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CROSS- REREBENGH 17133 RELATED APPLI CATI ONS 5[ 0001] Thi s appleiceaiGen/oeé@i ns t he
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
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refers to a method of manufacturing a crystalline metal oxide nanosheet or a crystalline metal

oxide nanoribbon.

15 BACKGROUND 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 (Si0»), titania (TiO;), tin oxide (Sn0O),
and manganese oxide (MnO,), and carbon (C) have been used in the synthesis of hierarchical
structures such as column arrays, polyhedron-like particles, belt-branched, core-shell spheres
25 and 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 (0D), 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. |
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15 SUMMARY 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
20 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 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
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wherein the electrical voltage applied is higher than the breakdown vol t age
of the netal oxide, thereby breaking down the netal oxide |ayer formed on
t he el ectwodeisuefsace into netal oxide particles that reattscedtilvodooe
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[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?, 0.50 A cm?, 0.75 A cm?, and 1.0 A cm’; (c) anodic voltage and solution
temperature with anodization time curves superimposed on the same graph for the current
density of 0.50 A cm™. 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 denoted as (d, €), (f, g), (b, 1)
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™.
[0016] Fig. 5 are FESEM images of the synthesized (a) sodium hydrogen TMS (NaH-
TMS); (b) porous TiO, 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,H».4T1;Os . H,O. Interlayer water molecules (H,O) 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?. The inset in (c) shows a pore volume distribution of H-TMS (BJH
30  desorption). ‘
[0017] Fig. 6 shows FESEM-EDS data of as prepared powders of (a) NaH-TMS and (b)
H-TMS.
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di spl ays the spect ra; (g) FESEM i nmage of the fabricated Na-TM5 (scal e
bar denp02$] 1 Rip 10TFhews ttegqh) TERMyand( (b3 AIRT BEMrimdgesaifabe A40-fiakes strostaretdfat
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t heyD DRI CRigLall &b FESEM i ip éh‘x@pﬁi@ﬁog?aéhaﬁ ¢ B9 TMORithhsroe@kmgof
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[0023] Fig. 12 are FESEM pictures of the morphology change of the nanoporous TiO;
nanosheet on Ti foil (a, b) 0 min; (c, d, €) 2 min; (f, g, h) 5 min; (4, j, k) 10 min; (I, m, n) 20
25 min under a current density of 0.5 Acm™; The images of (d, €), (g, h), (j, k) are the high
magnification micrographé of the selected regions by circle and rectangle in (c), (f), (1)
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 respectively. Fig. 13 (b) is a HRTEM image of the
selected area in Fig. 13 (a).
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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 0f 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.



[0031] Fig. 20 is a graph showi ng adsorption isotherns of MB dye by TMP,
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el ectrode surf acEETMBE& BE@MWWN OXGEHEPRESENT EINEENTUONor eak down

vol t age he q]ggm yer
to forn{drzr)fgtsgl gg? et e&X%htPWQ &}R{f&?l&?ta &te?lo a&uﬁfcﬁé ?agle}rﬁﬁt he
| ayH) edmital roedidd pmxnchbe Wae tmethed; md]hde%gplacmgtmmbtﬂf elbhﬁ)d&rﬁsmteledmél on,
| ayer ed rticles with a hig i c surface area %an be

taI X a eci
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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 nanopérticles, 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 (T1i), zirconium (Zr), hafthium (Hf), vanadium (V), niobium (Nb), tantélum (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
25  oxides in distinct layers.
[0037] The layefed 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 um to 10 um, such as between about 5 um to about 10 um,
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all oys thereof. In one exenplary enbodinment, the netal is titanium The

| ayered netal oxide particles of the invention can conprise one or nore
differe i r ] €, Xi de
part 1 ol aeo TR 5 apa D St 265 abAUK fim, P Ly o A it gl 0
parti cl gnctanaboet ausphlbom 0.4 pmmt:b atwut hlgam, o©g. dboneqyl tem,| aboshfbeun, dhout e
enbodi nents, .the |l ayered netal |de particle . is sphere. t he shape of
o et | B4 ol P S ffesari, At dimgtis s dnestt el ORI Reicte B & gkt

particl ginteRioRD HBRVRA aBEtAR4 uidto AbHBNL 5B, 30 di nension which refers to the
maxi mum di mensi on of the particle in any direction. The |ayered netal oxide

part§ cl E3038t codbie mgtaldnithe lgyeredametal oxiderpacielecean bﬁad@rl@drﬁgmm m@tak@ﬁ @i on
1. Am.to .10 ween . about .5

of betwee m Q0 Am
Vo 20117 EEb FRSHbac el S8 o eiltiled In SR Raf ARt atia b WpBRY b A%,

about 4pfeserﬂbﬁwann&n,rthQa>aebauh1e&1 AEHdeqhﬁhﬁlesDcall wrfdrmeatmﬁﬁ the MatediBDOF tHe. 5 M
to about 1 Am e.g. about 5 m abouyt O. bout 0.7 mor about 0.8 Am

I n sonemst#slerireds: dn owémb%elmee@ ar%@lwm&})(feﬂ ﬁam be used asdbe metph glegigpde to
di mensi ﬁﬂm%yé?%&\‘i%&”oﬁfﬁg'ﬁ%{&ie% gsigg%gna o m 5 [0038] The netal in the
Xl

| ayered net a e particle can rived fromthe netal of a.netal
el et r off®3Phat Geserpllpcthd metalbéeleetoiet oahy tlee ancdeadfher electralgtic aelt dfldd tegmt 0 a

met hod of th resegnt invyention, the |ayered netal oxide cles can be
or med TSRO FRIE e Soed RTSin defiis (1 rotaara et FAGHS cargoe Fastey S50
titani Uphdnfital enligy, SAPHRYR WSRCa Afentib réREiBh vﬁieﬁ%hﬂléi?edtte &qu@ld@%%f&doffmt al

oxi de particles conprising titanate. 10 [0039] General l t he net al

el ect rodlecttlmtyrBThh@lc@trob@cmeUanareIcenttamotw ior wetd ele qSemmomaoécwlmyt ic
cell" reiwn ef er 0,2 r rt ctrical energy
“hto chBsEdienREryf HE i agubls SRR A inh 1 R feide-Gritieuiaafos Ty
an pait stldéersipic ¢ell @hn ehdltadd b Woliter ElRetrédeaid/on }itrleféréheb leleefrod€ OTHeAbdunkt 0 OF
nore el ectrodes in contact with an el ectrolyte. Besides the netal electrode

whi ch calctrestensantform foghoderte copaierhalsmee she clagirochemical grocgsset at theyanpde.cel |
can i ”C'CriHQ%oﬁmgP%IéEESde%ﬁ Gbt ARErARIL e &ieeéﬁﬁﬁg aglperﬁat%ﬁﬁethai 'ikefaﬁlg%t er

el ectrode can forma cathode to counterbal ance t ectrochem ca
pr ocessesndatt tleetriaitypdExanipies oﬁmdtmalsetlmctcamdte wod /torfotnh éhe edwtenelectrode

el ectrode, can, be an teria is.able to conduct. el ec Exanpl es
ot Crat olEine. P redian THRTE By noB ey TsT s oniRBRTE: ShEr 300 o insiEony,

ar e2(10t mefal s&ch &9 .nickeh! Rad®dnd! Hins usrm ASnRhAhls NYHeh &l bMBhitéiRAd dQhbuctive
tran3|t|on 20 metal s such as nickel, lead and zi nc, and non-metal s such as

gr aphi t polsmerse bneine embodigiepiveths. coumtesdn@tr@ieb@aiméh@ gamg mategiglias e metal
el ectr Ogl %tg ad%ngo BQ il sfalratedng51 b%rdu%ent as t#a@?urﬁ%ﬁl y S e%c t%ge et#ilne?

illustra hrent antumftoil Ts used as't roeand
pl ati nUﬁ)atlﬁurﬁsﬁﬁkea&stﬁthﬁﬁwﬁkEétrﬁieeCtI’Ode [ 0040] The d| st ance bet ween the

met al el[o%(i'([)]r Od%hg Tl?stz&n%g bCe(t)vldQéne{heeln%tCatl re(l)g:?rogg r]a.n\éatrh)e/ 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,



25 depending for exanple, on the type of electrolyte used, the
concentration of the electrolyte and the electrical voltage applied to the
el ectrodeso 20n/merse enbodi ments, the distance between trhe/sekeatonades is
bet ween about 2 cmto about 10 cm such as about 3 cmor about 5 cm [0041]
The nethod of the present invention cogprises placing the netal el ectrode
in an 30 electrolyte. An electrolyte refers to a substance that is

el ectri Jy .60 i 0 i 1.0 f i

genr atatip fop Rk af BeABRTRIRY hledud KRR s For CRRPICAPARRI bR |
but ar esattphn heidistetdas loydrodil@ic acdd,nmifusiqaeidyphasphardnacid suatpedmlagenzl acahol |
WO 2011/ 112153PCT/ SG2011/ 000091 8 aceti.c acid, acetone ﬁr acetonitrile, an
aqueousTsdalk gk Peltep stateror disspeiated hfodtsiANS, rica SOIVERE SUFh a5 Watero 4 siptpble g
as_hydr Qe gtk tht Wafl beStlofi Uh iCnftiod: o RO HeREAt Ivaftidh Rlore tS! Rlapaneiof
acid, or asalt inits nolten state or dissociated into its ions in a

sol entresctilg weith thetreetal Xidapartideesmlled fioul the elactrade toaforindayssetimetal axidet hod

of the present_inventjon is one that is capable of reacti Wi t h
et ol RSk kaeles du Pledtresh i, icief BRRTLE anral p R LOEp b ity
oxi de pasfetigl BSvinE @ 18%RAPESstal BRuALRS Th YodieC embidinRak] thé telectrbBteT ah

oxide to forma diffefrent material having a | ayered crystal structure. In

sone eraspadwreseluiontafandlikadi metial salt. iExamnles gfian alkalionetel i ipelude, baf rEg MOt net al
salt. ﬁxhrg?% Eﬁ? fali%‘%g'sljf‘y%'n‘)xi{i;‘e%t RckS !stodluﬁrgf/ h?%?f‘%ﬁ‘g’,”ﬁ%%%sﬁlﬂ“ﬁ?#h% gl‘)i(tillglg

al kal i I OXI1 such as sodi um assi

| tiloi urhybPoXige]r osiuie, hydfsxidenahy diabxirde therdoflri Int one xémplaepfenibodoment, an
exenpl ary enbodi nent, an aqueous sol ution o{ sodi um hydroxi de is used as
the el eauegnsgofitionododiumyde)iads s ysed 2s thg glegigolyte- any” concentration. For

| . . i L
exanp e[Og%fg Ooﬂ%g%f](ﬁ%tg%g%‘% ot BRy @bi@hfratiGel @gr %?Arﬁpl@,alﬂe RenRatriGs oo Ut

