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Highly Efficient Visible Light Catalysts Driven by Ti**-Vo-2Ti**-N*

Defect Clusters

Qingbo Sun,® Shaoyang Zhang,™ David Cortie,“ Julien Langley,® Nicholas Cox,® Terry J.
Frankcombe,” Jie Gao," Hua Chen, Ray L. Withers,"™ Felipe Kremer," Dehong Yu," Frank Brink,!"

Wensheng Shi,"™ and Yun Liu*®

Abstract: Local defect structures play significant roles on material
properties, but they are seriously neglected in the design, synthesis,
and development of highly efficient TiO,-based visible light catalysts
(VLCs). Here, we take anatase TiO, nanocrystals that contain (Ti*,
N*) ions and have the complicated chemical formula of
(Ti‘:f'xTiﬁ+ )(Og:y_ZNg’DZ) as an example, and point out that the
formation of Ti**-Vo-2Ti*-N* local defect clusters is a key missing
step for significantly enhancing VLC properties of host TiO,
nanocrystals. Experimental and theoretical investigations also
demonstrate the emergent behaviors of these intentionally
introduced defect clusters for developing highly efficient VLCs. This
research thus not only provides highly efficient visible light catalysts
for various practical applications but also addresses the significance
of local defect structures on modifying material properties.

The development of highly efficient visible light catalysts (VLCs)
can help to alleviate the serious environmental pollution and
overcome the current energy crisis since they can directly
harness visible light from the solar spectrum to drive a range of
catalytic reactions such as generating hydrogen from water,
degrading organic pollutants or removing hazardous chemicals
in wastewater and air."® To develop highly efficient TiO,-based
VLCs, various strategies are attempted to date, for instance,
cation/anion mono-doping,®’ cation-cation/cation-anion/anion-
anion co-doping,®* noble metal element modifying™*? as well
as multi-compositional mixing.”*** The former two chemically
incorporate dopants or co-dopants into host TiO, crystal
structures while the latter two physically add another species on
material surfaces. The improved VLC properties are then
attributed to either the adjustment of the band structure of
materials, or the generation of surface plasma resonance effects,
or the introduction of secondary species themselves. Although
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these strategies represent a substantial progress in the research
and development of TiO,-based VLCs, most of them are only
active in a certain solar spectral region or only moderately
improve VLC properties.

More recent efforts for achieving highly efficient VLCs have been
made on TiO, materials that contain N* or Ti** ions since it is
generally believed that the hybridization of N 2p and O 2p, or
Ti** 3d and Ti** 3d orbitals enables narrowing the bandgap,
extending light absorption and thus enhancing VLC
efficiency.>*>*® However, the results are not consistent. Some
researchers reported that the incorporation of N* or Ti*" ions
significantly enhanced VLC efficiency®**"” while others found
that they were only slightly effective or even completely
ineffective.’® Furthermore, the mechanisms underlying VLC
effects are also ambiguous. The formation of isolated states
between forbidden bands,*?° multiple light reflections from
material hierarchical structures,” the introduction of oxygen
vacancies,'® the optical intragap absorption,®® as well as the
appearance of a diamagnetic cluster™ were all suggested as
potential mechanisms for those observed photocatalytic
phenomena. From a structural perspective, the incorporation of
N* or Ti*" ions will concurrently introduce oxygen vacancies into
TiO, for charge balance and then inevitably deteriorate
photocatalytic performances through forming “recombination
centers” to trap photo-excited carriers. To achieve higher VLC
performances, special material structural designs, for example,
lattice-disorder  engineering of nanocrystalline surfaces,*®
deliberately surficial doping,'” passivated co-doping,? and
compositional gradient distribution of dopant ions® are normally
further required and thus lead to a technological difficulty in their
controllable preparation.

