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Abstract

:

Photocatalysis technology is a potential solution to solve the problem of environmental pollution and energy shortage, but its wide application is limited by the low efficiency of solar energy conversion. As a non-toxic and inexpensive n-type semiconductor, WO3 can absorb approximately 12% of sunlight which is considered one of the most attractive photocatalytic candidates. However, the narrow light absorption range and the high recombination rate of photogenerated electrons and holes restrict the further development of WO3-based catalysts. Herein, the studies on preparation and modification methods such as doping element, regulating defects and constructing heterojunctions to enlarge the range of excitation light to the visible region and slow down the recombination of carriers on WO3-based catalysts so as to improve their photocatalytic performance are reviewed. The mechanism and application of WO3-based catalysts in the dissociation of water, the degradation of organic pollutants, as well as the hydrogen reduction of N2 and CO2 are emphatically investigated and discussed. It is clear that WO3-based catalysts will play a positive role in the field of future photocatalysis. This paper could also provide guidance for the rational design of other metallic oxide (MOx) catalysts for the increasing conversion efficiency of solar energy.
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1. Introduction


With the continuous development of modern society and the continuous growth of the population, global carbon dioxide emissions and industrial wastes are increasing at an alarming rate. Although countries around the world are driving the use of new energy, traditional fossil fuels such as coal, oil and natural gas still play a dominant role in the proportion of energy. Since the use of non-renewable fossil energy will produce carbon dioxide, sulfur dioxide and other gases, researchers are inevitably working to solve the problems of energy shortage, global greenhouse effect, acid rain, PM 2.5 and so on [1,2,3]. Solar energy is an inexhaustible source of energy. The annual energy of the sun to the earth is 32 × 1024 J, which is 10,000 times the current annual energy consumption of human beings [4]. At the same time, the development and utilization of solar energy will not cause secondary pollution. There is no doubt that solar energy is one of the most promising energy sources, and solar energy is considered to be one of the direct and effective ways to alleviate and solve the current energy crisis and environmental pollution [5].



Metallic oxide (MOx) semiconductors are important mediums for converting solar energy into chemical energy. When the energy of a photon is equal to or higher than the band gap, electron-hole pairs on the semiconductor could be excited. Then, these carriers would migrate to the surface of the semiconductor and transfer to the adsorbed molecule, eventually starting the reduction or oxidation process [6]. Since the catalytic decomposition of water to produce hydrogen [7] and the dechlorinated polychlorinated biphenyls (organic pollutants) [8] were achieved by semiconductor materials under illumination, photocatalysis technology based on semiconductor materials developed rapidly, showing a good application prospect in solving the problems of energy crisis and environmental pollution. There are many semiconductor materials in the world. Titanium dioxide (TiO2) is undoubtedly one of the most classic photocatalysts, and TiO2 has attracted wide attention due to its outstanding properties such as chemical stability, non-toxicity, low cost and high light activity [9,10,11]. The main drawback is that TiO2 cannot take advantage of visible light, which is due to its large band gap (3.2 eV); the utilization rate of sunlight spectrum is low (only 4%) [12]. As a result, many UV lamps are required to remove the target contaminants during treatment, raising operating costs. The ideal photocatalyst should maximize the use of solar energy. Therefore, WO3, which can absorb visible light, has understandably received extensive attention for various photocatalytic reactions.



WO3 is an n-type semiconductor material, whose valence band and conduction band are composed of O 2p orbitals and W 5d orbitals, respectively. WO3 crystals are composed of multiple WO6 with regular octahedral structures arranged and combined in the form of common top points [13]. The physical properties of WO3 are complicated due to structural distortion and oxygen defect. The incline and torsion of crystal structure will cause the change of W 5d energy level leading to the different types of the band gap of WO3. In general, monoclinic WO3 has a band gap of 2.62 eV, while amorphous WO3 has a band gap of 3.25 eV [14]. Due to the presence of oxygen vacancy in WO3−x with non-stoichiometric ratio, the position of O 2d energy level will be changed, thus narrowing the band gap of WO3−x to about 1.4–2 eV. The change in band gap will directly affect the light absorption of semiconductor materials and its photocatalytic performance. Usually, the color of WO3 is light yellow-green, while non-stoichiometric WO3−x presents as dark green or bluish-purple with the increase in oxygen defect content. The unique properties of WO3 make it photochromic and electrochromic equivalents [15].



