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Abstract

:

The increasing interest and applications of photocatalysis, namely hydrogen production, artificial photosynthesis, and water remediation and disinfection, still face several drawbacks that prevent this technology from being fully implemented at the industrial level. The need to improve the performance of photocatalytic processes and extend their potential working under visible light has boosted the synthesis of new and more efficient semiconductor materials. Thus far, semiconductor–semiconductor heterojunction is the most remarkable alternative. Not only are the characteristics of the new materials relevant to the process performance, but also a deep understanding of the charge transfer mechanisms and the relationship with the process variables and nature of the semiconductors. However, there are several different charge transfer mechanisms responsible for the activity of the composites regardless the synthesis materials. In fact, different mechanisms can be carried out for the same junction. Focusing primarily on the photocatalytic generation of hydrogen, the objective of this review is to unravel the charge transfer mechanisms after the in-depth analyses of already reported literature and establish the guidelines for future research.
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1. Introduction


Semiconductor-based photocatalysis has attracted great attention in recent decades because of its potential to contribute to solve worldwide environmental and energy issues. Moreover, photocatalytic generation of hydrogen (H2) appears to promote a renewable energy source and a water remediation process at the same time. The simultaneous reduction and oxidation of water is a complex multistep reaction involving four electrons and is an energy-intensive reaction. One of the alternatives to improve the performance of the photocatalytic process consists of using other compounds as sacrificial molecules to act as electron donors, providing electrons for proton reduction. The most common substrates for photocatalytic hydrogen production are methanol, ethanol, triethanolamine (TEOA), and Na2S/Na2SO3 [1,2,3,4,5,6]. The photocatalytic reaction involves three sequential processes: (i) absorption of photons with energy equal to or greater than the bandgap of the semiconductor, exciting electrons from the valence band (VB) to the conduction band (CB) and creating electron (e−)/hole (h+) pairs; (ii) separation of carriers and migration to active sites; and (iii) initiation of redox reactions [7,8,9].



Nevertheless, the solar-to-hydrogen conversion efficiency of typical photocatalysts is still low due to several drawbacks. (1) Recombination of the photo-generated electron/hole pairs. Electrons tend to fall from the CB to the VB very quickly, reducing carrier concentrations back to the equilibrium and releasing energy in form of unproductive heat or photons. (2) Trapping of electrons in shallow energy levels near the band edge, avoiding their participation in redox reactions. (3) Fast backward and side reactions (i.e., water can also be oxidized to form hydroxyl radicals or hydrogen peroxide). (4) Inability to use visible light. Band gap of the most commonly employed semiconductors such as TiO2 or ZnO is about 3.2 eV and thus, only UV light can be used for hydrogen production. Furthermore, UV light only accounts for 4% of the solar radiation while visible light share is around 50%. Thus, this inability to utilize visible light limits the efficiency of the solar photocatalytic reaction [9,10].



Since the development of a competitive technology is strongly dependent on the enhancement of photocatalytic activity, the above-mentioned issues have been addressed by exploring and developing new photocatalytic materials. The first use of semiconductors as heterogeneous photocatalysts for hydrogen production goes back to 1972, when Fujishima and Honda reported photocatalytic water splitting using TiO2 as the photocatalyst [11]. Later on in 1977, homogeneous systems were also reported [4]. These systems typically included an organometallic complex as the catalyst and another organic compound as the photosensitizer. In the past decade, hybrid systems including organic catalysts and semiconductor materials as photosensitizers have also been tested [4].



In the case of heterogeneous photocatalysts, an outstanding evolution from the first TiO2-based catalyst to the nowadays advanced composites has taken place. First, noble metal doping (Pt, Au, Ag, Pd, Rh, Ni, and Cu) and transition metal doping have been reported to be very effective for the enhancement of photocatalytic performance, extending the spectral response to the visible region [12,13,14,15,16]. However, transition metals may also act as recombination sites. Transition metals have also been found to cause thermal instability. With the aim to extend the response of the photocatalysts to the visible region, dye sensitization has been widely reported. Under visible illumination, the dye transfers an electron to the photocatalyst, promoting hydrogen production [10,17,18,19,20].



Synthesis of semiconductor–semiconductor heterojunctions (i.e., TiO2/g-C3N4 [21], TiO2/CdS [22], ZnO/g-C3N4 [23], TiO2-WO3 [24,25,26] or g-C3N4/BiVO4 [27]) is another recent approach, which is a facile method with very promising results. The most remarkable features is that they contribute to avoiding charge recombination and coupling the properties of both semiconductors. Additionally, a more efficient catalyst with widened light absorption spectrum is obtained. This topic has been addressed in several review works such as Wang et al. [28], Moniz et al. [29], Yang et al. [30], and Fajrina et al. [31], who reported the synthesis and properties of different semiconductor–semiconductor heterojunctions. Moreover, Kandi et al. [32] and Rao et al. [33] gathered several references about the exceptional properties of using quantum dots to boost photocatalytic activity where the authors highlighted the quantum confinement effect of emitting multiple electrons, size-adjustable properties such as light absorption, and the benefits of quantum dot-semiconductor heterojunctions, especially in hydrogen production [34].



Zhao et al. [35] and Ong et al. [36] outlined g-C3N4-based heterojunctions due to the unique properties of carbon nitride mainly because it is an abundant material, but in also thanks to its visible light photocatalytic activity, robustness, and physicochemical stability. Zheng et al. [37] reported TiO2-metal sulfide heterostructures, emphasizing the enhanced capacity in light harvesting, and also underlined the effectiveness of MoS2 as a co-catalyst in photocatalytic hydrogen production.



The promising results obtained so far with semiconductor–semiconductor heterojunctions motivate discerning the charge transfer mechanisms responsible for the enhanced performance in order to drive the design of more efficient processes for photocatalytic hydrogen generation. However, there is still a great uncertainty about the mechanisms. Thus, this work is intended to advance the knowledge on the relationship between the experimental characterization of the photocatalysts’ performance and the charge transfer mechanisms. Therefore, a critical review and analysis of the reported literature has been undertaken. Although this work is mainly focused on photocatalytic hydrogen generation, when necessary, other motivated applications have been also considered.




2. Charge Transfer Mechanisms: Concept and Relevance in Photocatalysis


Identifying the charge transfer mechanism and establishing the relationship with the photocatalyst nature and properties are key for the optimum design of photocatalytic processes; in fact, this is an important issue that is currently receiving great attention by the scientific community. This section summarizes the main mechanisms that result from the combination and subsequent formation of two semiconductor heterojunction. Figure 1 gathers the band structure of the most outstanding photocatalysts [38] and clearly reflects that some of the semiconductors are only sensitive to UV light. Thus, it is interesting to couple them with other semiconductors that are able to absorb visible light with the aim of extending light absorption.



Another aspect that needs further improvement refers to avoiding electron/hole pair recombination. With this objective, two semiconductors can be joined in a way where one of them acts as an electron sink and the second one as a hole sink.



According to energy band positioning, semiconductor heterojunctions are generally classified into three types: type I (straddling band gap), in which the conduction band (CB) of SCI is higher than the CB of SCII, whereas the VB from SCI is lower than VB from SCII (Figure 2A), so charges move from SCI to SCII; type II (staggered band gap), in which the conduction band of SCII is below the CB of SCI, thus acting as an electron sink, and the valence band of SCI is above the valence band of SCII and acts as a hole sink (Figure 2B); and type III (broken band gap), in which the CB of SCII is below the VB of SCI (Figure 2C), thus holes are transferred to SCII and protons can be reduced on both semiconductors.



