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Abstract

:

Bismuth oxyiodide (BiOI) is an important photoelectric functional material that has a wide range of applications. In particular, it can be used as a photocatalyst that shows photocatalytic activity under visible-light irradiation. The synthesis procedure and related photocatalytic performance of BiOI have been reported. However, some of its fundamental properties still need to be further investigated. In this article, density functional theory calculations were performed to investigate the crystal structure, electronic properties, and optical properties of BiOI. Furthermore, the relationship between the intrinsic properties and the photocatalytic performance of BiOI was investigated. Based on the calculated results of the band structure, density of states, and projected wave function, the molecular-orbital bonding structure of BiOI is proposed. As a semiconductor photocatalyst, BiOI shows slight optical anisotropy in the visible-light region, indicating that it can efficiently absorb visible light if the morphology of BiOI is controlled. After comparing several computational methods, it was found that the generalized-gradient approximation corrected for on-site Coulomb interactions (GGA + U) is a suitable computational method for large sized BiOI models (e.g., impurity doping, the surface, and the interface) because it can significantly reduce the computational time while maintaining calculation accuracy. Thus, this article not only provides an in-depth understanding of the fundamental properties of BiOI as a potential efficient photocatalyst driven by visible light, but it also suggests a suitable computational method to investigate these properties.
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1. Introduction


Semiconductor photocatalysis technology is considered to be a promising solution for energy shortage and environmental protection because it can produce hydrogen by photocatalytic water splitting [1] and decompose organic pollutants [2,3]. However, traditional photocatalysts have a wide band gap and low quantum conversion efficiency. Therefore, it is difficult to effective utilize solar energy. Recently, two approaches have been used to develop highly efficient photocatalysts: modification of traditional photocatalysts (e.g., TiO2 and ZnO) [4,5] and development of novel photocatalysts or photocatalytic systems [6,7,8,9].



BiOX (X = F, Cl, Br, or I) is a representative novel photocatalyst, and it has become a hot research topic because of its particular layered crystal structure, suitable band gap, and high photocatalytic activity under both ultraviolet (UV) and visible-light irradiation [10,11]. Its structure is composed of a layer of (Bi2O2)2+ slabs interleaved by double slabs of halogen ions X−, forming stacked –X–Bi–O–O–Bi–X– layers by nonbonding van der Waals interactions through the halogen ions along the c axis. The built-in electric field that forms between the (Bi2O2)2+ and 2X− layers can promote separation of photogenerated electrons and holes, and thus enhance the photocatalytic activity [12,13]. Zhang et al. synthesized BiOX microsphere samples by the hydrothermal method [14]. They found that all of the BiOX samples exhibited high photocatalytic activity under both UV and visible-light irradiation. Extensive research has subsequently focused on BiOX and BiOX-assisted photocatalysts, and these photocatalysts exhibit enhanced photocatalytic activity for degradation of dyes [15,16,17,18,19,20,21].



For different halogen components, the electronic properties, such as the band gap and built-in electric field, of BiOXs are different [22]. For example, under UV–visible-light irradiation, degradation of methyl orange (MO) on BiOBr and BiOI is about 25% and 95%, while degradation of MO on BiOCl and TiO2 is about 15% and 10%. Under visible-light irradiation (λ > 420 nm), BiOBr and BiOI can degrade 21% and 80% of MO in 3 h, while degradation of MO on BiOCl and C-doped TiO2 is about 15% and 6% [14]. The higher photocatalytic activity of BiOI is attributed to its suitable band gap. As the atomic number of halogen increases, the band gap of BiOX decreases. The band gap of BiOI is 1.89 eV, which corresponds to a threshold wavelength of 650 nm, and it has efficient photocatalytic performance under visible-light irradiation [23]. For instance, Mi et al. synthesized BiOI nanosheets with exposed {001} facets by a facile hydrothermal route and found that the sample exhibited enhanced photocatalytic activity for degradation of rhodamine-B (RhB), MO, and phenol under visible-light irradiation because of the appropriate diffusion length and internal static electric field of BiOI [24]. In addition, Pan et al. found that BiOI microspheres exhibit excellent catalytic activity for degradation of bisphenol A under visible-light irradiation [25].



