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Electronic Structures of Anatase (TiO2)1.x(TaON)y Solid Solutions:
First-Principles Study T

Wengiang Dang,® Hungru Chen,? Naoto Umezawa,*® and Junying Zhang*®

Sensitizing wideband gap photo-functional materialsundervisible-lightirradiationisanimportanttaskfor efficientsolar
energy conversion. Although nitrogendopingintoanataseTiO, hasbeen extensivelystudied forthispurpose, itishardto
increasenitrogen contentinanataseTiO;becauseofthealiovalent nitrogen substituted for oxygen, leading totheformation
of secondary phases or defects that hampers the migration of photoexcited charge carriers. In this paper, electronic
structuresof(TiO,):1«(TaON),(0sx<1)solid solutions, inwhich thestoichiometryissatisfied with the co-substitution of Tifor
Ta along with O for N, are investigated within the anatase crystal structure using first-principles calculations. Our
computationalresultsshowthatthesolidsolutionshavesubstantially narrowerband gapsthan TiO,, withoutintroducing
any localized energy statesintheforbidden gap. Inaddition, incomparison withthepristineTiO,, thesolidsolution hasa
direct band gap when the contentof TaON exceeds0.25, which isadvantageous for light absorption. The valenceband
maximum (VBM)ofthesolid solutions, whichismainlycomposed of N2p stateshybridized with O2p, Ti3d or Ta 5d orbitals,
ishigherinenergythanthatofpristineanataseTiO;consisting ofnon-bonding O2p states. On the other hand,incorporating
TaONintoTiO,causestheformationofd-dbonding statesthrough winteractionsand substantiallylowerstheconduction
band minimum (CBM)becauseoftheshortened distancebetween somemetal atoms. Asa result, theanatas e (TiOz)1{TaON),
is expected tobecome a promising visible-light absorber. In addition, someatomic configurations arefound to possess
exceptionally narrow band gaps.

the active anatase to less-active rutile phase.1” Heavily N-doped
anatase TiO, up to 15% was grown by a novel epitaxial
method, 8 although it is still challenging to achieve such a high

Since the discovery of Fujishima and Honda effect in 1972, 1
photocatalysis has drawn extensive attention both in the fields
of environmental remediation and energy conversion. Titanium
dioxide (TiO;), the most well-known photocatalyst, is active only
under  ultraviolet  (UV) irradiation, and  exhibits  poor
performance under the shine of visible light which accounts for
the majority of sunlight. One effective way to enhance the
visible-light ~photocatalytic activity is doping nonmetal ions
(such as C, N, B, S and F),2-9 metal ions0.11 or both12-15 into the
TiO; lattice to introduce extra energy states in the band gap. In
general, the doping concentration especially that of the cations
is less than 10 at% because the dopants usually has limited
solubility in the TiO, matrix and high dopant concentration
deduces the formation of secondary compound. Replacing
oxygen by nitrogen in TiO, could substantially shift the photo-
absorption edge, leading to the Vvisible-light photocatalytic
activity.27-9 16 However, it was reported that when N
concentration exceeds over the solubility limit, nitrogen atoms
start to occupy interstitial sites, leading to transformation from
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concentration of nitrogen in a powder formed sample for
photocatalysis application. As a result, the band structure was
unable to be tuned in a large scale. In addition, in such doped
TiO, photocatalysts, it’s the dopants that cause Vvisible-light
absorption, thus the absorption coefficient depends on the
concentration of dopants. As a consequence, only a small
modification of the photoabsorption edge can be expected by
the doping scheme. Furthermore, the impurity levels created by
dopants in the forbidden band of the material are usually
discrete, which would appear disadvantageous for the
migration of photogenerated holes. In contrast, solid solution
contains N as constituent element that forms the top of the
valence band. Thus, photogenerated holes can migrate
smoothly in the valence band of the material, which is
particularly advantageous for water oxidation involving 4-
electron transfer.1® Up to now, the maximum solubility has been
obtained in the TiO-ZrO, system,20.21 jncorporating up to 30 at%
ZrO; into TiO, which enhanced the photocatalytic activity under
UV light irradiation but failed under visible light because ZrO;
has larger band gap than TiO,.