This article is protected by copyright. All rights reserved
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Figure 1. XRD pattern (a), HRTEM lattice image (b), TGA curve (c), and XPS data (d-f) of the (Ti?,_‘;mTif’,}Bm)(Off9352Ngf0305D0,0343)

nanocrystals. The inset of (a) is their optical photograph.

Simultaneous incorporation of Ti** and N* ions into TiO; is an
effective and promising way to prepare novel TiO,-based VLCs.
This is because (1) additional cationic dopants are not involved
in contrast to other (cation, N*) co-doping methods; (2) N*
doping levels may be increased significantly by generating some
synergistic effects with Ti** ions; (3) special material structural
designs are not required to effectively separate photo-generated
charge carriers; and (4) VLC performances of resultant materials
can be enhanced exponentially compared to their respective
cases. Although the simultaneous introduction of Ti** and N*
into TiO, has so many potential advantages, its chemical
synthesis is still technologically difficult. Hydrogenation and
nitridation co-treatment of rutile TiO, nanowire arrays,?
calcination and subsequent vacuum activation of amorphous
precipitates pre-prepared by a sol-gel technique,® and direct
solvothermal reaction synthesis using diethylentriamine as a
nitrogen source® were all attempted. These routes not only need
complex experimental processes or long reaction periods but
also result in a low N* doping level (< 2at.%), a non-equivalent
Ti**/N¥ ratio or an inhomogeneous distribution of Ti** and N*
ions. This leaves an uncertainty as to whether the improved
photocatalytic activity is really determined or dominated by the
introduction of Ti** and N* ions. Our recent work on the
development of highly efficient TiO»-based VLCs demonstrated
the significance of introducing a high but equal concentration of
(N*, Nb®) defect pairs for outstanding photocatalytic
properties.?®?” This, in combination with our previous research
on (In*, Nb*"), (A", Nb*"), (Mg?", Ta®"), (Zn*", Nb**) and (In*',
Ta®") co-doped rutile/anatase TiO. ceramics/nanocrystals,?®3*

suggests the complexity of ionic co-doping in structurally
strongly correlated oxides. The introduced extrinsic ions may
stay as isolated point defects in host materials and may also
form defect-pairs or clusters coupled with the host ions and local
crystal structures. The former presents an additive effect of point
defects while the latter leads to significant synergistic behaviors.
The defect formation strongly depends on the selection of
extrinsic ions, the preparation conditions and the methods used
for material synthesis.

Here, we strategically design a new approach to simultaneously
incorporate Ti*" and N* ions into TiO with high and nearly equal
concentrations for a real synergistic interaction between the
introduced cations and anions. That is, Ti** and N* ions are
simultaneously introduced into TiO, crystal structures under
solvothermal reaction conditions using concentrated nitric acid
as a nitrogen source, titanium tetrachloride as the initial source
of Ti* and Ti*" ions, and ethanol as solvent. The vigorous
chemical reaction of concentrated nitric acid with ethanol not
only releases significantly high energy to the reaction system but
also yields the high N* doping levels (Note: due to the vigorous
reaction and possible explosion of mixing ethanol and concentrated
HNOs3, the used volume of ethanol should be far more than that of
concentrated HNOs, only the latter can be slowly added into the former
under magnetically stirring, and a large container like beakers is
suggested to use as reaction vessels for adequately releasing possible
heat). This route also enables related chemical reactions to occur
in a close, high pressure and relatively low temperature
environment, directly achieves crystalline TiO, materials, and
effectively prevents nitrogen loss from unnecessary post-
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treatments. The solvothermal products synthesized thereof were
then characterized as VLCs for purifying wastewater using
Rhodamine B as a model pollutant. Density functional theory
(DFT) calculations were performed to understand the observed
photocatalytic effects and the related mechanisms arising from
the formation of local defect clusters. This research
demonstrates the importance of local defect structures on
material performances and provides a novel route to design and
develop visible light catalysts for highly efficient conversion of
solar energy.

