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Abstract

The thermal stability and electronic structures of anatase TiO, doped by early
transition metals (TM) (III-B group = Sc, Y and La; IV-B group = Zr and Hf; V-B
group = V, Nb and Ta) have been studied using first principle calculations. It was
found that all doped systems are thermodynamically stable, and their band gaps were
reduced by 1~1.3 eV compared with pure TiO,. Doping by transition metals affects
the strength of hybrid orbital of TM-O bonding, and the band gap increases

approximately linearly with the MP value of TM-O bonding.
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I. INTRODUCTION

In recent decades, titania (Ti0O,) has drawn great interest as a promising material
for catalytic and photochemical applications.l'3 However, its low reaction efficiency
still remains a main challenge preventing the widely practical applications.* > It is
known that TiO; is a wide band gap semiconductor (£, = 3.20 eV for anatase phase
and 3.00 eV for rutile phase),6'9 and thus can only be excited by UV light irradiation,
i.e. only about ~5% of solar spectrum can be absorbed by TiO,. Therefore, it is of
great importance to extend the optical absorption region of TiO,-based photocatalysts
to the visible and/or near infrared spectral range.lo’ t

It has been proposed previously that doping can adjust the band gap and extend
the optical absorption edge toward the longer wavelength.'* > Up to now, various

14, 15

research groups have investigated doping TiO, by transition metals (TM) and/or

non-metals. &7

It was found that the lattice structure of TiO, is distorted by the
incorporation of TM dopants, such as Fe, Co, Mo, Nb and V,"*2! which results in the
red shift of the absorption edge and decreases the recombination rate of
photogenerated carriers. One the other hand, doping by non-metal dopants, such as N,
C S and Sn,'*'* 13162223 ghifts the top of valence band to higher energies, and thus
reduces the forbidden band gap. Moreover, the optical and photocatalytic properties
can be further improved by co-doping: doped by more than one type of dopant, such
as TM and non-metal,>**’ non-metal and non-metal’® as well as non-metal and

hydrogen doping.”!

The co-doped systems exhibit enhanced photocatalytic
efficiency compared with the mono-doped TiO, photocatalysts.

Although the optical properties of several doped TiO; systems have been studied
up to now, the understanding of the chemical bond between dopant and O (or Ti) is
ambivalent, which is critical to improve the optical performance of TiO,-based
photocatalysts.32 Dopants in TiO, will change the bond energy, electronic structure
and iconicity (the ratio of ionic bonding part in chemical bond®* **), as well as the
electronic distribution of chemical bond. Thus, a detailed study of the chemical bond

between different types of dopants and O (or Ti) is necessary to understand the

fundamental mechanism of chemical bonds in doped TiO,.
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In this work, the first principle calculations were carried out on anatase TiO,
systems doped by early TM (III-B group = Sc, Y and La; IV-B group = Zr and Hf;
V-B group =V, Nb and Ta). The crystal and electronic structures, as well as thermal
stability are simulated, and the effects of different kinds of dopants on electronic

structures and chemical bond of TM-O bonding were compared.
I1. Computational Method

The doped anatase TiO, with space group /4,/amd (see Fig. 1a) symmetry was
studied. The first principle simulations were used to calculate the crystal structure,
formation energy, partial density of states (PDOS), electron density difference
diagrams, band structures, Mulliken charge (MC) and Mulliken bond population (MP).
The calculations were based on density functional theory with the
Perdew-Burke-Ernzerhof functional of the generalized gradient approximation (GGA)
3> and norm-conserving pseudopotentials,®® as implemented in the CASTEP package.
2*2*1 super-cell with TMTi,;503, was built where the TM element substitutes Ti atom
(see Fig. 1a). The cutoff kinetic energy of electron wave function was 750 eV, which
is sufficiently large for the systems considered. The k-point sampling set 5x5x4
division of the reciprocal unit cell based on the Monkhorst-Pack’’ scheme was found
to be converged. The convergence tolerance of energy, maximum force, and
maximum displacement is 5.0x10 eV/atom, 0.01 eV/A, and 5.0x10™ A, respectively.
The MC and MP are calculated according to the formalism described by Segall et al.**
3% A linear combination of atomic orbitals (LCAO) basis set was used to provide a
natural way of specifying quantities such as atomic charge, bond population and
charge transfer, and the overlap population is used to assess the covalent or ionic
nature of a bond. ** The GGA+U approach, which introduces an intra-atomic
electron—electron interaction as an on-site correction to describe systems with
localized d and f states, can produce more precise band gap than GGA. **** To
account for the strongly correlated interactions among the Ti 3d electrons and
calculate the electronic structures, a moderate on-site Coulomb repulsion U = 7.0 eV

was applied. The calculated band gap is 3.18 eV, which is close to the experimental
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value of 3.20 eV. The relationship between U values and band gaps of anatase TiO,
was shown in Fig. 1b.

