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FIELD OF THE INVENTION
[0002] The present invention relates to a titanate/titania composite nanoparticle,
as well as its use and its formation. The nanoparticle has a phase each of protonated
titanate and titania, wherein these two phases are uniformly mixed in the composite

15  nanoparticle.

BACKGROUND OF THE INVENTION

[0003] Photocatalysts are a unique class of semiconductor materials that absorbs
light and catalyzes a reaction. They are currently widely studied in the area of
environment and energy applications such as solar cells, photocatalytic hydrogen

20  production (“water splitting”), waste water treatment, and chemical sensing. The current
mission for the search for an ideal photocatalyst promises to be a difficult quest. The
main requirements of these materials are that they possess appropriate electronic
structures (band gap, band energy positions) for a maximum efficiency and
productivity, be chemically stable in the application environment (accordingly non-

25 toxic), and be reprod{lcible in large quantity at low cost. It has been proven difficult to
find semiconductors that satisfy the above criteria. For example, although many metal

- chalcogenides, such as sulfides and selenides, have low band-gaps and respond to or
absorb visible light, they are easily corroded and often toxic, while the cost of
production is substantial. In contrast, metal oxide semiconductors are environmentally

30  benign, cheap to produce, and some of them are very stable in diverse environments.

However, they are wide-band gap materials in their pristine state. Even the most
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conpr om 7%? redox functionality [Mowetz, M et al., Journal of Physi cal
Chem st Ilii (2004) 108, 17269- 17273]. [0005] So far the results on netal

doping have ?(?0%2] %8 r};[lrrtﬁg I1'ecs'{1 tsr Xn rrpe(t)ah I?ioLirr}g rhg‘(;les l?een contradictory: both increase
15  and decrease of photocatalytic activity have been reported [Riishiro, R, et al., Physical
Chemistry Chemical Physics (2005) 7, 2241-2245; Fresno, F, et al., Journal of
Photochemistry and Photobiology A-Chemistry (2005) 173, 13-20; Colmenares, JC, et

al., Applied Catalysis A - General (2006) 306, 120-127]. The decrease may occur

because the dopant behaves as a recombination centre and the energy levels formed by

20  low-level doping can be discreet and lead to lower mobility of charge carriers. Up to
today, the scientific community tends to support the view that metal doping is not a
practical way to improve the catalytic activity of titanium oxide. This is not only due to
ambiguous or unpredictable performance data, but also due to corrosion problems and
prohibitive cost for some cationic dopants. Anion or non-metal doping has received

25  increasing attention in recent yéars [Serpone, 2006, supra; Asahi, R, et al, SCIENCE
(2001) 293, 269-271; Cong, Y, et al, Chemistry Letters (2006) 35, 800-801; Di
Valentin, C, et al., Chemistry of Materials (2005) 17, 6656-6665; Umebayashi, T, et al.,
Applied Physics Letters (2002) 81, 454-456; Sakthivel, S, & Kisch, H, Angewandte
Chemie Int. Ed. (2003) 42, 4908-4911; Sakthivel S, & Kisch H, Photocatalytic and

30 photoelectrochemical properties of nitrogen-doped titanium dioxide, ChemPhysChem
(2003) 4, 487-490; Tielens, F, et al., Journal of Electro-Analytical Chemistry (2005)
581, 216-223] as a promising alternative approach. Unfortunately, from a materials

processing viewpoint, it is more difficult to achieve proper (homogeneous bulk) doping
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BRIEF DESCRIPTION OF THE DRAWINGS

-

25 [0012] 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.

[0013] Figure 1 shows a UV-Vis diffuse reflectance spectroscopy showing the

extended absorption into the visible of the as-prepared composite protonated titanate /



20 conposite protonated titanate/titania nanoparticle. The nethod incl udes
form ng under basic conditions a sol. The sol contains an oxide of a single
netal . Thwe 20er@b32exi de is a titani um oxi de. The net hodpCuwsiGhern/oberob udes
heati ng the sol under sol vothermal condjtions. BRI EF DESCRI PTI ON OF THE
DRAW NGS 25[0012] The invention will be better understood with reference to

t he det diahdbas6d bPihe diiventien) PN sorEEIRdn] theGARInIEhIIP Bvaidble DBEussa
non-limting exanples and the acconpanyi ng draw ngs. [0013] Figure 1
shows aT@L(%lzé)]éﬁsfaF’L??éorP%‘?l} edeedslow dY8HYy oscopy showi ng the ext ended
absorption into . the visible of the asé%r epar ed con]zosi te ro{ onat ed

titanate / 8140 Figwae ddodapesty bedbsigrdeoiestdation phAY appaYiethyleas Blpe t he

i nventi - i t i is| Ty (P25)
oo S S ERTRA By Ayl bt QAP BN VT (7

first otedied wulgr aldd icondibéns? (blpgksquardsy | tamegldl) uandusistide dighp dgadietion

phot ocat. agl.ys | S P fsquar.es). . .Sol utd s. 5 tested
under déﬂmyectgﬂ%r% %/gﬁg‘hg%%)ag‘gﬁél ugl?{eE&Cte %t?%t%"gﬁ évs'cbs %}r?%ls Lé?dsi%]lﬂg n?}l\%ﬁ?g

i rradi atémeantfattointa tseueamEsCo by indtid lcesdentréiam geMiB2 @ppac ditierchbiaoterisis

measuregd with _C bein entration at tinme t and Co as initial

concent %ﬁ?fbipcwa%c?ﬁgﬁfmﬁh%ascha?%éE’rﬁlif‘&?aéewe?%éﬂ%rbance peak at 662 nm
was -observed crea ith tine. .[ 00 Fi qur B icts the
first order H}@gﬁggbﬁ"i%ﬁﬁﬁgpﬁ %ﬁ:ﬁ‘%ﬁé’{ﬂ?fld@ﬁéadé‘fl{’féoggé Rﬂ@%eﬁ’yf"é‘ﬁgﬁg%nt s the
degr@daivhere K @beesents the depfddddn dategur € 2C shows a graph of percentage of
phenol reduction versus tinme by synthesized photocatal yst of the invention

(circl eé and[mngwaguralzqoml ilv@(aagrabh/?fp@ﬁ@it@@@of(}ﬂ@ﬂlalr&ﬁuction versus tirﬂ@1)7] 15
Figure 3Ais_a hi resolution TEM (transm ssion el ectron m croscopy
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anatase (001) phase. The inset shows corresponding diffraction pattern.

[0019] Figure 3C depicts a high resolution transmission electron microscope

20 (HRTEM) image of an as synthesized nanoparticle. Two phases are distinguishable by
colour imaging (cf. Fig. 3D): anatase (lighter gray) and titanate (darker gray). Inset
shows diffraction pattern obtained from FFT of monoclinic titanate (weak spots) and

tetragonal anatase phases (strong spots).

[0020] Figure 3D depicts the HRTEM image of Fig. 3C with colour saturation
25 - of the darker gray channel set to zero. Accordingly, the titanate phase appears light-

coloured.

[0021] Figure 4A depicts the X-ray diffraction (XRD) of the as synthesized
composite photocatalyst. The formed material is composed of mnanocrystalline
protonated titanate H,TizO7-xH,O and anatase TiO,. Figure 4B depicts the XRD profile

30  ofthe nanoparticulate material after vacuum heat treatment. Figure 4C depicts the XRD
profile after annealing, where transformation into anatase is observed. T denotes titanate

phase whereas A denotes anatase phase.



[0020] Figure 3D depicts the HRTEMimage of Fig. 3C with colour saturation
25 of the darker gray channel set to zero. Accordingly, the titanate phase
appear s |wohbtigabxor ed. [0021] Figure 4A depicts wPog/sK20@5000296
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nanoparticle with tw distinct constituent cry phases, one titania
phase and 0“@028} PR 10Na3&s the specific surface areas of nanoparticulate material

synthesized at varying conditions of temperature and time.

15 DETAILED DESCRIPTION OF THE INVENTION

[0029] The present invention provides a composite titania/titanate nanoparticle

with two distinct constituent crystalline phases, one titania phase and one titanate phase.

The two phases afe uniformly mixed so that there are no morphologically distinct
portions such as a core, a shell, a layer or a mantle can be distinguished from the

20  residual nanoparticle. A nanoparticle of the invention thus appears morphologically
unitary. Nevertheless the nanoparticle is a composite particle in that it contains both
titania and titanate phases. Typically the nanoparticle has a crystalline titania phase and

a crystalline titanate phase. A titania phase included in a nanopatticle of the invention is

~ generally an anatase phase (anatase titania). The titanate included in the nanoparticle is

25  protonated titanate, which may in the following also be referred to as hydrogen titanate.
Generally, the protonated titanate is H,Ti307 or HyTisO;1-xH,O. The tinatate may be
present in any crystalline phase, for example, a known crystalline phase of
HyTisO11xH,0 as reported by Yang HG, & Zeng HC, Journal of American Chemical
Society (2005) 127, pages 270-278). As also explained below, the protonated titanate

30 may also have a crystalline phase with a monoclinic configuration C12/m1l. This

monoclinic configuration may have lattice parameters a= 24.931, b=3.7079, c=10.255



The two phases are uniformy mxed so that there are no norphol ogically
di stinct portions such as a core, a shell, a layer or a mantle can be
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nanoparticle is a conposite particle i that it contains both titania and
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titania). The titanate included in the nanpoparticle is 25 protonated
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titanate. Ge Iy, th t t ' i s. H2Ti £2.Ti
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cryst aldiNBa RN 888 Blantddil b8 dlhetat2Abas if @R Axidiged> Yorka nQthbicmefalsateg: HC,
Journal of Anerican Chem cal Society (2005) 127, pages 270-278). As also
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phece g, TOPEh) s 80 g g Rl gl sk aura o
2011/ 0LD3229CH, SARALAHOGORMG, 6t least about 95 %, at least about 96 %, at least about
' 97 %, at least about 98 %, at least about 99 % or at least about 99.5 % of all metals,
10  including any metal compounds such as metal oxide forms. Typically the nanoparticle
of the invention is at least essentially free of other metals than titanium. As an
illustrative example, in some embodiments a nanoparticle of the invention is at least

essentially free of barium.