However, only type II heterojunction can significantly promote the fast spatial separation of electrons and holes [38,39]. Therefore, the most common heterojunction proposed by researchers consists of two semiconductors with a staggered band structure. This leads to the formation of the heterostructure shown in Figure 3A. Moreover, according to the charge transfer mechanism and depending on whether both semiconductors or only one of them are activated by light, three charge transfer mechanisms can be proposed: sensitization (Figure 3B), type II heterojunction (Figure 3C), and the direct Z-scheme (Figure 3D) [7,30,40]



In the sensitization mechanism, only one semiconductor is excited by incident light. Then, the photo-generated electron migrates from SCI with a higher conduction band (CB) position to SCII, which has a lower CB position. This mechanism proceeds when the light energy is not enough to promote electrons in both semiconductors. Generally, SCI can be activated by visible light, whereas SCII cannot. Therefore, it promotes spatial separation, thus reducing charge recombination. The sensitization mechanism with different semiconductors has been widely reported. One of the first methods for visible-light activation of photocatalysts was the modification by the physical deposition of Cr3+, a transition metal ion, on TiO2/RuO2 composite to produce hydrogen under visible light [41]. However, some problems such as photogenerated charge recombination and blocking of surface active sites still remained [7]. Yu et al. [42] reported the synthesis of carbon quantum dots with sensitized TiO2 with broader photo-response (extended light absorption) and enhanced hydrogen production compared to bare TiO2. The sensitizing effect of the carbon quantum dots has been supported by other authors such as Zhang et al. [43] and Sargin et al. [44]. Wang et al. [45] developed sensitized SiC–g-C3N4 composites with high stability and superior hydrogen production than individual g-C3N4 or SiC photocatalysts.



When both semiconductors are excited by incident light, the type II heterojunction mechanism usually takes place, as shown in Figure 3C [46]. Since the energy of the CB of SCI is higher than the CB of SCII, the photogenerated electrons will migrate from SCI to SCII due to band alignment. Meanwhile, the photogenerated holes in the VB of SCII will move to the VB of SCI. Therefore, SCI acts as a hole sink and SCII as an electron sink. Therefore, spatial charge separation is promoted, and the photocatalytic activity and efficiency are enhanced. Nevertheless, this configuration may fail to drive some catalytic reactions as a result of the weakening of the redox capacity, since the lower the band energy, the lower the redox potential [46,47,48]. The type II heterojunction is a very well-known mechanism since the first mention of this band alignment goes back to the 80s with GexSi1-x/Si heterostructures [49]. It is the most common mechanism when TiO2 and CdS are in contact [21,50,51,52]. However, Zhang et al. [52] reported low photocatalytic degradation of pollutant activity with the TiO2/CdS composite following type II heterojunction due to the appearance of photo-corrosion and the reduction of redox capacity of the composite photocatalyst during pollutant degradation. On the other hand, Liu et al. reported that the type II heterojunction mechanism was responsible for the photocatalytic hydrogen production with core-shell Cu2O–g-C3N4 composites, giving a hydrogen production four times higher than pure Cu2O [53].



In the direct Z-scheme mechanism (Figure 3D), the relative band alignment is similar to type II heterojunction and resembles the natural photosynthesis mechanism. When excited by incident light, the photogenerated electrons in SCI and the photogenerated holes in SCII remain in their respective bands, preserving the strong reduction and oxidation activity of the components. Meanwhile, the photogenerated electrons on SCII with a lower reduction potential than the electrons in SCI and holes on SCI with a lower oxidation potential than the holes in SCII recombine. As a result, the junction simultaneously has the strong redox capacity of both semiconductors and the reductive and oxidative sites are spatially separated, as reported in the reviews of Xu et al. [46], Low et al. [48], and Xia et al. [54] regarding direct Z-scheme composites for hydrogen production and dye degradation, respectively, and the review of Fu et al. 2018 [40] on g-C3N4 heterostructures. The Z-scheme concept was first proposed by Bard et al. in 1979 [55]. In this mechanism, two semiconductors are coupled by a shuttle redox mediator, commonly Fe3+/Fe2+ and IO3−/I− ion pairs. Sayama et al. in 2002 achieved excellent activity of Pt–SrTiO3/Pt–WO3 under visible light using IO3−/I− as a redox mediator for water splitting [56]. Nevertheless, several drawbacks like slow rate and back reaction have led to the development of the all-solid-state Z-scheme, first reported by Tada et al. in 2006 for CdS and TiO2 linked by Au as the electron conductor [57]. Although solid conductors performed better than the aforementioned ion redox pairs, the high price of the carriers and shielding effect of the nanoparticles have focused the attention of further researchers. Therefore, the direct Z-scheme concept was first proposed by Yu et al. in 2013 [58] when they fabricated g-C3N4–TiO2 composites for formaldehyde degradation. Later on, Jiang et al. [21] reported the successful fabrication of TiO2–CdS composites by selective deposition of CdS on TiO2, achieving an enhanced hydrogen production. They also described a more stable catalyst that improved seven-fold hydrogen production compared to bare components. Recently, new catalysts like Nb2O5/g-C3N4, synthetized by Idrees et al. [59], have been proven to follow the direct Z-scheme mechanism, leading to increased hydrogen production compared to individual Nb2O5 and g-C3N4. Several works have been published providing information on identification techniques and the advantages of this mechanism on the performance of the photocatalysts. Worth mentioning are the works of Low et al. [48] and Xu et al. [46] regarding direct Z-scheme semiconductor heterostructures, or the report by Fu et al. that reviewed direct Z-scheme g-C3N4-based heterostructures [40]. Di et al. gathered metal sulfide direct Z-scheme heterostructures [60]. Kumar et al. studied zinc oxide-based heterojunctions, emphasizing the benefits of the direct Z-scheme mechanism [61].



It is remarkable that even the same materials can lead to different mechanisms depending on their synthesis procedure. For instance, Zhang et al. reported that when CdS was selectively deposited on the {001} facet of TiO2, the composite behavior was type II heterojunction, but when the deposition was on a different facet ({101}), the proposed was direct Z-scheme [52]. Jiang et al. synthesized TiO2/CdS through photodeposition, resulting in the direct Z-scheme while random, non-controlled chemical deposition resulted in the type II heterojunction [21].



Other mechanisms that have been explored in the literature are the semiconductor–metal junction (Schottky junction) (Figure 4A); p–n heterojunction (Figure 4B); and S-type heterojunction (Figure 4C).



In the Schottky junction, the dopant metal with a higher work function acts as a photogenerated electron sink, promoting charge separation in agreement with different works on heterogeneous photocatalysis such as Schneider et al. [2], Corredor et al. [4], Yang et al. [30], and Ribao et al. [62].



The p–n heterojunction is similar to the type II heterojunction. However, the formation of a built-in electric field improves and speeds up charge separation, as reported by Etacheri et al. [7], Wang et al. [28], Yang et al. [30], and Capilli et al. [63]. Nevertheless, it is very difficult to obtain experimental evidence supporting the difference between both mechanisms. In fact, some authors consider the p–n heterojunction as a class of type II heterojunction such as in Li et al. [38]. Hence, this report will use the term type II heterojunction to refer to the type II heterojunction and p–n heterojunction indistinctly.



The most recent charge transfer mechanism is the S-type heterojunction (Figure 4C), first proposed in 2019 by Fu et al. regarding WO3/g-C3N4 composites for hydrogen production. S-type heterojunction is formed by the coupling of two n-type semiconductors. The driving force of the charge carrier transfer comes from the internal electric field between both semiconductors. Usually, the oxidation photocatalyst has a greater work function and lower Fermi level; in contrast, the reduction photocatalyst has a smaller work function and higher Fermi level. When the semiconductors are in contact, an internal electric field will be built and its direction is from the reduction photocatalyst to the oxidation photocatalyst [64]. However, this mechanism was be deeply considered in this report due to the limited information available.



