

  applsci-09-02093




applsci-09-02093







Appl. Sci. 2019, 9(10), 2093; doi:10.3390/app9102093




Review



Progress in the Utilization Efficiency Improvement of Hot Carriers in Plasmon-Mediated Heterostructure Photocatalysis



Tong Zhang 1,2,3,*, Shan-Jiang Wang 1,3, Xiao-Yang Zhang 1,2,3, Dan Su 2,3, Yi Yang 1,3, Jing-Yuan Wu 1,3, Yao-Yao Xu 1 and Ning Zhao 1,2,3





1



Joint International Research Laboratory of Information Display and Visualization, School of Electronic Science and Engineering, Southeast University, Nanjing 210096, China






2



Key Laboratory of Micro-Inertial Instrument and Advanced Navigation Technology, Ministry of Education, School of Instrument Science and Engineering, Southeast University, Nanjing 210096, China






3



Suzhou Key Laboratory of Metal Nano-Optoelectronic Technology, Suzhou Research Institute of Southeast University, Suzhou 215123, China









*



Correspondence: tzhang@seu.edu.cn







Received: 10 April 2019 / Accepted: 14 May 2019 / Published: 21 May 2019



Abstract

:

The effect of plasmon-induced hot carriers (HCs) enables the possibility of applying semiconductors with wide band gaps to visible light catalysis, which becomes an emerging research field in environmental protections. Continued efforts have been made for an efficient heterostructure photocatalytic process with controllable behaviors of HCs. Recently, it has been discovered that the improvement of the utilization of HCs by band engineering is a promising strategy for an enhanced catalytic process, and relevant works have emerged for such a purpose. In this review, we give an overview of the recent progress relating to optimized methods for designing efficient photocatalysts by considering the intrinsic essence of HCs. First, the basic mechanism of the heterostructure photocatalytic process is discussed, including the formation of the Schokkty barrier and the process of photocatalysis. Then, the latest studies for improving the utilization efficiency of HCs in two aspects, the generation and extraction of HCs, are introduced. Based on this, the applications of such heterostructure photocatalysts, such as water/air treatments and organic transformations, are briefly illustrated. Finally, we conclude by discussing the remaining bottlenecks and future directions in this field.
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1. Introduction


With the demand for an eco-friendly and efficient technology for solving the bottlenecks in the fields of environments and fuels, photocatalysis has been studied in the past several decades and has been gradually applied in practice [1,2,3,4,5]. To break through the limits of photon trapping and utilization in conventional semiconductor based photocatalysts [6,7], plasmon mediated photocatalysts, via the modification of plasmonic metal on a semiconductor, is an emerging field for meeting the high requirements of developing high-performance chemical compounds [8,9], new-type fuels [10,11], and green environmental treatment techniques [12,13]. In such a heterostructure, surface plasmons (SPs) [14,15,16], a collective-electrons oscillation confined to the surface of the conductive material excited by an external electromagnetic (EM) field, is generated not only as an optical pathway, which can localize incident light from a far-field at the surface of plasmonic materials and convert photons with lower energy (visible to near-infrared regions) that the semiconductor missed. However, more impressively, SPs can also act as electrical channels for the generation and transportation of HCs (electrons and holes) after light absorption for adjacent semiconductors, for participation in further applications, such as chemical reactions.



Currently, the main mechanisms reported in such plasmon enhanced photocatalysts include (1) light scattering/trapping [17,18], the radiative decay of plasmon to re-emit photons, (2) the process of plasmon induced resonance energy transferring (PIRET) [19], which needs spectrum overlapping between the plasmon and semiconductor, (3) localized electrical field enhancement [20,21], the mechanisms 2 and 3, which can be incorporated as near-field effects, and (4) HCs injections [22,23]. In the mechanisms of 1–3, direct contact is not necessary for the plasmon and semiconductor, and the enhancement is mainly tuned by the energy coupling of light field. In recent years, photocatalytic plasmon-mediated heterostructures based on the effects of HCs injections are becoming a hot topic [24,25,26], mainly from: (1) their capacity to extend the response spectrum of the photocatalyst, as the low energy of the photon beyond the band gap of the semiconductor can be utilized and adjusted adequately; and (2) the efficient suppression of the recombination of electron-hole pairs by the Schottky barrier, built by direct contact. However, the utilization efficiency of HCs that were reported in the past decades is extremely low due to loss of ultrafast electrons-electrons scattering [27,28]. Such bottlenecks mainly result from the low generation efficiency of HCs (inadequate absorption of the energy of photons) and the low extraction efficiency of HCs, such as interfacial defects. In the last studies, researchers have found that the utilization efficiency of HCs are not only related to the selection of plasmonic metals and the semiconductor [29], but also, more importantly, related to other new insights [30,31,32,33], including the polarization of excited light, the selection of a crystal face, the interface engineering and so on; these have emerged for exploring efficient photocatalysts.



Hence, this paper introduces the recent achievements based on HCs injection mechanisms, referred above, and classifies the optimized methods to design efficient photocatalysts. We will start with the typical process of photocatalytic reactions in a metal-semiconductor heterostructure, in which the intrinsic behaviors of HCs are emphasized. Then, the key factors, reported by the latest research for enhancing the utilization efficiency of HCs, are listed, in view of the process generation and extraction of HCs. In addition, photocatalytic applications for environmental protection based on SPs effects are introduced. Finally, a brief summary and perspectives are also illustrated.