However, the narrow band gap of BiOI leads to an increased recombination rate of photogenerated electron-hole pairs. This is disadvantageous for improvement of the quantum efficiency of BiOI. Furthermore, the band edge position of the conduction band (CB), namely, the reducing potential, of BiOI is low (~0.516 eV, vs. Normal Hydrogen Electrode, NHE), indicating that BiOI is not suitable for hydrogen generation by photocatalytic water splitting. Therefore, proper modification is necessary to improve the photocatalytic performance of BiOI, for example, impurity doping [26], heterostructure construction [27,28], BiOI1−xXx (X = Cl or Br) solid solution preparation [29], and nanostructure design [30]. To obtain better modification effects, it is necessary to investigate the electronic structure and optical properties of BiOI, which could provide a basic understanding of the relationship between the microstructure and the photocatalyst performance.



In this study, we optimized the structure of BiOI by different density functional theory (DFT) methods, including generalized-gradient approximation (GGA), GGA corrected for on-site Coulomb interactions (GGA + U), and Heyd-Scuseria-Ernzerhof (HSE06) methods. We calculated the electronic structure and relevant optical properties, including the dielectric function, refractive index, absorption coefficient, and reflectivity. We then determined its photoexcited electronic transition mechanism by exploring the associated relationships between the microstructure characteristics and the macroscopic optical properties. Based on the calculated results, the microscopic mechanism of the excellent photocatalytic activity and stability of BiOI was analyzed. These findings will provide useful information for understanding the fundamental properties of Bi-based photocatalysts.




2. Results and Discussion


2.1. Optimized Structure


Figure 1 shows the primitive cell of the BiOI structure that is considered in the present work. The crystal structure of BiOI has the tetragonal matlockite PbFCl-type structure with symmetry of P4/nmm (space group) or     D  4 h  7     (local symmetry). Each primitive cell is composed of two BiOI molecules. In other words, each primitive cell contains two bismuth atoms, two oxygen atoms, and two iodine atoms. The corresponding crystallographic parameters of the optimized crystal structure by the different methods (GGA, GGA + U, and HSE06) are listed in Table 1, in which the experimental measurements are also provided for comparison [31]. Compared with the experimental results, the cell volumes obtained by the GGA and GGA + U methods are slightly larger because all of the lattice constants are slightly larger. These calculated results suggest that the GGA and GGA + U methods reproduce the crystal structure of BiOI well. In the case of the HSE06 method, compared with the experimental crystal structure, the lattice constant along the a/b axis is slightly larger, while the lattice constant along the c axis is ~1.28 Å smaller, resulting in a significantly smaller cell volume. At present, the HSE06 method cannot use the DFT-D correction in CASTEP, which may cause this inaccurate result. As shown in Table 1, compared with the experimental values, for the GGA and GGA + U methods, the Bi–O and Bi–I1 bond lengths are slightly shorter, while the Bi–I2 bond lengths are slightly longer. Unfortunately, for the HSE06 method, all of the bond lengths are significantly shorter than the experimental values. The calculated results for the fractional coordinates suggest the trend of the lattice constants. In general, the GGA and GGA + U methods reproduce the crystal structure of BiOI well, while the HSE06 method is not suitable for this crystal structure. By investigating the underlying reasons, we found that the HSE06 method takes into account the electronic interaction by the hybrid functional form, resulting in addition of an extra interaction between layers of BiOI that is larger than the intrinsic van der Waals interaction, resulting in a clear decrease in the lattice parameter along the c axis. According to the calculated results, we found that the GGA + U method is a suitable computational method to simulate the crystal structure of BiOI, as well as the electronic structure and optical properties. In other words, the GGA + U method has a good balance between the accuracy of the calculated results and the available computational resources.



The most important feature of BiOI is the open layered intergrowth crystal structure, which induces local internal fields through polarization of atoms in the space between the layers. This unique feature assists in effective separation of photogenerated electron-hole pairs. Sato et al. reported that the local internal fields, owing to the dipole moments of distorted polyhedra, can promote charge separation in the very initial process of photoexcitation and they are useful for enhancing the photocatalytic activity [32]. In the present work, we found that all three methods did not change this important crystal feature. With the Mulliken charges and lattice parameters in Table 1 and Table 2, the absolute values of the dipole moments for the BiO4I4 polyhedra within the relaxed BiOI crystal structure for the different DFT methods are 2.502 D (GGA), 2.624 D (GGA + U), and 3.933 D (HSE06). The estimated values by the former two methods are consistent with previous reports [33,34], while the HSE06 method clearly overestimates the value because of the above-mentioned reason.




