping, leading to the enhanced specific surface area and optical absorption in the visible light region [143]. Zhang et al. [144] successfully synthesized a novel, nanosized, Bi3–TaO7 photocatalyst which showed a strong optical absorption in the visible light region (
	
		
			
				𝑘
				>
				4
				0
				0
			

		
	
 nm) and a high adsorption ability for the 4 BS dye. They had evaluated the photocatalytic properties of the Bi3TaO7 nanopowders, by the degradation of 4 BS aqueous solution under visible light irradiation. It has also been found that niobium and tantalum ions are efficient codopants to maintain the charge balance when titanate photocatalysts are modified by doping with the low valence ions such as Cr3+ [145]. Because of all the above mentioned incentives, in recent years, Ta-based compounds will get more exposure to the field of photocatalysis.  
3.4. Fe2O3-Based Photocatalysts
Fe2O3 exists widely in nature and is an environmentally friendly n-type semiconductor (Eg = 2.1 eV).  It is an important functional material because of its applications (e.g., magnetic and catalytic properties, chemical stability, biocompatibility, low toxicity), and  so forth. It is widely used in catalysts, pigments, sensors, photoelectrodes for solar energy conversion, clinical therapy and diagnosis and as a raw material for synthesizing other compounds [146–149]. Most of the iron oxides have been revealed as photochemically active [150], and its incorporation with TiO2 not only efficiently inhibits the recombination between the photo-generated electrons and holes, but also enhances the absorption of solar light [19, 151–154]. In recent years, it has been found that the composites of TiO2 and Fe2O3 can effectively respond to visible light [88, 155] due to the narrow band-gap of Fe2O3. It has also been reported that when Fe3O4, reacted with TiO2 powders and produced Fe containing TiO2 compounds, such as FeTiO3, the electrons in the valence bands of FeTiO3 are excited to the conduction band of FeTiO3 first, and then will get promoted to the conduction band of TiO2. This leads to an improved photocatalytic activity due to the decrease of electron recombination [156]. Iron, as a dopant in TiO2-based systems, has been investigated to enhance the photocatalytic efficiency under visible light irradiation to counter the potential negative environmental problems of using heavy metal sensitizers [157–161].
                Transparent α-Fe2O3 films were synthesized [162] with varying thickness of film on an SnO2 transparent conducting film-coated glass substrate by metal organic deposition.  It showed high photocatalytic activity for the decomposition of 2-naphthol with visible light irradiation under anodic-biased conditions. The α-Fe2O3 was transformed to inactive Fe(OH)3 as the reaction proceeded, while the activity was always maintained in acetonitrile. Methylene blue was chosen as a model pollutant for testing the photocatalytic activity of the p-n junction photocatalyst p-CaFe2O4/n-Ag3VO4 prepared by ball milling Ag3VO4 in H2O doped with p-type CaFe2O4 [163]. The visible light irradiation results showed that the photocatalytic activity of the p-CaFe2O4/n-Ag3VO4 was higher than that of Ag3VO4. The 2.0 wt.%  p-CaFe2O4 doped p-CaFe2O4/n-Ag3VO4, which was  ball milled for 12 h, showed 85.4% photocatalytic degradation. Since CaFe2O4 is a p-type semiconductor, and Ag3VO4, an n-type semiconductor, the photogenerated electrons and holes separation is efficient, to show better photocatalytic activity. Highly ordered ZnFe2O4 nanotube arrays were successfully prepared by anodic Al2O3 templates from sol-gel solution, and its  photocatalytic capability under visible light irradiation was evaluated [164],  using 4-chlorophenol as the model contaminant, which constitutes an important class of soil and water pollutants arising from their wide use as pesticides, herbicides, and wood preservatives.
 Fe2O3–TiO2 composite photocatalyst was synthesized by an ethanol-assisted hydrothermal method, from Fe2(SO4)3 and Ti(SO4)2 [165]. The presence of α-Fe2O3 and anatase TiO2 in the composites was confirmed from the results. This sample led to a photodegradation efficiency of 90% and 40% of auramine, under visible light and solar light, respectively, and it was significantly higher than that of pure TiO2. The optimal photocatalyst contains 1 : 2 for molar ratio of Ti to Fe, and it exhibited the highest photocatalytic degradation efficiency of auramine. With further increase in the ratio to 1 : 4, the degradation efficiency on the organic dye decreased slightly. The Fe2O3–TiO2 synthesized under optimum condition (2 h reaction time, 160°C reaction temperature, 20% for the volume fraction of ethanol) consisted of mesoporous structure with an average pore size of 4 nm and a surface area of 43 m2/g. Sulfated Fe2O3–TiO2 (SFT) was synthesized by Smith et al. [166], and photocatalytic activity was evaluated by the oxidation of 4-chlorophenol (4-CP) in aqueous medium under UV and visible light irradiation. The SFT calcined at 500°C demonstrated the highest photocatalytic activity, and it possessed a band gap value of 2.73 eV.  Despite of the low surface area of the SFT samples, (12–17 m2/g) compared with the surface area of sulfated TiO2 (275 m2/g), the better photocatalytic activity was due to the presence of iron. These observations revealed the significance of the presence of iron in TiO2 for photocatalytic activity. So in view of the efficient utilization of solar light, the α-Fe2O3 (hematite), with narrow band gap had been explored as photocatalysts, and it has been investigated for its photochemical behavior as a semiconductor electrode.
