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Abstract

:

Mesoporous titania (mp-TiO2) has drawn tremendous attention for a diverse set of applications due to its high surface area, interfacial structure, and tunable combination of pore size, pore orientation, wall thickness, and pore connectivity. Its pore structure facilitates rapid diffusion of reactants and charge carriers to the photocatalytically active interface of TiO2. However, because the large band gap of TiO2 limits its ability to utilize visible light, non-metal doping has been extensively studied to tune the energy levels of TiO2. While first-principles calculations support the efficacy of this approach, it is challenging to efficiently introduce active non-metal dopants into the lattice of TiO2. This review surveys recent advances in the preparation of mp-TiO2 and their doping with non-metal atoms. Different doping strategies and dopant sources are discussed. Further, co-doping with combinations of non-metal dopants are discussed as strategies to reduce the band gap, improve photogenerated charge separation, and enhance visible light absorption. The improvements resulting from each doping strategy are discussed in light of potential changes in mesoporous architecture, dopant composition and chemical state, extent of band gap reduction, and improvement in photocatalytic activities. Finally, potential applications of non-metal-doped mp-TiO2 are explored in water splitting, CO2 reduction, and environmental remediation with visible light.
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1. Introduction


TiO2 (titania) is one of the most extensively studied semiconductor photocatalysts due to its potential to help overcome the worldwide energy shortage while also counteracting issues of climate change and environmental contamination [1,2,3]. Since the first report of its use for hydrogen generation via the photocatalytic decomposition of water by Fujishima and Honda [4], TiO2 has attracted significant interest as a photocatalyst due to its favorable band edge positions, which are well-matched with the redox potentials of water, CO2, and a variety of organic compounds. TiO2 is also attractive for this application because of its opto-electronic properties, which can be tuned by changing lattice defects or oxygen stoichiometry, its superior chemical stability and photocorrosion resistance, and its low cost [4,5,6,7,8]. These unique properties have enabled TiO2 to be utilized in a wide range of applications including solar energy conversion, antimicrobial and self-cleaning surfaces, paint whiteners, ceramics, textiles, personal care products, and environmental catalysis [9,10,11,12,13,14,15,16,17,18,19].



Like many semiconductors, the photoactivity of TiO2 originates from its ability to absorb light with energy greater than its band gap, which generates electrons and holes as charge carriers by promoting electrons from the valence band to the conduction band [5]. This photocatalytic process involves a series of physical processes including light absorption, charge separation, charge migration, charge recombination, and surface redox reactions [20]. The photogenerated charges can recombine and release their energy as light and heat, or these excited charges may reach the surface of titania and participate in reactions. The excited electrons have the potential to reduce oxygen molecules to produce superoxide radicals that are very reactive and participate in different reactions. On the other hand, if they reach the electrolyte interface either at titania or a counter electrode, holes are able to oxidize water to produce reactive hydroxyl radicals [21].



Despite many attractive features of TiO2, the major challenges of its applications under natural solar light are its innate inability to absorb visible light, a high rate of photogenerated charge carrier recombination, and a low interfacial charge transfer rate of photogenerated charge carriers [9,22]. The first challenge results from the wide band gap of TiO2 (3.0–3.5 eV [23]), which allows the absorption of light mainly in the ultraviolet (UV) range. UV light corresponds to only 4%–5% of the whole solar spectrum, while visible light constitutes 40% [24]. To reduce the intrinsic band gap of TiO2, several strategies have been tested including the incorporation of either metallic (e.g., Fe and Ni) or non-metallic (e.g., C, F, N, S, P, and B) atoms into the lattice of TiO2 host materials [9,15,25,26,27]. Metal doping has shown controversial photocatalytic activity results at both UV and visible wavelengths [28,29,30,31]. In addition, metal doping in titania can be complicated by thermal instability, an increase of carrier-recombination centers, dopant insolubility, the formation of secondary phases or surface aggregation rather than substitution, phase transformation among the titania polymorphs, the alteration of charge carrier diffusion length, narrow band bending, etc. [32,33,34]. From this perspective, non-metal doping is thought to be a more viable strategy to reduce the band gap and enhance the visible light driven photocatalytic activity of titania. Increased visible light photocatalytic activity has been reported in non-metal-doped titania. However, the exact chemical nature of the dopant species in titania and their roles for visible light absorption are not always clear [21].



Among non-metal dopants, nitrogen is one of the most effective elements to promote visible light photoactivity [9,10,35,36,37]. Due to its atomic size (comparable to oxygen), low ionization potential, and high stability, introducing nitrogen into the titania lattice is straightforward [21]. Effective band gap narrowing has been correlated with high amounts of dopants and strong interactions among the dopant energy states, valence, and conduction bands [38]. Nitrogen atoms are known to occupy either interstitial sites (possibly with N–O bonding) or substitutional sites (replacement of O with N atoms) in TiO2 [36]. Though interstitial nitrogen has been shown to increase visible light absorption, it does not reduce the band gap because it forms a discrete energy state between the valence band and conduction band, often referred to as a midgap state [39]. Most of the theoretical and experimental studies have shown that the predominant active form in doped TiO2 is substitutional nitrogen which reduces the band gap and increases visible light absorption [9,36,39,40,41,42]. The reduced band gap is attributed to an upward shift of the edge of valence band due to the hybridization of the N 2p with the O 2p orbitals [9]. As a result, doped titania is able to absorb visible light due to the electrons excited from the localized N orbitals to the conduction band or to surface adsorbed O2 [21]. In addition, it has been reported that nitrogen doping increases the wettability of titania, resulting in better adsorption of polar reactant molecules [29,43].



Other non-metal elements such as H, B, C, F, I, S, and P have also been doped into TiO2 and visible light driven photocatalytic activity was observed as a result [44,45]. Valentin et al. performed density functional theory (DFT) calculations to investigate the effects on the electronic structure of replacing lattice O atoms with B, C, N, or F dopants, or to include the same atoms in interstitial positions [44]. As Figure 1 shows, the energy states associated with substitutional non-metal dopants fall in between the valence and conduction bands of TiO2. Relative to the valence band, the energy level of the bands introduced by doping increases with decreasing electronegativity. N-doping introduces an energy state just above the valence band, whereas B gives states high in the band gap. Since fluorine is very electronegative, it has introduced states below the O 2p valence band and leads to the formation of Ti3+ ions due to charge compensation. In contrast, interstitial doping led to a combination of energy levels above and below the valence band for B and C. Without donating any electron to the host lattice, N was predicted to form a direct bond with a lattice O atom to create a non-photoactive interstitial doping site.



To further improve the visible light driven photocatalytic activity of TiO2, binary and ternary co-doping of two non-metal elements such as N–B and N–C has been studied [21,46,47,48,49,50,51,52,53,54,55,56]. Synergistic effects of the co-doping were observed in many cases, although the complexity of the parameter space makes it difficult to draw general conclusions about doping effects. In addition to band gap reduction and visible light absorption, adding non-metal elements into TiO2 may have effects on the microstructure of the material, depending on the route of introduction. In one example, boron-doped TiO2 particles were found to have reduced size, resulting in higher surface area and suppressed phase transformation, and improved photogenerated charge separation, which significantly contributes to the photocatalytic performance of titania [57].



While significant positive effects of doping TiO2 have been reported, from an application and commercial point of view, the photocatalytic performance of TiO2 must be further enhanced. To address the challenges of reducing recombination and increasing interfacial transport of photogenerated charge carriers, altering the atomic and nanoscale architecture of TiO2 has become a major goal. Mesoporous TiO2 offers a promising platform to address these challenges for a number of reasons that are beneficial for efficient photocatalysis [10,58,59,60]. By using process variables to tune its morphology, nanostructure, and electronic properties, enhancements can be realized in the accessible surface area, light absorption, and effective charge carrier separation and transport in mp-TiO2 [10,61,62,63]. For instance, surfactant-induced templating provides excellent control over the pore size, pore orientation, interfacial structure, and pore connectivity, which can be tuned to promote rapid diffusion of reactants to photocatalytic sites. Further, mp-TiO2 films offers a high reactive surface area for photocatalysis and their thin walls provide a short distance for the transport of photogenerated charge carriers to the catalytic sites, thereby having the potential to suppress charge recombination processes [6,58,59,64].



While mp-TiO2 can be synthesized by different methods, it is challenging to incorporate dopants into the lattice of the material while maintaining an advantageous mesostructure and crystal phase. Normally, high-temperature heat treatment of TiO2 in the presence of a dopant source is used to incorporate new elements into the titania lattice. High temperature treatment typically causes a decrease in pore size, surface area, and pore accessibility by sintering and crystallization. Various strategies have been reported to introduce non-metal dopants into mp-TiO2, but the properties of the doped mp-TiO2 product are strongly dependent on the dopant source and strategy. For instance, we recently reported that plasma treatment of mp-TiO2 introduces a high level of substitutional nitrogen into the lattice, whereas methods based on chemical precursors are more prone to generating interstitial nitrogen [65]. The photocatalytic activity of the materials is closely related to its preparation method, so understanding the relationship between synthetic strategy, structure, and performance is key to moving towards highly efficient visible-light photocatalysis using mp-TiO2 based materials.



There have been a number of reviews published addressing the synthesis of mp-TiO2 and its broad range of applications [66,67,68,69], so we will begin with just a brief overview of some of the most relevant strategies. In 2011, Ismail et al. published a review article on mp-TiO2 photocatalysts [26] that provides an overview of the preparation and characterization of mp-TiO2 and incorporation of noble metals nanoparticles, transition metal ions, and non-metal dopants. The characteristics of the mesoporous materials and their activity and mechanisms of photocatalysis are discussed. A recent short review by Zhou et al. addresses the effects of the mesoporous structure, crystallinity, surface area, and pore size of TiO2 on its photocatalytic performance [70], with a short overview of modifications of mp-TiO2 using doping and composite materials. While doping has been included to some extent, the primary focus of all the reviews mentioned here was the synthesis and characterization of the mp-TiO2. Considering the intense interest in visible-light photocatalysis using inexpensive materials, there is room for a review addressing primarily doping strategies and their outcomes.



This article will focus specifically on non-metal doping strategies in mp-TiO2 and recent advances in understanding their effects on visible light driven photocatalytic performance for environmental and energy conversion systems. First, the general synthesis process of mp-TiO2 will be presented, with an eye towards how the evolution from precursor to final mesoporous structure can be influenced by the doping strategy. Following this, a comprehensive review will be provided of non-metal dopant sources and doping strategies for mp-TiO2. While fewer examples have been reported in literature, some examples of co-doping will be discussed. A summary of photocatalytic performance enhancements by non-metal doping of mp-TiO2 will be provided. Finally, applications of the non-metal-doped mp-TiO2 will be summarized in the fields of organic pollutant photocatalysis, hydrogen production from water splitting and CO2 reduction. Although this area of research is very broad, this review will provide a summary of key achievements and directions in the non-metal doping of mp-TiO2 and the extent of applications of these materials.




2. Synthesis of Mesoporous TiO2


Surfactant-templated synthesis of ordered mp-TiO2 was first reported by Antonelli and Ying in 1995 [71]. Since then, different mesoporous structures of TiO2 have been synthesized including 2D hexagonal, 3D cubic, and lamellar using methods including sol–gel, hydrothermal, solvothermal, microwave, and sonochemical methods [65,72,73,74,75,76,77,78,79,80,81,82,83,84,85]. A variety of morphologies have also been reported due to the interplay between mesostructure nucleation, orientation of mesophases at the surface of surfactant/precursor aggregates, and growth of organic/titania composites. Of all forms, thin mp-TiO2 films are highly relevant to photoelectrocatalysis both for practical reasons (they can readily be deposited onto electrodes) and because they provide fundamental insight into the interplay of composition, processing, and surface chemistry. For instance, in our group, we have prepared mp-TiO2 thin films using Pluronic triblock copolymer surfactants with cubic mesostructure [65] and orthogonally oriented 2D hexagonally close packed (o-HCP) cylindrical nanopores [82,83,84] using the evaporation induced self-assembly (EISA) technique by manipulating process conditions. Figure 2 shows computer-generated illustrations of typical mesoporous structures and mesophases such as Im3m cubic mesoporous material, o-HCP mesoporous film, parallel HCP mesoporous film, and lamellar mesophase where higher intensity (yellow and red) corresponds to a greater density of hydrophobic tails of the surfactant template.



2.1. Titanium Precursor Chemistry


Most of the doped TiO2 materials to be discussed are prepared by precipitation or sol–gel processes based on “bottom-up” growth using molecular precursors. This process proceeds by hydrolytic polycondensation of titanium precursors (most often alkoxides or chlorides) in the presence of reactivity modifiers, solvents, and organic templates. The process begins with hydrolysis, which is the formation of Ti–OH moieties by the substitution reaction of water with Ti–Cl or Ti–OR groups (Equation (1)). After being “activated” this way, precursors undergo condensation reactions to generate Ti–OH–Ti bonds by olation (Equation (2)), or Ti–O–Ti by oxolation (Equation (3)). Livage et al. provided an excellent overview of the sol–gel chemistry of transition metal precursors [86] and described the dependence of hydrolysis reaction mechanism of metal ions on several factors including the electron affinities, sizes and the charges of metal ions and alkoxy groups, and the number of alkoxy groups. Because titanium has a high partial charge and a preferred coordination number greater than its valence, Ti precursors tend to be quite reactive towards hydrolysis. The high reactivity of transition metal oxides can be reduced by adding complexing ligands (such as acetylacetone) [87] or increasing acid concentration [88].