Mto abo out 1 to about 1 about 1 Mto about 10 M
about lalk4li metabsalt cdaMje tedvwedn oMt 1 M ddvebut 20 M) sush @stab&ui! It Ml tosabantolft MLO M

or about, 10 0043] electrical .vol e.can appl i h t al

el ectr d%’é’“f 6%6{’ ﬁg%mr?éﬁgi’ ah?(‘?tale}vfgﬁl%t?"uﬁﬁﬁ'g H‘B(’atl ]e(wﬁ%&gogt% &fc)é’o %riven
by 13n eaoff N@M, vehbsggoagpl ied to the el ectrodes, the electrol yte provides
ions that flow'to and fromthe el ectrodes, where charge-transferring, or

f ar adai 0043 rAdslectricatvoltags canrbetapplied fmthe. matabelgeirede te) fepnaometat gride
forad t . . ot : . . Ceh
can®r enard L ilE sRR0F lbeldh Whtn S8 b alcdentif bichéh AfHith 5 HHeioouolEl

i nt er acthe dlectioBtd prosides ide lthitiflow toarddfromahé aleetrodds, whtral chargedeansferring
el ectrode_surface. In one illustrated g&‘godi the cation is a titanium

_ _ nent . i i
i on ( TiordRradaicer fedpFeactiansfaprake Ages: by mstalelectiody cap njaj theanodg i ym
hy Gip0Xi ifl&hé g%gf%lag{; el 'E(P_ltl‘_ﬁr?cétf%ng,%mcﬁ chR¥&haiflfoolihd 8A1tBe §UHERR)ofARe h{ﬁgﬂ

titani um an ace. counter electrode can 25 function as t
cat hodeeleatradecThd eations kg interaes| with hniooné sotetinyl ter proreblepérmdfrmetabexidéen

| ati t hyd i s f d. [0044]..Th thod of th 1t
Phvent 1k cRstips sitec (8 S Il AR et e o & Barbiy 8 o FA8RC e
than t hgteps@alata W hydRbiyaden QOHN)SrebERt @ tiexdodeurh dy@foxideh@dOH Nelectrolyte to

form a layer of titania (TiO;) 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,



"breakdown vol tage" as used herein refers to the m ni mum voltage required
to destruct the 30 netal oxide layer, i.e. the netal oxide |ayer is broken
down i nt ovoebal11eps8de particles with/w thout any changegcrsGeima/onmoecul ar
structure of the netal oxide. Wen an electrical voltage higher than the
breakdown voltage of the netal oxide layer is applied to the electrode, WO
2011/ 112153PCT/ SG2011/ 000091 9 current can be forced to flow through the
met al oxj I : |

points 0 Fé:gligg foyggbrgg ffrée@‘{]%t géﬁl Ec}ile lPe(jL/fe)gﬁP %&C‘gfr'lﬂt?%gne Ig??'glge surface
can be d&irndae tealiapenati the @oined af breukdbavrp dtei mbtak pxida dayeaformesudrt thenelectsodgor ous
spark di scharge_ of the netal oxide particl into the electralyte. If a

vol t ages‘ﬁfaﬁh@im b drokanedayvy inta et 0X)dg P @F&Fs%m Bault 0 aREedess sPyke,
metal o S%apf e hRtdTEckiad Xtaﬁfclé.%' &5 tﬁ@eleéﬁspegmaando@a fietl thahMthe

conti nuous ation of net oxl de as partic into the ectrol yte.
[ 0045] Hilaekdomakaitnga iy applagietoathe teleetode, anetak dxlide [cay dwe foanedjept-;lmdelmrqdhe

type of ta X|de s.wel]. as t cne of. the netal oxide |ayer.
Goner al FcE oDt iais spjetioh o L pRg pagartglya i e et
experi npm 9]' | ymees&ammdv&tagetdmmm CRfeaa} R das Adpeifil GY0thel t§pd Of sieedi f i C
dielectric strength val ues Bessedlnterms of kilovolts per mllineter

(kV mi no)m()f) as W@IMS}heI thickoass mf dietad oxigle layrs @?@Qﬂﬂbf, dlg bvekdoagbvelmgm dto

V'To’ 5ok ST EEEED o opshhe Y doRihe b RN e ety VPR =0

| aymy cmﬁbsieaedmé aindriptivalnddq efprbdsed krheyms uﬂlkltoagas pér ABliMetebgiVignmit)).
el ectrical voltage greater than 25 V, such as bhetween about 27.V to 31.5V,

the 15 WOl oba Q&g ergradimentprihe elegtricak valiage prplisdde &he electrpderis BewerRRS oxi de
par ti cl 93, ¢IRY kgdh M abbh®Y B0 [9V 2bIli 58 56 Vcét aB()‘ﬁt S@@%at%'v af sbRet he

el ectrode genefates a current densit ty at the el éctrode, where current
densi t yermlsodimemta sthe anaifl dxide byer enprrss $1tamga hzmmgug lbr@kdeWecyDﬂtegt%Of)éi Mini t

ol oot 1 YNGR FoBBE Bepth g Ve yugh b BEUNSER AR 0 P AL-Sri 2o 10
A CI% 2, matdf Bxiae lﬁ%ﬁiﬁrﬁ Uitafia lis Brek®h Aowh mtd \nteial oxidd ﬂarﬁcl@ﬂ‘cgmbﬂsﬁﬁ

cm2, abou_t 0.1 m2to Acm2 about 0.1 Acm2 to 1 Acm2, suc
about outaga. A cml2, about 0.5 A cm 2, about 0.75 A cm2 or about 1 A cm2

[ 0048] 1 t r ged
recal OOAH patt s Xt%ce“ﬁt%wéﬂéﬂﬁwpetea SttoR s DR gl e

el ectr Oélydtmdewhhah caant denbity 13 d measuasef the dulrentepassing ﬂtryt@ awklktirade per

t enper at ur e. The met hod of manufacturing Ia}tyere et al i de particles can

be car rimlgargy et ke elgeirode LypigHy tthaglertatcal v ltage applicd t%ﬂ&éie%wdeg%efa'ﬁa 8t 200
C, 2@bOYLy agdglsitg o@lBQHJ:ee&QQo& 0 fiQOéHiZ @@1&&&11&%% agﬁet@eeﬁlgﬁﬂﬂt P& %{ﬁ’z about

100 C, or out about C, such as about 25C. The net ho
manuf actouf Aregn, éMeAecdnfmd) al5 @xnﬂze abauttl. L Aeun ¢ tm2 ecry Arabioti0.duk cai” tarlyA

Dar 2t SpoR g e Qg 8o b 3gbtm e df 075 EHBLer 307 o e, o 1

bar [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 50°C to about 100 °C, or
about 10 °C to about 50 °C, such as about 25°C. 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
30 1 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

EY



to about 5 bar. In particular, it has been denonstrated that the nethod of
the present invention WD 2011/112153PCT/SG011/000091 10 can be carried
out at a woessurnel1sef about 1 bar i.e. under atnopspheri cpPprss0nMo@d1r oom
tenperature. [0049] The netal oxide particles can react with the
electrolyte to formthe |ayered netal 1@xi de particles. The term "l ayered"
as used herein refers to one or nore layers of the netal 5 oxide particles.

For ex I Lhey! ' f [ISREY aTe [V : r ch as
20 1 Al B chied RS PRARARE bbbl 1k R ol bl o o e
or nanotenipbraturtorns a layer. In one illustrated enbodi nent, |ayered

titanat erial is conposed. of nunerous titagnate |ayers. The interlayer
di st anc@oggﬁ bﬁ%g‘fz%é?ﬁ{agmc@. e fragt Vil Hist © %Ctrr"i?ﬂf té%‘?ﬂ‘f’ g?qﬁ%etr B¥&bout

0.5 rimiige phtfities STRMerA“18RF4R SR \REPHErelh G BndBP Hord 1ayBi of ke M¥PA10] | n
exenpl ary enbodi nents, the’layered netal oxide particle conprises titanate.