2.2. Electronic Structure


The band structures of BiOI obtained by the different DFT methods are shown in Figure 2. The energy zero point (i.e., the Fermi energy level, EF) is set at the valence band (VB) maximum (VBM). In the cases of the GGA and GGA + U calculations, the VBM is located at the k-point line of Z → R, and the CB (conduction band) minimum (CBM) is located at the k-point of Z. In the case of the HSE06 calculation, the VBM is located at the k-point line of M → Γ, and the CBM is located at the k-point of Z. All of the results calculated by the different DFT methods indicate that BiOI is an indirect band gap semiconductor. The spin-orbit coupling effect was considered, but we found that the spin-up states and spin-down states are completely coincident. Therefore, in the following discussion, spin-orbit coupling is not provided. The band gap (i.e., the distance from the VBM to the CBM) obtained by the GGA method is 1.623 eV, which is less than the experimental value (~1.9 eV) but consistent with previous theoretical calculations [12,29,35,36]. The underestimated band gap value obtained by the GGA method is because of the well-known shortcoming of the GGA method [37,38]. The band gaps obtained by the GGA + U and HSE06 methods are in good agreement with the experimental value (1.997 eV for the GGA + U method and 1.980 eV for the HSE06 method). In the HSE06 method, there are two dense energy bands in the range −24 to −23 eV, which are ascribed to the Bi-5d10 states. Huang et al. found that the shapes of the VB top and CB bottom are almost independent of the involvement of Bi-5d states [33,39]. Except for this feature in the case of HSE06 calculation, the level distribution area and scope of the VB and CB are highly consistent for the three methods. To better investigate the associated relationships between the microstructure characteristics and the macroscopic optical properties, we present the calculated results obtained by the HSE06 method, and the calculated results obtained by the GGA and GGA + U methods are provided in Figure S1.



For photoelectric applications, the effective mass of carriers is a very important parameter, which is defined as the curvature-dependent parameter at the extreme points of the forbidden band edge. By fitting the energy-momentum dependence, we estimated the effective masses of electrons (me*) on the bottom of the CB or the effective mass of holes (mh*) on the top of the VB based on the band structures obtained by the different DFT methods, and the results are listed in Table 3. The minimum of the effective mass of photogenerated electrons on the bottom of the CB is ~0.19 m0 at the k-point of Γ, which is significantly smaller than the values of conventional semiconductor photocatalysts (e.g., me* ≈ 1 m0 for anatase TiO2 [40] and me* ≈ 3–20 m0 for rutile TiO2 [41,42]). The minimum of the effective mass of photogenerated holes on the top of the VB is ~0.2 m0, which is significantly smaller than that of other oxide semiconductors (e.g., mh* ≈ 16 m0 for In2O3 [43]). For photocatalysis applications, photogenerated carriers with a smaller effective mass have higher mobility or a longer diffusion length, so they can reach surface reaction sites within their lifetime. The excellent photocatalytic performance of BiOI is exhibited in Methylene blue (MB) or other organic pollutant degradation under visible-light irradiation [14,27,28,30,44,45]. In these reaction processes, the dominant reactive species are photogenerated holes on the top of the VB. Therefore, the small effective mass of photogenerated holes in BiOI should contribute to the efficient photocatalytic performance.



To investigate the underlying chemical bonding mechanism of BiOI, the total density of states (DOS) and local partial DOS obtained by the HSE06 method are plotted in Figure 3. In the range −24.2 to −19 eV, there are three DOS peaks. The lowest peak predominantly consists of hybridized states between Bi-5d states and O-2s states. The middle peak mainly consists of Bi-5d states, with a slight contribution from O-2p states. The highest peak mainly consists of O-2s states and Bi-5d states. In the range −15 to −10.2 eV, the DOS peaks are mainly composed of I-5s and Bi-6s states, slightly hybridized with O-2p states. In the range −10.2 to −7.5 eV, Bi-6s states are localized, which is an almost isolated state. Most importantly, O-2p, I-5p, and Bi-6p states significantly contribute to the VB. In other words, the VB is mainly composed of the hybridization states between Bi-6p states and O-2p or I-5p states. The main feature of this band is the multiple peaks. At the bottom and middle of the VB, Bi-6s states also exhibit hybridization with O-2p or I-5p states, while the top of the VB is mainly composed of I-5p states. From the bottom to the top of the VB, the contribution of I-5p states gradually increases. At the bottom of the CB, the antibonding states of Bi–O and Bi–I, which are composed of Bi-6p, O-2p, and I-5p states, are much more disperse. The CB is mainly composed of Bi-6p states. Above 7 eV, the DOS peaks are mainly composed of I-5s states.



