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Abstract

We have calculated electronic structure of InTaO, using first-principle method, in order to investigate the relationship between
its electronic structures and visible light absorption. We have calculated densities of states (DOS) for various states of InTaO,,
such as pristine, oxygen vacancy, Ni-doped, and A-doped (A = C, N, and S) states. We have found that oxygen vacancy can
induce the gap states and Ni-doping can narrow the band gap by generating additional states on the top of the valence band as
well as on the top of the gap states. For A-doped states, it was found that N-doping and S-doping could narrow the pristine band
gap inducing the additional states above the pristine valence band, while C-doping can generate the gap states in the middle of
the pristine band gap. To cite this article: H. Chang et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La structure électronique de InTaO,, a été calculée par la méthode ab initio, afin d’étudier la relation existant entre la structure
électronique et 1’absorption de la lumiére visible. La densité d’état (DOS) pour différents états de InTaO, a été calculée, en
incluant la structure originelle, une lacune d’oxygene, des états dopés Ni et A (A =C, N et S). Il a été trouvé qu’une lacune
d’oxygene peut induire des états dans le gap et que le dopant Ni peut diminuer le gap en générant des états additionnels dans le
haut de la bande de valence, ainsi que des états dans le haut du gap. Pour les dopants A, il a été trouvé que N et S peuvent
diminuer le gap originel induisant des états additionnels au-dessus de la bande de valence originelle, tandis que le dopant C peut
générer des états dans le milieu du gap originel. Pour citer cet article : H. Chang et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Since Honda and Fujishima [1] first reported H, gen-
eration from water via photocatalysis with TiO,, numer-
ous studies have examined transition metal oxide semi-
conductors as candidate water splitting photocatalysts
[2]. However, the band gaps of most oxide semicon-
ductors, including TiO,, are such that they are active
only under ultraviolet (UV) light. Thus, for more effi-
cient use of solar energy, there is an urgent need for
photocatalysts that can generate hydrogen under vis-
ible light. Recently it was reported that Ni-doped
InTaO, could evolve H, from pure water under visible
light, albeit with very low activity [3]. Several recent
studies have investigated the electronic structures of
InTaO, and N-doped InTaO, [4,5]. To our knowledge,
however, the systematic studies on the electronic struc-
tures of InTaO, and the absorption of visible light, has
yet to be done.

In this report, we present the results of electronic
structure calculations on pristine InTaO,, Ni-doped and
A-doped (A = C,N,S) InTaO,, and InTaO, containing
oxygen vacancies. The calculated results for InTaO,
were used to clarify the band gap narrowing observed
experimentally by Zou et al. [3]. The relationship
between the band gaps in each system and the absorp-
tion of visible light is discussed.

2. Computational details

InTaO, has a wolframite structure that belongs to
the space group P2/a. This structure is made up of two
types of octahedron, InOg4 and TaOg, which form a lay-
ered structure by sharing corners [4,5]. InTaO, con-
tains two kinds of oxygen: O(1), which is coordinated
with two In atoms and one Ta atom; and O(2), which is
coordinated with two Ta atoms and one In atom. In the
calculations, a2 x 2 x 1 supercell was used in construct-
ing the oxygen vacancy and Ni-doped structures. Thus
one supercell consists of eight indium, eight tantalum,
and 32 oxygen [16 O(1) and 16 O(2)] atoms. To model
the structure of InTaO, with oxygen vacancies, one oxy-
genion (O*) of the 16 O(1)s (or 16 O(2)s) was removed
froma2 x 2 x 1 supercell in the periodic structure. For
the Ni-doped model, one of the eight indium ions (In**),
in a supercell was replaced with a (Ni**) ion. This cor-
responds to a Ni content of x = 0.125 in In,_,Ni, TaO,,

which falls within the experimental Ni content range
of x = 0.0-0.2 reported by Zou et al. [3]. For anion (A)-
doped case, one of 16 O(1)s or 16 O(2)s is replaced by
one anion of C, N, or S.

All electronic structure calculations were carried out
using the Vienna ab-initio simulation package (VASP)
[6,7], which is based on density functional theory. The
wavefunctions of the valence electrons were expanded
using a plane wave basis set with a cutoff energy of
380 eV. The core electrons were treated using ultrasoft
pseudopotentials [8]. The exchange and correlation
interactions were modeled using the generalized gradi-
ent approximation (GGA). All calculations presented
here are spin-unpolarized, except Ni-doped case where
total number of electrons of the system is odd number.

