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Abstract

:

Photocatalysts with located surface plasmon resonance effects (LSPRs) have been studied in recent years due to their superior light harvesting capacity and photocatalytic performance in solving environmental problems and energy shortages. Plasmonic-noble-based photocatalysts are limited in terms of their practical application on account of their high cost, fixed plasma frequency, and low abundance. In order to solve these shortcomings, non-noble metal and nonmetallic plasmonic photocatalysts with LSPRs and advantages such as a lower cost and wider light adsorption range from the UV to NIR region have been developed. This paper reviews the recent development of non-noble metal and nonmetallic plasmonic photocatalysts and advances the research direction of plasmonic photocatalysts to achieve high photocatalytic activity and stability, providing guidance for photocatalysis to solve environmental problems and energy shortages.
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1. Introduction


With the rapid development of the economy and technology, environmental problems and energy shortages have attracted wide attention of the public. As an environmentally friendly and effective strategy to solve these problems above, photocatalysis has become a hot topic for many researchers. As a common photocatalyst, the traditional semiconductor TiO2 has been widely studied in the photocatalytic removal of pollutants since the 1970s [1]. Although the TiO2 photocatalyst has the advantages of good photoactivity, non-toxicity, high chemical stability, and a relatively low cost, its development in the field of photocatalysis is still limited due to the disadvantages of large band gap energy, fast photogenerated electron–hole recombination, and the absorption of only 4~5% of the full spectrum of ultraviolet (UV) light (<400 nm) [1,2,3,4]. Therefore, it is increasingly important to seek a novel photocatalyst with broad light absorption, a high carrier separation efficiency, and a low photogenerated electron–hole recombination rate.



By virtue of surface plasmon resonance effects (SPRs), plasmonic materials have entered the field of photocatalysis due to their optical absorption range from the UV to the near-infrared (NIR) region and high charge separation efficiency [5]. SPR is the collective oscillation of free electrons on the surface of materials with the resonance of the electromagnetic field [6]. The collective motion of the electron cloud on the metal surface causes SPR when electromagnetic waves reach the surface from the outside. As the size of nanoparticles (NPs) decreases, the space available for free electron oscillation becomes smaller, and the energy of external electromagnetic waves that can induce collective resonance decreases. At this time, the collective resonance occurs at a specific excitation frequency and is confined to NPs, and localized surface plasmon resonance effects (LSPRs) occur [7], as shown in Figure 1. LSPRs can modulate the light response range of photocatalytic systems by controlling the composition, morphology, and dielectric environment of NPs [5,8], and plasmonic materials have been used as a component of photocatalysts.



Among plasmonic materials, the high free carrier density of noble metal NPs makes their LSPR frequencies always in the visible or near-infrared region [5], along with a good chemical stability, so noble-metal-based photocatalysts have received wide attention for their photocatalytic performance and application potential, such as Ag-based and Au-based photocatalysts. Plasmonic noble metals are often introduced into the modification process of semiconductor photocatalysts to form composite photocatalysts to improve their photocatalytic performance [9], such as some two-component composite materials, such as Ag/AgX (X = Cl, Br, I) [10,11,12], Ag/TiO2 [13], Ag/MoO3 [14], Au/g-C3N4 [15], and Au/TiO2 [16], and even three-component composite materials, such as Ag-AgI-Bi5O7I [17], Ag/AgCl-CdWO4 [18], Ag/AgBr/MoO3 [19], and Ag/Ag2CO3-rGO [20]. In these noble-metal-based photocatalysts, when SPR is triggered, a strong inhomogeneous electromagnetic (EM) field is generated near the metal nanoparticles, and the energy stored in the surface plasma is transferred to the semiconductor compounded with the noble metal through the plasmon-induced resonance energy transfer (PRET) process, which greatly stimulates the nearby semiconductor and contributes to the reduction in optical carrier compounding while broadening the light response range of the material. Hot electron injection is also present in noble-metal-based photocatalytic systems, where electron–electron and electron–phonon interactions generate hot electrons during plasma decay, affecting subsequent chemical reactions. The metallic properties of metals can also be used as electron donors to increase the photogenerated carriers in the photocatalytic process to drive the photocatalytic reaction, and the photothermal and catalytic effects of metals also promote the photocatalytic reaction [21]. Some researchers have even prepared new plasmonic p-n heterojunction photocatalysts by combining the p-n heterojunction structure with plasmonic noble metals. Experimental results show that the photocatalytic performance of the new composite photocatalysts is better than that of single p-n heterojunction photocatalysts. In the new plasmonic p-n heterojunction photocatalysts, the p-n heterojunction can suppress charge complexation, and the SPR effect of noble metals can enhance the absorption of visible light [22,23,24,25]. These precious-metal-based photocatalysts with LSPR effects currently have applications in environmental remediation, energy conversion, and medical science [26,27,28].



In general, the addition of these noble metals broadens the optical response range of semiconductors, improves the carrier separation efficiency, and effectively increases the photocatalytic activity, but there are still limitations in the practical application of noble metal NPs in photocatalysis due to their high cost, high optical loss, fixed plasma frequency, and low abundance [6]. LSPR is not limited to noble metal NPs; some other materials with a large number of free carriers can also undergo SPR. LSPRs have also been discovered in some non-noble metals, such as Bi [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49], Cu [50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65], Al [66,67,68,69,70,71,72,73], and Zn [74]. Except metal NPs, LSPRs can also occur on some heavily doped semiconductors and metal oxides with a lower free carrier density than noble metals [6,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108,109].



There are many reviews in the literature on the experimental preparation of noble-metal-based plasmonic photocatalysts [110] or on the energy transfer mechanism of plasmonic photocatalysts, but few reviews exist on non-noble metal and nonmetallic plasmonic photocatalysts [111]. In this review, we review the types, properties, advantages and disadvantages, experimental preparation, applications, and their photocatalytic mechanisms of non-noble metal and nonmetallic plasmonic photocatalysts, and finally we provide an outlook on non-noble metal and nonmetallic plasmonic photocatalysts to achieve a superior photocatalytic performance to solve environmental problems and energy shortages.




