
METHOD AND SOLUTION FOR FORMING ANATASE TITANIUM
DIOXIDE, AND TITANIUM DIOXIDE PARTICLES, COLLOIDAL
DISPERSION AND FILM FIELD OF THE INVENTION [0001] The
present invention relates generally to photo-catalytic
titanium dioxide  (TiO2), and more particularly to
methods and solutions for forming anatase TiO2 and
photo-catalytic TiO2 particles, colloidal dispersion
and films. BACKGROUND [0002] TiO2 films or coatings
are useful in a number of applications. For example,
a surface coated with a photo-catalytic TiO2 film can
be self-cleaning. When the  surface is exposed to, for
example, ultra-violet (UV) light, absorption of the
light can  induce oxidation-reduction reactions on the
surface thus producing a cleaning effect.  It is known
that TiO2 can be amorphous or in one of three possible
crystalline phases,  anatase, brookite and rutile. For
self-cleaning purposes, anatase TiO2 exhibits more
stable photo-catalytic activity than the amorphous and
the other two crystalline  phases. [0003] Amorphous
TiO2 can be converted to anatase TiO2 at temperatures
around  500 C. Thus, in many conventional techniques,
anatase TiO2 particles are formed by  first forming
amorphous TiO2 particles and then sintering or
calcining the amorphous  TiO2 particles (can be in a
film) at a high temperature, such as at around 400 to
500  C, to obtain anatase TiO2. A drawback of such
techniques is the necessity to heat  the particles or
film to high temperatures. Heating to high
temperatures may not be  desirable, or even possible,
in many applications. For example, when heated,
thermal-mismatch can cause de-lamination of the coated
TiO2 ilm from the underlying  substrate. It would be
impossible to cure TiO2 films on glass windows already
installed  on a building. Further, some substrates,
such as textile or polymer substrates, may  have low
temperature resistance and thus it would be difficult
to calcine TiO2 films or  powder coatings on them.
[0004] There are also known techniques for forming
anatase TiO2 films without 1 sintering or calcination.
For example, anatase TiO2 can be formed by a gel-sol  



method described in Tadao Sugimoto et a/., "Synthesis
of uniform anatase TiO2  nanoparticles by gel-sot
method. 3. Formation process and size control",
Journal of  Colloid and Interface Science, (2003) vol.
259, pp. 43-52, the contents of which are
incorporated herein by reference. In this approach,
TiO2 nanoparticles were prepared  by aging a solution
containing Ti" ions and triethanolamine (TEOA). In a
first aging  stage, the solution was aged at 100 C for
24 hours to form a Ti(OH)4 gel. In a second  aging
stage, the gel was aged at 140 C for 72 hours to
nucleate and grow anatase  TiO2 particles. It is
reported that almost all TEOA molecules were liberated
from the  Ti(IV) ions after the first aging stage.
However, this approach has some problems. For
example, when the formed TiO2 nanoparticles are used
to form photo-catalytic films,  the photo-catalytic
activities of the films are not very high. The films
also tend to crack. [0005] Accordingly, there is a
need for an improved or alternative approach of
forming anatase TiO2. There is also a need for a
photo-catalytic TiO2 film with  improved properties.
SUMMARY OF THE INVENTION [0006] A sol solution
comprising poly(titanic acid) and a planar
heterocyclic ligand  capable of forming a
metallocene-like Ti-complex can be provided. The sol
solution  can be aged to form TiO2 particles having an
anatase crystalline structure and  metallocene-like
Ti-complexes including the heterocyclic ligand. The
particles can be  formed in a colloidal dispersion. A
layer of the colloidal dispersion can be deposited  on
a support and dried to form a film. When the film is
irradiated with UV light, the  heterocyclic ligands in
the complexes can decompose and be liberated due to
photochemical reactions, thus forming a substantially
anatase TiO2 film. The sol  solution may also include
additional constituents such as a surfactant, an
organic  acid, and a base, for facilitating the aging
process and improving the properties of the  formed
film. [0007] Advantageously, the anatase TiO2
particles, colloidal dispersion and films  can be
formed without sintering or calcination. The formed
film can have improved  properties, including high
photo-catalytic activity and crack-resistance, as
compared  with TiO2 films prepared by a conventional
gel-so] method. The particles can have an 



2 average diameter less than about 20 nm. As a result,
the film formed can be  transparent. [0008] Therefore,
in an aspect of the present invention, there is
provided a method  of forming anatase titanium dioxide
(TiO2). The method comprises aging a sol solution
comprising poly(titanic acid) and a planar
heterocyclic ligand to form TiO2 particles  having a
metallocene-like Ti-complex including the heterocyclic
ligand. The sol  solution may be aged at a temperature
below about 140 C such at about 120 C for  about 24
hours so that the TiO2 particles are substantially in
an anatase phase. The  heterocyclic ligand can include
at least one of triazole, tetrazole, and thiadiazole.
The  sol solution may be formed by aging a precursor
solution at a temperature from 80 to  100 C to form
the sol solution, where the precursor solution
includes the heterocyclic  ligand and a precursor for
the poly(titanic acid). The precursor for the
poly(titanic acid)  can include at least one of
titanium alkoxide and titanium chloride. The precursor
solution may also include one or more of an organic
acid, a surfactant and a base.  The TiO2 particles may
have an average particle size from 5 to 20 nm. [0009]
In another aspect of the present invention, there are
provided titanium  dioxide particles formed in
accordance with the above paragraph. [0010] In a
further aspect of the present invention, there is
provided a colloidal  dispersion of titanium dioxide
(TiO2) particles. The TiO2 particles include a
metallocene-like Ti-complex including a planar
heterocyclic ligand. The TiO2 particles  may have an
anatase crystalline structure. [0011] In a further
aspect of the present invention, there is provided a
method of  forming a titanium dioxide (TiO2) film,
comprising depositing a layer of the TiO2  particles
described in the previous two paragraphs on a support.
[0012] In a further aspect of the present invention,
there is provided a film formed  in accordance with
the method of the previous paragraph. [0013] In a
further aspect of the present invention, there is
provided a film including  the titanium dioxide
particles described in the previous five paragraphs.
[0014] In a further aspect of the present invention,
there is provided a film  



