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Editorial on the Research Topic 
Photocatalysis and electrocatalysis for energy conversion


INTRODUCTION
Photocatalysis and electrocatalysis play important roles in solving energy and environmental problems. Photocatalysis can store solar energy into molecular bonds or utilize solar energy to degrade pollutants by leading various chemical reactions with the help of photocatalysts, while electrocatalysis can implement parallel or similar functions and reactions under external voltage. Recently, the applications of photocatalytic and electrocatalytic technologies in energy and environment fields including hydrogen generation, CO2 reduction, O2 reduction, and nitrogen fixation have been widely investigated. But the industrial application of photocatalysis and electrocatalysis is still full of challenges, which is mainly limited by the cost and efficiency of current photocatalysts and electrocatalysts. Thus, the design of low-priced and highly efficient photocatalysts and electrocatalysts is still very urgent.
The ideal photocatalysts should possess a long carrier lifetime, a wide light-harvesting region, a strong driving force to carry out oxidation or reduction reaction, while the desired electrocatalysts should utilize very low power energy to drive oxidation or reduction reaction. In this Research Topic “Photocatalysis and Electrocatalysis for Energy Conversion,” we have collected 10 articles in total, representing the recent advances in both experimental and theoretical investigations on catalysis, photocatalysis, and optoelectronic devices. Below, we give a brief summary and research highlights about these interesting works.
EXPERIMENTAL STUDY ON CATALYSIS AND PHOTOCATALYSIS
Photocatalytic technology could convert solar energy into chemical energy (or clean renewable energy) and degrade pollutants, which is an effective way to solve the energy crisis and environmental pollution. The potocatlaytic activity for hydrogen production of bulk g-C3N4 is mainly restricted by the fast photoinduced carrier recombination rate, poor visible-light harvest ability, and low specific surface area. Gao et al. summarized the strategies of pH modulation, morphology, control, metal or non-metal dopants, metal deposition, heterojunction or homojunction construction, and dye-sensitization to enhance the photocatalytic performance of pristine g-C3N4. Sheng et al. prepared two analogous conjugated microporous polymers (CMPs) containing CMP-1 and CMP-2. CMP-1 possesses lower photoexcited carrier recombination than that of CMP-2. Thus, hydrogen production rate of CMP-1 (9,698.53 μmol g−1h −1) is about twice of that of CMP-2 (4,727.1 μmol g−1h −1). Song et al. prepared a highly efficient Z-scheme g-C3N4/Ag/AgBr heterostructure photocatalyst, which exhibits excellent photocatalytic activity for tetracycline hydrochloride degradation. Using phosphate organoamine as the structure guiding agent, Ye et al. synthesized an ISAPO-34/SAPO-18 intergrown zeolite. The active temperature window of copper based catalyst prepared from SAPO-34/SAPO-18 shifts to a lower temperature with the increase of copper content. In addition, the Brønsted acid site decreases obviously because of cooper ion exchange and zeolite structure framework damage.
THEORETICAL STUDY ON CATALYSIS AND PHOTOCATALYSIS
First-principles calculations based on density functional theory (DFT) play an increasingly important role in the design of novel catalysts and photocatalysts. Based on DFT theory, Wang et al. predicted that MoWS4 monolayer and bilayer are both indirect bandgap semiconductors. Besides, both MoWS4 monolayer and bilayer show excellent visible-ultraviolet absorption capacity, and their band edge alignments satisfy the requirement for overall water-splitting. Overall, MoWS4 monolayer and bilayer are potential candidates for water-splitting photocatalysts. By utilizing first-principles calculations, Zhang et al. studied the strain effect on the electronic and optical properties of MoTe2/PtS2 heterostructure. The MoTe2/PtS2 heterostructure persists the type-II band alignment and the bandgap decreases under external strain. Besides, the compressive strain could tune the band edge positions of MoTe2/PtS2 heterostructure so as to be suitable for the overall photocatalytic water-splitting at pH 7. Moreover, all the MoTe2/PtS2 heterostructures show excellent light harvest ability and solar-to-hydrogen efficiency. By calculating and analyzing the electronic and absorptive properties, band edge alignments, Gibbs free energy changes in hydrogen and oxygen evolution reactions, and carrier mobility, Liu et al. predicted ZnO/C2N heterostructure to be a promising water-splitting photocatalyst. With the aid of first-principles calculations, Zhang et al. predicted that CdO/HfS2 heterostructure is a potential Z-scheme water-splitting photocatlayst, while Han et al. predicted that Fe@χ3-borophene is a promising single-atom catalyst for CO oxidation reaction with low energy barrier.
NOVEL OPTOELECTRONIC MATERIALS
Yuan et al. predicted MoSSe/InS heterostructure to be an indirect bandgap semiconductor with a type-II band alignment. Biaxial strains could effectively tune the bandgaps, band edge positions, and optical property of MoSSe/InS heterostructure. Besides, the visible-ultraviolet light harvest ability of MoSSe/InS heterostructure is obviously improved as compared with MoSSe and InS single-layers. In general, the MoSSe/InS heterostructure possesses potential application in optoelectronic devices.
We hope this Research Topic could guide new ideas for the search and design of highly efficient catalysts and photocatalysts. Finally, we think all the authors, reviewers, and editors who have contributed to this Research Topic.
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In this work, we study the electronic structure, the effective mass, and the optical properties of the MoSSe/InS van der Waals heterostructures (vdWHs) by first-principles calculations. The results indicate that the MoSSe/InS vdWH is an indirect band gap semiconductor and has type-Ⅱ band alignment in which the electrons and holes located at the InS and the MoSSe side, respectively. The band edge position, the band gap and the optical absorption of the MoSSe/InS vdWH can be tuned when biaxial strains are applied. In addition, compared with MoSSe and InS monolayers, the optical absorption of the MoSSe/InS vdWH is improved both in the visible and the ultraviolet regions. These findings indicate that the MoSSe/InS vdWHs have potential applications in optoelectronic devices.
Keywords: van der waals heterostructure, first principles calculations, optical absorption, biaxial strain, band edge position
INTRODUCTION
With the discovery of graphene in 2004, two-dimensional (2D) materials have been widely studied and applied due to their unique structures and excellent physical and chemical properties (Novoselov et al., 2004). In the past decades, a large number of 2D materials have been emerged, such as transition metal dichalcogenides (TMDCs) (Choi et al., 2017; Qiu et al., 2020), silicene (Fleurence et al., 2012; Wu et al., 2014), group-III monochalcogenides (Huang et al., 2019), Mxenes (Zhou et al., 2021), etc. In order to obtain high-performance devices, the advantages of a single layer 2D material are slightly insufficient, so the van der Waals heterostructures (vdWHs) formed by the van der Waals forces along the vertical superposition of two different 2D materials has been attracted widespread attention (Guo et al., 2021a; Zhao et al., 2021). A variety of vdWHs have been developed, which can be classified into three band alignments, i.e., straddling type-I, staggered type-II, and broken-gap type-III (Özçelik et al., 2016).
The vdWHs not only contain some of the advantages of the isolated monolayers but also produce some other properties (Ren et al., 2021a; Ren et al., 2021b; Ren et al., 2021c; Sun et al., 2022; Shen et al., 2022). For example, Liu et al. proposed the MoSSe/g-GeC heterostructure as a promising photovoltaic application material in which visible optical absorption and catalytic activity can be adjusted by strain engineering (Liu et al., 2021). M. M. Obeid and others revealed that GaSe/HfS2 heterostructures have high carrier mobility and can be converted from semiconductor to metal and from indirect band gap to direct band gap when the external electric field is strengthened (Obeid et al., 2020). Zhu et al. found that GaN/Zr2CO2 heterostructure has a promising application in tunable high-performance optoelectronic nanodevices due to its large conduction band offset (CBO) and tunable band gap (Zhu et al., 2021). Zhang et al. proved that P-GaSe/InS isomorphous heterostructure has excellent performance as a photocatalytic and water splitting material (Zhang et al., 2021).
On the other hand, after Janus MoSSe was successfully synthesized by chemical vapor deposition (CVD) method in 2017 (Lu et al., 2017; Zhang et al., 2017), the unique physical properties of 2D Janus TMDCs due to their mirror asymmetry have been attracted widespread attention. The Janus MoSSe has an easy-to-tune band gap, strong visible optical absorption and suitable band alignment (Yin et al., 2018); Mo atoms are located between S atoms and Se atoms, so an internal electric field is formed, which promotes electron-hole separation and inhibits exciton recombination (Chen et al., 2019). In addition, as a new type of 2D material, Group-III chalcogenides (MX, M = Ga and In, X = S, Se) have been attracted great attention in photoelectric devices due to their wide band gap, high electron mobility, good thermoelectric performance and optical responses (Miao et al., 2016; Xu et al., 2016; Hung et al., 2017). InS has been successfully synthesized experimentally and has a similar structure to InSe (Hollingsworth et al., 2000). Monolayer InS has good optical response characteristics and large band gap. However, InS has some disadvantages in visible optical absorption due to the large indirect band gap, and the separation ability of electron-hole pairs is also weak. Both MoSSe and InS monolayers can be synthesized, so the MoSSe/InS vdWH is also feasible composed experimentally. Therefore, we hope that the MoSSe/InS vdWH has the advantages of the two monolayers.
In this work, based on the first-principles calculations, we mainly study the band edge position, the charge transfer and the optical absorption of the MoSSe/InS vdWH. Effects of biaxial strain on electronic structure and optical properties are also considered. Compared with MoSSe and InS monolayers, the optical absorption of the MoSSe/InS vdWH is improved and can be modulated by biaxial strain. The structure of this paper is as follows: details of the computational methods are provided in Section 2, the results and the discussion are shown in Section 3, and the conclusion is presented in Section 4.
COMPUTATIONAL METHODS
All first-principles calculations are based on density functional theory (DFT) by using Vienna ab initio Simulation Package (VASP) (Kresse and Furthmüller, 1996). The core-ion and valence electron interaction is described by the projector augmented wave (PAW) method, and the general gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) functional is used to calculate the exchange-correlation functional (Blöchl, 1994; Perdew et al., 1996; Kresse and Joubert, 1999). For the plane-wave basis set, the energy cutoff is set to 500 eV. All geometric structures are completely relaxed with the total energy is converged within [image: image] eV and the Hellmann–Feynman force is less than 0.01 eV [image: image]. In the empirical correction scheme proposed by Grimme, we use the DFT-D3 method to describe the effect of the interaction between monolayers (Grimme et al., 2010; Grimme et al., 2011). The k-points in the first Brillouin-zone of 4 × 4 × 1 and 8 × 8 × 1 are generated by the Monkhorste Packscheme and they are used for the geometric optimization and the self-consistent calculations, respectively. To avoid the interaction caused by periodic effects, the vacuum layer is set to 20 [image: image] along the Z-axis direction. Since the PBE always underestimates the band gap of the semiconductor, we use hybrid functional (HSE06) to further obtain accurate electronic properties (Heyd et al., 2003). The VASP processing program VASPKIT is used to analyze electronic structure and optical properties (Wang et al., 2021).
RESULTS AND DISCUSSION
Before investigating the MoSSe/InS vdWH, the structural parameters and the electronic characteristics of the MoSSe and InS are studied. The optimized lattice parameters of the MoSSe and InS monolayers are a = b = 3.25 Å and a = b = 3.94 Å respectively. The results are consistent with the previous reported results (Zhu et al., 2021; Hollingsworth et al., 2000; Guo et al., 2021b). Taking into account the lattice mismatch, we constructed a 2 × 2 MoSSe supercell and a √3×√3 InS supercell to form the MoSSe/InS vdWH to achieve a small lattice mismatch value of 4.8%. The calculated electronic band structures of the monolayers by HSE06 functional are plotted in Figure 1. We can find that the InS and the MoSSe have indirect band gap and direct band gap, respectively. In Figure 1A, the band gap value of InS is 2.48 eV. Its conduction band minimum (CBM) is located at the Γ point, and its valence band maximum (VBM) is located between the Γ point and the M point. As shown in Figure 1B, the band gap value of MoSSe is 2.03 eV. Its CBM and VBM are both located at the K point. These results of the MoSSe and InS monolayers are consistent well with previous results (Hollingsworth et al., 2000; Zhu et al., 2021).
[image: Figure 1]FIGURE 1 | Band structures of (A) InS and (B) MoSSe monolayers.
For the MoSSe/InS vdWH, after considering the different stacking patterns between the layers, there are six typical stacking configurations, see Figure 2. Among them, I-III correspond to the cases when Se atoms are adjacent to InS monolayer, IV-VI correspond to the cases when S atoms are adjacent to InS monolayer. In order to compare the stability of the six configurations, their binding energies are calculated according to the formula: [image: image], where [image: image], [image: image], and [image: image] are the total energy of the MoSSe/InS vdWH, the energy of the MoSSe monolayer and the energy of the InS monolayer, respectively. The calculated binding energies of the I-VI configurations are −4.078 meV, −4.083 meV, −4.073 meV, −4.057 meV, −4.054 meV, −4.050 meV, respectively. All the six configurations show negative binding energies, which indicate that the MoSSe/InS vdWH is thermodynamically stable. Therefore, the II stacking pattern with the smallest binding energy is considered as the most stable one and it is used in the following calculations.
[image: Figure 2]FIGURE 2 | The top and side views of six stacking patterns of the MoSSe/InS vdWHs. The yellow, green, purple and blue balls represent the S, Se, Mo and In atoms, respectively.
In order to verify the thermodynamical stability, we perform ab initio molecular dynamics (AIMD) calculations for the MoSSe/InS vdWH at 300 K, as shown in Figure 3A. The simulations last for 3 ps with a time step of 0.5 fs. In the calculation of AIMD, the energy fluctuation of the vdWH is very small and the structure has no distortion, indicating that the vdWH has good thermal stability.
[image: Figure 3]FIGURE 3 | (A) The total energy and the crystal structures calculated from the AIMD of the MoSSe/InSe vdWH. (B) The projected band structures and the PDOS of the MoSSe/InS vdWH.
Figure 3B shows the projected band structure and the projected density of states (PDOS) of the MoSSe/InS vdWH calculated by HSE06 functional. In Figure 3B, it can be seen that the MoSSe/InS vdWH is an indirect band gap semiconductor with a band gap value of 1.67 eV, which is slightly smaller than those of MoSSe and InS monolayers and larger than the redox potential energy of water (1.23 eV). In addition, its CBM and VBM are located at M point and Γ point respectively, and it has type-Ⅱ band alignment because its CBM and VBM are contributed from InS and MoSSe monolayers respectively. The type-Ⅱ band alignment can effectively promote the spontaneous separation of electron-hole pairs, making it applicable to various photocatalytic and solar energy conversion devices (Massicotte et al., 2016; Lei et al., 2019). The PDOS also proves our suggestion. It can be seen that the CBM is mainly contributed from the In-p, In-d and S-p orbitals, and the VBM is mainly contributed from the Mo-d orbitals.
As shown in Figure 4A, the band decomposition charge densities of CBM and VBM are calculated. CBM and VBM are concentrated in the InS and MoSSe layers respectively, which means that the electrons are located in the InS layer and the holes are located in the MoSSe layer, respectively. In order to further understand the charge transfer mechanism between MoSSe and InS, we calculate the electrostatic potential and the charge density differences of the MoSSe/InS vdWH, as shown in Figure 4B. The red dotted line and the blue dotted line represent the vacuum level (Evac) and the Fermi level (Ef), respectively, and Φ is the work function which can be obtained by the difference between Evac and Ef, and its value is 5.51 eV. The charge density difference is in the lower left corner of Figure 4B, which is given by [image: image], where [image: image], [image: image] and [image: image] are the total electron densities of the MoSSe/InS vdWH, MoSSe monolayer and InS monolayer, respectively. The yellow represents charge accumulation and the blue represents charge depletion. The calculated results show that the electrons are mainly concentrated on the InS side, while the holes are concentrated on the MoSSe side, so the electrons transfer from the MoSSe side to the InS side. We also calculate the effective mass of the electron along different directions according to the formula: [image: image]. The effective masses of electrons ([image: image]) are 0.569 from K to M point and 0.338 from Γ to M point.
[image: Figure 4]FIGURE 4 | (A) The band decomposition charge densities of CBM and VBM for the MoSSe/InSe vdWH. (B) The electrostatic potential and the charge density difference of the MoSSe/InS vdWH.
2D materials can withstand greater strain than three-dimensional materials, so biaxial strain is a method that can effectively modulate the electronic structure and the optical properties of 2D materials (Guo et al., 2020; Zhu et al., 2021). In this paper, we study the effect of biaxial strain on the band gap, band edge position and the optical absorption of the MoSSe/InS vdWH. The biaxial strain can be defined as ε= (a−a0)/a0×100%, where a0 and a are the lattice constants of the strained-free and strained structures, correspondingly. In Figure 5A, the blue dashed line marks the redox potentials of H2O/O2 (−5.67 eV) and H+/H2 (−4.44 eV) of water. It can be seen that both the unstrained and strained band edges of the MoSSe/InS vdWH cross the oxidation potential of H2O/O2, so they are suitable for driving oxygen evolution reaction kinetics when pH = 0. In addition, when the applied pressure and tension increase, the energy levels of the CBM and the VBM move down and up, respectively. Figure 5B illustrates that the band gap of the MoSSe/InS vdWH decreases when the tensile strain increase, however, when the compressive strain increases, the band gap firstly reaches to a maximum and then decrease. This tunable band gap has potential applications in devices.
[image: Figure 5]FIGURE 5 | (A) Band edge positions and (B) band gap of the MoSSe/InS vdWH under various biaxial strains from −5 to 5%.
The optical absorption is calculated by the formula,
[image: image]
where ω is the light frequency, [image: image] and [image: image] represent the real and the imaginary parts of the complex dielectric function, respectively. Figure 6A gives the optical absorption spectra of the MoSSe/InS vdWH and the two independent monolayers, and (b) and (c) correspond to the cases under +1%∼+5% tension strain and −1%∼−5% compressive strain, respectively. As shown in Figure 6A, InS has a weaker optical absorption compared with that of the MoSSe. On the other hand, optical absorption of InS in the ultraviolet region is stronger than that in the visible light region. As a good photocatalytic material, MoSSe has a very strong optical absorption. Charge transfer and interlayer coupling promote the overlap of orbitals in the heterostructure, so the MoSSe/InS vdWH exhibits a stronger light absorption capacity compared with MoSSe and InS monolayers. Strain engineering is an important method to modulating the properties of 2D materials. We apply biaxial strain to study the optical properties of the MoSSe/InS vdWH. In Figure 6B, it can be found that the optical absorption of the MoSSe/InS vdWH in the visible light region increases when the tension strain increases, while in the ultraviolet region it decreases when the tension strain increases. As shown in Figure 6C, when the compressive strain increases, the optical absorption of the MoSSe/InS vdWH exhibits the opposite phenomenon compared with the case when tension strain is applied.
[image: Figure 6]FIGURE 6 | (A) The optical absorption spectra of MoSSe monolayer, InS monolayer and the MoSSe/InS vdWHs, (B,C) correspond to the cases with tension strain and compressive strain, respectively.
CONCLUSION
In summary, we have explored the electronic structure and the optical properties of the MoSSe/InS vdWH by first-principles calculations. Our results show that the MoSSe/InS vdWH has an indirect band gap with typical type-II band alignment that can effectively promote the spontaneous separation of electron-hole pairs. CBM and VBM are contributed from InS and MoSSe monolayers respectively, and electrons are transferred from the MoSSe layer into the InS layer in MoSSe/InS vdWH. Compared with monolayers, the carrier mobility and the optical absorption of the vdWH are enhanced. After the application of biaxial strain, the position of the band edge is adjusted, and the band gap of the vdWH can also be tuned. In the visible light region, the optical absorption intensity of the MoSSe/InS vdWH increases with the increasing of the tensile strain, and it decreases with the increasing of the compressive strain. Our work shows that the MoSSe/InS vdWH may have potential applications in optoelectronic devices.
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Conjugated microporous polymers (CMPs), as a kind of two-dimensional material, have attracted extensive attention due to their advantages in visible light–driven photocatalytic splitting of water for hydrogen evolution. However, improving the microstructure and electronic structure of the material to enhance their photocatalytic performance for hydrogen evolution remains a challenge. We designed and reported two analogous CMPs including CMP-1 and CMP-2 that contain triazine and dibenzothiophene-S,S-dioxide units, which were prepared by Pd-catalyzed Suzuki-Miyaura coupling reaction. The main difference of two CMPs is that the triazine units are connected to benzene unit (CMP-1) or thiophene unit (CMP-2). Both of the CMPs exhibit excellent light capture capability, and compared with CMP-2, CMP-1 has faster separation rates and lower recombination rates for the charge carriers (electron/hole), and then, a higher hydrogen evolution rate was obtained from water decomposition reaction. We find the H2 production rate of CMP-1 can be up to 9,698.53 μmol g−1h −1, which is about twice of that of CMP-2. This work suggests that molecular design is a potent method to optimize the photocatalytic performance toward hydrogen evolution of the CMPs.
Keywords: conjugated microporous polymers, triazine, photocatalytic, hydrogen production, linkage unit
INTRODUCTION
Hydrogen is a form of clean and high density (120 MJ/kg) energy. If produced efficiently from sunlight-driven photocatalytic splitting of water, then it is anticipated to play an important role in the global effort of realizing carbon neutralization (Fujishima and Honda, 1972; Chen et al., 2010; Linares et al., 2014). In the photocatalytic process, semiconductor catalysts are required to absorb photons and result in the separation and transfer of charge carriers, and the photogenerated electrons are transferred to the protons to produce hydrogen (Turner et al., 2008; Wang et al., 2010; Dincer and Acar, 2015; Shi et al., 2017; Wang L. et al., 2018). Since Fujishima and Honda (1972) found that the decomposition of water into hydrogen and oxygen occurs under the irradiation of light on TiO2, inorganic semiconductors such as metal oxides and sulfides have been investigated mostly for their photocatalytic ability in water splitting (Chen et al., 2017; Yu et al., 2018; Tsang et al., 2019). However, inorganic catalysts, such as TiO2 or CdS, are poor light absorbers, susceptible to light corrosion, and often environmentally unfriendly. These limitations have seriously hindered their practical applications and further development (Kudo and Miseki, 2009; Osterloh, 2013; Wang et al., 2019). In recent years, organic polymer catalysts represented by graphitic carbon nitride (GCN) have been well developed, which have the advantages of adjustable energy level and spectral absorption range, environmentally friendly, and the wide availability of raw materials (Dai and Liu, 2020; Jayachandran and Chou, 2020). At present, the pure GCN developed are not competent with the commercial requirements of photocatalytic hydrogen production due to their limited sunlight absorption, high recombination rate of electron/holes, and low photocatalytic activities (Wang et al., 2009; Lin et al., 2016; Cui et al., 2020). Some other types of polymer-based catalysts are also developed over the same period, which are designed and synthesized based on many considerations including the specific active sites (or units), stereo configurations, porous structures, and hydrophilicity (Han et al., 2015; Huang et al., 2015; Yu et al., 2017).
In recent years, certain types of conjugated polymers, such as GCN, conjugated microporous polymers (CMPs) (Wang Z. et al., 2018; Xu et al., 2018; Xiao et al., 2020), linear conjugated porous polymers (CPPs) (Sprick et al., 2018; Bai et al., 2019; Ting et al., 2019), and covalent triazine frameworks (CTFs) (Guo et al., 2019; Huang et al., 2019), have been developed for H2 evolution. These polymers are adjustable in energy level and spectral absorption range, are environmentally friendly, and can be produced from the widely available raw materials (Dai and Liu, 2020; Jayachandran and Chou, 2020). They can be designed and synthesized to feature specific active sites (or units), stereo configurations, porous structures, hydrophilicity, and dispersibility (Han et al., 2015; Huang et al., 2015; Yu et al., 2017).
Dibenzothiophene-S,S-dioxide (FSO) has been frequently used as the building unit for the construction of highly active photocatalysts for hydrogen evolution from water splitting because of its aromatic structure, electron deficient character, and its unique function as electron output tentacle (Dai et al., 2018; Zhao et al., 2018). The introduction of the FSO units can help align the energy level for hydrogen evolution and enhance the efficiencies for the separation and transportation of excitons. So far, researchers have synthesized a variety of conjugated polymers containing FSO units, many of which exhibit impressive photocatalytic activities toward hydrogen evolution. Chen et al. found that the CPP P-FSO (Supplementary Scheme S1) gives a hydrogen evolution rate (HER) of 8,000 μmol g−1 h−1 (Lan et al., 2019). Wang et al. reported that the homopolymer of FSO can give a high HER up to 44.2 mmol h−1 g−1 under visible light irradiation (Supplementary Scheme S1) (Shu et al., 2020a). A CMP material S-CMP3 exhibited a HER of 6076 μmol g−1 h−1 under visible light irradiation (Supplementary Scheme S1) (Sprick et al., 2019). Another similar CMP PyDF was also reported, which showed an attractive HER of 18.93 mmol h−1 g−1 under visible light (Supplementary Scheme S1) (Gao et al., 2020). The conjugated polymers containing 1,3,5-triazine unit have been frequently used as photocatalysts, and the nitrogen atoms in the triazine unit have been considered as the active site for the HER reaction because they have lone pair electrons, electron deficient, and hydrophilicity character. Tan et al. prepared some covalent triazine containing frameworks with a D-A1-A2 configuration and the highest HER up to 19.3 mmol g−1 h−1 (Guo et al., 2019). From the study of Jin et al., the polymer CTF-HUST-C1 (Scheme 1), a crystalline covalent framework containing triazine unit, gives a HER of 5,100 μmol g−1 h−1 (Wang et al., 2017).
Therefore, in this work, we synthesized two CMPs, which are constructed from two different triazine derivatives as building units and FSO as linking units, and analyzed their structure and photocatalytic performances. Using triethanolamine (TEOA) as the sacrificial agent and Pt as the co-catalyst, the results showed that CMP-1, a CMP made from benzene rings connecting to a triazine unit, has a HER of 9,699 µmol g−1h−1, which is higher than that of CMP-2, an analogous polymer with thiophene unit as the linkage unit.
MATERIALS AND METHODS
Instruments and Reagents
The analytical methods and instruments can be seen in the Supporting Information (SI). The reagents and their available sources, and the synthetic procedures for M1 and M3 are also given in SI part.
Synthesis of CMP-1
A 100-ml round bottom flask was charged with 300 mg of M1 (0.6408 mmol), 233.3 mg of M2 (0.4272 mmol), 4 ml of K2CO3 (2 M) solution, 16 ml of dioxane, and 37 mg of Pd (pph3)4 catalyst (5% mol/mol of M1) (Scheme 1) (Zhao et al., 2018). The above solution was degassed three times to replace the atmosphere in the flask with nitrogen gas. The flask was heated to reflux in oil bath and be stirred continuously for 48 h. The raw product was cooled down to room temperature and was recovered by filtration, and then, it was washed with ethanol and distilled water successfully and then dried at 100°C under vacuum for 24 h. The crude product was purified by Soxhlet extraction for 24 h, and the solvent used is chloroform, after which the purified product was dried at 80°C overnight. Finally, 229 mg of yellow powder was obtained as CMP-1 with a yield of 78% (Wang Z. et al., 2018).
[image: Scheme 1]SCHEME 1 | Synthesis of CMP-1 and CMP-2.