In order to go one step further, in this work, the main experimental evidence to support the different charge transfer mechanisms were critically reviewed and analyzed, thus helping in the design of the photocatalytic process.




3. Charge Transfer Mechanisms: Supporting Experimental Evidence


Understanding the charge transfer mechanisms in photocatalysis, and more specifically in photocatalytic hydrogen generation is essential for process modeling, design, and optimization. In this section, the experimental techniques that provide information to discriminate the charge transfer mechanism are reviewed.



Charge Recombination. Charge recombination is one of the major drawbacks in photocatalysis. Semiconductor–semiconductor heterojunction is one of the proposed solutions to avoid it. Therefore, it is necessary to find out if the junction reduces recombination. Photoluminescence spectroscopy (PL) is an effective method that has been widely used in the literature [21,23,42,44,52,59,65,66,67,68,69,70,71,72,73,74,75,76,77,78]. Photoluminescence occurs when an electron moves from an excited state to a ground state. Hence, PL intensity can be directly proportional to the separation of photo-induced charge carriers: the stronger the PL signal, the higher the recombination of photo-induced carriers. A deeper explanation can be found in the photoluminescence study performed by Fujihara et al. [79] and the PL study of different semiconductors reported in the review by Liqiang et al. [80]. In these works, the spectra of the pure components and the composite photocatalyst were analyzed. A lower photoluminescence of the composite compared to that of pure components would be indicative of a lower recombination. Figure 5 shows the reduction of the PL of TiO2/g-C3N4 when the content of TiO2 increased, indicating a synergistic effect of the heterojunction, leading to a lower charge recombination. It is remarkable to notice that, when g-C3N4 acted as the main component of the junction and its composition was over 30%, the PL spectra of the composite showed similar emission peaks to g-C3N4 (Figure 5A), whereas when TiO2 acted as the main component, composite peaks were similar to those of TiO2 (Figure 5B) [78].



Band Gap and Band Structure Determination. Band gap is a defining property related to the excitation wavelength of semiconductors and composites. Diffuse reflectance spectroscopy is a standard technique for the determination of the absorption coefficient of the semiconductor as a function of the wavelength. Then, different researchers have made use of well-known methods to determine the band gap, like the Kubelka–Munk equation [81,82] (i.e., in Jo et al. and Liu et al. [67,83]), to determine the TiO2/g-C3N4 band gap. The Kubelka–Munk equation has been widely used for an extensive number of composites (Fe2O3/g-C3N4 [21], TiO2/CdS [21], CdS/g-C3N4 [72], TiO2/g-C3N4 [83]). The Kubelka–Munk equation is usually represented through the Tauc plot, shown in the insert of Figure 6.



The band structure can be determined using empirical equations (Equations (1) and (2)) based on the electronegativity of the semiconductors (χ), the energy of the free electrons on the hydrogen scale (EC), and the band gap energy of the semiconductor (Eg) [84,85].


   E  V B   = χ −  E c  + 0.5 ∗  E g   



(1)






   E  C B   =  E  V B   −  E g   



(2)







These equations have been used by Huang et al. [68], Wang et al. [71], and Wang et al. [77] in TiO2/g-C3N4 composites and Wang et al. in SiC/g-C3N4 or Shang et al. for g-C3N4/Ag2CrO4 composites [86]. X-ray photoelectron spectroscopy (XPS) is also used to determine the band positions of semiconductors. Commonly, Mott–Schottky plots help to determine the Fermi level and the XPS provides information about the distance between the Fermi level and the valence band. With this information and the band gap, the conduction band can be also determined. This method was developed for ZnO/g-C3N4 in Wu et al. [23] and for CdS/g-C3N4 in Jiang et al. [72]. Ultraviolet photoelectron spectroscopy (UPS) is performed to detect the VB electronic structure information, thereby obtaining the VB position of a semiconductor. Along with the band gap, CB can also be determined. Some examples of photocatalysts that have been analyzed in this way are g-C3N4/BiVO4 [27] or TiO2 [87]. Computational calculations, as first-principles density functional theory (DFT), can provide insight into the coupling interactions and electron transfer at the interface of the heterostructure. These simulations are applied to determine highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) states of uncoupled and coupled semiconductors. DFT is also able to ascertain the existence of internal electric fields [36,88,89].



Radical Species Trapping. Radical generation depends on the redox potential of the photocatalyst. Hence, radical generation will depend on band alignment, as shown in Figure 2. By confirming the existence of several radicals, the electron and hole sites can be confirmed indirectly. For instance, usually only the highest CB of the heterostructure has the energy to reach superoxide radical reduction potential (−0.33 eV vs. NHE), while only the lowest VB of the composite has enough energy to reach hydroxyl radical oxidation potential (+2.4 eV vs. NHE), thus confirming the direct Z-scheme. To trap radicals, several techniques have been detailed such as the ones described by Fernández-Castro et al. [90] and further developed by Ribao et al. to detect reactive oxygen species, ROS, on the activity of metal doped TiO2 [91]. The radical trapping method measures the presence of hydroxyl radicals (•OH), superoxide radicals (O2−•), and holes (h+) in photocatalytic degradation of dichloroacetic acid (DCA) by adding benzoquinone (BQ) as an O2−• scavenger, tert-butyl alcohol (t-BuOH) as a hydroxyl scavenger, and formic acid (FA) as a hole scavenger. The role of radicals is associated with the reduction in the photocatalytic activity after the addition of the specific scavenger. In that work, no inhibition was observed when O2−• radicals were removed by BQ, indicating that these species did not participate in the photocatalytic degradation process. However, when t-BuOH or FA were added to the DCA solution, total inhibition was observed, demonstrating that both holes and hydroxyl radicals play an important role in the DCA degradation process. Table 1 presents some of the scavengers used for each reactive species.



Electron paramagnetic resonance (EPR or ESR) has proven to be a powerful tool for the detection of ROS. Radical species have a very short life. Therefore, to obtain evidence of their presence, scavengers are required. For example, hydroxyl radicals have been quantified by dimethylsulfoxide (DMSO) [24,99]. In the work of Dvóranova et al. [100], ROS species produced by the photo illumination of TiO2 were determined through this technique using DMPO (5,5-Dimethyl-1-pyrroline N-oxide), EMPO (5-(Ethoxycarbonyl)-5-methyl-1-Pyrroline-N-Oxide), and DIPPMPO (5-Diisopropoxyphosphoryl-5-methyl-1-pyrroline-N-oxide) as spin traps. Radical species are unstable but when they react with spin agents, they can be trapped and stabilized. More recent studies like those of Yuan et al. [78] and Ye et al. [69] also used DMPO to detect radicals responsible for the photocatalytic activity of TiO2/g-C3N4 and CoTiO3/g-C3N4/Pt composites, respectively. Figure 7 shows the detection of hydroxyl radicals (Figure 7A) and superoxide radicals (Figure 7B) produced by TiO2/g-C3N4 through ESR using DMPO as a spin trap.



Selective noble metal deposition. The electron/hole active sites are characteristic of each mechanism. The correct identification of the sites can provide very conclusive results. One simple approach to detect the charge active sites in the composite photocatalyst is selective metal deposition. Reduced metals will accumulate over electron active sites while oxidized metals will accumulate over hole active sites. After that, the deposited metals can be detected through transmission electron microscopy (TEM) imaging. This procedure was performed by Jiang et al. [21,72] to clarify the mechanism of g-C3N4/CdS, Fe2O3/g-C3N4, and TiO2/CdS for hydrogen production by using Pt to detect electron active sites and PbO2 to detect hole active sites, as shown in Figure 8.



