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Abstract

Local defect structures are significant to determine material properties since the defects
introduced into host materials would affect their local/average crystal environments and
thus lead to a change of their macroscopic physicochemical performances. The intentional
design of specific local defect states in materials not only depends on the selected
synthesis method and preparation process but also relies on the selected dopant or co-
dopant ions. A deep understanding of the intrinsic relationships between local defect
structures, chemical synthesis and associated properties is thus thought as one major
framework of material genome plan. It also significantly pushes the design, development

and application of novel multifunctional materials.

Based on local defect structural design coupled with new synthesis strategies, (In**, Nb>*)
co-doped anatase TiO> nanocrystals with the complicated chemical formula of

4+ 3+
(Tl 1 -x-y-lex

In§+Nb§+)(O%Z(X+y_Z)/2I:Iy/z) are synthesized by a solvothermal method (U
here represents oxygen vacancies and also labelled as V). It is experimentally
demonstrated that the dual mechanisms of nucleation and diffusion doping are
responsible for the synergistic incorporation of difficult-dopant In** ions and easy-dopant
Nb>* ions, and theoretically evidenced that the local defect structures created by the

introduced In**, Nb>" co-dopants, the resultant Ti*" and V7, are composed of both

2Ing;+V S +Tiy+Nby; defect clusters and equivalent Tip+Nby; defect pairs. These
introduced local defect structures then act as nucleation centres of baddeleyite- and a-
PbO:>-like metastable polymorphic phases and induce an abnormal trans-regime structural
transition of co-doped anatase TiO2 nanocrystals under high pressure. Furthermore, the
(In**, Nb>") co-doped anatase TiO, small nanocrystals with average particle sizes of less
than 10 nm can also be used as raw materials to large-scaly manufacture a new generation
of TiOz-based ceramic capacitors designed in terms of electron-pinned defect dipole
mechanism. Through the utilization of these small nanocrystals, the sintering temperature
of ceramic capacitors can be lowered to about 1200 °C and thus conquers the
technological bottleneck facing the fabrication of ceramic capacitors using this type of

materials.

To develop the third generation of high-efficient visible light catalysts, (N>, Nb°") co-
doped anatase TiO2 nanocrystals with the formula of (Ti?fx_yTi?Nbif)(O%:y’_ZI:l ZN§?) are
synthesized through a solvothermal reaction route for efficiently introducing nitrogen

111



ions into host TiO> materials and simultaneously avoiding nitrogen evaporation during
subsequent high temperature processing. Experimental and theoretical investigations
demonstrate that the formation of highly concentrated defect-pairs between N*~ and Nb>*
co-dopant ions is key to enhance visible light absorption of TiO2 nanocrystals, prevent
the recombination or trapping of photo-generated charge carrier, and significantly
improve visible light catalytic efficiency. It is thus unveiled that a fundamental
understanding of the functions of local defect structures and a well-controlled synthetic
strategy are critical to develop highly efficient visible light catalysts with unprecedented

photocatalytic performances.

In combination of local defect structural design and the exploration of new synthesis
strategies, (Ti‘l‘fxTiiJr)(O%:y_ZNi'Dz) anatase nanocrystals containing N°~ and Ti*" ions are
synthesized by using TiCls as Ti source, HNOs as nitrogen source and ethanol as a
reaction solvent. In this material, Ti**-Vo-2Ti*"-N* defect clusters are formed in anatase
Ti0O2 nanocrystals and the visible light catalytic properties are greatly enhanced thereof.
The formation of local Ti**-Vo-2Ti*"-N* defect clusters is finally demonstrated to play
an important role on the obvious enhancement of Rhodamine B degradation efficiency
under only visible light illumination. In further comparison with (In**, Nb>*) and (N*,
Nb>*) co-doped anatase TiO2 nanocrystals, it can be concluded that the local defect
structures generated by introduced co-dopant ions are complicated in strong-correlated

TiOz systems and differ from case to case.

Through these systematic investigations on ions co-doped TiO2 nanocrystals, a major
difficulty to efficiently introduce difficult-dopant ions such as N°*- and In** into TiO>
crystal structures at high concentrations, especially, through wet chemical synthesis, is
solved. Two types of high-efficient TiO2-based visible light catalysts are achieved for
environmental remediation by directly using the clean and renewable solar energy; and
one raw material for the manufacture of new ceramic capacitors and new TiO> metastable
polymorphic phases is provided. The discussion on the doping mechanisms, the defect
formation and their associated impacts on material performances will not only benefit the
future development of physical chemistry, material science and defect chemistry, but also
open a new route to design novel multifunctional materials based on local defect

structures in materials.
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Chapter 1. Introduction

In recent years, titanium dioxide (T102) and TiO»-based materials (e.g. self-modified TiO2,
extrinsic elements doped/co-doped TiO», a mixture of two or more polymorphic TiO»,
and the composites of TiO2 with other materials etc.) have attracted broad research and
industrial interest since they possess multifunctional features and are thus widely used in
a range of fields. As the ninth most-abundant element (0.63%) in earth crust, the storage
amount of titanium is rather rich, partially leading to the low-cost of TiO2 and TiO2-based
materials for their large-scale applications. Furthermore, nontoxicity, relatively chemical
stability and good biocompatibility also broadens their potential applications as additives
of cosmetics, paints and other commercial products for teeth whitening or air purification
etc. In the introduction section of this thesis, TiO: crystal structures, the application of
TiO2 and TiO2-based materials, the defects in self-modified and co-doped TiO»-based
materials, the chemical synthesis methods and the associated physicochemical properties

of co-doped TiOz-based materials are briefly reviewed.
1.1 TiO: crystal structures

TiOz is a typical multiple polymorphic material with up to twelve different types of crystal
structures. TiOx (x=6, 7, 8, 9, 10) polyhedrons, which are used as the basic units to
construct these different TiO2 polymorphs and their related connection modes, are shown
in Figure 1. Anatase, rutile and brookite are its three common phases and extensively
reported to date since (1) they are easier and more mature to be synthesized at the
experimental and industrial scales; and (2) they are more stable than other TiO; crystal
structures at ambient conditions. Though the three normal TiO2 phases are all composed
of TiOs octahedrons (Figure 1a-1c), the connection mode of TiOs octahedrons slightly
differs from one another. In anatase TiO> with space group symmetry /41/amd,' each TiOg
octahedron shares four edges with the nearest ones, and forms zigzag chains along the a
and b directions. Regarding rutile TiO> with space group symmetry P4>/mnm,? each TiOg
octahedron links together with another four basic units by sharing corners along a and b
directions, and connects with another two by sharing edges along ¢ direction. As to

3 each TiO¢ octahedron shares three

brookite TiO> with space group symmetry Pbca,
edges to form an orthorhombic structure. one of these connection modes determines the
crystal arrangement of brookite TiO> along the a direction while the other two connection

modes determine their arrangement along the ¢ direction.
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Figure 1. Polyhedral structures of different TiO> polymorphs: (a) anatase, (b) rutile, (c)
brookite, (d) VO»-like structure, (e) a-PbO;-like structure, (f) hollandite-like structure, (g)
ramsdellite-like structure, (h) orthorhombic structure, (i) baddeleyite-like structure, (j)
CaF-like structure, (k) FeP>-like structure, and (1) CaC»-like structure.

TiO¢ octahedrons are also used to construct other TiO> crystal structures including VO»-
like (TiO2-B), a-PbO>-like, hollandite-like (TiO2-H), ramsdellite-like (TiO2-R) and TiO»-
O forms. However, the chemical synthesis of these crystal structures becomes more
difficult and complicated than that of anatase, rutile or brookite phases. The reports on
them are thus scare, and some of them are only predicted theoretically. In the framework
structure of TiO2-B with group space symmetry C2/m,* it is usually described as a stack
of (011)-oriented sheets consisting of double layers of edge-sharing TiO> octahedrons.
The sheets are connected through the corners of the facing octahedrons (note: it is also
proposed that the environment of the corresponding Ti atom in a TiO»-B phase is distorted
square-pyramidal rather than octahedral.). In an a-PbO»,-like phase with space group
symmetry Pbcn,” TiOs octahedrons form the planar chains sharing edges in a zigzag
arrangement along the ¢ direction. In the TiO>-H crystal structure with space group
symmetry [4/m,’ it is composed of double chains of TiOs octahedrons by sharing edges

(viewed along the ¢ direction). Furthermore, it also shows 2x2 channels which are formed
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along the [001] direction by corner cross-linking double chains. In a TiO2-R form with
space group symmetry Pbnm,’ its basic framework is the TiOs double rutile chain. In the
TiO2-O crystal structure with space group symmetry Pca21,® the TiOs octahedrons are
severely distorted and the Ti-O bonds present three different lengths.

In addition to these crystal structures composed of TiOs octahedrons, TiO: also possesses
many other polymorphs in which Ti*" ions have higher coordination numbers (e.g. 7, 8,
9 and 10). For instance, the baddeleyite-like TiO2 phase with space group symmetry P21/c
is constructed by TiO; decahedra;’ the CaF»-like crystal structure with space group
symmetry Fm-3m is composed of TiOs cubes;'® the FeP,-like structure is consisted by
TiOy basic units,!" and the CaCa-type structure with space group symmetry [4/mmm
adopts ten-fold coordinated TiOjo units by face-sharing dodecahedrons.'> The ten
coordination number is also currently known as the highest coordination number among
all TiOz crystal structures. Such highly coordinated TiO2 can only be synthesized under
extremely high pressure conditions (above 690 GPa). Since TiO: has so many different
crystal structures, it is normally taken as a model system to investigate the internal
structure of earth by geologists. Future work on experimentally synthesizing or
industrially manufacturing these highly-coordinated TiO; is necessary since they present
ultra-high hardness, excellent conductivity or other abnormal physicochemical

performances.
1.2 Application of TiO:z and TiO:-based materials

TiO2 and TiOz-based materials are now broadly used in optics, electrics, electronics,
magnetics and other fields. Figure 2 shows the main physicochemical properties and
applications of TiO2 and TiO2-based materials. As the whitest pigment, intrinsic TiO2 is
normally added into paints or cosmetics to strengthen their whiteness. Elemental doping
such as Fe, V or Ti*" can make TiO-based materials show colour variation and thus
important for colourful pigments.'*> Meanwhile, TiO, and TiO,-based materials can also
absorb ultraviolent light of solar spectrum and hence lower the damage of intense sunlight
on human skins. Their absorbed photon energy can efficiently activate the separation of
electron-hole pairs, and are then used to catalyse the decomposition of organic
contaminates in water/air, the photo-degradation of plastic products or the splitting of
water into hydrogen and oxygen gases.'* TiO, and TiO»-based materials are thus broadly
used as ultraviolent- or visble-light photocatalysts in wastewater purification, air cleaning,

and environmental remediation efc.



Figure 2. The major applications of TiO2 and TiO-based materials.

TiO2 and TiO»-based materials are also widely applied in electrics or electronics. As a
potential candidate of transparent conductive oxides, they can potentially replace the
traditional ITO as a transparent electrode due to their low resistivity (2x10™ Qecm at room
temperature) and high internal transmittance (95% in the visible light region).!® In the
assembling of solar cells like dye sensitive solar cells and hybrid organic-inorganic
perovskite solar cells, they are normally used as the compact/mesoporous layers to
separate electrons and holes.'®!” In the sensors, they are normally used to detect gas
molecules, soluble organics in water environment or biological substances etc.'® Besides
these applications, TiO2-based materials also make a big progress in the application of
capacitors because they simultaneously show colossal permittivity, relatively low
dielectric loss and excellent temperature stability.!” Their outstanding dielectric
properties open up a new way to manufacture the future generation of single-layer or

multi-layer ceramic capacitors.

In magnetics, TiO»-based materials achieve extensive focus on the preparation of
spintronic devices.?’ As a type of diluted magnetic semiconductors, both charge and spin
degrees of freedom of carriers are used to store and transmit information. When some of
transition metal ions (e.g. Fe, Co, Ni or Cu) are introduced into the crystal lattices of TiO>
host materials, the diamagnetic or antiferromagnetic TiO: 1is transferred to be
ferromagnetic. This magnetic transition is beneficial to offer lower power consumption

and greater operating speed than the charge-based analogues.

In addition, TiO2 and TiO»-based materials are also broadly used in other fields such as

anti-fogging and self-cleaning coating, high refractive index glasses (e.g. anatase: n=2.56;
4



rutile: n=2.61 and brookite: n=2.58) and even the assay of some chemicals. For instance,
ultrafast drying, antifogging as well as the self-cleaning of dirt or organic contaminates
can be realized through controlling the superhydrophilicity or superhydrophobicity of

TiO; or TiO»-based material surfaces.?!*?

1.3 Defects in TiO2 and TiO:2-based materials

Perfect and stoichiometric TiO> materials almost do not exist naturally or even cannot be
synthesized artificially. That is, TiO> and TiO»-based materials must contain a certain
type or level of defects. Some of these defects do not significantly affect their
physicochemical properties and thus can be neglected. The others play critical roles
depending on the concentration, the forms of introduced defects or the level of structural
distortion.”* It is commonly accepted that several properties of solid materials are
controlled not so much by their geometric and electronic structure but by faults or defects
in the crystal structures.?* Through introducing different types, different forms and/or
different concentrations of defects into TiO»-based host materials, their local/average
crystal structure can be tuned and thus their macroscopic performances can be changed
by the intentional defect design and associated defect engineering. The introduced defect
species, defect types or defect densities are directly related to the preparation procedures,

synthesis methods, and the selection of extrinsic co-dopant or dopant ions.
1.3.1 Defects in self-modified TiO:

Self-modifying means that TiO2 materials are modified by the change of chemical valence,
stoichiometric ratio, and atomic position of Ti and O other than by the introduction of
additional elements. In the self-modified TiO> materials, intrinsic defects are rich and
diverse depending on the concrete preparation conditions. They not only include point
defects like oxygen vacancies, titanium interstitials, titanium vacancies and oxygen

interstitials or reduced titanium (Ti*"), but also include planar defects like shear planes.
1.3.1.1 Point defects in self-modified TiO2

Oxygen vacancy is one of the most important defects, and it is also supposed to be one
prevalent point defect in TiO2. Oxygen vacancy in self-modified TiO2 materials has been
broadly investigated by both theoretical calculations and experimental
characterizations.” It has been demonstrated that oxygen vacancies can behave as
important adsorption and active sites for heterogeneous catalysis, which are able to
strongly affect the reactivity of host TiO2 materials. Once oxygen ions in TiO:2 crystal
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structure are removed from their regular sites, oxygen vacancies will be left there.
According to the chemical valences, oxygen vacancies can be categorized into doubly

(V5"), singly (V) and neutral (Vo) ionized one, respectively.

Some experimental evidences are provided for the existence of oxygen vacancies with
different chemical valences. For example, the results of infrared absorption spectroscopy
point out that the energy level of doubly ionized V;;* locates at about 1.18 eV below the
conduction band edge while that of V; is at about 0.75 eV.%¢ It is in consistency with that
of Ab initio density functional theory calculations.?*?” Thermogravimetric analysis and
electrical characterization further exhibit that the formation energy of V;* and V; is 4.6
and (3.6-4.0) eV, respectively, though these values are slightly different depending on the
reaction temperature and the partial pressure of oxygen gas.?® For the neutral oxygen
vacancies, the calculated formation energy is about 5.19-5.45 eV under extreme O-rich
conditions and 1.42-1.65 eV under extreme Ti-rich conditions.?’ In addition, scanning
tunnelling microscope (STM) images show some bright spots in the atomic column of
oxygen® while photoluminance spectra present the enhancement of peak intensity and

blue-shift of peak positions due to the formation of oxygen vacancies.?!

Another dominant point defect in self-modified TiO; is Ti** ions. It is generated by the
reduction of Ti*" ions at a high temperature or under reduction conditions such as
hydrogen, carbon monoxide gas and others. Ti** ions are thought as donor dopants to
increase the conductivity of TiO: or act as reactive agents for many adsorbents. They are
also believed to be the origin of blue coloration or “colour centre” of TiO,. The formation
of Ti** ions in TiOz is supported by several experimental evidences, (1) the g-tensor
typical of a Ti 3d' state measured by electronic paramagnetic resonance (EPR);*? (2) the
Ti*" signal with the binding energy of ~457.7 eV detected by X-ray photoelectron
spectroscopy (XPS);** and (3) a bandgap state of ~2 eV above the valence band (VB)
maximum probed by ultraviolent photoemission spectroscopy (UPS), electron energy loss
spectroscopy (EELS), or STM.*-*8 Though these techniques provide solid evidences for
the existence of Ti** ions, it is still difficult to confirm their quantitate concentrations,
their location in self-modified TiO» (bulk or surface), and their direct impacts on material

properties.

In addition to oxygen vacancies and Ti*" ions, there are also many other types of point
defects such as titanium interstitials,?® titanium vacancies,*® and oxygen interstitials*! etc.

Due to only fewer studies on these defects, their experimental and theoretical evidences
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should be further provided to demonstrate whether they indeed exist in TiO> materials.
Moreover, these defects are usually formed at special conditions such as strict oxygen
conditions or much longer reaction time. Their controllable synthesis is thus a difficulty.
At most cases, the point defect species in TiO> is not single. Two or more types of point
defects simultaneously exist in TiO> and thus lead to a complication in their analysis and

characterization.
1.3.1.2 Shear planes in self-modified TiO2

The appearance of crystallographic shear planes (i.e. magnéli phases) make the story of
defects in self-modified TiO> materials more complicated. Crystallographic shear
virtually displaces one slab of crystal with respect to a neighbouring slab, along a defined
(hkl) plane, the shear plane, the displacement being defined by a shear vector, which
approximates to a lattice vector of the parent structure when allowance is made for
distortions in the fused octahedral groups.** The shear vector must have a component
normal to the shear plane in order to give rise to a change in chemical composition. The
shear vector lying wholly in the shear plane produces a stacking fault or antiphase
boundary.* In a series of oxygen-deficient TiO2 compounds, the normally observed shear

plane is (12-1), but other shear planes also exist in samples, for example, (13-2).

ADb initio calculations point out that the defects’ formation energies of magnéli phases is
lower than that of isolated point defects. It is thus preferable to form a Magnéli phase at
a particular concentration of oxygen deficiency.* These crystallographic shear planes are
natural charge storage materials with a storage capacity that rivals the best known
supercapacitors.* The experimental evidences of crystallographic shear planes are
provided by electron microscopy, electron diffraction, direct lattice imaging, and X-ray

diffraction etc.
1.3.2 Defects in co-doped TiO2-based materials

The introduction of two or more extrinsic elements into TiO, crystal structures would
form their co-doped TiO>-based materials. According to the types of incorporated
elements, co-doped TiO;-based materials are categorized into three different types, that
is, (1) metal+metal (M, M) ions co-doped TiO; (2) non-metal+non-metal (No, No) ions
co-doped TiO»; and (3) non-metal+metal (N,, M) ions co-doped TiO». The dopant M ions
are thought to substitute a proportion of Ti*" or occupy the interstitial positions of TiO>

crystal structures depending on their ionic radius and the synthesis condition of co-doped
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TiO,-based materials. The dopant N, ions are designed to replace a proportion of O* ions,
or they can also occupy the interstitial positions. The incorporated co-dopants can locally
exist as isolated point defects, bind together to form defect pairs, or combine with other
induced ions to form complicated defect clusters or inter-grown shear planes in the co-
doped TiO»-based materials. These different defect types are critical to determine the
physicochemical properties of TiO-based materials. In the following, (N*-, M>*) and
(M3*, M>") co-doped TiO-based materials are taken as examples to further describe the
formation of local defect structures, the used synthesis methods to introduce local defect
states, as well as the effects of introduced defects on TiO>-based material properties like

visible light catalytic and colossal permittivity performances.
1.3.2.1 Defects in (N>, M5*) co-doped TiO: for visible light catalysts

(N*-, M>") co-doping (M=Nb, V, Ta and others) is an efficient strategy to activate the
visible light catalytic (VLC) behaviour of TiO> materials for broad use in wastewater
purification, air cleaning, hydrogen generation, and sterilization. It is thus significant to
enhance the utilization efficiency of clean/renewable solar energy, and to alter the current
state of environmental pollution. In (N*, M**) co-doped TiO-based materials, N> and
M>* ions are simultaneously incorporated into TiO: crystal structures by substituting a
proportion of the Ti** and O® host ions. The atomic orbitals of these extrinsic co-dopant
ions will hybridize with that of Ti*", O* or each other to extend the light absorption of
TiO2 towards the visible light regime, to reduce recombination of electron-hole pairs, and
finally to enhance VLC efficiency. Furthermore, the coupling of N* and M>" ions also

increases the doping concentration of difficult-dopant N*- ions.

The selected M>* ions mainly include Nb>*, Ta’" and V>' metal ions. In the atomic
periodic table, niobium (Nb) is the 41* element with an electronegativity of 1.6 Pauling
units and has the electronic configuration of 1s?2s?2p®3s*3p®3d!%4s?4p®4d*5s!. Nb ions
normally have three chemical valences depending on the number of lost electrons in 4d
and 5s orbitals, i.e., Nb>* (the ionic radius, 7ion=0.078 nm in six-coordinated octahedral),

Nb* (7in=0.082 nm), and Nb*" (7in=0.086 nm).*®

Tantalum (Ta) is the 73™ element with an electronegativity of 1.5 Pauling units and has
the electronic configuration of 1s22s?2p®3s?3p®3d!%4s24p%4d'%4f'45525p®5d°6s%. Ta®", Ta*"
and Ta" are their three stable ions at normal conditions. The ionic radii of Ta ions are the
same as that of Nb ions (7in of Ta>*=0.078 nm; Ta*'=0.082 nm; Ta**=0.086 nm).
Vanadium (V) is the 43" element with an electronegativity of 1.63 Pauling units and has
8



the electronic configuration of 1s?2s?2p®3s?3p®3d®4s®. The ionic radii of V ions are
smaller than that of Ta or Nb ions, and are 0.068 (V>"); 0.072 nm (V*#); and 0.078 nm
(V3), respectively.

Since Ta’" and Nb>" ions have almost the similar ionic radius as Ti*" (7i0n=0.0745 nm)
and their elements show the similar electronegativity as Ti (1.54), they are normally co-
doped together with N*~ ions into host TiO> without producing a large distortion in the
local/average crystal structures. The smaller V°* ions are sometimes also used as co-

dopants due to their easy substitution of Ti*" ions.

Furthermore, M>* dopant ions lose one additional electron in contrast to the Ti*" host ions.
This electron is well compensated by the co-doping of N*- cations. The molar ratio of M>*
and N* co-dopants is thus expected to be 1:1 for charge balance. Any deviation of this
stoichiometric ratio will generate extra Ti** ions or additional oxygen vacancies. In the

two scenarios, (N>-, M>") co-doping is actually accompanied by N3~ or M>* mono-doping.
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Figure 3. A 108-atom supercell containing substituted N and Ta co-dopants (a), the
calculated total DOS (b) and PDOS (c) of un-doped, Ta mono-doped, N mono-doped and
(N, Ta) co-doped anatase Ti02.®

Theoretical calculations demonstrate that N and Ta co-dopants prefer to directly bind
together in one octahedron among various co-doped configurations (Figure 3). An
increase in the N-Ta distances will lead to a higher total formation energy. The
hybridization of N2p and Ta5d states in (N, Ta) co-doped TiO; reduces recombination
centres caused by impurity levels (Figure 3b and 3c), narrows the bandgap, increases

carrier mobility, and finally enhances the VLC properties of (N, Ta) co-doped anatase
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Ti0;, materials. The calculated bandgap value (2.7 eV) is also in consistency with the
experimental results. The similar scenario also happens in (N, V) co-doped TiO». N and
V will chemically bind together and narrow the bandgap by about 0.45 eV through
providing an acceptor level of about 0.33 eV above the valence band and a donor level of
about 0.12 eV below the conduction band. Moreover, the N and V have a large binding
energy of about 0.77 eV, making them rather stable against separation, but the controlling

of chemical valences of V°* ions is too difficult technologically.

Various experimental routes have been tried to date to synthesize (N*, M>*) co-doped
TiO2 materials. Table 1 lists the detailed synthesis processes, the characterized material
properties and the measured VLC effects. As seen, the used N sources are categorized
into three different types: (1) the colourless liquid HNOj3 (nitric acid), NH4OH (ammonia
solution), CsHiIN (n-Butylamine), CgHisN (triethylamine), and CgHisNO3
(triethanolamine); (2) the solid CH4N2O (urea), CsH12N4 (hexamethylenetetramine) and
NH4VO3; (ammonium metavanadate), as well as (3) NH3 (ammonia) or N> (nitrogen) gas.
Meanwhile, the used M>" sources include NbCls (niobium pentachloride),
Nb(OCH2CH3)s (niobium ethoxide), (NH4)[(NbOF4)(NbF7)2, TiixNbx alloy, TaCls
(tantalum pentachloride), Ta metal, (Ta205)0.01(TiO2)0.99 pellets, TaCisH3505 (tantalum
isopropoxide), NH4VO3 (ammonium metavanadate) and others. The used Ti sources are
mainly focused on Ti(SO4)> (titanium sulphate), TiCls (titanium tetrachloride),
C12H2804Ti1 (titanium isopropoxide, TTIP), C16H3604T1i (titanium butoxide, Ti(OBu)s4), N
mono-doped TiO2, Ti1.xNbx alloy or Ti metal.

According to the difference in the selected raw materials, many synthesis methods have
been tried to date to prepare (N>, M>") co-doped TiO materials. The microwave-assisted
hydrothermal or direct hydrothermal route are able to achieve (N>, M>") co-doped TiO»
nanocrystals without any post-sintering process. In this reaction route, the raw materials
containing Ti*", M>" and N* ions were firstly dispersed in distilled water to form one
solution. The prepared solution was then added into autoclaves to chemically react at the
set temperature and reaction time. When the autoclaves cooled down to room temperatue,
(N*, M>*) co-doped TiO, product was finally achieved by separating them from the
solution, washing and drying. This synthesis route is also easy to control the morphology
and particle size of prepared (N>, M>") co-doped TiO> nanomaterials. Another widely
used synthesis route is sol-gel and post-sintering treatment. At the so-gel stage, M>"
mono-doped or (N>, M*") co-doped amorphous TiO: or their hydroxides was prepared

firstly. The subsequent post-sintering treatment at high temperature and N2/NH;
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atmosphere not only induced the crystallization of mono-doped/co-doped TiO: but also
further incorporated N3 ions into M>" mono-doped TiO>. Though this method can also
synthesize (N*-, M>") co-doped TiO> nanomaterials, two adverse effects are also caused
simultaneously, that is, (1) the serious agglomeration of nanoparticles at high temperature;
and (2) the surface doping of N* ions due to their high temperature diffusion process.
Furthermore, it is also not easy to experimentally control the doping ratios of N°- and M>*

co-dopants.