comprising a titanium dioxide (TiO2) matrix and a
metallocene-like Ti-complex 3 including a planar
heterocyclic ligand. The TiO2 matrix may have an
anatase  crystalline structure. [0015] In a further
aspect of the present invention, there is provided a
solution for  forming a colloidal dispersion of
anatase TiO2 particles. The solution includes at least
one of poly(titanic acid) and a precursor for
poly(titanic acid), and a planar heterocyclic ligand
capable of forming a metallocene-like Ti-complex in a
TiO2 matrix. [0016] Other aspects and features of the
present invention will become apparent to  those of
ordinary skill in the art upon review of the following
description of specific  embodiments of the invention
in conjunction with the accompanying figures. BRIEF
DESCRIPTION OF THE DRAWINGS [0017] In the figures,
which illustrate exemplary embodiments of the
invention,  [0018] FIG. 1 is schematic diagram
illustrating a process for forming a TiO2 film;
[0019] FIG. 2 is a schematic diagram illustrating the
formation of a Ti-complex;  [0020] FIG. 3 is a line
graph showing Fourier-Transform Infrared (FTIR)
spectra of  a TiO2 film; [0021] FIG. 4 is a line graph
showing X-ray diffraction (XRD) patterns of a TiO2
film; [0022] FIG. 5 is a line graph showing UV-VIS
absorption of methyl orange; [0023] FIG. 6 is a line
graph showing concentrations of methyl orange as a
function of time; and [0024] FIG. 7 is a scanning
electron microscopic (SEM) image of a sample TiO2
film. DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS
[0025] FIG. 1 schematically illustrates a process for
forming an anatase TiO2 film,  exemplary of
embodiments the present invention. 4 [0026] A
precursor solution 10 is provided. Precursor solution
10 contains a  solvent, a precursor for poly(titanic
acid), [Ti(OH)4]x where x is an integer, and a planar



heterocyclic ligand capable of forming a
metallocene-like complex in a TiO2 matrix. It  can be
advantageous if precursor solution 10 also contain
other additives such as an  organic acid, a base, and
a surfactant. [0027] As depicted, the precursor for
poly(titanic acid) can include molecular  species in
the form of Ti(OR)4, where R is a suitable substituent
for H. The precursor  can be formed by adding a
suitable Ti-containing substance 12 to the solvent,
which,  when dissolved or dispersed in the solution,
can be hydrolysed to generate titanic acid  Ti(OH)4
and poly(titanic acid) [Ti(OH)4]x. For example,
Ti-containing substance 12 can  include a titanium
alkoxide or a titanium chloride, such as titanium
isopropoxide Ti(i- OPr)4, titanium butoxide
Ti(n-OBu)4, titanium ethoxide, titanium tetrachloride
(TiCl4),  or the like. The concentration of
Ti-containing substance 12 in solution 10 can vary
depending on the particular substance used and the
application. For example, the  concentration can be in
the range from 5 to 20 wt% ("wt%" means "percent by
weight"  herein). In some applications, 10 to 12 wt%
may be advantageous. [0028] The heterocyclic ligand
can be any suitable planar heterocyclic molecule  that
is water-soluble. A heterocyclic ligand is a
closed-ring organic structure  containing atoms from
groups 5A and 6A, such as nitrogen or sulphur. For use
in the  present process, a planar ring having 5 or 6
ring members can be advantageous  because of its
chemical stability. For a heterocyclic molecule to be
planar, the ring  typically includes two or three
double bonds that are separated by only one single
bond, thus forming a structure known as the conjugated
structure. As is known,  ligands that can form
metallocene structures with transition metals (in
groups 4 and 5)  include substituted cyclo-pentadienes
and 1,3-clco-hexadiene. For a discussion of the
formation of metallocene-like complexes with 5- or
6-member heterocyclic compounds  as the ligands see,
for example, L. A. Burke et at, Journal of the
Chemical Society- Perkin Transactions, (2001), vol. 2,
pp. 1679-1684, the contents of which are  incorporated
herein by reference. While a lone metallocene-like
complex formed with  a 5- or 6- member heterocyclic
ligand may lack suitable chemical stability, when such
a heterocyclic ligand is inserted in the bulk of
poly(titanic acid) or T102 matrix, a stable
metallocene-like structure can be formed due to
coordination of the heterocyclic 



