
WO 2011/112153PCT/SG2011/000091 1 METHOD OF MANUFACTURING LAYERED METAL
OXIDE PARTICLES AND LAYERED METAL OXIDE PARTICLES FORMED THEREOF
CROSS-REFERENCE TO RELATED APPLICATIONS 5[0001]This application claims the
benefit of priority of US provisional application No. 61/311,499, filed
March 8, 2010, the contents of it being hereby incorporated by reference in
its entirety for all purposes. FIELD OF THE INVENTION 10 [0002] The present
invention refers to a method of manufacturing layered metal oxide particles
and the thus produced layered metal oxide particles. The present invention
also refers to a method of manufacturing a crystalline metal oxide
nanosheet or a crystalline metal oxide nanoribbon. 15BACKGROUND OF THE
INVENTION [0003]Layered materials with hierarchically structured materials
have attracted a great amount of attention in recent years, as research
have shown that the presence of hierarchical structures on materials can
improve the performance of materials in various application areas such as
optoelectronic, biomedical, and energy storage. By virtue of their highly
porous 20 structure and large specific surface area, these layered
materials have excellent ion-exchange, molecular absorption,
photoelectronicity and/or wettability contrast properties. [0004]Functional
materials such as silicon oxide (Si02), titania (Ti02), tin oxide (Sn02),
and manganese oxide (Mn02), and carbon (C) have been used in the synthesis
of hierarchical structures such as column arrays, polyhedron-like
particles, belt-branched, core-shell spheres 25and vesicles. Of these,
titanium-based oxides, such as titania and titanate, are of particular
interest because of their antimicrobial and self-cleaning properties. 



[0005]Generally, formation of a hierarchical material is considered to be a
self-assembly process, whereby building blocks, such as nanoparticles (OD),
nanofibers or nanotubes (1D), and nanosheets (2D) self-assemble into a
regularly arranged, higher level structure. The 30 synthesis of the
building blocks can take place via methods such as template assisted
growth, solvothermal methods, and other template-free solution-based
methods.  WO 2011/112153PCT/SG2011/000091 2 [0006]For example, current
methods to manufacture titanate particles include the use of a hydrothermal
method. However, this method suffers from drawbacks such as high processing
pressures, heating of the processing solution (typically 100 to 200 C), and
a long processing time (ranging from 10 to 120 hours). These requirements
can pose a limit on the process 5 efficiency, thereby translating into high
manufacturing costs during commercial production. [0007]Other research in
this area includes, for example, a molten-salt synthesis of a titania
(Ti02) mixture at 825 C for 3 hours, or a high-temperature oxidation of
sodium hydroxide (NaOH) coated titanium (Ti) foils at 800 C for 1.5 hours
in the presence of oxygen (02) and water (H20) vapor. However, these
processes are complicated and require 10 an even higher processing
temperature compared to that used in the hydrothermal method. [0008]
Therefore, there remains a need for an improved method to manufacture
layered materials, in particular, layered metal oxide particles which can
by themselves be used directly in various applications or be used as
building blocks to form materials for application. 15SUMMARY OF THE
INVENTION [0009] In a first aspect, the present invention refers to a
method of manufacturing layered metal oxide particles, the method
comprising:  placing a metal electrode in an electrolyte; and
applying an electrical voltage to the electrode, wherein the metal
electrode forms the 20anode, to form a metal oxide layer on the electrode
surface, 



wherein the electrical voltage applied is higher than the breakdown voltage
of the metal oxide, thereby breaking down the metal oxide layer formed on
the electrode surface into metal oxide particles that react with the
electrolyte to form the layered metal oxide particles. [0010]In a second
aspect, the present invention refers to a method of manufacturing a 25
crystalline metal oxide nanosheet or a crystalline metal oxide nanoribbon,
the method comprising:  placing a metal electrode in an electrolyte;
applying an electrical voltage to the electrode, wherein the metal
electrode forms the anode, to form a metal oxide layer on the electrode
surface, 30 wherein the electrical voltage applied is higher than the
breakdown voltage of the metal oxide thereby breaking down the metal oxide
layer formed on the electrode surface into metal oxide  WO
2011/112153PCT/SG2011/000091 3 particles, thereby forming a crystalline
metal oxide nanosheet or a crystalline metal oxide nanoribbon on the metal
electrode. BRIEF DESCRIPTION OF THE DRAWINGS 5[0011]The invention will be
better understood with reference to the detailed description when
considered in conjunction with the non-limiting examples and the
accompanying drawings, in which: [0012]Fig. 1 is a schematic diagram of an
apparatus set-up for carrying out a reaction process according to an
embodiment of the present invention. 10 [0013]Fig. 2 is a schematic diagram
of an apparatus set-up for carrying out a reaction process by
electrochemical spark discharge spallation of titanium according an
embodiment of the present invention. [0014] Fig. 3 are graphs showing (a)
dependence of the anodic voltage; (b) solution temperature with anodization
time in a 10 M NaOH solution at different current densities of 



15 0.25 A cm-2, 0.50 A cm-2, 0.75 A cm-2, and 1.0 A cm-2; (c) anodic
voltage and solution temperature with anodization time curves superimposed
on the same graph for the current density of 0.50 A cm-2. Inset shows Raman
scattering spectra of the powders collected from the solution at different
durations marked at the plot. FESEM and TEM images of powders samples taken
at points marked PI, P2 and P3 in Figure 3(c) are denoted as (d, e), (t g),
(11, i) 20 respectively. The inset images are the magnified views of the
same samples. [0015] Fig. 4 is a graph showing the X-ray Diffraction (XRD)
pattern of the titanate micro-spherulite (TMS) materials obtained using an
initial current density of 0.25 Acm-2. [0016] Fig. 5 are FESEM images of
the synthesized (a) sodium hydrogen TMS (NaHTMS); (b) porous TiO2 nanosheet
thin film left on Ti foil surface by ESDS method in 10 M 25 NaOH solution
for 20 minutes; (c) isotherm nitrogen sorption of NaH-TMS and H-TMS; (d)
XRD patterns of as-prepared NaH-TMS and hydrogen TMS (H-TMS); (e)
polyhedral representation of orthorhombic Na.f12,Ti205 . H20. Interlayer
water molecules (H20) are not shown. The dot between the layers is Na+ or
H+. The samples were anodized at a current density of 0.5 A cm-2. The inset
in (c) shows a pore volume distribution of H-TMS (BJH 30desorption). [0017]
Fig. 6 shows FESEM-EDS data of as prepared powders of (a) NaH-TMS and (b)
H-TMS.  WO 2011/112153PCT/SG2011/000091 4 [0018] Fig. 7 is a graph showing
Tauc's plots for band gap determination of as-prepared (a) H-TMS and (b)
NaH-TMS samples anodized at a current density of 0.5 A cm-2; the insets
show their UV-visible diffuse reflectance spectra (left) and the digital
photos (right). [0019] Fig. 8 is a graph showing thermogravimetric analysis
(TGA) curves of the as- 5 prepared powders of NaH-TMS and H-TMS measured at
a heating rate of 10 C min-1 under nitrogen (N2) flow. [0020] Fig. 9 are
TEM images of the fabricated (a) NaH-TMS; (b) individual NaH-TMS anodized
under a current density of 0.5 A cm-2. The inset shows the corresponding
electron diffraction pattern; (c) HRTEM of selected square area in (b). The
inset provides the EDS 10 spectra; (d) TEM image of H-TMS nano-flakes. The
inset shows the morphology of the HTMS particles; (e) enlarged view of the
selected area in (d). The inset shows the corresponding electron
diffraction pattern; (f) the plane view of the H-TMS flakes. The inset
displays the EDS spectra; (g) FESEM image of the fabricated Na-TMS (scale
bar denotes 1 Am). The inset image (scale bar denotes 100 nm) shows that
high density titanate nano- 15 ribbons (TNF) are generated on the surface
of individual spherulite; (h) TEM image of single Na-TMS, which shows that
the 3D hierarchical structure of nano-ribbons radiating from the core of
the TMS. [0021] Fig. 10 shows the (a) TEM and (b) HRTEM images of the
nano-flakes structure of the H-TMS. 