We then further examined the chemical bonding information. The projected contour maps of the electronic wave function were analyzed. In Figure 4 and Figure 5, we plot the projected wave function for the different energy ranges E1–E15, which are defined in Figure 2 and Figure 3, and the plane of contour maps parallel to the (100) and (001) surfaces, respectively. In the lowest energy region (E1), Bi-5d states are dominant. The Bi-5d states clearly hybridize with the O-2s states in this energy region, showing σ bonding features. In the E2 energy region, the Bi-5d states dominate the whole space, showing nonbonding features. A similar situation occurs in the next highest energy region (E3), which mainly shows nonbonding features of O-2s states. The O-2s states slightly hybridize with Bi-5d states in this energy region, showing σ bonding features. In the E4 energy region, the chemical bonding information shows an σ bonding feature, which comes from the Bi-6s states hybridizing with O-2p/I-5s states. In the next highest energy region, (E5), Bi-6s states are the predominant states, although the hybridization states of Bi-6s states with O-2p/I-5s states in the E4 energy region slightly extend to this energy region. In the next three highest energy regions (E6–E8), O-2p states are dominant, and show an obvious interaction with Bi-6p/I-5p states. In this energy region, there are two bonding features: the hybridized states between Bi-6p states and O-2p states show σ bonding features, and the hybridized states between Bi-6p states and I-5p states show π bonding features. In the E9 and E10 energy regions (where E10 is the top of the VB), I-5p states are the predominant states. The Bi-6s states are slightly hybridized with O-2p/I-5p states, and show σ bonding features. At the bottom of the CB (i.e., the E11 energy region), the predominant states are Bi-6p states, which interact with neighboring O-2p/I-5p states. There are two bonding features in this energy region: the hybridized states between Bi-6p states and O-2p states show σ antibonding features, and the hybridized states between Bi-6p states and I-5p states show π antibonding features. Similar situations are found in the next three energy regions (i.e., the E12–E14 energy regions). The only difference is that different atomic orbitals have different contributions for the same chemical bond. I-5s states predominately compose the last energy region (E15), and combine with Bi-6s states to form σ antibonding orbitals. In this energy region, the weak hybridized states between Bi-6s states and O-2p states also show σ antibonding features. Except for the abovementioned chemical bonding features, there is another important bonding feature in these contour maps: the hybridized states between Bi atoms and O atoms are very strong, so they mainly form covalent bonds, while the interaction between Bi atoms and I atoms is very weak, so they mainly form ionic bonds.



Combining the above calculated results of the band structure, density of states, and projected wave function, we propose the molecular-orbital bonding diagram of BiOI in Figure 6. A noticeable feature of the nonbonding state at the bottom of the CB is that it is mainly composed of Bi-6p states. Another important feature is the different chemical bonds between Bi and O/I atoms: the covalent bonds between Bi and O atoms arise from strong orbital hybridization, whereas the ionic bonds between Bi and I atoms in the lower energy regions (E1–E9) arise from electron gathering or loss. In the higher energy regions (E10–E15), orbital hybridization between Bi and I atoms becomes stronger, and thus covalent bonds form in these energy regions.