ligand to more than one Ti(IV) ion through double
bonds of the ring. Such multi 5 coordination
stabilizes the metallocene-like structure.
Heterocyclic compounds that  have planar structures
include imidazole, triazine, thiadiazole, pyrimidine
and  pyrazine. [0029] It can be advantageous if the
heterocyclic ligands are hydrophilic. The
heterocyclic ligands may include hydrophilic
substitute groups such as -OH, -NH2, - SO3H, and
-COOH. As can be appreciated, the heterocyclic ligands
should be  soluble in the solvent. The number of ring
members of the heterocyclic ligands may  vary but is
generally less than 7. Suitable heterocyclic ligands
include triazoles,  tetrazoles, thiadiazoles, and the
like. For example, suitable heterocyclic ligands
include pyrazine, pyrimidine, pyridine, triazine,
imidazole, and the like. As can be  appreciated,
planar heterocyclic ligands may interact with
[Ti(OH)4]x to form  metallocene-like Ti-complexes, as
illustrated in FIG. 2. As depicted, a heterocyclic
ligand such as an azole ring can bridge two Ti(IV) in
a TiO2 matrix formed from  multiple Ti(OH)4 species.
The rings can form coordination complexes with TiO2
through Ti-NH coordination bonds and Ti-it
coordination bonds, the latter through the  double
bonds (in either N=N or C=N) of the ring. As can be
appreciated by a person  skilled in the art, the
coordination complexes are metallocene-like
Ti-complexes. The  planar structure of the ring allows
the ring to be intercalated into the TiO2 bulk
because the metallocene-like bonds can form on both
sides of the ring. The benefits  of the formation of
the metallocene-like complexes will become clear
below. The  concentration of the heterocyclic ligand
in precursor solution 10 can vary. Typically, it  can
be 0.1 to 1 wt%. In some applications, 0.4 to 0.8 wt%
may be advantageous. [0030] The solvent can be water
or alcohol based. For example, the solvent can
include ethanol, 2-propanol, 1-propanol, 1-butanol or
distilled water. The solvent is  suitable for carrying
out sol-gel reactions therein. The solvent may also be
suitable as  a liquid medium for dispersing TiO2
colloidal particles, as will be further described
below. It may be desirable that the solvent is
hydrophilic, of low or no toxicity, and of  medium
volatility. Hence, low-molecular-weight alcohols may
be particularly  



appropriate in many applications. As will be
understood, in pure water the hydrolysis  rate of the
precursor to Ti(OH)4 can be very fast, which may not
be desirable. Thus,  when water is used as the
solvent, it may be necessary to include in the
solution  sufficient organic ligands to reduce the
hydrolysis rate. 6 [0031] The organic acid in
precursor solution 10 may be any suitable acid for
catalysing sol-gel reactions, such as hydrolysis and
condensation reactions. Addition  of the acid can also
affect the pH of precursor solution 10. Organic acids
may be  advantageous since they can improve colloidal
stability. As can be appreciated, the  acid can serve
as peptizing agents for facilitating formation of
colloids of Ti-complexes  such as Ti(OH)4, TiO2, and
the like. For example, the acid can be an acetic acid,
oxalic acid, lactic acid citric acid, succinic acid,
tartaric acid, or the like. The acid can  also include
stable chelating rings, and can be an
a,R-hydroxycarboxylic acid; a,[3- ketone, carboxylic
acid; a,(3-amino,carboxylic acid; a,(3-dihydroxy, or
the like. A mixture  of two or more of the above acids
may be used. The acid may be 1 to 5 wt% of  precursor
solution 10. [0032] The base can be any suitable base
substance. An organic base may be  advantageous. For
example, the base can be an ethanolamine (including
mono-, di-,  or tri- substituted ethanolamine). The
base can be used to adjust pH value of  precursor
solution 10. As will be discussed further below, the
pH value of precursor  solution 10 can affect the
properties of the resulting TiO2 particles or film.
The pH  value of precursor solution 10 may be
initially from about 1 to about 2 and be adjusted  to
up to about 10. The base can also, in combination with
the acid, enhance colloidal  stability during aging.
The base may be bi-functional and contain both -NH2
and -OH  groups. The choice of the base and the amount
added can be determined by a person  skilled in the
art based on the desired pH as well as other
considerations. It has been  found that 0.1 - 10 wt%
of the base in the solution may be suitable. In some
applications, 1 to 3 wt% may be advantageous. [0033] A
surfactant can reduce surface and interfacial tension
in the solution and  can be used to control the
condensation process of the Ti-complexes in the
solution  



and the growth of nano-sized TiO2 particles. A
surfactant may also be used to prevent  cracking in a
resulting TiO2 film. It may be advantageous to use a
non-ionic or cationic  surfactant. As can be
understood, non-ionic and cationic surfactants contain
hydrophilic moieties of the Lewis base type. The
Ti(IV) sites on particles of sol or  crystalline TiO2
are Lewis acids so that the surfactant molecules can
facilitate particle  growth and film formation via
adsorption on the TiO2 particles. Suitable surfactants
include surfactants that have poly(ethylene oxide)
oligomer (PEG) moieties. Example  surfactants include
alkyl, alkylarylethoxylate, polyoxyethylene alkyl
ethers, 7 alkylbenzene sulphonate surfactants, and the
like. For example, commercially  available surfactants
such as Brij-30TM or Triton-X100tM may be suitable
non-ionic  surfactants. A mixture of different
surfactants may also be added. Typically, precursor
solution 10 may contain 0.1 to 4 wt% of the
surfactant. In some applications, it may be
advantageous to limit the content of the surfactant to
1 to 2 wt%. [0034] As can be understood, it may be
necessary to continuously stir or otherwise  agitate
the solution after adding Ti-containing substance 12
to precursor solution 10  and during aging. As can be
appreciated, during TiO2 particle formation stirring
can  promote mass transfer between the reaction medium
and the TiO2 nuclei. Without  stirring, the nuclei may
be surrounded by organic ligands, thus hindering the
gelation  process. During the subsequent thermal
aging, agitation can also prevent irreversible
agglomeration of TiO2 colloidal particles. [0035]
Precursor solution 10 can be aged to form TiO2
particles having anatase  crystal structures. [0036]
The term "age" when used as a verb herein refers to
subjecting a substance  to controlled conditions to
allow relatively slow change in properties or
structures of  the substance over a period of time. As
can be understood, during particle formation,  slow
hydrolysis and condensation can prevent premature
precipitation due to formation of large particles.
During crystallization, slow change can reduce defects
in  the final crystalline structure. The controlled
conditions can include temperature,  pressure, pH, and
other environmental factors. Generally, aging may be
carried out at  



