1 A PHOTOCATALYST FOR WATER SPLI TTI NG FI ELD OF | NVENTI ON 5 The
present invention broadly relates to a photocatalyst for water splitting
and a netWOQ0fgn2¥abri cating a photocatal yst for water &pINSG2I1REI2aHd nore
particularly relates to one-di nensi onal nanow res, two-dinmensional
nanosheets, three-di nensional gyroid structures, and simlar structures for
enhanci ng phot ocatal ytic 10reactions. 1BACKGRC1JND 15Phot ocat al yti c wat er
splitting is a technique for producing hydrogen that has attracted
significant interest due to advantages such as sinplicity, abundance of
starting material ARHOTQEATALYST SORWWATERSR EINGNI cal chal | enges
in photocatalytic water splitting include the devel opnent of a stable

(agai nst photocorrosion) and visible |ight-responsive photocatal yst, and

i nprovenent of |ow 20 systemefficiency and high capital costs. These
chal l enges have to be fundanentally resolved before |arge-scal e sustainable
and ener d¥EIR QFINMENHPN ogen production can be realised. It is appreciated
that ghe photocatal yst technology is a main factor that 25 determines the

efficiency of solar energy to chenical energy conversion for hydrogen (H2)
product i on by ThatREesens|inyanting.braady uplates ta Acheinaptrivat dopwetaitsrliltingor  wat er

splitting H%CHﬂléth%é f@r fAbiddTH SPHtEbAtA t¥odRatet 'F | phot on.
About 70%nof all solar phot gqns are th{ésorgctlat%agﬁtﬁavaa}‘eg?) g(pf%ﬁcu\j\%{yer

splitti n@ea‘i‘ié\/\é‘aeronetdd@%s'%a'a naBeWHESal “‘@n‘éme@ﬁ@@a'of"@?éhwsl othsess

associ at gfinaMsidhab glyﬂ:i"d 3G uBIRSY YandOSHAAS s RUctUfdsar %nﬁBﬁ’énﬁ’&?)%{o\é%fal ytieuch
| osses may ogccur due to the transport of electrons/holes fromthe position

of tABir "RHEPSti on at the near-surface outward to the phot ocat al yst - wat er
interface, and/or reconbinati on of photogenerated el ectron-hole pairs. 2
There have been attenpts at devel opi ng photocatal ysts for water splitting.
However, due to stringent requirenents such as thernodynam c potential,
bandgap 8ACKGROUNDY agai nst phot ocorrosion, the nunber of reliable
phot ocat al ysts suitable
15 Photocatalytic water spilitting is a technique for producing hydrogen that has
attracted significant interest due to advantages such as simplicity, abundance of
starting material and clean production, etc. Some key technical challenges in
photocatalytic water splitting include the development of a stable (against
photocorrosion) and visible light-responsive photocatalyst, and improvement of low
20 system efficiency and high capital costs. These challenges have to be fundamentally
resolved before large-scale sustainable and energy-efficient hydrogen production

can be realised.

It is appreciated that the photocatalyst technology is a main factor that

25 determines the efficiency of solar energy to chemical energy conversion for

hydrogen (H) production by water splitting. The uphill thermodynamic potential for

water splitting requires a minimum energy of 1.23 electron volts (eV) per photon.

About 70% of all solar photons are theorectically available for water splitting.

However, there is a technical challenge of energy losses associated with solar

30 energy conversion using a photocatalyst. Such losses may occur due to the

transport of electrons/holes from the position of their generation at the near-surface

outward to the photocatalyst-water interface, and/or recombination of
photogenerated electron—-hole pairs.



5 for efficient water splitting is limted. For exanple, nost of the
conventional photocatalysts are ultra violet (UV)-1light responsive, and

t hey are wopooalik3pzunst abl e when comi ng into contact w PhTSGee2N00288 es.

Al so, UV light accounts only 3-4% of avail able solar radiation energy,
maki ng such photocatal ysts inefficient. Mreover, the conventional

phot ocat al ysts are mainly spherical nanoparticles or m cropowders 10whi ch
have sonewhat |limted chem cal reactivity, light scattering, surface area,
| i ght absorption spectrum and reconbi nati on suppressi on properties.

Thus, there exh&kShavesssh werﬁﬁt@vatdfe@lm pRefoBhtMRLts, F WRbEEpIfihd.t ting
t hat seeks to conbi ne el ectronjc, and corrosion properties.

SUMVRRY However, PH%‘E&E‘I"QS’P\‘J&QW%'HG'& ﬁPF%@SéE‘HHEﬂdYB?th’r%Otﬁ'Pt@ée’?ﬂ”qgﬁi?ent i on,
ther e- i safd @uibilRy againsopiRedcMogRIn, tHy nusber osrémablbl mﬁ)toddﬂ@yﬁb%hﬂﬁﬁéa| yst

conprj si nanocrystal ] jne 20 s: ure having a selected specific
sur f g’?egﬁﬁ'ﬁﬂt \Y\Gi{?frréplf L%ﬁ:t'f‘ o'H“'&ﬂAJ %BrrmexF'B‘GLﬁ TR Oh ‘g eptie?dlce and
at the gpmmcé:alystdea"remré viojet vamgmmessmmlasend méyfweawsut:alqeuredt@mgy for
enhancenepnt of a toca a i on, re t o _spheri
ranopar t FBPadonig b6 2Rk riRRIn N P lofe o8 B onbar stk
nanocr ysawdilableesaar wciative emecdy, teskirgpbach phbtosatatysts ﬂnlefflctmt aMdreover,
zer o-di S r e.phot ocat al,yst rise a
tr oot ur DR PRAREVER st mainly B EE Bp RGBS br AP RSB s ng
one W nwhighdwayedomendiat liraitech emanicalersactivity alight [seattesingu strfaice areaplighdi ng
t wo- di me LA, 3 L.sLng a three-di nensi onal
ayroi d S ruc;t';k?dr %@E%%%ec&ﬂgménoﬂ SR Fort 978 ik
Thus, there exists a need to provide a photocatalyst for water splitting that
seeks to combine electronic, optical and corrosion properties.
15 ‘
SUMMARY

In-accordance with a first aspect of the present invention, there.is provided a

photocatalyst for water splitting, the photocatalyst comprising a nanocrystalline

20 structure having a selected specific surface area and volume fraction of atoms

located both on the surface and at the grain boundaries to provide an increase in the

surface energy for enhancement of a photocatalytic reaction relative to spherical
nanoparticles and/or zero-dimensional nanoparticles.

25 The selected nanocrystalline structure excludes spherical nanoparticles and
zero-dimensional nanoparticles.

The photocatalyst may comprise a structure selected from the group
consisting of
30 a structure comprising one or more one-dimensional nanowires,
a lamellar structure comprising two-dimensional nanosheets, and

a structure comprising a three-dimensional gyroid structure.



The photocatal yst may have a specific surface area of greater than 70 n2/g,
a pore volune of greater than 0.04 cnB8/g, and a H2 production capability of
great er twerro3ad2pao0l h- T. 5The phot ocat al yst nay exhi bi PCarsGzomzrooa2ssrent in
i ght absorption of at |east 40% over spherical nanoparticles and/or

zer o-di mensi onal nanoparticles and an inprovenent in photocatal ytic
performance of at least 2 tines over §pher| cal nanoparticles and/or

zer o-di mensi onal nanoparticles. 10The photocatal yst nay conprise a
structure haviThg paoioaatg%t spe tiale @ specifacsuriace aredn of grebteghmin Volnuﬁ@

fraction_of ato he surf an t the darles
conpar edat%orﬁvggsﬁ'@rﬁ?fcc%Fatﬁr R@‘Brbr 628 E’ ﬂ@raﬁéﬁf()dﬂﬁﬁ%g?eq%t Bﬂ atal ysts
and/ or zéhvan 280 igial nanoparticl e phot ocat al ysts have a specific surface
area of 50 n2/g to 70 n2/g. The photocat al ysts of the present invention may
15have a specific surface area of at |east about 80 n2/g. I n one
enbodd nent , t fike photecttalyst mapmmxhibitsanoimeprovementsn digbt absveptsinoofadt ieastow r es,

wherein ybe, 5fguch b Bl R SRS S oP Al Hnef N RS Y

nanow r es nanow r e I C suUr gee ar ea
of at 20impreasemanioin pBotogaialytic| pertarerapn® oefi ﬁ’eﬁeastthetlmefe -a¥enepbeoes|

nanovmreﬁag&y R/ SRRSA- n?er%'rﬁr?ca@ﬁgn £R& about 80 rn2/g to about 150

l
n2/ g unctl onal 1 zeg nanopart es nay be di sposed on the
one- d| mensi onal nanowi res. Functl onal i zed branches may be

di sppged on thge %H&o@étﬁ@@ﬁh@? FonlhRieW étﬁ?cturbrha@ﬂ@ & UrgENO TR rfack he

structure conprises a lamellar structure 30 conprising two.di mensional
nanosheefEea kA digher Nelumenagtign oftaterss u‘PCé’t‘FﬁaQO@(ﬁﬁ)Fhes%JffaﬁG aldn@irtse onal

nanosheegfaih 'Hoth8aicdt 86mpareh taaaogwehb&ul ﬁéncsﬁarm@orst%r.czh%ah&\ﬁhr%uaensI onal

nanosheet |anel|ar structure e a specific surface area of at | east.
about 158halprRfalyply %}?@feﬁ%ﬂl"h%éﬂonaﬂ RENeRLICIE MERIACIRAYSIH BAYR Repecifig

| anel | ar sgifgdecirds of BBINRASET0aTHE Thé iphotisatArts 8rtha préscrbAvendadmag/ g to

abou 28
gave a %pecnﬂc surface area of at least about 80 m#/g.

In one embodiment, the structure comprises one or more one-dimensional
nanowires, wherein the structure may comprise a plurality of one-dimensional
nanowires. The one-dimensional nanowires may have a specific surface area of at

20 least about 80 m?/g. In one embodiment, the one-dimensional nanowires may have
a specific surface area of about 80 m?g to about 150 m?/g.

Functionalized nanoparticles may be disposed on the one-dimensional
nanowires.
25 _
Functionalized branches may be disposed on the one-dimensional

nanowires.

in another embodiment, the structure comprises a lamellar structure

30 comprising two-dimensional nanosheets, wherein the lamellar structure may
comprise two-dimensional nanosheets intercalated with nanoparticles or nanorods.

