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Fine-Grained Particles Field of the invention The present invention rel ates
to very woegeai ned particulate material and to met hods PET/AMOYHILIE® ng such
very fine-grained particulate material. In preferred aspects, the present
invention 5 relates to oxide materials of ,very fine-grained particul ate

mat erial and to nethods for producing sucﬂ material. Mst suitably, the
particul ate material has grain sizes in the nanonmetre scal e. Background of
the invention Metal oxides are used in a w de range of applications. For
exanpl e, nmetal oxides can be 10 used in: solid oxide fuel cells (in the

cat hode, anode, electrolyte and |[ntercaonpnect);. catalytic nmaterials

(aut ormobi | e exhaust s, eméE‘PaHQtMrQﬁcl,g"%ﬂ'eé}@meéﬁﬁﬁég @S oil refinery,
wast e managenent); nmagnetic materials; superconducting ceram cs; 15
optoel egfri.c terials; sensors (eg gas sensors, fuel control for
engines?!'ngEEFdPgﬁnggyanics (eg artificial joints). 20 25 Conventi onal
nmet al oxides_typically have grain sizes that fall

%1 xvithin .tﬂe m'croare%rfe
range and of TBnPIFEnt &NsBIPRERIates torery BRsregricd gerticelate matetiahtnd g msthods 5 ;o5
greater ] ] i ) t |

are conglﬁopgggggﬁc%ﬁ%ﬁg?%&g ed %lrldg‘lgﬁigﬁvﬂa Flmﬁgeg%%dn%g??%rﬁé % véﬁtﬁg"’geg!s?&gver
convaent tepated tonmidd manciioe f vilyehe-gdinad pagieslateaiterdd dndwe meshads doi prgducing
tenperatures, potentially very high surface areas,, and sonetines inproved
or unuséigh %ﬁ?@%ICMOSEﬁU%éM the partiqplpts materiplhas grin pizgs NI BYIRGRIESFAG:
produce useful netal oxide materials with nanonetre-sized grains has proven
to be aBaskgrouhdldfdhgdnventiemeri als science. It has proven to be difficult
to make such fine-scale netal oxides, particularly mnmulti-conponent netal

oxi des, W t hMetal\WRideR AR2G:Ed 2n § &)id¢ taege of appdicatidne nF aradxagphy owitaliogides Can) bey
uniformdistribution of different atom c species; (c) the correct crystal
struct uP¥dBnd PCT/AU O1 /01 s 10 (d) a low cost. 5 Many inportant netal
oxi des have not yet been produced with very fine grains, especially

mul 49 - conponent  nealid oxisle g@b?“alfﬂ(lnsthﬁ sathedea aaedeaeleetrlyts @ng dptersenrech er ent

el ements in an oxide increases, it becones nore difficult to uniformy

di sperse theedif f eatelytic ahateréals $awomobite enthanstsf emission aloatrol, ehyemicall syrdhesis,
nanonetre-sized grains. Aliterature search conducted by the present

i nventors has sho@H TEFREY-VEsle TBARABPMERY n si zes (1 ess than 20nm) have only
been 10 attained for a limted nunber of netal oxides. The

processes used tommeh¢tma®liple; grain size are very expensi V’mmmmmm"w"’w
yields and can be difficult to scale up. Many of the fine graingg naterials
t hat have been pr scperemhddctingaderamispl ay particul arly hi gh surface areas,

i ndi cati ng poor packing of grains. At this stage, it will be realised that
partifcl es of «mat ebpkleatrie hatptiglgl | y aggl onerates of a 15 nunber of grains.
Each grain may be thought of as a region of distinct crystallinity joined

to other grai,ns. I&%o&r(e;ig& JERYorD AUl cahRbIobenbaskr);l es that mm”mmmmmmné gd
.

