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Abstract The electronic properties of anatase titanium dioxide (TiO2) materials are of 

paramount importance for photocatalytic application. Ab initio calculation is performed on anatase 

TiO2 with various cluster sizes and shape, using Gaussian 09 program employing the standard 6-

311G(d) and 3-21G basis set. Hartree-Fock (HF) theory, exchange-functional of density functional 

theory including hybrid (B3LYP, B3PW91, PBE1PBE and PBEh1PBE) and double-hybrid 

(B2PLYP), together with 2nd order Møller-Plesset perturbation theory are used to predict the band 

gap energy of anatase TiO2. With the inclusion of long-range HF exchange, double hybrid 

B2PLYP functional is able to predict band gap energy value (3.06 eV) which as compared to the 

experimental value (3.20 eV). Besides, this double hybrid exchange-correlation functional shows 

good compromise by obtaining an accurate description for cohesive energy of anatase TiO2. 

Thus, double-hybrid B2PLYP functional is suggested to be a practical choice for predicting the 

electronic properties for anatase TiO2. 
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Introduction 
 

TiO2 has attracted particular attention of scientists in 1971 when Fujishima and Honda demonstrated the 
potential of TiO2 in photocatalytic water splitting using TiO2 semiconductor electrode [1,2]. Titanium 
dioxide is also considered to be an excellent and promising material in paints pigments, degradation of 
water pollutants, electrochromic displays, electrochemical electrodes, capacitors, lithium-ion batteries, 
air purification, dye-sensitized solar cell (DSSC) electrodes, sensors and catalysts’ support due to its 
high specific surface area, low material cost, excellent stability, outstanding photocatalytic activity, 
stability towards photo-corrosion, and being environmental friendly and nontoxic [3–6]. 

 

In brief, TiO2 is a semiconducting metal oxide that can be found in three different polymorphs in nature: 
anatase, rutile, and brookite. It is reported that TiO2 has a relatively large band gap of 3.20 eV for the 
anatase phase and 3.03 eV for rutile phase [7,8]. Anatase phase has received more attention in 
numerous experimental and theoretical studies over the years due to its superior photocatalytic 
properties and high technological application. Abundant literature is, therefore, focused on the synthesis 
of the anatase TiO2 using various methods or techniques to modify the band gap energy of anatase TiO2 
varies from 2.78 to 3.24 eV depending on the preparation method, as well as the effect of dopant [9], 
oxygen vacancy [10] and etc. (full details provided in supplementary information).  
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Comply with experimental research work, computation is also intensively performed to define the 
electronic properties of TiO2. For instance, Kohn-Sham density functional theory (DFT) has been widely 
used in the solid-state community for electronic structure calculations. It is reported being able to 
describe the structural properties of TiO2. However, Kohn-Sham DFT that applies an exchange and 
correlation potential approximation for the description of the band gap energy gives unsatisfactory result 
due to the self-interaction error [11,12] and delocalization error. 

 

On the other hands, some studies  [13–18] which are based on the standard exchange-correlation 
functional LDA and GGA approach, underestimate the band gap energy for about 2.0 to 2.6 eV compared 
to the experimental value of 3.2 eV as shown in Table 1. This general trend is the major band gap 
problem in DFT based calculations. Compared to standard LDA or GGA functionals, hybrid functionals 
that include some exact Hartree-Fock exchange (B3LYP, B3PW91, PBE0, etc.) provide improved band 
gap values of TiO2. This is due to that fact that hybrid functionals partly correct the self-interaction error 
inherent in DFT. Self-interaction error is the interactions of electrons that basically should not exist as 
based on Pauli exclusion principle [19,20].  

 

In addition, delocalization error is also another dominant and fundamental error that affects the density 
functional approximation. Delocalization error which was defined by Mori-Sánchez et. al [23] as the 
ground state energy system as a function of electron number E(N), should be a straight-line interpolating 
between integers. Deviation from this straight-line behavior represents an error that is a convex curve 
for the total energy E(N). This convex curve is obtained from density functional approximations. 
Conversely, a concave curve, as obtained from Hartree-Fock (HF) represents a localization error. In this 
case, inclusion of long-range HF exchange in hybrid and double-hybrid functionals often makes E(N) 
curves straighter, and hence the range-separated density functional approximations have a less severe 
delocalization error. Therefore, the accuracy of the band gap energy increases with the increase of the 
percentage of HF exchange [11,21,22]. 