Synthesis of CMP-2
First, 241 mg of M3 and 300 mg of M1 were added into a round-bottom flask, and then, 4 ml of K2CO3 (2 M) solution, 16 ml of dioxane, and 0.037 g of Pd (pph3)4 were also added subsequently (Scheme 1). Second, the mixture was degassed for three times and kept in nitrogen gas environment with the help of a balloon, and the flask was then immersed in an oil bath and was refluxed with magnetic stirring for 48 h (Shu et al., 2020a). After that, the material was obtained by filtration to get a yellow color powder. Last, the sample was dried at 80°C under vacuum for 24 h to get the raw product. The crude product was washed for 24 h with chloroform in a Soxhlet extractor (Shu et al., 2021).
Photocatalytic Hydrogen Production
All the photocatalytic experiments were carried out in a glass-closed gas circulation system with a 100-ml Pyrex glass reaction vessel as the reactor, and the temperature was maintained at 10°C by a cyclic condensation device. To the above reaction vessel, 20 mg of photocatalyst, 10 ml of TEOA (as sacrificial agent), 10 ml of N-methylpyrrolidone (NMP), and 40 ml of distilled water were added. The catalyst was completely dispersed by ultrasound for 30 min, 24 µl of chloroplatinic acid was added, and then the stirred solution was irradiated with a 300-W Xe lamp (CEL-HXF300) for 3 h to load Pt nanoparticles (3%, w/w) on the catalyst. The Pt-modified photocatalyst can be recovered by filtration and can be used in the following photocatalytic hydrogen evolution experiments. The Xe lamp was equipped with a 420-nm cutoff filter (CEL-UVIRCUT420) to evaluate the visible light–induced photocatalytic activity of the catalysts. Before the light irradiation, the reaction system was pumped for at least 20 min, as far as possible to get rid of the dissolved oxygen in solution, and kept it in a vacuum state. Then, the suspension was stirred for 3 h and irradiated, and the hydrogen evolution was sampled and analyzed every 30 min. The hydrogen produced was detected by gas chromatograph (GC-7920) with a TCD detector. The photocatalysis stability was carried out for five periods with 3 h for one period.
RESULTS AND DISCUSSION
Morphological and Structure Characterization
The microstructures of the CMPs are characterized by scanning electron microscope (SEM) and transmission electron microscope (TEM). According to SEM (Figures 1A,B) and TEM (Figures 1C,D), the two CMPs have similar morphology and the small particles of them stacked together to form the irregularly shaped aggregation. In addition, the element mapping images (Figures 1E,F) are given under SEM by energy-dispersive X-ray spectroscopy (EDS), and it can be seen that four elements C, N, O, and S are evenly distributed in the CMPs. The percentage contents of the four elements are shown in Supplementary Figure S3.
[image: Figure 1]FIGURE 1 | SEM image for CMP-1 (A) and CMP-2 (B). TEM image of CMP-1 (C) and CMP-2 (D). EDS element mapping images of CMP-1 (E) and CMP-2 (F).
Fourier Transform infrared (FT-IR) was used to support the successful preparation of the two CMPs. As shown in Figure 2A, a wide peak around 3,430 cm−1 is observed, which could be attributed to the characteristic O-H stretching vibration from the trace moisture adsorbed by the CMPs. There are two transmission peaks at 1,505 and 1,370 cm−1, which belong to the stretching vibration of C-N and the in-plane stretching vibrations of the triazine ring, respectively (Guo et al., 2019; Gao et al., 2020). The strong peaks at 1,291 and 1,155 cm−1 correspond to the characteristic stretching peak of O=S=O group of the FSO unit (Zhang et al., 2020; Shu et al., 2021). The peak at 1,610 cm−1 is attributed to skeleton vibrations of aromatic rings. The peak at 788 cm−1 is the out-of-plane bending vibration of the C-H bonds, and the peak at 1,028 cm−1 is attributed to in-plane bending vibrations of the C-H bonds. The above peaks are the characteristic transmittance peaks shared by the two CMPs, which is also consistent with their similar structures. Different from CMP-1, the CMP-2 exhibits a strong peak at 1,440 cm−1, which belongs to the skeletal vibration of the thiophene unit in CMP-2 (Zhang et al., 2020). From the above analysis, it can be confirmed that the two CMPs are successfully obtained. Supplementary Figure S4 gives the FT-IR pictures of the CMPs after the photocatalytic reaction, which is identical to that of the as prepared CMPs. The PXRD pattern (Supplementary Figure S5) shows that all peaks of the as prepared polymers are broad, indicating the amorphous nature of the materials.
[image: Figure 2]FIGURE 2 | (A) FT-IR spectra of CMPs. (B) TGA curves of CMPs. Nitrogen adsorption–desorption isotherms at 77 K and pore size distributions (insets) of (C) CMP-1 and (D) CMP-2.
Thermogravimetric analysis (TGA) (Figure 2B) was used to analyze the thermal properties of the as prepared CMPs. Because of the rigidity of the polymer skeleton, both of the two CMPs have high initial decomposition temperatures (Tid), i.e., 381°C for CMP-1 and 328°C for CMP-2. It is obvious that the Tid of CMP-1 is slightly higher than that of CMP-2, although only the benzene unit in CMP-1 was replaced by the thiophene unit in CMP-2. In addition, the characteristics on the surface porosity of the CMPs are also studied. Nitrogen adsorption–desorption experiments were carried out at 77 K; the two polymers showed a similar shape for their isotherms; as shown in Figures 2C,D, the two curves are consistent with the type III isotherm. At the low relative pressure region, there is a small amount of absorption, indicating the existence of some micropores. In addition, at the higher P/P0 region (0.85–1.0), the isotherm rises rapidly (likely due to capillary condensation of N2) and hysteresis was observed for the desorption of N2. The hysteresis in the desorption curve is due to the elastic deformation or swelling behavior caused by the N2 adsorption process (Zhou et al., 2019). The Brunner-Emmet-Teller (BET) surface areas of CMP-1 and CMP-2 are 54.77 and 22.92 m2/g, respectively. In the embedded diagram of Figures 2C,D, it can be seen that the pore size distribution of CMP-1 is mainly between 10 and 100 nm and is centered at 61.2 nm, and pore size distribution for CMP-2 is mainly between 10 and 70 nm and is centered at 39.3 nm. In addition, there are few micropores within the CMPs, as shown by the minor peaks at less than 10 nm (Zhang et al., 2020).
X-Ray Photoelectron Spectroscopy (XPS) Analysis
XPS is used to analyze the surface compositions and element states of two CMPs. It can be seen from the survey spectrum (Figure 3A), both of two CMPs contain the elements of C, N, O, and S, which is consistent with the above EDS data. Figures 3B–E correspond to the XPS spectra of C 1s, N 1s, O 1s, and S 2p, respectively, for CMP-1. After the peak differentiating analysis, three definite peaks can be distinguished from the C 1s spectrum of CMP-1 (Figure 3B), and the binding energies (BEs) are 284.0, 285.2, and 286.5 eV, which belong to the carbon atoms in the C-C/C=C, C=N, and C-S, respectively. For the N 1s spectrum (Figure 3C), the peak with a BE value of 398.7 eV belongs to the pyridine nitrogen atom (-C=N-C) in the triazine ring. As shown in Figure 3D, the peak with a BE value of 532 eV was identified, which belong to the O 1s of the oxygen atom in the O=S unit within CMP-1. Two distinct peaks are identified in the S 2p spectrum (Figure 3E), and their BE values are 167.7 and 168.8 eV, respectively, which correspond to S 2p3/2 and S 2p1/2 of the sulfur atom in the O=S=O unit in the CMP-1. The above elements and their corresponding valence states confirmed the formation of CMP-1. The survey scan and the high resolution XPS spectra of the C, N, and O elements of CMP-2 are identical to that of CMP-1, which are consistent with their structural differences, lying in the branched unit, i.e., benzene for CMP-1 and thiophene for CMP-2. To identify the structure of CMP-2, the S 2p spectrum is given in Figure 3F; the former two peaks with lower BE values at 163.6 and 164.7 eV correspond to the S 2p3/2 and the S 2p1/2 of the sulfur atom in the C-S-C bond of the thiophene unit and the two latter peaks with higher BE values are found at 167.7 and 168.8 eV, respectively, which correspond to the S 2p3/2 and the S 2p1/2 of the sulfur atom in the O=S=O unit. The existence of two valence sulfur atoms is completely consistent with the structure of CMP-2, which confirms the successful preparation of CMP-2 (Shu et al., 2020b).
[image: Figure 3]FIGURE 3 | XPS survey spectrum (A); high resolution XPS spectra of C 1s region (B), N 1s region (C), O 1s region (D), and S 2p region of CMP-1 (E); and high resolution XPS spectra of S 2p region of CMP-2 (F).
Band Structure Analysis
For further explore the catalytic performance of the prepared CMPs, the absorbances of them were analyzed by UV-Vis diffuse reflectance spectra (UV-Vis-DRS) (Figure 4A). The two CMPs have a wide absorption range, the coverage for CMP-1 is 300–599 nm, which, for CMP-2, is 300–560 nm; both have a strong absorption in the visible range. The following Kubelka–Munk formula was used to draw the Tauc plot (Cui et al., 2020):
[image: image]
From the Tauc plot as shown in Figure 4B, the optical band gaps of the polymers are calculated to be 2.49 and 2.38 eV, respectively, for CMP-1 and CMP-2. The CMPs were also studied by cyclic voltammetry (Supplementary Figure S6), the onset reduction potentials (Eonset,re) of them were determined, and the lowest unoccupied molecular orbital (LUMO) levels were estimated to draw their band structure diagrams. In addition, the relevant calculations were done using the following formula (Zhang et al., 2020):
[image: image]
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In Eq. 3, Eg refers to the optical band gaps of the CMPs, the value of 0.5 V is the half wave potential of ferrocene [E (Fc/Fc+) vs. Ag/AgCl], and the Eonset,re values of CMP-1 and CMP-2 are −0.44 and −0.42 V (vs. Ag/AgCl), respectively. The LUMO energy levels of the CMPs are calculated to be −3.86 and −3.88 eV (vs. vacuum), respectively, and the highest occupied molecular orbital (HOMO) levels of two CMPs were calculated to be −6.35 and −6.26 eV, respectively, for COF-1 and COF-2. Then, the band structure diagrams of the polymers are calculated and drawn, as shown in Figure 4C. The Mott–Schottky curve of the two CMPs was tested at different frequencies (Supplementary Figure S7), both of the materials have a positive slope in the graph regardless of the changes, which is the characteristic of the n-type semiconductors, and the flat band potential (Vfb) of CMP-1 and CMP-2 measured from the M-S plots were −0.59, −0.57 V vs. Ag/AgCl, corresponding to −0.38, −0.36 V vs. NHE, respectively, which is equal to the Fermi level (EF) for an n-type semiconductor (Shu et al., 2020b). Meanwhile, the conduction bands (CBs) of the polymers CMP-1 and CMP-2 are calculated to be −0.58 eV (−3.86 eV vs. vacuum) and −0.56 eV (−3.88 eV vs. vacuum), respectively. Combined with the band gap value, the valence bands (VBs) of CMP-1 and CMP-2 are calculated to be 1.91 eV (−6.35 eV vs. vacuum) and 1.82 eV (−6.26 eV vs. vacuum), respectively. The HOMO and LUMO data from the Mott–Schottky are consistent with the data from the cyclic voltammetry (CV) results.
[image: Figure 4]FIGURE 4 | (A) UV-vis absorption spectra of CMP-1 and CMP-2. (B) (αhv)2 vs. hv curve of CMP-1 and CMP-2. (C) The band structure diagram of the CMPs.
Theoretical calculation (density functional theory (DFT)) was conducted on the basic repeated unit of two CMPs to get useful information on their electronic energy levels. For the fragmental unit of CMP-1, the electron density of its HOMO orbital is mainly delocalized over the benzene-FSO-benzene moiety. For the LUMO orbital of CMP-1, its electron density mainly resides on the π* orbital of the triazine-benzene-FSO moiety (Figure 5A). CMP-2 has a similar electronic structure as that of CMP-1 (Figure 5A). CMP-1 has a slightly higher CB and a lower VB than that CMP-2 (Figure 5A), which support the experimental studies of two CMPs. According to the band gap structure discussed above, CMP-1 has both the higher reduction ability and oxidation ability than that of the CMP-2, although the former has a slight narrow light absorption range than the latter one. The intramolecular dipoles of two CMPs could be calculated from the surface electrostatic potentials of them (Figure 5B), because the CMPs contained both electron donor units (benzene or thiophene) and electron acceptor units (triazine and FSO unit), which contributed to the formation of internal electric field. As calculated, molecular dipoles are 2.71 and 1.73 debye, respectively, for CMP-1 and CMP-2. The increase in molecular dipoles has a positive effect on the separation and transfer of photogenerated carriers, which would result in the higher HER of CMP-1 and CMP-2. The change of the constituent units in the molecular structure would regulate the electronic structures and photocatalytic activities of the catalysts (Ye et al., 2020).
Photo‐Induced Charge Carriers and Their Transportation
[image: Figure 5]FIGURE 5 | (A) HOMO and LUMO orbits distribution of the polymers from DFT calculation. (B) Diagram of molecular dipoles and surface electrostatic potential in CMP-1 and CMP-2.
The photoelectron separation efficiencies of the polymers are also studied. Figure 6A shows the transient photocurrents of the two polymers, which were induced by a lamp source equipped with a 420-nm filter and with a biased voltage of 0 V on the photocatalyst-coated ITO electrode. The illumination time and the interval time are 10 s, respectively, and the amplitudes of the photocurrents for both catalysts remained stable levels up to nine cycles of the on-off illumination switch, which indicates that the photocatalysts have stable efficiencies for the separation and generation of the photogenerated carriers (Huang et al., 2015).
[image: Figure 6]FIGURE 6 | (A) Photocurrent of the CMPs (in 0.5 M Na2SO4); (B) EIS Nyquist plots of the CMPs; (C) PL spectra of the CMPs; (D) time-resolved PL spectra of the CMPs.
Besides, it is clearly shown that CMP-1 has a higher photocurrent response than that of CMP-2 (Figure 6A), which suggested that the former catalyst has higher generation/separation efficiencies for the photogenerated carriers than that of the latter catalyst (Huang et al., 2015). The electrochemical impedance spectra (EIS) was also conducted for two catalysts. It is accepted that the smaller radius of the arc, the smaller charge transfer resistance on the electrode surface, suggesting the faster transportation of the surface charge. As shown in Figure 6B, the data indicate that CMP-1 has a faster electron transfer process than that of CMP-2 because the semicircular radius of the CMP-1 is somewhat smaller than that of CMP-2 (Han et al., 2015). Photoluminescence spectroscopy was also conducted to compare the recombination rates of the electron/hole charge carriers of the catalysts. As shown in Figure 6C, the emission peak positions of the polymers locate at 470 nm for CMP-1 and 565 nm for CMP-2; the blue shift for CMP-1 was due to its wider band gap than that of CMP-2; and, then, the energy required the photon generation of CMP-1 is higher than that of the CMP-2 (Cui et al., 2020). The emission wavelength of CMP-1 is shorter than that of CMP-2, and the emission intensity of CMP-1 is significantly lower than that of CMP-2. The phenomenon reveals that CMP-1 has more sluggish recombination rate of the electron/hole charge carriers than that of CMP-2, which would make CMP-1 have more efficient HER than that of CMP-2 (Jayachandran and Chou, 2020). Time-resolved fluorescence spectroscopy (TRFS) was also conducted for evaluating the recombination rate of the electron/hole couples (Figure 6D), and the decay curves of the CMPs can be well fitted by a triple-exponential decay. The fluorescence lifetimes of CMP-1 were calculated to be τ1 = 0.7990 µs (78.34%) and τ2 = 6.6269 µs (21.66%), and the data for CMP-2 were calculated to be τ1 = 0.6284 µs (59.60%) and τ2 = 7.3962 µs (40.40%). The average lifetime of CMP-1 is 4.86 µs, which is shorter than that of CMP-2 (6.64 µs); this phenomenon indicates that CMP-1 has a higher separation efficiency for charge carriers (or excitons) than that of the CMP-2 (Gao et al., 2020). The fast separation efficiency for charge carriers is usually favorable to improve the photocatalytic activity of the catalysts.
Photocatalytic H2 Production Evolution
The photocatalytic performance of the CMPs was measured using TEOA as the sacrificial agent under the illumination of visible light (≥420 nm), the HERs are recorded every 0.5 h for up to 3 h in five periods, and the resulting data are shown in Figure 7A. The average HER (Figure 7B) for CMP-1 is 9,698.5 μmol g−1 h−1 and the value for CMP-2 is about 4,727.1 μmol g−1 h−1; the HER for CMP-1 is twice as large as that of CMP-2. In addition; we also conducted the repeated irradiation experiments to study their stability as hydrogen evolution catalysts. As recorded in Figures 7A,C, slight decrease in HER was observed for CMP-1 at the second period. From then on and up to the fifth period, nearly no perceptible decline was observed, a reduction by 6% in HER occurs from the first period to the fifth period. The stability in HERs for CMP-2 (Supplementary Figure S8) was also measured for five periods and 3 h for each period. Compared with the first period, the HER for the fifth cycle decreased by 41%. This further indicates that the performance of CMP-1 is higher than that of CMP-2 in terms of HER and stability. Among the CMPs reported previously, the two CMPs in this study present fairly decent performance as shown in Table 1 (Ye et al., 2020; Yang et al., 2016; Cheng et al., 2018; Bi et al., 2017; Zhang et al., 2019). The apparent quantum yield (AQY) values of CMP-1 at four different wavelengths are given in Figure 7D, showing the consistence of its photocatalytic activity with its absorption curve. At the wavelength of 420 nm, the AQY value of CMP-1 is 1.57%, and CMP-1 catalyst can work under the broad absorption region between 360 and 600 nm with an AQY value of 0.19% at 550 nm. For comparison, the AQY values of CMP-2 are 0.81% and 0.11%, respectively, at 420 and 550 nm. Detailed control experiments were conducted to understand the indispensable characteristic of catalyst and light irradiation for hydrogen evolution process. In the process of hydrogen evolution experiment, the xenon lamp was turned off randomly, and the hydrogen production stopped increasing. When the light is turned on again, the hydrogen production returned to increasing. In addition, in the other control experiment, the experiment was conducted as the normal hydrogen production conditions except that the photocatalyst was not added in the Pyrex glass bottle, and, in this case, no hydrogen production was detected under the irradiation of the full spectrum light. After the purification process by Soxhlet extraction using chloroform, the residual Pd content of Pd was about 1,021 ppm for CMP-1 and 1,046 ppm for CMP-2. Although the residual Pd catalyst has been considered to play a significant role in the photocatalytic hydrogen production of conjugated polymers, even at ppm level concentrations, and in these studies, the additional Pt nanoparticles are not used as the co-catalyst (Kosco et al., 2018). With the addition of Pt co-catalyst, the residual Pd catalyst will play a very limited role on the hydrogen evolution activity of conjugated polymers.
[image: Figure 7]FIGURE 7 | (A) The time-dependent hydrogen production of the CMP materials; (B) comparison of photocatalytic H2 evolution activity of CMP-1 and CMP-2; (C) the photocatalytic experiment with CMP-1 over five periods, 3 h for each period; (D) wavelength dependent AQY values of CMP-1, and a 300-W Xenon-lamp equipped with series of band-pass filters (405, 420, 455, and 550 nm) is used as light source; (E) energy diagram and photocatalytic hydrogen evolution mechanism.
TABLE 1 | The photocatalytic H2 evolution rate of some CMPs.
[image: Table 1]Photocatalytic Mechanism
On the basis of the discussion, a hydrogen production mechanism (Figure 7E) over the present photocatalyst is proposed. The photocatalytic reaction is triggered as the light irradiation initiates the separation of the photogenerated carriers. The photoelectrons in the filled VB of the CMP are driven to the empty CB by the absorbed photons. The photogenerated electrons are captured by the FSO unit, which is considered as the electron-output “tentacle” and then transfers the electrons to the surface of the Pt co-catalyst (Dai et al., 2018). Electrons eventually combine with hydrogen protons in water on the surface of the Pt co-catalyst to produced hydrogen gas. The holes left in the VB are consumed by the oxidation reaction of TEOA (Wang Z. et al., 2018). It is found that CMP-1 has a faster electron/hole separation rate and a lower electron/hole recombination rate than that of CMP-2, although the difference between them only lies in that the benzene unit (as the arm unit) in CMP-1 is replaced by the thiophene unit in CMP-2. A higher LUMO level of CMP-1 allows the Pt Fermi energy to be raised to a higher level when electrons are transferred from the photocatalyst to Pt, thereby leading to a higher HER. Meanwhile, the HOMO of the CMP-1 has a slightly more positive potential than that of CMP-2, indicating that the generated holes in the VB of the CMP-1 have a greater oxidative capacity than that of the CMP-2 (Xiao et al., 2020). The above discussions explained the higher HER of CMP-1 than that of CMP-2.
CONCLUSION
In summary, we reported here the design and synthesis of two CMPs containing benzene (or thiophene) armed triazine and FSO unit. The triazine and FSO-based CMPs offer now choices of robust photocatalysts with broad visible light absorption range and suitable energy level alignments. The benzene-containing CMP-1 has some advantages over the thiophene containing homolog CMP-2, including the lower recombination rate for electron/hole carriers and the higher separation and migration rates for the photogenerated charge carriers. As the bridging unit changes from benzene to thiophene, the HERs of the catalysts alter from 9,698.5 μmol g−1 h−1 to 4,727.1 μmol g−1 h−1. The difference in the catalytic performances obviously originates from the different linker unit employed. In addition, CMP-1 has higher molecular dipoles than that of CMP-2, which may cause a much faster charge mobility in CMP-1 than that in CMP-2. The present study demonstrates that the rational molecular design for CMP materials by selecting ideal bridging units is still one of the effective ways to obtain CMP-based photocatalysts toward hydrogen evolution from water splitting.
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Using two-dimensional (2D) heterostructure as photocatalyst for water splitting is a popular strategy for the generation of hydrogen. In this investigation, the first-principles calculations are explored to address the electronic performances of the 2D CdO/HfS2 heterostructure formed by van der Waals (vdW) forces. The CdO/HfS2 vdW heterostructure has a 1.19 eV indirect bandgap with type-II band alignment. Importantly, the CdO/HfS2 vdW heterostructure possesses an intrinsic Z-scheme photocatalytic characteristic for water splitting by obtaining decent band edge positions. CdO donates 0.017 electrons to the HfS2 layer in the heterostructure, inducing a potential drop to further separate the photogenerated electrons and holes across the interface. The CdO/HfS2 vdW heterostructure also has excellent optical absorption capacity, showing a promising role as a photocatalyst to decompose the water.
Keywords: two-dimensional, CdO/HfS2 heterostructure, Z-scheme, photocatalyst, water splitting
INTRODUCTION
After the discovery of graphene in 2004 as a novel two-dimensional (2D) material (Geim and Novoselov, 2007), its outstanding thermal, electronic, and mechanical properties provide remarkable applications in many fields, also promoting the development of the other 2D materials (Cui et al., 2021a; Ren et al., 2021a; Zheng et al., 2021a; Cui et al., 2021b). Acting as popular layered material, transition-metal dichalcogenides (TMDs), expressed by XM2, where M represents transition-metal atom and X represents chalcogenide atom, is sandwiched by two chalcogenide atoms to form a sandwich structure (Hua Zhang et al., 2018). TMDs materials possess excellent electronic (Mak et al., 2010), thermal (Ren et al., 2022), thermoelectric (Wickramaratne et al., 2014), and optical (Ren et al., 2019a) performances. In recent studies, it has been proved that TMDs materials can be widely used in photocatalyst (Ren et al., 2020a), field-effect transistor (Yu et al., 2017), and photovoltaic devices (Gan et al., 2014). It is worth noting that the TMDs materials also can be prepared by an omnidirectional epitaxy (Xie et al., 2018), physical transport (Huang et al., 2014). Besides, the TMDs materials are also synthesized (Lu et al., 2017), suggesting novel photocatalytic properties (Zheng et al., 2021b; Lou et al., 2021; Zhu et al., 2021; Shao et al., 2022; Shen et al., 2022).
In recent years, using 2D materials as photocatalysts has aroused considerable focus (Wang et al., 2020a; Wang et al., 2020b; Wang et al., 2020c). The photogenerated electrons and holes in excited 2D semiconductors can quickly move to the material surface to participate in a redox reaction, which greatly shortened the photogenerated charge moving path, and a wider reaction area is also provided (Chen et al., 2010). However, the rapid recombination between the photogenerated electrons and holes hinders the reaction efficiency (Ren et al., 2019b). To solve this obstacle, many 2D heterostructures constructed intrinsic type-II band alignment have been investigated as photocatalysts because the lifetime of the photogenerated electrons and holes can be prolonged by separating into different layers. For example, the electronic and optical properties of AlN/Bp heterostructure present type-II band arrangement and have strong light absorption ability, which has great potential in the field of photocatalytic water decomposition (Yang et al., 2017). The experimental results demonstrate that under the condition of light, g-C3N4/Ca2Nb2TaO10 nanocomposite with a mass ratio of 80:20 has the highest hydrogen precipitation efficiency, which is more than 2.8 times that of single-layer g-C3N4 (Thaweesak et al., 2017). The nanorod array WO3/BiVO4 heterostructure was prepared by solvothermal technology. The experiments demonstrate that the photocatalytic performance of the heterostructure is significantly improved compared with the planar WO3/BiVO4 heterostructure. In particular, the IPCE value at 420 nm of the heterostructure film can be increased from 9.3% to 31% (Su et al., 2011). Similarly, the flower-like structure of CoNi2S4/Ni3S2 heterostructure was synthesized by the hydrothermal method, which shows that the electronic structure is optimized because of the high-intensity coupling between CoNi2S4 and Ni3S2, so as to improve the efficiency of photocatalytic water splitting (Dai et al., 2020). Furthermore, the Z-scheme photocatalyst is popular because of its extraordinary optical carrier moving path, which can provide more efficient photocatalytic performance. For example, the 2D C7N6/Sc2CCl2 heterostructure possesses ultrafast carrier recombination of about 0.74 ps, suggesting a strong redox capacity for water splitting (Meng et al., 2022). Z-scheme PtS2/arsenene heterostructure shows a novel high solar-to-hydrogen efficiency of about 49.32% (Ren et al., 2020b). The band bending mechanism in CdO/arsenene was addressed as a potential Z-scheme photocatalyst (Ren et al., 2021b).
More recently, the layered 2D CdO was prepared by the successive ionic layer adsorption and reaction method (Shameem et al., 2017) with outstanding electronic (Zhuang and Hennig, 2013), optical (Wang et al., 2020d), and electromagnetic properties (Zhao et al., 2019), which also can be tuned by the number of layers and stacking order (Hoat et al., 2020). At the same time, the external element doping for CdO can induce magnetic moment behavior (Chaurasiya and Dixit, 2019). In addition, 2D HfS2 was successfully prepared by the mechanical stripping method, which has attracted extensive attention from researchers (Kanazawa et al., 2016; Wang et al., 2017; Wang et al., 2019). HfS2 has a decent carrier mobility of 1,800 cm2 v−1 s−1 (Obeid et al., 2020). Importantly, HfS2 can be constructed into type-II heterostructure with other different 2D materials, showing an obvious quantum effect (Mattinen et al., 2019; Obeid et al., 2020). Considering the CdO and HfS2 monolayers share the same honeycomb structure and excellent physical and chemical properties, the CdO/HfS2 heterostructure is constructed in this report, using density functional calculations, the electronic properties of the CdO/HfS2 heterostructure are addressed by type-II band structure. Furthermore, the direct Z-scheme photocatalytic mechanism is also investigated for water splitting. Besides, the interfacial and optical performances of the CdO/HfS2 heterostructure are studied.