   Hydrolysis:  ≡ Ti – X   +    H 2  O   →   ≡ T i – OH   +   X H   where   X = Cl ,   OC  2   H 5  ,   etc .   



(1)






   Olation:  ≡ Ti – OH   +   Ti ≡   →   ≡ Ti – OH – Ti ≡   



(2)






   Oxolation:   ≡ Ti – OH   +   HO – Ti ≡   →   ≡ Ti – O – Ti ≡   +   H  2  O  .   



(3)







Kim et al. [89] proposed two kinds of mechanisms for the hydrolysis of titanium alkoxides. One is an associative mechanism, in which the entering group forms a complex with the metal first, and a detectable intermediate of expanded coordination number is then formed. The other mechanism is an interchange associative (Ia) mechanism in which the transition state is reached mostly through formation of the bond with the entering group. In this mechanism, the bond weakening of the leaving group also takes place in the course of reaching the transition state. An associative (A) mechanism is most appropriate to describe the hydrolysis of Ti(OEt)4, whereas the transition states for the hydrolysis for Ti(OnPr)4 and Ti(OnBu)4 are reached through the Ia mechanism. Henry et al. [90] studied the mechanistic aspects of the hydrolysis and condensation of titanium alkoxides complexed by tripodal ligands and found that bridging positions for OR groups are sites of preferential attack for substitution by OH and/or OX groups. Under appropriate conditions, the basic structure of the Ti4O16 core can be conserved upon hydrolysis and can be used as a building block for building complexes of higher nuclearity. Sanchez and coworkers [91] studied the role of water in the hydrolysis reaction in the presence of Pluronic surfactants and found that during anhydrous or low water conditions, there are strong Ti-polymer interactions which hinder the assembly of the template, leading to a wormlike structure. In contrast, a high water/high acid environment hinders Ti-polymer interactions, which allows the micelles to assemble into well-ordered mesostructures.



There are two main pathways for the preparation of ordered mp-TiO2, soft and hard templating. The soft templating method usually proceeds by a co-assembly process of the precursors (silica, metal oxides, polymers, etc.) and surfactant templates [68]. Since the success in the synthesis of ordered mesoporous silica, this methodology has been extended to transition metal oxide analogues. Since the soft-templating method is based on the co-assembly of reacting metal oxide precursors with surfactants in a dried film, the chemistry of the precursors needs to be controlled to give the best chance of producing a desired film. As noted above, titania precursors (e.g., titanium (IV) ethoxide and titanium tetrachloride) are more reactive than silica precursors such as tetraethoxysilane, which can lead to rapid precipitation under uncontrolled conditions. Thus, titania precursors can be very difficult to work with if care is not taken in the design of the synthesis procedure.



In their synthesis, Antonelli and Ying [71] used acetylacetone to decrease the hydrolysis and condensation rate of titanates to permit assembly of well-ordered materials by interactions with the phosphate head groups of a tetradecylphosphate surfactant in aqueous solution. However, a significant amount of phosphorus remained after the surfactant template was removed leading to relatively low photocatalytic activity. In 1999, Antonelli et al. reported the synthesis of nonphosphated mp-TiO2 by using dodecylamine as the template combined with a dry aging technique [92]. However, the materials did not have high thermal stability for catalytic applications. Additionally, developing new methods of controlling the hydrolysis and polymerization of titania precursors was essential to be able to obtain high mesostructural regularity over large domains. The EISA method of Brinker and coworkers offers such an opportunity. The method was initially reported to prepare mesoporous silica thin films [93], but was almost immediately realized as the most efficient strategy to synthesize mp-TiO2. Figure 3 shows schematics of the important stages of the formation of ordered nanoporous metal oxide films by EISA.




2.2. Surfactant-Templated Film Deposition


Figure 3a shows the dip coating process in which surfactant micelles form and may begin to assemble due to evaporation adapted from Brinker et al. [93]. In EISA, films are prepared by dip coating of substrates from a solution containing inorganic precursors, surfactant and solvent accompanied by rapid evaporation of volatile solvents (ethanol and water) to drive the formation of an ordered mesoporous structure. One important advantage of EISA for the preparation of mesoporous transition metal based thin films is that the pH can initially be adjusted to stabilize the coating sol and allow gradual assembly of an ordered mesostructured after coating. In order to inhibit rapid olation and condensation of the titania precursors to allow self-assembly to occur, protons (H+ ions) have been used as inhibitors [88]. Although ligands such as acetylacetonate can also be used to reduce the reactivity of metal alkoxides, they can interfere in the interactions between titanium species and surfactants, so H+ is a more widely used inhibitor in the synthesis of surfactant templated mp-TiO2 films [94,95,96,97]. Using a highly acidic sol prevents uncontrolled condensation of transition metal precursors, which allows slow formation of the inorganic network within the liquid crystal mesophase formed after coating. Gradual elimination of the acid by evaporation provides a way to control the polymerization of the inorganic components while allowing a fully cured inorganic network to form [98].



In addition to precursor chemistry, the choice of structure directing agent has a vital influence over the final mesostructure formed in surfactant-templated titania films [94,99]. For example, using titanium isopropoxide as inorganic precursor, films with an columnar 2D hexagonal close packed (HCP) mesostructure were reported using the Pluronic surfactant P123 (a triblock copolymer with average formula EO20PO70EO20, where EO is ethylene oxide and PO is propylene oxide), while cubic mesostructured films were obtained with Pluronic F127 (EO106PO70EO10) [100]. In addition to the template itself, the molar ratio (M) of structure directing agent to the titania precursor also influences the type of mesostructure formed [58,94,99]. Changing M changes the amount of inorganic precursor associated with the hydrated PEO head groups and the number density of micelles formed after coating. In other words, M changes the packing parameter (P) of the micelles, which is defined as P = V0/(Ae*L0), where V0 is the surfactant tail volume, Ae is the equilibrium area per molecule at the aggregate interface, and L0 is the surfactant tail length [101]. The most direct effect of decreasing M should be to increase Ae (since more polar components are present to interact with and expand the surfactant headgroups), which is expected to favor aggregates with higher curvature such as cylinders (P = 1/2) and then spheres (P = 1/3).



Films with cubic, hexagonal, and lamellar phase can be obtained by varying M. Crepaldi et al. [58] synthesized mp-TiO2 films using TiCl4 as titania precursor using various surfactants and found that, for P123, titania films with 2D HCP mesophase are obtained for an M of 0.05–0.09 and lamellar mesophase for higher values of M. With F127 as template, a cubic phase is obtained for M values of 0.003–0.006, and 2D HCP for M between 0.008 and 0.01. In a slightly different but related approach, Alberius et al. [94] showed that the final mesophases in surfactant-templated materials can often be predicted based on the volume fraction of surfactant (Φ), which is defined as the ratio of the volume of surfactant in the dried film to the volume of the nonvolatile (polar) components in the final film. They predicted based on the observed phase behavior of P123 in water that, for titania films synthesized using P123 as the surfactant and titanium ethoxide [Ti(OEt)4] as the titania precursor, the mesophase should be cubic, 2D HCP, or lamellar for Φ in the ranges from 29% to 36%, 38% to 55%, and 61% to 75%, respectively. Wu et al. [102] reported the synthesis of titania films using P123 and Ti(OEt)4 for M ratios between 0.006 and 0.012, which is expected to correspond to Φ in the range from 26% to 41% [102]. The mesostructure should vary from 2D HCP, to a cubic mesophase, to a disordered micellar solution sequentially, as the molar ratio (M) decreases from 0.0122 to 0.01, 0.008 and 0.006 according to Alberius et al. [94]. However, Wu et al. [102] found for a P123 to Ti ratio as low as 0.006, a stable well-ordered mesostructure is still obtained, which is similar to the results obtained by Crepaldi et al. [58] and unlike Alberius et al. [94]. This might be because the formation mechanism of the mp-TiO2-based thin films is influenced by many factors besides the templates and precursor volume fractions, including aging temperature, aging time, relative humidity of atmosphere [58,103], and the acidity of the solution [58,103].



In addition to the type of mesophase, its orientation can be important for many applications. By analogy with surface chemistry strategies used to orient block copolymer films [104,105,106,107,108,109], the Rankin group has reported the synthesis of mp-TiO2 thin films with orthogonally tilted HCP (o-HCP) cylindrical nanopores using EISA with P123 as structure directing agent and titanium(IV) ethoxide as titania precursor [83,110]. The hypothesis underlying this approach is that orthogonal alignment of the HCP mesophase can be achieved in EISA-derived ceramic film by modifying the substrate surface so that it interacts equally with both blocks of the P123 template, making it chemically “neutral” towards the template surfactant. Monte Carlo simulations [111,112] have shown that this is the expected outcome for mixtures of surfactants and small molecules, and not just for neat block copolymers [108]. A related epitaxial orientation procedure was demonstrated by Tolbert and coworkers, where HCP film was cast onto a cubic template film to induce orthogonal alignment [113].




2.3. Surfactant/Titania Film Aging


In addition to surface modification, the synthesis procedure for o-HCP TiO2 films includes aging after coating in a refrigerator at 4 °C under high relative humidity (approx. 94%). The objectives of using a low temperature are to slow titanium precursor condensation and to provide a driving force for mesophase formation, similar to the subambient temperatures used by Alberius et al. [94]. Even though this aging procedure has been found to be an essential part of o-HCP TiO2 film formation, little is known about the o-HCP mesostructure formation mechanism other than what has been inferred by characterization of the films before and after calcination [83]. Grosso et al. analyzed the mechanisms involved in the formation of 2D-hexagonal templated SiO2 and TiO2 mesostructured films during dip coating using Brij-58 as surfactant and found that the self-assembly leads to the formation of organized phase at the final stage of the drying process and involves the formation of an intermediate disorganized phase [114]. The disorder to order transition takes place on the order of 2–3 min after the start of coating for TiO2 under the conditions studied. Other reports have shown that for dip-coated thin films, the mesostrucutre generally forms through a disorder-to-order transition, which may involve intermediate hybrid mesophases that are related to the concentration gradient [115,116,117].



Recently, Nagpure et al. [82] reported an in-situ GISAXS investigation of low-temperature aging in oriented surfactant-mesostructured titania thin films and found that the o-HCP structure is the first ordered mesophase formed, and it emerges slowly by a disorder–order transition consistent with the tunable steady state (TSS) proposed for highly acidic TiO2 sols [118,119]. Figure 3b shows the aging process after deposition in which films organize into an ordered mesophase. [82]. The slow mesophase formation and long TSS may also be accentuated by the use of P123 as a template [120]. Other studies that showed the formation of vertically oriented cylindrical channels by transformation of a cubic phase and merging of the pores normal to the film also showed diffraction spots consistent with the cubic phase prior to thermal treatment [121,122,123]. However, the results obtained by Nagpure et al. [82] are consistent with the hypothesis underlying the work of Koganti et al. [110] that vertical channels simply form due to reorientation of the HCP phase in response to the modification of the surface of the substrate with a chemically neutral crosslinked P123 layer. A perfectly o-HCP structure follows a 2D growth mechanism with nucleation at the start of the process, whereas films with mixed pore orientation follow 2D growth with continuous nucleation. The effects of aging temperature on mesostructure orientation were also studied, and it was found that, for films aged at 4 °C, a very well-ordered, accessible porous structure was observed everywhere, indicating orthogonal alignment of the cylindrical micelles. When films were aged at 23 °C, randomly oriented parallel stripes were observed everywhere at the top surface of the film, indicating that the cylindrical micelles were arranged parallel to the substrate but with no preferred in-plane orientation. Significant thermotropic behavior occurs in Pluronics because of changes in the hydrophilicity of the PPO blocks at around 15−20 °C. For films aged at 4 °C, the “contrast” between hydrophobic PPO and hydrophilic PEO is expected to be small and the polymer may find hydrophilic surfaces to be “neutral” [124] even though specific interactions with titanium precursors still drive mesophase formation. This would be expected to promote orthogonal alignment of the mesophase during low temperature aging. On the other hand, at 23 °C, PPO becomes hydrophobic and the usual contrast mechanisms return.



After deposition of the sol on glass substrates, the relative humidity (RH) of the environment in which these films are aged have been shown to play a vital role in mesostructure development. A highly humid environment is important during the aging of these films to slow down the evaporation of the water from the films (to provide sufficient time for reorientation and ordering of the mesostructure) and to permit the mesoscopic ordering of the surfactant [95,97,125,126,127]. Crepaldi et al. [58] provided a thorough discussion of the complete synthesis and characterization procedures to obtain ordered mp-TiO2 films. They discussed all important chemical and processing parameters important for reproducible construction of mp-TiO2 thin films and explained that humidity during aging determines the water content in the coatings. This water content determines the fluidity of deposited coating and the possibility of occurrence of the disorder-to-order transition. The continuous exchange of water between the film and the atmosphere during the first hour of aging after deposition allows the condensation of the organic framework around micellar aggregates and controls the final mesophase. Jang et al. [103] study the effects of pH of the coating sol as well as the humidity of the curing environment on the mesostructure of titania films obtained. They suggest an optimum pH (~−0.6) and humidity (~80% RH) values to synthesize highly organized mp-TiO2 films. In much of the work in the Rankin group, high humidity (~94%) has been used to slow the condensation of inorganic precursor, and it is possible that this also plays a role in promoting o-HCP mesostructured formation [82].