For Sexaeriflepartiblen Foodkamplaythe dyietrecandelis gt fasmiof éndidyidupalrstiugtuees sudltiaup

titanatg .can_be obtained, Afte shi t he | ayered tal_oxi.de particles
w ¢ anfaa s AeneaBpae Shtre tar L pieted Sherfif R RS S bR Bk B
gener at Rger. Iy Gnediflistidtéd RAbEd Bt PRyEree RakREe aterit) A5 Q@RPosN oL XAMBIGE | N
acid conditions. The titanate can be denoted by the formul a NaxH2- 15

xTi 205. titamate Jysrse Thi drteslayer glistangd can da betweenabeyt 0.3 nm ) abaut RyRoYEh as

titanat [ t '56]%{? jals can forma
hi er ar cl%i)“(’:va n%ro (lgﬁ)gs#?l t?c%bbragggﬁg P ﬁ{é&?lgélrle?%&?gét a E‘ﬁ%‘ﬁ?g’%’?ti cle. For :
exarp! ej0050k | yetesnplay dibddimtite, fherlayeréd intdalvoxddalpaticteucdmpréses tBamabe.as 2D

flakes or ribbons, centered or radiating fromthe core, theregby formng a
hi er ar cHRTcEfample. nishesh spigR. hyrexide ds wised, 25 tbe rf‘ﬁf‘efra &S %Qw%wﬂyabeof:@gmbsn t he

| ayer edyiehad. QrdriGashts! fh@ll%ed’"ﬂﬁfa@ioﬂicfe%ﬁ@émﬁﬁ%ﬁﬁio b & @tidnOsuchas

spaces I n between the structures, such as fl|akes or ubons, of the |ayered
met al owatds sodium bidrogdin éitanatef canebo zendratedl allpdrogemtitaniateogdndee praparedl €8 can

, S or A L Up fiDition.
mmcy opo S EPUSTERPRES Bneibrelhrin e GRORE S bt Aol e i OB N
about 5TROVNHE Wh&EPRh&S xhave (Bhddg&i Ztanafe)Det @BeinmA hodiogen Ritadate) adrodt 50

nm The average pore size of the pores on the surface of the |ayered netal
oxi de p@pdingrteanaten r ange between about 2 rimto about 500 nm such as

about 2 hkint . ' to
about 1%)85[171 Oléﬁeg@yérﬁ %Qn%t‘%ro %%%18{39@&2 %ﬁq&%hgcoa%‘? Pgbrsl%%g?%é a (t)lﬁe?g Oed?n mn{%mz;bout
5 rnm t exiddpatticldOFsrngxampleq e ibydrs nm boinathe fidrni Of individuad) straddares, sbeh as?Dabout

o O ShPhenl oF b 0,0t LGS Bl o et e
7. 0'M fGphbRiEy. MR fivitudt sthuttub@r cal (SR porddor’thb lhyeted mehit bxie2idé1890091
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 pm 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 nm to about 500 nm,
such as about 2 nm to about 300 nm, about 2 nm to about 200 nm, about 2 nm to about 100
nm, about 2 nm to about 50 nm, about 5 nm to about 30 nm, about 5 nm to about 20 nm, or
about 5 nm to about 10 nm, e.g. about 5 nm, about 6 nm, about 7 nm or about 8 nm. 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 nm for H-TMS.



11 [0052] Due to the porous structure, the | ayered netal oxide particles
have a high surface area. For exanple, the |ayered netal oxide particles
can have woxurffaessarea of between about 10 n2 g-1 to alpowtsc20Q/o089g-1. | n
sone enbodi nents, the |layered netal oxide particles can be characterized by
a large surface area, which can be betmeen about 300 n2 g' toabout 500 n?

59 1. In one illustrated enbodi nent, the surface area of the |ayered netal
oxi de pgjoshf! e Podll mdfa ic®s Hald -
appl i ca?fgn]:ca]r?lu urt oréllQSGSt{rq%gge;t dl‘%g' anmacfglﬁtﬁg gﬂg@{safergéig{l%z?lgffacgm de

parti cl &rga. Hémrexemplepthe laytelesl meuablox:del pimelcbsl dadhawe xomface arealod betwdien mbout

titanat tqg h t4 L t f ids, th b
ot udel0 BLE 1B EOPRAT0AT & i i GHPOLHIeRIS thedeyeied el e g aptcISfen i ¢
aci d, phRsRIGiZe8 b9 Gl 19re@RErhd28irka, mrﬁ&wéa% ﬂeheehe@én abo8@P 38 P g 16 BSRIR G0 sPeCt

the present invention refers to a method manufacturlng a crystalline
metdl  ogl dbl onaen U bistrated embod imaenit btbl@rsurfﬁcmmsfrfe@t laered metHcrxade partitleris to a
mat eri al ?Xg(ﬂ%lzam ultrathin thickness on the order of nanoneters, such as
about 1209M & 1ateral size of up to several tens of microneters. The

t erm " n@oss] bbPRe nfefibdss tHE PEbsk® abplibt ol daf SuRhdtagdaipiie tad@ing ansdvid tethe
di nensi on. They can be h'cﬁ’,@ é crystalline, and therefore, a nanosheet or
e

nanor i blegered anetgbﬁ#sk (peg nekarepled thesacid zan derasided dp yeopygrt the eBlyrhe

net hod , th
ot ol - ol At (38 Ty BoReh Plhafhe B Bhol SRRl BnBR SHElohRle bl nol ATy, 0
nmetdl  ehwirochisiic fud,mitticraerdyulieeracits $’hd58p|h6ﬂc heid ahd theBymxpyk yherepfan

el ectrical voltage that is hi gher t han the 20 breakdO\%n vol t age. of .t he
metal old04] t ol Reesandcipebethe PrRRERL IVSROR: 4 fergdp 2 mgthod ol maNHRCtETNg Ae

el ect roggstﬁﬂﬁltealﬁaa Sxiak %ﬁasﬂéeefvar ntdtivehala RxdddRedpaist sell Afreihbfels &R

resul t a vigorous spark discharge of the netal oxide particles into the
el ectr oﬂnyteetal Fhangoan oirsthie thicknesd o theamrdendaianemeterse awth agi about ham, and a
electro tof rma cr Qr.,a,Cny st all.i

rotal | ORI Tidof BBl feos il mOrRREty Jde. S8 BOSBoPRE” RAT SN T ©”

i1 st rd’ésbt\{@é ¥ nfhsshédt REd shRlled dimBRYios UTheyday Hechighla Gtyselind, And Berefore, 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 précticed in the

absence of any element or elements, limitation or limitations, not specifically disclosed

"non

herein. Thus, for example, the terms "comprising", "including",

" o n

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



absence of any elenment or elenments, |limtation or limtations, not
specifically disclosed herein. Thus, for exanple, the terns "conprising",
"i ncl udi ngo,2011camtsai ni ng", etc. shall be read expansi velrgTsedomiobéout
limtation. Additionally, the terns and expressions enployed herein have
been used as terns of description and 2ot of limtation, and there is no
intention 30 in the use of such terns and expressions of excludi ng any
equi val fieat C t it
o cookiarent Fhychllon S ER SpRARNINARCLERC] BRctoby RARGIRNSS BRL SploRil |
the i nv&amlresnnnﬂﬁﬁcm arkhuarjatioh of tleeuindleri®ns redrbbdtedcbhhrelha‘termm ‘disolwgbd tag WO
2011/ 112153PCT/ S tg 000091 12 present_ invention s been peC| fically

di scl os¥dresgries pseepbed AR esa’éﬂﬁpdoﬁlaf Shelt o ‘Ei’f‘@gs JPFRYSRS| BF and
vari at 'cgii&sfafereﬁ'i@bé Wﬁﬂﬂh@@éoﬁmﬂib%ehﬁ&{ ein herein disclosed my be
resort by those skill in the art, and that such nodifications and
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Fi gure schematic an apparatus set-up for carrying out a
react i omlypndmtdslal memberhmsgbgoup of ewhbdismdithe Markusk gprupsent i nvention. A
netal electrode is placed in an electrolyte, which can formthe anode of an
el ectrolytic cell. The electrolytic cell shown in Figure 1 conprises a

secgnd el ectrode which functEXPEREMIENFALBECHRONAN el ectrical vol tage 20
is applied to the netal electrode to forma netal oxide |layer on the

el ect r ol§85%ur f Bigure Ass @ lsehespatictdiagramn of gniapparaus spi- gh@r CRFYIRZNE ABRACHRA OWN
vol tage 8. ggg gg,h bo Q| ﬁ[%odmeg%%?h?e ggghﬁﬁ&e@ﬁx \iﬂ?fg?@legﬂo&@% Vﬁ@ﬁﬁﬁgde

surfacel g OXI e parti Ich react

el ectr od:yélectfo@yté Qmich aye forth the aad decofi alelguadolyiticl cell. Tﬂ'd"ldecpimlymSceﬂEhabvndni de

nanosheet can react with the ele trolﬁtetoforrﬂgaﬁlr &ai oxi de
sIrgHO &'efieie

nanosheBEuEE 1 £OmPists:A focARd slscispde nhish feretiqnm at TPvitage
el egf r odg, P;élﬂegi?(godle Eﬁ@%m&tr%de & ERAY AinkQD oRide I‘}@e? Bh%éelect[‘(Qﬁ%}faEé MY @e2 i S

a schemat gram an apparatus set-up to formlayered titani um
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: Prep. aration 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 cm’ for all the experiments.

The titanium foil was degreased by alcohol and cleaned by deionized (DI) water, followed by



oxi de particles accordi ng an enbodi nent of the present invention. The
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t hi ckness and 99.7 % purity purchased from Al drich Corporation was used as
t he anode. The exposed area of titaniumdfoil was about 2 cn2 for all the
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[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 K, 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
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anal ysis. Raman neasurenents were perfornmed at roomtenperature in a WTEC
confocal wpeotwvameser with a 488 nmexcitation | aser opecatsedoaioosoi ow
power level (1 nmWN, and the Si peak at 520 cm 1l was used as a reference for
the wave nunber calibration. 5 [0067] Exanple 3: Adsorption Test [0068]
Heavy toxic Pb" and nethylene blue (MB) were used in the adsorption tests
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wer e dewes meaadedy i nductively coupl ed plasma optical em ssion spectroscopy
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i nset i PBQ@Y;)AhsvikgdCorBRiRationadngd ¢FE1 @f 2.0he10” 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 PbCO; or Pb(OH), 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 plésma optical emission spectroscopy (ICP-OES)
30 [0071] Example 4: Electrochemical spark dischargé.sgal]ation 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?, 0.50 A cm?, 0.75 A cm?, and 1.0 A cm?; (©



sanme sanples. [0073]Referring to Figure 3(a), the applied anodization
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oxi de layer at the electrolyte/oxide interface is. electrically broken 10
down and spalled into the solution as BWmall precipitates by the generated
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observed in Figure 3{13) WO 2011/ 112153PCT/ SG2011/ 000091 16 [0078] Based
on ohnl BlP¥E total resi stance for the anodization system R is denot ed by
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[0080] ere enot es e resistance of the circuit,
r esi st atheanadic bhide Jdmade beldesiribed Yye i nterface, R denot es t he resistance

of the fblo"?g]t r O}X'[Ae., ax%n&.%/d) Adenot es the 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 anodizafion starts, a titanium oxide (TiO,)
layer is formed due to interaction of the surface Ti'* ions with hydroxyl ions (OH) in the

25  solution. The oxide thickness increases with time as more of the generated Ti*" ions interacts
with the hydroxyl ions. Asa 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(b).