ot her grain boundari es. ternatively, sonme of the grains

by and aggl oner at ‘ig-ué% aﬁ‘c&%ﬁ?ﬁc{gt(%ﬁjti;ﬁ?ila%hg?)gi ons having a differe

conposition (f or exarrp% e, a r’"anor phous material) to the
g,;? ie::]isél §Oi n q?]gggfb)glg %{?i :oqciéers] tty{)]i%alw L’%e gxratm fsicz)gs %l}/a?ttla"l‘ln'%xiziﬁxiiﬁ] Hd #&ometre
range and often are supplied in the form of particles having particle sizes greater than the
20  micrometre range. It is believed that metal oxides that are comprised of nanometre sized grains
will have important advantages over conventional metal oxides. These advantages include
lower sintering temperatures, potentially very high surface areas, and sometimes improved or
unusual physical properties. However, the ability to economically produce useful metal oxide
materials with nanometre-sized grains has proven to be a major challenge to materials science.
25 It has proven to be difficult to make such fine-scale metal oxides, particularly multi-component

metal oxides, with:



synthesis, ball mlling, co-precipitation, sol gel, and m cro emul sion

nmet hods. The nethods are typically applicable to different groups of

mat er i al WO 20ias netal s, alloys, internetallics, oxi desPERAUALALSYKi des. A
brief discussion of each will follow Gas-Phase Synthesis 25 Several

met hods exi st for the synthesis of nano- g?rti cles in the gas phase. These

i ncl ude Gas Condensation Processing, Chenical Vapour Condensati on,

M crowave Pl asma Processi ng and Conmbustion Fl ane Synthesis (H Hahn, "Gas
Phase Synthesis of Nanocrystalline Materials", Nano Structured Materials,
Vol 9, pp 3-12, 1997). In these nethods the starting WO 02/-12201 3

PCT/ AU01/ O1S10 materials (suitable precursors to a netal, alloy or an

vi norgani ¢ ne@ri aly carEet¢ %W@%ﬂ 08> ener gy sources such as Joul e heat ed
refractory crucibles, electron beam evaporation devices, sputtering

sour ces, hot(bhal | 2 peifermodistribatien of\@ifferenf steanie snesicdr s are t hen condensed
*fromthe vapour in the vicinity of the source by honbgenous nucl eation. The
cl ust er s ar e(cd ubsthgeemedtyrStal etrieutepahdisi ng a nechanical filter or a cold
finger. These methods produce small anounts of non-aggl onerated material,
with a few tgns o4ld@¥ assthour quoted as a significant achievenent in

production rate. Ball MIling Mechanical attrition or ball mlling is
anotgier net hw%;; hﬁﬁ ARt DfetMS 6HdbO nRVO HdE SeNdRen odickdt with | gy MifeCbiaftlss
(C.C. Koch, ™ gt J)SOIS o%l\lanostructured (Ii}/,at erialjl{s;,l by Mechani cal M Hi ng:

Pr obl ensspacidilDmmdti-componess metdlarileSt Thicisbeemhst/as theinaimber &ddifferenpelerhgnts
1997). Unlike the afoqrenentioned t hods, .pechani cal attri.ti on, produces the
nano- mafiP¥ide dngieases gt Racoaics moze é&ﬁmqugﬁw& ‘]E‘épe%ﬁertgﬁ fllfjfeé?m(%%’b i tﬁ? on
of coar - i i i i The
qual 1ty A HALDRE fERLGE Sop nitfordef ERid ghine? O HiBrafirSLheh (AR bPine

and t enprséitlineentds kahilowea grativeryssmel griinasifew(lesanihart20am)ihaveli anietbeen
requires relatively long processing tines (several hours for I

) mal | .
bat &hes pitainghfor aliniadnumbsr i meta pxidse Therrpadtedresessesused i achisye fige grainy
IS proneg r 1,08tk . NEW, | L 04 [ON
| Someigb dsF TH5 GBYE Hall 100 Jioli d B Bl it 1B Sedte MR el
by precigpiiiedt haterid® tat daverkeen Prod@icedrdo hov dizplayoparticulady ihighs sunficbe areas,
post-treatment conditions are carefully controlled (L.V. Interrante and
M J. Haifstkatingpperpackingafigsdiny of Advanced Materials - An Overview, Wley -
VCH (1998)). Precipitation reactions are anong the nost common and
ef ficient typdashisfstaghdirivithbe resdised tasparticlds pHmatevidliars typiollysagctomerates PhR s