room temperature or by subjecting the substance to a
heat treatment, such as in a  pressure-resistant
container. As can be understood by persons skilled in
the art, the  growth of crystalline structures is a
relatively slow process. If the species in a solution
precipitate very fast, the precipitated particles are
more likely in an amorphous state  instead of a
crystalline state. [0037] As depicted, precursor
solution 10 may be aged at temperatures below  about
140 C to form a sol solution 14. Precursor solution 10
may be aged at a  temperature from 80 to 100 C for
about 24 hours to allow sol-gel reactions such as
hydrolysis to occur. As can be understood, [Ti(OH)4]x
complexes can be formed  through hydrolysis processes.
Sol solution 14 contains a colloidal suspension of
many  species including Ti-complexes such as
[Ti(OH)4]x, where x is a small integer such as 8 from
1 to 10. This process is known as peptization. [0038]
As can be understood by a person skilled in the art,
in a different  embodiment of the present invention,
sol solution 14 may be prepared in another  suitable
manner different from described above. For example,
the [Ti(OH)4]x species  may be formed through a
different chemical route known to persons skilled in
the art.  The heterocyclic ligands may be omitted in
the precursor solution but are added after  the
[Ti(OH)4]x species have been formed through hydrolysis
and are brought into the  TiO2 matrix during the aging
step. [0039] Sol solution 14 can be readily treated to
form anatase TiO2 particles  suitable for forming
photo-catalytic films. [0040] In an exemplary
embodiment, sol solution 14 is further aged at a
temperature between 100 C and 140 C, such as about
120C, for about 24 hours, to  allow gelation or
condensation of Ti-complexes to form TiO2 particles in
a colloidal  dispersion 16 and transformation of the
TiO2 molecules in the amorphous phase to  the anatase
phase. In an alternative embodiment, this second aging
can be at least  partially carried out after a film
has been formed from the sol solution or a partially
aged colloidal dispersion. The total aging time may
vary in different embodiments but  should be long
enough to allow growth of the anatase crystalline
structures. As  



evidenced by experimental data, some of which will be
described below, and  conveniently, after about 24
hours of aging, the resulting TiO2 particles are
substantially in the anatase phase. During aging, some
heterocyclic ligands remain in  the TiO2 particles,
forming metallocene-like complexes as illustrated in
FIG. 2. [0041] Without being limited to any particular
theory, the formation of anatase TiO2  is likely
facilitated by the presence of heterocyclic ligands
because the formation of  metallocene-like complexes
can lower the energy barrier for transforming TiO2
from  the amorphous phase to the anatase phase. As can
be appreciated by a person  skilled in the art, the
heterocyclic ligands are Lewis bases and can donate
electrons.  While some other ligands such as
triethanolamine (TEOA) are also Lewis bases, they  are
not as effective as heterocyclic ligands because they
are labile and could not  remain in the TiO2 particles
by forming metallocene-like complexes with TiO2
molecules. The presence of the heterocyclic ligands
may thus increase the maximum  anatase content
obtainable at low temperatures. 9 [0042]
Advantageously, the sizes of TiO2 particles in
colloidal dispersion 16 can be  on the nano-scale. The
average particle size or diameter can be controlled to
be from  5 to 20 nm. Particles having sizes smaller
than about 20 nm may be advantageous  because they can
be used to form transparent films. The sizes of the
particles can be  controlled by adjusting the pH value
of solutions 10 and 14 during aging and by  adjusting
the concentrations of various additives. As can be
understood, the resulting  particle sizes and
structure of the TiO2 particles can be affected by a
number of  factors, including aging condition such as
temperature and pH and the chemical  species present
in the sol solution such as the organic acid. [0043]
For example, experimental data showed that when TEOA
was used as both  the base and the coordination ligand
(that is, there were no heterocyclic or acid  ligands
in the solution) and the solution was aged at below
100 C, the aged TiO2  particles exhibited low
crystallinity, apparently because large portions
inside the  particles were in the amorphous phase.
Raising the aging temperature to above 140  C caused
over-condensation and growth of large-sized TiO2
particles, which  



