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Abstract 

Substitutional N to O and M to Ti (M = Pt, V, Sb) codoped rutile TiO2 was investigated using 

density functional theory (DFT) based calculations with both standard and hybrid exchange-

correlation functionals. The band gaps calculated using generalized gradient approximation 

(GGA) exhibited narrowing compared to the pure rutile TiO2 in all the investigated cases. In 

contrast, the results obtained with hybrid exchange-correlation functional showed that there was 

no band gap narrowing, but doping induced localized states within the band gap just above the 

valence band, as well as below the conduction band for Pt doped TiO2. The presence of broad 

intermediate states (IS) in the band gap could enhance visible light absorption through a two step 

optical transition from the valence to the conduction band via the IS and at the same time lower 

recombination of the photogenerated charges. 

1. Introduction 

The most efficient way of hydrogen production using solar energy is water splitting induced by 

solar light. In order to achieve it, a photo-semiconductor capable of absorbing solar energy 

efficiently is needed. Efficient photocatalysts should satisfy several conditions: suitable band gap 

(about 2-2.2 eV) for visible light absorption and appropriate band edge potentials for water 

splitting, capability to separate excited electrons and holes, minimal energy losses during charge 

transport, chemical stability to corrosion, suitable electron transfer properties from 

photocatalysts’ surface to water and low cost [1, 2]. However the applicability of semiconductor 

photocatalyst is, without any doubt, primarily determined by its electronic structure. 

Titanium dioxide TiO2, in both rutile and anatase form, is one of the most promising 

photocatalysts. However, the wide energy gaps of pure TiO2 phases allow efficient absorption of 

only ultraviolet light and are not suitable for efficient use of solar energy. In this sense, an 

extensive experimental [3, 4] and theoretical [5-14] work has been carried out in order to shift 

the TiO2 absorption edge from the UV to the visible-light region and thus increase its efficiency 

for solar-driven photocatalysis. For achieving that purpose mostly doping with transition metals 

was used [15-22]. However, the transition metals as dopants can increase the number of carrier-



recombination centers and thus reduce the carrier mobility, causing a decrease in the 

photocatlytic activity. Doping with nonmetal atoms, such are N, C and S seemed to be more 

effective [23-38] and recently the donor-acceptor codoping was proposed to improve the 

photoelectrochemical performance of rutile [39, 41] and anatase TiO2 [42-57]. Niu et al [41] 

studied non-metal (N) and non-transition metal (Sb)  codoped TiO2 and found that it has 

improved photoelectrochemical performance for watter-splitting.  Yao et al. [50] investigated 

photocatalytic activity of anatase TiO2 codoped with Zr and N and found band gap narrowing by 

about 0.28 eV.  Long and English [47] reported that among the investigated systems (N or C; 

TM = Ta, Hf, Fe)-codoped anatase TiO2, only (N, Ta)-codoping case narrows the band gap 

significantly by about 0.48 eV. Meng et al. [44] indicated that (V, N), (Cr, N) and (Mn, N) 

codoped anatase TiO2, which have the impurity energy levels with a significant bandwidth in the 

band gap, are of great potential as candidates for photovoltaic applications in the visible light 

range. Long and English [54] used hybrid density functional theory calculations to investigate 

(N, Si)-codoped TiO2 and found that codoping produces a larger band gap narrowing compared 

to monodoping with the same elements. They also found that larger extent of band gap 

narrowing, with increased N doping concentration, is related to double-hole coupling rather than 

high doping concentrations. Lin et al [42] upon studying (Sm, N) codoped TiO2 concluded that 

this system is a highly active photocatalyst for efficient visible lighte photocatalysis. Recently 

Dashora et al. [58]  reported that (Cu, 2N) – TiO2, due to the formation of a broad intermediate 

energy band, improves the photocatalytic water-splitting ability of TiO2 and allowes charge 

separation. 