In addition, other synthesis methods like magnetron sputtering, anodization, aerosol
assisted chemical vapour deposition and others are also tried to prepared (N*-, M*") co-
doped TiO: films or nanotube arrays. These methods sometimes also need the post-
sintering treatment to dope N°" ions into the as-prepared M~ mono-doped TiO: or require
expensive sputtering instrument. The reports on these synthesis methods to prepare (N*,
M>*) co-doped TiO> materials are thus few in contrast to that of hydrothermal or sol-gel

methods.

It can be further found from Table 1 that the normally achieved (N*, M>*) co-doped TiO
materials show anatase and rutile crystal structures, but most of them are focused on co-
doped anatase TiO2. For example, in combination of solvothermal and post-sintering
methods, (N*, Ta’>") co-doped rutile TiO> nanowires/nanorods were prepared by firstly
achieving Ta>" mono-doped rutile TiO> nanowires/nanorods at the solvothermal reaction
conditions and then further incorporating N* ions through high-temperature nitridation.
The synthesis of co-doped rutile TiO> is more difficult than that of anatase one since it
experimentally needs strong-acid or higher temperature conditions. On the other hand,
the N* and M>" co-dopants normally act as the inhibitor of phase transition from anatase
to rutile and thus lead to a higher difficulty to synthesize (N*-, M>*) co-doped rutile TiO».
Additionally, the loss of N* ions at high temperature also technologically restricts the
formation of co-doped rutile crystal structure. The measured bandgap of prepared (N*,
M>") co-doped TiO> ranges from 3.2 to 2.0 eV. Such a wide range is not only related to
the used synthesis methods but also is related to “whether N** ions are really co-doped
into TiO, with M>* ions.” At present, the assignment of “N3~ dopant ions in materials” is
technologically difficult given the tiny difference of N XPS peaks from N°* to N* ions
and the N contamination on the nanomaterial surfaces. Furthermore, it is more difficult
to distinguish “surface doping” or “bulk doping” just based on the characterization of
XPS spectra since it can only detect the chemical information of material surface. It is

thus understandable why many previous reports on (N*-, M>") co-doped TiO> only present
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Table 1. The synthesis processes, characterized properties and VLC effects for (N>, M>") co-doped TiO2 materials (M=Nb, Ta and V).

Co-dopant Synthesis Characterization VLC properties
) o Bandga Light Dye VLCs
N source Nb source Ti source Method & condition N (at.%) Nb (at.%) Phase Shape C/Co, (%) Ref
p (eV) source (mg/L) (g/L)
Halogen
NH,OH/ . Microwave-assisted 15 lamp (500
NbCls Ti(SO4), 10 (XPS)  Anatase 3.1 NP (~9 nm) H,O 0.4 100 umol/h 47
CH4N,O hydrothermal (nominal) W, > 400
nm)
Microwave-assisted NO
CeH 12Ny NbCls TiCl, hydrothermal - 2 (EDX) Anatase 2.8 NP LED lamps @ ) - 31% 48
m
(190 °C, 0.5 h) PP
Xe lamp
Sol-gel & Post-
. o 1-333 (150 W, MB )
NH; NbCls Ci6H3604Ti sintering - . Anatase 2.0 NP (20 nm) - 7@120 min 49,50
N*+Nb5* (nominal) AM 1.5G (40)
(500 °C, 5 h, NH3)
filter)
Xe lamp
Sol-gel & Post-
. L (150 W,
NH; NbCls C16H3604Ti sintering 0.2 (XPS) 25 (XPS) Anatase 2.2 NP (20 nm) AM 1.5G H,O 1 Tumol/h 51
(500 °C, 5 h, NH3) '
filter)
o Halogen
Anodization & Post-
) ) o 10 lamp (3.0 .
NH; Ti«Nby Ti.<Nby sintering 8.2 (XPS) Anatase 2.8 NTA MB (2) - 12 @ 120 min 52
(nominal) mW/cm?, >
(450 °C, 0.5 h,NH3)
400 nm)
(NH4)[(Nb Anodization & Post- Oriel
NH; OF4)(NbF;) Ti foil sintering 6.9 (XPS) 4 (bulk) Anatase - NTA EmArc - - - 53
2] (550 °C, 2 h, NH3) (200 W)
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NH4OH &
NbCls
HNO;
CioH1s0sN
C4H| IN
b
CH4N,O TaCls
NH,OH Ta
N>+ Ta* N (Taz0s)0.01(
2
TiO2)o0.90
NH3 C15H3505Ta
NH3 C10H2505Ta

C12Hs04Ti

C 1 2H2g04Ti

Ci6Hs604Ti

C12H2s04Ti

Ti &
(Ta205)0.01
(TiO2)0.99

TiCL

Ci2H2s0,4Ti

Sol-gel & Post-
sintering

(400 °C, 3h, air)

Aerosol assisted
chemical vapour

deposition

Sol-gel & Post-
sintering

(500 °C, 1 h, air)

Hydrothermal &
Post-sintering

(300 °C, 1 h, air)

Magnetron

sputtering (400 °C)

Solvothermal &
Post-sintering

(500 °C, 2 h, NH3)

Microwave-assisted

solvothermal &
post-sintering

(350 °C, 1 h, NH3)

0.06-0.09

(XPS)

13.4 (XPS)

1.7 (XPS)

0.5-0.6
(XPS)

0.5

2-10
(XPS)

12.8
(XPS)

0.29
(XPS)

2.3-13
(XPS)

0.29
(XPS)

Xe lamp
(300 W, >
420 nm)

Xe lamp
(500 W, >
420 nm)

Hg-Xe
lamp (500
W, >420

nm)

Xe lamp
(420 nm to
500 nm)

visible light
(>420 nm)

Xe lamp
(500 W, >
420 nm)

0 @ 120 min

32@240min

7@180min

11@120 min

0.7 umol/h

54

55

56

57

58

59

60



Sol-gel & Post- Xe lamp

2 RhB
CeHsN NH,VO; C16H3604Ti sintering 4 (nominal) . Anatase 23 NP (7nm) (150 W, 0.29 0@60min 61
) (nominal) (95.8)
(450 °C, 2 h, air) 15¢m)
Two-step 1.0 (ICP) Xe lamp PCP-
CeH;sNO; NH4VO; Ti(SO4), hydrothermal 3.12 (XPS) 0.5(XPS) Anatase 2.5 NP (13 nm) (400 W, > Na 0.4 20@275 min 62
(180 °C, 22h) ’ 400 nm) (20)
Two-step Xe lamp MB
CeHisN A% Ci6H3604Ti hydrothermal - - Anatase 2.8 NP (5 nm) (400W, > (L.6) - 80@275 min 63
(180 °C, 22h) 400 nm) ’
N3+ +v5+
. Xe lamp
NH4VOs; or TiO, Hydrothermal 20 MO .
NH4VO; 2.97 (XPS) Anatase - NP (11 nm) (300W, > - 54@300 min 64
NH;OH nanotubes (180 °C, 12 h) (nominal) 3.3)
420 nm)
Hg lam,
Hydrothermal 42 & amp
NH4VO; NH4VO; N-TiO, 3.4 (XPS) Anatase 2.3 NTA (300 W, > CO, - 64.5 ppm/h-cm 65
(180 °C, 5 h) (XPS)
420 nm)
Sol-gel & Halide
4 2 CAP _
CeHsN NH,VO; C6H3604Ti Hydrothermal 0.62 (XPS) ) Anatase 2.5 NP lamp (400 1 325x10* min™ 66
(nominal) 25)
(180 °C, 20 h) W, 420nm)

Note: in the Table 1, NP: nanoparticle; NTA: nanotube array; NW: nanowire; NR: nanorod; RhB: Rhodamine B; MB: methylene blue; 4-CP: 4-
chlorophenol; MB: methylene blue; MO: methylene orange; PCP-Na: sodium pentachlorophenate; and CAP: chloramphenicol.
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the nominal N* doping concentrations or even do not discuss it at all. However, the
analysis of chemical compositions is fundamental to further investigate the material
performances. The unbalanced ratio of N3 and M>" co-dopants tends to introduce the
disadvantages of N*- or M>" mono-doping into TiO, materials and questions whether the
observed light absorption behaviours or visible light catalytic effects are really related to
N*and M>* co-doping. Therefore, it is completely necessary to quantitatively analyse the
chemical compositions of (N°°, M>") co-doped TiO> through different technical
instruments including TGA-DSC, N-O determinator, XPS and others in order to confirm
that (1) the N* dopants are really co-doped into TiO: crystal structures with M>" ions; (2)
how many N dopants exist in host TiO, materials; (3) whether N>~ and M°>" co-dopants
are equal to avoid the adverse effects of their mono-doping; and (4) whether N3~ and M>*
co-dopants have been coupled together to significantly enhance visible light catalytic

properties.

In contrast to (N>, Nb*") or (N>, Ta>") co-doping, it is found that V>* and V** (V**) ions
almost co-exist in all prepared (N*, V>*) co-doped TiO.. Though the real reasons for the
easy change of chemical valences of V°* ions are still not clear to date, V is not an
appropriate dopant in the design and development of (N*-, M>*) co-doped TiO>. By
contrast, Nb°>" and Ta>* dopants are chemically stable at almost all the reported synthesis

conditions. They are thus appropriate M>* ions for co-doping with N*" ions.

The decomposition of dyes was characterized under visible light illumination to
demonstrate the VLC efficiency of (N>, M>") co-doped TiO. The decomposition rate
(C/Co) changes a lot among different researcher groups. This is not only caused by the
intrinsic features of prepared (N*, M>*) co-doped TiO2 materials but also is related to the
detailed experimental setup or operation (e.g. the used light sources, the measured dye
concentrations and types, the added VLC amount, the added concentrations of
photocatalysts or dyes etc.). In addition to the decomposition of dyes using these (N*,
M>") co-doped TiO, photocatalysts, water splitting experiments were also conducted
occasionally. It is still hard to compare the photocatalytic efficiency of different VLCs
prepared by different researchers for generating hydrogen. However, the generally
accepted viewpoint is that (N>, M>") co-doping is more efficient in the enhancement of

VLC properties in contrast to N** or M>" mono-doping.

In summary, N* and M>" co-dopants would bind together in their co-doped TiO> host

materials. The introduction of N3- and M>* co-dopants into TiO, crystal structures are
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critical to narrow the bandgap, remove the “trapping or recombination centres” of photo-
generated carriers, increase the doping levels of N*" ions, and thus enhance visible light
catalytic properties. In contrast to Nb°" and Ta®* ions, the chemical valences of V°* are
too easy to change. It is thus better to select Nb>" and Ta>" as co-dopants of N* ions.
Given that the difficulty in comparing the experimental results achieved by different
research groups, the standard photocatalytic procedures and conditions should be
proposed, and accurate chemical compositions should be determined by all researchers.
Based on the overall considerations on the recent progress of (N>, M>*) co-doped TiOa
materials and the existed problems in the current research field of visible light catalysts,
(N*, Nb*>*) co-doped TiO, nanocrystals are taken as an example and further investigated
from the different aspects of local defect structure, chemical synthesis methods and

associated visible light catalytic performances.

1.3.2.2 Defects in (M3*, M>*) co-doped TiO: for dielectric properties

Figure 4. Structure of the In and Nb defect complexes. a,b, Ball-and-stick illustration of
the triangular 2In**-Vo-Ti*" (a) and diamond 2Nb>*-Ti**-Ari (b) complexes common to
stable (Nb +In) co-doped TiO». Unlabelled atoms are Ti*" (yellow) and O (red). The
triangle- and diamond- shaped motifs are sketched with dashed lines."’

Novel materials, which simultaneously possess colossal permittivity (CP), low dielectric
loss (tand), excellent temperature- (T) and frequency- (F) stability, are ideal for the future
development of modern microelectronics as well as the industrial manufacture of high-
energy-density storage devices. Our previous work on (In**+Nb**) co-doped rutile TiO>
ceramics not only provided a new type of materials with CP>10%, loss tan<0.05 and
nearly complete independence of T or F in the measurement range, but also proposed a
new mechanism of electron-pinned defect dipoles to explain this abnormal dielectric

behavior.?
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Figure 5, The reported dielectric properties of (In**+Nb>") co-doped rutile TiO, materials
measured at 1kHz, room temperature and OV bias in the references.!® ®3-75 It shows that

dielectric constants and dielectric loss change broadly.

Figure 5 shows the experimental data of dielectric constant (&) and dielectric loss of
(In**+Nb>") co-doped rutile TiO, measured at 1 kHz, 0 V bias and room temperature
conditions, summarized from the published references.!”> 7 It can be seen that the
achieved &: covers from ~2000 to ~80000 while loss tand spans from ~0.005 to ~0.07. If
the dielectric spectra in the measured frequency and temperature range are further
compared, the discrepancy of & or loss tand becomes more obvious among different

research groups.

Due to the obvious difference in experimental results, various mechanisms, which include
electron-pinned defect dipoles (EPDD), internal barrier layer capacitance (IBLC), surface
barrier layer capacitance (SBLC) and others, are now proposed to explain their measured
dielectric phenomena. The debate on the origin of CP in co-doped TiO is still in progress
and the intrinsic reasons why there are so large changes for dielectric properties is still
unclear. Since creating the designated defect clusters in materials is highly sensitive to
their compositions, the synthetic conditions and experimental process etc., it is possible
to introduce different defect species or defect structures into host TiO and thus result in
the change of dielectric properties/mechanisms. For example, just using smaller AI*" ions
to substitute the larger In*" ions, the prepared (AI**+Nb>") co-doped rutile TiO> presents
different macroscopic behaviours and local defect structures in contrast to (In**+Nb>*)
co-doping.®? Figure 6 shows the gradient distribution of chemical compositions (Ti** and

O?% ions) and the inter-grown, intermediate, metal ion rich structure formed in (AI**+Nb>")
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co-doped rutile TiO2 ceramics. In addition, the presence of Ti** ions even in un-doped
TiO2 makes it more difficult to control their doping concentration experimentally. The
additional Ti*" ions will generate free electrons and lower the resistivity of co-doped rutile
TiO2-based materials. It is thus important to tune the technological parameters to really

achieve the designed local defect structures.

Figure 6, The gradient distribution of chemical compositions (Ti** and O ions) and the
inter-grown, intermediate, metal ion rich structure in (Al, Nb) co-doped rutile TiO>

ceramics.®?

Given that the electrode materials used in the fabrication of ceramic capacitors are
normally composed of cheap metals like Ni, Al or related alloys, these cheap metals have
lower melting point of below 1200 °C. However, the current sintering temperatures of
(In**+Nb°") co-doped rutile TiO> ceramics are generally around 1400 °C. It also restricts
the large-scale commercialization of this novel material in the preparation of single-
/multi-layer ceramic capacitors. In order to lower the sintering temperature of (In**+Nb>")
co-doped rutile TiO2 ceramics, one efficient route is to directly use (In**+Nb>") co-doped
TiO2 nanocrystals as raw materials. Due to the size-effect of nanomaterials, the sintering
temperature of (In**+Nb>") co-doped rutile TiO, ceramics is expected to be lowered
below the melting point of electrode materials. To our best knowledge, there is no report
on the synthesis of (In**+Nb°") co-doped TiO: nanocrystals. The difficulty perhaps lies

in how to efficiently introduce so large In** ions into TiO nanocrystals.

In summary, the introduction of M*" and M>* co-dopants into rutile TiO> can significantly

change the dielectric properties of host TiO> materials due to the introduction of local
18



defect structures. Based on the potential and broad applications of (In**+Nb*") co-doped
TiO: in the fabrication of ceramic capacitors, the development of their nanopowders is
thus inevitable to further solve the difficulty in their commercialized manufacture.
(In**+Nb>*) co-doped anatase TiO2 nanocrystals are thus synthesized in this thesis project.
The local defect structure caused by In**, Nb>* co-dopants, the resultant Ti** and Vo are
investigated in the anatase crystal structure. Furthermore, the high-pressure reaction

behaviour of these nanopowders are also studied by in-situ Raman spectroscopy.
1.4 Motivation and outline of the thesis

The topic of this dissertation is to develop multifunctional TiO>-based nanocrystals for
various realistic applications through local defect structure design in combination with
the exploration of chemical synthesis methods and associated properties. Based on local
defect structure design in materials, the physicochemical properties of TiO»-based
nanocrystals, for instance, their visible light catalytic properties, their dielectric properties,
their high-pressure reaction behaviours and others are expected to be controllably tuned.
As an efficient technological route to deliberately design local defect structures in TiO»-
based materials, ionic co-doping including cation-cation and cation-anion co-doping is
investigated. The chemical synthesis methods used to introduce co-dopant ions into TiO>
nanocrystals are mainly focused on solvothermal reaction in this thesis since (1) it can
directly synthesize ions co-doped TiO> nanocrystals without any post-treatment process;
(2) it can easily control the shape and particle size of achieved nanomaterials; (3) it can
guarantee the homogeneous distribution and reaction of host and co-dopant ions in the
whole reaction system. The ions co-doped TiO> nanocrystals synthesized thereof are then
characterized by different measurement instruments including XRD, XPS, ICP-OES,
SEM-EDS, (HR) TEM, Raman spectroscopy, abreacted-correction HADDF-STEM and
others in order to show the intrinsic properties of the synthesized co-doped nanocrystals.
Their photocatalytic properties, high-pressure reaction behaviours and dielectric

properties are also investigated.

Firstly, the gradual exhaustion of non-renewable resources has motivated researchers to
investigate a wide range of materials for the highly efficient utilization of clean and
renewable solar energy. Among these materials, visible light catalysts (VLCs) are vital
and ideal for photo-degradation, dye-sensitized solar cells, hydrogen generation from
water as well as organic synthesis with the potential to convert more than ~45% of

sunlight to chemical or electrical energy. As the third generation of photocatalysts, ions
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co-doped TiO»-based nanocrystals attract much research and industry interest. Based on
local defect structure design, it is found that the simultaneous introduction of (N*-, Nb>*)
ions into anatase TiO; crystal structures will locally form N*-Nb>" defect pairs. These
defect pairs can efficiently enhance visible light catalytic activation through narrowing
the bandgap of TiO» and reducing the recombination centres of photo-excited carriers.
Technologically, a solvothermal reaction route is designed to generate the expected N>
Nb>* defect pairs in TiO> crystal structure. Experimental and theoretical investigations
also demonstrate the emergent behaviour of locally forming defect-pair structure for the

preparation of high-efficient visible light catalysts.

Secondly, anatase TiO» nanocrystals containing (N*, Ti**) ions are synthesized at the
similar reaction conditions as that of (N>, Nb>*) co-doped samples to further develop
high-efficient visible light catalysts. It is found that the presence of Ti** ions can increase
the doping levels of difficult-dopant N ions. These two ions and resultant oxygen
vacancies will integrate together to locally form Ti**-Vo-2Ti*"-N*- defect clusters in TiO>
crystal structure. Due to the introduction of local defect clusters, one mid-gap energy level
is newly generated in the TiO> bandgap and its location is determined by the associated
defect structural models. These anatase TiO> nanocrystals modified by Ti**-Vo-2Ti*"-N*
defect clusters also shows a high efficiency for the decomposition of Rhodamine B under

only visible light illumination condition.

Thirdly, (In**, Nb*") co-doped anatase TiO2 nanocrystals are synthesized in order to solve
the current difficulty of higher sintering temperature facing the preparation of TiO»-based
ceramic capacitors designed in terms of electron-pinned defect dipoles mechanism.
Experimentally, the doping mechanisms of difficult-dopant In*" ions and easy-dopant
Nb>* ions are investigated. It is found that the dual mechanisms of nucleation and
diffusion doping are responsible for the synergistic incorporation of these two co-dopant
ions. Theoretically, it is evidenced that the local defect structures created by the

introduced In**, Nb*>" co-dopants, the resultant Ti** and V; are composed of both

2Iny;+V 5 +Tip+Nby; defect clusters and equivalent Tip;*Nby; defect pairs.

Finally, the high pressure reaction behaviour of the synthesized (In**, Nb*>*) co-doped
anatase TiO: nanocrystals is investigated by in situ Raman spectroscopy. Due to the
introduction of local defect-cluster and defect-pair structures, it is found that these co-
doped anatase TiO> nanocrystals possess an abnormal trans-regime structural transition.

Through the high pressure reaction, the baddeleyite- and a-PbO»-like metastable
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polymorphic phases of TiO» materials are synthesized thereof. In addition, these small
nanocrystals are demonstrated to enable lowering the sintering temperature of related
ceramics to about 1100 °C and thus conquers the technological bottleneck facing the

preparation of ceramic capacitors using this type of material.
This thesis is composed of the following chapters:
Chapter 1 is an introduction to the relevant background information of this thesis.

Chapter 2 is a summary of the used experimental and characterization methods of this

thesis.

Chapter 3 shows the major publications from this thesis including 5 peer-reviewed
journal articles. Additional data used for the supporting information of these publications

have also been attached to related papers.

Chapter 4 summarizes the main achievements during the PhD research project and

prospects the potential continuing work for future investigations.
Chapter 5 lists the publications, patents and conference presentations.
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Chapter 2. Experiment and Characterization

2.1 Chemicals

Chemicals used in this thesis project are overviewed and listed in Table 2. The selected
titanium source is liquid titanium tetrachloride (TiCls) with the molar mass (M) of 189.7
g/mol. Niobium(V) chloride (NbCls, M=270.2 g/mol) is mainly used as one niobium
source. Since the two chemicals are very sensitive to humidity, their operation is proposed
in a N> glove box or through a Schlenk line. Indium(I1I) nitrate [In(NO3)3, M=300.8 g/mol]
and indium(IIT) acetate [In(C2H302)3, M=292.0 g/mol] are used as the indium source.
Nitric acid (HNOs, M=63.0 g/mol) and ammonia water (NH4OH, M=35.0 g/mol) are
respectively used as the nitrogen source. The used solvent is mainly focused on ethanol.
According to the chemical compositions of co-doped materials, different

volumes/weights of chemicals are added experimentally.

Table 2. The detailed information of chemicals used in this thesis project including their

chemical formula, CAS number, molar mass, states and producers.

Reactants Chemical CAS number Molar mass  States Producers
Formula (g/mol)
Ethanol CH3;CH,OH 64-17-5 46.1 Liquid EMD Millipore
Corporation
Titanium TiCl4 7550-45-0 189.7 Liquid Sigma-Aldrich
tetrachloride

Indium(I1T) In(NO3);  207398-97-8 300.8 Solid Alfa Aesar
nitrate

Indium(Ill) In(CoH302); 25114-58-3 292.0 Solid Alfa Aesar
acetate

Niobium(V) NbCls 10026-12-7 270.2 Solid Alfa Aesar

chloride
Nitric Acid HNO3 7697-37-2 63.0 Liquid Ajax Finechem
Pty Ltd
Ammonia NH4OH 1336-21-6 35.0 Liquid APS Finechem
Water
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2.2 Synthesis process

A solvothermal reaction route is designed to synthesize ions [e.g. (In*", Nb°"), (N>, Nb*")
and (N*, Ti*")] co-doped anatase TiO» nanocrystals. The experimental flowing chart is
presented in Figure 7. It is mainly categorized into three steps: (1) the homogeneous
mixing of used chemicals in ethanol solvent to form one transparent solution; (2) the
reaction of this transparent solution in autoclaves at scheduled temperature and period;
(3) the collection of solvothermal products by centrifuging, washing and drying post-

treatment process.

TiCl; AddingatRT CH;CH,0OH Transparent Adding at RT  NbCl; . In(C,H;0,);
(L, 0-2 ml) (10-150 ml) Solution . 'O"fld (S,0-05g) : (S,0-05g)
O, “ElRp NbCl, . HNO
Ty (8,005 (L,0-12ml)
Stirring il
(0.5-2h at RT) . HNO;
(L, 0-12 ml)

Transparent Solution

Stirring (0-2h at RT)

Autoclaves

(100-200°C, 0.5-24h)

TiO, il L Recycling
Collection OGN ARNC . Ethanol

Figure 7, The experimental flowing chart for synthesizing (In**, Nb>*), (N*, Nb°") and

(N*, Ti*") co-doped anatase TiO, nanocrystals.

For example, to prepare (In**, Nb>") co-doped nanocrystals with the doping concertation
of 4.6 at% of each dopant ion, 0.68 mL TiCls, 0.092 g NbCls and 1.6406 g In(C2H302)3
were separately added into 120 mL ethanol solvent to form one transparent solution. This
transparent solution was firstly stirred at room temperature for 2 hours and then
transferred into an autoclave with the inner volume of about 200 mL. After the sealed
autoclave was heated to 200 °C and kept at this temperature for 14 h, the solid product
[ie. (In*", Nb>") co-doped anatase TiO. nanocrystals] formed in the solution was

centrifuged, washed with ethanol and distilled water, and finally dried at 60 °C for 12 h.

Replacing the added In(C2H30)3 by concentrated HNO;3 (69%), (N*-, Nb°") co-doped
anatase TiO> nanocrystals were synthesized following the similar process as the

preparation of (In**, Nb>*) co-doped TiO,. Typically, TiCls (0.68 mL) and NbCls (0.092
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g) were first added into ethanol (120 mL) solvent to form a transparent solution under
magnetically stirring. HNOs with different volumes were then added into the transparent
solution in order to effectively introduce nitrogen sources 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 [i.e., (N*, Nb>") co-doped
anatase TiO» nanocrystals] was separated by a centrifuge (20,000 rounds per minute),

washed with ethanol (distilled water) for five times and finally dried at 60 °C for 12 h.

