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Abstract

:

Titania (TiO2) is a key material used as an electron transport in dye-sensitized and halide perovskite solar cells due to its intrinsic n-type conductivity, visible transparency, low-toxicity, and abundance. Moreover, it exhibits pronounced photocatalytic properties in the ultra-violet part of the solar spectrum. However, its wide bandgap (around 3.2 eV) reduces its photocatalytic activity in the visible wavelengths’ region and electron transport ability. One of the most efficient strategies to simultaneously decrease its bandgap value and increase its n-type conductivity is doping with appropriate elements. Here, we have investigated using the density functional theory (DFT), as well as the influence of chromium (Cr), molybdenum (Mo), and tungsten (W) doping on the structural, electronic, and optical properties of TiO2. We find that doping with group 6 elements positively impacts the above-mentioned properties and should be considered an appropriate method for photocatalystic applications. In addition to the pronounced reduction in the bandgap values, we also predict the formation of energy states inside the forbidden gap, in all the cases. These states are highly desirable for photocatalytic applications as they induce low energy transitions, thus increasing the oxide’s absorption within the visible. Still, they can be detrimental to solar cells’ performance, as they constitute trap sites for photogenerated charge carriers.
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1. Introduction


Transition metal oxides such as TiO2, tin oxide (SnO2), and zinc oxide (ZnO) represent an important class of materials due to their chemical stability, photocatalytic properties, and high electrical conductivity [1,2,3,4,5,6,7,8,9,10]. Anatase TiO2 has been widely investigated as a photocatalyst and as a solar cell material due to its intense absorption in the ultra-violet wavelength region [1,2,3,4,5,6,7]. Furthermore, it has been long established as an effective electron transport layer (ETL) in dye-sensitized solar cells (DSSCs) and recently in organic (OSCs) and perovskite solar cells (PSCs) [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25]. The bandgap of anatase TiO2, which is around 3.2 eV [26,27], reduces its absorption in the near-infrared and visible region [7]. To decrease its bandgap and tune the electronic and optical properties, doping with appropriate elements is beneficial. A considerable variety of literature reports demonstrate that doping of anatase TiO2 with halogens, nitrogen, or transition metal ions such as zinc (Zn) significantly changes the electronic and optical properties [28,29,30,31,32,33,34]. For instance, when we dope TiO2 with chlorine (Cl) or nickel (Ni), the bandgap is reduced to 3 and 2.6 eV, respectively [33,34].



Although TiO2 has been investigated for many years as a photocatalyst, in the anatase form it undergoes fast electron-hole recombination, leading to unsatisfactory photocatalytic properties [26,27]. Many doping strategies have been adopted, such as nitrogen (N) and niobium (Nb) doping, which resulted in the enhanced photocatalytic activity of TiO2 [35,36]. Herein, we investigate the chromium (Cr), molybdenum (Mo), and tungsten (W) (group 6 of the periodic table) doping of anatase TiO2 using the density functional theory (DFT). We focus on the structural, electronic, and optical properties of anatase TiO2 before and after doping with the group 6 elements and we provide evidence that these structures can be applicable to photocatalytic applications and devices. Furthermore, we compare our results with already published experimental data and theoretical results referring to other dopants. To fully understand the structural and electronic properties changes, we considered the density of states (DOS) of the energetically favorable sites and the partial DOS (PDOS) for the orbital contribution. To our knowledge, the orbitals hybridization of the interstitial and substitutional doping cases, has not been systematically discussed before. Finally, we calculated the absorption, refractive index, and dielectric constants for these dopants. In this work, we made a complete investigation both for the substitutional and the interstitial doping cases, to serve as a roadmap to the applications of TiO2 to photocatalysis and photoelectrical devices.




2. Materials and Methods


For all the DFT calculations presented here, we use the plane wave code CASTEP [37,38], with the PBE [39] exchange-correlation functional. Furthermore, the ultrasoft pseudopotentials [40] were used for all of our calculations. The wave basis’s cut-off energy was converged at 480 eV, in conjunction with a 2 × 2 × 3 k-point Monkhost-Pack [41] grid. For our calculations, we used a supercell of 108 atoms. To encounter the effect of localized electrons, onsite Coulomb repulsions [42] of 8.2 eV were set for the 3d orbitals of Ti [15], 2.8 eV for the 3d of Cr [43], 2.3 eV for Mo 4d, and 2.1 eV for W 5d [44]. We have also examined other values for the +U parameter, but the band gap was significantly underestimated. For the DOS calculations, a denser mesh of 5 × 5 × 5 k-points was applied. The convergence criteria for the undoped TiO2 and doped structures were chosen as (a) the SCF tolerance of 2.0 × 10−5 eV/atom, (b) max force tolerance of 0.05 eV/Å, (c) max stress tolerance of 0.1 GPa, and d) max displacement tolerance of 0.001 Å. For the optical calculations, a denser mesh of 3 × 3 × 3 k-points was applied.