resi stance of the cathode/electrolyte interface. [0081] During the spark

di scharge process, Re decreases as the tenperature rise accelerates the

i oni ¢ nobwbizbyyadisthe el ectrol yte. Raie al so decreases @ge/sGaot1neo091

spal l ati on and di ssolution of the conpact TiO2 layer. As a result, R
decreases. Consequently, the anodic. 1fsvoltage (= 1. R) decreases after the
maxi mum vol tage i s reached under constant current density node. Fluctuation
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faster rate. For exanple, under a |ower current density of 25 Acm?2, the
sol Ui i oanadefeieetratyte mtwﬁa;eaRedmbtmh@ redistamced the electrelyts, aadu?dfe denotenthtue t o
limted hegt de Lved fro% anod When the current density is increased

to a valfg&‘4f %’eﬁatgﬂg"é gﬁd@@ Af rapid increase in solution 20

t enper afgose) (aDQHh 1448 @arlé’aﬂlsélmg VftBcesk; RIM BectedsSs sy P Rempuiund risee
X-ray D ffractlon XRD) pattern of the titanate naterials obtained using an

i ni tial acsgleraten tbaempmobohtyo)lezse pleetriglyte. Rynalsdesteeses due fhthespelbaionand the
tit t
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current en5|ty of 0.5 A % cm2 was used in glciubseque t exper YT‘EM al
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TVE mat fdadafeous 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?, 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? 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 0f-0.25 A cm’
2. The XRD result indicates that the titanate material ca_h be formed at low_temper‘éituies'df'
about 78 °C using a current density of 0.25 A cm”. As the morphologies of the titanate
particles formed under different current densities are quite similar, a current density .of 0.5A
25  cm ™ was used in all subsequent experimental studies.

[0083] ExampleS5: Chéracterization of the hierarchical titanate TMS materials

[0084] Field emission scanning electron microscope (FESEM) images of the TMS
particles and the porous TiO, 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 ? 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



[0084] Field em ssion scanning el ectron m croscope (FESEM imges of the
TMS particles and the porous TiO2 oxide |layer on the Ti foil surface after
20 m nut esoebrighestr ochem cal spark di scharge spal |l ati orcGBE8R28)1/0psOceSSi Ng
at a current density of 0.5 A 30 cm-2 are show in Figure 5(a) and Figure
5(b) respectively. The electrolyte turlrfed fromclear in the beginning of
the process to turbid due to formation of white precipitates of sodium
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titanate materials, the absorption coefficient (a) is related to the photon

ener gy diffpss reflegtandrespeotra ¢lefth gné theadigal PleNes(rightp Semicongugteystabsorb light
Eg) (45Eguat i 20 [0089]..Fr.om th Lot _of (Eh, .a)" h,,. th
band gaibiahar it i Spyt BRIl AP SorBicH ot PR P kel 1o [l pahit®

Calieul agpknkfoyELNGiaakholbBo®inpéquatisn t he onset wavel engths of NaH TM5 and
H TMS are about 342 nm and 358 tun, corresponding to the band gap val ue of
3. 62 eV08Ral 3. Bo(edy=24fdds M) y. These val ues are in t heEgHa#on 6ge with

Dsor ot 08 Enct bt bARPLES il Bt bRy e SIS cSehtieliy
H TVS ciemnelatet @slthtphdtontenares (BERYwa the fdtlogufigeqlacipn and t he

Barrett-Joyner-Hal enda (BJH) pgre size distribution is shown in the inset.
Typi cal [%%]e-l@mi &t 5detErt NER) Sorption i sotherns with a dEquasen (4)

i ncyeasi t in.t m ddl e rel atjove_pgessun ] TV
o Bk S L Y S Y SR 8 o S B gl
5(c)) . thhexbiapbldfify A6 Endal OfegBnUnGalilafedMBLin ¢ | fove BEyatisn, f eee oageda - of
277.52 n2 ?-i wth a prore vol une of 0.52 cnB g-i. The average pore size of
t he NaHTaglengthsfiyal-TiM$ japd H-TMS are about 342 nm and 358 nm, 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 m” g"' with a pore volume of 0.52 cm’ g, The average pore size of the NaH-

TMS is about 7.5 nm. =



WO 2011/ 112153PCT/ SG2011/ 000091 18 [0091] After acid washing, the H TMS
mat eri al s show hi gher BET surface areas (406.41 nR2 g-1) and | arger pore

vol umes (Wo%611enBisg- 1), whi ch cone from nesopores of H PUBspesamssong a
narrow pore size distribution with a peak value of 4.4 nm The gaps between
the thin nano-flakes clearly contributik to the nmesoporosity. Figure 5(d)
shows the crystal 5 structure of the as-prepared TM5. The | ow diffraction

angl e a Oglpput A%epé cill ReasNAE thivr Q*M#nﬂ@a'lé“&io%ah%ﬁeﬁ BETRUAGUCAreROGRBSGES @

| arge i ter pl ane di stance, ichi1s conmon ayered titanate

struct umdg"') Find lorgeaghopestlemes (206=cre’ g'), dvkicle wmeﬁﬁomzneﬁpoms:oﬁaHél?MA)
28.5 (d = 3.13 A 38.8 = 3 = 1,.88
2nd 62 ?‘B‘SQSSTg§dZa;R‘5°“6P°f ﬁeﬂ%ﬂ%m‘@b‘bﬁm Tatus £ 4 o T("E@G?S ‘g?qﬁ%f) the
(310), 30 Hhno (R clchfly BonirRith 10 thOURsopbRIRS: Plgufé 1418 RAFRL ChERHAS -
H20 (JCPDS No. 47-0124). This type of crystal ‘structure consists of

I ep|5docs’(0t§mr901f yiecaskprepare MS TheHowrdiffracHpyangle 3t ahgut 98 of ithd NaH-TMStdrose

in the /Ti 1..825D017504 H20 D: vag wth diff rent
oot oncHENESSRgared s bdlAOBRAESR ' 1k Tk Poin@ SRREL, Rilenth dnfidsd B5rc
Figure ﬁyd:lﬁ@'titzﬁﬁt@stﬁldlﬁeﬂ "EHéSlﬁbﬁki pedksGit 2oa:t ol £ b&1tAY, @aaed + Bas2wd), ght
| oss of step 1 is due to the evaporation of 1giadsorbed \/vat‘l?):3 nmol ecul es on

the par8-27 & s33ab. 3412-?e(dwe25ﬂt ) 38.8° (h=ck 2hA) Bt (e Ai88rab 3@ §2t € The
dehyd | kg ' Based
on @ neok 30 2\ fNALTNIS A ORS MR R00E Lok PR o U OO P gnd oo
as 10aye(0ed) iaxeR of xfihdfHontizd) HyFiQyr. eHzEEI €)JPIS Nd-2477- QIE.).I—IIBisrtgp@etftokyMly
e 4B opa AT IcTRCR s s B R g L 5 b e
densi t yin0he Qayeréd Hm'rlfgz ﬂ'ﬂ%@ nSH%O S(DO%cénG?) R Wik B%hﬂilgpf%{&ﬁt MPeover,

diffraction pattern; sel ected square area in (b). The inset
provi detbetrhegrii@etire @nalysis (af) teEVIM Sresaepdé  shoWivsinn Xignre| 8kiseplicthe streogt

oo et o P B Frolat BreDREleh 1038 o Sfeb £k i B e Fpftaribf o1

di fifsr aCéds@fbe@&&dt&rrﬂoleéﬁlés (Brhﬁheﬁia&ﬁtﬂe VirweOThd %1g215 ldss -ﬁi\/ﬁef) bajsfbe afthiBuiedset
di spl ays the EDS spectra gh FESEM i mage of the fabricated Na- TMS (scale
bar denf§tthe dehyssgxylation qfﬁg% Srengethe feapatiopaf thepystalingdgOpnased edh ‘?Sﬁat

5 SRR € LheRe oo i NMEVETAR ersrosheogiihan 160l e
3D hi er,dhixhilE4 (Egumﬁ(u))andﬂzmaﬁgHzﬂ Ibmnﬂvaflﬁdl ating fromthe core of the
o(d) - (0032 hieBEe ) Shewe HapoREoH EF oD AP LPBY GRSDAreetroh Rer it 20
E Hﬁ ?’é(%bf\]'aﬂk'ﬁﬁlsa(b)tlﬁ&ivﬂﬁapﬁﬁﬁlms%ﬁ&ﬂlﬁé@dmfef QPulrBf FeRtiBy bf (S AAchiBAIThe
mset shows the corresponding electron diffraction pattern; (¢) 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 seleéted area in
(d). The inset shows the corresponding electron difﬁ'actibn 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 ;lm). 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)—(f)) 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



form ng a hierarchical norphology. The insets of Figure 9(b) and Figure
9(e) are the WD 2011/112153PCT/ S&011/000091 19 electron diffraction
pat t er ns wb 2blalH17i¥® and H TMS spheres respectively. D f PcagiGon/onemgs wer e
observed since the sanples were polycrystalline with the nano-fl akes

radi ati ng outwards. The three diffractigon rings are i ndexed as comng from
the three |ntenS|ve (110), (310), and (020) diffraction planes for the

ort hor hgy hre i Wi BEs
correspon | ng to t%p?% aﬂgh( 01(24\3%“% anesggﬁ ér@sclrﬁé%&/tel?ee&obse?(\:}ggm Sese
r esul t swareebsemved sinte thietsamples WéREpolgswbtaHing Fiithuthe naifad flakes EBBatamgpd ytwiagds.

shown i i set .Pf Fiqure 9(c), and Figure f ge ts t H. TVS
ana e s TS SisRassondies e mieRel s eotrng dram dhe, FEESRT Sk Lo, ff obgpind
el ement @@Yﬁﬁ'ﬁﬁ&ﬂm fallaﬁescﬂi?ﬁﬁé oﬁhbﬂlom_ﬁk@NEﬁSmsE%re ttwb NshipdditRac®ion
further verifies the el emental infornation. Based on e fringes in the

hi gt 10ngse®mesmndmthEM1¢ ﬁd@bamﬁ(ofzﬂbplms‘wsl-TM$wgm@sgl(ve§ Thdaeretsnkts;mpayer

di stance_ o L t. i g

note t h&i™ {aﬂ{ewﬁg ﬁ%gﬁr@i es@)l 5 m%'%ﬁéﬁ Ignalﬁs%r%]fa'fl 1|nsu§sz~:€|ksm %“%ég ose
of Fi gual Bigare 9(ff, shg@sisdhaaBONaH- TMSdeIHS-mMS@fb wmﬁ;efsbcauﬁmam/ﬂ ancE/dor
HTMS is | ower and close to 0.70 nméFl gure 9(d)), which is consistent with

the |it Bdiidually vellsy the Cusleasnt comesh Bow the coppgs’ 41id- Ade FEFHN-EIAS aegulfyiar

di st anc i re
o 1) " TRl ¢ el belbe it M) nRBE. Babeon R RBSERY W M O 0
(110) ptessietionTEM imqgicdsfcthe NaHT MBI FiguFe 309, Hi2(inteelspe alistaeleyof the layeredot ed

that the interlayer djstance neasured fromthe TEM e | | | er than
that obtt 8%%8‘%%’149% tis AcrPR g P Tothfhat themarAhgloty fiéﬁ@oﬁhsynﬂﬂe
dehydr afj 5,% otd)t@%nﬁaﬁ%%ogerbw o Rgiga\ﬂ@;uam% ThRQlispe@ hs@fiydri on.