Further removing the added NbCls from the receipe of synthesizing (N°-, Nb>*) co-doped
anatase TiO; nanocrystals, (N>, Ti**) co-contained anatase TiO2 nanocrystals can be also
prepared by the similar solvothermal reaction route. However, due to the possible
explosion of mixing ethanol and nitric acid, the volume of ethanol should be far more
than that of concentrated HNO3, and only the latter can be added into the former under

magnetically stirring in order to effectively prevent their too vigorous chemical reaction.
2.3 Material characterization
2.3.1 Structural characterization

An X-ray diffractometer and a Raman spectroscopy were used to determine the crystal
structure of synthesized solvothermal products. Through these two instruments, it can be
judged whether the synthesized samples are pure phase and whether dopant or co-dopant
ions have been incorporated into host materials. The regular changes of their related peaks

will then confirm the possible “real” doping or co-doping.

X-ray Powder Diffraction. Powder X-ray diffraction patterns (XRD) of the synthesized
ions co-doped/co-contained TiO2 nanocrystals were characterized using a PANalytical’s
X-ray diffractometer with CuKa radiation. The applied voltage of X-ray diffractometer
1s 45 kV and the current is 40 mA. The setup step size is 0.013° and the time per step is
300s. The total scanning time in the range of 5° to 100° takes about 2 hours for each
sample. Refining the collected XRD patterns through the JANA 2006 software, the
average structural information of prepared solvothermal products including their phases,

lattice parameters and others can be confirmed. In addition, the average crystallite sizes

can be obtained by the calculation of Scherrer equation D = In this equation, 0

Bcosd’
represents the Bragg angles and 3 is the line broadening at half the maximum intensity.
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D is the average crystallite size; A is the X-ray wavelength of CuKa radiation (0.15418

nm); and K is a dimensionless shape factor.

Raman Spectroscopy. Raman spectroscopy (a Renishaw Raman System using 532 nm
laser) is a spectroscopic technique based on the principle of inelastic scattering of
monochromatic light usually from a laser source. It can identify molecules and study
chemical bonding of materials as structural fingerprint through different vibrational,
rotational, and other low-frequency modes. Through analysing the different Raman active

modes, the phase structure of samples and the possible defects can be demonstrated.
2.3.2 Chemical composition and chemical valence analysis

Given the difficulty in the quantitative analysis of N*" ions, three different analytical
instruments were used in this project. X-ray photoelectron spectroscopy is used to analyse
the chemical valences and doping levels of N element nearing the sample surfaces. A
thermogravimetric analysis equipment is used to detect the thermal decomposition
behaviours of solvothermal products under gradually heating conditions, thus confirming
the doping concentrations of N* ions. In addition, Nitrogen/Oxygen determinator is
specially used to determine the N concentrations by immediately heating the samples to
high temperatures of about 2000 °C in 2-5 seconds. It provides the total doping
concentrations of N element in samples. Further analysing the measurement results from
the above three different methods, an acceptable doping level of N* ions can be achieved,

and the debates on “surface doping” or “bulk doping” can be solved.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectroscopy (XPS, Thermo-
ESCALAB250Xi) is a surface-sensitive quantitative spectroscopic technique to analyse
the surface chemistry of a material including elemental compositions at the parts per
thousand range, chemical valences of the elements that exists within materials and others.
Here, XPS is used to confirm the chemical valences and chemical compositions of In, Nb,

N and Ti elements.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA, STA 8000 of
PerkinElmer) is a method of thermal analysis to present the changes of physical and
chemical properties of materials with increasing temperatures or prolonging reaction
time. It is commonly used to determine the mass loss or gain of samples due to the
decomposition, oxidation, or the loss of volatiles. It is thus here used to analyse the doping

level of N ions and the decomposition behaviour of samples at high temperature.
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Nitrogen/Oxygen Determinator. Nitrogen/Oxygen determinator (N/O determinator, TC-
600) is one instrument to particularly analyse nitrogen and oxygen elements in materials.
It is thus used to analyse the doping concentration of N ions through evaporate all nitrogen

ions in samples.

To determine the doping levels of metal ions including In**, Nb>" or Ti*"/Ti**, scanning
electron microscope attached with energy dispersive X-ray spectroscopy and inductively
coupled plasma optical emission spectrometry are used in this project. The detailed
characterization process, the used instrument information and the required samples are

described below.

Scanning Electron Microscope. A Hitachi 4300 SEM attached with an energy dispersive
X-ray spectroscopy (EDS) was used to quantitatively analyse the chemical compositions
at selected spots or areas of the samples. Prior to EDS measurements, the synthesized
anatase nanopowders were firstly pressed into pellets and then sintered at 1400 °C for 20
h in order to achieve dense ceramic pellets. Subsequently, the ceramic pellets were

polished to obtain smooth surfaces, and coated with carbon to avoid possible discharging.

Inductively Coupled Plasma Optical Emission Spectrometry. Inductively coupled
plasma optical emission spectrometry (ICP-OES) is an analytical technique used for the
detection of trace metals. Since ICP-OES has a high accuracy for the quantitative analysis
of trace elements in samples, it is used to quantitatively characterize the doping
concentrations of dopant ions including In, Nb and Ti in the synthesized co-doped TiO:
nanocrystals. Furthermore, the analytical results of ICP-OES are also compared with that
of SEM-EDS. It is found that the measured In and Nb doping concentrations achieved by

the two different analysis methods are consistent to each other.

Besides XPS for the chemical valence analysis, electron paramagnetic resonance

spectroscopy is further used to confirm the presence Ti*" ions.

Electron Paramagnetic Resonance Spectroscopy. Electron paramagnetic resonance
spectroscopy (EPR, a Bruker ER200D spectrometer) is a magnetic resonance method to
detect unpaired electrons in materials. Since Ti** ions have unpaired electrons, they are
easily to be distinguished from the EPR measurement. In this thesis project, EPR is thus
used to demonstrate the presence of Ti** ions and its analytical result is consistent to that

of XPS.

2.3.3 Morphological characterization and element mapping
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To determine the particle shape and size of synthesized solvothermal products, field-
emission scanning electron microscope and high-resolution transmission electron
microscopy were used. Through the two technical tools, it can be also confirmed whether
the synthesized samples contain possible impurities and whether the dopants/co-dopants

are homogeneously distributed in nanocrystals.

Field-emission scanning electron microscope. Field-emission scanning electron
microscope (FESEM, Zeiss-UltraPlus with an operating voltage of 15 kV) was used to
characterize the morphologies and particle sizes of the ions co-doped TiO2 nanocrystals

synthesized experimentally in this thesis project.

Transmission Electron Microscopy. High-resolution transmission electron microscopy
(HRTEM, JEOL-2100F) and aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM, Double-corrected FEI Titan3 80-300
FEGTEM) were used to characterize the microscopic morphologies and co-doped
information of synthesized ions co-doped TiO> nanocrystals. In particular, the HAADF-
STEM imaging is highly sensitive to related variations of the atomic numbers in samples
and thus can demonstrate whether co-dopant ions are “really doped” into the crystal

structure of host TiO; nanomaterials.
2.3.4 Other characterizations

The light absorption behaviour and bandgap of solvothermal products were characterized
by UV-Vis-NIR spectrophotometer; the chemical groups chemically or physically
binding on sample surfaces were analysed by Fourier transform infrared spectroscopy;
and the specific surface area of prepared nanocrystals was measured by Brunauer-

Emmett-Teller instrument.

UV-Vis-NIR spectrophotometer. UV-Vis-NIR spectrophotometer (Varian, Cary 5G) is
an instrument which measures the reflection or absorbance optical characteristics of
materials. It is used to measure the optical absorption behaviours of the synthesized co-
doped nanocrystals, and thus used to determines their bandgaps. It is also used to evaluate
the catalytic effects of prepared TiOz-based photocatalysts by measuring the
decomposition of dyes (e.g. Rhodamine B, methylene blue or methylene orange etc.)

under visible light illumination.

Fourier transform infrared spectroscopy. Fourier transform infrared spectroscopy (FT-
IR, PerkinElmer) is a technique which is used to obtain an infrared spectrum of absorption
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or emission of a solid, liquid or gas. It is thus used to analyse organic groups adsorbed on
the surfaces of synthesized nanocrystals. The result of FT-IR is then connected with that
of TGA to further confirm the heat-decomposition behaviour of the prepared ions co-

doped TiO» nanocrystals.

B.E.T. instrument. Brunauer-Emmett-Teller instrument (B.E.T. QuadraSorb SI-MP) is
applied in this research project to determine the specific surface area of synthesized
nanoparticles. 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 liquid nitrogen

VimXLagpXA
( m>*Lav M)' IIl
t

temperature (~77 K). The values are calculated through the equation § =

this equation, “S” stands for the specific surface area of samples; “V,,” is the monolayer
capacity; “ La” is the Avogadro’s number (6.022x10?%); 4,, is the cross-sectional area

(1.62x10" m?) and W; is the molecular weight of N2 (28.013 g mol!).
2.4 Measurement of visible light catalytic property

Rhodamine B (RhB) was chosen as a model organic compound to evaluate the
photocatalytic effects of our synthesized (N, Nb) co-doped anatase TiO> nanocrystals.
RhB solution (20 mg L) was prepared by mixing RhB (20 mg) with distilled water (1
L). Then, (N, Nb) co-doped TiO: photocatalysts were added into the RhB 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 resultant solution containing
RhB and photocatalysts was stirred for 30 minutes in the dark to reach RhB adsorption
equilibrium on the surfaces of (N, Nb) co-doped anatase TiO2 nanocrystals, after which
the photocatalytic reaction was initiated by illumination (time=0). The decomposition of
RhB was characterized by a UV-Vis spectrometer based on a typical RhB peak at ~552

nm.
2.5 Measurement of high pressure reaction behaviour

A diamond anvil cell with a cullet size of 400 um was employed to investigate the high-
pressure behavior. A stainless steel gasket was indented to a thickness of 30 um and a 200
pm diameter hole was drilled at the center. It served as the sample chamber. (In**+Nb>")
co-doped anatase TiO, nanopowders and two small ruby balls were loaded into the above
chamber. The mixture of 4 parts of ethanol and one part of methanol were used as the
pressure transmitting medium within the cell. The sample was carefully loaded to 46.2

GPa in small steps. The pressure inside the diamond cell was determined by the pressure
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dependent shift of the ruby fluorescence R1 line. In situ Raman measurements were taken

using a Renishaw inVia Reflex Spectrometer System (532 nm laser).
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Chapter 3. Major Publications

3.1 The formation of defect-pairs for highly efficient visible-light catalysts

I wrote the draft of this paper. I developed an approach for synthesizing (N*-, Nb*) co-
doped TiO> samples with different compositions. I characterized the related material
properties using XRD, Raman spectroscopy, HRTEM, SEM/EDS, XPS, UV-VIS, N-O
determinator, TGA-DSC and others. I also analysed the experimental results of DFT
calculations performed by Terry J. Frankcombe and David Cortie, and the results of

photocatalytic measurement conducted by Shaoyang Zhang.
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The Formation of Defect-Pairs for Highly Efficient

Visible-Light Catalysts

Qingbo Sun, David Cortie, Shaoyang Zhang, Terry J. Frankcombe, Guangwei She,
Jie Gao, Leigh R. Sheppard, Wanbiao Hu, Hua Chen, Shangjun Zhuo, Dehong Chen,
Ray L. Withers, Garry Mclntyre, Dehong Yu, Wensheng Shi,* and Yun Liu*

The gradual exhaustion of non-renewable resources has moti-
vated researchers to investigate a wide range of materials for
the highly effident utilization of clean and renewable solar
energy. Among these materials, visible-light catalysts (VLCs)
are vital and ideal for photodegradation, dye-sensitized solar
cells, hydrogen generation from water, as well as organic syn-
thesis with the potential to convert more than =45% of sun-
light to chemical or electrical energy. Most of the current VLCs
like Ag;PO, /!l BiVO,,” or N-doped TiO,"”! are only active in a
certain solar spectral region and display limited photocatalytic
performance. Other VLCs such as noble metal ions doped
SrTiO,* or decorated TiO,* can extend the absorption edge
to the whole visible-light regime but they suffer from rapid
photogenerated charge carrier recombination due to the pres-
ence of trapping centers (e.g., oxygen vacancies) or impurity
energy levels. The recombination of electron-hole pairs not
only suppresses the solar energy conversion efficiency but also
deteriorates the photocatalytic activity of VLCs. Therefore, high-
performance photocatalysts should have broad light absorption
while maintaining effective separation of electron-hole pairs in
order to ensure the efficient utilization of solar energy for pho-
tocatalytic applications.

Technologically, several approaches have been proposed
to date to enhance the photocatalytic performance of wide-
bandgap semiconductors under visible-light irradiation. For
instance, the lattice-disorder engineering of nanocrystalline

TiO, (via hydrogenation) enables an effective combination of
visible and infrared absorption with the additional benefit of
carrier trapping on surfaces” The design of a bandgap gradient
distribution enables the solubility limits of undissolved ions to
be increased and significantly inhibits the formation of recom-
bination centers.® 3D-ordered construction of macroporous
skeletons of N-doped TiO, also greatly enhances visible-light-
driven photocatalytic properties by physically increasing sur-
face area”l These different approaches represent substantial
progress in the research and development of novel VLCs.

Tonic co-doping, especially cation and anion co-doping, is
another facile route. Co-doping has recently drawn consider-
able attention!'*?! as this method can potentially tailor the
energy band structure, enhance optical absorption, reduce the
number of recombination centers by balancing charges and
thus provide a cost-effective way to promote photocatalytic
activity. The reported results, on the other hand, have been
very diverse. There is no consensus concerning which type
and what form of co-dopants should be introduced into host
materials for achieving peak performance. Taking (N*-, M*) co-
doped TiO, as an example, where M** represents a pentavalent
cation and N*" is a nitrogen anion, it has been technologically
difficult to introduce equivalent concentrations of M** and N*-
ions into a host material. High-temperature ammonolysis!!®-3l
was attempted to incorporate nitrogen ions into pre-prepared
M°* mono-doped TiO, but the achieved N*~ doping level was

Q. Sun, Dr. D. Cortie, Dr. W. Hu, Dr. D. Chen,
Prof. R. L. Withers, Prof. Y. Liu

Research School of Chemistry

The Australian National University

Canberra, ACT 2601, Australia

E-mail: yun.liu@anu.edu.au

Dr. D. Cortie, Prof. G. Mclntyre, Dr. D. Yu
The Australian Nuclear Science and Technology Organisation
Lucas Height, NSW 2234, Australia

S. Zhang, Dr. G. She, Prof. W. Shi

Technical Institute of Physics and Chemistry
Chinese Academy of Sciences

Beijing 100190, China

E-mail: shiws @mailipc.ac.cn

Dr. T. ). Frankcombe

School of Physical

Environmental and Mathematical Sciences
The University of New South Wales
Canberra, ACT 2601, Australia

DOI: 10.1002/adma.201605123

Adv. Mater. 2017, 29, 1605123

38

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

). Gao, Prof. S. Zhuo

Analysis and Testing Center for Inorganic Materials
Shanghai Institute of Ceramics

Chinese Academy of Sciences

Shanghai 200050, China

Dr. L. R. Sheppard

School of Computing

Engineering and Mathematics
Western Sydney University
Penrith, NSW 2751, Australia

Dr. H. Chen

Centre for Advanced Microscopy
The Australian National University
Canberra, ACT 2601, Australia

Ofs=10

wileyonlinelibrary.com

(1 of 6) 1605123



2
-
d
-
Z
=
=
s
0
v

1605123 (2 of 6)

ADVANCED
MATERIALS

ADVANCED
SCIENCE NEWS

www.advmat.de

less than 2 at%.'22! In addition, the distribution of N* ions
is often inhomogeneous with its concentration gradually low-
ering from the surface to the interior of co-doped TiO,.® Wet
chemical methods like sol-gel synthesis have also been tried
to directly add nitrogen sources to the reaction solution.!’-2"!
However, the post-calcination treatment for crystallinity at tem-
peratures over 400 °C inevitably leads to the loss of N3~ ions .2
Therefore, a well-balanced stoichiometric ratio of M* to N*
has never been realized, although photocatalytic properties
have been moderately improved.

From a theoretical perspective, there is also ambiguity con-
cerning the electronic and chemical configurations of specific
co-dopants in host materials and the related consequences for
photocatalytic properties. The formation of impurity energy
levels in the bandgap,®! the creation of mid-gap energy
levels, "7l the appearance of Ti** states and F* centers,!'1724l
interstitial nitrogen states®®! as well as the red shift of the
absorption edge!*®%) have all been suggested as mechanisms
for the observed enhancement of photocatalytic activity. Some
investigators Dbelieve that cation-anion co-dopants can bind
together to form defect-pairs’#! while other work empha-
sizes the role of decoupled point defects formed under typical
chemical conditions."*% Our recent work on the development
of co-doped TiO,-based colossal permittivity materials?3¢
demonstrated the complexity of ionic co-doping in structurally
strongly correlated oxides. Once co-doped ions are introduced
into host materials, they may stay as isolated point defects
by either replacing ions in regular lattice sites or occupying
interstitial positions. They may also form defect-pairs or clus-
ters coupled with the host ions and local crystal structure. The
former presents an additive effect of point defects and the latter
results in a significant emergent behavior due to the combina-
tion of co-doped ions into a unique defect-pair or cluster form.
The formation of defect states strongly depends on the prepara-
tion conditions and methods of material synthesis.

With this in mind, we have strategically designed a new
approach for the development of (N*-, M**) co-doped TiO, with
higher N*~ concentrations for a real synergistic and cooperative
interaction between co-dopants. That is, another ion should be
introduced to improve the local crystal chemical environment
for accommodating more nitrogen ions. In this scenario, the
two co-dopants must interact closely with each other within
a small vicinity to form defect-pairs or custers. The impact
of newly formed defect-pairs or clusters would be expected to
behave as a new type of defect which not only has the special
features of individual dopant but also effectively avoids the
drawbacks of single doping. In the case of (N*, Nb**) co-doped
anatase TiO, nanocrystals, the following factors were further
considered: i) the well-balanced charges of N* and Nb* ions
to the maximum extent avoiding the generation of additional
defects such as Ti** ions or oxygen vacancies (Vy); ii) the more
difficult reduction of ND** ions than Ti* ions to keep the
chemical valence of niobium dopants experimentally control-
lable; and iii) the formation of strong correlation (defect-pairs)
between N¥ and Nb’* ions to activate significant emergent
behaviors for the physicochemical properties. The resultant
materials were subsequently characterized as VLCs for water
purification using Rhodamine B (RhB) as a model pollutant.
Density functional theory (DFT) calculations were performed
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to gain insight into the observed photocatalytic effects and the
related mechanisms arising from the formation of highly con-
centrated N*-Nb** defect-pairs. This study demonstrates how
to design and develop novel photocatalytic materials for highly
efficient conversion of solar energy.

In order to efficiently introduce nitrogen ions into host mate-
rials and simultaneously avoid nitrogen evaporation during
subsequent high-temperature processing, a solvothermal reac-
tion route was used in this work for material synthesis. This
enables the chemical reaction to occur homogeneously at the
molecular level under pressure and at a lower temperature.
This method also prevents the loss of nitrogen ions during
reaction due to the closed environment. For instance, to suc-
cessfully synthesize (N, Nb) co-doped TiO,, NbCl; and TiCl,
are dissolved in ethanol and chemically reacted with nitric acid
at 200 °C for 12 h.3 Repeating this reaction procedure, we
synthesized a series of (N, Nb) co-doped TiO, samples, where
the nominal concentration of Nb*™* ions was fixed during the
whole experimental process while the nominal N*- doping level
was varied by adjusting the concentration of nitric acid in the
reaction solution (Section SI-1, Supporting Information). After
optimization, the structure and chemical compositions of the
resultant solvothermal products were determined by X-ray
powder diffraction (XRPD), high-resolution transmission elec-
tron microscopy (HRTEM), field-emission scanning electron
microscopy (FESEM), and X-ray photoelectron spectroscopy
(XPS). Additionally, a nitrogen/oxygen determinator, thermo-
gravimetric analysis, and differential scanning calorimetry
were also used to further estimate the resultant nitrogen con-
centrations (Section SI-6, Supporting Information), which were
found to be reasonably consistent with the results determined
by XPS. The experimental details are presented in Section SI-2
(Supporting Information).

The typically synthesized samples were experimentally ana-
lyzed to have Nb* ionic concentrations of about 5.4, 5.3, and
5.6 at% per (Tif,,TiYNb}') (0%, ,o,N>) formula unit and
N3~ ionic concentrations of about 3.7, 5.6, and 7.5 at% (labeled
as N-poor, N-equal and N,-rich), respectively (Section SI-5 and
SI-6, Supporting Information). XRPD analysis (Figure 1a) sug-
gests that all prepared (N, Nb) co-doped TiO, particles belong
to the anatase phase with space group symmetry 14,/amd. The
diffraction peaks are very broad, indicating that the materials
have a small particle size, further calculated via the Scherrer
equation (Equation S1, Supporting Information) to show their
average diameters are less than 10 nm (Section SI-8, Sup-
porting Information). This is also confirmed by a FESEM image
(Figure S2a, Supporting Information), but more accurately esti-
mated by HRTEM lattice images (Figure 1c; Section SI-7 and
SI-8, Supporting Information). From (100) oriented HRTEM
lattice images (Figure 1c, insets in Figure S2c,d of the Sup-
porting Information), it is found that the dominant exposed
crystal faces of these three different (N, Nb) co-doped TiO,
nanoparticles are {011} facets combined, to a lesser extent,
with (002) facets. Furthermore, the three types of samples
have almost equivalent specific surface area (=170 m? g'!, Sec-
tion SI9, Supporting Information). In addition, we observed
that the color of the synthesized nanoparticles varied from
light brown to dark brown with increasing N*~ concentrations
(Figure 1b). This color variation clearly indicates a change in
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Figure 1. a-c) XRD patterns (a), photographs (b), an HRTEM lattice image (c) along a {100} direction, and d-f) XPS data of N-poor (5.4 at% Nb** +
3.7 at% N*°), N-equal (5.3 at% Nb* + 5.6 at% N*"), and N-rich (5.6 at% Nb** + 7.5 at% N*") co-doped TiO; nanocrystals which were synthesized by

the solvothermal reaction.

their visible-light absorption, as will be further demonstrated
below. From XPS analysis (Figure 1d-f; Section SI-5, Sup-
porting Information), it is found that some Ti** ions of the
N-poor TiO, samples are reduced to Ti** ions to compensate
for the additional positive charges associated with the excessive
Nb°* ions. As a result of charge compensation, the total doping
concentrations of Ti** (1.7 at%) and N*" (3.7 at%) are equal to
that of Nb** (5.4 at%). Similarly, oxygen vacancies (Vg labeled
as 0 in the formula unit above) are generated in the N-rich co-
doped TiO; to balance the extra negative charges arising from
the excess N~ ions. If Nb* and N*" ions are doped at equal
concentrations, i.e., if y =y, neither Ti** ions nor Vg defects
would be generated. In fact, no such defects are observed even

in our N-equal co-doped samples where the concentrations of
Nb** and N* are not exactly identical but very close (5.3 at%
Nb** + 5.6 at% N*). It is evident that the N doping level per
formula unit can reach up to 7.5 at% with Nb** co-doping
using this solvothermal reaction route. Such a high N* doping
level suggests that Nb** co-doping facilitates the introduction
of N* ions into anatase TiO,.

Figure 2a shows the optical absorption spectra of (N, Nb) co-
doped TiO, nanoparticles. Their light absorption range covers
the entire visible-light regime from 400 to 800 nm, which is
much broader, relative to the results previously reported for
(N, Nb) co-doped TiO, particles.'®157-20 For the N-equal
and N-rich co-doped TiO, with higher N~ doping levels, the
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Figure 2. a,b) UV-Vis absorption spectra (a) and associated Tauc plots (b) of three typical N-poor (5.4 at% Nb®* +3.7 at% N**), N-equal (5.3 at% Nb**
+5.6at% N**) and N-rich (5.6 at% Nb** + 7.5 at% N*°) co-doped TiO; nanocrystals. c) Photocatalytic degradation of Rhodamine B under visible-light
irradiation (4 > 400 nm) using these nanocrystals as visible-light catalysts, where the commercial Degussa P25-TiO, is also measured for a reference.
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Figure 3. a—c) Candidate defect-pair chemical structures (I-111) considered for DFT calculations of substitutional Nb and N in anatase TiO,. The dotted
circles indicate the symmetry-equivalent position of the nitrogen positioned in the supercell. d) The total density of states calculated using the mB
potential in the three structures compared to undoped anatase TiO,, with E =0 corresponding the Fermi energy. e) The partial density of states for
the lowest-energy defect-pair structure (I) showing the shallow nitrogen acceptor lever in the gap and the Nb 3d states high in the conduction band.
f) Calculated optical absorption coefficient from structure | for two components (xx, zz) of the anisotropic optical tensor, showing absorption into the

visible-light region (400-700 nm) depicted by the overlaid spectrum.

respective light absorption even extends into the near-infrared
regime. The strongest light absorption is observed in our
N-equal TiO, with almost identical Nb** and N*- doping con-
centrations (5.3 at% Nb™ + 5.6 at% N*). This is in good agree-
ment with their color change (Figure 1b). In addition, the Tauc
plots of Figure 2b show that the bandgap of these co-doped
TiO, materials becomes significantly narrower with increasing
N*. The bandgap values are =2.9 and =2.6 eV for N-poor and
N-rich samples, respectively. The N-equal TiO, is even better
with a bandgap reduction to =2.2 eV, demonstrating the impor-
tance of fine-tuning chemical scheme to give charge-compen-
sated defects in balanced concentrations.