3. Results


3.1. Structural and Electronic Properties


Among the three different crystal structures of TiO2 (brookite, rutile, and anatase), anatase is considered the most suitable for photocatalytic devices [45]. It belongs to the tetragonal I4/amd space group and its lattice parameters are measured to be a = 3.782 Å, b = 3.782 Å, and c = 9.502 Å [46]. Herein, the DFT calculated lattice parameters are a = 3.804 Å, b = 3.804 Å, and c = 9.729 Å, which agree with previous theoretical studies [8,34,47]. The dopants’ percentage was 1 X (=Cr, Mo, W) atom per 108 TiO2 atoms, which results in a 0.92% doping percentage. In our work, all the dopants were examined in interstitial and substitutional positions. We discuss the effect of the above dopants for interstitial and Ti-substitutional doping. Each case produces a small distortion in the lattice, which changes the crystal parameters and the supercell volume (Table 1). The increase of the unit cell volume is due to the electronegativity differences between Mo, W, and Ti. This is in turn reflected on the larger Ti- X(=Mo, W) distance as compared to the Ti-Ti distance of the undoped TiO2.



3.1.1. Cr Doping


In the case of Cri, the chromium atom resides at 2.25 Å from the nearest titanium atom and 2.25 Å from the nearest oxygen atom (Figure 1a). Furthermore, we have also examined the Ti simple substitution with Cr and present the relaxed structure in Figure 1b. In this case, the Cr atom resides 1.91 Å from the nearest oxygen atom. For the substitutional case, the lattice parameters are reduced. Our results agree with other available theoretical and experimental data [48,49], which predict a decrease in the cell volume due to the Cr incorporation in a substitutional position.



Focusing on the DOS graph, the bandgap is estimated at 3.04 eV for the Cri and 3.09 eV for the CrTi cases (Figure 2a,b). The bandgap of perfect anatase is calculated at 3.12 eV (shown in Figure 2g as a reference), which agrees with other theoretical studies and already published reports that show experimental values for the bandgap at 3.2 eV [27,33,34,50].



As shown in Figure 2a, the Cr interstitial gives rise to three available energy states inside the bandgap, near the valence band edge, in the middle of the bandgap, and near 2.5 eV. However, when a Ti atom is replaced with Cr, it is observed that the gap states are shifted towards the conduction band (Figure 2b). To fully explain the hybridizations that create these gap states, we used the PDOS for the Cri:TiO2 and CrTi:TiO2. Figure 3a shows that O-2p and Ti-3d contribute mainly to the valence and the conduction band, respectively. Furthermore, the interstitial Cr doping mainly contributes to gap states with a minor contribution also as the conduction band.



In Figure 3a, the gap states are shown in more detail. The bandgap states are formed at 0.32 eV, which is attributed to the hybridization of O-2p, Ti-3d, and Cr-3d orbitals, with O-2p contributing more to this state. The gap state at 1.25 eV has a contribution of T-3d, O-2p, and Cr-4s orbitals. The energy states at 2.4 eV are created from the hybridization of Cr-3d with Ti-3d orbitals. The results are in good agreement with other theoretical works [51]. In Figure 3b, the CrTi:TiO2 case is examined. The substitutional doping of Cr creates three gap states inside the bandgap and one state at the conduction band edge and also reduces the bandgap to 3.08 eV.



Regarding the origin of gap states (Figure 3b), our calculations predict that they are mainly created due to the hybridization of Cr-3d with Ti-3d and O-2p orbitals. Similar theoretical and experimental works predict a bandgap close to the present value for the same doping percentage [48,52].




3.1.2. Mo Doping


Concerning the doping of TiO2 with Mo atoms, we show that Mo can be either an interstitial at 1.97 Å from the nearest oxygen or a Ti substitutional at a 1.94 Å distance from the nearest oxygen (Figure 1c,d, respectively).



For the interstitial doping, the DOS in Figure 2c shows peaks in the bandgap at 0.4, 1.2, 1.4, and 1.75 eV. Moreover, the bandgap is decreased to 2.87 eV. Focusing on the PDOS (Figure 2c and Figure 3c), we see that the bandgap available states are mainly created from the Ti-3d and O-2p orbitals. For the gap states at 0.4 eV, we observe a small contribution from the Mo-4d orbitals. We have also predicted that the Mo-4d orbitals create energy states near the conduction band edge. For the substitutional case, mid-gap states are formed at 1.6 eV (Figure 2d). Figure 3d shows that these gap states are created from the hybridization of Ti-3d with O-2p with a small contribution of Mo-4d. However, similarly to the interstitial doping, available states are formed near the conduction band mainly from Mo-4d and Ti-3d orbitals. For the substitutional case, however, our bandgap is reduced to 2.77 eV. The present results for the substitutional doping are consistent with previous theoretical studies [53], however, we could not find any relevant work for the interstitial case. Sreedhar et al. [54] and Kubaska et al. [55] performed experiments regarding the Mo doped TiO2 and estimated a bandgap ranging from 2.65 to 3.0 eV.