t industrijal le. | ipitati ti , t i | h
ol 491 oRumhALof e BAGh S Rew hrubedi s e Aot Sifiit el iSRS
formed. GRRYERLd. %??réfns 2R hatd PlalPoundalicy et £€ alijakéht 3o bk giin bothdagennd

sol ution 1 n-order I nduceé precipitation, however, sinultaneous injection
of the tAlenstivalyi sorse pSihel gaing owyibisl ssrroTindeddyi dnd agglomeraiedavithcath¢regraing by

precipitate) can be recovered by. hods such as filtration, WO U2/ 42201
i PCT] ATaRy Fingss SUToHS CoPRORHoD e amplh 2 Ragals b B eRPinpoys RatetaD 1
cal ci neghd fagider to obtain the final phase pure material. This requires,
in particufar, avoidance of phenonmena that induce segregation of species

0ut 550, P CCSAUNRYalSR BEv St S ML IR, S BTG o b

i nt E&rmedi at es Y, ransfornation to 1 nal

phase plé?ﬁh@é,@ail&hilliﬂgy bb-phagsitition, sotael ¥nd @S ntuldon mettods. Tirsethdypareal
results for surface areas for single oxides can be of several tens of nRlg

However tyifieallyaapplicableciar disterans rapennsdol weatarials, |suel a5 Haefelso lieys: prieanealist.e '
conmon. o%)de-s %ﬁ(l:l n§1¥-@>§cﬁ%§.'/§ brief discussion of each will follow:

Gas-Phase Synthesis

25 Several methods exist for the synthesis of nano-particles in the gas phase. These include
Gas Condensation Processing, Chemical Vapour Condensation, Microwave Plasma Processing
and Combustion Flame Synthesis (H. Hahn, “Gas Phase Synthesis of Nanocrystalline
Materials”, Nano Structured Materials, Vol 9, pp 3-12, 1997). In these methods the starting



Sol -gel synthesis is also a precipitation-based nethod. Particles or gels
are formed by 10 " hydrol ysi s-condensation reactions', which involve first
hydr ol ysiw0 61/420pr ecur sor, foll owed by pol ynerisation of PRESAVIWIEGI ysed
percursors into particles or three-di nensional networks. By controlling the
hydr ol ysi s-condensati on reactions, particl,es with very uniformsize
distributions can be precipitated. The di sadvantages of sol-gel nethods are
that the precursors can be expensive, careful control of the

hydr ol ysi s-condensation reactions is required, and the reactions 15 can be
sl ow. M croemul si on Met hods M croenul si on nmet hods create nanonetre-sized
particles %cgnf@i% i norgani c rﬁac ions to nananet & i zed agueaus .
«domai ns MASHHS ERIRRIC RIRHFSNISP dimpetalr AR Oh BMaR e M e AT Y 2PPHES 1507
LoV o8 clleby QG LRASes FoRlk R@Atééf RRLEQrY Shidth1&E kiedirdn BUkth avhpsthhNRHSVi¢AR |

20 conbi nat1 ons. Nanonetre-sized particles can be nmade by preparing two

*di f f er esputierivigrsoarces, Ciiciewall seaehss,(eg Najo-asimed Chislers Beectheni cndersad Sramm thas a
specific reactant dissolved in the_aqueous donains. ;gge i nverse

m cr oendiFRAUS S ther wowmity <, the sRRTeh BY hoRe SRS SusIeatiom Ths alysters precgibpeanently « h
thos .'@olﬁ&ied &iﬂgi%?ﬁe'cﬁghi& l‘/ffi&r Bhﬁ%%l& Hﬁ%erf PhaR Aethdds! rblitee shdICEmbfs of
reaction vol Unes are smal'l, the resultant particles are also small. Sone
m cr oenabgagglomeriidll MbREak withrefeivatebl gram/HNanquaed 44 sigaifidaiRakliresment in
Synthesis in Mcroemul sion", J. Eastoe and B. Warne, Current OQpinion in

Col | oi d peasiction @ig.ace Sci ence, vol. 1 {1996), p800-805, and "Nanoscal e
Magnetic Particles: Synthesis, Structure and Dynam cs", ibid, vol. 1
(1996), p806Eat Hilling WO 02/ 2201 5 PCT/ AU01/01s1U , A major problemwith this

technique is that the yield (w product/w sol utj onz3 is small. Mst
mi cr oenul si oMeshaniealaticition ot hall suBingpganotbeyvaatheddabeanchedissd i Brodips ramo-

d he. ' vield.f h ' , -
vangOor cping, Bifeiatn (CT ¢ BOe" et 38 VABAThoraly, Ml By Ohachugica
t her ef ongilgnd: WrbbRs SiANObpsraiHitidse INahd Structirsd Bderiats, Wesly9,5ppindesi nabe.

