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Abstract

This study utilized first-principles calculations to examine the electronic and optical prop-
erties of As-doped TiO2. Three model structures with varying As concentrations (0, 2.08, and
4.17 %, atomic percentage) were analyzed to investigate band structure and the density of
states and compare absorption spectrum, reflectivity spectrum, dielectric function, and con-
ductivity on the (100) surface. The findings indicate that the As-4s and As-4p orbitals of
As-doped TiO2 influence the positions of the conduction band minimum and valence band
maximum. Furthermore, the band gap of 4.17 % As-doped TiO; starts to decrease, reducing
the energy required for electron transitions and enhancing absorption in the visible light range.
As-doped TiO2 demonstrates promising performance in reflectance, dielectric function, and
electrical conductivity, positioning it as a favorable material for visible light photocatalysis

applications.
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1. Introduction

TiO; has important applications in the field of
photocatalysis [1, 2], especially through the modifi-
cation of TiOs using element doping, which reduces
its band gap and enhances its ability to degrade or-
ganic compounds [3]. Doping elements include metal-
lic elements [4-6], non-metallic elements [7-9], as well
as dual-element doping [10, 11], among others. The
photocatalytic performance of TiOs modified with
these doping elements has been significantly improved.
For example, Suwondo et al. [12] studied the band
gap of Cu-doped TiOs and its photocatalytic activ-
ity. The results show that the band gap of Cu-doped
TiO5 can be narrowed to 2.878 V. Moreover, the pho-
tocatalyst could be reused for up to 5 photodegra-
dation cycles with no significant activity decrease.
Bhosale et al. [13] investigated Mn-doped TiO2 pre-
pared by the sol-gel method. The research showed that
the grain size began to decrease with an increase in
the Mn doping content. Photocatalytic experiments
demonstrated that the photocatalytic activity of 5
mol% Mn-doped TiOs is nearly four times that of
pure TiOs. Furthermore, Mn-doped TiO; exhibited
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excellent photodegradation capability for a mixture
of Rhodamine B, Brilliant Green, and Methylene Blue
dyes.

Arsenic (As) is situated in the 4th period and
the VA group of the periodic table, with an outer
electron configuration of 4s? 3d '%4p3. Several re-
ports have been published on the research of As el-
ement doping modified semiconductor materials [14-
16]. However, there is scarce research on doping As
element in TiOs, possibly due to its carcinogenic haz-
ard.

Experiments that cannot be conducted due to their
dangerous nature can be simulated through theoret-
ical calculations. Utilizing first principles to examine
the structure and properties of different materials is
a secure, efficient, and precise approach compared to
experiments. This approach is commonly employed to
compute the optical properties and other characteris-
tics of materials [17-20].

This work first calculated the optical properties of
As-doped TiO» with different structures and As con-
tents using first principles, providing a theoretical ba-
sis for the potential application of As elements in TiO9
photocatalysis.
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Fig. 1. Molecular models of (a) pure TiO2, (b) 2.08 % As-doped TiO2, and (c) 4.17 % As-doped TiOx.

2. Computational methods

The properties of As-doped TiO2 molecules were
calculated using the CASTEP [21] module in Mate-
rials Studio 2020 software, based on the first principles
of density functional theory.

First, input the unit cell of TiOs (Fig. la) and
expand it into 2 x 2 x 1 and 1 x 2 x 1 supercell
molecular structures, where O atoms are represented
in red and Ti atoms in grey. Replace one Ti atom in
the 2 x 2 x 1 supercell with an As element to form the
molecular structure model as shown in Fig. 1b. Simi-
larly, replace one Ti atom in the 1 x 2 x 1 supercell
with an As element to form the molecular structure
model as represented in Fig. 1c. The above three struc-
tures respectively form TiOs molecular models doped
with As at 0, 2.08, and 4.17% (atomic percentage).
Then, structural optimization calculations will be per-
formed using the Generalized Gradient Approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof theory
[22] and a cutoff energy of 380 €V.

Next, perform band structure and partial density
of states (DOS) calculations on the structurally op-
timized molecular model. Choose the (100) surface
of three different models for optical property calcula-
tions, and then compare and analyze absorption spec-
tra, reflection spectra, loss function, dielectric func-
tion, and conductivity.