2.4. Thermal Treatment


Calcination of titania film after aging removes surfactant molecules, stabilizes the coating, causes structural contraction, and induces anatase crystallization from the initially amorphous titania structure formed during the sol–gel process [58]. These mp-TiO2 films are stable up to a certain level of thermal treatment, but as the time and temperature used for calcination increase, they begin to lose mesopore order. This is because high temperatures allow diffusion and sintering of atoms in the initial amorphous structure and induce the nucleation and growth of anatase nanocrystallites, which can destroy mesopore ordering due to extensive atomic rearrangement and modification of the oxidation state of the titanium by redox reactions [96]. Kirsch et al. [95] studied the crystallization kinetics of mp-TiO2 thin films using in-situ X-ray diffraction and suggested based on the measured activation energies for the two processes that short calcination times at high temperatures are better to produce crystalline films with minimal loss of mesoporous order. However, the exact time and temperature required vary for different synthesis procedures, and the effects of pore orientation on crystallization vs. mesostructured loss remain open questions.



Das et al. [83] investigated the effects of pore orientation on the mesostructural stability for HCP nanopores of titania and found that films with pores oriented orthogonal to the substrate at the top surface retain their long-range pore order at higher calcination temperatures (500 °C or more) compared to films with pores oriented parallel to the substrate as shown in Figure 3c. This difference was ascribed to greater resistance to anisotropic stress during heating of the orthogonally oriented pores, and titania crystallite nucleation at the top surface of the films with orthogonally oriented pores. Consequently, the activation energy and entropy for mesostructure loss of o-HCP TiO2 films was found to be greater than that for films with mixed orientation (mixture of parallel and orthogonal orientation) [84]. Nearly perfect orthogonal orientation contributes to the larger activation energy by supporting the anisotropic stresses that develops orthogonal to the films during annealing.



While progress has been made at understanding the rates and mechanisms of crystallization vs. mesostructure loss in soft-templated films, the loss of the template by oxidation at relatively low temperatures (<400 °C) presents challenges in forming a mesoporous crystalline material. Hard templating may provide an alternative by using mesoporous solids as hard templates in which the growth of the precursor to a new material is restricted to the surface, cages, channels, or substrate of a hard template. The three main steps in the hard templating approach consist of (i) precursor infiltration inside mesopores of the template; (ii) conversion of the precursor into the target product in the mesopores; and (iii) removal of the mesoporous template [69]. As compared with the soft-templating method, the hard-templating method is less straightforward because of the need to selectively remove the hard template. Additionally, it is not easy to completely fill up the voids of mesoporous templates with titanium precursors because of their strong tendency to precipitate and crystallize into bulk oxide phases directly in aqueous media [86]. However, this synthesis strategy avoids the need to control cooperative assembly and possible mesostructured loss during heating, thus making it attractive for the synthesis of ordered mp-TiO2 with high thermal stability and crystallinity. Lee et al. [128] synthesized thermally stable mp-TiO2 with a hierarchical 4–5 nm mesopore/50 nm macropore structure via replication of citric acid-templated mesoporous silica as a hard template. Yue et al. [129] fabricated mesoporous rutile TiO2 (which forms at a higher temperature than anatase TiO2) by using SBA-15 and KIT-6 mesoporous silica particles as hard templates and Ti(NO3)4 solution as a precursor. The reaction temperature and concentration of HNO3 in the used precursor had significant effects on the crystallization of TiO2. Zhang et al. [130] reported the synthesis of mesoporous crystalline anatase TiO2 with KIT-6 as the hard template and titanium alkoxides as the precursors. It was found that the precursor/template ratios, the calcination temperatures, and the immersion time in NaOH solution for the removal of the hard template are the three key synthetic parameters that play important roles in the formation of crystalline porous TiO2.





3. Nitrogen Doping


Non-metal doping in mp-TiO2 has the potential to extend its light absorption from UV to visible wavelengths. Hydrogen, boron, carbon, nitrogen, fluorine, iodine, sulfur, and phosphorus have been used in this capacity, but nitrogen has been studied most extensively. Until now, various approaches to incorporate nitrogen atoms into titania have been reported, such as doping during film sputtering [131], annealing under ammonia gas [12], ion implantation [132,133], hydrazine treatment [134,135,136], urea treatment [137,138,139], treatment of sol–gel titania with nitrogen-containing organics [140], electrochemical processing [141], chemical vapor deposition [142], and plasma techniques [11,13,35,143,144,145,146,147,148,149,150]. Most of the above doping methods require high temperature treatment and complicated or expensive equipment. Therefore, those doping methods are difficult to apply in mp-TiO2 due to the risk of losing mesostructure at the doping conditions. For example, nitrogen doping in mp-TiO2 by heating in the presence of nitrogen sources is not feasible. Because high temperature is required to dissociate molecular nitrogen to atomic nitrogen or nitrogen radicals, the mesostructure and crystal phase of titania cannot be easily maintained. In addition, higher temperature treatment of titania forms oxygen vacancies that work as recombination centers for photogenerated charge carriers, resulting in lower photocatalytic activity [60]. It is necessary to use simple, low-temperature methods for doping nitrogen in mp-TiO2. In many approaches, a nitrogen precursor is added into the titania precursor solution during sol–gel, hydrothermal, and solvothermal methods. Several nitrogen sources such as urea, thiourea, nitric acid, and hydrazine have been used for doping in mp-TiO2. While many nitrogen sources are available, not all of them can be used in all synthesis conditions. For instance, when mp-TiO2 is synthesized in an acidic medium, a nitrogen source that makes the precursor solution basic cannot be used. This can be especially limiting because acidic solutions are sometime used to prepare surfactant-templated mp-TiO2 thin films in order to stabilize low-molecular weight titanates [65]. In this case, hydrazine cannot be added in the precursor solution because the increase in pH will induce titania precipitation. In this section, we will discuss nitrogen doping of mp-TiO2 using several nitrogen sources and synthesis approaches.



3.1. Amines


Amines have been widely used as sources of nitrogen for doping in mp-TiO2 [151,152,153,154,155,156,157,158,159]. Nassoko et al. synthesized nitrogen-doped mp-TiO2 (N-mp-TiO2) nanoparticles by a sol–gel method using ethylene-diaminetetraacetic acid as both a soft template and a source of nitrogen [153]. The resulting N-mp-TiO2 nanoparticles showed enhanced rhodamine B degradation under visible light irradiation. Cheng et al. reported the preparation of mesoporous, nitrogen-doped dual phase titanate/titania by a low-temperature one-pot process in the presence of triethylamine [154]. The N-doped titanate/titania showed efficacy in visible-light phenol degradation. Fu et al. prepared N-mp-TiO2 using an exfoliation-reassembly strategy where ethylamine caused delamination of layered titanate and acted as a source of nitrogen [156]. Figure 4 shows a schematic illustration of the exfoliation-reassembly technique for the synthesis of N-mp-TiO2. In this method, the layered protonic titanate sheets are delaminated by ethylamine followed by reassembling with positively charged titania colloid nanoparticles leading to formation of a randomly aggregated hybrid with porous structure. Nitrogen was incorporated into titania from the decomposition of ethylamine during calcination. In the photocatalytic degradation of methyl orange, the N-mp-TiO2 prepared this way showed much higher photocatalytic performance at visible wavelengths compared to commercial P25 or pristine titanate. This improvement in photocatalytic activity was ascribed to the porosity, visible light absorption, and especially the effective separation of photogenerated charge carriers in the modified material.



Wanqin et al. reported the preparation of nanocrystalline N-mp-TiO2 using ultrasonic irradiation with ethylenediamine (C2H4(NH2)2) as a source of nitrogen [158]. They proposed that ethylenediamine might form N radicals from its decomposition under elevated temperature and pressure produced by acoustic cavitation, which are able to easily dope TiO2. The band gap was reduced from 3.3 to 2.98 eV by this approach, and the N-mp-TiO2 degraded 58% of dimethyl phthalate in 5 h, whereas undoped TiO2 did not show significant degradation. Hu et al. prepared ordered arrays of N-mp-TiO2 spheres using dual templating with a combination of inverse opal templating with PMMA (hard templating) and surfactant templating with P123 (soft-templating) [160]. Tetramethylammonium hydroxide was used as a source of nitrogen. The N-mp-TiO2 spheres showed enhanced rhodamine B degradation compared to nonporous N-TiO2 spheres and undoped mp-TiO2 spheres under visible light illumination. The high photocatalytic activity of the doped mp-TiO2 spheres was attributed to N-doping, abundant ordered mesopores and optical effects of the opal structure.




3.2. Ammonia


In addition to organic amines, ammonia has been used as a source of nitrogen to prepare N-mp-TiO2 [60,160,161,162,163]. Hou et al. reported the preparation of nanocrystalline N-mp-TiO2 from an alkoxide precursors and concentrated ammonia solution as a source of nitrogen [162]. Joshi et al. synthesized N-mp-TiO2 by templating with chitosan, which also served as nitrogen source along with ammonium hydroxide [163]. The resulting N-mp-TiO2 showed enhanced methyl orange degradation under visible light illumination. Li et al. prepared N-mp-TiO2 spheres by a hydrothermal method with CTAB and ammonia as template and nitrogen source, respectively. Varying ratios of ammonia: Ti were used to give N-mp-TiO2 spheres containing about 1.31% of nitrogen (vs. 0.17% for nonporous N-TiO2 spheres). A higher level of doping was found in the mesoporous spheres because of homogeneous doping facilitated by ammonia uptake into the mesopores. Due to greater, more homogeneous doping, the N-mp-TiO2 spheres showed the greatest degree of degradation of rhodamine B under a 1000 W tungsten halogen lamp (>420 nm). The degradation of rhodamine B was found to be 100%, 50%, 35%, and 20% for N-mp-TiO2, nonporous N-TiO2, mp-TiO2, and solid TiO2 spheres, respectively. The enhanced photocatalytic activity of N-mp-TiO2 spheres is attributed to combination of N-doping and mesopore structure. The maximum photocatalytic activity was found with a 0.5 molar ratio of ammonia to TiO2. The surface area of the materials was reduced by the use of more ammonia, which decreased the photocatalytic activity of the samples. In addition, excessive nitrogen might cause the formation of recombination centers for photogenerated electrons and holes.




3.3. Hydrazine


Hydrazine has also been tested as a potential source of nitrogen in N-mp-TiO2. Along with nitrogen, titanium (Ti3+) introduced into the TiO2 due to reduction by in situ hydrogen generation is expected to create an energy state below the conduction band of TiO2 which further reduces the band gap [45,135,136,164,165,166,167,168,169,170,171]. This Ti3+ state in TiO2 might improve not only light absorption but also charge transport. For instance, Zuo et al. prepared a self-doped (Ti3+) TiO2 photocatalyst and demonstrated its use for hydrogen production under visible light [164]. More recently, Ti3+-doped TiO2 prepared by hydrazine reduction has been reported [135]. When TiO2 is reduced by any reducing agent, Ti3+ is expected to be formed along with oxygen vacancies. However, with hydrazine (N2H4), titania is expected to be co-doped with both Ti3+ and N and is therefore to synergistically absorb more visible light and potentially be a more effective redox catalyst than TiO2-doped with either species alone. Aman et al. explored this concept using Ti3+ and N-mp-TiO2 nanoparticles for enhanced photocatalytic activity under visible light [134]. The Ti3+/N-mp-TiO2 showed higher photocatalytic reduction of selenium to metallic Se° under visible light illumination compared to undoped TiO2.



When hydrazine is decomposed under heat treatment, ammonia, nitrogen, and hydrogen gases are formed as by Equations (4) and (5).


3N2H4 → 4NH3 + N2



(4)






4NH3 + N2H4 → 3N2 + 8H2.



(5)







This in-situ formed ammonia and nitrogen (and possibly unstable radical species) act as sources of nitrogen for doping [134]. Selvam et al. prepared N-mp-TiO2 particles by wet impregnation with hydrazine [172]. The N-mp-TiO2 particles were used for the conversion of azoxybenzene to amines or 2-phynylindazoles with methanol using a 365 nm medium-pressure mercury lamp. In addition to introducing N and Ti3+, hydrazine increased the surface area from 74 to 134 m2/g due to hydrazine decomposition [134,172]. The yield of 4,4′-azoxyanisole by catalytic reductive cleavage on N-mp-TiO2 (95.7%) in methanol under UV (365 nm) light illumination is higher than that on undoped mp-TiO2 (60.3%) and P25 (50.6%). These results show that both high surface area and nitrogen doping contributed in the higher photocatalytic activity of the N-mp-TiO2.