 

Previous study found that hybrid functional B3PW91 improved the band gap energy for the binary and 
ternary semiconductor compounds compared to the other hybrid functionals including B3LYP and PBE0. 
They found that B3LYP functionals underestimate the band gap energy due to the underestimated 
correlation energy of the uniform electron gas by 30% compared to the B3PW91. In contrary, Labat et. 
al and Di Valenti et. al [22,23] whom used different computational parameters, obtained an overestimated 
band gap energy of 3.98 and 3.90 eV, respectively. A modified hybrid functional PBEx has been 
proposed by Kyoung et. al. [12], which contain a 12.5% of Fock exchange produces the experimental 
band gap energy about 3.19 eV. 

 
Table 1. Summary of optimized lattice parameters, calculated band gaps and percent band gap error reported in previous works 
according to DFT approaches 
 

No of 
atom 

Computational 
Package 

Exchange-
Correlation 
Functional 

Basis Set 

Optimized Lattice 
Parameters (Å) 

Band Gap 
(eV) 

Band Gap 
Error (%) 

Reference 

a, b c    

GGA and LDA Functional       
24 CASTEP PBE-GGA Plane-wave 3.792 9.742 2.23 31.25 [15] 
32 CASTEP PBE-GGA Plane-wave 3.806 9.659 2.12 33.75 [16] 
48 VASP PW91-GGA Pseudopotential 3.771 9.411 2.00 37.50 [17] 
48 CASTEP PW91-GGA Pseudopotential 3.800 9.790 2.19 31.56 [18] 
48 CASTEP PBE-GGA Plane-wave 3.748 9.712 2.25 29.69 [19] 
48 CASTEP LDA Plane-wave 3.785 9.481 2.54 20.63 [20] 
Hybrid Functional        

32 CRYSTAL and VASP B3LYP 
Gaussian and projected 

plane wave 
3.783 9.805 3.98 24.38 [25] 

96 CRYSTAL B3LYP Gaussian Type Orbitals 3.776 9.866 3.90 21.88 [24] 
Modified Hybrid Functional       
95 FHI-aims PBEx Light grid/Tier-1 3.799 9.702 3.19 0.30 [14] 

 

 

The double-hybrid B2PLYP method is in fifth rungs of Jacob’s ladder of density functional theory 
approximation that uses unoccupied orbitals and eigenvalues in functionals. It appears as a promising 
alternative as it has already been shown to provide accurate results even for excited states [24].  This 
functional is a reparametrized B3LYP hybrid mixed with MP2 correlation with the eigenvalues correspond 
to the excited states. In the current work, we report the performance of HF and five popular exchange-
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correlation functionals of DFT including hybrid (B3LYP, B3PW91, PBE1PBE or known as PBE0 and 
PBEh1PBE), double-hybrid functional (B2PLYP) and MP2 that is available in Gaussian 09 package in 
predicting band gap energy. The cohesive energy for various anatase clusters is also examined due to 
its importance in determining the phase stability for the anatase TiO2 cluster. The results presented here 
include the density of states and Mulliken charge transfer. Here, we demonstrate that the double hybrid 
B2PLYP with 6-311G(d) or 3-21G basis set using Gaussian 09 package are satisfactory to study the 
trend of the electronic structure of anatase TiO2 due to the good estimation of the band gap energy 
compared to the hybrid functional of B3LYP, B3PW91, PBE1PBE and PBEh1PBE. 