CALCULATION MODELS AND METHODS
In this study, the simulations of the first-principles calculations were performed by the Vienna ab initio simulation package (VASP) based on density functional theory (DFT) (Kresse and Furthmüller, 1996a; Kresse and Furthmüller, 1996b). The generalized gradient approximation (GGA) was considered by the projector augmented wave potentials (PAW) using Perdew–Burke–Ernzerhof (PBE) functional for exchange-correlation functional (Perdew et al., 1996; Kresse and Joubert, 1999). The DFT-D3 method was used to describe the dispersion forces using Grimme (2006). Furthermore, the Heyd–Scuseria–Ernzerhof hybrid (HSE06) calculations are explored to obtain the electronic and optical characteristics (Heyd et al., 2003). In the first Brillouin zone, the energy cut-off was used by 550 eV, and the Monkhorst–Pack k-point grids were set as 17 × 17 × 1. In addition, 25 Å vacuum space was considered in this investigation. The force and energy were limited within 0.01 eV Å−1 and 0.01 meV, respectively, for convergence.
RESULTS AND DISCUSSION
The hexagonal honeycomb structure of the CdO and HfS2 monolayers are optimized by the lattice parameters of 3.68 Å and 3.64 Å, respectively, demonstrated by Figures 1A,C. One can see that the CdO monolayer possesses a direct bandgap by the conduction band minimum (CBM) sharing the same point of Γ with the valence band maximum (VBM) in Figure 1B. While the HfS2 monolayer has an indirect bandgap with the CBM between the Γ and M, the VBM is found near the Γ point, as shown in Figure 1D. Besides, the HSE06 obtained bandgaps of the CdO and HfS2 monolayers are 2.07 and 2.05 eV, respectively. The results are in good agreement with the previous studies (Wang et al., 2020d; Obeid et al., 2020; Zhang and Ji, 2020).
[image: Figure 1]FIGURE 1 | The geometric structures of the (A) CdO and (B) HfS2 monolayers; the band structures of the (C) CdO and (D) HfS2 monolayers; grey, red, blue, and yellow balls are Cd, O, Hf, and S atoms, the Fermi level is set to 0.
The CdO/HfS2 heterostructure is constructed in a vertical direction expressed by six different representative stacking configurations shown in Figure 2. We select the most stable stacking style by calculating the binding energy (E), which is obtained by E = (Eh—ECdO—EHfS2)/S, where Eh, ECdO, EHfS2, and S represent the energy of the CdO/HfS2 heterostructure, original CdO, HfS2 monolayers and the area of the CdO/HfS2 heterostructure, respectively. Importantly, the obtained lowest binding energy is about −43.93 meV/Å−2 for CH-5 configuration, which is smaller than that in graphites of about −18 meV Å−2, revealing van der Waals (vdW) interactions between the interface of the heterostructure (Chen et al., 2013). Moreover, the following investigations of the CdO/HfS2 heterostructure are based on such a CH-5 configuration. Besides, the thickness of the interface of the CdO/HfS2 vdW heterostructure, explained by Figure 2A, is 2.86 Å, which is comparable with that of other vdW heterostructures such as ZnO/GaN (2.41 Å) (Ren et al., 2020c), BlueP/GeC, and BlueP/SiC (2.99 Å) heterostructures (Ren et al., 2019c) Table 1.
[image: Figure 2]FIGURE 2 | The top and side views of CdO/HfS2 heterostructure constructed by (A) CH-1, (B) CH-2, (C) CH-3, (D) CH-4, (E) CH-5, and (F) CH-6 configurations.
TABLE 1 | The calculated binding energy (E, eV), bond length (L, Å), and the thickness of interface (H, Å) of the optimized CdO/HfS2 heterostructure constructed by different stacking styles.
[image: Table 1]Next, the electronic property of the CdO/HfS2 vdW heterostructure is explored by the projected band structure in Figure 3A with an indirect bandgap of 1.19 eV. The black and gray marks show the contribution of the band energy from CdO and HfS2 monolayers, respectively. Therefore, the CBM and the VBM of the CdO/HfS2 vdW heterostructure result from the HfS2 and CdO layers, respectively, further proved by the band-decomposed charge densities shown in Figure 3B, suggesting a type-II band structure in the heterostructure. This type-II band structure of the CdO/HfS2 vdW heterostructure can induce conduction band offset and valence band offset to further promote the migration of the photogenerated charges, revealed by Figure 3C. When the CdO/HfS2 vdW heterostructure is illuminated, the photogenerated electrons will move from VBM of the CdO (or HfS2) to the CBM, resulting in holes at VBM. Some photogenerated electrons (or holes) will be promoted from CBM (or VBM) of the CdO (or HfS2) to the CBM of the HfS2 (or CdO) by the conduction-band offset, CBO (or valence-band offset, VBO). Moreover, the remaining photogenerated electrons at the conduction band of the HfS2 and the photogenerated holes at the valence band of the CdO can make recombination at the interface of the CdO/HfS2 vdW heterostructure because of that specific band energy between the −4.44 and −5.67 eV at pH 0 (Ruiqi Zhang et al., 2018). In contrast, the band edge positions of the CBM and the VBM of the CdO and HfS2 are −3.35 and −6.97 eV, respectively, which are decent for the redox reaction for the water splitting (Xu et al., 2018). This extraordinary flow mode of the photogenerated charge suggests a Z-scheme photocatalytic mechanism in CdO/HfS2 vdW heterostructure, which is also reported by a MoSe2/HfS2 heterostructure (Wang et al., 2019).
[image: Figure 3]FIGURE 3 | The (A) projected band structure, (B) band-decomposed charge densities, and (C) band alignment of the CdO/HfS2 vdW heterostructure compared with the oxidation and reduction of water splitting at pH 0; the Fermi level is set to 0.
When the CdO and HfS2 layers contact, charge density difference (Δρ) occurs between the interface of the heterostructure, which is decided by Δρ = ρh—ρCdO—ρHfS2, where ρh, ρCdO, and sHfS2 represent the charge density of the CdO/HfS2 heterostructure, original CdO, and HfS2 monolayers, respectively. The charge density difference of the CdO/HfS2 vdW heterostructure is addressed in Figure 4A, which shows that the electrons migrate from the CdO layer to the HfS2 layer. The charge density amount is investigated by Bader-charge analysis (Tang et al., 2009; Sanville et al., 2007) as 0.017 electrons. Besides, the potential drop (ΔV) of the CdO/HfS2 vdW heterostructure is also obtained in Figure 4B by 5.23 eV, which is larger than that of AlN/Zr2CO2 (0.66 eV) (Ren et al., 2021c) and Hf2CO2/GaN (3.75 eV) (Ren et al., 2021d). It is worth noting that this potential drop is also beneficial in promoting the separation of photogenerated charges (Wang et al., 2018).
[image: Figure 4]FIGURE 4 | (A) The charge density difference and (B) potential drop at the interface of the CdO/HfS2 vdW heterostructure; the yellow and cyan regions mean the gaining and the loss of the electrons, respectively; the isosurface level is used as 10−4 |e|.
Light absorption capacity is essential performance as a photocatalyst for water splitting. The optical absorption properties of the CdO/HfS2 vdW heterostructure are calculated by [image: image], where α is the absorption coefficient. The angular frequency and the speed of light are expressed by ω and c, respectively. The real and imaginary parts of the dielectric constant are represented by [image: image] and [image: image], respectively. In Figure 5, the HSE06 obtained optical absorption spectra of the monolayered CdO, HfS2, and CdO/HfS2 vdW heterostructure are demonstrated by the absorption peaks of 3.56 × 105 cm−1, 4.19 × 105 cm−1, and 3.51 × 105 cm−1 at the wavelength of 342, 323, and 351 nm, respectively, in the ultraviolet region. Importantly, the CdO/HfS2 vdW heterostructure possesses excellent visible light absorption capacity by the absorption peak of 7.21 × 104 cm−1 locating at the wavelength of 465 nm, which is higher than other reported 2D heterostructures as photocatalyst, such as g-GaN/Mg(OH)2 (5.33 × 104 cm−1) (Ren et al., 2019d) and ZnO/GaN (4.92 × 104 cm−1) (Ren et al., 2020c). Besides, the CdO monolayer also shows a novel absorption peak of 6.01 × 104 cm−1 in the visible light spectrum of 591 nm.
[image: Figure 5]FIGURE 5 | The optical absorption spectrum of the monolayered CdO, HfS2, and CdO/HfS2 vdW heterostructure calculated by the HSE06 method.
CONCLUSION
In this work, the CdO/HfS2 is constructed by vdW interactions proved by first-principles calculations. The electronic properties of the CdO and HfS2 monolayers are calculated. In contrast, the CdO/HfS2 vdW heterostructure possesses a type-II band structure to prevent the recombination of the photogenerated charges. Furthermore, the decent band alignment of the CdO/HfS2 vdW heterostructure demonstrates a Z-scheme photocatalytic mechanism near the interface. Besides, the CdO/HfS2 vdW heterostructure shows pronounced visible light absorption performance. These results explain that the CdO/HfS2 vdW heterostructure can be used as a candidate for an excellent photocatalyst for water splitting.
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Two-dimensional van der Waals (vdW) heterostructures reveal novel properties due to their unique interface, which have attracted extensive focus. In this work, the first-principles methods are explored to investigate the electronic and the optical abilities of the heterostructure constructed by monolayered MoTe2 and PtS2. Then, the external biaxial strain is employed on the MoTe2/PtS2 heterostructure, which can persist in the intrinsic type-II band structure and decrease the bandgap. In particular, the MoTe2/PtS2 vdW heterostructure exhibits a suitable band edge energy for the redox reaction for water splitting at pH 0, while it is also desirable for that at pH 7 under decent compressive stress. More importantly, the MoTe2/PtS2 vdW heterostructure shows a classy solar-to-hydrogen efficiency, and the light absorption properties can further be enhanced by the strain. Our results showed an effective theoretical strategy to tune the electronic and optical performances of the 2D heterostructure, which can be used in energy conversion such as the automotive battery system.
Keywords: vdW heterostructures, first-principles method, MoTe2/PtS2, strain, solar-to-hydrogen efficiency
INTRODUCTION
Graphene shows unique electronic and thermal performances after being prepared as a two-dimensional (2D) material (Geim and Novoselov, 2007), which has also attracted other layered materials (Cui et al., 2021a; Cui et al., 2021b; Ren et al., 2022a; Wang et al., 2022a). However, its zero bandgap restricts the applications as electronic switch and other devices. Therefore, 2D semiconducting materials include transition metal dichalcogenides (TMDs) (Shen et al., 2022), phosphorene, and MXenes. MoS2 possesses excellent electronic and photoelectric properties similar to or even more advantageous than graphene in some aspects (Butler et al., 2013; Zhang et al., 2018). After the successful synthesis of graphene and MoS2, more and more 2D materials have been found and synthesized. Its direct bandgap is about ∼1.8 eV (Wickramaratne et al., 2014), which can be widely used in transistors, optoelectronics, and photocatalysts (Radisavljevic et al., 2011; Qiu et al., 2013; Ma et al., 2020). Black phosphorene has intrinsic direct bandgap and high carrier mobility (Li et al., 2014). Due to the anisotropic structure, black phosphorene shows remarkable anisotropic electronic, mechanical, and thermal properties. All these excellent properties endow its application in high-performance photovoltaic (Liu et al., 2017), spin-filter devices (You et al., 2016), thermal rectifiers (Ren et al., 2020a), field-effect transistors (Hong et al., 2014), etc.
To expand the family of 2D materials, tremendous investigations have been conducted to predict the structure and properties of these layered materials (Sun et al., 2020; Sun and Schwingenschlögl, 2020; Sun et al., 2021; Sun and Schwingenschlögl, 2021). In addition, the formation of the van der Waals (vdW) heterostructure by different 2D materials is also a popular strategy to extend the applications of the 2D materials (Wang et al., 2022b). The vdW interactions in the heterostructure result in novel interfacial performances, which can improve the electronic (Ren et al., 2021a), optical (Ren et al., 2019a), and catalytic (Wang et al., 2018a; Wang et al., 2020a; Wang et al., 2020b) characteristics. Furthermore, such excellent properties of the heterostructure can even be tuned by the electric field (Sun et al., 2017a), strain (Ren et al., 2019b; Wang et al., 2020c; Wang et al., 2020d), stacking (Ren et al., 2022b), doping (Ren et al., 2022c),and defect (Sun et al., 2017b). When applied, the external strain is an effective tactic; for example, the band structure of the MXene/blue phosphorene vdW heterostructure can result in the transformation from type-I to type-II by the strain (Guo et al., 2017). The external strain also possesses a significant influence on the layer distance, which further decides the interfacial performances (Guo et al., 2020). Under the strain, the evolution of Schottky barriers of the GaN/graphene heterostructure can be converted from the n-Schottky to Ohmic type (Deng and Wang, 2019). Recently, the TMD materials of MoTe2 and PtS2 monolayers have been prepared experimentally (Qu et al., 2017; Zhao et al., 2019). The MoTe2 and PtS2 monolayers present the novel electronic (Qu et al., 2017; Sajjad et al., 2018) and thermoelectric (Shi et al., 2017) properties, which have been widely studied. The 2D MoTe2 can be obtained from mechanically exfoliated bulk crystals (Chang et al., 2016), which have potential usages in electronics, such as inverters and amplifiers, and in logic and digital circuits. Moreover, the electronic property of MoTe2 is sensitive to atomic doping (Kanoun, 2018), suggesting tunable electronic and optical performances. The PtS2 monolayer also presents tunable properties by the strain (Liu et al., 2018) and electric field (Nguyen et al., 2019). In addition, the PtS2 monolayer is reported to be formed as a vdW heterostructure such as PtS2/arsenene (Ren et al., 2020b), PtS2/InSe (Nguyen et al., 2019), and HfS2/PtS2 (Colibaba et al., 2019). Furthermore, the MoTe2 and PtS2 monolayers share a honeycomb hexagonal structure with a small lattice mismatch, explaining the advantage to be formed as a heterostructure. Therefore, the MoTe2 and PtS2 monolayers have been decided to be used for constructing the heterostructure in this work. The first-principles calculations are developed to investigate the band structure of the MoTe2/PtS2 (MP) heterostructure. Importantly, the tunable electronic, charge density, potential, light absorption ability, and the solar-to-hydrogen efficiency (STH) by the external biaxial strain are addressed.
COMPUTATIONAL METHODS
In this investigation, the Vienna ab initio simulation software package (VASP) was used to find the first-principles simulations by the density functional theory (DFT) (Kresse and Furthmüller, 1996a; Kresse and Furthmüller, 1996b). In the generalized gradient approximation (GGA), the projector augmented wave (PAW) potentials were used with the Perdew–Burke–Ernzerhof (PBE) functional to describe the core electrons and the exchange–correlation functional (Perdew et al., 1996; Kresse and Joubert, 1999). The cut-off energy was used by 550 eV, and the Monkhorst–Pack k-point was 15 × 15 × 1 in the calculations. Furthermore, the Heyd–Scuseria–Ernzerhof hybrid method was adopted to calculate the electronic and optical properties (Heyd et al., 2005). The weak dispersion forces were described by the DFT-D3 method proposed by Grimme et al. (2010). Due to the ignorable effect of the spin–orbit coupling (SOC) on the electronic properties of the studied system, shown in Supplementary Figure S1, the SOC is not employed in the calculations. The vacuum thickness was set as 25 Å to prohibit the interaction adjacent layers. Besides, the convergence criterion of the force in the simulations was 0.01 eV Å−1, while the energy was controlled in 0.01 meV.
RESULTS AND DISCUSSION
The lattice parameters of the MoTe2 and PtS2 monolayers are optimized as 3.564 and 3.529 Å, respectively, showing a low lattice mismatch of about 0.1%, which are suitable to be constructed as a heterostructure. Supplementary Figure S2 shows the band structures of the pristine MoTe2 and PtS2 monolayers calculated using the HSE06 functional with the indirect and direct bandgaps of 1.22 and 2.60 eV, respectively, demonstrating an agreement with the previous reports (Shao et al., 2022). Then, the MP heterostructure is constructed by considering six different highly symmetrical structures, as shown in Supplementary Figure S3. By calculating the binding energy, the most stable stacking configuration is decided, as shown in Figure 1A, that the Mo atoms are located on top of the upper S atoms, while the Te atoms are set on top of the lower S atoms. The MoTe2/PtS2 heterostructure is built by vdW forces because of the weak binding energy of about −28.10 meV Å−2 (Ren et al., 2022b), which is lower than that in graphites (about −18 meV Å−2) (Chen et al., 2013). The projected band structure of the MP vdW heterostructure is obtained in Figure 1B, suggesting an indirect bandgap of about 1.26 eV. The CBM and the VBM of the MP vdW heterostructure result from the PtS2 and MoTe2 monolayers, respectively, showing a type-II band alignment, which can separate the photogenerated electrons and holes using as a photocatalyst for water splitting (Ren et al., 2021b). In detail, when the MP vdW heterostructure obtains the energy from the light, the photogenerated electrons will move to the conduction band of the MoTe2 and PtS2 monolayers, as shown in Figure 1C, resulting in photogenerated holes staying at the valence band. Then, the conduction band offset (CBO) can promote the photogenerated electrons from MoTe2 to PtS2 at the conduction band, while the photogenerated holes will be transferred from PtS2 to MoTe2 at the valence band. Thus, the photogenerated charges in the MP vdW heterostructure are prevented from recombination.
[image: Figure 1]FIGURE 1 | (A) Geometric and (B) band structure of the MP heterostructure with the lowest binding energy. (C) Photogenerated charge migration path in the MP vdW heterostructure. The yellow, gray, orange, and blue spheres represent the Te, Mo, S, and Pt atoms, respectively. The Fermi level is decided as 0 shown by the gray dashed line.
Next, the external biaxial strain is applied in the MP vdW heterostructure to explore its effect on the electronic structure. In Figure 2, the projected band structure of the MP vdW heterostructure under the external biaxial strain from –4 to 2% is obtained, where negative and positive values represent pressure and tension, respectively. One can see that the type-II band structure is retained in the MP vdW heterostructure with that strain, which still can separate the photogenerated electrons and holes, while the bandgap decreased from 1.454 to 1.150 eV by the external biaxial strain from –4 to 2%, as shown in Figure 3A. In addition, the binding energy (Eb) is also investigated, which is decided by
[image: image]
where EH, EM, and EP represent the total energy of the MP vdW heterostructure, pristine MoTe2, and PtS2, respectively. The calculated binding energy change of the MP vdW heterostructure applied by different external biaxial strains is demonstrated by Figure 3B, which shows the stability of the MP vdW heterostructure, and the lowest binding energy of the MP vdW heterostructure is the unstressed state.
[image: Figure 2]FIGURE 2 | Band structures of the MP vdW heterostructure under the external strains of (A) –4%, (B) –3%, (C) –2%, (D) –1%, (E) 1%, and (F) 2%.
[image: Figure 3]FIGURE 3 | (A) Band alignment of the MP vdW heterostructure by the external strain comparing the energy potential of the redox reaction at pH values 0 and 7. (B) Binding energy and the bandgap difference of the MP vdW heterostructure tuned by the external strain.
The band edge positions of the MP vdW heterostructure under different strains are also calculated by the HSE06 functional, demonstrated in Figure 3B. The potential energy values of the oxidation and reduction reactions for water splitting are –5.67 eV and –4.44 eV, respectively, at pH 0. The energy of the redox potential can be decided by the pH level with: E = −4.44 eV + pH × 0.059 eV for the reduction reaction, while the potential of the oxidation is obtained by E = −5.67 eV + pH × 0.059 eV. Thus, the calculated potentials of the oxidation and reduction reactions at pH 0 are −5.26 eV and −4.03 eV, respectively, at pH 7. As a decent photocatalyst, the band edge positions of the CBM (or VBM) of the heterostructure should be higher (or lower) than the potential of the reduction (or oxidation) for water splitting (Ren et al., 2021c). In Figure 3B, one can see that the MP vdW heterostructure possesses suitable band edge positions to promote the redox reaction at pH 7 for water splitting by the external biaxial strains of –3% and –2%, while the MP vdW heterostructure can be used as a promising photocatalyst for water splitting at pH 0 without the external strain.
The charge density difference (Δρ) of the MP vdW heterostructure tuned by the strain is also investigated, which is calculated as follows:
[image: image]
where ρH, ρM, and ρP are used as the charge densities of the MP vdW heterostructure, pristine MoTe2, and PtS2, respectively. Under these strains, the PtS2 layer still gains the electrons from the MoTe2 layer, and the charge density difference between the interface of the MP vdW heterostructure under –4%, –2%, and 2% is demonstrated in Figures 4A–C, respectively. In addition, the quantitative analysis of the charge transfer in the MP vdW heterostructure is explored by the Bader charge method (Sanville et al., 2007). The calculated charge transfers between the interface of the MP vdW heterostructure under –4%, –2%, and 2% are 0.0463 |e|, 0.0475 |e|, and 0.052 |e|, respectively.
[image: Figure 4]FIGURE 4 | Isosurface of the charge density difference of the MP vdW heterostructure under the strains of (A) –4%, (B) –2%, and (C) 2%; red and green marks demonstrate the losing and gaining of electrons, respectively. The isosurface parameter is 0.001 |e|.
The charge density difference between the interface of the MoTe2 and PtS2 monolayers can induce a potential drop. The potential energy of the MoTe2 and PtS2 in the heterostructure by the different strains is investigated in Figure 5, showing that the strain can increase the potential energy of the MoTe2 and PtS2 from pressure to tension. The potential drop across the interface of the MP vdW heterostructure is obtained as 4.962, 4.720, 4.672, and 4.500 eV by the external biaxial strains of –4%, –2%, –0%, and 2%, respectively, which demonstrates the decreased charge density difference. It is worth emphasizing that such a potential drop in the MP vdW heterostructure can also provide a critical boost for the separation of the photogenerated electrons and holes.
[image: Figure 5]FIGURE 5 | Potential drop of the MP vdW heterostructure across the interface by different external strains.
We also studied the light absorption coefficient (α) of the MP vdW heterostructure by external strain using the HSE06 method, which is calculated as follows:
[image: image]
where ω is the angular frequency, and c is the speed of light. The real and imaginary parts are represented by ε1(ω) and ε2(ω), respectively. Moreover, ε1(ω) and ε2(ω) can be obtained as follows:
[image: image]
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where [image: image], [image: image], and [image: image] are the wave function, energy, and unit vector of the electric field of the incident light, respectively. The superscripts (v and c) in [image: image] and [image: image] are labeled as the conduction bands and valence bands, respectively. The calculated light absorption performance of the strained MP vdW heterostructure is explained by Figure 6 marked by a visible spectrum (Wang et al., 2018b). Evidently, applying the external compressive stress can improve the light absorption capacity at the absorption wavelength ranging from 480 to 550 nm. In detail, the light absorption peaks of the MP vdW heterostructure are obtained as 3.79 × 105 cm−1, 3.13 × 105 cm−1, and 2.60 × 105 cm−1 locating the wavelength at 509 nm, 519, and 527 nm, respectively, by the strains of –0.04, –0.02, and 0, while the light absorption performance of the MP vdW heterostructure can be enhanced by tensile stress when the absorption wavelength exceeds 550 nm. Furthermore, these obtained absorption performances are also higher than those of other 2D heterostructures, such as CdO/HfS2 (3.51 × 105 cm−1) (Zhang et al., 2022), arsenene/PtSe2 (2.23 × 105 cm−1) (Zheng et al., 2021), and MoSSe/GaN (2.74 × 105 cm−1) (Ren et al., 2020c).
[image: Figure 6]FIGURE 6 | Calculated optical absorption of the MP vdW heterostructure under the external strain.
Furthermore, the solar-to-hydrogen efficiency of the MP vdW heterostructure is calculated by ηSTH = ηabs × ηcu (Fu et al., 2018), where ηabs is the efficiency of light absorption, and ηcu demonstrates carrier utilization. As for the light absorption, it can be decided by
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where Eg means the bandgap of the studied material. [image: image] is used to explain the photon energy, while the AM1.5G solar energy flux is P(hω). The carrier utilization is obtained by
[image: image]
To describe the potential difference in water splitting, ΔG is used by 1.23 eV here. Importantly, the photon energy of E is calculated by
[image: image]
The overpotential for the reduction and oxidation reactions for water splitting is explained by χ(H2) and χ(O2), respectively. In addition, previous experimental investigations provide the necessary overpotentials for the reduction and oxidation reactions as 0.2 and 0.6 eV (Fu et al., 2018), respectively. The efficiencies of light absorption of the MP vdW heterostructure under the strains of –0.03, –0.02, and 0 are calculated by 89.44, 89.80, and 93.26%, respectively. Furthermore, the carrier utilization of the MP vdW heterostructure is 33.66, 33.53, and 32.28%, respectively, by the strains of –0.03, –0.02, and 0. Thus, the solar-to-hydrogen efficiencies are obtained as 30.10, 30.11, and 30.10%, respectively, at pH values 7, 7, and 0, as shown in Table. 1, which is higher than other 2D heterostructures such as CdO/arsenene (about 11.67%) (Ren et al., 2021b) and GaS/arsenene (about 25.46%) (Li et al., 2021).
TABLE 1 | Energy conversion efficiency of light absorption, carrier utilization, and the solar-to-hydrogen efficiency of the MP vdW heterostructure under the external strain.
[image: Table 1]CONCLUSION
In this work, the first-principles method is employed to investigate the electronic and optical performances of the MP vdW heterostructure. The external strain is also applied on the MP vdW heterostructure, and the results show that the MP vdW heterostructure maintains the type-II band alignment and decreased bandgap. In addition, the external compressive stress can tune the MP vdW heterostructure as a potential for water splitting at pH 7 because of the decent band edge positions. The strain also has a significant influence on the interfacial properties of the MP vdW heterostructure. Furthermore, the MP vdW heterostructure possesses excellent light absorption capacity and light conversion efficiency, which can also be enhanced by the strain. The results show that the MP vdW heterostructure possesses potential energy conversion used in the automotive battery system.
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With the rising demand for renewable energy, photocatalysts are considered the most promising solution to harness solar energy, and the search for photocatalysts with excellent performances remains an urgent task. Here, based on density functional theory (DFT), the photocatalytic properties of MoWS4 are systematically investigated. The MoWS4 monolayer and bilayer are demonstrated as semiconductors with indirect band gaps of 2.01 and 1.48 eV. Moreover, they exhibit high and anisotropic light absorption coefficients of up to ∼105 cm−1 in the visible-ultraviolet region. The intrinsic band edge positions could fully satisfy the redox potentials of water without any external adjustment. The electron mobility of MoWS4 monolayer is 557 cm2 V−1s−1, which is seven times higher than MoS2 monolayer. Hence, MoWS4 can be regarded as a promising 2D photocatalyst candidate for water splitting.
Keywords: two-dimensional materials, transition metal dichalcogenides, water splitting photocatalyst, high mobility, density functional theory
INTRODUCTION
With the depletion of fossil energy and the increasing pollution of the natural environment, the demands for renewable energy become critical and urgent for sustainable development of global economy. In 1972, Fujishima and Honda discovered that TiO2 can split water to produce hydrogen and oxygen in the presence of sunlight, making photocatalysis one of the most noteworthy solutions to harness solar energy (Fujishima and Honda, 1972). Afterwards, great efforts have been made to develop effective photocatalysts, including transition metal oxides, sulfides, nitrides, and so forth (Tsuji et al., 2005; Suntivich et al., 2011; Han et al., 2018). However, the low quantum efficiency derived from charge recombination on the surface and in the bulk of these photocatalysts could not meet the criteria of favorable photocatalyst for sunlight driven water splitting (Fujishima et al., 2000).