2. Basic Mechanisms in Plasmon-Mediated Heterostructure


2.1. Formation of Plasmon-Mediated Heterostructure Based on Schottky Contact


The plasmon-mediated heterostructure (PMH) is a kind of composite structure that is constructed with plasmonic metal (gold, silver, and copper) and a semiconductor (conventionally, TiO2, ZnO, Fe2O3 and WO3, as well as new merged BiVO4 and g-C3N4) in nanoscale [34,35,36]. In such a heterostructure, the distinctive feature is the formation of the Schokkty barrier at the interface, which is usually used for regulating the behaviors of HCs. We set an n-type semiconductor as an example and assume that the work function of metal is higher than that of the semiconductor, Wm > Ws (Figure 1a). After they come into contact, there is a tendency for the electrons of the semiconductor to flow into the metal due to the higher Fermi level of the semiconductor than the metal (Figure 1b). The flowing of electrons will not proceed until the formation of a new balance of the Fermi level, namely EF. In the band diagram, the band of the n-type-semiconductor will bend downwards, as seen in Figure 1c. At the moment, the space-charge region with no free electrons is formed and built-in the electric field, and points from the semiconductor to the metal. In this region, the strength of the electric field builds up a high resistance region so that the electrons must have enough energy to get across this region, or barriers in other words, which is defined as the Schottky barrier (φB) [37,38].



The height of the Schottky barrier determines the capacity of electrons to get across. It can be described as:


φB=Wm−χs



(1)




where χs is the electron affinity of the semiconductor (equal to E0 − ECB), and it represents the semiconductor’s ability of accumulating electrons. The height of the barrier can be adjusted in two ways: (1) choose the plasmonic metals with a relatively lower work function [39], such as Ag (4.5–4.7 eV), rather than Au (5.3–5.5 eV); and (2) a higher electron affinity of the semiconductor, which is TiO2 in some works [40].




2.2. Process of Photocatalysis


The typical photocatalytic process based on PMH contains three steps [41], (1) reactants transfer to the surface of photocatalysts, and then reach the adsorption-desorption equilibrium dynamically, (2) light absorption for both the plasmonic metal and semiconductor, after which HCs are generated, (3) transportation of HCs, and the surface redox reaction with O2 and H2O in the surroundings; after formatting the hydroxyl radical and superoxide radical, the decomposition process of the environmental pollutants finally takes place. In this way, there are two key factors that contribute to the efficient photocatalysis: how to increase (1) the ability for the absorption and conversion of photons and (2) the transfer efficiency of HCs. To realize this, the intrinsic nature of HCs needs be understood thoroughly, and the physical model of behaviors of HCs in the process of generation, separation and injection should be established clearly. All these are introduced as follows.



2.2.1. The Generation of HCs


There are two primary processes for the generation of HCs: the excitation of SPs and conversion of photons. In the first process [41], SPs are excited on plasmonic metal with a matched incident light, and at this moment the optical cross sections of the absorption and scatter reach a maximum under an intense interaction between plasmonic metal and the external EM field. Then, the photons, coupled to the plasmonic metal, will dissipate their energy into two forms: re-emitted photons in the radiative transition and a conversion to HCs via the non-radiative transition (Figure 2a). The ratio for generating HCs is in direct proportion to the process of absorption, which means that the effect of the scatter on the re-emission of photons should be suppressed. Furthermore, the character of absorption can be adjusted by the composition, size and shape of the plasmonic metal.



After the light absorption, there are two distinct ways for electrons to transition in plasmonic metals: interband transitions and intraband transitions [42,43], which are the main components of HCs (Figure 2b). In the interband transitions, electrons are excited from the filled d band below the EF to empty the sp band above the EF, and they are insensitive to the shape and size of the metal, as well as to the polarization of the EM field. These transitions are dependent on the location of the d state, which is usually related to the component of the plasmonic metal. For example, the electrons from the d band of gold and copper can be excited by the energy of photons in the visible range, in contrast to silver with a deeper location of the d band [44]. In another electronic transition, the intraband transition, electrons come from the filled s band near the EF to empty the sp band above the EF, and they cannot be excited directly, which results from the non-conservation of momentum. Furthermore, they need an extra momentum to be excited effectively, such as SPs [45]. These plasmon-mediated HCs are more energetic, and their behaviors can be adjusted by designing a specific morphology of the plasmonic metal, especially for anisotropic structures with sharp tips. Additionally, the ways to regulate these parts of HCs are highlighted in this review.




2.2.2. Carriers Separation


As described in Section 2.1., interfacial Schottky barrier is built for the efficient HCs separation, to reduce the probability of are combination of HCs. The behaviors of HCs that reach the interface are as follows [42]: (1) blocked by Schottky barriers, (2) overcoming the Schottky barrier and (3) the tunneling effects. In most works, the third approach, electron tunneling effects, is often neglected for the extreme low possibility of tunneling resulting from a broad charge depletion layer at the interface. The interfacial doping of metal ions is considered an effective way for enhancing the electron tunneling possibility [46,47]. For example, improving the concentrations of doped Ti4+ at the interface of Au/TiO2 can create a narrower depletion layer due to the neutralization reaction with negative charges of Au [47]. In such cases, the electron tunneling effects are remarkably enhanced, and the electrons with a lower energy can pass through without considering the influence of the Schottky barrier.