The two-dimensional nanosheet lamellar structure may have a specific surface area

of at least about 150 m?%g. In one embodiment, the two-dimensional nanosheet



The nanosheets may conprise a netal oxide or graphene. I n anot her
enbodi nent, the steucture conprises a three-dinensional gyroid structure.
The t hreewoOizosnaessal gyroid structure nmay have a speci Prct/ssao2ao@sar ea of
at | east about 250 nR/g. In one enbodinment, the three-dinmensional gyroid
structure may have a specific surface area of about 250 n2/g to about 500
n2/ g. The photocatal yst may be, further configured to receive a
co-catal yst for enhancenent of the photocatal ytic reaction. The co-catal yst

may conpldnséiansiiagiaetrhay Aave b spabific 8dSacel Brea of aboul h80 @B/ Lt #Hoys bapay

conpri se q/core-shell structure conprising a | anthanide/transition netal
core and"h_grret al oxide shell. The transition nmetal may conprise nickel

(Ni), copper (Cu), nolybdenum (M), silver (Ag), platinum(Pt), or gold
(Au). Oher transition netals are also,cont | at ed. The | ant hani de net al
20my compr i sGEITIIECERAY BrBPTRR T B IR Ey) . Qher | ant hani de

netal% are al so contenpl at ed. In accordance with a second aspect of

the present inv i gn i rovi.ded 0 rf j.cating.
e bresent | aR g bR S| SnELOVLLR A RILOd L IABLERIORE
f orm ng atruduwrec riyet thtde-dimensionsk greidsinichyge anayehaest & dpepicsdrfacesued ace ar ea

and vol uge aE 1At | BRLPDsBt Qg | %%ﬁngdeﬁﬁb&n%]@,t Be HLL Affeiihafloyfdig grain
boundaries to prOV|3e an i nCrease I n the surface energy §0r° BnitAncenent of
a phot ocafredtyeingay kavetd speaifid surfage aren ofphout 280 mitgntspatraut 0@ snnd/ or

zer 044li mensi onal nanoparticles. 30 The met hod may conprise formng a
structure selected fromthe group consisting of a structure conprising one
or nore one- diteRbposatlalyshioay besfurtger gopfigued dtor igeeiveca corgatalystnigr

t wo- di MeggHhHREMAESTARE BRE®CaBAC réaction.

" The co-catalyst may comprise nanoparticles or nanorods.
- 15
.The co-catalyst may comprise a core-shell structure comprising a
lanthanide/transition metal core and a metal oxide shell. The transition metal may
comprise nickel (Ni), copper (Cu), molybdenum (Mo), silver (Ag), platinum (Pt), or
gold (Au). Other transition metals are also contemplated. The lanthanide metal
20 may comprise cerium (Ce), erbium (Er), or europium (Eu). Other lanthanide metals
are also contemplated.

In accordance with a second aspect of the present invention, there is
provided a method for fabricating a photocatalyst for water splitting, the method
25 comprising the step of forming a nanocrystalline structure having a selected specific
surface area and volume fraction of atoms located both on the surface and at the
grain boundaries to provide an increase in the surface energy for enhancement of a
photocatalytic reaction relative to spherical nanoparticles and/or zero-dimensional
nanoparticles.
30
The method may comprise forming a structure selected from the group
consisting of
a structure comprising one or more one-dimensional nanowires,

a lamellar structure comprising two-dimensional nanosheets, and



a structure conprising a three-di mensional gyroid structure, and wherein
t he photocatal yst has a specific surface area of greater than 70 n2/g, has
a pore vovormidofizgseater than 0.04 cnB/g, and has a H2 pCo®dGeoi20n0253
capability of 5greater than 250 pnol h-1g-1, thereby exhibiting an

i nprovenent in |ight absorption of at |east 40% over spherical

nanoparti cl es and/ or zero-di nensional . nanoparticles and an i nprovenent in
phot ocat al yti c performance of at Ieas‘1i 2 times over spherical nanoparticles
and/ or 18zeUétutd eaplism@h thiraemaérisicHegyroid structuréhe nethod may conprise
formng the structure having a larger specific surface area and/or a high
vol une fraction of atons | ocated both on the surface and at the grain
boundar i asd ‘gfhetéile trwﬁh@toaétalyysmas:farspacigd sufface apjzesfi grahten 8EPPED ML), €.

I n one epbodi ment ., the strycture need co i ses,one_ or. nore , ..

one- di me18Y BiPRTe KA 9 &Lete fof 004 ErHguord PeR 8 - CURITICES=P R AS ¢ he

st r uch ur greaterphars23muraok’@t, nore one-di nensi onal nanowires to conprise a
plurality of one-dinmensional nanow res. The one-di nensi onal

nanowi res nmay be forned using a hydrothermal growh process.

The met htieretyyexhibititgean goprprérsentdn digbsabgprtioncef aihedst 20% oaanepheticat! es on
2.5 the. °H§'ogJaP§9d?e°§ 9 %I/ornigpél-\'ﬁiﬁ'\ee%sion | nano-;ggﬁicfggt QR _GRY inqu'roB EnCQRPr! S€
di sposi ng 1URCL onal I z&d nanopar t'i Cres on e one-di nensi'onal nanow res,
wher ei n pheto¢ataiytic prdbimantenefraipaasti Z limesapver spbericsé danppartides and/or

one- g mg&%mgngmgahgaarlggleiput tering of a filmand performng a 30
dewetti ng process. he net hod may further conprise disposing
functional i zed branches on the one-dinensi onal nanow res, wherein the
functi onal i Zefh§rRAGEE AT LoRipRROTERNIAG the StRRATEINRINY aNdlochapaMEeS b
spin coating of colloldal nanoparticles and perform ng a hydrothernal

growt h pgmsa_reg and/or a high volume fraction of atoms located both on the surface and

at the grain boundaries of the ‘photocatalyst compared to a spherical nandparticle.

15
In one embodiment, the structure formed comprises one or more one-
dimensional nanowires, and the method further comprises forming the structure
comprising one or more one-dimensional nanowires to comprise a plurality of one-
dimensional nanowires.
20

The one-dimensional nanowires may be formed using a hydrothermal growth

process.

The method may further comprise disposing functionalized nanoparticles on

25 the one-dimensional nanowires.

The method may further comprise disposing functionalized nanoparticles on
the one-dimensional nanowires, wherein the functionalized nanoparticles are
disposed on the one-dimensional nanowires by sputtering of a film and performing a

30 dewetting processl '

The method may further comprise disposing functionalized branches on the

one-dimensional nanowires.



I n anot her enbodi nent, the structure fornmed conprises a lamellar structure
conpri sing two-di nensi onal nanosheets, and the nethod further conprises
form ng tWe208/E8RI%r structure to conprise a |anellar sPEHEGANB/0ERIDri sing
t wo- di nensi onal nanosheets intercal ated with nanoparticles or .nanorods. 10
The nethod may conprise formng the structure to conprise the |lanellar
structure defined above, wherein a prgcursor of the nanoparticles is set at
about 90- 100 C for the intercalation with the nanoparticles, and wherein a

concentrat i onTied nidodt may untiae|cofiprige @Rdpsingf fulEichaliZsebinehéd bdr@t e is
provi ded for, the, i nf ercalation 15 w angr.ods., The nanosheets may

th the
conpr i se®REHRSNSIong| RRNQYYIreSy %ﬁéﬁ’é%q’ﬁén%ﬁf’%fze X' ERChESnendISPOSRY Ohe
synt hesi thedoneidingersidnatl rrainbeire® | by2 @pir @oatisy taf Edlibidah rembbattidils angpensi on,

and the graphene nanosheet, may,.be synthesized from graphite powder using
the Hurmer D RIG B ETEETA SOMNREEER  suspensi on. ' anot her
enbod nent, the structure forned conprises a three-di nensional 25gyroid

structure. The roid stru r by a proces
conprising m '>r<' i annéJ ﬂ? noerngéorgﬁ) f{ég%tha‘ﬁ &E)d)éﬁ%gr%?r%%oﬁp Is)rg'P gge\?s\n %)Kargelpar Strucilre

st r uct uresroprising fwmgdiagesional3taNeeheats hatt theymetnodHferthercoponprises doraphg ng t he
phot ocat al.y I - t ; ) .

Phot ocat APy ael et SRRk fokRnst 3 Belby LOLGRDAABITN wiosciheional o,
nanor odsnandgheets inteftatatecwitthnanapartiokesyoromnerédse a core-shell structure
conpyd sing a lanthanide/transition netai core and a netal oxide shell.

The core-shell co-catalyst may be synthesized using precipitation and a
5hydr ot her nal Thg medhed may comprise forming the structure to comprise the lamellar

structure defined above, wherein a'precursor of the nanoparticles is set at about 90- '

100 °C for the intercalation with the nanoparticles, and wherein a concentration of

about 5.5 mmol or greater of metal acetate dihydrate is provided for the intercalation
15  with the nanorods.

The nanosheets may comprise a metal oxide or graphene.
The metal oxide nanosheet may be synthesized using a hydrothermal
20 process to form a colloidal suspension, and the graphene nanosheet may be
synthesized from graphite powder using the Hummers method to form a colioidal

suspension.

in another embodiment, the structure formed comprises a three-dimensional
25 gyroid structure.

The gyroid structure may be formed by a process comprising mixing

inorganic metal oxide precursors with a structure-directing agent.

30 The method may further comprise adapting the photocatalyst to receive a co-
catalyst for enhancement of the photocatalytic reaction.

The co-catalyst may comprise nanoparticles or nanorods.



In accordance with a third aspect of the present invention, there is
provided a water splitting nmethod conprising using the photocatal yst as
defi ned iwWOthB/0f1R398t aspect. 10 DEFI NI TI ONS Unl ess speciPCirsd2oi20e0288 se, t he
ternms "conprising” and "conprise", and 15 grammatical variants thereof, are
intended-to represent "open" or "inclusive" |anguage such that they include
recited el enments but also permt inclysion of additional, un-recited

el ements. As used herein, the term"about”, in the context of technical

val ges such a$h€006~ejﬁﬁl}iscahava|dmh ri§9| at edorb%héwe@irﬁ@:tﬁréﬁuédrﬁﬁr%d i ea, | H2
producti on or ut | t absorpt.ion ore size, and pore vol une
typi cal | Mfg"?"s ‘%alt gPQFéBeR?LB’ﬂQ h%'Fe typically +/- 4%of the
stated val ue, nore typl caI ly +/- 3% of the stated value, nore typically,
- 0, - 0

cven'mre typl BeF S BoSalET T dent i or b UeineaP o Iogh S8y Bi cal 1y
+/ - 086 ohydrbtheshaltprdcedsyal ue. Thr oughout this disclosure, certain
enbodi ments nay be disclosed in a range format. It shoul d be understood

that the description in range format is nmerely for conveni ence and brevity
and shoul d noln dngordanse mitb @ thisd aspéctfof the priesenti invardibn othernis tphevi®d scope of

the di sclé%fe?ds %ﬁeméﬁ nchgngvus.hpemg dﬁﬁ{t{)é%&’ﬁlg& o 48 ﬁ@dqg{atr%"?%l d be

consi der speC|f| di scfose 0SSl Ie sub-Tanges as
wel | as Bﬁ@ﬁWldual nunerical values within that range. For exanpl e,

descy ?ption of a range such as from1 to 6 should be considered to have
specifically disclosed sub-ranges such as from1l to 3, from1l to 4, froml
to5 from2to 4, from2to 6, from3 to 6 etc., as well as 8 individual
nunbers peFNITIONGt range, for exanple, 1, 2, 3, 4, 5, and 6. This applies
regardl ess of the breadth of the range. BRI EF DESCRI PTI ON OF THE DRAW NGS 5
Enbodi nents of the invention will be better understood and readily apparent

to one of ordingsy spkéifidd | sihdrivedr thef oMt F&rﬁﬁukinﬁwm WedrhpiRr daagri ption,
by mqy of exanpl e onl and in conjunction with draw ngs, in which:
grammatical variants 'thereof, are interided to represent "open” or mclusuve language
such that they include recited elements but also permit inclusion of additional, un-recited

elements.

