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Abstract: The large intrinsic band gap in TiO2 has hindered severely its potential 

application for visible-light irradiation. In this study, we have used a passivated 

approach to modify the band edges of anatase-TiO2 by codoping of X (N, C) with 

transition metals (TM=W, Re, Os) to extend the absorption edge to longer 

visible-light wavelengths. It was found that all the codoped systems can narrow the 

band gap significantly; in particular, (N+W)-codoped systems could serve as 

remarkably better photocatalysts with both narrowing of the band gap and relatively 

smaller formation energies and larger binding energies than those of (C+TM) and 

(N+TM)-codoped systems. Our theoretical calculations provide meaningful guides for 

experiments to develop more powerful visible-light photocatalysts. 
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range. Because defect bands are passivated, it is highly likely that they will be less 

effective as carrier recombination centers [8]. Recent experiments have reported that 

the addition of W to N-doped TiO2 can increase photocatalytic activity under 

visible-light irradiation significantly [9, 10]. Our theoretical calculations on 

(N+W)-codoped anatase suggest that a continuum band is formed at the top of the 

valence band, and that W 5d orbitals locate below Ti 3d states at the bottom of 

conduction band, which narrows significantly the band gap and enhances visible light 

absorption [11]. To the best of our knowledge, this study [11] was the first theoretical 

explanation of how (N+W)-codoped anatase possesses such high photocatalytic 

activity. To find even more effective photocatalyst materials, one may perform further 

theoretical calculations of codoping with non-metal and metal elements to guide 

future experimental work in solar energy materials design. 

In this study, we have used a passivated codoping approach to search for 

appropriate dopants to narrow the band gap of anatase which do not induce gap states, 

based on first-principles calculations. This aim is to avoid defect states which act as 

effective carrier recombination centers. In the analysis of the band structures of 

codoped anatase, it was found that although (C+TM) (TM=W, Re, Os)-codoped 

systems narrow the band gap slightly larger than (N+TM)-codoping cases, 

(N+W)-codoped TiO2 is the more promising photocatalyst due to the narrowing of its 

band gap and the relatively small formation energies and large binding energies.  
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different d orbital energies relative to the Ti atom should be selected. 

For N and C dopants, these introduce acceptor states above the VBM, as one might 

expect. Further, C 2p acceptor states [cf. Figures 3 b&b’] lie deeper inside the gap 

than those of N 2p acceptor states [cf. Figures 3 c&c’] because the C 2p orbital energy 

is higher than that of N 2p. Replacement of Ti atoms by transition metals, W, Re, and 

Os, results in the largest influence occurring at the conduction band edge and gap 

states, respectively. The position of the donor state near the CBM depends on the d 

orbital energy of the dopants. Our calculated results show that W@Ti and Re@Ti 

substitution creates shallow levels below the Ti 3d states while Os@Ti substitution 

induces deep levels in the gap. Certainly, when Ti is replaced by W, Re, the impurity 

levels resonate with the conduction band. However, these monodoped systems either 

create impurities states (for C and Os) which may act as recombination centers, 

thereby reduce photo-efficiency, or narrow slightly the band gap of TiO2 (for W and 

Re), which extends the visible-light absorption edge marginally. To investigate if the 

differences in electronic properties between Re- and Os-doped TiO2 may be 

rationalized from the bond characteristics, we plotted the electron localization 

function (ELF) in Figure 4 at the (100) surface of bulk anatase for these three doped 

systems. The ELF is a scalar continuous function bounded between 0 and 1, and the 

value of 1 indicates that electrons are fully localized and 0 implies that electrons are 

fully delocalized or that there is no electron in that place. So the value between 0 and 

1 indicates the probability of the formation of an electron-gas-like pair [32]. Figure 4 

shows that the degree of electron localization is in the order W > Re > Os, which 
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shows that the C ion has a charge of -1.20 |e| for C@O monodoping, while it is -2.60 

|e| for (C+W)-codoping, with more electrons transferring from the W and adjacent Ti 

atoms to the C ion. The bond length of C-W is 1.868 Å, which is shorter than that of 

the C-Ti length of 2.196 Å for C@O doping, indicating further that a strong C-W 

bond forms. For (C+Re), the optimized C-Re bond length is only 1.624 Å, shorter 

than that of C-W and significantly shorter than that of C-Ti. Therefore, a much 

stronger interaction between the C and Re ion takes place. For the (C+Os) system, the 