20 [0022] Fig. 11 are FESEM pictures of the morphology change of TMS with
processing time. (a, b) 2 min; (c, d) 5 min; (e, 1)10 min; (g, h)15 min;
(i, j) 20 min. The second micrograph in each condition shows high
magnification view of the same sample. [0023] Fig. 12 are FESEM pictures of
the morphology change of the nanoporous TiO2 nanosheet on Ti foil (a, b) 0
min; (c, d, e) 2 min; (f, g, h) 5 min; (i, j, k) 10 min; (1, m, n) 20 25
min under a current density of 0.5 Acm-2; The images of (d, e), (g, h), (j,
k) are the high magnification micrographs of the selected regions by circle
and rectangle in (c), (f), (i) respectively; The inset images of (g) and
(j) are the magnification of triangle in image (g) and (j) individually.
[0024]Fig. 13 are TEM images of (a,b), (c), (d) powders samples taken at 2,
10 and 20 30 min under a current density of 0.5 A cm-2 respectively. Fig.
13 (b) is a HRTEM image of the selected area in Fig. 13 (a).  WO
2011/112153PCT/SG2011/000091 5 [0025]Fig. 14 are Raman spectra of (a) the
precipitates collected from the solution after 2, 2.5, 3, 4, 5, 20 min
anodization; (b) the TiO2 layer generated on Ti foil after 2, 5, 10, 20, 30
min anodization (0- anatase; ; V- rutile; V- titanate). [0026] Fig. 15 is a
schematic illustration of the formation process for TMS and TiO2 5
nanosheet structure. Stage I: the formation of TiO2 particle and TiO2 oxide
layer by anodization and spallation of Ti foils; Stage II: (a) the
formation of TMS in the solution by hydrothermal-like process; (b) the
formation of TiO2 porous nanosheet on Ti foil surface. [0027] Fig. 16 are
TEM images of (a) titanate nanotube (TNT); (b) titanate nanowire (TNW)
obtained by hydrothermal treatment of anatase TiO2 powders in 10 M NaOH at
130 10 and 170 C for 48 h respectively; (c) Na2Ti307 micro-particle (TMP)
synthesized Via a high temperature solid-state route with the mixture of
commercial TiO2 anatase and Na2CO3 at 900 C for 24 h; (d) FESEM of Na2Ti307
micro-particle (TMP) in (c); (e) XRD data of Na2Ti307 micro-particle (TMP)
in (c). [0028] Fig. 17 are graphs showing (a) Adsorption MB (20 ppm, 50 mL)
by TMP, TNW, 15 TNT, and TMS. C. (ppm) is the initial concentration of the
MB solution and C (ppm) is the concentration of that at different intervals
during the adsorption. (b) Comparison of the absorption spectra of the MB
solution (20 ppm, 50 mL) before and after 12 h adsorption and in the
presence of TMP, TNW, TNT and TMS. The amount of adsorbent is 10 mg, and
photographs showing the solution color are, from left to right, before
adsorption, TMP, TN'W, 20 TNT and TMS. [0029] Fig. 18 shows comparison
graphs of (a) adsorption rate and (b) adsorption isotherms of Pb" ions by
TMP, TNW, TNT and TMS. Co (120.5 mg L-1) is the initial Pb" concentration,
and C the concentration at different intervals during the test.    [0030]
Fig. 19 shows the adsorption spectra of a solution of MB (20 ppm, 50 mL) in
the 25 presence of TMS (10 mg) after 0, 5, 10, 20, 30, 60 and 720 min. The
inset images show the corresponding color change at these time intervals. 



[0031] Fig. 20 is a graph showing adsorption isotherms of MB dye by TMP,
TNT, TNW and TMS particles. The experiment was carried out with 50 mL of MB
solution with varying concentrations from 20 to 100 ppm for 72 h. In each
run, 10 mg of adsorbent was added to 30 the solution. The pH value of the
solution was within the range of 9.5 to 10. [0032] Fig. 21 are graphs
showing (a) Zeta potential of the TNT sample in different pH solutions. The
initial solution was prepared by dispersing the particles in 0.1 M NaCl
solution.  WO 2011/112153PCT/SG2011/000091 6 The pH value is adjusted by
dilute HC1 and NaOH solution. b) Effect of solution pH on theadsorption MB
on TNT (C0=20 ppm) after 72 h. [0033] Fig. 22 is a table summarizing the
BET surface area and removal capacity of different absorbent samples. 5
[0034] Fig. 23 is a comparison table of the BET surface area and removal
capacity of Pb2+ for different absorbent samples.           DETAILED
DESCRIPTION OF THE PRESENT INVENTION [0035]In a first aspect the present
invention refers to a method of manufacturing layered 10 metal oxide
particles. The method includes placing a metal electrode in an electrolyte,
wherein the electrode forms the anode. Upon application of an electrical
voltage to the metal electrode, a metal oxide layer is formed on the
electrode surface. The electrical voltage is higher than the breakdown
voltage of the metal oxide layer, which breaks down the metal oxide layer
to form metal oxide particles that react with the electrolyte to form the
layered 15 metal oxide particles. Using a method of the present invention,
layered metal oxide particles with a high specific surface area can be
obtained. [0036]The term "particles" as used herein refers to
nanoparticles, microparticles, or a combination of nanoparticles and
microparticles. Accordingly, the term "metal oxide particles" refers to
nanoparticles, microparticles, or a combination of nanoparticles and 



20 microparticles comprising, consisting essentially of or consisting of a
metal oxide. The layered metal oxide particle can be formed from a metal
selected from the group consisting of titanium (Ti), zirconium (Zr),
hafnium (HI), vanadium (V), niobium (Nb), tantalum (Ta), manganese (Mn) and
alloys thereof. In one exemplary embodiment, the metal is titanium. The
layered metal oxide particles of the invention can comprise one or more
different metal 25oxides in distinct layers. [0037]The layered metal oxide
particles can be of any shape. For example, the layered metal oxide
particle can be a sphere, a rod, a cube, or irregularly shaped. In some
embodiments, the layered metal oxide particle is a sphere. As the shape of
a particle is not always regular, e.g. perfectly spherical, size of the
particle can be characterized by a maximal 30 dimension which refers to the
maximum dimension of the particle in any direction. The layered metal oxide
particles according to the present invention can have a maximal dimension
of between about 0.1 Am to 10 m, such as between about 5 m to about 10 Am,
WO 2011/112153PCT/SG2011/000091 7 about 3 Am to about 5 Am, about 2 Am to
about 4 m, about 1 m to about 3 Am, about 0.1 Am to about 2 m, about 0.5 m
to about 1 Am, e.g. about 0.5 m, about 0.6 m, about 0.7 m or about 0.8 Am.
In some embodiments, the layered metal oxide particle has a maximal
dimension of between about 0.4 m to about 1.5 m. 5 [0038] The metal in the
layered metal oxide particle can be derived from the metal of a metal
electrode that is placed in an electrolyte. In other words, according to a
method of the present invention, the layered metal oxide particles can be
formed from the material of the metal electrode. In one embodiment, a
titanium (Ti) foil can be used as the metal electrode to form layered metal
oxide particles comprising titanate. 10 [0039]Generally, the metal
electrode forms the anode of an electrolytic cell. The term "electrolytic
cell" as used herein refers to an apparatus that converts electrical energy
into chemical energy, or brings about a chemical reaction when connected to
an outside source of electricity. The electrolytic cell can contain two or
more electrodes in contact with an electrolyte. Besides the metal electrode
which can form the anode, the electrode set-up in an 15  electrolytic cell
can include a counter electrode and/or a reference electrode. The counter
electrode can form a cathode to counterbalance the electrochemical
processes at the anode. The counter electrode and/or the reference
electrode can be any material that is able to conduct electricity. Examples
of materials that can be used to form the counter electrode include, but
are not limited to, noble metals such as platinum, silver and gold,
transition 20 metals such as nickel, lead and zinc, and non-metals such as
graphite and conductive polymers. In some embodiments, the counter
electrode can be the same material as the metal electrode. In one
illustrated embodiment, a titanium foil is used as the metal electrode and
platinum is used as the counter electrode. [0040] The distance between the
metal electrode and the counter electrode can vary, 