High visible light photocatalytic activity has been realized in
other systems than TiO, by forming solid solution using two
materials with a similar crystal structure. For example, a new
type of oxynitride with a unique composition and structure was
obtained by compositing GaN and ZnO, both possessing wide
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band gap with a wurtzite-type structure, which achieved water
splitting into H; and O> under visible light irradiation.2223 A novel
series of perovskite-type solid solution photocatalysts AgNbO3-
SrTiOs were powerful for oxidizing H.O into O: from aqueous
AgNOs solution under visible light. 24 Solid solution [-
AgAlo6GaosO exhibited 35 and 63 times higher photocatalytic

activities than two terminus materials p-AgAlO; and [-
AgGaO,. 25 Solid solution  (Agin)ZnznxS: is an  active
photocatalyst for H; evolution under visible-light irradiation

even though AgInS; and ZnS hardly possesses any activity under
visible-light irradiation.26

6-TaON phase (anatase-type structure) tantalum oxide nitride
powder was successfully prepared by reaction of gaseous
ammonia with an amorphous tantalum oxide precursor. 27
Anatase TaON film with band gap of 2.37 eV was obtained by
using nitrogen plasma assisted pulsed laser deposition.?8 J. Grins
et al. prepared (TiO2)1xTaON)({0.52<x<0.87) solid solution with
anatase structure by ammonolysis of Ti-Ta gels.2° These reports
suggest that (TiO2)1(TaON)x has a potential to be used as a
visible-light photocatalytic solid solution. Herein, we studied the
crystal and electronic structures of (TiO2)iTaON)x solid
solutions (x=0.25, 0.5, 0.75) using first-principles calculations.
The band gaps of the solid-solution narrow in comparison with
that of TiO; but is not a simple function of x. Increasing TaON
content tunes the solid solution from indirect band gap to direct
band gap, without forming any localized energy bands. This is
different with the N and Ta co-doped TiO; by R. Long et al. 14
They found that incorporation of Ta and N into TiO: leads to the
formation of continuum-like fully occupied N 2p-Ta 5d
hybridized states above the top of the valence band as well as
Ta 5d orbitals located at the bottom of the conduction band. As
for anatase TaON whose photocatalytic activity has not been
evaluated experimentally, we theoretically determined the CBM
and VBM positions, demonstrating its great potential as a
visible-light responsive photocatalyst, in agreement with the
previous study of T. Liidtke et al., indicating that 6-TaON is a
promising photocatalytic material for water splitting.2”

2. Calculation methods

The density functional theory (DFT) calculations were performed
using the spin-polarized projector augmented wave (PAW)
pseudopotentials3° via the Vienna Ab initio Simulation Program
(VASP). 31 The exchange and correlation energy was treated
using the generalized gradient approximation (GGA) via
Perdew-Burke-Ernzerhof (PBE) prescription. 32 The constituted
atomic valence states adopted were N 2s22p3, O 2s2p4 Ti
3p¢3d34s’ and Ta 5pb6si5d4. The plane wave cut-off energy was
500 eV and a 13X 13X 5 grid of Monkhorst-pack points were
employed for geometry optimization of a 12-atom conventional
cell of anatase TiO,. Geometry optimization was performed until
the total energy difference reached 10° eV and the residual
forces on atoms were less than 0.01 eV/A. During the geometry
optimization, volume and shape of the cell as well as atomic
positions were relaxed.