In addition, the life of HCs is extremely short (hundreds of femtoseconds) and is finally dissipated into heat over a certain period of time (the scale of a picosecond) [27,31]. Their fast injection is of equal important for an efficient utilization. Up to now, there have been two types of mechanisms for HCs separations: one is the classical mechanism that is used for most photocatalysis, a plasmon induced hot-electron transfer (PHET) (Figure 2c) [48,49,50]. In such a system, the behaviors of HCs experience a complex process, including the decay of SPs to generate HCs, transportation, interfacial separation and injection. Within this process, in order to efficiently utilize the HCs before they release their energy to the surroundings, it is crucial to elaborately engineer both the metal and semiconductor. It has been reported that the utilization efficiency of HCs (QY) can be calculated by following Fowler’s equation [51,52]:


QY(ω)=(ℏω−φB)2/(4EFℏω)



(2)




where ℏω is the energy of the excitation photons. From this, the improvement of QY can be carried out in two aspects: (1) the maximum absorption of solar energy and (2) the reduction of the interfacial barrier. In other words, the QY is related to the efficiency of both the generation and extraction of HCs.



Moreover, an alternative direct electron transfer mechanism was proposed by Lian and colleagues [53], named the plasmon induced metal-to-semiconductor interfacial charge transfer transition (PICTT) (Figure 2d). In this process, the electrons are excited directly to the conduction of the semiconductor with a hole left in the metal, led by strong interdomain coupling effects of the electronic levels. Compared to PHET, the transfer process of HCs is shortened and simplified, which is thought to be much more effective for the utilization of HCs, but the internal physical mechanisms still need to be revealed with deep insight.




2.2.3. Surface Reactions


After the separation of HCs by the Schokkty barrier, the generated HCs will diffuse to the surface of the metal and semiconductor, both induced by the internal EM field to participate in a further chemical reaction. The electrons accumulated in the conduction band of the semiconductor will combine with oxygen to form a superoxide radical for the oxidizing reaction, and the holes left in the metal will participate in a reduction reaction by incorporating with water to convert into a hydroxyl radical (Figure 2e). The specific reaction process is as follows (we set the process of degradation of environmental pollutants as an example):


hVB++H2O→H++HO•



(3)






eCB−+O2→O2•−



(4)






Pollutant+O2•−→H2O+CO2+other products



(5)






Pollutant+HO•→H2O+CO2+other products



(6)










3. Structural Design of Plasmon-Mediated Photocatalysts


As described above, the behaviors of HCs are sensitive to a specific structural construction, and all of these can be controlled with the strategies of the rational design and optimization of PMH used for high efficiency photocatalysts. Furthermore, we intend to classify the research on the utilization efficiency improvement of HCs into two aspects: (1) the generation of HCs and (2) the ways for them to be extracted by an adjacent semiconductor.



3.1. Generating Efficiency Improvement of HCs


In this subsection, we have introduced the methods for improving the generating efficiency of HCs in several ways, including a “hot spots” structure, broadband absorptive structures made by a plasmonic cavity, and special hollow structures.



3.1.1. Design of Structures with “Hot Spots”


Recently, it has been shown that the plasmonic metals with “hot spots”, where the EM fields are strongly amplified in small regions, can boost the rates of generation of HCs [54,55,56,57]. Furthermore, this is attributed to two physical reasons [58]: (1) the enhancement of local EM fields in classical effects and (2) the non-conservation of the linear momentum of electrons in quantum formalism. In recent reports, the relations between the rates of generation of HCs and local EM fields were established as follows [59,60]:


Ratehigh−energy,ε>ΔEb=2π2×e2EF2ℏℏω−ΔEb(ℏω)4∫SNC|Enormal(θ,φ)|2ds



(7)




where ΔEb is the height of the interfacial barrier, and Enormal(θ,φ) is the normal component of the EM fields near the surface. In this equation, the rate of generation of HCs is proportional to the square of the amplitudes of the local EM field in plasmonic metal. In one way, the plasmonic metals with sharp tips or corners (namely “tip hot spots”) [61,62], e.g., nanorods, nanotriangles, and nanocubes, nanostars, are usually designed to be efficient carriers for generating HCs. In such structures, the redistributed electrons are localized near the tips of the metal by perturbing the incident light fields, resulting in several orders of enhancement of the local EM fields. Correa-Duarte et al. [63] studied the morphology-related generation of HCs by setting up three types of plasmonic metals, nanospheres, nanorods and nanostars, as models (Figure 3a). They proposed that plasmonic metals with tip structures (nanorods and nanostars) were endowed with a higher EM field enhancement when compared to nanospheres, and that the structures with long tips contributed to the highest EM enhancement (see the calculated EM enhancement factor in Figure 3b). To build up relations between this EM field enhancement and HCs effects, they assembled plasmonic metals and TiO2 on SiO2 microspheres. Both the theory and the experiments on the catalytic decomposition of RhB indicated that the EM field played a dominant role in the higher generation of HCs (Figure 3c). Such features were also demonstrated in some experimental results. Stucky et al. [64] reported Au-TiO2 dumbbells by fixing amorphous TiO2 at both ends of Au rods (Figure 3d), differing from Au rods@TiO2 and Au rods/TiO2 by simple mixing; the rates of degradation of methyl blue (MB) in these “hot spots” mediated heterostructures were improved significantly (Figure 3e). Han et al. [65] placed the Cu2O at the corners of the Au nanocubes (Figure 3f). This site-selective configuration exhibited an 8.1-fold increment in the photocatalytic hydrogen production compared to the Au@Cu2O core shell nanostructures (Figure 3g).