C-Os bond behavior is different from C-W and C-Re (cf. Figure 5) such that the 

formation of a covalent C-Os bond takes place through sharing of electrons between 

Os and C. The Bader charges also confirm this result, in which the C ion has a charge 

of -2.74 |e|. This method could be also employed to analyze the (N+TM) system. 

Secondly, we have examined synergistic effects on narrowing the band gap of TiO2 

by codoping X (N, C) with TM (W, Re, Os). Hence, the calculated DOS and PDOS 

for these six systems, compared to the results with that of pure TiO2, are shown in 

Figure 7. It may be seen that the reduction in band gap caused by codoping is very 

significant with respect to that observed in the corresponding X (N, C) and TM (W, 

Re, Os) monodoped cases, leading to a large reduction of band gap in these doped 

systems. 

 For (N+W) codoped system (cf. Figures 7 a&a’), identifying the formation of a 

continuous band of hybridized N2p-O2p states, which consists of the valence band 

edge and W5d orbitals dominating the conduction band edge, leading to a significant 

band gap reduction of about 1.37 eV [11]. It means (N+W) codoped TiO2 is a 
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effective photocatalysts to absorb visible-light. Then, we examine the other two 

(N+TM)-codoped systems. (N+Re) (cf. Figures 7b&b’) and (N+Os) (cf. Figures 

7c&c’) possess much smaller band gaps than those of both pure anatase and the 

(N+W) system. However, there are some shortcomings in them. Firstly, the binding 

energy of (N+Re) system is so small that it is easily departed during synthesis process. 

Secondly, some empty states located in the band gap of (N+Os) system that can act as 

recombination centres and reduce phonon absorption efficiency. Although these two 

codoped systems extend substantially the absorption edge to longer visible-light 

ranges, it’s expected they are not effective and applied photocatalysts because of 

either unstable or low efficiency. 

Compared to (N+TM)-codoped systems, (C+TM) exhibits much better effects on 

band gap narrowing, which may be due to deeper C acceptor energy levels than those 

of N, and a much stronger interaction between C and TM atoms. For the (C+W) 

codoped system (cf. Figures 7 d & d’), the band gap is reduced by about 1.41 eV with 

formation of isolated band above VBM with an value of 0.83 eV and CBM 

down-shifting by about 0.37 eV, which is different from the (N+W) system. Like 

(N+W)-codoped titania [11], a C2p-W5d hybridized band is formed, which renders 

the hybridization between C 2p and O 2p stronger than C monodoping, giving rise to 

a fully occupied band above the top of valence band edge. At the same time, partial W 

5d states are located at the edge of the conduction band, and importantly, the isolated 

states disappear and a continuum-like band is formed. This finding is very similar to 

our previous work on (N+Ta)-codoped TiO2 [36]. Obviously, incorporation of W into 
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C-doped TiO2 changes the character of C 2p orbitals from isolated midgap states to C 

2p states mixed with O 2p states above the top of the valence band and conduction 

band edge consisting of W 5d itself. However, its formation energy is nearly double 

that of the (N+W) case and therefore it would not be easily synthesized 

experimentally under either O-rich or Ti-rich conditions. 

The (C+Re) codoped system (cf. Figures 7 e&e’) reduces the band gap significantly 

by about 1.89 eV, with formation of a fully occupied band above the VBM about 0.4 

eV and CBM down-shifting by 1.43 eV, which is different from the (C+Os) codoped 

cases (cf. Figures 7 f & f’). The band gap of (C+Os) case narrows less than (C+Re) 

but produces gap states, which are partially occupied. This implies that the 

(C+Os)-codoped system is not as promising as a possible photocatalytic material due 

to the existence of recombination centers. However, the small binding energy of 

(C+Re)-codoped anatase leads this system to be unstable at high temperatures. 