3.4. Plasma Doping


Plasma treatment is an efficient method to introduce nitrogen into the titania lattice [11,13,35,143,144,145,146,147,148,149,150]. Among available doping approaches, plasma-assisted doping has several critical advantages, such as (i) effectively incorporating heteroatoms into the TiO2 host by providing reactive dopant species and (ii) being conducted at relatively low temperature so that the nanostructure of TiO2 is maintained. Recently, we have reported the incorporation of nitrogen into surfactant templated cubic ordered mp-TiO2 thin films by N2/Ar plasma treatments [65,173]. About 2–5 atom % substitutional nitrogen was found in the doped films, and the nitrogen was found to be uniformly distributed through the depth of the films. XPS and optical characterization results suggest that the band gap of TiO2 films was reduced from 3.5 eV (in undoped TiO2 films) down to a minimum of 3.0 eV after the plasma treatment. Photocatalytic degradation tests with methylene blue demonstrated a significant enhancement in photocatalytic activity of the N-TiO2 films over undoped TiO2 films under visible-light illumination (455 nm LED) as shown in concentration profile in Figure 5. The N-TiO2 prepared by 150 min plasma treatment showed the best photocatalytic performance, with the determined rate coefficient of 0.24 h−1, roughly 6 times greater than that of undoped TiO2 films. This enhancement in photocatalytic activity is qualitatively similar to prior studies of nitrogen doping in nanostructured titania but significantly greater in magnitude than the 2–3 times enhancement reported by Liu et al. [145]. This photocatalytic improvement is attributed to the combination of the efficient N2/Ar plasma-induced doping approach with the well-defined high surface area found in surfactant-templated mp-TiO2 thin films. The present study showed that plasma-induced doping enables the efficient incorporation of heteroatoms into the TiO2 films while maintaining their mesoporous structure, thereby leading to the significant enhancement of visible-light photoactivity. The coating and plasma based process presented here has several advantages over competing synthetic strategies, as it can be scaled to continuous film production and to deposition of the films onto other substrates for photoelectrocatalytic applications.




3.5. Thiourea


Thiourea has also been used as a nitrogen source for the doping of mp-TiO2 [10,174,175]. Soni et al. reported the preparation of N-mp-TiO2 films via evaporation induced self-assembly using P123 as a template and thiourea as a source of nitrogen [10]. The films showed thicknesses of 73 nm, 211 nm, 385 nm, and 695 nm after multiple coating and contained 0.9, 1.7, 4.8, and 8.3 atom % of interstitial nitrogen, respectively. It is not clear why nitrogen content increases with the film thickness formed by multilayer film deposition. While 73 nm thick N-TiO2 films degraded about 10% methylene blue in 18 h, undoped TiO2 did not show any degradation in the photocatalytic degradation test under visible light of 442 nm illumination. N-TiO2 of 695 nm thickness showed the best response which was complete degradation of methylene blue in 18 h. Thus, 695 nm thick N-TiO2 films exhibited about 10 times higher rate compared to 73 nm thick N-TiO2 films, which is due to the increased surface area in the thicker films. The same research group used the N-mp-TiO2 thin films for visible light induced bactericidal activity on Gram-positive bacteria (Bacillus amyloliquifacience) [175]. An electron paramagnetic resonance study of the N-mp-TiO2 powders produced using thiourea by this group showed several paramagnetic species associated with oxygen radicals after calcination at 400 °C, while nitrogen centers appear after calcination at temperature as high as 500 °C [174]. Interestingly, since it contains nitrogen, carbon, and sulfur, different authors have claimed that thiourea modified mp-TiO2 contains different dopants and combinations of dopants including B/N/S co-doped mp-TiO2 [46,176,177,178,179]. This will be discussed below.




3.6. Urea


Urea is a common source of nitrogen for doping in mp-TiO2 since it is readily available and easy to introduce into TiO2 precursor sol or solid TiO2 using a urea solution [22,56,180,181,182,183,184,185,186,187,188,189]. In addition to being a nitrogen source, urea can contribute to forming mesopores in titania by generation of CO2 gas bubbles during its decomposition (Equation (6)) [22,183]. For instance, the surface area of mp-TiO2 prepared using urea was reported in one procedure to be 154 m2/g, but only 101 m2/g in mp-TiO2 prepared using a similar method without urea [183].


CO(NH2)2 + 3H2O → 2NH3·H2O + CO2.



(6)







Chi et al. synthesized N-mp-TiO2 by a solvothermal method using urea as both a source of nitrogen and mesopore former [183]. The nitrogen content in the N-mp-TiO2 was 0.81 atom %. The N-mp-TiO2 degraded about 38% of methylene blue, whereas undoped mp-TiO2 degraded only about 20% under visible light illumination, indicating a 2.1 times increase in photoactivity upon nitrogen doping. Shao et al. reported the preparation of hierarchical mesoporous-macroporous N-TiO2 by thermal treatment of the hierarchical TiO2 with urea solution [185]. The band gap was reduced from 3.14 to 2.48 eV after N-doping. XPS and FT-IR spectra confirmed the formation of Ti–N bonds in the meso-macroporous N-TiO2. The first-order photocatalytic degradation of rhodamine B under visible light illumination was increased from 3.7 × 10−3 to 5.3 × 10−3 min−1 due to N-doping. This enhancement in the photocatalytic performance was due to the incorporation of nitrogen into the titania lattice and the presence of the hierarchical meso/macroporous structure. Recently, N-mp-TiO2 was prepared using a urea-assisted solvothermal method at mild temperature [180]. The band gap was reduced from 3.16 to 3.02 eV upon nitrogen doping. In photocatalytic oxidation of acetic acid in 60 min under a solar simulator, N-mp-TiO2 showed about a 1.55 times higher performance compared to undoped TiO2. Notably, the properties such as the band gap, the chemical state of nitrogen, and the enhancement in photocatalytic activity of N-mp-TiO2 were very different based on the preparation methods even when urea was used as the nitrogen source. To help to understand the reason for this variability, Sreethawong et al. prepared nanocrystalline N-mp-TiO2 and studied the urea decomposition process, in conjunction with XRD characterization [190]. A mechanism was proposed based on the appearance of biuret and cyanuric acid along with anatase titania as observed by XRD. Biuret and cyanuric acid formed at about 150–250 °C and 190–350 °C, respectively.




3.7. Summary of Nitrogen Doped Mesoporous Titania


A summary of synthesis methods, pore directing agents, dopant sources, N 1s binding energy in doped TiO2, band gaps before and after doping, specific surface area, compounds used for photocatalytic testing, and photocatalytic enhancement found in the N-mp-TiO2 from various literature are presented in Table 1. The photocatalytic tests were performed under visible light in all cases, although the light source varied. Typical organic compounds used for photocatalytic test are methylene blue (MB), methyl orange (MO), and rhodamine B (Rh B).



It is difficult to compare results of different studies directly due to variations in testing conditions, including the preparation method of the photocatalyst, light sources, light intensities, excitation wavelengths, organic compound chosen for photocatalytic testing, catalyst amount, and reactor geometry. For the sake of comparison, the enhancement is defined by the rate of reaction using doped mp-TiO2 divided by the rate of reaction using undoped mp-TiO2. When there was no photocatalytic test using undoped titania, the enhancement could not be defined. Most of the literature did not directly report the rate coefficient for degradation of the organic compounds, in which case the reaction is assumed to be pseudo-first order to determine the photocatalytic enhancement. The enhancement is the calculated ratio of the maximum photodegradation occurring over a certain reaction duration by the doped mp-TiO2 to the photodegradation by the undoped mp-TiO2. The reported specific surface area is for undoped TiO2. If the surface area of undoped titania was not given, the surface area of doped titania is reported in Table 1. The content of dopants are in atomic percentage unless otherwise noted.



From Table 1, it is observed that, in most cases, urea gives about 1 atom % N. N-mp-TiO2 prepared using urea showed about a 0.1–0.2 eV bandgap reduction. Only one study was performed using nitrogen plasma-treated mp-TiO2. The nitrogen content and band gap reduction in the resulting N-mp-TiO2 were 3.2 atom % and 0.48 eV, respectively. The N-mp-TiO2 prepared using ethylenediamine showed the largest band gap reduction of 2.2 eV. However, this band gap reduction is not from a primary absorption edge shift but from the formation of a new absorption edge in the visible region [151]. Typically, the binding energies of nitrogen in N-TiO2 are in the range of 396–404 eV [6,43,47]. Two types of nitrogen atoms were assigned in titania: (i) substitutional nitrogen with a binding energy of 396 eV; and (ii) interstitial nitrogen with a binding energy of 400 eV. The XPS peak at 396–397 eV is for substitutional nitrogen because it indicates Ti–N bonding [48]. The binding energy at around 400 eV is due to the interstitial nitrogen incorporated through various N–O–Ti species. From Table 1, it is seen that most of the nitrogen is interstitial in the N-TiO2, which forms mid-gap states between the valence band and conduction bands. On the other hand, very few methods produce N-mp-TiO2 containing substitutional nitrogen which is responsible for band gap reduction. In some cases, authors deconvoluted the N 1s XPS peak and showed both interstitial and substitutional nitrogen. Only N-TiO2 prepared by supercritical CO2 drying method and nitrogen plasma explicitly showed substitutional nitrogen [65,184]. In terms of photocatalytic enhancement, all N-mp-TiO2 materials showed higher visible-light activity compared to undoped titania. Of all approaches, N-mp-TiO2 prepared using nitrogen plasma and amines give the greatest enhancement.



Cong et al. performed an comparison of N-mp-TiO2 prepared using a microemulsion-hydrothermal method with triethylamine, urea, thiourea, or hydrazine hydrate as nitrogen source and Triton X-100 and 1-hexanol as structure directing agents [34]. All of the N-mp-TiO2 catalysts exhibited higher photoactivity compared to undoped titania and P25 for rhodamine B degradation under visible light irradiation. The N-TiO2 prepared with triethylamine showed the highest photocatalytic activity and thiourea showed the lowest. The photocatalytic activity increased with nitrogen content. That was correlated with the band gap reduction and enhancement in visible light absorption. Nitrogen doping could also inhibit charge recombination resulting in increased photocatalytic activity as found by photoluminescence measurements. The results from this study are also in agreement with the other studies that N-mp-TiO2 prepared with amines as a nitrogen source showed higher photocatalytic performance than those prepared with other sources, as shown in Table 1.





4. Other Non-Metal Doped Mesoporous Titania


4.1. Hydrogenation


Hydrogen doping is a potential strategy to reduce the band gap of TiO2 by introducing electronic states below the conduction band [45]. In addition to band gap reduction, hydrogenation of TiO2 has been shown to increase its conductivity and subsequently its capacitance [192]. Upon hydrogenation, titania becomes black and can absorb light over a wide wavelength range [6,193,194,195,196]. It has been speculated that hydrogenation introduces surface functional groups which also allow for Faradaic reactions to take place [192]. Hydrogenation in titania leads to Ti3+ formation or oxygen vacancies.



Zhou et al. reported the preparation of hydrogenated mp-TiO2 (H-mp-TiO2) with 5–10 nm pores [197]. The nanoporous titania was formed in situ on titanium flakes by electrodeposition followed by annealing in a 1:4 H2/Ar atmosphere. Oxygen vacancies and hydroxyl groups formed on the surface of TiO2 due to the hydrogenation. The H-mp-TiO2 showed a capacitance of 1.05 mF·cm−1 at a scanning rate of 100 mV·s−1, which is 14-fold higher than that of pure TiO2. This capacitance enhancement was attributed to the nanoporous architecture which provides easy access of the surface to liquid electrolyte, more active sites for ion binding and charge separation, and improvement in electrical conductivity. Muhammad et al. reported reduced mp-TiO2 thin films prepared by evaporation induced self-assembly using F127 as a pore template followed by heat treatment under a hydrogen environment [198]. The transparent titania thin films turned black upon heat treatment. However, no evidence of forming Ti3+ was provided. The band gap did not change after hydrogenation, but the H-mp-TiO2 films were used for photoelectrocatalytic water oxidation at 0.6 V vs. Ag/AgCl in a 1 M NaOH solution under a 150 W Xenon lamp-based solar simulator. The hydrogenated films showed about 11 times higher photocurrent compared to pure films. This enhancement was attributed to the oxygen vacancy formation during the heat treatment under flowing hydrogen gas.




4.2. Boron Doping


As noted above, other non-metals than nitrogen have been used in an effort to enhance the visible light absorption of titania. Boron-doped mp-TiO2 (B-mp-TiO2) was prepared by a sol–gel process using boric acid as a boron source [57]. Different concentrations of boron ranging from 0.25 to 9.0 (wt %) were used in the precursor solution to obtain B-mp-TiO2 with different loadings. The surface area of samples prepared with 2% and 5% of boron were 104 and 100 m2/g, respectively, which were higher than other samples. At this concentration of boron, aggregation of particles was reduced resulting in a higher surface area. On the other hand, agglomerates were fused together to form comparatively larger irregular grains in pure TiO2 and 9% B-mp-TiO2, resulting in a lower surface area. This suggests that the presence of boron significantly affects the particle size and surface area. Despite the incorporation of boron as B–O–Ti species, the band gap of TiO2 was not reduced upon boron doping. The photocatalytic activity of the boron-doped titania were tested for the degradation of pharmaceutical contaminant metoprolol using a Xe lamp solar simulator. Among all the samples, the highest degradation (70%) was obtained for the sample with 5% B, whereas undoped TiO2 removed 48% of metoprolol after 180 min of treatment. Further increase in nominal boron loading (to 9%) reduced the photocatalytic performance. At this percentage of B, a level of maximum saturation at the particle surface is reached and an excessive amount of boron occupied active sites of the catalyst, inhibiting the radiation absorption of TiO2 particles. The observed photocatalytic enhancement was attributed to the high surface area, mesoporous structure, formation of Ti(III), introduction of boron as a B–O–Ti species and uniformity in particle size with 5% B.