The XRD pattern of Figure la shows that the synthesized
solvothermal products have an anatase phase with space group
symmetry l4;/amd. Their diffraction peaks are very broad,
suggesting the feature of small particle sizes. The calculated
results of the Scherrer equation®® further demonstrate this small
feature of synthesized nanoparticles with an average crystal size
of ~7.7 nm (Supporting Information, Sl-1), which is reasonably
consistent to the estimated results of HRTEM lattice images
(Figure 1b and SI-2). From the optical photograph in the insert of
Figure 1a, we find that the synthesized nanoparticles are pale
yellow. This colour indicates the underlying visible light
absorption (as discussed below). From a (111) oriented HRTEM
lattice image (Figure 1b), it is found that the exposed crystal
faces of synthesized nanocrystals are (011), (101) and (112)
facets, respectively. In addition, these nanoparticles have a
specific surface area of 122.7 m%g in terms of the result of
nitrogen absorption and desorption experiment (SI-3).
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The TGA curve in Figure 1c shows that the weight of
synthesized nanoparticles firstly decreases (~0.54 wt.%) as the
temperature increases from 450 to 727 °C and then continuously
increases (~0.22 wt.%) in the temperature range of 727 and
1100 °C. Prior to 450 °C, their weight drops significantly (~13.7
wt.%, Sl-4). Such a large low temperature weight loss comes
from the removal of physically adsorbed water and/or ethanol,
chemically bonded hydroxyl and other organic groups, as
confirmed by the FT-IR spectroscopy (SI-5). The small weight
loss at higher temperatures (450-727°C), however, should be
related to the release of chemically doped nitrogen ions since (1)
un-doped TiO, normally has no or negligible weight variation in
this temperature range;**® and (2) organic groups chemically
bonded on nanoparticle surfaces generally do not survive at
such a high temperature. Meanwhile, a ~0.54 wt.% nitrogen
content corresponds to an atomic percentage of ~3.05 at.% (i.e.
y=0.0305) and is in reasonable consistency with the
measurement result of a Nitrogen/Oxygen determinator (~2.99
at.%). Further XPS analysis also confirms the existence of N*
dopants through their N 1s XPS peak (Figure 1e). Above 727 °C,
the 0.22 wt.% weight increase can be attributed to the
incorporated oxygen ions at the initial lattice sites of oxygen
vacancies or the newly formed positions due to nitrogen release.
The O 1s XPS peak at ~530.3 eV also reflects a lower oxygen
content (~1.9352) in contrast to the standard stoichiometric ratio
2 of un-doped TiO, (Figure 1f). This is consistent with the TGA
results (Figure 1c) and suggests that oxygen vacancies are

produced for charge balance (~3.43 at.%, 2z=0.0343).
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Figure 2. UV-Vis absorption spectrum (a) and associated Tauc plot of the synthesized (Ti35619Ti85381 )(Offg352Ngjo305D0_0343)
nanocrystals. (b) is the photocatalytic degradation of RhB under visible light irradiation (A=400 nm) using them as visible light
catalysts. Here, “dark” means no light irradiation for achieving an adsorption/desorption equilibrium of RhB on nanoparticle surfaces.
“Cy” is the initial RhB solution concentration while “C” indicates the remaining concentration at selected reaction time.
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Additionally, we detect the XPS signal of Ti*" ions with a

concentration of ~3.81 at.% (x=0.0381, Figure 1d). The
existence of Ti*" ions was further confirmed using EPR
spectroscopy  (Supporting  Information, SI-6). At room

temperature, a structureless signal was observed at g = 2.00 of
peak-to-peak linewidth 6 mT. Such signals are typically assigned
to oxygen species derived from the reaction of Ti** with O; e.g.
vacancies on the surface of nanoparticles, react with O, forming
the dominant paramagnetic species observed by other
researchers.®** We do not assign here the precise identity of
oxygen species. In addition, a weak, axial signal with g-values of
1.98 and 1.95 was also observed at low temperatures,
consistent with an anatase that contain Ti** environment.** It is
thus evident that the bulk nanocrystals have a chemical formula
of (Tig s610Tio 0381)(O% 0352NG 0305 Tlo.0343)- The slightly higher N*
doping level achieved here than N* mono-doping samples
should benefit from the synergistic roles of Ti* ions and the
designed solvothermal reaction route.