The nmethod al so requires renmoval of 1;1)ar_ticle,s_ fromthe oil. This can be
very di fUrilikelthe afarementionesil 2eethesdsy nechanical witritom dseilusgs ther anetraserialg nat by

th ticl j d i | utd . | FLicil bt
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oi | and sgyuré ?patsﬁ@agféhh&thom Tae %uﬁlﬂg/lb‘f tﬁ@ﬁﬁé‘l?ﬂodtﬁﬂ & Demches boths willkadwrasage
is that reaction tines can be quite | on hese aspects together woul d

gr edf| y tible anddtemperaturd el asachieye goaip bigss tha' femchapowetred ingligmetenteavisgsarplatively
production faciljty. Use of Surfactant ecent t her.e has bee
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(car bon-base nol ecul es. The nol ecul es have a hydrophilic (ie has an
affinity for mgbkbitdbnsection and a hydrophobic (ie does not have an
affinity for water) section. Surfactants can forma variety of structures
in aqueous (gRdoMb B5tclal QL i 19 PEsHAL BNFIBAiceHRAB-driital iy Raktials by fpRedistttiont he
surfactant concentration, tenperature, ionic species, etc. The sinplest

ar r 20generb-precipitationi ifl vaictiou céralitienstandglostuitatmenti copditions arencasefilly comirolleli s
typicall ccurs for ve ow concentration of surfactants.. For higher
concent ré\?‘oﬂ‘??"@?tes%df '%P@H%W&Ss@f’ﬁﬂ'ﬁrﬁf A?%W’CS@Q‘?%‘S%&' di 6)9 RRveews
"m cel | egrijey Myaa! P08 EANR rhAcfbn® hreCahdpdtht Gitst cdiimofli BERERG e ftypdie
m cel | ee\l;véhe}éontroI(F%9 frairﬁﬁ)/l by trhe Igngteh ofl.@?the Stfrg.act ant chain and can
range bedfihemicaP Ecaatiqymst usedso prudiuc®d thoagegst matesials @y dndulsirigh ssale: dm @qedipitations
of surfactant give._rise to nore oriiered struc ur&s cal

"iquid ‘o e
cryst al sreactiongiypisally o aanqgspayssolions Arfdnixgd #p éplnégé’l“?’gegswt%@?q @solighisc
“hex n f : : i i
by 2 Nybpdberly BEAEA oRERRRIG ord ol R P e o Bl SR e
Leonow cia,oriér teointiucelftebiaitativn, hamdvelSsiBadtaneduBridecich M thepiwoosdutivisdas alsar

'Si Synt hesi zed b Liquid Cr | T | at
I eves gor;siblee? ITzhee soli% tﬁat %ogrlljlls (calle%/istixg' prec?&?ate% c%m be recovered by methods such as

filtration.



Mechani smt', Nature, vol 359 (1992) p710-712, described the production of
inorganic materials having ordered porosity. In the process described in

t hi s papswQoxse20r dered array of surfactant WO 02/ a2201PE€T/AU01/01510

PCT/ Al 1111/ 01510 nol ecul es was used to provide a "tenplate" for the
formation of the inorganic material. The hasic premi se for this process was
to use the surfactant structures as a frarmrework and deposit inorganic
material onto or around the surfactant structures. The surfactant is then
removed (commonly by burning out or dissolution) to | eave a porous network
that mmcs the original 5 surfactant structure. The process i s shown

schematically in Figure 1. Since the diangter, of the surfactant pigelles
.can be ext r ehd BregyEgr materal F\éb%eﬂ‘i“é’gyttqr’lrg? celgied &n 8‘?d€€1f°e‘g"t%?§irt]li‘FgH}i“ﬁé’hﬁ§et hod
are als R | A : Al g, i rs : he
final p Or%%{t. ih%lrng a d&%’evﬁ%%‘%ﬁé?ﬁ%?%%?s? E?’gy%%%rtgg lggﬁ‘?h%@%g?gli{]gl S
*t hat hastrciee durifig pduessithgusatings sastislandlting forermhplei Fonption ef stabls inteswedidies
above: 10 Sa) An ordered pore structure As shown i i