3.5. A Glance to the Photoactivity of Other Metal Oxides
Tremendous efforts have been dedicated to synthesize monoclinic BiVO4 (m-BiVO4) owing to its fascinating structure-related properties after the first report of the preparation of bismuth vanadate crystals in 1925 [167]. The key factors in determining the photocatalytic activity of m-BiVO4 are its optical absorption properties, which are related to its electronic structure [168, 169]. The crystal structure of m-BiVO4, with its calculated band gap of 2.2 eV, makes it a promising, nontoxic, visible light responsive photocatalyst [170], for the degradation of harmful pollutants and as a thermochromic material for indicating temperature [170–172]. BiVO4 is found to be one of the photocatalysts that exhibits high activity for photocatalytic O2 evolution under visible light irradiation [173, 174]. Due to the low band gap (2.4–2.5 eV) [175] and reasonable band edge alignment with respect to the water redox potentials, it has shown particular promise for water photodecomposition. In addition to high photon-to-current conversion efficiencies (>40%) [175], the system shows both n- and p-type semiconducting properties [176]. It has been reported that the BiVO4 is found to be a direct band gap semiconductor, despite having band extrema away from the Brillouin zone center [177]. The direct gap is maintained via coupling between V 3d, O 2p, and Bi 6p, which lowered the conduction band minimum. DFT calculations suggested that the hybridization of Bi 6s and O 2p levels resulted in the valence band which favors the mobility of photo-excited holes and, thus, enhanced the photocatalytic oxidation of organic pollutants [168]. 
SrTiO3 is one of the best host materials for the design of visible light driven photocatalysts, possessing the H2 production ability, by transition metal ion doping. Kudo and Hijii [178] and Tang et al. [179] studied the activity of a potential, visible light responsive photocatalyst, Bi2WO6, the simplest member in the Aurivillius family, for the first time. Their study revealed that Bi2WO6 could perform as an excellent photocatalyst and solar energy transfer material. It was demonstrated that the visible light photocatalytic activity of Bi2WO6, which has a novel octahedron-like hierarchical structure, in the degradation of Rhodamine B (RhB), was better when compared to that of the Bi2WO6 synthesized by solid-state reaction (SSR) [180]. When the pH value of Bi2WO6/RhB suspension was 7.5, the photodegradation was apparently enhanced and 95% of the RhB could be degraded after 6 h, which had shown the pH dependence of the prepared catalyst. Recently, a novel series of InMO4 (M = Nb, Ta, V) catalysts was reported to show high activity for  water splitting reaction under visible light [181, 182]. 
Konta et al. [183] reported that Ag3VO4 showed a competent activity for the evolution of O2 from an aqueous silver nitrate solution under visible light irradiation. Since then silver vanadate (Ag3VO4) material had attracted much attention [184–187]. It has been reported that WO3 [188, 189], RbPb2Nb3O10 [188], BiVO4 [188, 189], Bi2WO6 [189], chromium/antimony-doped TiO2 [190], AgNbO3 [191], and Ag3VO4 [183] are visible light  driven photocatalysts for the evolution of O2 from water, containing a sacrificial reagent. Pt/HPb2Nb3O10 [188] and chromium/antimony-doped SrTiO3 [190] were also found to be active metal oxides.  Recently, a simple pristine metal oxide tungsten oxide (WO3) is reported as a visible light driven photocatalyst because of its small band-gap (2.8 eV) and a deeper VB (+3.1 V versus SHE, pH 0). Though the WO3 is a good candidate for visible light active photocatalysts, tungsten is a rare metal with high cost, and WO3 is chemically unstable especially in alkaline solution. The visible light activity of WO3 was greatly enhanced via efficient oxygen reduction process by the addition of cocatalysts, such as Pt [192], Cu2+ [193], Pd [194], or Tungsten Carbide (WC) [195], where the  cocatalysts acted as electron pools to initiate multielectron reductions. The quantum yield obtained for the decomposition of gaseous iso-propanol using WO3 was 17% [193], which is much higher than that obtained with nitrogen-doped TiO2 [51]. Thus, a metal oxide with low conduction band, like WO3, can be used as a promising candidate for visible light active photocatalysts, by modifying its surface with co-catalysts like Cu2+ ions that can help in multielectron reduction. Table 1 also discusses a number of important visible light photocatalysts.
Table 1: Some visible light responsive photocatalysts.
	