The effect expected from some dopant is mainly related to the location of its energy levels with 

respect to the band structure of the host. In particular, for efficient use of TiO2 for photocatalytic 

water splitting,  it is necessary to find a dopant pair which narrows the band gap in order to shift 

the absorption edge to the visible light region, but at the same time does not lower the conduction 

band minimum, as the reduction potential level of water is just below the CBM of TiO2 [59]. 

Therefore, the density functional theory calculations which can provide insight into the 

electronic structure of the modified semiconductors can guide the selection of the proper dopants 

to meet the requirements needed for application. In this work, we show that the conduction band 

and valence band edges of rutile TiO2 are strongly influenced by codoping with N and various 

metals (Pt, V, Sb) and that, in all of the investigated cases, some isolated states are introduced in 

the band gap, resulting in the effective narrowing of the band gap and thus the reduction of the 

photon absorption energy. 

2. Calculation details 

The first-principles density functional theory (DFT) calculations were performed with the 

WIEN2k simulation package [60] based on the full potential (linearized) augmented plane waves 

method (FP (L)APW). In this method the unit cell is divided into non overlapping muffin-tin 



spheres around atoms and an interstitial region. In the spheres wave functions, charge density, 

and potential are expanded in spherical harmonics, while in the interstitial region they are 

expanded in plane waves. Electronic exchange-correlation energy was treated under both 

generalized gradient approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) 

[61] and  hybrid potential with onsite-exact-exchange (GGA exchange-correlation was replaced 

by exact exchange), as it is well known that GGA approximation underestimates band gap 

notably [62]. As the first step of structural relaxation, the atomic positions were relaxed 

according to Hellmann-Feynman forces calculated at the end of each self-consistent cycle, with 

the force minimization criterion 2 mRy/ a.u. (0.03 eV/a.u.). During this relaxation the cell 

volumes were fixed to their experimental values. Then the theoretical equilibrium volume was 

determined by fixing the atomic positions to their optimized values, further keeping the c/a ratio 

fixed and performing a series of calculations was carried out, changing the volume within  5% 

of its experimental value. The total energies were calculated as a function of volume and fitted to 

Birch-Murnaghan equation of state [63].  In the last step the c/a ratio was optimized by changing 

it within  2% of its experimental value while keeping the optimized volume fixed. 

After obtaining the optimized structure parameters, we have constructed 2 x 2 x 2 supercell (48 

atoms), starting from the pure compound unit cell, and replaced one Ti atom with M (M = Pt, V, 

Sb) and its adjacent O atom with N (figure 1 [64]). We also checked another ’farthest away’ 

codoped model, in which the N and M dopant atoms were as far apart as possible. The 

calculation results showed that the formation of an adjacent pair of N and M is energetically 

favorable by about 0.2 eV than the N-V ’farthest away’ configuration. The cut-off parameter 

RmtKmax for limiting the number of plane waves was set to 7.0, where Rmt is the smallest value of 

all atomic sphere radii and Kmax is the largest reciprocal lattice vector used in the plane wave 

expansion. To check the accuracy of the results obtained , we varied this parameter from 7.0 to 

8.0. These variations showed that the energy converged within about 0.0006 eV. The Brillouin 

zone (BZ) integrations within the self-consistency cycles were performed via a tetrahedron 

method [65], using 18 k points in the irreducible wedge of the Brillouin zone (4 x 4 x 6 mash). 

The atomic positions were relaxed according to Hellmann – Feynman forces calculated at the 

end of each self-consistent cycle, with the force minimization criterion 5 mRy / a.u.. In our 

calculations the self-consistency was achieved by demanding the convergence of the integrated 

charge difference between last two iterations to be smaller than 10-5 electron. 

The optimized lattice constants are a = 4.635 Ǻ and c = 2.978 Ǻ for pure TiO2 rutile, in good 

agreement with the previously calculated using the same exchange-correlation potential [6, 7]. 