3.1.3. W Doping


In Figure 1e,f we present the W:TiO2. In this case, the interstitial sits at 1.96 Å near the oxygen atom, while the substitutional is located at 1.91 Å near the O-atom.



We have also examined the electrical properties of W:TiO2 both as interstitial and substitutional defects. Specifically, with regards to Wi:TiO2, in Figure 2e we predict that some mid-gap states are formed and the bandgap is significantly reduced, reaching a value of 2.8 eV. To analyze these states, in Figure 2e and Figure 3e, we observe that three gap states are formed at 0.4–0.6 eV, 1.1–1.3 eV, and 1.5 eV and are mainly created from the Ti-3d and O-2p orbitals. In this case, we compute that the W-4d orbitals contribute significantly neither to the gap states, nor to the conduction band.



Conversely, examining the DOS and PDOS (Figure 2f and Figure 3f) of the substitutional doping case, we observe that the W-5d orbitals create some available states near the conduction band, which reduce the bandgap to the value of 2.87 eV. In addition, some states are formed at 0.1 eV, which result from the O-2p and Ti-3d orbitals. Our band gap calculations are in good agreement with the experiments, which predict a value of 2.9 eV [56].



In Table 2, we have summarized our results. Our calculations indicate that the gap is reduced more in MoTi doped TiO2 and reaches a value of 2.77 eV (448 nm). Therefore, it is suggested that this type of bandgap engineering of titania can be applied to develop photocatalysts with an absorption within the visible. Generally, in all the above cases, we calculate a significant bandgap reduction. Additionally, we have extensively discussed the creation of gap states in the middle of the bandgap for all the doping cases. These formed states improve the n-type conductivity of titania and serve as donors. As a result, we suggest that their photocatalytic performance through water splitting experiments should be examined, especially for the Mo doping. Although these states can be advantageous for photocatalytic applications, they could be a disadvantage for solar cell devices, as they might constitute trap sites for the photogenerated charge carriers. As a result, we propose only the W doped TiO2 for application in photovoltaics.





3.2. Optical Properties


The optical properties for the absorption coefficient, refractive index, and dielectric function were analyzed for the undoped and the X(=Cr, Mo, W):TiO2 substitutional cases. In the optical calculations, we used the Hubbard + U parameter and concluded that the present results are in good agreement with the experiment, although they are highly dependent on this parameter. In Figure 4a–f, the complex dielectric function is presented for photon energies up to 15 eV. In Figure 4g, the dielectric function of the undoped case is shown. The dielectric constant εοο is predicted in the limit of zero photon energy of the real part of the dielectric function, at 5. This agrees well with other computational works, which predict a value of 5.10 [57] and slightly higher than the experimental value of 4.5 [58]. The imaginary part of the dielectric function for the undoped case shows a peak at about 5 eV. This peak is in good agreement with the literature [57] and was attributed to the electronic transition from Ti-3d to O-2p states at the conduction and the valence band. For the Cr doping case, the dielectric function is presented in Figure 4a. The dielectric constant is calculated at the value of 6 from the real part of the dielectric function. From the imaginary part of the dielectric function, we show that it has a similar form to the pure TiO2. In Figure 4b, the dielectric function for the Mo:TiO2 is presented. Focusing on the real part, the dielectric constant is estimated at the value of 9. From the imaginary part, a peak in the low region is created (0.31 eV), which comes from the electronic intra-band transition of Mo 4d and Ti-3d orbitals inside the conduction band. The present results are similar with other theoretical works [59,60]. For the W-case, we predict the dielectric constant at 6. As for the imaginary part, it is seen that 0.23 eV is created from the W-4d transition with the Ti-3d in the conduction band.