3. Results and discussions

First, we optimized the atomic positions of pristine
InTaO,. The calculated lattice parameters and atomic
coordinates were very similar to those reported previ-
ously [4]. The atomic positions for the oxygen vacancy
structure, Ni-doped, and anion(A)-doped structure were
obtained by relaxing structures constructed using the
lattice parameters calculated for the pristine InTaO,.
After introducing an oxygen vacancy, the bond lengths
between the cations and oxygens nearest to the vacancy
site changed by 0.01-0.69 A. However, the positions
of atoms at the second nearest neighbor sites relative to
the vacancy site hardly changed. Substitution of In**
with Ni** induced no noticeable structural changes,
except that the Ni-O bond length was shorter than the
original In—O bond length due to the smaller ionic radius
of Ni** compared to In**. These findings agree with a
previous report that doping of InTaO, with a Ni con-
tent of x = 0.15 induced a volume reduction of only
0.26% [3]. Substitution of O with N induced no notice-
able structural changes, while substitution of C and S
induced some structural changes near the substituted
site. The bond lengths between the cations and the sub-
stituted anion changed by 0.04-0.43 A. We have sub-
stituted O(1) and O(2) with an anion, respectively. The
energy differences between O(1) substitution and O(2)
substitution with C, N, and S are 0.29 eV, 0.05 eV, and
0.02 eV, respectively. For anion-doped cases, since the
energy differences are small and the electronic struc-
tures are very similar for O(1) and O(2) substitutions,
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Fig. 1. The calculated total density of states (TDOS) for (a) pristine structure, (b) O(1) vacancy structure, and (¢) O(2) vacancy structure. HOMO
level (the energy for the highest occupied states) is represented with dashed line for each case.

here we presented the calculated results for O(1) sub-
stitution only.

We calculated the density of states (DOS) for pris-
tine InTaO,, InTaO, with O(1) or O(2) vacancies, and
InTaO, doped with Ni, C, N, and S. Fig. 1 shows the
total DOS (TDOS) for pristine and oxygen vacancy
states. The calculated band gap between the valence
band (VB) and conduction band (CB) for the pristine
structure (Fig. 1a) is 3.46 eV, which is slightly lower
than the previously reported value of 3.7 eV [4,5]. It is
plausible considering that they [4,5] used different com-
putational methodologies. As expected, we found that
the VB and CB consist predominantly of O 2p and Ta
5d, respectively.

Previous band gap assignments based on experimen-
tal optical absorption data are inconsistent, as shown in
Table 1. Zou et al. [3], assigned the 2.6 eV onset to the
bandgap between the VB and the CB for undoped
InTaO,, whereas Matsushima et al. [5] assigned this
bandgap to the 4.3 eV onset and suggested that the
2.6 eV onset is due to the presence of gap states between
the VB and CB.

Table 1

absorption Zou et al.? Matsushima This work
onset (eV) etal’

4.3 - VB — CB VB — CB
2.6%° VB - CB GS - CB GS - CB
2.3° DS — CB - DS — CB

#Experimental value observed by Ref. [5].
® Experimental value observed by Ref. [3].

When compared with the experimental observa-
tions, the band gap calculated in the present work
(3.46 eV) is larger than the 2.6 eV onset, but smaller
than the 4.3 eV onset. Given that density functional
theory usually underestimates band gaps because of the
discontinuity in the exchange-correlation potential, we
assign our calculated band gap to the 4.3 eV onset rather
than the 2.6 eV onset, in agreement with Matsushima
et al. [5] The source of the 2.6 eV onset of InTaO,
observed experimentally [3] can be explained from the
results of our oxygen vacancy calculations, which
revealed new states between the VB and CB (see Fig. 1b
and c). HOMO level (the energy for the highest occu-
pied states) is represented with dashed line in the fig-
ures. These new gap states are below the HOMO level,
and hence are all occupied states. By carrying out a
partial DOS analysis, we established that the dominant
contribution to these gap states derives from the elec-
tronic states of the atoms nearest to the vacant site. The
major contributions were found to be from In 5s and
5p, hybridized with some Ta 5d and O 2p. Oxygen
vacancy induces dangling bonds on the nearest cat-
ions, which generates gap states in the middle of the
pristine band gap. The transition from these gap states
to the CB is consistent with the observed 2.6 eV onset,
as listed in Table 1. These findings imply that the
undoped sample used in the experiments contained oxy-
gen vacancies, a common characteristic of transition
metal oxide samples. Our calculations thus clarify that
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Fig. 2. The calculated total density of states (TDOS) for Ni-doped
structure. The dark line is for spin up states and the gray line is for
spin down states. HOMO level is represented with dashed line.

the gap states are defect states induced by oxygen
vacancies, thereby resolving the conflicting assign-
ments reported previously [3,5]. Because the energy dif-
ference between the gap states and the CB is in the
energy region of visible light, the electrons of the gap
states can easily be excited to the CB by absorption of
visible light. Moreover, electrons in the VB can be
excited to the gap states by visible light, and then sub-
sequently excited to the CB by further absorption of
visible light. These transitions make possible photo-
catalytic water splitting under visible light, even with
undoped InTaO, [9].