 
Computational Details 
 

The computational calculation was carried out using Gaussian 09 series of programs [25]. All the 
calculations employed the Pople-type split valence basis set 6-311G(d) and 3-21G as implemented in 
these programs. The anatase TiO2 geometries that have been used are those of the experimentally 
determined structural parameters from literature with unit cell parameters of a = b = 3.785 Å, c = 9.514 
Å, u = 0.2066 Å. The anatase TiO2 structure belongs to the tetragonal space group I41/amd and each 
atom in anatase TiO2 is octahedrally coordinated to six oxygen atoms [26]. We selected a series of finite 
anatase nanoparticles clusters Ti13O18, Ti21O30, Ti29O42, Ti34O50, Ti59O100, Ti65O98 and Ti163O294 to study 
the structural and electronic properties of anatase TiO2 cluster (Table 2). Molden software was used for 
visualization of anatase TiO2 cluster [27]. 

 
Table 2. Description of TiO2 cluster 
 

TiO2 cluster Total number of atoms Unit cell (xxyxz) Symmetry 

Ti13O18 31 1x1x1 D2d 

Ti21O30 51 2x1x1 C2v 

Ti29O42 71 3x1x1 D2d 

Ti34O50 84 2x2x1 D2d 

Ti59O100 159 2x2x2 D2d 

Ti65O98 163 3x3x1 D2d 

Ti163O294 457 3x3x3 D2d 

 

 
 

Figure 1. Cluster models of anatase TiO2 (a) Ti13O18, (b) Ti21O30, (c) Ti29O42, (d) Ti34O50, (e) Ti59O100, (f) Ti65O98, and (g) Ti163O294 (yellow 
spheres and red spheres are Ti and O atoms, respectively) 

 

 

A variety of levels of theory have been used in order to assess the reliability of the selected theories. HF 
[28], DFT method of Hybrid Functional-B3LYP [29–31], B3PW91 [29,32–34], PBE1PBE [35–37], 
PBEh1PBE [35,36,38], double-hybrid density functional of B2PLYP [39] and 2nd order Møller-Plesset 
Perturbation Theory, MP2 [40–43] were among the selected theories. The band gap is calculated from 
the difference in the orbital energies of the LUMO and the HOMO. HOMO is occupied orbital while LUMO 

(a) (b) (c) 

(e) (f) (d) 

(g) 
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is unoccupied orbital or virtual orbital obtained from a single point calculation. To evaluate the accuracy 
of calculated HOMO-LUMO energy, error percentage was calculated using equation 1. 

 

𝐸𝑔 error (%) =
|𝐸𝑔(𝑒𝑥𝑝)−𝐸𝑔(𝑡ℎ𝑒𝑜𝑟𝑦)|

𝐸𝑔(𝑒𝑥𝑝)
× 100                                 (1) 

 

where Eg(exp) is the experimental band gap energy that is 3.20 eV and Eg(theory) is the calculated band gap 
energy from various ab-initio methods.  

 

For studying the effect of lattice parameter on the band gap energy of anatase TiO2 cluster, we calculate 
the band gap energy difference between band gap energy for pure anatase cluster without structural 
distortion and band gap energy for anatase with structural distortion (eqn. 2). 

 

∆𝐸𝑔 = 𝐸𝑔(𝑝𝑢𝑟𝑒) − 𝐸𝑔(𝑡ℎ𝑒𝑜𝑟𝑦)                                                   (2) 

 

where Eg(pure) is the calculated band gap energy for pure anatase without any structural distortion (0 Å) 
and Eg(theory) is the calculated band gap energy with structural distortion. 

 

The cohesive energy for all anatase TiO2 cluster at different types of ab initio methods and basis sets 
was evaluated. The cohesive energy or binding energy is defined as the energy required to break all the 
bonds into separate parts [44]. The anatase cluster structure which shows the lowest cohesive energy 
is proposed to be the most stable phase. The absolute value of total cohesive energy, Ec (eV), absolute 
value of cohesive energy per atom, Ec / atom (eV/atom), absolute value of cohesive energy per TiO2 

formula unit, 𝐸𝑐 / 𝑇𝑖𝑂2
 (eV/TiO2) of the anatase clusters was calculated using the eqn. 3, 4 and 5, 

respectively. The symbol m represents the number of Ti atoms while n represents the number of O atoms 
in the cluster.  