There is no large difference between the calculated and experimental values (a = 4.594 Ǻ and c = 



2.959 Ǻ) [66], especially having in mind the fact that the calculated values correspond to T = 0K, 

whereas the measurements have been performed at room temperature. The structure parameter of 

rutile, which determines the position of O atom in the unit cell is u = 0.305. 

3. Results and discussion 

In the rutile structure each Ti atom is bonded to four nearest and two second nearest oxygen 

neighbours. The calculated Ti-O bond lengths with the nearest and second nearest oxygen atoms 

are 1.962 Ǻ and 1.999 Ǻ. Replacing one O atom with N and one Ti atom with M (M = Pt, V, Sb) 

in the 48-atoms supercell results in local structural changes. For example compared to the Ti-O 

bond in pure rutile, shortening and degeneration of Ti-O bonds in the doped supercell is observed 

(the smallest bond lengths are 1.919, 1.922 and 1.931 Ǻ in Pt, Sb and V doped systems, 

respectively). The shortest bonds between the dopant metals and oxigen vary in the interval from 

1.89 Ǻ for V-O to 1.96 Ǻ for Sb-O.  We used bond valence method to estimate the oxidation 

states of constituent atoms in the investigated systems. The bond valence has the property that its 

sum around each atom in a compound is equal to the oxidation state of that atom. Bond valence 

sums (BVS) for Pt, Sb and V are 4.92, 6.79 and 4.71, respectively. The last value compares well 

with the experimental findings [67], that in the (N, V) codoped TiO2, apart from the V4+ ions, 

V5+ ions are also present. The nearest neighbour O atoms have BVS that are very close to a 

formal 2- state in a ionic picture. 

To investigate the origin of the band structure modifications in the codoped rutile TiO2  the total 

and case sensitive bandstructures for all the investigated cases were calculated along the high-

symmetry paths in the BZ. The calculated band structure of pure rutile TiO2 (figure 2) is 

consistent with previous studies showing a direct energy gap at the  point.  As can be seen the 

valence band (VB) is mostly composed of O 2p states while in the conduction band (CB) Ti 3d 

states dominate. The band gap of pure rutile, calculated at the  point using GGA approximation 

is 1.74 eV, which is consistent with the earlier reported results using the same method [6, 7]. The 

band gap underestimation of the experimental value (3.0 eV [68]) is due to the well-known 

shortcoming in DFT; however, comparing the GGA band-gaps is useful given that they provide 

good trend in general [62].  

In the case of (N, Pt) codoped TiO2 (figure 3) some N p and Pt d states overlap within the band 

gap, around 0.7 eV above the valence band maximum. The presence of such mid-gap bands 

divides the gap of the host phase into sub-gaps and intermediate bands can act as stepping stones 

to relay the valence electrons into the conduction band under the illumination of low energy 

photons. However it should be mentioned that mid-gap states can also act as recombination 

centers and the probability for either excitation or recombination is dependent on the 

corresponding energy gap. Namely if the gap is divided into two sub-gaps, it is preferred to have 

a lower gap narrower than the upper one. This way, the probability for pumping a valence 

electron up to the intermediate bands would be larger than the probability for an electron in the 

conduction band to combine with a hole in the intermediate bands. If that is the case, the 



intermediate bands can act as an effective stepping stone to assist pumping valence electrons into 

the conduction band.  

In contrast to (N, Pt), (N, V) codoped TiO2 does not exhibit band-gap states (figure 4), but has a 

significant band gap narrowing, due to the formation of impurity energy states near both the band 

edges (V d states at the bottom of the conduction band and N p states at the top of valence band). 

As spin up and down band structures are evidently different only in the case of (N, Pt), in this 

figure we present only the spin up cases. Our results are quite similar to those reported by Patel 

et.al. [67] for V-N-codoped TiO2 anatase structure. The resulting band gap is about 0.6 eV 

smaller as compared to the pure TiO2 rutile, which is a reduction of about 30%. The energy 

bands around the valence band maximum exhibit significant curvatures, which suggests great 

hole mobility [69]. The situation is similar for the case of (Sb, N) codoping (figure 4) , but here 

the band gap narrowing of 0.5 eV mainly originates from the N p states at the edge of the valence 

band and Sb s states at the bottom of the conduction band. 