2. Non-Noble Metal Plasmonic Nanomaterials


Non-noble metal plasmonic nanomaterials arouse attention in the field of photocatalyst with LSPRs which can broaden the absorption light range of the photocatalysts, improve the effective separation and migration of light-generated carriers, and reduce the recombination rate of electron–hole pairs, such as Bi [29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49], Cu [50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65], Al [66,67,68,69,70,71,72,73], and Ni [112,113,114,115], and some other non-noble metals that also possess plasmonic behavior include Zn [74], Na [116], Mg [117,118,119], Ga [120,121], In [120], etc. In building photocatalysts, researchers often add non-noble metal plasmonic nanomaterials in combination with other semiconductors to improve the overall photocatalytic performance of the photocatalyst by exploiting its LSPRs and metallic properties. Among the non-noble metals found to possess plasmonic properties, the most common to occur in photocatalytic systems are Bi, Cu, and Al. This section will also illustrate the application and exploration possibilities of non-noble metal plasmonic nanomaterials in photocatalysis by focusing on the plasmonic properties, advantages, disadvantages, and applications of Bi, Cu, Al, and Ni.



2.1. Bi-Based Composite Photocatalysts


Bismuth is an earth-abundant metalloid with a very narrow band gap, a much lower cost than noble metals, and a highly anisotropic Fermi surface, but with poor photocatalytic activity [29,30,33]. Bi NPs are good direct plasma photocatalysts. Pure Bi NPs are rapidly oxidized in air, and the hot carriers generated by Bi through SPR are easily deactivated, so Bi NPs often need to be coupled with semiconductors or carriers that accept hot electrons generated by Bi to prevent deactivation [45]. Selecting a material to protect the surface of Bi NPs to keep the purity of Bi NPs is further demanded for its improvement of photocatalysis [29]. In Yawen Li’s research, Bi NPs were acquired via a liquid phase chemical reduction method, and then Bi@SiO2 NPs were synthesized by designing a thin SiO2 layer on the Bi NPs to prevent Bi from oxidation. It can be found that the composite material belongs to a core–shell structure by various characterizations in their work. The SPR and light scattering of Bi allows the material to have a wide and strong light absorption in the visible range. The addition of the SiO2 layer has no effect on the optical properties of Bi NPs and, as an isolated shell layer, it increases the local refractive index around Bi NPs, which promotes the LSPR of Bi, while the porous structure of the material contributes to the separation of light-generated electron holes by trapping and transferring electrons. However, the excessively thick SiO2 shell also affects the free transfer of hot electrons and thus the photocatalytic performance. The experiments demonstrate that the composite has strong photocatalytic activity for the degradation of rhodamine B (RhB) and bisphenol A (BPA) [29]. Plasmonic Bi NPs usually form composite photocatalysts with semiconductors to exploit the SPR effect of Bi NPs, thereby improving the semiconductors’ photocatalytic performance, such as Bi-NPs@GO [30], C/Bi/Bi2O3 [31], Bi/Bi2O3@C [32], Bi/Bi2WO6 [33], g-C3N4@Bi@Bi2WO6 [34], Bi@Bi5O7I/rGO [35], Bi NPs/BiOCl/ZnSn(OH)6 [36], Bi/(BiO)2CO3 [41], BC/Bi/Fe3O4 [43], and Cu2O/Bi/Bi2MoO6 [44]. In the composite photocatalytic material system composed of Bi NPs and semiconductor, the SPR of Bi NPs enhances the absorption of visible light, and its induced electric field can promote the segregation of photogenerated electrons and holes. Bi NPs may play three main roles in improving the photocatalytic performance of photocatalyst: (i) After coupling to a semiconductor with a matched band gap structure, the thermal electrons generated by Bi through SPR can be transferred to conduction band (CB) of the semiconductor under light irradiation to participate in the subsequent chemical reaction [43] (Figure 2a); (ii) Bi can be used as an electron accepter or hole trap to accept electrons from the semiconductor CB to promote the separation of photogenerated carriers [42,47] (Figure 2b); and (iii) Bi NPs can be used as a charge transfer medium between different semiconductors to transfer photogenerated electrons from CB of one semiconductor to the CB or valence band (VB) of another semiconductor to promote the segregation of photogenerated carriers in the whole photocatalyst system [37,44,48] (Figure 2c). Some Bi NP semiconductors composite materials in which the Bi metal work as a cocatalyst can improve their photocatalytic activity attributed to the co-effects of LSPRs of Bi NPs and other effects of some special structures, such as the heterostructure or oxygen vacancies. A unique core/shell Bi4MoO9/Bio heterostructure photocatalyst with an abound of oxygen vacancies has been synthesized. This photocatalyst performs excellent photocatalytic NO removal under visible light irradiation compared with pristine Bi4MoO9 thanks to the cooperative effect of the LSPRs of the Bi and Bi4MoO9/Bio heterojunction [38]. LSPRs can enhance visible light absorption and reduce the recombination of photogenerated electron–hole pairs, while Bi4MoO9/Bio heterojunctions can effectively direct an electron transfer between the two components to promote electron–hole separation, and oxygen-vacancy-induced defect states allow more electrons to overcome the wide band gap and transfer from the VB to the CB, generating more active species [38]. In previous studies, the most common synthesis method for metallic Bi used was chemical reduction synthesis via a solvothermal reaction, and the composition, proportion [29], and structure [36] of a Bi-based composite photocatalyst can affect its photocatalytic performance; therefore, we can regulate these issues via different methods to achieve a higher photocatalytic activity in further work. The detailed photocatalytic performances of non-noble-plasmonic-metal-Bi-nanomaterials-based photocatalysts are shown in Table 1.




2.2. Cu-Based Photocatalysts


Similarly, as non-noble metals materials, copper (Cu) also has SPRs, and they can also improve photocatalytic ability by collecting low-energy photons in visible and even infrared regions, thus expanding the field of light sorption and improving the carrier separation efficiency. Therefore, Cu-based photocatalytic materials have been studied more in the field of plasma photocatalysis.