The photocatalytic activity of these VLCs is investigated by
measuring the decomposition of RhB under visible-light irra-
diation, using a 500 W Xe lamp with a cutoff wavelength of
400 nm. Experimental details are presented in Section SI-3
(Supporting Information). Compared with the commer-
cial Degussa P25-TiO,, the photocatalytic activity of all three
(N, Nb) co-doped anatase TiO, samples is superior and the
N-equal co-doped TiO, is outstanding (Figure 2¢). As seen, the
N-equal co-doped TiO, requires less than 20 min to accom-
plish nearly complete decomposition of RhB. It is noticed that
the N-poor, N-equal, and N-rich co-doped TiO, nanocrystals
have similar average particle sizes, the analogous crystal facets
exposed on the surface, almost equivalent specific surface area
(Section SI-9, Supporting Information), but show a dear differ-
ence in VLC effect. Hence, it is concluded that N* and Nb*
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ionic co-doping, which has been experimentally realized by the
solvothermal reaction route, is critical to stabilize the N-doping
and Jor accommodate more N*" ions in the host TiO,. High co-
dopant loading is significant to improve photocatalytic activity,
but the charge-compensated defects in balanced Nb*™ and N*-
concentrations are a decisive factor influencing the outstanding
visible-light catalytic performance in this material.

To elucidate how the (N, NDb) co-doping strategy modi-
fies the electronic structure and leads to the enhanced VLC
performance, first principles calculations were performed.
Figure 3a—c shows some of the candidate chemical structures
that were modeled using DFT calculations for the (N, Nb)
co-doped TiO, compound. The starting configurations were
generated by substituting equivalent Nb and N into various
Ti and O sites with dopant concentrations (=6.25 at%) close
to the optimal experimental values (=5.3 at% Nb™ + 5.6 at%
N*9), and then allowing the ions to relax to low-energy con-
figurations using the Perdew-Burke-Ernzerhof (PBE) func-
tional. Table 1 reports the total energies, indicating that it is
energetically favorable to position substitutional N-Nb in
a nearest neighbor configuration (Structure I). Indeed, the
energy cost for positioning N-Nb further apart is =0.1 eV
(Structures II and III), setting the corresponding temperature
scale in the thermodynamic limit as AE/ky = 1160 K, where kj
is the Boltzmann constant. For this reason, the formation of
structures such as II and III are improbable under the experi-
mental synthesis conditions of this work and the local crystal
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Table 1. Density functional theory calculations for candidate defect-pair
chemical structures (I-111). The total energy has been computed using
the general gradient approximate (GGA)-PBE functional, whereas the
bandgap values were obtained using the mB| potential.

Samples Nb-N distance [A] Energy [eV] Bandgap [eV]
Structure | 1.929 0 243
Structure Il 4.289 0.116 2.40
Structure Il 6.001 0.124 236
Pure anatase - - 298

chemistry favors the formation of directly bonded N-Nb con-
figurations, i.e., defect-pairs.

To model the electronic effects of the resultant defect-pairs,
the density of states (DOSs) was calculated using the modified
Becke-Johnson (mB]J) potential which is a parameter-free ab
initio method for the bandgap prediction.*>*! The total DOSs
for undoped and (N, Nb) co-doped anatase TiO, with various
doped structures (I-I1I) are shown in Figure 3d. The calculated
bandgap lies within 10% of the experimental values, for
example, producing 2.98 eV for undoped anatase TiO, (experi-
mental value 3.1-3.2 eV).BY All of the structures that con-
tain Nb and N have a reduced bandgap compared to the pure
anatase structure, with values dose to 2.4 eV (Table 1). This cor-
roborates the main optical bandgap (=2.2 eV) observed in the
experiment (Figure 2b). The first principles calculations hence
again indicate some cooperative electronic effect of the Nb and
N species. Figure 3e shows the element-specific partial DOSs
for the nearest-neighbor N-Nb structure I demonstrating that
the NDb levels are high in the conduction band whereas the N
forms a shallow acceptor level that almost overlaps the valence
band maxima. The combination of these properties ensures
thermal occupation under typical experimental conditions, pro-
viding an effective way to engineer the band-edge. Moreover,
the Fermi energy offset from the valence band (taken as the
E = 0) is not modified compared to pure anatase TiO,, illus-
trating the advantages of the passivated co-doping involved with
the N*-NDb** defect-pairs. This enhances photocatalytic perfor-
mances by preventing unwanted recombination pathways for
photogenerated charge carriers.®!

To directly show that the N*~NDb** defect-pairs also enhance
the harvesting of visible light, we calculated the optical
absorption predicted for the resulting electronic structure.
Figure 3f shows the absorption coefficient for the nearest-
neighbor N*"-Nb** defect-pair structure I based on the joint-
density-of-states method.*¥ Both absorption tensor compo-
nents (xx and zz) indicate finite absorption into the visible
regions, tailing off rapidly near the indirect-bandgap energy
(516 nm). By contrast, we also report the electronic-structure
calculations for interstitial nitrogen species (Section SI-10, Sup-
porting Information) as some researchers think that they might
play a crucial role in nitrogen mono-doped TiO,.® However,
the calculated results for such interstitial nitrogen species
in the neighborhood of Nb** ions show that light absorption
is only achieved below 440 nm (=2.82 eV), which represents
a significant drop in light-harvesting performance. Clearly,
the electronic structure originating from the N*-Nb** defect-
pairs in closely neighboring substitutional positions is a key to
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producing enhanced visible absorption which is necessary for
high photocatalytic performance.

In summary, this work introduces the concept of defect-pairs
to make anatase TiO, a strikingly superior VLC. This is because
the formation of highly concentrated defect-pairs, in this case
N3-Nb*, will greatly reduce the bandgap, enhance visible-light
absorption, and diminish photoexcited charge carrier recombi-
nation. The realization of high nitrogen concentrations benefits
from the defect design and the formation of N*-Nb** defect-
pair structure. Solvothermal reaction provides an effective
approach to further promote the achievement of such high
level of co-dopants. Given that the improvements in the TiO,-
based VLC performance have been very limited despite massive
efforts over the past three decades, this work provides a break-
through in the design of TiO,-based VLCs. The new mecha-
nism and associated strategy we have developed here not only
elevate TiO, to the ranks of the best available VLCs, thus bene-
fiting all practical applications, but also provide new insights to
improve existing and newly developing VLCs for a clean envi-
ronment (e.g., waste-water/chemical treatment) and renewable
energy (e.g., water splitting for hydrogen generation).

Experimental Section

The detailed information about the synthesis and analysis of (N,
Nb) co-doped anatase TiO, nanocrystals, the characterization of
photocatalytic performance, density functional theory calculations and
other related materials are available in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Note: Figure 3 was replaced on March 15, 2017, after initial publication
online. In the figure when originally published, the symmetry-equivalent
position of the nitrogen was not properly displayed.
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SI-1, The synthesis of (N, Nb) co-doped anatase TiO> nanocrystals

(N, Nb) co-doped anatase TiO> nanocrystals were synthesized by a solvothermal method.
Typically, TiCls (0.68 mL) and NbCls (0.092 g) were first added into ethanol (120 mL) solvent
to form a transparent solution under magnetically stirring. HNO3 (69%) with the respective
volumes (1, 2 and 4 mL) were then added into the transparent solution in order to effectively
introduce the 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 rounds minute™'), washed with ethanol
(distilled water) for five times and finally dried at 60 °C for 12 h. Following this reaction and
collection route, (N, Nb) co-doped anatase TiO> nanocrystals with fixed Nb*" doping
concentrations and variable N* doping concentrations were synthesized. According to the
measured doping concentrations of nitrogen ions, the synthesized products were labelled as N-

poor, N-equal and N-rich, respectively.
SI-2, Compositional, structural and spectral characterization of (N, Nb) co-doped anatase

TiO: nanocrystals

(N, Nb) co-doped anatase TiO2 nanocrystals were analyzed by X-ray powder diffraction (XRPD,
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PANalytical’s X-ray diffractometer with CuKo radiation), high-resolution transmission
electron microscope (HRTEM, JEOL-2100F), field-emission scanning electron microscope
(FESEM, Zeiss, UltraPlus) and UV-VIS-NIR spectrophotometer (Varian, Cary 5G). The
chemical valence and atomic percentage of Nb, N and Ti in the co-doped nanocrystals were
carefully analyzed by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB250Xi).
Nitrogen/Oxygen (N/O) determinator (TC-600, LECO) was also utilized to estimate the doping
levels of nitrogen ions (measured in Helium gas, 450 mL per minute). Additionally, the
thermogravimetric (TG) and differential scanning calorimetric (DSC) data were collected by
STA 8000 (PerkinElmer) with the heating rates of 5 °C per minute in the flowing air (20 mL
per minute) to understand the stability and concentration of nitrogen in the samples. The
specific surface area was measured through the Brunauer-Emmett-Teller (B.E.T.) method with
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 liquid

nitrogen temperature (~77 K).

SI-3, The characterization of photocatalytic performance

Rhodamine B (RhB) was chosen as a model organic compound to evaluate the photocatalytic
activities of our synthesized (N, Nb) co-doped anatase TiO2 nanocrystals. RhB solution (20 mg
L") was prepared by mixing RhB (20 mg) with distilled water (1 L). Then, (N, Nb) co-doped
TiO:2 photocatalysts were added into the RhB 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 resultant solution containing RhB and photocatalysts was stirred for 30
minutes in the dark to reach RhB adsorption equilibrium on the surfaces of (N, Nb) co-doped

anatase TiO2 nanocrystals, after which the photocatalytic reaction was initiated by illumination
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(time=0). The decomposition of RhB was characterized by a UV-Vis spectrometer based on a

typical RhB peak at ~552 nm.

SI-4, Density functional theory calculations

The calculations were performed under periodic boundary conditions in a 2x2x1 supercell by
reference to the unit cell of pure anatase TiO». Atomic positions and the cell parameters were
optimized using ionic relaxation, and the resulting total energy of the various defect-pair
structures was evaluated accurately using PBE-GGA PAW potentials'>'5?! with a plane-wave
basis cutoff of 400 eV in the VASP software.'5*5% The number of outer electrons treated as
valence for each element in VASP calculations was: Ti (12), O (6), Nb (13) and N (5). After
structural relaxation, the density of electronic states of the resulting structures was calculated
using the WIEN2K software that implements an all-electron method.!**! For the final electronic
structure calculation of defect-pairs, we deployed 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 the Local
Density Approximation (LDA) or Generalized Gradient Approximation (GGA)."*?! The fully
relaxed GGA chemical structures were used as the input for the mBJ electronic structure
calculation in WIEN2K.*?% The calculations were well converged with respect to the size of
the k-mesh (6x6x6 points) and plane-wave cutoff (Rkwmax=8). Unlike previous LDA/GGA
calculations, the absolute values of the calculated mBJ bandgap for the co-doped (2.4 eV) and
pure anatase (2.98 eV) are also close to the experimental values, further demonstrating the
accuracy of the mBJ approach in this case. It is noteworthy that the experimental light
absorption also has a weak tail that extends out to longer wavelengths (800 nm) than the
theoretical calculation. Analyzing the experimental data closely indicates a mixture of
absorption mechanisms that include strong interband transitions together with a second weaker

mechanism facilitating sub-band gap absorption. In particular, the latter seems to correspond
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with dipole-forbidden indirect transitions, not modelled in the DFT calculations that necessarily

exclude finite-size, excitonic and phononic effects.””

SI-5, XPS analysis of (N, Nb) co-doped anatase TiO:z nanocrystals

Table S1. The atomic percentages of cations (Nb>*, Ti** and Ti**) and N* in (N, Nb) co-doped
anatase TiO2 nanocrystals measured by XPS.

The ratio of selected ions to total ions [al.%)] The ratio of doped ions to total C*[at.%])
Samples Nb* N* T Ti*+ y (=Nb**/C) y (=N*/C) x (=Ti*/C)
N-poor 1.27 0.87 0.4 21.79 54 3.7 1.7
N-equal 1.26 1.34 0 22.59 5.3 5.6 0
N-rich 1.32 1.77 0 22.34 5.6 7.5 0

¥ Here, “C” represents all cations in (N, Nb) co-doped anatase TiO2 nanocrystals which include
Nb**, Ti** and Ti* ions. y, y’ and x are related to the (Tij ., Ti; Nby )(O3.,00,N;’) formula.

Table S1 shows the respective atomic ratios of Nb>*, N*, Ti** and Ti** to the total atoms in (N,
Nb) co-doped anatase TiO> nanocrystals (Columns 2-5). Their atomic ratios to the total cations
(C in the Table S1) are also listed here in Columns 6-8. For the N-poor co-doped TiO», the ratio
of Nb>* to total cations (Ti**+Ti**+Nb>") is ~5.4 at.% while that of N* to total cations is about
3.7 at.%. The doping concentration of N* ions per (Ti} ., Tiy Nbj")(03..,00,N¥) formula unit,
y’, is obviously lower than that of Nb>* ions, y. This sample is thus named as “N-poor”. Note
that x, y and y’ can be determined directly from the above Table S1 while the concentration of
oxygen vacancies per formula unit, z = '/2{x — [y-y’]}, from the requirements of charge balance.
Additionally, some Ti** ions are found in the N-poor samples and the ratio of Ti** to total
cations is calculated to be about 1.7 at.%. For the N-equal co-doped TiO2, the ratio of Nb™ to
total cations is about 5.3 at.% and that of N* to total cations is about 5.6 at.%. Since the doping
concentrations of Nb>* and N* ions are very close to 1:1, we name them as “N-equal”. Similarly,
N-rich co-doped TiO: has a Nb** ionic doping concentration of about 5.6 at.% and N** of about

7.5 at.%. The doping level of N* is higher than that of Nb>*. We thus name this sample as “N-
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rich”. In the N-equal and N-rich samples, we do not detect any XPS signal of Ti**, which are

different from the N-poor co-doped TiO. samples.

SI-6, TG-DSC and N/O determinator data of N-equal co-doped anatase TiO: nanocrystals

Figure S1 shows the TG-DSC curves of N-equal co-doped TiO> nanocrystals. It is found that
their weight loss below 440 °C is ~13.0 wt.%. Such a substantial loss generally comes from
physically/chemically bonded chemicals on the surfaces of the materials.'S>581 Above 440 °C,

the weight loss becomes less (~1.0 wt.%) and continues till 850 °C. This loss corresponds to

the nitrogen concentration of ~6.7 at.% per (Ti‘l':(_),Tii*'Nbf,+ )(O%_y‘_ZI:IZN;.') formula unit,
supposing that the loss is all from nitrogen in this temperature range. The nitrogen concentration
is further estimated by nitrogen/oxygen determinator, by which it is ~5.7 at.% (~0.85 wt.%) per
(Ti‘;‘:‘_yTi:J'Nb;f)(O%:y-_zDZN;;) formula unit. Note that the three approaches have different
principles and measurement environment (vacuum for XPS: flowing air for TG-DSC; Helium

gas for N/O determinator). The obtained experimental results for the nitrogen concentrations

are reasonably consistent with one another.
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Figure S1. TG-DSC data of N-equal co-doped TiO2 nanocrystals.
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SI-7, FESEM and TEM images of (N, Nb) co-doped anatase TiO: nanocrystals

Figure S2 shows that the three N-poor, N-equal and N-rich co-doped TiO> nanocrystals
synthesized by the solvothermal method have a small particle size of less than 10 nm. From the
inserted HRTEM lattice images of Figure S2 (c) and (d), it can be found that the exposed crystal
faces of N-poor and N-rich co-doped nanoparticles are both dominated by the (011) and (0-11)
facets. Additionally, the (002) crystal faces can also be observed. These results are analogous

to that of N-equal co-doped samples shown in the Figure 1 (c) of the main text.

Figure S2. FESEM (a) and TEM lattice images (b) of N-equal co-doped TiO> nanocrystals. (c)
and (d) are the corresponding TEM lattice images of N-poor and N-rich co-doped TiO2
nanocrystals, respectively. The insets in (c) and (d) are the related HRTEM lattice images
oriented along a <100> direction. The lattice fringes observed correspond to (011), (0-11) and
(002), respectively. Note that the nanocrystal facets in each case are also (011), (0-11) and (002),
respectively.

SI-8, The average particle size of (N, Nb) co-doped anatase TiO:z nanocrystals
The Scherrer equation (Equation S1)% is used to calculate the average particle size of (N, Nb)
co-doped anatase TiO2 nanocrystals, where the Bragg angles (0) and the line broadening at half

the maximum intensity (B) come from the strongest (101) diffraction peak; D is the average

6
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particle size; A is the X-ray wavelength of CuKo radiation (0.15418 nm) and K is a
dimensionless shape factor (~0.9).

__ Ka
o Bcos@

Equation S1

The calculated results by the Scherrer equation are further compared with that estimated
according to their respective TEM lattice images (Figure S2). The below Table S2 shows their
average particle size calculated by the Scherrer equation and estimated from TEM lattice
images. It can be found that the average particle size of the three different samples are all less

than 10 nm and the achieved results from the two different methods are very close.

Table S2. The average particle size of N-poor, N-equal and N-rich co-doped TiO2 nanocrystals
calculated by the Scherrer equation and estimated from their TEM lattice images.

Samples XRD Results TEM Results
(Nb**+N*) co-doped TiO. 20 7] B D [nm] D [nm]
N-poor 25.31 1.01 8.1 8.7
N-equal 25.25 1.1 7.3 7.2
N-rich 25.29 1.31 6.3 6.9

SI1-9, The specific surface area of (N, Nb) co-doped anatase TiO: nanocrystals

f@lg.o! /' g 0 /' ©l.0 /.
;__;4.5 54_5 ;’:"4 5| /
e’ a
s | O N-poor = < / ————— N-rich
.E- 3.0- / § 3.0+ O N-equal ?_ 3.0} /
1.5 1.5-/ 1.5-/

0.05 0.10 0.15 0.20 0.25 0.30  0.05 0.10 0.15 0.20 0.25 0.30  0.05 0.0 0.5 0.20 0.25 0.30
Relative pressure [P /P] Relative pressure [P /P] Relative pressure [P /P]

Figure S3. The curves of 1/[W(Po/P-1)] versus P/Po for N-poor (a), N-equal (b) and N-rich (c)
co-doped TiO:2 nanocrystals, respectively. They are used to calculate the V,, values and thus
further to achieve the specific surface area.

The specific surface area of (N, Nb) co-doped TiO: nanocrystals was measured through the

Brunauer-Emmett-Teller (B.E.T.) method at liquid nitrogen temperature (~77 K). Their values

are calculated through Equation S2. In this equation, “S” stands for the specific surface area of
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samples; “V,,” is the monolayer capacity; “ L is the Avagadro’s number (6.022x10%); A,, is
the cross-sectional area (1.62x10™'? m?) and W, is the molecular weight of N2> (28.013 g mol ™).

s (VinXLaypXAp)
W

Equation S2
In order to calculate the V), values, the slope and intercept of the 1/[W(Po/P-1)] versus P/Pg lines
in Figure S3 are fitted and the detailed data are shown in Table S3.

Table S3. The respective specific surface area of N-poor, N-equal and N-rich co-doped TiO»
nanocrystals as well as the related parameters used for the calculation.

Samples Slope Intercept B.E.T. specific surface area [m?g”]
N-poor 19.355 0.3036 177.2
N-equal 20.041 0.2853 171.3
N-rich 19.274 0.3264 177.7

The calculated results show that the specific surface area are 177.2, 171.3 and 177.7 m* g™ for
N-poor, N-equal and N-rich co-doped TiO2 nanoparticles, respectively (Table S3). The three
different (N, Nb) co-doped samples do not have a big difference in terms of the specific surface
area.

SI-10, The DFT calculations of possible interstitial nitrogen in (N, Nb) co-doped anatase
TiO: nanocrystals

In nitrogen monodoped TiO», it is widely reported that the nitrogen dopants may occupy
interstitial positions, supported by the formation of interstitial N-O species, which can
coordinate Ti in a 12 fashion through m bond."*®! For the sake of adding completeness to the
chemical model describing the seperate case of N-Nb co-doping, we also considered a number
of interstitial N doping scenarios to investigate if they could assist in explaining the key
experimental features. The calculation procedure used is identical to that described in the main
text based on ionic relaxation with GGA-PBE PAW followed by accurate electronic structure
calculations using the mBJ potential. For brevity, we do not show all of the results, but merely
state that we considered two scenarios: those with and without a compensating oxygen vacancy
in the system. It was noted that there was favorable reduction in energy (0.15 eV) gained by

8
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constraining the nitrogen in the general vicinity of Nb, even when the former was in an
interstitial position. During ionic relaxation, the cases we examined with the oxygen vacancy
in the Nb octahedron showed that nitrogen relaxed into the oxygen vacancy position, effectively
simplifying the chemical structure to the high symmetry scenario described in the main text.
Given the latter results, where such scenarios with an oxygen vacancy merely favored the same
N substitutional model, it is thus not necessary to further discuss the resulting electronic
structures since they are identical to those discussed in the main text (Figure 3). However, the
scenarios without oxygen vacancies generated a completely distinctive chemical and electronic
structure characterized by the formation of N-O species with a short-bond length (1.455-1.472
A) between a single nitrogen and oxygen. Figure S4a and b show two prominent examples of
interstitial nitrogen near the equatorial and axial oxygen positions, respectively, of fully-
occupied Nb-centered octahedra. In the two cases, the relaxed structure favored the reduction
of a unique N-O distance to form an energetically favorable N-O configuration which cannot
be easily rationalized on the basis of formal charges within the standard ionic model (i.e. it has
a covalent character). The severe distortion of the nearby octahedra is a consequence of the
awkward nitrogen interstitial location, and this is particularly apparent if one assumes the
bonding remains dominated by a metal-oxygen bond. It is noteworthy, however, that the
octahedra are barely distorted at all if one assumes a metal-[NO] bond to the average position
of the NO species, favoring previous interpretations of significantly complicated electron
density around the NO species. Further analysis of the local electronic density is underway, but
beyond the scope of the present work. More importantly, Figure S4c shows the calculated
density of states using the more accurate (but more expensive) mBJ functional to accurately
predict the resulting bandgaps. It is immediately clear that the bandgap narrowing caused by
the interstitial nitrogen in the [NO] configurations is much weaker (2.82 eV) than the scenarios
where N is included substitutionally. Indeed, the latter match the experiment quite well (~2.4

eV) while the scenarios with [NO] species produce an electronic structure that is only weakly
9
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perturbed compared to that of pure anatase (2.98 eV). We interpret this as a strong indicator
that direct charge-transfer bonding between the N-Nb species is a prerequisite for enhanced

photocatalytic performance.

(a) Structure IV (b) StructureV

@ NbgNg

3 Structure V NbgN,
\ == Structure IV Nb,N,
he = Undoped anatase

Figure S4. (a) Structure I'V consists of a nitrogen positioned interstitially forming a N-O species
connected with an oxygen in the equatorial position of the fully-occupied Nb-centered
octahedron in the anatase structure. The black line highlights the short N-O bond formed with
a single oxygen (1.46 A). (b) Interstitially positioned nitrogen forming a N-O species with an
oxygen at axial position. The green regions highlights the Nb-O octahedron which is distorted
by the presence of nitrogen species under the assumption of conventional cation-anion bonding.
(c) Total density of states for the case of substitutional Nb and N (NbsNs) compared to that of
un-doped anatase (dotted line) and scenarios with interstitial nitrogen near the equatorial/axial
positions in Structure IV and V. The red arrow indicates the states introduced by the significant

narrowing of bandgaps (~2.4 eV) which only occurs for the substitutional N.
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3.2 Trans-regime structural transition of (In3*+Nb5*) co-doped anatase TiO:

nanocrystals under high pressure

I wrote the draft of this paper. I synthesized the (In**+Nb>*) co-doped anatase TiO>
nanocrystals and designed high pressure reaction experiments. [ characterized the related
samples using XRD, Raman spectroscopy, ICP-OES, HRTEM, SEM/EDS, XPS and
others. I also analyzed the related results of DFT calculations performed by Terry J.

Frankcombe and conducted high pressure reaction experiments with Larissa Q. Huston.
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ABSTRACT: Chemical co-doping and high pressure reactions
have been broadly used to synthesize novel materials or to tune
the physicochemical properties of traditional materials. Here,
we take In** and Nb** ions co-doped anatase TiO,

nanocrystals as an example and report that a combination of

both a chemical and a high pressure reaction route is more
powerful for the preparation of metastable polymorphs. It is
experimentally demonstrated that In* and Nb*" co-doping

significantly changes the high-pressure reaction behaviors of

anatase TiO, nanocrystals (<10 nm) and leads to their trans-

SEEEEEEER g.l.-':

. a-PbO,like

In+Nb-TiO, “sion™ Phase

(<10 nm)

regime structural transition in terms of in situ Raman analysis, from an anatase to a baddeleyite-like phase under compressive
pressures and then to an @-PbO,-like structure under decompressive pressures. This abnormal phase transition is attributed to a
defect-induced heterogeneous nucleation mechanism. Furthermore, the stiffness of co-doped TiO, nanocrystals is significantly
enhanced due to the synergistic effects of co-dopants. This research not only proposes a potentially effective strategy to
synthesize co-doped metastable polymorphic phases but also suggests one feasible method to improve the mechanical properties

of anatase TiO, nanocrystals.

B INTRODUCTION

Many traditional materials display abnormal physical behaviors
under or after high pressure (HP) reactions as a consequence
of the shrinkage of average interatomic distances and the
densification of atomic/ionic packing. For example, pressurized
titanium dioxide (TiO,) can achieve ultrahardness comparable
to diamond or cubic BN.'™* The band gap of TiO, can be
narrowed to greatly improve photoreaction activity after HP
treatment.”* The superconductivity of Fe-based superconduc-
tors (e.g, CaFe,As, or BaFe,As,) can also be controlled by
applied pressure.”” The HP reaction is thus not only a valid
way to discover novel properties of normal materials but also a
critical approach to synthesize new materials with higher
coordination numbers.”