As used herein, the term "about", in the context of technical values such as
20 technical values related to specific surface area, H, production or H, evolution, light
absorption, pore size, and pore volume typically means +/- 5% of the stated value, more
typically +/- 4% of the stated value, more typically +/- 3% of the stated value, more
typically, +/- 2% of the stated value, even more typically +/- 1% of the stated value, even
more typically +/- 0.5% of the stated value, and even more typically +/- 0% of the stated

25 value.

Throughout this disclosure, certain embodiments may be disclosed in a range
format. It should be understood that the descripti'on in range format is merely for
convenience and brevity and should not be construed as an inflexible limitation on the

30 scope of the disclosed ranges. Accordingly, the description of a range should be
considered to have specifically disclosed all the possible sub-ranges as well as
individual numerical values within that range. For example, description of a range such
as from 1 to 6 should be considered to have specifically disclosed sub-ranges such as
from 1 to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3 to 6 efc., as well as



10Fi gure 1(a) shows a schematic diagramillustrating possible reconbination
when a netal core is deposited on a photocatal yst. Figure 1(b)
shows a swbenmtdiessdi agramillustrati ng H2 evol uti on andPpTASGen2i000258f
reconbi nation using the co-catal yst according to an exanple 15 enbodi nent.
Figure 1(c) shows a nmagnified view of a core-shell structure conprising a
transition netal core and a netal oxige shell according to an exanple
enbodi ment. 20Figure 2(a) shows a m croscopic i nage of one-dinmensional (1D)

nanow r e%wdﬁ?w’HTBf h&hbérs fwiihird tHan adngee tornaamipie, t1,cd 63 4lissppaes] tHieapnies
accordin an exanpl e egﬁ&dl ment. Figure 2(b) shows an enl arged vi ew of

Figure 2 %Qa'd'%onhe readth §IE "39E) shows a ni croscopi ¢ i mage of
one-di nmensi onal (1D) nanow res conprising functionalized branches di sposed

t her eon 30Fi gure 2(d) shows an enl arged
vi ew of %ﬁﬁgkg%%'g@h‘%@%kﬁgﬂﬁgbgf) shows a schematic di agram
iIlussrating the inprovenment using the 1D nanow r es of F| gure 2(c)

nter cal st ed SMRAB PhiSdRREe vk B Ren iSa Rl BB haanPeret

Fi gure 3¢dpnsdwedinarycskdhint the aft agnathepfaﬂnwmgngnm aégcmptiam,eby Wlaya:tfr ation
Lo rhat SRerbhiif, 208l odRiAEh S thebidhos IRtnRGANN no el ectron

m croscoﬁe T rmages o

10 - Figure 1(a) shows a schematic diagram illustrating possible recombination
when a metal core is deposited on a photocatalyst.

Figure 1(b) shows a schematic diagram illustrating Hz‘”évolution and
prevention of recombination using the co-catalyst according to an example
15  embodiment.

Figure 1(c) shows a magnified view of a core-shell structure comprising a
transition metal core and a metal oxide shell according to an example embodiment.

20 Figure 2(a) shows a microscopic image of one-dimensional (1D) nanowires -
comprising functionalized nanoparticles disposed thereon according to an example

embodiment.

Figure 2(b) shows an enlarged view of Figure 2(c).

25
Figure 2(c) shows a microscopic image of one-dimensional (1D) nanowires
comprising functionalized branches disposed thereon according to an example
embodiment. '
30 - Figure 2(d) shows an enlarged view of Figure 2(a).

Figure 2(e) shows a schematic diagram illustrating the improvement using
the 1D nanowires of Figure 2(a).



exanpl e 2D | anel |l ar systens and intercal ati on of nanorods and nanoparticl es

according to an exanple enbodi nent. Figure 5(a) shows an illustration of a
typi cal WO U1AMBus t hr ee- di nensi onal 15matri x. PCEFIS§AP1IB/08¢253 shows
an illustration of a three-dinmensional gyroid structure according to an

exanpl e enbodi nent. 20Fi gures 6(a)-(c) show scanning el ectron m croscope
(SEM inmages of a nesoporous filmwth different added % vol une fractions
of a block copolynmer (BCP) to tune the surface norphol ogy according to an
exanpl e enbodFigard 2(f) shows a schematici diagramG(ubtratifg e improasivertesirigohal SEM
i mge of bhe rresogotlg.us fé)(l s‘n of 25Figure 6(a). Figure 7 shows the
phot ocat APYIBNEM8S 8l 'OHES 95 and/ or H2 production of surface engi neered
one-di nensi onal nanow res, two-dinmensional nanosheets, and

t hr ee- di nensi gnal ds co ed wi.th the cat al . tion of
zer o-d nenst ob ey Bk BF ARSLsitnirab LARuRM R SRS v lesied

Fi gur® 8nsipsstidi¢seaqioodiog & ah gxaroplelznboaliraénton and/ or H2 producti on of

vari ous co-catal ysts conbined with a spherical photocatal yst conpared with
t he photocatal ytic H2 evolution of a spherical photocatalyst wthout a

co- cat al yst. FiaOre6((b3/sboRsIBELOENBER GHRIOVISSidkQ an alternafe ijustatidnghows TEM
i mages of r ) core-shell co-catalyst and nickel (N) core-shell
co- cat al yhsa'(t%l| @E?%usr(épio shows the enhanced visible light scattering
capability of one- dinmensional nanow res conprising branches for inproved

phot g har vesgjjesanghqb) | SR SREnMAS | Bkirdd HicrARSHE ASEMY images of
example 2D lamellar systems an‘d intercalation of nanorods and nanoparticles
according to an example embodiment.

Figure 5(a) shows an illustration of a typical discontinuous three-dimensional
15 matrix. . ’

Figure - 5(b) shows an illustration of a three-dimensional gyroid structure

according to an example embodiment.

20 Figures 6(a)-(c) show scanning electron microscope (SEM) images of a
mesoporous film with different added % volume fractions of a block copolymer
(BCP) to tune the surface morphology according to an example embodiment.

Figure 6(d) shows a cross sectional SEM image of the mesoporous film of
25 Figure 6(a).

Figure 7 shows the photocatalytic H, evolution and/or H, production of surface
engineered one-dimensional nanowires, two-dimensional nanosheets, and three-
dimensional gyroids compared with the photocatalytic H, evolution of zero-dimensional

30 nanoparticles and/or spherical nanoparticles.

Figure 8 shows the photocatalytic H, evolution and/or H, production of various
co-catalysts combined with a spherical photocatalyst compared with the photocatalytic
H, evolution of a spherical photocatalyst without a co-catalyst.



10 DETAI LED DESCRI PTI ON The inventors have observed that a
nanocrystalline photocatal yst with surface engineering for |large specific
surface awea0Bd2¥Bgh vol unme fraction of atons | ocat ed BETISGEM20peSur f ace
and at the grain boundaries possesses high 15 photocatal ytic efficiency
because of the unique properties conferred by its very small physical

di nmensi ons. The | arge specific surface area and high volune fraction of
atons | ocated both on the surface and at the grain boundaries nmay result in
an increased surface energy As such, the nanocrystalline photocatal yst can

provi de an in a nunber f activ atal ytic_ si Ther fore in
Done. exanl ¢ SEEEaIPHRACY MRaRD e s cPapr Guf FhBrabel barplaat and fioke

hi erarchi(fstiaboretsrhaﬂ:tm;caiblystetWork are used because |ight absorption can be

i nproved due to the enlarged surface area and nultiple light scattering

Wi thin the porous matrix. They can also facilitate better accessibility of
reactants, | eé&gureg 100 shdves dimdraambenestt visibig Highb csabténngi capamirty icdnsne 25
Spheri caI r - di article
ohot ocat AMEERREL biuiel (BERTERE HiahcheBR: Mopbitd bR i Oikng LAAST

capabi | i ryprofeczﬁﬂblpmgﬂ\trabfs@’ptlﬁrhe phot ocat al ysts of the present |nvent| on may
have a photocatal ytic efficiency and/or H2 production capability of greater
t han 250 pnol h-1g-1. 30 The one-di nensi onal nanowi res of the present
i nvention may have a photocatal ytic efficiency and/or H2 production

capaby! i pe1HiLEBDESCRIPTIOR! h-1 €. The two-di mensi onal nanosheet |anell ar
structure photocatal ysts of the present invention nmay have a photocatal ytic

ef ficiency and/or H2 production capability of about 560 pnolh" 11 1g-1 to

about 800 prolrhe! RvedBR hBUEEorbicRRIS oRak BXASirstafhe t AifotEERSIPE witRvention
may have a photocatalytic effici ency and/ or H2 production capability of

greater FH’a?PeBGOQ'Bﬁ%’I'W for laggee P éHga?ﬁ [REPR; 139H a9 AN draction of

phot ocat atansd %caféwrodrhrramarh@@affaé@eaa harethel grami bauncférreg%dsrsesses high
phot ocat a| r ee- di mensi_onal roid 5 phot sts of the

sts
Do I8 PRy eiely Ao SFlsitat et ot e e PR DR LB FRBemEls al yst s
may Bavepaygfdsmtd)mehabwg rlmegfafrr]ge:spmwcl audacy aré’él aficd Aight V@ﬂmléaﬂwchbhl%fy of up
t o about erica arti.cle ot ocat a and/ or
zero-di n€ fFEﬁg?*‘ﬁPR%‘ﬁa?’lf RUrRgEL Ry ‘{]S‘Eg 9{@?&%@8@'? @ﬁecreﬂ‘i'%ﬁpf ace
area of bidred¥ed dunfadd emBlgy. Aé sugh ahecanakystadiinef pHidtecatdlestesdn provieet | on may
have a s lel u c f at t 80 The
one-di ne SI'B(I;]F f% %a'#rf I\?ﬁ fﬁg@'ﬁ%ﬁof’ 8“"ee élﬁ%?égl RQ,%‘ sﬁr %%”eeqé? 15t ea‘?mf’lgast 15
aboug0 80en1b/ogrm¢n13 mmoeryetadirru%pﬂqtoq;awysmemm sengiaminidal sgrncwral esetwark have a

speci fi ¢ st %e@élgszenﬁ’%f}taa{%ggﬁtrﬁﬂ tf]é?\/getlrﬂ ARy ta ko e/ gnla%ged surfdes

t wo- durensrona nan struct re may have a s 1 fic surface
area of ared sadmullimeltightseatigring withingthe raTdes] matin ,Thehecanvafs@famin@teonal

better accessibility of reactants, leading to the enhancement of photocatalytic
reactions.
25
Spherical nanoparticle photocatalysts and/or zero-dimensional nanoparticle
photocatalysts have a photocatalytic efficiency and/or H; production capability of 250
umolhg™.  The photocatalysts of the present invention may have a photocatalytic
efficiency and/or H; production capability of greater than 250 ymolh™g™.
30
The one-dimensional nanowires of - the present inventon may have a
photocatalytic efficiency and/or H, production capability of about 500 pmolh™'g”. The
two-dimensional nanosheet lamellar structure photocatalysts of the present invention

may have a photocatalytic efficiency and/or H, production capability of about 560 umolh’



20nanosheet | anellar structure may have a specific surface area of about
150 n2/g to about 280 n2/g. The t hree-di nensi onal gyroid
struct ur SVERY1HHY¥3a specific surface area of at | east EEFHG20BOE3g. |n
one enbodi nent, the three-dinmensional gyroid structure 25 nay have a
specific surface area of about 250 n2/g to about 500 n®/g.