Compared with Au and Ag, Cu has a comparable visible LSPR effect and even a strong LSPR response in the NIR. However, Cu has a much lower cost and higher natural abundance than Ag and Au and has a high electrical conductivity and high thermal conductivity [59]. With the same disadvantages as Bi metal, Cu metal materials have a poor chemical stability and are easy to be oxidized and to reunite, so the development of pure Cu NPs as a direct photocatalyst is limited [50,51]. Cu is easily oxidized in the environment, and O2 or even H2O can easily oxidize Cu nanomaterials. However, when Cu NPs contain a large amount of Cu2O, the photocatalytic activity will be reduced [59,63]. Therefore, combing Cu NPs with other photocatalytic materials to synthesize photocatalysts and improve the photocatalytic performance by tuning the composition and proportion, size, and morphology can be the further development direction of Cu-based photocatalytic materials [52]. In Benlin Dai’s study, different ratios of Cu@Cu2O samples were prepared for the photocatalytic reduction of CO2 and photocatalytic oxidation of NO by the in-situ generation of Cu NPs on the octahedral surface of Cu2O by chemical reduction. It was found that the photocatalytic properties of the samples could be improved by adjusting the Cu content in the Cu@Cu2O samples, but excessive Cu NPs would also be more likely to cause photogenerated electron and hole recombination, thus reducing the photocatalytic performance of the samples [65]. In a large number of studies on plasmonic Cu NPs, Cu NPs are usually combined with some semiconductor materials or some other materials that behave similarly to semiconductors to form composite photocatalysts, thus taking advantage of their excellent properties and some synergistic effects to improve the defects which exist when they are used as photocatalysts alone, protect Cu from the environment, and at the same time increase the transfer efficiency of light-borne carriers, and greatly improve the photocatalytic activity and long-term catalytic stability of the materials, such as Cu/graphene [50], Cu/TiO2 [52], Cu/Cu2O/TiO2 [53], Cu/UiO-66 [54], Cu/rGO [55], and Cu@Cu2O/SiO2 [57]. The detailed photocatalytic performance of Cu-based materials is listed in Table 2.



In another case, other metals and Cu were introduced to form bimetallic or polymetallic photocatalysts, and the introduced foreign metals were used as adsorption and activation centers for the reactants, which greatly improves the charge transfer efficiency and prevents the direct recombination of light-induced electron–hole pairs caused by SPR on Cu NPs [58,61,62,64]. In Zhang’s research, a plasmonic non-semiconductor photocatalyst was synthesized for effective hydrogen evolution and storage, and the prepared dendrite-like plasmonic metal Cu had the SPRs in photocatalytic water splitting to generate H2. By designing CuCo bimetal via a hydrothermal method and controlling the proportion of Cu and Co and the preparation temperature, a 3.5-fold time improvement for H2 evolution compared to the Cu has been achieved with a proportion of 7:3 and a preparation temperature of 200 °C [51]. In this photocatalyst system, the SPR effect of Cu, the enlarged surface area, and promotion of the charge separation and transferring due to the growth of the Co nanosheets on the surface of Cu means there is an outstanding H2 evolution–storage integration of the CuCo bimetal photocatalyst at room temperature [51].



Cu can also form core–shell structures with metal oxides such as graphene to protect it from environmental effects [58]. Cu is readily oxidized in the environment to form Cu2O, but it has been proved that there is an optimal covering thickness of Cu2O that causes the LSPR absorption peak of Cu NPs to redshift. Therefore, Cu NPs can be oxidized to prepare Cu@Cu2O and absorb NIR light, and Cu2O can also be used to separate thermal electrons generated by Cu nuclei, greatly improving the solar energy conversion efficiency [60].



Like Bi NPs, the addition of Cu NPs with the LSPR effect can enhance the photocatalytic properties of the whole photocatalyst system. However, as a photocatalytic material, Cu cannot be synthesized on a large scale due to the difficulty of reducing the copper precursor to the metal state, which also limits its application.




2.3. Al-Based Photocatalysts


Al is the most plentiful metallic element in the Earth’s crust and is a promising plasma metal. Al has a wide plasma band, and the LSPR frequency of Al can be tuned from UV to NIR by changing the size and shape of Al NPs [69,71]. Liu et al. [73] discussed the influence of Al size and the ratio of Al to TiO2 on the photocatalytic degradation of methylene blue by Al/TiO2 and found that the size of the Al particle would affect the wavelength range of the LSPR effect, and the larger the Al particle, the stronger the light absorption, but when the size is too large, most of extinction scattering will be caused, and the electron oscillation cannot be excited. At the same time, appropriately increasing the ratio of Al to TiO2 can effectively improve the photocatalytic efficiency. Al is also prone to oxidation as the same as Bi and Cu, and the Al2O3 layer is often formed on the surface of Al NPs, and this Al2O3 layer can provide adsorption sites [71]. Al NPs can also be a co-catalyst or be a candidate in some photocatalytic systems to improve the photocatalytic performance [66,72]. In the course of the study of Qi Hao, plasmonic Al nano-void arrays have been fabricated with tunable LSPR energies to overlap the plasmonic spectrum and TiO2 bandgap. The degradation rate of RhB by the TiO2/Al photocatalyst is very high due to coupling between Al and TiO2, which includes the LSPR effect through radiative energy transfer when the Al plasmonic band is coupled with the TiO2 band gap and the photocatalysis caused by the interfacial charge transfer process at the TiO2/Al interface, which is independent of the Al2O3 layer on the surface [66]. Al NPs can be combined with conventional catalytic materials to form an “antennae-reactor” complex, which focuses light on the catalytic reactor and couples LSPR energy to a poorly absorbent photocatalyst through near-field interaction, effectively generating hot carriers and converting the entire nanostructure into a photocatalyst, such as coupling Al and Pd, which can effectively improve the interaction of Pd with light and promote photocatalytic hydrolysis [67,70].



Al NPs produce the strong absorption of incident light when the incident light frequency is the same as the frequency of free electrons on the metal surface, when the surface free electrons undergo collective oscillation and a very strong electric field is generated around them, which is the LSPRs of Al NPs. When Al NPs are combined with other semiconductor materials, the high EM and PRET can greatly excite the surrounding semiconductor and enhance the light absorption of the semiconductor, while the generation of hot electrons during the plasma decay process increases the free carrier concentration, and Al NPs can also act as electron acceptors to enable the effective segregation of semiconductor light-generated carriers. As with Bi NPs and Cu NPs, the addition of Al NPs can enhance the photocatalytic properties of the whole photocatalyst system.