Due to the interesting structures and corresponding electronic properties, two-dimensional (2D) materials have been widely used in various fields and also provide new research directions for efficient photocatalysis (Singh et al., 2015). In recent years, 2D photocatalysts showed the greater advantages over their bulk phase counterparts in terms of photocatalytic performance. For example, Both SnS2 monolayer and ZnSe nanosheet exhibited higher photocurrent density than their bulk materials (Sun et al., 2012a; Sun et al., 2012b). In addition, various 2D materials have also been theoretically and experimentally demonstrated to be used as photocatalysts for water splitting, such as 2D transition metal dichalcogenides, g-C3N4, phosphorene, and so on (Wang et al., 2009; Zhuang and Hennig, 2013a; Rahman et al., 2016; Phuc et al., 2018; Zhang et al., 2022). However, few of these photocatalysts can simultaneously satisfy high visible light absorption, high carrier mobility and perfect band edge positions. For instance, MoS2 monolayer showed lower carrier mobility, and MoTe2 monolayer can’t perfectly meet the redox potential of water (Wang et al., 2009; Zhuang and Hennig, 2013a; Cai et al., 2014; Rahman et al., 2016; Zhang et al., 2022). Both GaS and GaSe monolayers demonstrated low visible light absorption due to the large band gaps (Zhuang and Hennig, 2013b). Therefore, it is still a challenge to develop water splitting photocatalysts with excellent performances.
In this work, based on the first-principles calculations, we propose a novel 2D transition metal dichalcogenide namely MoWS4 and systemically investigate its photocatalytic properties. Firstly, the stability of MoWS4 monolayer is confirmed by calculating its phonon spectra and ab initio molecular dynamics (AIMD) simulations. Secondly, we calculate the band structures of MoWS4 monolayer and bilayer, and show their semiconductive characteristic. Then, relevant photocatalytic properties are systematically investigated. It is found that MoWS4 monolayer and bilayer can nicely meet the redox potentials without strain engineering, and their light absorption coefficients reach ∼105 cm−1 in the visible-ultraviolet region. Moreover, the electronic mobility of MoWS4 monolayer is as high as 557 cm2 V−1s−1.
COMPUTATIONAL DETAILS
For geometric and electronic structures, all calculations are performed by using the Vienna ab into simulation package (VASP) based on density functional theory (DFT) (Kresse and Furthmuller, 1996). We choose the generalized gradient approximation (GGA) of the Perdew–Burke–Ernzerhof (PBE) functional as the exchange-correlation functional to perform these calculations (Perdew et al., 1996). For the 2D monolayer structure, the vacuum layer thickness is set as about 20 Å to avoid layer-to-layer effects. The kinetic energy cutoff is set as 500 eV. The Brillouin zone is regulated with 10 × 6 × 1. During the calculations, the DFT-D2 method with Grimme correction is used to describe the long-range van der Waals interactions (Grimme, 2006). Besides, all atoms are fully relaxed, and the energy and force convergence criteria are set as 10–6 eV and 0.01 eV Å−1, respectively. Except for PBE functional, to obtain the more accurate results, the HSE06 functional is also adopted to calculate the band structures and the band edge positions (Deák et al., 2010). To identify structural stability of MoWS4 monolayer, its phonon spectra are calculated by using the PHONOPY code (Gonze and Lee, 1997). A 6 × 3 supercell structure of MoWS4 monolayer is used in ab initio molecular dynamics (AIMD) simulations (NVT ensemble), which is carried out for 3 ps with a time step of 1 fs at 500 K (Cimas et al., 2014).
The optical properties can be defined by the complex dielectric function (frequency) for characterization:
[image: image]
where [image: image] and [image: image] represent the real and imaginary parts, respectively. Based on the Kramers–Kronig transformation (Kuzmenko, 2005), the real part [image: image] can be expressed as follows:
[image: image]
where [image: image] is the integral principal value. In addition, the imaginary part [image: image] can be described as (Saha et al., 2000):
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] represent the incident photon frequency, the incident photon energy, the Fermi function, the transition matrix, the CB state and VB state, respectively. Finally, the absorption coefficient [image: image] can be calculated by (Cheng et al., 2022a):
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where [image: image] denotes the speed of light in vacuum.
The carrier mobility is calculated by the following formula (Qiao et al., 2014):
[image: image]
where [image: image] is the elastic modulus, which can be expressed by [image: image] here [image: image] is the total energy of monolayer after deformation, [image: image] is the lattice area of monolayer under equilibrium and [image: image] is the uniaxial strain. Besides, [image: image] is the Boltzmann constant, [image: image] is the temperature. [image: image] is the effective mass along the transport direction and [image: image] is the average effective mass determined by [image: image]. [image: image] represents the deformation potential constant, which is expressed by [image: image], here [image: image] represents the shift of the band edge position with respect to the uniaxial strain [image: image].
RESULTS AND DISCUSSIONS
Crystal structures, stability, and electronic properties
Figure 1A shows the top and side views of 4 × 2 supercell of MoWS4 monolayer, which has a space group of Pmm2. The light green area is the unit cell of MoWS4 monolayer, which contains four atoms. The pink, blue, and yellow balls represent Mo, W, and S atoms, respectively. MoWS4 monolayer is a honeycomb structure from the top view, while sandwich structure from the side view, which is very similar to the structure of MoS2 monolayer (Kan et al., 2014). After fully geometric optimization, the lattice constants are a = 3.188 Å and b = 5.526 Å with a layer thickness of 3.119 Å.
[image: Figure 1]FIGURE 1 | (A) Top and side views of MoWS4 monolayer. The pink, blue, and yellow balls represent Mo, W, and S atoms, respectively. The light green area is the unit cell of MoWS4 monolayer (B) Phonon spectra of MoWS4 monolayer (C) Evolution of the total energy and a snapshot of MoWS4 monolayer after a 3,000 fs AIMD simulations in vacuum at 500K
To confirm the stability of MoWS4 monolayer, the formation energy ([image: image]), defined as: [image: image], is calculated, where [image: image] presents the total energy of the unit cell of MoWS4 monolayer, and [image: image], [image: image], and [image: image] present the energies of each Mo, W, and S atom in itself bulk phase, respectively. The calculated formation energy of MoWS4 monolayer is −1.1 eV/atom (<0), implying the procedure of synthesizing MoWS4 monolayer is exothermic and favorable. Besides, the dynamic and thermal stabilities of MoWS4 monolayer are further investigated. As shown in Figure 1B, the calculated phonon spectra exhibit no imaginary frequency, indicating high dynamic stability of MoWS4 monolayer. The thermal stability is further studied via AIMD calculations. As illustrated in Figure 1C, the total energy of the MoWS4 monolayer remains essentially stable and no deformation occurs in its final structure. These results suggest that MoWS4 monolayer exhibits good dynamic and thermal stability, which deduces the possibility of experimental synthesis of MoWS4 monolayer.
Figure 2 shows the top and side views of MoWS4 bilayer. Three stacking patterns (AA, AB, and AC) are considered in the bilayer structures of MoWS4. The results of the calculated total energy are −94.2727 eV, −94.4175 eV, and −94.2726 eV for AA, AB, and AC stacking patterns, respectively. AA and AC stacking structures have the same layer spacing of 6.76 Å, and AB stacking has a spacing of 6.13 Å. Obviously, the AB stacking structure is most stable energetically.
[image: Figure 2]FIGURE 2 | Top and side views of MoWS4 bilayer with three stacking patterns (AA, AB, and AC).
Figures 3A,B shows the electronic band structures of MoWS4 monolayer and bilayer obtained by using the PBE functional (blue) and the HSE06 functional (red). The Fermi level and the high symmetry path are set as 0 eV and Γ-X-M-Y-Γ, respectively. The MoWS4 monolayer and bilayer are indirect band gap semiconductors and their band gaps calculated by HSE06/PBE functional are 2.01/1.67 eV and 1.48/1.14 eV, respectively. The band gaps obtained by the HSE06 functional are larger than that obtained by the PBE functional since the PBE functional tends to underestimate the band gap. Figures 3C,D shows the maps of charge density for MoW4 monolayer at the conduction band minimum (CBM) and the valence band maximum (VBM), and it can be concluded that the CBM is mainly contributed by the Mo atoms, whereas the VBM comes from a combination of Mo, W, and S atoms.
[image: Figure 3]FIGURE 3 | Band structures of (A) MoWS4 monolayer and (B) MoWS4 bilayer. The red and blue represent the HSE06 functional and PBE functional, respectively. Top and side views of the charge density at the (C) CBM, and (D) VBM. The isosurface value is set as 0.012 e Å−3.
Photocatalytic water splitting and optical properties
Considering the excellent semiconductor properties of MoWS4 monolayer and bilayer, we systematically study their feasibility as photocatalysts for water splitting. It is well known that a photocatalytic candidate should meet the following conditions: Firstly, its band gap should exceed the free energy of water splitting (1.23 eV). Obviously, the band gaps of MoWS4 monolayer and bilayer both exceed 1.23 eV; Secondly, its band edges must cross the redox potentials of water. The CBM energy should be higher than the reduction potential of H+/H2 (−4.44 eV), and the VBM energy should be lower than the oxidation potential of O2/H2O (−5.67 eV) (Abe, 2010; Sun et al., 2019; Cheng et al., 2022b). For 2D materials, the band edges with respect to the vacuum level ([image: image]) can be obtained by: [image: image], where [image: image] represents the value of CBM/VBM obtain by DFT and [image: image] represents the electrostatic potential in the vacuum region. We plot the map of band edges relative to the vacuum level of MoWS4 monolayer and bilayer in Figure 4A, and find that the band edge positions of MoWS4 monolayer and bilayer can perfectly satisfy the redox potential for the water splitting reaction at pH = 0. Specifically, the band edges of CBM/VBM for MoWS4 monolayer and bilayer are −4.202/−6.213 eV and −4.230/−5.712 eV, respectively. Thus, the results suggest that the MoWS4 monolayer and bilayer can be promising candidates for water splitting photocatalysts.
[image: Figure 4]FIGURE 4 | (A) The locations of VBM and CBM of MoWS4 monolayer and bilayer, which are obtained by the HSE06 functional. The redox potentials of water splitting at pH = 0 are shown for comparison. All the energy levels are based on the vacuum level, and the vacuum level is set as 0 eV. The optical absorption coefficients for the different directions of (B) MoWS4 monolayer and (C) MoWS4 bilayer.
Besides, efficient light absorption is also an important feature for water splitting photocatalysts. Figures 4B,C shows the light absorption spectra of the MoWS4 monolayer and bilayer within the visible-ultraviolet light range. The result can be summarized as follows: 1) Their light absorption coefficients in the ultraviolet light range are higher than visible light region (up to ∼106 cm−1); 2) Their light absorption coefficients of MoWS4 bilayer overall are higher than that of MoWS4 monolayer; 3) Their light absorption coefficients are significantly anisotropic: that is higher in the z direction, but have a wider range of light absorption spectra in the x and y directions. It is known that the high light absorption coefficients can guarantee the effective use of solar energy, which is very favorable for water splitting photocatalysts (Zhao et al., 2018; Fan et al., 2021). Therefore, both MoWS4 monolayer and bilayer can be promising potential candidates as photocatalysts.
Strain engineering and high carrier mobility
We further investigate the effect of strain engineering on the photocatalytic performance of MoWS4 monolayer. Figure 5 shows the band structures of MoWS4 monolayer under the in-plane biaxial strain from −2 to 2%. Its band gap increases when compressive strain increases or tensile strain decreases, and its band gap varies in the range of 1.508–2.378 eV. In addition, when it is subjected to compressive strain, the indirect bandgap changes to be a direct bandgap; while when it is subjected to tensile strain, it remains an indirect bandgap semiconductor. As illustrated in Figure 6, we study the changes of its band edge positions under the applied in-plane biaxial strain. All of VBM positions are lower than the oxidation potential of O2/H2O under the −2∼2% in-plane biaxial strain, which indicates that MoWS4 monolayer always serves as a potential photocatalyst to generate oxygen. Besides, when the applied tensile strain reaches 2%, its CBM positions become lower than the reduction potential of H+/H2. Thus, excessive tensile strain will lead to its inability to produce hydrogen. In general, compressive strain does not cause MoWS4 monolayer to deviate from the basic requirements for water splitting photocatalyst, but tensile strain can easily affect its hydrogen production performance.
[image: Figure 5]FIGURE 5 | Band structures of MoWS4 monolayer under the biaxial strain from −2 to 2% are calculated by HSE06 functional.
[image: Figure 6]FIGURE 6 | Strain effects on band edge positions of MoWS4 monolayer with respect to the vacuum level (0 eV). The redox potentials of water splitting at pH = 0 are shown for comparison.
As we know, the fast carrier migration capability is necessary for high performance photocatalysts. Thus, the PBE functional is used to calculate the carrier mobility of MoWS4 monolayer according to Eq. 5. Subsequently, we calculate its carrier effective masses [image: image], in-plane stiffness [image: image] and deformation potential constants [image: image]. Therein, to obtain [image: image] of MoWS4 monolayer, the linear fitting maps of band edge positions are plotted as the function of the applied uniaxial strain [image: image] along the x and y directions (Bardeen and Shockley, 1950; Zhang et al., 2021a), as illustrated in Figure 7 and the result is summarized in Table 1. It is notable that the values of [image: image] have a small difference along the x and y directions, which shows that the scattering ability of its carriers in different directions is also similar. In addition, the carrier effective masses of MoWS4 monolayer have a small difference along the x and y directions. The electron effective masses of MoWS4 monolayer are much lower than its hole effective masses (me = 0.377m0 and 0.374m0 along the x and y directions), which are smaller than that of many 2D photocatalytic materials, such as Penta-PdSSe (me = 2.16m0), Penta-PdSe2 (me = 1.88m0), δ-SnS (me = 1.01m0), SnP3 (me = 0.9m0) (Long et al., 2018; Sun et al., 2018; Zhang et al., 2021b; Xiao et al., 2021). The smaller carrier effective masses benefit the transfer rate of photogenerated carriers in the photocatalytic process. What’s more, the calculated electron mobility along x and y directions are 529 cm2V−1s−1 and 557 cm2V−1s−1, respectively, whereas the calculated hole mobility along x and y directions are both 38 cm2 V−1s−1. The reason for this difference is that the hole effective mass is much larger than the electron effective mass. More importantly, as shown in Figure 8, the electron mobility of MoWS4 monolayer can significantly exceed that of many other 2D photocatalytic materials such as MoS2 (µe = 72.16 cm2 V−1 s−1, µh = 200.52 cm2 V−1 s−1), Penta-PdS2 (µe = 40.97 cm2 V−1 s−1, µh = 339.25 cm2 V−1 s−1), Penta-PdSe2 (µe = 29.40 cm2 V−1 s−1, µh = 534.55 cm2 V−1 s−1), SnP2S6 monolayer (µe = 148.48 cm2 V−1 s−1, µh = 143.12 cm2 V−1 s−1), As2S3 monolayer (µe = 253.11 cm2 V−1 s−1, µh = 10.85 cm2 V−1 s−1) (Cai et al., 2014; Wang et al., 2015; Long et al., 2018; Jing et al., 2019; Liu et al., 2021). It is well known that materials with high carrier mobility can effectively reduce their photogenerated electron and hole recombination rates and increase the participation rate in redox reactions, which are beneficial for photocatalytic processes. Thus, our results suggest that MoWS4 monolayer is a promising 2D photocatalyst candidate for water splitting.
[image: Figure 7]FIGURE 7 | Linear fitting maps of VBM and CBM locations of MoWS4 monolayer under the strain along x and y directions.
TABLE 1 | Carrier effective masses [image: image], In-plane stiffness [image: image], Deformation potential constants [image: image], and carrier mobility [image: image] for MoWS4 monolayer along the x and y directions.
[image: Table 1][image: Figure 8]FIGURE 8 | Carrier mobility of MoWS4 compared with other typical 2D photocatalysts.
CONCLUSION
Based on the first-principles calculations, we systematically investigate photocatalytic properties of two-dimensional MoWS4. It is found that both the MoWS4 monolayer and bilayer are semiconductors with indirect band gaps and show high and anisotropic light absorption coefficients in the visible-ultraviolet range. The band edge positions of the materials can satisfy the redox potentials perfectly and the electron mobility of MoWS4 monolayer is up to 557 cm2 V−1 s−1, which outperforms many other 2D photocatalytic materials, such as MoS2 monolayer, Penta-PdS2, Penta-PdSe2, and SnP2S6 monolayer. These results indicate that MoWS4 can be a promising photocatalyst for water splitting with outstanding performances.
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A novel single-atom catalyst of Fe adsorbed on χ3-borophene has been proposed as a potential catalyst for CO oxidation reaction (COOR). Quantitative pictures have been provided of both the stability of Fe@χ3-borophene and various kinetic reaction pathways using first-principles calculations. Strong adsorption energy of -3.19 eV and large diffusion potential of 3.51 eV indicates that Fe@χ3-borophene is highly stable. By exploring reaction mechanisms for COOR, both Eley-Ridel (E-R) and trimolecule E-R (TER) were identified as possible reaction paths. Low reaction barriers with 0.49 eV of E-R and 0.57 eV of TER suggest that Fe@χ3-borophene is a very promising catalyst for COOR. Charge transfer between the χ3-borophene and CO, O2 and CO2 gas molecules plays a key role in lowering the energy barrier during the reactions. Our results propose that Fe@χ3-borophene can be a good candidate of single-atom catalyst for COOR with both high stability and catalytic activity.
Keywords: CO oxidation reaction, borophene, first-principles study, catalytic activity, reaction mechanism
INTRODUCTION
The CO oxidation reaction (COOR) is a simple yet fundamental reaction to reveal the intrinsic mechanism of multiphase catalytic conversion reactions and to test the reactivity of new catalysts (Alavi et al., 1998). The conversion of CO to non-toxic gases at room temperature has attracted considerable attention in recent years due to the seriously growing environmental problems and energy shortages (Ernst and Zibrak, 1998; Prockop and Chichkova, 2007). In the past few years, many studies have been focusing on the mechanism of COOR using noble metal nanoparticles and alloys as catalysts such as Pd (Kalita and Deka, 2009), Ag (Kim et al., 2010), Pt (Zhang and Hu, 2001), Au (Lopez and Nørskov, 2002) and others. However, due to the high cost and scarcity of these metals, they have never been commercialized. Therefore, it is crucial to find suitable catalytic methods and catalysts for COOR to improve the catalytic effect and reduce the cost.
A new class of heterogeneous catalysis emerges in the past decade by supporting metal nanoparticles on a surface. Among these systems, single-atom catalysts (SACs) on two-dimensional substrates has been a popular research topic since the single-atom catalyst Pt1/FeOx was first reported to be synthesized in 2009 by Zhang et al. (Qiao et al., 2011). The advantages of SACs include clear active sites, high utilization of metals, high-efficiency in catalytic performance, wide applicability and so on (Yang et al., 2013; Liu et al., 2018; Wang et al., 2018). A fundamental understanding of the reaction pathways on SACs can not only further guide the experimentalist to find more efficient catalysts but also provide valuable theoretical research ideas for COOR.
Due to the outstanding stability and large surface area, graphene has become a promising candidate for anchoring SACs since its discovery in 2004 (Wang et al., 2012). Up to now, the COOR of the noble metal [Au (Lu et al., 2009), Cu (Song et al., 2011), Pt (Tang et al., 2013)], and other transition metal atoms (Pd (Jia et al., 2014), Mo (Tang et al., 2015)) adsorbed or doped on the surface of graphene has been studied successively. In these systems, the reaction path based on Langmuir–Hinshelwood (L-H) mechanism (Lu et al., 2009), Eley-Ridel (E-R) mechanism (Tang et al., 2017) and trimolecule E-R (TER) mechanism (Zhang et al., 2015) has been confirmed. Recently, an increasing amount of efforts has been devoted to finding catalysis for SACs based on other two-dimensional materials, such as graphyne (Wu et al., 2015), MoS2 (Du et al., 2015), and hexagonal boron nitride monolayer (h-BN) (Lin et al., 2013; Liu et al., 2014), or to modify graphene to change some of the carbon atoms to N and other atoms (Zhang et al., 2016; Liu et al., 2017), thereby changing the catalytic environment of single metal to achieve better catalytic performance.
As a neighbor of carbon, borophene has attracted increasing interest since it was synthesized recently on a silver substrate under ultrahigh-vacuum with four phases including 2-Pmmn, β12, χ3, and honeycomb phases (Tang and Ismail-Beigi, 2007; Yang et al., 2008; Mannix et al., 2015). Borophene has complex bonding mechanisms and multiple coordination capabilities (Wang et al., 2019). Particularly, the adsorption of metal atoms with electron-donating properties is expected to occur more likely on borophene than on graphene because of the electron deficient property of boron atoms (Liu et al., 2013). Due to the unique physical and chemical properties, borophene has pronounced potential applications in the service of SACs as the substrate. Based on density functional theory, nitrogen reduction reaction (Liu et al., 2019a; Zhu et al., 2019), hydrogen evolution reaction (Xu et al., 2020a), oxygen evolution/reduction reaction (Xu et al., 2021) and electrocatalytic CO2 reduction (Shen et al., 2018; Zhang et al., 2020) about SACs have been extensively studied on different phases of borophene, and promising catalytic results have been obtained, indicating that borophene has great research potential for applications in the field of SACs.
However, these previous studies on the application of borophene on SACs mainly focus on electrocatalysis. Besides, most of these works are about α-borophene and β-borophene phase which are considered as the thermodynamically most stable phase based on the density functional theory simulation (Wu et al., 2012). As far as we know, there are few studies about COOR of SACs on borophene, especially there is a lack of research on the catalytic performance of the other phases of borophene. Here, the χ3-borophene has been selected to investigate the SACs, which was successfully synthesized by Feng’s team in 2016 under ultra-high vacuum conditions (Feng et al., 2016). Fe cation has been reported with good catalytic activity for many reactions in the gas phase, while other cations such as Ti+, Zr+, V+, Nb+, Cr+ have no such activity (Staley, 1981). In spite of extensive investigations in SACs on two dimensional materials, the transition metal atoms with unfilled d electrons and robust magnetic properties are an interesting and challenging topic in catalysis. In this paper, the COOR of Fe atoms adsorbed on χ3-borophene are systematically investigated using density functional theory to explore the COOR effect. We believe that the results of this paper will provide new ideas for the catalytic properties of borophene and the study of COOR.
COMPUTATIONAL DETAILS
The first-principles calculations were carried out using the DMol3 package (Delley, 1990) embedded in Material Studio. Here we used χ3-borophene as substrate and a (2 × 4) supercell was built for simulation, which contains total 64 boron atoms. The Perdew–Burke–Ernzerhof (PBE) functional was used as the exchange-correlation functional under the generalized gradient approximation (GGA) (Perdew et al., 1996). The electronic eigenfunctions were expanded in terms of localized atomic orbital DNP (Delley, 1990) basis set, and the core treatment used was DFT semicore pseudopotentials (DSPPs) (Delley, 2002), which replaced the core electrons with individual effective potentials. The real-space cutoff radius was set to 4.7 Å to ensure high-quality results. In the process of geometric optimization, the energy convergence value was 1.0 × 10−5 Ha/atom, the maximum stress convergence value was 0.02 Ha/Å, the maximum displacement convergence value was 0.005 Å, and the threshold of self consistent-field (SCF) density convergence was 1.0 × 10−6 Ha. The K point of the Brillouin zone was selected as 2 × 2 × 1 under the Monkhorst-Pack method (Monkhorst and Pack, 1976). The K point set for PDOS calculation which is 4 × 4 × 1 here in the Fe@χ3-borophene system. The vacuum layer between χ3-borophene layers was set to 20 Å to ensure that there was no interaction between layers. Van der Waals interaction was described by DFT + D2 method throughout all calculations (Grimme, 2006). Mulliken’s net charge analysis has been applied to count charge transfer between the adsorbate atoms and the substrate (Mulliken, 1955). The transition states (TSs) were searched by the linear both synchronous transit (LST) and quadratic synchronous transit (QST) protocol. We first performed LST, and then repeated conjugate gradient minimization and QST maximization until the TS was found (Halgren and Lipscomb, 1977). To check the dynamic stability of the substrate, we ran the ab-initio molecular dynamics simulation using the NVT ensemble.
The adsorption energy Eads of the adsorbent on the substrate is defined as:
[image: image]
where Eadsorbate/substrate is the total energy of the system, Eadsorbate is the energy of the ground state of the adsorbate, and Esubstrate is the energy of the substrate. In order to include the influence of temperature, the change in Gibbs free energy (ΔG) of reaction path is calculated according to
[image: image]
where ΔE and ΔEZPE are the difference between total energy at 0 K and the zero-point vibration energy, respectively. ΔS is the change of entropy, defined as ΔS = ΔStrans + ΔSrot + ΔSvib, where ΔStrans, ΔSrot, and ΔSvib represent the contribution of translation, rotation, and vibration modes, respectively.
According to the transition state theory, the time required for each step of the reaction can be estimated by the Arrhenius law (Arrhenius, 1889):
[image: image]
where Ea is the energy barrier of the reaction, T is the temperature (K), [image: image] is the attempt frequency, and here the value we use is 1012 Hz, which is the same value used in similar systems (Xu et al., 2016; Xu et al., 2018), and [image: image] is the Boltzmann constant.
RESULTS AND DISCUSSION
Structural stability of Fe@χ3-borophene
The thermodynamic stability of Fe@χ3-borophene is first studied before we further investigate the catalytic activity of this system for COOR. The atomic model of Fe@χ3-borophene include a single Fe atom adsorbed on χ3-borophene. The initial adsorption sites of a single Fe atom in the Fe@χ3-borophene are first placed at top-site, bridge-site or triangle-site and then optimized, as depicted in Figure 1A and Supplementary Figure S1. The result of geometric optimization shows that the heart-site is the most favorable site for Fe atom adsorption on χ3-borophene with an adsorption energy of -3.19 eV. The distance between the Fe atom at the heart-site and the adjacent B atom is 2.067 Å and the protruding height between the Fe atom and the χ3-borophene plane is 1.381 Å.
[image: Figure 1]FIGURE 1 | (A) Top and side views of the most stable configurations of single Fe atom adsorbed on χ3-borophene, the blue dashed line is the primitive cell of χ3-borophene. (B) The energy profile for Fe atom diffusion on χ3-borophene surface with the configurations involved. (C) The spin polarized partial density of states for Fe atom and the 6 B atoms around it, the vertical dashed line at 0 eV is the Fermi level. (D) Ab-initio molecular dynamics calculation of Fe@χ3-borophene at 300 K, the trajectory length is 10 ps, the inserted figure shows the structure of the system after 10 ps?
The diffusion behavior of Fe atoms on the χ3-borophene surface is studied by evaluating the energy barrier between one heart-site to a neighboring one. Two diffusion paths are identified as the Bridge path and the Triangle path and shown in Figure 1B. The calculated energy barriers of the Bridge path and Triangle path are 2.49 and 3.51 eV, respectively. Therefore, the Bridge path should be preferred as the diffusion path. Higher diffusion energy barrier is shown for Fe@χ3-borophene than those reported on graphene (Li et al., 2010), so that Fe atom is less favorable to migrate on χ3-borophene.