To construct model structures for the anatase solid solution (TiO3)1-
x(TaON),, we incorporated Ta and N atoms into lattice sites of a 12-

2 [ PCCP, 2015, 00, 1-9

atom anatase TiO,, taking x value of 0.25, 0.5 and 0.75. Here, we
considered all the possible lattice sites (see Fig. S1 and table S1, ESI)
that Ta and N could occupy i.e., 4, 19 and 28 configurations for
x=0.25, 0.5 and 0.75, respectively, and found the model structure that
yields the lowest total energy through geometry optimizations for the
volume and shape of the cell as well as atomic positions. For anatase
TaON, we studied the most plausible six atomic configurations within
the 12-atom cell. The geometry relaxations were performed in the
same way as the solid solutions. The most stable configuration have
14:md symmetry, in agreement with the previous studies. 27 29,33, 34

3. Results and discussion

3.1 Optimized crystal structure

Fig. 1(a) shows the optimized anatase TiO, The lattice constants
are a=3.814, b=3.81 A, ¢=9.69 A, very similar with experimental
results. 35 Figures 1(b)-1(e) show the most stable configurations
of the anatase (TiOz)iTaON)x solid solutions at different
concentrations, i.e., x= 0.25, 0.5, 0.75 and 1.0. Fig. 1(f) is the
variation of the cell volume of the most stable (TiO3)iTaON)x
versus x value, indicating approximately linear cell increase
when content of TaON increases in the solid solution because of
the larger lattice constants of TaON than TiO, agreeing well
with the experimental results.??

Thisjournal is © The Royal Society of Chemistry 2015
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Fig. 1 Optimized crystal structure of (TiO2)1xTaON)x when x=0 (a),
0.25(b), 0.5(c), 0.75 (d), 1.0(e), variation of the cell volume (f) versus
TaON content . Red, purple, blue and brown balls represent oxygen,
nitrogen, titanium and tantalum ions, respectively. The definition of

the apical (dsp) and equatorial (deg) bond lengths is indicated.

In the solid solution, metal T (T=Ti or Ta) coordinates with O
or N to form octahedron. The cation-anion bond lengths are
different along the apical (ds.) and equatorial (deq) directions
defined in Fig. 1. All the cation-anion bond lengths in the solid
solution are listed in table 1.

The enthalpy of mixing Ex for a cell with 12 atoms was
obtained from the formula,

E, =E —-(1- x)ETiOZ —XErgon (1)

where Es, Etio;, and Erqon are the calculated total energies of
(TiO2)1TaON), TiO;, and TaON, respectively, which
obtained from our DFT calculations for the 12-atoms anatase

are

models. The enthalpies of mixing of the solid solution are slightly
positive (Ep25=0.19eV, Eps5=0.09eV and Eo75=0.18 eV), indicating
that the formation of solid (TiO2)1TaON)x is
endothermic. Experimentally, this drawback can be overcome by

solutions

precisely controlling epitaxial methods or soft chemical methods
that are not bound by thermodynamic stability.

Table 1  Cation-anion bond lengths in different directions in the
solid solution
X Ti-0 (A) Ti-N (A)  Ta-0 (A) Ta-N (A)
0 1.95(deg)
2.01 (dap)
0.25 1.93~1.99 (deg) 1.97 (deg) 2.00 (deg)
1.96~2.13 (dop) 1.93 (dop) 2.08~2.09 (dup)
0.5 1.96°2.01 (deg) 1.97 (deg) 2.02 (deg)
2.22 (dap) 1.88 (dup)  2.04~2.09 (dop)
0.75 1.97 (deg) 1.97~1.99 (deg) 1.9872.04 (deq)
1.86 (dap) 2.22~2.30 (dap) 1.98~2.01 (dap)
1 2.01 (deg) 2.01 (deg)
2.15 (dap) 2.17 (dap)

3.2 Band alignment

In this section, we discuss the band alignment of the solid
solutions (TiO2)1(TaON)x in comparison with their limiting
phases TiO, and TaON. To estimate a band edge position of
(TiO2)1TaON)x with respect to that of TiO, we have performed
a DFT calculation for an interface (TiO2)iTaON),/TiO;
following the method proposed by Janotti et al. 36 -39 The
interface model was built by stacking three unit cells of (TiOz):-