2.4. Ni-Based Photocatalysts


Nickel (Ni) is an earth-abundant and stable transition metal that is commonly used in batteries, coins, and catalysts. Ni, as a non-precious plasma metal, has been relatively little studied, but some researchers have applied Ni NPs with plasma effects in photocatalysis to enhance photocatalytic performance. Hao et al. [112] synthesized β-Bi2O3-NiO/Ni heterojunction photocatalysts using a one-step combustion method, which exhibited the superior visible light photodegradation of the dyes MB and RhB. In the catalyst system, the metal Ni exhibited a plasmonic effect and the presence of Ni increased the light absorption of the NiO/Ni material, but the photoinduced electron and hole binding of NiO/Ni was faster and the photocatalytic activity was low. When it was coupled with β-Bi2O3 to form a heterojunction photocatalyst, electrons could migrate from the CB of NiO/Ni to CB of β-Bi2O3 and holes could migrate from VB of β-Bi2O3 to VB of NiO/Ni, which inhibits the compounding of electron–hole pairs on NiO/Ni and greatly improves the photocatalytic activity of the material. Similarly, in Talebi’s study, different sizes and compositions of Ni@NiO/NiCO3 core–shell was used for photocatalytic hydrogen production and the UV-Vis absorbance spectroscopy results of the samples indicated a broad peak at 470 nm, which was attributed to the SPR of Ni NPs, while there was no corresponding absorption peak/edge for NiO, indicating plasma-driven H2 evolution. Under light irradiation, Ni particles generate hot electrons through the SPR effect, plasma electrons from Ni are transferred to NiCO3 via NiO, and the NiO/NiCO3 shell layer acts as a dielectric layer to promote plasma generation on the surface of the Ni NPs [114]. When semiconductor materials alone are used for photocatalysis, disadvantages such as poor light absorption and rapid photoexcited carrier compounding make photocatalysis limited. Therefore, plasma metals can be introduced to create heterojunctions to effectively overcome the limitations, broaden the light absorption of semiconductor materials, and inhibit photo-generated carrier compounding, thus improving the photocatalytic activity. Ullah et al. [115] doped metal Ni NPs into semiconductor g-C3N4 to form a heterojunction photocatalyst g-C3N4/Ni@N-doped C. Under visible light irradiation, the Ni NPs have strong surface plasma absorption, and the excited Ni NPs generate a large amount of surface plasma and decay rapidly to produce hot electrons, which jump above the Fermi energy level of Ni, and due to SPR, the plasma hot electrons are transported to the CB of g-C3N4 that participates in the subsequent H2 evolution [115]. The addition of Ni NPs with the LSPR effect can improve the photocatalytic performance of the whole photocatalytic system. At present, there are relatively few studies on the use of plasmonic metal Ni NPs for photocatalysis and their applications, and more consideration can be given to the possibilities of Ni NPs in the field of photocatalysis in the future.





3. Nonmetallic Plasmonic Nanomaterials


In addition to the noble metal and non-noble metal plasmonic nanomaterials, LSPRs also can be discovered in some metal oxide nanocrystals and other semiconductors which have abound of a free carrier, including free electrons and holes aroused by doping. In contrast, the free carrier density in heavily doped semiconductors is lower than that in plasmonic noble metals so that their LSPR frequencies are at longer wavelengths. In the preparation of nonmetallic plasmonic nanomaterials, the LSPR frequency can be tuned by controlling the dopant concentration, changing the stoichiometric compositions and phase changes, but the LSPR frequencies of noble metals are fixed [5,6,80]. To achieve different LSPR frequencies in UV-NIR-MIR regions to meet different needs and lower cost, some plasmonic metal oxide and other semiconductors photocatalysts have been studied [5,6,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101,102,106,107,109,122,123,124,125,126,127,128]. Nonmetallic [122,123] plasmonic nanomaterials can be divided into two categories: extrinsic doping nanomaterials which are doped with heterovalent, and self-doped nanomaterials with deficient cation or anion vacancies by intrinsic formation [5]. In addition to these, TiN is also a typical non-metallic plasma material with a nice LSPR effect and a wide light absorption in the range of 500 to 1200 nm, a broad plasma resonance which ranges from visible to near-infrared [129,130].



Nonmetallic plasmonic nanomaterials have an important advantage of integrating metallic LSPRs with the properties of semiconductors themselves, which cannot only take advantage of metal LSPR, but also use doping, heterojunctions, and co-catalysts, etc., to overcome their own instability, low carrier concentration, and high electron–hole complexation rate, and can also control the free carrier concentration by controlling the composition and concentration of the host material and dopant, so that the LSPR frequency can be tuned.



3.1. Extrinsic Doping Metal Oxides/Semiconductors


Doping heterovalent atoms can achieve a high density of free carriers to support LSPR. Metal oxides are wide-gap semiconductors, and their energy usually falls in the visible or near-UV spectrum. However, controlling the doping of these materials via the introduction of vacancies, interstitial atoms, or aliovalent substitutional impurities can yield the sufficient concentration of free carriers to support LSPR [108]. Metal oxides doped with heterovalent atoms mainly involve Sn-doped In2O3 (ITO) [6,77,78,79], Al-doped ZnO (AZO) [80,81,82], Sb-doped SnO2 [81], In-doped CdO [83,84], and Ne-doped TiO2 [5]. ITO NCs with wider LSPR frequencies in NIR and mid-infrared (MIR) regions were achieved via a solvothermal synthesis method. By doping Sn, ITO NCs exhibit good electrical conductivity and optical characteristics, thus facilitating the application of ITO NCs in NIR and MIR regions. The LSPR frequencies changed regularly in three stages, which was attributed to the amount of Sn and the Sn potential synergistic effect of the trapping ability. In the first stage, LSPR frequencies shifted gradually toward shorter wavelengths with the increasing ratios of Sn. In the next stage, with the further increasing amount of Sn, the position of LSPR shifted towards longer wavelengths. In the last stage, the LSPR frequency shifted to the shorter wavelength again [6]. Additionally, as an extrinsic doping metal oxide, AZO, which was synthesized via atomic layer deposition, was studied. It showed that a simple protection layer and thermal treatment can be used to reduce the optical loss of the films and convert a crossover wavelength to near-infrared wavelengths, and the enhanced optical properties, owing to the migration and subsequent activation of doped Al in the ZnO matrix, are allowed. Moreover, the use of a HfO2 protection layer prevents the formation of defects. Meanwhile, the fact that the LSPR mode is highly tunable by varying the doping concentration, heat treatment time, deposition temperature, and ZnO buffer thickness has been verified [80]. By introducing Er3+ into CuS, the band gap and defects of the photocatalysts were changed, and LSPR caused by the free holes in the valence band was tuned. Additionally, the photocatalytic performance of Er:CuS was enhanced due to the surface defect and Cu vacancies which can suppress the photogenerated electron–hole recombination [109]. All of these studies show that the doping concentration affects the LSPR effect of the photocatalysts system, and a different LSPR frequency can be achieved by tuning the dopant concentration.