Figure 2a shows the optical absorption spectra of anatase
(Tig 9619 Tio 0381 )(O7 0352No 0305 Jo.oaas) nanocrystals. Their light
absorption range is very broad and covers the entire visible light
regime from 400 nm to 800 nm. Their bandgap calculated
through the Tauc plot is ~2.63 eV (the insert of Figure 2a) and
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becomes narrower than the previously reported TiO;
nanomaterials that only or simultaneously contain Ti** and N*
ions.2¥%54142 These phenomena demonstrate the significance of
introducing highly concentrated Ti** and N* ions into TiO; crystal
structures. Visible light catalytic efficiency is then evaluated by
measuring the decomposition rate of RhB and MB, using a
500W Xe lamp with a cutoff wavelength of 400 nm. RhB is one
type of potential carcinogen and cannot self-degrade under
visible light irradiation (SI-7). It is also difficult to quickly
decompose using the commercial P25-TiO, photocatalysts (only
~7% at the reaction time of 25 minutes, SI-7 and Table 1). The
Anatase ( Tig os19Tig0ss1 )( OF 03s2No 0305000343 ) Nanocrystals,
however, show an excellent visible light catalytic activity (Figure
2b). As seen, it only takes about 25 minutes to accomplish
nearly complete decomposition (~94%, Table 1) after an initial
adsorption/desorption equilibrium in dark conditions (the
adsorption amount of RhB is ~10%, stabilizing within 30
minutes). It indicates that the photocatalytic efficiency of TiO,
nanocrystals that contain Ti®* and N* ions is much higher than
P25-TiO, (Table 1). Further comparing with the experimental
results of other TiO,-based VLCs such as N mono-doped TiO5,*
(Bi, Co)/(Fe, Co) co-doped TiO,* C-TiO2,* g-CsN4-TiO,,*
AgsPO,-TiO2,* Zn,Cd1.xS-

Table 1. The measurement conditions of photocatalytic reaction and the resultant photocatalytic efficiency of anatase TiO»
nanocrystals that contain Ti** and N* ions, commercial Degussa-P25 and other TiO»-based photocatalysts.

Photocatalysts Measurement Conditions VLCs concentration RhB concentration  VLC efficiency
(Ti**,  N*)-TiO, (this Xe lamp (500 W, A>400 nm) 1g/L 20 mg/L ~94%@25min
work)

Degussa-P25 (this work) ~ Xe lamp (500 W, A>400 nm) 1lg/lL 20 mg/L ~7%@25min
N-doped TiO,"® ml)ogen lamp (1000 W, A>420 gL 20 mg/L ~96%@60min
(Bi,Co)-TiO,*® Xe lamp (500 W, A>400 nm) 1g/L 20 mg/L ~55%@240min
(Fe,Co)-TiO,® Xe lamp (500 W, A>400 nm) 1g/L 20 mg/L ~64%@240min
CITiO* Xe lamp (500 W, A>420 nm) 1lg/L 10 mg/L ~96%@60min
g-CsN/TiO,* Xe lamp (500 W, A>400 nm) 1g/L 10 mg/L ~99%@140min
AgsPO./TiO,* Xe lamp (500 W, unavailable A) 1g/L 10 mg/L ~99%@50min
Zn,Cd1,SITiO" Xe lamp (500 W, A>420 nm) 1g/L 10 mg/L ~90%@60min