[0031] As explained above, chalcogenides or doped titanium dioxide have been

15 used as photocatalysts. An alternative way to create efficient photocatalysts is to
produce composite particles, with each constituent playing a different role in the
mixture. Many researchers have explored the use of activated carbon particles as a
strong absorbent, loaded with photocatalytic TiO, (doped or non-doped). However, the
bottle neck of using activated carbon is that the respective black powders strongly

20  absorb light and block the light penetration depth in a solution, which strongly affect the
photocatalytic efficiency. These individual roles include reduction, oxidation, visible

light sensitivity, and adsorption of the intended reactants.

[0032] A nano-sized particle according to the invention has mixed phases of

protonated titanate (hydrate) and titania (in anatase form). The titanate phase may

25  further include a dopant, for example an N dopant which makes it sensitive to visible
light. The dopant can be present in any suitable amount that further improves the
photocatalytic activity or properties of the nanoparticulate composite material of the
invention. The dopant may, for example, be present, in a range from about 0.1 to about

10 % atomic percent, for example 1 %, 2%, 3% , 5%, 7%, 8% or 9 % with respect to

30 the titanate structure. The N dopant can be conveniently introduced using a
solvothermal process as described here. In this context, it is noted that anatase titania

per se is known to possess good photocatalytic activity but it is only sensitive to UV

light, as explained above. The protonated titanate phase of the composite material of the
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have bgesseddes venrkd visibledighasalsitsity. (\An720 verandt ova bragnd gee Figatle

efficien hot ocat al ysts.is to produce. co t tJ.C htheeach
const i laﬂéﬁ Peﬂ?"éfﬁl‘ﬁp%mh?# FEPBHY ngrga ' R%Pariﬁtskt% %Pvgﬂ Hﬁaér@&rr%ﬁsé%éé}glher s have
expl or gdch henigee Hbpatitd ialvednearteen ppotted| peviassly, swhichgnabsorthent ,

| oaded wi th photocatal ytic Ti 2 (doped, or ngn-doped) .. However bottl e
nedf omau@aﬁgclmﬁtbﬁtr@@l%%}ﬁuﬁéﬁk ﬁéphq‘tﬂ%ﬁ@g@%g@%@%ﬁgoﬁ|°§§Q§1p(g§%‘2§5

st rongl ight and block the light penetration depth in a

sol uti %ﬁ%@%ﬁ@é@d&%g y affect the photocatal ytic efficiency. These

i ndi vi dual rghes A RehdpERiIEOUEE iPRntioKisdRhklly of ashidimal witth ofebsitt i vi ty,
and adsorption of the’intended reactants. [0032] A nago-si ze](?j%}ﬁgréi cle
accor di2ngmtto abeiet A00amtsueh ap 480U 3@ tpFReWs! 9y dhogh MLy 19 £ £
(hydrate) and &]tapia. (i f O hanab&ytBhas o BByt 86 furt her
i ncl udé“%t %8%%%{]1,%%{38?0%}2%%%%2%&& opaon?gé\}ﬁilgh makes it sensitive to

Vi 465b! enh,i aiotit 10 en choglaout 80anm Ive abppetsEhimi to zhopt 6QinmxL-& 2hedhiAD hat

further i oves .t h hot ocat al yt i Lyl | h&ich
nanoparatbiogﬁoa’?né" %‘iﬂ%‘ﬁé@ P{neorn%f) g %I% (’)? ﬁ% héﬁqpﬁg{e‘:}?ﬁ%g%%gﬁ}é glfglj%ﬂr?f ﬁlr?ay, f or
exanpl &s abRnBSBSRNE nahdtodof angwctiboOm about 0.1 to about 10 % atomi c

percent, for exanple 1 % 2% 3% 5% 7% 8%or 9 %with respect to 30 the
titanate strigos4]rEhe Bagobitenpmphrtciniibe hymmtém @ntdognprise thedWoahasesi ng a

| vot h | pr d i bed h | hi t it . d that
A R S e e

anat asents *act
It 2pS QUab¥raf8Phadds(@hich &Y uniformly mixed with each other). See Figure 10 in this

regard. This means, one phase can be present in an amount of about 99 % with respect

to the total composition whereas the other phase is present only in an amount of 1 %. In
exemplary embodiments, the particle has a phase composition of about 10 to about 90

% protonated titanate and about 90 to 10 % titania. In other embodiments the particle

25  has a phase composition of about 25 to about 75 percent protonated titanate and about
75 to about 25 % titania, or a phase composition of about 30 to 70 % protonated titanate

| and about 70 to 30 % titania, or a phase composition of about 40 to 50 percent hydrogen
titanate and about 60 to 50 % titania. In this context, it is noted that the phase
composition can, for example, be derived from the measurement of the specific surface

30  area (BET surface area). In specific embodiments of the composite material, the titania
phase is anatase, and the protonated titanate is present as a monoclinic phase, for
example a monoclonic phase with lattice parameters a= 24.931, b=3.7079, ¢=10.255

nm and $=123.11° as described above.



|l ight, as expl ai ned above. The protonated titanate phase of the conposite
material of the WD 2011/019322PCT/ SG010/ 000296 7 invention can have a

m onocl i \wo 2bayap®d crystal structure with exceptional | pciracgeioiond2es | ayer
spaci ng (-10A). The associ ated prospect of efficient intercalation [cf.
Sasaki, T, et al., Chemistry of Materi&ls (1992) 4, 894-899 in this regard]

renders it f for the separat.i -] 14l i us

speci es such:&g;éij h%ﬂ?%%s@ﬁft\}‘ge {?E?I}té&e{,s% Pﬁyégn%?éd%gg{aggﬁgggegga%éQ

phot o- LesbsfstAAnhafis RuRatAe a0k hdtdeemiyst opérating andenvisiblHight fugntioms have
surpri si ng%l found that_a com%osit nan(?Parti cle % ti}e inve1 tvglo possesses
very gébep SQilﬁTléolaP@Wﬂ%oe%?-tf\?Wge(uﬁe, TLaMEHe; O ARy SN eylgﬁ , see

Ei 9 1)811@&2?“? REVit A ALIET Rldi@ pREtoSAABSEOAS ncad@An Geq@@ipdst atbsicas wil |

e el aborate

l'ater. Such unique properties have not been e(r?%)orted
pr e§i ousd/pr binhigitel pekperndsPintpoatahsisadecpmpesiBen WREKS|ahRAM tSRPHEMP: usef ul
for photocat al yt..c. i LA G j holk iyt ant s.
[ 00353] PN SR P ivPE hf Ot LoB0 1 bR A Ao R U o B o B o
about ZTOymahd FRiMuA Rocamlys Ussedonabout n2noparticde atiube Bpplieabde tabout 5

rimto about 120 rim, about nmto about 100 ri a I about
100 ri mﬁotgm ae ;e E{a‘é‘%ﬁ@? BB W%?ubegbmseii’gn%ﬁ%%g'alég%s rg%atr?i m or
about  LhahbpartileaBiosthadPatticdulaf @ateflll) uf thk(nvénionahnube @Ren towworabinat 30 nm
or about 40 rim_ The nanoparticle may be .of any shape, such a

nahBsphlks bighacataditen aeiivaly of H&howilipéhe superiop B%’?ﬁit“’? OR of gganﬁtaeaopart icle
of the viyllﬂ%[lg u 150 g@{h}lﬁwaiyﬁ% stRRpbine 1PHAS BendtiAampAeailaednéaboth, as | ong

as the nra an e pr ot_o_nat e_ titanat e are pr esent as two 20, separ ates
phases potibic rrarsensitizddortor yisihlex dightai A emdHusieative ) exagyde, FpgIRSRECHY®i n t hi s

d. This. , . i s 99 %
i o ¢ BEpRilE 1 PR R hraGaP AR Y B, AR coen

wthr ota osi‘tron reas t hase is present

only i nlegradainic @inpbufds duch exawiytany biwbdidi undat wisibtehlightarticl e has a
phase conposition of about 10 to about 90 % protonated titanate and about
90 150 10 % t[0036]i Grgahic mateal mvip odbidogisalt metefal cdnche do®nippsed uphgs e

conposi tion of out 25 t.o oyt 75.percent prot.on ti d about
75 To dbpahonsBhE parparicisP o iR ARl RRBHRORRE belor ARRKE 43

pr ot onaaaéoctaiﬂoan%h@damam;&ume teight) Wipbrherié aor olymgrivasemponpdsi tion of
about 40 to 50 percent hydrogen_ ti tarf te.and abaut 60 to 50 %tblrténl a. In
this cd?q‘%sé%%tl,vei‘%mlioglchloméén%@ﬁy PRe e gﬁa@é‘g%ﬁp\ﬂgist POALE AR VPSR anpl e, be

deri ved, f5amt G ooRRSHLRRRNandf ok NBoRRRAI fhbtefitll hage bdOegosal (tBEhesur f ace
area). In specific enbodi nents of the conposite material, the titania phase

i s 28natpgcatalyst phide prentomenditolighhris: elecsonpgnstiaradiation. FHRFHEFHAL@ phase,

f . c| onj - W ' = beh=3. 7079,
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2011/ 019p32EAT NSCANL6raB0P2 06118 invention [20025 ]ightrsughes uisivdelight{bephshient

invention.is directe 0 a, n articl shal IS
sui t abl AVIRE %W%ﬂ@gt%qwgpo‘ﬁgﬁaw i aﬁcﬁ%gﬁb v‘?@'ﬁﬁ"@q’ﬁqﬁ%’ e.lg%%ﬁa#nr om about
380 ur ncah%s’;\bﬁgfart?cﬁ&r Whibodinhdnts; anlied usield ak nncaquacisetojutizh, appidueats ons in

whi ch cheap and environnept al I.a/ beni gn photocatal ysts are needed to
dec2(§rrp o@ép@),swn plean aqueous dispersion.