Addi tionally, the one-dinensional nanpw re photocatal ysts, two-di nensional
nanosheet |anellar structure photocatal ysts, and three-di nensional gyroid
phot ocat & &t sbant 800 @nmpite'gént Thetkenetidonemsionakgirolistof he iprasentviem@nioni n | i ght

absorption qf 30about 40%t Qu %, over herical nanoparticl

ohot ocat SRYTPEE PSP ETS SRaRRB At B BB Ereaeln ROVRREE kefeba. 1o
speci fi c uswiri'gte avan othe aonestijneosionatynirewiree phalbedtalgsis,f trediareasiond! t he
obj ect diyi by VO e jyec Addi i | 1 he

vol une flrné}(’: :Rg%t OP Ha}’{ﬁ %&?%ﬁ%@grteedbb;%?%&%xgtp ’hegg{ijrf%&eﬁﬁ‘ga‘ﬁ)@he&&'gi n
boundar i ebotneatalysi$ eof the priesentolnvemtionf atehemertifinds tatinglidss eomatedystsdi theded by

t he volu : ; mal |y
Fequi res Prae s B9 YE6PS BhiBtataiic effciency Srifbr 1 pRRLRTAAKEY FBE ™ U,
acti vit ytaahput €6tHneaihiglt es. Qther than reducing the activation energy, a
co-catal yst can provide the neans for charge and site separation during the
gas evolution. For exanple, a co-catalyst inproves the 10 efficiency of the

phot ocat al yst Sehefcal egpppargelerivtegilvrte apn/x artegimensiawhaapepyrtideect rons
or VvahenpRotedRdlystBhali®! £Ssddcid sh@adthdresabplsostmz/d her ey mizgfucirpg the

possibility of electron-hole reconbination; and the transference of

el ect r on8helREatAYPEf the BigseaLBVaRIS MY have PepectirsuEBge preafuel 3dedsie
activati gpogrser@ygfor the reduction/oxidation of water. The activity of a
co-catalyst is found to be strongly 15 dependent on the quantity of the
co-catal yst deposited on the photocatal yst surface. Wen the anpbunt exceeds

a critical |inThe orﬁéhlﬂin%hsffmtaaﬂxm?e@(rﬁayaﬁa\% £§%é@fﬁb§lﬁl‘eféera©§@6mmﬁédt0n |
centres, reduging, t efficienc t he st photocatal yst. In the exanple
ol me PSS e Mgy Ghe ETRIRY, 117 CoF BERRon R BPaMESS MDEE Suppr Bse
t he backwepeadfic ®aface arsa dffabonas@nmiz@ taasbudtibaetdy.al architecture of the
co-catalyst are 20 configured to enhance the water splitting effect.

Preferably, a systematic optim zation of the percentage by weight (wt % of
t he co- cat al y3heitwoghmensgidnautanasheet damelter sinectunes mayuihbed| @ speoifint , as

the opti t ', A2 i f [h . tal yst
mat or | al S0 AR o IR BEAR 4w ' o EboRARA, B8 ARRNSEE D Vo,
For @&anpbegsheptlametiamstrusiuraingkehavent ppecificsurtdcgstred of abdut AGCa? 0B tos 1. 54
w % about 780 exanpl e enbodi nent, zero-di nensional (OD) transition

met al nanoparticles are used as the co-catalyst. Additionally, for the
structural architecture of the co-catalyst, a core-shell structure is used.

For exanpl e, t{ige GRadaindnéidnal gyroid structure may have a specific surface area of
at least about 250 m#/g. In one embodiment, the three-dimensional gyroid structure
25 may have a specific surface area of about 250 m?/g to about 500 m2q.

Additionally, the one-dimensional nanowire photocatalysts, two-dimensional
nanosheet lamellar structure photocatalysts,' and three-dimensional gyroid
photocatalysts of the present invention may exhibit an improvement in light absorption of

30 about 40% to about 80% over spherical nanoparticle photocatalysts and/or zero-
dimensional nanoparticle photocatallysts.

As will be appreciated by a person skilled in the art, the specific surface area
may refer to the total surface area per unit mass or volume. Stated differently, the



30 conprises a netal oxide as the passivating shell and a transition netal
as the core. Metal oxides are found to be an effective shell material as an
oxygen diwpusidgn2arrier, to prevent oxygen from diffusiPAg/SGaeiawgess he
evolution site and reconbining with evolved H2. The transition nmetal core
acts as a site for H2 evolution due to their reducing properties. In an
exanpl e i npl enentation, the core-sheIJl nanoparticles are 13 precipitated
onto the host photocatal yst material, for acting as a co-catalyst. As an

al t er nat gpécificOsdrfaee tar&6f 4n @usyearahar be thé &taINAMaEE afrlLOMAE 0BRBt Miideged as
5The transr tion nmetal may

the core ma erial of the cor shel | ctuL¥ns

conpr i sePKilBR MSENPY) Volﬂglﬁpg Jearr&%t?é‘ﬁ thepyoluree | fragiion &)atoms at i num
I(Pt)h or logated t(olémbn te benfacteramtsat th@rgramtwdmdagés HayQefip 16 HEALRE. ofT?e )
ant anr ta co rium I.u or europium (Eu).
Ot her ﬂﬁﬁgﬁma@t |a§e r §?§§%‘b‘?ﬁ‘é‘ﬁ‘b‘%ﬁf Bbe '1‘8]?%5 'gf%} catal yst nay
corrprsse a NN-NO core-shell co- cat al yst Cu- Cu20 core- shel |l co-catalyst,

Cu- CuO core-s CcQ-C core shel | -cat al.y In the
exanpl es i m‘regggtear N C@L%bs dnor a" ret%ge% oading 9@? o@ﬁ% geior%rgn
transiti partimes ab cascatmﬁte(ﬁmrdmg‘mdctantmdlreazxtrouireram Otleershan feduCinlgethe

co- cat aI @( ?r?el %Pp%o% %?Qe%\ﬁﬁ ecgan 1350vrde the rEregHé %o ( acés)ehoavﬁsfo%ésfgemt e

di agram | sSi b rreconbi when a” ne
deposi t edema@rpldctlwethal gast evotiork g‘qrr eexa(rr@)e shmvscaabrshmmves dhagr am

"'“?M%ﬁ@%n&'{?o{e Hr&te&tarrgt B %vr%e&r%r rﬁ’é chEEATBE Bald ok BaRg (BB
Ing t ?tﬁ L%? c# sﬁovgrs g\

co-cat al yst acco an’ exanp dea I gur e
magni f i ealesztnonsvore\r@l@rceab@m éV%)hM'FS ffpﬁutfﬁu@@t@mwts thegely tedapivgtthen net al

core 102Badshifly dfrbléélf%nf—%l@ @coﬁﬁbﬁ\%ﬂ@@aéﬁd %@Mﬁ@%@d&%@éremﬁg @e' ' 104

accordi. ngqto an exanp di ment reference to Figures

1(c), ep d%cfé'ﬂ‘@%r‘l‘t%%[nﬂ'@@qileénéhqr?@h r?@"'ﬂﬁai"&ﬂ aﬁtaraagaremergm%)rjt b are
covered WduBtiddrsxidaion! op%hfiﬁﬂ‘ tﬁé ackifigy efea%d Mataryen.saruana hs rréeérrbﬁgrpg 02

phot o-reduction i s suppressed t he reduced accCessib of the reactants

to the | BerReRtening ‘&fﬂ”ﬁﬁfrﬁ’fdﬁe GBF@tail@iﬁequﬂﬁﬁg on the p@@tc@a f puageuct ur e

accor di ngvHed ﬁwbearﬂlsarﬁfpéﬂ:e%ﬂb@lcﬁﬁéﬁl IR@) HhEPey- @@téryw@t 86t dPkRIrbALhdIE oM H2
and 02, therrT%U?éallovmn form&ﬂrdreaotron Irttrng) to

take pl afe®° tion centrep, g e Efficiangy <y b h%"ftl g‘%ﬁ?‘ﬁ@ s Iy the ,
synt hesi aegmplsignthboairaentp] haéddﬁtmnarbdacmurrg/nhr cﬁrb@raﬁa,l nrﬁé@cﬁﬂs to IsQppriesexanpl e

Vol " (ny R R SR o SR e} o0 BFugiid pehyerhycal §7 ErHatti A Smmoni um
br orrﬂ(rlie ¢&TigB)ed Tthe emhanee ethies vepdart | gplitimgk exffetD Greferably, a systematrc
optimization of the percentage by weight (wt %) of the co-catalyst is carried out to
determine the most suitable amount, as the optimal amount to be added in is
different based on the photocatalyst materials. Typically, the amount of the co-
catalyst is about 0.5 to 2 wt %. For example, the amount of nickel (Ni) co-catalyst for
25 AgGa0;is 1.54 wt %.

In one example embodiment, zero-dimensional (0OD) transition metal
nanoparticles are used as the co-catalyst. Additionally, for the structural architecture
of the coécatalyst, a core-shell structure is used. For example, the co-catalyst

30 comprises a metal oxide as the passivating shell and a transition metal as the core.
Metal oxides are found to be an effective shell material as an oxygen diffusion
barrier, to prevent oxygen from diffusing through the evolution site and recombining
‘with evolved H,. The transition metal core acts as a site for H, evolution due to their

reducing properties. In an example implementation, the core-shell nanoparticles are



14 browni sh yellow solution. Then 0.6 m of the freshly prepared 0.01M
NaBH4 is added into the solution, followed by mxing for at |east 2

m nut es. WRIBHIZ%Bon changes to pal e brown col our aftePCHiSG2NG/00023&n a
0.03M T1F4 solution is added to the m xture and with 90 m of deionized
(D) water. The m xture is transferred to Teflon-lined 5 stainless steel
aut ocl aves where a hydrothermal reactiygn is performed at about 180- 200 C
for about 24 hours (h). The precipitation is then washed with distilled
wat er . Theecipjtategisontd the hastaphabocadalvstwasterialg faracting @ead ed-catalystreds an t hi s
exanpl e. | a rj Q. I ted, The above
process ?gé}ﬁ?{“}séq?dnﬂfehgg%%ﬁonng{n%})n’ %ﬁ&ath ﬂ-agieg%ﬁ%g?@sﬁglqsggoa%c%‘te a?‘%alrgt) 10
Fact or s triaderiairaf/thefdoseshelhsirughitrephot ocat al ytic activity in the exanple
enbodi ment i nclude e.g. crystall ographic phase, physical and chem cal
uniformty, mono dispersivity, shell thickness and dinmension, as well as

| i ghtS adsor pt | e drasiéer dietalninay mooprsise rickel {Ni), copper KEganprnelybgemeanment s of
the PreSAb), I VEN AN p@étf?:\ﬁhfj@:’@, B3k m)ﬁl IAth&: GQRéifP&?‘Wét%{l%tﬂfe%lsWat er

splitting. photocat al yst "assi st's in the processes Involved in water
spl i tti ngontemglatethnding: iapkhagide Metahgnay compEsRcgedm Edpe@iyn dRrbiorchar ge
recombi natiiopim 9. AtRebRthahios B Aes MREY SontbhplaRiot ocat al yst may
conprise a 20 structure having a specific surface area and a vol une
fraction of atons | ocated both on the surface and at the grain boundaries

adapigd for erhabseaRiNst Alayonippibeaatialirt édre shal tb-RAtalysOICLLEALD IcBre-t hE
specific rif%jlrface rea_ _and t he %/‘S%IFENE fra]ctlon of __atons | ocated both on the