	Catalyst	Photocatalytic reaction	Reference
	

	Zn1−x CuxS solid solution	The H2 evolution reaction from an aqueous solution of Na2SO3 were performed and got a quantum yield of 3.7% at 420 nm.	[200] 
	

	zinc ferrite doped TiO2 (ZFDT)	ZFDT powders effectively photodegraded methyl orange under visible light irradiation and achieved maximum photoactivity  when the amount of zinc ferrite was 1.5%.	[196] 
	

	zeolite-based composite	Showed high efficiency when compared to TiO2 photocatalyst for photoreduction of water to hydrogen in the visible light range with the combination of Co2+, TiO2 and heteropoly acid.	[222] 
	

	N-doped TiO2	The colloidal TiO2 nanoparticles treated with triethylamine by a batch system was found to show particularly efficient photocatalytic activity under visible illumination.	[223] 
	

	m-BiVO4 quantum tubes	Photodegradation of RhB reached 98.7%  after 15 min irradiation	[224] 
	

	N-TiO2	The photocatalytic degradation of trichloroethylene was well-reproduced several times.	[225] 
	

	CoTa2O6	H2 is produced from aqueous CH3OH solution using Pt-loaded powder samples and O2 from aqueous AgNO3 solution under visible light irradiation.	[226] 
	

	InVO4 and NiO/InVO4	The 1% NiO/InVO4 catalyst which was reduced at 500°C and oxidized at ambient condition for 48 h gave the highest activity with a rate of 896 μmol h−1 g−1.	[199] 
	

	BiVO4	Showed good O2 evolution activity over BiVO4 nano-leaves by  photocatalytic water splitting under visible light irradiation	[227]
	