[0037] In the present invention, a photocatalyst refers to a substance that shows

catalytic activity when irradiated with light such as ultraviolet rays, and preferably, to a
substance that, when irradiated with light, can decompose and eliminate various organic

and inorganic compounds and perform sterilization. The titanium oxide-based

30 photocatalyst of the present invention can be used for, for example, decomposing and
eliminating odorous components such as acetaldehyde and methyl mercaptans;

sterilizing and eliminating fungi and algae; oxidatively decomposing and eliminating



5 and/ or biol ogi cal compounds. Photocatal ytic deconposition works at room
tenperature, requires no additives and can lead to the conpl ete oxidation
of organiwoeonpuds to CO2 and H20. A photocatal yst bavet/senomwodnss
nanoparticle will be applicable to phot orenedi ate a wi de variety of

organi cs, nicrobes, viruses, and germs? In this regard a nanoparticle, or a

”an"par ﬁ(ﬁ%b%&‘ SR bR %‘éf’ﬂr?l‘?ér %gﬁu 'f&%ﬁgtﬂaﬂ&ldﬁ%’y Qﬁls keiRsst g HaodRlRe 10 the

hi gh ca ic activi he superior adsorptive properties of
ti tanattydrophilidpropertiés.om t he phot ocat al ytic standpoint, highly beneficial,
in particular since both potions are sensitized to visible |light. As an
illustrati vdoesairﬁomcaaﬂytwsmemn iv eapribho pheatilysing aghehves) réantind, Hight he

present inven stl dsor b ounds
Clch ass B THERE: DRacrguaaiaer Shal S PRt ERbRYR ot
and/s Ort’? lHltflJtl‘(éﬁi)a@ﬁééldTﬁidﬁﬁom suci s Rightl me&@dlmaﬂgr ihe fphatstmat dey st
nanoparticl e(s espect jve _organic ri.al _may be or

hydr oc dp#siye Faise ot %’Woﬁ?fi @&?Céf@%vﬁmra&&}%&%%? EaHS’Bﬂ’;% P§f‘%‘%§'§:‘n§énpou nd.
Respectdnygidai QbRGbA AL d¥RLiBMatal oMUl Bp&ifbkingdedpdbdliso eRecttbinbignetier any
non-vertebrate organism O ganic naterlal and% or blologlcal mat eri al may

be expoedidtion Ristocatlytisomaitertmpy also b cepable af epfelysing ahebanycal |r§«ﬁﬁt10n|
el ectropRaneld & J.ad & e%@troﬁlggx%ﬁ'étﬁ&‘lﬁ i, w h TRAL %tﬁregcapa@ﬂlltyb Piin or gas)

t hat i ncludes € organi c an biol'ogi’cal mat er can be exposed to the
phaithoc adlikeds ttylm’callyhmqreased}t inm anbstue td gh:ttrsmagl@m widiitiohe I itgpieal(i . e

| i ght havi el th froma 380 nm t 50.n For nst ance,
the mediihA %g‘ﬁ?fltfyeﬁ“ ﬁh‘%ﬁ?aﬁlxtb(f & %ﬁ%)gﬁ‘?lﬂ%shfgpa ée |0I cata S%&%) %%englﬁalaqueous
sol ut i oRactdA oAde eise® hsdlepRnsgattic @diation.aqueous d| sper sion. [0037] In the
present invention, a photocatalyst refers to a substance that shows

catal ytic aC[lI)039]tA( fekesRtive chehhiablegtastidnhtypioghly resuit iasdegrddingy Cldneitalr ays, and
can

f bly, b
B o v e B GroBmgah R el T RO RE e Rt eRah Bt RRRA O

sterg | i #tdtRR- thd Bﬁotbbétal@hbl @ﬁa‘?ﬁéir deoiif aeRasitbenhiphbleaifakiisingodr Sthreingraesent
i nvention can be used foO exanpl e, deconposing and elim ngtl ng odor ous

conponedhenienl eaction ﬁ@é@%ﬂ @%W&Rﬂ@teéﬁﬁ degpAg P dﬁ%‘Fe@afﬁ’ldéQ}g“th‘E‘é‘Fl?qui“ Gf§ and

elimn | i . Vo
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ant i - f ol pargelamint éropodigentausliiang ti plsgocatalylio mater ﬁaialyses a degradatlon

reaction itself (see the Examples below for an illustration). As an illustrative example,

20  where a nanoparticle of the invention is used as photocatalytic matter, an exposure to
light, in particular visible light or UV light, causes the generation of active oxygen as a
result of a photo redox reaction. The active oxygen is capable of oxidising matter in

- contact with or vicinity to the titanium dioxide. A standard method used in the art to
assess the photocatalytic activity of matter of interest includes bringing 4-nitrophenol or

25  rhodamine in vicinity or contact to the matter of interest, irradiating with e.g. UV light,
~ and monitoring or determining the degradation of 4-nitrophenol or respectively
thodamine. Another standard method includes contacting water with the photocatalytic

matter.

[0040] If a nanoparticle according to the invention is exposed to electromagnetic

30 radiation it can catalyse the oxididation of oxidisable matter that is in contact therewith.
Thus a nanoparticle of the invention or a plurality thereof, may be exposed to
electromagnetic radiation. The respective radiation may be selected Within'any range of

wavelengths of the electromagnetic spectrum. If desired, one distinct wavelength or a



hydrophilic properties. [ 0038] Photocatab'rtic matter is capabl e of

catal ysing a chem cal reaction, such as an oxidation. This capability is

al tered swohomgib3zer eased or activated when exposed 5 tecelsecbnmomganeti c

radi ation such as light. Photocatalytic matter may for instance be inactive

when not exposed to el ectromagnetic rddiation, but its capability of

catal ysin . chemi cal reaction is,accelerate | Ak ,ng exposed
Sty mﬁﬁ%&\gavreil%gg}si%ﬁy beysele ge% 0 oﬁ% d rH{nie 8%?1%99 Jehe

to ele atalytrc natter nay aFso be capabl e of
cat al ysidegomaElitii spabtrineaBkiraplesol egiois 6 firseecttomaghet¢ spentigne that

diation, wth th ti Ity bei 0 altered, typicall
| hcr oagey baghoner sbides B s BrecniahinitIe teBarirrae Fat Bk
embodi RRt Syisithe 1P keGapBhds ié& ARy QEndIE GARRS of aBall 83®fio catbal ¥song a

chemi cal” reaction-once exposed to el ectromagnetic radiation. [0039] A
r espectiavemethsnivioledight sarrespondsita ¢ wavslength sapgeiefrhentnkf thabadal

conpou and/ or _Di | J ] 0 netped of the
presen{%?glqnﬂ{?g{?ﬁ 31%{ ?’ﬁﬂéa%%i]é‘gg{ géx'trgs}p%cfsc{on%t ae@%ﬁ@i?‘é&gt&%&t be capabl e
of assimhbometesrtosdbant 1 mgllanette fh camerepdwidioents havavetangtheiselop instansd t o

degr ade desi.red hydrophilic .compound e bel ow . ..Far. thi se there
isin ssgﬁeteg TgHR ﬁ]é%{agggg% éﬂfgl?l’? ?’%ﬁ&rS“ng-ﬁn%‘Wee%f\é?’?dég%enﬁsna ‘ggygﬁﬁﬁar in
embodi MR e WIRER Wiln RROLRE ANA(380it6 208 hirg) andldh abys embaditegitaidad foon
reaction’itself (see_the Exanpl es bel ow for an |Ilréttrat|on%. As an

i | 10st ringtancs seleatep FathipBediidy ¥ @ONEnHHRRL it & ST _l?enW@YFtl ?&ﬁ}?f“@yus_ed as
phot 0CHealeihicf (5B H60 nm ¥ SHIRLSHERaIE dOOGN or IBriBAGAGoHiror VidticR! @ |1 ght or
WV light, causes the generation of active oxygen as a result of a photo
redox reacti ' 20Qidtidn GRS 6f afy Prdindits ang thedipetuten cont act
wth or vi ci[g?‘%l;ﬁta}% e?ﬁ%ﬂo%&% a‘érsltiyﬁm ai o§<1i de. A stayndarnd ?ret hod u;rgdﬁn the art
to assexfsayhéengforedangiagt it cis aprfficieaty toorendst g ngronastideEs tcapaie les
bringin -t rap s 0 aggileﬁ PN /1 el Vs . ikhe matter
of int eér%‘&aﬁs,l g ﬁl%a%lgg 4 F\e%dvl\n ’h‘{%.ag‘. }O}ng%f}[/%e%gnwg %@lﬁ{s? @?ir}%ﬁggr'rgoest er m ni ng
t ha 5degikélttatih dire of will bé awarplod el facirthatdbpaguiredxpostrsdane well dependiear