3.2. Self-Doped Metal Oxides/Semiconductors


Self-doped metal oxides or other semiconductors could support LSPR with a high enough density of free carriers due to the deficiencies. The main materials include copper-deficient chalcogenides (Cu2−xE, E = S, Te, Se) [76,85,86,87,88,89,90,91], MoS2−x and oxygen-deficient transition metal oxides, including TiO2−x, WO3−x [75,92,93,94,95,96,126,127,128], MoO3−x [97,98,99,100,101,102,103,104,105,125], and ZnO [106,107].



Cu2−xS as a nonstoichiometric semiconductor shows good plasmonic adsorption in the NIR region owing to the high density of holes in the valance band aroused by the Cu deficiencies. The wavelength of the LSPR can be easily changed by modifying the number of vacancies in the VB [90]. The semiconductor with the LSPR effect is compounded with other semiconductors to form a heterogeneous junction and other structures, which can promote the widening of the light absorption range of materials and the improvement of the carrier separation efficiency, such as ternary sulfide ZnS-CdS-Cu2−xS. In Zhuang’s research, these heterojunction materials achieve nearly full spectrum absorption, including NIR absorption (Cu2−xS), visible absorption (CdS), and UV absorption (ZnS). The p-n heterojunctions between CdS and Cu2−xS enhance the separation efficiency of the photogenerated electrons and holes so that a large number of holes were collected in the semiconductor VB and the LSPR effect is facilitated and optical properties can be improved compared to binary ZnS-CdS and bare ZnS [76]. The reaction time, temperature, and concentration of diphenyl phosphine (DPP) are important parameters to regulate the size and shape of Cu2−xTe NPs during a preparation process with the presence of DPP, which can facilitate the anisotropic growth of the formation of cubic structures with better NIR adsorption due to the LSPR effect which is aroused by Cu deficiencies [86]. In plasmonic Cu2−xSe@ZnS core shell NPs, the ZnS shell can prevent the oxidation of the Cu2−xSe core in a strongly reducing environment, but a slow oxidation still occurred due to the diffusion of the Cu+ through ZnS, and this can achieve an LSPR effect in the NIR region owing to the Cu vacancies, so we can also tune the LSPR by the oxidative treatment of the particles [85]. All of these show that the composition, shape, and structures of Cu2−xE (E = S, Te, Se) and the co-effect with other semiconductors can affect its LSPR effect and the optical properties.



Oxygen vacancy defects are important to enhance the light capturing and photocatalytic activities of metal oxides, with the absorption light region extending into the NIR due to the LSPR effect, such as non-stoichiometric metal oxides WO3−x [75,92,93,94,95,96,126,127,128], TiO2−x, MoO3−x [97,98,99,100,101,102,103,104,105,125], and ZnO [106,107]. With the advantages of powerful oxidation properties, low cost, and non-toxicity, WO3 can be modified by various methods to improve its photocatalytic activity. By introducing oxygen vacancies, the photocatalytic performance of WO3 can be enhanced greatly and its absorption of visible light and conductivity can be increased by the LSPR effect of WO3−x in the NIR region. Introducing oxygen vacancy through low temperature annealing in alcohol to WO3 to obtain non-stoichiometric metal oxides WO3−x can achieve a high concentration of oxygen vacancies which act as traps to reduce the recombination of photogenerated electron–hole pairs and improve the separation efficiency of free carriers and improve their photocatalytic performance [92]. The stability of W18O49 is better than that of WO3 [128]. This is because the LSPR of W18O49 derives from the localized electron confinement around lattice W5+-W5+ in the unique structure of W18O49, which makes W18O49 have a wide absorption from visible light to NIR, independent of the particle shape and size. Therefore, the NIR absorption of W18O49 is an inherent property, while that of WO3 depends on oxygen vacancy, which varies greatly under light [128]. At the same time, under visible light irradiation, oxygen-vacancy-induced free electrons are excited by LSPR to become thermal electrons, enhancing photocatalysis [95,96]. However, a single semiconductor with oxygen vacancies is too difficult to obtain an excellent photocatalytic performance and achieve more stringent requirements such as adsorbing light across the whole solar spectrum and generating active charge carriers on suitable levels for generating or degrading target materials by using LSPR-excited “hot electrons” [94]. Therefore, some composite photocatalytic materials based on WO3−x have been developed [75,93,94,126,127,128]. A plasmonic Z-Scheme photocatalyst with the W18O49/g-C3N4 heterostructure is presented. The synergistic effect of LSPR absorption of W18O49 in the visible and NIR region to induce a “hot electrons” injection process and Z-scheme-improved charge carriers’ separation enhances the photocatalytic efficiency of H2 evolution [93]. MoO3 is also a non-toxic, low-cost semiconductor material with an excellent adsorption capacity [97]. When oxygen vacancies are introduced into MoO3 to form MoO3−X, LSPR occurs, and the light absorption range is broadened. Meanwhile, the oxygen vacancy can suppress the recombination of photogenerated carriers [97,104,105]. MoO3−x also often forms composite materials with other semiconductors to further improve the photocatalytic activity [98,101,102,103,125]. A Z-scheme CuS/MoO3−x heterostructured photocatalyst had been achieved successfully. With the abundant oxygen vacancies, MoO3−x exhibited a strong photosorption capacity in the visible region. The heterojunction interaction between CdS and MoO3−x promoted interfacial charge transfer, segregation, and migration of photoexcited charge carriers by decreasing the recombination of electron–hole pairs, and the CdS/MoO3−x showed an increasingly photocatalytic degradation performance of MO and TC with the increasing content of CuS within certain limits [98]. The morphology of ZnO nanomaterials can affect the LSPR, and research indicates that bowl-like and ring-like structures are beneficial for LSPR [106,107]. When oxides with oxygen vacancy defects are combined with other semiconductor materials to form composite photocatalysts, plasmonic hot electron injection and heterojunction structures usually exist according to the band structure to accelerate the separation of photocarriers, which is beneficial to improve the photocatalytic efficiency. The preparation, physical, and chemical properties and detailed photocatalytic performance of nonstoichiometric nonmetallic plasmonic photocatalysts are shown in Table 3.



The possible mechanism of self-doping nonstoichiometric nonmetallic plasmonic nanomaterials can usually be expressed as Figure 3. In self-doping nonstoichiometric nonmetallic plasmonic nanomaterials, oxygen vacancies form defect bands (DB) at the bottom of CB. The free electrons induced by the oxygen vacancy are excited to be hot electrons by SPR, and hot holes are left in the DB. Photoexcited electrons are captured in the DB and combine with hot holes to facilitate the separation of photogenerated carriers and accelerate the generation of hot electrons. Photogenerated electrons, holes, and hot electrons participate in the REDOX reaction.