4. Different Means for the Reduction of Band   Gaps
The mixing effect of band gaps of the composite semiconductor leads to large red shift. Cheng et al. [196] stated that when a relatively broad band gap anatase TiO2 was mixed with a narrow band gap zinc ferrite, the band gap of composite semiconductor would locate between the band gaps of these two semiconductors, that is, it shifts to a lower energy, as compared with that of TiO2. Due to the interfacial coupling effect, the zinc ferrite could induce lattice defects on the surface of TiO6 octahedra, which will serve as the centres of bound excitons, which is another factor that resulted in large red shift [197].
              Hur et al. [198] reported that the incorporation of Pb or Sn ions led to a distinct depression of the Eg value of ternary metal oxide Sr(In1/2Nb1/2)O3, which is a UV-active semiconductor with a wide bandgap separation of 3.6 eV to 3.1 eV for Pb and 3.5 eV for Sn. A similar trend in the variation of bandgap energy was also observed for the Ba-based compounds upon B-site cation substitution in A(In1/3Nb1/3B1/3)O3 with Pb and Sn. The band gap energy (3.30 eV) of Ba(In1/2Nb1/2)O3  showed a depression of 3 and 1.48, respectively, for Sn and Pb. The lead-substituted A(In1/3Nb1/3Pb1/3)O3 compounds resulted in more effective decomposition of MB, under UV-vis (
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 nm) radiations compared to the pristine A(In1/2Nb1/2)O3. The Ba(In1/3Nb1/3Pb1/3)O3 compound induced an effective degradation of 4-chloro phenol under visible light radiation (
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 nm), whereas there was no significant change in 4-chloro phenol concentration when exposed to Sr(In1/3Nb1/3Pb1/3)O3. A series of InVO4 and NiO/InVO4 catalysts were prepared by Lin et al. [199] with a lower band gap of 1.8 eV for InVO4 which is consistent with the result reported by Ye et al. [181], where they had obtained InVO4 band gap as 1.9 eV. The small band gap of these catalysts indicates its ability to split water into H2 and O2 in visible light. Loading of NiO significantly increases the adsorption of visible light and the 1% NiO loaded InVO4 showed a highest absorbance in visible light region and exhibited highest photocatalytic activity for water splitting. kudo et al. [200] developed an efficient visible light driven photocatalyst 
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 for the evolution of H2 from an aqueous Na2SO3 solution. They had succeeded to get a quantum yield of 3.7% at 420 nm, without a co-catalyst such as Pt. ZnS photocatalysts, which possess a band gap of 3.7 eV (α phase: 3.8 eV, β phase: 3.6 eV), have an absorption band only in the UV region, whereas the absorption edge of the Zn0.957Cu0.043S solid solution reached to the visible light region around 500 nm and the energy gap of the Zn0.957Cu0.043S solid solution was estimated to be 2.5 eV. Because of the improper position of conduction band edge (−0.45 V), WO3 did not show photocatalytic activity for water splitting. Hwang et al. [201] reported that doping of 5–10% Mg in WO3 showed improved photocatalytic activity for water splitting, where the conduction band level was shifted leading to a band gap of −2.7 V. ZnFe2O4 is another catalyst with a relatively small band gap (1.9 eV), which was used as an effective photocatalyst due to its capability of utilizing visible light and good photochemical stability [202, 203]. So the band gap narrowing is an efficient method to shift the absorption edge of a photocatalyst to visible light region of the spectrum.
5. Effect of Preparation Method on the Activity of Visible Light Driven Photocatalysts
Numerous efforts have been postulated for the fabrication and application of efficient semiconductor manufacture. Photoactivity is highly dependent on surface area, crystallinity, or crystal sizes, which in turn is influenced by the synthetic method [204]. As far as such methods are concerned, hydrothermal, sol-gel, impregnation, chemical vapour deposition, and coprecipitation are most widely used.
5.1. Sol-Gel Method
Sol-gel technology is a low-temperature method of preparing inorganic materials by chemical routes. Many researchers had paid attention in synthesizing new photocatalysts. Among the various methods, sol-gel method has attracted most attention because of low process cost, easy control of composition, and relatively low calcination temperatures. Here we evaluate some promising reports of visible active photocatalysts prepared via sol-gel method. 
