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Compared to pure TiO2, Lu-doped TiO2 shows enhanced photocatalytic performance in the 
visible light range. In order to investigate the influence of Lu doping contents on optical 
properties of Lu-doped TiO2, we conducted first-principle on TiO2 with different contents of 
Lu doping. The results indicate that as the contents of Lu increases, the band gap of 
Lu-doped TiO2 gradually decreases. Within the visible light range, Lu-doped TiO2 exhibits 
an expanded absorption band ranging from 450 nm to 600 nm. Furthermore, when the Lu 
contents reaches 9.09 at%, the absorption intensity shows a higher value between 700 nm 
and 800 nm. Lu-doped TiO2 demonstrates a low reflectance in the visible light region, with 
the maximum reflectance occurring in the infrared region at approximately 65%. The 
calculated dielectric constant results suggest that the probability of electronic absorption of 
photons in Lu-doped TiO2 initially decreases and then increases with an increase in Lu 
contents. 
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1. Introduction 
 
TiO2 is widely used as a photocatalyst for the photodegradation of organic pollutants under 

UV irradiation [1, 2]. However, the photocatalytic efficiency of anatase TiO2 is small under visible 
irradiation due to its large band gap of 3.2 eV. Applications of pure TiO2 is greatly limited. Doping 
with other elements is considered to be an effective method for reducing the band gap and 
enhancing the photocatalytic efficiency of TiO2 [3–7]. For instance, Solanki [8] studied the band 
gap of metal (Co, Pd, Ni) doped TiO2, and the results shows that the band gap of Co-doped TiO2, 
Pd-doped TiO2 and Ni-doped TiO2 are 3.07 eV, 2.90 eV and 2.81 eV, respectively, which were 
lower than that of TiO2. Zulkifli et al [9] found that the Al-doped TiO2 has the highest 
photocatalytic performance for degradation of 10 ppm methylene blue solution within 60 minutes. 

In terms of the theoretical calculations, the optical properties of doped TiO2 are mainly 
calculated by first-principle [10–13], so as to further explain the experimental phenomena. At 
present, the calculation of doped TiO2 mainly focuses on the optical properties, including energy 
band structure, total or partial densities of state, absorption spectrum, reflectance spectrum and so 
on [14–17]. The calculation results also show that the doped TiO2 has lower band gap and better 
light absorption intensity in the visible range [18, 19]. 
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In our previous study [20], the optical properties of Lu-doped TiO2 thin film were 
investigated. Using the tangent method, the band gap of Lu-doped TiO2 film was estimated to be 
approximately 2.9 eV. The Lu-doped TiO2 demonstrated favorable light absorption in the visible 
light range, specifically between 400 and 450 nm. Under natural light conditions, the Lu-doped 
TiO2 thin film effectively degraded methyl orange solution after 72 hours of exposure. In this work, 
the first-principle were used to investigate the influence of Lu contents on optical properties of 
Lu-doped TiO2. 

 
 
2. Model construction and calculation methods 
 
2.1. Model construction 
The unit cell of anatase TiO2 is extended to a 2 × 2 × 1 supercell molecular structure, as 

shown in Fig. 1a, with red representing O atoms and gray representing Ti atoms. One Ti atom in 
Fig. 1a is then replaced with the rare earth element Lu, forming the Lu-doped TiO2 molecular 
model depicted in Fig. 1a. Another Ti atom is also replaced, resulting in the model shown in Fig. 
1b. Fig. 1c and d represent the Lu-doped TiO2 molecular models formed by replacing 3 and 4 Ti 
atoms with Lu atoms, respectively. After these additions, the Lu atomic percentage in the resulting 
models corresponds to 2.27 at%, 4.55 at%, 6.82 at%, and 9.09 at%, respectively. 

 

   

   

 
 

Fig. 1. Molecular models of Lu-doped TiO2. (a) 2.27 at%; (b)4.55 at%; (c) 6.82 at%; (d) 9.09 at%. 
 
