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Chemical doping represents one of the most effective ways in engineering electronic structures of anatase TiO» for practical
applications. Here, we investigate formation energies, geometrical structures, and electronic properties of Si-, F-doped and
Si/F co-doped anatase TiO, by using spin-polarized density functional theory calculation. We find that the co-doped TiO; is
thermodynamically more favorable than the Si- and F-doped TiO,. Structural analysis shows that atomic impurity varies crystal
constants slightly. Moreover, all the three doped systems show a pronounced narrowing of band gap by 0.33 eV for the F-doped
TiO,, 0.17 eV for the Si-doped TiO,, and 0.28 eV for the Si/F-co-doped TiO,, which could account for the experimentally
observed redshift of optical absorption edge. Our calculations suggest that the Si/F-co-doping represents an effective way in
tailoring electronic structure and optical properties of anatase TiO5.
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1. Introduction

As a chemically stable, nontoxic, highly effi-
cient, and relatively inexpensive photocatalyst [1,
2], TiO;, has aroused extensive attention recently
owing to its potential use in water and air pu-
rification. However, its photoreaction efficiency is
severely limited due to its large intrinsic band gap
(3.23 eV for anatase TiO;). TiO; is only capable of
absorbing the ultraviolet portion of the solar spec-
trum [3, 4]. It is, thus, necessary to enhance its op-
tical absorption in the visible range to efficiently
utilize a wider range of solar light. Since Sato re-
ported that nitrogen doping in TiO, can result in
the visible-light photocatalytic activity [5], a huge
number of chemical modifications have been con-
ducted to investigate the doping effect of TiO, both
theoretically and experimentally [6—-10]. However,
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the photocatalytic efficiency of the N-doped TiO;
can only be improved in a limited way due to the
strongly localized N p states at the top of the va-
lence band [11]. It has been recognized that the
donor-acceptor co-doping at Ti and O sites could
reduce recombination centers, which can effec-
tively improve migration efficiency of charge car-
riers and enhance photocatalytic activity [12—16].

Since Yang et al. [17] found that F can largely
stabilize the reactive (001) facets of TiO; nanopar-
ticles, much effort has been devoted to the study
of the F-doped TiO,. Zhou et al. [18] further in-
vestigated the C-F co-doped anatase TiO, (001)
surfaces, and found that photocatalytic activity of
TiO, can be enhanced dramatically. In addition,
Oh et al. [19] reported that doping TiO, with a
small amount of Si could improve its photocatalytic
activity. Ozaki et al. [20] suggested that the sub-
stitution of Ti by Si may promote photocatalytic
activity by extending optical absorption to longer
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wavelength. Yang et al. [21] studied electronic
properties of the substitutional Si-doped TiO;, and
found that the band gap can be narrowed by Si
doping. Recently, experimental studies have shown
that the co-doping with nonmetal materials can be
more effective to improve the photocatalytic activ-
ity of TiO, [22, 23]. To modify the valence band
edge (i.e. p-type doping), one may choose two non-
metal atoms with a different p orbital energy from
that of O [24] to dope TiO,, which may represent
a prominent method to enhance the photocatalytic
activity of TiO;. For instance, Ozaki et al. [25] pre-
pared Si/N-codoped anatase TiO, and found that
its properties can be significantly improved by op-
timizing the Si/Ti ratio. To obtain enhanced photo-
catalytic activities of anatase TiO, [26], we have
conducted first-principles calculations to investi-
gate the effect of Si/F-co-doping on atomic struc-
tures and electronic properties of anatase TiO,. To
uncover the effect of Si or F impurity on electronic
properties, we also considered the Si- and F-doped
anatase TiO, for comparison. Our results show that
the band gap is remarkably narrowed for all the
doped systems, which should be beneficial for the
optical absorption.