Figure 10 shows (a) TEM 20 and M i mages of e nano-fl akes
st r uct udistanée fon&-FMR\S. IOWﬁeallﬁlm toy D& not (Flgnm SPﬂdak@éHMWﬁnﬂlﬁelﬁl"glﬂr heg(f)

and Figure. 10 reva t hat he|n|V|duaI congi st of ds on
the 11 abtefu sty Mhstigh-<he Suiel i s antf PR R ThBhad off PEF REF 038
nangs f | @dkeinithe mﬂm(&rwa%awsmed ' Figire (P! ThescCere viludsycoarapaiiotesthe
structures at the ends | e 6: Formation mechani sm 25 [0094] To

under stsmamghef fthe n@ppbn%ﬁﬂlécé@@ GPBI Hanpssof PEdemdopBeeits AYa:Hex 1ieQs-Ha®r i ed
out on u%lg ROVHSES Iﬁi'whet Beriler Althn YR RERdH R thet ]ﬁl(/ﬁﬁx‘ra%% iesdiegat i on
tines. hol ogi ca evol utioh processes wth tine are shéwn in Figure
11 and fhaxtiae ob&u’redsﬁmntthe/&m nfeagueraerit] This elekFagaMipcatsed by tiof dd:liydratxon

nmor phol o change . of Wt h rocess

(e Pr 16 e Samplds i ystighrvacpy dRiRg e EM hierdsfionckigfiee M shosis @M each
conglj ti gHu G METEM IMafaAsH tilé ﬁgﬁd ﬂﬁke‘é'sﬁ'\%tﬁfe dftfe SRTRISS AR pRineRli@W b€ ndrd-ar e
FESEM pi ctures of the norphol ogi; ch an e of the nanoporous TiO2 on Ti foil

(a, b) Dakesshoys, mdFlgy)re (R and regeath ihat(ine paividah Galspncorsst af 20

mn undgr _a.cu 2 3PCT/ 14,00 f
Acm 2, t%ﬂ%refl %fes of ﬂ\é\gplz ]P(“Pé‘ : m-?] %5%% aérne ‘ﬁ%ﬁuzlo%ﬂﬁg); Irt#‘ |aglatf?a(1)(§
mcr ogr@mhfst19fcr3tsthe1uﬁaedvﬁntmbré@gw@ﬁmt;yamo B shiudtur@cit anrgdmds.i n (c), (0, (i)
respectlve%f/ The inset images of (Q) and (j) are the magnification of
tr| angl & i nkxample\6: Roymation;meghanisoy| |y The dependence of anodic
ge i a of

PR DI g P R AT iSRG et bl e TSP G B O B S
rm rp h ol egyorebothutlieopowders hzmd/ntlianyI' 70| |surfE¢eg after dB’fereFat ganodlzaﬁorartmleiEMhe rrag es
of (a, ) wd rs sanples taken at 2 d 20 7in er a
current%iﬁag?gioﬁy:(‘lg VB“S“’E\ RREFStSe S Mo L5 S}fﬂ"ghr”é 1ERES 1 %&j&gﬂ'ﬁ\‘ﬂ lfage
of the g @;I&e%ﬁ{/a Figfre! M Fr@ UESEM (Sibturdsh6t Eﬁé“iﬁbrﬁﬁ&l&éﬁrdh%esﬂeclflﬂg {(ithgur e
14) are al so prow ded to understand the crystal StruCture evolution with
10pr oceproresgingitimee. (0D minhée dhe mipatek MHi0swimar(gehdbaming (i, tih@0grindd heay er

's ; o n&gora rr}lcr:]rggr%lpﬁcl;l I’e(a)11:1¥t & adh %clcl)r(ljI %hév% Elgfhar%ggrylhcatlon 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, €) 2 min; (f, g, h) 5 min; (i, j, k) 10 min; (1, m, n) 20 min under a current



[ 0096] Anode: Ti+ 40H'" - 4e -> Ti02. 2H20Equation (5) [ 0097] Then the

| ayer is electrically broken down and spalled into the solution at

rel ati velwokbiihitgisavol t age el ectrol yzi ng oxi dati on processisGmmmbécaneousl y,
a rapid evolution of hydrogen in the formof strong bubbling occurs at the
cathode via: [0098] Cathode: 211+ + 2e0H2 inEquation (6) [0099] This

el ectrochem cal spark di scharge spallation (ESDS) process induces the

format | Bihsfl o ¥SLAhLReTIl Ghaly BT &) WLIIAN G S ik 908 Rl itabdificd 5!

exothermc eat 0 caused e Vi oro
suppor t micrbgraplscof eleu;leteBtedfreglbﬁs Bacinlesgpndctectanglh amfc), mt)F (iy wesped vely] Hhebands

| ocated. at 144, 198, 398 51 , 640 t he, preci ti col.l ected from
the sol WEFigMages ‘btﬁ@) P'B‘? gh %W@Oﬁtf@egbepladwgee 5315‘6‘831)6‘? iyifuallyat ase
(Fi gur eTﬁélél?ae nd&tc@o'f‘)mo@@doﬁ%% aFnWQhé( §dlﬁt§ﬁ§teﬂ‘ﬂ£€ﬁtﬂb HidNERS atoz{ ctréde damitgnd.

0.46 nm correspond to the spacing of the and (002) planes of anatase
Ti O aref QI5sA abéevaseshowm ﬁl ElgueeZ!S AtBi(tm)nally,t a\msembﬁdlevpdwdctramomhglogy

Phe” pr etietgitart Boshonnefe TEM 3f e THohiRe 57 Re M pltbes BBl TonRl
the pre SSoPe a n rEs
por osi t Yo ddre sHnfpldsiaRen atf J0LRd ié(ﬁﬁﬂ uhdbr)a culehiddns#Pof 0. BQ\ ey Sés%lectW}UCt ure

of the Frem pitates chan es from anat ase (Figure 14(a), 2 mn) to m xed

anat ase tgureﬁétbé i FHRIEM dmpgg of theselertayl agpaon Higwre 136 The RamanaeaterPEgur e
14(a), %e@?&ag ) Fl fg r Ca%rgills%t ﬁri ?fe%ietr sﬁr?cﬁ didhd' { ea&ggtgl cl[tﬁre?’gvo'hﬂm ' &ith! hat

t he spa |cIe werel Anat Ase n becane rutlle
af tier a@auéss&gmnmlt es. On the other hand, the surface Iayer left on the Ti
foil consists of anatase and rutile in the initial stage (Fi gure 14(b), 2
to 5 nmi WP ahd MlgﬂéléessRaﬁk diseharge Sartss the pxide layggis formed at the electr olyte/oxide’
2011/ llglgéﬁlg%{ 2532011/ 000091 21 [00100] When the el ectrolyte tenperature

i ncreases e hydrothermal reaction of the spalled Ti Q2 particles begins.
The ter[r0096},/drAhbuﬁar'ﬂhH-40He-4en=&yTiﬂz XHvOr ¢ appropri ate telEguutordéycri be the

reactio t C |t|on t.he ne t hat. of )
v ot naogEl + et hg fver Btacktica Broieh ivman SRl o dBe i Bliot Blativy
The s eaﬁl%h%lt@%eséleétﬂﬁf‘ﬁﬁé okltienofn Faeqh Sireanas1y; rayepal evehitioat oy defgehhe
spal l ed partic The reaction Fakes place in sol ution based on'the

fol | owi mgheéuetqf@ﬁongbm&mg@wr@zt eZAIoHE Via: Na2Ti 205. H20Equati on (7)

[ 00102] g e d Raman bands | ocated ne 80, 389,
447, 70[\>DIOBSEd gﬁ% ?‘TBE EthiO@ the titanate structure ?rg#‘%é%, gﬁter
anodi zaf0009] f oThigbeluétrothtmical nsparkt dischdrfe Topatstidma(BSDBE nprocest hiadsaesethed t h
prol ong treatnment duyration up to 20 .m nutes g titanat

d t
for mat i %ﬁm@'é?ﬁ)@f sryaling Tigly stryetyre, grhigh ds ﬁe%&taec{] gyei}ar ' nekogsTigIc ﬁfﬂtch
agrRes Wukdh By evagbibds ggﬁpaéﬁﬁrg@hﬁﬁqs suptriell b therebiifs W AhERhman shiat i on

has resulted 1 n the sph lite type of titanate particles consisting of
radi at i shgwmamdEighek s . Thédaanéxanpteé attldd, 198, 3ABaS 1A, éﬂ@m'tteftlnlelptr@clmlﬁtlgur e

13(a)) f as tr nsf or e s 15

st ruct u?ogfﬁﬁegtfoﬁ%ﬁﬁf %zfp @‘ %%FS%S%VCJB%E 0% anaase
hydr ot harigidel 14¢5), Qeﬁﬁ) Iaﬁﬂl theAvol ﬂaﬁgéﬁaﬁh ucstar@émmsis nfndrv. Wﬁxﬁ':‘cbrreidwd
retrieved particles al nost COEB| etely consi st ‘of nano-fl akes (Fi gure

13( d) ) . tol thegaaciag o6 thsp Uy and (hed) plaeestfcanatise dilPe a8 alse @é’ﬁW@‘bt‘eglg“l‘e »
o1 o0t bt oHF abRackd R Bt cl oot niholcif, RN ERYTBytn MRUCET S
decr easeuterd layéleoﬂlhe@i@iqmmes 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.



