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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
gbsorb visible light, they are easily corroded and often toﬁc, 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 muost



productivity, be chemcally stable in the application environnment
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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
25l increasing attention in recent yeéars [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 Le&ers (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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[0007] In a first aspect the invention provides a conposite
nanoparticl e WOPH v relptad dbirdiakest theyinventiod. provides napiopeeatalyst. €The

| ncl udespRiG:RAB ot A-ARAEY abdoh ARPLAnERM; ABeane phase of titania

(titaniumdioxide), wth these two phases y m xed.

[0008] In a spooRdnasFegth bdRet MMECRVLRON "BEAIGSa WehdIE o SR cRipRing

nanoparticle ac I’g)l_ qg .to the first aspect as a photocatalyst.

[0009] | fregp é"lngg’é 1qlpgira) malfsecThe methofviaplpiienesposing dbg opganic and/or
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the first asy ect. 15%1%% I'n a fourth aspect "'the invention pro
a met hod®GP a8 s %hni c and/ or bi ol ogi cal matter. The method
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dba%fc TREHOR 01 AR 1 contains an oxide of a single metal. This metal oxide is a

titanium oxide. The method further includes heating the sol under solvothermal
conditions.

BRIEF DESCRIPTION OF THE DRAWINGS

w

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/titani a nanoparticle. The method

i ncludes form ng under basic conditions a sol. The sol contains an
oxide of a single netal. This netal oxide is a titanium oxide. The
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[0017] Fi yr e 3A is a high resolution TEM (transm ssion el ectron
mcr oscoﬁg aspgs %ﬁﬁé-e showi ng a nanocrystal lite of nonoclinic (010)

phase. The in es i i GlLEon N
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diffract Icgrgenglﬁ&h?é &i’fﬁ'?lcggﬂ'? eﬁ{ gure 3C depicts a high resolution
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(strong spot sf 019] Figure 3C deplcts 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 nanocrystalline
protonated titanate HyTizO7-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 HRTEM i mage of Fig. 3C with col our
saturation 25 of the darker gray channel set to zero. Accordingly,
the titanate phase appears |ight-col oured. [ 0021] Figure 4A
depicts the X-ray diffraction (XRD) of the as synthesized conposite
phot ocat al yst. The fornmed material is cérrposed of nanocrystalline
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given in bl ackd_40027 Figure 9 depicts the atom c paraneters of
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0029]. The r?ﬁﬁ | i on ovides a conposite titania/titanate
Lanop!'irt i cl 2 Q} Figm/'g % sﬁow:? Ehe SPGCIEC sur(f“acg%reas o% nanoparticulate matetial
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 are 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 nanoparticle 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 HpTisO7 or H;TisO11xH,0. The tinatate niay be
present in any crystalline phase, for example, a known crystalline phase of
HyTis011:xH,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 monochinic configuration C12/ml, This
monoclinic configuration may have lattice parameters a= 24.931, 5=3.7079, ¢=10.255



with two distinct constituent crystalline phases, one Mania phase and
one titanate phase. The two phases are uniformy nixed so that there
are, no norphologically distinct portions such.as a core, a shell, a

| ayer or a mantle.can be distinguished fromthe 20 residual
nanoparticle. A nanopaiticleé of the invention thus appears

nor phol ogi cal Iy unitary. Nevertheless the nanoparticle is a conposite
particle in that it contains both Mnia and titanate phases.
Typical |y the nanoparticle has a crystal®ine titania phase and a
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have been light sensitivity, and adsorption of the intended reactants. ’

{0032} A nano-sized particle according to the invention has mixed phases of

protonated titanate (hydrste) end titania (in anatase form), Tl?e titanate phase mey

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 & 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 titamate stucturs. The N dopant can be convemiently infroduced vsing a.’
. solvothermal process as described bere, In this coiltext, it is noted that anatase titarda
per se is known to poss;ess goad photocatalytic activity but it is only sensitive to UV
light, as explained above. The protonated titanate phase of the composite material of the -



15 used as photocatal ysts. An alternative way to create efficient
phot ocat al ysts is to produce conposite particles, with each
constituent playing a. different role in the m xture. Mny
researchers have explored the use of activated carbon particles as a
strong absorbent, |oaded with photocatal ydeTi @ (deped or non-doped).
However, the bottle neck of using activated carbon is that the
respectlve bl ack powders strongly 20 absorb light and bl ock the |ight
penetration depth in a solution, which strongly affect the
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litania (in uRRtREoi eidinmobiieatioh bs dmpdreus sreize suchyis 2iotaiive helidésnc| ude
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i mpr oves the%mﬁfﬁ)é’ﬂ‘fea# gchrd et &oonrdte
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i ntroduced t Rindgaricieok thotiherinmierpuoibiephatsatapisdegrisitioné pul OTBWIQ his

context, it F zft,, wanatase titania per se is known to possess .
yt tiv

good photocat Ity but it is only sensitive to IN |ight, as
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found that o. cor[pm]mdﬁﬁp&panﬂnnpahﬁele@fﬂmhﬂenﬁwmtwmwspﬂismw very
good visible. ] &hd:sﬁe%r}&iot és‘ibr#@ﬁs {18 timnif 284 i RoBRtbitivaie Reyendiassee Fi g.

1) and superl or a node a t will

be el aborit emPMSM%H’F"dﬁ Wyoﬂ&’% ?”gég g\?@eﬁ %w n I?"’ep?ri\(t ed

previously, vépiahThiakesas)dve plizge sratbe orseent in ek emovof ofiht PR BTN STHPRFEr y

useful . for phohog ﬁ)g& a;;&bndﬁﬂfeaﬁﬁéb@apﬂi‘sebgh&nwmﬂmmmdtufnaﬁgam c
b

pol lutants. A nano v, rally
of a maxi nal eXEmipl tgcﬁﬂ'a{]iq[hasa ?%mﬁﬁﬁ%dupmbﬁh&?gﬁ

urn to about % pOtoosigd titmststand syt $to 8 Fe titarindn plhsr @Bg‘ﬁ’{‘"“s@‘ FBH%bout
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about 10 mu, ﬂl H
nanoparti cl eﬂ@gboﬁéoéﬁ3%9“§‘héﬁé?h§il@ﬁp&%ﬁ°§°ﬁﬁ'ﬁ6’s I’i% poioent ey or
a nanocube. ianate (A9 Idut TR0 GO i hnalto pamdxt, Gt ds witedt Gy BRPLIE | on
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(whi ch ar¥® umicp o2Ea)- i TREIES re .
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e e N e e el
particle has %F@fﬁ&%épﬁﬂﬁﬁ'gﬂ‘?g‘%’ﬁe of about. 10 to about 90 % pr ot onat ed
titanate and about 90 to 10 %titania. In other enbodinents the
particle 25 has a phase conposition of about 25 teo about 75 percent
protonated titanate and about 75 to about 25 % titania, or a phase