surface S SR-CRREYShrG&USHENE LorRlNe GF &9 BP: Corshelace-6atglske of a
sph fer i caln tlhaIwaﬁfplésqhﬁhnedﬁitelymeﬂjitfédcatﬁiﬂef ?@&oﬁdﬁ&t@yf’t&o?@?isé@éﬁfanbm?h he total
surface ar er,unit mass or  vol ure, i e,.volune fraction of atons
may ref ewefag %1&’%/8?%”%@ m&@eo%(itegﬁgm@%ﬁweﬁlhe F R PiRed€aPlsPyst . The
speci f i ccontematatecar ea and vol une fraction of atons may be nodified by,
anong, ot her things, changing the size and shape, surface engineering,

dopi ng, etc. Sone exanpl e approaches may be descri bed bel ow. 30 In
one exanpl e ekigos fE)tshowsea scherotiio diagrarh Hbugiiatib@ pabsiblestecombomtibngur ed t o
conpri se - dj i 1D ite j : 1 aye useful
o oper | 008 SO BRI S6AT Ted bleraREBh oo RAEBL 6 110 PRI SR YT e er
and an i sehemafiediisgrafmaidestratiog H.cavolinanddreyrntionlof agroorhiation ysingarti es.
As 15 phot ; i Led i C Y
i Lod (o ae e Searare S ot dnBeirent Breol(®) Sy e R, (e
phot & at ¥eysef @ worrshalksifatwreammiisingne teosiien JeetakeereciiZBuct @ris thet h a

| 'arge bapgimoap at Rahofariti¥Phkd S RedtaIebkiga! dneii d4) 28888Rar {d shesxaMhpig@ nobl e
netal. Noble nmetal nanoparticles 5 exhibit unique optical properties that

ari se erWPPﬂiﬁ‘%l | ective oscillation of the conduction el ectrons upon
interaction with el ectromagnetic radi ation, nanmely, the localized surface
pl asnon reson fy the visible |ight

absor ption an@ﬁ%g@g‘?srgg : t‘g%gu(f?%{]ﬂ%g%{df i&gg‘g"l’%h?qrtﬂ%:elg IsatnARidedrapsitatice
ef fi 25 enimetdl ahbgartitight 02ie aROEEenRl WittotHeGAbR Y56 104, thE Ae8¥tAERbE and
enbodi ”E{Pmte' re%glting O, photo-reduction is suppressed by the reduced accessibility of the
reactants to the loaded metal/lanthanide core 102b. Thus, the core-shell structure
according to the example embodiment can suppress water formation from H, and
O,, thereby allowing the forward reaction (i.e. water splitting) to take place.
30
in one example, the core-shell particles are synthesized using precipitation
and a hydrothermal process. in an example preparation of gold (Au) nanoparticles,
0.25 miliilitres (ml) of the 0.01 Mol (M) HAuCI;-3H-:0 is added to 7.5 ml of the 0.1M
Cetyl trimethylammonium bromide (CTAB). The mixture is gently shaken to give



The sem conductor with a | arge band gap may conprise Ti Q2 (hydrogenated),
ZnO (nitrogenated), or W3. O her sem conductors are al so contenpl at ed.
15The nobWwe 2osstabk3sgay conprise gold (Au) or silver (Ag) PCDSlkesi2oise net al s
are al so contenpl at ed. The 1D nanowires in the exanpl e enbodi nent are
nodi fied to enhance the photocatalytic performance by introducing e.g.

pl asnoni ¢ nanoparticles for enhancgd |l i ght harvesting (as shown in
Figures 2(a), 2(b) and 2(e)) and/or catal yst nanoparticles for H2 gas

evol uti onpRivhRh yals 8bBESH. aheh roa@nﬁlbfith@qréémyeé)reﬁér@ Q' N NaBHAE abdan (not
shown), and/or branched nanow res for enhanced ht scattering and

absor pt i dAto ke soiiian. foflowsq)by auxing dyr atieast %m@%s yhhe wt'%x%{mges Qi t h

r ef er encepd|@ brbvi E618URARSr mizin )Taérdaai 3M TiREsAiDidRROYAde@StoARE neiRilRs | se 25
functionalized nano?art icles 3?2) _fed thereon for creati nﬁ I asnoni ¢
dj W?'iegh

resonance®"d W8 9045 Q¥ PRigniFP he, JU¥HIR 1Sotianstgrethée Jefier-imgthd, t he
nanows esstaidldsk Btddl gutbelaved whered Hyd ram@rra(af neaG@otiE ipeefofrhad bit apalti1sed

one. exant ¢ fi SpBPh 2 b tb 7 orositeut B eh et s Sl it BEh ik ' "
growt h. Thee f;ymest bb abaratuth amwhhgcéreSreaeatedwtnbeslmadneob@mmetﬂ&e
nanow r es, 2 sputterin erform

oot t | monf Sambied i bfibe Aaf bual gt soflecta m1BE SpaVE Prdtes Rastiide e 220 can

be grown foymatmnofeoM-Tidy wmfe-sidl antatalysal nanoparticl es and then perforning
hydr qt-her mal growt h. The functionalized branches may al so conprise gold (Au)
or silver (Ag). In another enbodi nent, a two-dinensional (2D) nanomateri al,
e.g. in the 5 HFastarsothah rayrelfieat tee rnett phetocatalvtis eactvily ain2 e axampdt  nat

(conpri SI%S(%H”%% ﬁ%'é’%énen% %g?tglﬁ p Ht?@ ?é??eﬁ .CEPEn&%ﬁ{eﬂ.maP%nFr ?mtly] vity

phOt ocat I CcCa has excel 'ent” con
and nmechanpealdispersviyt Bhelathickaess agd glimeasipe, a%m\c@kl gn bgidradsesptionhendhet al

oxi de mayy EQrdMid afeoxi de of titanium (Ti), zinc (Zn), tungsten (W, or
i ron %Fe)e Qheréﬁgt al oxides are al so contenpl at ed.

Example embodiments of the present invention provide a nanocrystalline
photocatalyst for water spilitting. The photocatalyst assists in the processes involved
in water splitting, e.g. generation and transfer of charges, suppression of charge
recombination, etc. In preferred embodiments, the photocatalyst may comprise a

20  structure having a specific surface area and a volume fraction of atoms located both
on the surface and at the grain boundaries adapted for enhancement of a
photocatalytic reaéﬁon. For example, the specific surface area and the volume
fraction of atoms located both on the surface and at the grain boundaries may be
greater compared to those of a spherical nanoparticle. The specific surface area

25 may refer to the total surface area per unit mass or volume, while the volume
fraction of atoms may refer to the volume of those atoms over the volume of the
catalyst. The specific surface area and volume fraction of atoms may be modified
by, among other things, changing the size and shape, surface engineering, doping,
etc. Some example approaches may be described below.

30

In one example embodiment, the structure of the photocatalyst is configured
to comprise one-dimensional (1D) composite nanowires. 1D nanowires have useful
properties such as a lack of surface boundaries for better charge transfer, and an

increased surface area for enhanced optical absorption properties. As



10 Figure 3(a) shows an illustration of 2D catal yst-mat supports
302a, 302b with intercal ated nanoparticles 304 according to an exanple
enbodi merw0 2Bi3gue®33(b) shows a schenmatic di agram provi #CmgGam28be283 nat e
illustration to that in Figure 3(a). It can be seen in Figures 3(a) and
3(b) that the support |ayers 302a, 302b, etc. and 15the intercal ated
nanoparticles 304 forma |anellar st rpcture. Figures 4(a)-(b) show
scanni ng el ectron mcroscope (SEM inages of exanple 2D | anellar systens
and i nt epgaioabiafBtsof aciegorader 4 &iaad lighnogas t hel efeckbdady Caikfliedg tho an

exanpl e enbodi t. 2 I n ap exanple,. _ the 2D catal yst t conprising
gr aphene SSP"'C@ngﬁﬂPrtsew'gk?d@"iog" E?H{' HRRPL M#‘ﬁ%ﬂg@f}%@q, %fl? érb%‘gﬁﬁa'kﬁ/t ‘Phe
Hunmer s' tieeéxeamiple 2rthotiineentebaiprises skemicandsdiestwitisa saroé ibasd gagd tiwt dahe

hydrot hermal nethod to forma call i dal suspensjqn., , The resul tant coll oidal
Coi ut1 on “GT seeratseatn s b Bp§ied ot AR PRl Nhe MedishBteRss

st ai nbesexkibitalniquet opfical eropdriied heatparmufeor thd coliedivar dsalilatisn asfdthe

mai ntai n Rrede ' . C i : QL _ex le,.0.34 g of
a netal %)Q(P eCtlﬁéneg%%%g]rﬂlﬁg .g%gé{e‘%ﬂp 0‘9 er‘r# CQ'@’& ae?n%ﬁ‘\/lr?\ég'—?naqnugged% @8 | ution
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t he sanplefficientvisibletlight reppansive hhptogatelysts indhe Rxamplgempbasisvental ti mes. The
whitegprecipitate is then left to dry before imersing in 10 m of a 0.1M
aqueous solution of HCl for a duration of about 24 to 72 h. The product is
t hen washed t ABe oggmispngdxefor 1 withnrallageatbandnpadrat mays efmpidenweEi®2about

250 and @%r&iédéte?d),_ ehaMKitr6§eHaidd)e drow@boUbthkr NeendiBndRic &% dRo
nanosheet 1s then mxed with netal acetate di hydrate (3.35 mmol for
nanopartiCEPf@ﬁ)p,'at%t assi um hydr oxi de and net hanol sol vent. The precursor of
t he nanoparticles is then set at about 90-100 C for intercalation of the 5
nanogarti cles. The .formation of nanor?d intercalation is achieved at a

hi ghd? concent P&PBIF BEtaLBEEY) CORRESEIRIG (M Rratilver @\ ABE) nobisanalgls d
product s g4 gls6ebhtesbRaeddy filtering through and washing with distilled

wat er before drying, for form ng the photocatal yst. The nanoparticles and
nanorods are nmade fromTi Q2 or ZnO Oher netal oxides for making the
nanoparti cl es Taad Dnearowies ialtiee aksraplCaabddimehtaedmodified to efhancdDhkamnel | ar
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cat akgst eshapmdt light rhaadditing das shbwhais Figeresb2(a)t 9(b) carst 2¢ed), eandl/®hed-t | e
catalyst nanoparticles for H, gas evolution sites and electron trap aiding in electron-
hole separation (not shown), and/or branched nanowires for enhanced light
scattering and absorption (as showh in Figures 2(c), 2(d) and 2(f)). For example,
with reference to Figures 2(a), 2(b) and 2(e), the 1D nanowires 210 comprise

25 functionalized nanoparticles 202 disposed thereon for creating plasmonic

resonance, thus improving visible light absorption. On the other hand, the nanowires
220 in Figures 2(c), 2(d) and 2(f) comprise functionalized branches 204 for
improving visible light scattering and harvesting.