Another effective way for achieving enhanced EM fields is to design gap “hot spots” structures by arranging the numbers of metallic units rationally. In such an integrating system, the EM fields are localized at the gap between the two or more units, and this globe field enhancement comes from coupling effects in the interaction of the modes of SPs, consequently resulting in a large absorption cross section [66,67,68]. It has been reported that the amplitudes of such EM enhancements are mainly related to the space of the gap and numbers of plasmonic metallic units. Besteiro et al. [69] calculated the characters of optical absorption in metallic nanodimers with different gap spaces. Furthermore, they concluded that the absorption cross section could be increased with narrower gaps (Figure 4a), which then promoted higher rates for generating HCs (Figure 4b). Similarly, Correa-Duarte et al. [70] loaded Au rods-TiO2 on the thermo-responsive polymer and controlled such gap “hot spots” structures dynamically by shrinking or expanding this substrate, mediated by variations of the temperature (Figure 4c). In an experiment of dye decomposition, they demonstrated the improvement of the rates for degrading RhB, which resulted from “hot spots” effects, in which the temperature, when increased to 40 °C, was more effective than in the case of 25 °C (red region for 40 °C and blue region for 25 °C in Figure 4d). Wei et al. [71] investigated the factor of numbers of metallic units in Au@MOS2 structures; both the results in the simulation and the absorption spectrum have shown that more units would bring the localization and enhancement of the intense EM field, followed by extended ranges of photons trapping (Figure 4e,f). Based on this, near 2.4-fold improvements were realized in the photocatalytic hydrogen production by embedding Au multimers in MoS2, compared to pure MoS2 (Figure 4g).




3.1.2. Plasmonic Cavity for Efficient Photons Trapping


To solve the limit of insufficient light absorption, another type of broadband absorption system, plasmonic absorbers-spacer-mirror (ASM), is also taken into consideration [72,73]. Ng et al. [74] proposed Au NPs-TiO2-Au mirrors structures by successively depositing thick Au films, TiO2 layers and packed Au NPs with a certain range of sizes (Figure 5a). Additionally, they explained that the improved photon harvesting ability was rooted in plasmonic Fabry-Perrot (FP) cavity modes, in which incident photons were reflected and scattered between the Au NPs and Au mirror (see inset in Figure 5a). Therefore, the generating efficiency of photons was improved (near 40-fold compared to TiO2/Au NPs) and showed a broad absorption band in the spectrum from 400 nm to 1200 nm (Figure 5b). On the other hand, Lei et al. [75] reported a plasmonic particles-on-film nanocavity by assembling Au nanorods-TiO2 dumbbells on the Au films (Figure 5c). In the process of visible catalytic reactions, the enhancement of the degradation of MB via the integration with Au film, when compared to that of ITO, was attributed to the synergistic effect of d-band electrons transitioning from Au films and SPs induced sp-band electrons transitioning from Au rods, in which SPs induced HCs are dominant at longer wavelengths (>550 nm) and the effects of d-band electrons are emphasized at shorter light excitations (<550 nm) (Figure 5d).



The plasmonic absorbers described above were concentrated on the plasmonic metals with a small size based on localized surface plasmon resonance (LSPR). In recent works, it has been reported that surface plasmon polaritons (SPPs), which travel along the surface of the metallic waveguide structure, are also an efficient medium for the efficient photons conversion by constructing patterned metal structures [76,77]. Rahimi et al. [78] proposed 3D tandem structures consisting of period Ag gratings, a TiO2 layer and Al films (from top to bottom) (Figure 5e). In this way, the Ag gratings on the top layer acted as optical antennas for focusing incident light and as sources for generating HCs when in contact with the TiO2 layer, based on the LSPR and SPPs effects, respectively. To acquire optimal light absorptive structures, they investigated two types of Ag gratings by changing W1 and W2, the rectangular gratings (RG) and trapezoidal gratings (TG). Furthermore, they found that TG based structures had a greater capacity to trap photons compared to other shapes, which was attributed to a lower reflection of TG resulting from the generating gradient in the effective refractive index (Figure 5f). Such SPPs induced structures are much more steerable in their optical character by simply adjusting the light absorption layer, and they are useful for designing angles-dependent photocatalytic applications [79].




3.1.3. Hollow Heterostructure Designing


In conventional PMH, both the plasmonic metal and semiconductor are usually solid, and the chemical reactions only take place on the outside surface. In such typical structures, most of the photons are missed due to the small interactional area between the light and heterostructures. In addition, the effects of scatter and reflections brought by heterostructures themselves also inevitably waste photons. The proposed hollow structures can solve this problem, and they have been attracting much attention for their high utilization of photons [80,81]. Majima et al. [82] reported an Au@TiO2 hollow heterostructure and proposed that the Au core in hollow TiO2 served as an effective scattering center, increasing the degrees of reflection of the light and optical path (Figure 6a,b). Therefore, the scattered or reflected photons are re-utilized by the catalyst and promote the generation of HCs. This special effect is called the slow-photon effect, with which the absorption of photons are improved dramatically at the absorption range of the catalyst [83]. Furthermore, they also found that the ordered 3D arrays constructed by this heterostructure are much more efficient for the H2 generation when compared to random ones (Figure 6c,d). The enhancement of the activity in ordered 3D arrayed structures was ascribed as being “cavity” effects that were constructed by the rational arrangement of the unit of Au-TiO2. In this special cavity, light was regulated by building up oriented photons transporting channels, in which the recombination of HCs that occurred in adjoining units is suppressed via the migration of HCs [84]. Apart from the re-utilization of photons, the fast separation of HCs is another superior advantage; the generated HCs are separated and transported to the inner and outer surface simultaneously [85]. In this way, the recombination of HCs resulting from the long transporting distance can be avoided, which thus speeds up the reaction process. Besides, the process of photocatalysis only takes place at the surface of the catalysts, which entails that the enhancement of the activity with a higher specific surface area [86]. Therefore, the addition of an inside surface from hollow structures means that there is a higher opportunity for active atoms to come into contact with more reactants, thus improving the efficiency of catalytic reactions.