8 [ 0035] In one aspect the present invention is directed to a
nanoparticle such as a nanocrystal that is suitable as a

phot ocat al yst operating under visible light (e.g., fromabout 380 nm
to about 750 nm) I't can be used in a variety of applications in which
cheap and environmental |y benign photoeatalysts are needed to

deconpose organi c_5 and/ or bi ol ogjcal co Phot oc

deconposi ti o& W 0BG asp ﬁhﬁ%ﬁ%&'%&’"ﬂ@n Feﬁé‘%a%ﬂoé’ﬁﬁ ?I%%%g%.%d
can | ead, 0 \:f8 AR |sﬁ&a%1e9a<sl £ phdrecatadfst @p@amgcwmmihmhghtc(e @O'zfrmd
1120. A photocat al yst based qn suc nan(g artl cI e \ﬁ\/l F lglag

t o phot cAbeneftara taahplﬁe%\odmi‘)e{ty“%f eHs§ W& 6‘8%1%0&1 rus “and
ger ns. fe cAtal§ HRRRA tiHetoRat taaéaﬁaibdrtbldadbmp&erm‘gmwal
of the |ér213%£;alﬁ%nﬁﬁn%ngl " ? eﬁ%?oIj con%la%gslg t he g%gh cat t| C

act i \fi t yandfor bjatpeicel FWIPW@d% Gheiprasply s PEPPIoLY Fttrlog@ pffrf‘tflﬁﬁlat es
whi ch is, fegfﬂotéag EQ&:RP@ah%a)ﬁtﬂa%@E&HﬂQ@dﬁdanbm Bﬂbﬁgaﬁer&eﬁapsmr&ﬂs o] n

partlcula sl nce otrons are sensitized to gle I|

i 11 ust r a€Oy endxa é Pla)tqcétﬁbfétbﬂS@é %ﬁbﬂhﬂﬂlﬂ@?’é‘c §” &n2HP, ‘?‘He 59 the
present H&Yo?&h&iﬁteta% ﬂé[ D&ty ﬁdr%ﬁhésy nAGSODviRRes, Qﬁ@ éﬁ@ Bf@i%rﬂe@afd
conpoun such as ne I ene dyée under VISIb|e 36]
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the W‘“@S %‘5@! é’afi&léﬁtagtgﬂﬁgfoﬁﬁ@{ glth tﬁi@&&%ﬁw H@soﬂﬁxga@t@eﬂﬁs Q)lfltﬁdnat@y be

or incl based | ow nol ecul ar_"wei ght, O|I§n&%{]? or

pol yner i which nq;mmeméstpemlwestmww@. Hghly #ﬁ@@ﬂw&lmm%

f ungus, u 0 t1ehf a GandtSve @xa@pieC aed ém%
and/ or %ono%l%ga?f%aﬁ%sﬁg%gr{b me‘i‘tﬁé 1?2 ex%ogﬁed to thee 20 191ﬁotaocasti;ﬁ ‘%ﬁt of

t he i nveminiopartielachas dekn gmmd ‘W ﬂle Eﬂeﬁf@t ARYeREpRE L9 éyr%eggﬂt&fﬂlﬁﬁ Sqt
- particular , I t eliugtes t he
& r%ic-ﬁd%r Pgbl iqem Cmﬁi ssucéh ds! n?f%dhﬂerf?: b1SES vnbétvidivl

organic a mat eri can be éexposed to t

photgcat aI ys"[ﬁ]@ﬁ 61t OFahiB \erlaf An BTt ’tﬁéloélbﬂhmat&ﬂﬂfbaﬁ&m\/deﬁmhbc&eﬂngimg
(i.e., aving a wavel ength frgom about 380. ‘ﬁﬁB ﬁ%abou 750 _nm

For i nstﬁlﬁd@om@ﬁé@ﬁ*e%ﬁﬂemfﬁ‘éﬁ%é{eﬂ?%“%P’EﬂaE’tﬁ’l IgpteR Rt Ziclude, quy ; d

such as fny, $asil! Wit Ofole@ilardGAMYS oRBGHERENS | Polymeric aammmmms
di spersion. [003 7] In the present i nventblg \Mphot ocat al i{ refers

to a subgﬁﬁrﬁ@féfetm@lpglsﬂdme%tnéﬁyy*ﬁ zoetbtd | A PO YGRS

l'i ght Su&%aﬁﬁnmdfgﬁﬁ{b Oh&bridl AR/ &ngloﬁfgﬁfaﬁrtﬁﬁlbﬁal irﬁya)élebﬁdsamcte theat ,
when irradiated with |ight, can deconpose and e]. i gte vari.o

or ga?l ¢ Bldodatedysgafihe invepkssand so hatd %FFS‘F?H‘%%“EP?T p5- &Hpa‘?’ﬁ‘é ar, a
titani U"}n%ghﬂle( eRASA uﬁ@orrglagtt@%mhwih Ellﬁtﬁaﬂafdi‘bﬁmigmammttﬁabmn be
!

used fo or exanple, deco and nati.n ents
such as eenesed Tééhﬁlﬂé’t%ﬁlwg mﬁg‘?t@&ﬁf‘a ng%ttglé?br %I vz'ﬁdﬁﬁ ?lgﬁto‘ﬁ Rk
el i m nat {,ng.J YRgveRSh FoBPSouP3801AKI t¥ ebYudEOaER0 Fongsanc, eld mEediani ng

can be, in particular embodiments, a liquid such as an aqueous solution, an aqueous

25  suspension, or an 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
climinating odorous components such as acetaldehyde and methyl mercaptans;

sterilizing and eliminating fungi and algae; oxidatively decomposing and eliminating



9 nitrogen oxides; and inparting an anti-fouling function by causing
gl ass to have ultra) hydrophilic properties. [ 0038] Photocateic
matter is capable of catalysing a chem cal reaction, such as an
oxidation. This capability is altered such as increased or activated
when exposed 5 to el ectromagnetic radi &ion such as |ight.

Thot ocatal ytic tter,. may _for inst e in ' ed
o el oot FOTEGHERTE: FubMaror hie PR Mhuiet ) (itGnk AR R kg Res
chent cal nhy@astiliopropatiesccel erated or induced upon being exposed to

el ectromagnetic radiation. Photocatalytic matter may al so be capable
of cat al ysi ng[0838]Hhotaralalsiticandtieois capahie nbratelyging edhemical weetioonsighet i c
radi ation, W t.h the-r.espectiv Ll Ly hej retkn igally
i ncreas eﬂs, a‘h% aﬁé)onsllsj © gpat%i)ﬂt%fse%@r%g%%%%ng%%i0%19 F‘gﬁte%l n ty%a?ﬂ@%e{&
enbods meft ectidiergptint oxditiah whéhcasThght ePhdieatulytic matpabhay tof ingangk\bsi ng

hem I ti Sed t | egir. i adi i .
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el op). For i S. QUr pose ere is in_some, enbodi . addi.ti.ona
Ponothi Bl ueioRHY BRRGetd Sion | fnbolind BIeE TR kTEL LRqifin” 46 00
phot ocat ahpédiRefiB! iher pibdaatajtie smattidlageaded capablecaf tatalysing sekhenfisgde

the Exanples below for,an.i|lustratiqgn).. As an illustrative exanple,
20 vvher[erP °?P§rﬂ9ﬁ5?’fﬂ°é?detocﬁeckr%wﬁ6%@f " s used as photocatal ytic

matter, an ex r L.ah A rtic Lsi Lght: ;
l'i ght, causesﬁ]ta ﬁ%‘ fger%‘*ore a ‘%oénmg’f&}ag%ft&/éen %%lg%&%gﬂ %‘E} g%% i ‘%? hééMB?llot o]
r edox r eamhpaunds TidombivlogEabxopteanl. iFor Swppirpeseofi thx methodnef thapresent n