20 thickness of the TiQ2 |ayer in the heated solution where the voltage
applied to the dielectric layer (= 1.Ra/e) decreases. The applied voltage
curve congloebadiiats30.5 A cm 2 decreases to a steady statreTisG2ii1guest 3(a)

| argel y because of the decrease of the dielectric |ayer voltage. [00103] A
| ayer of crystalline TiO2 was forned @1 the Ti foil surface. Its norphol ogy
evol ved as shown in Figure 12. As a result of the spark discharge, the
dense opy | a S LSSO i e’nﬁﬁl | ' rface
becorreswro gg%]h ewv‘&“tzﬁ’ et %lgn%t.myb\tteorr%arﬁ@@}c? E‘%rg{]ﬁg%h%éhlrtyeﬁa?’ ?‘%ﬂl S ov\rgéaicﬁg% LHn}q"u?rll:lf!r ous
cracks sgmllpbT#3, particed beginsd Thetdrine ‘hyidrathermml-dike T aozy HeFd oporeapppgpriatd . As
the reactijon. progresses, the ingrease in tenperature resulted i

hece! or SR RSB, OrREDrare Gt SO P SRgTe e P ey
Struct Ufeg&tiod foi 8xakhple Ui Bfaf a(IihM Pr&sdré(is)not Niskd. Bhde&ctiBE alkb Fhahgokehhel S
continually broken into the solution due to 30 the spark discharge, the

sur fSac emprphelogyl and yesystal strustues affthe spalled patticlesf BhareedctiintakesTlage infsehutions not
enough tirg;g far He chem'ccé;al. reaction between the Ti Q2 and t he NaCH

sol uti off® O%@Eeuttp W METE2L Pt ace of the Ti foil. As a result, no titanate
phase wa®1QUNAT) + IRaOH SUNGAG0;s . \WDR011/ 112153PCT/ S0 ELLRREWEDH 22

(Figure 14(b)). The increase of the discharge tenperature on the Ti foil

sur f acel004€2]pr bnligure 14(@), theibroad Ramen bands lossed pearH88 284338447, ¢95:1a8¢ er

; t e Th . .

| ayor RSO Belbtt o fre ol CRRRRLS Myl ahbaiblifon) £ BhodENDs BthUBES
m nlt esThesartdnd$ eemaihi the capet with Yiroloaged ereatheng darationpipete29 minuteast The

titania 5 later (10 to.30 m nutes).. The crystalline phase of S ed
par t i cl $&ing (AR Ormatian, RIPSEARRE R &hq ?S?l@‘ef%/fbﬂﬁ(%“ﬁ.to %ésaﬁ?w@ dhecabRichr ence
in the aﬁr@éstwiﬁgPﬁbmyq drtdddnhids. THeaRIRithhitd RahSoRhARS HaQrdRad ifth

reactionm with hligh concentration sodi um hydroxide (Figure 14(a)). Thee
r esul t ssphemiliten typgr e titnatevparticlpy egnsistingr efpradiating hzano efldkes oF grmexapipde, othe

titania.(anatase, rutile..broaokite,.or phou an be_.transforned to the
{1 t anacdefAdBR SR ie (RIS TP et ah ! PRt FROGISHTE prb BERube o

t hej sex Psphefility thudh@e Ulitts nadflak& RORY Himfted(Kigake 13(0))f dilen®d!the hydmettamas m of
the hierarchical titanate mcro theruI ite in the solution and Ti Q2 nano

sheet slikereadiion. s thaweadtionspspeeeds 30mimutes), ithe wtfagyed pasticlas gilmest completely of
el ectrochem cal [ d r - | | qagGli L rat ed
in Fi gu(%glgl ?)?I %ﬁl{g ?1%4@% r@ﬁg@?a}g&;ﬁy){ ;ﬁ hgga{?kgng%%‘re%ﬁ%{egg% iﬁraglﬁ gfi?% é’gi um
sur f aceprecipimites decréayess the rédctianipeodebds, as sdvemn bl Yhdh FESKM thaages ofigewdérke

oo oo ot et S N5 S B o B s SR B °

(Figur ehicRhésh)o fARE TREMal &8 ané ke ?ofhl-tl((rfi%vhé&)the vbkqﬁ}esap%hé@fd/ﬁ? diigétrit he

titania particles possess porous surface features. is"would facilitate

rapi d rlepert(FdnRu) decresres. NE@HppbiedivhIbage ourve penduated at iOrfeA emimdeaagses bkl
m Cr o-

steady state in Figlire 3(a) largely because of the decrease of the dielectric layer voltage.

[00103] A layer of crystalline TiO; was formed on the Ti foil surface. Its fnorpholo'gy .

evolved as shown in Figure 12. As a result of the spatk discharge, the dense dxijde-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 temperaturelresulted in
accelerated anodic dissolving Ti0, films and the formation of nanosheet structures on the Ti
surface (Figure 12(i)~(n)). Since the TiO; layer is continually broken into the solution due to

30 the spark discharge, the surface layer always consists of the freshly formed TiO,. Thus there

is not enough time for the chemical reaction between the TiO, 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



20 pores (Figure 12(c)-(e)) are formed on Ti foil surface. In the second
stage (Il), at a relatively high solution tenperature (60 C, 5 mn), the
por ous spaibl2ed/parsBi cles readily react with the heated RaGidGebamvowiyte to
formthe titanate particles (Figure 14(a), 5to 20 mn) in stage (I1)-(a),
and the hierarchical porous structure 22Figure 13(c)) is gradually derived
fromthe titania precipitate (Figure 13(a)). The formation of TM5S is very
fast be gh
torper at PR AP PR e RE sl € R R T B o Rttty

di scharthe plase canterrhaval of elwpmmiuﬁdeTt(b lagarc fiopeunatade tohoudeanbhe<Baman (K) .

Such di t ch d t thods foy tit
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titanate particles has been reported: However, the surface area (about
224 P lgtet (10vds 30omimutash ahhe nlafsta&imearhae@ OIﬁyheasnﬂélpﬂ cml‘t@ﬁflest ﬁ)élomeésrbmsame

i nventi on and tion t ook .days. to cor Iete sta the
i o opoteBuctith (FFfr P Dol Yiffed o i el Sk e BE el the o

st r uct UfitandtEpBase Forha dfler rBActiod with Kigh Ud)ﬁcent\‘ﬁoz&balulrl RIE3RIGE/(Bigadd 14@@))091
23 of dissolution in the high concentration alkaline solution. This is the

first rBhoresulihaie iBragsecanent pathrproyioys Aerctscthat all pglymaaphy ohtifapin Gparsed
vol t age

oxi dat St BB b o EEREE B IR ER ) 8 Gyt LRI BBl

di feer eqindftionsn al | known approaches to form5 titanate nano structures. A
uni que tage of the cyurrent nethod lies in its hi ut at a
si npl e i R3Sl é{“?rr?é‘Perb‘f“"itgle“'rsB}s%r{te‘a Restviid tﬁe'qﬂ?ergrm&lﬂn

| onger ﬁé&ﬁﬁﬁﬁi 58 tHe! Hsrar&h@al rtﬁﬁﬁ&é Hﬂcr&;ﬂx'eﬂﬂ{?é it iR SOEAGD nd HiBL HartRBedd- 10
to 0.15 g TMs per cn? of fo nly m nutes processing at a

cur r entsteishisé oy thé To f&l AmlfimCZIS tfﬁh)@lgb ra(ﬁmc}lgls@n effeel df elgeirgrhe spalkitighed up
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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(5)) 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
(IT)-(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 ihe spalled

25  particles can be heated up to extremely high temperature by the spark discharge. AIt has been
reported that the spark diSchar‘ge 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 m’ g') 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



10 specific surface area of HTMS clearly exceeds any reported val ues of
hydrogen titanate naterials (e.g., nano-tubes, wires, etc.) prepared by
hydr ot herwsl2onetibed t hus far. [00106] Exanple 7: Eval uaticescabiitobeot
adsorption properties [00107] Materials with |layered crystal structures,
such as titanates and ni obates, could23e used as adsorbents or catal ysts
for the renpval of organic and inorganic pollutants in waste 15 water. Very
recent | g qisQ8uddh i (RO 3ih "BACriaER SaRithe NGRS OPhis NOWRE F4E FLAGH khat
adsorption of organi c nofecul es and radi oactive toxic nmetal ions. Divalent
| ead ( Rhystalliaedi0f ndrosheeeisafosmed htad lovaesplie evoitegt (adamd Giony) edripareds toothe human
heal th, can cause damage to the centyal ryaus system and dysfunction to

t he ki ﬁ@?@%&hWﬁWM%FéWt‘ﬂﬁﬁ@tﬁgagé& especial ly for children. 20
[00108] [oﬁfoﬂ“ AR RoRe@ sy APt SHheH i@tk GRIFRR alll BSowAS apProatHsdo form

m cro-scal e '3D- TM5 'was eVal uated for adsorption of toxic heavy netal ions
Pb" Sandtitamdttphmoseruttuces. ANBlquesadventage o bihganitentdypethpd liehian tehighitbrouglapuit ry .