3.2. Extraction of HCs


In this section, the methods to efficiently extracting HCs are illustrated based on interfacial band engineering, including an atomically organized interface with less defects, an interfacial post-treatment, the ways to fast separate interficial HCs and the selection of a crystal face. In addition, the external factor, the polarization of light, is also taken into consideration.



3.2.1. Surface and Interfacial Quality Engineering


In quite a few works, it has been found that the abundant defects and interfacial lattice mismatches in heterostructures were difficult to thoroughly avoid, limited by the poor control in the process of chemical synthesis. Furthermore, these defects and mismatches usually served as electron capture bands that trapped the HCs when they were moving in an orientated way [87,88,89]. This process will decrease the amounts of electrons that are injected into the adjacent semiconductor, and their final utilization efficiency is further reduced. To optimize the channel for transferring HCs, it is necessary to elaborately engineer the interfacial states by achieving high quality monocrystalline nanostructures (both for the metal and semiconductor) and smooth interfacial regions [90,91]. Zhang et al. [92] proposed experimentally an aqueous cation exchange method for preparing Au@MS (M = Cd, Zn) with atomically organized interfaces (Figure 7a). A transient absorption spectroscopy measurement showed the strongest signals of these high quality structures compared to Au and Au@MS, based on conventional methods (Figure 7b). In such a process, the avoidance of non-conduction binding ligands and the mild interfacial transition made them a “soft” contact, where the interfacial defects were reduced dramatically by reorganizing the lattice structure; the calculated efficiency of the injection of HCs was raised to ~48%. Similarly, Chang et al. [93] compared the thickness of shell matters for the decomposition of MB by using this kind of method (Figure 7c). Additionally, they demonstrated that these core-shell type heterostructures with a thinner shell were efficient in degrading the MB due to the limited diffusion length of the HCs (Figure 7d).



In addition, by constituting a chemical bond, the insulating organic ligands used for binding the metal and semiconductor is another hindrance for electron transfers [94,95]. Therefore, a post-treatment process for efficiently removing non-conducting macromolecular materials, such as polyvinyl pyrrolidone (PVP), hexadecyl trimethyl ammonium bromide (CTAB), etc., is of considerable importance for the effective transfer and injection of HCs moving to the interface [96,97,98,99,100]. Yin et al. [96] reported a ligand-exchange method combined with a mild thermal post-treatment for effectively removing insulating ligands (PVP) in Au-TiO2 heterostructures (Figure 8a). In their work, the original PVP was replaced by mercaptopropionic acid (MPA) for their higher affinity to Au. Then, they removed MPA completely by low-temperature annealing (200 °C). The efficiency of dye decompositions was improved significantly due to the tight formation of the Schottky contact and the maintenance of the original morphology compared to conventional deposition-decomposition methods and samples without any treatment (Figure 8b). An alternative way, the solvent extraction procedures, was brought into focus as well. Hutchings et al. [97] proposed a water extraction method to remove the excess polyvinyl alcohol (PVA) which served as stabilizing agent in Au/TiO2 under a mild ambient. In this process, the contents of PVA were reduced gradually under different refluxing times (Figure 8c). Additionally, compared to conventional high-temperature calcination, the oxidation ability of CO was demonstrated to be highly effective due to Au/TiO2 keeping its original morphology (Figure 8d).




3.2.2. Efficient Separation of Interfacial HCs


In PMH, the recombination of electron-hole pairs cannot be thoroughly avoided due to short pathways for transferring charges and due to the relatively high interfacial potential barrier. The rational design of the potential gradient between plasmonic metals and the semiconductor is an efficient way for reducing potential differences and inducing the controllable transporting of HCs [101,102,103,104]. Based on this, Chen et al. [101] reported TiO2 nanotube-Al2O3-Au ternary structures for the efficient separation of HCs excited by Au nanospheres (Figure 9a). In such structures, the formation of an electron depletion layer at the interface of TiO2 and Al2O3 served as an effective channel for the transportation of HCs and thus suppressed the HCs recombination (Figure 9b). Besides, another issue needs to be considered: the recombination of HCs resulting from adjacent structures. Tachikawa et al. [102] proposed that the hindrance of HCs transferring and fast recombination usually took place in a conventional hybrid system, and they optimized this by constructing ordered structures (Au/MesoTiO2) to realize controllable movements of HCs. In such structures, HCs were guided in a constant direction, so that the unnecessary recombination of charges would be avoided (Figure 9c). Based on this, the rates of degradation of MB were improved remarkably when compared to other non-ordered systems (Figure 9d). The time-resolved transient absorption spectrum showed that this Au/MesoTiO2 possessed the slowest decay of HCs’ life, which gave direct evidence of the retarding effects of the recombination of HCs (Figure 9e).