Photocorrosion. Photocorrosion is a common phenomenon of metal sulfides and normally occurs due to the oxidation of surface sulfide ions (S2−) by the photogenerated holes. Hence, this phenomenon can confirm the location of the holes in the composite. This self-oxidation process is irreversible and leads to the inhibition of the photocatalytic reaction [60]. Therefore, to study the stability of the photocatalysts, the most common tests are the transient photocurrent response and catalyst reuse. In the first case, current density is measured during several consecutive on–off irradiation cycles. In the second case, the photocatalytic reaction is performed for several cycles with the same catalyst. In both cases, a steady, reproducible response is a clear indicator of the catalyst stability. Figure 9A shows the photocurrent response of the ZnO/g-C3N4 composite with a remarkable decay of current density [75]. Figure 9B shows the performance of Cu2O/g-C3N4 after several cycles [53]. The decrease in the photocatalytic activity points out the degradation of the catalyst. These kinds of stability tests are often found with CdS-based composites (TiO2/CdS [52], CdS/g-C3N4 [72], and ZnO/CdS [98]).



In the next section, the use of the mentioned procedures in the identification of the charge transfer mechanism will be discussed.



3.1. Sensitization


The first photocatalytic works associated with the sensitization mechanism used a dye or a molecule that could be activated by visible light to start the electron transfer mechanism. The review of Ni et al. emphasized the photocatalytic hydrogen production of safranin–O–TiO2 composites [10]. Hamilton et al. [17] highlighted the effectiveness of dyes like rhodamine B on extending TiO2 response into the visible region for water disinfection.



In the case of a catalyst composed of two semiconductors, sensitization occurs when one of them is excited by the incident light and the second one acts as an electron sink. It is a well-known mechanism and therefore, several techniques have been developed for its identification [10].



The simplest procedure consists of the determination of the excitation of the semiconductor with a narrower band gap. For instance, both TiO2 and SiC have a band gap of 3.2 eV with a corresponding absorption wavelength of 380 nm in the UV spectrum (Figure 1). On the other hand, graphitic carbon nitride (g-C3N4) has a band gap of 2.7 eV (Figure 1), which partially absorbs visible light [63]. Enhanced photocatalytic activity in the visible range is consistent proof of the interaction between the semiconductors. Bare TiO2 (or SiC) under visible light illumination does not show photocatalytic activity. Moreover, the composite shows photogeneration of charges, observed in photocatalytic tests and photoluminescence measurements. Therefore, the second semiconductor triggers catalytic activity on TiO2, which is strong supporting evidence of the sensitization mechanism. So, the first test should be excitation under different light sources such as UV light and visible light.



Hydrogen production enhancement through the sensitization mechanism has been widely reported and the main tests to verify this mechanism are UV/Vis illumination and photoluminescence spectra analysis. Isimjan et al. [74] prepared the composite TiO2/g-C3N4 with promoted photo-charge separation under visible light compared to pure TiO2 and g-C3N4, according to PL spectra analysis. H2 production was 1.5-fold higher for the composite than for g-C3N4 alone. Yu et al. [42] successfully sensitized TiO2 with carbon quantum dots (C), detecting photocatalytic hydrogen production under visible light illumination (Table 2). This is clear evidence of sensitization because TiO2 is not active in the visible range. Wang et al. [45] synthesized SiC/g-C3N4 composites and proved the sensitization mechanism through hydrogen production under visible light (Table 2). Since SiC is not active under visible light, the electron source was attributed to g-C3N4. Zhang et al. [43] confirmed the sensitization of TiO2 by C after detecting a broader photo-response and photocatalytic hydrogen production under visible light. Sargin et al. [44] also synthesized a TiO2/C composite with enhanced catalytic activity under solar light illumination compared to bare TiO2 with remarkable activity under visible light, thus confirming the sensitization. In Kim et al. [101], the recombination of charges in the TiO2/CdS composite was lower than that in the bare components, according to the PL spectra. Moreover, hydrogen was obtained working under visible light, confirming the sensitization mechanism. The synthesized TiO2/g-C3N4 composite also showed improved hydrogen production according to Tan et al. [102]. Sensitization was confirmed after band gap determination through the Kubelka–Munk equation. In the work of Luo et al., DFT was used to determine the band energies and interface charge transfer of SrTiO3/g-C3N4, thus confirming the sensitization mechanism, because SrTiO3 could only absorb the light with a wavelength lower than 390 nm [103].



With respect to dye degradation, Hao et al. reported catalytic activity under visible light for the TiO2/g-C3N4 composite [104]. Band gap alignment determination using empirical equations was also fundamental to determine the mechanism, concluding that carbon nitride had a sensitization effect over TiO2.




3.2. Direct Z-Scheme


With regard to photocatalytic hydrogen production, some reports can be considered as water splitting when water molecules are the unique substrate for hydrogen production; however, in most cases, a sacrificial agent is added to enhance hydrogen production, as shown in Table 2. The scope of this review was aimed toward works where hydrogen production is carried out with sacrificial agents. Special attention needs to be focused on the sacrificial agent since it may influence the hydrogen production rate and catalyst activity. For example, the work of Idrees et al. explored the influence of two sacrificial agents, TEOA and methanol, over the photocatalytic performance of g-C3N4/Nb2O5, and even though the hydrogen production rate was highly influenced, it was not attributed to a different mechanism [59]. Tahir et al. also reported similar conclusions [34].



Concerning photocatalytic hydrogen production, it is worth mentioning the works of Jiang et al. [21,72], which reported that the Z-scheme mechanism was responsible for the activity of TiO2/CdS, Fe2O3/g-C3N4, and CdS/g-C3N4 for photocatalytic hydrogen production. The authors performed radical trapping in order to determine the reactive oxygen species responsible for the degradation of rhodamine B. Benzoquinone, ammonium oxalate and isopropanol were used for trapping superoxide radicals (•O2−), hydroxyl radicals (•OH) and holes, respectively. All radicals were detected, but the interesting breakthrough was that only the CB of g-C3N4 had the redox potential to produce superoxide radicals (ECB = −1.09 eV; E(O2/•O2−) = −0.33 eV vs. NHE) and, at the same time, only Fe2O3 had the redox potential to produce hydroxyl radicals (EVB = 2.41 eV; E(OH−/•OH) = 1.96 eV). If the charge transfer mechanism followed the type II heterojunction, no superoxide or hydroxyl radicals would have been detected. However, according to the direct Z-scheme mechanism, the strong redox potential is retained and thus, the radicals can be generated. The same situation was observed while testing the performance of TiO2/CdS and CdS/g-C3N4 photocatalysts for the same application [21]. In order to detect active sites, the authors performed the reduction of Pt to locate electrons and the oxidation of PbO2 to locate holes. It was reported that reduction of Pt occurred exclusively over g-C3N4 and PbO2 was only found over Fe2O3. In the case of TiO2/CdS, PbO2 appeared over the TiO2 while Pt was reduced over CdS. The activity in both cases was explained through the formation of the direct Z-scheme mechanism because CdS and g-C3N4 acted as electron active sites, and TiO2 and Fe2O3 acted as hole active sites, respectively [21]. In the case of the last semiconductor (CdS/g-C3N4), Pt was found over g-C3N4 with the highest conduction band and PbO2 over CdS with the lowest valence band, confirming the direct Z-scheme.