Note: these experiments were nearly conducted under the similar photocatalytic reaction conditions as ours (i.e. using a 500W or
more powerful lamp as light sources, loading the same photocatalyst concentration, 1g/L, using rhodamine B as a model pollutant

with the concentration of 20mg/L or less).
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TiO; composites®” (Table 1), the photocatalytic efficiency of
anatase TiO, nanocrystals that contain N* and Ti** ions is also
much higher. When the synthesized nanocrystals were used to
decompose another model pollutant-MB, they also showed a
high photocatalytic efficiency and ~70% of MB will be
decomposed in a short reaction time of 30 minutes. It is thus
claimed that the simultaneous introduction of Ti** and N* ions is
an effective strategy to improve the visible light catalytic activity
of host TiO, materials.

(C)

Il St-1-xx
I St-1-zz
Il St-2-xx
Il St-2-zz
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Figure 3, Ball and stick model of two local Ti**-Ve-2Ti**-N*
clusters formed in anatase TiO, crystal structure with lower total
energy (a is Structure 1, ST-1 and b is Structure 2, ST-2). (c) is
the total density of states of the two different defect structures
calculated using the mBJ potential, with E=0 corresponding to the
Fermi energy. (d) is the calculated optical absorption coefficient
from ST-1 and ST-2 for two components (xx, zz) of the
anisotropic optical tensor, showing their light absorption into the
entire region (400-700 nm) depicted by the overlaid spectra.

720

To understand the electronic structure of the synthesized
(Ti 9619 Tig 0381)(OF 0352N3 0305 Jo.0aa3) Material or the potential
mechanisms of their enhanced VLC performance, DFT
calculations were performed using the VASP code in a 3x3x1
supercell. One O? anion in the anatase TiO, crystal structure
was substituted by one N* ion and an additional oxygen
vacancy created in various configurations, giving a N* doping
level of 2.78 at.%, which is close to the experimental value of
this work (3.05 at.%). Figure 3a shows the lowest energy defect
structure among various configurations (structure 1, ST-1). It is
composed of one Ti**, two penta-coordinated Ti*', one Vo left
after the removal of O as well as one N* binding to one of the
two penta-coordinated Ti** cations. Ti**-Vo-2Ti*-N* defect
clusters are then formed locally in anatase TiO- crystal structure.
Structure 2 (ST-2) of Figure 3b also presents the similar defect
clusters as ST-1, but its N* jon just bridges two penta-
coordinated Ti** cations, leading to a ~0.058 eV higher total
energy than structure 1. These Ti**-Vo-2Ti*-N* defect clusters
would avoid the formation of recombination centers in
synthesized TiO; nanocrystals, and are thus beneficial for highly
efficient VLC effects. Other configurations either lie at too high
total energy to be present in significant numbers experimentally
or do not match the chemical composition of our samples (e.qg.
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Ti** ions cannot be found in the calculation of the scenario of
interstitial nitrogen.). Therefore, they are not discussed here. In
addition, defect-enhanced charge separation and transfer has
been recently observed in protection layer/Si structure of
photoanodes.”® It would be further discussed whether Ti**-Vo-
2Ti**-N* defect clusters can also separate and transfer
photoexcited carriers in our future work.

These two different defect structures significantly modify the
electronic structure of TiO,. Figure 3c exhibits the calculated
total density of states (DOS) for ST-1 and ST-2. Their bandgaps
are both narrowed to about 2.79 eV in contrast to 2.98 eV of un-
doped anatase TiO, and are in reasonable accordance with their
results of optical absorption measurement (Figure 2a). However,
we further find one newly formed mid-gap energy level in the
bandgaps. It is shallower in ST-1 and locates ~0.38 eV above
the top of valence band, but slightly deeper in ST-2 and locates
~0.75 eV above the top of valence band. The narrowed bandgap
and newly introduced mid-gap energy level result in the visible
light absorption of ( Tigos19Tio0381 ) OF ess2No0s0sTo03es )
nanocrystals.