2. Computational details

First-principles plane-wave pseudopotential
calculations based on the density functional
theory (DFT) [27] was performed using the
Cambridge Sequential Total Energy Package Code
(CASTEP) [28]. The geometry optimization was
carried out by the Broyden-Fletcher-Goldfrab-
Shanno (BFGS) method. The plane wave cut-off
energy was chosen to be 400 eV for all calcu-
lations. The generalized gradient approximation
(GGA) within the Perdew-Burke-Ernzerhof
(PBE) scheme [29] was employed to describe the
exchange-correlation functional. The Monkhorst-
Pack k-mesh was set to be 5 x 5 x 4. Electron-ion
interactions were described by the ultrasoft
pseudopotentials with the valence electron config-
urations 3s23p®3d24s?, 3s?3p2, 2s22p° and 2s22p*
for Ti, Si, F and O, respectively. Self-consistence
was achieved once the total energy was converged
to less than 1.0 x 10~ eV and the maximum force
fell below 0.03 eV/A.

To properly describe the strong electron corre-
lation in 3d transition metal oxide, the GGA plus
on-site repulsion U method (GGA + U) was em-
ployed [30, 31]. A series of U values was tested
for the Ti 3d orbitals. The band gap for pure TiO;
was calculated to be 2.95 eV when the U was set
to 7.0 eV, in agreement with previous GGA + U
theoretical results [24, 32]. We, therefore, selected
the U values as 7.0 eV to address the Ti 3d orbital
electrons.

3. Results and discussion

Anatase TiO, has a body-centered tetragonal
crystal structure with I4;/amd space group [33],
and there are four Ti atoms and eight O atoms in
each unit cell. A supercell of 2 x 2 x 1 anatase
TiO, (Fig. 1a) has been constructed to calculate its
electronic properties. For the F-doped (Si-doped)
model, an O (Ti) atom is replaced by a F (Si) atom
and the doping concentration is 2.08 at.%. For the
F/Si-co-doped anatase TiO;, an O atom is substi-
tuted by a F atom, while a Ti atom is substituted
by a Si atom (Fig. 1b). The doping concentration
is 4.17 at.%. To investigate how the distance of
doped Si and F affects the crystal structures and
electronic properties, we have considered three typ-
ical co-doping models: (i) a Ti atom is replaced by
a Si, while its nearest-neighbor O is substituted by
a F (Fig. 1b). The Si and F distance is the shortest in
this supercell (named Si/F-I), (ii) the substituted Si
and F atoms are 3.847 A far apart (Fig. 1c, named
Si/F-II), and (iii) a much longer distance (5.477 A)
between Si and F atoms is adopted (Fig. 1d, named
Si/F-I1I).

To determine a relative stability of the doped
systems, we conducted calculations on formation
energy, a relevant physical quantity to evaluate the
relative difficulty in incorporating a dopant into a
host lattice, according to the formula below [34]:

E¢(ry = E(r)y = E(pure) — MF + Ho (D

Ey(siy = E(siy = E(pure) — Hsi + Ui (2)

Ey(si/ry = E(si/r) — E(pure) — MF — Usi + Uri + o
3)
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Fig. 1. Side view of the 2 x 2 x 1 supercells for the
(a) pure and (b-d) three models of the Si/F-co-
doped TiO;. In the Si/F-co-doped system, an F
atom is substituted by an O atom, while a Si
atom is substituted by a Ti atom.

where Egr), Ef(si), Eg(si/r) and E(pyre) are calculated
energies of F-doped, Si-doped and Si/F-co-doped
TiO, supercells, and the pg and pg; are chemical
potentials of F and Si impurity, respectively. The
formation energy depends on the growth condition
and varies from Ti- to O-rich. For TiO», pp and pr;
satisfy the relationship pri+ 2uo = u(TiO;). Un-
der O-rich condition, o is determined by energy
of an O, molecule and prj is determined from the
formula. On the other hand, under Ti-rich condi-
tion, p; is the energy of a Ti atom in bulk Ti and
Uo is calculated by the formula. Table 1 lists the
calculated formation energies. From the Table, one
can notice that (1) F-doped TiO; is more thermo-
dynamically stable under Ti-rich condition; (2) Ti
is readily to be substituted by Si under both the
Ti- and O-rich conditions. Moreover, the substi-
tution is more preferred under O-rich condition;
(3) all the three Si/F-co-doped configurations are
stable irrespective of the Ti-rich and O-rich con-
ditions, i.e. the incorporation of F promotes the

Si doping under both Ti-rich and O-rich condi-
tions, which indicates that F can enhance Si con-
centration in Si-doped TiO,. We further notice that
the Si/F-1 configuration is the most stable one, al-
though all the three co-doped configurations are
also thermodynamically stable, indicating that the
Si/F-I model is more favorable. We will, hence,
present the results of Si/F-I in the following dis-
cussion.