precipitated out of the colloidal suspension. [0044]
Experimental data also showed that rutile phase was
present when the pH  of the solution was from about 1
to about 6. When the solution had a pH of about 1,
the average particle size was about 4 nm and the ratio
of detected intensities for  anatase and rutile phases
was about 1:1. When pH was increased to about 7, the
average particle size increased to about 15 nm and the
TiO2 particles were  substantially in the anatase
phase. However, when pH was further increased to 11,
negligible condensation of [Ti(OH)4], complexes
occurred, and hence few TiO2  particles were formed.
Thus, it may be desirable that the pH value of
precursor  solution 10 or sol solution 14 is from 6 to
10. [0045] A layer 18 of the TiO2 particles from
colloidal dispersion 16 can be  deposited on a support
such as substrate 20. It may be advantageous if
substrate 20  has a substantially planar surface. The
layer may have any suitable thickness, coating  area,
viscosity and TiO2 content, depending on the
application. The solid TiO2 content  in the initial
layer may be in the range of 1 to 3 wt%. Layer 18 may
be dried such as at  room temperature for about 3 to
12 hours depending on its thickness. The drying
period may last for a sufficient period of time to
allow inter-particle binding in layer 18. 10 Layer 18
can be of any suitable thickness. A thinner layer is
easier to dry. Multiple  layers may be consecutively
formed to form a thick film, yet still allow each
layer to  dry properly. The resulting film may have a
thickness from 0.1 to 2 pm, or another  desirable
thickness. [0046] The film can be made transparent or
translucent. As can be appreciated,  the transparency
of the film can vary depending on the sizes of the
particles used to  form the film. Advantageously, when
the TiO2 particles have an average diameter or
particle size below about 20 nm, the film can be
transparent. [0047] The support or substrate 20 can be
made of any suitable material for  coating TiO2. For
example, glasses such as quartz glass, metals such as
aluminium  and stainless steel, ceramics, plastics,
other polymer sheets, and the like may be  used. The
support should, however, be chemically stable in the
presence of TiO2 and  



visible or UV-irradiation. The support can also be any
desirable object on which a  photo-catalytic coating
is to be formed. [0048] Layer 18 can be deposited on
substrate 20 using any suitable technique,  such as
spin coating. Persons skilled in the art can readily
determine a suitable  coating technique for a given
application. Layer 18 may be coated on a surface for
self-cleaning by a user. [0049] Once dried, layer 18
can be subject to visible or UV irradiation such as UV
light 22. Under UV light 22, photochemical reactions
occur in layer 18 and, as a result,  some of the
heterocyclic ligands in the Ti-complexes are liberated
from the complexes, that is, they are no longer
coordinated with the Ti(IV) ions in the  complexes.
The heterocyclic ligands may also decompose, leaving a
small number of,  for example, nitrogen atoms in the
TiO2 lattice or matrix. The nitrogen atoms bind to
the Ti atoms through Ti-N bond and can enhance the
photo-catalytic activity of the  TiO2 film. Other
ligands such as acid or base ligands may also be
liberated after UV  irradiation through
photo-catalytic decomposition reactions. As a result,
these ligands  are degraded to smaller molecular
fragments which are volatile or water-soluble and
therefore could be removed from the TiO2 coating.
Consequently, a photo-catalytic  and substantially
anatase TiO2 film 18 is formed. [0050] The liberation
of heterocyclic ligands, and other organic ligands,
from the 11 film can be detected, for example, by
measuring absorption responses using a
Fourier-transform infrared (FT-IR) spectroscopy
technique. As can be understood, the  characteristic
absorption frequency is at around 2900 cm -1 for C-H
stretching vibration  and at around 1700cm-1 for the
C=O bond. Weak signals at these frequencies can
indicate a weak bond or that a bond has been broken.
The binding of hydroxyl groups  can be indicated by
signals at about 3400 cm -1 and 1650 cm 1. The IR
spectroscopy  can thus be used to detect the extent of
pre-activation, or liberation of the ligands.  When
the characteristic IR absorption peaks of the organic
species disappear, the  pre-activation is completed.
Example FT-IR spectra measured before and after UV-
irradiation are shown in FIG. 3 where the time for
each line indicates the period of  



time the sample has been subject to irradiation.
[0051] The resulting film 18 can be highly
photo-catalytic and can have good  physical and
mechanical properties. For example, a film formed as
described herein  can exhibit photo-catalytic
activities 1.5 to 2 times higher than a film formed
from a  solution without the heterocyclic ligands.
[0052] In addition to the positive influence on the
photo-catalytic activity, the  presence of the
heterocyclic ligands in the TiO2 particles can also
improve the  mechanical properties of film 18, such as
texture cohesion, structure uniformity,  adhesion, and
crack-resistance. Without being limited to any
particular theory, it is  expected that the presence
of the heterocyclic ligands can buffer material stress
generated during coating. The buffering effect can be
attributed to yielding of TiO2  particles to the
stress, facilitated by the metallocene-like complexes.
As a  consequence, micro-cracks in the final film and
delamination of the film can be  reduced. [0053] The
crack-resistance of the film can also be increased by
addition of a  surfactant such as PEG surfactants.
[0054] Advantageously, anatase TiO2 particles and
films can be formed without  calcination. They can be
formed quicker and can have higher photo-catalytic
activities, as compared to conventional techniques.
The organic species in the film,  including the
heterocyclic ligands, organic acid ligands, and
surfactants, can be easily  removed from the film
surface once the film is irradiated with UV light due
to their high  photochemical activity. 12 [0055] As
can be appreciated, the processes described above do
not have to be  performed at once. Different steps can
also be performed by different users at  different
locations. For example, each of the precursor and so[
solutions and the  colloidal dispersion may be
prepared and stored in suitable conditions for later
use.  The anatase TiO2 particles can be formed and
stored such as in a dark container. The  stored
particles can be later used to form photo-catalytic
films or for other purposes. [0056] The embodiments of
the present invention can have applications in a wide