For conparison, trititanate m.cro-particle (T Vi yrosynsis,, t.itanate
nanowi r ?Tﬁwleaﬁ’a"blenn% SfEPe ";?Hf‘?oﬂ?gg o(fﬁiﬁ') regg}y%? Hﬂ}%ﬁ%‘ighéerq?‘?éfa Theh olglté%egv\er e
al so prgpassmlg tid. ThEesRtisRyRIEST thelcuirbet MRS Waé 0N 0 PErS STENMSSpaicen’ Wift hout
25 acid washing. [00109] The experinental condition ang norphaol ogy of the

pr epar ebi foNHor 8 meingiRy processitgRhg dqurer dpnpity a¥60.5 A gar eThepraductipenyi¢ldages

of (a) titanate napatule . . i t | y
nycr ot HeP iR SRR P ndishing (ol 00 oGerBANRNY Y inf e BBUPENRY
C fir 4spebificesipRcd iaveal of H(TYSNeledrly3 excesils any peporied| valies \T) hyaldo gopntitanate z ed
via a high tenperature solid-state route wth {lhe i xture of_ comrerci al

Ti (2 anaeigsals 4ng., Repcobenvitssoete) Prpated by hydepthermabpethod usrian g7

m cro- W&l CrkalYble 7: Tovafulati 25,307 mcro-particle (TMP)
in (c)%bg/%ﬂz quible 7: Fyaly S _ 00 l:’ Figure 17 and Figure 18
i |1 ust r[@0&01]heMatsialspyitio tayesadf aystahstestwes, dutl ey ttanatgs sod bénbatesf equldBeand

Pb" in agyeous solutions. Fiqure 17 ar aphs shpw n a sorption MB
(20 ppnl.}s @Sﬁa Or ?Ptsl'm??at %%\F%,e Temgv I\S%.r or uz Bxﬁ%no?'%ns%éolﬁﬁ?xﬁ? ﬁ} wag{e
congent aet. Werd fredehfly, VRe 10)-t#ah 8 raRfiKer{ BRITharictuBel §h6WBE exdellaht a3optioh hat
at different 5 intervals during the adsorption. l?wlson of the

iring the ption. (b) Co
absor ptoforgapie moleculss and gadignosige teie metal donsp Pivabent deayt (%E Jopae ghthegngtals 12 h
adsor ptjion,and..i n e hrese n
adsor betlr}fg t ngelﬂ{enﬁl?)gaﬁﬁmﬁ%% %gff—"g‘% hoyvgﬁ%l%alg ecago%lljltl %Vgﬁmggﬁ'eg?qggg%m rlom
| eft t onerv@ldt systdh ain@ dgsiarcpibh an, thEMddndyNVindT Mimmind sidBm bif dumean] Beingsyws
conpari son _gl_rbz%hs of (a) adsorption rate and (b) adsorption isotherns of
Pb" i on&Pgga T chigdreRyy TNT and TMS. Co (120.5 ng L-1) is the initial Pb"
congent ol h@n. i4134| lpfab RS- Y@leS3 NS Gvak h e
tengtbfcJ [@gtﬂ% %ﬁgggg%rﬁrgggggg{%%%él%ﬁgtgﬁd{sﬂﬁ%%Pﬁag{eges%ﬁ{wyth hi gh renoval
capaci tgvahrnatedafis adwirptom afaoxic btawBmethpas &b tapd Tigdlrylangtblue MBY)2 cotmBoBan
renove 75%.MB fromthe solutign in 5 mn (Figure 17(a), Figure fter
12 h, iR YE: B the tEptige d‘t‘ﬁ@" I\]/%rl%o"f e nﬁa(ngse) ."2“?{) 'Ragtlilcé%t(ﬂi%ﬁlaﬁ)ev ?t hat
1.0 ¢ H&RIRA! @fanhMS naddwike MIXRVRLAU! tiddfie 2ndBni¥8 (THD) dylai Rydrbteineal 22,
Fi gure Z0) "based on experinental saturate sorption capacity. The sorption
capaci tapposachvgere glso| prgpareds Alhthpse semples toretheadsephom grpRyraeshate: yithQt
ti tﬁnatg:iT‘l)\VI]; ]ﬁgz 2 ng g-1, Table 1 in Figure 22) and nuch higher than the
ones by the ‘"and TNW The renoval capacity was significantly higher than
what wa®01 egor Thsledperim@nfaDedriditicrr aid matphology 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 TiO, powders in 10
M NaOH at 130 and 170 °C for 48 h respectively; (c) Na,Ti;O; micro-particle (TMP)

30 synthesized via a high temperature solid-state route with the mixture of commercial TiO,
anatase and Na,CO; at 900 °C for 24 h; (d) FESEM of Na, Ti307 micro-particle (TMP) in (c);
(e) XRD data of Na, Ti;O; micro-particle (TMP) in (c). s |



20 titanate spheres. The TMS al so shows excel |l ent adsorption perfornmance of
Pb" ions (Figure 18). Simlar to the adsorption rate of MB, the adsorption
of Pb" orWO2INB12&8 t he fastest. The TMS was abl e to reROTSGROIT/0DOM t he
solution al nost conpletely in less than 10 m n, as evidenced by the
concentration decrease from 120.5 ng R4-1 (Co) to less than 0.5 ng L-1 at
roomtenperature (Figure 18(a)). In addition, the as-prepared TMS possesses

excel | eb1 7R FOti708n¢ qagﬂet 1§ SilQétrde®!thé WHESption - peFdEmMARS aFUdFREH at i on
capaci ties based on the isqfhermcurves in Figure 18P( b) are 0.56 mmol g-1
for TMRydserbertsnfen| M 2nd ofb Tis,aq2ec88 splusiong. Figune TRTarangraphss showing| (a)- 1

for T i tanat r i al | e | NnH 22) 3 s achty .of. i's
ar cat or M5OI Befh 30 SHDCG T CRIM SR8k, T SRR & aRunt it
TNW .  [&RddntiatibR raToshe WIB BSlufi6d fagd r@"(?pmiiﬁ@ MBe tcbBcenGifion YiaBatoft diffependt e in
MB and Pb" 30 adsorption, it is postulated that the adsorption nmechani sns

ar e 5di finterealy duringsthegdsarptien. (bngomparisee odithe ehserntion;spestracoiibe MR selutigppy a|
capacit i i ani.c s 4 1 at.] r bent
onh e Rmti 30 P bABHEal fcrt 2% &Gfikiof i ind BecnaB B HRAF, T0fy, A4gET OO
2011/ 11:28593NASTT iGNt 9P addibend isvidr mg yandpheto gfgile show mgtthaso latimsed@neat  of
the TNT_ in different val ues was perforned (Figure a and, t heir
correspBeM8i K8 fudishbt f’)‘gﬂ’se a@soawlqnmfwéi cefmjrgﬂdoﬂ%ié' Bﬂ‘ﬁﬁrﬂ%&%’? ution

are s howarﬁ;aﬁs(ﬁ{ gﬁgﬁs 8%64?%@5&9&01{1{@@%% (BYB 516 € TOVRImO 6 € P68 idis ByHrAd to

10 when the tit te s ace 1I's nost 1negatively ch%rged. Varying 't he

soll@ i CANWH ENTeand TTM®. Eoad0r5pmigoh ) tihaghe indml b ycdnicenttationB andis©rtpei on
when pH = 1 (FEigu 1(b)). Therefore, all the other adsorption performance
of ti ta‘?‘?&f‘g‘té?ﬂgf‘{‘ifér%@?%%g}’ﬂ%{hﬁtte H 9.5 to 10. The data in Table 1 of
Fi gur e (981 FIY09RSS ad-PRipatdde3DAPMISPEtaRTy SRBRE bEt Wﬂﬁflﬁ%ﬁ&ém&bzil%dpﬁ@ify_eaﬁd ng
surface area. It waS suggested that MB nol ecul es m ght be trapped into the

i nt er | sadserptipa cate of M sompared 40 I NV, ERAhamgT ME- M, camrsmenye; Brvs MBidigager |

si nce [ [ I (I n e C ange
woul d g{ﬁfﬁ&b‘@%‘{ﬁ?‘{ g?mgir@g&gelgfa)t E‘eé"gagl 9 ?'c ttéersur ali:g(grnbgﬁeﬁ}éf%@e\%?%@t he
MB 18ds qiFphire 1 7¢h)).aktiis ystintatéd ghat ¥.0se aspiepared tMS van seméacaboat 236.2 TieMB or e
TMS sanple with_the hierarchi g?aplS por ous st r,uct%&e as descr.i bed earl%ﬁr

gi ves r(lablei o Figureqtr digwre 20sbaspd i08reXPSTIBICRIRY SAYAT SYRPUPRCARACEY-1 7 DG ng
Tabl e 1, Rid5l T h | i tihARGhAS TIST
o T AR e S R e T A L LN
i .e. tHE3PB"'mggtl, Batde l aplFigwret22) apd otushigher Kaen the aneshley thel TMRiand TNWet i on:
[00114]. . xPbH + /1/2"Ti . "0.4-2. 4-+ (Pb . .

- 2n- 2T iEmoNal Spagiy e sepiealy h%ﬁfr)a@% Whekyvar sererist 4 SRPEe A hange
capac titaf & Spliere¥D ThRTM Matsh ishanab kel ddkémriah perfedneincabf PB" vk Figure
depended on the exchangeable sites in the adsor _ePnrH. It _was found that the

exchangt®)28imilas de ithg adsoggtionyete of \MBathe adsprpiier ofifbn ot Tdbyias dbg Bsteplut -t he
one for i I I T ' i on
por t or rHisc M5 oI gmo WYBE EIAME schufiln bl Soribrely HipRRHn RERGLAL

hi nder sevideacahby e ehifcbutsition ddurehsegfrdinel 2 hpnige' (@ poekss thas Ghownli' mt
Figure 16, the particgl.e si of the TWMP i s around mm | n conpari son,
e TNEOSHPeRIs (FIgu1en ] §endp: Fdkes Do Bepares TR PR erieR Ao ibus
StIMCt WaGodnfibh badaRitRS of PE" %‘if&éﬁ.%at&%ﬁﬁﬁo&é&fa@i@wg@s@@ oh@WdBothbRer of

exchangea%rlfpe sites. [8011.6] n addilti on to the m)rphpl ogi cal reason, the
cryst al custastio tRigwrent8(bhhse). p6 ayncdrg r foir NP, 2.4& mielg pfarokMBe2 68mmoakg. The

TWP Ti.307 hesi.zed_ by hi,gh t t lid st at tion has
ai'r t or ot TRE A B BRGRIE AN et Ryt G PR HaeRte I Cfc pitfetd° °
processof TMS id gfremf tHAR T MIP ah@ 06 8pdraBik wiaH the N Dexdabangeurs dikdaiel (TN, G WiD!
g-1, which is Tower 30 than the one for TM5 (Na2_xHTi 205, 9.05 mmol gz1).