 

𝐸𝑐(eV) = 𝐸(𝑇𝑖𝑚𝑂𝑛) − (𝑚𝐸𝑇𝑖 + 𝑛𝐸𝑂)                                       (3) 

𝐸𝑐 / 𝑎𝑡𝑜𝑚 (eV atom)⁄ =
𝐸𝑐 (eV)

𝑚+𝑛
                                                 (4) 

𝐸𝑐 / 𝑇𝑖𝑂2
(eV TiO2)⁄ = 𝐸𝑐 (eV atom)⁄ × 3 (atom TiO2 formula unit)⁄                  (5) 

 

 

Results and discussion 
 

Cluster Modeling of Anatase 
Figure 1 shows the different cluster models that were used in this work. One primitive unit supercell 
(Ti13O18) consisted of 13 Ti atoms and 18 O atoms with the apical Ti-O bond length being slightly longer 
(1.96559 Å) than the equatorial Ti-O bond length (1.93702 Å). All the cluster models have symmetry D2d 
except Ti21O30 symmetry C2v, as shown in Table 2. 

 

Performance of the Theoretical Methods in the Calculation of 
Band Gap Energy and Cohesive Energy of Anatase Cluster 
Table 3 shows the total energy, absolute value of cohesive energy, the absolute value of cohesive energy 
per atom, the absolute value of cohesive energy per TiO2 formula unit, band gap energy and percent 
band gap error for Ti13O18 to Ti163O294 clusters varied with size calculated at HF, MP2 and different DFT 
methods employing 6-311G(d) basis set. Overall, double-hybrid B2PLYP functional produced band gap 
energies with lowest error percentages among the cluster models from Ti13O18 to Ti34O50. For larger 
cluster models of Ti59O100 and Ti65O98, none of the methods produce acceptable band gap energy. 
Remarkably, double-hybrid B2PLYP functional produced band gap energy of 3.06 eV with the lowest 
error percentage of 4.38 % by using Ti21O30 anatase as a cluster model.  In contrary, B3LYP hybrid 
functional which is conventionally studied with different computational parameters [22,23] produced 
underestimated value with a gap difference of 0.74 eV and error percentage as large as of ~77%. 
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Table 3. Total energy, E (a.u.), absolute value of total cohesive energy, 𝐸𝑐 (eV), absolute value of cohesive energy per 

atom, 𝐸𝑐 / 𝑎𝑡𝑜𝑚 (eV/atom), absolute value of cohesive energy per TiO2 formula unit, 𝐸𝑐 / 𝑇𝑖𝑂2
 (eV/TiO2), theoretical band gap 

energy, Eg (eV) and band gap error (%) for anatase, TiO2 clusters calculated at HF and different DFT methods/6-311G(d) 
 