 

(a) (b) 
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2.2. Calculation methods 
The first-principle was carried out using Materials Studio 7.0. Structural optimization of 

Lu-doped TiO2 molecular models were performed using the generalized gradient approximation 
(GGA) with the Perdew–Burke–Ernzerh (PBE) theory [21] and a cutoff energy of 380 eV. The 
optimized models were used for band structure and optical property calculations to analyze the 
effects of different Lu doping contents on the material's optical properties. 

 
 
3. Results and discussion 
 
3.1. Band structure 
Fig. 2 shows the calculated band structures and corresponding partial density of states 

(PDOS) for different Lu-doped TiO2 molecular models. The left side represents the results of the 
band structure calculations, while the right side shows the local distribution of electronic states at 
specific energies. 

 

   

   

Fig. 2. Calculated results for the band structure and local PDOS of TiO2 doped with different Lu contents. (a) 
2.27 at%, (b)4.55 at%, (c)6.82 at%, and (d) 9.09 at%. 
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Fig. 2a on the left side presents the band structure of the TiO2 molecular model with a Lu 
doping content of 2.27 at%. The band gap is observed to be 2.04 eV. A significant decrease in the 
band gap is evident compared to the calculated result of 2.12 eV [22, 23] or 2.15 eV [24] for pure 
TiO2. However, it should be noted that this result is lower than the experimental value of 2.9 eV 
[20]. This discrepancy can be attributed to the fact that the theoretical calculations are based on 
idealized materials. Additionally, the GGA method used in density functional theory calculations 
often underestimates the band gap of metal oxides. As a result, the calculated band gaps are 
generally lower. Nevertheless, these deviations do not affect the relative analysis of the electronic 
structure. Fig. 2a on the right side displays the corresponding PDOS, revealing that the conduction 
band minimum and valence band maximum are formed by the hybridization of Ti-3d and O-2p 
states. The Ti-3d states play a significant role in the conduction band minimum, while the O-2p 
states dominate the valence band maximum. The energy difference between the valence band 
maximum and the Fermi level is approximately 3.2 eV. 

Fig. 2b on the left side shows the calculated band structure of the TiO2 molecular model 
with a Lu doping content of 4.55 at%. It can be observed that the band gap is 2.05 eV, which is 
similar to the result in Fig. 2a. However, there is an increase in the Lu-4f state peak in the energy 
range of -1 to -0.5 eV in the valence band. 

Fig. 2c presents the calculated results for the band structure and density of states 
distribution of the TiO2 molecular model with a Lu doping content of 6.82 at%. It is found that the 
band gap starts to decrease, reaching 1.95 eV. Compared to the TiO2 models doped with Lu 
contents of 2.27 at% and 4.55 at%, the decrease is 0.1 eV. From the density of states distribution in 
Fig. 2c, it can be observed that with the increase in Lu doping contents, the overlap region of 
Lu-4f with Ti-3d and O-2s states increases. This causes a shift in the valence band maximum, 
eventually crossing the Fermi level (0 eV), resulting in a decrease in the band gap. 

Fig. 2d displays the calculated results for the band structure and density of states 
distribution of the TiO2 molecular model with a Lu doping content of 9.09 at%. It is observed that 
the band gap further decreases, reaching 1.92 eV. From the density of states distribution in Fig. 2d, 
it can be seen that the Lu-4f state peak increases significantly, reaching its maximum value. The 
overlap region of Lu-4f with Ti-3d and O-2s states increases, leading to an expanded energy range, 
which causes a further shift in the valence band maximum. 