25 depending for example, on the type of electrolyte used, the
concentration of the electrolyte and the electrical voltage applied to the
electrodes. In some embodiments, the distance  between the electrodes is
between about 2 cm to about 10 cm, such as about 3 cm or about 5 cm. [0041]
The method of the present invention comprises placing the metal electrode
in an 30  electrolyte. An electrolyte refers to a substance that is
electrically conductive and comprises free ions. The free ions may be
generated by application of a voltage. Examples of an electrolyte include,
but are not limited to, water, a non-aqueous solvent, such as an alcohol,
WO 2011/112153PCT/SG2011/000091 8 acetic acid, acetone or acetonitrile, an
aqueous solution of a salt, for example an alkali metal salt, an acid such
as hydrochloric acid, sulfuric acid, phosphoric acid or a perhalogenic
acid, or a salt in its molten state or dissociated into its ions in a
solvent such as water. A suitable electrolyte that can be used in a method
of the present invention is one that is capable of 5 reacting with the
metal oxide particles spalled from the electrode to form layered metal
oxide particles. For example, the electrolyte can react with the metal
oxide to form a different material having a layered crystal structure. In
some embodiments, the electrolyte is an aqueous solution of an alkali metal
salt. Examples of an alkali metal salt include, but are not limited to,
alkali metal hydroxides, such as sodium hydroxide, potassium hydroxide,
lithium 10 hydroxide, cesium hydroxide and mixtures thereof In one
exemplary embodiment, an aqueous solution of sodium hydroxide is used as
the electrolyte. [0042] The electrolyte can be of any concentration. For
example, the concentration of the alkali metal salt can be between about 1
M to about 20 M, such as about 1 M to about 15 M, about 1 M to about 10 M,
about 1 M to about 5M, about 10M to about 20 M, about 5M to 15 about 10 M,
or about 10 M. [0043] An electrical voltage can be applied to the metal
electrode to form a metal oxide layer on the electrode surface. When driven
by an external voltage applied to the electrodes, the electrolyte provides
ions that flow to and from the electrodes, where charge-transferring, or
faradaic, or redox reactions can take place. The metal electrode can
function as the anode 20 in the electrolytic cell to form cations, which
can remain bound on the surface of the metal electrode. The cations can
interact with anions in solution to form a layer of metal oxide on the
electrode surface. In one illustrated embodiment, the cation is a titanium
ion (Ti4+) which interacts with a hydroxyl ion (Off) present in the sodium
hydroxide (NaOH) electrolyte to form a layer of titania (Ti02) on the
titanium anode surface. The counter electrode can 25  function as the
cathode in the electrolytic cell. In one exemplary embodiment, at the
platinum cathode hydrogen gas is formed. [0044] The method of the present
invention comprises the application of an electrical voltage that is higher
than the breakdown voltage of the metal oxide layer. The term 



"breakdown voltage" as used herein refers to the minimum voltage required
to destruct the 30 metal oxide layer, i.e. the metal oxide layer is broken
down into metal oxide particles with/without any changes to the molecular
structure of the metal oxide. When an electrical voltage higher than the
breakdown voltage of the metal oxide layer is applied to the electrode,  WO
2011/112153PCT/SG2011/000091 9 current can be forced to flow through the
metal oxide layer, which can result in localized current leakage at the
points of breakdown. The metal oxide layer formed on the electrode surface
can be broken down into metal oxide particles, and can result in a vigorous
spark discharge of the metal oxide particles into the electrolyte. If a
voltage higher than the 5 breakdown voltage is applied to the electrode,
metal oxide can be formed at the electrode surface and can result in
continuous spallation of metal oxide as particles into the electrolyte.
[0045] The breakdown voltage of the metal oxide layer can depend on the
type of metal oxide as well as the thickness of the metal oxide layer.
Generally, the breakdown voltage of the metal oxide layer can be
experimentally determined or otherwise characterized using its 10 specific
dielectric strength values (expressed in terms of kilovolts per millimeter
(kV min-1)). [0046] In some embodiments, the electrical voltage applied to
the electrode is between 25 V to 100V, such as about 25 V to 75 V, about 25
V to 50 V, or about 50 V to 100V. In some embodiments, the metal oxide
layer comprises titania having a breakdown voltage of 25 V. Using an
electrical voltage greater than 25 V, such as between about 27 V to 31.5 V,
the 15 metal oxide layer comprising titania is broken down into metal oxide
particles comprising titania. [0047]The electrical voltage applied to the
electrode generates a current density at the electrode, where current
density is a measure of the current passing through an electrode per unit
area of the electrode. Typically, the electrical voltage applied to the
electrode generates a 20 current density of between about 0.1 A cm-2 to 10
A cm-2, such as between about 0.1 A cm-2 to 5 A cm-2, 0.1 A cm-2 to 0.5 A
cm-2, about 0.1 A cm-2 to 2 A cm-2, about 0.1 A cm-2 to 1 A cm-2, such as
about 0.25, A cm12, about 0.5 A cm-2, about 0.75 A cm-2 or about 1 A cm-2.
[0048] Due to the exothermic nature of the reaction, the spark discharged
metal oxide particles can have a temperature higher than that of the
electrolyte, which can in turn increase 25 the electrolyte solution
temperature. The method of manufacturing layered metal oxide particles can
be carried out at any solution temperature, such as about 10 C to about 200
C,  about 10 C to about 100 C, about 10 C to about 75 C, about 50C to about
100 C, or about 10 C to about 50 C, such as about 25C. The method of
manufacturing layered metal oxide particles can be carried out at any
pressure, such as about 1 bar to about 150 bars, about 301 bar to about 100
bar, about 1 bar to about 50 bar, about 1 bar to about 20 bar or about 1
bar 



to about 5 bar. In particular, it has been demonstrated that the method of
the present invention  WO 2011/112153PCT/SG2011/000091 10 can be carried
out at a pressure of about 1 bar i.e. under atmospheric pressure at room
temperature. [0049] The metal oxide particles can react with the
electrolyte to form the layered metal oxide particles. The term "layered"
as used herein refers to one or more layers of the metal 5 oxide particles.
For example, the layers can be in the form of individual structures such as
2D flakes or nanoribbons on the metal oxide particles, wherein each flake
or nanoribbon forms a layer. In one illustrated embodiment, layered
titanate material is composed of numerous titanate layers. The interlayer
distance can be between about 0.5 nm to about 5 rim, such as between about
0.5 rim to about 3 nm, or between about 0.5 nm to about 1 rnm. 10 [0050] In
exemplary embodiments, the layered metal oxide particle comprises titanate.
For example, when sodium hydroxide is used as the electrolyte, sodium
titanate can be obtained. After washing the layered metal oxide particles
with an aqueous solution such as water, sodium hydrogen titanate can be
generated. Hydrogen titanate can be prepared via hydrogen ion-exchange in
acid conditions. The titanate can be denoted by the formula NaxH2- 15
xTi205.H20, where when x = 0 (hydrogen titanate), 1 (sodium hydrogen
titanate) or 2 (sodium titanate). [0051] The layered materials can form a
hierarchical or 3D structure on the layered metal oxide particle. For
example, the layers can be in the form of individual structures, such as 2D
flakes or ribbons, centered or radiating from the core, thereby forming a
hierarchical 20 morphology. The individual structures can form pores on the
layered metal oxide particles, wherein the term "pores" refers to the
spaces in between the structures, such as flakes or ribbons, of the layered
metal oxide particle. The surface of the layered metal oxide particles can
comprise mesopores and/or macropores. According to IUPAC definition,
macropores are considered pores with a size of between about > 50 nm to
about 5 m while mesopores have 25 a size of between about 2 nm to about 50
nm. The average pore size of the pores on the surface of the layered metal
oxide particles can range between about 2 rim to about 500 nm,  such as
about 2 rim to about 300 run, about 2 nm to about 200 rim, about 2 nm to
about 100 nm, about 2 nm to about 50 nm, about 5 rim to about 30 nm, about
5 rnm to about 20 nm, or about 5 nm to about 10 nm, e.g. about 5 rim, about
6 rim, about 7 rnm or about 8 rim. In one 30 illustrated embodiment, the
layered metal oxide particles comprise mesopores with small average pore of
7.5 nm for NaH-TMS and 4.4 rim for H-TMS.  WO 2011/112153PCT/SG2011/000091 