Structure Method E 𝐸𝑐 𝐸𝑐 / 𝑎𝑡𝑜𝑚 𝐸𝑐 / 𝑇𝑖𝑂2
 Eg 

Eg 
Error 

Ti13O18 

B3LYP -12398.199562 215.56 6.95 20.85 1.38 56.88 

B3PW91 -12396.815742 220.86 7.12 21.36 1.43 55.31 

PBE1PBE -12393.831826 220.43 7.11 21.33 1.74 45.63 

PBEh1PBE -12394.283436 220.35 7.11 21.33 1.75 45.31 

B2PLYP -12393.656174 216.46 6.98 20.94 3.57 11.56 

HF -12377.267248 148.01 4.77 14.31 5.66 76.88 

MP2 -12382.479843 216.08 6.97 20.91 5.66 76.88 

Ti21O30 

B3LYP -20097.814434 368.31 7.22 21.66 0.74 76.88 

B3PW91 -20095.561790 377.31 7.40 22.2 0.76 76.25 

PBE1PBE -20090.718430 377.23 7.40 22.2 1.14 64.38 

PBEh1PBE -20091.456690 377.12 7.39 22.17 1.13 64.69 

B2PLYP -20090.444877 370.30 7.26 21.78 3.06 4.38 

HF -20063.726539 259.39 5.09 15.27 5.86 83.13 

MP2 -20072.347691 371.53 7.28 21.84 5.86 83.13 

Ti29O42 

B3LYP -27797.441419 521.38 7.34 22.02 0.79 75.31 

B3PW91 -27794.318604 534.06 7.52 22.56 0.81 74.69 

PBE1PBE -27787.598053 533.84 7.52 22.56 0.86 73.13 

PBEh1PBE -27788.624046 533.73 7.52 22.56 0.86 73.13 

B2PLYP -27787.224569 523.89 7.38 22.14 2.81 12.19 

HF -27749.653025 356.27 5.02 15.06 1.55 51.56 

MP2 -27762.5841858 537.00 7.56 22.68 1.55 51.56 

Ti34O50 

B3LYP -32647.626570 628.66 7.48 22.44 0.81 74.69 

B3PW91 -32643.957183 644.06 7.67 23.01 0.82 74.38 

PBE1PBE -32636.057305 644.26 7.67 23.01 1.09 65.94 

PBEh1PBE -32637.268020 644.16 7.67 23.01 1.08 66.25 

B2PLYP -32635.648769 632.74 7.53 22.59 2.71 15.31 

HF -32592.068637 454.17 5.41 16.23 5.29 65.31 

MP2 -32606.2854771 637.67 7.59 22.77 5.29 65.31 

Ti59O100 

B3LYP - - - - - - 

B3PW91 - - - - - - 

PBE1PBE -57630.542898 1283.88 8.07 24.21 0.31 90.31 

PBEh1PBE -57632.753326 1283.58 8.07 24.21 0.31 90.31 

B2PLYP - - - - - - 

HF -57549.990500 918.20 5.77 17.31 5.37 67.81 

MP2 - - - - - - 

Ti65O98 

B3LYP -62597.439340 1256.74 7.71 23.13 0.40 87.50 

B3PW91 - - - - - - 

PBE1PBE -62575.205361 1289.04 7.91 23.73 0.21 93.44 

PBEh1PBE -62577.543297 1288.92 7.91 23.73 0.53 83.44 

B2PLYP - - - - - - 

HF -62490.562001 925.14 5.68 17.04 4.84 51.25 

MP2 - - - - - - 

Ti163O294 

B3LYP - - - - - - 

B3PW91 - - - - - - 

PBE1PBE -160555.419488 3846.17 8.42 25.26 0.24 92.50 

PBEh1PBE - - - - - - 

B2PLYP - - - - - - 

HF -160327.887867 2805.95 6.14 18.42 4.92 53.75 

MP2 - - - - - - 
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Figure 2. Band gap energy of anatase TiO2 cluster versus HF, MP2 and various DFT theoretical methods with 6-311G(d) basis set 

 

 

All the calculated band gap energies from different theoretical methods and cluster models were plotted 
as bar chart as shown in Figure 2 in order to show the trend of band gap energy as affected by the 
degree of HF exchange in each theoretical method. It is clear that the HF method overestimated the 
band gap energy compared to the experimental value because of the correlation contribution was 
neglected. On the other hands, the hybrid functionals B3LYP and B3PW91 with a minor inclusion of 20% 
of HF exchange underestimate the band gap energy of TiO2. While PBE1PBE hybrid functional with an 
addition of 25% of HF exchange to the standard PBE form of the GGA functionals improve the band gap 
energy of anatase TiO2. With a minor inclusion of HF exchange, band gap energy of anatase TiO2 is 
underestimated compared to the experimental value of 3.20 eV, due to the well-known limitation of the 
generalize[45]adient approximation (GGA) [45] and due to the well-known shortcoming of the exchange-
correlation functional in describing excited states [13,46].  However, an important trend was found that 
the calculated band gaps could be improved with the adjustment of the percentage of HF exchange. This 
is because the HF exchange could lead to some degree of cancellation between the delocalization and 
localization errors and it is certainly an important factor in obtaining accurate band gaps [11,21,22].  
Hence, the outcome from double-hybrid B2PLYP density functionals is in-line with the discussion. 
Double-hybrid B2PLYP density functional which is based on the mixing of standard generalized gradient 
approximations (GGAs) for exchange and correlation with a large amount of HF exchange (~50%) and 
a perturbative second-order correlation part (PT2) that is obtained from the Kohn-Sham (GGA) orbitals 
and eigenvalues, brings the computational band gap energy value close to the experimental value. With 
an inclusion of higher degree of HF exchange, the related errors including the self-interaction error and 
delocalization error are significantly reduced. 