 
3.2. Absorption and reflection properties 
Fig. 3 shows the optical absorption spectra of Lu-doped TiO2. Similar to pure TiO2, it 

exhibits strong absorption in the ultraviolet region (200-400 nm). The intrinsic TiO2 absorbs 
visible light within a range of approximately 380 nm [8, 18, 25–27]. After introducing Lu doping, 
the absorption tail in the visible light range extends from 380 nm to between 450 nm and 600 nm, 
with the highest absorption ability observed at a Lu content of 2.27 at%. Additionally, the 
absorption intensity in the visible light range decreases with increasing Lu contents. However, 
when the Lu contents reaches 9.09 at%, the absorption intensity starts to increase again, especially 
between 700 nm and 800 nm, showing a significant increase. This trend is consistent with the 
previously mentioned band structure calculation results. At this Lu content, the band gap is 
minimized at 1.92 eV, which facilitates the absorption of light by the valence band electrons, 
enabling their transition to the conduction band. 
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Fig. 3. Optical absorption spectrum of TiO2 doped with different Lu contents. 
 
 
Fig. 4 represents the optical reflectance spectrum of Lu-doped TiO2. From the graph, it can 

be observed that the optical reflectance in the infrared region (<1.58 eV) reaches its highest value 
of 60% when the Lu content reaches 9.09 at%. For other Lu contents, the reflectance decreases 
with increasing Lu contents. In the visible light region (1.58-3.25 eV) and the ultraviolet region 
(>3.25 eV), the reflectance remains relatively low. Overall, doping increases the reflectance in the 
infrared region, with the maximum reflectance reaching approximately 65%. 

 

 
 

Fig. 4. Optical reflectance spectrum of TiO2 doped with different Lu contents 
 
 
3.3. Dielectric function 
Fig. 5a illustrates the real part of the dielectric function curves for TiO2 doped with 

varying Lu contents. The vertical axis represents the static dielectric constant, reflecting the 
material's polarization capacity under an external electric field. A higher static dielectric constant 
indicates a stronger ability to bind charges. The graph reveals non-uniform variations in the static 
dielectric constants, with respective values of 33.66, 9.79, 20.28, and 96.50. Notably, when the Lu 
content reaches 9.09 at%, the system demonstrates significantly superior charge binding capability 
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compared to other compositions. As the incident light energy increases, the dielectric constants 
tend to decline, aside from a pronounced peak near 2.8 eV, while the remaining energy regions 
exhibit no substantial changes. 

 

   

Fig. 5. Dielectric function of TiO2 doped with different Lu contents. (a) Real part and (b) Imaginary part. 
 
 
Fig. 5b presents the imaginary part of the dielectric function curve. The dielectric constant 

signifies the material's response to an external electric field and, on a microscopic scale, signifies 
the formation of numerous electric dipoles. The imaginary part characterizes the energy dissipation 
associated with electric dipole formation and relates to interband transitions. A larger imaginary 
part value implies a heightened degree of electron excitation and transition, reflective of inferior 
insulation performance and an increased probability of electron-photon absorption. Greater 
electron population in the excited state corresponds to an increased probability of subsequent 
transitions. With increasing doping contents, the four systems exhibit secondary peaks at 3.58 eV, 
3.87 eV, 3.96 eV, and 3.91 eV. These peaks arise from electron transitions between Ti-3d, O-2p, 
and Lu-4f states and their intensity strengthens with higher doping contents, indicating an 
increased probability of electron-photon absorption and a greater number of electrons in the 
excited state, consequently amplifying the probability of the subsequent transition. 

 
 
4. Conclusions 
 
In summary, the band structure, absorption and reflection properties, dielectric function of 

Lu-doped TiO2 were calculated by the GGA approach. First, we study the influence of four 
different Lu doping contents of 2.27 at%, 4.55 at%, 6.82 at% and 9.09 at% on the band structure of 
Lu-doped anatase TiO2, and find that the band gap value decreases gradually with the doping 
contents increasing. Second, we study the absorption and reflection properties of Lu-doped TiO2, 
and the results indicated that doping Lu element can increases absorption in the visible and the 
reflectance in the infrared region. At last, the dielectric function of Lu-doped TiO2 was calculated, 
and the results show that as the doping contents increases, the probability of electrons absorbing 
photons increases. Thus, these results demonstrate that the Lu-doped TiO2 may be beneficial for 
improving the photocatalytic activity. 

(a) (b) 
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