In recent years, WO3 has been widely reported in the field of photocatalytic reactions. Most of the existing reviews focus on summarizing the research progress of WO3-based catalysts in a specific direction (mostly for the degradation of liquid organic pollutants), but there is a lack of effective discussion on the similarity of synthesis and modification methods of WO3-based catalysts, especially for different photocatalytic reactions in the gas and liquid phases. In this paper, the research progress of WO3-based catalyst using solar energy to solve the environmental and energy crisis is reviewed, and the common rules and prospects in different synthesis, modification and optimization of WO3-based catalyst are provided.




2. Application of WO3-Based Catalyst


2.1. WO3-Based Catalyst for Water Splitting


Hydrogen and oxygen have attracted growing interest because they can be used in various fields [16,17]. Photocatalytic water splitting mainly utilize the electrical charges to dissociate water. Typically, photogenerated electrons reduce water molecules to hydrogen, and photogenerated holes oxidize water molecules to oxygen. The specific photocatalytic water splitting reaction is as follows [18]:


Photoreduction: 2H2O + 2e− → H2 + 2OH− E0 (H+/H2) = 0 V



(1)






Photooxidation: 2H2O → O2 + 4H+ + 4e− E0 (O2/H2O) = +1.23 V



(2)







The band structure of semiconductors (relative to standard hydrogen electrodes) is summarized in Figure 1 [19]. The water splitting reaction has certain requirements for the band structure of semiconductors. The gap width, valence band position and conduction band position are the prerequisites for the photocatalytic reaction of the semiconductor. In order to initiate the redox reaction, the maximum valence band position of the semiconductor should be more positive than the water oxidation potential (1.23 V). While the lowest conduction position of the semiconductor should be more negative than the water reduction potential (0 V). Therefore, the minimum band gap of the photocatalyst for water splitting reaction is 1.23 eV. On the other hand, holes on the more positive valence band have a higher oxidizing capacity, while electrons on the more negative CB have a stronger reducing ability [20]. Therefore, this seemingly contradictory relationship must be balanced well according to the specific reaction conditions.



2.1.1. Water to Oxygen


The photocatalytic properties of WO3 with different crystal phases are different [21,22]. Among various crystal phases, the monoclinic phase is the most stable at room temperature and the most widely studied crystal phase. Monocline WO3 could absorb visible light (Eg = 2.5–2.8 eV). The filled O 2p orbital forms the valence band, and the empty W 5d orbital forms the conduction band. WO3 has a lower conduction band and the potential is not negative enough to reduce water to hydrogen, but the oxidation potential of the valence band is positive enough to oxidize water to oxygen [20]. So WO3 is often used as a catalyst for oxidize water to generate oxygen through under visible light. Here are some representative findings.



Photocatalytic oxygen production performance of WO3/graphene composite photocatalyst synthesized by ultrasonic method [23] is higher than that of WO3, graphene and their simple mixture samples prepared by the same method. By comparing the Raman peak, the researchers found that the chemical bonds between WO3/graphene reduced the interface defects of composite catalyst, thus reducing the recombination probability of photogenerated carriers. In addition, graphene can sensitize WO3 so as to expand light absorption range and improve light utilization. Graphene can also be used as a transport medium for photogenerated electrons.



The preparation of pure WO3 is also available for photocatalytic reactions. In order to improve the efficiency of solar light harvesting and charge separation, a simple strategy is developed for the synthesis of defect-engineered three-dimensionally ordered macroporous WO3 photonic crystals with defect engineering by colloidal crystal template method (Figure 2) [24]. The oxygen evolution rate of the obtained defect-engineered 3DOM WO3 (W270–400) is 40.1 mmol·h−1, much higher than fresh 3DOM WO3 and defect engineering WO3 nanoparticles. The experimental results show that the slow photon effect and the narrow band gap caused by the bulk oxygen vacancy greatly improve the light harvesting efficiency, and the abundant surface oxygen vacancy can reduce the valence band as well as increase the power of water oxidation, thus significantly promoting the separation of electrons and holes.



The Ag3PO4/WO3 S-scheme heterojunction synthesized via deposition-precipitation process showed better photocatalytic activity in oxygen production (306.6 μmol·L−1·h−1) than pure Ag3PO4 (204.4 μmol·L−1·h−1) under visible light (Figure 3) [25]. It shows that Ag3PO4/WO3 with a suitable ratio endowed the heterojunction with strong redox abilities to drive the photocatalytic reaction.