 Jung et al. [205] have synthesized Al2O3-TiO2 solid solution by sol-gel method via adjusting the pH and it is used for the decomposition of acetaldehyde under visible light. Here, anatase phase was maintained even after calcination at 800°C, and the BET surface area for mixed oxides (116.8 m2/g) was much higher than either that of pure TiO2 or Al2O3. They attained a maximum conversion of acetaldehyde for Ti (70%)–Al (30%) mixed oxide, that is, 79% for 2 h reaction. Parida et al. [206] prepared, sulfate-modified TiO2 by sol-gel method, which could reduce the crystallite size and increase the specific surface area of the catalysts. They investigated the effects of different parameters such as pH of the solution, amount of catalyst, additives, and kinetics. At 2.5 wt% sulfate loading, the average percentage of degradation of methyl orange was nearly two times than that of neat TiO2. This material showed photocatalytic activity of 61% of MO degradation under solar radiation against 12% of adsorption in the dark. The effect of vanadium ions on the photocatalytic activity of TiO2 nanocrystals, prepared by sol-gel method was investigated using MB by Doong et al. [207]. BET-BJH analysis clearly showed that the fabricated V-doped TiO2 was mesoporous, with high specific surface area. The specific surface areas of V-doped mesoporous TiO2 nanoparticles increased from 88 ± 2 to 93 ± 19 m2/g when V/Ti ratios increased from 0.5 to 1.0 wt%. A further increase in the V/Ti ratio to 2.0 wt% reduced the specific surface area of V-doped TiO2 slightly to 86 ± 9 m2/g. It was observed that anatase is the main crystalline phase of V-doped mesoporous TiO2, at a calcination temperature of 500°C. The photodegradation efficiency of MB by V/TiO2 was increased under visible light and was consistent with surface area analysis [208].
5.2. Hydrothermal Method
Hydrothermal method is often the method of choice because of its various advantages like cost-effectiveness, low energy consumption, mild reaction condition, and simple equipment requirements. The particle properties such as morphology and size can be controlled via the hydrothermal process by adjusting the reaction temperature, time, and concentration of precursors. It is a low-temperature technology thus can save energy and is environmentally benign, because the reactions take place in closed-system conditions using water as the reaction medium. This method is very versatile for the synthesis of nanophase materials and has been well established. 
            Shen et al. [209] presented Cetyltrimethylam-moniumbromide-(CTAB-) assisted hydrothermally synthesized ZnIn2S4 as an efficient visible light driven photocatalyst for hydrogen production. They studied the effects of hydrothermal treatment time and influence of surfactant, CTAB, on the crystal structures, morphologies, and optical properties of ZnIn2S4 and the activity was evaluated by photocatalytic hydrogen production from water under visible light irradiation. It was found that the photocatalytic activities of these ZnIn2S4 products decreased with the hydrothermal treatment time period while increased with the amount of CTAB. C-doped Zn3(OH)2V2O7  has been prepared by hydrothermal method, in the presence of polyethylene glycol and ethylenediamine tetracetic acid, and used for the degradation of MB.  The catalyst exhibited high photocatalytic performance with 90.3% MB decolorization after 30 min, much better than the ZnO photocatalyst (34.6%), and the TOC removal rate of the solution reached 71.9% within 30 min [210]. Zn-doped CdSe prepared by a simple hydrothermal method exhibited high visible light driven activity [211]. Many researchers studied the effect of Zn in the visible light driven photoactivity of catalysts prepared by hydrothermal method. Photocatalytic decomposition of acetaldehyde was achieved by iron hydroxide (FeOOH) particles, prepared by a hydrothermal method, under visible light [212].  Wu et al. studied the effect of the hydrothermal treatment temperature on the preparation of visible light active TiO2 photocatalyst. The photocatalyst, treated at 160°C achieved much more absorption in the visible light compared to N-TiO2 prepared at 120°C and 140°C [213]. Jing et al.   [214] prepared decahedral Cu2WS4, by a facile hydrothermal method and employed it as a photocatalyst for photocatalytic hydrogen production for the first time. The hydrothermal method avoided the traditional use of H2S for the preparation of such chalcogenide, which guarantees an environmental friendly process. Cu2WS4 synthesized at 200°C for 72 h showed the highest activity with the apparent quantum yield of 11% at 425 nm.  Qi Xiao et al. [215] prepared a novel (C, S, Sm)-tridoped TiO2 photocatalyst by one-step hydrothermal method, and the photocatalytic degradation of potassium ethyl xanthate (KEX) was carried out under visible light irradiation. It was found that the order of photocatalytic activity of C–S–xSm–TiO2 (x represents the mol% of Sm) samples was dependant on the mol% of Sm and followed the order 1.0 > 0.5 > 1.5 > 0 mol%.  Ho et al. [216] showed that the S-doped TiO2 prepared by this hydrothermal approach resulted on photodegradation of 4-chlorophenol under visible light irradiation, with much higher photocatalytic activity (86% degradation in 6 h) than that obtained by the traditional high temperature (66% of the 4-chlorophenol in 6 h) thermal annealing method. The photocatalytic activity of Bi2WO6 powder prepared by a simple hydrothermal method at 150°C for 24 h was evaluated [217] using the photocatalytic oxidation of formaldehyde at room temperature, under visible light irradiation. At 500°C, Bi2WO6 powder photocatalyst showed the highest visible light photocatalytic activity due to the good crystallization of the samples.