The computed refractive index value for the undoped TiO2 is 2.35. The present results agree with other theoretical studies that calculate a value of 2.21 [57]. Mergel [61], performed experiments and estimated that the refractive index of undoped TiO2 is computed at the value of 2.62 at 550 nm. Here, we calculate a value of 2.62 at 550 nm (which is equal to an energy of 2.25 eV), identical to the experimental value. The imaginary part of the refractive index corresponds to the extinction coefficient. The significant peaks from the extinction coefficiency are located at 5.30, which is close to other provided values [57]. It is seen that the real part of the refractive index gives a value of 2.44 for zero photon energy. The available experimental data predict a value of 2.40, which is similar with our data [62]. From the real part of the refractive index of the Mo:TiO2, we observe that at the zero photon energy, the index is calculated near 4. This is a significant increase compared to the undoped case. Similar to the present study, khan et al. [60] also showed an increase of 1.5 units to the refractive index, after the 0.92% doping of Mo to the pure TiO2. An increase in the refractive index of TiO2 upon Mo doping boosts its anti-reflective (AR) ability and might be beneficial for application in solar harvesting devices. For the extinction coefficient, k(ω), in this case, it is seen that a strong peak is created at 5.2 eV. Finally, with regards to the W doped TiO2, from the real part of the refractive index, it is seen that at zero photon energy, the index is calculated at 2.40, almost equal to the experimental value of 2.3 provided by Lin [63].



We present the absorption coefficient a(ω) in Figure 5. The major peak ranges from 2.5 to 12.3 eV for the undoped TiO2, which is in good agreement with other works [57]. Pure TiO2 only shows absorption in the UV region, created from the excitations from the O-2p states of the valence band to the Ti-3d states to the conduction band. It is seen that after doping, Mo gives the most substantial peak at 0.3 eV (Figure 5b). In the visible region, it is seen that Cr provides the highest absorption. All these findings suggest that Cr, Mo, and W doped TiO2 exhibit better electrical and optical characteristics compared to the undoped case and should also be investigated for other energy applications, beyond photovoltaics and photocatalysis [64].





4. Conclusions


In this work, we used DFT for group 6 (Cr, Mo, W) doped TiO2 to evaluate the influence of doping on the structural, electronic, and optical properties of TiO2. In all the cases, it is seen that mid gap states arise, which can be attributed to hybridization of O-p with Ti-d, and a small contribution of Cr-d, Mo-d, and W-d orbitals. These states are beneficial for oxides photocatalytic activities as they reduce the band gap, with the Mo doped TiO2 achieving the lowest value of 2.77 eV. This value is one of the lowest values achieved for a single doping method. Interestingly, Mo doped TiO2 is shown to have the highest value of the dielectric constant and refractive index, which makes it the most suitable dopant-candidate for light-harvesting applications.
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Figure 1. (a) Chromium (Cr) as an interstitial dopant, (b) Cr as a substitutional dopant, (c) molybdenum (Mo) as an interstitial dopant, (d) Mo as a substitutional dopant, (e) tungsten (W) as an interstitial dopant, (f) W as a substitutional dopant. 






Figure 1. (a) Chromium (Cr) as an interstitial dopant, (b) Cr as a substitutional dopant, (c) molybdenum (Mo) as an interstitial dopant, (d) Mo as a substitutional dopant, (e) tungsten (W) as an interstitial dopant, (f) W as a substitutional dopant.
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Figure 2. The partial density of states for (a) Cr as an interstitial dopant, (b) Cr as a substitutional dopant, (c) Mo as an interstitial dopant, (d) Mo as a substitutional dopant, (e) W as an interstitial dopant, (f) W as a substitutional dopant, (g) undoped TiO2. 
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Figure 3. The mid gap states for (a) Cr as an interstitial dopant, (b) Cr as a substitutional dopant, (c) Mo as an interstitial dopant, (d) Mo as a substitutional dopant, (e) W as an interstitial dopant, (f) W as a substitutional dopant. 
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Figure 4. The real ε1(ω) and imaginary part ε2(ω) of the complex dielectric function for (a) Cr doped TiO2, (b) Mo doped TiO2, (c) W doped TiO2, (d) undoped TiO2. 
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Figure 5. The absorption graph for all the doping cases (a) for all the spectrum (b) for the visible region (1.78–3.1 eV) and (c) as a function of the wavelength. 
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Table 1. Lattice parameters and cell volume for every doping case.
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	a (Å)
	c (Å)
	Volume (Å3)





	TiO2
	3.80
	9.73
	140.80



	Cri:TiO2
	3.80
	9.80
	143.75



	CrTi:TiO2
	3.81
	9.69
	140.29



	Moi:TiO2
	3.83
	9.70
	142.29



	MoTi:TiO2
	3.81
	9.72
	141.10



	Wi:TiO2
	3.83
	9.70
	142.30



	WTi:TiO2
	3.82
	9.69
	141.40
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Table 2. The calculated band gap values for every interstitial and substitutional doping case.
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	Band Gap (eV)





	TiO2
	3.12



	Cri:TiO2
	3.04



	CrTi:TiO2
	3.09



	Moi:TiO2
	2.87



	MoTi:TiO2
	2.77



	Wi:TiO2
	2.89



	WTi:TiO2
	2.88
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