Table 1. Formation energies E¢ (eV) for the F-doped,
Si-doped, and F/Si-co-doped anatase TiO;.

Ti-rich O-rich

E¢(r) F-doped —-0.99 —0.05
Eg(si) Si-doped  —5.88 -7.76
Si/F-1 —7.42 —8.37

Efsiypy  SI/F-II —6.88 —7.83
Si/F-1I1 —6.95 —7.89

Table 2 lists optimized structural parameters for
pure and doped 2 x 2 x 1 anatase TiO, supercell.
The calculated lattice constants for pure TiO, su-
percell are a = b = 7.601 A and ¢ = 9.703 A,
consistent with previous calculations, validating
the application of our models and calculational
method. In spite of the fact that the structural
parameters are slightly overestimated (the exper-
imental parameters are a = b = 7.570 A and
c =9514 A) [35] due to the well-known draw-
back of DFT, the results for electronic properties
are not affected. In comparison to pure TiO,, the
doped case shows a slightly extended in-plane lat-
tice constant after the substitution of O by F, which
is attributed to the larger ionic radius of F. As a re-
sult, the Ti—F bonds (bond 1 and bond 2) are longer
that the Ti—O bonds (Table 2), suggesting that the
Ti—F bonds have a weaker covalency than the Ti—O.
This is also verified by the charge density (Fig. 2a),
in which overlapping of Ti 3d orbital with F 2p
orbital is less pronounced than that of Ti 3d with
O 2p orbitals. Meanwhile, the weaker Ti—F cova-
lent bonds lead to a slight expansion of the crystal
structure, and its volume is slightly increased by
0.39 % in the F-doped anatase TiO;. In contrast,
all lattice parameters in the Si-doped model are
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decreased substantially with the volume constric-
tion (560.606 A3 for the pure TiO, and 552.180 A3
for the Si-doped TiO;). Accordingly, the Si-O
bonds are also shrunk by ~0.101 A. As seen in
Fig. 2b, three O atoms nearest to Si are overlapped,
indicating that the Si and O atoms are strongly
covalent bonded. In F/Si-co-doped model, the in-
plane lattice parameters are decreased, while the ¢
axis is extended by ~0.043 A as compared to the
pure TiO,. It is noteworthy that the Si-F bond is
significantly extended, resulting in a slight struc-
tural distortion. Further, the F atom is pushed far
away from the Si atom, as seen in the contour plot
of charge density (Fig. 2c). Moreover, in the co-
doped case, the Ti—F bonds are somewhat extended
in comparison to the Ti—O bonds in pure TiO,, yet
are shorter than the Ti—F bonds in the F-doped case.
The Si—O bonds are shorter than those in Si-doped
case and the Ti—O bonds in pure TiO;.

Fig. 2. Contour plots of charge densities for (a) F-doped
TiO,, (b) Si-doped TiO;, and (c) Si/F-co-doped
TiO, viewed on the (001) plane.

Fig. 3 shows the band structure of pure and
three doped TiO,. The calculated band gap of pure
anatase TiO, is 2.95 eV (Fig. 3a), which is con-
sistent with the reported results [24, 32]. How-
ever, the Fermi level in the F-doped case shifts
from the top of valence band to the bottom of
conduction band, which is a typical character-
istic of the n-type doping. Especially, the band
gap is reduced to 2.62 eV (Fig. 3b) by F dop-
ing. Furthermore, there appear isolated impurity
states around the Fermi level (Ep), i.e. the electron
transfer from the fully occupied states to conduc-
tion band minimum (CBM) can reduce the pho-
ton transition energy significantly, which should
enhance the red shift in the fundamental absorp-
tion edge of anatase TiO,. In the Si-doped TiOs,,
no impure states are induced by the Si doping, but

its band gap is decreased from 2.95 eV to 2.78 eV,
rendering the electronic transfer from valence band
maximum (VBM) to CBM easier. Moreover, there
is no spin splitting in the Si-doped TiO; due
to the identical feature of the spin-up and spin-
down channels (Fig. 3c). The band structure of the
Si/F-co-doped system is quite similar to that of
F-doped case (Fig. 3d), showing isolated impurity
states between the CBM and VBM. The band gap
of the co-doped TiO; is reduced to 2.67 eV, smaller
than that of the pure TiO,. Compared with the band
structures of F-doped TiO,, the isolated impurity
states do not overlap Er and the energy between the
impurity states and CBM increases from 0.58 eV to
1.24 eV.