Thisjournal is © The Royal Society of Chemistry 2015
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(TaON)x on top of three unit cells of TiO, along the c direction
forming 72-atom supercell. Since the lattice constants of TiO: (p
for short) and (TiO2)1{TaON)x (s for short) are different, we took
average in-plane lattice constants, i.e. a=(ap+as)/2 and
b=(bp+bs)/2, for the construction of the interface models.
Geometry relaxations were performed only for c axis with the
averaged in-plane lattice constants fixed to take into account
the Poisson ratio. The averaged electrostatic potentials over
atoms (Vref [...Jinterface) for (TiO2)1(TaON)x and TiO, in the
interface model are estimated from the mid layer of each
material which is far distant from the interface and can
represent bulk region. We then define the difference of the
averaged electrostatic potentials of the two materials as

AVref = Vref [(Ti02)1-x(TGON)x]interface‘ Vref [Tioz]interface-

Coming back to the bulk, the highest-occupied states evam [...],
averaged electrostatic potentials (Vies [...Joux), and band gaps
Egl...] for (TiO2):TaON)x and TiO, are also estimated from our
DFT calculations using the 12-atom cell. Finally, the valence
offsets of (TiO2)1(TaON)x with
respect to TiO; are obtained from

band and conduction band

Aevam =(€vam[(TiO2)1x(TaON)J-Vrer [(TiO2)1{TaON)]buik)-
(evem[TiO2]-Vres [TiO2]buih+ AVies,

Agcam =AEVBM+Eg [ﬁiOZ)l.x(TGON)X]-Eg [TiOz].

The obtained band alignment is shown in Fig. 2. It is
understood that the VBM and CBM of (TiO2)iTaON)y (x=0.25,
0.5, and 0.75) respectively shift upwards and downwards with
respect to those of TiO, leading to band gap narrowing. In the
case of a pristine anatase TaON, the CBM is much more negative
than that of TiO, indicating a promising material for highly
active photocatalytic water reduction.

The obtained band alignment is shown in Fig. 2. It is
understood that the VBM and CBM of (TiO)i{TaON)x (x=0.25,
0.5, and 0.75) respectively shift upwards and downwards with
respect to those of TiOz leading to band gap narrowing. In the
case of a pristine anatase TaON, the CBM is much more negative
than that of TiO; indicating a promising material for highly
active photocatalytic water reduction.

PCCP., 2015,00, 1-3 | 3
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Fig. 2 The schematic band edges. The zero energy is at the valence
band maximum of pristine TiO.

3.3 Electronic structures

The relative band edge positions are rationalized by detailed analysis
of electronic structures of the solid solutions. The density of states
(DOS) for (TiO2)14TaON)x are presented in Fig. 3 and Fig. S2 (ESI),
where the energy is referenced to the VBM of a pristine TiO; and the
band offsets discussed in the previous paragraph are taken into
account for (TiO2)1TaON)yx In pristine TiO, the VBM and CBM
mainly consist of O 2p and Ti 3d states, respectively. After one fourth
of TiO; is substituted by TaON, the CBM is still dominated by Ti 3d
orbitals, while a hybrid band of N 2p, O 2p, Ti 3d and Ta 5d is observed
at the VBM. When the content of TaON increases to half in the solid
solution, the DOS is very similar with that of (TiO2)o.75(TaON)o.2s,
except some Ta 5d orbitals appear at the CBM. The hybridization of
N 2p, O 2p and cation d orbitals is pronounced near the VBM. With

increasing TaON content in the solid solution, Ta 5d orbitals
contribute further to the VBM and CBM character as shown in Fig. 3
and Fig. S2 (ESI).