COnTEr, ety pRUBLANALRERG blA R icHe AT, o SIAALIEE ot a0

_n."

used asSes otoca tic activity of " matter ~of

i nt er est chentital destitn thatcang edxploitecbiphispale o desiid tiydranhilia sompoupddpesi t y
or contact, t he . i:nt e { ol Lat i Y Laght,
and o b8Pt fg b it BBt Bhicil iR emidlefheho Al el g el

r espect i weparticdiadianimisdinients whereshe pctochtatytichmati¢rrataliies a dsatagdatianng
water wth the. C r i
accordin &eaf’%ont %%ﬁﬂ%e\%etﬁ% ;%Ig)#ﬂﬁlg Qgé%‘g nghhfgﬁgi%aéfg h ?nﬂ%@? %:éhg 8 le%amd‘l? lg’t i on
it can cathateyssanbhativkddif diat inventioh ipxsadi asathowcatalytie mattar ranjexpesyre to
contact t.herew th h . LGl | 0N A

o1 ur ar 1 /9 g agpeutst B E HGRIRAY b Gyl R MUBR L AR onfeen asg
respect i veult afliagfhonreday rivetiae|Thetactvarhiigien inpapablarmfexshsing wetentt hs
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or a

assess the photocatalytic activity of matter of interest includes bringing 4-nitrophenol or
25  thodamine 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

maftier.

[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



10 set of distinct wavel engths may be sel ected, or one or nore
defined regions of the electromagnetic spectrum Exanples of regions
of the electromagnetic spectrumthat nay be chosen include, but are
not limted to, visible light, ultraviolet light or infrared |ight.
Visible light corresponds to a wavel engt h range of about 380 to about

750 5 nanoneters, ultraviolet |ight corresponds to vel.en range
of aboutsei@ftd@tlﬁffoﬂﬁvelﬁﬁ'@}]ﬁdﬂ%é? gg&“ﬁ‘ﬁ&ﬁ roérrg%relq%ﬁ\é\@&ﬁl?négg%%%as '? 0
a wavel eagé&bn{aﬁﬂaﬁ; QEctale U xafiiiesN@NRERLE bE HeOel edhortagetivi dgettneh ¢hat | n
sonme enbodi ment’'s a,  wavel engt h |?, f.or |nst,ﬁg§,e sel.ect iq%éhm t hg
range of gy §¢ ghasen ilﬁ}ﬂde(@ﬁgi?ea‘}o.t iimited dpreEbs dighhatitayiole ?felﬁéﬂ?’i%’ may
be sel eCﬁgﬁ. w’tigim nifgﬁlh%omgendé\&o(a%&@ave@ngcﬁofaﬁg'Mf abowd 380 ®odwout 750

S i or

enbodi nen I's

r 10 1 nstance selected w thhi n thrg far hJV %OQ to
10 urh) . nonematerse wliravioket lighb cossaondsde 1B waplepatha@parcpletPalh 1B de 788 ur n
or _short giy n%&ﬂbﬁieﬁ:@g B8l G Ii%lﬁrcoﬂéﬁb'oﬁﬁé’ tPh WlleDShOfangd 0f biedut 700

[ 0041] The el ectronmagnetic radiation my be of an mtgnsity nd the

exposur enafomsteys toeabghth! allimestey. Hssame obagiimenty a astvelegst éﬁg‘grmgﬁ@e
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enbodi mnent one or nore nanoparticles o he invention are agccordingly
used as be piesteddabal§lum of ghortex Arpding009men elReBp S (O ampr shorter.
anti-bacterial activity under natuyral and artificjal. |i Fl Such a
phot ocat al yst [0041]sKheteigsirampgpetis dpdiatimdaay bey Tids (o4 %[%15 F ERABNs.

The nanogabhy qbis hs ZlQn%C;agl 056 QuificRHN kd Ghtidet Theo ubmbparticiy)i capabie ndfs.
It does not Tequire W
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appl i £at {ON&1 I EAITNLLhASSST 1B 6ot Aiat the squired expofilre des willakpadns,
hones and toilets. In sone enbodi ments a r}g?ﬁg&grticle of the

’ h
i nvent i ofhei ROWEE & the plegiramagnaie wddation Rsed oIRGB OnG O RO al
or gani Ct HBio?p%{ticl@Q @%‘ aﬁ%leénkienfa&ééaac\e@ti@y ﬁ?&l[ &Oﬁgmow@taﬂmtr@s iemﬁple a
nanoparti culate materi al accoralng to e resen I nve . WS
i mense peatesstalgl vath antihagierial i aehyisy vnde %&F@f@ﬂ%ﬁﬁlﬁéﬂt quqt %H%/ e
used for pihscapfiRt & daapiedat ban imoohagﬁmuao@ra?pmaﬁom Mbe wadspartioles) as

dyes as shown in the exanples. This is_ope of the niﬁ,py.%g\ﬁoir?n nt al
i 5sUdS t ket abspid sywlighs it pypdoqr eRBEOTRRLES) T dogenotFRPIISSY IV HEPE P STECHaY er s
from i nappe QR BhBahtandll Recols sRaniad csivesicRlardosoaonicahfeat wide
bot h human heal th and the environnent

t
pend

. ing a Itable and efficient
phot ocat &nge of appkisatipns i GEMRPE RHcEs %hﬁgg‘i’ﬁ? alg QEFP"B% Wﬁ%@ng%\eﬁnm;and
t he wat egq;iRY P@nle@boliRtkntsOd ndrdpiisle of 8RSnvdilibe @ved fdrteaning waste

nanoparticul ate materjal responds to visjble,
' water or for removal of natural ofganic 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,



l'i ght which nmakes it viable for effective use under solar light. As a
further exanple, 11 nanoparticulate material according to the

i nvention may be used in the breakdown of organic wastewater. An
illustrative exanple of a compound that nay taken to define an

organi c pollutant and that may be degrabed using nanoparticul ate

mat er i al BeEonAlMe hRidAP adBNBIM fo0e i mﬁq% hk! in
t he Exanpl es%gl ow? Al so ﬁnown. as 53?:I§Irebo P@h%ggg?ﬁpﬁlgtnglﬂr?%ﬁgﬁﬁ%q
organi ¢ cUspouwastewater. tinillssteative exantple ofld eon@eRBOMAL Bayitakers toofefiphemol
include the, di SaRaLe j LTI .
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[ 0043] A wastddistherge ds mgeomefly degeddheghanpbeuntent may bé phseel aiflas rartled

based on t . al ysi s nanoparticl e. as . def.i.ned _above is
Dar e oo aTRGE BBk 8 55 B B ARNGR Mol R pieRol R ERRRY Badefgous to
pl ur dl0i t yhuofanm am Gk deatls laed sexeootaiciy donld fesult fivenits effectsvbrtheis@draht 1

mg/nil, h n_activyit hat achi.eves re th about, 25% degr adati on
oV 5 5o RRrolf oA B plod Ve N i oty TherBRER s PRE S AR
i rradi at itoextrentelycimpiogatthe val ue achi eved using P-25 titania