4.3. Carbon Doping


Doping with carbon atoms has been found to increase visible light absorption and photocatalytic activity of titania. The carbon dopants can form a new energy state in between the valence band and conduction band of titania as shown in Figure 1 [44,199]. In addition, carbon doping increases the photocatalytic activity of titania by decreasing the recombination rate of photogenerated electron-hole pairs where carbon works as an electron scavenger [199]. Furthermore, carbon doping increases the conductivity of titania and improves the charge transfer from the bulk to the surface sites where charge carriers participate in reactions [29]. Several studies have been reported on carbon-doped mp-TiO2 (C-mp-TiO2) [199,200,201,202,203,204]. C-mp-TiO2 films were synthesized by a sol–gel process combined with hydrothermal treatment using glucose as a source of carbon and a structure-directing agent [199]. In this method, titania particles prepared from Ti(OBu)4 and glucose were hydrothermally treated in an autoclave containing a glass substrate to make C-mp-TiO2 films. XPS showed a peak at 282.4 eV for Ti–C along with other peaks at 284.8, 286.2, and 288.6 eV for adventitious elemental C or residual carbon from the precursor. These results indicated that substitutional carbon was incorporated into titania lattice by replacing oxygen to form O–Ti–C bonds. Photoluminescence showed that electron-hole recombination is reduced due to carbon doping. The C-doped mp-TiO2 films also exhibited higher photocatalytic degradation of Brilliant Red X-3B under both UV and visible light irradiation compared with that of the smooth TiO2 film and a P25 particle film. The degradation rate coefficients of the doped films were enhanced 2.4 times under UV light and 3.6 times under visible light irradiation compared with the undoped film. High surface area, enhanced visible light absorption, and lower charge carrier recombination due to carbon doping contributed to this higher photocatalytic activity of C-mp-TiO2 films. Another important feature of this study was repeated cycling, under which it was found that C-mp-TiO2 showed a 3% decrease in UV photocatalytic activity after 5 cycles, whereas undoped titania showed a 16% decrease. Thus, C-doped titania is more stable than undoped titania.



Zhang et al. prepared bimodal C-mp-TiO2 in supercritical ethanol from tetrabutyl titanate and raw rice [32]. The mixed precursor solution was heated at varying temperatures (all supercritical) and treated at varying temperatures. In the carbon-doped mp-TiO2, carbon was proposed to play dual roles as a dopant in the titania lattice and a photosensitizer at the surface of titania. Sensitization was proposed to come from nanosized carbon at the surface of the material, which accepts photogenerated electrons from titania to reduce charge carrier recombination. Although this phenomenon is sometimes called sensitization, it is basically a charge separator or electron sink since carbon-doped titania itself absorbs the light. The mesostructure was developed due to the ethanol supercritical treatment. The surface area of titania increased from 138 to 160 m2/g upon doping, which suggests that carbon doping prohibited the aggregation of nanoparticles. From XPS spectra, peaks for carbon were found at 284.9, 285.8, 288.2, and 288.6 eV. The peak at 284.9 eV is for adventitious elemental carbon, whereas peaks at 285.8 and 288.6 eV are assigned to the oxygen bound species C–O and C=O, respectively. The incorporated carbon in the titania lattice showed a peak at 288.2 eV. Phenol degradation under visible light has demonstrated that the carbon-doped mp-TiO2 performed with much higher activity compared to undoped titania. The optimal sample was C-mp-TiO2 prepared at 260 °C giving a pseudo-first order rate coefficient for phenol degradation of 0.452 min−1. Excessive carbon was left on the 250 °C treated titania surface, which inhibited the transfer of the photo-generated electrons from the sensitizer layer (outer carbon layer) to the TiO2. On the other hand, the sample treated at 270 °C showed lower activity because of a low content of carbon, a higher band gap, and a lower surface area. In order to identify the contribution from carbon doping and sensitization, the best performing sample prepared first at 260 °C was further heat-treated, and it was found that the sample treated at the lowest temperature (300 °C) showed the lowest band gap (2.7 eV) and highest photocatalytic activity (0.526 min−1). Treatment at 300 °C was proposed to enhance crystallinity and hence photoactivity. However, at 400 °C and higher, the sample might lose carbon and widen the band gap, resulting in lower photoactivity. These results suggest that the activity contribution from the carbon sensitization is about three times that coming from the promotion effect of carbon doped in the titania lattice. Such synergistic effect of the lower band gap induced by the carbon doped in the titania crystal lattice and photosensitizing resulting from the hybridized carbon grafted on the titania surface played a significant role in the photocatalytic degradation of phenol as shown in Figure 6.




4.4. Fluorine Doping


Studies have been carried out on fluorine doping in mp-TiO2 to improve its photocatalytic performance [205,206,207,208,209]. Pan et al. reported the preparation of fluoride-doped mp-TiO2 (F-mp-TiO2) hollow microspherical photocatalyst for membrane-based water purification [206]. F-mp-TiO2 microspheres were synthesized by hydrothermal treatment of TiF4 in a H2SO4 aqueous solution, which acts as an acid source to promote HF etching. This etching governed the aggregation of hydrolyzed TiO2 primary particles and the formation of porous microspheres depending on the concentration of H2SO4 (0.1% to 1.0% by mass). H2SO4 with 1.0% concentration provided monodispersed mesoporous hollow F-TiO2 microspheres with abundant cavities and nanopores. Figure 7 shows SEMs of mesopore structure at different H2SO4 concentrations and a TEM image of F-mp-TiO2 hollow microspheres. The XPS spectrum revealed only one peak for F− at 684.3 eV, which is associated with physically adsorbed anions on the surface of TiO2 microspheres. It has been reported that OH· radicals are more mobile on the F-TiO2 surface than on pure TiO2, which accelerates the photocatalytic degradation of organic pollutants [210]. F-mp-TiO2 microspheres were more efficient in the absorption of visible light compared to P25, which was attributed to light scattering inside the core and mesopores. In the methylene blue photocatalytic degradation under UV light, the F-mp-TiO2 hollow microspheres showed about 93% degradation compared with 88% for P25 over the same time interval. This enhancement was attributed to the presence of accessible mesopore channels, improved light harvesting capabilities, and surface fluorination.



Along with enhancing the production of free OH· radicals and reduction of the recombination of photogenerated electrons and holes due to the strong electron-withdrawing ability of the surface fluoride, it was shown that F− ions suppress the crystallization of the brookite phase, catalyze the phase transformation of brookite to anatase, and enhance the growth of anatase crystallites [208]. F-mp-TiO2 powders were prepared by a hydrothermal method from NH4HF2–H2O–C2H5OH mixed solution with tetrabutylorthotitanate (Ti(OC4H9)4, TBOT)) as precursor. XPS showed fluorine in the form of surface adsorbed F− and the UV–vis absorption edge remained unchanged while slight visible light absorption was increased due to surface fluorination. The photocatalytic decomposition of acetone under UV illumination was used to test the activity of F-mp-TiO2 powders. The rate constant for F-mp-TiO2 powders is about 0.0175 min−1, which is about 2.8 times higher than pure TiO2. This enhancement in photoactivity is due to the strong electron-withdrawing ability of the surface ≡Ti–F groups of F-TiO2 powders, which reduces the recombination of photogenerated electrons and holes, and enhances the formation of free OH· radicals as shown in Figure 8. All of the above studies suggest that the improvement in photocatalytic activity of F-mp-TiO2 tested under UV irradiation is due to efficient charge separation but not band gap reduction.




4.5. Iodine Doping


Iodine doping in titania can enhance visible light absorption, and iodine acts as an electron acceptor to reduce charge carrier recombination [211]. Liu et al. prepared visible light active iodine-doped mp-TiO2 (I-mp-TiO2) with a bicrystalline framework by a hydrothermal method using Ti[OCH(CH3)2]4, P123, and iodic acid as precursor, pore directing agent, and iodine source, respectively [212]. Iodine-doped titania was also synthesized without the use of a block copolymer as a template. The resulting titania had a mix of anatase and rutile crystal structure. The photocatalytic activity of the I-mp-TiO2 was demonstrated by MB degradation under visible light. The degradation with I-mp-TiO2 was about 85% in 240 min, whereas the I-TiO2 and P25 showed about 55% and 15%, respectively. The superiority of the I-mp-TiO2 is attributed to the large surface area, mesoporous structure, high crystallinity, bicrystalline framework, and higher visible light absorbance due to iodine doping. Qian et al. reported the synthesis of polyvinyl alcohol [PVA]-iodine complex-doped mp-TiO2 (PIT) and iodine-doped TiO2 (IT) by a hydrothermal method using TBOT as precursor, with potassium iodate and iodine as iodine sources [211]. A smaller particle size of PIT was obtained with PVA additive because the polymer helped to disperse particles and control the size of the titania. PIT prepared with calcination at 200 °C contained the maximum observed iodine content of 0.62%. Further increasing calcination temperature resulted in the reduction of both surface area and iodine content. The lowest band gap of IT and PIT were 1.93 and 1.38 eV, respectively. In MB degradation under a 100 W halogen lamp for 1 h, the PIT nanoparticles showed the maximum degradation of 90.2%, whereas it was only 80% and 9% with IT and P25, respectively. Photoluminescence spectra obtained using terephthalic acid as a probe molecule revealed the production of a large amount of OH· radicals on the surface of the photocatalysts. The photocatalytic enhancement of the PIT is due to the higher visible light absorption, less aggregated particles, and synergy produced by carbon doped from PVA. The thermal stability of iodine in PIT was also improved due to the use of PVA.




4.6. Phosphorus Doping


Phosphorus has been doped in mp-TiO2 to improve its photocatalytic activity [213,214,215,216,217]. Yu et al. prepared a surfactant-templated phosphorus-doped mp-TiO2 (P-mp-TiO2) using phosphoric acid as a source of phosphorus [214]. It was found that the specific surface area of the materials decreased with increasing calcination temperature. The specific surface area of P-mp-TiO2 calcined at 400 °C was 301 m2/g compared with 137 m2/g for pure mp-TiO2. The XRD data showed that the crystallite size increased in the pure mp-TiO2, which caused the collapse of the mesoporous structure, resulting in lower surface area. In contrast, the crystallite size did not change much with calcination temperature in the P-mp-TiO2 indicating the inhibition of anatase grain growth. Undoped titania exhibited mesoporosity loss due to the condensation of Ti–OH from the as-prepared material, while H3PO4 promoted the formation of more completely condensed walls without mesopore loss by providing repulsion between grains. XPS showed a P 2p peak at 133.8 eV in P-mp-TiO2, which indicates phosphorus pentavalent oxidation state (P5+). This indicates the absence of Ti–P since the binding energy of Ti–P is 128.6 eV. Pentane oxidation was used to demonstrate the photocatalytic activity of P-mp-TiO2. The UV–vis spectroscopy measurement showed that the band gap of TiO2 increased from 3.10 to 3.17 eV in P-mp-TiO2. This blue shift in light absorption upon phosphorus doping is attributed to the reduced crystallinity of the P-mp-TiO2. P-mp-TiO2 calcined at 500 °C showed the highest pentane oxidation rate of about 8.5 ppm·min−1·g−1, whereas it was only 6 ppm·min−1·g−1 with pure mp-TiO2. The higher photocatalytic activity of P-mp-TiO2 was explained by the extended band gap energy, which provided a more powerful redox ability, large surface area, and the existence of Ti ions in tetrahedral coordination.



Fan et al. studied the role of phosphorus in the synthesis of P-mp-TiO2 prepared by EISA [215]. As noted above, the incorporation of phosphorus is of benefit to improving the thermal stability and enhancing the surface area of mp-TiO2 by constraining the growth of anatase crystallites. UV–vis spectra showed no change after phosphorus doping, and XPS revealed pentavalent phosphorous (P5+) consistent with amorphous titanium phosphate embedded in the nanocrystalline TiO2. P-mp-TiO2 exhibited higher photocatalytic degradation of gas phase acetaldehyde compared to pure mp-TiO2 and P25 under a 300-W Xe arc lamp due to the enhanced surface area upon phosphorus doping. The optimum amount of phosphorus was obtained from the balance between the increased surface area and the formation of recombination centers for photogenerated charge carriers.



Guo et al. reported the synthesis P-mp-TiO2 by hydrothermal and sol–gel methods [213]. The P-mp-TiO2 showed high photocatalytic activity in MB degradation under Xe lamp irradiation due to the mesoporous structure and large specific surface area. The above studies suggest that phosphorus doping showed improved photocatalytic activity of mp-TiO2 due to the inhibition of crystal growth and maintaining high-surface area mesostructure, but not improvement in visible light absorption. Basically, phosphorus might not be present in the lattice of mp-TiO2 as a dopant, but it has a favorable mesopore structure effect.