To study the self-aggregation of Fe on χ3-borophene, the structures and energies of nFe (n = 1–4) and Fen (n = 1–4) clusters adsorbed on the surface of both graphene and χ3-borophene (as shown in Supplementary Figures S2 and S3) are calculated for comparison. It can be seen from Supplementary Figures S2 and S3 that the total energy of isolated Fe atoms is significantly lower than that of Fe clusters on χ3-borophene, indicating that the structure of isolated Fe atoms anchored on χ3-borophene’s heart-site is favorited, while Fe tends to form clusters spontaneously on graphene. Thus, we could avoid the problem of self-aggregation of Fe atoms by choosing χ3-borophene as substrate.
The spin polarized partial density of states (PDOS) for Fe@χ3-borophene has been studied to further understand the interaction between Fe atom and χ3-borophene. PDOS in Figure 1C shows both the 3d-orbital of the guest Fe and the 2p-orbital of the host B atoms cross the Fermi level, showing the metallic characteristics of the Fe atom adsorbed on χ3-borophene system as demonstrated in the pure χ3-borophene (Feng et al., 2016). The superposition of one sharp peak originates from the d orbital of the adsorbed Fe atom and the p orbital of substrate B atoms span from -8.0 to 2.0 eV near the Fermi level. The strong hybridization shown in PDOS verifies the strong interaction between the guest Fe and host borophene and results in the high stability of the structure. We find that the shapes of the PDOS not only in d state of Fe atom but also in p state of borophene are quite different (see Figure 1C). Fe@χ3-borophene carries a large magnetic moment of 3.0 [image: image], which is similar to the results obtained from the calculations with Fe adsorbed on different 2d borophene polymorphs (Alvarez-Quiceno et al., 2017; Liu et al., 2019b). Mulliken population analysis shows that the total magnetic moment of the clusters is mainly localized on the Fe atom. The χ3-borophene substrate provides a small contribution to the magnetic moments, as shown in Figure 1C. This can be ascribed to the internal charge transfer from the Fe to the B atoms. Due to the electron deficiency of χ3-borophene, the Fe atom is positively charged, donating about 1.34 e to the substrate. According to literatures (Lu et al., 2009), charge transfers not only contribute to the stability of the system, but also provide activity for subsequent catalytic reactions.
The stability of Fe@χ3-borophene under room temperature is confirmed by ab-initio molecular dynamics calculation (Figure 1D). Within the employed simulation time of 10 ps at 300 K, no structural change is detected, while the instantaneous values of the potential energy fluctuate slightly due to thermal fluctuations. Thus, the lowest energy structure of Fe@χ3-borophene is expected to be stable at room temperature.
Adsorption properties of CO, O2 and CO2 on Fe@χ3-borophene
In order to understand the specific reaction path of COOR on the surface of Fe@χ3-borophene, it is important to further study the adsorption and co-adsorption properties of various gas molecules including CO, O2 and CO2 involved in COOR on Fe@χ3-borophene. The most stable adsorption configurations of various gas molecules absorbed on Fe@χ3-borophene are shown in Figure 2 and Supplementary Figure S4. Their adsorption energies, charge transfers and magnetic moments are listed in Table 1.
[image: Figure 2]FIGURE 2 | (A,C) are top and side views of the most stable configurations of CO/O2 adsorbed on Fe@χ3-borophene, respectively. (B,D) are the spin polarized partial density of states for the CO/O2 and Fe after adsorbed on Fe@χ3-borophene. The vertical dashed line at 0 eV is the Fermi level and the red dashed line is the PDOS for CO and O2 in the gas phase.
TABLE 1 | The related parameters of gas molecules absorbed on Fe@χ3-borophene: adsorption energy (Eads), charge transfer between the Fe atom and the χ3-borophene (Δq1), charge transfer between gas molecules and Fe@χ3-borophene (Δq2), magnetic moment of the system.
[image: Table 1]The most favorable adsorption sites for CO and O2 are shown in Figures 2A,C, respectively. Both the CO and O2 molecules adsorb on top of the Fe atom as they approach the Fe@χ3-borophene. For CO, the lowest energy adsorption model is that the CO molecule is located vertically above the Fe@χ3-borophene, where Fe, C, O atoms form a line and the C atom is bonded with the Fe atom. The bond length of CO* (1.167 Å) is slightly larger than that of gaseous CO (1.129 Å) and the distance between Fe and C is 1.766 Å (”*” represents the adsorption state). The most stable adsorption position for O2* is the horizontal configuration, where two O atoms are adsorbed on the Fe@χ3-borophene and form an inverted triangle with the Fe atom. The bond length of O2* increases significantly from 1.208 Å to 1.381 Å compared to the gas phase and the bond length of O and Fe is 1.847 Å. The lowest energy adsorption positions for other gas molecules or combinations of gas molecules including 2CO, CO + O2, CO3, CO2 and 2CO2 are drawn in Supplementary Figure S4.
The PDOS for CO-Fe@χ3-borophene is shown in Figure 2B. After the CO molecule is absorbed, the 3d spin-up and spin-down lines of Fe atom in the graph are almost identical in shape. A CO molecule adsorbed on the Fe@χ3-borophene is found to exhibit no magnetic moment, which means the magnetic moment of 3.0 [image: image] in the substrate is completely quenched. The 5σ orbital has similar energy levels to 1π orbital for the adsorbed CO molecule. The 2π* orbitals of CO are filled and have an obvious hybrid effect with the 3d orbitals of Fe atom, leading to a reduction in the energy of the system (Jiang et al., 2018; Jiang et al., 2020; Jiang et al., 2021). For O2-Fe@χ3-borophene, the empty 2π* anti-bond orbital is occupied, which results in a longer bond length of O-O bond as Figure 2D shows. Due to the presence of the anti-bond orbital, O2 is activated and the energy required to open the O-O bond is thus reduced, which is helpful to the subsequent catalytic reaction. The PDOS also demonstrates that the 2π* orbital of O2 has a strong hybridization with the 3d-orbital of Fe, thus making the system more stable.
The value of the adsorption energy of the individual CO and O2 molecules on Fe@χ3-borophene are -2.44 eV and -2.21 eV, respectively. These large absolute values of the adsorption energy suggest that there are strong interactions between CO/O2 and Fe@χ3-borophene. The strong interaction between the gas molecules and borophene substrate is a prerequisite for the subsequent catalytic reaction of COOR. It should be noted that the difference between the adsorption energies of CO and O2 molecules is only 0.23 eV. As a result, either CO or O2 molecules can be absorbed firstly on the substrate. If a single CO is absorbed at the first time, the adsorption state of 2CO* will be formed when another CO approaches, as shown in Supplementary Figure S4A, where 2 C atoms are simultaneously bonded to Fe with the adsorption energy of -4.29 eV. We also simulate the structure of the classical co-adsorbed state of CO + O2* when a CO molecule is first absorbed and then an O2 molecule approaches (Supplementary Figure S4B). In this case, a Fe atom is bonded with two O atoms and a C atom at the same time with the adsorption energy of -3.15 eV. Since the adsorption energy of the CO + O2* is 1.14 eV smaller than the case of 2CO*, the CO + O2* is more difficult to occur. Another possible adsorption pathway is that a single O2 is first adsorbed on the substrate. In this case, an intermediate state of CO3* will easily form when CO approaches the system with a large adsorption energy of -5.24 eV, which is 2.09 eV more negative than the case of CO + O2*, so that the CO + O2* is unlikely to form in this case either. Furthermore, the adsorption energies of one or two CO2 molecules are -0.33 eV and -0.59 eV respectively, which is quite small compared to that of the other gas molecules. Only -0.02 e and 0.02 e are transferred between CO2 and the substrate, indicating that CO2 is physically adsorbed on the substrate by van der Waals interactions, and can be separated from the substrate very easily.
Reaction mechanism of CO oxidation on Fe@χ3-borophene
According to the adsorption energy calculations of different gas molecules, the possible paths for COOR on the Fe@χ3-borophene are summed up as follows.
E-R:
[image: image]
[image: image]
TER:
[image: image]
[image: image]
where “*” represents the adsorption state.
1) E-R reaction
The E-R reaction path is shown in Figure 3. We place the CO molecule above the O2-Fe@χ3-borophene as the initial state (IS), representing the CO in the gas phase. In the first step of the reaction path, CO molecule combines with O2* to form an intermediate state (MS) CO3*. The energy barrier for this step is only 0.13 eV, and this reaction releases a large amount of heat (3.76 eV). In the conventional E-R reaction, the next step is the decomposition of CO3* into O* and CO2 (see Figure 3A). We simulate this reaction and find that the reaction barrier for CO3* to form CO2 by breaking the C-O bond directly requires 1.02 eV, which indicates that this step is unlikely to occur. However, there is another possible path for CO3* to decompose with lower energy barrier. Chen’s team found that the direct separation of CO3* requires 1.34 eV, while the path to form 2CO2 via another CO only needs to cross an energy barrier of 0.15 eV (Chen et al., 2020) when they studied the COOR on the 3Si-graphene-Ni. According to Chen’s result, here we also investigated the reaction path of forming 2CO2 by adding a second CO molecule in our system and the reaction pathway is shown in Figure 3B, where the reaction barrier is found to be reduced. In this reaction path way, the gas phase CO suspended around the CO3* is used as the IS. When the second CO molecule approaches, one of the C-O bonds in CO3* breaks. As a result, a CO2 is subsequently detached and the remaining single O atom combines with the CO molecule to form the final state (FS) 2CO2*. This reaction requires climbing an energy barrier of 0.49 eV and gives off 0.82 eV of heat as shown in Figure 3B, which is nearly half of the energy barrier of 1.02 eV for direct decomposition, indicating that the presence of gas-phase CO does effectively facilitate the dissociation of CO3*.
2) TER reaction
[image: Figure 3]FIGURE 3 | Energy distribution diagram under the E-R path and its corresponding structure diagram, the rate-determining step is IS2-FS2, turning over an energy barrier of 0.49 eV.
From the adsorption energies discussed above, it is apparent that two CO molecules are more likely to be adsorbed on Fe@χ3-borophene due to its ∼1.14 eV greater adsorption energy than that of the CO + O2*. Figure 4 shows that the TER reaction path, which starts from the IS of the reaction with the gas-phase O2 physiosorbed on 2CO-Fe@χ3-borophene. The two co-adsorbed CO effectively activate the gas-phase O2 to cross an energy barrier of about 0.57 eV. The product is an OCO-Fe-OCO* intermediate state releasing an energy of 0.49 eV. This OCO-Fe-OCO* intermediate state has a pentagonal structure, which is similar to the OCO-Pt-OCO* intermediate state reported by the Zhang team in the TER path on Pt/NG (Zhang et al., 2015). During the reaction, it is found that two oxygen atoms in O2 will approach the 2 C atoms of the CO molecules progressively and eventually form bonds to the C atom with a bond length of 1.406 Å.
[image: Figure 4]FIGURE 4 | Energy distribution diagram under TER path and its corresponding structure diagram, the rate-determining step is IS-MS2 turning over an energy barrier of about 0.57 eV.
The second step of the reaction path is that the intermediate state of OCO-Fe-OCO* proceeds to the final state of 2CO2*. It can be seen from Figure 4 that the MS needs to cross an energy barrier of about 0.52 eV to form two CO2, which is almost the same as the energy barrier of 0.57 eV required from IS to MS. The breaking of the O-O bond and C-Fe bond releases about 3.12 eV of heat. The O-O bond grows from 1.352 Å to 2.036 Å, and finally breaks completely, while the C-Fe bond grows from 1.973 Å to 2.314 Å, and finally breaks completely. The final product 2CO2 is physically adsorbed on the system and can be easily dissociated to allow the cycle to continue.
3) Discussion of catalytic results and electronic properties
Here we summarize the rate-determining steps (RDS) of both reactions described above. The important parameters of each reaction are listed in Table 2. In the E-R reaction, the RDS is2-FS2, climbing an energy barrier of about 0.49 eV, which is less than the energy barrier needed for the E-R reaction on Fe-SV-graphene (Li et al., 2010; Xu et al., 2020b). The RDS in the TER reaction is IS-MS, requiring an energy barrier of about 0.57 eV.
TABLE 2 | The relevant parameters of each basic reaction path: the energy released by the reaction (Ereaction), the energy barrier required for the reaction (Ebarrier), the charge transfer between reactants and substrates (Δq1), the charge obtained by χ3-borophene (Δq2), the charge loss of Fe atom (Δq3), the magnetic moment of the system (Moment), the distance between Fe atom and the χ3-borophene surface (dFe-bor).
[image: Table 2]We analyze the electronic structural property of the system to provide deeper understanding for the reaction. As can be seen from the charge transfer between reactants and substrates (Δq1) in Table 2, the adsorbate will gain the largest number of electrons from the fe@χ3-borophene when O2 needs to be activated in both E-R and TER processes, with 0.97 e and 0.74 e obtained for the MS state in the E-R and TER reactions, respectively. Most of the obtained electrons will occupy the 2π* anti-bonding orbital of O2, leading to a longer bond length of O2, which makes subsequent catalytic reactions easier. In addition, it can be found from Δq2 which denotes the charge obtained by the χ3-borophene that it always gets electrons during the whole reaction process, and the number of electrons gained decreases significantly when the reaction requires a large number of electrons to activate O2, with 0.34 e and 0.29 e obtained for the MS state in the E-R and TER reactions, respectively. It is not difficult to find that χ3-borophene plays an important role in both donating and obtaining electrons in the whole reaction. Finally, it can be observed by the charge loss of Fe atom (Δq3) that the charge transfer of Fe atom is not very large in the E-R reaction. One possible reason is that Fe plays the role of a transport medium during the charge transfer process. Due to the strong electron deficiency of χ3-borophene, when a single Fe atom is adsorbed on the surface of χ3-borophene, the Fe atom will lose 1.34 e, and these electrons will be temporarily stored in the χ3-borophene. When O2 requires electrons to be activated in the subsequent catalytic process, charge transfer occurs from χ3-borophene to O2, so as to provide electrons to active the catalytic reaction. Therefore, not only does the Fe atom that directly interacts with the gas molecules play an important role in catalysis, but also the χ3-borophene as the substrate is the key to the catalytic reaction.
It is widely known that the analysis of the electronic state of the reaction path is of great significance for understanding the COOR process. It can be seen from Table 2 that no matter whether it is the E-R reaction or the TER reaction, the magnetic moments of the system undergo a process from presence to disappearance, and finally regain. O2 in the gas phase has a triplet state, resulting in a total magnetic moment of 2.0 [image: image] when O2 is initially adsorbed. As the reaction processes, charge transfer occurs between the adsorbate, Fe atom and the χ3-borophene, to promote the annihilation of the magnetic moment. Finally, the formation of CO2 brings the overall magnetic moment back to the original 3.0 [image: image] of Fe@χ3-borophene.
During the COOR catalytic reaction, the distance between the Fe atom and the χ3-borophene surface is slightly changed. The initial distance is 1.381 Å after the geometry optimization. In the catalytic reaction, the distance of the Fe atom from the χ3-borophene surface varies as shown in Table 2. The distances show a pattern of first getting smaller and then larger.
The influence of temperature
In order to get a more realistic picture of the catalytic reaction, it is important to consider the effect of temperature. According to Peng team’s research, χ3-borophene remains thermodynamically stable at 1000 K (Peng et al., 2017), thus we plot the change of adsorption energy, reaction energy, and energy barrier for the whole system at 0–1000 K as shown in Figure 5. As can be seen from Figure 5A, when the temperature ranges from 0 to 300 K, the value of adsorption energy is almost the same compared to the adsorption energy at 0 K. When the temperature is greater than 300 K, the absolute value of the adsorption energy increases, but the order of the adsorption energy values does not change. The absolute value of the adsorption energy of O2+CO* is still about 1 eV lower than 2CO*, so the L-H reaction will not occur, indicating that the reaction path we obtained at 0 K is unchanged. The changes in the Gibbs free energy of the E-R and TER reactions are all negative, so all steps are exothermic as depicted in Figure 5B. Finally in Figure 5C we find that as the temperature reaches 200 K, the reaction energy barrier of IS1→TS1 in the E-R reaction becomes negative. It indicates that CO3* is more likely to form spontaneously under the influence of temperature. The energy barrier of MS→TS2 is always greater than IS2→TS3 in the E-R reaction, so the E-R reaction still requires a second external CO to participate in the presence of temperature. The energy barrier of IS→TS1 in the TER reaction increases slightly with temperature, but the value of the energy barrier is not large, and the reaction can still proceed. Overall, the RDS of each reaction step does not change with the presence of temperature and most of the reaction energy barriers decrease significantly with the increasing temperature.
[image: Figure 5]FIGURE 5 | The change in Gibbs free energy of each reaction path at 0–1000 K. (A) The gas molecules adsorption energy. (B) The energy released by the reaction. (C) The energy barrier required for the reaction.
Reaction rate
Table 3 shows the specific time required for each step of the reaction process obtained by the Arrhenius law. In the E-R reaction, it can be seen that the time required for IS1-MS is very short at any temperature, which is consistent with the low energy barrier. In addition, the time required for IS2-FS2 is much less than that for MS-FS1, which means that the direct dissociation of CO3* is very difficult and the second CO is always required in the actual reaction. In the TER reaction, when the temperature is 200 K, the time taken by IS-MS is about 3.11 × 102 s, thus the reaction is not easy to occur. However, the entire TER reaction can proceed normally at higher temperature. In summary, the reaction rate of the E-R reaction is fast at any temperature, while the TER reaction is more suitable when temperature is above 200 K.
TABLE 3 | Time required for each step of the reaction path in E-R and TER reaction at 200 K, 298.15 K, 400 K, 500 K.
[image: Table 3]CONCLUSION
The DFT calculations have been performed to investigate the mechanism of CO oxidation on Fe@χ3-borophene. In this work we have ensured the stability of the system with formation energy calculation, diffusion path calculation and Ab-Initio molecular dynamics simulation. Two possible reaction paths have been identified by absorption energy comparisons and their energy barriers have been calculated. The results show that the COOR on the Fe@χ3-borophene substrate has good catalytic performance. Further electronic structure analysis indicates that charge transfers between χ3-borophene and CO, O2 and CO2 molecules are the major cause of both the low energy barrier and magnetic moment difference. First-principles study of Fe@χ3-borophene as a catalyst for COOR provides new possibilities and ideas for the COOR, and proposes new opportunities for the application of borophene in the field of heterogeneous catalysis.
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The construction of van der Waals heterostructures offers effective boosting of the photocatalytic performance of two-dimensional materials. In this study, which uses the first-principles method, the electronic and absorptive properties of an emerging ZnO/C2N heterostructure are systematically explored to determine the structure’s photocatalytic potential. The results demonstrate that ZnO and C2N form a type-II band alignment heterostructure with a reduced band gap, and hence superior absorption in the visible region. Furthermore, the band edge positions of a ZnO/C2N heterostructure meet the requirements for spontaneous water splitting. The ZnO/C2N heterostructure is known to possess considerably improved carrier mobility, which is advantageous in the separation and migration of carriers. The Gibbs free energy calculation confirms the high catalytic activity of the ZnO/C2N heterostructure for water-splitting reactions. All the aforementioned properties, including band gap, band edge positions, and optical absorption, can be directly tuned using biaxial lateral strain. A suitable band gap, decent band edge positions, high catalytic activity, and superior carrier mobility thus identify a ZnO/C2N heterostructure as a prominent potential photocatalyst for water splitting.
Keywords: ZnO/C2N heterostructure, first-principles method, type-II band alignment, water splitting, carrier mobility, strain
INTRODUCTION
The splitting of water into hydrogen (H2) and oxygen (O2) under the action of a photocatalyst has attracted extensive interest for its potential in tackling crises of energy and environmental pollution. Apart from the two basic requirements for band gap and band-edge positions, (Fujishima and Honda, 1972), excellent light absorption, low carrier recombination, and considerable carrier mobility are also necessary for a superior photocatalyst (Li et al., 2016). Extensive experimental and theoretical studies have been conducted to explore efficient novel photocatalysts.
In recent years, emerging two-dimensional (2D) materials have opened up a colorful stage for the design of new photocatalysts (Fan et al., 2021; Ren et al., 2022a; Qin et al., 2022). Notably, the naturally high surface area of 2D materials can provide more active sites for catalytic reactions (Ganguly et al., 2019). Furthermore, 2D materials shorten the migration distance of photogenerated carriers, thereby reducing the recombination of an electron–hole pair (Fan et al., 2021). A large number of 2D materials have been developed for photocatalysis, such as transition-metal dichalcogenide (Voiry et al., 2016), MXene (Cheng et al., 2019), carbonitrides (Wang et al., 2009), and others (Roger et al., 2017). In 2015, Mohammed et al. synthesized a new 2D multifunctional material C2N with a band gap of 1.96eV (Mahmood et al., 2015). The C2N monolayer possesses phonon modes close to those of graphenes (Sahin, 2015), indicating its fine thermal stability. Many facts confirm the highly tunable photocatalytic ability of monolayered C2N for water splitting (Xu et al., 2015; Ashwin Kishore and Ravindran, 2017). However, the rapid recombination of photogenerated carriers is still a serious issue for the use of the C2N monolayer in water splitting (Xu et al., 2015).
Some engineering processes have been proposed to improve the photocatalytic performance of monolayer C2N for water splitting, including doping (Du et al., 2016), defects (Zhang et al., 2018), atomic adsorption (Kishore et al., 2019; Zhang et al., 2022), and strain (Guan et al., 2015). More recently, nascent van der Waals (vdW) heterostructures (Ye et al., 2019; Zhao et al., 2021; Wang et al., 2022) have also been widely considered as a means of promoting the photocatalytic water-splitting performance of the C2N monolayer. The vdW heterostructure, composed of different 2D components, can maintain the excellent properties of those components, while some novel properties may be generated due to the interlayer coupling effects (Novoselov et al., 2016). Notably, the electron–hole pair, separated on the constituent monolayers, can substantially reduce the recombination rate of carriers, which is indeed favorable for photocatalytic water splitting (Deng et al., 2016; Novoselov et al., 2016). Kumar found that the carrier mobilities of the C2N/WS2 heterostructure with photocatalytic potential are efficiently enhanced (Kumar et al., 2018). Theoretical studies reveal that the C2N/GaTe, C2N/InTe, and C2N/InSe heterostructures are all suitable for photocatalysis, while their photocatalytic properties are sensitive to strain (Wang et al., 2019; Wang X. et al., 2020). The vdW heterostructures, such as the C2N/Janus monochalcogenides (Ma et al., 2021), CdS/C2N (Luo et al., 2017), and h-BN/C2N (Wang G. et al., 2020), are also predicted to have excellent photocatalytic performance. Recently, the novel ZnO/C2N heterostructure with a direct band gap of 2.0 eV has been reported, and its optoelectronic properties can be tuned with vertical strain and an external electric field (Song et al., 2021). Monolayered ZnO with its graphene-like structure is a 2D photocatalytic material with high carrier mobility. However, its large band gap (∼3.3 eV) (Ren et al., 2020) leads to poor absorption, limiting its photocatalytic application. Perhaps the ZnO/C2N heterostructure formed by two photocatalysts has more prominent carrier mobility and photocatalytic performance, but this remains unknown thus far.
In this work, theoretical work is conducted to comprehensively explore the electronic structure, carrier mobility, hydrogen evolution reaction (HER), and absorption properties of the ZnO/C2N heterostructure, as well as the effect of lateral strain on these properties. All the results confirm the substantial application potential of a ZnO/C2N heterostructure in photocatalysis for water splitting.
COMPUTATIONAL METHODS
All calculations are implemented with the Vienna Ab-initio Simulation Package (VASP), based on the projected augmented wave method (PAW) (Kresse and Furthmüller, 1996a; Kresse and Furthmüller, 1996b). The generalized gradient approximation within the Perdew–Burke–Ernzerhof scheme (GGA-PBE) is used to describe the exchange-correlation functional (Perdew et al., 1996), while the DFT-D3 correction method (Grimme et al., 2010) is utilized to describe the vdW interaction between the two monolayers. The Heyd–Scuseria–Ernzerh hybrid functional (HSE06) (Heyd et al., 2003) is also adopted to determine the band gap of the ZnO/C2N heterostructure and its pristine components. The lattice constants and atomic positions of pristine ZnO and C2N monolayers are fully relaxed using the 6 × 6 × 1 and 15 × 15 × 1 G-centered Monkhorst–Pack (Monkhorst and Pack, 1976) k-mesh scheme to simplify the Brillouin zone, while a 3 × 3 × 1 k-mesh sampling is chosen for the ZnO/C2N heterostructure. All ion relaxation processes interrupt the process until the force per atom is less than 0.01 eV/Å and the energy convergence criterion of 10–5 eV is set. The plane wave cutoff of 450 eV is used throughout this work, and a 20 Å vacuum toward the z-direction is applied to shield interaction between neighboring layers. VASPKIT and VESTA are used for visualization (Momma and Izumi, 2011; Wang et al., 2021).
RESULTS AND DISCUSSIONS
The geometric structures of ZnO and C2N monolayers are shown in Supplementary Figures S1A–C. Their lattice parameters are found to be 3.29 Å and 8.32 Å, respectively, which is consistent with previous reports (Mahmood et al., 2015; Lee et al., 2016). Both monolayers are direct band gap semiconductors, as the band structures are presented in Supplementary Figures S1B–D. The band gap values of ZnO and C2N determined by HSE06 are 3.28 eV and 2.47 eV, which are close to the reported results (Mahmood et al., 2015; Lee et al., 2016).
In order to minimize the strain effect, a 5 × 5 ZnO supercell and a 2 × 2 C2N supercell are used to make up the ZnO/C2N heterostructure. The ZnO/C2N heterostructure is constructed by fixing the C2N layer and shifting the ZnO layer to a high symmetry location. According to the location of the ZnO layer in the lattice, three kinds of stacking configurations (SCs) for the ZnO/C2N heterostructure are formed, as shown in Figure 1. In the interests of thermodynamic stability and for determining the most stable SC of the ZnO/C2N heterostructure, the binding energy Eb and the formation energy Ef are calculated using the Supplementary Equations S1, S2. According to the results in Supplementary Table S1, Ef and Eb are close to those of typical vdW heterostructures (Guo et al., 2017; Fan et al., 2019; Bafekry et al., 2020; Guo et al., 2020). The negative values confirm that all ZnO/C2N heterostructures can be prepared experimentally, as their stabilities are slightly different. The ZnO/C2N heterostructure in SC-Ⅲ, with an interlayer distance d of 3.14 Å, is provided with the most beneficial stability. Therefore, the ZnO/C2N heterostructure in SC-Ⅲ is the focus of the following research. Moreover, the ab initio molecular dynamic (AIMD) simulation is performed at 300 K to check the thermodynamic stability of the ZnO/C2N heterostructure. As the snapshot for the last frame shows in Supplementary Figure S3A, the ZnO/C2N heterostructure maintains good structural integrity within 6 ps, demonstrating its stability at room temperature. The time-dependent evolution of total potential energies, exhibited in Supplementary Figure S3B, also proves its thermal stability.
[image: Figure 1]FIGURE 1 | Optimized geometric structures of the (A) SC‐I, (B) SC‐II, (C) SC‐III ZnO/C2N heterostructure.
The band structures of the ZnO/C2N heterostructure within the three SCs are calculated, together with the projected density of states (PDOS). As shown in Figure 2A, the ZnO/C2N heterostructure is a direct band gap semiconductor, as both the VBM and CBM emerge at the G-point. Results of band structures also indicate that the SC has a negligible impact on electronic property. ZnO/C2N heterostructures in three SCs possess the same band gap of 0.77 eV and 1.99 eV, based on the PBE functional and the HSE06 functional, respectively. The band gaps are smaller than those of pristine monolayers, meaning that forming a heterostructure can evidently reduce the band gap and widen the range of absorption. Moreover, both the Figures 2A,B demonstrate that a type‐II heterostructure is formed when ZnO comes into contact with C2N.