3. Results and discussion
3.1. Electronic properties

The results for pure TiO5 indicate a band gap of
2.10eV (Fig. 2a), which closely aligns with other cal-
culated values of 2.12 eV [23, 24] or 2.15 eV [25]. How-
ever, this figure is lower than the experimental value of
3.2 eV, likely due to the theoretical calculation being
based on idealized materials. Additionally, the GGA

method used in density functional theory calculations
often underestimates the band gap of metal oxides, re-
sulting in a lower calculated band gap. Nevertheless,
these deviations do not impact the relative analysis of
the electronic structure. When a small amount of As
element is doped, as depicted in Fig. 2b, the band gap
begins to increase, reaching 2.26 eV, which is 0.16 eV
higher than that of pure TiOs. As the doping con-
tent of As increases to 4.17 %, the band gap starts to
decrease again, reaching 2.07 eV (Fig. 2¢), lower than
that of pure TiOs. The calculations suggest that a
higher doping content of As can reduce the band gap,
which is advantageous for electron transitions.

The electronic partial DOS for three different mod-
els was calculated to analyze the factors affecting the
band gap. Figure 3a shows the partial DOS for the
pure TiO5 elements, where Ep represents the Fermi
level. It can be observed from the figure that the
valence band is mainly contributed by O-2p, while
the conduction band is mainly contributed by the hy-
bridization of O-2p and Ti-3d. A high DOS distribu-
tion at 4.53 €V is primarily contributed by the Ti-3d
orbitals. The total DOS for each element is shown in
the uppermost curve of Fig. 3a.

Figure 3b shows the DOS of the 2.08 % As-doped
TiOo, indicating that the valence band is still mainly
influenced by O-2p orbital electrons. With the intro-
duction of As, the minimum energy of the conduction
band begins to decrease, and a high DOS distribu-
tion is observed around 1.2 eV. Compared to Fig. 3a,
the DOS peak has shifted negatively by 3.33 eV. This
shift occurs due to the hybridization of O-2p, Ti-3d,
As-4s, and As-3p orbitals, resulting in the broaden-
ing of the conduction band bottom and leading to the
negative shift of the minimum value of the conduction
band. Simultaneously, the DOS in the valence band
also changes, with the O-2p and Ti-3d states shift-
ing to the left, moving away from the Fg. Although
the minimum of the conduction band begins to ap-
proach the Er, the difference between the maximum
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Fig. 2. Calculated band structure of (a) pure TiOg2, (b)
2.08 % As-doped TiO2, and (c) 4.17 % As-doped TiO-.

of the valence band and the minimum of the conduc-
tion band remains greater than the bandgap energy
of pure TiOs, which is not conducive to subsequent
electron migration.

Figure 3¢ shows the DOS distribution of the 4.17 %
As-doped TiOs. It can be observed that the peak po-
sitions of the DOS for each element have not changed
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Fig. 3. Calculated DOS of (a) pure TiO2, (b) 2.08 %
As-doped TiOg2, and (c) 4.17 % As-doped TiO2.

significantly. However, due to the relative decrease in
the content of O and Ti elements, the heights of the
peaks for O and Ti elements start to decrease. With
the relatively high content of the As element, its influ-
ence is strengthened. It is found that the minimum of
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Fig. 4. Calculated absorption of As-doped TiO2.

the conduction band of As-4p further shifts to —0.8 eV,
while the maximum of the valence band remains un-
changed, resulting in a reduction in the band gap.

3.2. Optical properties

The band gap directly affects the material’s light
absorption performance, as shown in Fig. 4 for the
light absorption spectra of the three models. Pure
TiO, exhibits strong absorption in the ultraviolet re-
gion (< 380nm) but hasminimal absorption in the
visible light region (380-780nm), with only a cer-
tain absorption intensity occurring at wavelengths
less than 590 nm. Electrons undergo transition after
absorbing photons, initiating the absorption of light
waves. The relationship between the energy £, of elec-
tron transition across the band gap and the wave-
-length A is shown in Eq. (1) [26]:

1240

E, = T (1)
The calculated results indicate that the band gap
of pure TiOy is 2.10eV. According to Eq. (1), only
wavelengths less than 591 nm may be absorbed by
the material. After doping with As, the absorption
intensity in the visible light range increases. When
the As doping content is at 2.08 %, the change is
not significant. However, when the As content reaches
4.17%, the absorption intensity in the visible light
range starts to increase, notably higher than 2.08 %
As-doped TiO3 and pure TiOs, especially reaching a
higher value near 700 nm (1.17 V). This trend is con-
sistent with the previously mentioned band structure
calculation results. The reason is that the band gap of
4.17 % As-doped TiO3 is minimized to 2.08 eV, which
is favorable for the absorption of light by valence band
electrons and the realization of transitions to the con-
duction band.
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Fig. 5. Calculated reflectivity of As-doped TiOs.