11 [0052]Due to the porous structure, the layered metal oxide particles
have a high surface area. For example, the layered metal oxide particles
can have a surface area of between about 10 m2 g-1 to about 500 m2 g-1. In
some embodiments, the layered metal oxide particles can be characterized by
a large surface area, which can be between about 300 m2 g' toabout 500 m2
5g 1. In one illustrated embodiment, the surface area of the layered metal
oxide particle is about 406 m2 g-1. [0053] The method of the present
application can further comprise adding an acid to the layered metal oxide
particles. For example, the acid can be added to convert the sodium
titanate into hydrogen titanate. Examples of acids that can be used
include, but not limited to, 10 hydrochloric acid, nitric acid, sulfuric
acid, phosphoric acid and their mixture thereof. [0054]In a second aspect,
the present invention refers to a method of manufacturing a crystalline
metal oxide nanosheet or nanoribbon. A nanosheet as used herein refers to a
material having an ultrathin thickness on the order of nanometers, such as
about 1 nm, and a lateral size of up to several tens of micrometers. The
term "nanoribbon" can be used to 15 describe a nanosheet of a smaller
dimension. They can be highly crystalline, and therefore, a nanosheet or
nanoribbon can sometimes be considered as a 2D single crystal. [0055]The
method comprises placing a metal electrode in an electrolyte, wherein the
metal electrode forms the anode. Suitable metals that can be used as the
metal electrode have already been described herein. By applying an
electrical voltage that is higher than the 20 breakdown voltage of the
metal oxide to the electrode, a metal oxide layer that is formed on the
electrode surface is broken down into metal oxide particles, which can
result in a vigorous spark discharge of the metal oxide particles into the
electrolyte. The porous metal oxide nanosheet can react with the
electrolyte to form a crystalline metal oxide nanosheet or a crystalline
metal oxide nanoribbon on the metal electrode. 25[0056]The invention
illustratively described herein may suitably be practiced in the 



absence of any element or elements, limitation or limitations, not
specifically disclosed  herein. Thus, for example, the terms "comprising",
"including", "containing", etc. shall be read expansively and without
limitation. Additionally, the terms and expressions employed herein have
been used as terms of description and not of limitation, and there is no
intention 30 in the use of such terms and expressions of excluding any
equivalents of the features shown and described or portions thereof but it
is recognized that various modifications are possible within the scope of
the invention claimed. Thus, it should be understood that although the  WO
2011/112153PCT/SG2011/000091 12 present invention has been specifically
disclosed by preferred embodiments and optional features, modification and
variation of the inventions embodied therein herein disclosed may be
resorted to by those skilled in the art, and that such modifications and
variations are considered to be within the scope of this invention. 5
[0057] The invention has been described broadly and generically herein.
Each of the narrower species and subgeneric groupings falling within the
generic disclosure also form part of the invention. This includes the
generic description of the invention with a proviso or negative limitation
removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein. 10 [0058] Other
embodiments are within the following claims and non- limiting examples. In
addition, where features or aspects of the invention are described in terms
of Markush groups, those skilled in the art will recognize that the
invention is also thereby described in terms of any individual member or
subgroup of members of the Markush group. 15EXPERIMENTAL SECTION [0059]
Figure 1 is a schematic diagram of an apparatus set-up for carrying out a
reaction process according to an embodiment of the present invention. A
metal electrode is placed in an electrolyte, which can form the anode of an
electrolytic cell. The electrolytic cell shown in Figure 1 comprises a
second electrode which functions as the cathode. An electrical voltage 20
is applied to the metal electrode to form a metal oxide layer on the
electrode surface. As the electrical voltage is higher than the breakdown
voltage of the metal oxide, the metal oxide layer formed on the electrode
surface is broken down into metal oxide particles, which react with the
electrolyte to form layered metal oxide particles. The porous metal oxide
nanosheet can react with the electrolyte to form a crystalline metal oxide
nanosheet or a crystalline 25 metal oxide nanoribbon on the metal
electrode. [0060] Example 1: Preparation of Materials   [0061] Figure 2 is
a schematic diagram of an apparatus set-up to form layered titanium 



oxide particles according an embodiment of the present invention. The
apparatus set-up is a two-electrode electrochemical cell connected to a
direct current (DC) power supply. Titanium 30 (Ti) foil of 0.25 mm
thickness and 99.7 % purity purchased from Aldrich Corporation was used as
the anode. The exposed area of titanium foil was about 2 cm2 for all the
experiments. The titanium foil was degreased by alcohol and cleaned by
deionized (DI) water, followed by  WO 2011/112153PCT/SG2011/000091 13
chemically polishing using a polishing solution of concentrated nitric acid
and hydrofluoric acid mixed at a volumetric ratio of 1:1. Subsequently, the
titanium foil was cleaned by DI water and dried by nitrogen (N2) gas prior
to use. 10 M sodium hydroxide (NaOH) in aqueous solution (99% purity,
Alfa-Aesar Corporation, Ward Hill, MA) was used as the 5electrolyte.
Platinum was used as the counter-electrode. [0062] Anodization was
conducted in galvanostatic mode at current densities ranging from 0.25 to
1.0 A cni2 at room temperature (about 25 C) without any heating or stirring
throughout the entire anodization process. Distance between the two
electrodes was about 3 cm. To ensure laboratory safety, the experiments
were carried out under good ventilation in a 10 fume hood so that any gases
generated as a by-product of the reaction, for example, hydrogen (H2), can
be safely removed. In order to investigate the electrochemical spallation
behavior and the variation of solution temperature, the temporal evolutions
of anodic voltage and the solution temperature with time were obtained by
using a digital multimeter and thermometer recorder interfaced with a
computer respectively. 15[0063] After the experiment was completed, a grey
white precipitate of sodium titanate was collected from the solution,
centrifuged and washed with DI water until the pH value of the solution was
about 7. Hydrogen titanate was obtained by soaking the precipitates in
hydrochloric acid (HC1) solution (0.1 M) for 3 hours, followed by washing
in DI water and absolute ethanol, with subsequent drying in air. This
process was repeated three times. 20 [0064] Prior to observation using a
field emission scanning electron microscope (FESEM), the surface of the
titanium foil was rinsed for a few times with DI water and dried by
nitrogen gas. [0065] Example 2: Characterization  [0066]The morphologies of
the as-synthesized sodium titanate particles and titanium  25 anode surface
after anodization were investigated by a field emission scanning electron
microscope (FESEM, JEOL JSM-6340F). A transmission electron microscope
(TEM, JEOL JEM-2010) operating at 200 kV was used to characterize the
detailed nanostructures. For TEM observation, the particle suspension was
dropped onto a copper grid and dried at room temperature. Energy dispersive
X-ray analysis was carried out in attachments in the TEM and 30 FESEM. A
Shimadzu 6000 X-ray diffractometer with a Cu Ka source was used for phase
identification. Nitrogen adsorption/desorption isotherms were measured at
77 K using ASAP2000 adsorption apparatus from Micromeritics. The
samples,were degassed at 373 K 



WO 2011/112153PCT/SG2011/000091 14 for 4 hours under vacuum before
analysis. Raman measurements were performed at room temperature in a WITEC
confocal spectrometer with a 488 nm excitation laser operated at a low
power level (1 mW), and the Si peak at 520 cm-1 was used as a reference for
the wave number calibration. 5 [0067] Example 3: Adsorption Test [0068]
Heavy toxic Pb" and methylene blue (MB) were used in the adsorption tests
to determine and compare the adsorption performance of the as-syrithesized
titanate microspherulite (TMS), titanate micro-particle (TMP), titanate
nanowire (TNW) and titanate nanotube (TNT) samples. 10 [0069] The
adsorption experiments were conducted at stirring condition throughout the
experiment at room temperature (25 C) in the dark. For the MB dye, the
equilibrium adsorption isotherm was determined by a concentration variation
method. The experiment was carried out with 50 mL of MB solution with
varying concentration from 20 to 100 ppm In each run, 10 mg of adsorbent
was added to the solutions. The pH value was within the 15 range of 9.5 to
10. After 72 hours, equilibrium was reached and the equilibrium
concentration was measured. [0070] The adsorption kinetics test was carried
out using 100 mL of MB solution at an initial concentration of 20 ppm. In
each run, 10 mg of the synthesized powder was added. The quantitative
determination of the MB concentration in solution at different time
intervals 20 was performed by measuring the intensity change absorption
peak (at 665 nm) of the sample solution under a Perkin-Elmer UV-Vis-NIR
Lambda 900 spectrophotometer. The Pb" exchange isotherm was measured by
equilibrating 20 mg of the adsorbents in 50 mL of Pb(NO3)2 having
concentration range of 0.1 to 2.0 x 10-3 M for 72 hours The initial pH
value of the prepared solutions was adjusted to about 5.0 to 5.5 during the
adsorption process to 25 avoid the formation of PbCO3 or Pb(OH)2 on the
titanate surface. The adsorption kinetics was also investigated. 5 mL of
Pb" suspension solution after equilibrating an adsorbent with the solution
were collected at 5, 10, 20, 30, 60 and 120 min, respectively. The
collected samples were centrifuged and filtered, and concentrations of Pb"
were determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) 30 [0071] Example 4: Electrochemical spark discharge spallation
behavior [0072] Figure 3 are graphs showing (a) anodic voltage and (b)
solution temperature with time at different current densities of 0.25 A
cm-2, 0.50 A cm-2, 0.75 A cm-2, and 1.0 A cm-2; (c)  WO
2011/112153PCT/SG2011/000091 15 anodic voltage and solution temperature
with anodization time curves superimposed on the same graph for the current
density of 0.50 A cm-2. Inset shows Raman scattering spectra of the powders
collected from the solution at different durations marked at the plot.
FESEM and TEM images of powders samples taken at points marked P1, P2 and
P3 in Figure 3(c) are 5denoted as (d, e), (t g), (11, i) respectively. The
inset images are the magnified views of the 