 

The band gap energy generated by B2PLYP is cluster size dependent. The band gap energy decreases 
from 3.57 eV for Ti13O18, 3.06 eV for Ti21O30, 2.81 eV for Ti29O42, to 2.71 eV for Ti34O50. B3LYP, PBE1PBE 
and PBEh1PBE functional shows the same trend except B3PW91 functional which are not known due 
to the difficulty to converge for Ti59O100 to Ti163O294 anatase cluster. Mori-Sánchez and co-workers [21] 
reported that the delocalization error is size-dependent for all exchange-correlation functional. They 
stated that in finite systems calculations, the delocalization error increase with system size until it 
stabilizes at a certain system size. Hence, the band gap energy becomes linear at infinite size due to the 
maximum delocalization and localization error, and it can be determined using periodic boundary 
calculations [21] The periodic boundary calculations have been tried; however, this calculation demands 
a large amount of memory and it becomes a limitation in our study. From these finding, it shows that 
none of the existing density functional approximations is capable of predicting band gaps with consistent 
accuracy for the system of all sizes [47].  However, calculation using B2PLYP based in small cluster is 
suggested as a practical approach.   

 

The band gap energy calculated using B2PLYP was validated by calculating the cohesive energy for 
anatase TiO2 clusters. In general, the cohesive energy increases as the size of the cluster increases. 
This is because as the cluster becomes larger, the cohesive energy increases due to the increase on 
the coordination number of the atoms in the cluster. As recorded in Table 3, the cohesive energy per 
TiO2 formula unit is located in between 20.85 to 23.01 eV for all DFT functionals based on small to 
medium cluster (Ti13O18-Ti34O50), which is in good agreement with literature values reported for around 
21.54 to 22.54 eV [48–50]. In particular, the cohesive energy per TiO2 formula unit calculated using 
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B2PLYP is 20.94 - 22.59 eV. The HF method is not excepted due to its underestimated value. Hence, 
the functionality of B2PLPY is again proven. 

 

The basis set was then reduced to B2PLYP/3-21G for further study of anatase Ti59O100 cluster due to 
memory limitations at B2PLYP/6-311G(d) levels. The full details on the comparison of total energy, the 
absolute value of total cohesive energy, cohesive energy per atom, the band gap energy and percentage 
band gap energy error between B2PLYP/6-311G(d) and B2PLYP/3-21G level of DFT for all anatase 
TiO2 clusters are provided in Table 4. Table 4 shows that the band gap energy for all anatase TiO2 cluster 
was narrowed when the basis set changes from 6-311G(d) to the 3-21G basis set. Moreover, for 
cohesive energy, the cohesive energy per atom increases when the basis set is reduced to 3-21G. It 
was reasonable to say that a higher number of basis functions and the inclusion of polarization functions 
significantly enhance the quality and possibly the accuracy of the results despite the fact that 6-311G(d) 
required more CPU time and higher memory to complete the calculation compared to the 3-21G basis 
set. In short, calculation using B2PLYP/6-311G(d) is still preferable. 

