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 In this work, The influential parameters on photocatalytic activity of titania, more specifically 
anatase to rutile transformation and electronic structure in response to substitution of Ti with 3 d of 
transition metals have been investigated. The systematic computations of the formation and 
stability of crystalline energy of TiO2 anatase and rutile doped to intermediates 3d are performed 
using FHI-aims, a package based on the developed density functional theory. From the scrutiny of 
energy calculations of structures that were doped with 3d intermediates, it was found that all 3d 
impurities rutile were stable over the anatase phase, which determined the rutile stabilization 
strength in such systems as Co> Zn> Cu> Sc> Ni > Mn> Cr> Fe> V. This agent can reduce the 
percentage of anatase in the titanium compound and lead to lower activity. Electronic structure’s 
calculations show that V, Cr, Mn, Fe, Co and Ni dopants can cause photocatalytic activity in visible 
range by creation of defect levels in band gap. Partial density of state (pDOS) of titania showed 
that the d(Ti) and p(O) states have the main contribution of conduction band (CB) minimum and 
valance band (VB) maximum respectively. Presence of V impurity creates the defect sates in 
bottom of the conduction band giving rise a red shift in the gap. In case of Sc, Cu and Zn, the defect 
states of impurities aren’t seen in the gap. 
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Introduction 
Titanium dioxide (titania) has attracted a great deal of attention in different industrial fields such as renewable energy, self-
cleaning, and pollutant removal due to its low price, amphoteric nature, and biocompatibility [1-10]. Owing to the energy 
levels of valence and conduction bands and their capacity, titania is introduced as a high-performance photocatalyst, capable 
of producing hydrogen out of water splitting process (solar hydrogen) and oxidizing different organic molecules in response 
to sunlight [11-16]. As with other semi-conductor photocatalysts, titania facilitates reactions from production of electron-hole 
pairs (excitons) through radiation beyond semiconductor energy gap.  
Titania has two main phases, rutile phase which is stable thermodynamically, and anatase phase which is pseudo-stable and 
converted to rutile by increasing heat [17, 18]. Previous studies have revealed that anatase is a better photocatalyst than rutile 
due to its indirect band gap (low recombination) and higher specific surface area [19-22]. However, its main deficiency is high 
band gap (3.2 eV), which covers only a small region of sunlight [23-25]. Two main approaches for this problem involve 
increasing O-vacancy concentration and/or substituting Ti by other cations [26-60]. O-vacancy and Ti-substitution introduce 
band gap engineering by locating some new bends in the forbidden region of the band gap [61-66]. Both processes bring about 
the following effects: the band gap declines; charge separation and thus electron-hole recombination rate diminish; introduction 
of medium gap state; the oxygen vacancies react in the reaction as active surface centers [67, 68].  
Experiments have shown that anatse to rutile can be prevented through substitution of cations with a high charge density [69-
73]. However, this is not a general rule, and a cation with a high charge density can enhance anatase to rutile phase 
transformation. Therefore, the details of mechanism of reducing or enhancing anatse to rutile phase transformation are an open 
challenging question [74, 75]. 
Generally, doping and oxygen vacancy both can affect the crystalline and electronic structures and in turn the system 
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performance [76, 77]. Two electrons leaving from O-vacancy can occupy Ti levels whose energy reduction is associated with 
decreased conduction band energy. On the other hand, use of action in substitutional or interstitial form introduces a new band 
in the band gap region. 
although many studies have been carried out on the TiO2-doped metal intermediates experimentally and theoretically 
However, there are contradictory results on the effect of these collecting metals on their mechanism of action. Since the 
superiority of the anatase phase performance relative to the rutile, as well as the positive effect of the presence of deficiency 
of oxygen, has been confirmed. Investigating the effect of third row (3d) mediating metals on anatase stability versus rutile 
and energy of formation of oxygen deficiency by calculation method The density functional theory has been paid. 
Understanding the transformation of anatase to rutile fuzzy problem is a very important issue because it is possible to study 
the activity of photocatalytic activity or other applications of TiO2. The composition of the phase of matter is an important 
subject affecting their properties and performance, and thus, it is desirable to improve or inhibit the fuzzy transform reaction, 
in order to prepare the desired phase. Also, the results of the electronic structures provide the ability to predict the exciting 
energy to create electron-hole pair and then the photocatalytic activity. 
2. Calculation details 
Full-potential FHI-aims program has been used for all calculations [78, 79]. The revised form of Pardew, Burke, and Ernzerh 
(rPBE) level of theory was used to optimize bulk of the pure and doped supercells of rutile and anatase phases of TiO2 [80]. 
Scalar ZORA approach has been considered to increase correctness of calculations. The criteria for convergence of energy, 
density and force were set to 5 × 10−6eV , 5 × 10−5eV and 0.2  eV