same samples. [0073]Referring to Figure 3(a), the applied anodization
voltage of between 27.0 to 31.5 V is higher than the experimental breakdown
voltage of about 25 V for TiO2 in a 10 M NaOH solution. As a result, the
oxide layer at the electrolyte/oxide interface is electrically broken 10
down and spalled into the solution as small precipitates by the generated
spark discharge. [0074] This electrochemical spallation behaviour can be
explained using the voltage-time and temperature-time plots in Figures 3(a)
and 3(b). At the early stage from 0 seconds to about 15 seconds in Figure
3(a) dielectric breakdown occurs and anode voltage increases linearly with
anodization time. This linear increase in voltage and galvanostatic oxide
15 thickness can be explained by the high field-assisted ionic transport
mechanism detailed as follows. [0075]The relationship between the anodic
current and the electric field strength across the anodic oxide film can be
described by [0076] I = A . exp (B. U/d)Equation (1) 20 [0077] where I is
the ionic current, A and B are electrolytic constants, U is the forming
voltage and d is the anodic oxide thickness. During galvanostatic
anodization, a constant electric field strength (U/d) across the previously
formed barrier film is required in order to maintain a constant current
density. When the anodization starts, a titanium oxide (Ti02) layer is
formed due to interaction of the surface Ti4+ ions with hydroxyl ions
(01-1-) in the 25 solution. The oxide thickness increases with time as more
of the generated Ti4+ ions interacts with the hydroxyl ions. As a result,
the oxide thickness increases with time. To maintain the current density
while taking into account of the increasing thickness of the oxide layer,
the voltage across the oxide film increases and results in the initial
linear increase in voltage as shown in Figure 3(a). At this initial phase,
it is observed that a higher anode voltage is 30 needed when the
anodization is conducted at a higher current density. With an increase in
solution temperature, this trend is changed. The gradual increase of
solution temperature as a consequence of the exothermic reaction can be
observed in Figure 3{13).  WO 2011/112153PCT/SG2011/000091 16 [0078] Based
on Ohm's law, total resistance for the anodization system, R is denoted by
Equation (2) which states that [0079] R = + Rafe+ Re+ RileEquation (2)
[0080]where R, denotes the resistance of the circuit, Raj, denotes the
resistance of the 5anode/electrolyte interface, R, denotes the resistance
of the electrolyte, and Re, denotes the 



resistance of the cathode/electrolyte interface. [0081] During the spark
discharge process, Re decreases as the temperature rise accelerates the
ionic mobility of the electrolyte. Raie also decreases due to the
spallation and dissolution of the compact TiO2 layer. As a result, R
decreases. Consequently, the anodic. 10 voltage (= I.R) decreases after the
maximum voltage is reached under constant current density mode. Fluctuation
of anode voltage is observed, which can be the result of the instantaneous
change of the total resistance (R) and evolution of gas from the electrodes
during the dielectric breakdown. [0082]Under different current densities,
the electrochemical spark discharge spallation 15 process generates
different amounts of heat from the exothermic reaction. When the process is
conducted at high current density, the solution temperature increases at a
faster rate. For example, under a lower current density of 0.25 A cm-2, the
solution temperature was around 78 C after 25 minutes of anodization due to
limited heat derived from the anode. When the current density is increased
to a value of 0.5 A cm-2 and above, a rapid increase in solution 20
temperature (about 110 C) was observed. Figure 4 is a graph showing the
X-ray Diffraction (XRD) pattern of the titanate materials obtained using an
initial current density of 0.25 A cm- 2. The XRD result indicates that the
titanate material can be formed at low temperatures of about 78 C using a
current density of 0.25 A cm-2. As the morphologies of the titanate
particles formed under different current densities are quite similar, a
current density of 0.5 A - 25 cm 2 was used in all subsequent experimental
studies: [0083] Example 5: Characterization of the hierarchical titanate
TMS materials 



[0084] Field emission scanning electron microscope (FESEM) images of the
TMS particles and the porous TiO2 oxide layer on the Ti foil surface after
20 minutes of electrochemical spark discharge spallation (ESDS) processing
at a current density of 0.5 A 30 cm -2 are shown in Figure 5(a) and Figure
5(b) respectively. The electrolyte turned from clear in the beginning of
the process to turbid due to formation of white precipitates of sodium
titanate. After the ESDS treatment, the as-prepared sodium-hydrogen
titanate  WO 2011/112153PCT/SG2011/000091 17 microspherullite (TMS)
(NaH-TMS) particles with diameters ranging from 0.4 mm to 1.5 mm were well
dispersed (Figure 5(a)). Many fine structures radiated from the core of the
spherulite, and are shown to possess a nano-flake structure. The NaH-TMS
could be transformed to hydrogen titanate TMS (H-TMS) with the same
morphology after acid 5 washing. [0085] Figure 6 shows FESEM-EDS data of as
prepared powders of (a) NAH-TMS and (b) H-TMS. The energy dispersive X-ray
spectroscopy (EDS) data as shown in the figure provide the supporting
evidence for the transformation from NaH-TMS to H-TMS as there was no
indication of Na element in the H-TMS graph. The optical band gaps of
NaHTMS 10 and H-TMS are evaluated from Tauc's plot, as shown in Figure 7.
Figure 7 is a graph showing Tauc's plots for band gap determination of
as-prepared (a) H-TMS and (b) NaHTMS samples anodized at a current density
of 0.5 A cm-2; the insets show their UV-visible diffuse reflectance spectra
(left) and the digital photos (right). Semiconductors absorb light below a
threshold wavelength, the fundamental absorption edge, which is related to
the band 15 gap energy (Eg) via the following equation [0086] Eg (eV) =
124012g (urn)Equation (3) [0087]For a direct band gap transition of
titanate materials, the absorption coefficient (a) is related to the photon
energy (Eph) via the following equation [0088] (Eph . = B (Eph-
Eg)(45Equation (4) 20 [0089] From the Tauc plot of (Eh. a)" vs. Eh, the
band gap energy can be determined by extrapolating the linear region.
Calculated from the above equations, the onset wavelengths of NaH-TMS and
H-TMS are about 342 nm and 358 tun, corresponding to the band gap value of
3.62 eV and 3.46 eV respectively. These values are in the same range with
previous reports of titanates. 25[0090]Typical isotherms for nitrogen
adsorption and desorption on the surfaces of the as- prepared NaH-TMS and
H-TMS conducted at 77 K are shown in Figure 5(c), and the
Barrett-Joyner-Halenda (BJH) pore size distribution is shown in the inset.
Typical type-IV nitrogen (N2) sorption isotherms with a distinctly
increasing step in the middle relative pressures were observed for NaH-TMS
and H-TMS, which are characteristic for mesoporous 30 structures (Figure
5(c)). The NaH-TMS has a high Brunauer-Emmett-Teller (BET) surface area of
277.52 m2 g-i with a pore volume of 0.52 cm3 g-i. The average pore size of
the NaHTMS is about 7.5 rim.  