Though assembling porous WO3 shells on the outer surface of hollow carbon nitride spheres (HCNS), three-dimensional (3D) Z-scheme WO3@HCNS hollow nanohybrids with intimate interfacial contacts were constructed [26], and the catalyst was evaluated by water oxidation to generate oxygen under visible light (λ > 420 nm). The high oxygen evolution rate of (23 μmol·h−1) over WO3@HCNS is about 20 times that of the original HCNS (1.2 μmol·h−1). The excellent performance of WO3@HCNS is mainly due to its Z-scheme hollow heterostructures with strong coupling interface, which promotes the separation and migration of charge carriers, and facilitates the shuttle of mass transport. This work may inspire the future production of nano HCN Z-scheme heterostructures with custom shells and tight connections that serve as efficient platforms for photocatalytic H2O splitting.




2.1.2. Water to Hydrogen


The physical and chemical properties of WO3 material are rich and adjustable. Reasonable combination with other components could also be used to convert water to hydrogen via WO3-based catalysts.



Photocatalytic water splitting is an uphill reaction, and the recombination of photoexcited electrons and holes is very serious. Methanol as an electron donor or silver ion as an electron acceptor is often used in photocatalytic hydrogen-producing and oxygen-producing reactions. These substances are more reactive than water and would be consumed in the reaction, known as sacrificial agents. For example, the standard hydrogen electrode potential for reduction of formic acid to methanol is E(HCOOH/CH3OH) = +0.04 V, while the standard hydrogen electrode potential for oxygen reduction to water is E(O2/H2O) = +1.23 V [27].



It was reported that g-C3N4/WO3-carbon microsphere-based photocatalysts are prepared by the one-pot thermal method for converting water into hydrogen [28]. The efficiency of hydrogen production is 107.75 times and 70.54 times greater than that of pure g-C3N4 under visible light and sunlight irradiation, respectively. This is because that the carbon microspheres make the catalyst have good conductivity and promote the transfer of photogenerated electrons in g-C3N4 nanosheets.



WO3/g-C3N4 with extended nanojunctions was prepared via the novel sol-gel method which can control zeta potential and sol-gel phase [29]. The composite catalyst exhibited improved UV–vis absorbance and reduced the recombination rate of photogenerated electron-hole pairs.



Zinc porphyrin-assembled nanorods (ZnTPyP) and WO3 nanorods’ nanorod-on-nanorod heterojunctions (ZnTPyP/WO3) exhibited a great hydrogen production rate (74.53 mmol·g−1·h−1) due to the direct Z-scheme electron-transfer mechanism from WO3 to ZnTPyP (Figure 4) [30]. The direct Z-scheme can effectively improve the separation efficiency of photogenerated carriers.



CdS/WO3 composites prepared by the self-assemble method were used to study the charge transfer direction in CdS/WO3 heterojunction and photocatalytic mechanism [31]. The CdS/WO3 composites with mass ratio (CdS: WO3) of 1:3 have the best hydrogen production efficiency. The electrons and holes migration mechanism used in the CdS/WO3 heterojunction was the Z-scheme, which kept the redox capability of the catalyst while facilitating the separation of photogenerated carriers.



Defects also play a key role in the activity of photocatalysts. Broadband transient absorption spectroscopy was used to study the effects of oxygen vacancies on photocarrier dynamics in WO3 [32]. This work provides us an important conclusion. When the defect is dispersed, the trapped electrons need to travel long distances between defects by jumping and tunneling repeatedly to bind to the hole, resulting in deceleration recombination. On the contrary, when defects join or come close together, trapped electrons can easily migrate between defects, resulting in faster recombination.



According to the discussion in Section 2.1, it can be clearly concluded that WO3-based catalysts can be used in photocatalytic water splitting to produce both hydrogen and oxygen by the addition of other components, and creating sufficient difficulty for the recombination of electrons and holes via heterojunction; defects and sacrificial reagents form the research direction of WO3-based catalysts.





2.2. WO3-Based Catalyst for Degradation


2.2.1. Liquid Organic Pollutant


In modern society, the surge of the global population and human demand for textiles have made the pollution problem in the process of textiles prominent. In particular, the discharge of textile dye wastewater has become a difficult problem to solve regarding the pollution of textile dye [33]. Textile dyes are difficult to degrade naturally, so the green technology of semiconductor is needed to solve this problem. Good visible light absorption and electron conduction ability provide WO3 with great advantages in the photodegradation of organic pollutants [34,35,36,37]. However, due to the high recombination rate of photogenerated carrier, the photodegradation performance in the application of pure WO3 is not good enough. The catalytic activity of WO3 can be improved by combining with other semiconductors [38] or doping other metal [39] or non-metal ions [40]. Representatively, liquid organic pollutants mainly discussed in this section include methylene blue (MB), methylene orange (MO), and rhodamine B (RhB). Some representative research results are as follows.