(Degussa). Under these conditions nanoparticles according to the
i nvention typileMB] y mathed ar phise of deghding orgavici ari tiglogicait matéri lmwakomor e

t han abo 9 r o) 0 I ut
50° 56 dagihg@ferhst PRt AACRONAAR B RS0 LARBILA cnRE HIIRRE RE)
70 %lfegiadanirbatoortalyess.cAtHamlitybefinangparticlce grcaniitg tnthei invéntidhngh8s %

degr adat i f I i i, 1N r i.Si
Eohe O s &t ol R ABSAS nd Ay bt ah Dbl DU deglaalibi b 5o
ti nmes, atPpimepkdnchbejution withim 6 droufseefs visiblrolight 2irsdintione switch ab thet v8ue

t . f 1 1 ) I - i -

(Dogussay T F0Aded o) SEa I, Diadl ibeeonltiof EinchiriBB) Bconting

i nvent i oo thehiaventice dyracally haws e ghotogatalytic adtivity that mgltintes thers tham about
it . _ 4 ;

ot hyPend> bl PEBERD: b el ke GRS T Lol flonutd RRIT

i rradi at iabent 6@t céegrasdatione Mk denabhitelded degiadetida-aSnaeretlzan gbout 80 %

(Degussaje,NaRRRANELEES 839 8 Qc{a%ﬁ grl %o tpgﬁ th@P(o‘? b5 wtgirf@i;&&s ppve
a photo catalytic actiVity that achi eves“under these conditions nore
t han aboisitdebight amediationaFhegpisnel degradstitadgs adadst arout hbrtimndshatreast about

' twice, at least about 2.5 times ar 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 howrs 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 gbout 80 % degradation, more than about 90 % ciegradation or



about 50 % degradation, nore than about 60 % degradation, nore than
about 70 % degradation, nore than about 80 % degradation, nore than
about 90 % degradation or 12 conplete degradation of a 20 ppm phenol
solution within 3.5 hours of visible light irradiation. The Mthyl ene
Bl ue degradation is at |east about twikk, at |east about 3 tines, at

| east about .4 tines,.at Jeast about IES, . : - l1es,
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Sbout 20TimESerhsbeil At A st baTioot iso ey B, Aol FESD
(Degussa) times, at 10040t & tidve} adedsahimt Shsedatdnas akoudl Ortomes, at least
nanoparticles of the invention my als e lied.in ot al ytic
it o1 SRR G At I ehagg Ot o0 p 13 b T PoouE 18 e
sensi Ng, or980@ At s thaRbidprasatibroy Ti0,ddRPsrtiata @p@otsas, and

phot o- 10 i nduced adsorption of heavy netal cations. Myre work is
underway to gR@ispriephdiscatalyst bazed embiedrsmak nhivparticlea 9§ thefinymtion giakg

mat eri al . .0046], Titani. i tanl. di id ' . t
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rive redyction and oxJ.dation reactians respec

o1 o10 oA OB LT B! Bt SAor SRR S defit fo PIdEE eHin
benchmar fotdnitb BrYf thisralbdf dtontifiag nfaciial. st s of 80% anat ase and 20%

rutile wth a nean particle size of 30 nm Nanoparticles of the
present i nver[0i46) Eitzeiac #iakiiim dioxijedr it kngwastoa agh eholesatalyiieallyeban

when absgr bin i,Si light. ] it i.Gl
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P- 25 ti t anitbenpanililde és drifd fOI04Rn ddeoxidationtreastiony tegpedtively ifglensen-of
manuf act uri ng a.composi te.pr.o i ' | dagde in
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accordi to the inyentian . .S ther S
2ppr oacn 0B oF SET U dlafof o ai SRS A Ml DSIEREC
anor phousherpdbaonbilgsvigbleights Imgldition nanoparticles of the invention have been found

to be more effective photocatalysts than P-25 titania particles.

20 [0047] The invention provides a method of manufacturing a composite
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 vsing this process. Also these
. other materials have preferably photoeatalytic 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 manter, the composite material of the invention with an
N-dopant (see Example Section). The titania sol may be formed fiom a precursor, for

example in sity during the reaction process. This sol may for instance be generated by



25 protonated titanate and a titani a phase can al so be forned using
this process. Al so these other materials have preferably

phot ocatal ytic acticvity. In the nmethod of the invention a titania
sol is provided as nentioned above. The sol used in the nethod of the
present invention can be forned accordBng to any protocol that

enpl oys a base as a cataly for..exa m ne
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by hydr ol ysi %t aﬁn*n%agyﬂﬁghtgloi‘%ﬁnﬁlﬁuﬁ%ﬂ?ﬁa@%ﬁﬁe%wﬁd%ﬁ fHe'tabs, e of

wat er and"a" po e P Shen a8 a pol ar protic¢ sol vent an
al coltol BhegiH mslueinhmmbk bese-¢atalyned prasess is zhova dile dorimdinse ‘1351"]1e m“gc 0

base- Cal Byseh B8P Iul Ea%?gxa%{tﬂ%uﬁgﬁ o, Bh@ BRCL0f Btk Y BT Mbout
anmoni a Br - anmbni um car bonat e e enpl oyed as the basé. 15 The pH
val ue i npg a2 hbr gbonbpldldat al ysed process is above 7.0, for instance in

the range of about 8 to about 14, such,as for e arer & gbout ]%{Igll
about ‘pH 10, [AMlThsHmethodaph the (PRESES HVeRiig, r 1icludes appigpiger

met hod Ogolxtolﬂ‘f‘enﬂgtl?ﬁg&hs Liiee BlelR8 fethh bRk, Wﬁlﬂiﬂlﬁmambc}elsﬂ'g attechnique
sol vot hermal process under elevated te ed'l ol vot her mal
procesks inswhich ﬂ'@ﬁﬁac@g@ occurs in a pressure vessel that a ows a solvent such as a polar

solvent, e.g. water or an alcohol, to be heated to a temperature in excess of its normal

oXye

f=t

D

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
fhe gas or air inside the chamber. In some cmbodiments, 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 interjor 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



