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First principle study of the electronic structure of hafnium-doped anatase TiO;
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Abstract: Crystal structures and electronic structures of hafnium doping anatase TiO, were calculated by first
principles with the plane-wave ultrasoft pseudopotential method based on the density functional theory within the
generalized gradient approximation. The calculated results show that the lattice parameters a and ¢ of Hf-doped
anatase TiO, are larger than those of intrinsic TiO, under the same calculated condition. The calculated band
structure and density of states show that the conduction band width of Hf-doped TiO, is broadened which results
in the band gap of Hf-doped being smaller than the band gap of TiO,.
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1. Introduction

Titanium dioxide (TiO;) has three commonly encountered
polymorphs in nature, which are anatase, rutile and brookite. It
was found that the anatase TiO, has widespread technological
applications in photocatalysts, nanostructured solar cells and
spintronic devices!! 1.

The anatase TiO, has a fundamental band gap of around
3.2 eVI®l which leads to the low energy conversion efficiency
of TiO, and only absorbs a small portion of the solar spec-
trum in the ultraviolet region. Recently, great efforts have been
made to modify the band structure of TiO, to shift its absorp-
tion edge toward the visible light region and place its band
edges at proper positions, thus improving its photocatalytic ef-
ficiency!> =251 Doping with transitional metal ions has also
been investigated extensively for expanding the photo response
of TiO, into the visible region['4~2%], For example, Lettmann
et al. reported that TiO, doped with metal ions, such as Ru3™,
Rh3T, Pt** and Ir3", exhibited visible light activity for the
degradation of 4-chlorophenol2%]. Kisch and co-workers also
investigated the photocatalytic degradation of 4-chlorophenol
under visible irradiation on TiO, modified with chloride com-
plexes of Pt, Ir, Rh, Au, Pd, Co and Ni, which is quite different
from a typical metal ion-doped titania system!?*!. Trenczek-
Zajac et al. reported that TiO, doped with Cr3™ ions, exhibited
impurity band is formed within the forbidden band gap of tita-
nium dioxide which results in the additional absorption within
the visible range of the light spectrum2].

However, to our knowledge, there are few reports on the
study of hafnium-doped TiO, either theoretically or experi-
mentally. In this study, the plane-wave-based ultrasoft pseu-
dopotential method based on the density functional theory
within the generalized gradient approximation (GGA) has been
utilized to investigate the electronic structures of TiO, doped
by Hf to modify the band structure of TiO, to shift its ab-
sorption edge toward the visible light region. With the dop-
ing of Hf, the band gap becomes narrower than of standard
TiO,.
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2. Calculation models and methods

Anatase TiO, has a tetragonal structure (space group:
I41/amd, local symmetry:Diz) and contains four Ti atoms and
eight O atoms in the primitive cell. Our model is shown in
Fig. 1.

In this work, we have applied the Cambridge serial to-
tal energy package (CASTEP) program26—3%] to the structural
optimizations of anatase TiO, and Hf-doped anatase TiO,.
CASTERP is a first principle quantum mechanical process based
on the density function theory (DFT). It uses a total energy
plane-wave pseudopotential method. The electronic exchange-
correlation energy is treated within the framework of the gen-
eralized gradient approximation (GGA). In order to allow cal-
culations to be performed with the lowest possible cut-off en-
ergy for the plane-wave basis set, ultrasoft pseudopotentials

Fig. 1. Unit cell model of Hf-doped anatase TiO».
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Table 1. Structural parameters for anatase TiO, and Hf-doped TiO»
compared to the results of experiment.

Parameter a(A) ¢ (A) o (®) y (©)
TiO, %! 3.819 9.871 90 90
TiO, X0 * 3.782 9.502 — —
HTO 3.92 10.21 90 90

*The experimental data is from Ref. [32].

(USPP) have been used in the calculations®!!. Pseudoatomic
calculations are performed for Ti 3s23p®3d24s?, Hf 5d26s? and
0 2522p*. In all the high-precision calculations, the cut-off en-
ergy of the plane-wave basis set is 350 eV for both TiO, and
Hf-doped TiO,. The special points sampling integration over
the Brillouin zone are carried out using the Monkhorst—Pack
method with a 7 x 7 x 3 special k-point mesh. The total energy
is considered to be converged when the self-consistent field
(SCF) tolerance is 10~® eV/atom. These parameters are suffi-
cient in leading to well-converged total energy and structural
transition calculations.