For example, WO3/Ag3PO4 composite catalyst [41] prepared by hydrothermal synthesis method was used to decompose MB and MO pollutants under visible light. Compared with pure Ag3PO4 and pure WO3, WO3/Ag3PO4 showed excellent catalytic performance. Therewith, many composite catalysts with better catalytic performance based on WO3 and Ag3PO4 have been reported. Sea urchin WO3−x was successfully prepared by hydrothermal method and then gradually deposited Ag3PO4 [42]. In this work, Ag+ was reduced into Ag by W5+ and Ag deposited on the surface of WO3−x with sea urchin structure. This structure can effectively reduce the recombination rate of photogenerated electrons and holes. The degradation performance of Ag3PO4/Ag/WO3−x catalyst was four times higher than that of pure Ag3PO4. Furthermore, a type Z-heterogeneous Ag/Ag3PO4/WO3 catalyst was prepared by depositional precipitation and photoreduction method [43]. By adjusting the pH value, it was observed that Ag/Ag3PO4/WO3 showed higher degradation efficiency for RhB under neutral or even strong acid and alkali environment. WO3(H2O)0.333/Ag3PO4 composite was prepared by stirring method and microwave hydrothermal method (Figure 5) [44], proving that the prepared Z-type catalytic mechanism composite can also broaden the range of response to visible light. After five cycles, the degradation efficiency of 15% WO3(H2O)0.333/Ag3PO4 was still higher than that of pure Ag3PO4.



WO3 with hollow spherical photocatalyst with different layers synthesized using carbon spheres as the template, and the sample showed excellent photodegradation effect on RhB [45]. A network WO3·0.33H2O was prepared by adding inorganic salts. After 7 h of simulated solar irradiation, this sample could remove about 95% of MB [46]. The WO3/graphene composite photocatalyst could remove about 92% MO under xenon lamp irradiation for 120 min [47].



In addition to the discussion above, there are also other good results about the use of metal or nonmetal doped WO3 in the degradation of liquid pollutants that have been reported. Improving the photo response range of WO3-based catalysts is one of the main research directions. Some representative research results are shown in Table 1.




2.2.2. Vapor Organic Pollutant


Organic pollutants that WO3 can degrade are not limited to liquid pollutants, but also indoor vapor pollutants. With the increasing demand for comfortable working and living spaces, furniture and decorative materials are widely used in rooms, houses and buildings [60]. However, these materials contain large amounts of adhesives such as formaldehyde (HCHO) and phenolic resins, which can cause serious indoor air pollution. The removal of indoor HCHO is of practical significance [61,62]. At present, physical adsorption, biodegradation, catalytic oxidation and other methods have obtained better removal effects of HCHO. Among them, catalytic oxidation could completely convert HCHO into harmless carbon dioxide (CO2), which shows the maximum efficiency [63,64].



HCHO absorption behavior towards the WO2.9(010) surface was studied using the first principles calculations for the first time [65]. Its total energy calculation results indicated that the excellent absorption properties for HCHO molecules on WO2.9(010), and a substoichiometric WO2.9(010) surface is appropriate for HCHO sensing and elimination at room temperature under visible light irradiation.



The layered-WO3 catalyst with hollow microspheres was prepared by solution method and then loaded with Pt (Figure 6) [66]. It was reported that the optimal deposition amount of Pt was determined to be 1.0 wt%, and the layered hollow structure endowed more active sites for diffusion and transfer of Pt/WO3. DRFITS spectral analysis results showed that the main intermediates were formate and dioxymethylene species, which were further decomposed into CO2 and H2O.



Nano-structure Fe-doped WO3-modified solid wood was prepared interestingly, and HCHO was self-photodegraded under visible light (Figure 7) [67]. The spherical Fe-doped WO3 nanomaterials deposited on wood substrate have strong adhesion to wood surface through electrostatic and hydrogen bonding interactions. In total, 98.21% of HCHO was effectively degraded within 6 h. Nanostructured WO3 materials significantly improve and eliminate wood dimensional stability and inherent anisotropic thickness expansion, respectively.



Different contaminant degradation reactions put forward higher requirements for the preparation of WO3 catalyst, and the structure of multi-component (metal/WO3 and MOx/WO3) catalyst must be more specific in terms of the active site. In addition, reaction conditions (pH and illumination) gradually become important.