20 in which the reaction occurs in a pressure vessel that allows a
sol vent such as a polar solvent, e.g. water or an al cohol, to be
heated to a tenperature in excess of its normal boiling point.
Pressure is applied at a presel ected value, which is above 1 atm
(about 0.1 I\/Pa) such as up to about H4atm up to about 10 atm up to

about 20 atrn, to about 30 atm, bout 4 t t 50
atm or bﬁ@@mrate yiag reqsh dRelnding “F?fg"tttﬂ’é %ﬁ’%er&éozd?g‘}mtﬁ ﬁor élggagésw
during tt&%prerr&@i%tlé hidla rl HeBidch R801R 80 SUSRE Aisiu® ROMTC, o exatmpie inttiee

t
|t o1 | Orangoed st SREY (et b Ho ATRAPR A FyBrY EORLT G OBy

rel egs'? ¢b ﬁo&ﬁ?@%fa%omobd@ﬁ%%oﬁ{%@ bOGbetit IN6l°€as abbird 5046, ahbu’al r
i nsi de

sone enbodi ments, the interj r
al sosbe 1@61"030 elobut 358 Patabpet Hﬁé’g tagbow, 10886 oaab%c‘iég@r’f& ﬁ@%%ﬁe?ur e
val ue. g séxpgt%lr,nggd@eggﬁ%g‘%& od A8 etdét&%é alidublL00 SOC&boaﬁ 12mec] algas or

air may |ntot e seal ed chanber du or aft g_%
reacti or3vcd ma@aBMQP@ThﬂmﬂodrOfot%éw which th el 49]53‘1%??9(? t ed

t erper atyur Sl RS GNARERHIH 268250 B 1bBKeNt hitrd Mepiaidpatat L an of

nanoparttf”BPeé above to occur. The increase in tenper ﬁéure
may 14 dbeutg’ehﬂr agesbdoy 2 doyrsiratzons 3 Houts) Q]@ﬂltﬁd hougss @bt Sohourss 7

nts the e Aed, BR0G6m afame@mm@out
g OEHOGEEOHES%lS%gtong Re%?ﬁ’rr gl_,glr tﬁm aWr“%a%Iréehcof a outp t o about
190 C, smedel may bé gmbmlly i9geed qubmx@selpgbd emeabt@w@, esire #t€ 180

C, about. oo C t t 16sel RAUMS
1002 ? g nfshat mf% &ébo fgb ﬂ@?tﬁ%%%g 9?Lls%o %r%gb%ﬁétjp 90% t o about

150 C. | mtemnmag fmceumpinbs albwe 5 ehinvias, 6boUE &PpimEEs, FROVE 45 HERHES: 4R C,
about ]ﬁ?g] RO 50 m%u.? cﬂllﬂt30 140uis, hOS iﬂerﬁin%s Odbolut @@nﬂﬁu’téﬂg
Iglgjl | ’S ex pos e

whi ch.t I's tenperature mag be sel ected from
abouts 3oawuwn5tmmamtwaoutzomuu®$, abpns|onel howy, Bi9btR haws, gbagauove Ayt

e.g. aboél%mﬁ% gut o%? “a%; ﬁté‘ﬂt&{{ré abARAYthothsNUHE 12 BRRYtabButIBUSs,

about 6 ours or nore. Before this ten&erature i's
r eached, atiohie2a hmmsrahomﬂé Honrs; Hleouy 82 detrs nabputAS v @heuty3 dayer ahoubd

OVEr a plgs ga}]?a]gtt edebl %&r@tﬁbtﬁgmd;i th %ﬁfaﬁﬁé ond B} Botd ﬁﬁobﬁl@léélﬁﬂay may

be in th I ncl udi ng hours, resel ected

time i nttﬁdtaﬂd whyretﬁ)oﬁleeﬂlamlpl lerds@vabofmy grtgdlg peeed 0%%6@‘1 r‘tﬁeF?HFﬁs

about, 15,1 & SF (B abtopalic]
tﬁ m@b %qﬁﬁ?g%% égb %ea}oﬂl%tbﬁt%cg%% Elﬂéd%about 45 morltjﬁtﬁl gses

about SOpMOWE.B&ppw@@UiCSOI’Ie hour, about 2 hours, about 3 hours, about

5 hours, about 6 hours, about 8 hours out %tg hour about 12I

hour s, about mosmathwele@tmnfﬂmcwét}was ohihe §olv P‘éoces&bmar%cf

hour s, a@, ttp.%%ﬁ th@ BRIt of2xENSe toPQSHteddeRBM Aot salvohermadr
en

nor e. e obtai ned” one or rrore nanoparti cl

dri ed, V\pmc®b)caltl Hvs usod vesontrel the mgpeats oXiydmgeR éﬁtﬂé‘tepa?‘f i‘&’nt%mt ﬁlﬁe

and e r’rp tahi ﬁan%?arﬂ@i)é%?@\% RS Q0N T0g, 1®r¥ﬂd1ﬁn@§rah@élglﬁﬁriﬂ@ around
e

parti cuI e structure nanoparticl es phot ocatai t.i aB erties.
[ 0050] Thi ¥etwetoueh 16§ °Chinckidhgi & Avemiot4 Q‘&Oéa‘i’%t ﬁé FS’B%E&SS
in parti E&oﬁéﬁt&l@ﬁgﬁl mﬁﬂty ﬁas%néb Eitibr T8 aBbut SIPRSHS @efc@ntehﬁh‘@geﬁd

tenperature’in t ot he mal process can be used_to contﬁ
anount s otandrtydunoglbnuttﬁﬁt tn3 & anetals titaniramchdinget0to B9 PRI f"gen

nanopar ! e a8y b LU b Rafih bbb 4o R fRERERBUES tiamatdhe

range ar 0 aroun ncludi ng e.g. about 140 C or
abous0 14andCaboat 60 o énreeohnmasmpama; &l eonppgition [sigh as PHARethe JaiE SAR8%n

of about 35 ent %%n@m he BRel®ReR8at¥on
anat ase ﬁ% 3@@%%@ ﬁ ZPOPE@t Ea&wp‘;e’?igg}nl?dh ro gftél ?I taenatg% and
about 60by meme%m(at@ﬁﬁ iehtrpimaFigr 1awmﬂﬁ%onmteaod géyciitpiahy dr ogen
titanate 30 and about 60 to 50 % anatase titania. A conposition such



15 [ 00511 Accordingly, in sonme enbodi nents a nanoparticle of the
i nvention has a phase conposition of about 10 to 90 percent hydrogen
titanate and about 90 to 10 % anatase titania including about 25 to
75 percent hydrogen titanate and about 75 to 25 % anatase titania,
such as about 85 % hydrogen titanate aHd about 15 % anatase titania,

5 about 70 % rogen titanate a o i R out
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25  Physical Review B (2005) 71, 14104].

[0053] As compared to the above mentioned complicated process of
synthesizing this class of material, the single step process according to the present
invention is simple and involves direct synthesis via low tempetature 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.



process is generally used, scale up is nuch easier than in a vacuum
based process. 16 Besides the novelty in material and structure,
this famly of material is not comonly studied for any particular
application. The present inventors have identified the

nanoparticul ate material as having unilfue photocatalytic activity as
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been obt Ak aEmyi(2099) dR7,a123)] Binkd ph@tpeaettmmtal@f plateCR grongse ke s#alyston
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( 2005) 18i%, tafgé8 Molewnlts.t hucontrestiitanstol mityridlk/hhvey mcentbrs‘p@msrdq@ﬁedlap ‘

| 00564 ng@&gggg@“ 20 S T B8l W do(raR oF, BVt ReeioBLLY. REDIDPTS,
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
Jarger than that of anatase (Zhu, HY, et al, J. Am. Chem. Soc. (2005) 127, 6730) and

thus remain solely UV-light-responsive.