st andard net hod .i hcl udes cont.acting water wth t | ytic matter.
[0040] 1P PAVRBRSSES EIFERam SORUEqrgtrD tRe v PERCEGE BhE oY vhre

el ect r ogmmgpatities 30 theamivaiticdnaretaccadingdt asedsss i photodatalyat, ifonexampixiadi sabl e
matter that is in contact thg’(reewi,t,h. Thus a nﬁnoHar | Claf of .t he .i nventi on
or a plRicsaceialyst et GRi-DagipTRe aERNs BRCE oPBMEC (1 St 8% aPae Gn. The
respect ig,dadistid QtaBRYP 8ofena6seshd\bitiddt RPUcARAYETRE niipattRigihs of the
el ectr gnetic spectrum If desired, one distinct wavel ength or a WO
2020 016822FED/sSEIYL 01 00UR06eTIrossIenf Lidiost polcied vy bl Ye HERHET FigyireRs

sel ectegly, Eir%ﬁnﬁ{on”&f%&ﬁ:fe'iges%er QeHaRNSorREnfehCatd 8ESdoMIBANSE IaCwiRect rum
Exanpl es  of regions o e electromagnetic spectrumthat may be chosen

i ncl uderanpeibf appdicatddns|ih wbinewbnt placesi sichae hpipiial, officesr eantesngs omeshandor

Isgl(‘)r ? (r)etgggtlat %S@Hl\éi esnllbboldlemlerllt Qtnaﬁglgarrt?c 5% H‘xsé ithn?io}’l\Eﬁ/ ﬁée%nﬂ} Qleﬁﬁiﬂg%végie about

water or for removal of natural organic matter and bacteria from water.

25 [0042] As emphasized, nanoparticulate material according to the present
_ invention shows immense potential as a photocatalyst. In some embodiments it may be
used for the photo-degradation of harmful organic compounds, such as dyes as shown in

the examples. This is one of the many environmental issues that are currently. faced
world-wide. The pollution of waters from inappropriate handling of unwanted dyes

30  poses a threat to both human health and the environment. Using a suitable and efficient
photocatalyst, the harmful organic compounds can be broken down and the water may

be recycled for further uses. Moreover, the nanoparticulate material responds to visible

light which makes it viable for effective use under solar light. As a further example,



5 nanoneters, ultraviolet light corresponds to a wavel ength range of about
10 to about 400 nanoneters and infrared |light corresponds to a wavel ength
range of wbautioi@22nanoneters to about 1 millinmeter. | npreuss2enosents a
wavel ength is for instance sel ected vvitP]i n the range of visible |ight
(supra). In sone enbodi nents a wavel engtth may be selected within the near
W (380 nhfopaftulitd madstid] hétobdnE t& MROmvBRMaSmbY bk sé®in IR bRELEREE oFel ected
within the far W (t200 td 10 rin). As an exanple, the wavel ength may be

sel ect e QrgaBipEasky(Rterm At illyplsativercxample af @i Gognronnd thahmsy taksarte define a00 nm or
shorter - t i | At 1 Intensity
and t e senis Rl hid Haf ey B! GRRGRGLNG b hoRle FnE oLl B0 e
nanopar thec invgstjonc spplisnel, ofs den allystriated inhthe désinmdes belawt i Alsp oy as

oxi datign,of sel.ected.oxidisabl.e natter. Tho skil.led.i re will

e anar SRlG AGaF ShEY I o, FERNE FRinein 508 e omBSlariit SbeOBR | e

power ofotuees of phendinagings itke dadhakbpfrobs ehemichl fREssCmbosttieeRticioRg or nore
i gqn are accordingly .used as a photocatal yst, for

nanoparti cl eﬁ)zl@Of .the i nv&ﬂr};ﬁ [ gl _
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envi r onfgHT senteringdbe soihend reerieies Watdribghies firenel iscxtromelyohazapsiaius té or mat i on
and}@enﬁﬁmhﬁs ﬁlaﬁﬁt dgitﬁaaﬂfl s(é%}gqghﬁﬂg c@ﬁl‘a I%Q@{"Wﬁ% .effféfztsaoM Ccdriffi¥e of
applicatrons 1'n compn places suc s hospital, offices, canteens, hones
and t oi hetveus dystesy trearg rbandi vesselss hange and paineysc Therefort Hes dffecEnd tedoviab used
for cleani nrg V\@Zte Water or for renmoval of natural organic natter and

bact eri & PSRRI Fs! 0042] As enphasi zed, nanoparticul ate materi al

according to resgnt. invention shows inmense potential as a

phot ocat al ysﬁdl‘?’hgs%‘ﬁgmgr%oad}lsr%%fgegr?&ﬂ%ﬁr%gwugrga‘%ﬁ) Caﬁ Héatﬁﬁi’?%qdd%r adati on

of har nphdtocatggsis by aarapopuitisle as delinébalityeSs psrtishiavk dffectiVecaupirnd @s. This
enviro tal .issues.that are currently. faced
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suitabl e and efficlent photocatal yst, the harnful organic conpounds can be

br oken HBnPhengl solutiom meathingy howss radfcyisibledliglr irfadiatiner wiighsis thsredver, the
nanopar i t.R: BEI : | sLAol i l.chs 1+ viable
for ort Sdftcat il 08 fboid EORARES, LAl By Conl Bl nUERIATRY Golding

2011/ 0183t PanEcR Ot )008 a photocatalytic activity that achieves more than about

20 35%, more than about 40 % degradation, more than about 50 % degradation, more than

about 60 % degradation, more than about 70 % degradation or more than about 80 %

degradation, including 85 % degradation of a 50 ppm phenol solution within 6 hours of

visible light irradiation. The phenol degradation is at least about 1.5 times, at least about

twice, at least about 2.5 times or about 3 times faster than the degradation by TiO, of P-
25 25 titania (Degussa).

[0044] A plurality of nanoparticles according to the invention, when used at a
concentration of 0.1- mg/ml, has an activity that achieves more than about 20%
degradation of a 20 ppm Methylene Blue solution within 3.5 hours of visible light
irradiation, which is the value achieved using P-25 titania (Degussa). Nanoparticles

30  according to the invention typically have a photocatalytic activity that achieves under
these conditions more than about 30%, more than about 40 % degradation, more than
about 50 % degradation, more than about 60 % degradation, more than about 70 %

degradation, more than about 80 % degradation, more than about 90 % degradation or



11 nanoparticulate material according to the invention may be used in the
breakdown of organic wastewater. An illustrative exanple of a conpound that
may t akerwDa@od@fip3ze an organi c pollutant and that.my becusgrem@do2asi ng
nanoparticul ate material according to the invention is phenol, as also
illustrated in the Exanples below Al d@ known as 5 carbolic acid, phenol is
an orgap ol §ff1a ¢ bt solRIoMHy RnfROH 5 QdursSe e Ragsle Afghphenol
i ncl ud%%ﬁ@%?%i@%ﬁ‘éﬁ gg]e%ﬁ[g%m%g@ s& ocess | ndust r.iués such as gpai nt,
phenol iicadisiinn Tharidefhlykat iRlse dogadatif iseati lesst aabduthiyibe, citdeashrabevic®i on. When
such st e di.schar i,S 1nmpr I t ed..the e ont be
passed Y51%: %s}e &g?fgi?éél ng?ggsgﬁ#éﬁtii}tgﬁ%%ea lseéilal&ft)gﬁtd(Js-| ﬁléi-eg’n é%gkagwat er
bodi es.7 {Rhey @t 1dast cfut 8reehes, hakastkdast 9 ainddd, hilzasniabbut thémedeattlasind severe
toxicity could result fromits effects, on tgg centrai ge%%oui ?\é%tem
heaft, apPWdd Waes@f feas ahoyt 1 HEnCR; atieapt 2Dopt d P daFse 2t ep ENEEE E%r enoval
'S ext ro‘?ﬁﬁ&x[zbm?éstf%% rthan the def8@4h ¥y THeL RS- ¥ titanid¥PeLlssargr adi ng or gani c
or biological natter based on photocatal ysis by a nanoparticle as defined
above s pagboﬂ'&gﬁ&p@a{ﬁ&&%yﬁ SR 2fork QaddpakidW b Mhoimeatial stays. A
plurality of nanoparticles according to the invention, when used at 1
mg/ m , alkadeapplied inpliojocatrdyticarsrewditingofos hyfragempoductominagelatstlion of a
50 ppm L ug i -1 hi 5.0 VS| dus W¥ecichr afld o, Whi ch
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oA o s Ry e

degr ad gradation, nore than about 60 %

degr adati on, .I han out 70 %.degra Lon,or '@Bﬁt 0 %
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6 hour sibedrbiigSi V1 1iht tgdnetate eldétedr-hole paite Fieensdpachegt eldettdnsrandokts | east
about 1.5 times, at |east about tw.ce, at |east about tZ.tht'%r'ﬁes or about 3
tinmes faethen FRiadlede drgradpetion fofyoxdaden Jragsions fespeetiyely, iy Cleptdftis s a) |

[ 0G44] id1dtdebRbidarioRfis aaae&ﬁrmér%@ls@smgq@redizcsi_ﬁm_bﬂlytlhsedimnemmnutamen used
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titani a gussa) . oparticles 30 accordin ~the invention typically
have a vt absarbirgytisibledeght. v agditiha naraphaitéslessofitheliw entipnskave san f9ds nor e
t han abhout 30% re than aho % deqr .i.n, nore than about 50 %
degr ad i%SH}Orﬁﬁﬁg&vﬁé’%‘o%ﬁ%tﬁgsééhaﬁ%o%'g%rué:'é% a}’;}‘Erlll,ﬂ%r]h)re than about 70 %
Qodnaat | on g °rid AvARBH" pRRid& IFIRRARN' O milRERCLRAR 80 CHpdKhe
protonated titanate/titania nanoparticle in a single step solvothermal synthesis approach.