Briefly, considering the findings for band gap narrowing, formation energies, and 

binding energies, it seems that (N+W) and (C+W) should be promising candidates for 

photocatalytic materials under visible light irradiation. Therefore, we have plotted the 

DOS and PDOS for these doping cases (N, C and W as far apart as possible, i.e. the 

Lnn configuration) in Figure 8. For the (N+W) system (cf. Figures 8 a&a’), the value 

of band gap narrowing is about 1.11 eV, which is smaller than that of 1.37 eV with the 

formation of an N-W pair. Furthermore, the impurity band locates about the VBM, 

which is very different from Figure 7a due to no passivation effect. On the other hand, 

the (C+W) system (cf. Figures 8 b&b’) exhibits some unoccupied states locating at 
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Table 1. Total energy difference of different doping systems (in eV). The total energy 

of nearest-neighbor configuration (1nn) has been set as zero. 

             N+W   N+Re    N+Os    C+W   N+Re    C+Os        

 1nn          0      0         0      0         0       0 

 2nn        0.48    0.95       1.0       1.1     0.35      3.1 

Lnn        0.57    1.1        1.1       1.3     0.56      3.3 
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Table 2 Average Bader Charges (|e|) on dopant atoms and their adjacent atoms in C-, 

and (C+W), (C+Re), and (C+Os)-doped TiO2. Bond lengths of C-Ti and C-W, C-Re, 

and C-Os are also reported. The number in parenthesis denotes the number of 

nearest-neighbor atoms around a dopant. 

                 C-doped   (C+W)-doped    (C+Re)-doped  (C+Os)-doped    

 C              -1.20         -2.60            -2.60         -1.74 

 TM                          4.82            2.94          0.97 

O                           -1.52(5)         -1.29(5)      -1.31(5) 

Ti             2.69(3)       2.65 (2)          2.58(2)       2.71(2) 

Bond length(Å)  2.196         1.868           1.624         1.743 
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Table 3 Average Bader Charges (|e|) on dopant atoms and their adjacent atoms in N-, 

and (N+W), (N+Re), and (N+Os)-doped TiO2. Bond lengths of N-Ti and N-W, N-Re, 

and N-Os are also specified. The number in parenthesis denotes the number of 

nearest-neighbor atoms around a dopant. 

               N-doped   (N+W)-doped    (N+Re)-doped  (N+Os)-doped    

 N              -1.41         -2.02       -1.94           -0.74         

 TM                          4.22        2.68           2.55 

O                          -1.47(5)      -1.31(5)       -1.31(5) 

Ti             2.74(3)       2.72 (2)     2.59(2)        2.75(2) 

Bond length(Å)  2.026        1.851       1.717          1.798 
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Figure Captions 

Figure 1. Supercell model for defective anatase showing the location of the dopants. 

The ion doping sites are marked with X (C, N) and TM (W, Re, Os). The 1nn, 2nn, 

and Lnn configurations correspond to the nearest-neighbor, the second-neighbor and 

the largest distance between X and TM atoms. The large light spheres and the small 

dark spheres represent the Ti and O atoms, respectively. 

 

Figure 2 Formation energies (eV) Eform as a function of the oxygen chemical potential 

for (a) monodoped (C, N, W, Re, Os) and (b) codoped (N+W, N+Re, N+Os, C+W, 

C+Re, C+Os) anatase. 

 

Figure 3 DOS for monodoped anatase compared with pure anatase and PDOS for 

impurity and host atoms (black for p orbital and green for d orbital). The top of the 

valence band for pure anatase is taken as the reference level. The dashed lines 

represent the Fermi level, EF. 

 

Figure 4 Electron localization function contour plots (ELF) on the (100) surface of 

bulk materials for (a) W-, (b) Re-, and (c) Os-doped anatase. 

 

Figure 5 Electron localization function contour plots (ELF) on the (100) surface of 

bulk materials for (a) C-, (b) (C+W)-, (c) (C+Re), and (C+Os)-doped anatase. 

 

Figure 6 Geometry-optimized structures for (a) (C+W)-, (b) (C+Re), (c) (C+Os) (d) 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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