TiO, is a typical multiple polymorphic example and is now
extensively used in the fields of photocatalysts, solar cells,
cosmetics, and electronic devices. Anatase, rutile, and brookite
are its three common phases and can be synthesized at ambient
conditions. Other polymorphs of TiO, such as a baddeleyite-
like structure or @-PbO,-like phase can only be prepared under
tens of gigapascals (GPa) pressures.q_lﬁ The hexagonal Fe,P-
type, fluorite and pyrite structures are either predicted

A4 ACS Publications  © 2017 American Chemical Society
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theoretically or only observed under extreme HP condi-
tions."”*" Previous HP investigations suggested that the
structural transition of anatase TiO, was strongly dependent
on its initial crystallite sizes, and smaller crystals kept anatase
stable to higher pressures. Figure 1 shows the size-dependent
compression and decompression phase diagrams of anatase
TiO,, summarized from the literature.” ** Three size regimes
(<11 nm, 11-40 nm, and >40 nm) are categorized. (1) For
those small nanocrystals with crystallite sizes less than 11 nm,
pressurization-induced amorphization occurs at ~24 GPa due
to the crystal-liquid transformation. On depressurization, the
HP disordered phase changes at ~15 GPa from a high-density
amorphous state (HDA) to a low-density amorphous structure
(LDA). (2) For TiO, nanocrystals with crystallite sizes between
11 and 40 nm, a direct phase transformation from anatase to a
monoclinic baddeleyite-like structure happens during compres-
sion at ~16 GPa. This HP-induced baddeleyite-like structure
then changes to an a-PbO,-like phase at ~10.5 GPa when the
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Published: March 27, 2017
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Figure 1. Size-dependent compression (a) and decompression (b) phase diagrams of undoped anatase TiO,.” ** Three size regimes can be
categorized. The dotted lines label the boundary of onset structural transition. H (L) DA means a high (low)-density amorphous state. (c) The
structural transition of (§ atom % In* + § atom % Nb**) co-doped anatase TiO, nanocrystals (<10 nm) under pressurization (pressure up) and

depressurization (pressure down) conditions.
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Figure 2. PXRD pattern (a), HRTEM image (b), and XPS data (c and d) of (5 atom % In** + 5 atom % Nb**) co-doped anatase TiO, nanocrystals
used for high pressure reaction, indicating that they have In* and Nb* doped ions, anatase structure, quasi-spherical morphology as well as uniform

size distribution of less than ~10 nm.

pressure is gradually released. (3) For TiO, nanocrystals with
crystallite sizes over 40 nm, they transform from anatase to an
a-PbO,-like phase at ~4.5 GPa and then to a baddeleyite-like
structure at ~13 GPa during compression. Similar to the 11-40
nm nanocrystals, the baddeleyite-like structure also becomes an
a-PbO,-like phase after decompression, but starts at a lower
onset pressure of ~7 GPa. After the whole compression and
decompression cycle, the anatase structure of TiO, cannot be
recovered. The pressure values, which are applied on micro-/
nanoparticles with a similar size range for structural transition,
remain almost unchanged between two successive phases
except for a small fluctuation caused by the pressure calibration
method, the transmitting medium, or the original properties of
anatase TiO,.

Doping foreign ions/atoms into the crystal structures of host
materials inevitably affects their macroscopic properties as it
strategically changes the chemical environment of doped sites
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and thus varies structural stability. Some dopants (e.g, Mn in
ZnO nanowires™ or Sc/Y in AIN nanoprisms™) drastically
reduce the onset formation pressure of related new
polymorphs, while other dopants such as Mg in lanthanum
silicate”” significantly elevate the critical pressure of phase
transition. Our recent study indicated that co-doping In** and
Nb** ions introduced defect clusters into rutile TiO, and thus
enabled the localization of electrons in certain regions through
creating electron pinned defect dipoles for colossal permittiv-
ity.” Given the complicated pressure-induced phase transition
scenarios of anatase TiQ,, the simultaneous introduction of
In** and Nb** ions into their crystal structures might also affect
high pressure reaction dynamics and possibly generate special
polymorphs of co-doped TiO,. Moreover, the ionic radius of
In** ions is significantly larger than that of host Ti*" ions. The
introduction of large-size dopants would result in the great
distortion of the local crystal structure and thus change the

DOI: 10.1021/acs.cgd.7b00055
Cryst. Growth Des. 2017, 17, 2529-2535
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Figure 3. Raman spectra of (5 atom % In** + 5 atom % Nb**) co-doped anatase TiO, nanocrystals collected under compression (a) and
decompression (b) conditions. Their crystallographic evolution followed the sequence of anatase — baddeleyite-like phase (compression) — a-
PbO, like structure (decompression). (c) Polyhedral structures of three co-doped TiO, polymorphs obtained in this work.

stiffness of host TiO, materials in a similar way to the well-
known Y stabilized ZrO,. Here, we experimentally design an
effective approach to cooperatively introduce In** and Nb**
ions (~5 atom %, compared to titanium ions) into small
anatase TiO, nanocrystals (<10 nm). High pressure reaction
behavior of co-doped nanocrystals is systematically investigated
by in situ Raman spectroscopy. The enhanced stiffness
(incompressibility) by co-doping is analyzed, and the associated
mechanism for the abnormal structural transition behavior is
also discussed based on defect-induced heterogeneous
nudeation mechanism.

B EXPERIMENTAL SECTION

Materials. (In** + Nb**) co-doped anatase TiO, nanocrystals were
synthesized by a solvothermal method and were directly used for high
pressure reactions. Detailed information about the preparation of these
co-doped nanocrystals is described elsewhere.”

High Pressure Process. A diamond anvil cell with a cullet size of
400 pum was employed to conduct the high pressure reaction. A steel
gasket of 30 ym in thickness was drilled at the center to form a 200 ym
diameter hole. It served as the sample chamber. (In** + Nb*) co-
doped anatase TiO, nanopowders and two small ruby balls were
loaded into the above chamber. A mixture of ethanol and methanol
(4:1) were used as a pressure transmitting medium. Samples were
carefully loaded to the maximum pressure of 47.2 GPa in small steps.

Characterization Methods. Powder X-ray diffraction patterns
(PXRD) were collected by PANalytical's X-ray diffractometers with
Cu Ka radiation (1 = 1.5406 A). A field-emission transmission
electron microscope (TEM, JEOL-2100F) was utilized to analyze their

2531

microscopic morphology and crystallite sizes. The chemical valences
and doping levels of In* and Nb* ions were analyzed by X-ray
photoelectron spectroscopy (XPS), energy dispersive spectroscopy
(EDS) of scanning electron microscope (SEM), and inductively
coupled plasma optical emission spectrometer (ICP-OES). The
pressure inside the diamond cell was determined by the pressure
dependent shift of the ruby fluorescence R, line.”” In situ Raman
measurement was taken using a Renishaw Raman System (532 nm
laser).

B RESULTS AND DISCUSSION

Figure 2a shows the PXRD pattern of solvothermal products.
All diffraction peaks are assigned to the tetragonal phase with
space group symmetry [4,/amd. We experimentally demon-
strate the nature of pure anatase phase for the synthesized
solvothermal products. Their crystallite size is estimated to be
about 6. 8 nm according to the calculation using the Scherrer
equation’’ and further confirmed by the direct observation
from a high resolution TEM image (ranging from 4.7 nm to
10.8 nm and having an average crystallite size of ~6.4 nm,
Figure 2b). Moreover, most of the co-doped TiO, nanocrystals
present a quasi-spherical shape. The respective chemical
valences of indium and niobium in the quasi-spherical
nanoparticles are +3 and +5, respectively, and that of titanium
are composed of +3 and +4, as shown by XPS analysis (Figure
2¢,d). The total doping concentration of In** (In/Ti) and Nb**
ions (Nb/Ti) is found to be very close to ~10 atom %, and
their individual one is ~5 atom % in terms of the results of

DOI: 10.1021/acs.cgd.7b0005 5
Cryst. Growth Des. 2017, 17, 2529-2535
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Figure 4. Raman frequencies of different active modes as a function of compression or decompression pressure for co-doped anatase (a),
baddeleyite-like (d), and a-PbO,-like (e) nanocrystals. (b) Enlarged pressure-Raman frequency curve of E,) mode of co-doped anatase TiO,
nanocrystals at lower pressures (<2.4 GPa). (c) Pressure-dependent Raman line width of E,) mode of co-doped anatase TiO, nanocrystals. The
experimental data were labeled by different symbols, while the linear fitting data were labeled by the solid lines.

XPS, EDS of SEM, and ICP-OES measurement (Supporting
Information, Table S1). It is thus claimed that the (In® +
Nb*) co-doped TiO, nanocrystals used as HP reactants of this
work have the respective doping concentration of 5 atom %,
anatase phase, quasi-spherical morphology, and the average
crystallite sizes of less than 10 nm.

To investigate the high pressure reaction behavior of (In* +
Nb*") co-doped anatase TiO, nanocrystals, their Raman spectra
were collected in situ under compression and decompression
conditions. Tetragonal anatase TiO, normally has six Raman
active modes (lAls + 2B, + 3Es)."’"""“ Only five of them are
detected here when fitting the room temperature and ambient
Raman spectrum (0 GPa curve of Figure 3a). Three Raman
bands around 149.5, 199.6, and 642.4 cm™" are assigned to
different E, modes, while the other two peaks centering at
394.3 and 516.4 cm™" are ascribed to the B,  and A,,/B, active
modes. The Raman signal at 199.6 cm™" is very weak, and two
different modes (A,s or Blg) at 5164 cm™ cannot be
distinguished unambiguously. These phenomena are common
for nanoscale TiO, and are caused by their strong size
effects 3

When the achieved co-doped anatase TiO, nanocrystals are
gradually pressurized to 47.2 GPa in a diamond anvil cell, the
shift of Raman peaks and the detailed process for forming a
baddeleyite-like phase are observed. Below 19.1 GPa, the four
prominent Raman peaks of co-doped TiO, all shift to higher
wavenumbers with increasing pressures. Above 19.1 GPa, a
typical A; mode of baddeleyite-like TiO, begins to appear at
4802 cm ™ (it is labeled by a “*” symbol). This onset pressure
for phase transition is much lower than that of undoped TiO,
with similar crystal sizes (~24 GPa, Figure 1), but is slightly
higher than that of Nb* single-doped anatase nanoparticles
(~18 GPa).*® Further increasing the external pressures, the A,
peak intensity at 480.2 cm™' continuously increases, and the
other Raman peaks of baddeleyite-like TiO, become more
prominent (see the Raman spectra collected at, e.g, 219 and
26.0 GPa). It suggests a gradual phase transition from anatase
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to a baddeleyite-like structure with these two phases coexisting
in the transitional region. At ~ 27.9 GPa, the baddeleyite-like
phase completely forms and remains stable up to the maximum
pressure (47.2 GPa, Supporting Information, Figure S1).
Comparing with the amorphization of undoped anatese TiO,
nanocrystals with a similar size distribution (Figure 1), the
phase transition behavior of co-doped anatese TiO, is
significantly changed due to the introduction of In** and
Nb** ions.

The formed baddeleyite-like structure can only exist under
HP conditions. It gradually changes to an a-PbO,-like phase
when the pressure is reduced to 32.7 GPa (ie., the Raman peak
of an a-PbO,-like phase appears at ~446.8 cm ™', Figure 3b).
The phase transition from a baddeleyite-like to an a-PbO,-like
structure completes at ~2.3 GPa, and then the a-PbO,-like
structure remains stable even when the pressure is completely
released. The co-doped @-PbO,-like TiO, synthesized thereof
shows 3A, (1753, 426.1, and 5319 em™), 3B, (280.6, 317.0,
and 567.3 cm™), 1B, (3462 an™!), and 1B;, (156.0 cm™)
Raman active modes.

For one compression and decompression cyde, (In*" +
Nb™*) co-doped anatase TiO, nanocrystals experience the
phase transition in the sequence of (1) anatase — baddeleyite-
like phase (compression) — a-PbO,-like structure (decom-
pression, Figure 3c). This structural transition scenario differs
from the pressure-induced amorphization of undoped TiO,
nanoparticles with the similar crystallite sizes (<11 nm), but is
more closely analogous to that of large-sized ones (11—-40 nm,
Figure 1). Trans-regime structural transition is thus activated by
co-doping In* and Nb** ions.

From a structural perspective, anatase and a-PbO,-like TiO,
are both composed of TiO4; octahedra. The octahedral
arrangements, however, are quite different between them
(Figure 3c). TiOg octahedra form zigzag chains along a and b
directions, and each octahedron shares four edges in anatase
TiO, while they form the planar chains sharing edges in a
zigzag arrangement along the ¢ direction in an a-PbO,-like

DOI: 10.1021/acs.cgd. 7b0005 5
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Table 1. Pressure Coefficients (dv/dp) of Different Raman Active Modes of (In** + Nb*") Codoped, Nb*" Single-Doped and
Undoped Anatase, Baddeleyite-like, a-PbO,-like TiO, Nanocrystals

crystal structures Raman modes dv/dp (cm™-GPa™) samples references
anatase E, (1495 em™) 2.20 (+£0.05) $ atom % In* + 5 atom % Nb* this work
2.58 (+0.22) undoped ref 12
281 (10 atom % Nb**) single-doped ref 36
By (3943 em™) 1.76 (+0.08) $ atom % In* + 5 atom % Nb* this work
27 undoped ref 23
~28 (10 atom % Nb**) single-doped ref 36
Ay/By, (5164 cm™) 1.98 (+0.03) 5 atom % In* + § atom % Nb** this work
27 undoped ref 23
~26 (10 atom % Nb**) single-doped ref 36
E, (6424 cm™") 3.03 (+0.09) § atom % In**+5 atom % Nb** this work
3.1 undoped ref 23
~42 (10 atom % Nb**) single-doped ref 36
baddeleyite A, (4802 em™) 1.30 (+0.10) § atom % In** + § atom % Nb** this work
1.65 (£0.21) undoped ref 12
a-PbO, A, (4261 em™) 0.67 (+0.06) 5 atom % In* + 5 atom % Nb* this work
~3. (5 atom % Nb*™*) single-doped ref 36

crystal structure.”’ Meanwhile, the baddeleyite-like phase is
constructed by TiO, decahedra, and the coordination number
of Ti*" cations also changes from six to seven. Hence, the
structural transition of (In** + Nb*) co-doped anatase TiO,
nanocrystals is complicated under HP conditions and
accompanied by the breaking and reassembling of M—O
chemical bonds (M represents In, Nb, and Ti ions and O is
oxygen).

In order to quantatively describe the shift of Raman peaks,
pressure (p) dependent Raman frequency (v) is plotted and
fitted for different active modes of co-doped TiO, nanocrystals
(Figure 4ad,e). The pressure coefficient (dv/dp) is about 2.20
cm™-GPa™" for the Ey,) Raman mode of co-doped anatase
TiO,. It is about 12% lower than that of undoped (2.58 + 0.22
em GPa™")"* and about 22% smaller than that of 10 atom %
Nb** single-doped TiO, (2.81 cm™-GPa™')," meaning that
M=0 chemical bonds of co-doped nanocrystals are more
incompressible than the latter two samples. The dv/dp values
of other Raman modes are also lower and present similar trends
as that of E,) mode. Table 1 summarizes the pressure
coefficients of (In** + Nb**) co-doped/Nb*" single-doped/
undoped anatase, baddeleyite-like and a-PbO,-like TiO,
nanocrystals. It is obvious that Nb** ions single-doping results
in larger dv/dp values and actually softens anatase TiO,
nanoparticles.”® However, In** and Nb** co-doping leads to
an opposite variation and should harden their co-doped
nanocrystals (i.e., enhancing their stiffness).'”'>'® In addition,
we also find a small dip in the enlarged pressure-Raman
frequency curve of below 0.8 GPa (Figure 4b) due to the
pressure difference between interior and exterior of co-doped
TiO, nanopartides.'”"” This pressure difference further results
in a steep decrement and then a continuous increment of
Raman line widths on both sides of ~5 GPa (Figure 4c).

The stiffening of co-doped TiO, nanocrystals should be
physically attributed to the synergic effects of In** and Nb** co-
dopants. The Pauling ionic radii of In** ions are 94 pm in the
six-coordinated octahedra and are much larger than that of Ti**
(74.5 pm) or Nb** (78 pm) ions. Bond-valence-sum (BVS)
calculations” ™ show that In* ions (5 atom %) are strongly
overbonded in anatase TiO, with the global instability index
(GII) of 1.2402 v.u, while Nb** ions (5 atom %) are slightly
overbonded with GII = 0.3540 vau. In—O chemical bonds
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become more incompressible than Ti—O or Nb—O bonds due
to the large-size of overbonded In*" ions and thus leads to the
enhanced stiffness of co-doped TiO,. However, the mono-
doping level of In* ions in TiO, is very low and usually less
than 1 atom %, which is impossible to achieve 5 atom %
without phase segregation.”’ Nb** ions co-doping thus prompts
the dissolution of In* ions and their associated synergistic
effects enhance the stiffness of anatase nanocrystals. On the
basis of (In** + Nb*") co-doped bulk crystals, density functional
theory (DFT) calculations were performed (Supporting
Information, $3). The results show that co-doped bulk crystals
become soft and are contrary to that of nanocrystals since
three-dimensional (3D) confinement of finite-sized nano-
particles cannot be considered for the DFT calculations.

The synergistic effects of In** and Nb** ions also determine
the trans-regime structural transition of co-doped nanocrystals
under HP conditions. Doping introduces different defect states
into host materials, and these intentionally introduced defects
can act as heterogeneous nucleation centers of crystal—crystal
transition."' ™ Classical nucleation theory points out that the
energy barrier (AG*) of heterogeneous nucleation is always
lower than that of homogeneous nucleation. It is thus
energically favorable to activate the structural transition of co-
doped TiO, nanoparticles using a smaller pressure than that of
undoped TiO,. Experimentally, the critical pressure of phase
transition from anatase to a baddeleyite-like structure is ~19.1
GPa, which is much lower than that of undoped samples (~24
GPa). During decompression, similar results can also be
obtained. Therefore, defect-induced heterogeneous nucleation
mechanism is responsible for the observed trans-regime
structural transition of co-doped nanocrystals.

Figure 5 shows a schematic of defect-induced heterogeneous
nucleation mechanism. Crystal fields and chemical bonds
around In** and Nb** co-doped sites are different from that of
titanium and result in a nonuniform pressure distribution
within co-doped TiO, nanoparticles under HP conditions.
Locally, the crystal structure surrounding doped sites first
distorts because the defect positions have higher energy. In—-0
or Nb—O chemical bonds then break down and reassemble
into the basic MO, units of a baddelyite-like structure. During
this process, the introduced defects through co-doping In* and
Nb* ions serve as the nudeation centers of new polymorphs.
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Figure 5. A schematic of the defect-induced heterogeneous nucleation
mechanism, (a) Nonuniform pressure distribution among MOy
octahedra due to their different local crystal chemistry environments
(the red color represents the position of defect induced by co-doping).
(b, ¢) Distortion of local crystal structure under high pressure. (d) The
formation of crystal nuclei of new phase after the breaking and
reassembling of In—0, Nb—O chemical bonds. (e) The growth of new
crystal nuclei into co-doped baddeleyite-like or a-PbO,-like TiO,
nanocrystals.

Once the crystal nuclei are shaped, they consume other smaller
ones and gradually grow into nanoparticles following the
Ostwald ripening process until all co-doped anatase TiO,
changes to a baddelyite-like phase. This crystal growth process
is supported by the appearance of NbO nanoclusters during the
phase transition of Nb*" single-doped TiO; nanoparticles from
anatase to rutile,’’ and it is also supported by a study on the
preparation of silicon nanoparticles.”" A similar scenario also
happens in the phase transition from a baddeleyite-like to an a-
PbO,-like structure. However, it should be pointed out that the
driving force for phase transition at the compression stage is
quite different from that of decompression process. The former
comes from the external pressure, while the latter is from the
interiors of nanoparticles.
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B CONCLUSION

High pressure reaction behaviors of (In* + Nb®*) co-doped
anatase TiO, nanocrystals (<10 nm) were investigated by in
situ Raman spectroscopy. In** and Nb™ ions co-doping not
only induces trans-regime structural transition of anatase TiO,
nanocrystals but also enhances their stiffness or incompressi-
bility due to the synergistic effects of co-dopants. The
crystallographic evolution of co-doped TiO, is demonstrated
to follow the sequence of anatase to a baddeleyite-like phase
(under compression) and then to an @-PbO,-like structure
(under decompression). This abnormal trans-tregime structural
transition is determined by a defect-induced heterogeneous
nucleation mechanism. The combination of high pressure and
co-doping strategy is thus critical for the synthesis of other co-
doped metastable polymorphic nanomaterials, and it is also
significant to optimize the physicochemical properties of
traditional materials.
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SI-1. The doping concentration of In’* and Nb** ions in co-doped anatase TiO: nanocrystals

Table S1, the doping concentration of In** and Nb>* ions in co-doped anatase TiO> nanocrystals.

Measurement methods In/Ti (at.%) Nb/Ti (at.%)
XPS 6.49 .71
EDS of SEM 5.02 498
ICP-OES 4.73 4.95

From Table S1, it can be found that the respective doping concentrations of In** (In/Ti) and Nb** ions
(Nb/T1) in the co-doped nanocrystals is very close to ~5at.%. It should be pointed out that nanoparticles
are directly analyzed by XPS and ICP-OES. The sintered ceramic pellets, which are composed of
nanopowders are used for EDS of SEM analysis. These ceramic pellets are prepared by pressing the

nanoparticles into pellets and then sintered at 1400 °C for 12 hours. After that, their surface is polished
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and coated by carbon. Though XPS, EDS of SEM and ICP-AES are three different analytical techniques,

their results are found to be in reasonable consistency with each other.

SI-2. Raman spectrum of (In**+Nb**) co-doped baddeleyite-like TiQ2 nanocrystals

Intensity (a.u.)

'; "l T . * = A:-l * T m
200 300 400 500 600 700 800
Wavenumber (cm")

Figure S1. Raman spectrum of (In**+Nb**) co-doped anatase TiO> nanocrystals pressurized at 47.2 GPa.

All of their Raman peaks are consistent to that of a baddeleyite-like TiOz structure.
SI-3. Density Functional Theory

DFT calculations were performed using the VASP code.'®") The projector-augmented wave (PAW)
method was used. Atomic pseudopotentials were used to represent the [Ne], [He], [Kr] and [Ar] 4s® 4p°
electronic cores of the Ti, O, In and Nb ions, respectively. A plane wave cutoff of 500 eV was used
throughout with the PBE+U functional. On-site (+U) corrections were applied in the rotationally-invariant
approach of Dudarev, with the U-J parameter being 7.4 eV for Ti, In and Nb d electrons and 5.4 eV for
O p electrons. For the In and Nb co-doped crystals, 3x3x1 and 2x2x2 supercells were constructed for the
anatase and a-PbOq-like structures, respectively. In these supercells, four Ti ions were replaced with two
In and two Nb ions and an oxygen ion was removed, yielding 5.56% and 6.25% doping for the anatase
and a-PbO2-like structures, respectively. 2x2x2 I'-centred grids were used for k-point sampling for the

supercell calculations. All calculations were spin polarised.

2
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A wide range of configurations for the substituted ions were tested. The presence of Ti** and/or Nb* ions
was analysed by examining the spin density within spheres around each ion. The total energy of the crystal
supercells was found to depend strongly on the configuration of the substituted ions. In both the anatase
and a-PbO»-like structures the lowest energies were given by configurations exhibiting the “friangle”
motif previously identified in (In+Nb) co-doped rutile TiO». This configuration was charaterised by In**
ions in adjacent octagedra, with one of the shared oxygen ions removed for local charge balance. An Nb>*
ion would be in a nearby octahedron such that a Ti ion across the oxygen vacancy from the In ions was

reduced to Ti**. Another Nb>*-Ti** pair would be located within the supercell, with the lowest energies

found when this pair was close to the 2In**-Vo-Nb>*-Ti** defect cluster.

The stiffness of the pure and doped crystals was evaluated by first relaxing the ionic positions and lattice
vectors of the supercell. The cells were then scaled by #1% and subjected to relaxation at a constant cell
volume. A linear fit to the resulting calculated external pressures yields the bulk modulus. The fitting

procedure gives an uncertainty in the calculated values estimated to be 5 GPa.

In both the co-doped anatase and a-PbO2-like TiO2 phases, the most stable configurations of the ions
were reminiscent of the 2In**-Vo-Ti** “triangle” motif identified in (In**+Nb**) co-doped rutile TiO,.['¥
The DFT calculations predict the bulk moduli of the pure anatase and a.-PbO-like TiO: phases to be 170
and 210 GPa, respectively, in acceptable agreement with the 179 and 258 GPa determined
experimentally.® For the most stable configurations of co-doped TiO2 polymorphs, the calculated bulk
moduli were 162 and 193 GPa, respectively, for the co-doped anatase and o-PbO»-like phases. That is,
the DFT calculations predict that the stiffness should decrease for the bulk crystals, in contradiction to
the behavior observed by the Raman spectra of our co-doped TiO2 nanocrystals. It may be because the
Raman spectrum is sensitive to the three-dimentional confinement of phonons in finit-sized nanocrystals®.
Further consideration in theory is thus required to introduce such a confinement and achieve a theoretical

explanation that is not contradictory to the experimental data.
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3.3 Bimetallic ions codoped nanocrystals: doping mechanism, defect formation,

and associated structural transition

I wrote the draft of this paper. I synthesized the (In**+Nb>*) co-doped anatase TiO>
nanocrystals and designed high pressure reaction experiments. [ systematically
characterized the samples containing different co-doping levels using XRD, Raman
spectroscopy, ICP-OES, HRTEM, SEM/EDS, XPS, HADDF-STEM and others. I also
analyzed the related results of DFT calculations performed by Terry J. Frankcombe and
conducted high pressure reaction experiments with Larissa Q. Huston. In addition, I also
investigated the co-doping mechanisms for difficult-dopant In** and easy-dopants Nb>*

ions.
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ABSTRACT: Ionic codoping offers a powerful approach for modifying material Difficult-dopantin®
properties by extending the selection of potential dopant ions. However, it has been a o .\
major challenge to introduce certain ions that have hitherto proved difficult to use as _\ M
dopants (called “difficult-dopants”) into crystal structures at high concentrations, especially flost Ti‘/

through wet chemical synthesis. Furthermore, the lack of a fundamental understanding of ® Autoclaves

how codopants are incorporated into host materials, which types of defect structures they Fasy-dopantNb™ (In~,Nb*"}-Ti0,
form in the equilibrium state, and what roles they play in material performance, has
seriously hindered the rational design and development of promising codoped materials.
Here we take In** (difficult-dopants) and Nb™ (easy-dopants) codoped anatase TiO,
nanocrystals as an example and investigate the doping mechanism of these two different
types of metal ions, the defect formation, and their associated impacts on high-pressure
induced structural transition behaviors. It is experimentally demonstrated that the dual
mechanisms of nucleation and diffusion doping are responsible for the synergic
incorporation of these two dopants and theoretically evidenced that the defect structures
created by the introduced In*, Nb** codopants, their resultant Ti**, and oxygen vacancies are locally composed of both defect
clusters and equivalent defect pairs. These formed local defect structures then act as nucleation centers of baddeleyite- and a-
PbO,-like metastable polymorphic phases and induce the abnormal trans-regime structural transition of codoped anatase TiO,
nanocrystals under high pressure. This work thus suggests an effective strategy to design and synthesize codoped nanocrystals
with highly concentrated difficult-dopants. It also unveils the significance of local defect structures on material properties.