[image: Figure 2]FIGURE 2 | (A) Projected band structure and (B) PDOS of the ZnO/C2N heterostructure.
Figure 3 shows the electron transfer between two component layers. Work function (Wf) is a serious parameter defining the ability of a catalyst surface to attract electrons (Vayenas et al., 1990). The values of Wf for ZnO and C2N are calculated as 4.82 eV and 5.78 eV, portending that electron flow from the ZnO layer to the C2N layer at the interface. Electron migration from ZnO to C2N is also observed from the planar-averaged charge density difference Δρ in Figure 3B, which ceases until the Fermi level is aligned, producing the positively charged ZnO layer and the negatively charged C2N layer. The visual charge density difference is also exhibited in Figure 3B, in which the yellow and cyan marked areas represent electron accumulation and electron depletion, respectively. Therefore, a potential drop of 8.32 eV is formed in Figure 3A. Finally, a built-in electric field, pointing from ZnO to C2N, is generated at the interface. The Bader charge calculation (Tang et al., 2009) also demonstrates the result of 0.203 electrons transferred from ZnO to C2N. It is worth noting that the prominent potential drop in the ZnO/C2N heterostructure can also offer a critical promotion for the separation of the photogenerated electron and hole, thereby reducing the recombination of carriers.
[image: Figure 3]FIGURE 3 | (A) Electrostatic potential, (B) planar-average and visual charge density difference Δρ, and (C) band alignment for the ZnO/C2N heterostructure.
Suitable band edge positions (EVBM and ECBM) and decent band alignment are crucial for photocatalysis (Zheng et al., 2018; Tang et al., 2020). The method proposed by Toroker et al. (2011) has been employed to evaluate the EVBM and ECBM of the ZnO/C2N heterostructure so as to explore its potential as a photocatalyst. It is obvious from Figure 3C that both the EVBM and ECBM of the two monolayers (Wang et al., 2018; Zhang X. et al., 2019) and the ZnO/C2N heterostructure, meet the redox potential requirements for a photocatalyst in an acidic environment (pH = 0). The ZnO/C2N heterostructure still has the talent of photocatalysis for water splitting in a neutral environment with pH = 7. Furthermore, a higher CBM and VBM of ZnO than those of C2N can be observed. It is thus suggested that hydrogen evolution reaction (HER) occurs on the C2N layer, while an oxygen evolution reaction (OER) happens on the ZnO layer. We then expand the type-Ⅱ mechanism in the ZnO/C2N heterostructure to boost HER and OER for water splitting. The conduction band offset (CBO) and valence band offset (VBO) are calculated as 0.98 eV and 0.69 eV, respectively. When the heterostructure is irradiated, the CBO promotes the transfer of photogenerated electrons in the CB of the ZnO layer to the CB of the C2N layer. The photogenerated holes in the C2N layer are driven by the VBO to the VB of the ZnO layer. Finally, the photogenerated electrons and holes remain in the C2N and ZnO monolayers, respectively, bringing about carrier separation spatially. Naturally, the type-II band alignment of the ZnO/C2N heterostructure is instrumental in overcoming the recombination of carriers to achieve better photocatalytic performance.
High carrier mobility μ is essential for superior photocatalysts (Guo et al., 2020; Ren et al., 2022b). The carrier mobility μ, defined as
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has been evaluated based on the deformation potential theory (Bardeen and Shockley, 1950) for both the ZnO/C2N heterostructure and the two monolayers. The methods and details are mentioned in Supplementary Section S1. As for the results of the ZnO monolayer listed in Table 1, the electron mobilities in the x- and y-directions are superior to those of the hole, conforming to previous theoretical (Ren et al., 2020) and experimental (Gonzalez-Valls and Lira-Cantu, 2009; Anta et al., 2012) results. It can be observed from Table 1 that the excellent electron mobilities of the C2N monolayer are 4265 and 1944 cm2/V/s in the x- and y-directions, mainly due to the small carrier effective mass (m*) and deformation potential constant (E1). However, the hole m* of the C2N monolayer is several times that of the electron, resulting in low hole mobility (Kumar et al., 2018; Zhang X. et al., 2019).
TABLE 1 | Carrier mobilities of the ZnO/C2N heterostructure and two monolayers.
[image: Table 1]The hole m*s of the ZnO/C2N heterostructure in the x- and y-directions are close to those of the ZnO monolayer, while the values of E1 in the aforementioned directions are comparable to those of the C2N monolayer. The in-plane stiffness (C2D) of the ZnO/C2N heterostructure increases and is about equal to the sum of two component layers. Consequently, the hole mobilities of the heterostructure in the x- and y-directions are 529.9 and 395.9 cm2/V/s, respectively, where pronounced improvements are due to the abovementioned changes of m*, E1, and C2D. It can be deduced that higher carrier mobility will induce enhanced carrier separation and migration in the ZnO/C2N heterostructure, which should illuminate its photocatalytic prospects for application in water splitting.
In order to explore the kinetic behavior of water splitting, the Gibbs free energy difference ΔG of HER and OER on the ZnO/C2N heterostructure is calculated using the method developed by Nørskov et al. (2005). The calculation details and favor absorption sites are present in the Supplementary Material. The HER is divided into the following two reactions:
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H∗ is the only intermediate of HER, and it is obvious in Figure 4A that ΔG is a function of H coverage θ. When the θ equals 2/6, ΔG can be as low as 0.14 eV, which is comparable to the value of the C2N/WS2 heterostructure (Kumar et al., 2018). Therefore, the ZnO/C2N heterostructure can be used as a potential photocatalyst for HER due to the small value of ΔG (Hinnemann et al., 2005).
[image: Figure 4]FIGURE 4 | Free energy differences of (A) HER and (B) OER steps.
The OER involves the following four steps:
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Figure 4B shows the first step, with an overpotential of 2.19 V, is the limiting step when no external potential is applied. Under the action of 1.23 V external potential, the overpotential reduces to 0.96 V. As the value of the extra potential increases to 2.19 V, all the OER steps are downhill, suggesting that these reaction steps are exothermic.
The performance of absorption is an important function of a photocatalyst, as it is the first step in water splitting to produce electron–hole pairs. Superior absorption with a wide range and a high coefficient is essential for a photocatalyst’s effective solar energy utilization. The optical coefficients α(ω) of the ZnO/C2N heterostructure and two components are calculated with the following equation (Gajdoš et al., 2006):
[image: image]
In this equation, ω1 and ω2 represent the real and imaginary parts of the dielectric function, respectively. The result, displayed in Figure 5, demonstrates the advantage of the heterostructure in absorption over ZnO and C2N. The heterostructure not only possesses a higher absorption coefficient (∼105cm−1) than ZnO and C2N but also has a wider absorption range from visible to ultraviolet light. The improvement in absorption performance can be attributed to its reduced band gap and significantly improved carrier mobility. The excellent absorption ability can generate more electron–hole pairs in the first step of water splitting, which is beneficial for the ZnO/C2N heterostructure in realizing its efficient photocatalytic performance.
[image: Figure 5]FIGURE 5 | Absorption spectrum of the ZnO/C2N heterostructure compared with ZnO and C2N.
The lateral strain is a common effect in heterostructures, as well as being a proven effective means of improving the photocatalytic performance of 2D material (Feng et al., 2012; Zhang J.-R. et al., 2019). We thus undertook a full investigation of the electronic and optical properties of the ZnO/C2N heterostructure with biaxial lateral strain to explore the regulatory effect of strain on photocatalytic performance. Strain ranging from −6% to +6% was applied to the ZnO/C2N heterostructure, and the band structures calculated with the HSE06 functional in Figure 6 clearly announce the structure’s identity as a direct band gap semiconductor.
[image: Figure 6]FIGURE 6 | Calculated band structures of strained ZnO/C2N heterostructures.
Meanwhile, it can be seen from the PDOS exhibited in Supplementary Figure S13 that the strained heterostructures also belong to type-Ⅱ heterostructures, as both the VBM and CBM of the ZnO are higher than those of C2N. Moreover, it is clear in Figure 7A that compressive strain reduces the band gap, while tensile strain increases the gap. When the lattice is compressed by 6%, the band gap decreases to 1.72 eV, while the gap value increases to 2.31 eV when the heterostructure it is expanded by 6%. Within the strain range of −2% to +6%, we can also see that the band edge positions of the heterostructure still meet the requirements of photocatalysis for water splitting at the condition of pH = 0. It is very important for heterostructures to maintain their photocatalytic ability across a wide pH range (Ren et al., 2019). The band alignment shown in Supplementary Figure S15 indicates that the strained heterostructures still possess potential application for water splitting across a wide pH range. Figure 7B shows the effect of the strain on the absorption performance of the ZnO/C2N heterostructure. Compared with the freestanding ZnO/C2N heterostructure, the compressed heterostructures have higher absorption intensity and a wider absorption range, while the lattice expansion leads to improvement in the absorption performance of the heterostructures in the ultraviolet range. The significant modification of absorption is mainly a benefit of the regulation of the band gap. All the results directly confirm that the ZnO/C2N heterostructure is a promising candidate for use in the field of water splitting.
[image: Figure 7]FIGURE 7 | (A) Band alignment and (B) absorption spectrum of ZnO/C2N heterostructure under different strain conditions.
CONCLUSION
In this study, the electronic and absorption properties of the ZnO/C2N heterostructure are explored to reveal its potential for water splitting. The stabilized heterostructure is given a reduced band gap of 1.99 eV, while its band edge positions also meet the water-splitting requirements. The band alignment of the heterostructure belongs to type-II, which leads to the generation of a built-in electrical field between the two layers that promote carrier separation and migration. The more significant change is that the carrier mobility of the ZnO/C2N heterostructure is several times improved. The results of the Gibbs free energy calculation clearly indicate the promising catalytic ability of the ZnO/C2N heterostructure. As for the optical absorption performance, the reduced band gap and excellent carrier mobility endow the ZnO/C2N heterostructure with considerable absorption intensity and a wider absorption range. Moreover, the electronic and absorption properties of the ZnO/C2N heterostructure can be substantially tuned with biaxial lateral strain. All the results confirm that the ZnO/C2N heterostructure has potential use as a superior photocatalyst for water splitting.
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The semiconductors, such as TiO2, CdS, ZnO, BiVO4, graphene, produce good applications in photocatalytic water splitting for hydrogen production, and great progress have been made in the synthesis and modification of the materials. As a two-dimensional layered structure material, graphitic carbon nitride (g-C3N4), with the unique properties of high thermostability and chemical inertness, excellent semiconductive ability, affords good potential in photocatalytic hydrogen evolution. However, the related low efficiency of g-C3N4 with fast recombination rate of photogenerated charge carriers, limited visible-light absorption, and low surface area of prepared bulk g-C3N4, has called out the challenge issues to synthesize and modify novel g-C3N4-block photocatalyst. In this review, we have summarized several strategies to improve the photocatalytic performance of pristine g-C3N4 such as pH, morphology control, doping with metal or non-metal elements, metal deposition, constructing a heterojunction or homojunction, dye-sensitization, and so forth. The performances for photocatalytic hydrogen evolution and possible development of g-C3N4 materials are shared with the researchers interested in the relevant fields hereinto.
Keywords: g-C3N4, photocatalysis, hydrogen evolution, energy materials, semiconductor
1 INTRODUCTION
With the development and progress of human society, environmental pollution and energy shortage have become two major problems that plague human beings. Hydrogen is considered as one of the best candidates for storing solar energy meeting the growing clean energy demand (Chen et al., 2016; Shen et al., 2016; Wang et al., 2016; Wu et al., 2017; Wang et al., 2018; Liu et al., 2019). Since Fujishima and Honda discovered the hydrogen evolution reaction activates by TiO2 under irradiation in 1972, photocatalytic water splitting is one of the promising means for hydrogen production (Fujishima and Honda., 1972). Without relying on fossil reserves, the photocatalytic hydrogen evolution from water with highly efficient utilization of solar irradiation is a desirable exploration for the solution of the energy issues (Maeda et al., 2006; Qi et al., 2022). Although great process in photocatalysts of water splitting have been made for H2 evolution under visible light, there are still challenging and concerns with semiconductors to promise hydrogen energy development methods (Zhong et al., 2015; Wang et al., 2016; Zhang et al., 2018; Qi et al., 2020).
Graphitic carbon nitride (g-C3N4) is considered as an ideal 2D material with the conjugated skeleton for photocatalytic water splitting with the activity of photoelectronic chemistry and high stability in the photochemical reaction (Ong et al., 2016). Compounds in rich carbon and nitrogen elements such as melamine, urea, cyanamide, dicyandiamide, cyanuric acid, etc. are usually subjected as the precursors. Graphitic carbon nitride materials were synthesized by methods including electro-chemical deposition, thermal shrinkage polymerization, solid phase synthesis, gas phase synthesis, solvothermal synthesis and electrochemical deposition (Thomas et al., 2008). Under light irradiation, electron-hole pairs were generated on the surface of g-C3N4 photocatalyst to provide the reaction sites. The water molecules adsorbed on the surface of g-C3N4 undergo the photocatalytic reduction for H2 evolution and oxidation for O2 release, respectively, with the efficacious charge carriers by the reactions (1–3):
Oxidation:
[image: image]
Reduction:
[image: image]
Overall reaction:
[image: image]
The first case of g-C3N4 as a polymeric photocatalyst for water splitting to produce H2 under visible-light irradiation was reported by Wang et al. (Wang et al., 2009) Figure 1 schematically described the photogeneration of H2 and O2 in water splitting reaction with the pristine g-C3N4. The obtained bulk form of g-C3N4 exhibited some drawbacks including limited visible light utilization efficiency, fast recombination rate of photogenerated electron-hole pairs, and low specific surface areas (<10 m2g−1), which still limited the photocatalytic performance of on its practical applications (Reza et al., 2015; Fu et al., 2018), and modification of g-C3N4 has been recognized to be the effective way to improve the photocatalytic performance of pristine g-C3N4.
[image: Figure 1]FIGURE 1 | Schematic of generation of H2 and O2 from water with the catalysis of pristine g-C3N4 under light irradiation.
2 MODIFICATION OF GRAPHITIC CARBON NITRIDE MATERIALS
Recently, the application of g-C3N4 with improved photocatalytic performance by developed several strategies, involving adjusting pH value, morphology control, doping by heteroatoms or metals, participation of co-catalyst, dye-sensitization, and construction of heterojunction. The hydrogen evolution performance of the modified g-C3N4-based materials are summarized in Table 1 to provide the development of the co-catalysts in the photolysis system.
TABLE 1 | Hydrogen evolution performance of the modified g-C3N4-based materials.
[image: Table 1]2.1 pH
The pH value of solution was an important factor affecting the activity of g-C3N4, that is, Zeta potential values suggested the surface charge of g-C3N4 could be changes at different pH value for the diversity of functional groups on the surface (Wang et al., 2016). Wu et al. demonstrated that the alkaline environment was beneficial to the photocatalytic hydrogen evolution efficiency of g-C3N4 material as shown in Figure 2A (Wu et al., 2014). The experimental results show that pH and methanol have certain effects on the photocurrent amplification on g-C3N4 films. In the presence of methanol, the photoelectronic efficiency was improved to provide an increased photocurrent from 0.6 to 1.2 μA cm−2, which was further enhanced to offer a 4.2 μA cm−2 current upon adding base to bring the pH to 12.8. The results implied the transfer of photogenerated holes into solution was enhanced by the addition of methanol and alkali, which could root in the additive-induced decrease of the energy gap of the flat band and band-edge of g-C3N4 as description in Figure 2B, that is, methanol oxidation occurred in alkaline solution, but restrained in acidic condition with the amine-terminated g-C3N4 surface.
[image: Figure 2]FIGURE 2 | (A) the relationship of pH values to the efficiencies of H2 evolution with g-C3N4 photolysis; (B) energy diagrams of g-C3N4 in solution at pH 5.7 and 12.8.
2.2 Morphology control
The activity of g-C3N4 for H2 production via water splitting under visible-light irradiation could be determined by morphology of the material surface (Niu et al., 2012; Zhang et al., 2012; Han et al., 2015). The targets of controllable morphologies in preparation of well-defined g-C3N4 nanostructures to get larger specific surface area and more abundant reactive sites, reduced the recombination rate of photogenerated charge carriers. There were different nanostructures of g-C3N4 have been described in pioneering reports involving zero-dimensional (Wang et al., 2014) (0D), one-dimensional (Bai et al., 2013; Zhang et al., 2013; Wang et al., 2015; Mo et al., 2018; Bashir et al., 2019; Zhang et al., 2020) (1D), two-dimensional (Li et al., 2015; Zhao et al., 2018; Qi et al., 2019; Shi et al., 2022) (2D), three-dimensional (Li et al., 2016; Di et al., 2018; Chen et al., 2019) (3D) as shown in Figure 3, which built an ideal platform for collectively advanced photoredox processes for the enormous advantages in terms of physical and chemical characterization in following details.
[image: Figure 3]FIGURE 3 | Schematic illustration of 0D, 1D, 2D and 3D g-C3N4.
The photocatalytic performance of 0D nanostructured materials are dependence on the natures including quantum size effect, small size effect, surface effect, macroscopic quantum effect and so on. Prof. Yu and co-workers prepared graphitic carbon nitride quantum dot structures directly from g-C3N4 with a thermochemical etching process, which produced unique upconversion properties and higher hydrogen production efficiency than original g-C3N4 in 2.87 times (Wang et al., 2014).
There was more explosion of active sites on the surface of 1D g-C3N4, which was reported as nanotubes (Mo et al., 2018; Guo et al., 2021), nanowires (Zhang et al., 2013; Wang et al., 2015), nanorods (Bai et al., 2013; Bashir et al., 2019) and so on, and efficient transfer of photogenerated electrons could be realized along one-dimensional paths with enhancement of visible light absorption and fast short-distance electron transport. Mo et al. developed g-C3N4 nanotubes with large number of nitrogen defects by a green-, acid- and base-free synthesis method, and the hydrogen production of 118.5 μmol h−1 was far superior to pristine g-C3N4 (Mo et al., 2018).
Compared with 1D structures, 2D photocatalysts have greater potential because of their larger specific surface area and thinner thickness, exposing more active sites and shortening the transport path of photogenerated carriers. Prof. Zhu’s group successfully fabricated g-C3N4 nanosheets with a single atomic layer structure of only 0.4 nm thickness, with a simple chemical exfoliation method. The single-atom-layer nanosheets offered better separation and transfer rates of photogenerated carriers, and exhibited higher performance than bulk g-C3N4 in photocatalytic splitting of water for hydrogen production and photocurrent generation. Chen’s group proposed that the precursors assembled into nanorods at low power level, while grew into nanoplates at high power level, which implied that the morphology of g-C3N4 was dependance upon on a kinetically driven process (Li et al., 2015). Zhao et al. treated supramolecular precursors under the action of glycerol and ethanol to obtain porous few-layer g-C3N4 (Zhao et al., 2018). The hydrogen evolution rate of thin-layer g-C3N4 was evaluated to be 159.8 μmol h−1, as the results of its large specific surface area, more active sites, and the abundant nitrogen vacancies in the framework, to accelerate the transfer of photogenerated electrons.
Compared with 2D g-C3N4 nanosheets, the porous 3D g-C3N4 material can provide a larger specific surface area. It also maximizes the use of incident photons through multiple reflections within the interconnected open frame (Di et al., 2018). In addition, the porous 3D g-C3N4 material acted as a support to prevent the agglomeration of ultrathin nanosheets and provided a pathway for electron transfer, thereby greatly enhancing the photocatalytic activity (Li et al., 2016). Zhang et al. utilized a simple bottom-up supramolecular self-assembly route to assemble a porous 3D g-C3N4 with high crystallinity and applied it to photocatalytic water splitting (Chen et al., 2019). In 2022, Guo et al. reported a facile template-free self-assembly method to synthesize three-dimensional porous g-C3N4 nanovesicles for achieving efficient and durable photocatalytic generation of H2, and the large-size vesicles exhibited the high H2 production rate of 10.3 mmol h−1 g−1 (Sun et al., 2022). And 3D onion-ring-like g-C3N4 was made from silica microsphere as a hard-template, which affored excellent properties such as large specific surface area, strong optical absorption, high dispersion, for the efficient water splitting with 5-fold higher than that of pristine g-C3N4 (Cui et al., 2018; Shi et al., 2022).
2.3 Doping
Graphitic carbon nitride, as a conjugated polymeric material with a band gap of about 2.7 eV, has a relatively narrow response to visible-light. Numerous research results suggested that the optical properties and some other physical properties of g-C3N4 could be well regulated by doping foreign elements (Chen et al., 2017; Zeng et al., 2018; Fang et al., 2019; Sun H.,R. et al., 2022a). Therefore, the photocatalytic activity of pure g-C3N4 could be improved by hybridization with a small amounts of non-metals or metals into the framework.
2.3.1 Non-Metal doping
Hybridization of non-metallic dopants such as B, S, O, P and I to realize the ingenious design of the electronic structure, was considered as an important method for the improvement of g-C3N4 performance (Qi et al., 2021). Non-metal doping refers to doping of some non-metal elements into the structural framework, which not only modified the electronic and textural properties of g-C3N4 photocatalyst, but also improved the separation efficiency of photogenerated charge carriers and finally boosted the photocatalytic activity. Fang and coworkers (Fang et al., 2019) reported P-doped g-C3N4 for photocatalytic water splitting, and 4-(diphenylphosphino)benzoic acid (4-DPPBA) was employed as the precursor of phosphorous. The combination of P-doping and thermal exfoliation was applied for the preparation of porous g-C3N4 with P hybridization, which afford excellent photocatalysis for hydrogen evolution high to 1,596 μmol h−1 g−1 under irradiation of visible light (Ran et al., 2015). As demonstrated by DFT and experimental studies, the empty intermediate bandgap state enhanced the photo sensitivity with P hybridization, and the mass transfer process and light trapping were improved on the macroporous structure. The intrinsic energy gap of g-C3N4 was decrease from 2.98 to 2.66 eV in the attendance of P dopant. On the other hand, Lin and co-workers discovered the B,F-doped g-C3N4 porous nanosheets were achieved by the self-polymerization of urea in the presence of ionic liquid [Bmim][BF4], which yielded photocatalytic hydrogen in 3.9 times higher than pristine g-C3N4 (Lin and Wang., 2014) (Zhang et al., 2014). successfully obtained iodine-doped carbon nitride (CN-I) with calcining dicyandiamide to significantly improve the hydrogen production performance (Zhang et al., 2014). The photocatalytic activity of iodine-doped g-C3N4 was occurred at the wavelength of 600 nm, while pristine g-C3N4 provided inactive catalysis at 500 nm. Guo et al. (Guo et al., 2016) prepared a phosphorus-doped hexagonal hollow tubular structure g-C3N4 by hydrothermal method and the special structure greatly increased the specific surface area of the catalyst, thereby increasing the number of active sites for hydrogen production. Carbon doping is also an important part of non-metal dopants. In 2021, Liu et al. reported the synthesis of C-doped g-C3N4 by one-step copolymerization using melamine and chitosan as the raw materials (Liu et al., 2021). The N atom in g-C3N4 matrix was replaced by C to form the delocalized big Π bonds. The prepared C-doped g-C3N4 exhibited an excellent photocatalytic H2 evolution activity of 1,224 mmol h−1 g−1, which was 4.5 times than the free g-C3N4.
2.3.2 Metal doping
In addition to the doping of non-metallic elements, the g-C3N4 framework was also doped with metallic elements to modify the electronic energy band structure, thereby improving the visible-light absorption, and enhancing the migration and separation of photogenerated carriers in the g-C3N4 photocatalyst (Chen et al., 2016). reported the Co-doped g-C3N4 synthesized by one-step thermal polymerization of cobalt phthalocyanine (CoPc) and melamine as the precursors (Chen et al., 2017). Yue et al. used a simple chemical method to dope metallic Zn into g-C3N4 (Yue et al., 2011). When the content of Zn was 10%, the visible-light-generated hydrogen production activity was 10 times higher than the pure g-C3N4. The proposed mechanism implied that doping of Zn increased the light absorption, improved the separation efficiency of electron-hole pairs, and enabled more electrons for water splitting. However, it is still a challenge to obtain nanoparticles with uniform size, regular shape, and high stability with common precursors such as polymers, carbon supports, ionic liquids, surfactants and microemulsions. In the recent report of our group, the coordination complex of cucurbit [6]uril and Co2+ was developed as the precursor, to produce cobalt nanoparticles with themolysis, for photocatalytic electrolysis of water by deposition on the surface of the g-C3N4 film. (Dai et al., 2022). The formed semiconductor-metal interface provided more reaction sites and electron transport channels for effective charge carriers to capture photons and excite electrons, thereby, promoting the photoelectrocatalytic reaction process. The discovery provided a new strategy for exploring macrocyclic/g-C3N4 materials with excellent photocatalytic activities.
2.4 Metal deposition (co-catalyst)
Various studies suggested that metal deposition on pure g-C3N4 was also one of the promising methods to enhance the photocatalytic activity. In theory, when metal nanoparticles are in contact with g-C3N4, a Schottky junction is formed at the interface of metal and g-C3N4 semiconductor due to the different work function, which changes the electron distribution on the semiconductor surface (Naseri et al., 2017; Caux et al., 2019; Qi et al., 2020; Zhao et al., 2021). The main function of metal is to accept the photogenerated electrons from the CB of g-C3N4 during the photocatalytic H2 production process. Various metals such as Pt (Ou et al., 2017; Zhu et al., 2019), Au (Samanta et al., 2014; Caux et al., 2019), Pd (Xiao et al., 2019), Ag (Nagajyothi et al., 2017; Deeksha et al., 2021) and Ni (Indra et al., 2016; Kong et al., 2016) were employed as co-catalyst for the efficient sensitization for photocatalysis with the surface plasmon resonance (SPR) effect, which improved the light absorption capacity of the catalyst. With an in situ photoreduction, Pt/g-C3N4 was subjected to be a visible light photocatalyst by Wang’s group, and the results indicated that the photocatalytic hydrogen evolution capability was gradually enhanced as the size decrease of the Pt co-catalyst (Zhu et al., 2019). The participation of Pt provided more active sites on the surface for reduction, which was favorable for accepting electrons from CB of g-C3N4, due to the formation of Schottky junctions at the interface of Pt and g-C3N4. The PL spectra and UV-vis/DRS spectra of g-C3N4 and Ptx-CN with different Pt content, demonstrated that Pt loading greatly improved charge separation and transfer in g-C3N4 photocatalysts, thereby reduced charge recombination, and enhanced photocatalytic activity, as well as provided the maximum utilization efficiency photocatalytic performance for H2 production. The Pt0.1-CN (with 0.1wt% Pt loading amount) sample displayed the highest photocatalytic activity with H2 evolution of 473.82 μmol mg−1 under visible-light irradiation.
Furthermore, Bi et al. reported a Ni cocatalyst for the enhancement of photocatalytic performance of g-C3N4 (Bi et al., 2015). A higher separation efficiency of photogenerated charge carriers was obtained as a result of a deeper band bending of g-C3N4 contacting with Ni, which contributed to enhanced photocatalytic H2 production performance. In addition, the heterojunction formed between the Ni nanoparticles and g-C3N4 acted as an electron collector, and impeded the recombination rate of photogenerated electron and holes as illumination in Figure 4. Ni/g-C3N4 catalyst exhibited high photocatalytic H2 evolution rate (8.314 μmol h−1) compared with pristine g-C3N4, in which rapid recombination between conduction band (CB) and valence band (VB) holes and the quick reversible reaction occurred.