2.3. WO3-Based Catalyst for CO2 Reduction


The excessive use of fossil fuels has caused a significant increase in the emission of CO2 greenhouse gases, which has seriously damaged the carbon cycle balance in nature [68,69,70]. However, CO2 itself is a carbon resource, which can be used as a raw material for the preparation of carbon-based compounds. The conversion of CO2 into high-value fuels helps to alleviate energy shortage and environmental crisis at the same time. Bio-catalysis, thermochemical conversion, electrocatalysis and photocatalysis can convert CO2 into carbon-based compounds [71,72,73,74,75], among which photocatalytic reduction can directly utilize clean and sustainable solar energy to convert CO2 into carbon-based fuel at room temperature and atmospheric pressure, which is regarded as a CO2 conversion method with more application prospects.



However, the actual conversion efficiency of the CO2 photocatalytic reduction is relatively low [76,77], due to insufficient utilization of sunlight and limited photoelectron reduction ability. Early CO2 reduction photocatalysts can only use ultraviolet light (UV, λ < 400 nm) [78,79]. In order to improve the utilization rate of sunlight and improve the performance of CO2 reduction and conversion, a variety of visible light catalysts have been designed and synthesized, such as g-C3N4, BiOBr, CdS, etc. [80,81,82]. However, the infrared light, which accounts for nearly 50% of the sunlight, has not been fully utilized. It is known that the UV-visible region mainly induces photocatalytic reaction, while the infrared region is the main heat producing region (IR, λ > 800 nm), whose energy can drive both photocatalytic and thermo-catalytic reactions. As reported in the literature, infrared photo-responsive materials mainly include noble metal nanoparticles (such as Au, Ag, Pt) [83,84], carbon nanomaterials (such as graphene, carbon nanotubes, polypyrrole) [85], narrow band gap semiconductor materials (such as Bi2S3, MXene, black phosphorus) [86,87] and a few heavily-doped MOx (such as MoO3−x, W18O49) [88,89].



The catalytic efficiency of CO2 photoreduction is determined by light absorption, charge separation and surface reaction rate (Figure 8) [90]. Loading nano-cocatalyst on the surface of semiconductor catalyst can enhance the photo-charge separation efficiency, and then regulate the photocatalytic conversion performance of CO2 [75,91]. The reported relevant studies mostly focus on noble metal cocatalysts, which usually improve CO2 reduction efficiency through electron transfer [91]. However, in the photocatalytic conversion of CO2 with H2O as proton source, the migration of photogenic holes is equally important [92,93]. MOx clusters were often used as electron or hole cocatalysts due to their composition [94]. There was usually a strong interaction between oxygen vacancy and MOx clusters loading on the surface, which was conducive to the high dispersion of catalyst on the WO3−x surface [95].



In terms of experimental conditions, CO2 reduction is an endothermic reaction, therefore, introducing heat into the photocatalytic system may have a better effect. In the views of catalyst design, the introduction of oxygen vacancy can regulate the electronic structure of WO3−x and form a new intermediate energy level in its band structure, thus generating near-infrared light response and local temperature rise on the catalyst surface. In addition, the introduction of cocatalyst can regulate the WO3−x conduction potential and enhance the separation and migration of photogenerated charge by trapping light holes.




2.4. WO3-Based Catalyst for N2 Reduction


Artificial synthesis of ammonia (NH3) by reducing atmospheric N2 is of great importance to human society [96]. The industrial Haber-Bosch process of producing NH3 from N2 and H2 is usually performed on Fe-based catalysts under harsh conditions (300–450 °C, 15–25 MPa), with significant energy consumption and fossil-derived CO2 emissions [97]. Therefore, an energy-saving and environmentally-friendly NH3 synthesis method is needed. Using a semiconductor for N2 reduction at room temperature and atmospheric pressure is a promising strategy [98], and photocatalysis for N2 fixation provides an interesting method. It also relies on light-excited electrons being transferred to a stable N≡N bond. Bottlenecks occur when N2 is chemically adsorbed at active sites (surface defects) and N2 molecules cannot be effectively activated and dissociated by high energy electrons. Many experiments have been carried out and some important results are listed below.



Since Schrauzer and Guth’s pioneering work on photocatalytic N2 fixation on TiO2-based catalysts [99,100,101], solar-powered N2 fixation has been considered a promising alternative to the traditional Haber-Bosch process. However, the wide band gap, the poor interaction between catalyst and N2 molecule, and the high energy of N2 intermediate make it difficult for TiO2-based semiconductor photocatalysis to fix N2 [102,103]. Notably, WO3 semiconductors are considered to have good water oxidation properties due to their appropriate band structure [104]. Efficient N2 photo-fixation of NH3 is achieved by the carbon-WO3·H2O hybrid in pure water without any additives or auxiliary catalysts [105]. It was found that carbon greatly promotes the activation of N2 at the surface and the separation as well as transport of photogenerated carriers. Moreover, photoactive WO3·H2O had excellent electron/proton conductivity, ensuring the supply of electrons and protons required for subsequent protonation.