30 In one example, the 1D nanowires 210, 220 can be formed by hydrothermal
growth. The functionalized nanoparticles 202 can be loaded onto the nanowires 210
by sputtering of an Au/Ag film and then performing a dewetting process. The
functionalized branches 204 of the nanowires 220 can be grown by spin coating of



15 el ectrons, via stepw se electron transfer process, and is highly
efficient in the generation and , collection of electrons. Preferably, the
suspensi oNORABEU2¥98nct i onal i zed 2D | amel | ar system can pBEGHGALI2800258 | onal
route to retain an open netwrk of 2D nanosheets, available for
nanoparticle or nanorods intercalation. 20l n another enbodi nent, the

mor phol ogy of the photocatalyst is coggigured to formthree-dinensional

(3D) gyroids. The gyroid structure is a suitable norphol ogy because of its
uni que geohaidaly, napopprtickesncgard ntheni xpasforming c bydrotheonsl bgrowitmdepdiheent |

i nterpen n an exanple, after
a sel ect ?@i&é}éﬂgﬁgrﬁgﬁﬁémé} %1%6 %&Hg’?l t%a%?&‘@k”%ﬂﬁ%ﬁgﬁk oid nanostructure is
used 25 to provide nono-di sperse pore dianeters in which all channels and
structures arg, fal-lbﬂhlér 'éﬁﬁt?&d%g@rﬂe%t% d:%sfb%fa\"g?df) WahdnBRHSS e‘@ NinPet Uned to
add in functionalized nanoparticles as co-cat Because the gyroid
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an effective cataly in the exanpl e enbaodi nmen i ncreasing 30 the
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nanopar t iredSprbgeteiest PRE aqewzc&.défmépc&ﬂpnga ah RxRBf RenieadiAzRNGZN),t he
t hr ee- di nensi onal surface area of about 250
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conprpse a polycrystalline anatase phase. As such, when using x-ray

diff tion, h h t he h | 1init f _
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i n the f drcontbeoseanfindiifdires i) qirmrz(b$trm3he sypporilblgrs @0@a) 302b, =fc. madonet er s
(nm 5ot ex Dl e NUALOSHLEL ha B6heh kEb DAYl ent and inorganic metal

oxi de“precursors are m e su "5 and magnetlcally stl rred
for approxi mately 10 m nutes. The inorganic netal oxide precursor

conprises an g g‘éa)tﬁbza%"'m&gh)"”g Héc(r&ﬁ')mnc%ﬁc%kngc(éﬁﬂ Im%gure ‘s then

i nor ganl Cc rreta cCursors are a conte
aged at @b@mplel@ @m@larayatﬂn&@dwmrgalahoraotniambreﬁs 434 madopanepisticlegl ass

substrat Q?M%E:@or@‘n@ tG%ﬂt&QHWléQm%&meﬂﬂ and wit hdrawi ng speed of about 60
nm m n. The sanplés are t aged at 20about 13 C for about 48 hrs in a

chil PBr and subsequently calcined with a heating rate of about 1 C/nin to

renove the suyf aﬁb%p@n%éﬂm%{a&ys@méitcerhaﬁPtd?@pm%adr FAdHIR SdDisds.

Figure 5(a) shows an illustration of i cal di sconti nuous

t hr ee- di F¥NEPY7Sd IREY PTaPhER POyYdEr OYithe "I’H’@'H‘effer'i‘%'?tf“}d ANdgbecre! &Pﬂﬂ’egr ain
boundar i @anésHeet Nier e@stRetiBéd by the hydrothermal method to form a colloidal

suspension. The resultant colloidal solution of the 2D nanosheet is then transferred
25 to a Teflon-lined stainless steel autoclave with the precursor of nanoparticles and
maintained at predetermined growth conditions. '

For example, 0.34 g of a metal oxide nanopowder is added to 20 ml ofé 10M

NaOH aqueous solution and mixed well. The solution is then heated to about 200 °C

30 in a Teflon-lined autoclave for about 2 days. The cooled product is washed
_thoroughly. This is done in the example embodiment by adding DI water to the
sample, centrifuging and then decanting the liquid several times. The white
precipitate is then left to dry before immersing in 10 ml of a 0.1M aqueous solution

of HCI for a duration of about 24 to 72 h. The product is then washed _thoroughly and



25 nunber of reconbination centres. In contrast, Figure 5(b) shows an
illustration of a three-dinensional gyroid structure 504, i.e. an

i nt er conr¥@28B/HAI%Bi x, according to an exanpl e enbodi meRETHGIE/PRSE3 | ow
density of grain boundaries can m nimze the nunber of reconbination
centres. 30Figures 6(a)-(c) show scanning el ectron m croscope (SEM i nages
of a mesoporous filmw th different agigled % volume fractions of a block
copolymer (BCP) to tune the surface norphol ogy according to an exanple
enbodi neahnededat enpedtusEs@ibetveenabout 250 anh&00 SEM a n:a@nobrudtée fcassopor ous
film of F re,6 I
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structur Porrrﬁr%sﬁmeﬁkio@éﬂatél?dioﬁ’%trla%ﬁarlﬂel‘éfs%@tﬁnﬁﬁi& eﬂ@%é’l{e ﬁ’@r‘hol'l@' rgensi onal
nanoparticle phot ocat al ysts have a pore volune of 0O cnB/ The

: g.
one- di meg8Pon&lt Waﬁlﬁﬁ'r@"?ﬂ?of%c’&?%ﬂ‘?stf@ ”Elﬂﬁ@aﬂlcl?énﬁn%rﬁ‘éporr?Qﬁo%’ﬁeé'ﬁol anel | ar
st rugg ur eomBRpREad.al ysts, and three-dinensional gyroid photocatal ysts of
the present invention may have a pore vol unme of about 0.12 cnB/g to about
1.08 cnB/g. 15 To measure the distribution of surface reactivity of-
t he lphot ocat afrjetzD qémtah@r pamml bruél?yﬁiémoﬁﬁ tid @xpmpled efol irﬁéﬁtymf/ a |
sanpl e conp I‘ISI hot ocat al yst o t invention was sured ten
(1) &1 nBesees, figh SRS Mhcnoe 7 crnastiFB BAES T bulghls dot BPaioa Text ¢ ne
phot ocat ain}Q'st)nt (2—b¢ caﬂa@/sempportv&nhdd)mm hohexdthe ability \stds and ehaitie
phot goreactivity thereb n narrow di stribution rface
Feactt v eerond VaS@RYisr kit Trfsh REeHssat b HiehBlieReiept m e
phot ocat géryeraborpeahdr[mhe@loof df heslggltone c aPedfgrably, othd heusmeasentbaisadenti on.

0.3 g of ¢p] Qﬁ&rpaqi%@l%bsﬁar}_@%ﬁ%gg‘gﬂ] E;Q% i;?%,gﬁ(% aOIati‘é’ﬁ!alerr?gwtoar&g tqtqgﬁr gon gas

forma reaction mxture e’‘reac ure was

for 30 nmhetoss ob2P oraosiwetsy avglabig for paneparticle Pheanarads intﬁmcaiammre was
illTumnated with a 300WXe |anp (Excelitas, PE300BFM. 100pl of gas sanple
was drawn fromthe quartz tube using a syringe at about a 0.5-1 hr interval

to s&bpl e t helngareteengobedimgnt, the mgrrhalegy @ftthe phelogatahsbis qoafitwiedAq,
GC- 2014A{0rm BN LithdrRichards. éy?o:Eé OtHeEgyroidt é}ﬁ,oanet.%aéﬁhm@ rﬁomefogwance of

one- di mensi onal nanow res without a co-catalyst, two-d nensional
nanosheePgcatiseh8lititsa UBSLEagaPr)elY, SPMPETIPGed dNAENSPHAWP 697tHiuass Wthout a

co- cat al yifep¥RfentEintatpSrbuanfg %@fmﬁlk@ﬁ\ Wrééldirﬁ’&msmat gsade iy bih exBRipiQr mnce
of zero- d| mensi onal nanoparticles and/ or sgk erical nanoparticles. As shown

in Figur aft er a selectysdegeneralipp ok the minority block, the gyroid nanostructure is used
25 to provide mono-disperse pore diameters in which all channels and structures are

fully interconnected. The network with pores can be tuned to add in functionalized

nanoparticles as co-catalyst. Because the gyroid structure has high porosity, a large

specific surface area, high crystallinity, and well-defined pores, the gyroid structure

can function as an effective catalyst in the example embodiment, e.g. by increasing
30 the mass transfer of gases. '

in one embodiment, the three-dimensional gyroid may have a pore size of
about 7 nm to about 10 nm with a narrow pore size distribution. In comparison,



20 nanowi res showed an inprovenent in photocatal ytic performance of 2-3
ti mes over the zero-dinensional nanoparticles and/ or spherical
nanopar t iwbDes13/04k3®9, the two-di mensi onal nanosheets showrel/S&a0120pe2Sy enrent
in photocatal ytic performance of 3-4 tines over the zero-dinensional
nanoparticles and/or spherical nanoparticles. Further, the

t hr ee- di nensi onal gyroi ds showed an ipprovenent in photocatal ytic
performance of 4-4.5 tines over the zero-dinensional nanoparticles and/or

spher i calzeftagipitasions! Rsnopdiiclesr sdsregierical Frarpatticlss i AhYreGadeadfyt i C
performance of various co-catalysts 10 conbined with a spherical

phot ocat ziloy%q”’%as nmeasured and conpared to the photocatal ytic performnmance
of a spherical phot ocat al yst without a co-catal yst As shown As shown in

Figure 8, pho ocat onbln d wth a co-ca st showed an i ovenent
i n phot ocat al y’i a@%&? W&eé‘t’oﬁ’ wﬁ%e ARSI je %/%(Se o t'BatatRE i t hout
a f:g gat alifate agm ofoamuazamtnsz/grﬁaswcad Bmzlrlu%zlg: cmpmbnél&l)’meﬂtmtel (N),

Al 15 t T { t th t
I Gl oy Mo Lt g

g x-ray difmc arp re a &

hel { tal yst

copper (A SStE S Bl i BV 5ralnBRRREseRRaER Sl T Che case of a

ni ckel co-catalyst, the core-shell structure may conprise a nickel (N)

core B”d a ”' %&A e%dn%;)le Q¥HAR ﬁ(;HbEPLnéEG&A as EO17-PQ12- ngg %@Eﬁ%ﬁ@gﬁgﬁlo

Fi gure oné- di'nensi onal nanowi res comprisin _
enhanced avﬂ s(PﬁHePEO@ lgan deaysedr dn §iredyaiditecing pgents %@’r hechigpn sregnized

25har ves st s%&ént' SRieMAR ¥hdidRligd Vollltle #BERIPISAR - in the forrﬂ_é}%n of

phot ocat present invention may conprise Au-CGa Gaz203,
Ni - Ga203 diferentRowEasizag, imoeﬁy abgut pO-58nranonERss (HRbFOE frample; bydm fical s are

al so contyePRAhRs solfht and inordéhi dianafausﬁ@éi pRRANErS é/rarmfaébswmh fRuHaRaht
phot ocat al yst nanostructures such as one-di nensi gnal nanow re

phot 38 at &n§ sPagnaliGally attiied seb FRPrOXEIRIIN K MiKBebcalhgl petagicafgtal oxide

three-di rﬁ%b%rébnﬂiay%ﬁ@hstsm@xmeaifa{a\ﬁm(mpm(erw&am: @nYli OBRF Rdrdafic
construct é nproved phot gcat al ysts ha l\ gFan enhanced phot oc %e;l ytic
Feact i vi (PRI FsOR a8 FABISHRIRET: Chs BPRtiea e, Aged at about

for about 48 hours in a chiller. Subsequently, glass substrates are dip coated with

dipping and withdrawing speed of about 60 mm/min. The samples are then aged at
20 about .13 °C for about 48 hrs in a chiller and subsequently calcined with a heating rate of

about 1 °C/min to remove the surfactant and densify/crystalline the metal oxide gyroids.