[image: Figure 4]FIGURE 4 | Schematic graph shows (A) the energy level diagram of g-C3N4 and Ni; (B) the interfacial electron transfer between g-C3N4 and Ni under irradiation.
2.5 Dye sensitization
To overcome the g-C3N4 absorption edge of a band gap of 2.7 eV, organic dyes were employed as a driver to improve the visible-light photoactivity (Bard and Fax., 1995; Kudo and Miseki., 2009; Kim et al., 2015), which were considered to dramatically extend the visible-light region of the band-gap of semiconductor (Zhuang et al., 2019). However, the researches about H2 production based on dye-sensitized carbon nitride were still insufficient, only few organic dyes such as metal-porphyrins (Yu et al., 2014; Chen et al., 2015; Zhang et al., 2015; Zhuang et al., 2019; Liu et al., 2020), poly (3-hexylthiophene) (Zhang et al., 2015), eosin Y (EY) (Min and Liu., 2012; Wang et al., 2018; Qi et al., 2019; Xu et al., 2019; Nagaraja et al., 2020; Zhao et al., 2021) and erythrosin B (ErB) (Wang et al., 2013; Zhang et al., 2017; Zhang et al., 2017) have been successfully applied to enhance the photocatalytic activity with improvement of the utilization efficiency of visible-light. In the process of H2 generation, the organic dyes were damaged in oxidation reactions, and its stabilization could be realized with a porous support, which accelerates the transfer of electrons from the excited dye molecule to the active site in definition of a cocatalyst, in general use of noble metals (especially Pt). The hybridization of Ag with g-C3N4 was applied for hydrogen evolution, and the photocatalysis was improved with the dye-sensitization under visible-light irradiation (Schwinghanmmer et al., 2013). Min et al. reported that g-C3N4 with modification of Eosin Y performed the light-drove H2 generation at about 600 nm, while the reaction occurred at less than 460 nm on the pristine g-C3N4 surface (Min and Liu., 2012).
2.6 Heterogeneous structure
The photocatalytic efficiency and application of pristine g-C3N4 were limited for high recombination rate of photogenerated charge carriers and narrow range of visible light response in a solar spectrum. Recently, g-C3N4-based heterojunctions were developed by enhancement of carrier separation efficiency and demonstrated excellent photocatalytic performance. Semiconductors were induced to form heterojunctions with g-C3N4 including carbon materials (graphene (Xiang et al., 2011), carbon nanotubes (Ge and Han., 2012), fullerenes (Chai et al., 2014)), metal oxides (TiO2(Chen and Liu, 2016), SnO2(Zada et al., 2019), ZnO(Sun et al., 2012), NiFe2O4(Liu et al., 2022), Fe2O3(Theerthagiri et al., 2014)), metal sulfides (CdS(Chen et al., 2016), ZnS(Shi et al., 2014), MoS2(Li et al., 2014)), bismuth-based compounds (BiPO4(Zou et al., 2015), BiVO4(Li et al., 2014), Bi2WO6(Li et al., 2018)), silver-based compounds (Ag2O(Liang et al., 2019), Ag3PO4(Liu et al., 2016), Ag3VO4(Zhu et al., 2015)), multi-element rare Earth oxides (Zn2GeO4(Sun et al., 2014), SrTiO3(Xu et al., 2011)), etc. The principle was executed in design of the heterojunction, that is, the recombination of g-C3N4 and the band-matched semiconductor promoted the transfer of charge carriers and suppressed the recombination of charges.
Based on different photogenerated carrier transfer mechanisms, the heterojunctions were formed when g-C3N4 coupled with other materials (Reza et al., 2015; Patnaik et al., 2016; Fu et al., 2018). In the heterojunction structures, Type-Ⅰ constructure refers to that the position of CB of semiconductor-1 is higher than that of semiconductor-2, while the VB position of semiconductor-1 is lower than that of semiconductor-2, as shown in Figure 5A. Under the excitation of visible light, electrons and holes of the Type-Ⅰ heterojunction photocatalyst are more inclined to migrate to the semiconductor-2 with a smaller band gap and undergo a redox reaction, and the separation efficiency of carriers is not significantly improved, resulting in the low rate of photocatalytic redox reaction. In the Type-Ⅱ structure, the positions of both CB and VB of semiconductor-2 are lower than those of semiconductor-1, and therefore the photogenerated electrons and holes transferr into different sides of the heterostructure, as shown in Figure 5B. The carrier transport mode of the Type-Ⅱ heterojunction greatly improve the photocatalytic activity of the composite photocatalyst. In 2021, Roy’s team reported the TiO2/ultrathin g-C3N4 (U-g-CN) heterostructure photocatalyst using a unique in situ thermal exfoliation process, and the presence of U-g-CN produced a redshift (∼0.13eV) in the absorption edge of heterostructures compared to that of bare TiO2, which extended the light absorption capability. Combined with the morphological characteristics of g-C3N4, Chen et al. prepared a novel 3D hierarchical hollow tubular g-C3N4/ZnIn2S4 nanosheets as the type-Ⅱ heterojunction photocatalyst (Chen et al., 2022). The optimum photocatalyst offered the H2 evolution rate up to 20,738 μmol h−1 g−1. In the case of the Type-Ⅲ heterojunction (Figure 5C), there are no any energy band intersection of semiconductor-1 and semiconductor-2, resulting in the inability of transport of photogenerated carriers between the semiconductors to greatly improve the photocatalytic efficiency.
[image: Figure 5]FIGURE 5 | Schematic representation band structure of different heterojunctions: (A) Type Ⅰ heterojunction; (B) Type Ⅱ heterojunction; (C) Type Ⅲ heterojunction. A and D represent electron acceptor and electron donor, respectively.
Thus, a suitable semiconductor heterojunction is able to both enhance the ability to capture sunlight and significantly accelerate the separation and migration of photogenerated electron-hole pairs as description in Type II structure, but it is still insufficient in terms of photocatalytic oxidation ability. The Z-scheme heterojunction (Xu et al., 2022) was explored to overcome this disadvantage to a certain extent, which was mainly divided into binary and ternary structures, as shown in the Figure 6 (Maeda, 2013). The CB and VB potentials of semiconductor-2 were more positive than those of semiconductor-1 in binary Z-scheme (Figure 6A), thereby enhancing the reduction and oxidation capacity of e− and h+. Zhao et al. prepared the CeO2/g-C3N4 heterojunction photocatalysts, through a one-step in situ pyrolysis formation of 3D hollow CeO2 mesoporous nanospheres and 2D g-C3N4 nanosheets. The hydrogen evolution from water splitting experiment of the CeO2/g-C3N4-6 gave a maximum yield of 1,240.9 μmol g−1 h−1, which was about 5.2 times higher than that of CeO2 (Zhao et al., 2021). Figure 6B pictured out a conductor was employed as a charge bridge between the VB of semiconductor-1 and the CB of semiconductor-2 in the ternary Z-scheme heterojunction, which was played by metal particles, such as Cu, Au, Ag, etc. Hieu et al. synthesized the TiO2/Ti3C2/g-C3N4 (TTC) photocatalyst from g-C3N4 and Ti3C2 MXene via a calicination technique, and a high H2 production of 2,592 μmol g−1 was achieved (Hieu et al., 2021).
[image: Figure 6]FIGURE 6 | Schematic energy band diagram of two different types of Z-scheme heterojunction: (A) binary Z-scheme heterojunction, (B) ternary Z-scheme heterojunction. A and D denote electron acceptor and electron donor, respectively.
2.7 Homojunction structure
The g-C3N4 homojunctions are also recognized as the efficient photocatalysts. However, the type II structures and Z-schemes in the pioneering reports require deep optimization of the electron transport path in g-C3N4 homojunctions, since the redox potentials were depressed to inhibit the improvement of photocatalytic performance. The barrier could be overcome by the inspiration of S-scheme heterojunction proposed by Yu’s group (Xu et al., 2020), Guo et al. fabricated the S-scheme homojunctions with high-crystalline/amorphous g-C3N4 (HCCN/ACN) with solvothermal method, which was applied in photocatalytic H2 production with the evolution rates of 5.534 mmol h−1 g−1 in water and 3.147 mmol h−1 g−1 in seawater (Sun et al., 2022).
3 CONCLUSION
The excessive use and combustion of fossil fuels will inevitably bring some environmental problems. The value of hydrogen energy has been fully recognized, but its preparation technology still needs to be further explored. Photocatalytic technology is expected to realize sustainable energy production under the premise of making full use of solar energy, and has great potential in terms of energy and environment. The main factor limiting the photocatalytic activity of pristine g-C3N4 is its bulk structure, resulting in its small specific surface area and few active sites, which prolongs the transfer path of photogenerated electrons, thus accelerates the photogenerated charge carriers compound odds. The ability of photocatalytic hydrogen production performance of g-C3N4 could be improved by adjusting pH of the environment to induce the change of the surface charge of g-C3N4, controlling the morphology of g-C3N4 to increase active sites and shorten the transport path of carriers, and compositing co-catalysts or narrow-band semiconductors or dyes to enhance light absorption and reduce the recombination of photogenerated electrons and holes. So far, the strategies for exploration of stable hybridization structures to boost the photocatalytic efficiency could be the main concern in this filed, and more cases should be discovered to realize the dependence of the morphologies, structures, and species of dopants on the activities. This review is aimed at summarization of the recent progress of preparation and performance of g-C3N4-block photocatalysts to induce new ideas for the structural design with further improved efficiency by interdisciplinary researches across chemistry, physics, and material science.
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Graphite carbon nitride (g-C3N4), as a polymer semiconductor photocatalyst, is widely used in the treatment of photocatalytic environmental pollution. In this work, a Z-scheme g-C3N4/Ag/AgBr heterojunction photocatalyst was prepared based on the preparation of a g-C3N4-based heterojunction via in-situ loading through photoreduction method. The g-C3N4/Ag/AgBr composite showed an excellent photocatalytic performance in the degradation of tetracycline hydrochloride pollutants. Among the prepared samples, g-C3N4/Ag/AgBr-8% showed the best photocatalytic ability for the degradation of tetracycline hydrochloride, whose photocatalytic degradation kinetic constant was 0.02764 min−1, which was 9.8 times that of g-C3N4, 2.4 times that of AgBr, and 1.9 times that of Ag/AgBr. In the photocatalytic process, •O2– and •OH are main active oxygen species involved in the degradation of organic pollutants. The photocatalytic mechanism of g-C3N4/Ag/AgBr is mainly through the formation of Z-scheme heterojunctions, which not only effectively improves the separation efficiency of photogenerated electron-hole pairs, but also maintains the oxidation and reduction capability of AgBr and g-C3N4, respectively.
Keywords: G-C3N4, Ag/AgBr, Z-scheme heterojunction, photocatalytic degradation, tetracycline hydrochloride
INTRODUCTION
With the rapid development of social economy and the chemical industry, all kinds of pollutants, such as heavy metal ions, organic pesticides, chemical dyes, medical residues and other pollutants, are discharged into water bodies in large quantities and participate in water cycle, leading to the deterioration of water environment, which has posed a huge threat to human life and health as well as the survival of various aquatic organisms. In the pharmaceutical industry, with an increasing demand for drugs, especially antibiotics, antibiotics have begun to be widely used worldwide. Antibiotics cannot be completely absorbed after entering human or animal bodies, leading the unabsorbed antibiotics to be discharged into the water environment as metabolites, which are even in their original state with metabolic activities. Antibiotics of low doses discharged into the environment for a long time will lead to an enhanced drug resistance for sensitive bacteria. Moreover, drug-resistance genes can expand and evolve in the environment, posing a potential threat to the ecological environment and human health. In addition to causing bacterial resistance, antibiotics may also produce certain toxicity to other organisms. Therefore, as new micro-pollutants, antibiotics have characteristics including a low concentration, a high toxicity and a difficult treatment in the environment.
Traditional water treatment technologies mainly include physical, chemical and biological methods. Physical methods refer to enriching and treating pollutants in turn by physical means, which have characteristics including relatively simple operation and a low cost, but they are easy to cause secondary pollution (Qi et al., 2022). Chemical methods refer to water treatment methods through which organic pollutants are oxidized by adding strong oxidizing chemicals. However, in practical application, a high use of oxidants is required, which may cause secondary pollution very easily due to incomplete reactions. Biological methods refer to further transforming organic matters in water into nutrients or other small molecular substances required by microorganisms through the metabolism of microorganisms. The process of microbial methods is simple, through which secondary pollution can be avoided. However, a microbial treatment cycle is long and the microbial activity is greatly affected by the outside world, which is not conducive to the treatment of organic wastewater that is difficult to be biodegraded due to the changeable environment. Therefore, it is urgent to find a new water pollution treatment technology with a high efficiency, a low cost and less secondary pollution.
In photocatalysis technology, solar energy is used to drive and excite light catalysts to produce a variety of strong-oxidizing active substances, destroy the molecular structure of pollutants, and finally convert organic pollutants into CO2, H2O or other pollution-free small molecules, which can be directly discharged into the environment (Wang et al., 2019; Li et al., 2020b; Li et al., 2022b; Wang L. et al., 2022). Compared with traditional water pollution treatment methods, the photocatalytic degradation method has advantages including a high efficiency, simplicity, a good reproducibility and an easy treatment, which is often used to degrade organic pollutants (Li et al., 2022a; Tao et al., 2022; Wang W. et al., 2022). The core of photocatalysis technology is the development of new photocatalysts (Yang et al., 2021; Wang et al., 2022c; Wang et al., 2022e). At present, traditional semiconductor photocatalyst materials are mainly inorganic compounds, but their large-scale application has been restricted due to limited resources.
Graphite like carbon nitride (g-C3N4) is a polymeric semiconductor photocatalyst material. Compared with traditional photocatalysts such as metal oxides, metal sulfides and metal halides, g-C3N4 is a non-metallic semiconductor material with a narrow band gap of ∼2.7 eV, which has attracted extensive attention due to its unique optical and electronic properties, a high controllability, a good chemical stability, non-toxicity and other characteristics. A large number of studies have shown that g-C3N4 is an ideal photocatalyst material in terms of the photocatalytic treatment of water and air pollution as well as hydrogen production, etc (Li et al., 2020a; Xiong et al., 2020; Li et al., 2021; Wang et al., 2022b). However, g-C3N4 itself has some shortcomings, especially its small specific surface area and high photogenerated electron-hole recombination rate, which reduce its photocatalytic efficiency and utilization meanwhile limiting its industrial application (Wang et al., 2022a; Li et al., 2022c; Wang et al., 2022d). Therefore, the research on g-C3N4 to improve its photocatalytic activity has become a research hotspot.
To improve the photocatalytic activity of g-C3N4, researchers usually modify existing photocatalysts. Nowadays, there are several ways to modify them, including element doping, noble metal modification, semiconductor recombination or improving the photocatalytic performance of materials by changing their microstructure. Therefore, the structure and physicochemical properties of g-C3N4 can be changed through defect regulation, surface noble metal modification and semiconductor material recombination, so that it can have a wider visible light absorption range, its electron-hole recombination efficiency is reduced and its photocatalytic activity is improved.
In this study, silver (Ag), a noble metal matching the Fermi level of g-C3N4, was selected to modify g-C3N4, change its energy band structure and form a plasma effect. At the same time, semiconductor materials AgBr and g-C3N4 were compounded to form a Z-type heterostructure, whose purpose was to enhance the light absorption capacity of photocatalysts, improve the separation efficiency of photogenerated carriers and enhance the redox capacity as well as activity of photocatalysts. The photocatalytic activity of the photocatalysts obtained was investigated through the simulated solar light degradation of tetracycline hydrochloride with the g-C3N4/Ag/AgBr composites prepared. The charge separation and migration behavior of the samples prepared were studied through different characterization and analysis methods. The possible enhancement mechanism of photocatalysis was reasonably described in combination with the results of a free radical capture experiment based on the semiconductor energy band theory.
EXPERIMENTAL SECTION
Preparation
The g-C3N4 catalyst is prepared by placing melamine in a crucible and firing it in a muffle furnace at 550°C for 4 h, then the samples obtained are grinded and collected after cooling. To load different amounts of Ag/AgBr on the surface of g-C3N4 and produce g-C3N4/Ag/AgBr composites, g-C3N4-Ag/AgBr photocatalyst was prepared through simple in-situ coprecipitation method and photo-reduction-assisted method. The specific steps are as follows: 0.2 g of g-C3N4 is dispersed in 60 ml of deionized water to obtain Solution A. Then AgNO3 (0.1 mol/L) solutions of different volumes are added to Solution A respectively, which are continuously stirred for 30 min. Then, drop KBr (0.1 mol/L) solution into the above solutions respectively, and continue stirring in a dark condition for 3 h. After this step is completed, irradiate the solution under a xenon lamp for 1 h, and finally naturally cool the whole system to room temperature. After centrifugation, wash the solution with anhydrous ethanol and deionized water for three times alternately. Dry the collected samples in an oven at 70°C for 12 h, and finally grind and collect them. By changing the volume of AgNO3 solution added, g-C3N4/Ag/AgBr composites loaded with 4 wt%, 6 wt%, 8 wt%, and 10 wt% of Ag can be obtained, which are labeled as g-C3N4/Ag/AgBr-4%, g-C3N4/Ag/AgBr-6%, g-C3N4/Ag/AgBr-8%, and g-C3N4/Ag/AgBr-10% respectively. AgBr and Ag/AgBr monomers are prepared through the same preparation process as above without adding g-C3N4.
Characterization
The crystal structure of the samples was obtained via an XRD diffractometer produced by Bruker D8, Germany, with a scanning range of 10°–80°. TEM and HRTEM photos were obtained through transmission electron microscopy (JEOL 2100). For a Fourier transform infrared (FTIR) analysis, a Nicolet Magna 560 spectrophotometer (US) was used. An ESCALAB MKII X-ray photoelectron spectrometer (UK) and Mg-K α were used. The binding energy and element state of composite materials were measured through radiation. The ultraviolet-visible absorption spectrum (UV-vis DRS) of the samples at the wavelength of 200–800 nm was measured by a spectrophotometer with an integrating sphere (Hitachi, U-4100), with BaSO4 as the reference.
Photocatalytic activity test
The photocatalytic activity of g-C3N4/Ag/AgBr composite in the degradation of tetracycline hydrochloride is measured at room temperature. The specific experimental steps are as follows: before the photochemical reaction, 50 ml of tetracycline hydrochloride solution (20 mg/L) and 32 mg of g-C3N4/Ag/AgBr composite photocatalyst were added and stirred in the dark for 1 h to achieve an adsorption-desorption equilibrium. Then the reaction mixture was irradiated with an iodine tungsten lamp to induce the occurrence of photocatalytic reaction. During the reaction, 3 ml of reaction solution was extracted from the reaction system every 20 min, which was added to the UV cuvette after centrifugation and filtration. The absorbance was measured by a UV-visible spectrophotometer. The concentration of tetracycline hydrochloride was determined at its maximum absorption wavelength of 356 nm by an ultraviolet spectrophotometer.
RESULTS AND DISCUSSION
XRD
The composition and crystal phase of the g-C3N4/Ag/AgBr composite are analyzed through XRD measurement. The XRD diffraction spectra of each sample are shown in Figure 1. Among them, the diffraction peak at 13.1° corresponds to crystal plane (100) of g-C3N4, representing a regular arrangement of 3-s-triazine ring units on the g-C3N4 plane; the diffraction peak at about 27.5° belongs to crystal plane (002) of g-C3N4, representing the layer spacing among g-C3N4 layers (Qi et al., 2020a). The main XRD diffraction peaks of Ag/AgBr appear at 26.7°, 31.0°, 44.3°, 55.0°, 64.5°, and 73.3°, whose corresponding crystal planes are plane (111), (200), (220), (222), (400), and (420) of AgBr (JCPDS: 06-0438) (Chen et al., 2020). In addition, a weak diffraction peak can also be observed at 38.1°, which corresponds to plane 111) of Ag (JCPDS: 04-0783) (Li S. et al., 2020). The characteristic peaks of g-C3N4 and AgBr can be observed in the XRD diffraction pattern of the g-C3N4/Ag/AgBr composite, indicating the existence of g-C3N4 and AgBr in the composite. In addition, the peaks of Ag can also be observed. However, due to the low content and uniform dispersion of Ag in the system, the diffraction peak intensity is weak.
[image: Figure 1]FIGURE 1 | XRD pattern of g-C3N4, Ag/AgBr, and g-C3N4/Ag/AgBr.
Fourier transform infrared
The chemical bonds and functional group composition of g-C3N4/Ag/AgBr-8% and g-C3N4 were studied via FTIR measurement, as is shown in Figure 2. The absorption peak between 1239 and 1637 cm−1 in the g-C3N4 spectrum corresponds to the typical C (sp2) = N and C (sp2)-N stretching vibration (Qi et al., 2020b). The wider absorption peak at 3,074 cm−1 is attributed to the N-H stretching vibration of g-C3N4 or the O-H stretching vibration of adsorbed water (Qi et al., 2021). In addition, the peak at 806 cm−1 corresponds to the vibration mode absorption band of triazine (Zhao et al., 2020). It can be seen from the spectrum that the absorption peak of g-C3N4/Ag/AgBr-8% is similar to the characteristic absorption peak of g-C3N4. When Ag/AgBr is compounded with g-C3N4, the intensity of the absorption peak of the g-C3N4/Ag/AgBr sample becomes weak, indicating the successful preparation of the composite photocatalyst.
[image: Figure 2]FIGURE 2 | FTIR spectrum of g-C3N4 and g-C3N4/Ag/AgBr-8%.
Ultraviolet-visible diffuse reflectance spectroscopy
The optical absorption property of samples was analyzed via ultraviolet-visible diffuse reflectance spectroscopy (UV-DRS). The UV-DRS spectrum of g-C3N4 and g-C3N4/Ag/AgBr-8% is shown in Figure 3, whose light absorption edge is located at about 456 nm and 480 nm. Compared with g-C3N4, the absorption band of the g-C3N4/Ag/AgBr-8% composite is red shifted, its visible light absorption range is increased, and the energy required for its transition is reduced, which is due to the introduction of Ag/AgBr. A stronger absorption is also shown in the whole wavelength range of visible light, which is also attributed to the surface adsorption of Ag/AgBr nanoparticles.
[image: Figure 3]FIGURE 3 | UV–vis DRS spectrum of g-C3N4 and g-C3N4/Ag/AgBr-8%.
TEM
To further identify the microstructure of the g-C3N4/Ag/AgBr-8% composite in detail, the material was characterized through TEM measurement. Figure 4A shows the images of the local sheet structure of g-C3N4/Ag/AgBr-8%, where Ag/AgBr can be observed on the surface of the sheet. In addition, the nanoparticles formed by the accumulation of reduced Ag can also be observed. EDS technology was used to study the composition and spatial distribution of elements in the sample. Figure 4B shows the distribution of elements C, N, Ag, and Br, which are uniformly distributed on the whole composite, indicating that AgBr is successfully and uniformly loaded on the surface of g-C3N4. The above TEM results show that g-C3N4, Ag, and AgBr are in close contact with each other, and a heterojunction structure is formed between each two components, which is conducive to the separation and transfer of photogenerated charges, and is also one of the main reasons for the enhanced photocatalytic activity.
[image: Figure 4]FIGURE 4 | (A) TEM image of g-C3N4/Ag/AgBr-8% and (B) corresponding elemental mapping of C, N, Ag, and Br.
XPS
The chemical composition and element valence changes in g-C3N4/Ag/AgBr-8% composite were analyzed via XPS measurement, as is shown in Figure 5. Figure 5A shows that the high-resolution XPS spectrum of C 1s can be divided into four peaks with a binding energy of 284.75, 285.50, 288.15, and 288.70 eV. The peak is located at 284.75 eV, which corresponds to the adventitious surface carbon (Qi et al., 2019a). The peak at 285.50 eV is a C-C bond group (Qi et al., 2020c). The peaks at 288.15 and 288.70 eV are an assigned N-C=N bond and C-(N)3 respectively (Liu et al., 2022). Figure 5B shows that the N1s spectrum can be divided into three peaks with a binding energy of 398.50, 399.25, and 400.80 eV respectively. The peak with a binding energy of 398.50 eV corresponds to the C-N=C bond of the 3-s-triazine ring, and the peaks at 399.25 as well as 400.80 eV belong to the C-(N)3 and N-H structure respectively (Zhao et al., 2021). Figure 5C shows the high-resolution energy spectrum of Ag 3d, and four peaks with different positions can be obtained through further fitting. The peaks with a binding energy of 368.60 eV and 374.61 eV belong to Ag+ 3d5/2 and Ag+ 3d3/2 in AgBr. The peaks with a binding energy of 370.04 eV and 375.82 eV belong to Ag0 3d5/2 and Ag0 3d3/2, indicating the existence of Ag simple substances (Qi et al., 2019b). As is shown in Figure 5D, there are peaks of Br 3d5/2 and Br 3d3/2 at 69.55 and 70.30 eV in the binding energy of Br 3d, indicating that Br element exists in the system with a negative valence (Zhang et al., 2020).
[image: Figure 5]FIGURE 5 | High-resolution XPS spectra of g-C3N4/Ag/AgBr-8% for C 2p (A), N2p (B), Br 1s (C), and Ag 3d (D).
Photoluminescence and photocurrent analysis
Photoluminescence spectra (PL) can reflect the transport efficiency of a carrier to some extent. Generally, the higher the recombination rate of photogenerated carriers is, the stronger the corresponding fluorescence intensity will be. The fluorescence spectrum of g-C3N4 and g-C3N4/Ag/AgBr-8% composite was characterized, whose results were obtained, as is shown in Figure 6A. Compared with g-C3N4, the PL intensity of g-C3N4/Ag/AgBr-8% is weaker, which indicates that the loading of Ag/AgBr on g-C3N4 is conducive to the separation of photogenerated carriers, which will help to improve the photocatalytic activity.
[image: Figure 6]FIGURE 6 | PL spectrum (A) and photocurrent response (B) of g-C3N4 and g-C3N4/Ag/AgBr-8%.
Photocurrent density is an effective means to reveal the separation and transmission characteristics of photogenerated electrons in semiconductor materials. The higher the photocurrent density is, the higher the separation efficiency of photogenerated carriers is. Through the electrode preparation method, g-C3N4 and g-C3N4/Ag/AgBr-8% composite was prepared into corresponding working electrodes, and a transient photocurrent cycle test was carried out in light and dark conditions. The photocurrent results are shown in Figure 6B. Both the two materials can generate photocurrent under simulated solar light irradiation, indicating that they can be excited to generate photogenerated carriers under simulated solar light irradiation. The photocurrent intensity produced by g-C3N4/Ag/AgBr-8% (∼0.28 μA/cm2) is higher than that produced by g-C3N4 (∼0.16 μA/cm2), indicating that the separation effect of photogenerated electron-hole pairs is enhanced by constructing heterojunctions between g-C3N4 and Ag/AgBr.