5.3. Chemical Vapour Deposition
Metal organic chemical vapour deposition (MOCVD) is an interesting and promising method to prepare supported photocatalytic TiO2 films. It is an industrial process applicable to large area deposition. High-quality TiO2 films can be easily and cheaply anchored on various substrates, even bearing the complicated shapes. This method eliminated steps such as saturation, aging, drying, and reduction of any subtle change which critically affect the performance of the catalyst in traditional methods for supported catalysts preparation.  This technique has superior adhesion, durability, and uniformity than the corresponding physical vapour deposition (PVD) counterpart [218]. Yoshinaga et al. [219] have proposed a novel technique, chemical-vapor-reductive deposition, for the deposition of metallic nickel nanoparticle onto TiO2 thin film, which was used for photocatalytic hydrogen evolution by the decomposition of ethanol under visible light. For the effective immobilization of TiO2 particles, and to improve the catalytic activity under visible light, Zhang and Lei [153] had prepared Fe2O3–TiO2 coatings supported on activated carbon fiber (ACF), in one step by MOCVD. A maximum catalytic efficiency was reached when the loading of TiO2 was 13.7 wt%, and it could be reused without decrease in the catalytic activity. Fe–TiO2 coatings, supported on activated carbon were developed through a codeposition process of MOCVD method in one step, and were used for the effective degradation of methyl orange under visible light by Zhang et al. [86]. Akhavan et al. [220] synthesized TiO2/multiwall carbon nanotube (MWNT) heterojunction arrays and immobilized on Si for photoinactivation of E. coli in visible light irradiation. The vertically aligned MWNT arrays were grown on ~5 nm Ni thin film deposited over Si by using plasma-enhanced chemical vapor deposition at 650°C. The MWNTs were coated by TiO2 using dip-coating sol-gel method. The order of visible light-induced photoinactivation of the bacteria was MWNTs < TiO2 < TiO2/MWNTs. Kafizas et al. [221] described the combinatorial atmospheric pressure chemical vapour deposition (cAPCVD) synthesis of anatase TiO2 thin-film with gradating nitrogen dopant. A single film with significant variations in thickness, phase, and composition has been achieved by this method. Transition from predominantly 
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-doped TiO2 was observed by X-ray photoelectron spectroscopy analysis, and the photocatalytic activity was confirmed using stearic acid.
           In addition to the advanced methods described, the conventional methods of impregnation, coprecipitation, and so forth was also widely engaged in photocatalyst preparation. The supplementary advantage of specific preparation methods is the development of nanosized metal oxides with uniform pore structure and well defined crystal structure which has pronounced influence in its visible light activity.
6. Conclusions
The use of visible light responsive photocatalysts are found to be a suitable method for degrading harmful organic pollutants and also it can provide a way for the production of energy, and can thus, help to solve many urgent environmental issues faced by mankind today. TiO2 is the most widely studied photocatalyst where visible light activity is achieved mainly by nonmetal doping. A combination of metal as well as nonmetal incorporation prevents electron hole-pair recombination in addition to the extended visible light response. Among the other suitable visible light active photocatalysts, ZnO based systems are found to be a better choice than that of modified TiO2 photocatalysts, owing to its low-price, very simple synthesis process, bio-compatibility nature, high stability, high activity towards photo-induced redox reactions and photocatalytic reducing power for the eradication of environmental pollutants. Photoactivity depends on the synthetic method adapted. Among the various methods, sol gel, hydrothermal and chemical vapour deposition had resulted in highly crystalline and porous catalysts with improved surface area and better activity.
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