2.3. Optical Properties


As a photoelectric functional material, the optical properties of BiOI should be considered. Based on the band structure calculations, the real (ε1) and imaginary (ε2) parts of the dielectric function calculated by the HSE06 method are plotted in Figure 7. The corresponding results calculated by the GGA and GGA + U methods are provided in Figure S2 and Figure S3, respectively. Because the crystal structure of BiOI has the tetragonal matlockite PbFCl-type structure, the calculated optical properties along the polarization directions of E//a and E//b are the same. However, the optical curves for E//a or E//b are clearly different from those for E//c owing to the anisotropic properties of this type of crystal structure. To conveniently compare with experimental observations, the optical properties were also calculated for the polycrystalline model, as shown in Figure 7, Figure 8 and Figure 9. The peak intensities along the two polarization directions are clearly different, which shows that BiOI has anisotropic characteristics in the range 0 to 20 eV. The calculated static dielectric constants are ε1a(0) = 6.85, ε1c(0) = 5.72, and ε1p(0) = 6.47 at a frequency approaching zero. In the low energy range, the real part of the calculated dielectric function increases along the two polarization directions and for the polycrystalline model with increasing photon frequency. Along the E//a or E//b polarization direction, the first peak (ε1a = 14.18) appears at E = 4.08 eV, arising from the electron transition from I-5p/O-2p occupied states (i.e., the top of the VB) to Bi-6p unoccupied states (i.e., the bottom of the CB). The next peak (ε1a = 9.88) at E = 5.00 eV is also ascribed to the electron transition from I-5p/O-2p occupied states to Bi-6p unoccupied states. Along the E//c polarization direction, there are two peaks (ε1c = 10.99 and ε1c = 9.47) at E = 4.35 and 5.15 eV. The mechanism of the electronic transition mechanism is the same as the former. The features of the real part for the polycrystalline model are similar to that along the E//a or E//b polarization direction. The fundamental absorption edge of the imaginary part is ~1.9 eV. The imaginary part (ε2) of the calculated dielectric function sharply increases along the two polarization directions and for the polycrystalline model with increasing frequency, with the first peaks at ε2a = 10.05, ε2c = 6.44, and ε2p = 8.76 appearing at E = 4.34, 4.59, and 4.56 eV, respectively. As the photon frequency increases, the value of ε2 gradually tends to zero for all three curves.



Figure 8 shows the calculated refractive index curves of BiOI. The static refractive indexes are n0 = 2.62, 2.39, and 2.55 for E//a or E//b, E//c, and polycrystalline, respectively. The imaginary part (k) of the refractive index curves is the extinction coefficient, which represents the absorption coefficient, as shown in Figure 9. The absorption intensity along the E//c polarization direction is slightly higher than that along the E//a or E//b polarization direction in the wavelength range 200 to 600 nm, while the absorption intensity for the polycrystalline model falls in between. All of the absorption curves have two shoulder absorption peaks located at ~280 and ~370 nm. The response range of BiOI to visible light is wide, so it has excellent light absorption characteristics. The reflectivities of BiOI along the two polarization directions and for the polycrystalline model are also provided in Figure 9. The sharp decrease point of reflection is at about 300 nm. In the visible-light region, the reflectivity of BiOI is less than 25%, especially along the E//c polarization direction. Based on the above descriptions, the main contribution to visible-light absorption of BiOI is from photon absorption along the direction of the a/b axis. Therefore, if the morphology of the BiOI photocatalyst is controlled to have more exposed {100} crystal facets, it can efficiently absorb visible light in the solar spectrum. In other words, the photocatalytic performance of BiOI under visible-light irradiation could be greatly improved by intentional crystal orientation control synthesis.





3. Computational Methods


The DFT calculations were performed using the Cambridge Serial Total Energy Package (CASTEP) code, which is included in Materials Studio software (8.0, Accelrys Softwave Inc., San Diago, CA, USA, 2014) [46]. Owing to its advantages in both efficiency and credibility, the ultrasoft pseudopotential was chosen to describe the interaction between ionic cores and valence electrons in the GGA and GGA + U methods, while the norm-conserving pseudopotential was used in the HSE06 calculations. The Kohn-Sham wave functions of the valence electrons were expanded using a plane wave basis set within a specified energy cutoff of 380 eV for the GGA and GGA + U methods, while an 830 eV energy cutoff was used for the HSE06 method. The valence electrons that were considered in the calculations were Bi-5d106s26p3, O-2s22p4, and I-5s25p5 for the GGA and GGA + U, while only Bi 5d10 was considered for the HSE06 method. A 5 × 5 × 7 irreducible Brillouin zone was set for k-point grid sampling in the Monkhorst-Pack scheme, and the fast Fourier transformation was set as a 50 × 50 × 40 mesh. The minimization algorithm chosen was the Broyden-Fletcher-Goldfarb-Shanno scheme [47]. To accurately describe the nonbonding van der Waals interactions along the c axis in BiOI, DFT with van der Waals dispersion corrections (DFT-D) was used [48]. The value of Ueff = U − J was set to 4.8 eV for the p orbitals of Bi and O, and 2.1 eV for the p orbital of I. These values were obtained by comparing the calculated and measured band gap of pure BiOI.