This method allows to form, for example, the uniformly mixed composite nanoparticle
according to the invention in a single step solvothermal synthesis approach. However,

other nanoparticulate composite materials or even amorphous materials comprising a

25  protonated titanate and a titania phase can also be formed using this process. Also these
. other materials have preferably photocatalytic acticvity. In the method of the invention a
titania sol is provided as mentioned above. The sol used in the method of the present
invention can be formed according to any protocol that employs a base as a catalyst.
Using a base, for example, triethylamine or different amine (any suitable primary,

30 secondary or tertiary amine can be used) as catalyst has the added advantage of doping,
in a very convenient and easy manner, the composite material of the invention with an
N-dopant (see Example Section). The titania sol may be formed from a precursor, for

example in situ during the reaction process. This sol may for instance be generated by
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for cohposite nano rticle according to the
i nvent iistanica tréctisylmgire, sﬂmmnwnanﬁmﬂnmalca@pnaﬂaesaysb%wbﬁ%as thekester , ot her

nan pa conm si,te nm I
oS4l 20E BOTPRSL S IR LS. 0L NS AP IBARU IR Okt RGO I
pr OC es %bmﬁl 0 dbesEt, Gubess f@te@amp]esabbamﬂ{ 191 ebart bl 10, Eboutopdtld] ghdus

actlcv:p'%ﬁ In the rrethod of the invention a titania sol is provided as
nent i opEdl ZaprcAbe d3sol used in the nethod of the pr esent

[0048] The method of the present invention further includes applying a
solvothermal process under elevated temperature. A solvothermal process is a technique

20 in which the reaction occurs in a pressure vessel that allows a solvent such as a polar
solvent, e.g. water or an alcohol, to be heated to a temperature in excess of its normal
boiling point. Pressure is applied at a preselected value, which is above 1 atm (about 0.1
MPa), such as up to about 5 atm, up to about 10 atm, up to about 20 atm, up to about

30 atm, up to about 40 atm, up to about 50 atm or higher. As the temperature inside the

25  vessel increases during the reaction or the heating of suspension or solution, the interior
~ pressure may also increase. In some embodiments, the interior pressure may also be
maintained relatively constant by releasing the pressure buildup by venting or release

the gas or air inside the chamber. In some embodiments, the interior pressure may also

be adjusted so that it does not exceed a predetermined pressure value. In some

30 embodiments, additional fluid such as inert gas or air may be introduced into the sealed

chamber during or after the reaction to increase the interior pressure.

[0049] Any elevated temperature may be chosen that does not prevent a later

formation of nanoparticles as defined above to occur. The increase in temperature may
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predeterm ned pressure value,. In sonme 30 odl | r Ll | uid such
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25  obtained nanoparticle(s). As illustrated in Fig. 10, at a temperature in the range around

D; )]

150 °C to around 165 °C, including e.g. about 140 °C or about 145 °C, an obtained
| nanoparticle typically has a phase composition of about 35 to 65 percent hydrogen
titanate and about 65 to 35 % anatase titania, including 40 to 60 percent hydrogen
titanate and about 60 to 40 % anatase titania or about 40 to 50 percent hydrogen titanate
30 and about 60 to 50 % anatase titania. A composition such as within the latter range
(40~50/60~50) has been found particularly well suited for methylene blue degradation

by the inventors (e.g. the 4% entry in Fig. 10 with 46% titanate and 54% titania).



[ 0049] Any el evated tenperature may be chosen that does not prevent a |ater
formati on of nanoparticles as defined above to occur. The increase in
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about 40 to 50 percent hydrogen titanate 30%?nd abo;ﬁt 60 to 50%%31%nat ase
ti 28ni dntepmediaigdipRate SraiRIes AR0t eCRRSATLLY BOTOEHIE, of HEgM 9B E0)  has

been fqupdsRabhd ¢ AllbdngMelektrott tstilciued antepRytoeaslytit yerfdegaamatOther by the
inventors (e.g. the 4th entry in Fig. 10 with 46%titanate.and 54(&]
gly, in

tit ani ajmilavyorpatedouseiirbyiaes ¢ oF dorogmestamily as the g Rdpdidg) |
some erRoflaEal:fide DML HIELS i RCH) YO, (14 HGNASZROHOS L ion of

about p(larcent ydrogen titanate and about 90 to 10 % anat ase
titani aounal ofAngriazbn Che@icat Sodstyp@PBrt27h Y 0 lcewd HTi1Qulgbanginy ehBbut 75t o

25 % anat ase, ti t.ani out 85 % hydrogen titanate and about 15 %
anatas xsicﬁh]iaﬁ‘fle‘g ngggﬁc%qg/&%dr ogen titanate and about 30 % anatase
titania, abo 0,% hydrogen_ titan n nfplidhdd e prddedi §¢ about
30 %hydroge@%?‘t%ﬁafé“%?{gga Oou{h%7%%§/3’§n%te§tgéeh%?i fégnl a or a&%ut 15 %

hydr ogesyntlickiatigt thisolsabp uiat@fl ttenshglsestdr parces. according to the present

invention is simple and involves direct synthesis via low temperature solution . based

approach. In addition and as explained below, the process of the invention has produced
30  a mixture of two types of semiconductor phases within one nanoparticle: protonated
titanate and titania. Yet another unique feature is that a nanoparticle of the invention can
be formed at very low temperatures such as about 80-150 °C. As a solution based

process is generally used, scale up is much easier than in a vacuum based process.



[0052] As will be readily apparent to the skilled artisan, the formation of
a photocatal ytically active nanoparticle of the invention proceeds by far
easi er anstol01vhes2eby econonical Iy nore advant ageous t haoTacretn/voesef
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anate and titania. Yet another unlgllgf gl%tu% LS ta at a
nanopar@®iQlsy photesaialytis ssalardiehedrven) Proraises afc vaty el $EAMS attlifes such
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2011/ 0 S0BE2RET BER0MI/ WTEF6! aGnRedicHas rqg@@erﬁ@@édﬁvbws et toricaieayyq
o L e sl SR i e
nanopartios lhhﬁtéina[’(ﬁéd&ﬁe&hoﬁ@ohﬂw pimptomatadyse dphoe e highl sptalptiaeetiwiytapdas shown
'n the I‘Ef‘(emwall gts bBlty, t¥1vere are some drawbacks associated to it. Its activity is confined to
20 UV light stimulation, representing just a few percent of the solar power spectrum. Its
adsorptive properties are also not ideal (Mills, A, & Wang, JJ, Photochem. Photobiol.
A: Chem. (1999) 127, 123). Sihce photoreactions take place at or near the catalyst
surface, surface adsorption is critical for efficient interfacial charge transfer to and from
the target molecules. In contrast, titanate materials have recently been identified as
25  superior adsorbents for, e.g., organic dyes (Tang, Y, et al., Chem. Eur. J. (2010) 16,
7704, published after the priority date of the present application; Baiju, KV, et al,
Mater. Lett. (2009) 63, 923). The crystal structure consists of layers of TiOg octahedra
in edge connectivity with protons or alkali metal ions localized between the layers
(Sasaki et al., 1992, supra). Various one dimensional structures, including nano-tubes,
30 wires, ribbons and fibers, have been obtained via high alkalinity treatment of TiO,
powders and ion exchange. However, these titanates have band-gaps reported to be even

larger than that of anatase (Zhu, HY, et al,, J. Am. Chem. Soc. (2005) 127, 6730) and

thus remain solely UV-light-responsive.



[ 0054] In sone enbodi nents a nanoparticul ate photocatal ysts according to
the invention is deposited on a nacroscopi c support. Hence, in sone

enbodi nenye 2a1phaeizecat al yst according to the invention iPoTlsedes/ 000286 Or nor e
nanoparticles as defined above, which i7s/‘are i mobi lized on a solid
substrate. [0055] As expl ai ned above, he present invention satisfies a
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shortage) of potable water supplies for _a growi ng world popul ati on. Anong
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[0060] A Fast Fourier transformation (FFT) study of the entire area depicted in
Figures 3C and 3D shows two sets of diffraction patterns (see inset of Fig. 3C). The
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WD 2011/ 019322PCT/ S&2010/ 000296 19 [0063] Fig. 7 shows the lattice
paraneters and the Rietveld indices and Table S2 the atom c paraneters.
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refinement, it is proposed that the protonated titanate to have a structure of

H,TisO7-xH,0. The structure has a monoclinic C12/ml configuration with lattice
parameters a= 24.931, 5=3.7079, ¢=10.255 nm and $=123.11° (cf Fig. 7). It is found

25  that the particles of this illustrative composite material have a phase composition of
~ approximately 46 % protonated titanate and approximately 54 % anatase, wherein both

the protonated titanate and anatase are nanocrystalline. Diffuse reflectance UV-Vis
spectroscopy shows adsorption of light in the ultraviolet and visible range whereas
commercial titanium oxide only adsorbs UV light. Nitrogen doping in the composite

30  was detected using X-ray spectroscopy technique. The nitrogen content was found to be

approximately 3 atomic percent.