There is a clear correspondence between the reflec-
tivity and absorption. Figure 5 shows the reflectivity
curves of three models. It can be seen that, as the
wavelength increases, the trend of reflectivity is simi-
lar to the absorption trend (Fig. 4). The three models
exhibit essentially the same variation trend in the ul-
traviolet region. At 145 nm, the reflectivity of pure
TiO,, 2.08% As-doped TiO,, and 4.17% As-doped
TiO; models reach their highest values, which are
0.38, 0.35, and 0.34, respectively. After that, it de-
creases, then rises again at 204 nm, reaching a sec-
ondary peak at 262 nm. In the visible light region, the
reflectivity of the three models decreases as the wave-
length increases. The 4.17 % As-doped TiOs exhibits
a lower reflectance, reaching the minimum at 600 nm,
and then begins to increase. Upon entering the in-
frared region, the reflectivity of the 4.17 % As-doped
TiO5 becomes the highest, reaching above 0.25.

The loss function spectrum describes the energy
loss of electrons when rapidly traversing through a
material. The loss function value of pure TiO, de-
creases as the wavelength increases (as shown in
Fig. 6). After doping with As elements, the loss func-
tion value undergoes significant changes in the visible
light range (1.58-3.25eV), with a small peak appear-
ing around 1.7eV, followed by a decrease. Figure 6
shows that all three models exhibit higher peaks in the
10.5-12.5eV range, with the peak heights decreasing
as the doping content increases.

At the peak, when the real part of the dielec-
tric function reaches zero, it indicates a transition
from metallic to dielectric behavior, characterizing the
plasmon resonance. The peak position corresponds to
the relevant plasmon frequency, a metal character-
istic [27]. Combining Figs. 6 and 7, it can be con-
cluded that the plasmon frequencies of pure TiO-,
2.08% As-doped TiO,, and 4.17% As-doped TiO,
are 11.36 eV, 10.97 eV, and 10.53 eV, respectively. The
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Fig. 7. Calculated dielectric function of As-doped TiO>.

results indicate that after As doping, the plasmon
frequency begins to decrease and gradually decreases
with increasing doping content.

Figure 7 shows the dielectric function curves of
three models. The solid lines represent the changes
in the real part of the function, while the dashed lines
represent the changes in the imaginary part. The ver-
tical axis represents the static dielectric constant, re-
flecting the material’s polarization ability under an
external electric field. The figure displays the vari-
ation of the static dielectric constants for the three
models: pure TiO5 is 6.81, 2.08 % As-doped TiO, is
8.37, and 4.17% As-doped TiO, is 9.20. The results
indicate that the static dielectric constant begins to
increase after As doping, indicating a stronger bind-
ing charge capability. From the changes in the imag-
inary part of the figure, it can be seen that all three
models exhibit the highest peak at 4.32eV and a sec-
ondary peak at 6.9 eV. These peaks originate from the
electron transitions between Ti-3d, O-2p, As-4s, and
As-3p, and their intensity decreases with higher dop-
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Fig. 8. Calculated conductivity of As-doped TiOx2.

ing content. 2.08 % As-doped TiOs exhibits a peak
near 1.1eV in the infrared region. Within the visible
light range (1.58-3.25€eV), only the 4.17% As-doped
TiO2 exhibits a peak near 1.6 eV, indicating an in-
crease in the probability of electron-photon absorp-
tion and an increase in the number of excited state
electrons, thereby enhancing the probability of subse-
quent transitions, which is beneficial for the material’s
application in the visible light range.

Similarly, the changing trend of the imaginary part
of the above-mentioned dielectric function is similar to
the real part of the conductivity, representing energy
dissipation. As shown in Fig. 8, the conductivity of
pure TiO; has a significant peak in the ultraviolet re-
gion, while As-doped TiOs shows a decrease in the
peak in this region. Only the 4.17 % As-doped TiO2
shows a weak peak in the region where visible light
and ultraviolet light intersect. This indicates that the
conductivity in the visible light range can be enhanced
after As doping.

4. Conclusions

This paper first used first-principles calculations
to study the band structure, atomic state density dis-
tribution, absorption, reflectivity, and dielectric func-
tion of As-doped TiO;. The results show that com-
pared to pure TiOs, the As-4s and As-4p orbitals of
As-doped TiOs widen the positions of the conduc-
tion band minimum and valence band maximum. Ad-
ditionally, with an increase in As doping, the band gap
of the 4.17 % As-doped TiO5 begins to decrease, low-
ering the energy required for electron transitions from
the valence band to the conduction band and enhanc-
ing the absorption in the visible light range. As-doped
TiO2 exhibits excellent reflectivity, dielectric function,
and conductivity performance, making it a promising
material for photocatalytic applications under visible
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light and laying a theoretical foundation for future ex-
perimental applications.
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