3.2.3. Crystal Orientation


In some works, it has been found that the transferring of HCs can also be modulated by choosing a specific point of contact of the crystal face between the plasmonic metal and semiconductor [105,106,107]. In this way, the preferential accumulation and transfer of HCs with proper band positions will reduce the height of the interfacial barriers, and hence more HCs can get across. Ye et al. [105] reported that the efficiency in the degradation of 2-propanol in BiOCl-010-Au was 3.5-fold higher than for another type of contact, BiOCl-001-Au. They attributed this phenomenon to the lower degree of interfacial band bending in Au-BiOCl-010 than in Au-BiOCl-001, which led to more HCs getting across the Schottky barrier and then being utilized by adjacent BiOCl (Figure 10a). Furthermore, this was verified in the measurement of the current density intensity in BiOCl-001-Au and BiOCl-010-Au (Figure 10b). Furthermore, to control the flow and separate HCs efficiently, Xiong et al. [106] integrated Ag and Pd at the BiOCl (001) and BiOCl (110), respectively (Figure 10c). The synergistic effect of both the HCs injection and Schottky junctions exhibits a threefold enhancement of the photocatalytic oxygen production compared to single BiOCl, BiOCl (110)-Pd, and Ag-(001) BiOCl (Figure 10d,e).




3.2.4. Optic Field Distribution Consideration


An additional feature for SPs is their dependence on the external incident EM field, which means that the traveling of HCs can be adjusted by choosing different polarizations of light [108,109,110,111,112]. Wang et al. [108] investigated the transferring of HCs at different angles of the polarization of incident light on the single silver nanowire combined with 4-nitrobenzenethiol (4NBT) (Figure 11a). The enhancement of Raman peaks in 4NBT (Figure 11b) and the increasing coverage of p, p′-dimercaptoazobenzene (DMAB) reduced by 4NBT (Figure 11c) have both indicated that there were more generated HCs transferring to the interface of the Ag nanowire and 4NBT. Furthermore, this polarization-dependent phenomenon is also obvious in 2D and 3D hybrid structures. Park et al. [109] investigated the behaviors of HCs under two types of polarized light, the longitudinal mode and transverse mode, in 2D and 3D Au/TiO2 heterostructures, respectively (Figure 11d). In Figure 11f, both the 2D and 3D structures exhibited different responses of HCs transportation, and the 3D structures were more effective than the 2D ones, due to the multi-dimensional transfer of HCs (Figure 11e). Particularly, the extracting efficiency of HCs will reach a maximum when the HCs’ momentum is perpendicular to the Schottky interface.






4. Applications of Plasmonic Photocatalysts in Environmental Protection


4.1. Water Treatment


In recent years, membrane based visible response heterostructural catalysts for multi-functions have been reported for high efficiency and broad-spectrum environmental pollutants purifications. The combination of membrane and plasmon based photocatalysts can reduce the “secondary pollution” resulting from the leakage of the catalyst itself and can also lower the cost. For example, an emerging technology, seawater desalination and catalysis, combined with plasmonic photocatalysts, has paid closer attention to solving the bottlenecks resulting from the shortage of fresh water [113,114,115]. A bifunctional membrane, which contains TiO2 islands, Au films and porous anodized aluminum oxide (AAO) substrate from the top to bottom, was reported for an effective steam generation and pollutants elimination [114] (Figure 12a). In this structure, plasmonic metals act as optical antennae that selectively and effectively absorb the energy of photons in a broad solar spectrum; the synergetic heating effects and HCs effects resulting from decayed HCs will not only speed up the steam generation from seawater, but also boost the rates of decomposition of pollutants with the aid of catalysts (Figure 12b,c).




4.2. Air Purification


Indoor and outdoor air pollutions are also major issues to be addressed for the sake of human health. Typical air pollutants are mainly divided into three aspects, (1) inorganic and organic chemical compound gas, including oxynitride (NO, NO2), oxysulfide (SO2, SO3), toluene and volatile organic compounds (VOCs), (2) pathogens (bacteria, viruses) and (3) suspended particulate matter (PM2.5). Hence, it is necessary to develop multifunctional air purification technology to realize broad-spectrum air pollution treatments [116,117,118]. In recent years, various types of air purification filters made by one-dimensional nanostructure have been made, including metal nanowires [119,120], carbon based-materials [121] and polymer nanofibers [122,123], due to their high active surface areas, mechanical stability and functionalization. Furthermore, they are effective in various air pollutant purifications by being combined with PMH. Figure 12d shows a multilayers air purification filter based on hierarchical Ag@MWCNTs/porous Al2O3 [124]. In such structures, the network like distribution of Ag@MWCNTs placed at the pores of Al2O3 serves as an effective medium for catalytic reactions. Compared to Al2O3, Ag@MWCNTs and MWCNTs/Al2O3, the large active surface area, high catalyst mediated by plasmonic Ag and retention of particles, without decreasing the air pressure drop significantly, resulted from these hierarchical structures, and a highly efficient elimination of VOCs and aerosol microorganisms was achieved simultaneously (Figure 12e,f).



Apart from the above, “Greenhouse Effects” mediated by high-ratio CO2 in air cannot be neglected, and the question of how to solve this critical problem is also a hot topic in modern society. A good deal of studies, combined with PMH photocatalysts, have been reported for the effective reduction of CO2 from different point of views, including light absorption, the separation and diffusion of carriers and the activated adsorption of reactants [125,126]. Based on this, the rational designing routes [127,128], such as doping, alloying, band engineering, lattice control, introduced defects, and so on, are raised for the reduction and conversion of CO2 into new fuels (methane, methanol and formic acid), which in practice is deemed to be of great value.