=

Ionic codoping is a general and effective strategy to Theoretically, Cr and Mn ion codoping was predicted to
significantly improve the macroscopic performances of greatly increase magnetic moments and thus induced abnormal
host materials by tuning their local and average structures. By ferromagnetism in paramagnetic TiO,. In other material
simultaneously incorporating two or more types of extrinsic systems including graphene, carbon nanotubes, tetrahedrites,
ions into the substitutional or interstitial sites of crystal and znc sulfide, the ionic codoping strategy has also been
structures, the physicochemical properties of the host materials, broadly utilized to improve their electrocatalytic, thermo-
such as their dielectric response, optical absorption, or magnetic electric, or fluorescence properties.””

spin, can be modified significantly. Typical cases can be found The ionic codoping strategy also presents many advantages
in titanium dioxide (TiO,) due to its multifunctional nature on the resultant chemical compositions of codoped materials.
and diverse applications. For instance, our previous work' Ions, which on their own might be difficult to introduce into
suggested that codoping In®* and Nb®" ions into rutile TiO, host materials, can be codoped at significantly higher
ceramics enabled the achievement of both colossal permittivity concentrations due to the generation of synergistic effects
(>10°) and low dielectric loss (<5%) as a consequence of the with another dopant ion. For instance, <1 at% In*" ions can be
formation of electron-pinned defect dipoles. Likewise, the

simultaneous incorporation of both B* and N°" ions into Received: June 2, 2017

anatase TiO, microspheres narrowed the host bandgap and Accepted: June 29, 2017

thereby enhanced the visiblelight photocatalytic activit'y.: Published: June 29, 2017
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dissolved into TiO, without phase segl’egzltionpH whereas the
dissolution limit can approach ~5 at% if codoped with Nb**
ions." Under some scenarios, unwanted species such as oxygen
vacancies in the case of N*~ single-doped TiO,” or Ti** ions in
the case of Nb* monodoped TiO,'" which lead to a
deterioration of photocatalytic properties by forming “trapping
or recombination centers” of photogenerated electron—hole
pairs, can also be efficiently avoided if another appropriate ion
is introduced to couple with each other as well as to balance the
overall charge of the whole codoped system (e.g, Nb*—N3"
codoping). =

From a structural perspective, ionic codoping also changes
the local structures of the host materials. The selected codoped
ions can exist as isolated point defects, bind together to form
defect pairs, or form larger local defect clusters">271*
depending upon the chemical compositions or synthesis
route. We previously pointed out that codoping “too big”
trivalent In* ions with Nb** ions was favorable to generate
triangular- and diamond-shaped defect clusters in rutile TiO,,'
while codoping smaller A" ions with Nb’* ions locally
produced ‘an intergrown, intermediate, and metal-ion-rich
structure.”” In (B, N) codoped carbon nanotubes,” the B
and N~ ions could either exist as isolated point defects or
chemically bind together depending on their synthesis
conditions. The resultant electrocatalytic properties of prepared
(B, N) codoped carbon nanotubes, however, could only be
enhanced by the former.

Although ionic codoping has been successfully used to tune
the physicochemical properties of a wide range of host
materials by slightly modifying the chemical composition or
locally creating different defect states, their reliable wet
chemical synthesis remains complicated and rather difficult to
control. This is especially the case when the ions that are
difficult to dope with (called “difficult-dopants”) are involved
because (1) the solubility of the initial reactants should be
considered to guarantee enough ions to homogeneously
distribute in the reaction solvent, (2) the precipitation of
codopant ions should be coordinated to inhibit the generation
of possible impurities during the reaction process, and (3) the
ligands of the metal ions should be modified to achieve the
expected doping concentrations in the resultant products.
Furthermore, fundamental concerns regarding the synthesis
and the resultant codoped materials themselves still remain
unclear; for example, how codopants are introduced into the
crystal structures of host materials during the chemical reaction
process (ie., doping mechanism), whether the same types of
codopants create the same defect states in different polymorph
of the same material (i.e, defect formation), and what roles
these introduced local defect structures play on the macro-
scopic properties of the codoped host materials. Studies on the
doping mechanism, the defect formation, and their associated
impacts are rather important to both design and synthesize
novel types of codoped materials as well as further understand
the intrinsic structure—performance relationship.

We herein combine the easy- and difficult-dopant ions
together in an attempt to effectively increase the doping levels
of the latter. In* and Nb* codoped anatase nanocrystals are
then synthesized to further demonstrate the effectiveness of the
designed codoping strategies. The potential doping mecha-
nisms of the two different types of metal ions (the In*" difficult-
dopant ions and the Nb>" easy-dopant ions) are investigated
under solvothermal reaction conditions. Through density
functional theory (DFT) calculations, we present the local
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defect structures generated by the In*, Nb*" codopants, the
resultant Ti*" ions, and oxygen vacancies. Furthermore, the
influence of these intentionally introduced local defect
structures on high-pressure reaction behaviors of synthesized
codoped nanocrystals are analyzed.

In*" and Nb** codoped anatase nanocrystals with a chemical
formula of (Ti‘fix_J._zTi?‘+Ir1) NB) (03 Zterpezyaldy 1) are syn-
thesized by a solvothermal method ([] here represents oxygen
vacancies and also labeled as V). The x, y, and z values in the
above chemical formula are experimentally determined to range
from 0 up to 0.046 and are controlled by adjusting the
concentrations of niobium pentachloride and indium acetate in
ethanol solvent while fixing the added volume of titanium
chloride. Detailed descriptions about the synthesis and
characterization of these nanocrystals are given in the
Supporting Information (SI-1 and SI-2). In*" and Nb*" ions
are chosen as appropriate codopant ions because they enable
charge compensating as well as produce a significant local
structural change due to the bigger ionic radii of both
codopants (94 pm for In*" and 78 pm for Nb**) as compared
with that of Ti* (74.5 pm). Such local structural variation
induced the formation of defect clusters in the case of the
analogous (In**+Nb**) codoped rutile TiO, ceramics' to “pin”
electrons and thus resulted in an excellent dielectric perform-
ance.

In the current anatase case, the ionic radii of the In*" ions are
again significantly too large. The calculated apparent valence
(AV) or bond valence sum (BVS) of an In*" ion in anatase
TiQ, is 5.33 valence units (v.u.) instead of the ideal 3.00 v.u.
estimated usm% the softBV program (SI-3, Supporting
Information), that is, ~78% overbonded! Without the
removal of at least one of the surrounding oxygen ions and the
addition of a further neighboring In** ion for charge balance, it
is rather difficult to introduce In*" ions into TiQ, to achieve
high doping levels by normal wet chemical reaction routes such
as sol—gel or coprecipitation. A solvothermal method is thus
attempted to combine the higher spontaneous pressure of
ethanol with the comparatively higher heating temperature of
sealed autoclaves. In contrast with the difficulty in In*" doping,
the ionic radii of Nb* ions are almost similar to that of Ti*
with an AV of 5.37 v.u, only slightly overbonded by ~7.4% (SI-
3, Supporting Information). The chemical doping of Nb** ions
into anatase TiO, is thus relatively easy and can reach up to a
concentration of ~14 at%'? or more (called “easy-dopants”).
Note, however, that charge balance associated with single
doping of Nb** ions can only be achieved through generating
an equal concentration of reduced Ti** ions.

Experimentally, we find that nearly all of the Nb** ions in the
initial reaction solution can be doped into amatase TiO,
nanocrystals (Figure 1a). Their doping concentrations are
thus easily controlled through just tuning the added weight of
starting materials like niobium pentachloride. By contrast, only
a small proportion of In* ions in the reaction solution can be
finally incorporated into TiO, to achieve a closely equivalent
doping level as that of the Nb*" ions (Figure 1b). For example,
if ~5.0 at% In*" ions (compared with total titanium ions, ie., y
~ 0.046 in the above chemical formula) are designed in
codoped TiO, nanocrystals, their actual concentration in the
initial reaction solution should be up to ~90 at%. Most of the
In** ions are left in the reaction solution and should be further
separated from the synthesized nanoparticles through post-
treatment process for reuse.

DOI: 10.1021/acs. jpclett 7b01384
1 Phys. Chem. Lett. 2017, 8, 3249-13255
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Figure L Ratio of Nb/Ti (a) and In/Ti (b) in the initial reaction
solution (x axis) and in the resultant codoped anatase TiO,
nanocrystals (y axis). These data points were collected at the reaction
time of 14 h. It is found that almost all of the Nb ions but only a small
proportion of the In ions in the reaction solution can be finally
codoped into Ti0,. (c) Ratio of Nb/Ti and In/Ti at different reaction
times, suggesting that dual mechanisms of nucleation and diffusion
doping are responsible for the incorporation of the In* ions, while
nucleation-only doping is observed for that of the Nb™ ions. (d)
Schematic illustrating the different doping mechanisms for the In**
and Nb** codopants. Three critical steps should be involved during the
synthesis: (1) cationic homogeneous distribution in the solution, (2)
nonequivalent nucleation codoping of Nb** and In** ions, and (3) the
further diffusion doping of the In** ions to achieve the equal doping
concentrations as that of the Nb™ ions.

In addition, we further found that the doping level of Nb**
ions in the codoped TiO, nanocrystals remained virtually
unchanged for reaction times between 4 and 14 h, while that of
the In*" ions increases almost linearly over the same reaction
period (Figure 1lc). For reaction times shorter than 4 h, it is
difficult to collect any nanoparticles from the viscous and
transparent reaction solution. In such short reaction times,
nanoparticles perhaps are not formed or their partide size is too
small to be separated for collection. After 14 b, the ratio of In/
Ti and Nb/Ti in the nanocrystals does not obviously change.
Clearly, the incorporation of Nb** ions is related to a typical
nucleation doping. Although the major proportion of the doped
In*" ions (~4.1 at%, compared with total titanium ions) is also
introduced together with Nb** ions through nucleation doping,
the remaining proportion of them (~0.9 at%) is actually
incorporated into TiO, through diffusion doping with a
diffusion rate of ~9.52 X 107" molar per hour. Dual
mechanisms (nucleation and diffusion doping) are thus
proposed for the introduction of the In** ions, and
nucleation-only doping is suggested for that of the Nb** ions.
This understanding of doping mechanisms is critical for the
controllable synthesis of other metal-ion-codoped nanomateri-
als and the desirable design of material properties.”’ >

A schematic, which visually illustrates the two mechanisms of
introducing In** and Nb* ions into TiO, nanocrystals, is
shown in Figure 1d. Three critical steps are involved during
synthesis, that is, (1) homogeneous distribution of all cations
(Ti*", Nb*, and In*) in the ethanol solvent to form one
transparent solution, (2) the nonequivalent nucleation
codoping of almost all of the Nb*" ions but only a proportion
of the In*" ions, which results in the lower doping
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concentrations of the In®" ions relative to that of the Nb**
ions, and (3) the diffusion doping of an additional proportion
of [n** ions to achieve equivalent doping levels of the In*" and
Nb* ions. It seems that the easy Nb** dopant ions create a
synergistic environment for accommodating the more difficult
In*" dopant ions. The coupling of these two different types of
doped ions is thus demonstrated to be an efficient method to
significantly increase the doping concentration of difficult-
dopants,

The synthesized (In**+Nb*) codoped TiO, nanocrystals
were then investigated by X-ray powder diffraction (XRD). All
diffraction peaks could be assigned to an average tetragonal
anatase-type phase with space-group symmetry I4,/amd (SI-4,
Supporting Information). This phase analysis was carefully
done to be sure that all other analyses were conducted on the
single-phase sample. The chemical compositions of the
optimized, codoped anatase nanocrystals were then carefully
analyzed via energy-dispersive X-ray spectroscopy (EDS) in a
scanning electron microscope (SEM) and an inductively
coupled plasma optical emission spectrometer (ICP-OES).
The atomic ratio of indium to niobium is found to be about 1:1,
and their respective doping concentrations nearly approach 0,
1.0, 3.0, and 4.6 at%, that is, y ~# z ~ 0, 0,010, 0.030, and 0.046
(SI-5, Supporting Information). With the gradual increase in
the y and z values, there is a gradual shift of the (101) XRD
peak, a linear expansion of the lattice parameters (a, b, and ¢)
and of the unit-cell volume (V, SI-4, Supporting Information)
due to the partial substitution of the smaller Ti** ions with the
bigger In** and Nb** ions. These XRD results and the various
microscopic characterization (to be discussed below) suggest
the effective codoping of [n* and Nb** ions into anatase TiQ,
nanoparticles. This is also confirmed by Raman spectra, which
exhibit similar Raman peaks to the undoped anatase TiO,
nanoparticles (SI-6, Supporting Information).” Furthermore,
we do not detect any other Raman signals or additional XRD
peaks even in the samples with y &~ z ~ 0.046 (ie, a total
doping concentration of ~9.2 at%) and thus believe that these
(In**+Nb**)-codoped TiO, nanocrystals represent a single-
phase solid solution.

The chemical valence states of the cations in the codoped
nanocrystals with y & z & 0.046 were subsequently analyzed by
X-ray photoelectron spectroscopy (XPS, Figure 2a—c). As seen,
the indium and niobium ions have the chemical valence of +3
and +5, respectively; that is, their chemical valences are the
same as those of their starting materials. For the titanium ions,
the XPS data show two separate peaks with individual binding
energies of ~459.3 and 457.6 eV. These two XPS peaks
correspond to Ti*" and Ti%, respectively. The generation of
Ti*" ions can be ascribed to the reduction of a proportion of the
Ti*" ions induced by the Nb* ions. Their concentration is
calculated to be ~3.5 at% by fitting to the XPS data (Figure 2c).
The slight difference between the doping level of Ti** (3.5 at%)
and that of the Nb* ions (4.6 at%) is attributed to the
oxidization of partial surficial Ti*" ions due to the high surface
energy and high reaction activity of the nanoparticles. The
presence of Ti* ions is also confirmed by the electron
paramagnetic resonance (EPR) spectrum (Figure 2d). Two
EPR signals at g; = 1.97 and g, = 1.94 should come from the
paramagnetic resonances of Ti*" with 3d" electrons trapped on
the lattices.”* There is no Nb* observed in both XPS and EPR
characterization. The prepared (In**+Nb**) codoped TiO,
nanocrystals thus contain not only In* and Nb** codopants
but also include induced Ti** ions and oxygen vacancies (to

DOI:10.1021/acs.jpclett 7b01384
1 Phys. Chem Lett. 2017, 8, 32493255
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Figure 2. XPS (a—c) and room temperature EPR (d) spectra of the
sythesized. (Titka T@buInghuNbSine)(OlmThor) anstise nano-
crystals with x & y & z & 0.046, determining the chemical valence
states of indium (+3) and niobium (+5) codopants as well as the
titanium (+4 and +3).

balance the charge of the overall codoped TiO, material). The
In*, Nb*, Ti*, and oxygen vacancies are labeled Iny, Nb},
Tiy, and Vi using Kroger—Vink notation, respectively.

To further investigate In*" and Nb** codoped anatase TiO,
nanocrystals, aberration-corrected HAADE-STEM
(high-angle annular dark-field scanning transmission
electron microscopy) images of the synthesized
(Tig 562 Ti p4slnd N3 bse) (OTsons) nanocrystals (ie, x
&y & z & 0.046) were taken (Figure 3). It is observed that

10 nm "

Figure 3. Typical aberration-corrected HAADF-STEM image of the
synthesized anatase (Tig % Tid 646100 546Nb3646) (0757 00023) nano-
crystals with x &~ y & z = 0.046. The arrowed brighter dots in the
inset show the presence of atomic columns with a greater density of
heavier atoms (indium and/or niobium), indicating that the In** and
Nb* ions are indeed codoped into TiO, host materials.
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most of the nanocrystals have quasi-spherical shapes (in
projection) with small average particle diameters of <10 nm.
In atomic-resolution HAADF-STEM mode, an atomic column
containing any indium (atomic number, Z = 49) or niobium
atoms (Z = 41) substituting for the lighter Ti atoms (Z = 22)
should lead to a noticeable local increase in the corresponding
image intensity relative to a pure, unsubstituted Ti column (of
the same thickness). The inset in Figure 3 shows a HAADF-
STEM image of a nanoparticle exhibiting (011) lattice fringes
(running vertically). The alternating bright and dark stripes
correspond to double rows of metal ions (separated in the
horizontal direction by 0.88 A and clearly unresolved) and the
complete absence of metal ions, respectively. Note that the
arrowed bright dots in the inset always fall within the bright
metal ion striped regions, suggesting that they represent local
atomic columns with an increased density of substituted In and
Nb atoms. Indeed, they may well represent individual In or Nb
atoms. This directly demonstrates that In*" and Nb®" ions are
indeed codoped into the crystal structures of anatase
nanocrystals. In addition, the results of element mapping also
indicate that In*" and Nb*" ions are really codoped into anatase
TiO, nanocrystals and homogeneously distributed (SI-7,
Supporting Information).

It also appears that most of the quasi-spherical nanocrystals
achieved at the higher doping levels gradually evolve to
nanocubes or nanocuboids with a decrease in the codopant
concentration (SI-7, Supporting Information), consistent with
results reported for Nb-monodoped TiO," and Mg-mono-
doped ZnO* nanoparticles and can be attributed to their
changed average crystal structure after codoping (SI-4,
Supporting [nformation). Additionally, the change of codoping
concentration slightly modified the average particle size, and
higher doping levels lead to smaller particle diameters, but they
all remain <10 nm in terms of both the size calculated by the
Scherrer equation”®”” and that estimated via low-magnification
TEM lattice imaging (SI-8, Supporting Information). These
small nanoparticles potentially provide many practical
applications, for example, to prepare thin films by directly
depositing them onto substrates, to use as building blocks in
constructing functional nanodevices, or to lower the sintering
temperatures of related ceramics as raw materials/additives.

To gain further insight into possible local defect
clusters created by the codoping of In*" and Nb* ions,
DFT calculations were carried out on our synthesized
anatase compounds with the chemical formula of
(Tigsea Tig a6 Ing046NDG046) (O 12.;??[]0 07‘.‘3)- The calculations
were performed using the VASP code™™ and a3 x3 x 1
supercell of the anatase TiO, structure. Four Ti** ions were
substituted by two In*" and two Nb* ions in various
configurations. This yielded a respective doping level of 5.56
at%, which is very close to the experimental value (4.6 at% In®*
+ 4.6 at% NB*>*) of this work. More details of the calculation
setup are given in SI-9 (Supporting Information).

The total energy of the codoped compounds is found to
depend strongly on the configuration of the substituted ions.
The lowest energy defect structure is provided by the
configuration shown in Figure 4. The 2Iny + Vi + Tig
“triangle” motif, which was previously identified in the
(In**+Nb*") codoped rutile TiO,' was also observed here.
This configuration was characterized by In*" ions located in
adjacent octahedra, with one of the shared oxygen ions
removed for local charge balance considerations. A Nb*" ion
would be in a nearby octahedron such that a Ti ion across the

DOI:10.1021/acs. jpclett.7b01384
I, Phys. Chem. Lett. 2017, 8, 32493255
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Figure 5 presents the high-pressure reaction behavior of
these defect-cluster and defect-pair modified nanocrystals with
x &y =~z ~ 0010. In situ Raman signals were collected under
compression and decompression conditions. Detailed exper-
imental processes are described in SI-10 (Supporting
Information). A gradual phase transition from anatase to a
baddeleyite-like structure can be observed under compression
(Figure Sa). Subsequently, the newly formed baddeleyite-like
structure transforms to an @-PbO,like phase under decom-
pression (Figure Sb). During the entire compression and
decompression cycle, the codoped anatase nanocrystals under-
go an anatase — baddeleyite-like phase (~20.2 GPa,
compression) — a-PbO,like structure (~33.0 GPa, decom-
pression) phase-transition sequence. This structural transition
sequence is inconsistent with the pressure-induced amorphiza-
tion of undolggd anatase TiO, nanocrystals having a similar

crystal size”> > but is closely analogous to the phase-transition

Figure 4. Motif of the lowest energy defect structures. Balls behavior of those pure TiO, nanocrystals with a larger par-

representing ions are colored according to In**: purple, Nb**; pink, ticle size of 11 to 40 nm.°° %% The anatase
234 N 2— B PR ’ . Fy i i

Ti™*; blue, Ti™; green, O°7; red. Dashed lines indicate the 2Ing; + V}y (Tiftx_y_zTii+ll‘l;+Nb;+) (Og—(xﬂwz]fz[]yﬂ) nanocrystals thus

Tif; + Nbj; defect clusters and adjacent Tiy; + NbY; defect pairs. : N P
AT EEN R R R R ABROE I A PEGLL RS possess an abnormal trans-regime structural transition behavior

under high pressure. This abnormal phase evolution should be
related to the intentionally introduced 2In, + Vi + Tiy, + Nby,

oxygen vacancy from the indium ions was reduced to Ti*". In defect clusters or Tiy; + Nb}; defect pairs because they can act
the low-energy configurations, one Nb*" ion is connected to the as nucleation centers of baddeleyite- or @-PbO,-like metastable
triangular-shaped defect cluster to form a more complicated polymorphic phases and thus induce the crystallization of new
2In; + V' + Tigy; + Nbj; defect complex. The other Nb”* ion crystal structures.
links with the second Ti** ion to form a Tiy; + NbY; defect pair. In conclusion, highly concentrated In** difficult-dopants are
This defect pair would be located nearby within the supercell, successfully introduced into TiO, aystal structures through the
with the lowest energies found when it was adjacent to the synergistic effects of the Nb™" easy-dopants, It is found that the
2ny; + Vi + Tig; + NbY,; defect clusters. Although these defect dual mechanisms of nucleation and diffusion doping are
models also contain triangle-shaped defect complexes and are responsible for the incorporation of the difficult-dopant In**
thus similar to that of (In**+Nb>*) codoped rutile TiO,,' they ions while nucleation-only doping is observed for that of the
also exhibit their own special features with (1) the newly easy-dopant Nb>" ions. The local defect structures generated by
introduced Tiy; + NbY; defect pairs, which may be nearby but codoped In*, Nb* ions, their resultant Ti*, and oxygen
not adjacent to the triangular In-containing defect clusters, and vacancies are composed of both 2In; + V& + Tiy, + Nbj,
(2) the triangle-shaped defect complexes is modified by one defect clusters and equivalent Tiy;, + NbY; defect pairs. These
Nb* ion to form a more complicated 2Inj; + Vi + Tif; + Nb}, intentionally introduced defects would act as nucleation centers
defect cluster. Two polymorphs of a single material can thus of baddeleyite- and @-PbO,-like metastable polymorphic phases
locally produce different defect models though the selected and thereby induce an abnormal trans-regime structural
codopants are the same. transition of codoped anatase TiO, nanocrystals under high
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Figure 5. In situ Raman spectra of anatase (Tifsro Tid folng pioNb o10 ) O 59s0 005 ) nanocrystals (x &y & z & 0.010) collected under compression
(a) and decompression (b) conditions. Their crystallographic evolution follows the sequence of anatase — baddeleyite-like phase (compression) —
a-PbO,like structure (decompression).
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pressure. We believe that this work provides new insight into
the design and synthesis of other novel codoped materials with
high concentrations of difficult-dopant ions, opens a new
avenue to develop new codoping systems for developing new
functional materials, and significantly advances local defect
structures in solids.
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SI1. The synthesis of anatase (Ti] Tij'ﬁlfl\’bf)(Oj},,w \ol1,,)) nanocrystals

Anatase (Tit[_w "l'ii'lnf,r Nbfr)(O L,2) nanoerystals were syathesized under solvothermal conditions. For example, to prepare the

Uxeya)/2
codoped nanocrystals with x=y=z=0.046, 0.68 mL TiCL, 0.092 g NbCl; and 1.6406 g In(C-H;O:); were separately added into 120 mL
ethanol solvent to form one transparent solution. This transparent solution was firstly stirred at room temperature for 2 hours and then
transferred into an autoclave with the inner volume of about 200 mL. After the sealed autoclave was heated to 200 °C and kept at this
temperature for 14 h, the solid product formed in the solution was centrifuged, washed with ethanol and distilled water, and finally
dried at 60 °C for 12 h. Following this reaction condition and powder collection route, other (Ti'rwzTiiflnf,'NT:rfr)(Oi'{xf?Z,,': U,)
anatase nanoerystals with different x=y=zvalues such as 0,0.010 and 0.030 were also synthesized by adjusting the added weight of NbCls

and In(C.H;O.)%. The detailed mixed ratios of various raw materials are listed in the Table §1.

Table §1. The mixed ratios of various raw materials used to synthesize anatase (Ti?_;_y‘z"[iir Ini'Nbff}(Oi{x,y_ﬂ,_‘ U, nanoerystals with

different doping concentrations.