4. Applications


As with the most common photocatalysts, photocatalysts consisting of these non-noble metals and nonmetallic plasmonic nanomaterials with LSPR effects are often used for both environmental remediation (photocatalytic removal of pollutants, photocatalytic sterilization) and energy conversion (photocatalytic H2 production, photocatalytic CO2 reduction, photocatalytic N2 fixation, and photocatalytic alcohol conversion).



Along with the fast pace of the industrial age, a large number of pollutants have been released into the environment, causing serious environmental pollution. The photocatalytic removal of pollutants by means of plasmonic photocatalysts consisting of non-noble metals and nonmetallic nanomaterials is a promising technology. These plasmonic materials can make full use of their properties to efficiently remove pollutants using light as the driving force while reducing treatment costs and being non-toxic and non-hazardous to the environment. Zhang et al. [32] prepared Bi0/Bi2O3@C composites using a surfactant-assisted sol-gel method. Bi NPs were prepared by the in situ reduction of Bi2O3 with amorphous carbon. The plasma Bi NPs produced hot carriers under visible light irradiation. Compared with bare Bi2O3, Bi0/Bi2O3@C showed a stronger degradation effect on methylene blue under sunlight. In 2017, Li et al. [75] prepared a hybrid photocatalyst with a broad-spectrum photocatalytic performance by in situ growing plasmonic W18O49 nanocrystals on TiO2 nanosheets, which can collect UV, visible, and NIR light to decompose organic pollutant RhB. Owing to the LSPR induced by an abundant oxygen vacancy in W18O49, the photocatalytic efficiency of TiO2/W18O49 nanosheet samples is greatly improved compared with pure TiO2 nanosheet samples. In Chen’s study, a new high-efficiency Bi-modified Bi2S3-supported g-C3N4(BBC) plasmonic semiconductor photocatalyst has been successfully developed. The photocatalytic reduction of Cr(VI) and TC were used to investigate the photocatalytic performance of the samples. Due to the LSPR effect of Bi, the further development of charge separation and a good reaction interface, BBC shows the best photoreduction and photooxidation properties [40].



Plasmonic photocatalytic materials can absorb a wide spectrum of light (from UV to NIR) to photocatalytically kill bacteria, while the photothermal effect induced by LSPR can also inactivate bacteria, making plasmonic photocatalysis an efficient green and low-cost disinfection technology. Compared to high-cost noble metal plasmonic photocatalysts, nonnoble plasmonic materials and non-metallic plasmonic materials with photothermal synergistic catalysis have great potential in inactivating bacteria. In Maya Endo-Kimura’s study, zero-valent Cu was deposited on the TiO2 surface, and due to the LSPR effect of zero-valent Cu and the inherent nature of Cu, Cu/TiO2 showed high bacterial inhibition against bacteria (E. coli) and fungi (Aspergillus niger) under visible light irradiation and dark conditions [132]. In 2022, a Zn2In2S5/W18O49 composite was designed by Liu et al. Thanks to the synergistic effect of the z-scheme heterostructure and LSPR effect, the composite achieved 87.9% removal of TC after 60 min under vis-NIR illumination, while under the same conditions, it also achieved the complete inactivation of 8.3 log E. coli. Thus, they presented a credible photocatalytic reaction mechanism for antibiotic degradation and bacterial inactivation, which provides a new idea for the efficient photocatalytic treatment of practical wastewater [133].



Non-noble metal plasmonic materials and non-metallic plasmonic materials have a wide photo response range from UV to IR to maximize the use of sunlight and are also superior in addressing energy shortages through energy conversion, such as photocatalytic H2 production and photocatalytic CO2 reduction.



H2 is an environmentally friendly alternative to fossil fuels, and photocatalytic hydrogen production is a promising pathway for hydrogen production. Huang et al. [50] prepared Cu/CG-1100 composite photocatalysts using chitosan graphene CG-1100 with folds, few layers, and special defects and Cu(Ac)2 solution as raw materials using an in situ synthesis method under illumination. Using the LSPR effect of Cu NPs, the composite can reach a hydrogen production efficiency of 3.94 mmol·g−1·h−1 and exhibit superior stability. In Zichao Lian’s study, CdS/Cu9S5 heterostructured nanocrystals were constructed, exhibiting high and stable photocatalytic activity for an IR-induced hydrogen precipitation reaction with an apparent quantum yield of 4.4% at 1100 nm, and the tuning of the plasma p-n junction charge acceptor layer thickness was found to be an important factor in improving the catalytic activity [122].



Massive CO2 emissions are causing global warming, and the solar-driven photoreduction of CO2 to chemically added fuel is seen as a promising way to mitigate energy shortage and global warming. Tan et al. [52] used the hydrothermal method to deposit TiO2 nanorod films on a transparent conductive substrate, followed by the electrochemical loading of Cu NPs to synthesize composites with photocatalytic activity to reduce CO2 to CH4 under UV irradiation. The plasmonic nature of Cu NPs greatly enhanced the photocatalytic activity of the material, and the CH4 production rate could reach 2.91 ppm/gcatal·h, which was twice as high as that of the unmodified TiO2 film. In Yue Huang’s study, a one-dimensional/two-dimensional S-scheme W18O49/CdSe-diethylenetriamine photocatalyst with visible- to NIR-light-driven electron transport channels was constructed by the amination reaction of CdSe using a microwave solvothermal method, benefiting from the LSPR effect induced by oxygen vacancies in W18O49 and the synergistic effect of coupling semiconductors to construct S-scheme heterojunctions, where highly efficient photocatalytic CO2 reduction performance was achieved with a yield of 25.37 μmol h−1·g−1, which offers the possibility for the application of oxygen-vacancy-rich non-stoichiometric oxides for photocatalytic CO2 reduction [126].