To investigate the thermal stability of TM doped in an anatase TiO, host, it is
useful to define the substitution energy of TM impurity as:

E; = E(TMTi;503,) + E(Ti) - E(TM) - E(Ti;¢03,) (D)
where E(TMTi;503;) and E(Ti;603,) are the total energy of doped and pure super-cell
anatase TiO, respectively; E(Ti) and E(TM) are energy per atom for the elemental Ti
and TM impurity, respectively (see Tab. 1).

Meanwhile, the formation energy of pure TiO, was calculated as:
Er = E(T116032) — 16*E(Ti) — 32*E(O) 2)

where E(O) is the energy per atom in O, gas.
III1. Results and Discussion

Lattice constant and substitution energy

The lattice constants of all doped systems studied in this work were calculated
and listed in Tab. 1. It is found that the calculated a of all the doped systems are larger
than that of pure TiO, except for V-doped TiO,, while the calculated ¢ of the systems
doped by III-B and IV-B elements (V-B elements) are larger (smaller) than that of
pure TiO,. Although doping by foreign elements results in the variation of lattice

constants, the deformations of a and ¢ are less than 0.1% except La-doped TiO, which

exhibits up to 3.4% deformation in ¢ axis. So these doped systems are structural stable.

Our calculated results of pure TiO, are a = b =7.564 A and ¢ = 9.564 A, which is in
excellent agreement with the previously reported experimental values (¢ = b = 7.568
A, ¢=9.515 A)* and calculated values (a =b=7.552 A, ¢ = 9.486 A).*

Moreover, the substitution energies of all the doped systems were calculated by
Eq. 1 and the results are listed in Tab. 1. The substitution energy of Zr or Hf (IV-B
group element)-doped TiO, show negative values, and thus are more stable than pure
TiO,, whereas III-B or V-B group element-doped TiO, show positive values and thus
are less stable than pure TiO,, indicating that III-B or V-B group element doped TiO,

is more difficult to synthesize than pure TiO,. However, compared with the formation
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energy (Ef) of -164.37 eV for pure TiO, calculated by Eq. 2, the values of E of all
doped systems is less than 2.5% of Ef, and equals to -430.85 eV, -7.90 eV, -4.38 eV
for E(Ti;6032), E(Ti) and E(O), respectively. Thus, all doped systems are
thermodynamically stable.

Band structure and PDOS

The band structures of all the systems were calculated and plotted in Fig .2, and
the extracted band gaps were listed in Tab. 1, which are comparable with the

19, 44-48

previously reported values obtained by first principal calculations and

49-52

experimental observations (see Tab. 1). The band gaps of all the doped systems
were reduced by 1.0~1.3 eV, compared with that of pure TiO,, which then lead to the
red shift of the optical absorption edge and visible light could be absorbed by doped
systems. Similar phenomena have been found by other groups both theoretically and
experimentally.”* *>*->! Moreover, the level of decrease of the band gap depends on
the position of dopants in the periodic table, i.e. for dopants in III-B group, E, reduces
as the atomic number of the dopant increases; whereas, E, increases as the atomic
number of the dopant increases for dopants from IV-B and V-B groups.

The reasons of the reduction in the band gap of the doped systems were analyzed
based on their conduct and valent orbitals, and the PDOS of all systems were
calculated. Since the PDOS of doped systems are homologous for dopants lie in the
same group, only three doped systems, i.e. Y-, Zr- and Nb-doped systems, were list as
example, and the calculated results were compared with that of pure TiO,, see Fig. 3.
As shown in Fig. 3a, the valence band are mainly made up of O-2p, Ti-4p and -3d
orbital and the conduce band are mainly made up of O-2p and Ti-3d orbital for pure
TiO,. Meanwhile, O-2p orbital hybrid with Ti-4p and -3d orbital between 0 ~ -5.0 eV
in valent band; and O-2p orbital hybrid with Ti -3d orbital hybrid between 3.3 ~ 5.5
eV in conduct band. The PDOS of pure TiO, is the same as the other's result.”® Figs.
3b, 3c and 3d plot the s, p and d orbital of the dopant atom and p orbital of one O
atom for Y-, Zr-, and Nb-doped TiO2, respectively. For Y-doped TiO,, Y-5p and -4d
orbital hybrid with O-2p orbital between 0 ~ -4.8 eV in valent band, and the valence
band moves towards the Fermi level (Er), which then in turn lead to the shift of