[0066] A doping level of ~3 at% nitrogen was typically found in the surface
regions of the sample by X-ray photoelectron spectroscopy (Fig. 6). This imparted a
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temperature and was under constant stirring so as to ensure an aerobic environment for
25 complete dye mineralization (Mills, A, & Wang, JJ, Photochem. Photobiol. A: Chem.
(1999) 127, 123).

[0069] Samples of the solution were taken at time intervals and underwent
centrifugation. The samples were tested using UV-Vis spectroscopy (Shimadzu 2500).
Methylene blue has a characteristic absorption peak at 662 nm and the absorbance at

30  this peak was tracked at each time interval as C with the initial absorbance at time O
corresponding to Co. The dark and light experiments show a distinct ability of the
composite to both adsorb and degrade methylene blue, providing enhanced
photocatalytic effect.
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conposite is able to_absorb visible Light wherea . r pgarily UV
Tont 295 shgnn e SRR eg e A DaTeoH SR AR TR REbaT oy

Fi gur e pl.thddi6 tlesmnatdia @ ringhd0sMae cempastealfanes inveatiawis thoeglpoo bat i al  of
this type of particle as efficient photocat al %\Seﬁ{%%réﬁa ,Seri.es

f.
envi r oresiominaniypiiue 4¢ itbassimpligeeps TAESOPHEo _&%‘f L p 6T t@ Bf the
\s/)é EIB 2 Ie Zo'eﬁ%ﬁedqﬁﬁﬁﬁfeﬁ!) tﬂ%]?regéhrcte heteanalonsed tialaf) MBeRslbaass @elsttbhdlor test

e sane irradiation setup as above was 30 used. 100 of
phot oc aladped tovile pddiste surfacesOWVil thehdibimelssules on (et WiEBse ithSti on of
50 ppm_ Simlarl sanpl L84 AKER ifhdihiib® ol Malscandnvnd ament
cent ri FRAGHHS: gl‘?ﬁ%mﬁhaél 0 0?%Son eg%d In ég[hdltgg%f)éerp\{/\egg ﬁéasur ed using high
per f or masleculds 1@ brehkeih downtingrispdopst{tkiRit ChmpSiumise Bpthethe lanatgsetigaivg@dous and

common pollutant, it is _pertinen hat , t.he,.r enpy i ce from
the. envATPioRFER tate, may e aple Jp %ﬁ%&alﬁﬁ%l%gﬁrf‘g%é% %ﬂﬁ@%%?@ooz% 22
50 2pPM RfitRACHR! coddsitEphRBcdtalst Has b ligh birght ackagsfadstindy cosipagedtthe (420 nm
onwar d3 phot ocatalyst. To measure the efficj e%%é Rgenol d@ﬁ{ﬂ% ation,

hi gh pdtZaT Hamce (Fh%@?@ﬁéﬁﬂﬁﬁ%ﬁﬁﬁ%ﬂﬁﬁgetﬁqpﬁéb TABFyREger 'S equi prent
anal yZeﬁelfegqeéﬁ%ﬁ%ﬁi@ﬁ%&Eﬁ&i‘aﬂﬁnéé’ﬁ Rk 62 kG Rarbd1rov RS @vre sinifire of
phenol cont’ent. € conposite photocatal yst is 5 exceedlnglyaﬁéfectlve in

degr adi avtjvekitsdbr MB degrafition dn addioaille 6Pmposiis s ablgite ARJoEd Visiie Lisht
irradiation. C ri.son, - ' gl a Ag¢raeges phenol
only upW %eéfpgg%ﬂ%g%? %Ipﬁlﬂazgﬂ&hgtvc? _%ié'ieé% o‘?@%ﬁ};egpgggt ilr%?Vﬁ phenol
degrsadatktleftandeBpectosmeyi Riguied . T8e temesstiatadgeshimadeas clearly sheve Siemer ci al

powder I;Jo?gn%ral 2)/% tﬁsbtlyge lotL ebrtficferars%%cget:rit%ﬂbtocatalysts for a series of environmental

" applications.

[0071] The pﬁotocatalytic capability of the synthesized material was further

analysed using phenol as a further test vehicle. The same irradiation setup as above was

30 used. 100 mg of photocatalyst was added to a 100 ml phenol solution with concentration
of 50 ppm. Similarly, samples were taken at time intervals and underwent centrifuging.

The phenol content in each sample was measured using high performance liquid
chromatography (HPLC). Since phenol is a dangerous and common pollutant, it is

pertinent that the removal of this substance from the environment be a subject of focus.



[0072] A uni que conposite nanoparticle has been synthesized using a | ow 10
tenperature solution process. The synthesis is a sinple one-pot process.
The partiwbesiimay®2shown promi sing potential for enviromroesGabioapgs cati ons
such as detoxification of pollutants. The conposite is conposed of anatase
Ti 2 and protonated titanate, both ar%znanocrystal lite. The latter has a
nmonocl ki ¢ copfii.guradd I8 yiks ' elisisPel (300 nBpoRwaidsdi es have
been d%(?néﬁn(}noqsrﬁhﬁlgafia‘?&stt%aﬁf%%éﬁ&%%ﬂﬁ ra%%ﬂl’agérlltgﬁt o the f(gm' ly of ,15,El)dayer ed

t i t anaplesocatidyseVRr medsuesythaeéficieicnlof phengh degragation; bigk pedgrBancgfidEi! i nvol ve
conpl i cat ed synt hesi ondi_ tions. . .11 } ordi nat es
oo’ despratograpR CIRPCTRAS petiRe, Al PR A ndPAes A ALOREn GODT [ 10
appl i CﬁﬁlieqﬁeMISJ(gOB@ge b@ﬁentzatﬁinoqudle?ﬂl tdneend. Tilmt ewmgséteﬁ:mmola@ls@t dperties
are not we studied.. In this exa e, irect s er mal-,.1pn SS was
oGl exendingly heasyr ncBeME AT U fo a4 TSR PO TR S
triet h}ﬁat%mﬁfag. fnT@mﬁ%fs%n,aﬂieU‘%ﬁﬁeﬂcﬁl FRBloRAIya @ogaivs eptienal bulysup The mi xture
n ydr

under we ot her heat treatnment at 160C for 2.hogl]iﬁs. The. fi.nal
mat er | approwismatdly 35 Yedt the qpdvaddhe resetinnafn henoh SeBagHiRadhi FRIPRASHE &% vi ng.

Ext ensi charactgrizati : | I 0g; e t echni ques
Such a8" B EITE e Mt B A pdllh i DR NEReiiatin. COR
X- b i fipe-st N XPS
2ot mit TOSAE A P SHAINAE raRopaldlTp has focdR o iy (179
;:_o?qnoskér@qadmﬁecthig‘mhmbcesk.nTlpﬁsmrt]lmaisaﬁ atsfirepleowist DY PEResHaL B ng?%azo 3

i tanat e phase. e. protona ase | ] a
series B‘fepsi @PGHI?’V@“% 1%95% aL ?Ogggylﬁ%nnl%%@algﬁéﬁ%? r?g?e y&l?d u E%%c{i%%dgl t ﬁie(or y Y

conput ghil@AntEErESpoditeisohipobed & damsaTityd|frotonated titangte; hethane C12/ ml
configuration with 3P

A O lattice parapeters a= 24..931. h=3 707 =10. 255 nm
and 0=namorystalliig: he tenhas agnEReRlig PHSEHGHPAH @3}%@98%{ ";%e?lsrt’a%}] e
St UCt 4fhenBRgiel $yOBEUT LBl BT {iRflat REuaNIRS oRich beldrigcto mwkéanily obensi (i ve
to the visible |g¥|t. I't is found that the synthesized phﬁl c.atal:%/st has a
phaSe dmyrepeuistitanates.olowaverpthsyorrat Banty highateB PSS 69IIFENY %0551?5? "Fte

3@?{,?2 %'grb‘lg}é%%tgcp t}?e]s%?’c?o%ﬁ’%é%oahﬁ{t%ﬂ) ?n%ﬁex%é’t 073 odafnhtes @nd leiatiet ance

roscopy shows sorption of light in the ultraviolet and
vi si bl efrtangsysiahatrecsres aemeinciinoFint Mureoricoxiaaneel grpitrasiensvady has ght |

Phot ocatal yti.c studies involvi t [ 1

phot oddsra Bl B RE T BB RSk nbl e ATRRR: Ll Prample,
(380- 780aMct WIR e ffaD piesdss Te Bsedudthqrohsacetyiadetme/ PAGAGHatisanigmt anat e
photo catal yst of the

( i nvention shown. to.syneraisticall b and
de@Paddsapseneptdend Ibﬁ%uﬁ;‘@’q%mﬂ’&r(\@s NEF \QQJPF%M. Sy PRt élf’%ngtl%%gﬁ‘%d by
t heor y, i S k@ Jraghéent B9@ictiiatinkl hé tidaangttat tiGohe fonpaidued Tieafimilt r ogen

dopi ng. ' . _
Ping material was obtained in powder form after thorough washing and drying. Extensive

characterization was carried out using a variety of techniques such as transmission
electron microscopy (TEM), X-ray diffraction (XRD), X-ray absorption fine-structure

25 (XAFs), X-Ray Photospectroscopy (XPS) and ab-initio modeling to investigate the
crystal structure of the composite photocatalyst, in particular the novel protonated

’ layered titanate phase. The protonated phase is determined to be H,TizO7xH20 by a
series of iterative Rietveld refinement and density functional theory compqtation
methods. The structure has a monoclinic configuration C12/m1 configuration with

30 lattice parameters a= 24.931, 5=3.7079, ¢=10.255 nm and =123.11° and B=123.11°.
Nitrogen doping (at 3 %) to the titanate structure has also occurred during the synthesis,
which makes it sensitive to the visible light. It is found that the synthesized
photocatalyst has a phase composition of 44% protonated titanate and 56%

nanocrystallite anatase.