[ 0057] Sol utions were prepared with anal ytic-grade reagents and
distilled water. 5 The synthesis technique is a direct solvothernal
process. Ethanol and acetyl acetone (ACAC, 99.5 % Fluka) were m xed
in nolar proportion of 20:1. Next, titani'umisopropoidde (Tl, 99.5 %
Al drich) and triet hyI aunne (TE, 99.5% 17 drich) were added
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equal |y stantpbdsl e. Lastly, 3 nmoles of 10 deionized water was added and
the m xture was allowed to stir for 30 m nutes. Following this, 50 m
of this solution was neasured - mtoMgLﬁ}S capacity stainless steel

aut ocl ave. The autocl ave was then heate %{1 anbi ent ;av%_ﬁ c¥\n t{%

ranpi ng time BPSAGMINGE FETe RIGRAGS Wigh SEEeBISKGE ABUHET WERT- s

par tigul ¢fc doRRARTEAMIRR. 1s|a“d19€ch‘§6lvotﬁéﬁ@ﬂ sSEtﬁaJﬂel sl westylecerual

reactl on was carried out 80 C, 100 C 130 qulg ill &200%{%5%
P hg

Fig. 10)(AQAGr 896t % Fllsd wwr vaied jmdng @nBWEB“’BQ Ven at
80 C. Thg @%ﬁt f@q’ 2143 dMEY) Gnd hRARAENINE L TIE, %S%Qimag viet addeded
ri

wat er via ing pr ocess 6{0058 A rang dvvel lin

t enper at unmltaneomls ropm@e@a@méﬁgat&qﬂ Syother SERPER %&}F E)‘Wé‘&ﬁ

COITpOSl t 8_{ EE ‘r;nr 1lryeér5§a dqa‘lﬁ!e uélly @Q&blIhEaSﬂ§,b3 ﬁ'l(ms (&0
oWs 0

Fig. 10 s resu e respectjve SgglelC rface area
of the pheomesi afla;es tweass gified eandz the mixtyrp evagapiq AR f9Tond mipHiEs.

estimat eg, 1PcRﬂﬁ @401 Bfgﬁé iglcﬁﬁ'@dnewﬁ’snﬁe@sﬂfgdqﬁt% A1es ﬂh%ﬁjaditﬂls&aﬁleﬁ
based on appro i Nt ons o e surface area
SRS & of

as- synt hets¢lzstclovadise sutasleve wWag fhen beptedgn arpgpizat ?Vaﬁ gath
two di st%g%;] @%aﬁ% ateqlsbyclfpr Sheins 167 S8% Lol falemonst5iea! B, othér
e

confirme tran ssion ctron mcr osco(gy (TEM)

di ffract emn(nm@) the rsolgmhegnas @eagtign 31s sHHRH LRSS Hrrel 49 {thia-“roes‘é< ]Jﬁ%Sn
TEM '1 cfiooac z‘gﬁ)@ ghe L2 17 %b@é&%@&m@eﬁ% w*apiéehmaaﬁw&@u@gnd dhiovan@tse

(brlg rystallites that share intimate i terfaces
The col oE(E ﬂh@r@gemthmome@f wefeg clegisds Watlis et o Fiﬁo?"rzﬁ‘futwéﬁ?

col our a n darker grey colour. To allow distingui Shl ng
the two g%laté%léﬂg%}%reéesy scal e representation nore 30 clearly, the

saturation of (doBg AahKedbLiwbifsg haaFeritRROVES S0NtoF2E °GBrassaxplobat afdar k
grey col our and thereby titanate fphase appears bl’lﬂ %ung L{%?
Fast Fouinbigh Y%PBWWHMPW a“(af?ée 7t P &gl e 2% ERISY ed

in FEQ@U][ % 39 %ﬂé‘w@Qhé@E@ fe¥tsS 6f &h@fre@bétfvea@dcm pafetoermsa(sredae
inset o

. The 18 strong spots _are ¢ Ier
tetr agon@hOta‘WéEﬂ?#%Se symtigsizedyit the VRARITBeCARILgnT: sﬂ‘a?r fiflﬁﬁ S¢ da%c@ of
derived L QMeanP5olR0atakd a%ested bhich anapgophasiens diike atfisctrede has
been predicted based on oct ahedral re- arrangenent fromrel ated

A2Ti.n(0) 2t hi.. xda0)] Thet mﬂleawmpﬁwﬂessaré AFth€$2,0 -3d) nrt Isiee rmeearpir eusigusly

re orted Sasa . at_kows cta
ayat sincphsss ol ipEiteRised o Ty BCER ds Bhaled.os
W t hgyt l&ﬁhﬁﬁss@@ﬂﬁéctfm Iﬁiaﬁ@mpy (rrEM)am@ E?Dm&l%ﬁ‘abﬁmi (XRiD)s Figuwrm end

h h I t d
Dot veen BPOBOHIRG FrAeh aation T tragr Aot Sha Rl g e Raale
pol yhedr gpq ﬁﬁﬁ@c&kbrl(?hgm F}g\ ﬁj)maﬁodrymmpmhmmmmmemafm Spathlest zed
material. The bro eaks are char%%{/erl stjc of &%Ee-rgrey

crystal | remseenig AL PLRIEIC APTS CPERPORLIE, 1Y SRlotr#Rd FiADTY

| ow angl ejpeaks, mﬁwagsﬁ@asgﬂ@dth@smroeﬁha@eg uzprgseytsrc@m tebﬁaséﬂm)l e
(201) planes in the titanate struchure Wi |l e no é‘s_) ﬁ]@ﬁ? xhi bit
st roR§ dlcieﬁﬂﬂdbﬁ’ ertwpkien of We dat grex Rastipen ranqvgd 1] 551 g EPhe

crystal SEioUCidi e er?t e PORE LrsibAgRNC| usi ve. The remal ni ng broad
peaks belong to t%e nanocrystalline anatase phase.

[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




15 To validate this conclusion, the as-synthesized powlers were
pressed into pellets and vacuum sealed in a quartz tube. The pellets
were then heated up to 150 C for a week and ground into powder. The
XRD result of the heat treated powder in'Figure 2B shows the

emer gence of strong crystalline peakslfrom 20 = 25.28 onwards which
match well to known i URopXivBiRe (RDFeSakfbts are
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[0066] A doping level of -3 at%nitrogen was typically found in the
surface regions of the sanple by X-ray photoel ectron spectroscopy .
(Fig, 6), This inparted a 20 distinct brownish tinge suggestive of
absorption across the entire visible range. The UWis diffuse

refl ectance spectrum (Fig. 1) confirnms that N-doping results in a
broad absorption extending fromthe W well into the near infrared.
Earlier independent. reports have also confirmed this coloration due
to Nedoping in either titanate or titani® 5 sanples (Liu, G et al.,
Chem WMater. (2008063 Fig. 12600 thyhittie piadnictersland Tl Ridrwld indicca brall Table S2