Figurev 5(a) shows an illustration of a typical discontinuous three-dimensional

matrix 502 where the high density of defects and grain boundaries can increase the

25 number of recombination centres. In contrast, Figure 5(b) shows an illustration of a
three-dimensional gyroid structure 504, i.e. an mterconnected matrix, according to an
example embodiment where the low densﬂy of grain boundaries can minimize the

- number of recombination centres.

30 Figures 6(a)-(c) show scanning electron microscope (SEM) images of a
mesoporous film with different added % volume fractions of a block copolymer
(BCP) to tune the surface morphology according to an example embodiment. Figure

6(d) shows a cross sectional SEM image of the mesoporous film of Figure 6(a).



Surface and interface engineering was used to form photocatal ysts having a
one- 5 dinensional nanow re structure, two-dinensional |anellar nanosheet
st ruct ur eYO2A/41B¥%8e- di nensi onal i nterconnected matrix G¢THSGAVROPRSES ur e,

whi ch provide good el ectron transport due to a decrease in grain boundaries
and/ or decrease in defects of the single crystal phase and/or

pol ycrystalline phase. For exanple, thg decrease in defects of the single
crystal phase of the one-dinensional nanowires may result in |ess

r econbi nat i on The® examplerembadirpenth yprovidalien ghotocatatyet mdniche cam oﬁ’eecuhma hol e
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surface GRALHSE! sl Slow NEsOLALEBER RlRlydA0QUINRURIO! RiEA fé?lbgm two-

di nensi onal nanosheet photocat al ysts, nsi on
phot oBat ARpestEICiuies UMSh t ¢aS |HPYiBRILRt NBMOWT distriiuipe pf ghtface reactnwty

phot osengiddetidst O |hteau)anr%atmgﬂﬂ>eréys@n|qeehfér§érﬁ£5| ﬁsﬁeasrﬁ rtﬁasta%ter and

separator co-catal ysts. 20l n sone photocatalytic water spl

appl i cat MYRgz& Waﬁﬂéf‘gc‘!a'f‘ﬁl%?"t&ﬁ‘s’%ﬁ"? FRePIRNRtan reralin; en@mlmhts can be

di rect | y sagdringitRindthe Aferarchl¢BPSIIS LS Btridupeat er . However, it will be
appreci ated by a person skilled in the art that the phot ocatal yst can be

applied as an attachnent e.g. to a surface, and can be used in other
appl hgat i ons. Sgherical nanodérhMMdho&ﬁ:afﬁD;@t@%inﬁhﬁCkéﬁd dﬁné}%"&&'ﬂ nakbpar@élei n the

art that Humero&s vari ations QE]d/or g&dl figati be made to the
present PRYORPRYRISALEVEND\RPFE valyme oh 8% PR ant ﬂ‘é‘ﬁ eRsIOARUTaNg®BEr t i ng

f r om t he paptocatalyss, twc@pmersfonahmnoewmuaméuaastnhmmacﬁhystode&%isbgﬁh thidee present
enbodinepts ar there consi der.ed Lo respects to

1 ust r ae SRl SYBr Phdpfatality O resaeoeintentin ray nafé BRad spBaall yst 1 or

wat er splboutiomg, cni’lyeto phodtdcd @hyst conpri sing a nanocrystal line structure
havi g a sel ected specific surface area and volunme fraction 5 of atons

| ocated both on the surface and at the grain boundaries to provide an

i ncrease in the meastiecthecdistrigytidroof sunfemeceasthity aff the photooztatyatsydfitber eact i on

relative Fé%eﬁ%@%ﬁtfbﬁ' th’éa&fbgl nelc:itﬁ)ntﬁ %@&@e%@rﬂin?{ﬁh&@% Q?P&Hﬁét i cles.

2. The pﬁotocat yst' as ure is 10
sel ect ed Presgnt inventign y@s oersiired fang 168J times. Usmg this method of measurement,

it was determined that the photocatalysts of the present invention showed a narrow
20  range of photoreactivity thereby indicating a narrow distribution of surface reactivity.

The following method was used to measure the photocatalytic performance

of the photocatalysts of the present invention. 0.3 g of photocatalyst was added to

100 ml of water in a quartz tube to form a reaction mixture. The reaction mixture was

25 purged with Argon gas for 30 minutes before carrying out reaction. The reaction
mixture was illuminated with a 300W Xe lamp (Excelitas, PE300BFM). 100yl of gas
sample was drawn from the quartz tube using a syringe at about a 0.5-1hr interval to

sample the gas composition using a gas chromatographer (Shimadzu, GC-2014AT).

30 With reference to Figure 7, the photocatalytic performance of one-
dimensional nanowires without a co-catalyst, two-dimensional nanosheets without a
co-catalyst, and three-dimensional gyroids without a co-catalyst was measured and
compared with the photocatalytic performance of zero-dimensional nanoparticies
and/or spherical nanoparticies. As shown in Figure 7, the one-dimensional



a structure conprising one or nore one-di nensional nanowires, a |lanellar
structure conprising two-di nensi onal nanosheets, and a structure conprising
a three- WOBAEYUAYP gyroid structure. 153. The phot ocat aP¢3SGA&120PSsred i n
claiml1 or 2, wherein the photocatal yst has a specific surface area of

greater than 70 n2/g. 4. The photocatal yst as clained in any one of
the preceding clains, wherein the photgcatal yst has a pore volunme of
greater than 0.04 cnB/g. 20 5. The photocatal yst as clainmed in any

one of t menpwiceseshanedcdmimprovementain phiotrsagiyticoperfaingete hi@-3atint®s pvesduct i on

bi | i : , ' " " AR
any-one. Sje 2heiBhdhos hcRItoRE o Dedied M fIRHIR, S AR T
i npr ovenglitnensiprial ganosiieets phowed an impravement f0photpeatalytit @eifomhance of

nanopar t iscd §&e@Nle rthé%@%-gigiﬁgtﬁ)hﬁpﬁénmg 558)6?%p§%\ﬂ:aﬁﬂah§5§rﬁc\ﬂ§§m nt in

phot ocat al ytic perfornmance east 2 tines over erical” nanoparticles
and/ of z&vushen rtee dhrerdimeasionlr gyreids shos@d7ami@pplyemenhtmiphetocataldicai med i n

any one @bbiearRE s Al B GnfsJvEE theWeRs-Binferdisha? hansidtided @s/dr die

oTt HES
specific surface area and a higher volune fraction of atons Iocated bot h on
t he surf &BORAEC'®Y t he grain boundaries conpared to a spheri cal
nanoparticle. WD 2013/012393PCT/ S&012/ 000253

With reference to Figure 8, the photocatalytic perfdrmance of various co-catalysts

10 combined with a spherical photocatalyst was measured and compared to the

photocatalytic performance of a spherical photocatalyst without a co-catalyst. As shown

As shown ih Figure 8, photocatalysts combined with a co-catalyst showed an

improvement in photocatalytic performance of 7-28 times over the photocatalyst without

a co-catalyst. The co-catalysts measured include copper (Cu), nickel (Ni), gold (Au),

15 and platinum (Pt). The photocatalyst combined with the platinum co-catalyst showing
the largest improvement in photocatalytic performance.

As shown in Figure 9, the co-catalyst may have a core-shell structure. For

example, a copper co-catalyst may comprise a copper (Cu) core with a copper (1) oxide

20 (Cuz0) shell. In the case of a nickel co-catalyst, the core-shell structure may comprise a
nickel (Ni) core and a nickel (Il) oxide (NiO) shell.

With reference to Figure 10, the one-dimensional nanowires comprising
branches have an enhanced visible light scattering capability for improved photon
25 harvesting and/or improved visible light absorption.

The photocatalysts of the present invention may comprise Au-Ga203, Ag-
Ga,0,, Ni-Ga,03, Zn-Ga,0;, Ni-TiO,, or Pt-ZnO. Other photocatalytic materials are
also contemplated.
30
As discussed above, various dimensional photocatalyst nanostructures such as
one-dimensional nanowire photocatalysts, two-dimensional nanosheet photocatalysts,

and three-dimensional gyroid photocatalysts were surface engineered to construct



23 8. The photocatal yst as clainmed in any one of the preceding clains,
wherein the structure conprises a plurality of one-di nensi onal nanow res.
59. The phWOGOBYHEPR3IP8t as clainmed in claim8, wherein fun®CIo6eari2HeeRs3
nanoparticles are di sposed on the one-di nensional nanow res. 10.
The photocatal yst as clainmed in claim9, wherein functionalized branches
are di sposed on the one-di nensi onal ?q\ovm' res. 10 11. The

phot ocat al yst as clainmed in any one of clainms 1-7, wherein the structure
conpr i sesmprovedrphdtacataysts baving ac enpanced mipotosetatjticresrsiidtysdndiarepbbpesids

intercal BSSF%M]clq&%‘?RQM'CI es or nanorods. 1512.The photocatal yst as

clainmed i'n Wherer n t he -nanosheet s conprise a metal oxide or
gr aphene. 13. The photocatal yst as claimed in any one of clains

1-7, wh | I ' ucture.
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phot ocat al yst as clainmed in claim14;" wherein the co-cat st conpri ses
nanopar t Ffrér‘%@”cﬁueriaﬁcﬁ%‘tﬁ?se in gram boundarig:s anlior ﬁﬁ@?a%%manems efshe siapleed in

clai m 14 cryshe Fﬁ‘és’é éH@ﬁ‘or%ly@@Et%llM§bh&é@fﬂfdr%%mﬁlecﬁfeedeé%ké ircddre&tt Of fhe
conprising a |anthanide/transition nmetal core and Onet al oxide shell.

single crystal phase of the one-dimensional nanowires may result in less recombination

10 centres thereby leading to a decrease in electron—hole recombination. Also, the

decrease in defects of the polycrystalline phase of the three-dimensional gyroids may

result in less recombination centres thereby leading to a decrease in electron—hole

recombination.

15 - Other surface engineering of the one-dimensional nanowire photocatalysts, two-
dimensional nanosheet photocatalysts, and three-dimensional gyroid photocatalysts
includes the introduction of visible light photosensitization, light scatterers, and efficient
charge transporter and separator co-catalysts.

20 In some photocatalytic water splitting 'applications, the photocatalyst
described in the example embodiments can be directly applied e.g. as a suspension
in water. However, it will be appreciated by -a person skilled in the art that the
photocatalyst can be applied as an attachment e.g. to a surface, and can be used in
other applications.

25

It will be appreciated by a person skilled in the art that numerbus variations -
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to

30 beillustrative and not restrictive.