In order to obtain more accurate results for energy gap and at the same time more realistic 

picture of electronic structure of the investigated materials, we also did calculations with onsite-

exact-exchange, where GGA exchange-correlation was replaced by exact exchange. In this way 

we obtained the energy gap value of 3.18 eV for pure rutile (figure 5), which differs from the 

experimental value ( 3eV [68]) by only 6%.   

The total and site-projected densities of states (DOS) obtained in this way are presented in 

figures 5 and 6. Again, from figure 5 we can observe that the up and down DOS is evidently 

different only in the case of (N, Pt) codoped TiO2, meaning that in the other two investigated 

cases the spin polarization doesn’t play an important role. This observation is also confirmed by 

the calculated total spin magnetic moment in unit cell, which is significant (1 B), only for the 

system codoped with Pt, while for the other two systems is almost zero (0.00007B and -

0.00088B for V and Sb codoped samples, respectively). Interestingly, the Pt d-states within the 

gap are present only in one of the spin channels, which was also notable in our GGA calculations 

(figure 3). This observation illustrates the need of conducting spin-polarized calculations when 

introducing metal dopants, even though the TiO2 itself is non-magnetic.  

Most important aspect of all the investigated codoped TiO2 systems is the formation of  isolated 

broad intermediate states (IS) in the band gap region. Hybrid calculations, however, indicate that 

instead of narrowing, codoping leads to a little broadening of the band gap, similar to the case of 

N doped rutile TiO2 [8, 25, 70].  For  (N, Pt) codoped rutile, the N 2p states are mostly located 

about 0.7eV above the valence band maximum in the band gap, again similar to the case of N 

doped rutile TiO2. The isolated Pt d states are about 0.5 eV below the conduction band minimum 

and are now separated from the N p states. 



In the case of (N, V) codoped rutile TiO2 the valence band is similar to the previous case, with N 

p states in the gap above the valence band maximum. However, unlike Pt d states, the V d states 

are not in the gap, but at the bottom of the conduction band, causing a large downward shift of 

the conduction band compared to the pure TiO2 rutile. The overall energy gap is increased by 

0.08 eV compared to the pure TiO2 rutile, again similar to the N doped rutile TiO2 [8, 70]. The 

presence of the intermediate N p states separates the energy gap into a narrower lower part (0.3 

eV) and a significantly wider upper part (2.58 eV), which contributes to visible light absorption 

through a two step transition. The latter value is in excellent agreement with the measured band 

gap of 2.52 eV for the N-V-codoped TiO2 sample with the predominant fraction of the rutile 

phase [67], indicating that the excitations from these  (occuppied) N p states to the conduction 

band occur. Bearing in mind the previously mentioned criterion, it seems that the N p states in 

this case are ideally positioned to support easier transition from VB to CB. In addition, these 

states are quite broad ( 0.3 eV) with respect to the highly localized levels created by 

monodoping, which is important because the charge carriers have higher mobility in the broader 

IS, so the recombination problem is reduced.  

The situation is similar for (N, Sb) codoped rutile, but here there is no major variation in the 

position of the CBM of TiO2, as only a small portion of Sb s states is present at the CBM. The 

overall gap is little lower (3.21 eV) and  the distance from the isolated N p states within the gap 

to the conduction band is also lower (2.45 eV). The formation of  IS, while leaving the 

conduction band almost unchanged, qualify this system to be an efficient material for the 

photocatalytic water splitting, similar as in the case of (Cu, N) codoped TiO2, for which the 

photocatalytic efficiency was experimentaly verified [45].  Nevertheless, experimental evidence 

is necessary to prove the ability of this system to be used as efficient photocatalyst. 