range of fields, such as for coating various surfaces
including dirt-free and sterile  coatings on exterior
and interior walls or glass windows of buildings and
vehicles, for  preparing sterilized textile products
or toolsets, for modifying surfaces of ceramic
membranes for air or water filtration, and the like.
[0057] Other features, benefits and advantages of the
present invention not  expressly mentioned above can
be understood from this description and the drawings
by those skilled in the art. [0058] Exemplary
embodiments of present invention are further
illustrated by the  following, non-limiting examples.
EXAMPLE 1 [0059] In this example, a number of samples
were prepared. The solutions for  preparing these
samples were water based. The solution for each sample
was  prepared as follows: 1. 0.1 g 5-aminotetetrazole
monohydrate was added into 24-ml distilled water.  2.
0.78 g oxalic acid dehydrate and 1.0 ml Triton X-100
were added. 3. Appropriate amount of TEOA was added to
adjust the pH of the solution.  4. 3.5 ml titanium
(IV) isopropoxide was added drop-wise through a
funnel.  [0060] The final pH of the solution was
higher than about 5 but varied for different  samples.
[0061] The solution was stirred and aged at about 80 C
for about 24 hours until a  stable, homogenous and
transparent so[ solution was formed. The sol solution
was 13 sealed in a TeflonTM-lined autoclave and aged
at about 120 C for about 24 hours to  nucleate and
grow anatase phase TiO2 particles. The colloidal
dispersion of TiO2  particles was spin-coated on a
Si(100) substrate or a glass plate. [0062] Fig. 4
shows the X-ray diffraction (XRD) intensities measured
from films  coated on Si(100) substrates. The films
were formed from colloidal dispersions  prepared as
described above with a solution having a pH of about
6, but being aged  at different temperatures. The
temperature value above each line in FIG. 4 indicates
the aging temperature for the line. As can be seen,
when only aged at a low  



temperature (bottom line), there was little crystal
formation (in either anatase or rutile  phase) and the
film contained mainly amorphous TiO2 particles. After
aging at about  100 C (top line), a high peak appears
at 26 = 25.8 (101), which is the characteristic  peak
of the anatase phase. [0063] The average particle
sizes of TiO2 particles formed in solutions of
different  pH values were assessed using a
transmission electron microscope (TEM). [0064] The
photo-catalytic activity of a sample TiO2 film formed
on a glass plate  was evaluated by inserting the plate
into a quartz cell (10 mm x 10 mm x 45 mm)  holding a
methyl orange aqueous solution (0.05 mM, 3 mL) at
neutral pH and ambient  temperature. The film was
irradiated in a RayonetTM photochemical reactor
equipped  with 10 UV photochemical lamps (each with 30
W and maximum output at wavelength  of 300 nm). The
concentration of methyl orange was monitored during
irradiation  using a UV-Visible spectroscopy (on a
ShimadzuTM instrument). An exemplary result  is shown
in FIG. 5. As can be seen, the absorption intensity
decreased with time of  irradiation. About 90% of the
methyl orange was decomposed in about one hour of  UV
irradiation for the doped film. [0065] For comparison,
measurements were also made with a reference sample,
which was a glass plate coated with a TiO2 film
similarly prepared but not doped with  heterocyclic
ligands. Some results are shown in FIG. 6, which shows
that less methyl  orange was decomposed for the
un-doped film. As can be seen, the doped film has a
higher photo-catalytic activity than the un-doped film
by a ratio of about 1.5. [0066] FIG. 7 is a magnified
image of a sample film formed as described in this
Example on a glass plate. The image was taken after
the sample film had been 14 exposed to UV-irradiation
for about 24 hours. As can be seen, the image shows no
sign of micro-cracking in the sample film. Example 2
[0067] In this example, the solution was alcohol based
and was prepared as  follows: 1. 0.1 g of
2-amino-5-mercapto-1,3,4-thiadiazole was added to a
24-ml iso- 



butanol solution. 2. 1.1 ml of lactic acid and 0.8 ml
of Triton X-100 were added. 3. 4.5 ml of Titanium (IV)
n-butoxide was added drop-wise through a funnel.
[0068] The solution was stirred at 80 C for 24 hours
to form a yellow-orange  coloured sol solution. The
so[ solution was sealed in a Teflon-lined autoclave
and  treated at 120 C for 24 hours to form TiO2
nano-particles. [0069] Sample TiO2 films were formed
from the TiO2 nanoparticles. Test results  show that
the films were substantially formed of anatase TiO2.
The sample films also  exhibited similar
photo-catalytic activity as in Example 1. [0070]
Experimental data also showed that films formed with
TiO2 particles having  a heterocyclic ligand and a PEG
surfactant therein have improved crack-resistance  and
adhesion, as compared to films formed with pure TiO2.
[0071] Of course, the above described embodiments are
intended to be illustrative  only and in no way
limiting. The described embodiments are susceptible to
many  modifications of form, details and order of
operation. The invention, rather, is intended  to
encompass all such modification within its scope, as
defined by the claims. 15 What is claimed is: 1. A
method of forming anatase titanium dioxide (TiO2),
comprising: aging a sol solution comprising
poly(titanic acid) and a planar heterocyclic ligand
to form TiO2 particles having a metallocene-like
Ti-complex including said  heterocyclic ligand. 2. The
method of claim 1, wherein said aging a sol solution
comprises aging said so[  solution at a temperature
below about 140C. 3. The method of claim 2, wherein
said temperature is about 120C. 4. The method of claim
2 or claim 3, wherein said sol solution is aged for at
least  about 24 hours at said temperature, whereby
said TiO2 particles are substantially  in an anatase
phase. 5. The method of any one of claims 1 to 4,
wherein said heterocyclic ligand has less  than 7 ring
members. 