(Tl T lnf,'Nbf'}[Of'{rwmDy,l) NbCls (g) In(C-H;0:): (g) TiCly (mL) | CH;CH:OH (mL)
x=y=z=0 0 0 0.68 120
xmy=220.010 0.039 0.446 0.68 120
xoy=2=0.030 0.053 0.855 0.68 120
xey=z=0.046 0.092 1.641 0.68 120

SI.2. The characterization of anatase (T 1';;” Tx’ffni’]\?'bf* )(Oj}:,w s, ) nanocrystals

Anatase (Ti?_;_w Tii'lnf,f Nbfr)(O;'

Tixeya/2 Hy) nanocrystals synthesized by the solvothermal method were characterized by a X-ray powder
diffractometer (XRD, PANalytical's Xray diffractometer with CuKa radiation, the step size of 0.013° and the time per step of 300s) to
confirm their crystal structures. Field-emission transmission electron microscope (TEM, JEOL-2100F) was used to measure their micro-
scopic morphologies and further estimate their average particle sizes. Raman spectra of the resultant powders were collected using a
Renishaw Raman System with 532 nm laser. The chemical valences and atomic percentages of cations in the codoped nanocrystals were
tested by Xray photoelectron spectroscopy (XPS). More accurately, the chemical compositions were further carefully confirmed by the

scanning electron microscopy (SEM, Hitachi-54300) attached with the energy dispersive X-ray spectroscopy (EDS) and an inductively
coupled plasma optical emission spectrometer (ICP-OES, Vista AX). In addition, the EPR signals of codoped samples were also collected

1
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at room temperature through the electron paramagnetic resonance equipment (EPR, a Bruker ERZ00D spectrometer), which shows the
existence of Ti" ions. In order to further demonstrate that In’' and Nb™ ions are indeed codoped into nanocrystals, the high-angle
annular darkfield scanning transmission electron microscopy (HAADE-STEM, Doublecorrected FEI Titan® 80300 FEGTEM) were
thus taken to characterize the codoping information at the atomic scale.

SI3. The Bond valence sum caleulation of the synthesized (T, 1';;,,,, ﬂf’quNbf}.@i&,W s ,) nanocrystals with x=y=z=0.046

The Bond valence sum (BVS) caleulation ™ was performed for (In* +Nb"") codoped anatase TiO; with the respective doping concentra-
tions of about 4.6 at% (i.e. x=y=z=0.040). The original CIF file of un-doped anatase TiO: for the BVS calculation comes from Ref. S1.
The caleulated results show that the global instability index (GI1) value of anatase (Ti?;_wTiif Inf,'Nbff )(Oi{x,‘ﬂ] 20 ) with xey=2=0.040
is about 0.97 v.u. Such a high GlI value means that the codoping of In* and Nb’* ions into anatase TiO is not easy experimentally.
Meanwhile, the apparent valence of In™ ions is ~5.33 v.u. and their BVS deviation is ~2.33 v.u. In"" ions are thus about 78% over-
bonded if they substitute Ti" ions of anatase TiO: (called " difficultdopants”). However, the apparent valence of Nb™ ions is ~5.37 v.u.
and their BVS deviation is ~0.37 v.u., which indicates that Nb™" jons are only slightly overbonded (~7.4%). Therefore, the chemical

doping of Nb™* ions into anatase TiO; should be experimentally much easier (called “easy-dopants”) than that of In™ ions.

SI-4. XRD patterns of anatase (Ti%, th’ﬁli*Nbf*)(Oﬁ;:,w 12l 1) nanocrystals
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Figure S1. XRD patterns of anarase (Ti?;_wTii' Ini'Nbfr}(O:::{vwm 0,/») nanoerystals with x=y=2=0, 0.010, 0.030 and 0.046, respectively
(). (b) is the changes of their (101) diffraction peak position, lattice parameter (a=b, ¢) and unite cell volume (V) with the increment of

I’ and Nb™ doping levels.

XRD patterns of the synthesized anatase (Ti?;_wTii'Inibefr}(Of‘[&w_zm 0,») nanocrystals are shown in Figure §1a All of their diffrac-
tion peaks can be assigned to the tetragonal phase with space group symmetry 14,/amd It is experimentally confirmed that they have
the anatase structure. Furthermore, their (101) diffraction peak gradually shifts to lower (20) angles with increasing the doping levels of
In’ and Nb™ {ons (Figure S1b). This shift should be attributed to the bigger ionic radii of In* (04 pm) and Nb** (78 pm) ions than that
of Ti*' (74.5 pm), partially reflecting that the metal ions are indeed codoped into the host materials. In addition, their lattice parameters
(a, band ¢) and unit cell volumes (V) increase almost linearly with the increment of doping levels. For example, comparing with the un-
doped samples (i.e. x=y=z=0), aand b increase by ~0.13%; ¢ increases by ~0.05% and V'is up to ~0.31% at x=y=2=0.046. These XRD
results not only confirm that the synthesized anatase ('l"itf_:(_‘f2'1"1',3:Inf(r Nbff}(Oi{x,ww U,/») nanocrystals are monophasic and have the

anatase crystal structure but also provide evidence that In’* and Nb' ions are codaped into TiO; host materials.
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SL5. The chemical compositions of anatase (Ti}, th*biy}*l\?bf*)(()i&,w s, 1) nanocrystals

Txyz
Table 82. The measured doping levels of In*" and Nb™ ions in (Ti?;szii'Inf,rNbff}(O::'{xwzmEly,fj) nanocrystals by EDS of SEM and
ICP-OES.

Samples The ratio of dopants ( In’ and Nb™ ions) to total cations

EDS of SEM 1CP-OES

(Ti} ey Tia Ty "N XO3icryasa0y2)
y(=In/cation, at%) 2 (=Nb/cation, at%) y (=In/cation, at%) z (=Nb/cation, at%)

x=y=2=0.01 0.011 0.010 0.010 0.010
xy=z=0.03 0.029 0.030 0.028 0.029
x=y=z=0.040 Q.46 0.046 0.043 0.045

The EDS of SEM and ICP-OES are both used to analyze the chemical compositions of the synthesized anatase

i
1'1-)|:-\.£z

(Ti‘f;_)‘zTiif lni'Nbff)(Ogﬁszw 0,-) nanocrystals. Prior to the EDS measurement, (T Tiirlnf,bef')(Oikx,w_v_,l:ly/l} nanopowders
were firstly pressed into pellets and then sintered at 1400 °C for 20 h in order to achieve dense ceramic pellets. Subsequently, the
ceramic pellets were polished to obtain a very smooth surface, following carbon coating to avoid the discharping, which is important to
assure the accuracy of the EDS results. I’ and Nb™* codopants were analyzed and presented in terms of their ratios to the total cations.
For ICP-OES measurement, the synthesized nanopowders are directly used. The detailed experimental results are listed in Table §2. It
can be found that the analytic results of the two methods are consistent though different samples are used (ie. nanopowders for ICP-

OES analysis and ceramic pellets for EDS of SEM measurement).

S16. Raman spectra of anatase (T11, s Txf*lqubf*)(Oﬁ terpzy2ld, ) nanocrystals

xssj\'zzzﬂ.o-iﬁ
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Figure §2. Raman spectra of anatase (Ti?;_wTiirInirNbfr)(O;’_{x,ww L) nanocrystals with xsy=2=0, 0.010, 0.030 and 0.046, respec-
tively, were collected at ambient pressure.

Raman spectra of anatase (Ti?;_szii'lnf,' Nbff}(ngwz, /200,2) nanocrystals ave presented in Figure §2. Four prominent Raman peaks
are observed at different x=y=z values. They locate at ~149, 397, 517 and 642 cm’, respectively. These Raman peaks are assigned to
different E,, B, and A,, active modes, respectively, which is reasonably in agreement with the reported results of un-doped anatase TiO-
nanoparticles.” There is no additional Raman peak found even in the highly-doped samples (i.e. y=2=0.046), again, suggesting that these

anatase (Ti?_;_w Tiy Loy Nbf')(ng,m;;_u 0,/2) nanocrystals are pure phase.
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SL7. Phase contrast TEM Iattice images and element mapping of anatase (Tit, ﬂf’fanb:* NO3 ferpzy2 L) nanocrystals

Ixyz

Figure §3. Phase contrast TEM lattice images of anatase (Ti?;_wTii' Inf,'Nbfr}(Ogﬁkrw] /2 0,2) nanoerystals with x=y=2=0 (a), 0.010 (b),

0.030 () and 0.046 (d), respectively.

)

Phase contrast TEM lattice images of the synthesized anatase ("fi‘f_;_yzTii'Irxfﬂ\ﬂafr NO a2 Oy o) nanocrystals are presented in Figure
§3. Two different types of morphologies can be observed when the doping concentrations increase from O to 4.6 at%. At lower doping
levels such as x=y=z=0 or 0.010, they are mainly composed of nanocubes or nanocuboids (Figure S3a and Figure 53b). At higher codop-
ing levels such as x=y=2=0.030 or 0.046, most of nanocubes or nanocuboids change to quasispherical shapes (Figure S3c and Figure
S3d). Sinece the codoping of In* and Nb™ ifons affects the crystal structure of anatase TiO; by greatly prolonging the lengths of a/b
direction but almost keeping that of ¢ direction unchanged (Figure S1b), this is a decisive factor for their morphological evolution at
different codoping concentrations (i.e. different y or z values). In addition, Figure S3 also presents that the average particle size of these
codoped nanocrystals slightly changes at different codoping levels (the higher doping levels, the smaller particle sizes), but remain less

than 10 nm. The detailed information about their average particle size are listed in the Table §3.

1 200nm

Figure 54. The element mapping of anatase (Tig}ﬁ:'l"iil%In{'\l%Nbi\l%)(Of'_p”Dt\_m} nanocrystals with the highest doping levels of

codopants using the STEM mode.
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To investigate the homogeneous distribution and the effective incorporation of codopants (In**+Nb™), the elemental mapping, i.e. Ti,
O, In and Nb, was conducted in the (Tig:wTii\fmélnibqéNbng%)(O%gﬂ 0, 423) nanoerystal experimentally with the highest doping level
(Figure §4). It is noticed that the element mapping is technologically difficult in one single nanoparticle since (1) the crystallite size of
our synthesized nanoparticles are too small (less than 10 nm); and (2) the weak signals are generated by In*, Nb™, Ti" and O ions.
Instead, the elements were mapped in agglomerated nanoparticles. It seems that the In* and Nb™ codopants are homogeneously
distributed in codoped nanoparticles, suggesting that our synthesized nanoparticles are (In*+Nb™) codoped anatase TiO, nanocrystals
other than the simple mixture of impurities and TiO-.

SI1.8. The average crystallite size of anatase (' TT:;_W Tx‘fﬁibef)(Oﬁ;m‘,wE,ﬂ) nanocrystals

Table 83. The average crystallite size of anatase ('l"i‘f_;:_‘!‘zTif('In;f,r Nbf')(O%:{x,WwDyﬂ} nanocrystals caleulated by the Scherrer equation

and estimated according to their TEM lattice images.

Samples XRD Results TEM Results
(Tt T o NBS X0 gepan ) 20 () p D (nm) D (om)
x=y=2=0 25.31 1.00 8.15 8.55
x~y=z=0.010 25.30 1.00 8.15 7.75
x~y=z=0.030 25.29 1.04 7.83 8.01
xay=z=0.046 25.28 1.26 0.46 6.40

Table 83 shows the average particle size of the synthesized (Ti?;_w Tii'lnf,bef')(Oﬂxwzm ,) nanocrystals calculated by the Scherrer
equation and more accurately estimated by their TEM pictures of Figure 83. For the Scherrer equation D=KA/{Bcos), D is the average
particle size, K is a dimensionless shape factor (0.9), A is the wavelength of Cu Ka Xeray (0.154056 nm), [} is the line broadening at half
the maximum intensity (FWHM) and © is the Bragg angle. Here, the Bragg angles of the (101) diffraction peak are used since they are

the strongest peak. 0 and B values come from the refinement of their XRPD patterns by Jana 2006,
819. DFT calculations

DFT caleulations were performed with the PAW method as implemented in VASP. The DFT+U approach was used with the FBE
functional and effective U-] parameters of 7.4 €V and 5.4 ¢V applied to the d and p electrons of the metal ions and oxygen ions,
respectively. The PAW potentials for Ti, O, In and Nb treated 12, 6, 13 and 13 electrons as valance, respectively. The plane wave energy
cutoff was 500 ¢V and a 2x2x2 Feentred grid was used for k-point sampling with the tetrahedron method. All caleulations were spin
polarized and the presence of Ti'" ions was analyzed by examining the spin density within spheres around each ion. Both ionic coordi-
nates and lattice parameters were relaxed to determine the energies of each considered defect structure.

S1-10. High-pressure reaction

A diamond anvil cell with a cullet size of 400 pm was employed to investigate the highpressure behavior. A stainless steel gasket was
indented to a thickness of 30 pm and a 200 um diameter hole was drilled at the center. It served as the sample chamber. (In**+Nb™)
codoped anatase TiO: nanopowders and two small ruby balls were loaded into the above chamber. The mixture of 4 parts of ethanol
and one part of methanol were used as the pressure transmitting medium within the cell The sample was carefully loaded to 46.2 GPa
in small steps. The pressure inside the diamond cell was determined by the pressure dependent shift of the ruby fluorescence R1 line.™

In situ Raman measurements were taken using a Renishaw inVia Reflex Spectrometer System (532 nm laser).
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3.4 Highly efficient visible light catalysts driven by Ti**-Vo-2Ti*'-N3- defect clusters

I wrote the draft of this paper. I developed an approach for synthesizing TiO> samples
containing N* and Ti*" ions. I characterized the related samples using XRD, Raman
spectroscopy, HRTEM, SEM/EDS, XPS, UV-VIS, N-O determinator, TGA-DSC and
others. I also analyzed the related results of DFT calculations performed by Terry J.
Frankcombe and David Cortie, and the results of photocatalytic measurement conducted

by Shaoyang Zhang.
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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. Here, we take (Ti**, N**) co-doped anatase TiO, nanocrystals
with the complicated chemical formula of (Ti?TXTi?)(O%:y_ZNi'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 visible light catalytic properties of host TiO2 nanocrystals.
Experimental and theoretical investigations also demonstrate the emergent behaviours of
these intentionally introduced defect clusters for developing highly efficient visible light
catalysts. This research thus not only provides highly efficient visible light catalysts for

various practical applications but also addresses the significance of local defect structures
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on modifying material properties.
Introduction

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 TiOz-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
these strategies represent a substantial progress in the research and development of
Ti0O2-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 N*
mono-doped or Ti*" self-doped TiO» materials 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 N** ions mono-doping or Ti*" ions self-doping significantly enhanced VLC

1,10-12

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, N> mono-

doping or Ti*" self-doping will concurrently introduce oxygen vacancies into TiO:
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for charge balance and then inevitably deteriorate photocatalytic performances
through forming “recombination centres” 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.

Simultaneous incorporation of Ti** and N* ions into TiO: is an effective and promising
way to prepare novel TiOz-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 mono-doping 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, '8 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 TiO2-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
13+

our previous research on (In**, Nb>") and (AI**, Nb>*) co-doped rutile TiO> ceramics with

excellent dielectric properties,’>?

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 behaviours. The defect formation
strongly depends on the selection of extrinsic ions, the preparation conditions and the

methods used for material synthesis.
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Here, we strategically design a new approach to simultaneously incorporate Ti** and N*-
ions into TiO2 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. 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-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.
MATERIALS AND METHODS

(Ti*", N**) co-doped anatase TiO> nanocrystals with the complex chemical formula of
(Ti?fXTif)(O%:y_zNi'Dz) were synthesized by a solvothermal method. In details, TiCl4
(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 h. The optimized chemical compositions are x~0.0381,

y=0.0305 and z=0.0343, respectively [i.e. (Tigoe19Tiy 038100352 No 0305 o 0343)]. 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.
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(Ti**, N*) co-doped anatase TiO> nanocrystals 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) was chosen as a model organic compound to evaluate the
photocatalytic activities of our synthesized (Ti*", N**) co-doped anatase TiO:
nanocrystals. RhB solution (20 mg L) was prepared by mixing RhB (20 mg) with
distilled water (1 L). Then, (Ti**, N**) co-doped TiO: photocatalysts were added
into the RhB 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 and photocatalysts was stirred for 30
minutes in dark to reach RhB 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 was characterized

by a UV-Vis-NIR spectrometer based on a typical RhB peak at ~552 nm.

Projector-augmented wave (PAW) calculations were performed using the VASP

code.?** A plane wave cutoff of 500 eV was used, with PAW potentials?® that treat
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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, ¢c=9.7701 A). All results are
reported for relaxed ionic positions with no constraints. After 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.
RESULTS AND DISCUSSION

The XRD pattern of Figure 1a shows that the synthesized solvothermal products have an
anatase phase with space group symmetry /41/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, SI-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 la, we find that the synthesized
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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).

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.%, SI-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 TiO2 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 le). 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 1¢) and suggests
that oxygen vacancies are produced for charge balance (~3.43 at.%, z=0.0343).
Additionally, we detect the XPS signal of Ti** ions with a concentration of ~3.81 at.%
(x=0.0381, Figure 1d). The presence of Ti*" ions is also confirmed by EPR (electron
paramagnetic resonance, SI-6). It is thus evident that the nanocrystals have a chemical
formula of (Tig 5610 Tin 0381)(OT 9352 Ne0305s0.0343). 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

(Tig_+9619Ti(3)B381 )(O%__9352N8_-0305 Ly.0343) anatase nanocrystals. Their light absorption
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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 becomes narrower than the previously reported (Ti**, N**) co-doped
nanomaterials.'®2° 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
Rhodamine B (RhB), 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 (SI-7). The ( Tigo619Ti5 0381 ) OT9352N5 0305 50,0343 )
nanocrystals, however, show an excellent visible light catalytic activity (Figure
2b). As seen, it only takes about 20 minutes to accomplish nearly complete
decomposition after an initial adsorption/ desorption equilibrium in dark conditions
(the adsorption amount of RhB is ~10%, stabilizing within 30 minutes). They show
a high catalytic efficiency and are about 13.4 times faster in contrast to P25 (Table
1). 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.

To understand the electronic structure of the

(T135619T135381)(o%j9352N3j0305 Lo.0343) 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*'-
N3~ 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*" ion just bridges two penta-coordinated Ti*" cations, leading to a ~0.058
eV higher total energy than structure 1. 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.g. Ti** ions cannot be found in the

90



calculation of the scenario of interstitial nitrogen.). Therefore, they are not

discussed here.

These two different defect structures significantly modify the electronic structure
of TiOz. 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 the

4t 3t 2 3.
(Ti9.9619T10,0381)(O071°9352N0.03050.0343) Nnanocrystals.

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*'-
N3~ defect clusters in anatase TiO> host materials is critical to enhance visible light
absorption of TiO2 and is then necessary for outstanding visible light catalytic

performances.
CONCLUSION

In conclusion, Ti** and N3 ions are successfully incorporated into anatase TiO; crystal
structure through a novel solvothermal reaction route. These introduced extrinsic ions and
associated oxygen vacancies 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.
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Figure 1, The XRD pattern (a), HRTEM lattice image (b), TGA curve (c) and XPS data

(d-f) of the synthesized anatase (TigBmgTiSB%1)(O%f9352N(3)f0305 Lo o343) nanocrystals. The

inset of (a) is their optical photograph.
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Figure 2, The UV-Vis absorption spectrum (a) and associated Tauc plot of the
synthesized ( Tigo619Tio.03s1 ) OT9352N0030so.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. “Co” is the
initial RhB solution concentration while “C” indicates the remaining concentration

at selected reaction time.
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Figure 3, Ball and stick model of two local Ti**-Vo-2Ti*"-N*" clusters formed in
anatase Ti10O:> 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.

Table 1. The measurement conditions of photocatalytic reaction and the compared
photocatalytic efficiency between our defect clusters modified samples and

commercial Degussa-P25.

Photocatalyst Measurement con\c:/eI;1(‘ErSétio conillll?ratio VLC
S Conditions I I efficiency
Xe lamp
~940° i
Our samples (500 W, 400 nm 1 gL 20 mg/L 94 An@25m1
cutoff)
Degussa-P25 Xe lamp 1 g/l 20 mg/L ~T7%@?25min
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Supporting Information

SI-1, The crystallite sizes of (Ti**, N*) co-doped TiO: nanocrystals

The Scherrer equation (Equation S1)is used to calculate the average particle size of (Ti*",
N*) co-doped anatase TiO» nanocrystals, where the Bragg angles (0, 25.27°) and the line
broadening at half the maximum intensity (3, 1.05) come from the strongest (101)

diffraction peak; D is the average particle size; 1 is the X-ray wavelength of CuKa

* Corresponding author: Professor Yun Liu; E-mail: yun.liu@anu.edu.au.
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radiation (0.15418 nm) and K is a dimensionless shape factor (~0.9). The calculated

results show that their average crystalline size is only 7.7 nm.

_ k2
- BcosO

Equation S1

S1-2, A low magnification TEM image of (Ti**, N*) co-doped TiO: nanocrystals

Figure S1, A low magnification TEM image of (Ti*", N*) co-doped anatase TiO

nanocrystals.

The lattice image of Figure S1 shows that the particle size of the prepared (Ti*", N*) co-
doped TiO; nanocrystals is small and most of them are below 10 nm. This result is also

in consistency with the calculation of the Scherrer equation.

SI-3, The specific surface area of (Ti**, N*) co-doped TiO; nanocrystals

9.0F

1IW(P,/P-1)
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w
o
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Relative pressure (P/P,)
Figure S2, The curve of 1/[W(Po/P-1)] versus P/Py for (Ti**, N**) co-doped TiO:

nanocrystals

The specific surface area of (Ti*", N**) co-doped TiO2 nanocrystals was measured through
the Brunauer-Emmett-Teller (B.E.T.) method at liquid nitrogen temperature (~77 K). The

B.E.T. surface area is calculated through Equation S2. In this equation, “S” stands for
100



the specific surface area of samples; “V,,” is the monolayer capacity; “La” is the
Avagadro’s number (6.022x10%}); “4,,” is the cross-sectional area (1.62x10'° m?) and
“W,;” is the molecular weight of N> (28.01 g/mol).

S = (Vi XLaqyXAp)

Equation S2
W

The V,, value in the Equation S2 is calculated through the slope (27.864) and intercept
(0.5253) of the curve of Figure S2. The calculated result shows that (Ti**, N*) co-doped

nanocrystals have the B.E.T. surface area of about 122.7 m?/g.

SI-4, The TGA curve of (Ti**,N*) co-doped TiO: nanocrystals below 450°C

,,,,,,,,,,,,,,,,

30 150 300 450
Temperature (°C)

Figure S3, TGA curve of (Ti**, N*) co-doped TiOx nanocrystals from 30 °C to 450 °C.

Figure S3 shows the TGA curve of (Ti**, N*) co-doped anatase TiO» nanocrystals
between 30°C and 450°C. It is found that the total weight loss in this temperature range
1s ~13.7 wt.%. Such a substantial loss generally comes from physically/chemically
bonded chemicals on material surfaces such as physically adsorbed H>O, chemically
bonded -OH, -CHj3 and other organic groups. The further analysis of those chemicals on

nanoparticle surfaces is shown in their FT-IR spectrum (please see SI-5).

SI-5, FT-IR spectrum of (Ti**, N%) co-doped TiO: nanocrystals
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Figure S4. FT-IR spectrum of (Ti**, N**) co-doped anatase TiO, nanocrystals.

In order to analyse the origin of the ~13.7 wt.% weight loss below 450 °C, FT-IR

spectrum of (Ti**, N**) co-doped anatase TiO, strongest absorption peak at about 3432
1

cm~ comes from the stretching vibration of hydroxyl groups physically adsorbed or
chemically bonded on (Ti**N**) co-doped TiO; surfaces including water and/or ethanol
while the sharp peak at about 1638 cm™ is related to their bending vibration. The
absorption bands in the region of 2850-2962 cm™ are assigned to different C-H stretching
vibration modes such as -CHz, -CH3 and others. The small peak at 2318 cm™ is caused
by absorbed CO, while the peak at 1361 cm™! originates in the bending vibration of C-H
bonds. The stronger peak at 1098 cm™ should be related to the vibration of C-C bonds.
The broad peak at about 680 cm™! belongs to the characterized absorption peak of Ti-O
chemical bonds. The removal of these surficial groups results in their large weight loss at

lower temperatures.

S1-6, The EPR spectrum of (Ti**, N*-) co-doped anatase TiO: nanocrystals

Measurement@20K

-

Intensity (a.u.)

3000 3200 3400 3600 3800
Magnetic Field (G)
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Figure S5, The EPR spectrum of (Ti**, N*°) co-doped anatase TiO> nanocrystals

collected at 20 K temperature condition.

The EPR spectrum of (Ti**, N*") co-doped anatase TiO, nanocrystals is shown in Figure
S5. An EPR peak appears at about 3330 Gauss and represents the presence of Ti*" ions in
the samples. This result is consistent to that of XPS.

S1-7, The decomposition of Rhodamine B under direct light illumination and using

commercial P25 as visible light catalysts.

From Figure S6, it can be found that RhB itself cannot decompose at our experimental
condition even prolonging the reaction time to 60 minutes. Meanwhile, the commercial
Degussa-P25 presents very low photocatalytic efficiency for RhB with the C/CO value of
up to ~93% at 25 minutes and ~60% at 60 minutes. This also demonstrates that the
excellent photocatalytic property of (Ti**, N**) co-doped anatase TiO, nanocrystals
should be attributed to the introduction of highly concentrated Ti**-Vo-2Ti*"-N*- defect

clusters.
100 f—=x=g . -
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Figure S6. Photocatalytic degradation of Rhodamine B under direct light irradiation

(A>400 nm) using the commercial Degussa-P25 as visible-light-catalysts or no catalysts.
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3.5 (N*, M%) co-doping strategies for the development of TiOz-based visible light

catalysts

I wrote this review paper under the guidance of prof. Yun Liu.
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Introduction

The development of TiO,-based visible light catalysts (VLCs) is significant to enhance the utilization efficiency of clean/renewable
solar energy, and to remedy the current state of environmental pollution by directly harnessing sunlight to drive a range of chemical
reactions. These chemical reactions include generating hydrogen from water, removing organic/oxic compounds in wastewater or
air, automatically decomposing plastic rubbish, and even sterilization. In principle, the light energy absorbed by TiO,-based VL.C
materials is used to generate electrons and holes. These photo-excited carriers subsequently migrate to the surfaces of VLC materials
and chemically react with various targets. This simple photocatalytic process depends on three critical steps: (1) the light absorption
ability of TiO,-based VL Cs. It determines how much photo-energy can be efficiently utilized by VLCs; (2) the efficient separation
of electron-hole pairs. This dictates the numbers of active reductants/oxidants available for final chemical reactions; and (3) the
migration distance and the lifetime of photo-excited carriers. Longer distances and shorter lifetimes are obviously undesirable for

achieving excellent photocatalytic efficiency.