In order to investigate the optical properties, we address the absorption spectra for all studied 

systems. On the basis of the computed band structure, we calculated the imaginary part of the 

dielectric tensor i() for all the investigated cases and then, using the Kramers-Kroning relation, 

[71] the real parts of the dielectric tensor r() were evaluated. The absorption spectra were 

calculated from the relation 

() =  √2 [√1
2() + 2

2() − 1()] 

where  () is the absorption coefficient. As the calculated optical spectra depend strongly on 

the Brillouin zone sampling, we used a sufficiently dense k-mesh of 90 k points in the ireducible 

BZ.  

The calculated absorption spectra as a function of the photon wavelength for pure rutile TiO2 and 

codoped TiO2 systems are presented in figure 7. It can be seen that the codoped systems have 

better visible light absorption, as compared to the pure TiO2 rutile. Although the tails of the 



absorption edges of (M, N) codoped systems slightly extend up to the visible light region, the 

main absorption peaks, which originate mainly from the direct transition between O 2p and Ti 3d 

states, still occur in the the UV range. The red-shift in absorption edge is only found for  (N, V) 

codoped system, while for the other two investigated systems minor variations are observed. The 

absorption tail for the (N, V) case extends up to around 470 nm ( 2.6 eV), due to the two-step 

optical transition between VB and CB through the intermediate Np states. This result is  

consistent with the experimentally obtained absorbance for the N-V-codoped TiO2 sample with 

the predominant fraction of the rutile phase [67].  Among the investigated systems, (N,Pt) gives  

the best visible light absorption and the longest extension of the absorption tail into the visible 

light region, probably due to the existence of the additional intraband transition between the Pt d 

states in the gap and the Ti d states in the conduction band. 

 

4. Conclusion 

We have performed electronic structure calculations for TiO2 rutile codoped with N and various 

metal dopants. We have addressed the properties of interest for the photocatalytical application 

of rutile TiO2, namely the band gap and absorption coefficients. We observe significant changes 

of the band gap in all studied cases. Our results support the assumption that the improved visible 

light photcatalytic activity can be caused by the presence of isolated band gap states which 

reduce the transition energy of the photon, rather than a band gap narrowing. We have outlined 

the need for conducting the spin-polarized calculations when introducing metal dopants, even 

though the TiO2 itself is non-magnetic, as the pronounced spin polarization has been observed 

for the (N, Pt) codoped TiO2. The calculated absorption spectra indicate that the codoping with N 

and one of the metals (Pt, V, Sb) should be effective for enhancing the absorption in the visible 

light region, but further modifications are needed in order to achieve a significant use of solar 

irradiation in this region. The results of this DFT research prove that codoping might be a good 

starting point for the tuning properties of semiconductor materials in such a way as to provide a 

suitable path from widely used and economical materials, such as rutile TiO2, to efficient 

semiconductors for photocatalytical water splitting. 
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Table 1: Comparison between tha calculated and measured structural data for TiO2 rutile.  The 

distances are in Å. 

 Experimental results [66, 68] WIEN 2k 
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Ti – O (1) 

Ti – O (1) 

Eg (eV) 
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2.959 

0.30478  

1.949 

1.980 
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0.305 
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Figure captions: 

Figure 1: Model of supercell used in this study 

Figure 2: Calculated band structure for pure rutile TiO2 

Figure 3: Calculated band structure for (N, Pt) codoped rutile TiO2 

Figure 4: Calculated band structure for (N, V) and (N, Sb) codoped rutile TiO2. For the sake of 

clarity only the band structures for spin up cases are shown. 

Figure 5: Total densities of states for pure and codoped rutile TiO2 

Figure 6: Partial densities of states for codoped rutile TiO2 

Figure 7: Optical absorption spectra of pure and codoped TiO2. The enlarged segment represents 

the visible range. 
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