The nature of chemical bonds among orbitals that is responsible for

the band edges can be visualized by partial electron density (square

of the wave function) associated with the energy states at the VBM
and CBM as shown in Fig. 4. In TiO,, the VBM is composed mainly of
O 2p non-bonding states, while the CBM is dominated by the Ti 3d
non-bonding states as shown in Fig. 4(a), agreeing well with the
results reported by Asahi and Y. Taga. % In (TiO3)o.75(TaON)o.2s, @
bonding among Ti 3d states appears in Fig. 4(b), which is substantially
different from the non-bonding states of Ti 3d in TiO (Fig. 4(a)).
Whereas, hybridization among N 2p, O 2p and Ti dy-states is
observed at the VBM of (TiO3)o.75(TaON)o.2s. Similar band characters
are found in the other concentrations (x=0.5 and 0.75) as shown in
Fig. 4(c) and 4(d). Cation-anion or cation-cation it bond formation is
promoted as increase in the TaON content. The electron clouds at the

CBM are connected forming a zigzag-like character along d-d it bonds
that distribute all over the crystal, while those at the VBM are
connected in axy plane.

4 | PCCP, 2015, 00, 1-9 This journal is © The Royal Society of Chemistry 2015
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Fig. 4 The partial electron density at VBM and CBM when x=0 (a),
0.25(b), 0.5(c), 0.75(d), 1.0 (e) at a 0.01 electrons/A3 isosurface level.
The left and right panel indicates the (010) and (100) plane,
respectively.

According to Jeremy K. Burdett et al.,3* TiOs octahedron distortion
originated from some inter-constraint factors, such as Coulomb
repulsion between neighboring Ti atoms, repulsion between two
oxygen atoms on the edges shared by two octahedron (Fig. 1(a)) and
attraction between Ti and O. Since ionic radii of four-coordinated N3
is larger than four-coordinated 02 (1.46A vs. 1.384), it is anticipated
that three-coordinated N3- is larger than three-coordinated OZ%.

This journal is © The Royal Society of Chemistry 2015
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Meanwhile, six-coordinated Ta** is larger than six-coordinated Ti*
(0.644 vs. 0.605A4).41 As a result, the cell volume increases with
increasing the TaON ratio in the solid solution. Furthermore, the
Coulomb repulsion between N and O exceeds that between two O
atoms, causing the longer N-O distance (2.534) than 0-O distance
(2.48 A). This repulsion causes the octahedron containing this O atom
(denoted as O* in Figures 4(b)-4(d)) to have a lower distortion along
a Ti-O*-Ti network, namely, its angle closer to 180 degree than in
TiO2. With increasing the TaON ratio in the solid solution, the
distortion continues to decrease. The elongation of anion-anion
distance in a quadrangle containing two cations and two anions, also
causes the cations approach to each other along the z direction,
resulting in the attraction of dy orbitals forming the zigzag-like d-d it
bonding network. The it bonding significantly lowers the CBM in the
solid solutions compared to the case in TiO, in which the CBM consists
of non-bonding Ti d states. The rise of the VBM in the solid solutions
mainly originates from the fact that the atomic eigenvalues of 2p
states are higher in nitrogen than in oxygen. This is still the case in
our solid solutions even after the hybridization with d orbitals from Ti
or/and Ta. The extended 2p states around N in the solid solutions
promote the formation of m bonding with cation d states, which
somewhat stabilizes the system shifting the VBM downwards,
although the resulted VBM is still higher than that in a pristine TiO .
As aresult of the combined two effects of the rise of VBM and decline
of CBM, the solid solutions have narrower band gaps than that of
TiOx.

In Fig. 5(a)-5(e), band structures along the symmetry directions for
the Tetragonal Lattice Brillouin zone (Fig. S3, ESI) for TiOs, (TiOz)1-
(TaON)x (x=0.25, 0.5, and 0.75), and TaON are shown. The pristine
TiO; has an indirect band gap of about 2.06eV for a transition from
M to I as exhibited in Fig. 5(a), much smaller than an experimental
value 3.2eV,42 due to the well-known shortcoming of GGA.43 As
mentioned earlier, in (TiO2)0.75(TaON)o.25, the VBM and CBM shift
upwards and downwards, respectively, leading to a narrower band
gap (1.43eV) compared to the pristine TiO> (Fig. 4(b)), while the
indirect nature is barely remained for a transition fromZ to I'.