To meet the above criteria, N* and M* (M=Nb, V; Ta) co-doping strategies were designed to develop TiO,-based VLCs. That is, N**
and M*" ions are simultaneously incorporated into TiO, crystal structures by substituting a proportion of the Ti* and O* host ions.
The atomic orbitals of these extrinsic co-dopant ions will hybridize with that of Ti*', O or each other to extend the light absorption
of TiO, towards the visible light regime, to reduce the recombination of electron-hole pairs, and finally to enhance VLC efficiencies.

The cation-anion co-doping, in this case N*- and M*" co-doping, leads to the appearance of the third generation of TiO -based

Citation: Sun Q, McBride BR, Lin Y. (N, M**) Co-Doping Strategies for the Development of TiOZ-Based Vigible Light Catalysts. Res
Rev Electrochem. 2017;8(1):106.

© 2017 Trade Science Inc.
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photocatalysts. Prior to this, the first generation was designed based on intrinsic TiO,. Through tuning the exposed crystal plane,
particle size distribution, crystal structure, phase compositions, and surface chemistry, the photocatalytic properties of intrinsic TiO,
could be controlled technologically. However, since this generation of TiO, only absorbs ultraviolet light, most of the solar energy
spectrum is wasted and their applications are restricted. To increase the light absorption range, the second generation of TiO,-based
VLCs was subsequently developed based on cationic or anionic mono-doping routes. Although most of the elements in the atomic
periodic table have been tried, the photocatalytic effects of resultant products are still not good. On one hand, mono-doping cations
is difficult to enhance visible light absorption and thus often results in unimproved or even worse visible light catalytic properties.
On the other hand, mono-doping anions suffers a technical difficulty in their high doping levels. Furthermore, the generation of
“trapping or recombination centers” would also worsen photocatalytic efficiency since they “kill” photo-excited electron and hole

carriers. FIG. 1 summarizes the development process, advantages and disadvantages of different TiO,-based photocatalysts.

This work briefly reviews the recent progress of (N*, M*') co-doping strategies for the development of TiO,-based VLCs. We first
explain why N*-and M*" are chosen as co-dopants for TiO,. Then, we summarize the synthesis methods, material properties, VLC
performances and local defect structures of prepared (N*, M*') co-doped TiO, materials according to the type of used M** ions.
Finally, we point out the existing concerns from current investigations into (N*, M*") co-doped TiO, materials and prospects for the
future development of TiO,-based VLCs.

The Selection of M** Cations for Co-Doping with N** Anions

In (N*, M*") co-doped TiO, materials, N** anions are used to substitute O ions while M** cations are used to replace Ti" ions.
The selected M** ions mainly include Nb**, Ta’* and V**. In the atomic periodic table, niobium (Nb) is the 41* element with an
electronegativity of 1.6 Pauling units and has the electronic configuration of 15*25*2p®3s*3p®3d'°4s*4p®4d'5s'. Nb ions nomally
have three chemical valences depending on the number(s) of electrons in 4d and 5s orbitals, ie., Nb* (the ionic radius, r,_ =0.078
nm in six-coordinated octahedral), Nb' (r_=0.082 nm) and Nb** (r, =0.086 nm) [1].Tantalum (Ts) is the 73" element with an
electronegativity of 1.5 Pauling units and has the electronic configuration of 15'2s'2p®3s’3p®3d"'4s’dp®4d' 4 55*5p*5d*6s%. Ta™,
Ta'" and Ta** are their three stable ions at normal conditions. The ionic radii of Ta ions are the same as that of Nb ions (i.e., 1, of
Ta*"=0.078; Ta"=0.082 nm; Ta''=0.086 nm). Vanadium (V) is the 43" element with an electronegativity of 1.63 Pauling units and
has the electronic configuration of 1s?25?2p®3s?3p®3d*4s®. The ionic radii of V ions are smaller than that of Ta or Nb ions, and are
0.068 (V**); 0.072 (V'); and 0.078 nm (V**), respectively. Since Ta** and Nb*' ions have almost the similar ionic radius as Ti'
(1,,=0.0745 nm) and their elements show the similar electronegativity to Ti (1.54), they are normally co-doped together with N* ions

into host TiO, without generating a large distortion in the local/average crystal structure. The smaller V** ions are also sometimes
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FIG. 1. The development process, advantages (bottom) and disadvantages (top) of different TiO,-based photocatalysts.
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chosen as co-dopants due to their easy substitution of Ti'* ions. It is more important that M** dopant ions lose one additional electron
in contrast to the Ti'* host ions. This electron is well compensated by the co-doping of N* anions. The molar ratio of M** and N*co-
dopants is thus expected to be 1:1 for the charge balance of the whole co-doped system. Any deviation of the stoichiometric ratio
will generate extra Tr** ions or additional oxygen vacancies. In these two scenarios, (N*, M**) co-doping is actually accompanied

by N** or M**mono-doping.

Two TiO, crystal structures, anatase with space group symmetry /4 /amd and rutile with space group symmetry P4 /mnm, are
normally chosen as the host matrices since their syntheses are easier in comparison with other polym orphs. The coupling of N*- and
M** ions in TiO, host materials are considered to play three important roles in the enhancement of photocatalytic effects: [2] (1)
activating the absorption of lower photon energies; (2) mutually compensating for the additional charges or defects generated by the
introduction of dopants; and (3) facilitating a larger total dopant concentration (especially for N* anions) when N** and M*" ions are

bound together.

Synthesis, Characterization, Photocatalytic Properties and Related Theoretical Calculations of (N*, Nb™") Co-
Doped TiO,

Various experimental routes have been tried to date to synthesize (N*, Nb**) co-doped TiO, materials. TABLE 1 lists the synthesis
processes, characterized properties and VLC effects for (N*, Nb**) co-doped TiO, [3-10,12,13]. The sources of used N are
categorized into three types: (1) the colorless liquid ENO, (nitric acid), C H, N (z-Butylamine), NH OH (ammonia solution); (2)
solid C.H N, (hexamethylenetetramine), CH,N,O (urea) or (NH,)[NbO(C,0,),(H,0)]*nH,O (ammonium niobium oxalate); and (3)
NH, (ammonia) gas. Meanwhile, the sources of Nb are mainly focused on NbCl, (niobium pentachloride), Ti, Nb alloys (titanium-
niobium alloys), C, H, O Nb (niobium ethoxide) and (NH,)[(NbOF )(NbF.), (ammonium uoroniobate salt). As for the Ti sources,
TiCl, (titanium tetrachloride), Timetal, Ti Nb_alloys, C, H O Ti (titanium »-Butoxide), C H O Ti (titanium tetraisopropoxide)
are normally used.

Different synthesis methods have been reported for the preparation of (N*, Nb**) co-doped TiO, materials depending on the selection
of raw materials containing N, Nb and Ti elements. A simple approach has been recently demonstrated by Sun et al. [3]. They
designed a novel solvothermal reaction route to directly synthesize (N*, Nb*') co-doped anatase TiO, nanocrystals without any
post-sintering treatment by using concentrated HNO,, NbCl,, TiCl, and ethanol. Through this reaction route, it is easier to control
the doping ratio of N*/Nb** and efficiently increase the doping concentration of difficult-dopant N°* ions. This chemical reaction
at the atomic level is also one of the most promising ways to guarantee the homogeneous distribution of co-dopants in TiO, crystal
structures. Experimental and theoretical investigations confirmed that N*- and Nb** co-dopants should locally form defect-pairs. FIG.
2 shows the TEM image of their synthesized (5.3 at% N*, 5.6 at% Nb**) co-doped anatase TiO, nanocrystals, the resultant local
defect-pair motif, and the decomposition curve of Rhodamine B under only visible light illumination using the defect-pairs modified
TiO,-based VLCs. The formation of local N*- Nb** defect-pairs is critical to narrow the band gap to 2.2 ¢V from ~ 3.1 ¢V and to
significantly enhance VLC efficiency (20 mg/L Rhodamine B solution is almost completely decomposed by loading 1 g/L defect-
pair modified TiO,-based VL Cs under visible light illumination).

In addition, a one-step microwave-assisted hydrothermal method was also designed to simultaneously introduce N* and Nb** co-
dopants info anatase TiO, nanoparticles [4,5]. Their bandgaps, however, are too broad (3.1 and 2.8 eV, respectively) for practical
applications as VLCs. Another normal synthetic procedure is to firstly prepare Nb mono-doped TiO, by sol-gel or anodization
treatment, and then to incorporate N dopants through high-temperature nitridation in NH, gas [6-10]. The high-temperature
nitridation process depends on the diffusion of N ions, leading to only surface co-doping [10] or a gradient distribution of chemical
compositions [11]. Moreover, an excess of Nb** dopants over N* would introduce a large number of Ti** ions to balance the charges
of the whole material. In fact, these additional dopant ions and associated defects may play a detrimental role on VLC properties
when compared with uniform (N*, Nb**) co-doping. Additionally, Chadwick et al. [13] designed an aerosol assisted chemical vapor
deposition method to directly prepare (N*, M*) co-doped TiO, films by using 7-butylamine and niobium ethoxide. The co-doping
level of N*" ions are proven to be too low (only 0.09 at. %) to strengthen the light absorption behaviors and visible light catalytic

properties.
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TABLE 1. The synthesis processes, characterized properties and VLC effects for (N*, Nb*") co-doped TiO, (NP:
Nanoparticle; NTA: Nanotube Array; RhB: Rhodamine B; MB: Methylene Blue; 4-CP: 4-Chlorophenol).
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FIG. 2. (a) The TEM image of (5.3 at % N*, 5.6 at % Nb*") co-doped anatase TiO, nanocrystals, (b) the resultant local
defect-pair motif and (c) the decomposition curve of Rhodamine B under only visible light illumin ation using these defect-
pairs modified VLCs. Copyright Wiley-VCH Verlag GimbH & Co. KGaA. Reproduced with permission from reference 3.
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It can be further seen from TABLE 1 that nearly all of the synthesized (N*, Nb**) co-doped TiO, materials have an anatase crystal
structure. The reported morphologies refer to 0-D nanoparticles with different average particle sizes, 1-D nanotubes and 2-D filns.
The doping concentrations of N** and Nb** co-dopants are usually analyzed by XPS (X-ray photoelectron spectroscopy). Confusion
has arisen on the correct XPS core levels of interstitial, substitutional or contaminated N in (N*, Nb**) co-doped TiO, materials.
Moreover, XPS can only provide chemical information on sample surfaces. It is thus hard to quantitatively describe the doping levels
of N* ions and fuither distinguish the “surface co-doping™ or “bulk co-doping” by just relying on the XPS analysis. The combination
of XPS with TGA-DSC (thermogravimetry and differential scanning calorimetry analysis) and N-O determinator measurements

should give a more reasonable and more acceptable conclusion on the real N*- doping concentration [3].

The decomposition of dyes like Rhodamine B (RhB), methylene blue (MB) and 4-chlorophenol (4-CP) under visible light was
measured to present the VLC efficiency of (N*, Nb**) co-doped TiO,. Water splitting experiments were also conducted by some
researchers. Due to the different experimental setup and operations such as the light sources, the dye concentrations and types, or the
VLCs loading amounts, it is difficult to compare the VL.C efficiency of (N*, Nb**) co-doped TiO, achieved by different researchers.
However, one commonly accepted fact is that (N*-, Nb*) co-doping iz more efficient in the enhancement of VLC properties than

N* or Nb*" mono-doping.

Synthesis, Characterization, Photocatalytic Properties and Related Theoretical Calculations of (N*, Ta**) Co-
Doped TiO,

In the synthesis of (N*, Ta") co-doped TiO, materials, the synthesis methods, experimental processes and utilized Ti/N sources
are vety similar to that of (N*, Nb**) co-doped TiO,, just with a replacement of the Nb sources with Ta sources. The selected Ta
sources include TaCl, (tantalum pentachloride), Ta metal, (Ta,0,),  (TiO,) ,, ceramic pellets, C H, O,Ta (tantalum isopropoxide)
and C, H O Ta (tantalum ethoxide). TABLE 2 lists the synthesis processes, characterized properties and VL C effects for (N*, Ta*)
co-doped TiO, [14-18]. It can be found that (N*, Ta™*) co-doped mutile TiO, was synthesized by a combination of solvothermal and
post-sintering methods [17,18]. During the solvothermal reaction process, Ta mono-doped rutile TiO, nanowires or nanorods were
first prepared. The subsequent high-temperature nitridation treatment was used to introduce N* ions into the as-prepared Ta mono-
doped rutile nanocrystals to form (N*, Ta*) co-doped mtile TiO,. Comparing with the N mono-doped rutile TiO,, the co-doping of
N* and Ta*" ions can prohibit the formation of amorphous layers on the nanowire surfaces and thus enhance the incident photon to
current conversion efficiency [17]. However, the chemical composition, especially the doping levels of N* ions, is not discussed at

all. It is thus difficult to compare their results with that of co-doped anatase TiO, nanomaterials.

The measured bandgaps of (N*, Ta™*) co-doped TiO, materials range from 2.6 to 3.1 eV. It seems that the narrowed band gap can
only be achieved at a higher N* and Ta** co-doping concentration [14-16]. This conclusion is consistent with the claims of Sun et
al They point out that the higher and nearly equal doping concentrations of cation and anion co-dopants are key to tuning the light
absorption behavior and are critical for significantly enhancing VLC properties. Using these synthesized (N*, Ta™) co-doped TiO,,
the degradation of MB and oleic acid was characterized under visible light illumination. For example, Zhao et al. [14] investigated
the visible light degradation of MB (5 mg/L) under 1 g/L VLCs solution. They found that the C/C, (C is the dye concentration at
different illumination time and C, represents the initial dye concentration) was 31.6% at the reaction period of 240 min. At the same
time, Le et al. [15] also investigated the visible light degradation of MB with the same concentration (5 mg/L). The C/C, was 7% at
the reaction time of 180 min by mcreasing the loading amount of VLCs to 3 g/L. Due to their different light sources and different
loading amounts of VLCs, it is not easy to judge whose VLCs are better for the visible light catalytic decomposition of MB.

Theoretical calculations were performed on (N*, Ta™) co-doped TiO, to disclose where N* and Ta** ions are located in the TiO,
crystal structure, how the synergistic effects between N* and Ta** co-dopants tune the bandgap and affect photocatalytic properties
[14,16,19]. FIG. 3 shows a 108-atom super cell containing one substituted N and one replaced Ta. Among various co-doped
configurations, N and Ta co-dopants prefer to directly bind together in one octahedron. The extension m the N-Ta distances will lead
to higher total formation energy. Actually, N** and Ta* co-dopants locally form similar defect-pairs to the N** and Nb*™ co-doping
system [3]. The hybridization of N2p and Ta5< states in N-Ta defect-pairs reduces recombination centers caused by impurity levels
(FIG. 3b and 3c), narrows the bandgap, increases carrier mobility, and finally enhances the VLC properties. The calculated band
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TABLE 2. The synthesis processes, characterized properties and VLC effects for (N*, Ta*") co-doped TiO, (NP:
Nanop article; NW: Nanowire; NR: Nanorod; MB: Methylene Blue).

Synthesis Characterization VLC properties
N : Method & N Ta Bandgap : Dye |VLCs
e Ta source Ti source Condition @.%) | (@%) Phase (ev) Shape Light source (mg/L)| @) C/C, (%) | Ref.
Sol-gel & Post- 134 128 Xe lamp
CHN,0 TaCl, C,H,0,Ti smterng (X.F"S) (}CF;S) Anatase| 2.68 NP (500W,= |MB(5)| 1 |32@240min| 14
(500 °C, 1 h, air) 420nm)
Hydrothermal & 17 0.29 Hg-Xe lamp
NH OH Ta C,H,0Ti Post-sintering (XPS) (XPS) Anatase| 2.85 [ NP (20nm) | (500W,> |MB(5)] 3 (~7@180min| 15
(300 °C, 1 h, air) 420nm)
Magnetron Xe lamp i
(Ta0,) Ti & (Ta,0,) F 0.5-0.6 | 2.3-1.3 3.07- i Oleic .
N, (13 Ll spultering Anatase Film (420- . 11@120 min| 16
{TlO_)m ('1'10_)‘19g (400 °C) (XPS) | (XPS) 3.16 500n0m) acid
Solvothermal &
" Post-sintering 0.29 ; Visible light
NH, | C H, 0.Ta TiCl, (500 °C, 2, - (XPS) Rutile - NW (>420 nm) 17
NH)
Microwave-
assisted S
Ng, [CHLOTe | oy op |Solvothemal& | - | Rutile [ ~26 NR (500W,> | HO | 05 |0.7umolh?| 18
Post-sintering 420nm) z
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FIG. 3. (a) A 108-atom supercell containing substituted N and Ta co-dopants, (b) the calculated total DOS and (c) PDOS of
m-doped, Tamono-doped, Nmono-doped and (N, Ta) co-doped anatase TiO, Reprinted with permission from reference 19.

gap of 2.7 €V is also consistent with the experimental results [14,18]. For (N*, Ta™) co-doped rutile TiO,, there are no associated
theoretical calculations to date.

Synthesis, Characterization, Photocatalytic Properties and Related Theoretical Calculations of (N*, V) Co-
Doped TiO,

The synthesis methods used for the preparation of (N*, V**) co-doped TiO, materials are the same as that of (N*, Nb*") and (N*,
V**) co-doped TiO,. For example, the high-temperature nitradation in NH, is also used to introduce N* ions into as-prepared V
mono-doped TiO,. TABLE 3 lists the synthesis processes, characterized properties and VLC effects for (N*, V") co-doped TiO,
[20-25]. NH, VO, is predominantly used as a V source. In contrast to the synthesis of (N*, Nb**) and (N*, V**) co-doped TiO,, the
hydrothermal route is frequently used to synthesize (N*, V**) co-doped TiO, [21-25]. It involves the incorporation of N* or V** co-

dopant ions into the as-prepared V/N mono-doped TiO, precursor in a hydrothermal reaction autoclave. This wet chemical reaction
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TABLE 3. The synthesis processes, characterized properties and VLC effects for (N*, V*') co-doped TiO, (NP:
Nanoparticle; NTA: Nanotub e Array; RhB: Rhodamine B; MB: Methylene Blue; MO: Methylene Orange; PCP-Na:
Sodinum Pentachlorophenate; CAP: Chloramphenicol).

Synthesis Characterization VLC properties
Method and o n Bandgap ; Dye |VLCs i
N source | V source | Ti source Condition N (at.%) | V (at.%) | Phase (V) Shape Light source me) | (o) C/C, (%) | Ref
Sol-gel & Post-
i smtering 4 2 Xe lamp RhB i
CSHlSN NHlVDj CMHNO‘TI {iioamiteal | (moensaaly Anatase 2.3 |NP (7nm) (150W. 15¢m) | (95.8) 0.29 | 0@60min | 20
(450 °C, 2 h, air)
Two-step
1.0 (ICP) Xe lamp
CHN |NHvo, | Tisoy, | Waroermal | 312 1 Ve o7 Anatase | 2.5 NP @oow,> |PCENal o4 | ~20@120 1 )
LEZE s A (XPS) (XPS) (13nm) 4000m) (20) min
(180 °C, 22h)
Two-step
Xe lamp
cHN| v |cgom bdohemal Anatase | 28 |NP (Snm)| (400W,> (':‘E) . s“ﬂ@;ﬁ 22
(180 °C, 22h) 400nm, 25¢m)
Hydrothermal Xe lamp
/ : 54.
:IH{%% NH VO, Tio, é;;) (noj::nal) Anatase - (lli)i'n) (300W, = (I:I?) - & :]@i::liﬂl] 23
J (180°C, 12 1) 420nm) :
Hydrothermal Hg lamp €45
NH,VO, |NHVO,| N-TiO, 3.4 (XPS)[4.2 (XPS)| Anatase | 2.3 NTA (300W, = co, 5 h_';c‘;f_‘:’ 24
(180°C, 5 h) 420nm)
Sol-gel & :
Halide lamp =
CHN |NHVO, |c 1 oi| Fydrothermal | 0.62 2 lanamse| 25 | N | oow,> | CAT | 1 |3V 4
L e e s (XPS) |(nominal) Dt (25) min
(180 °C, 20 )

route avoids the traditional high-temperature nitridation treatment and reduces the agglomeration of nanoparticles. However, it is
debatable whether the dopants can be efficiently diffused into TiO, crystal structures at such mild reaction conditions and whether
the “surface co-doping” dominates the photocatalytic properties.

Most of the measured bandgaps are around 2.3 and 2.5 eV for (N*, V") co-doped TiO,. This means that N* and V** co-doping can
efficiently lowerthe bandgap and extend the light absorption to visible light regime. In almost all (N*, V**) co-doped samples prepared
using NH VO, as raw materials, V** and V'*ions are found to co-exist. ' NH VO, is replaced by V*-containing raw material, V**
and V** will co-exist in the samples. The reasons for the easy reduction of V ions remain unclear to date. The VLC properties of (N*,
V**) co-doped TiO, were characterized through decomposing MB, MO (methylene orange), RhB and 4-chlorophenol; or reducing
CO, into CH,. In addition, Eswar et al. [25] used their synthesized (N*, V**) co-doped TiO, to treat antibiotice/bacteria and found that
(N*-, V*) co-doping would strengthen VL C properties comparing with N*- or V¥ mono-doping. The key roles of (N*, V**) co-doping
on the enhancement of VLC properties are also emphasized by other related researchers.

Theoretical calculations on (N*, V**) co-doped TiO, demonstrate that (N*, V**) co-doping can efficiently enhance VLC properties.
FIG. 4 presents the co-doping positions of N and V in anatase TiO, and the calculated total DOS (density of states). Here, N* and V**

chemically bind together to form defect-pairs, again. The formation of defect-pairs narrows the band gap by about 0.45 eV through
providing an acceptor level of about 0.33 eV above the valence band and a donor level of about 0.12 eV below the conduction band
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FIG. 4. (a) The schematic illustration of (N, V) defect-pair configurations in anatase TiO, and (b) the calculated total DOS.
The orange and red balls represent the co-doped Ta and N, respectively. Reprinted with permission from reference 26.
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[26]. Furthermore, the N-V defect-pairs have a large binding energy of about 0.77 eV, making them rather stable against separation.

However, it is a technological challenge to experimentally control the chemical valences of V** dopants.

Conclusions and Prospects

In (N*, M*) co-doped TiO, materials, the introduced N* and M** ions would chemically bind together to form local defect-pairs.
These defect-pairs are critical to narrow the bandgap of host TiO,, reduce the “trapping or recombination centers” of photo-generated
carriers, increase the doping levels of difficult-dopant N* ions, and thus significantly enhance visible light catalytic properties.
Since Nb** and Ta™ ions are stable in contrast to V*, it is better to select them as the co-dopants of N* ions. Given the difficulty in
comparing and analyzing the photocatalytic effects reported by different research groups,

(1) A standard photocatalytic reaction setup and conditions should be developed and followed. It would include the used light source,
the light illumination intensity, a fixed dye type and concentration, identical loading amounts of the catalysts, and identical reaction
times;

(2) At the very least, commercial Degussa P25 should be used as areference and all experimental results should be quantitatively

compared with it;

(3) The chemical compositions of the synthesized samples should be carefully analyzed to easily unveil the mtrinsic origin of
observed photocatalytic activities.

Based on local defect structure design, it is expected that co-doping TiO, with (N*, M**) will significantly enhance their VLC
properties. The development of defect-pair modified TiO -based VLCs is thus beneficial for the highly efficient utilization of clean
and renewable solar energy.
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Chapter 4. Main Achievements and Outlook

(1) Main achievements

Based on local defect structural design and new chemical synthesis strategies, a major
difficulty to efficiently introduce difficult-dopant ions such as N3~ and In*" into TiO»
crystal structures at high concentrations through wet chemical synthesis routes, was
solved. Two high-efficient TiO;-based visible light catalysts were successfully
synthesized for environmental remediation by directly using the clean and renewable
solar energy; and one raw material for manufacturing new ceramic capacitors and new
TiO2 metastable polymorphic phases was achieved. The investigations on doping
mechanisms, defect formation and associated impacts on material performances will not
only benefit the future development of physical chemistry, material science and defect
chemistry, but also open a new route to design novel multifunctional materials based on

local defect structures in materials.

As the first author, four peer-reviewed papers have been published on Advanced
Materials, The Journal of Physical Chemistry Letters, Crystal Growth & Design, and
Research and Reviews in Electrochemistry, respectively. Another paper is now under
review after submitting to journals. As the corresponding author, one peer-reviewed paper
have been published on Solid State Communications. As one of co-authors, five peer-
reviewed papers have been published or are under review. In addition, five patents have

been applied and two conference presentations have been provided.
(2) Prospects

In view of the experimental results presented in this thesis as well as the recent research
progress reported in the literatures, much possible continuing work should be further done
for the development of high-efficient visible light catalysts and TiO2-based ceramic

capacitors designed in terms of electron-pinned defect dipole mechanism.

e The technological bottleneck for manufacturing (N*, Nb>*) or (N*, Ti*") co-
doped TiO»-based visible light catalysts should be explored in order to large-
scalely commercialize them. The potential technological barriers are mainly
focused on the reaction homogeneity of the whole reaction systems at magnified
conditions, the repeatability of prepared methods at different batches, as well as

the stabilities of material properties.
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The application of (N>, Nb*") or (N*, Ti*") co-doped TiO»-based visible light
catalysts in the complicated and realistic environments should be further
investigated. These environments not only include pH values of wastewater, the
concentrations of heavy metal ions and different types of pollutants, but also are
related to the effects on live creatures and the recycling of visible light catalysts.

The technological requirement of using the synthesized (In**, Nb*>") co-doped
Ti0> nanocrystals to prepare single-layer/multi-layer ceramic capacitors should
be explored. The experimental or industrial methods to control defect states of
(In**, Nb°") co-doped TiO> materials should be also investigated during sintering
processes. The feasibility of using these small nanocrystals to prepare single-
/multi-layer ceramic capacitors should be demonstrated.

The doping mechanism about difficult- and easy-dopant ions should be further
demonstrated in other co-doped material systems. The significant roles of local
defect structure in other materials or for other physicochemical properties should
be also investigated in the continuous research work. Furthermore, the direct

experimental evidences for the presence of local defect structures would be found.
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