In some cases, hydrogen production serves as interesting evidence of the existence of the direct Z-scheme. A semiconductor cannot perform redox reactions that are below the conduction band or above the valence band. In type II heterojunction, these boundaries are established by the lowest conduction band in SCII and the highest valence band in SCI (Figure 3C). On the other hand, the boundaries of direct Z-scheme semiconductors are established by the highest conduction band in SCI and the lowest valence band in SCII (Figure 3D). Thus, some reactions are feasible only for composites acting under the direct Z-scheme mechanism. For example, using the CoTiO3/g-C3N4 composite for photocatalytic hydrogen generation, Ye et al. concluded that hydrogen production and radical generation were not possible if the type II heterojunction was the charge transfer mechanism because the accumulated electrons from the CB of CoTiO3 cannot reduce O2 to form •O2− as well as h+ into H2. Nevertheless, both hydrogen and superoxide radicals were found in the photocatalytic activity tests and radical trapping tests, respectively. Therefore, the authors concluded that g-C3N4 was the electron active site and the direct Z-scheme was the most suitable mechanism [69]. Photocatalytic hydrogen production was also used as experimental evidence by Gao et al. to determine the mechanism of WO3/TiO2 since the calculated conduction band of WO3 (0.5 eV) did not have a reduction potential high enough to produce hydrogen (0 eV) [25]. However, the authors observed hydrogen formation and related it to the synergistic effect between semiconductors as it was higher than the production of the bare components. Hydrogen production also supported the direct Z-scheme in the use of the BiVO4/CdS photocatalyst for photocatalytic hydrogen production synthesized by Zhou et al. [105] where the conduction band of BiVO4 (0.1 eV) did not have the right potential to produce hydrogen. However, the conduction band of CdS (−0.85 eV) was suitable and, additionally, they proved the absence of holes in the CdS because photocorrosion was avoided. The activity of g-C3N4/Nb2O5 production was also attributed to the direct Z-scheme due to the significant increase in hydrogen production compared to individual components under simulated solar light illumination, reduced recombination rate, and staggered band positions, as reported by Idrees et al. [59]. Si et al. also reported enhanced hydrogen production using g-C3N4/BiVO4 [27]. Hydroxyl radicals were detected using terephthalic acid as the scavenger. These radicals are hardly produced by graphitic carbon (EVB = 1.53 eV; E(OH−/•OH) = 2.4 eV vs. NHE), but the VB of BiVO4 (EVB = 3.05 eV) possessed enough oxidizing potential to generate •OH. Nevertheless, the authors concluded that further tests like the trapping of other radical species and/or selective noble metal deposition should be conducted to give a conclusive result regarding the mechanism. The reported high stability of the ZnO/CdS composite, together with the detection of hydroxyl radicals and enhanced hydrogen production, served to support the direct Z-scheme mechanism by Wang et al. [98]. Jia et al. also detected hydroxyl radicals and the high stability of CdS/CdWO4 and supported the direct Z-scheme mechanism [93]. Furthermore, they conducted Pt reduction experiments to determine electron active sites, and found that the metal was reduced over CdS and therefore the direct Z-scheme mechanism was confirmed. Meng et al. synthesized TiO2/CdS and confirmed the direct Z-scheme mechanism because hydroxyl radicals were detected, which is only compatible with the direct Z-scheme, according to the XPS-determined band positions [97]. Transient photocurrent response confirmed the stability of the composite, proving that CdS does not act as a hole sink, so did not undergo photocorrosion. The same tests were performed by Cui et al. to corroborate the direct Z-scheme in the CoWO4/CdS composite [94]. High stability as well as enhanced degradation of pollutants and detected ROS inTiO2/CdS reported by Zhang et al. evidenced that the charge transfer mechanism was the direct Z-scheme [52]. According to the conclusions gathered so far, photocorrosion in CdS-based composites can be explained by the type II heterojunction mechanism due to the location of holes on the CdS. Working with TiO2/g-C3N4, Wang et al. observed improved photocatalytic hydrogen production as well as more efficient separation of electron/hole pairs determined by photoluminescence spectra compared to that of the bare components [77]. Furthermore, the detection of hydroxyl radicals, as in previous works, helped and supported the direct Z-scheme as the main mechanism responsible for the photocatalytic process.



Several works in the field of photocatalytic pollutant degradation have contributed to the discrimination of the charge transfer mechanism. When TiO2/g-C3N4 composites were used for dye and antibiotic removal, the direct Z-scheme was confirmed after band gap determination and radical trapping since the presence of hydroxyl and superoxide radicals did not match the type II heterojunction charge transfer because the VB potential of CN (1.575 eV) was much lower than the required potential for •OH generation (H2O/•OH = 2.4 eV). Moreover, electron-hole recombination decrease was confirmed through the PL spectra [67,78,96]. Liu et al. supported the direct Z-scheme mechanism in the application of TiO2/g-C3N4 composites for photocatalytic water disinfection by radical species determination [83]. The most remarkable species detected were hydroxyl and superoxide radicals. Further evidence was provided such as enhanced photocatalytic activity of the composite compared to the bare components and reduction of electron-hole recombination, as demonstrated by the PL spectra. Working with the same photocatalyst, Huang et al. also reported that the direct Z-scheme was responsible for methyl orange (MO) degradation [68]. The authors concluded that the strong interaction and high separation rate of electron/hole pairs between TiO2 and g-C3N4 enhanced the photocatalytic degradation of the dye. The detected radicals (•OH, O2−•, and h+) together with the band positions calculated through empirical equations pointed to the direct Z-scheme.



The direct Z-scheme mechanism has also been proposed as responsible for the photocatalytic activity for CO2 reduction. When using TiO2/CdS, the mechanism was supported after the detection of hydroxyl radicals and with the XPS-estimated band energies, as reported by Low et al. [89]. The main product of this photocatalytic process was methane. The work reported by Jin et al. confirmed the existence of the direct Z-scheme in the CdS/WO3 composite by performing the photocatalytic reduction of CO2 and detecting hydroxyl radicals [106]. Methane production was demonstrated because the only configuration able to produce methane was the direct Z-scheme, since the CB of CdS (−0.6 eV) had enough reduction potential to convert CO2 to methane (−0.24 eV), but the CB of WO3 did not (0.5 eV). On the other hand, the valence band with an oxidation potential high enough to produce hydroxyl radicals (OH−/•OH = 2.4 eV) was the VB of WO3 (3.0 eV) as the VB of CdS (1.7 eV) was below the required potential to generate hydroxyl radicals. Moreover, low photocorrosion was additional proof of the absence of holes in the CdS part, which is susceptible to oxidation. The detection of superoxide and hydroxyl radicals in the Fe2O3/g-C3N4 composite reported by Jiang et al. proved the existence of the direct Z-scheme according to the band determination through XPS and enhanced methane production [107].




3.3. Type II Heterojunction


Most of the works that have proposed the type II mechanism do not provide as much evidence as works that support the direct Z-scheme hypothesis. It is common to find PL spectra to confirm the reduction of the recombination of charges and band alignment determination to support the mechanism, considering that charge transfer from high to low band energies is the thermodynamically favored path. In fact, this is the case for all the articles summarized in Table 2. Although all the characterization techniques proposed above are completely valid for both type II heterojunction and the direct Z-scheme, not all of them are performed at the same time. Nevertheless, the following references were selected for having conducted at least one of the proposed tests to clarify the mechanism.