The calculated TDOS of the Ni-doped structure,
shown in Fig. 2, exhibits new states within the band
gap of the pristine structure. Additional states also
appear near the top of the pristine VB. By partial DOS
analysis, we found that these new gap states are pre-
dominantly unoccupied Ni 3d states, whereas the addi-
tional states near the top of the VB are predominantly
occupied Ni 3d states. However there exists some
hybridization between the Ni 3d states and the O 2p
and Ta 5d states of nearby atoms.

Comparing TDOS of Ni-doping (Fig. 2) and oxy-
gen vacancy states (Fig. 1), the unoccupied Ni-doping
states (marked ‘a’ in Fig. 2) are located near the occu-
pied defect gap states within the pristine band gap. The
electrons in the defect gap states can be easily excited

to the unoccupied doping states, because the energy dif-
ference between them is small enough for thermal exci-
tation. Then the electrons in the Ni-doping states (a)
can be subsequently excited to the CB states. Hybrid-
ization of Ni 3d, O 2p and Ta 5d in the doping states
can enhance these subsequent excitations, as men-
tioned above. This clearly explains why the band gap
narrowed from 2.6 to 2.3 eV on doping Ni into the
InTaO, structure [3], as shown in Table 1. Comparing
Fig. 2 and Fig. 1a, the occupied Ni-doping states locate
immediately above the pristine VB (marked ‘c’ and ‘d’
in Fig. 2), which also serve to reduce the pristine band
gap. This predicted behavior is borne out in the experi-
mental data reported by Zou et al., which shows that
Ni-doping caused the onset of optical absorption near
4.3 eV to shift to 3.8 eV; however this obvious evi-
dence that Ni-doping leads to the formation of addi-
tional states on the top of the VB was not pointed out
previously [3].

For anion-doped cases, the calculated TDOS are
shown in Fig. 3. As shown in Fig. 3a, C-doping induced
new occupied gap states, which is similar to the gap
states induced by oxygen vacancy shown in Fig. 1. From
partial DOS analysis, we have found that these gap
states consist of C 2p predominantly with little O 2p
hybridization. N-doping and S-doping also induced the
gap states as shown in Fig. 3b and c. However, these
gap states are close to the VB top, which can narrow
the band gap. These results agreed with the previous
study of N-dope InTaO, [5]. From partial DOS analy-
sis, the gap states of N-doping (S-doping) consist of
mainly N 2p (S 3p) states with little O 2p hybridiza-
tion.

4. Conclusions

From our calculations, we have established that
undoped InTaO, can absorb visible light via gap states
induced by oxygen vacancies. In addition, the calcu-
lated DOS for Ni-doped InTaO, revealed additional
states immediately above the gap states and on top of
the VB states. These new doping states not only reduce
the defect band gap due to oxygen vacancies but also
the band gap between the VB and CB. Our calculations
clearly show that Ni-doping can induce band gap nar-
rowing. The appearance of gap states in the DOS of
InTaO, containing oxygen vacancies or doped with Ni
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Fig. 3. The calculated total density of states (TDOS) for (a) C-doped, (b) N-doped, and (¢) S-doped structure. HOMO level is represented with

dashed line for each case.

indicates two key avenues for producing InTaO, capable
of absorbing visible light, which was shown in the pre-
vious experiment [3]. For anion-doped cases, we have
found that C-doping induced different electronic states
from N-doping and S-doping. C-doping generates the
isolated gap states in the middle of the pristine band
gap, while N-doping (S-doping) generates the gap states
above the top of the pristine VB, which induces band
gap narrowing. The C-doping gap states seem very simi-
lar to the defect gap states induced by oxygen vacancy.
From our calculated results, we would suggest the
experimental treatment to induce oxygen vacancies or
C-doping in InTaO, to generate more gap states for effi-
cient absorption of visible light.

Acknowledgements

This work was supported by the Ministry of Science
and Technology (MOST) of Korea through the

Hydrogen Energy R&D Center and the National R &
D Project for Nano Science and Technology.

References

[11  A. Fujishima, K. Honda, Nature 238 (1972) 37.
[2]  N. Lewis, Nature 414 (2001) 589.
[3] Z.Zou,J.Te, K. Sayama, H. Arakawa, Nature 414 (2001) 625.

[4] M. Oshikiri, M. Boero, J. Ye, Z. Zou, G. Kido, J. Chem. Phys.
117 (2002) 7313.

[5] S. Matsushima, K. Obata, H. Nakamura, M. Arai, K. Koba-
yashi, J. Phys. Chem. Solids 64 (2003) 2417.

[6] G. Kresse, J. Hafner, Phys. Rev. B 47 (1993) 558.

[71  G. Kresse, J. Furthmueller, Phys. Rev. B 54 (1996) 11169.
[8]  D. Vanderbilt, Phys. Rev. B 41 (1990) 7892.

[9] Z.Zou,]J.Ye, H. Arakawa, Chem. Phys. Lett. 332 (2000) 271.



	First-principles studies of doped InTaO4 for photocatalytic applications
	Introduction
	Computational details
	Results and discussions
	Conclusions

	Acknowledgements
	References