A full-spectrum-absorption heterojunction catalyst W18O49/g-C3N4 was prepared and used for the first time to simulate N2 photo-fixation under solar irradiation (Figure 9) [106]. The research shows found that g-C3N4 was the real active component of heterojunction reduction catalyst, while W18O49 acted as an absorbent in the full spectrum, forming more photogenerated electrons and reorganizing the holes in g-C3N4 via the “Z-scheme” mechanism. W18O49(0.6)/g-C3N4 showed the highest r(NH4+) at 2.6 mg·L−1·h−1·gcat−1, 7.2-times higher than pure g-C3N4. This was due to the improved separation rate of electron-hole pairs after coupling with W18O49.



g-C3N4/CsxWO3 composites could also effectively reduce N2 from the atmosphere to NH3 under full spectrum light, without the need for any noble metal auxiliary catalyst [107]. Oxygen may also play an active role in the conversion of N2 to ammonia synthesis, when the methanol content is properly controlled.



The bottleneck of N2 activation and deionization can be well resolved by doping to refine the defect state of the semiconductor [108]. Considering the critical role of defects as catalytic active sites, this refinement can regulate both chemisorption and electron transfer of N2. The doping of Mo promotes the efficient movement of photoexcited electrons towards N2, impelling N≡N bond dissociation and N2 reduction.



In the photocatalytic reduction of N2, the regulation of heterojunction, morphology, and defects are considered as effective modification strategies. As a method to change the electronic structure and chemical properties of semiconductors to affect the adsorption and activation behavior of N2, defect engineering exhibits a broader prospect. By introducing appropriate defects, the separation and migration of carrier would be boosted. Then, light absorption efficiency could be improved, surface redox reaction could be enhanced and the catalytic reaction path may be adjusted to a certain extent.





3. Design and Preparation of WO3-Based Catalyst


The common preparation methods of WO3-based catalyst are mainly based on the hydrothermal method, the colloidal crystal template method and the deposition-precipitation method. For different photocatalytic reactions, the preparation methods of catalysts are flexible and abundant, but the rational design of the whole catalyst is the premise of choosing the preparation method. Photocatalytic reaction is a complex physicochemical process, and the charge dynamics involved mainly include the generation, separation, migration, recombination and surface capture of photogenerated electrons and holes [5,109]. Based on this information, the design and preparation of WO3-based catalyst should start from the analysis of the main factors affecting each charge dynamic process in the photocatalytic reaction process, and improve the overall efficiency of the photocatalytic reaction process by expanding the wavelength range of light absorption, improving the separation and transfer efficiency of electron hole pairs, and changing the selectivity and yield of products.



3.1. The Efficiency of Light Absorption


The band structure of a semiconductor determines its ability to absorb light, therefore, the band structure of the semiconductor needs to be adjusted to absorb a wider range of wavelengths. The band structure of semiconductor is not only determined by its own crystal phase and vacancy, but also modified by doping negative and cation in the crystal or surface of the semiconductor. By adjusting these factors, the band gap of semiconductor can be narrowed, the absorption range of sunlight wavelength can be expanded, and the activity of catalyst can be improved.




3.2. Separation and Migration of Electron and Hole


When the semiconductor photocatalyst is photoexcited, the electron hole pairs generated inside will separate and migrate to the surface of the catalyst, and directly react with the adsorbed substances on the surface. The earlier electrons and holes migrate to the reaction site, the less likely they are to recombine. So, regulating the separation efficiency and diffusion path of electron hole pairs is the key to improve the photocatalytic reaction efficiency [110]. In addition, defects inside or on the surface of the semiconductor can also become composite centers of photogenerated electrons and holes, which can also lead to limitations in the efficiency of charge transfer. In semiconductor composite structures, the effective charge transfer between semiconductors also depends on electronic coupling at their interfaces, so the internal electric field and potential difference driving forces can improve the separation and migration efficiency of photogenerated electron hole pairs [111].