WO 2011/112153PCT/SG2011/000091 18  [0091] After acid washing, the H-TMS
materials show higher BET surface areas (406.41 m2 g-1) and larger pore
volumes (0.76 cm3 g-1), which come from mesopores of H-TMS possessing a
narrow pore size distribution with a peak value of 4.4 nm. The gaps between
the thin nano-flakes clearly contribute to the mesoporosity. Figure 5(d)
shows the crystal 5 structure of the as-prepared TMS. The low diffraction
angle at about 9 of the NaH-TMS or H-TMS indicates the product possesses a
large inter-plane distance, which is common for layered titanate
structures. The broad peaks at 20 = 9.2 (d = 9.61 A), 24.6 (d = 3.62 A),
28.5 (d = 3.13 A), 34.9 (d = 2.57 A), 38.8 (d = 2.31 A), 48.3 (d = 1.88 A),
and 62 (d = 1.50 A) of NaH-TMS correspond well with the (200), (110),
(310), (301), (501), (020), and 10 (002) planes of orthorhombic H2Ti205 .
H20 (JCPDS No. 47-0124). This type of crystal structure consists of
lepidocrocite-type host layers (shown in Figure 5(e)) is similar to those
in the layered 1-10.7Ti1.825D017504 . H20 (D: vacancy) but with different
protons. Moreover, thermogravimetric analysis of the TMS sample shown in
Figure 8 implies a strong absorption of water by the titanate: the weight
loss of step 1 is due to the evaporation of 15 adsorbed water molecules on
the particle surface. The weight loss in step 2 can be attributed to the
dehydroxylation of the TMS and the formation of the crystalline Ti02. Based
on these results, it can be seen that the NaH-TMS and H-TMS can be denoted
as layered NaxH2- xTi205.H20 (Figure 5(e)) and H2Ti205.H20 respectively.
[0092] Figure 9 shows transmission electron microscopy (TEM) images of the
fabricated 20 (a) NaH-TMS; (b) individual NaH-TMS anodized under a current
density of 0.5 A cm -2. The inset shows the corresponding electron
diffraction pattern; (c) HRTEM of selected square area in (b). The inset
provides the EDS spectra; (d) TEM image of H-TMS nano-flakes. The inset
shows the morphology of the H-TMS particles; (e) enlarged view of the
selected area in (d). The inset shows the corresponding electron
diffraction pattern; (f) the plane view of the 25 H-TMS flakes. The inset
displays the EDS spectra; (g) FESEM image of the fabricated Na- TMS (scale
bar denotes 1 Am). The inset image (scale bar denotes 100 nm) shows that
high density titanate nano-ribbons (TNF) are generated on the surface of
individual spherulite; (h) TEM image of single Na-TMS, which shows that the
3D hierarchical structure of nano- ribbons radiating from the core of the
TMS. Morphology of the NaH-TMS (Figures 9(a)-(c)) 30 and H-TMS (Figures
9(d)-(0) can be seen. The 3D TMS micro-particle consists of individual 2D
titanate flakes at the nanoscale, centered from the core like a star
(Figure 9(b)) 



forming a hierarchical morphology. The insets of Figure 9(b) and Figure
9(e) are the  WO 2011/112153PCT/SG2011/000091 19 electron diffraction
patterns of NaH-TMS and H-TMS spheres respectively. Diffraction rings were
observed since the samples were polycrystalline with the nano-flakes
radiating outwards. The three diffraction rings are indexed as coming from
the three intensive (110), (310), and (020) diffraction planes for the
orthorhombic NaH-TMS, while only two sharp diffraction 5 rings
corresponding to the (110) and (020) planes of H-TMS were observed. These
results are constant with the XRD results (Figure 5(d)). EDS analysis,
shown in insets of Figure 9(c) and Figure 9(f), suggests that the NaH-TMS
and H-TMS are composed of Na/Ti/O and Ti/0 individually while the Cu
element comes from the copper grid. The FESEM-EDS result in Figure 6
further verifies the elemental information. Based on the fringes in the
high- 10 resolution TEM image of the NaHTMS in Figure 9(c), the interlayer
distance of the layered structure is about 0.74 mn. It is interesting to
note that the morphology of HTMS shown in Figure 9(d) is similar to those
of Figure 9(a) after acid washing. The displayed interlayer distance for
H-TMS is lower and close to 0.70 nm (Figure 9(d)), which is consistent with
the literature reports. Moreover, the other two fringes with interlayer
distances of 0.22 and 0.35 15 nm in the nano-flakes were observed in Figure
9(f). These three values correspond to the spacing of the (200), (501), and
(110) planes of a lepidocrocite Na"f12,Ti205.H20 respectively. It is noted
that the interlayer distance measured from the TEM image is smaller than
that obtained from the XRD measurement. This deviation is caused by the
dehydration of the samples in ultrahigh vacuum during the TEM observation.
Figure 10 shows (a) TEM 20 and (b) HRTEM images of the nano-flakes
structure of the H-TMS. The plane view of nano-flakes shown in Figure 9(f)
and Figure 10 reveals that the individual flakes consist of tapered ends on
the flat plane. Furthermore, as can be seen from Figure 10(b), the
nano-flake is mostly crystalline with the presence of tiny amorphous
structures at the ends. [0093] Example 6: Formation mechanism 25 [0094] To
understand the formation process of the TMS, FESEM observation was carried
out on both the powders and the Ti foil surface after different anodization
times. The morphological evolution processes with time are shown in Figure
11 and Figure 12 respectively. Figure 11 are FESEM pictures of the
morphology change of TMS with processing time. (a, b) 2 min; (c, d) 5 min;
(e, f)10 min; (g, h)15 min; (i, j) 20 min. The 30 second micrograph in each
condition shows high magnification view of the same sample. Figure 12 are
FESEM pictures of the morphology change of the nanoporous TiO2 on Ti foil
(a, b) 0 min; (c, d, e) 2 min; (t g, h) 5 min; (i, j, k) 10 min; (1, m, 20
min under a current  WO 2011/112153PCT/SG2011/000091 20 density of 0.5
Acm-2; The images of (d, e), (g, h), (j, k) are the high magnification
micrographs of the selected regions by circle and rectangle in (c), (0, (i)
respectively; The inset images of (g) and (j) are the magnification of
triangle in image (g) and (j) individually. The dependence of anodic
voltage and the solution temperature with time at a current density 5 of
0.5 A cm-2 was shown in Figure 3. Additionally, a series of the powder
morphology evolution is shown by TEM in Figure 13. Figure 13 are TEM images
of (a,b), (c), (d) powders samples taken at 2, 10 and 20 min under a
current density of 0.5 A cm-2 respectively. Figure 13(b) is a HRTEM image
of the selected area in Figure 13(a). The Raman scattering spectra (Figure
14) are also provided to understand the crystal structure evolution with
10processing time. [0095] When the spark discharge starts, the oxide layer
is formed at the electrolyte/oxide interface via 



[0096] Anode: Ti+ 40H" - 4e -> Ti02. 2H20Equation (5)    [0097]Then the
layer is electrically broken down and spalled into the solution at
relatively 15 high-voltage electrolyzing oxidation process. Simultaneously,
a rapid evolution of hydrogen in the form of strong bubbling occurs at the
cathode via: [0098] Cathode: 211+ + 2e H2 inEquation (6) [0099] This
electrochemical spark discharge spallation (ESDS) process induces the
formation of crystalline TiO2 structure, which is triggered by the local
exothermic heat 20 caused by the vigorous spark discharge. This is
supported by the results of the Raman spectra shown in Figure 14. The bands
located at 144, 198, 398, 515, 640 cm-I of the precipitation collected from
the solution belong to Raman (Aig + 2Big + 3Eg) active modes of the anatase
(Figure 14(a), 2 min), and the two fringes with distances of 0.35 nm and
0.46 nm correspond to the spacing of the (011) and (002) planes of anatase
TiO2 are also observed in Figure 25 13(b). It was observed that the
precipitates possess a microscale spherical core. But on the outer layer of
the precipitates, there exists many radiating fine structures with high
porosity (Figure 13(a), Figure 11(a)-(d)). With time, the crystal structure
of the precipitates changes from anatase (Figure 14(a), 2 min) to mixed
anatase/titanate (Figure 14(a), 2.5 min) and mixed rutile/titanate (Figure
14(a), 3 min) before complete conversion to titanate. This 30 implies that
the spalled particles were initially anatase phase, and then became rutile
after about 3 minutes. On the other hand, the surface layer left on the Ti
foil consists of anatase and rutile in the initial stage (Figure 14(b), 2
to 5 min) and changes to rutile only later.  WO
2011/112153PCT/SG2011/000091 21 [00100] When the electrolyte temperature
increases, the hydrothermal reaction of the spalled TiO2 particles begins.
The term "hydrothermal-like" may be a more appropriate term to describe the
reaction, as the conditions are not exactly the same as that of a
hydrothermal reaction, for example, in that a high pressure is not used.
The reaction also changes the 5  morphology and crystal structure of the
spalled particles. The reaction takes place in solution based on the
following reaction: [00101] 2TiO2 + 2NaOH -> Na2Ti205. H20Equation (7)
[00102] In Figure 14(a), the broad Raman bands located near 188, 280, 389,
447, 705, and 905 cm -1 belong to the titanate structure formed after
anodization for about 4 to 5 minutes. 10 These bands remain the same with
prolonged treatment duration up to 20 minutes. The starting titanate
formation temperature in the solution was found to be around 60 C, which
agrees with previously reported values. The titania-titanate transformation
has resulted in the spherulite type of titanate particles consisting of
radiating nano-flakes. For example, the titania micro-spherulite (Figure
13(a)) formed at 2 minutes has transformed to a porous 15 spherulite
structure with nanoflakes at 10 minutes (Figure 13(c)) due to the
hydrothermallike reaction. As the reaction proceeds (20 minutes), the
retrieved particles almost completely consist of nano-flakes (Figure
13(d)). It was also observed that the average size of precipitates
decreases as the reaction proceeds, as shown by the FESEM images of powders
collected at different times (Figure 11). This is likely due to the
decrease of the breakdown 