[0074] In particular, it was found that the conposite material exhibited 10
distinctive adsorption of MBin the dark and the degradati on was speeded up
under |i g0 201waes2ati on. A commerci al phot ocat al yst DegresacRef/ w6t est ed
for conparison. Results showed that the conposite nmaterial was far superior
i n phot odegradati on of MB; the degrad%@i on rate was about 20 tinmes the rate

U, 2 RIS A0 St B o prasomios e 1

the simulta ron and dedgradation® 15 acfion. It is believed
that duleratioldthad pisidernee whetehecomoersied Tadnivm exde enlypeserps BMIEY: are

strongly adsarbed to the parti.cle sutface ] itapia and

pr ot og%%/%acattﬁm%éf@%m@l% iE e léﬁotf‘%c‘%%“ é’l%%{t?cfé]{q%&gg& a@%ﬁnhgpw

Mol eCUl@fhyldn@ RS (UBY Mye tungenine ciibledighe (380578(ngt) weref performedalle 225 n2/ g
conpared fo P25 s 50

/g; .which i% bentgg ci?l since.a |l arger surface area
pr ovi déeal ihase soatpesiErotonpted ditanate Phptocatifysh 8T g, FYFREPD 1V ASTHE "o fonst r at ed
perfor%%?% A CAd@@%' ¥hdS d BRiARNEIug! dyefurdet sidibipdight. PéitHout! es as
ef ficient phototata ysis tor a seriies of environnmental a el i cations, such
as t hebsiegaoand by thewy,i visiblsi light sepotivief isdhagg de §G§B@é¥té‘£ teoRIeR Syl e
radi oagti.ve nuclides, and/or Mre effective photo-reduction of pre-adsorbed
heavy AE#8# cations and the degradation of phenol. 25[0075] One skilled in

the art woul dily. reci e kdRREHAN kBibwed | adapt ed
to carry oullgqfﬁg?%bﬁ’%%%@ anlgl ‘g%{aflgﬁ&% ﬁ}el&ertllg‘{s%gn esaldvant ages emsnti oned, as
vweld agistihase ddebetiembf Mienehe dadkiantitis degradation wapspeedad ip ynderdighént to one

skilled in the art that. yvaryin u ituti | fd i y be nade
Co. t ho TN ok CPSERGEb AN, HI GepaPhy (G (o RhhBRRARY bO
spi rit pefultshghdwidemhi 813. cofkiRsie Mrasidl i vasfar 30periir indshotplegreldtion of

treatnments, nolecul es and specifjc .compounds described herein are presently
r epr es dBathedegsrdaperfaie mag aBp o] Wé‘ﬁ?@‘ea?a B&%%?gr gglh easlagentlﬁ%i nt ended

as i m:ix{r 500 TR iE{ﬂ d%ﬁl%%ﬂ?fdué RetHen ¥R Mk irRBus Isngasn bhedeiradaiod” ot her
uses w occur to those skifled in the art which are enc n{Pf}aiers?%g within
t he5 spiactidn. df it teioveADhZOAE/ 0 158 PEPETCSEADE DIV SHFaVER TSP e def | ned
by the scape, of 4G & & NGB RE (e @Eniafand RoRMA@US] Y
publ i sﬁé%sﬁ%’ﬁ?ﬁgﬁstc’%?e@ tt%htggpg%glelg‘?i %llhc?;&e(ft?on shou?ﬁé{not necessargi_l y be taken as
an acknemlaedgayertabihiat pidiecatidytivatiptdegmdpahe MB mdiecubesale additiohethgrt or is
common n%ggc%rmagosﬁg ﬁg\é I%gﬂ Surface area of 225 m*/g compared to P25°s 50 m*/g; which is

beneficial since a larger surface area provides more surface active sites for MB

20  degradation. The demonstrated performance has clearly shown the potential of this type

of particles as efficient photocatalysis for a series of environmental applications, such as

the separation and immobilization of dangerous species for example radioactive

nuclides, and/or more effective photo-reduction of pre-adsorbed heavy metal cations

and the degradation of phenol.

25 | [0075] One skilled in the art would readily appreciate that the present invention
~ is well adapted to carry out the objects and obtain the ends and advantages mentioned,

as well as those inherent therein. Further, it will be readily apparent to one skilled in the

art that varying substifutions and modiﬁcations may be made to the invention disclosed
herein without departing from the scope and spirit of the invention. The compositions,

30  methods, procedures, treatments, molecules and specific compounds described herein
are presently representative of preferred embodiments are exemplary and are not
intended as limitations on the scope of the invention. Changes therein and other uses

will occur to those skilled in the art which are encompassed within the spirit of the



5[ 0076] The inventions illustratively described herein may suitably be

practiced in the absence of any elenent or elenents, limtation or
i mtati owme,2onativrpeci fically disclosed herein. Thus, fecTescanwle)29s he
terms "conprising”, "including", containing", etc. shall be read

expansi vely and without linitation. U¥% of the term "conprising",

"including' ofr_.c I ngy i ndl.c 1 hge istingdore URoBRIdnS bf ias/ ar e
r equi r]élﬁerg]ronlﬁrena%ﬁafloir)g?ch%lf?%ehg%q%? 1;hdel?&ltngl emeents gr% optional and rmay or
may noprefiously @sblished Albdintninirial this, spediicationrrhionlddnas ugeessily e kA &yed herein

have been used as ter f description Of ¢ WMk 11O onditsh there is
no int@hﬁ?lﬁ’i‘?wﬁ‘ﬁiagte nhgétgl?e g?ﬁé‘ﬁlepg?%a%%gq}égg%a&eséfgﬂns o%trelgc%loudi ng any

equi Vagéﬂéliaikﬁ&wleja efeatures shown and described or portions thereof, but it
is recogni zed that various nodifications are possible within the 15 scope

of 4he i nvepjo7PTRE dv¥REons Mlusrativblysdweritsbdiiesreindeays suitablyt baprasticetough t he

present invention has been specifically.dj.scl osed by exenp| ar: odi nent s
and opin theagbseragt of &Y, clspgny Prcﬁlﬁnﬁﬂtsahé”@ PR &F iﬁg?ftag%’n@hléor{ipsﬁ\?gelﬁ? iﬁgﬁs

embodi (-8 eh& Folb:afiphs @R fos Beorhpsand s didctudig™ kosteinidg”™| | ed in
the ar ?g“%%? lﬁgé}tn ‘sfglggﬁqcr)mdi fipcét ions _zm,d ,vg?i a%i ons are gonsidered to be
Wi t hi netchehadcbpeead expansivelyeadtwishput Jopitdien) UsaoTithe &7 of PRI Heen

descri hed Qroadl y and. er. | Yy qherek N Rlnttsheshad reyBfedSBeCi es and
subgeneﬂnfd]élg&gou?)%/r?ﬁgta r%%]i rﬁ%ﬁ%lt%shfﬂr%%ttﬁbemé%ﬁgﬁ?ec di ESS(B:]I osur ereaglﬁseo f orm part
of 10 henian¥®&biy, Gut thit sthencladas tiveopgemet iand deey: ratpmap e fbe RESSEMvent i on

with a proviso or negative limztation, regovin . egt fromthe
genus, Ar%él;} ﬁ%s@‘e é?rg%hfg’(dh@‘rprﬁﬁmﬂ%Fmﬂ?é’ egjlgfesuggg{)n%Pg#?g%gi %Sn%%gg:b{ ically
reci t edeNepab and® BbOSTBitsMAIAe bin®tHeadis MBrisentoe invttehisa of lseclf timewhdg cl ai ms.

In addition, where features or aspects. of the invention.are ribed in
terms GRPIANNSSHT GreJudias Fo ST f 'ﬁ%ﬁ %qf}glr%?r FEWI? Ia‘nflegec?ﬁﬁlggcg “fhat the

i nvent i,on; | eb¥ecHgssddl theddridut eidmBfi@kioan e pdbiledwithinnhaber or
subgr ohgﬂ%s’hgﬁ@é%“é%é@ the Narkush group. O 2011/ 019322PCT/ SG2010/ 000296
2516 aisospe\ifahe investier eleidngds Thus, ishesiddssidersiensdoibal dlfhoug ?¥tng a
phase of each of protonated fi Ngk i A BmbdditrdRisUmdioplibeia)

wher ei ﬁn‘feﬂgo%ﬁlgée@eegf%%gtgggl%#aggesgﬁtgl&{egga%e a%%&t It anila. are .5ur]?f ormy m xed.
2. The faamenansdiftaionfandlvatiatich ofithe iientiatsesnprodiedrihersin hereihtdosed H2Ti 307
or 112-rr1!1215yoblelfe§§)]i‘{e:hztg by those skilled in the art, and that such modifications and variations

are considered to be within the scope of this invention.