3.3. Surface Reaction


The photocatalytic reaction occurs only on the surface of the catalyst in both the gas phase and liquid phase systems. In this process, the reactants first diffuse and adsorb to the surface of the catalyst, and then undergo reduction reactions and oxidation reactions with electrons and holes that migrate to the surface. The resulting reduction products and oxidation products will cause desorption from the surface and diffuse into the environment after the reaction. Therefore, the process of adsorption-desorption and molecular activation essentially determines the catalytic activity of the surface reaction, and increasing the adsorption energy of the catalyst surface or decreasing the activation energy of the catalyst surface can enhance the catalytic reaction kinetic process. In the photocatalytic system, surface factors such as the specific surface area and pores of the material, the exposure of active crystal surface, surface composition and surface vacancy will affect the activity and selectivity of the catalyst [112]. Increasing the specific surface area and pores of the catalyst enables more reactants to contact the surface atoms, thus increasing the possibility of interaction between the catalytic active site and the reactant. The exposure ratio of the active crystal surface of the catalyst is closely related to the separation and transfer efficiency of photogenerated electron-hole pairs, atomic arrangement on the material surface, activation energy and other factors [113]. Of course, not all surface atoms can effectively participate in photocatalytic reactions. Photogenerated carriers and reactants tend to migrate more readily to vacancies on the catalyst surface. Hence, increasing the density of the surface vacancy can enhance the adsorption and activation process of the catalyst to the target molecules, thus improving the surface reaction efficiency.





4. Challenges and Perspectives


Issues surrounding energy and the environment are absolutely inescapable for everyone. Solar energy-chemical energy conversion technology is very important to solve the environmental problems and energy crisis, and studying the use of solar energy will provide a great contribution to the sustainable development of the social economy. WO3 has attracted much attention because of its stable physical and chemical properties, low cost and simple preparation process. Based on the research of WO3 in different photocatalytic directions by researchers around the world in recent years, this paper summarized the existing problems of WO3 as a photocatalyst in the current research stage, the corresponding solutions and the essential reasons for better photocatalytic performance in different photocatalytic reactions. There are various modification and optimization methods for WO3-based catalysts, including doping other elements, tailoring the type, population as well as distribution of defects, and constructing-regulating the heterojunction. Increasing the density of the semiconductor carrier, expanding the absorption of sunlight and balancing the relationship among valence band, conduction band and band width, the object of all research methods above aims to improve the photocatalytic effect of WO3-based catalysts for dissociation of water, degradation of organic pollutants, as well as the reduction of CO2 and N2.



Researchers have put a lot of effort into the development of different WO3 photocatalysts and have advanced the field in many directions. It is worth noting that there is still a long way for WO3-based catalysts from being developed and designed to benefit humans on a larger scale. Here are some of the challenges WO3-based catalysts faces and what future science experiments could focus on. (1). The current photocatalytic conditions are too ideal compared with natural light, because the stability of sunlight irradiation includes the interference of humidity, impurities and other factors along the propagation path. Therefore, improving the photocatalytic stability of catalysts directly under sunlight will advance the development of photocatalysis. (2). Due to the high recombination rate of electron and hole of WO3, the quantum efficiency of photocatalytic reaction is low and its application is limited. The development of efficient WO3-based photocatalyst through the design and controllable synthesis of material is a key problem that must be solved to promote the practical application of WO3 photocatalytic technology. (3). Many noble metals and sacrificial agents are used for water splitting, which increases the cost of in the dissociation of water, the degradation of organic pollutants, as well as the hydrogen reduction of N2 and CO2. Therefore, cheaper catalysts should be developed as soon as possible. (4). For the analysis of different reaction mechanism of photocatalyst, it is necessary to use spherical correction electron microscopy, in situ infrared spectroscopy, transient absorption spectroscopy, scanning electrochemical microscopy and other advanced detection technologies to analyze the state of doping atoms in the lattice, the lifetime of photogenerated carrier and intermediate state species in the process of photocatalytic reaction, so as to further study and reveal the mechanism of photocatalytic reaction.




5. Conclusions


WO3 is a well-known semiconductor photocatalyst due to its good response in the solar spectrum, fine metal interactions, mechanical strength, high efficiency, harmlessness and cost-effectiveness. Based on the analysis and summary, it can be clearly found that the commonality of regulatory strategies of WO3-based catalysts is to expose more active sites and keep its strong redox capacity, thus benefiting the improvement of photocatalytic performance. Although WO3 materials have been extensively studied in the field of photocatalysis, the mechanism of photocatalysis has not been systematically studied. For example, the transport mechanism of photogenerated charge in different heterojunction is not clear, and the analysis of deep and micro-scale photocatalysis mechanism is still a big challenge. The combination of experiment and calculation may be a good starting point. Therefore, exploring the mechanism of enhanced WO3 photocatalytic activity and establishing relationship between the structure of catalyst and the performance of main reaction are significant to promote the research process of photocatalytic materials.