A°� , respectively [ 81, 82]. 
4×4×6 and 6×6×2 k-grids have been used to model the first brillouin zone for rutile and anatase unit cells, respectively. 2×2×1 
and 2×2×2 supercells for anatase and rutile have been used to study effect of doped cations (Fig. 1). Rutile and anatase 
supercells contain 48 atoms which are 12 Ti + 36 O. The concentration of cations is equal to 6.25% at. Also, in all calculation 
O-vacancy concentration was set to be 3.125% at. (only one oxygen atom has been removed from the supercell,). Then, 
concurrent with dopants and oxygen defect, by investigating all different states, we found the most stable site for developing 
oxygen defect in the anatase and rutile structures in the presence of impurity. Fig. 2 reveals the most stable form. 
In this paper, we have studied the effect of O-vacancy and dopant on the model, simultaneously. To study the effects of O-
vacancy and dopant, pDOS and band structure of all supercells have been calculated. For band structure, Γ (0.0 0.00.0) -X (0.0 
0.5 0.5) -Γ-Z (0.5 0.5 -0.5) -N (0.0 0.5 0.0) -P (0.25 0.25 0.25) -Z -X -P directions have been considered.  k-gird for all DOS 
calculations was set to 12×12×27 and 27×27×12 for rutile and anatse, respectively. 
 
3. Results & Discussion 
3.1 unit cell  
Experimental cell parameters for rutile (r-TiO2) are a = 4.594 Å and c = 2.959 Å and for anatase (a-TiO2), these parameters 
are a = 3.784 Å, c = 9.514 Å [83]. Our pbe calculation results for rutile were a = 4.57 Å and c = 2.94 Å, and for anatase were 
a = 3.75 Å and c = 9.6 Å. After structural relaxation, electronic properties of anatase and rutile phase of titania were analyzed. 
Fig. 3 illustrates DOS and band structure in which anatase and rutile phases had a band gap energy of 2.13 and 1.8 eV. These 
values are lower than the experimental values (3 and 3.2 eV for anatase and rutile, respectively) which are due to intrinsic 
limitation of DFT calculations. However, DFT calculations can precisely predict the relative energy gap which was the aim of 
this study as well. Also, pDOS calculation analysis indicated that for both anatase and rutile phases, oxygen p-orbitals and 
titanium d-orbitals have a major contribution to the upper edge of the valence band and the lower edge of the conduction band, 
respectively (Fig. 3, 8).  
In this work, ΔE was defined as E(r-TiO2) −E(a-TiO2), representing the extent of phase stability in TiO2. Positive ΔE suggests 
that energetically, a-TiO2 is more desirable than r-TiO2. DFT calculations indicated that a-TiO2 is more stable than r-TiO2 by 
1.65 eV for the 48-atom supercell, which is in line with the previous theoretical findings [84, 85]. However, it has been reported 
that such a small stability limit, given the crystal growth conditions and presence of impurities, makes a-TiO2 stabilization 
impossible, and thus phase transformation from a-TiO2 to r-TiO2 becomes irreversible [86]. 
 
3.2 doped TiO2 
Impurity (Im) atoms have been connected to six adjacent O atoms, forming a body-centered octahedral for Im1Ti15O32 systems. 
However, in Im1Ti15O31 systems, they are connected to five O atoms. The cell parameters of anatase and rutile supercells 
have been calculated for all doped TiO2. For pure TiO2, the constants of the supercell a, c are 7.564, 9.564 Å in anatase, and 
9.210, 5.920 Å in rutile, respectively. On the other hand, these values change in Im1Ti15O32 systems. As expected from the 
ionic radius, impurities can increase the cell volume in anatase and rutile phase. Table 1 indicates the parameters of pure and 
doped anatase and rutile cells. Fig. 3 shows changing of the cell volume versus the capacity of the impurities. 
To investigate the effect of impurities on relative stability of a-TiO2 on r-TiO2, the structural ground state energy of TiO2 
doped with different impurities was calculated in both a-TiO2 and r-TiO2 systems [87]. 
Table 2 and fig. 4 show shows the comparison of the anatase and rutile stability with the effect of cationic infiltration of 3d 
elemental elements. The results indicate that the replacement of 3d impurity atoms instead of Ti reduces the relative stability 
of anatase to rutile and accelerates the transformation of anatase to rutile, which reduces the effect of Titanium photocatalysis 
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in this way. Among the cations, vanadium and iron, the lowest (about 0.2 eV) and cobalt and zinc have the highest (by about 
0.9 electron volts) effect on the reduction of the relative stability of anatase to rutile. 
The pDOS calculation analysis (Fig. 4, 5, 9, 10) shows that unlike the 3d elements that cause the defect states in the gap 
[109,110]. The electronic structure of doped Titania  was investigated. As the calculations revealed, Mn, Cr and Ni significantly 
increased the gap in both phases in which Mn induced the highest increase among the dopants. Moreover, Zn,Co,V and Fe had 
highest impact in reducing the gap . However, this impact is not that much to cause the significant activity in visible range. In 
addition, among the dopants, Zn and Co managed to create defect levels inside the gap which will result in photocatalytic 
activities in visible range. 
 