17. A method for fabricating a photocatal yst for water splitting, the

nmet hod conprising the step of form ng a nanocrystalline structure having a
sel ect ed WP01¥012398ur f ace area and vol une fracti on of aPEREGRGHRAIEI3 both on
the surface and at the 24 grain boundaries to provide an increase in the
surface energy for enhancenent of a photocatalytic reaction relative to
spheri cal nanoparticles and/or zero-défﬁnsional nanoparticles. 518. The
method as clained in claim17, wherein the structure is selected fromthe
group coggiagmesng of a structure conprising one or nore one-di nmensi onal
nanowi res, a |lanellar structure conprising two-dinensional nanosheets, and
a structure conprising a three-dinensional gyroid structure, 10 19.
The met hod as1cl ai Aeghdtocatalgstnfot 7water kplittinmbetres iphbloeatahst aoatpribingt ahas a
specific _surface. reater Qr he net hod

ar f e han .7 . 2
25°e! ai nBar o Sy B 19688 SRelRe Ak aptarbetiadet has o
pore ¥ol ofratonts fcetedeboth hem the SdrfaceBagd at the grainZdoundaresrit bowvidesacl ai ned
capay 1 1 1 Sisedh B B Shesde Shiladodin il S ebotbilsRaludireliiBl ' 01,
one of claspreri¢dl-r@anopaticlesiandionezepbrdiraersierna) sanepdniidiés.s an i nprovenent in
| i ght absorption of at |east 40% over spherical nanoparticles and/or

zer o- di mensi onal nanoparticles and an inprovenent in photocatal ytic
performance of. at Thaaphotdcefalxss apy cleimgrhdn iaRim dambesein i the esirughule o8

zer 096!l MeBSLRAHorMRBYAS b&iRsting 2P
a structure comprising one or more one-dimensional nanowires,
a lamellar structure cdmprising two-dimensional nanosheets, and

a structure comprising a three-dimensional gyroid structure.

15 - 3. The photocatalyst as claimed in claim 1 or 2, wherein the
photocatalyst has a specific surface area of greater than 70 m?/g.

4, - VThe photocatalyst as ciaimed in any'one of the preceding claims,
wherein the photocatalyst has a pore volume of greater than 0.04 cm®/g.
20
5. The photocatalyst as claimed in any one of the preceding claims,
wherein the photocatalyst has a H;, production capability of greater than 250 pmolh'

141

g.

25 6. The photocatalyst as claimed in any one of the preceding claims,
wherein the photocatalyst exhibits an improvement in light absorption of at least
40% over spherical nanoparticles and/or zero-dimensional nanoparticies and an
improvement in photocatalytic performance of at least 2 times over spherical
nanoparticles and/or zero-dimensional nanoparticles.

30

7. The photocatalyst as claimed in any one of the preceding claims,

wherein the structure has a larger specific surface area and a higher volume fraction
of atoms located both on the surface and at the grain boundaries compared to a
spherical nanoparticie.



23. The nethod as clainmed in any one of clains 17-22, conprising formng
the structure to have a | arger specific surface area and a hi gher vol une
fracti on wb 2at3zre3dBocat ed both on the surface and at thecgisaoi2lvoerssiari es
of the photocatal yst conpared to a spherical nanoparticle. 30 24.
The method as clainmed in any one of clainms 17-23, wherein the structure
fornmed conprises one or nore one-di neggi onal nanowi res, and wherein the
met hod further conprises formng the structure conprising one or nore
one-di nensi onal nanowires to conprise a plurality of one-dinensional

nanow r es. 2013/ 0 PCT/ 0 5 25. imed in
any one of clalns ?éﬁ %ﬁ%%%ﬁgrr)és?%%t éé{"g%g-%?%nﬁe%% 8?1-2% ﬁ%%&iﬁgggla%% for med
usi ng a yheren tersteictuge compripesoa pbsalitbatorddinmesivod! sanawicgisned i n any one
of clainms 18-25, further conprising disposing functionalized nanoparticles
on t he one-di nensi onal. nanow res. 27. The nethod as clainmed in
any obe of cl & ns Tige 2Botedatalystnas helaimatc tin oraim Lo dwheneip dundtiohalizedr e

di sposed naRol BN diRASH Bidhe BAIQISASRY nafishd ering of a film and

perform ng a dewetting process. e nethod as clained in any
one of clainms 18-27, further conprising disposing functionalized branches

on the one-di ggnsi pRAl HARAMIAS as 1agithetn "B, agh&icf TELibRaRBY one of
clainms 18-27, wherein the functionalized branches are di sposed on the

one- di ne§aNsAES aredisRased Pnyhe perdimensional nanowires.
10

11.  The photocatalyst as claimed in any one of claims 1-7, wherein the
structure comprises a lamellar structure comprising two-dimensional nanosheets
intercalated with nanoparticles or nanorods.

~15 12. The photocatalyst as claimed in claim 11, wherein the nanosheets

comprise a metal oxide or graphene.

13. The photocatalyst as claimed in any one of claims 1-7, wherein the
structure comprises a three-dimensional gyroid structure.
20 _ '
14, The photocatalyst as claimed in any one of the preceding claims,
wherein the photocatalyst is further configured to receive a co-catalyst for
enhancement of the photocatalytic reaction.

25 15. The photocatalyst -as claimed in claim 14, wherein the co-catalyst

comprises nanoparticles or nanorods.

16. The photocatalyst as claimed in claim 14, wherein the co-catalyst
comprises a core-shell structure comprising a lanthanide/transition metal core and a
30 metal oxide shell.

17. A method for fabricating a photocatalyst for water spilitting, the method
comprising the step of forming a nanocrystalline structure having a selected specific
surface area and volume fraction of atoms located both on the surface and at the



coating of colloidal nanoparticles and perform ng a hydrothernmal growh
process. 30.The nethod as clained in any one of clains 17-23, wherein the
20 structWpeof3grpad conprises a |lanellar structure conpPC3iS6GZ012/000253

t wo- di nensi onal nanosheets, and wherein the nmethod further conprises
formng the lanellar structure to conprise a lanellar structure conprising
t wo- di nensi onal nanosheets intercal at W th nanoparticles or nanorods.
2531. The nethod as clained in claim30, wherein a precursor of the

nanopar t igedie pousdzsies tapralidaian Hirdd3e iCthesufiue endrgy fudleahancenvdrit fof ahe
nanoparticl es nd wherein a concentration of about 5. 5 mol. or .greater of
Tetal - acebaBRaapyaParion SdEIPRReTGY etertiRoander sHen TRns s

nanor ods nad@@tidés net hod as clainmed in claim30 or 31, wherein the
nanosheets conprise a netal oxide or graphene. 26 suspension, and wherein
t he graphene nanosheet is synthesized from graphite powder using the
Hurmebs net hod8t o The mathedhs clainéd susipamdiZowherein the stri@ture Theeleetedod as

cl ai med a] 17-23, wherein the 5structure forned conprises
a three- W@éiggﬂg %nfggﬁg%ztructur e. 35. The nethod as clainmed in

cl ai m 34 a2 sitvelues pOMpESiny PBe @ Boreiererdinensidnad n@ePVdiesa pr ocess conpri si ng
M xi g | BAAGEN STBLA cOHbASHERREURRARAY fhdbnsbisughdir e di recting agent.
10 3%‘. r%he matﬁ%}ﬁbas %’:)fvg(fne in any one of clains 17 to 35, further
a structure comprising a three-dimensional gyroid structure,
10
19. The method as claimed in claim 17 or 18, wherein the photocatalyst

has a specific surface area of greater than 70 m?/g.

20. The method as claimed in any one of claims 17-19, wherein the
15  photocatalyst has a pore volume of greater than 0.04 cm%/g.

21. The method as claimed in any one of claims 17-20, wherein the
photocatalyst has a H; production capabilifyf bf'greater than 250 'umolh*g". '

20 22, The method as claimed in any one of claimsv 17-21, wherein the
photocatalyst exhibits an improvement in light absorption of at least 40% over
spherical nanoparticles and/or zero-dimensional nanoparticles and an improvement
in photocatalytic performance of at least 2 times over spherical nanoparticles and/or
zero-dimensional nanoparticles.

25
23. The method as claimed in any one of claims 17-22, comprising
forming the structure to have a larger specific surface area and a higher volume
fraction of atoms located both on thé surface and at the grain boundaries of the
photocatalyst compared to a spherical nanoparticle.
30

24. The method as claimed in any one of claims 17-23, wherein the
structure formed comprises one or more one-dimensional nanowires, and wherein
the method further comprises forming the structure comprising one or more one-

dimensional nanowires to comprise a plurality of one-dimensional nanowires.



conprising adapting the photocatal yst to receive a co-catalyst for
enhancenent of the photocatal ytic reaction. 1537. The nethod as clained in
cl ai m 36, Waer3dl13% he co-catal yst conprises nanoparti cl ETHG20HAN00258]s.

38. The nethod as clainmed in claim36, wherein the co-catalyst conprises a
core-shell structure conprising a |anthanide/transition netal core and a
met al 20oxi de shell. 39. The thod as clainmed in claim38, wherein
the core-shell co-catalyst is synthesized using precipitation and a

hydr ot her mal process. 2540. A water splitting nmethod conprising using the

phot ocat al yst 28'S CJl'ﬁé H%%donasaglgm?&emoény%r‘?é gﬁcl%m& 1&%4 \%Rereln the one-

dimensional nanowires are formed using a hydrothermal growth process.

5 26. The method as claimed in any one of claims 18-25, further comprising

disposing functionalized nanoparticles on the one-dimensional nanowires. .

27. The method as claimed in any one of claims 18-26, wherein the
functionalized nanoparticles are disposed on the one-dimensional nanowires by .
10  sputtering of a film and performing a dewetting process.

28.  The method as claimed in any one of claims 1’8-27, further comprising
disposing functionalized branches on the one-dimensional nanowires.

15 - 29. The method as claimed in any one of claims 18-27, wherein the
functionalized branches are disposed on the one-dimensional nanowires by spin
coating of colloidal nanoparticles and performing a hydrothermal growth process.

30. The method as claimed in any one of claims 17-23, wherein the

20 structure formed comprises a lamellar structure comprising two-dimensional
nanosheets, and wherein the method further comprisés forming the lamellar
structure to comprise a lamellar structure comprising two-dimensional nanosheets

intercalated with nanoparticles or nanorods.

25 31. The method as claimed in claim 30, wherein a precursor of the
nanoparticles is set at about 90-100 °C for the intercalation with the nanoparticles,
and wherein a concentration of about 5.5 mmol or greater of metal acetate dihydrate
is prpvided for the in{ercalation with the nanorods.

30 32. The method as clairhed in claim 30 or 31, wherein the nanosheets
comprise a metal oxide or graphene.

33. The method as claimed in claim 32, wherein the metal oxide

nanosheet is synthesized using a hydrothermal process to form a colloidal
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suspension, and wherein the graphene nanosheet is synthesized from graphite

powder using the Hummers method to form a colioidal suspension.

34. The method as claimed in any one of claims 17-23, wherein the

structure formed comprises a three-dimensional gyroid structure.

35. The method as claimed in claim 34, wherein the gyroid structure is
formed by a process comprising mixing inorganic metal oxide precursors with a

structure-directing agent.

36. The method as claimed in any one of claims 17 to 35, further
comprising adapting the photocatalyst to receive a co-catalyst for enhancement of

the photocatalytic reaction.

37. The method as claimed in claim 36, wherein the co-catalyst comprises -

nanoparticies or nanorods.

38. The method as claimed in claim 36, wherein the co-catalyst comprises
a core-shell structure comprising a lanthanide/transition metal core and a metal

oxide shell.

39. - The method as claimed in claim 38, wherein the core-shell co-catalyst

is synthesized using precipitation and a hydrothermal process.

40. A water splitting method comprising using the photocatalyst as

claimed in any one of claims 1 to 11.