4.3. Photochemical Reactions


PMH photocatalysts are also explored for photochemical reactions, such as organic transformations, having a low toxicity and being environmental [129,130]. At present, the involved organic transformations mediated by PMH photocatalysts can be summarized into mainly three aspects [131,132,133]: (1) the oxidation of alcohol, amine, alkene and alkane or hydroxylation reactions of aromatic compounds, (2) the activation and functionalization of α-C-H bonds to build up C-C bonds or C-X (X = O, N or S) bonds and (3) the reduction of nitrobenzene to aminobenzene or azobenzene. Compared to conventional routes, PMH photocatalysts can bring milder reaction conditions that are derived from light in contrast to heat-induced chemical reactions; most reactions can be achieved under room temperature or even lower. The carriers can be controlled by a rational design of band structures that will both stimulate the rates and shorten the period of chemical reactions. All of these have promising perspectives for the elaborate fabrication of organic compounds, such as medicine and spice.





5. Conclusions and Perspectives


In the past several years, with the development of advanced materials and microscopy, substantial progress has been realized to make deep insights into the kinetics of HCs in PMH based photocatalysts. The efforts for the design of high-performance PMH, including the compositions, morphology, and band structures between metals and semiconductors and the external EM field, have been sufficiently developed for the effective harvesting and transferring of photons. In this review, we presented the progress in the rational design of photocatalysts based on PMH in recent years. The “hot spots” structures, plasmonic cavity and hollow structures for obtaining photon trapping in a broad spectrum are introduced. To realize a fast transfer of HCs, some reliable methods, including clearer interfacial regions, the rational design of electrical transporting channel, a specific contact of the crystal face and the polarization of incident light, are individually detailed. In addition, the typical applications for environmental protections are also listed in order to give a brief framework for researchers to focus on in the present.