Another point worth noting is the combined use of multiple energy sources. Because the catalysis based on single energy source is likely to suffer from technical bottlenecks, therefore, sufficient attention should be paid to the collaboration of photovoltaic energy or photoelectric energy, and even the collaboration of photothermal and photoelectronic energy, as long as it serves the sustainable development of human beings and alleviates environmental problems and energy crisis. For example, when the irradiation conditions are unstable on cloudy days, it may be surprising when the introduction of the suitable amount of heat energy can supplement the power for the conversion of reactant.
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Figure 1. Band structure illustration of common semiconductors (vs. normal hydrogen electrode) [19]. 
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Figure 2. Schematic illustration of the preparation of 3DOM WO3 [24]. 
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Figure 3. Schematic illustration of Ag3PO4/WO3 S-scheme mechanism for photocatalytic degradation and O2 evolution [25]. (a) oxidizing RhB/CIP/Cr6+ to CO2 and H2O, (b) water splitting to generate O2. 
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Figure 4. Photocatalytic mechanism scheme and the possible charge separation of direct Z-scheme ZnTPyP/WO3 [30]. 
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Figure 5. The photocatalytic mechanism of WO3(H2O)0.333/Ag3PO4 composites under visible light [44]. 
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Figure 6. Possible mechanism of HCHO decomposition on the Pt/WO3 catalysts [66]. 
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Figure 7. Schematic illustration of photocatalytic degradation of HCHO to CO2 and H2O by wood covered with Fe-doped WO3 [67]. 
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Figure 8. Processes involved in photocatalytic CO2 reduction over a heterogeneous photocatalyst. CRC, CO2 reduction co-catalysts; WOC, water oxidation co-catalysts [90]. 
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Figure 9. The possible double charge transfer mechanism (a) and the Z−scheme mechanism (b) over W18O49(0.6)/g−C3N4 [106]. 
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Table 1. Application of doped WO3 for photocatalytic removal of contaminants.
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Catalyst

	
Method

	
Ebg (eV)

	
Radiation Source

	
Contaminant

	
Removal

(Time)

	
Ref.






	
Ag-WO3

	
Hydrothermal, HCl

	
2.63

	
Solar

	
Acetaminophen,

5 mg L−1

	
75.4%

(120 min)

	
[48]




	
Cd-WO3

	
Ion-exchange

	
1.85

	
Visible

	
Methylene Blue,

10 mg L−1

	
75.5%

(80 min)

	
[49]




	
Co-WO3

	
Co-precipitation

	
-

	
Visible

	
Methyl Red,

10 mg L−1

	
90%

(120 min)

	
[50]




	
Cu-WO3

	
Precipitation

	
2.6

	
Visible

	
Tetracycline,

50 mg L−1

	
96.7%

(120 min)

	
[51]




	
Fe-WO3

	
Sol-gel

	
2.39

	
Visible

	
Methylene Blue,

10 mg L−1

	
95%

(120 min)

	
[52]




	
Gd-WO3

	
Hydrothermal

	
2.64

	
Visible

	
Rhodamine B,

20 mg L−1

	
94%

(100 min)

	
[53]




	
Ni-WO3

	
Co-precipitation

	
2.25

	
Visible

	
Methyl Red,

20 mg L−1

	
96%

(120 min)

	
[54]




	
Mn-WO3

	
Microwave-assisted, Precipitation

	
2

	
Visible

	
Sulfamethoxazole,

1 mg L−1

	
100%

(70 min)

	
[55]




	
C-WO3

	
Hydrothermal

	
-

	
UV-Visible

	
Rhodamine B,

20 mg L−1

	
95%

(180 min)

	
[56]




	
I-WO3

	
Hydrolysis and

Precipitation

	
2.17

	
Solar

	
Dyeing Watewater,

Total organic carbon

=576.8 mg L−1,

chemical, and biological

oxygen demand

=991 mg L−1

	
88.2% TOC

89.1% COD

(240 min)

	




	
P-WO3

	
2.41

	
86.8% TOC

86.6% COD

(240 min)

	
[57]




	
P-I-WO3

	
2.02

	
93.4% TOC

95.1% COD

(240 min)

	




	
S-WO3

	
Hydrothermal

	
-

	
Visible

	
Methyl orange,

20 mg L−1

	
97%

(180 min)

	
[58]




	
Hydrothermal

	
2.46

	
Visible

	
Methylene Blue,

10 mg L−1

	
79%

(120 min)

	
[59]
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