5. Conclusions


Plasmonic photocatalysts have attracted much attention for their abilities to exhibit a light absorption range from the UV region to NIF region and a high charge separation efficiency. In recent years, much research has been conducted to achieve plasmonic photocatalysts with a high photocatalytic performance and stability in terms of water splitting and organic pollutants degradation. Among plasmonic materials, plasmonic noble-metal-based photocatalytic materials are the most studied due to the wider light absorption range and the higher carrier separation efficiency. However, there are still some limitations of noble metal NPs for their development in practical application in the photocatalytic field due to their high cost, fixed plasma frequency, and low abundance. LSPRs have also been discovered in some non-noble metals and nonmetallic materials, including heavily doped semiconductors and metal oxides with a much lower density of free carriers than noble metals and longer wavelength for LSPR frequency and too lower photocatalytic activity to satisfy practical applications. Thus, achieving the higher photocatalytic activities of non-noble metal and nonmetallic plasmonic photocatalysts is very important. Currently, most studies on non-noble metal and nonmetallic plasmonic materials focus on broadening their optical response range, while the high free carrier separation efficiency and low photogenerated electron–hole pairs recombination efficiency are the keys to improve the photocatalytic activity of plasmonic photocatalysts. Therefore, enhancing the high free carrier separation efficiency and reducing photogenerated electron–hole pair’s recombination efficiency could be hot spots in the further development of non-noble metal and nonmetallic plasmonic materials. For the construction of high-efficiency plasmonic photocatalysts, the following two points can be considered: (i) plasmonic material self-regulation, adjusting the plasmonic metal structure, morphology, and size to achieve spectral regulation and local field spatial enhancement, and controlling the composition and concentration of non-metallic plasmonic material host material and dopant to adjust the free carrier concentration to achieve the purpose of regulating the LSPR frequency. In addition, the exploration of suitable characterization methods is expected to achieve the design of plasmonic materials with an ideal carrier concentration. (ii) Combining with other materials to build composite photocatalysts: selecting materials with a suitable energy band structure for the composite, and modulating the spatial structure and energy band arrangement of the composite to increase the concentration of photogenerated carriers, regulate the light absorption range, inhibit photogenerated carrier compounding, increase the active site, improve the stability of the material, and thus enhance the photocatalytic performance of the material, for example, increase the contact area between the plasmonic metal and the semiconductor so as to make full use of electromagnetic field enhancement to excite the semiconductor. This will offer new possibilities to achieve a higher photocatalytic activity for the removal of environmental pollutants and to solve energy shortage problems.
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Figure 1. Schematic illustration of LSPR for a plasmonic nanosphere [7]. 
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Figure 2. Photocatalytic mechanism of Bi-based composite photocatalysts with the light illumination [37,42,43,44,47,48]. After coupling to a semiconductor with a matched band gap structure, the thermal electrons generated by Bi through SPR can be transferred to conduction band (CB) of the semi-conductor under light irradiation to participate in the subsequent chemical reaction (a); b: Bi can be used as an electron accepter or hole trap to accept electrons from the semiconductor CB to promote the separation of photogenerated carriers (b); Bi NPs can be used as a charge transfer medium between different semiconductors to transfer photogenerated electrons from CB of one semiconductor to the CB or valence band (VB) of another semiconductor to promote the segregation of photogenerated carriers in the whole photocatalyst system (c). 
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Figure 3. The possible mechanism of self-doping nonstoichiometric nonmetallic plasmonic nanomaterials [97,98,128,131]. 
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Table 1. Summary of photocatalytic performances of plasmonic-Bi-nanomaterials-based photocatalysts.
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Materials

	
Preparation Method

	
Origin of LSPR

	
Structure

	
Light Source

	
Objects

	
Efficiency

	
Ref.






	
Bi@SiO2

(Bi:SiO2 = 1:0.1)

	
Liquid phase chemical reduction method

	
Bi

	
Core–shell

	
Iodine lamp

	
RhB(10 ppm)

	
Degradation, 44.35% in 60 min

	
[29]




	
BPA(20 ppm)

	
Degradation, 49.10% in 60 min




	
Bi@SiO2

(Bi:SiO2 = 1:0.3)

	
RhB(10 ppm)

	
Degradation, 63.32% in 60 min




	
BPA(20 ppm)

	
Degradation, 40.0% in 60 min




	
Bi-NPs@GO

	
A solution-based sonication method

	
Bi

	
Sphere

	
UV lamp

	
NO(100 ppm)

	
Removal, 42.3% in 30 min

	
[30]




	
C/Bi/Bi2O3

	
One-pot method

	
Bi

	
—

	
Xe lamp (visible light + simulated sunlight)

	
2,4-DCP(10 mg/L)

	
—

	
[31]




	
Bio/Bi2O3@C

	
A surfactant-assisted sol-gel method

	
Bi

	
—

	
LED daylight bulb

	
MB(10 mg/L)

	
Degradation, 75.0% in 60 min

	
[32]




	
Bi/Bi2WO6

	
Hydrothermal reaction + solvothermal method

	
Bi

	
Hierarchical architecture

	
Visible light

	
RhB(10 mg/L)

	
Degradation, 93.0% in 25 min

	
[33]




	
4-CP(20 mg/L)

	
Degradation, 54.4% in 120 min




	
g-C3N4@Bi@Bi2WO6

	
Hydrothermal method

	
Bi

	
Flower-like hierarchical microspheres

	
Xe lamp

	
MO(10 mg/L)

	
Degradation, 70% in 120 min

	
[34]




	
RhB(20 mg/L)

	
Degradation, 100% in 30 min




	
2,4-DCP(20 mg/L)

	
Degradation, 72% in 180 min




	
Bi@Bi4O7I/rGO

	
Surface-charge-mediated self-assembly strategy

	
Bi

	
2D nanosheet

	
Visible light

	
LVFX(20 mg/L)

	
Degradation, 45.24% in 120 min

	
[35]




	
Bi NPs/BiOCl/ZnSn(OH)6

(ZSH-1-Bi)

	
One-pot precipitation, hydrolysis, and UV-photoreduction process

	
Bi

	
Cubes

	
Visible light

	
RhB (48 mg/L)

	
Degradation, 83.5% in 120 min

	
[36]




	
Bi NPs/BiOCl/ZnSn(OH)6

(ZSH-2-Bi)

	
14-facets polyhedron

	
Degradation, 65.6% in 120 min




	
Bi NPs/BiOCl/ZnSn(OH)6

(ZSH-3-Bi)

	
Octahedron

	
Degradation, 91.4% in 120 min




	
Bi4MoO9/Bio

	
Hydrothermal method

	
Bi

	
Core–shell

	
Tungsten halogen lamp

	
NO(100 ppm)

	
Removal, 57.2%

	
[38]




	
Bi@BiOCl

	
One-step solvothermal

method

	
Bi

	
Hierarchical microsphere

	
Tungsten halogen lamp

	
NO(100 ppm)

	
Removal, 67.5%

	
[39]




