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The relationship between the interstitials location and
visible light absorption in titanium dioxide:
ab initio calculations
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The “ab initio” calculations about the impact of the different locations of Ti or Cu interstitials in TiO2 on the visible light
absorption are reported. We find the structure of TiO, with both the Ti and Cu interstitials in the different Ti columns produces
the improved absorptions of the visible light than those in the lattice space or in the same Ti column. These differences
attribute to the former structure induces the delocalized states in the shallow defect energy level below the Fermi energy

level, while for the latter ones, the localized states in the deep defect energy levels above the valence band maximum.
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1. Introduction

Since 1972, Titanium dioxide has attracted much
attention in photocatalysis [1-5]. The transition-metal ions
dopants into titanium dioxide are used to improve the
visible-light absorption in the photocatalysts [6-9]. Choi et
al. reported the doping with Fe**, Mo®, Ru**, Os*, Re*,
Vv*, and Rh* increased the concentration of the trapped
charge carriers, so enhanced the photodegradation of
CHClI; under UV irradiation, while Co®" and AI** dopants
served as the recombination center so decreased
photoactivity [10]. Zhang et. al. proved the Cr substituting
Ti*" ion in TiO, enhanced the photocatalytic activity of
Cr-TiO, due to the excitation of 3d electron of the Cr®" ion
to the conduction band of TiO, [11]. Most researches have
also been focused on Ti%* self-doped TiO, which could
exhibit better photocatalytic activity. Xing et. al.
synthesized TiO, catalysts with self-doped Ti** and
investigated their impact on the photocatalytic activity of
visible-light and UV-light [12]. Zuo et. al. introduced Ti**
into visible-light responsive TiO, to exhibit visible-light
photocatalytic activity [13]. However, the photocatalytic
activity on TiO, with the Ti** doping still face some
problems, such as the relationship between the location of
the Ti** doping and the photocatalytic activity of TiO,. To
resolve the issue, we introduce the Ti or Cu interstitials
doping into the Ti column or the lattice space to study their
impact on the visible light absorption.

2. Methods

We construct 2x1x6 supercells (a = 9.188 A,
b =4594 A ¢ =17.754 A) as the initial structure model
on the primitive cell of the perfect TiO, (a = b = 4.594 A,
¢ = 2.959 A). The Ti or Cu interstitials are doped in the
same Ti-column in the 2x1x6 supercells at (2.297, 2.297,
5.918) and (2.297, 2.297, 11.836), respectively. They are
indicated in the blue balls marked with ‘2’ and ‘1’ of Fig. 1.
These interstitials are also doped in the lattice space at
(4.594, 2.297, 5.918) and (4.594, 2.297, 11.836), which are
shown in the black balls marked with ‘4’ and ‘3’ of Fig. 1.
They are doped in the different Ti-columns at (2.297,
2.297, 8.877) and (6.891, 2.297, 8.877), which are
indicated in the green balls marked with ‘5’ and ‘6’ of Fig.
1. In the inset tables of Fig. 1, the ‘TixsOgg’, ‘TisCu,04s’,
and ‘Ti»CuOgg’ mean the structure models include two Ti
interstitials, two Cu interstitials, one Ti interstitials and
one Cu interstitials, respectively. The ‘ST-TiO,’,
‘LS-TixO,’, and ‘DT-TiO,” mean the structure models
with the interstitials in the same Ti-column (ST), in the
lattice space (LS), and in the different Ti-columns (DT). In
Figs. 2-4, the atoms pointed by the dark arrows belong to
the Ti or Cu interstitials.
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Fig. 1. Configuration of the TiO, with the Ti/Cu
interstitials in the lattice space or in the Ti-columns.

The first-principles calculations are firstly performed
by Dmol® program on the density functional theory [14].
Following the references of [15-18], we employ the PBE
formulation (Perdew-Burke-Ernzerh) in the generalized
gradient approximation (GGA) to discribe
exchange-correlation energy [19]. The spin polarization
method is applied to produce the semiconducting
phenomenon for the transition metal oxides, such as of
TiO,. Double-numeric quality basis set with the
polarization functions (DNP) is employed in the value of
3.5. The full Brillouin zone is defined with 3x3x2 meshes
of Monkhorst-Pack k points [20]. A thermal smearing of
0.01 Ha (1 Ha = 27.2114 eV) is used to accelerate the
geometric optimization. The convergence tolerances for
the self-consistent field (SCF) energy and displacement in
the geometric optimization are set to 1.0x10° Ha and 5
x10~ A. When the geometric optimization finished, the
properties, such as band structure and partial density of
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states are calculated on Dmol® program. In the partial
density of states, The curves with the light green color, the
red color, and the blue color indicate the p states, the d
states, and the sum states, respectively.

The absorption spetra and the electron density
difference are calculated in CASTEP program [21]. The
ultrasoft pseudopotentials are used to describe the
electrons-ions interaction. The wave basis set with a cutoff
energy of 400.0 eV is adopted. The k-points are set to
3x3x3 meshes. In the electron density difference, the
deficiencies of electrons are indicated in the yellow color,
while the enrichment electrons in the blue color.