Further increase in the TaON content in the solid solution turns the
band transition into direct at . This indicates that the solid solution
with a higher TaON content is more suitable for light absorption.
Notably, the incorporation of TaON into TiO; lattice does not induce
any localized energy levels in a forbidden band, unlike low-
concentration N-doped TiO,. R. Long et al. studied the (N, Ta)-
codoped TiO; via DFT.4 Their results indicate that codoping N and Ta
can effectively enhance N concentration and besides, lead to the
formation of continuum-like fully occupied N 2p-Ta 5d hybridized
states above the top of the valence band as well as Ta 5d orbitals
located at the bottom of the conduction band. However, such an
impurity state often produces a small quantity of occupation,
resulting in the declined photocatalytic activity under UV irritation
although it benefits the activity under visible light.444> The localized
energy levels in the forbidden band usually tend to be a
recombination center between photogenerated carriers, and the
absorption coefficient depends on the concentration of dopants. In
contrast, in (TiO2)1x{TaON)xsolid solutions, it is N 2p and O 2p orbitals

PCCP., 2015,00, 1-3 | 5
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that form the tops of the valence band, rather than localized states.
As aresult, forming solid solution not only shifts the photo-absorption
edge, but also improve absorption coefficient. The calculated
absorption coefficient spectra confirmed this conclusion as shown in
Fig. $4 (ESI). The effective masses of VBM holes and CBM electrons
were calculated as shown in table S2 (ESI). The effective mass of
electrons shows no obvious difference in the solid solution and the
pristine TiO2 until x reaches 0.50, then electrons become much lighter
with further increasing TaON content in the solid solution. Notably,
the effective mass of holes along two directions in the solid solutions
was substantially reduced in comparison with in TiO.
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Fig. 6 PDOS of (TiO2)o.5(TaON)o.5.

To more thoroughly understand the molecular orbitals of the solid
solution, we analyze the PDOS, taking (TiO2z)os(TaON)os as an
example. As can be seen from the crystal structure shown in Fig. 1(c),
01 and 01’ occupy the identical sites. So do 02 and 02’, 03 and 03’,
two nitrogen atoms, two titanium atoms and two tantalum atoms.
Hence, we choose either one to analyze the PDOS. O2 and N1 atoms
form an edge shared by two octahedrons and reside in a same
quadrangle, having a similar profile of PDOS, i.e. the highest occupied
state consists of anion p, states as shown in Fig. 6. In anatase
structure, an anion is coordinated with three cations in a planner
configuration, which is the characteristic of O p-Tid hybrid states, to
form o bonds and either py, p,, or p, state, which is orientally
perpendicular to the plane, forms a it bond with cation d states. In
the case of 02 and N1, py, state is hybridized with Ti d,, through it
interactions. The N1 p,-Ti dy, 7t bonds are clearly observed in the
partial electron density (Fig. 4(c)). This is the reason for the
appearance of py at the VBM and its resonance with Ti dy, in PDOS.

Thisjournal is © The Royal Society of Chemistry 2015
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The intensity of DOS at the VBM is slightly higher in N1 than in 02
because N 2p states are energetically higher than O 2p states.
Similarly, 01 and O3 reside at a quadrangle in yz plane having px
states dominated near the top of the valence band through the
hybridization with Ti dy, although a small amplitude of p, appears
right at the top of the valence band following the upward shift of Ti
dy: that forms o bonds with p,. The difference between 01 and O3 in
ie. 01
coordinates with two Ta atoms, while O3 coordinates with two Ti

the DOS profile originates from cation coordination,

atoms. Ta 5d states are energetically higher than Ti 3d states and
their interactions with oxygen p states are limited. In O1, therefore,
O pstates are intact against hybridization with Ta d states remaining
at the VBM, whereas in O3, the hybridization between O p and Ti d is
significant, broadening the oxygen band. In fact, a strong o bond of
03 py with Ti dy; is observed in Fig. 4(c). At the CBM, Ti dx, and Ta dy,
are also resonant due to their it bonding as discussed earlier, which
results in the formation of the lower energy states compared to non-
bonding Ti dy, states in a pristine TiO.