4.7. Summary of Nonmetal Dopants Other Than Nitrogen


Table 2 summarizes the synthesis methods, pore directing agents, dopant sources, relevant XPS binding energies, band gaps before and after doping, specific surface areas, compounds used for photocatalytic testing, and photocatalytic enhancement found in titania doped with non-metals other than N. As discussed above, C, B, F, I, and P have been used to enhance visible light absorption and visible light driven photocatalytic activity of titania by various mechanisms. All of the non-metal-doped mp-TiO2 showed higher photocatalytic performance compared to either undoped mp-TiO2 or doped nonporous titania. Contributions to improved photocatalytic activity of titania include better visible light absorption due to bandgap reduction and optical effects, efficient charge separation, suppressing phase transformation, controlling crystal growth, and inhibiting photogenerated charge carrier recombination.





5. Co-Doping of Non-Metals


Overall, non-metal doping in mp-TiO2 has been shown to have a variety of effects including extending the absorption edge into the visible-light region, improving the separation efficiency of photogenerated electron–hole pairs and thus enhancing visible light driven photocatalytic activity. Further progress in the utilization of solar energy has increased in recent years. Since different dopant elements form energy states at different positions between the valence and conduction band of titania, co-doping has been hypothesized to induce synergistic enhancements in photocatalytic activity of TiO2. In addition, co-doping may help to reduce charge recombination by compensating for charge vacancies formed by nitrogen doping alone. Co-doping of mp-TiO2 to improve visible light photoactivity has been accomplished with B/N [218,219,220,221], C/N [33,222], F/N [50,187,223,224], P/N [56], S/N [176,177,179,223,225,226], I/S [227], and S/N/C [46,178].



B/N co-doping in mp-TiO2 has been shown in several reports to give enhanced visible light photoactivity [218,219,220,221]. Liu et al. showed synergistic effects of B/N co-doping of mp-TiO2 prepared using P123 as a template in visible light photocatalytic degradation of rhodamine B [47]. B dopant (with XPS binding energy of 191.5 eV) was incorporated by hydrothermal processing and N dopant by thermal treatment under ammonia. The presence of O–Ti–B bonds contributed to the visible light absorption, and a new O–Ti–B–N structure that formed on the surface of the mp-TiO2 enhanced the separation and transfer of photogenerated charge carriers. In addition, the presence of boron stabilized the structure, including the crystal size and specific surface area, relative to undoped titania during the nitrogen doping process. All of these factors contributed to much higher visible light-driven photocatalytic activity of B/N-mp-TiO2 compared to B-mp-TiO2 and N-mp-TiO2 alone. Zhou et al. studied the effect of nitrogen doping temperature of B/N-doped TiO2 by boron doping first and subsequently nitrogen doping in NH3 at variable temperatures. The B/N-TiO2 showed a synergistic effect in the photocatalytic activity demonstrated by methyl orange degradation under visible light irradiation. Boron and nitrogen can both be incorporated either interstitially or substitutionally, and the Ti–O–B–N structure plays a vital role in visible-wavelength photocatalytic activity. Figure 9 shows a schematic of the transformation of surface structures of B/N-TiO2 at different calcination temperatures. At low temperature, the main dopants are Ti–O–N or Ti–O–N and Ti–O–B bonds, whereas the Ti–O–B–N structure becomes unstable at higher temperatures and Ti–B and Ti–N bonds are formed. The optimal nitrogen doping temperature was 550 °C while further increasing the calcination temperature formed oxygen vacancies and Ti3+ species, resulting in the decrease of photocatalytic activity in visible light.



N/F co-doped mp-TiO2 has been shown to exhibit enhanced visible light adsorption and photoactivity [50,187,223,224]. Nitrogen and fluorine co-doping provides synergistic effects compared with single element doping. Preparation of N/F-mp-TiO2 microsphere by a solvothermal method has been reported using urea as a nitrogen source and ammonium fluoride as a fluorine source [187]. The band gaps of TiO2, F-TiO2, N-TiO2, and N/F-TiO2 were 3.02, 2.95, 2.8, and 2.74 eV, respectively. The contents of F and N were 1.9 atom % and 0.57 atom %, respectively. The photocatalytic activity of the doped titania was evaluated by the acid orange 7 dye degradation under visible light. The percentages of degradation after 5 h were 10%, 15%, 20%, 48%, and 55% for P25, TiO2, N-mp-TiO2, F-mp-TiO2, and N/F-mp-TiO2, respectively. Fluorine doping contributed to the photocatalytic performance enhancement in different ways such as band gap narrowing, inhibition of the transformation from anatase to rutile and increasing the concentration of OH· radicals in the solution, which reduces the charge carrier recombination. In addition, fluorine doping formed surface acid sites that enhance the adsorption of reactant molecules and act as electron acceptors. High surface area, mesostructure, and a synergistic effect of N and F co-doping improved photocatalytic activity of N/F-mp-TiO2 microspheres.



P/N doping can also enhance visible light driven photocatalytic activity and thermal stability of mp-TiO2 [56]. Shao et al. synthesized P/N-mp-TiO2 by direct phosphorylation from phosphoric acid followed by nitridation with urea solution [56]. The band gap of the P/N-mp-TiO2 is narrower than either N- or P-doped titania. Rhodamine B degradation was carried out using the co-doped titania under visible light illumination with a 40-W tungsten bulb. The pseudo-first order degradation rate coefficient of rhodamine B for P/N-mp-TiO2 is 4.9 × 10−3 min−1, which is much higher than that of P-mp-TiO2, N-mp-TiO2, or mp-TiO2.



Tri-element co-doping of mp-TiO2 provides even more opportunities to enhance visible light driven photocatalytic activity but has been studied less frequently due to the complexities of such systems [46,178]. The band gap is proposed to be narrowed by mixing the O 2p with C 2p, N 2p and S 3p orbitals. El-Sheikh et al. reported the preparation of S/N/C-mp-TiO2 by sol–gel process using P123 as a template and thiourea as a precursor [46]. The titania is comprised of both anatase and brookite phases. The prepared photocatalysts were applied for the degradation of microcystin-LR under a 15 W fluorescent lamp. The S/N/C-mp-TiO2 performed 100% degradation with a pseudo first order rate coefficient of 0.0095 min−1, which is about 11.5 times higher compared to pure TiO2. This higher activity of the S/N/C-mp-TiO2 is attributed to the mesostructure, trielement co-doping, the crystallinity of titania, and the conductivity obtained due to carbon doping.



Table 3 summarizes the synthesis methods, pore directing agents, dopant sources, XPS binding energy of relevant dopants, band gaps before and after doping, specific surface area, compounds used for photocatalytic testing, and photocatalytic enhancement found in the non-metal co-doped mp-TiO2. All reported co-doped TiO2 materials had band gaps below 3.0 eV. Visible-light photocatalytic activity was achieved using both single non-metal dopants and co-doping of mp-TiO2. However, it appears that the enhancement in photocatalytic activity of the co-doped mp-TiO2 is consistently higher compared to single-element doping, as shown in Table 1 and Table 2, due to the synergistic effects of co-doping.




6. Applications


Due to its combination of optoelectronic activity, high surface area, mesostructure, and controllable morphology, mp-TiO2 has many potential applications, including sensors, photocatalytic decomposition of organic compounds, solar hydrogen production by water splitting, photovoltaics, photocatalytic CO2 reduction, lithium ion batteries, and supercapacitors. Non-metal doping of mp-TiO2 further can have benefits for all of these applications. As reviewed so far in this article, extensive studies have been performed on making visible light active titania materials and testing their photocatalytic performance by the decoloration and degradation of organic compounds such as methylene blue, methyl orange, and rhodamine B. However, fewer studies were carried out to apply the developed materials in energy conversion and storage. The following sections review what has been reported regarding the application of non-metal-doped mp-TiO2 in photocatalytic water splitting and CO2 reduction. The benefits of non-metal doping for sensors, batteries, and capacitor applications are most likely related to conductivity changes rather than optical and surface chemical changes, and are beyond the scope of this review.



6.1. Water Splitting


Molecular hydrogen is considered to be one of the best alternative green energy sources to renewably fulfill increasing global energy demands [228]. Hydrogen can be produced with solar energy by water splitting using a semiconductor photocatalyst. There are two primary requirements for the semiconductor to be a water-splitting photocatalyst. First, the band gap of the semiconductor must be higher than the energy needed to split water. Second, band alignment is needed; the conduction band potential of the semiconductor must be more negative than the water reduction potential (H+/H2, 0 V vs. NHE) and the highest level of valence band potential must be more positive than the water oxidation potential (O2/H2O, 1.23 V vs. NHE). Titania fulfills these requirements and thus has the potential to be a photocatalyst for solar H2 production. Figure 10 summarizes how titania has the capability of both oxidizing water to O2 by holes generated during photoexcitation, and reducing water by excited electrons to produce H2.



Hartmann et al. showed the effectiveness of sol–gel derived mp-TiO2 in the water splitting reaction, but its large bandgap limits visible light absorption [229]. To improve hydrogen production from water splitting using visible light, non-metal elements have been doped into mp-TiO2 [33,152,181,190,191,230]. First, Sreethawong et al. prepared N-mp-TiO2 and assemblies of TiO2 nanocrystals [190]. Mp-TiO2 was synthesized by a sol–gel method using laurylamine hydrochloride as a structure-directing agent, and nitrogen was doped in titania by calcination using urea. The activity of the materials were tested by photocatalytic H2 production from aqueous methanol solution under a 300 W Xe arc lamp with a wavelength longer than 400 nm using a UV cut-off glass filter. The N-mp-TiO2 showed a maximum hydrogen production rate of about 6.5 µL·h−1 whereas it is at most about 4.5 µL·h−1 for N-doped commercial titania, which demonstrated the importance of the mesoporous structure of the photocatalyst. In 2009, the same research group investigated the effect of Pt loading in N-mp-TiO2 on the photocatalytic hydrogen production from water splitting under visible light irradiation [191]. Various amounts of Pt were loaded onto the N-mp-TiO2 from hydrogen hexachlorophatinate (IV) hexahydrate aqueous solution via the incipient wetness impregnation method. Hydrogen was produced from water splitting in an aqueous methanol solution in a closed system under a 300 W Xe arc lamp with a wavelength longer than 400 nm using a UV cut-off glass filter, where methanol was used as a sacrificial electron donor. The Pt loaded N-mp-TiO2 produced more hydrogen compared to only N-mp-TiO2. The hydrogen production increases with the Pt loading. The maximum production of hydrogen was about 27µL·h−1 using 1.3 wt % Pt loaded nitrogen-doped titania, which is about 4.5 times higher than that of N-mp-TiO2. The improvement of hydrogen production upon Pt loading is due to the effect of electron trapping by Pt metal on the surface of titania. The excited electrons on the conduction band of titania are moved to the Pt metal surface, which locally traps the electrons and increases the charge carrier lifetime, and then they participate in water reduction to produce hydrogen [231]. In the meantime, the methanol consumes the photogenerated holes in the valence band of titania, which inhibits the undesired photogenerated charge recombination. This efficient charge separation by Pt resulted in improved hydrogen production from water splitting. An increase in Pt loading of more than 1.3 wt % decreased the hydrogen production due to increased Pt agglomeration, excessive coverage of the titania surface by the Pt nanoparticles, and an increased probability of charge recombination by the excess electrons on the Pt surface. Fang et al. also showed the efficacy of Pt loading in N/S-mp-TiO2 in water splitting [230]. The co-doped samples were prepared by controlled thermal decomposition of a single source, ammonium titanyl sulfate ((NH4)2TiO(SO4)2). Following preparation, Pt was loaded into the TiO2 mesopores via incipient wetness. The doped titania showed high photocatalytic methyl orange degradation, whereas P25 did not show any detectable degradation under visible light irradiation. The UV–vis spectroscopy data showed that the band gap of the N/S-mp-TiO2 is 3.2 eV, which indicates that the doping did not reduce the band gap significantly but instead formed isolated energy states in the band gap of titania. The N-mp-TiO2 contained Brønsted acid sites arising from covalently bound sulfate groups from the precursor, which also helped with MO degradation. The optimum amounts of Pt were 1 wt % and 0.1 wt % for broad spectrum and visible light, respectively. The Pt loaded N-mp-TiO2 produced 740 and 3.49 µmol·h−1·g−1 hydrogen from aqueous solution of methanol under broad spectrum and visible (λ > 400 nm) illumination, respectively. The hydrogen production rates without Pt loading were 20.4 and 1.82 µmol·h−1·g−1 under broad spectrum and visible (λ > 400 nm) illumination, respectively.



Recently, Liu et al. prepared N-mp-TiO2 nanoparticles by an EISA method [181]. The mp-TiO2 was doped with nitrogen using urea to introduce 3.46 atom % nitrogen. In the photocatalytic water splitting from an aqueous solution containing methanol under visible light illumination (450 W Xe lamp with cutoff filter ≥450 nm), they found that N-mp-TiO2 showed about seven times higher hydrogen generation rate (14.9 µmol·g−1·h−1) compared to undoped titania. This enhancement was attributed to the high surface area of mp-TiO2 as well as N-doping.