3. Results and discussion

Firstly, we would discuss the electron density
difference to show the electron transfer in the structures
with Ti or Cu interstitials. Figs. 2(a)-2(c) depict the
isosurface of the electron density difference in DT-TiyOgg,
DT-TiysCu,04g, and DT-Ti,sCuOyg. The balls with the gray
color, the red color, and the pink color indicate Ti-ions,
O-ions, and Cu-ions, respectively. In Fig. 2(a), the belt
liked electrons enrichment area in blue color locates
between the lattice Ti-ions and the Ti interstitial. Thus, the
Ti-Ti bonds are produced as the doping of the Ti
interstitials. While, the Ti-Cu bonds are appeared after the
Cu interstitials displacing for the Ti interstitials in Fig.
2(b). Moreover, some spots liked electrons deficiency
areas in yellow color are found on the Cu interstitials. It
means the Cu interstitials loss the electrons. In Fig. 2(c),
both the Ti-Ti bond and the Ti-Cu bond are found.
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Fig. 2. (a-c) Isosurface of the electron density difference of the structures for DT-TiygO4ug, DT-TizsCu,O4g, and
DT-Ti,sCuQyg; (d-f) Partial density of states for DT-TiygO4g, DT-TipCu,04g, and DT-TisCuOyg; (g) Absorption
spectra of the above structures and perfect TiO,.
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Fig. 2(d)-2(f) show the partial density of states (PDOS)
in DT-TiygO4g, DT-TiyyCu,04g, and DT-TipsCuOyg. In Fig.
2(d), it’s clearly seen that one shallow defect energy level
lies below the conduction band minimum (CBM) and one
deep energy level above the valence band maximum
(VBM). In Fig. 2(d), Fermi energy level locates at the
shallow defect energy level. The doping of Ti interstitials
generates the delocalized electrons, which are
corresponding to the blue belt liked electron enrichments
areas. The occurrence of the deep defect energy level

above the VBM means the holes could be excided under
the visible light. However, these holes could be
recombined with the electrons. In Fig. 2(e), one defect
energy level locates above the VBM. The fewer electrons
would also be recombined with the holes. In Fig. 2(f), the
defect energy level at -0.7 eV below the Fermi energy
level would generate the delocalized electrons. So, these
characteristics determine the order of visible light
absorption at 500-800 nm is DT-Ti,;sCuQOyg > DT-TiygO4g >
DT-Ti,Cu,04g, as shown in Fig. 2(g).
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Fig. 3. (a-c) Isosurface of the electron density difference of the structures for LS-TiygO4g, LS-TizsCuyO4g, and
LS-Ti,sCuQyg; (d-f) Partial density of states for LS-TisgOgg, LS-Ti2sCu,04g, and LS-Ti,sCuOyg; (g) Absorption
spectra of the above structures and perfect TiO,.

For the structure of LS-TiyOus, LS-TinuCu,O4g, and
LS-Ti,sCuOyg, their electron density differences and
partial density of states are shown in Fig. 3. In Figs.
3(a)-3(c), the Ti interstitials (1.29 eV) are bonding to six
adjacent O-ions, while the Cu interstitials (0.58 eV)
produce the Cu-O bonds and Ti-Cu bonds. In Fig. 3(d), the
defect energy level locates below the CBM. It shows the
delocalized electrons produced as the Ti interstitials in

lattice space. In Fig. 3(e), one defect energy level lies
above the VBM, and another one at -0.8 eV below the
Fermi energy level. The recombination of electrons and
holes are also happed in the structure of LS-Ti,4Cu,Ogs. In
Fig. 3(f), in comparison with Fig. 3(e), the DOS of the
defect energy levels are decreased. These aspects illustrate
the higher absorption of visible light at 700-800 nm in
LS-Tiys0.g than in other two structures.
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Fig. 4. (a-c) Isosurface of the electron density difference of the structures for ST-TiyO4g, ST-Ti,4Cu,04g, and
ST-Ti,sCuQyg; (d-f) Partial density of states for ST-TiygO4g, ST-TipsCu,04g, and ST-TixsCuOyg; (g) Absorption spectra
of the above structures and perfect TiO.,.

Fig. 4 shows the electron density differences, partial
density of states, and absorption spectra for the structure of
ST—Ti25048, ST—Ti24CUZO48, and ST—Ti25CUO48. In FlgS
4(a)-4(c), the Ti-Ti bonds and the Cu-Ti bonds are
produced, which look like those in Fig. 2. In Fig. 4(d), the
defect energy level locates at -1.3 eV below the Fermi
energy. It shows the less delocalized electrons produced as
the Ti interstitials in Ti-column. In Fig. 4(e), the defect

energy level lies at 0 eV, where Fermi energy level locates.

It means the more delocalized electrons produced than
those in Fig. 4(d). The recombination of electrons and
holes are also happed in the structure of ST-TixCu,04e. In
Fig. 4(f), a serious of defect energy levels locates above
the VBM. It shows that the recombination of electrons and
holes are also happed in the structure of ST-Ti;CuOyg,
more extent than that in ST-Ti,,Cu,O45. These aspects
illustrate the order of the absorption of visible light at
650-800 nm is ST-TinCuy,048 > ST-TipCuOy >
ST‘Ti26048.

4. Conclusions

We have compared the impact of the different location
of Ti or Cu interstitials in TiO, on the visible light
absorption in ab initio calculations. It’s found that the
absorptions of the visible light are improved in TiO, with
both the Ti and Cu interstitials in the different Ti columns.
It attributes to the delocalized states in the shallow defect

energy level below the Fermi energy level. For TiO, with
the interstitials in the lattice space and in the same Ti
column, the less efficient absorptions of visible light are
observed. It originates from the localized states in the deep
defect energy levels above the valence band maximum.
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