5
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conduction band towards Ep, resulting in the reducing of band gap. Similar tendency
is observed in Zr doped systems. However, Nb-doped TiO, behave differently. When
Nb atom was introduced to TiO,, Nb -5p and -4d orbital hybrid with O-2p orbital
between -7.8 ~ -2.3 eV in valence band and Nb-4d orbital hybrid with the O-2p orbital
between 0 ~ 2.1 eV in conduce band. The shift of both valence and conduce band
toward left relative to the Ef indicates that the Er moved towards high energy level
(from valence band maximum to conduce band minimum compared pure TiO,) after
Nb atom was doped, which may be caused by the extra one valence electron of V-B
group elements than Ti.

Since the reduction in the band gap was due to the shift of valence band and
conduce band, to estimate the moving distance, the valence band center N, denotes as
the average energy of valence electrons, is calculated and the results are given in Tab.
1. It is found that the valence band center moved toward the Er about 0.2 eV for I1I1I-B
and VI-B group element-doped systems and conduce band moved about 0.8 eV since
the occupied orbital in valence band (about 258) is four times the unoccupied orbital
in conduce band (about 66) by integrating the area of valence band and conduce band
of total DOS individually. Thus, the total moving distance of valence band and
conduce band is about 1.0 eV, which is approximately equals to the value of the
reduction in the band gap, and the small difference may be caused by the widening of
the conduce band. For example, the width of conduce band is 2.2 eV and 2.5 eV for
pure TiO,, and Y- (or Zr-) doped systems (calculated form Fig. 3a, 3b and 3c),
respectively. Although the absolute value N of V-B group element-doped system is
meaningless since the Er of them were moved, the higher the value of N, the smaller
the value of band gap. Therefore, the moving of valence band and conduce band
reduces band gap of V-, Nb- or Ta- doped systems.

Mulliken charge and bond population

The trends of band gap reduction were analyzed for dopants in different groups,
and the MC of all systems were calculated and the obtained results are shown in Fig.
4a and Tab. 1. Two different trends are observed for dopants from different groups,
i.e., MC decreases as the atomic number of dopant decreases for elements in I1I-B

6
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group including La, Y, and Sc, while MC increases as the atomic number of dopant
decreases for elements in VI-B groups from Hf to Zr (VI-B group) and elements from
V-B groups including Ta, Nb, and V. For dopant in the same group, the value of MC is
approximately inversely proportional to band gap. As mentioned previously, the
variation of the band gap was caused by the hybrid orbital, and thus the larger value
of transferring charge (MC) and the stronger the hybrid orbital lead to the smaller
band gap of the doped TiO, for dopants in the same group. Although the band gap of
the doped system is related with the value of MC for dopant in the same group, the
absolute values of MC are meaningless since the numbers of valence electrons are
different for dopant from different group.

To found the consistent changing trend of band gap for dopants lie in different
group, the MP of TM-O bonding of all the systems were calculated and the obtained
results are shown in Fig. 4b and Tab. 1 since band gap of insulator or semiconductor
is decided by its chemical bond which includes the ionic bonding and covalent
bonding. Several papers have reported previously that the overlap population can be
used to assess the covalent or ionic nature of a bond.**** Since a high value of MP
correspond to a high percentage of covalent bonding for materials with the same
crystal structure and symmetry,”* the values of MP denote the strength of hybrid
orbital in each chemical bond which is related to the band gap. Considering the same
structure and symmetry for all the doped and un-doped systems, they have the same
the MP value, about 0.38, for chemical bond Ti-O, whereas it is likely that the value
of band gaps in doped systems may be related to the MP values of TM-O bonding,
and the calculated results are listed in Tab. 1 and plotted in Fig. 4b. It is found that the
MP values of TM-O bonding are changed for different doped systems. Specifically,
MP is inversely proportional to MC for dopant in the same group (see Figs 4a and 4b),
and an approximate linear relationship is found between the MP values and band gaps
of all the doped systems, particularly for dopants lied in V-B group. Thus, the band
gap of doped TiO; system is decided directly by the TM-O bonding.