 

Impact of Structure Distortion on the Performance of Theoretical 
Methods in the Calculation of Band Gap Energy and Cohesive 
Energy of Anatase Cluster of TiO2 
Experimental work shows that during the synthesis of anatase TiO2, the lattice parameter differs slightly, 
maybe due to the addition of dopants and etc (details provided in supplementary information). Therefore, 
in this section, we assessed the calculation of the band gap energy using B2PLYP functional at different 
lattice parameters resembling geometry optimization of the TiO2 crystal structure. Technically, the 
geometry optimization usually attempts for the smallest structure to predict the equilibrium structures of 
molecular systems by locating the minima of the potential energy surface. In this work, the optimization 
is therefore based on the Ti13O18 cluster. By resembling the optimization, the Ti-O bond length has been 
increase at x, y and z-axis range from -0.10 Å to 0.10 Å, resulting in the structural distortion of the anatase 
TiO2 cluster, that is breathing and shrinking mode of anatase cluster.  

 

Figure 3 shows the variation of the absolute energy versus distortion Ti13O18 cluster at B2PLYP/6-
311G(d). As observed from the variation of the absolute energy in Figure 3, distortion at -0.06 Å has the 
lowest energy and highest cohesive energy per atom which indicates that distortion anatase at -0.06 Å 
is more stable than other structural distortion value. Table 5 shows the lattice parameters, total energy, 
the absolute value of total cohesive energy, the absolute value of cohesive energy per atom and band 
gap energy at a different value of structural distortion, r, for anatase Ti13O18 cluster calculated at 
B2PLYP/6-311G(d). The change of band gap energy is small that is only 0.15 eV for Ti13O18. Hence, it 
is assumed that B2PLYP/6-311G(d) is suitable for practical use. 

 
Table 4. Total energy, E (a.u.), absolute value of total cohesive energy, 𝐸𝑐 (eV), absolute value of cohesive energy per atom,  
𝐸𝑐 / 𝑎𝑡𝑜𝑚 (eV/atom), theoretical band gap energy, Eg (eV) and band gap energy error (%) calculated at B2PLYP/6-311G(d) and B2PLYP/3-

21G level of DFT for anatase TiO2 cluster models  
Anatase 
TiO2 Cluster 

Basis Set E 𝐸𝑐 𝐸𝑐 / 𝑎𝑡𝑜𝑚 Eg 

Ti13O18 6-311G(d) -12393.656174 216.46 6.98 3.57 
 3-21G -12333.158664 234.15 7.55 3.29 
Ti21O30 6-311G(d) -20090.444877 370.30 7.26 3.06 
 3-21G -19992.419646 401.85 7.88 2.82 
Ti29O42 6-311G(d) -27787.224569 523.89 7.38 2.81 
 3-21G -27651.677361 569.45 8.02 2.51 
Ti34O50 6-311G(d) -32635.648769 632.74 7.53 2.71 
 3-21G -32476.522021 689.58 9.71 2.51 
Ti59O100 6-311G(d) - - - - 
 3-21G -57348.620729 1371.90 8.63 2.53 
Ti65O98 6-311G(d) - - - - 

 3-21G -62269.598911 1385.91 8.50 2.16 
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Figure 3. Variation of the absolute energy versus distortion of Ti13O18 cluster at B2PLYP/6-311G(d) 

 

 

Table 5. Total energy, E (a.u.), absolute value of total cohesive energy, 𝐸𝑐 (eV), absolute value of cohesive energy per atom, 𝐸𝑐 / 𝑎𝑡𝑜𝑚  

(eV/atom) and theoretical band gap energy, Eg (eV) at different value of structural distortion, r (Å), for anatase Ti13O18 cluster at B2PLYP/6-
311G(d) level 

 

r  
lattice parameters Ti13O18 

a, b c E 𝐸𝑐 𝐸𝑐 / 𝑎𝑡𝑜𝑚 Eg  Eg 

-0.10 3.5472 9.3769 -12393.6887571 217.34 7.01 3.27 0.30 
-0.08 3.5955 9.4038 -12393.7125110 217.99 7.03 3.35 0.22 
-0.06 3.6435 9.4309 -12393.7187668 218.16 7.04 3.42 0.15 
-0.04 3.6911 9.4584 -12393.7106545 217.94 7.03 3.48 0.09 
-0.02 3.7382 9.4861 -12393.6893081 217.36 7.01 3.53 0.04 
0.00 3.7850 9.5120 -12393.6561738 216.46 6.98 3.57 0.00 
0.02 3.8314 9.5422 -12393.6125404 215.27 6.94 3.56 0.01 
0.04 3.8775 9.5706 -12393.5595732 213.83 6.90 3.52 0.05 
0.06 3.9233 9.5993 -12393.4983077 212.16 6.84 3.47 0.10 
0.08 3.9687 9.6281 -12393.4296848 210.29 6.78 3.42 0.15 
0.10 4.0139 9.6572 -12393.3545583 208.25 6.72 3.38 0.19 