Liu et al. reported the preparation of C/N-mp-TiO2 nanoparticles via an EISA method using an ionic liquid [33]. The ionic liquid (1-ethyl-3-methylimidazolium chloride, [C2min][Cl]) provided a source of carbon and nitrogen and served as a template for pore formation. Figure 11 shows a schematic illustration of the synthesis of C/N-mp-TiO2. The positively charged titania prepared from Ti isopropoxide co-assemble with [C2mim][Cl] aggregates followed by calcination to generate C/N-mp-TiO2. Mp-TiO2 nanoparticles doped only with carbon were prepared using F127. The surface areas obtained from [C2mim][Cl] and F127 were 101 and 54 m2/g, respectively. The nitrogen content and band gap of the C/N-mp-TiO2 nanoparticles were 1.75 atom % and 2.92 eV, respectively. Both doped and undoped titania showed carbon peaks in XPS spectra. No peak for Ti–C at 281 eV was observed, indicating that substitutional C atoms may not have been incorporated. Photocatalytic hydrogen generation rates from water with methanol as a sacrificial reagent under 450 W Xe lamp for P25, C-mp-TiO2 and best performing C/N-mp-TiO2 nanoparticles were 2.2, 7.8, and 81.8 µmol·g−1·h−1, respectively. This superior photocatalytic activity is attributed to the high surface area, and synergistic effects of carbon and nitrogen co-doping. In addition, the small particle size found in mp-TiO2 helped reduce charge recombination, which contributed to the improved water splitting performance.



Recently, our group has reported surfactant templated mp-TiO2 films treated with N2/argon plasma studied for ultraviolet and visible light induced photocatalytic water splitting activity [173]. The effect of light sources on PEC performance was explored using UV (365 nm), blue (455 nm), and green (530 nm) LEDs. N-TiO2 films showed 242× and 240× enhancement of photocurrent, compared to undoped TiO2 films under UV (365 nm) and blue LED (455 nm) irradiation, respectively. The N-doped films also showed overall enhancement of up to 70× and 92× with a broad spectrum Xe arc lamp and halogen bulb, respectively, and photocatalytic activity even with green LED illumination, compared to no measurable activity without doping. This study showed that plasma-induced doping of sol–gel materials enables the efficient incorporation of heteroatoms into disordered metal oxide nanostructures, thereby leading to remarkable enhancement in visible-light driven photoelectrochemical water splitting.




6.2. CO2 Reduction


Recently, depletion of fossil fuels and climate change due to CO2 emission have become profound concerns [232]. To tackle these global concerns, intensive research is ongoing to find clean and renewable energy sources and reduce CO2 emissions. TiO2 can address these concerns through its use for CO2 conversion to fuel since its conduction band potential is more negative than the reduction potential of CO2. Fuels such as formic acid, formaldehyde, methyl alcohol, and methane can be formed by the reduction of CO2 [233,234]. A multistep reaction (Equations (7)–(11)) process for CO2 reduction has been suggested based on the products (HCOOH, HCHO, CH3OH and CH4) [234].


H2O + 2h+ → 1/2O2 + 2H+



(7)






CO2 (aq.) + 2H+ + 2e− → HCOOH



(8)






HCOOH + 2H+ + 2e− → HCHO + H2O



(9)






HCHO + 2H+ + 2e− → CH3OH



(10)






CH3OH + 2H+ + 2e− → CH4 + H2O.



(11)







In this mechanism, consumption of CO2 leads to formation of several different products depending on the photocatalyst and co-catalyst used. Only one article reports the application of non-metal-doped mp-TiO2 in CO2 reduction [235]. Mengyu et al. reported the synthesis of silver-loaded, nitrogen-doped TiO2/SBA-15 mesoporous catalysts through a solvothermal method using titanium n-butoxide, carboxylate-modified SBA-15, urea, and silver nitrate as TiO2 precursor, support, and nitrogen and Ag sources, respectively [235]. The mesoporous SBA-15 support was loaded with anatase N-TiO2 and Ag. Ag served as an effective electron trap to prevent fast recombination of photogenerated charge carriers, and at the same time, visible light absorption was enhanced by silver nanoparticles due to a surface plasmon resonance effect. Both substitutional and interstitial nitrogen were found in the doped titania. In the CO2 reduction reaction, the catalyst produced 45.7 µmol·g−1·h−1 methanol. The improvement of methanol production upon Ag loading is due to the effect electron trapping by Ag metal on the surface of titania as illustrated in Figure 12. The excited electrons formed in the conduction band of titania are injected to Ag nanoparticles where they participate in CO2 reduction to produce carbon radicals. In the meantime, water is oxidized by photogenerated holes to form OH· radicals. These radicals ultimately form methanol. The enhanced visible light driven activity was attributed to the synergistic effect of N-doping and Ag nanoparticle loading over TiO2. Though many publications have reported the synthesis of non-metal doped mp-TiO2 and demonstrated its photocatalytic activity by degrading different compounds, a significant opportunity still exists to explore and develop these materials for CO2 reduction to produce fuels.





7. Future Directions


Intensive studies have been carried out on the synthesis of mp-TiO2 and its non-metal doping for environment and energy applications. Although significant progress has been made in band gap reduction, visible light absorption, and increasing the surface area of titania by various treatments, there is still significant room for development of these materials for photocatalysis and photovoltaics. Some of the remaining questions to be addressed are whether the mesopores are fully accessible, whether the dopants are distributed uniformly, whether the dopants are only on the surface of titania incorporated into the bulk of the material, and how the crystal structure of the matrix affects performance. The performance of the materials can be improved by better designing its mesostructure. For instance, charge carrier lifetimes can be increased by making materials with thin pore walls and increasing the surface/volume (bulk) ratio of titania, which will help to inhibit photogenerated charge recombination. Since the mesopores of titania particles may not be fully accessible due to aggregation of the particles, well-ordered mp-TiO2 films might be promising materials to enhance pore accessibility for the separation of products and reactants. The activity can be further improved by making thick multilayer films to optimize light absorption vs. reactant and charge carrier diffusion in the materials. It is essential to understand the charge transfer dynamics among dopants, mp-TiO2, and reactants molecule to further improve the photocatalytic performance of non-metal-doped mp-TiO2.



In addition to non-metal dopants themselves, there is room to better understand metal co-catalysts. Noble metals act as passive sinks for electrons to promote the interfacial charge transfer process and enhance the quantum efficiency of photocatalytic system [29,236,237,238]. In addition, metal nanoparticles show plasmonic effects and provide hot electrons into the conduction band of titania. Incorporation of noble metal nanoparticles such as Pt, Au, Ag, and Cu onto non-metal-doped mp-TiO2 would benefit from further exploration. Furthermore, the fabrication of non-metal-doped mp-TiO2 composites with other narrow band gap semiconductor materials or quantum dots that act as sensitizers will open the door to understanding the synergistic effect of doping and sensitization for further improving photocatalytic activity. Although great progress has been made in the development of materials in terms of functionality and visible light absorption for applications in the degradation of organic pollutants, few reports are available regarding their application in H2O splitting, CO2 reduction, and energy storage applications such as in lithium ion batteries. Finally, study on long-term stability and deactivation of the non-metal-doped mp-TiO2 are necessary for their development for commercial use.




8. Conclusions


Mesoporous TiO2 presents opportunities for use in a number of applications due to combining a favorable morphology (accessible pores, high surface area, well-defined mesostructure, tunable pore size and shape, and thin pore walls) with innate optoelectronic activity. It is of particular interest for high-volume applications because of its low cost and environmentally benign nature. These unique properties make it highly promising in environmental, energy conversion, and storage applications. To overcome its limitation in visible light absorption due to its wide band gap, mp-TiO2 has been doped with several non-metal elements in an effort to enhance the visible light driven photocatalytic activity. Although significant progress has been made in the last few years, incorporation of non-metal dopants into the mp-TiO2 lattice while controlling its phase and mesostructure remains a challenge.



In this review, we have discussed the synthesis of mp-TiO2, different doping methods, and dopant sources. Its applications in environmental pollutant degradation, H2O splitting to produce hydrogen gas, and CO2 reduction to fuel were discussed. Among several non-metal dopants and modifiers that have been investigated (H, C, B, N, F, I, S, and P), the most promising and most studied one is nitrogen. The most common approaches to materials synthesis for this purpose are based on liquid-phase methods (hydrothermal or solvothermal) where the buildup of the material from molecular precursors provides opportunities to introduce dopants during its formation (in solution or during heat treatment steps). Typical nitrogen sources are ammonia, urea, thiourea, amine, hydrazine, and nitrogen plasma. Successfully producing doped titania for photocatalytic applications involves a tradeoff between maintaining the favorable morphology of the material (high specific surface area, controlled pore morphology, crystalline phase, etc.) while selecting a doping source and method that effectively introduces dopants at a high enough level and in the appropriate chemical state for band gap reduction, visible light absorption, control of charge carrier recombination, and ultimately, enhancement in photocatalytic activity. Because of the tradeoff between loss of mesostructure due to harsh temperature/chemical conditions and the introduction of dopants, there is usually an optimum calcination temperature and dopant composition to yield a favorable combination of titania phase, mesostructure, doping level, surface area, and physical and chemical state to slow charge carrier recombination.



While the major contribution of nitrogen doping was to enhance visible light absorption, the other non-metal dopants mostly contribute to photocatalytic activity in other ways such as inhibiting crystal growth and phase transformations, retaining mesostructure, increasing surface area, and providing sites for efficient charge separation. Although the mechanisms vary with dopant, the literature contains many examples in which the visible light activity of mp-TiO2 has been increased by on the order of several times by incorporating all of the non-metal dopants included in this review. Despite these improvements, there is still significant opportunity to continue to increase the photocatalytic activity of titania by orders of magnitude by judiciously selecting the synthesis method and doping strategy. For example, our group recently showed that two orders of magnitude increases in photocatalytic activity can be achieved by combining a sol–gel approach to forming disordered mp-TiO2 and by using N2/Ar plasms to introduce a high level of substitutional nitrogen under mild conditions. Preventing rapid crystallization into anatase TiO2 seems to be important to accomplishing this high level of enhancement. Other groups have also begun to explore combining multiple mechanisms of visible light enhancement by co-doping mp-TiO2 with more than one non-metal dopant. In many reported examples, co-doped materials exhibit greater enhancement in visible light photocatalytic activity than titania doped with single elements due to the synergistic effects of the co-doping.



Most of the investigations of photocatalytic activity of non-metal-doped mp-TiO2 employ colored organic dyes such as methylene blue, methyl orange, and rhodamine B. These are useful for establishing baseline levels of enhancement and are of direct interest for the use of titania in environmental remediation and water treatment. Fewer studies have been performed on the application of non-metal-doped mp-TiO2 in H2O splitting, and CO2 reduction, but these are potentially important areas for the application of titania due to the alignment of its valence and conduction bands with the relevant electrochemical potentials required for these reactions. Significant enhancements in these reactions have been made through non-metal doping of titania, including a recent report of 240× enhancement in the rate of photoelectrochemical water oxidation in N2/Ar plasma-doped mp-TiO2 films [173]. Although this review summarizes significant enhancements in visible-light photoactivity, further improvements in visible light absorption, separation of photogenerated charge carriers, and charge transfer to reactants will be necessary for widespread use of titania in practical photocatalytic applications. Future directions to improve the efficiency of the non-metal-doped mp-TiO2 will include designing stable mesostructures with highly accessible pores, making composites with noble metal electron sinks and semiconductor sensitizers, and providing a better understanding of the bottlenecks in energy conversion and storage systems that limit the commercialization of these materials.
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Figure 1. Schematic representation of Kohn–Sham one-electron states and spin density plot of substitutionally doped anatase TiO2. Reprinted with permission from [44]. (Reprinted from Catalysis Today vol. 206, C. Di Valentin and G. Pacchioni, “Trends in non-metal doping of anatase TiO2: B, C, N and F”, pp. 12–18, Copyright (2013), with permission from Elsevier.) 
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Figure 2. Computer-generated illustrations of typical mesoporous structures and mesophases. Clockwise from lower left are illustrated an Im3m cubic mesoporous material, o-HCP mesoporous film, parallel HCP mesoporous film, and lamellar mesophase where higher intensity (yellow and red) corresponds to a greater density of hydrophobic tails of the surfactant template. 
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Figure 3. Schematics of the important stages of the formation of ordered nanoporous metal oxide films by EISA: (a) The dip coating process in which surfactant micelles form and may begin to assemble due to evaporation; (b) the aging process after deposition in which films organize into an ordered mesophase; and (c) high-temperature aging during which organic templates are removed by oxidation, crystallization may occur but loss of mesostructural order can happen with increasing temperature and time. Part (a) is reproduce with permission from C. J. Brinker et al. Adv. Mater. 1999 11, 579 © 1999 Wiley VCH; (b) shows the rise of intensity from a o-HCP mesophase in a TiO2 film during aging, adapted from Nagpure et al. [82] and (c) shows the loss of intensity of the o-HCP mesophase during heating of a TiO2 film at 600 °C, adapted from Das et al. [84]. 
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Figure 4. Schematic of procedures for preparing mesoporous nitrogen-modified titania photocatalyst. Reprinted with permission from reference [156]. (Reprinted from Chemical Engineering Journal vol. 219, J. Fu et al. “Soft-chemical synthesis of mesoporous nitrogen-modified titania with superior photocatalytic performance under visible light irradiation,” pp. 155−161, Copyright (2013), with permission from Elsevier.) 
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Figure 5. Methylene blue degradation reaction with undoped TiO2 (0 min) film, N-TiO2 films and without films (Photolysis): (a) Concentration profile (b) the plot of the first-order rate coefficient vs. plasma treatment time. Reprinted with permission from reference [65]. (Reprinted from Microporous and Mesoporous Materials vol. 220, S. Z. Islam et al. “N2/Ar plasma induced doping of ordered mesoporous TiO2 thin films for visible light active photocatalysis”, pp. 120–128, Copyright (2018), with permission from Elsevier.) 
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Figure 6. Proposed photocatalytic mechanism over the C-TiO2 samples. Reprinted with permission from reference [32]. (Reprinted from Applied Catalysis B vol. 115, Y. Zhang et al. “Ethanol supercritical route for fabricating bimodal carbon modified mesoporous TiO2 with enhanced photocatalytic capability in degrading phenol”, pp. 236–244, Copyright (2012), with permission from Elsevier.) 
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Figure 7. SEM images of F-mp-TiO2 microspheres synthesized in (a) 0.1; (b) 0.3; (c) 0.5; (d) 0.8; and (e) 1.0% H2SO4 solution. Panel (f) and the insert of panel (a) are TEM images corresponding to hollow (e) and solid (a) microspheres, respectively. Reprinted with permission from reference [206]. (Reprinted with permission from Journal of the American Chemical Society vol. 130, J.H. Pan et al. “Self-etching reconstruction of hierarchically mesoporous F-TiO2 hollow microspherical photocatalyst for concurrent membrane water purifications”, pp. 11256–11257, Copyright (2008) American Chemical Society.) 