Ther ef d08112]heCemparinge ther perfarmaneen amenpg hefour types @f ditanate imMBaad Phet or s

part: Q168G Ao uShg Yt AR B pBltG A She o BiokARR thintoPhesbitig T

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



26 [00117] Conpared with the titanate TMP, TNWand TNT, the TMS has the
fastest adsorption rate which is clearly related to its high surface area.
Ther ef or ewoi2b11i2tsBe nost efficient adsorbent in terns etTsonetijooski netics
for renoval of the MB organic dye and Pb" heavy netal ions from

contam nated water. In addition, as thg size of the TM5 sanple is of 5 the
order of m'cro netres, the particles w ll not easily agglonerate. The

recover e used [ . j 0, From
b act Tty o RSBl sicafigblels obhel BT iRREtent BAMIRACREY phfiniien Y 0
present (Flguﬂmjll(ﬂ)) aﬁﬂﬂﬁenemrfesporaimg sRbrgiduaof agitial corcentratién pf 20 pmhiMB and
operatlon cost. A wi de range_of ,Ellcatlonsfor this type of ri Isin
phot o celutignsare BAwnJpckigyre 2lblg %\H@h@té%geﬁifeeﬁn"fvﬁhef"f‘ﬁﬁéﬁ pﬁf,%g IOar ge

surf acewﬁélgﬁ}ga{r}@{l%@?m@é i@hobSn @@l&l%ﬂgﬁﬁ?\%@@é W2 I3k ?ﬁ@f@e]ci!s/ 9&0091

27 d ai ns manuf act |nglay al oxide particles,
met ffod adsoyption] thgre wpd aeryriitla Mitadsorptier whedpHi 1 1a(Figrre 21(b))y Tcrefaral all

appl ying an electri.cal- voltage to.the el ectrode, erei.n. t t
el ect r ot QiR AdseTREOD PEHRL ei"cfr‘m‘?terrﬁl‘%“a[ﬁx‘i"ﬁfe YT ot p?_ﬁgrgetpai& rofe
surf acegaiiieebR It HEF %}Iﬁgtm' Subesy Phdt FEaRBRItIoALabicifyl BBRAsdsNAh trdtfeasing

br eakdown vol t age of rreta oxi de, thereby breaking down the nmetal oxide
| ayer fsirfacd ama. ltheasciuggestestithat VB modechiles anight be trmedem@athf: ilgtedayer Kpacer eact

1 S B TR SSr L B BobE, e PR ShBrag B,
el eny r oAt dxpedied YIRL Rueb anlexctanye WdulOOnlY.octb3at lites lﬂieﬁlhl(hé pagds slirfiges.dncl ai m
2, wherein the electrical voltage applied to the
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 éapacity(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] xPb" + M3, TinOns2m <> (Pb)xMy.2:TimOpizm+ 2xM"; M = [H, Na] Equation (8)
[00115] The cation exchange capacity (CEC = molnan/Muwtinate)) 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 m 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 exchangeéble sites. - . |
[00116] In addition to the morphological reason, the crystal structure may also play an role
in the adsorption performance. The TMP. (Na,Ti;07) 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, which is lower
30 than the one for TMS (Nay.HxT1:0s, 9.05 mmol g"). 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. -



el ectrode is between about 25 Vto 50 V. 4. The nethod according to any one
of clains 1 to 3, wherein the electrical voltage applied to the el ectrode
gener at eswe 20urmens density of between about 0.1 A cm 2pte/stQoid®dooonm 2. 5.
The met hod according to claim'4, wherein the electrical voltage applied to
the el ectrode generates a current denspgy of between about 0.1 Acm2 to 2
A cm2. 25 6. The nethod according to any one of claims 1 to5 wherein the
met hod r o to
about 2B 7 Coltpdte Fen S iby PIPACH UhE Bery BTG W e el

t he et hdsdrptidnCaite ueﬁthoist claetrlyarqlutaswme h)gh atndade drelnaThdrefoed)dutis flieOmbstr . 30

8. The net hod accordl ng to claim?7 V\,her n the od is car at a
pr essur effigtent gdsorbent thgerms absorptian H‘?TS% ﬁﬁ&?f%?rg@@@‘y&mﬁ thet hod
accor di Rgh r\]'g%&tg?qlo?ﬁgroﬂ{ ﬁhﬂﬁ’tgé V&QCIB in WHETi6h, s the sist 86 iHeoT MtSesa'nﬁJl& ansol e

reacti metal oxi forma different material having a
I ayeS edtlerordéradf micramdtrasethe mnichsawhlmdn@dmbmggkdnﬂgtet ®he retomery ofthenssdn t he
el ectrol te|s§ a eilousslutlon of. The.net hod
[

accor di RiJtiFlss @i Nl RaRaPAfigles. |Parﬂlé‘t %Pragﬁ?aﬁl apgla“sai’%@f’gﬁ Q?VJ)‘?W 't he
10gr oupHzOfiikizBd ™S SRl Mg hﬁbdﬂh@?r%nt RAVAGSH Wb NefyRXd QRar il vaap® in

hydr oxi de, "caesi um hydr oxi de,” rubi di um hydr oxi de and m xtures thereof. 12.
The met teoais aﬁpmddctmgl and opesation eosthcw@i: mnge o applicatignsifer this type ebmeterilsat i on

of the aI khotoca y51s ans energlysst(l?reatg\e’:ve R c"éflenjt Mlét%ngﬁg%d %Qrgk/lsurface area are

10  essential is expected.




15 13. The nethod according to claim 12, wherein the concentration of the
al kali metal salt is between about 5 Mto about 10 M 14. The met hod
accor di ngvoeool@abcssl, wherein the netal is one sel ect edprtrsmihmogooup
20consi sting of titanium zirconium hafnium vanadium niobium tantalum
manganese and alloys thereof. 15. The 2vet hod according to claim 14, wherein
the nmetal is titanium 2516. The nethod according to claim15, wherein the
netal oxide particle conprises Ti'OZ.dﬁzthe met hod according to claim 16,
wherein the |ayered netal oxide particle conprises titanate. WO

2011/ 112153PCT/ SG2011/ 000091 29 19. The net hod according to any one of

claiml to 1 eLn t max Si 0 he | a net al. oxi de

particl b is gé??\lf:g%‘i] m@e‘ﬁ gn[ra?rsreg *ﬂ] ggp&ﬁxél %%ﬁhafgmaﬂﬁﬁgto any
one of claim1piRink% mmga@étpodehﬁah@k@{rgg,témﬁgl oxi de 5particle conprises
pores having an aveéerage pore size of. between about 2 nmto about 500 nm -

21. 5The net hvd aaplo/mgohrnqecttucdmclteg@tootﬂle@ﬂ@;tmdi whereio thevmstalietectrpde faxper ed

nmet al oxi de particl as. a BET urf e are etvvee about 10 n2 g-1to
about 500 n? gﬂl anfg gﬁ%%%% H‘aj o i lf’% cfi wherein the

l gyer egoge;iz awh&zfmd@aeraédm@dl evohtage appied ﬁuﬁgmethaf (3 Bxfeahﬁiwwe@hefgla%ﬂ thd00 to
about -
mgtal 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

10 metal oxide perticles.

2. The method according to claim 1, wherein the electrical voltage applied to the

electrode is between about 25 V to 100 V.. |

15 3. 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?to 10

20 A cm™.

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?to 2 Acm?.

25 6. The method according to any one of claims 1 to 5 wherein the method is carrled 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.



23. The nethod according to any one of claiml1 to 22, wherein the | ayered
nmet al oxi de 15particle conprises at |east one |layer of a different

mat er i al .w@4o11The1saet hod according to claim23, wherei nPChsGotienéayer

di stance is between about 0.5 nmto about 5 nm 20 25. A | ayered netal oxide
particle manufactured by the nmethod acz®rding to any one of clainms 1 to 24.
26. A nmet hod of manufacturing a crystalline netal oxide nanosheet or a
crystalline netal oxide nanoribbon, the method conprising: 25 placing a
netal electrode in an electrolyte; | ying an el ectrical voltage and
current9to tHhe meém@r@d@rdmra@ymmw@cﬁnmall tel&mmmtheofrltﬁﬁémtlﬁelt’amable to

f I d I
o e oy ol R e b e 56 7S RSB DR 4 D ™
oxi de | ayer épiopmd on the el ectrode surface into netal oxide partlcles,

30t hereby formng a crystalline netal oxide nanosheet or a crystalline
met &l oxi de nanoribbon on the metal el ectrode.

10. The method aécording 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
10 group 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
20 consisting of titaniuin, zirconium, hafnium, vanadium, niobium, tantalum, manganese

and alloys thereof.
15. The method according to claim 14, wherein the metal is titanium.
25 16. The method according to claim 15, wherein the metal oxide particle compriSes TiO,. -

17. The method according to claim 16, wherein the layered metal oxide particle

comprises titanate.

30 18 The method according to claim 17, wherein the layered metal oxide particle consists

of TiO; with a layer of titanate formed thereon.
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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 yum to 10 pm.

The method according to any one of claim 1 to 19, wherein the layered metal oxide
particle comprises pores having an average pore size of between about 2 nm to about

500 nm.

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 m’ g to about 500 m’ g

The method according to claim 21, wherein the layered metal oxide particle has a

BET surface area of between about 300 to about 500 m’ g'].

- The method according to any one of claim 1 to 22, wherein the layered metal oxide

particle comprises at least one layer of a different material.

The method according to claim 23, wherein the interlayer distance is between about

0.5 nm to about 5 nm.

A layered metal oxide particle manufactured by the method according to any one of

claims 1 to 24.

A method of manufacturing a crystalline metal oxide nanosheet or a crystalline metal
oxide nanoribbon, the method comprising:

= placing a metal electrode in an electrolyte;

= applying an electrical voltage and current té_ the electrode, wherein: the metal

electrode forms the anode, to form a metal oxide layer on the electrode Smface,

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,
thereby forming a crystalline metal oxide nanosheet or a crystalline metal oxide

nanoribbon on the metal electrode.