Regarding hydrogen production, Chen et al. [66] reported that the addition of g-C3N4 widened the absorption to the visible light region, resulting in more efficient utilization of the solar spectrum according to the absorption spectrum and higher hydrogen production. Moreover, TiO2/g-C3N4 boron doping favored the visible light absorption and increased electron trapping centers, which inhibited recombination and promoted electron transfer from the CB of carbon nitride to the CB of titanium dioxide. According to the authors, since the VB of TiO2 (2.44 eV) was higher than the VB of carbon nitride (1.4 eV), holes migrated from TiO2 to g-C3N4. Electrons followed the reverse path, from the CB of g-C3N4 (−1.3 eV) to the CB of TiO2 (−0.46 eV), thus proving type II heterojunction. However, more defining evidences and further evaluations should be performed such as UV/Vis tests to determine sensitization and radical trapping or metal deposition to confirm electron/hole active sites. Enhanced H2 production of TiO2/g-C3N4 compared to that of the pure components was also described by Raziq et al. [108]. They also detected a decrease in photoluminescence compared to that of the bare components and therefore a reduction in photoinduced charge transfer recombination. All these data as well as the band alignment were used to conclude that the type II heterojunction occurred, although it could also match the direct Z-scheme. Further tests like radical trapping could shed light to clarify the mechanism. Jiang et al. determined the CdS/g-C3N4 type II heterojunction mechanism by performing selective noble metal deposition and radical trapping, the same procedure as that detailed previously for the direct Z-scheme CdS/g-C3N4 composite [72]. However, in this case, Pt reduction happened over CdS while PbO2 oxidation happened over g-C3N4, confirming that CdS acted as the electron sink and carbon nitride as the hole sink. Hence, electrons migrated from the CB of g-C3N4 (−1.28 eV) to the CB of CdS (−0.58 eV) and holes moved from the VB of CdS (1.97 eV) to the VB of g-C3N4 (1.59 eV). Liu et al. [53] concluded that electrons could easily transfer from the Cu2O CB to the g-C3N4 CB due to band alignment. Furthermore, enhanced hydrogen production was also reported, concluding that type II heterojunction was the charge transfer mechanism. Zhang et al. selectively deposited CdS on the {001} facet of poor photostability and weakened redox abilities compared to the direct Z-scheme composite in which CdS was selectively deposited on the {101} facet of TiO2 [52]. With further evidence such as band position determination, the work concluded that the existence of type II heterojunction. Liu et al. calculated band positions and led to the conclusion that photogenerated electrons could easily transfer from CB of g-C3N4 to CB of ZnO due to the more negative CB position of CdS and the photogenerated holes could easily move from the VB of ZnO to the VB of g-C3N4 due to the more positive VB position of ZnO [68]. This was further supported by the stability of the composite since the type II heterojunction mechanism could prevent ZnO photocorrosion. NiS/CdS heterostructure synthetized by Zhang et al. for photocatalytic water splitting showed excellent visible light hydrogen production and high stability. Band positions suggested that NiS–CdS could form stable type II heterojunctions where NiS would act as the hole sink, preventing CdS from photocorrosion [109]. Wang et al. concluded that type II heterojunction was the transfer mechanism of the TiO2/NiO composite based on the band position and band alignment added to improve the photocatalytic production of H2 and degradation of rhodamine B [110]. Hu et al. reported that the selectively deposited MoS2/TiO2 composite exhibited high photocatalytic H2 evolution activity with a rate as high as 2.16 mmol h−1 g−1 for the sample with 15 wt% MoS2 loading, which was 32-fold and 3-fold more than the pure TiO2 and MoS2/TiO2 composites, respectively [73]. The proposed mechanism was attributed to the different facets of TiO2 that have different band positions and, therefore, charge transfer could occur. Since electrons moved from the 001 surface on the CB facet to MoS2, this acted as an electron sink and holes accumulated on that mentioned surface. Uddin et al. also reported enhanced hydrogen production and, in combination with band gap determination through XPS, concluded that that it was type II heterojunction in the case of TiO2/NiO composite [111].



In order to test the photocatalytic behavior of the composites, some works have conducted the photocatalytic degradation of organic compounds. Wu et al. proposed t6he type II heterojunction charge transfer mechanism because the synthesized ZnO/g-C3N4 composite showed superior stability and enhanced photocatalytic degradation of rhodamine B under simulated solar sunlight, exciting both components of the catalyst [23]. Moreover, no hydroxyl radicals were detected during radical test trapping, proving that hole active sites remained in g-C3N4. The Fe2O3/g-C3N4 composite synthetized by Christoforidis et al. also followed the type II heterojunction mechanism in the removal of rhodamine B and methyl orange after performing band gap determination and the radical trapping test under visible light, exciting both Fe2O3 and g-C3N4 [92]. The g-C3N4/Nb2O5 heterostructures of da Silva et al. [70] exhibited higher photocatalytic activity toward the oxidation of rhodamine B (RhB) and amiloride (AML) compared to bare g-C3N4 and Nb2O5. Band position confirmed that electrons could easily go from the CB of g-C3N4 (−1.23 eV) to the CB of Nb2O5 (−0.8 eV). The longer lifetime of the photogenerated charges also supported the type II heterojunction mechanism. Bi2W2O9/g-C3N4 also demonstrated a higher degradation of tetracycline than the bare components, according to the report by Obregon et al. [95]. Radical trapping tests confirmed the existence of the type II heterojunction.



Some of the proposed evidences are common to all the mechanisms and provide general information about the redox potential and optical properties of the photocatalyst. Even though the rest of the techniques used to identify the direct Z-scheme and type II heterojunction are the same, the results are opposite. For example, radical generation is often characteristic of direct Z-scheme, whilst photocorrosion is usually indicative of type II heterojunction. In the case of metal deposition, each mechanism has characteristic charge active sites and the results are exclusive of a certain mechanism.





4. Conclusions and Further Perspectives


The quest for ideal photocatalysts relies on the development of semiconductor materials with enhanced capacity to absorb light in the visible part of the solar spectrum and with high stability to be used for long operation times. In this search, semiconductor–semiconductor heterojunctions stand out and have given rise to a good number of materials with promising prospects to contribute to worldwide environmental and energy issues. Since the first cost-effective and widely used metal oxides such as TiO2 or ZnO, the design of photocatalysts has evolved considerably. So far, several composites such as TiO2/g-C3N4, TiO2/CdS, g-C3N4/Nb2O5, ZnO/CdS, or TiO2/NiO have shown noteworthy results in photocatalytic hydrogen production and other photocatalysts like WO3/CdS or αFe2O3/g-C3N4 have also shown outstanding performance regarding CO2 reduction or pollutant degradation, paving the way toward efficiently harnessing visible light. The progress achieved in the synthesis of new photocatalysts demands in-depth knowledge of the role that every component plays in the performance of the final composite.



This article provides a thorough analysis of already published literature in the photocatalytic generation of hydrogen focused on identifying the charge transfer mechanism that ultimately determines the photocatalyst performance. There is a variety of possible mechanisms for every semiconductor–semiconductor heterostructure: (i) the sensitization mechanism, in which only one of the semiconductors is excited by the incident light and the non-excited semiconductor acts as electron sink; (ii) the direct Z-scheme, where the VB of SCI and the CB of SCII with the highest redox potential are preserved and electrons of the CB of SCI recombine with holes of the VB of SCII; and (iii) the type II heterojunction, where charges move from high energy bands to low energy bands, holes go from the VB of SCI to the VB of SCII, and electrons go from the CB of SCI to the CB of SCII.



To identify the proper mechanism, some general guidelines can be proposed. When the heterostructure shows different photocatalytic behavior under UV or visible light and interaction between semiconductors is confirmed, the charge transfer mechanism is sensitization. Nevertheless, this mechanism is compatible with the direct Z-scheme and type II heterojunction, because when both semiconductors are excited, the charge transfer may vary. Composites acting with the direct Z-scheme mechanism report enhanced photocatalytic performance and strong redox potential with good charge separation efficiency alongside additional characteristics such as the generation of radical oxidizing species; among them, the most common are superoxide and hydroxyl radicals. In the type II heterojunction mechanism, good efficiency in charge separation and enhanced production compared to that of the bare components have also been determined, but several drawbacks such as weakened redox potential compared to the direct Z-scheme and photocorrosion have been associated with this mechanism.