Therefore, the strength of hybrid orbital of chemical bond determines the band
gap of TM-doped TiO,. For dopants lie in the same group, the more the transferring

7
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charge (MC) and the stronger the hybrid orbital, the smaller the band gap. Moreover,
the MP value is related to the strength of hybrid orbital in chemical bond directly, and
the band gap of the TM-doped system increases approximately linearly with MP.
IV. CONCLUSIONS

In summary, the anatase TiO, systems doped by elements belonging to I1I-B, IV-B
and V-B groups were studied by first principles calculations. The effects of different
dopants on the electronic structure and chemical bond of TM-O were investigated in
detail. It was found that all the doped systems are thermodynamically stable, and the
band gaps of all doped systems were reduced by 1~1.3 eV compared with pure TiO,.
Doping by transition metals affects the strength of hybrid orbital of TM-O bonding,
and the band gap increases approximately linearly with the MP value of TM-O

bonding.
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Captions:

Fig. 1. (Color online) (a) anatase TiO, doped by transition metals, where red, gray,
and blue denotes oxygen, titanium, and dopant atoms, respectively; (b) the
relationship between U values and band gaps of anatase TiO,, and U = 7eV has been
used. The calculated band gap £, = 3.18 eV approximately equals to the experimental
value of 3.20 eV.

Fig. 2. (Color online) Band structures of pure TiO, and doped systems. Band gaps of
all the doped systems reduced by 1.0 ~ 1.3 eV compared with that of pure TiO,.

Fig. 3. (Color online) The PDOS of (a) pure TiO,, (b) Y-doped TiO,, (c) Zr-doped
Ti0O, and (d) Nb-doped TiO,. The illustrations display the corresponding comparison
between the s, p and d orbital of one dopant atom and p orbital of one O atom. The
PDOS of Y and Zr doped TiO, have similar results and different from that of Nb
doped TiO,.

Fig. 4. (Color online) The relationships between MC values (a), MP values (b) and £,

of all doped systems. E, increases approximately linearly with MP values.

12
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Table 1. The equilibrium lattice constants a, b and ¢ with unit A, the total energy of

doped systems E**, energy per atom for the elemental TM Ery, substitution energy of

transition metals impurity £, with unit eV; the valence band center N with unit eV; the

band gap estimated in this work E,, the previously reported band gap obtained by

simulation E',; and experimental measurements £"; with unit eV; MC and MP values

of all considered systems.

Dopant | a=b| ¢ EY | Emm | Es N E, E, E", | MC | MP
Sc | 7.595|9.566 | -427.68 | -6.31 | 1.59 | -2.93 | 2.07 | 2.16" 0.48 | 0.28
Y 7.611 | 9.667 | -426.66 | -6.45 | 2.74 | -3.08 | 2.03 | 2.13° |2.14%|0.49 | 0.26
La | 7.593[9.889 | -423.93 | -4.85 | 3.88 | -3.09 | 1.97 0.58 | 0.14
TiO, | 7.564 | 9.564 | -430.85 | -7.90 | 0.00 | -3.28 | 3.18 | 3.14° 0.67 | 0.38
Zr | 7.594|9.622 | -431.75 | -8.56 | -0.23 | -3.07 | 2.06 | 223" |2.33"|0.69|0.30
Hf | 7.589 | 9.608 | -434.02 | -9.96 |-1.10 | -3.11 | 2.09 0.66 | 0.40
1.71,° ,
\% 7.562 | 9.533 | -429.49 | -9.07 | 2.54 | -5.61 | 1.90 L 2.23' 1 0.86 | 0.20
2.07,° ,
Nb | 7.598 | 9.556 | -431.26 | -10.09 | 1.79 | -5.70 | 2.09 )15 2.20' | 0.79 | 0.39
Ta | 7.598 | 9.551 | -434.20 | -11.85 | 0.61 | -5.73 | 2.17 0.74 | 0.48

2 Reference *’

b 4
Reference

8

¢ Reference *°

d 1
Reference

9

45
¢ Reference

"Reference #

¢ Reference °

2

h 51
Reference

I Reference *°

J Reference ¥
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