The lattice parameters and atomic coordinates were fully optimized by simultaneously minimizing the total energy and atomic forces, which is an iterative process. In other words, the internal coordinates of the atoms and cell parameters were repeatedly adjusted to obtain the minimum total energy. When the convergence criteria (forces on the atoms less than 0.01 eV/Å, stresses on the atoms less than 0.02 GPa, atomic displacements less than 5 × 10−4 Å, and energy change per atom less than 5 × 10−6 eV) were satisfied, the equilibrium structure was finally obtained. Based on the optimized BiOI crystal structure, the electronic structure and optical properties were calculated. For the band structure, the energy eigenvalues were calculated according to the following high symmetry k-point path in the first Brillouin zone: Z (0, 0, 1/2) → A (1/2, 1/2, 1/2) → M (1/2, 1/2, 0) → Γ (0, 0, 0) → Z (0, 0, 1/2) → R (0, 1/2, 1/2) → X (0, 1/2, 0) → Γ (0, 0, 0).




4. Conclusions


The crystal structure of BiOI was optimized by different DFT methods, including GGA, GGA + U, and HSE06 functionals. Compared with the experimental structure, the most important structural features of BiOI are well reproduced by the three methods, except for the HSE06 method that does not apply a van der Waals correction. For the electronic structure, there are different chemical bonding features between different atoms in the different energy regions. Bi atoms have strong orbital hybridization with O atoms, and form covalent bonds. Bi atoms have relatively weak orbital hybridization with I atoms in the lower energy regions, and form ionic bonds. Bi atoms have relatively strong orbital hybridization with I atoms in the higher energy regions, and form covalent bonds. The parameters of the electronic structure of BiOI were calculated and compared for the three different DFT methods. The calculated results are consistent with each other, and can also explain some phenomena found in experiments. The optical properties, such as the dielectric function, refractive index, absorption coefficient, and reflectivity, were also calculated, and they are discussed. The results of the optical properties show that BiOI has anisotropic characteristics, and visible-light absorption by BiOI is mainly because of photon absorption along the direction of the a/b axis. Therefore, the photocatalytic performance of BiOI under visible-light irradiation could be greatly improved by intentional crystal orientation control synthesis. Considering the accuracy of the calculated results, utilization of computational resources, and computational time consumption, the GGA + U method is suitable for BiOI, especially for large models.
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The following are available online at www.mdpi.com/2073-4344/6/9/133/s1, Figure S1: The comparison of total and partial density of states of BiOI by different density functional theory (DFT) methods. Figure S2: The imaginary part and the real part of the dielectric functions of BiOI along two polarization direction and polycrystalline model by generalized-gradient approximation (GGA) method. Figure S3: The imaginary part and the real part of the dielectric functions of BiOI along two polarization direction and polycrystalline model by on-site Coulomb interactions (GGA + U) method.
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Figure 1. Crystal structure model of BiOI. 
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Figure 2. Calculated band structure of BiOI obtained by the different DFT (density functional theory) methods. The red lines represent spin-up states and the blue lines represent spin-down states (for BiOI, the spin-up states and the spin-down states are almost completely coincident, the blue lines are overlapped by the red lines, so there are almost not seen in this figure). 
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Figure 3. Calculated total and partial DOS (density of states) of BiOI obtained by the HSE06 method. The energy regions E1–E15 are as labeled in Figure 2. 
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Figure 4. Projected wave function contour of BiOI through the (010) plane. The energy regions E1–E15 are as labeled in Figure 2. 
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Figure 5. Projected wave function contour of BiOI through the (001) plane. The energy regions E1–E15 are as labeled in Figure 2. 
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Figure 6. Proposed molecular-orbital bonding diagram for BiOI. The solid and dashed lines represent large and small contributions, respectively. 
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Figure 7. Imaginary and real parts of the dielectric functions of BiOI along two polarization directions and for the polycrystalline model calculated by the HSE06 method. 
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Figure 8. Imaginary and real parts of the refractive index of BiOI along two polarization directions and for the polycrystalline model obtained by the HSE06 method. 