6. The method of any one of claims 1 to 5, wherein
said heterocyclic ligand  comprises at least one of
triazole, tetrazole, and thiadiazole. 7. The method of
any one of claims 1 to 6, further comprising aging a
precursor  solution at a temperature from 80 to 100 C
to form said sol solution, said  precursor solution
comprising said heterocyclic ligand and a precursor
for said  poly(titanic acid). 8. The method of claim
7, wherein said precursor solution is aged for at
least about  24 hours at said temperature from 80 to
100C. 9. The method of claim 7 or claim 8, wherein
said precursor for said poly(titanic acid)  comprises
at least one of titanium alkoxide and titanium
chloride. 10. The method of claim 9, wherein said
titanium alkoxide comprises at least one of  titanium
isopropoxide, titanium butoxide, and titanium
ethoxide. 11. The method of claim 9 or claim 10,
wherein said titanium chloride comprises  titanium
tetrachloride. 16 12. The method of any one of claims
7 to 11, wherein said precursor is 5 to 20 wt% of
said precursor solution. 13. The method of claim 12,
wherein said precursor is 10 to 12 wt% of said
precursor  solution. 14. The method of any one of
claims 7 to 13, wherein said heterocyclic ligand is
0.1 to  1 wt% of said precursor solution. 15. The
method of claim 14, wherein said heterocyclic ligand
is 0.4 to 0.8 wt% of said  precursor solution. 16. The
method of any one of claims 7 to 15, wherein said
precursor solution further  comprises an organic acid.
17. The method of claim 16, wherein said organic acid
comprises at least one of an  acetic acid, oxalic
acid, lactic acid, citric acid, tartaric acid,
succinic acid, a,(3- hydroxycarboxylic acid,
a,(3-ketone,carboxylic acid, a,(3-amino,carboxylic
acid, and  a,(3-dihydroxy acid. 18. The method of any
one of claim 16 or claim 17, wherein said organic acid
is 1 to 5  



wt% of said precursor solution. 19. The method of any
one of claims 7 to 18, wherein said precursor solution
further  comprises a surfactant. 20. The method of
claim 19, wherein said surfactant is selected from
non-ionic and  cationic surfactants. 21. The method of
claim 19 or claim 20, wherein said surfactant
comprises a  poly(ethylene oxide) oligomer moiety. 22.
The method of claims 19 to 21, wherein said surfactant
is selected from alkyl,  alkylarylethoxylate,
polyoxyethylene alkyl ethers, and alkylbenzene
sulphonate  surfactants. 23. The method of any one of
claims 19 to 22, wherein said surfactant is 0.1 to 4
wt%  of said precursor solution. 17 24. The method of
claim 23, wherein said surfactant is 1 to 2 wt% of
said precursor  solution. 25. The method of any one of
claims 7 to 24, wherein said precursor solution
further  comprises a base. 26. The method of claim 25,
wherein said base comprises an ethanolamine. 27. The
method of any one of claims 7 to 26, wherein said
precursor solution has a pH  value from 6 to 10. 28.
The method of any one of claims 7 to 27, wherein said
sol solution has a solvent  selected from water and
alcohol. 29. The method of any one of claims 1 to 28,
wherein said TiO2 particles have an  average particle
size from 5 to 20 nm. 30. Titanium dioxide particles
formed in accordance with any one of claims 1 to 29.
31.A colloidal dispersion of titanium dioxide (TiO2)
particles, said TiO2 particles  comprising a
metallocene-like Ti-complex including a planar
heterocyclic ligand. 32. The colloidal dispersion of
claim 31, wherein said TiO2 particles have an anatase
crystalline structure. 33. The colloidal dispersion of
claim 31 or claim 32, wherein said heterocyclic ligand



has less than 7 ring members. 34. The colloidal
dispersion of any one of claims 31 to 33, wherein said
heterocyclic  ligand comprises at least one of
triazole, tetrazole, and thiadiazole. 35. The
colloidal dispersion of any one of claims 31 to 34,
further comprising a  surfactant. 36. The colloidal
dispersion of claim 35, wherein said surfactant is
selected from non- ionic and cationic surfactants. 37.
The colloidal dispersion of claim 35 or claim 36,
wherein said surfactant comprises  a poly(ethylene
oxide) oligomer moiety. 18 38. The colloidal
dispersion of any one of claims 35 to 37, wherein said
surfactant is  selected from alkyl,
alkylarylethoxylate, polyoxyethylene alkyl ethers, and
alkylbenzene sulphonate surfactants. 39. The colloidal
dispersion of any one of claims 31 to 38, wherein said
TiO2 particles  have an average particle size from 5
to 20 nm. 40.A method of forming a titanium dioxide
(TiO2) film, comprising depositing a layer of  the
TiO2 particles of any one of claims 30 to 39 on a
support. 41. The method of claim 40, wherein said
depositing a layer comprises depositing a  colloidal
dispersion of said TiO2 particles on said support and
drying said colloidal  dispersion to form said layer.
42. The method of claim 40 or claim 41, wherein said
layer has a thickness from 0.1 to  2m. 43. The method
of any one of claims 40 to 42, further comprising
subjecting said layer  to ultraviolet (UV) irradiation
for a sufficient time to dissociate said heterocyclic
ligand from said metallocene-like Ti-complex. 44.A
film formed in accordance with the method of any one
of claims 40 to 43. 45.A film comprising the titanium
dioxide particles of any one of claims 30 to 39. 46.A
film comprising a titanium dioxide (TiO2) matrix and a
metallocene-like Ti- complex including a planar
heterocyclic ligand. 47. The film of claim 46, wherein
said TiO2 matrix has an anatase crystalline structure.