Photocatalytic activity
To explore the effect of g-C3N4/Ag/AgBr composite on improving the photocatalytic activity under simulated solar light irradiation, the g-C3N4/Ag/AgBr composite prepared was used to conduct a degradation experiment on tetracycline hydrochloride solution under simulated sunlight irradiation. Figure 7A shows the photodegradation efficiency of tetracycline hydrochloride using g-C3N4, AgBr, Ag/AgBr, and g-C3N4/Ag/AgBr as photocatalysts in 30 min, within which tetracycline hydrochloride has degraded by 57.5% with g-C3N4/Ag/AgBr-8% as the photocatalyst. Compared with AgBr (30.0%), Ag/AgBr (35.0%), and g-C3N4 (8.9%), it can be seen that the photocatalytic activity of g-C3N4/Ag/AgBr sample has been significantly improved after constructing heterojunctions between g-C3N4 and Ag/AgBr. Figure 7B shows that g-C3N4 has the lowest photocatalytic degradation rate, followed by AgBr, and Ag/AgBr has the lowest photocatalytic activity. The kinetic constant of the sample is as high as 0.02764 min−1, which is 9.8 times that of g-C3N4, 2.4 times that of AgBr and 1.9 times that of Ag/AgBr. The photocatalytic activity of the g-C3N4/Ag/AgBr composite is higher than that of g-C3N4, AgBr, and Ag/AgBr. Among them, the g-C3N4/Ag/AgBr-8% sample has the best photocatalytic activity, which also maintains a good stability within six cycles (Figure 7C).
[image: Figure 7]FIGURE 7 | (A) Photodegradation efficiency of tetracycline hydrochloride using g-C3N4, AgBr, Ag/AgBr, and g-C3N4/Ag/AgBr as photocatalysts in 30 min. Here x% represents the sample of g-C3N4/Ag/AgBr-x%. (B) Reaction rate curve, (C) recycling test and (D) free radical capture experiment on g-C3N4/Ag/AgBr-8%.
In order to determine the formation and effect of different reactive oxygen species in the photocatalytic process, g-C3N4/Ag/AgBr-8% is used as the photocatalyst to conduct capture agent experiments, and the results are shown in Figure 7D. In these experiments, ascorbic acid (AA), triethanolamine (TEOA) and isopropanol (IPA) were introduced into the reaction mixture respectively, corresponding to the capture of superoxide radicals (•O2–), holes (h+) and hydroxyl radicals (•OH) respectively. It can be seen that although TEOA was added, the decomposition of antibiotics was not significantly hindered. However, in the presence of AA and IPA, the photocatalytic efficiency decreased significantly, especially in the condition where AA was added. This shows that •OH and •O2– are two main reactive oxygen species for the decomposition of tetracycline antibiotics.
Photocatalytic mechanism
According to the energy band positions of AgBr and g-C3N4, a traditional type-II heterojunction mechanism may be possibly formed between AgBr and g-C3N4, as is shown in Figure 8A. Under simulated solar light irradiation, both AgBr and g-C3N4 can be excited to generate electrons and holes. The holes on the VB of AgBr will migrate to that of g-C3N4, and the electrons on the CB of g-C3N4 will transfer to AgBr, which is conducive to further participating in the photocatalytic degradation reaction. However, since the conduction band potential of AgBr (0.057 V vs NHE) is lower than the O2/•O2– potential (−0.046 V vs NHE) (Ye et al., 2012) and the valence band potential of g-C3N4 (1.58 V vs NHE) is lower than the H2O/•OH potential (2.40 V vs NHE) (Tian et al., 2015), the electrons accumulated in the AgBr conduction band and the h+ accumulated in the g-C3N4 valence band cannot further generate •O2– or •OH. Therefore, AgBr and g-C3N4 contact through traditional type-II heterojunctions, •O2– and •OH cannot be formed in the system, and type-II heterojunctions between AgBr and g-C3N4 are not reasonable. On the contrary, the free radical capture experiment results show that •O2– and •OH are main free radicals involved in the photocatalytic degradation process. Therefore, it can be inferred that photogenerated electrons and holes in the g-C3N4/Ag/AgBr composite are not transferred through the traditional type-II heterojunction mode. A Z-type heterojunction with silver nanoparticles as bonds is more suitable for explaining the mechanism of the g-C3N4/Ag/AgBr photocatalysis system. As is shown in Figure 8B, the electrons on the AgBr CB will flow to the Ag nanoparticles under simulated solar light irradiation, which then recombine with the holes from the g-C3N4 VB, and the photogenerated carriers are effectively separated from the system. The electrons gathering on g-C3N4 conduction band can fully react with O2 to form •O2–; the holes on the valence band of AgBr can effectively oxidize H2O molecules to generate •OH or directly oxidize organic pollutants. Therefore, it can be inferred that a possible photodegradation enhancement mechanism of g-C3N4/Ag/AgBr composite is the Z-type heterojunction mechanism.
[image: Figure 8]FIGURE 8 | Photocatalytic mechanism of g-C3N4/Ag/AgBr based on (A) type-II heterojunction (A) and Z-type heterojunction (B).
CONCLUSION
Based on the development of new g-C3N4 heterojunction composite photocatalyst materials, a Z-scheme g-C3N4/Ag/AgBr photocatalyst was prepared in this work by loading AgBr on g-C3N4, and then AgBr was reduced to Ag through the photoreduction process. The composite material g-C3N4/Ag/AgBr shows a good ability in the photocatalysis and degradation of tetracycline hydrochloride under simulated solar light irradiation. Among them, g-C3N4/Ag/AgBr-8% shows the best photocatalytic degradation ability for tetracycline hydrochloride, and its photocatalytic degradation kinetic constant is as high as 0.02764 min−1. The photocatalytic activity of g-C3N4/Ag/AgBr-8% is 9.8 times that of g-C3N4 and 1.48 times that of AgBr. The photocurrent response and PL spectra indicate that g-C3N4/Ag/AgBr composite has a high photo-induced charge separation efficiency. The main active species are •O2– and •OH, which are involved in the photodegradation of organic pollutants. The enhanced photocatalysis mechanism of g-C3N4/Ag/AgBr composite is mainly attributed to the establishment of a Z-type heterojunction system with silver nanoparticles as the composite center, which makes the energy bands of g-C3N4 and AgBr match, meanwhile the electrons and holes can shift between their conduction bands and valence bands, effectively reducing the electron hole recombination rate.
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This work prepared an ISAPO-34/SAPO-18 intergrown zeolite using phosphate organoamine as the structure guiding agent. Physical-chemical characterizations by XRD, SEM, TG, and BET showed that the SAPO-34/SAPO-18 presents a cross-stacked cubic block-like microscopic morphology, with characteristic diffusive diffraction peaks at 2θ = 16–18° and 30–33° and a specific surface area of 557 m2 g−1. The series of copper-based catalysts prepared from SAPO-34/SAPO-18 showed a shift of the active temperature window to a lower temperature with increasing copper content. Moreover, the Brønsted acid site decreased significantly due to copper ion exchange and zeolite structure framework damage. Among them, the 1.2 wt% sample showed the widest active temperature window, with a T90 range of 175–435°C. After low-temperature hydrothermal aging treatment, the zeolite structure was eroded and the catalyst activity deteriorated significantly.
Keywords: intergrown structure, copper-based zeolite catalyst, selective catalytic reduction, nitrogen oxides, low-temperature hydrothermal deactivation
INTRODUCTION
Due to the recent increasing seriousness of environmental pollution, theoretical studies have explored methods to relieve this phenomenon based on two-dimensional catalysts (Ren et al., 2022a; Ren et al., 2022b; Ren et al., 2022c; Ren et al., 2022d; Zhang et al., 2022). The gas emissions of internal combustion engines have produced considerable levels of pollution. China steadily ranks first worldwide in the production and sales of internal combustion engines, with domestic sales reaching 46.813 million in 2020. Among these, diesel internal combustion engines comprised 6.341 m units, accounting for 13.5% of the total internal combustion engine sales and showing a steady growth trend. Given this trend, the challenge of exhaust pollutant emission is increasingly prominent and seriously threatens the sustainable development of atmospheric ecological environments. The diesel vehicle emission standards in China mainly follow European emission regulations, for which selective catalytic reduction (SCR) technology provides a necessary way for diesel vehicles to meet VI emission standards (Han et al., 2019). The core catalyst required by ammonia selective catalytic reduction (NH3-SCR) technology, an internationally recognized efficient technology for nitrogen oxides (NOX), is shifted from a vanadium, tungsten, and titanium system (Yang et al., 2014) to a zeolite catalyst system (Chen et al., 2022). The latter is usually composed of zeolite as a carrier of active metal elements (Zheng et al., 2020; Jin et al., 2022; Yuan et al., 2022). The common zeolite skeleton configurations include MFI (Yuan et al., 2016), AEI (Wu et al., 2022), BEA (Lin et al., 2018), LTA (Lin et al., 2021), CHA (Wang et al., 2015; Bergmana et al., 2020; Sun et al., 2020; Zhang et al., 2021a; Bello et al., 2022), AFX (Li et al., 2022a), etc. The zeolite SCR catalyst (Tsukamoto et al., 2019) represented by CHA has advantages including good low-temperature activity, a wide active temperature window, high nitrogen selectivity, green environmental protection due to its unique micropore structure, and suitable surface acidity (Xu et al., 2020; Wang et al., 2021; Zhang et al., 2022a). In recent years, in-depth studies have evaluated the formula, performance, and mechanism of an SCR catalyst with single-structure zeolite. The corresponding intellectual property rights are owned by foreign companies. Polycrystalline/mixed crystal/intergrown zeolite SCR catalysts also show excellent catalytic activity and durability. Zhang et al. (2021b) reported greater catalytic activity, hydrothermal stability, and sulfur aging resistance for a Cu/SAPO-18/34 intergrown zeolite catalyst compared to those for Cu/SAPO-18 and Cu/SAPO-34. As a typical representative, SAPO-18/34 zeolite is a new type of zeolite (Boruntea et al., 2019; Tsuchiya et al., 2020; Li et al., 2022b) composed of AEI and CHA skeleton structure units in stacking faults. It has both the pore canals and acidity of the two crystal phase structures, which usually show better catalytic performance than a single zeolite. Zhao et al. (2016) used triethylamine and N, N-diisopropyl ethylamine as double templates to prepare AEI/CHA intergrown SAPO zeolite and its catalyst, which not only increased the catalytic activity but also significantly reduced the carbon deposition rate. This dual template method is the most common way to prepare symbiotic molecular sieves. However, compared to single templates, it is more difficult to prepare molecular sieves with double templates, and the effects of the proportion, distribution, and chemical state of the templates on the synthesis are more complex. Therefore, the efficient preparation of AEI/CHA symbiotic molecular sieves requires a template.
The present study used phosphate organic amine (Li et al., 2022c) as a template and phosphorus source in a synthesis environment at a pH of 6–7. A SAPO-34/SAPO-18 intergrown zeolite with a hydrogen API-CHA structure was directly prepared and its physicochemical properties and catalytic activity were analyzed by characterization methods including XRD, SEM, and BET. The effects of factors such as active component content and low-temperature hydrothermal inactivation on the performance were studied to provide a reference for the performance research and application of intergrown zeolite SCR catalysts.
EXPERIMENTAL METHODS
Reagents
The reagents included SAPO-18/SAPO-34 zeolite (self-made, SiO2:P2O5:Al2O3 = 1:3.74:3.81); copper nitrate (analytically pure, Shanghai McLean Biochemical Technology Co., Ltd.); nitric acid (analytically pure, Tianjin Kemio Chemical Reagent Co., Ltd.); deionized water (self-made).
Preparation of the zeolite catalyst
A 0.1N copper nitrate solution was prepared, 200 g of which was weighed and placed in a 500 ml beaker. Next, 10 g of SAPO-18/SAPO-34 zeolite was added to the solution. Nitric acid was then added until pH = 3, stirred, and reacted in a water bath at 80°C. A series of copper-based catalysts were prepared. Those with copper contents of 0.3wt%, 0.8wt%, and 1.2wt% were labeled as 0.3, 0.8, and 1.2, respectively.
Characterization of the zeolite catalysts
XRD characterization was performed using a SmartLab SE X-ray diffractometer (Rigaku Corporation) to analyze the crystal structures of the samples. SEM characterization was performed using an Apero-Lowvac high-resolution field emission scanning electron microscope (Thermo Fisher) to observe the sample microstructure. BET characterization was performed using an ASAP 2460 specific surface area and porosity analyzer (Micrometrics) to analyze the specific surface area, pore volume, and pore size of the test samples. NH3-TPD characterization was performed using an AutoChem II 2920 chemical adsorption instrument (Micrometrics) to analyze the surface acidity characteristics of the samples. TG-DSC characterization was performed using a STA449F5 Jupiter-type synchronous thermal analyzer (NETZSCH) to assess the mass and heat changes of the samples at increasing temperatures.
Evaluation of the catalyst activities
The catalytic performance was tested in a miniature fixed-bed activity evaluation device, as shown in Figure 1. For these tests, 5 g catalyst powder was fully ground to prepare a 40–60 mesh sample and placed in a quartz reaction tube with a 15 mm inner diameter. Both ends were sealed with quartz cotton to form a catalyst bed. The evaluation device comprised a simulation gas distribution system, a programmed heating device, and a gas analyzer. The simulated tail gas composition was as follows: [NO] = 500 PPM, [NH3] = 500 PPM, [H2O] = 10 vol.%, [O2] = 10 vol.%, with N2 as the equilibrium gas, and an airspeed of 30,000 h−1 (default conditions). The NO conversion rate, NH3 conversion rate, N2O content, and N2 selectivity were calculated according to the following formula:
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where NO (out), NO2 (out), N2O (out), and NH3 (out) are the outlet concentrations of NO, NO2, N2O, and NH3 and NO (in) and NH3 (in) are the inlet concentrations of NO and NH3.
[image: Figure 1]FIGURE 1 | Equipment diagram for the evaluation of the activity of the NH3-SCR catalyst. 1. Nitric oxide. 2. Ammonia. 3. Nitrogen. 4. Oxygen. 5. Propane. 7. Other Gases. 8. Filter. 9. Globe valve. 10. Mass flowmeter. 11. One-way valve. 12. Mixer. 13. Heating furnace. 14. Reactor. 15. Gas analyzer. 16. Computer.
The formula for the heating program T was as follows:
[image: image]
where the unit of the T is °C; t represents the time with the unit of second.
Low-temperature hydrothermal aging treatment
To investigate the hydrothermal stability of the SAPO-18/SAPO-34 zeolite at low temperature, an SCR catalyst with 1.2% copper content was aged for 100 h at 90°C under 10% water vapor at a space speed of 30,000 h−1. The age and fully dried samples were labeled as 1.2-a. The NH3-SCR catalytic activity of the aged samples was investigated in a micro fixed-bed reactor.
RESULTS AND DISCUSSION
Catalytic performance
Figure 2A shows the NO conversion curves of the series copper-based SAPO-18/SAPO-34 catalyst in the standard NH3-SCR reaction. With increasing copper content, the ion exchange sites on which copper ions bonded to the molecular sieve as well as the formed active species are generally believed to change, with the temperature window shifting from higher to lower temperatures. The common copper active species in Cu-based zeolite SCR catalysts include Cu2+, [Cu(OH)]+, Cu-O-Cu, CuOx, etc. (Borfecchia et al., 2015; Shan et al., 2019; Liu et al., 2020; Khurana et al., 2022). Figure 2A shows that when the copper content increased from 0.3wt% to 0.8wt%, the range of the active temperature window T90 (the temperature at which the NO conversion rate is 90%) widened from 325–525°C to 170–425°C. Accordingly, the NO ignition temperature T50 (the temperature at which the NO conversion rate is 50%) decreased from 250°C to 160°C. Kwak et al. (2012) reported that at low copper content, the active component copper preferentially occupied the sites in the D6R cage, while some copper ions migrated to the CHA cage when the copper content increased. At a copper content of 1.2wt%, the low-temperature performance of the catalyst decreased slightly and the T50 temperature increased to about 165°C compared to 0.8wt%, and the high-temperature activity increased slightly, with the temperature window widening to 175–435°C. All Cu-based SAPO-18/SAPO-34 catalysts showed excellent nitrogen selectivity of close to 100%, as shown in Figure 2D.
[image: Figure 2]FIGURE 2 | NH3-SCR performance of a series of copper-based SCR catalysts. (A) No conversion; (B) NH3 outlet concentration; (C) N2O outlet concentration; (D) N2 selectivity.
Figure 2B shows the outlet ammonia concentrations of the series of copper-based SAPO-18/SAPO-34 catalysts during the activity test. In general, the SAPO-18/SAPO-34 intergrown zeolite showed poor ammonia storage performance, with ammonia escape concentrated at 100°C–300°C. At temperatures above 100°C, the adsorbed NH3 showed excessive desorption. Due to the lower temperature and the poor catalyst activity, NH3 could not fully participate in the selective catalytic reduction reaction, resulting in a sharp increase in its desorption capacity. When the number of catalytic active centers was small, this situation was particularly prominent. The amount of NH3 escape ranked from high to low was as follows: under 0.3wt%> 0.8wt%> 1.2wt%. N2O production showed the opposite trends as those for ammonia escape, as shown in Figure 2C. At lower copper content, less secondary pollutant N2O was generated (Isapour et al., 2022), which may be related to the species of CuOX crystal cluster; however, the overall production was <10 PPM, which met the relevant limit requirements for national emission standards.
Physicochemical properties of the intergrown zeolite
Figure 3A shows the XRD pattern of the SAPO-34/SAPO-18 intergrown zeolite. The characteristic diffraction peaks are attributed to 2θ = 9.79°, 13.22°, 16.41°, 18.18°, 19.51°, 21.05°, 23.56°, 24.47°, 25.47°, 26.45°, 31.27°, and 31.61°, respectively. By comparison to the standard spectrum diagram in Figure 3A, the characteristic diffraction peaks of the SAPO-34 zeolite were attributed to 2θ = 9.64°, 13.08°, 14.20°, 16.28°, 18.05°, 19.35°, 20.94°, while the characteristic diffraction peaks of SAPO-18 zeolite were attributed to 2θ = 9.60°, 13.08°, 14.78°, 15.48°, 16.97°, 19.28°, 19.49°, 20.12°, 24.85°, and 26.11°. In contrast, the characteristic diffraction peaks of the SAPO-34/SAPO-18 intergrown zeolite were wide and weak in the range of 2θ = 16–18° and 30–33°, which were not observed in the above two single crystal zeolites. The ellipsoidal CHA structure and the pear-shaped AEI structure have similar skeleton topologies and the hexagonal prism cage (D6R) is key to the connection of the two lattices (Zhao et al., 2017). Where the D6R cage of CHA structural zeolite is straight and parallel, AEI structural zeolite shows a cross-oblique and parallel distribution. Therefore, the SAPO-34/SAPO-18 intergrown zeolite was more inclined to cross-stack on the cubic bulk crystal, with the microstructure shown in Figures 3B,C.
[image: Figure 3]FIGURE 3 | (A) XRD patterns; SEM photo of a SAPO-34/SAPO-18 intergrown zeolite: (B) fresh sample (30,000x) and (C) aged sample (20,000x). (D) N2 adsorption-desorption isotherms and porosity distribution curve of a SAPO-34/SAPO-18 intergrown zeolite.
Figure 3B shows the microstructure photos of the SAPO-34/SAPO-18 intergrown zeolite, displaying generally irregular cross-stacked cube blocks. The crystal size is 3–5 μm, and the morphology obviously differs from those of SAPO-34 and SAPO-18 zeolites, which intuitively confirmed the formation of a eutectic structure. The intergrown crystal surface of SAPO-34/SAPO-18 was not smooth, but rather showed defects and damage, possibly because the use of the concentrated sol-gel system to prepare the intergrown zeolite affected the nucleation and growth process. The industrial pure-grade silicon and aluminum sources may have also contributed to the irregular morphology. After low-temperature hydrothermal aging, the defects on the SAPO-34/SAPO-18 crystal surface expanded and showed a tendency for fragmentation, indicating that its structure was damaged, as shown in Figure 3C.
Figure 3D presents the nitrogen physical adsorption test results of the SAPO-34/SAPO-18 intergrown zeolite. The nitrogen isotherm absorption/desorption curve of the intergrown zeolite showed type I isotherm characteristics, as defined by IUPAC, and had a type H4 hysteresis loop. That is, in the interval 0 < P/P0 < 0.01, the adsorption curve rose sharply with increasing relative pressure, indicating that the intergrown zeolite had structural characteristics of microporous materials (Lu et al., 2022). According to the gap width distribution curve, the median pore size was approximately 0.36 nm (Horvath-Kawazoe method); the narrow and sharp distribution reflected the regular lattice and orderly pore distribution of the intergrown zeolite. Moreover, the two-phase symbiosis did not significantly change the skeleton types of the CHA and AEI structural zeolites.
The XRF test results in Table 1 show an elemental composition of SAPO-34/SAPO-18 intergrown zeolite of SiO2:P2O5: Al2O3 = 1:3.74:3.81, which is related to the use of phosphoric acid-organic amine as template agent. The intergrown zeolite had low copper ion exchange efficiency and the copper content was only 0.3wt% after constant exchange at 80°C for 8 h. The copper content increased to 0.8wt% after two more exchanges. After three exchanges, the copper content loading rate was only 1.2 wt%. However, with increasing rounds of ion exchange, the specific surface area of the corresponding zeolite catalyst decreased significantly. The specific surface area of the SAPO-34/SAPO-18 intergrown zeolite was as high as 557 m2 g−1 and decreased to 487 m2 g−1 after three rounds of copper ion exchange. This may occur due to damage to the SAPO-34/SAPO-18 intergrown zeolite structure in the hot water environment used in ion exchange.
TABLE 1 | XRF and BET results of SAPO-34/SAPO-18 zeolite and its catalysts.
[image: Table 1]Figure 4A shows the test results of the synchronous thermal analysis of the SAPO-34/SAPO-18 intergrown zeolite. The weight loss curve (TG) shows two main weight loss intervals at 40–150°C and 150–300°C and a weight loss rate of about 9 wt%. Below 150°C, the weight loss is obvious (up to 7 wt%), which is related to the rapid evaporation of excessive free water adsorbed by the zeolite. The heat curve (DSC) also reflects the water evaporation and heat absorption at this stage. With increasing temperature, the remaining water bound in the zeolite begins to volatilize and the organic amine template agent undergoes thermal decomposition with heating. The significant slowing of mass and heat changes at 150–300°C were attributed to the new phosphoric acid-organic amine template used in the SAPO-34/SAPO-18 synthesis process effectively avoiding the excessive use of template agent compared to the traditional method. The use of phosphoric acid-organic amine as a structure-diverting agent allowed the accurate and efficient use of organic amine molecules, thus improving environmental protection and economic benefits.
[image: Figure 4]FIGURE 4 | (A) TG-DSC curve of a SAPO-34/SAPO-18 intergrown zeolite. (B) NH3-TPD curves of the series of copper-based SCR catalysts.
Ammonia adsorption characteristics
The surface acidity of zeolite catalysts is generally believed to have an important influence on NH3-SCR performance. The surface acidity and amount of acid in zeolite SCR catalysts are usually characterized by NH3-TPD. Figure 4B shows the temperature-programmed ammonia desorption curves of the series of copper-based SAPO-34/SAPO-18 zeolite catalysts. The three main characteristic peaks were attributed to weak, medium-strong, and strong acid sites, respectively (Pérez-Uriarte et al., 2016; Xu et al., 2017; Shin et al., 2018). The weak acid site at low temperatures corresponded to a weak Lewis acid (T = 220°C), the medium strong acid site at middle temperatures corresponds to strong Lewis acids and some active copper species sites (T = 420°C), and the strong acid adsorption site at high temperatures corresponded to a Brønsted acid (T = 510°C). As shown in Figure 4B, increasing copper content was associated with a decreased acid content of the zeolite catalyst and acid peak intensity to varying degrees. The Brønsted acid position was particularly obvious. Regarding the main factors affecting Brønsted acid sites, 1) during the ion exchange, Cu occupies the hydroxyl site of Si-OH-Al in the six-member ring of zeolite to form Cu2+, with Brønsted acid sites decreasing accordingly (Villamaina et al., 2019). 2) During ion exchange reactions, the high-temperature water environment damages the structure of the SAPO-34/SAPO-18 zeolite, leading to a significant reduction of Brønsted acid sites (Liu et al., 2022). 3) The copper loading amount in the zeolite is exceeded and the active components mainly exist as [Cu(OH)]+ and CuOx clusters (Lee et al., 2021). The generation of CuO may lead to the dealuminization of the zeolite skeleton; that is, the destruction of zeolite Brønsted acid (Si-OH-Al) (Di Iorio et al., 2015; Millan et al., 2021; Negri et al., 2021). Based on the above factors, we further investigated the effect of low-temperature hydrothermal aging treatment on the performance of the NH3-SCR catalyst.
Low-temperature hydrothermal stability
Figure 5A shows the NO conversion curve of a 1.2 wt% sample before and after low-temperature hydrothermal aging. Figure 5A shows significantly decreased catalyst activity with aging. Moreover, the temperature window basically disappears, and the NO ignition temperature exceeds 200°C. The results of crystal phase structure characterization Figure 5B demonstrated that, after aging, the catalyst presents an amorphous state and the characteristic diffraction peak of SAPO-34/SAPO-18 zeolite almost completely disappears. The above results suggest that the crystal phase structure of the copper-based SAPO-34/SAPO-18 zeolite catalyst was destroyed after low-temperature hydrothermal aging treatment, leading to irreversible inactivation (Woo et al., 2018) (Figure 6).
[image: Figure 5]FIGURE 5 | Performance changes of the 1.2 wt% copper content catalyst before and after low-temperature hydrothermal aging. (A) NO conversion. (B) XRD patterns.
[image: Figure 6 ]FIGURE 6 | Schematic diagram of the destruction of zeolite and its catalyst by low-temperature hydrothermal aging treatment.
Ma et al. (2020) reported that the Si-O(H)-Al bond of SAPO-34 zeolite was prone to hydrolysis in low-temperature hydrothermal environments. Woo et al. (2020) believed that the hydrolysis first formed Si (2Al) (2OH) and Si (3Al) (OH), which were finally transformed into silicon clusters. Gao et al. (2013) reported that SAPO-34 zeolite structures with more Si-O(H)-Al bonds showed more serious hydrolysis damage. Wang et al. (2019) studied the effect of SAPO-34 zeolite hydrolysis on active species, in which Cu(OH)+ was transformed into spinel-structured CuAl2O4, with significantly decreased catalytic activity. Leistner et al. (2015) confirmed the loss of the active Cu2+ species lost after the water vapor treatment of Cu-SAPO-34. Zhang et al. (2022b) proposed that the hydrolysis of the Si-O(H)-Al bond and the loss of active copper species jointly induced Cu/SAPO-34 inactivation, with inactivation the easier under a larger proportion of the two.
CONCLUSION
First, SAPO-18/SAPO-34 intergrown zeolite was prepared using phosphoric acid-organic amine, which has a unique crystal phase structure and microstructure, displaying the typical adsorption characteristics of zeolite microporous materials. Phosphoric acid-organic amines act as both a phosphorus source and a structure-diverting agent. The excessive use of structure-diverting agents can be avoided by use of a synthetic stoichiometric ratio. TG-DSC test results did not show an obvious thermal decomposition phenomenon of organic amines. Secondly, with increasing active component content, the state of copper species changed due to migration, and the active temperature window of the Cu-based SAPO-18/SAPO-34 catalyst shifted toward low temperatures. At copper contents <0.8wt%, the T50 was 160°C, and the T90 range was 170–425°C, showing the optimal performance. Finally, the SAPO-18/SAPO-34 intergrown zeolite showed three main ammonia adsorption sites, and the Brønsted acid sites of the zeolite carrier were lost due to copper occupying the exchange sites during the ion exchange. However, a more important incentive is the structural damage of SAPO zeolite in the low-temperature hydrothermal process. After low-temperature hydrothermal aging treatment, the temperature window of the 1.2wt% Cu content sample almost disappeared, with the crystal phase structure seriously damaged.
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