There are also some points to consider for future investigations. First, the exact physical model for the process relating to the generation, transportation and injections of HCs needs to be built up. There are arguments that the dominating contributions of electrons (interband transitions with a relatively low energy of electrons or intraband transitions induced by SPs) from photoexcited metals is the improvement of catalytic reactivity, and some works have given different opinions [134,135]. The distinguishing of non-thermal effects (HCs effects) and thermal effects, which allows us to quantify each contribution for the enhancement of the process of photocatalysis, is also of great importance for designing specific structures with different purposes [136,137,138]. Second, in the past years, although numerable technologies on the optimization and design of the rational employment of PMH have emerged [139,140,141,142,143], the crystal growth mechanisms and hetero-assembly techniques still need to be revealed clearly. Furthermore, the optical characteristics of PMH are studied mainly on a macroscopic level; for example, the absorption and reflection in self-assembly films, and the optical phenomena we observed, are integrated effects with millions of nanostructures. Additionally, the microscopic evidence of a single structure must be presented urgently for a comprehensive understanding of light-matter interactions [144,145,146]. In this regard, the in situ characterization technique must be further developed to help solve these limits. Practically, for rich functional systems, the cost, biocompatibility, stability and ease to integrate into other platforms must also be considered.
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Figure 1. Process of the formation of the Schottky contact. (a) The band diagram before coming into contact with the metal and n-type semiconductor. (b) The flow of electrons from the n-type semiconductor to the metal and (c) the final equilibrium attainment with the bending of the band after contact. 
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Figure 2. (a) The decay of excited surface plasmons (SPs) in plasmonic metal. (b) The transitions of hot carriers (HCs) in two ways, Intraband transition and Interband transition. (c) The scheme of transportation of HCs in plasmon induced hot-electron transfer (PHET) and (d) in plasmon induced metal-to-semiconductor interfacial charge transfer transition (PICTT). (e) The diffusions of HCs and the photocatalytic process of the redox reaction in plasmon-mediated heterostructure (PMH). 
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Figure 3. “Tip hot spots” effects in plasmon-mediated heterostructures. (a) Calculated distributions of electromagnetic (EM) fields in nanospheres, nanorods and nanostars (from left to right). (b) Theoretical EM field enhancement factor in three typical metals. In the Au nanorod, the blue dot and red dot correspond to the EM field paralleled and perpendicular to the nanorods, respectively. In the Au nanostar, the different spike lengths, combined with a core of 25 nm, were calculated. (c) The theory and experiment results for the rates of the HCs’ generation in SiO2 loaded Au@TiO2. (a–c) Reproduced with permission. [63] Copyright 2016, American Chemical Society. (d) The morphology of the Au nanorods@TiO2 dumbbells presented by transmission electron microscope (TEM). (e) The comparison of the rates of degradation of methyl blue (MB) in different Au rods/TiO2 heterostructures. (d,e) Reproduced with permission. [64] Copyright 2016, American Chemical Society. (f) The scheme of Au nanocubes@Cu2O heterostructures. (g) The amounts of H2 generation in four kinds of Au/Cu2O heterostructures. (f,g) Reproduced with permission. [65] Copyright 2016, American Chemical Society. 
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Figure 4. “Gap hot spots” designed for an efficient photocatalytic process. (a) Calculated optical absorption cross section in a single Au sphere and Au nanodimers with different gap spaces. (b) The theoretical relationships between the rates of generation of HCs and the gap space. (a,b) Reproduced with permission. [69] Copyright 2016, American Chemical Society. (c) The scheme of “hot spots” structures built up by Au rods-TiO2/thermoresponsive polymer and (d) the rates of degradation of RhB under 25 °C (blue regions) and 40 °C (red regions). (c,d) Reproduced with permission. [70] Copyright 2018, Wiley-VCH. (e) The absorption spectrum of Au@MOS2 with different numbers of the Au core and (f) the corresponding distributions of the EM fields under a certain incident light (630 nm). Finally, (g) the rates of H2 generation in these structures. (e–g) Reproduced with permission. [71] Copyright 2016, Elsevier Ltd. 
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Figure 5. The design of the plasmonic cavity for broad band photons trapping. (a) The schematic of Au NPs-TiO2 layers-Au films “sandwich structures” (the inset is the transportation of incident photons between Au NPs and Au films). (b) The comparison of the absorption spectrum in absorbers-spacer-mirror (ASM) structures with control groups. (a,b) Reproduced with permission. [74] Copyright 2016, American Chemical Society. (c) The band diagram and flow of HCs in Au nanorods-TiO2 dumbbells/Au films under visible light illumination. (d) The comparison of rates of decomposing MB in Au/TiO2/ITO and Au/TiO2/ITO under different wavelengths of the incident light, respectively. (c,d) Reproduced with permission. [75] Copyright 2018, Wiley-VCH. (e) The scheme of surface plasmon polaritons (SPPs)-mediated broadband light absorption structures, which was built up by pattered Ag gratings, TiO2 layers and Al films (from top to bottom). (f) The total absorption of rectangular gratings (RG) and trapezoidal gratings (TGs) on top, respectively. (e,f) Reproduced with permission. [78] Copyright 2018, Springer. 
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Figure 6. The scheme of the pathway of light in (a) 3D-array Au-TiO2 hollow structures and random distributions of Au-TiO2 under visible light illumination (>420 nm), and (b) in single Au-TiO2 hollow and TiO2 hollow structures under simulated daylight. The comparison of the amounts of H2 production in three typical structures under (c) simulated daylight and (d) visible light illumination (>420 nm). Reproduced with permission. [82] Copyright 2016, American Chemical Society. 
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Figure 7. The synthesis of high quality heterostructures. (a) The scheme of the method of aqueous cation exchange for Au@CdS heterostructures and (b) the transient absorption spectrum of three types of structures, Au35@CdS10 (the sizes of the Au core and CdS shell are 35 nm and 10 nm, respectively.), Control (Au35@CdS10 prepared by conventional methods) and Au35 (pure Au sphere with a diameter of 35 nm), pumped at the center surface plasmon resonance (SPR) band. (a,b) Reproduced with permission. [92] Copyright 2018, Elsevier Ltd. (c) The scheme in the synthesis of cylindrical Au@ CdSe heterostructures and (d) the rates of degradation of MB with different thicknesses of the CdSe shell. (c,d) Reproduced with permission. [93] Copyright 2018, Elsevier Ltd. 
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Figure 8. The efficient transfer of HCs by involving a post-treatment. (a) The scheme for forming a compact contact between Au and TiO2 by ligand exchange and annealing, successively. (b) The rates of dye decomposition under different methods. (a,b) Reproduced with permission. [96] Copyright 2014, American Chemical Society. (c) The measured Raman intensity of Au/TiO2 under different refluxed times. (d) The conversing efficiency of CO in Au/TiO2 treated by reflux treatment and high-temperature calcination (300 °C and 400 °C). (c,d) Reproduced with permission. [97] Copyright 2011, Springer Nature. 
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Figure 9. The methods to separate charges transported to the interface. (a) The scheme of TiO2 nanotube-Al2O3-Au and (b) the process of transfer of HCs under visible light illumination. (a,b) Reproduced with permission. [101] Copyright 2015, Wiley-VCH. (c) The scheme of the flowing of HCs in ordered Au-TiO2 structures and that in random structures. (d) The rates of degradation of MB and (e) the life of HCs observed at 1000 nm in different Au/TiO2 systems. (c–e) Reproduced with permission. [102] Copyright 2014, American Chemical Society. 
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Figure 10. The design for the specific contact of the crystal face between the plasmonic metals and the semiconductor. (a) The scheme of the bending degree of the band structures and (b) the measurement of the current density in BiOCl-001-Au and BiOCl-010-Au. (a,b) Reproduced with permission. [105] Copyright 2015, The Royal Society of Chemistry. (c) The scheme of the band structures and (d) the structural design in Ag-(001)BiOCl(110)-Pd hybrid structures. (e) The rates of the photocatalytic oxygen production in BiOCL, BiOCl (110)-Pd, Ag-(001) BiOCl and Ag-(001)BiOCl(110)-Pd. (c–e) Reproduced with permission. [106] Copyright 2015, Wiley-VCH. 
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Figure 11. The effect of the polarization of light on metal-semiconductor heterostructures. (a) The scheme of light excited on a single Ag nanowire under a microscope. (b) The Raman intensity of 4NBT and (c) the contents of the converted DMAB under different angles of the incident light. (a–c) Reproduced with permission. [108] Copyright 2018, the Royal Society of Chemistry. (d) The scheme of the tunable polarization of light and (e) the transportation of HCs under both longitudinal and transverse modes. (f) The response of the photocurrent in the thin film Au/TiO2, 2D Au/TiO2 and 3D tandem Au/TiO2 by rotating the angles from 0 to 360 °C. (d–f) Reproduced with permission. [109] Copyright 2018, American Chemical Society. 
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Figure 12. Membrane based PMH photocatalysts for water/air purifications. (a) The scheme of the fabrication of a bifunctional membrane and (b) the synergistic effects in the steam generation and pollutants decomposition. (c) The rates of degradation of RhB in Au-AAO, TiO2-AAO and TiO2-Au-AAO. (a–c) Reproduced with permission. [114] Copyright 2016, American Chemical Society. (d) The scheme for designing Ag@CNTs/Al2O3 filters by chemical vapor deposition and a polyol process. (e) The antimicrobic rates and (f) degradation rates of volatile organic compounds (VOCs) in different purification filters. (d–f) Reproduced with permission. [124] Copyright 2017, the Royal Society of Chemistry. 
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