20 thickness of the TiO2 layer in the heated solution where the voltage
applied to the dielectric layer (= I.Ra/e) decreases. The applied voltage
curve conducted at 0.5 A cm-2 decreases to a steady state in Figure 3(a)
largely because of the decrease of the dielectric layer voltage. [00103] A
layer of crystalline TiO2 was formed on the Ti foil surface. Its morphology
evolved as shown in Figure 12. As a result of the spark discharge, the
dense oxide layer 25 starts to spall and dissolve, and the titanium surface
becomes rougher with time. A more detailed examination shows that numerous
cracks or pores were formed on the titanium surface (Figure 12(c)-(e)). As
the reaction progresses, the increase in temperature resulted in
accelerated anodic dissolving TiO2 films and the formation of nanosheet
structures on the Ti surface (Figure 12(i)-(n)). Since the TiO2 layer is
continually broken into the solution due to 30 the spark discharge, the
surface layer always consists of the freshly formed Ti02. Thus there is not
enough time for the chemical reaction between the TiO2 and the NaOH
solution to occur on the surface of the Ti foil. As a result, no titanate
phase was found on the Ti surface  WO 2011/112153PCT/SG2011/000091 22
(Figure 14(b)). The increase of the discharge temperature on the Ti foil
surface has promoted the phase transformation of the anodized TiO2 layer
from anatase to rutile. The Raman spectra in Figure 14(b) shows surface
layer consists of the anatase and rutile titania at the beginning (2 to 5
minutes), and then this crystal structure changes completely to rutile
titania 5 later (10 to 30 minutes). The crystalline phase of the spalled
particles followed the same sequence (Figure 14(a)). Despite the difference
in the starting phase of titania, the same titanate phase forms after
reaction with high concentration sodium hydroxide (Figure 14(a)). The
results are in agreement with previous reports that all polymorphs of
titania (anatase, rutile, brookite, or amorphous) can be transformed to the
titanate under alkaline hydrothermal 10conditions. [00104] On the basis of
the experimental results, it is postulated that the formation mechanism of
the hierarchical titanate micro spherulite in the solution and TiO2 nano
sheet structure on the Ti foil surface is through a synergistic effect of
electrochemical spallation and hydrothermal-like reaction, as illustrated
in Figure 15. In the first stage (I), fast anodic 15 reaction on titanium
surface creates a layer of titania that instantly breaks down under the
applied electrical field into the solution in the form of anatase titania
particles [Figure 14(a) (2 min), Figure 11(a),(b)]. From the TEM image
(Figure 13(a)) and SEM image (Figure 11(a),(b)), it is observed that the
titania particles possess porous surface features. This would facilitate
rapid reaction with the NaOH solution. At the same time, numerous small
micro- 



20 pores (Figure 12(c)-(e)) are formed on Ti foil surface. In the second
stage (II), at a relatively high solution temperature (60 C, 5 min), the
porous spalled particles readily react with the heated NaOH electrolyte to
form the titanate particles (Figure 14(a), 5 to 20 min) in stage (II)-(a),
and the hierarchical porous structure (Figure 13(c)) is gradually derived
from the titania precipitate (Figure 13(a)). The formation of TMS is very
fast because the spalled 25 particles can be heated up to extremely high
temperature by the spark discharge. It has been reported that the spark
discharge can cause local temperature to reach several thousand Kelvin (K).
Such a condition is unmatched by any existing methods for titanate
formation, which typically take much longer time (12-48 h) for the reaction
to complete. Using the reflux method, a similar morphology of flower-like
titanate particles has been reported. 30 However, the surface area (about
224 m2 g-1) was lower than that obtained by a method of the present
invention and the reaction took days to complete. In stage (II)-(b), the
micropores in the oxide layer on the Ti surface turns into nanosheet
structure (Figure 12(i)-(n)) as a result  WO 2011/112153PCT/SG2011/000091
23 of dissolution in the high concentration alkaline solution. This is the
first report that crystalline TiO2 nanosheet is formed at a low applied
voltage (around 30 V) compared to the reported high voltage micro-arc
oxidation (100 to 500 V). [00105] The reported synthesis method is
different from all known approaches to form 5 titanate nano structures. A
unique advantage of the current method lies in its high throughput at a
simple ambient setup, while most of the reported methods require much
longer processing time. The reaction yield of the current method was 0.10
to 0.15 g TMS per cm2 of Ti foil for only 20 minutes processing at a
current density of 0.5 A cm-2. The production yield can be easily scaled up
by increasing the exposed Ti surface area and the current density. The 



10 specific surface area of H-TMS clearly exceeds any reported values of
hydrogen titanate materials (e.g., nano-tubes, wires, etc.) prepared by
hydrothermal method thus far. [00106] Example 7: Evaluation of the
adsorption properties  [00107] Materials with layered crystal structures,
such as titanates and niobates, could be used as adsorbents or catalysts
for the removal of organic and inorganic pollutants in waste 15 water. Very
recently, the 1D-titanate nano fibers and nanotubes showed excellent
adsorption of organic molecules and radioactive toxic metal ions. Divalent
lead (Pb"), one of the metals_ that have the most damaging effects on human
health, can cause damage to the central nervous system and dysfunction to
the kidneys and immune system of human beings, especially for children. 20
[00108] As an example of a potential application, the as-obtained
micro-scale 3D-TMS was evaluated for adsorption of toxic heavy metal ions
Pb" and methylene blue (MB), a common organic dye in the textile industry.
For comparison, trititanate micro-particle (TMP) via pyrosynsis, titanate
nanowire (TNW) and titanate nanotube (TNT) by a hydrothermal approach were
also prepared. All these samples for the adsorption experiments are without
25 acid washing. [00109] The experimental condition and morphology of the
prepared TMP, TNW and TNT are shown in Figure 16. Figure 16 are TEM images
of (a) titanate nanotube (TNT); (b) titanate nanowire (TNW) obtained by
hydrothermal treatment of anatase TiO2 powders in 10 M NaOH at 130 and 170
C for 48 h respectively; (c) Na2Ti307 micro-particle (TMP) 30 synthesized
via a high temperature solid-state route with the mixture of commercial
TiO2 anatase and Na2CO3 at 900 C for 24 h; (d) FESEM of Na2Ti307
micro-particle (TMP) in (c); (e) XRD data of Na2Ti307 micro-particle (TMP)
in (c).  WO 2011/112153PCT/SG2011/000091 24 [00110] Figure 17 and Figure 18
illustrate the absorption performances of different adsorbents for MB and
Pb" in aqueous solutions. Figure 17 are graphs showing (a) Adsorption MB
(20 ppm, 50 mL) by TMP, TNW, TNT, and TMS. Co (ppm) is the initial
concentration of the MB solution and C (ppm) is the concentration of that
at different 5 intervals during the adsorption. (b) Comparison of the
absorption spectra of the MB solution (20 ppm, 50 mL) before and after 12 h
adsorption and in the presence of TMP, TNW, TNT and TMS. The amount of
adsorbent is 10 mg, and photographs showing the solution color are, from
left to right, before adsorption, TMP, TNW, TNT and TMS. Figure 18 shows
comparison graphs of (a) adsorption rate and (b) adsorption isotherms of
Pb" ions by TMP, 10 TNW, TNT and TMS. Co (120.5 mg L-1) is the initial Pb"
concentration, and C the concentration at different intervals during the
test. [00111] The as-prepared 3D TMS stands as the best with high removal
capacity and adsorption rate of MB compared to TNW, TNT and TMP. TMS can
remove 75% MB from the solution in 5 min (Figure 17(a), Figure 19). After
12 h, it completely removed the MB 15 (Figure 17(b)). It is estimated that
1.0 g as-prepared TMS can remove about 236.2 mg MB (Table 1 in Figure 22,
Figure 20) based on experimental saturate sorption capacity. The sorption
capacity of TMS is slightly larger than the corresponding capacity for
titanate TNT (232.2 mg g-1, Table 1 in Figure 22) and much higher than the
ones by the TMP and TNW. The removal capacity was significantly higher than
what was reported for a 3D hierarchical 