48. The film of claim 46 or claim 47, wherein said
heterocyclic ligand has less than 7  ring members. 49.
The film of any one of claims 46 to 47, wherein said
heterocyclic ligand comprises  at least one of
triazole, tetrazole, and thiadiazole. 50. The film of
any one of claims 46 to 49, further comprising a
surfactant. 51. The film of claim 50, wherein said
surfactant is selected from non-ionic and  cationic
surfactants. 19 52. The film of claim 50 or claim 51,
wherein said surfactant comprises a poly(ethylene
oxide) oligomer moiety. 53. The film of any one of
claims 50 to 52, wherein said surfactant is selected
from  alkyl, alkylarylethoxylate, polyoxyethylene
alkyl ethers, and alkylbenzene  sulphonate
surfactants. 54. The film of any one of claims 40 to
53, which is transparent. 55.A solution for forming a
colloidal dispersion of anatase TiO2 particles,
comprising:  at least one of poly(titanic acid) and a
precursor for poly(titanic acid); and a planar
heterocyclic ligand capable of forming a
metallocene-like Ti-complex in a  TiO2 matrix. 56. The
solution of claim 55, wherein said heterocyclic ligand
has less than 7 ring  members. 57. The solution of
claim 55 or claim 56, wherein said heterocyclic ligand
comprises at  least one of triazole, tetrazole, and
thiadiazole. 58. The solution of any one of claims 55
to 57, wherein said heterocyclic ligand is 0.1  to 1
wt% of said solution. 59. The solution of claim 58,
wherein said heterocyclic ligand is 0.4 to 0.8 wt% of
said  solution. 60. The solution of any one of claims
55 to 59, further comprising an organic acid. 61. The
solution of claim 60, wherein said organic acid
comprises at least one of an  acetic acid, oxalic
acid, lactic acid, citric acid, tartaric acid,
succinic acid, a,(3- hydroxycarboxylic acid,
a,(3-ketone,carboxylic acid, a,(3-amino,carboxylic
acid, and  



a,(3-dihydroxy acid. 62. The solution of claim 60 or
claim 61, wherein said organic acid is 1 to 5 wt% of
said solution. 63. The solution of any one of claims
55 to 62, further comprising a surfactant. 20 64. The
solution of claim 63, wherein said surfactant is
selected from non-ionic and  cationic surfactants. 65.
The solution of claim 63 or claim 64, wherein said
surfactant comprises a  poly(ethylene oxide) oligomer
moiety. 66. The solution of any one of claims 63 to
65, wherein said surfactant is selected  from alkyl,
alkylarylethoxylate, polyoxyethylene alkyl ethers, and
alkylbenzene  sulphonate surfactants. 67. The solution
of any one of claims 64 to 67, wherein said surfactant
is 0.1 to 4 wt%  of said solution. 68. The solution of
claim 67, wherein said surfactant is 1 to 2 wt% of
said solution.  69. The solution of any one of claims
55 to 68, further comprising a base. 70. The solution
of claim 69, wherein said base comprises an
ethanolamine. 71. The solution of claim 55 to 70,
wherein said solution has a pH value from 6 to 10.
72. The solution of any one of claims 55 to 71,
wherein said solution has a solvent  selected from
water and alcohol. 73. The solution of any one of
claims 55 to 72, comprising said precursor for
poly(titanic acid). 74. The solution of claim 73,
wherein said precursor comprises at least one of
titanium  alkoxide and titanium chloride. 75. The
solution of claim 74, wherein said titanium alkoxide
comprises at least one of  titanium isopropoxide,
titanium butoxide, and titanium ethoxide. 76. The
solution of claim 74 or 75, wherein said titanium
chloride comprises titanium  tetrachloride. 77. The
solution of any one of claims 73 to 76, wherein said
precursor is 5 to 20 wt%  of said solution. 



78. The solution of claim 77, wherein said precursor
is 10 to 12 wt% of said solution. 21 79. The solution
of any one of claims 55 to 72, which is a so] solution
comprising said  poly(titanic acid). 80. The solution
of claim 79, wherein said poly(titanic acid) has the
form [Ti(OH)4]x,  wherein xis an integer from 1 to 10.
81.A method of preparing the solution of claim 79 or
claim 80, comprising aging the  solution of any one of
claims 73 to 78. 82. The method of claim 81, wherein
said aging comprises aging at a temperature  from 80
to 100C. 83. The method of claim 81 or claim 82,
wherein said aging comprises aging for at  least about
24 hours. 22 