3.4 Some configurations possessing very narrow band gap

In the above two sections, we presented the crystal structure
and electronic structure of most stable configurations in the
(TiO2)1TaON)x solid solutions. In addition, we found that some
models exhibited very small band gap.

For (TiO3)o5(TaON)os, if the atoms are arranged as Fig. 7(a),
the band gap is only 0.4 eV as shown in Fig. 7(e). DOS and the
partial electron densities of the VBM and CBM in Fig. 7 indicate
that the CBM is mainly composed of Ti 3d orbits while the VBM
majorly consists of N 2p orbitals, substantially different from the
cases shown in Fig. S2(c) (ESI) and Fig. 4(c) in which O 2p orbits
contribute approximately half to the VBM besides minor
contribution from d states of titanium or tantalum. For
(TiO2)o.5(TaON)os with total 19 models, some models have even
smaller band gaps (table S1(b), ESl). Similarly with the case in
Fig. 7, the VBM majorly consists of N 2p orbits, and CBM s
composed by T dy orbitals. Several  models  of
(TiO2)o.25(TaON)o.75, also possess small band gaps (table S1(c),
ESl), have the similar characteristic of the DOS.

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 One model of (TiO3)o.5(TaON)o.5 that has a small band gap: the
crystal structure (a), partial electron density in the VBM (b) and CBM
(c) ata 0.01 electrons/A3 isosurface level, DOS (d) and band structure
(e). The energy band edge in this section was not assigned using the
above interface model because we majorly concerned band gap
value.

After thoroughly analyzing the configurations that have much
smaller band gaps than the others, we found one common features
for these configurations: two N atoms form edge shared by two
octahedrons. This is different from the most stable configuration
shownin Fig. 1, where N and O form edge shared by two octahedrons.
As mentioned above, N has broader electron cloud distribution than
O, causing larger Coulomb repulsion. The balance between the
repulsions from N-N and the nearby cations leads to the declined
distortion in these two octahedrons along the equatorial direction,
and hence the N-T-N-T quadrangle approaches to rectangle. As a
result, N 2p and Ta 6p form o bond along the equatorial direction, as
shown in Fig. 7(b) and Fig. 8. Because energy level of Ta 6p is higher
than that of Ta 5d, the Ta 6p - N 2p bonding states form a o band
above the m band originating from Ta 5d - N 2p bonds, which
substantially raises the VBM. On the other hand, similar with the
configuration in Fig. 4, the CBM is composed by d-d bonding states
with a lower energy than the non-bonding states. These two aspects
contribute together to the small band gap of the solid solution (Fig.
7(e)).

We calculated the band gaps and the total energy difference
of all the configurations in comparison with the most stable ones
as shown in table S1 (ESI). The most stable configurations have
the lowest total energy and the largest band gap. The
structures, which possess exceptionally narrow band gap, have
the highest energy in most cases. This small band gap impedes
achieving high photocatalytic activity, but fortunately, they
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have high enthalpy of mixing indicating that they have little
chance to appear during the experiments. Maybe, these
configurations can be obtained, for the special purpose, by
employing advanced experimental methods such as the soft
chemical synthesis.

Ta 6p
\
Ta L '

2

N 2p

Fig.8 Schematic molecular orbitals near the VBM in the

configurations where two N atoms form an edge shared by two
octahedrons.

4. Conclusions

TaON and anatase TiO; can form stable solid solution, while the cell
volume increases approximatedly linearly and the inter-band
transitions turn from in-direct to direct transitions with increasing
TaON content in the solid solution. Introducing TaON into TiO; causes
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