20 titanate spheres. The TMS also shows excellent adsorption performance of
Pb" ions (Figure 18). Similar to the adsorption rate of MB, the adsorption
of Pb" onto TMS was the fastest. The TMS was able to remove Pb" from the
solution almost completely in less than 10 min, as evidenced by the
concentration decrease from 120.5 mg L -1 (Co) to less than 0.5 mg L-1 at
room temperature (Figure 18(a)). In addition, the as-prepared TMS possesses
excellent 25 adsorption capacities of Pblitoxic ion. The plateau saturation
capacities based on the isotherm curves in Figure 18(b) are 0.56 mmol g-1
for TMP, 2.41 mmol g-1 for TMS, 2.60 mmol g-1 for TNT and 2.62 nunol g-1
for TNW titanate materials (Table 1 in Figure 22). The capacity of TMS is
greater than TMP and comparable with the 1D nanostructure titanate (TNT,
TNW). [00112] Comparing the performance among the four types of titanate in
MB and Pb" 30 adsorption, it is postulated that the adsorption mechanisms
are different, thereby resulting in the difference in the observed removal
capacity. MB is cationic dye; the electrostatic force between the adsorbent
and the MB ions plays an important role in its adsorption capacity. To  WO
2011/112153PCT/SG2011/000091 25 verify this, Zeta potential measurement of
the TNT in different pH values was performed (Figure 21(a)) and their
corresponding adsorptions of an initial concentration of 20 ppm MB solution
are shown in Figure 21(b). The highest MB dye removal occurs at pH 9.5 to
10 when the titanate surface is most negatively charged. Varying the
solution pH affects the 5 adsorption; there was very little MB adsorption
when pH = 1 (Figure 21(b)). Therefore, all the other adsorption performance
of titanate materials was performed at pH 9.5 to 10. The data in Table 1 of
Figure 22 suggest that the adsorption capacity increases with increasing
surface area. It was suggested that MB molecules might be trapped into the
interlayer space of the titanate by exchanging with cation ions. However,
since MB is a larger molecule, it is 10 not expected that such an exchange
would only occur at sites near the particle surfaces. In other words, the
MB adsorption capacity is highly sensitive to the surface area. Therefore
TMS sample with the hierarchical porous structure as described earlier
gives rise to the highest MB adsorption rate and capacity (Figure 17 and
Table 1 in Figure 22). [00113] The Pb" adsorption by the titanates is
through ion-exchange which was evidenced 15 by XRD and Raman measurements,
i.e. the Pb" cations replace the protons or Na+ via the following reaction:
[00114] xPbH + /1/2"Ti,"0.4-2. 4-+ (Pb)n
x-2n-2x- -m-,2m+ 2xMi- M = [H, Na] Equation (8) [00115] The cation exchange
capacity (CEC = molNaji/Mw(titanate) of titanate material is mainly
depended on the exchangeable sites in the adsorbent. It was found that the
exchange 20 capacities of TMS, TNW and TMP are high and comparable, but the
one for the TMP is much lower (Table 1 of Figure 22). The poor adsorption
performance of TMP is due to its large particle size which effectively
hinders the cation diffusion during the exchange process. As shown in
Figure 16, the particle size of the TMP is around 1 to 2 mm. In comparison,
the TMS sample also has large particle size, but its hierarchical porous
structure facilitates the 25 exchange reaction extending to large number of
exchangeable sites. [00116] In addition to the morphological reason, the
crystal structure may also play an role in the adsorption performance. The
TMP (Na2Ti307) synthesized by high temperature solid state reaction has a
different crystal structure with the one by low temperature solution
process. The former has a theoretical cation exchange capacity 6.62 mmol
g-1, which is lower 30 than the one for TMS (Na2_xHTi205, 9.05 mmol g-1).
Therefore, the surface area and the crystal structure are the main factors
that give rise to the excellent adsorption rate and capacity of the TMS
particles.  WO 2011/112153PCT/SG2011/000091 



26 [00117] Compared with the titanate TMP, TNW and TNT, the TMS has the
fastest adsorption rate which is clearly related to its high surface area.
Therefore, it is the most efficient adsorbent in terms of sorption kinetics
for removal of the MB organic dye and Pb" heavy metal ions from
contaminated water. In addition, as the size of the TMS sample is of 5 the
order of micro metres, the particles will not easily agglomerate. The
recovery of the used particles will be much easier than nanoparticles. From
a practical application point of view, the synthesized TMS according to the
present invention also enjoys a clear advantage in terms of production and
operation cost. A wide range of applications for this type of materials in
photo catalysis and energy storage where excellent functionality and large
surface area are 10essential is expected.  WO 2011/112153PCT/SG2011/000091
27 Claims 1.A method of manufacturing layered metal oxide particles, the
method comprising:  placing a metal electrode in an electrolyte; and
applying an electrical voltage to the electrode, wherein the metal
electrode forms the anode, to form a metal oxide layer on the electrode
surface, wherein the electrical voltage applied is higher than the
breakdown voltage of the metal oxide, thereby breaking down the metal oxide
layer formed on the electrode surface into metal oxide particles that react
with the electrolyte to form the layered 10metal oxide particles. 2.The
method according to claim 1, wherein the electrical voltage applied to the
electrode is between about 25 V to 100 V. 153.The method according to claim
2, wherein the electrical voltage applied to the 



electrode is between about 25 V to 50 V. 4. The method according to any one
of claims 1 to 3, wherein the electrical voltage applied to the electrode
generates a current density of between about 0.1 A cm-2 to 10 20A cm-2. 5.
The method according to claim 4, wherein the electrical voltage applied to
the electrode generates a current density of between about 0.1 A cm-2 to 2
A cm-2. 25 6.The method according to any one of claims 1 to 5, wherein the
method is carried out at a solution temperature of between about 10 C to
about 200 C. 7. The method according to any one of claims 1 to 6, wherein
the method is carried out at a pressure of about 1 bar to about 150 bar. 30
8. The method according to claim 7, wherein the method is carried out at a
pressure of about 1 bar.  WO 2011/112153PCT/SG2011/000091 28 9. The method
according to any one of claims 1 to 8, wherein the electrolyte is capable
of reacting with the metal oxide to form a different material having a
layered crystal structure. 10. The method according to claim 9, wherein the
electrolyte is an aqueous solution of an alkali metal salt. 11. The method
according to claim 10, wherein the alkali metal salt is selected from the
10group consisting of sodium hydroxide, potassium hydroxide, lithium
hydroxide, caesium hydroxide, rubidium hydroxide and mixtures thereof. 12.
The method according to any one of claim 9 to 11, wherein the concentration
of the alkali metal salt is between about 1 M to about 20 M. 



15 13. The method according to claim 12, wherein the concentration of the
alkali metal salt is between about 5 M to about 10 M. 14. The method
according to claim 1, wherein the metal is one selected from the group
20consisting of titanium, zirconium, hafnium, vanadium, niobium, tantalum,
manganese and alloys thereof. 15. The method according to claim 14, wherein
the metal is titanium. 2516.The method according to claim 15, wherein the
metal oxide particle comprises Ti02. 17.The method according to claim 16,
wherein the layered metal oxide particle comprises titanate.  WO
2011/112153PCT/SG2011/000091 29 19. The method according to any one of
claim 1 to 18, wherein the maximal dimension of the layered metal oxide
particle is between about 0.1 m to 10 pm. 20. The method according to any
one of claim 1 to 19, wherein the layered metal oxide 5particle comprises
pores having an average pore size of between about 2 nm to about 500 nm.
21. The method according to any one of claim 1 to 20, wherein the layered
metal oxide particle has a BET surface area of between about 10 m2 g-1 to
about 500 m2 g-1. 10 22. The method according to claim 21, wherein the
layered metal oxide particle has a BET surface area of between about 300 to
about 500 m2 g-1. 



23. The method according to any one of claim 1 to 22, wherein the layered
metal oxide 15particle comprises at least one layer of a different
material. 24. The method according to claim 23, wherein the interlayer
distance is between about 0.5 nm to about 5 nm. 20 25.A layered metal oxide
particle manufactured by the method according to any one of claims 1 to 24.
26.A method of manufacturing a crystalline metal oxide nanosheet or a
crystalline metal oxide nanoribbon, the method comprising: 25 placing a
metal electrode in an electrolyte;  applying an electrical voltage and
current to the electrode, wherein the metal electrode forms the anode, to
form a metal oxide layer on the electrode surface, wherein the electrical
voltage and/or current applied are high enough to break down the metal
oxide layer formed on the electrode surface into metal oxide particles,
30thereby forming a crystalline metal oxide nanosheet or a crystalline
metal oxide nanoribbon on the metal electrode. 