3. Results and discussion

3.1. Structural properties

The hafnium-doped anatase TiO, (HTO) unit cell used
in the calculation was generated by replacing one of the tita-
nium atoms with a hafnium atom. The geometric optimization
was performed using Broyden—Fletcher—Goldfarb—Shanno
(BFGS) minimization algorithm. The equilibrium structure
was obtained by minimizing the total energy and forces (the
maximal force on each atom is less than 0.03 eV/nm). The final
configuration of the anatase TiO, and HTO unit cell is shown
in Table 1.

From Table 1, we can see that the lattice parameters were
overestimated by about 1.0% (a axis) and 3.9% (¢ axis) com-
pared with the experimental data in Ref. [32]. However, the
calculated lattice parameters @ and ¢ in our paper are in good
agreement with the data of Ref. [33]. The lattice parameters
were overestimated, which is attributed to the following two
reasons: (1) the inherent problem associated with GGA, which
usually overestimates the parameters; (2) the relatively lesser
atom numbers (only 12 atoms) of the anatase TiO; unit cell for
the calculation also brings on the small errors.

As the radius of Hf** ion (0.79 A) is larger than that of
Ti** ion (0.68 A), both the lattice parameters, a and ¢, of HTO
are larger than those of TiO, (see Table 1) at the same calcu-
lated condition. In this study we have obtained the apical and
equatorial O—Hf bond lengths, 1.967 and 2.082 A, respectively,
which are much larger than those of O-Ti, 1.931 and 1.962 A.

3.2. Band structure and density of states

Figure 2 shows the band structure of TiO, along the high
symmetry point across the first Brillouin zone. The Fermi level
was set as the maximum of the valence band. The correspond-
ing total and partial DOS are shown in Fig. 3. The highest va-
lence band, which is located between —1.916 eV, and the Fermi
level, which was formed by the bonding state of the hybridized
O2p-Ti3d orbit. The conduction band located between 2.232

Energy (eV)

G F 0 z G
Fig. 2. Band structure of TiO5.
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Fig. 3. TDOS and PDOS of TiO5.
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Fig. 4. Band structure of Hf-doped TiO5.

and 3.469 eV up the Fermi level which was formed primarily
by the Ti3d orbit with minor contribution from O2p orbit. Ob-
viously, the calculated band gap of TiO; is 2.232 eV, smaller
than the experimental band gap 3.2 eVISl. It is worth nothing
that this calculated band gap is smaller than the experimental
result due to the inherent drawback of the ideal electron gas
model in GGA approach!!]. From Fig. 2, the conduction band
minimum (CBM) is located at G, and the energy of the valence
band maximum (VBM) is also located at G. So the anatase
TiO; can be seen as direct band gap semiconductort!3-34].
Figure 4 shows the electronic band structure of Hf-doped
TiO,. The highest valence band was formed by the bonding
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Fig. 5. TDOS and PDOS of Hf-doped TiO».

state of the hybridized O2p-Ti3d-Hf5d orbit. The conduction
band up the Fermi level was formed primarily by the Ti3d and
Hf5d orbits with minor contribution from O2p orbit. The cal-
culated band gap of the Hf-doped TiO, is 2.100 eV, which is
0.132 eV less than that of the intrinsic TiO5. The narrower band
gap of Hf-doped TiO; indicates that the absorption edge red-
shifts toward visible-light region. Unfortunately, so far, no re-
lated experimental data are yet available for a comparison with
this theoretical result.

For further analyzing the constitution of VB and CB, and
understanding the change of electronic structures brought by
Hf-doped TiO,, the calculated total density of states (TDOS)
and partial density of states (PDOS) are shown in Fig. 5. It
is clear that the VB of Hf-doped TiO, is formed mainly by
the O2p states and Ti3p states, the CB consists mainly of Ti3d
states, and the CB is formed by hybridization of Ti3d states
with Hf5d states. The CB width (1.77 to 5.23 eV) of TiO; is
3.46 eV, and the CB width (1.60 to 6.51 eV) of Hf-doped TiO,
is 4.91 eV. Compared with that of TiO,, we can see the CB
width of Hf-doped TiO;, is broadened, and the CBM shift much
downward 0.17 eV. For the VBM of TiO, and Hf-doped TiO,,
one is located at 0.53 eV, the other is at 0.56 eV, and the VBM
of Hf-doped shift much downward 0.03 eV. As a result, the
band gap of Hf-doped TiO, is 0.132 eV less than the band gap
of T102

4. Conclusions

The TiO, crystal, electronic structures of TiO, and
hafnium-doped TiO, were calculated using the first principle
method. The calculation on Hf-doped TiO, with GGA shows
that the lattice parameters are larger than TiO, both a and c,
and the CB width of Hf-doped TiO, is broadened which re-
sults in the band gap of Hf-doped being 0.132 eV less than the
band gap of TiO,.
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