2009) 52, 1 “CEEE% 6
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di spersed i n 31Qatizh 0500 M ehitdlly| ctumes tb we:sd)hwnanm traﬁaﬁmrmcaamsu
phot ocat al ystr Bowder Degussa P25 Ti &z was al so tested under the same
condi tions for Yonparison. During the experiment, the suspension
remai.ned at anbi ejtss WMMMRMQIW@WMIMSWG efitive bippiPEso as

to ensure an QehphiGu I RRITERts O frodiuaome!ad cme,m ma&m&bl on
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di stinct @i lthd YocQfarticlee of this fllustrative composite material have 2 phase composition of‘

npproximately 46 % protonated titanate and approximately 54 % anatave, wherein bo_th
the protonated titanate and apatase are nanocrystalline. Diffuse reflactance UV-Vis
spectroacopy shows adsorption of light in the ultraviolet and visible rauge whcrcas.
cormercial titanium oxide only adsorbs UV light. Nitrogen dopmg in the composite

30 was detrcted using X-ray spectroscopy technigue. The nitrogen content was found to be
approximately 3 stomic 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 &




conposite to both adsorb and degrade net hyl ene bl ue, providing
enhanced photocatal ytic effect. 21 [0070] It was found that the
conposite material exhibited distinctive adsorption of Mthyl ene bl ue
(MB) in the dark and the degradation was: speeded up under |ight
irradiation. Results (see Fig. 2) show®d that the conposite materi al

was far superior .over Degussa P25 in.pho r t irg. 2A
illust réitl%@"ttlﬁ%w‘&lcﬁ)léﬁ’@%e qu'gg@ag%?éagmrpté% 0%10%?%% egﬁal\yéﬁ?ﬁg%n 1 zeg%gt 0
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in 3.5 heyfis:icouney 0158 FaagVdke bt aNachen Eyr. 20008 dradiEx).at a span of
5 hours. The degradafl on rate using the conposite nanoparticles was
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function in Fi
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mg
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concentrati,on of, 50 m _ Sitm.l aply t AKeMafed bt MBbient
i nterval %Ongﬁ’cﬁ’nﬁﬁodecf’ﬁﬁ’ﬁ?s"é‘gﬁ%uﬁﬁ ﬂlgieﬁﬁéﬁ%éqgﬁé\%g?mcontpnt in each
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(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.



pertinent that the renoval of this substance fromthe environnent be
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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 m! 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.



met hyl ene bl ue. (MB) dye under near visible Iight (380-780nm were
performed. The 5 dual phase anatasé/protonated titanate photocatal yst
of the invention was shown to synergistically adsorb and degrade

nmet hyl ene bl ue dye under visible |ight. Wthout being bound by
theory, visible light sensitivity is thought to be inparted via

ni trogen doping. [0074] In particular, it was found that the
conposite material exhibited 10 distinctive adsorption of MBin the
dark and the degradation was speeded up ¥nder light irradiation. A
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exerrpl ary-an mixture underwent hydrothermal heat treatment at 169°C for 2 howrs, The fimal
material was obtained in powder form after thorough washing and’ drying. Extensive
characterization was carried out using a variety of techniques such as transmission
cleetron microscopy (YEM), X-ray diffraction (XRD), X-ray sbsorption finc-structure
25 (XAFs), X-Ray Photospectroscapy (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 1o be HzTi;0rdt0 by 2
series of iterative Rietveld refinement and density fonctional theory computation
methods, 'Tilc structure has a monoclinic configuration C12/m! configuration with
30 Ilattice paramcters a= 24,931, 5=3.7079, e=10.255 A and f=123.11° and §=123.11°
Nitrogen doping (at 3 %) to the titanate structure has glso ocourred during the synthesis,
which makes it sensitive to the visible Light, Tt is found that the synthesized
photocatalyst hes a phese coniposition of 44% protonated titanate and 56%

_)

nanocrystallite anatase,



intended as limtations on the scope of the invention. Changes
therein and other uses will occur to those skilled in the art which
are enconpassed within the spirit of the 24 invention are defined by
the scope of the clains. The listing or discussion of a previously
publ i shed docunent in this specificatiZzdn shoul d not necessarily be
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mermber  off RHRH: QL RffRfen Bt G1REs fonesdias kaMrgmnmpal 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 substltutlons 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, rolecules 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 oceur to those skilled in the art which are encompassed within the spirit of the



25  Cainms Wat is clained is: 1. A conposite nanopartible
conprising a phase of each of pntonated Mitate and titania (titanium
di oxi de), wherein the phases of protonated titanate and titania are
Suniformy m xed. 2. The nanoparticle of claiml, wherein the
protonated titanate is 1-12Ti.307 or 243. The nanoparticle of any one

of clains 1,0r 2, erein the thania_is.-ana . IR di ion
nanopar R D%Freaﬂ\é\g?fﬂeé%fthec F?Pﬁ;ﬁiﬁg ﬁi%@’?‘ngﬁgq%% X cfé p%%%ugslg%%gr% si ng
ﬁ; Ta 30%%%&1@13; ﬁﬂfédpfoeﬁrﬁglﬁﬁledﬁi sricaifiattontsionld grob neessacibubetaken as

i . 30s an S a seco hase anat as | | vt ] INE
nanopar PRAKIf e‘?ﬂe °Ht ﬁl,at' ﬂ}?e‘f%}“ﬁe?tﬂ% P rot%it%t% éﬁﬂgagf %gpaﬁtaglglsc?nng%%ﬁ tion
of aboutyegmalti@owkkedper cent hydrogen titanate and about 75 to 25 %

anatase titania, 6. The nanopartiele of any one of clains 1 to
5, wherein t hgo7Rmap arventidne iflusitiiedty dScimdrheses naydoijahly be practicghe

nartoparticle of claim erein the,. 1S 1:00: 4.k :
nanopar t &% aRencen Weggrfl\é\%loéiew?gf é&g@ﬁ%g?é@%ﬁ? e’ %3%%53@?% eis
ra;lananoc rcﬂr']s%%o%d }[wrr,i& THiae foramanpple ihe lterms fcamyrising?, Sickyfliapiyscontaining;

ving photocatal ytio actiyit 2 - n ' ' clahgm 9
wher of n' Shanghbe o gt etd viboR imabas B3P BR Y £ Rompifdn °
:3 Fﬁzt 2|5<H§@ -agatcomtaingly” ainiley | thatethBl tisted clandni(s), ivdre ivavirsd he

sol uti.on ving a concentration of

enghth araggnn iat dfagofien SEmerS i Jpoef g dnaf BF gt loribe rie
dark congidifiiaBy, thelt:aiing etpsisidee dmpliyediteremihae lpren used as terms of

description and not of limitation, and there is no intention in the use of such terms and

expressions of excluding amy equivalents of the features shown and described or
portions thereof, but it is recognized that various modifications are possible within the
15  scope of the invention claimed. Thus, it should be understood that although the present
invention has been specifically disclosed by exemplary embodiments and optional
features, modification and variation of the inventions embodied therein herein disclosed
may be resorted to by those skilled in the art, and that such modifications and variations

are considered to be within the scope of this invention.

20 [0077] The invention bas 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.