This article presents a fair number of techniques that provide experimental evidence supporting charge transfer mechanisms. Although great progress has been reported in the identification of the charge transfer mechanism, most of the references conclude the need for further evidence to allocate the charge transfer mechanism due to the inconclusive results observed in some cases. Band alignment and band gap determination, measured through XPS or diffuse reflectance, provide information useful for all mechanisms. The use of PL spectra is widespread, and has been proved to be effective at confirming the interaction between both semiconductors in a composite and the reduction of charge recombination. However, photoluminescence spectra measurement is defining evidence by itself, because the reduction of the recombination of the composites compared to bare components is shared by all the above-mentioned mechanisms. UV/Vis illumination has proven to be effective in the determination of the sensitization mechanism. Selective metal deposition is well defining evidence that clearly locates electrons and holes within the catalyst, but it is still not widely applied. Stability tests like transient photocurrent response and catalyst reuse are common in evaluating if the photocorrosion phenomenon deteriorates the catalytic material. Additionally, the stability test has been proven to be an effective method to determine hole active sites in composites that are likely to suffer from photocorrosion, especially in type II heterojunction. In this charge transfer mechanism, the performance decay is remarkable because of the accumulation of holes in the corrosion sensitive semiconductor within the composite. Regarding photocatalytic activity testing, dye degradation is not recommended since the existence of the dye sensitization effect over the catalyst remains unclear and may influence the photocatalytic performance.



Table 3 presents the experimental techniques and outcomes that have been applied to support the charge transfer mechanisms. As shown in the table, PL spectroscopy is essential to determine the reduction of charge recombination and interaction between semiconductors as supported by almost all of the reported articles in this review, regardless of the mechanism. Band gap and band alignment determination is also regarded as an essential test. Nevertheless, it is highly used to support type II heterojunction, probably because it proves that electrons follow the thermodynamically favored path from a higher energy band to a lower energy band. Regarding the direct Z-scheme, radical generation stands out as the most employed evidence, definitely relating radical species generation to the direct Z-scheme. Finally, it is necessary to highlight the need to carry out different tests for a given composite to support and conclude the most likely mechanism.



In summary, and according to reported information, the most stable catalysts with the best performance and higher use of the visible light spectrum regarding hydrogen production were those that followed the direct Z-scheme compared to the same composites that developed the type II heterojunction.



As further steps concerning photocatalytic hydrogen production, it is worth considering that the use of sacrificial agents may influence the results, since the redox potential of these agents vary from one to another and, depending on the band positioning of the composite, the photocatalytic hydrogen reaction may be hindered when changing the sacrificial agent. Therefore, the role of sacrificial agents in mechanism determination should be explored.



Regarding future trends, this report further states the remarkable role of g-C3N4, as a stable, inexpensive semiconductor, with consistent hydrogen production and versatile photocatalytic applications. It is one of the most prominent materials within all the photocatalysts and composites reported because it is excited by visible light, easy to obtain, inexpensive, and has a graphene-like structure that can provide a high specific area. QD-based photocatalysts show noteworthy activity in hydrogen production because band energies can be controlled by the size change of quantum dots, providing new possibilities to control the response and light absorption properties, among others. Some of the disclosed articles like that by Tahir et al. [34] point to new charge transfer mechanisms such as the S-type heterojunction, which has a resemblance to the direct Z-scheme but an internal electric field is formed. Therefore, the already detailed characterization techniques need to be further exploited to determine the existence of this mechanism in addition to discriminating whether semiconductors are n-type or not.



To sum up, Figure 10 shows a decision-making diagram in order to help in the discrimination of the charge transfer mechanism responsible for the photocatalyst performance.



The diagram shows the route to discriminate between the charge transfer mechanisms by using experimental information. For instance, the composite may show different behavior under UV or visible light illumination, but if the photoluminescence of the composite is similar to the photoluminescence of the bare components, it means that there is no synergistic effect between the semiconductors and therefore, the effect is the same as if the semiconductors were used individually. However, if the PL spectra reflect a change, it confirms the existence of that sensitization mechanism. Moreover, this behavior is fully compatible with the other two mechanisms, therefore further evidence such as photocorrosion and metal deposition will help to either confirm or discard the type II heterojunction or direct Z-scheme.



The reviewed literature clearly states the need to determine the charge transfer mechanism and directly relate it to the photocatalytic performance. This work provides the essential information and a wide variety of experimental techniques to retrieve them in order to help in the decision-making process to obtain harmonized, homogeneous results to establish a consensus about the mechanism of charge transfer in the photocatalytic generation of hydrogen.
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Figure 1. Band structure and potential application of various semiconductors. Reprinted from reference [38]. Copyright 2018 Elsevier. 






Figure 1. Band structure and potential application of various semiconductors. Reprinted from reference [38]. Copyright 2018 Elsevier.



[image: Catalysts 10 00901 g001]







[image: Catalysts 10 00901 g002 550] 





Figure 2. Classification of semiconductor heterostructures according to band position: (A) type I heterojunction; (B) type II heterojunction; (C) type III heterojunction. 
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Figure 3. (A) Band structure of the SC–SC heterojunction. (B) Sensitization mechanism. (C) Type II heterojunction. (D) Direct Z-scheme. 
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Figure 4. (A) Schottky junction. (B) P–n heterojunction. (C) S-type heterojunction. 
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Figure 5. Photoluminescence spectroscopy emission spectra of (A) g-C3N4 and g-C3N4/TiO2 and (B) TiO2 and g-C3N4/TiO2 composites under an excitation wavelength of 310 nm. Reprinted from reference [74]. Copyright 2020 ACS. 
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Figure 6. UV–Vis absorption spectra of ZnO, g-C3N4, and ZnO/g-C3N4 samples with different ZnO content. The insert spectrum is the Tauc plots of ZnO and g-C3N4. Reprinted from reference [23], Copyright 2019 Elsevier. 
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Figure 7. EPR results of (A) DMPO-O2−• and (B) DMPO-•OH of pure TiO2, 30 and 90% g-C3N4/TiO2, and pure g-C3N4 under UV irradiation for 60 s. Reprinted from reference [74]. Copyright 2020 ACS. 
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Figure 8. Charge transfer route of chemical deposition g-C3N4/CdS-10% and photodeposition g-C3N4/CdS-25. TEM images of g-C3N4/CdS-10% (A,B,E,F) and g-C3N4/CdS-25 (C,D,G,H) photodeposited with PbO2 nanoparticles (A,E,C,G) and Pt (B,F,D,H) nanoparticles. (E−H) give the corresponding high-resolution TEM images, respectively. Reprinted from reference [68]. Copyright 2018 ACS. 
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Figure 9. (A) Photocurrent response of ZnO/g-C3N4 composite. Reprinted from reference [71]. Copyright 2019 Elsevier. (B) H2 evolution over Cu2O/g-C3N4 reused sample. Reprinted from reference [53]. Copyright 2015 Elsevier. 
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Figure 10. Decision-making diagram for charge transfer mechanism discrimination. 
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Table 1. Scavengers used in the reviewed articles for each reactive species.






Table 1. Scavengers used in the reviewed articles for each reactive species.