In addition, we have calculated the optical absorption coefficient
in an attempt to directly observing the enhanced visible light
absorption by introducing Ti**-Vo-2Ti**-N* defect clusters
(Figure 3d). Two absorption tensor components (xx and zz)
demonstrate their finite absorption into the visible light regions.
Moreover, ST-2 has a stronger visible light absorption ability
than ST-1, though the latter is thermodynamically preferred. It is
thus clear that the introduction of Ti**-Vo-2Ti*"-N* defect clusters
in anatase TiO, host materials is critical to enhance visible light
absorption of TiO; and is then necessary for outstanding visible
light catalytic performances.

In conclusion, Ti** and N* ions are successfully incorporated
into anatase TiO, crystal structure through a novel solvothermal
reaction route. These introduced extrinsic ions and associated
oxygen vacancies will locally generate Ti**-Vo-2Ti**-N* defect
clusters for narrowing the bandgap, forming midgap energy level
and thus enhancing VLC properties of host TiO, materials. The
concept, design strategy and synthesis method of highly efficient
visible light catalysts driven by defect clusters will provide a
guidance for the further development of other photocatalytic
materials and also brings new insights for the significance of
local defect structures on modifying material properties.

Experimental Section

Anatase TiO; nanocrystals that contain Ti** and N* ions with the complex
chemical formula of (Tit" Tid*)( Oi:y_ZNi'DZ) were synthesized by a
solvothermal method. In details, TiCl, (0.68 mL) was first added into
ethanol (120 mL) solvent to form a transparent solution under
magnetically stirring. Concentrated HNO3 (69%, 4 mL) were then added
into the transparent solution in order to effectively introduce a nitrogen
source into the reaction solution. After the above mixture was stirred for
two hours at room temperature, it was transferred into an autoclave with
an inner volume of about 200 mL. The autoclave was sealed and heated
at 200 °C for 12 h in an oven. When the autoclave cooled down to room
temperature, the solvothermal product synthesized in the reaction
solution was separated by a centrifuge (20,000 rpm), washed with
ethanol and distilled water for five times, and finally dried at 60 °C for 12
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h. The optimal chemical composition is x=0.0381, y=0.0305 and
2=0.0343, respectively [i.e. (TigasioTigoa1)(O7s352N5 0305 T0.043)]- Note:
the volume of ethanol should be far more than that of concentrated HNO3
and only the latter can be slowly added into the former under
magnetically stirring in order to effectively prevent their too vigorous
reaction.

Anatase TiO, nanocrystals that contain Ti* and N* ions synthesized
thereof were analysed by X-ray diffractometer (XRD, PANalytical's X-ray
diffractometer with CuKa radiation at the voltage of 45 V, the current of
40 mA, the step size of 0.013° as well as the time per step of 300s), high-
resolution transmission electron microscope (HRTEM, JEOL-2100F at
the acceleration voltage of 200 kV), and UV-Vis-NIR spectrophotometer
(Varian, Cary 5G with the average time of 0.1s, the data interval of 1 nm
and the scan rate of 600 nm per minute). The chemical valence and
atomic percentage of N and Ti in the prepared nanocrystals were
carefully analysed by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB250Xi) and electron paramagnetic resonance spectrometer
(EPR, a Bruker ER200D spectrometer). Moreover, a Nitrogen/Oxygen
(N/O) determinator (TC-600, LECO in Helium gas with the flowing
velocity of 450 mL per minute) was also used to estimate the nitrogen
doping levels. The thermogravimetric (TG) data were collected by STA
8000 (PerkinElmer) with a heating rate of 5 °C per minute in the flowing
air (20 mL per minute) to understand the stability and doping
concentrations of nitrogen in the samples. The specific surface area was
measured through the Brunauer-Emmett-Teller (B.E.T.) method with a
QuadraSorb SI-MP instrument. Prior to the measurement, the samples
were degassed in vacuum at 423 K for 8 hours. The nitrogen adsorption-
desorption data were then recorded at a liquid nitrogen temperature (~77
K). In addition, organic groups on the surfaces of synthesized
nanocrystals were carefully measured by a Fourier transform infrared
spectroscopy (FT-IR, PerkinElmer) after the achieved samples were
buried into KBr pellets.