	
Bi-Bi2S3-g-C3N4

	
Solvothermal method

	
Bi

	
PG structure

	
Visible light

	
Cr(VI) (20 mg/L)

	
Removal, 0.03921 min−1

	
[40]




	
TC(10 mg/L)

	
Degradation, 92.5% in 150 min




	
Bi/(BiO)2CO3

	
—

	
Bi

	
Staked irregular nanoplates

	
Tungsten halogen lamp

	
NO(100 ppm)

	
Removal, 63.6% in 30 min

	
[41]




	
BC/Bi/Fe3O4

	
High-temperature

calcination

	
Bi

	
The rod covered with nanoparticles

	
Xe lamp

	
Cr(VI) (20 mg/L)

	
Removal, 95% in 180 min

	
[43]




	
Cu2O/Bi/Bi2MoO6

	
Two-step hydrothermal route + wet-impregnation

	
Bi

	
—

	
Visible light

	
Sulfadiazine (10 mg/L)

	
Degradation, 98.6% in 100 min

	
[44]




	
Ni(II)(10 mg/L)

	
Degradation, 93.2% in 60 min




	
g-C3N4/Bi/Bi3.64Mo0.36O6.55

	
In situ reduction technique

	
Bi

	
—

	
Xe lamp

	
lomefloxacin (10 mg/L)

	
Degradation,

94.6% in 20 min

	
[48]
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Table 2. Summary of photocatalytic performances of non-noble-plasmonic-metal-Cu-nanomaterials-based photocatalysts.






Table 2. Summary of photocatalytic performances of non-noble-plasmonic-metal-Cu-nanomaterials-based photocatalysts.





	Materials
	Preparation Method
	Origin of LSPR
	Structure
	Light Source
	Objects
	Efficiency
	Ref.





	Cu/graphene

(Cu/CG-1100)
	In situ synthesis method
	Cu
	Staked layers of nanosheets
	Xe lamp
	H2
	Evolution, 3.94 mmol·g−1·h−1
	[50]



	CuCo
	Hydrothermal method
	Cu
	Dendrite-like
	Xe lamp
	H2
	Evolution, 77.1 umol·g−1·h−1
	[51]



	Cu/TiO2
	Hydrothermal method
	Cu
	Nanorods
	UVA lamps
	CO2
	Reduction, 2.91 ppm/gcatal
	[52]



	Cu film/Cu2O/TiNT
	Anodization combined with electrodeposition method
	Cu
	—
	Xe lamp
	MB(10 mg/L)
	Degradation, 100% in 30 min
	[53]



	Cu/UiO-66
	Double-solvent approach + one-step reduction
	Cu
	Octahedrons
	Xe lamp
	Benzyl alcohol
	Oxidation, 53.3%
	[54]



	Cu/rGO
	In situ photoreduction process
	Cu
	Nanosheets
	Xe lamp
	H2,
	Evolution,

59 mmol·g−1·h−1
	[55]



	Cu@Cu2O/SiO2
	Precipitation and sol-gel methods
	Cu
	Cubic shapes
	Sunlight
	CIP(2 mg/L)
	Degradation, 94.24% in 60 min
	[57]
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Table 3. Summary of photocatalytic performances of nonstoichiometric nonmetallic plasmonic photocatalysts.
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Materials

	
Preparation Method

	
Origin of LSPR

	
Structure

	
Light Source

	
Objects

	
Efficiency

	
Ref.






	
TiO2/W18O49

	
Two-step solvothermal

procedure

	
W18O49

	
Sheet-like

	
Full spectrum

	
RhB

	
Degradation, 95.2% in 50 min

	
[75]




	
Cu2−xSe-g-C3N4

	
Solvent–thermal

method

	
Cu2−xSe

	
—

	
Xe lamp

	
MB(2 × 10−5 M)

	
Degradation, 96.4% in 120 min

	
[88]




	
Cu1.8Se/Cu3Se2

	
Precipitation method

	
Cu2−xSe

	
A phase junction structure

	
Xe lamp(Vis and NIR)

	
MO(50 mg/L)

	
Degradation, 82% in 120 min

	
[91]




	
WO3−x

	
One-step template-free

hydrothermal route

	
WO3−x

	
Staked morphology of nanosheets

	
Hg lamp (UV)

	
RhB(2 × 10−5 M)

	
Degradation, 100% in 80 min

	
[92]




	
visible light

	
RhB(2 × 10−5 M)

	
Degradation, 77% in 320 min




	
W18O49/g-C3N4

	
Solvothermal method

	
W18O49

	
Nanorod bundles

	
Simulated sunlight

	
H2

	
Evolution, 15.2 umol·h−1

	
[93]




	
CdS/WO3−x

	
Photoinduced electron injection

	
WO3−x

	
Bundles and nanowires

	
Visible-NIR light

	
H2

	
Evolution, 1.6 mmol·g−1·h−1

	
[94]




	
MoO3−x

	
Solvothermal

method

	
MoO3−x

	
Sheet-like

	
Xe lamp

	
MO (20 mg/L)

	
Degradation, 95.4% in 120 min

	
[97]




	
CdS/MoO3−x

	
One-pot hydrothermal method

	
MoO3−x

	
—

	
Visible light

	
MB (10 mgL−1)

	
Degradation, 97.6%

	
[98]




	
TC (10 mg L−1)

	
Degradation, 85.5%




	
IO-TiO2-MoO3−x

	
Emulsion polymerization reaction + solvothermal

method + calcination

	
MoO3−x

	
Honeycomb-like

	
Xe lamp

	
H2

	
Evolution, 886 umol/(g·h)

	
[102]




	
RhB

	
Degradation, 90% in 60 min




	
MoO3−x/g-C3N4

	
Hydrothermally in situ growing

	
MoO3−x

	
—

	
Xe lamp

	
H2

	
Evolution 22.8 umol/h

	
[103]




	
ZnO

	
Low-temperature chemical etching method

	
ZnO

	
Nanoplates

	
UV

	
RhB

	
Degradation, 90% in 95 min

	
[106]




	
Nanobowls

	
Degradation, 90% in 83 min




	
Nanorings

	
Degradation, 90% in 81 min




	
ZnO/rGO

	
One-step low-temperature chemical etching route

	
ZnO

	
Nanoplates

	
Xe lamp

	
RhB (2 × 10−5 M)

	
Degradation, 90% in 140 min

	
[107]




	
Nanobowls

	
Degradation, 86% in 140 min




	
Nanorings

	
Degradation, 97% in 140 min
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