 

 

The Electronic Properties of Anatase TiO2 based on B2PLYP 
The total and partial density of states (TDOS and PDOS) and electronic structure of anatase TiO2 for 
pure and distorted (-0.06 Å) structure is extracted based on B2PLYP/3-21G calculation on large cluster 
size of Ti59O100. As shown in Figure 4, the electronic band structure of the top of the valence band (VB) 
or HOMO has major contribution from O-p orbital while Ti-d orbital contributes more to the lower levels 
of the conduction band (CB) or LUMO, which is in good agreement with previous work [18]. This again 
indicated that B2PLYP calculation is suitable to reflect the electronic properties of  anatase TiO2. 

 

 
Figure 4. Partial density of states (PDOS) for Ti59O100 clusters 
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Mulliken Charge Transfer Analysis of Anatase TiO2 
Mulliken charge transfer analysis is used in explaining the charge transfer in molecules, molecular 
polarity and chemical bond strength which are important in the theoretical application [51], such as 
investigating the charge transfer in TiO2 after doping [52]. Table 6 shows the Mulliken charge transfer of 
anatase Ti13O18 cluster using different theoretical methods and basis set. The charge distribution of the 
atoms involved the charge transfer between the Ti and O atoms in a molecule that act as donor and 
acceptor atoms, respectively. From the Mulliken charge transfer data analysis, all the Ti atoms exhibit 
positive charges and all oxygen atoms exhibit negative charges for all DFT and HF methods. The partial 
negative charge of O atom shows that the O atom attract electron density away from the Ti atom leaving 
them positively charged. The values obtained with hybrid functionals (B3LYP, B3PW91, PBE1PBE or 
PBEh1PBE) are lower compared to those obtained with HF (more ionic structure in HF) and, as 
expected, double-hybrid B2PLYP functionals produced intermediate results, which shows a better 
representative for charge transfer analysis. 

 
Table 6. Mulliken charge transfer analysis of anatase Ti13O18 cluster using different theoretical 
methods and basis set 
 

Atom 6-311G(d) 

B3LYP B3PW91 PBE1PBE PBEh1PBE B2PLYP HF 

Ti 1.11 1.11 1.14 1.13 1.29 1.54 

O -0.82 -0.81 -0.82 -0.82 -0.93 -1.11 

 

 

Conclusions 
 

Despite the success of DFT exchange-correlation functionals in a wide range of applications, it still 
suffers many problems including band gap energy estimation of a semiconductor. In the current study, 
Hartree-Fock, density functional theory and 2nd order Møller-Plesset Perturbation Theory have been 
employed to investigate the structural and electronic properties of anatase TiO2 cluster using Gaussian 
09 software package. We conclude that B2PLYP double hybrid functional provide better accuracy in 
predicting the band gap energy of anatase TiO2 cluster. If one is mainly interested in accurate results of 
band gap energy, then small anatase cluster Ti21O30 is a good choice, due to the good agreement of 
band gap energy with experimental results. On the other hand, large anatase supercell Ti59O100 will suffer 
high delocalization error in predicting band gap energy, but this large supercell may be favorable to study 
the effect of dopants on the band gap energy of anatase TiO2. Thus, we recommend double-hybrid 
B2PLYP as a practical choice for predicting the structural and electronic properties for all anatase TiO2 
cluster sizes due to the significant improvement on the band gap and cohesive energy predictions as 
well as charge transfer analysis when compared to HF and hybrid functionals. 
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