20 [0077] 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.

25 [0078] Other embodiments are within the following claims. 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.



3. The nanoparticle of any one of clains 1 or 2, wherein the titania is
anat ase titani a. 4. The nanoparticle of any one of clains 1-3 having a
m xed phase 200mppizi ng as a 10first phase protonated tianaceotavi2ng a
structure of H2Ti 307xH20 and as a secgnd phase anatase titania. 5. The
nanoparticle of claim4, wherein the ggrti cl e has a phase conposition of
about 25 to 75 percent hydrogen titanate and about 75 to 25 % anat ase
titania. Claimg  The nanoparticle of any one of clainms 1 to 5, wherein the
nanoparticle further 15conprises a dopant. 7. The nanoparticle of claim®,
wher ei Whehis dWst{S'i s nitrogen. 8. The nanoparticle of any one of claims 1
to 7, wherein the nanoparticle is a nanocrystal. 9. The nanoparticle of any
one of g.' a\ Bmbokift &nogai\acrwcd@m{smgc%metdfceaantdf\pircbtynat% tithateTarel
nanoparticle of claim9, wherein the photocatal ytic activity achi eves

Wit hi n 3. GithniarStasiud diasidel svisgee greaphasesor %?toaa%fwwdéﬁﬁ‘é‘a &8 uti on,

t he Met hyl ene B| ue, sql ution having a concentration of 20ppm neasured at a
wave Iengt‘H‘lg’P“-g’Gl?lxr‘?a] at 0.1 ng/mM nanoparticles, after 14 hrs under dark
conditions, following visible light irradiation. W

2011/ 019322RCHLR5a0HANé WF0296n 26 Whereibh ehenprodpaated citanatef is dldisk or or 10,
wherein the photocatal ytic activity achieves, after 14 hrs under dark
condi t i onsH W@hixh2@. hours of visible light irradiation at |east 30 %
degradati on of a phenol solution of 50 ppmat 1 ng/m nanoparticles.

12. The ,napoparti de (of ane of; lay i sPEa@sStitagiaof about 2
nmto 5§bo 4903 n%lgfgm%e nac(ril)%%grlﬁrggwg?&gln%égﬁ%e forgoi ng cl ai s,
wherein the protonated titanate has a crystalline phase with a nonoclinic
conf i guatTiemGbRirtitiewiftanyl aetdf ctaimparl irbedng agnixed phase, commISTEre 2 c=10. 255

nm and j 3=123.11 and 13=]123.11. . 4. The, f i

acé®r di Jng fiest ﬂh%sed’ﬁ@o%%te‘%tlﬁinﬁ'ﬁ? hpvipg aéimgtuﬁ%%ﬁ %Z@f(gﬁ/ sztd@%@ g%&%&

phot ocat al ﬁ se%ﬁgmgeitﬁm ~a nanoparticle according to any one of clains
ep

1-14. 16. otocatalyst of claim 15, being sensitive to el ectromagnetic

radi ation in the wavel ength range from about 200 to about, 780 nbm
5. The nanoparticle of claim 4, wherein the particle has a phase composition of about

25 to 75 percent hydrogen titanate and about 75 to 25 % anatase titania.

6. The nanopatticle of any one of claims 1 to 5, wherein the nanoparticle further

15 comprises a dopant.
7. The nanoparticle of claim 6, wherein the dopant is nitrogen.

8. The nanoparticle of any one of claims 1 to 7, wherein the nanoparticle is a

nanocrystal.
9. The nanoparticle of any one of claims 1 to 8, having photocatalytic activity.

20 © 10. The nanoparticle of claim 9, wherein the photocatalytic activity achieves within
3.5 hours at least 25 % degradation of a Methylene Blue solution, the Methylene
Blue solution having a concentration of 20ppm, measured at a wave length of 662

nm, at 0.1 mg/ml nanoparticles, after 14 hrs under dark conditions, following

visible light irradiation.



17. The photocatal yst of clainms 15 or 16, having a surface area of at | east
about 60 n2/g or at |east about 100 n2/g. 15 18. A nethod of deconposing
organi ¢ amd/2ori/pxnbogi cal matter, the nmethod conpri si ngpPexpocNYIENE
organi ¢ and/ or biological matter to v'b?i‘ble light or to W light in the
presence of a nanoparticle of any of claims 1-13 or of a photocatal yst of
any of 1 g! afyBnahapirAcitof cldifhs OTbeloeihaeinahe phatoratdigiic whidvie achi¢wss,
deconposition is characterized by an activity 200f. at.| %astg.o.% degradati on
of a 50 ppefiepHdriu usdendarsconditiens, veithp o Bowt of iviyiple Jight gRePIhAT ati on at
1 nmg/ M nano jcles, 20. -Th | | phenol

degr adat i iﬁaﬁ}%gb% 8‘?%5@@‘%883@%@%@%%@%gds?%@a% %%%ﬁg%%éﬁg%eﬁu on by Ti Q2
of P-25 titania. 21. The method of any one of clains 18 to 20, wherein the
deconpesi t TRNnidopaickNél a6t efid dedlainis artoaldt, ihaving sosizatof labawt2 281 4
degradation of a 20 ppm Met hyl ene Bl ue solution within 3.5 hours of visible
| ight irraghout?2@hnat 0.1 ng/ml nanoparticles. WO

2011/ 019322PCT/ SG2010/ 000296 27 22. The met hod of claim 21, wherein the

Met hyl ene Bl u ; L0 o GRS 5iAROWherdint tho Bfotbiédtitahitahas he
degr adi?'l oﬂ%@ﬂﬁ%@%ﬁfﬁ%gfﬁeﬁgﬁ%. 2%%1. A rr%t h_odggf manuf acturi ng a
conposi te pr afsaninedphdst amdthe/at ir@oicknioanaptguritine Clidial netithodetiistpr i si ng:

5(i) form ng under basic condition: ol, the.sol.¢ i Y.ngoan oxide of a
single met PATAMGHGES o 4 Tle braaard.ariadss Emﬁnflg’%lg%léxug‘?e,g ) heat i ng
the sol under solvothermal conditions. 24. The nmethod of claim 23, wherein

form ng 4t hgpt [ {AHhafiOparSARRELTES g 6 Al PGitd 0Tk i1t Enasplitematalgsdr  and a
base in a suitable polar solvent.

10 15. A photocatalyst comprising a nanoparticle according to any one of claims 1-14.

16. The photocatalyst of claim 15, being sensitive to electromagnetic radiation in the

wavelength range from about 200 to about 780 nm.

17. The photocatalyst of claims 15 or 16, having a surface area of at least about 60

m?/g or at least about 100 m’/g.

15 18. A method of decomposing organic and/or biological matter, the method
comprising e){posing the organic and/or biological matter to visible light or to uv
light in the presence of a nanoparticle of any of claims 1-13 or of a photocatalyst

of any of claims 15 to 17.

19. The method of claim 18, wherein the decomposition is characterized by an activity
20 of at least30 % degradation of a 50 ppm phenol solution within 6 hours of visible

light irradiation at 1 mg/ml 4nanoparticles.

20. The method of claim 19, wherein the phenol degradation is at least about 1.5 times
faster than the degradation by TiO; of P-25 titania.

21. The method of any one of claims 18 to 20, wherein the decomposition is
25 characterized by an activity of at least 25 % degradation of a 20 ppm Methylene
Blue solution within 3.5 hours of visible light irradiation at 0.1 mg/ml

nanoparticles.



10 25. The nethod of claim 24, wherein the base is triethylamn

nmet hod of claims 24 or 25, wherein the titanium precursoryis a '?ltzzagl uLhe
al koxi de.w@%o11fthes2oet hod of any one of clains 24 to 26, polrsGRIN/LS6
titani um precursor and the base are used in a ratio fromabout 10:1 to
about 1:10. 15 28. The net hod of any clains 24 to 27, wherein the sol is

heat edyaat e LRARGY & ifh 2 Wiicfein e WRGRnbElueegratiion 800 wHabal
: , : out 200 C
29. The nmethod of claim 28, wherein the tenperature is within the range

bet ween aBaitheslfageGhamtheatsgradatiqrobyCTiO2 of P-25 titania.

23. A method of manufacturing a composite protonated titanate/titania nanoparticle,

the method comprising:

5 (i) forming under basic conditions a sol, the sol containing an oxide of a single

metal, wherein the metal oxide is titanium oxide, and

(ii) heating the sol under solvothermal conditions.

24. The method of claim 23, wherein forming the titania sol comprises contacting a

titanium precursor and a base in a suitable polar solvent.
10 25. The method of claim 24, wherein the base is triethylamine.

26. The method of claims 24 or 25, wherein the titanium precursor is a titanium

alkoxide.

27. The method of any one of claims 24 to 26, wherein the titanium precursor and the

base are used in a ratio from about 10:1 to about 1:10.

15 28. The method of any of claims 24 to 27, wherein the sol is heated at a temperature
within the range between about 80 °C and about 200 °C.

20. The method of claim 28, wherein the temperature is within the range between

about 120 °C and about 170 °C.