26 11. The nanoparticle of clains 9 or 10, wherein the photocatal ytic
activity achieves, after 14 bra under dark conctitions, within 6
hours of visible light irradiation at |east 30% degradation of a
phenol ‘sol ution of 50 ppmat 1 ng/nl nanoparticl es. 12. The
nanopartiole of any one of clains Ito 11, having a size of about 2
nit to 5about 200 nm 13. The nanoparticle of any of the forgoing
cl.ains, wherein the protonated titanate has a crystalline phase with
a monoclinic configuration Mm wth | at%i ce paraneters a=24. 931,

b=3, 7079, 10. 255 A _and 13=123.11 and par123. 11. 14. The use of a
nanoparticie ach?HPW to any one of clains 1-13 as a photocatal yst.
10 15. A phoﬁpggg@hﬂﬁglgonprising a nanoparticle according to any one
of clainms 1-14. 16. The pbotocatal yat of claim15,, being sensitive to

| t t t
Sbout ' 730 nm 4 %%h%g““ﬁ‘ﬁ?"bﬁ“?ﬂw@ﬁiﬁ?@ g phpfhapaiadlaa o
surface area of @@ﬁﬁ@wmd%@@: f?@ﬂ’gl’wl’ﬁ"@&ﬁd ’&H’G{?tm %ﬁrf’g 15

18. A method of gasaipasedd organi c and/ or biological matter, the
net hod conpri sing exposing the organic and/or biol ogical mat t et to

vi si bl e I|ght or O?Eh%%ﬂh&f agimthewﬂ&sé%clemeﬁata AENADA! HitTwlos #f any

of clains 1- otocatal yst of any of claims 15 to 17. 19.
The met hod of CII&ngHz%erel n the decomposition is characterized by
an activity 20of at |east30 % degradation of a 50 ppm phenol,_ solution
wi thin 6 hour s Ghe pingpaticls of baytone piclaia Tt Pophegin the Hiaring ﬁ%‘i’éﬁ%{f“ﬁ?‘cl es.
20. The nethod of claim 19, wherein the phenol degradation is at '
| east about 1.45 Thi AE®pdiadt @any bierof chimsdetyhurythg i ngxedppasticORPrifing 838

becamosi {on 14 cgggaﬁterl zeﬁrﬁg‘q&ga 3 SR b?x}%@m&@@e[ﬁbdﬁdt by

decorrposdlon is n activity of' at least 25 %
degradation of aPW%#Fmﬁyl ene BI ue solution withi:n 3.5 hours of

vi si bl e Ilght | rradiation at' 0.1 nfanli nanopartictes. 27
. The nanoparticie of claim 4, wherein the particle has a phase composition of about

25 to 75 pexcent hydrogen titanate and about 75 to 25 % anatase titania,

6. The nanoparticle of any one of claims | o 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, 'me-nanoparticlc of any one of claims 1 to 8, having photocatalytio activity.

20 10, The nanoparticle of clam 9, wherein the photocatalytic activity achieves within
3.5 hours at lea'st 25 % degradation of a Methylene Blue solution, the Mcthylt_:nc
Blve solution having a concentrstion of 20ppm, measured at a wave-lc-ngth of 662
nm, st 0.1 mg/ml nanoparticles, after 14 hrs under dack conditions, following

visible light irradiation,



22. The nethod of claim 21, wherein the Methylene Blue degradation is
at least about 3 tines faster than the degadation by T102 of P-25
&ani's. 23. A nethodof manufacturi'ng a conposite protonated
titanatettitani a narzoparticle, wherein phases of protonated thanate
and titania are uni enaly m xed, the nmethod 5conprising: (1) formng
under basic conditions a sal, the so] containing an oxide of a single
metal, wherein the metal oxide is titanium oxide, wherein 'formng
the titania sot conprises contacting a gﬁtaniunlprecursor and a base
in a suitabl e 90| e nefdpMREE of clfed of 10, Whercih itheaphivtocatgdiie activitp mehdavek, t he

base are used in r rati.o. fr boui. 0:.1.to. o 1 nd
(ii) heating the “3‘8‘1@{%88?%5 8%5%"%’?%2?%%26%%ﬁéﬁ%ﬁbﬁﬁﬁ ‘é‘lj“%‘}%ﬁe”?s ot
is heated at a t deqsd086 degendstioniof spbetedsolidingef IPepmatimgmboamoBdictssand
about 200 C for a period of about Ito about 6 hours. 24. The nethod
of . cl ai m 23, . ybergis haidpatifiasL aiysont bf asilty 1 asil hehavidy a 32e oflfvpuin®tundel of
claim 23 or_ 24, V%?W he titanium precursor is a titanium

al koxi de. 26. Thé od 'of any one of clains 23 to 25, wherein the

tenperature is within the_ range between out ,120C and a t 170 C.
w 13, The nanoparticle of agy ot%w forgc?mg G algms, whcr%in %c Pro onagg Htana%e has

a orystalline phase with a monoclinic configuration Ci2/ml with lattice
parameters a= 24.931, b=3,7079, c=10.255 A and $=123.11° snd §=123.11°

14. The use of a nanoparticle according to any onc of claims 1-13 as a photocatalyst.
10 15. -A photocatalyst comprising a nanoparticle according to auy onc of claims 1-14.

16. The photocatalyst of claim 15, being sensitive to electromagnetic radiation in the
wavalength renge from about 200 to about 730 nim.

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 ofganic and/or biological ' matter, the method
comprising exposing the organic and/or hiological mmatter to visitle light or to v
light in the presence of a hanopartio‘le of any of claims 1«13'or of a photocatalyst
of any of claims 15 t0 17, .

19, The method of claim 18, whereitt the decomposition is charactexized by an activity
20 of at least30 % degradation of 2 50 ppm phenol solution within 6 hours of visible
light irradiation at 1 mg/ml nanoparticles.

20. The method of claim 19, wherein the phenol degradation is at Jeast 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, whercin the decomposition s
25 characterized by an activity of at least 25 % degradation of a 20 ppm Methylene
Blue solution within 3.5 hours of visible light irmadiation at 0.1 mg/ml
nanoparticles, .
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22,

23,

25,

26.

27
The method of claim 21, wherein the Methylene Blue depradation is at least about
3 ties faster tha the degradation by TiOz of P-25 titenie,

A meth;ad- of manufacturing a composite pr;)tonated titapate/titanin nanoparticle,
wherein phases of protonated titanate and titania are uniformly mixed, the method
comprising: ,

{i) forming under basic conditions a sol, the sol containing an oxide of a single -
metal, wherein the metet oxide is titaniura oxide, wherein forming the fitania sol

_ comprises confacting 2 titaninm precursor and a baso in a suitoble polar solvent,

wherein the titanivm precursor and the basc arc used in a molar ratio from about
1(;) to about 1:10, and . ’

(i) heating the sol under solvothermal conditions, wherein the sol is heated at a
temperature within the range between about 80 °C and about 200 °C for a period
of about 1 to about 6 hours, | '

The methad of claim 23, whersin the base is triethylamine.

The method of claim 23 or 24, wherein the titanium precursor is a titanium

al?coxids.

The method of any one of claims 23 to 25, wherein the temperature is within the
renge between sbout 120 °C and about 176 °C. '