Figure 8. Imaginary and real parts of the refractive index of BiOI along two polarization directions and for the polycrystalline model obtained by the HSE06 method.



[image: Catalysts 06 00133 g008]







[image: Catalysts 06 00133 g009 1024] 





Figure 9. Absorption coefficient and reflectivity of BiOI along two polarization directions and for the polycrystalline model obtained by the HSE06 method. 
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Table 1. Optimized crystallographic parameters of BiOI obtained by different density functional theory (DFT) methods, as well as the experimental values. The atomic fractional coordinates of all of the atoms and bond lengths are also given.
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Method

	
Crystallographic Parameters

	
Fractional Coordinates of Atoms

	
Bond Lengths (Å)




	
a and b (Å)

	
c (Å)

	
V (Å 3)

	
O

	
I

	
Bi

	
Bi–O

	
Bi–I a






	
GGA

	
3.9900

	
9.4984

	
151.2155

	
(0, 0, 0)

	
(0, 0.5, 0.6760)

	
(0, 0.5, 0.1294)

	
2.3431

	
3.3370, 5.1920




	
GGA + U

	
3.9199

	
9.3099

	
143.0519

	
(0, 0, 0)

	
(0, 0.5, 0.6761)

	
(0, 0.5, 0.1291)

	
2.2990

	
3.3130, 5.0930




	
HSE06

	
3.7556

	
7.8692

	
110.9911

	
(0, 0, 0)

	
(0, 0.5, 0.6466)

	
(0, 0.5, 0.1440)

	
2.1931

	
3.1260, 3.9550




	
Exp.b

	
3.885 (2)

	
9.151 (5)

	
138.12 (2)

	
(0, 0, 0)

	
(0, 0.5, 0.6671)

	
(0, 0.5, 0.1338)

	
2.3430

	
3.3615, 4.8795








a The first value is the bond length of Bi with the first I layer atoms (Bi–I1 in Figure 1), and the second value is the bond length of Bi with the second I layer atoms (Bi–I2 in Figure 1). b Ref. [31]. 
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Table 2. Atomic Mulliken populations of BiOI obtained by the different DFT (density functional theory) methods (the unit is elementary charge (symbol: e)).
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Method

	
O

	
I

	
Bi




	
s

	
p

	
Total

	
Charge

	
s

	
p

	
Total

	
Charge

	
s

	
p

	
Total

	
Charge






	
GGA

	
1.91

	
4.98

	
6.90

	
−0.90

	
1.96

	
5.37

	
7.33

	
−0.33

	
1.97

	
1.80

	
3.78

	
1.22




	
GGA + U

	
1.88

	
5.08

	
6.97

	
−0.97

	
1.98

	
5.37

	
7.35

	
−0.35

	
1.93

	
1.75

	
3.68

	
1.32




	
HSE06

	
1.89

	
5.13

	
7.02

	
−1.02

	
1.81

	
5.39

	
7.20

	
−0.20

	
2.11

	
1.67

	
13.78

	
1.22
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Table 3. Effective masses of photogenerated holes at the top of the VB (valence band) and photogenerated electrons at the bottom of the CB (conduction band) obtained by different DFT methods.
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k-point (direction)

	
mh* (m0)

	
k-point (direction)

	
me* (m0)




	
GGA

	
GGA + U

	
HSE06

	
GGA

	
GGA + U

	
HSE06






	
Z (Z → A)

	
0.795

	
0.809

	
0.658

	
Z (Z → A)

	
0.204

	
0.194

	
0.217




	
     Z A  ¯     (Z → A)

	
0.454

	
0.675

	
0.464

	
     Z A  ¯     (A → Z)

	
0.318

	
0.319

	
0.270




	
     Γ M  ¯     (Γ → M)

	
0.254

	
0.235

	
0.187

	
M (Γ → M)

	
0.460

	
0.393

	
0.204




	
ZR (Z → R)

	
1.158

	
0.977

	
0.663

	
     M Γ  ¯     (Γ → M)

	
0.768

	
0.674

	
0.430




	
-

	
-

	
-

	
-

	
     Z R  ¯     (Z → R)

	
0.424

	
0.421

	
0.277




	
-

	
-

	
-

	
-

	
Γ (Γ → X)

	
0.185

	
0.188

	
0.162










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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