Figure 7. SEM images of F-mp-TiO2 microspheres synthesized in (a) 0.1; (b) 0.3; (c) 0.5; (d) 0.8; and (e) 1.0% H2SO4 solution. Panel (f) and the insert of panel (a) are TEM images corresponding to hollow (e) and solid (a) microspheres, respectively. Reprinted with permission from reference [206]. (Reprinted with permission from Journal of the American Chemical Society vol. 130, J.H. Pan et al. “Self-etching reconstruction of hierarchically mesoporous F-TiO2 hollow microspherical photocatalyst for concurrent membrane water purifications”, pp. 11256–11257, Copyright (2008) American Chemical Society.)



[image: Inorganics 05 00015 g007]







[image: Inorganics 05 00015 g008 550] 





Figure 8. Schematic diagram for generation and transfer of charge carriers in F-TiO2 under UV irradiation. Reprinted with permission from reference [208]. (Reprinted with permission from The Journal of Physical Chemistry C vol. 113, J. Yu et al. “Enhancement of photocatalytic activity of mesoporous TiO2 powders by hydrothermal surface fluorination treatment”, pp. 6743–6750, Copyright (2009) American Chemical Society.) 
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Figure 9. The transformation of surface structures of B/N-TiO2. Reprinted with permission from reference [221]. (Reprinted from Journal of Solid State Chemistry vol. 184, X. Zhou et al. “Effect of nitrogen-doping temperature on the structure and photocatalytic activity of the B,N-doped TiO2”, pp. 134–140, Copyright (2011) with permission from Elsevier.) 
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Figure 10. Basic principle of the overall water-splitting reaction on a semiconductor photocatalyst. Adapted from reference [1]. 
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Figure 11. Schematic illustrations of synthesis procedure for CNMT-x samples. Reprinted with permission from reference [33]. (Reprinted from International Journal of Hydrogen Energy vol. 38, S.-H. Liu and H.-R. Syu, “High visible-light photocatalytic hydrogen evolution of C,N-co-doped mesoporous TiO2 nanoparticles prepared via an ionic-liquid-template approach,” pp. 13856–13865, Copyright (2013) with permission from Elsevier.) 
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Figure 12. The mechanism of photocatalytic reduction of CO2 under visible light irradiation. Adapted from reference [235]. 
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Table 1. The synthesis method, dopant source, and the chemical, optical, and photocatalytic properties of nitrogen-doped mesoporous titania.







Table 1. The synthesis method, dopant source, and the chemical, optical, and photocatalytic properties of nitrogen-doped mesoporous titania.







	
Method

	
Template

	
N Source

	
N Comp (atom %)

	
Binding Energy (eV)

	
Initial BG (eV)

	
Final BG (eV)

	
SBET (m2/g)

	
Test Compound

	
Enhance-Ment

	
Ref.






	
Solvothermal

	
Free

	
Urea

	
1.43

	
400

	
3.14

	
3.09

	
121

	
Rh B

	
1.43

	
[185]




	
Solvothermal

	
Free

	
Urea

	
-

	
399.5

	
3.16

	
3.02

	
23.6

	
Acetic Acid

	
1.54

	
[180]




	
EISA

	
F127

	
Urea

	
3.46

	
398.8

	
-

	
-

	
67

	
Water Splitting

	
2.37

	
[181]




	
Solvothermal

	
Urea

	
Urea

	
0.8

	
399.5

	
-

	
-

	
154

	
MB

	
3.1

	
[183]




	
Supercritical CO2 drying

	
-

	
Urea

	
-

	
396

	
3.1

	
1.92

	
116

	
-

	
-

	
[184]




	
Homogeneous precipitation

	
-

	
Urea

	
0.91

	
395.4, 401.5

	
-

	
-

	
89

	
MB

	
3

	
[186]




	
Sol–gel

	
PAM + PEG

	
Urea

	
0.6

	
397, 398.8, 402.4

	
2.9

	
2.75

	
110

	
MO

	
3

	
[188]




	
Sol–gel

	
Laurylamine hydrochloride

	
Urea

	
26.2 wt %

	
400.8

	
3.2

	
3.1

	
110.3

	
Water Splitting

	
1.44

	
[191]




	
Sol–gel

	
F127

	
N2 plasma

	
3.2

	
396

	
3.5

	
3.02

	
143

	
MB

	
6

	
[65]




	
Exfoliation-reassembly

	
-

	
Ethylamine

	
-

	
399.8

	
-

	
-

	
217

	
MO

	
9

	
[156]




	
Solvothermal

	
F127

	
Ethylenediamine

	
4.1 wt %

	
398.6

	
3.1

	
2.2

	
180.2

	
MB

	
-

	
[151]




	
Solvothermal

	
F127

	
Ethylenediamine

	
0.13 (N/Ti)

	
399.5, 401.4

	
3.32

	
2.98

	
185.4

	
Dimethyl Phthalate

	
-

	
[158]




	
Sol–gel

	
Triethylamine

	
Triethylamine

	
4

	
401.6

	
-

	
-

	
180

	
Phenol

	
7.5

	
[154]




	
Sol–gel

	
-

	
Triethanolamine

	
1.09

	
397, 399.9

	
-

	
-

	
70.5

	
MB

	

	
[155]




	
Hydrothermal

	
P123

	
Triethylamine

	
-

	
399

	
-

	
-

	
150

	
Rh B

	
3.3

	
[152]




	
Sol–gel reverse micelle

	
TritonX100

	
Na2EDTA

	
6 wt %

	
-

	
3.13

	
3.06

	
58

	
MB

	
4

	
[157]




	
Sol–gel

	
EDTA

	
EDTA

	
-

	
-

	
3.1

	
2.29

	
72.46

	
Rh B

	
1.5

	
[153]




	
Hydrothermal

	
CTAB

	
Ammonia solution

	
1.31

	
399.5, 400.6, 401.5

	
-

	
-

	
83.1

	
Rh B

	
5

	
[161]




	
Sol–gel

	
P123

	
Tetramethylammonium hydroxide

	
-

	
400

	
-

	
-

	
105

	
Rh B

	
4

	
[160]




	
Sol–gel

	
Chitosan

	
Chitosan and NH4OH

	
0.72 wt %

	
394.2, 400.9

	
-

	
2.65

	
132.26

	
MO

	
2

	
[163]




	
EISA

	
F127

	
NH3 gas

	
-

	
395.9

	
-

	
-

	
173 m2/cm3

	
MB

	
1.47

	
[60]




	
Wet Impregnation

	
Hydrazine Hydrate

	
Hydrazine Hydrate

	
-

	
398.1

	
-

	
-

	
74

	
Azoxybenzene

	
-

	
[172]
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Table 2. The synthesis method, dopant source, and the chemical, optical, and photocatalytic properties of non-metal-doped mesoporous titania.
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Method

	
Template

	
Dopant Source

	
Dopant Composition (atom %)

	
XPS Binding Energy (eV)

	
Initial BG (eV)

	
Final BG (eV)

	
SBET (m2/g)

	
Test Compounds

	
Enhancement

	
Ref.






	
Sol–gel plus hydrothermal

	
Glucose

	
Glucose

	
C

	
282.4, 284.8, 286.2, 288.6

	
-

	
-

	
190

	
Reactive Brilliant X-3B

	
3.6

	
[199]




	
Solvothermal

	
Free

	
Rice

	
C

	
284.9, 285.8, 288.2, 288.6

	
3.1

	
2.04

	
138

	
MO

	
25.8

	
[32]




	
Hydrothermal

	
Free

	
TiF4

	
0.16 (atomic ratio, F/Ti)

	
684.3

	
-

	
-

	
21.6

	
MB

	
1.06

	
[206]




	
Hydrothermal

	
-

	
NH4HF2-H2O-C2H5OH

	
0.5 (atomic ratio, F/Ti)

	
684

	
-

	
-

	
196.6

	
Acetone

	
3

	
[208]




	
Hydrothermal

	
P123

	
Iodic acid

	
5.2 (I)

	
624.5

	
-

	
-

	
157

	
MB

	
5.6

	
[212]




	
Hydrothermal

	
Polyvinyl alcohol

	
KI and I2

	
0.62 (I)

	
-

	
-

	
1.39

	
190.22 (doped)

	
MB

	
9

	
[211]




	
Sol–gel

	
-

	
Boric acid

	
17.8 (B)

	
192

	
3.05

	
3.04

	
68.11

	
Metoprolol

	
1.45

	
[57]




	
Sol–gel

	
P123

	
Phosphoric acid

	
14 (atomic ratio, P/Ti)

	
-

	
3.1

	
3.17

	
-

	
Pentane

	
1.42

	
[214]




	
Hydrothermal and sol–gel

	
-

	
Phosphoric acid

	
-

	
133.4, 133.5

	
-

	
-

	
106.86

	
MB

	
2

	
[213]
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Table 3. The synthesis method, dopant source, and chemical, optical, and photocatalytic properties of non-metal co-doped mp-TiO2.
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Method

	
Template

	
Dopant Source

	
Dopant Composition (atom %)

	
XPS Binding Energy (eV)

	
Initial BG (eV)

	
Final BG (eV)

	
SBET (m2/g)

	
Test Compounds

	
Enhancement

	
Ref.






	
Sol–gel

	
P123

	
Thiourea

	
1.41 (N), 2.33 (S), C

	
399.7, 401.8

	
3.1

	
2.9

	
85.1

	
Cyanotoxin microcystin-LR

	
11.5

	
[46]




	
Sol–gel

	
CTAB

	
Thiourea

	
-

	
396, 399.2, 284.6, 288.2, 165, 169

	
-

	
-

	
123.8

	
Reactive Brilliant Red X-3B

	
5

	
[178]




	
EISA

	
F127

	
Thiourea

	
0.044 (N/O), 0.048 (S/O)

	
400.2, 396, 168.5

	
-

	
2.38

	
105

	
MO

	
18

	
[179]




	
Solvothermal

	
Thiourea

	
Thiourea

	
0.62 (N), 0.35 (S)

	
168.6, 169.7, 395.9, 399.7

	
-

	
-

	
29.11

	
MB

	
1.23

	
[176]




	
Hydrothermal

	
-

	
Thiourea

	
1.1 (N), 1.1 (S)

	
395.2, 396.9, 400.1, 168.9, 170.3

	
-

	
-

	
22.8 (doped)

	
Potassium ethyl xanthate

	
-

	
[177]




	
Solvothermal

	
-

	
Urea, Ammonium Fluoride

	
0.57 (N), 1.9 (F)

	
683.7–684.6, 688–688.6, 399.1, 400.1

	
3.02

	
2.74

	
36

	
Acid Orange 7

	
5.5

	
[187]




	
Sol–gel

	
PAM and PEG

	
Urea (N), Boric acid (B)

	
1.78 (N), 1.23 (B)

	
400.5, 192.1

	
3.18

	
2.78

	
121.6

	
MB

	
3

	
[219]




	
EISA

	
[C2mim][Cl] doped/F127 undoped

	
[C2mim][Cl]

	
1.75 (N), C

	
398.2, 400.2

	
3.1

	
2.98

	
54

	
Water splitting

	
10.5

	
[33]
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