Rhodamine B (RhB) and methylene blue (MB) was chosen as model
organic compounds to evaluate the photocatalytic activities of our
synthesized nanocrystals. RhB/MB solution (20 mg L™) was prepared by
mixing RhB/MB (20 mg) with distilled water (1 L). Then, TiO,
photocatalysts that simultaneously contain Ti** and N* ions were added
into the RhB/MB solution with a mass concentration of 1 g L. A 500 W
Xe lamp with a 400 nm cut-off filter provided visible light irradiation for
photocatalytic measurement. The solution containing RhB/MB and
photocatalysts was stirred for 30 minutes in dark to reach RhB/MB
adsorption/desorption equilibrium on the surfaces of synthesized anatase
TiO2 nanocrystals, after which the photocatalytic reaction was initiated by
illumination (time=0). The decomposition of RhB/MB was characterized
by a UV-Vis-NIR spectrometer based on a typical RhB peak at ~552 nm
and a typical MB peak at ~664 nm.

Projector-augmented wave (PAW) calculations were performed using the
Vienna Ab initio simulation package (VASP) code.***® A plane wave
cutoff of 500 eV was used, with PAW potentials® that treat 12, 6 and 5
electrons as valence for Ti, O and N, respectively. Hubbard corrections
(DFT+U) were applied with effective U parameters of 7.4 eV for Ti d
electrons and 5.4 eV for O and N p electrons. All calculations were spin
polarised. Oxidation states were identified by examining angular
momentum resolved spin densities in spheres centred on the nuclei.
Calculations were performed on a 3x3x1 supercell of the anatase
crystallographic unit cell (108 atoms). A 2x2x2 I'-centred k-point grid
was used. The lattice was kept fixed at that optimised for pure anatase
using the same computational procedure (a=3.8783 A, ¢=9.7701 A). All
results are reported for relaxed ionic positions with no constraints. After
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structural relaxation, the densities of electronic states were calculated
using an accurate all-electron method as implemented in the WIEN2K
software.®? Spin polarised calculations were performed to account for the
local moment found on certain Ti atoms. The atomic sphere sizes were
set to 1.85, 1.69 and 1.59 atomic units (A.U.) for Ti, O and N,
respectively. A 5x5x7 I'-centred k-point grid was used. Owing to the large
size of the supercell cell (71 unique atoms), the plane wave basis was
constrained to the maximum value within available memory (RKMax=6.1).
Convergence tests on smaller systems using RKMax between 6 and 8
indicate that the lower value is reasonable since the gap is accurate to
within 0.1 eV. For the final electronic structure, calculations were made
using the sophisticated modified-Becke-Johnson (mBJ) potential that
allows a parameter-free method to accurately predict experimental
bandgaps, which substantially improves on the Kohn-Shan bandgaps
predicted by standard DFT methods.*>® The optical absorption coefficient
was then calculated using the joint density of states for both the spin-up
and spin-down component, weighted by the respective dipole matrix
elements. Only inter-band contributions were considered. The
absorption coefficient was calculated from the real and imaginary
dielectric constant of the Kramers-Kronig transformation.
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S

Local defect structure could determine or create novel material properties since it could local chemical environment and subsequently mediate
electronic state density of materials. Here, we demonstrate that the deliberate design and formation of Ti**-Vo-2Ti**-N% defect clusters in TiO, anatase
nanocrystals would drive the highly efficient visible light catalytic decomposition of organic contaminates. This research thus not only presents a defect-
engineering route to design/develop highly efficient visible light catalysts but also highlights the significance of local defect structures on modifying
material properties.
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