3.3. Electronic structure 
When a Ti atom is replaced with 3d impurities of Sc, V, Cr, Mn, Fe, Co, Ni, Cu or Zn atom, the states of the dopants shift to 
a lower energy where the energies of these states become lower and lower. Figs. 5, 6 show pDOS of 3d-doped anatase and 
rutile respectively. Here, when Ti atom was replace with Sc atom, Sc 3d states are higher than Ti 3d states in the conduction 
band. V 3d states and Ti 3d states are very close which create the defect states in bottom of the CB. This trend is seen when 
the atomic number of the impurities increased where with Cr, Mn, Fe, Co and Ni more states are introduced into the band 
gap and after that for Cu and Zn these states located under the VB. So, only V, Cr, Mn, Fe, Co and Ni conclude the defect 
states inside the band gap giving rise a photocatalytic activity in the visible light region. 
On the other hand, analysis of pDOS of 3d-doped anatase and rutile show that the defect states in the ban gap contain the 3d 
states of the impurities mainly. It shows the localized properties of the defect states inside the band gap due to the substituted 
3d dopants. According to the crystal field theory these states is mainly 3dxy of impurity atoms. 
 
4. Conclusion 
Theoretical investigations based on the density functional function theory using a complete potential approach to the anatase 
and rutile (titanium) structures with impurities 3d (Sc, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) Substituting Ti atom in the structure 
were done. Studies have shown that all impurities in an intact crystalline structure facilitate the transformation of anatase to 
rutile, which in turn reduces the active phase of photocatalytic anatase in the total combined composition and can lead to 
reduced activity. Electronic structure of doped TiO2 showed that only V, Cr, Mn, Fe, Co and Ni dopants can cause 
photocatalytic activity in visible range by creation of defect levels in band gap. 
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   Table 1. supercell volume of pure and doped anatase and rutile TiO2. 
 

System 
(structure) 

 

Supercell volume 
in anatase phase 

Supercell volume in 
rutile 
phase 

Percent change in 
volume in the anatase 

phase 

Percentage 
change in volume 
in the rutile phase 

pureTiO2 5.75 5.25 0 0 
 

Sc/TiO2 5.82 5.30 1.2 0.95 
 

V/TiO2 5.75 5.23 0 
-0.38 

 

Cr/TiO2 5.72 5.38 -0.52 
2.48 

 

Mn/TiO2 5.72 5.21 -0.52 
-0.76 

 

Fe/TiO2 5.75 5.20 0 
-0.95 

 

Co/TiO2 5.76 5.36 0.17 
2.09 

 

Ni/TiO2 5.71 5.35 -0.70 1.90 
 

Cu/TiO2 5.76 5.25 0.17 0 
 

Zn/TiO2 5.81 5.30 1.04 0.95 
 

 
 
 

Table 2. Comparing anatase and rutile stability in response to cationic doping. Atomic and ionic radius are presented too. 
 
 

dopants Ti Sc V Cr Mn Fe Co Ni Cu Zn 

Relative anatase stability 
vs rutile (eV) 1.65 1.20 1.49 1.41 1.37 1.48 0.80 1.27 1.40 0.74 

Atomic radius (A°) 1.45 1.61 1.32 1.25 1.24 1.24 1.25 1.25 1.28 1.33 

Ionic radius (A°) 0.68 0.81 0.52 0.52 0.46 0.64 0.74 0.72 0.72 0.74 

capacity +4 +3 +5 +6 +7 +3 +2 +2 +2 +2 
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 Fig. 1. The crystalline structure of the computational model of 2×2×2 and 2×2×1, 48-atom supercell for rutile (a) 
and anatase (b), titanium atoms are represented by light grey circles, while oxygen atoms are demonstrated by red circles. 

 
 
 

 
  
 
 

                  Fig 2. The total and partial DOS of anatase and rutile TiO2 (Pure) compare with O-vacancy TiO2. 
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Fig. 3. supercell volume of doped anatase and rutile TiO2 versus atomic number of impurity. 
 
 
 

 
 
 
 
Fig. 4. Comparing anatase and rutile stability in response to atomic number of cationic doping.  
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Fig 5. The total and partial DOS of doped anatase TiO2 compare with Pure TiO2. 
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Fig 6. The total and partial DOS of doped rutile TiO2 compare with Pure TiO2. 
 
 
 
 
 
 
 
 
 