	
Reactive Species

	
Scavenger

	
References






	
•OH

	
Tert-butyl alcohol

	
[23,70,91,92]




	
Isopropanol

	
[21,52,67,68,83,93,94,95]




	
Coumarin

	
[89,96,97]




	
Terephthalic acid

	
[98]




	
O2−•

	
Benzoquinone

	
[21,23,67,68,91,93,94,95]




	
TEMPO

	
[52,83]




	
Potassium bromate

	
[70]




	
Argon

	
[92]




	
h+

	
Formic acid

	
[91]




	
Methanol

	
[21,94]




	
Sodium oxalate

	
[52,70]




	
Ammonium oxalate

	
[67,68,93]




	
Potassium iodide

	
[23,95]




	
Triethanolamine

	
[92]




	
H2O2

	
Fe(II)-EDTA

	
[83]




	
Catalase

	
[95]
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Table 2. Charge transfer mechanism reported for different hybrid photocatalysts.
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Mechanism

	
Catalyst

	
Objective

	
Sacrificial Agent

	
Light Source

	
Reference






	
Sensitization

	
TiO2/C

	
H2 production

	
Methanol

	
500 W Xe lamp (λ > 450 nm)

	
[42]




	
TiO2/C

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp (Visible region)

	
[43]




	
TiO2/C

	
H2 production

	
TEOA

	
300 W Xe lamp (λ > 420 nm)

	
[44]




	
SiC/g-C3N4

	
H2 production

	
TEOA

	
300 W Xe lamp (λ > 420 nm)

	
[45]




	
Pd/TiO2/g-C3N4

	
H2 production

	
TEOA

	
300 W Xe lamp (λ > 420 nm)

	
[74]




	
TiO2/g-C3N4/C

	
Dye degradation

	

	
500 W Xe lamp (λ > 400 nm)

	
[76]




	
TiO2/CdS

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp (λ > 420 nm)

	
[101]




	
TiO2/g-C3N4

	
H2 production

	
TEOA

	
300 W Xe lamp (λ > 420 nm)

	
[102]




	
SrTiO3/g-C3N4

	
H2 production

	
TEOA

	
300 W Xe lamp (λ > 420 nm)

	
[103]




	
TiO2/g-C3N4

	
Dye degradation

	

	
350 W Xe lamp (λ > 420 nm)

	
[104]




	
Direct Z-scheme

	
Fe2O3/g-C3N4

TiO2/CdS

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp

	
[21]




	
WO3/TiO2/Pt

	
H2 production

	
Methanol

	
300 W Xe lamp

	
[25]




	
g-C3N4/BiVO4

	
H2 production

	
NaSO3

	
300 W Xe lamp (λ > 420 nm)

	
[27]




	
TiO2/CdS

	
Pollutant removal

	

	
150 W Xe lamp

	
[52]




	
g-C3N4/Nb2O5

	
H2 production

	
TEOA/Methanol

	
1000 W Xe lamp

	
[59]




	
CoTiO3/g-C3N4/Pt

	
H2 production

	
Methanol

	
300 W Xe lamp (λ > 420 nm)

	
[69]




	
CdS/g-C3N4

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp (λ > 420 nm)

	
[72]




	
Pt/TiO2/g-C3N4

	
H2 production

	
TEOA

	
350 W Xe lamp

	
[77]




	
TiO2/g-C3N4

	
Pollutant removal

	

	
UV radiation

	
[78]




	
TiO2/g-C3N4

	
Pollutant removal

	

	
500 W Xenon lamp

	
[67]




	
TiO2/g-C3N4

	
Dye degradation

	

	
500 W Xe lamp

	
[68]




	
TiO2/g-C3N4

	
Water disinfection

	

	
300 W Xe lamp

	
[83]




	
TiO2/CdS

	
CO2 reduction

	

	
300 W Xe lamp

	
[89]




	
CdS/CdWO4

	
H2 production

	
Lactic acid

	
300 W Xe lamp (λ > 420 nm)

	
[93]




	
CoWO4/CdS

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp (λ > 420 nm)

	
[94]




	
TiO2/g-C3N4

	
Dye degradation

	

	
LED lamp 3 W (λ = 365 nm)

	
[96]




	
TiO2/CdS

	
H2 production

	
Methanol

	
350 W Xe lamp

	
[97]




	
ZnO/CdS

	
H2 production

	
Na2S/Na2SO3

	
350 W Xe lamp

	
[98]




	
BiVO4/CdS

	
H2 production

	
Lactic acid

	
300 W Xe lamp (λ > 420 nm)

	
[105]




	
WO3/CdS

	
CO2 reduction

	

	
300 W Xe lamp (λ > 420 nm)

	
[106]




	
αFe2O3/g-C3N4

	
CO2 reduction

	

	
Visible light

	
[107]




	
Type II heterojunction

	
ZnO/g-C3N4

	
Dye degradation

	

	
300 W Xe lamp

	
[23]




	
TiO2/CdS

	
Pollutant removal

	

	
150 W Xe lamp

	
[52]




	
Cu2O/g-C3N4

	
H2 production

	
TEOA

	
300 W Xe lamp (λ > 400 nm)

	
[53]




	
g-C3N4/Nb2O5

	
Pollutant removal

	

	
6x15 W visible light lamp

	
[70]




	
CdS/g-C3N4

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp (λ > 420 nm)

	
[72]




	
TiO2/MoS2

	
H2 production

	
TEOA

	
300 W Xe lamp (λ>400 nm)

	
[73]




	
ZnO/g-C3N4

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp

	
[75]




	
B-TiO2/g-C3N4

	
H2 production

	
Methanol

	
300 W Xe lamp (λ > 400 nm)

	
[66]




	
βFe2O3/g-C3N4

	
Dye degradation

	

	
300 W Xe lamp (λ > 420 nm)

	
[92]




	
Bi2W2O9/g-C3N4

	
Pollutant removal

	

	
35 W Xe lamp

	
[95]




	
TiO2/g-C3N4

	
H2 production

	
Methanol

	
500 W Xe lamp

	
[108]




	
NiS/CdS

	
H2 production

	
Na2S/Na2SO3

	
300 W Xe lamp (λ > 420 nm)

	
[109]




	
TiO2/NiO

	
H2 production

	
Methanol

	
300 W Xe lamp (λ > 400 nm)

	
[110]




	
TiO2/NiO

	
H2 production

	
Methanol

	
1.6 W Hg lamp (320 < λ < 400)

	
[111]
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Table 3. Summary of the mechanisms and related characterization methods.
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Supporting Information

	




	
Mechanism

	
Evidence

	
Characterization Technique

	
References






	
Common evidences to all charge transfer mechanisms

	
Reduction of charge recombination

	
Photoluminescence spectra

	
[23,27,42,43,44,45,49,52,53,58,63,64,65,66,67,68,69,70,71,74,93,95,96,101,102,103,104,106,108,109,110]




	
Band gap and band alignment

	
Diffuse reflectance

	
[23,27,42,43,44,45,49,52,53,58,63,64,65,66,67,68,69,70,71,74,93,95,96,101,102,103,104,106,108,109,110]




	
XPS




	
Others (UPS, DFT)




	
Sensitization

	
Electron transfer

	
UV/Vis illumination

	
[42,43,44,45,74,76,101,102,103,104]




	
Direct Z-scheme

	
Radical generation

	
Radical trapping

	
[20,53,62,63,65,66,85,89,90,92,93,103]




	
EPR

	
[69,78,107]




	
Electron/hole active sites

	
Selective noble metal deposition

	
[21,72,93]




	
Performance of different reactions

	
[69,105]




	
Photocorrosion

	
Catalyst reuse

	
[72,93,97]




	
Transient photocurrent response

	
[52,94,97,98,106]




	
Type II heterojunction

	
Radical generation

	
Radical trapping

	
[23,27,52,70,92,95]




	
Electron/hole active sites

	
Selective noble metal deposition

	
[72]




	
Performance of different reactions

	
[108]




	
Photocorrosion

	
Catalyst reuse

	
[53,75]




	
Transient photocurrent response

	
[52,75,109]
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