. ?ﬁ
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Fig. 3. Band structure diagrams for the pure and doped
anatase TiO;: (a) pure TiO;, (b) F-doped TiO,,
(c) Si-doped TiO;, and (d) Si/F-co-doped TiO;.
The black lines represent the spin-up bands,
while the red lines represent the spin-down
bands. The dashed and horizontal lines define
the Fermi level.

The total density of states (TDOS) and pro-
jected density of states (PDOS) for the pure and
three doped TiO, are shown in Fig. 4. For the
pure TiO, (Fig. 4a), the top of VB is mainly
composed of O 2p states and the bottom of CB
band is dominated by Ti 3d states. The Ep in F-
doped case is shifted to higher energy as com-
pared to that in the pure case (Fig. 4b). Some F 2p
states are hybridized with Ti 3d states in the VB,
while other F 2p states are localized on the VBM
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Table 2. The optimized structural parameters for the pure and the doped 2 x 2 x 1 TiO; supercells. In the F/Si-co-
doped configuration, the numbers with an asterisk in the Bond; and Bond; columns represent the Ti—F
bond length, while those with a pound represent the Si—O bond length.

Configurations a(A) bA) cA) ¢/ Bond; Bond, Bondj \" (A3)
TiO; 7.601 7.601  9.703 1.277 1.947 1.947 2.004  560.606
F-doped 7.644  7.635 9.643 1.262 2.042 2.042 2.243  562.775
Si-doped 7.560 7.560 9.662 1.278 1.846 1.846 1.782  552.180

1.955* 1.955%
F/Si-codoped 7.566  7.572  9.746 1.288 m m 2.799  558.361

1.730 1.730

top as acceptor level. Moreover, there appears @ ®

asymmetric density of states, which arise from the
Ti 3d states and O 2p states around Eg. These states
may enhance the electron excitation from the VB
to the CB by serving as a bridge by the visible-
light absorption, which is responsible for red shifts
in the absorption edge of TiO,. Fig. 4c shows the
TDOS and PDOS of the Si-doped TiO,, which are
almost identical to those of pure TiO, (Fig. 4a) ex-
cept the reduced band gap. Some Si 3p states are
hybridized with O 2p states in the VB band. In
addition, there are also asymmetric DOSs in the
Si/F-co-doped TiO, case, which are contributed by
Ti 3d states and O 2p states around Er (Fig. 4d), as
seen in the case of the F-doped TiO,. Likewise, the
electronic states can also act as a bridge for electron
excitation from VB to CB. One, hence, expects that
optical properties may be improved in the Si/F-co-
doped anatase TiO;.

4. Conclusions

We have conducted a first-principles study
of atomic structures and electronic properties of
F-doped, Si-doped and Si/F-co-doped anatase
TiO,, aimed at engineering its electronic structure.
The dopant formation energy calculations indicate
that the Si/F-co-doped case is more thermodynami-
cally preferred than the F- and Si-doped cases. The
incorporation of F promotes the Si doping at both
Ti-rich and O-rich conditions. Structural analysis
demonstrates that atomic impurity imposes a lit-
tle effect on crystal constants. The Ti-F covalent
bonds are weaker than the Ti—O bonds because
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Fig. 4. Total DOS and PDOS for (a) pure TiO,, (b) F-
doped TiO3, (c) Si-doped TiO;, and (d) Si/F-co-
doped TiO;. The Fermi level is aligned to zero
and indicated by a vertical dashed line.

they are longer, yet the Si—O bonds are shorter
than the Ti—O ones. Moreover, the F-, Si-, and
Si/F-co-doping narrow the band gap by 0.33, 0.17
and 0.28 eV, respectively. The decrease in electron
transition energy from the VBM to CBM may be
responsible for the visible-light optical absorption.
Our calculations suggests that Si/F-co-doping is a
useful way to tailor electronic structure and im-
prove the optical properties of anatase TiO;.
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