) n figure 1, .
sur f act dlse bagionbs avqided saemibe dranstermatingy tedhs dinplphass pue pateralmight fecome
te at posi ti:RN Of .11 an i I d
w t Rout 00 Py B el B s BTl FllClor ifed HenF R bl bl Lo A
net wor Ksevélil €hsofhis. Hbwevor! fod @t milti-Gtibh Cbmmpeund] Valtlee 16k 2kanofOrh e bpeures ,
t he spaci ng between pores, and the type of ordered pore pattern are
dependemoreguinmele type of surfactant, the concentration of the surfactant,
tenperature and ot her solution variables. Pores sizes between ~20 angstrons
and 300 angsSolkget Sgathesiseen achi eved. Spaci ngs between the pores also lie
approximately within this range. Periodic order at this scale can be
det ect ed usi Bgl-gel sqithekid isr €164 b precipifabbn-bhsedanetf&td Partivtesror glsgaralfoinmddebysi ty
is plotted against the angle of the incident x-ray beamon the sa

. 1 , . . . npl e,
Per 1&di chydralysis-consisngtipa reactieny’ o Whichkiavelwe Krg hydephysis aia preswigenh foowedkby

peri odi [ I Sdnyerse t.o the. _hich

bccur s, PRSPREHRnT AR B rased PLhBh ol HiARN: e dbo BB00 By
are ver Yorfiling the9atdiPesidensation eeafbise Partivleg bvithneire aniféiiny siz€ dlstiburtions .
The ordered pore structures in surfactant-tenplated materials have nuch 25

gr eat er capheimgspitated tFher disedvaniseesiof solesliagctheds aw thatthes preeysspisasany benich
soat t or PRRPb A erer TRl et Ee by TBRRepsfiin e of Iiceu Bt ks teaBletions

stryst ucsh bdigiswr factant tenplated materials. An exanple of an XRD scan from
a surfactant-tenplated material is shown in fig. 2. WO 02/ 2201 7 (b)

Uni f or m por e pidrdémtisichMddda1 S10 Fox a given type of surfactant, surfactant
mcelles are essentially the sane size. Pore sizes are therefore very

uni f or m si NCR/iBRERBIIE MREBAL tréde L AHoMRABRIZLNpartiBls OBE UgnBlindY ildiBanic
mcelles. Pore size distributions in materials nay be obtained using

ni t r oge meagtisnsatoswmpmictie-sizefl ngugousdomains Athak gty hiof angoip ovhess flomains, called

di stri but iton fr.oma surfact antrg‘\tﬁe | at edbmaterééil IS sgrgwn i Ne I:tigﬁt/?"t ;I;Qxf

di stri btABAY 8% PEFHET VUSETBURIORN £ s PR pras e Gorkdin PRC R YR ot

di angt eoRbidalsnsur factant mcelles. Such distributions are typical for
surfactant tenplated material s.

Nanometre-sized particles can be made by preparing two different inverse

microemulsions (eg (a) and (b)). Each microemulsion has a specific reactant dissolved in the
aqueous domains. The inverse microemulsions are mixed, and when the aqueous domains in (a)
collide with those in (b), a reaction takes place that forms a particle. Since the reaction volumes
25  are small, the resultant particles are also small. Some microemulsion techniques are reviewed in
' “Nanoparticle and Polymer Synthesis in Microemulsion”, J. Eastoe and B. Warne, Current
Opinion in Colloid and Interface Science, vol. 1 (1996), p800-805, and “Nanoscale Magnetic
Particles: Synthesis, Structure and Dynamics”, ibid, vol. 1 (1996), p806-819.



(c) Absence of atomic crystallinity (i.e. absence of highly ordered atom c
10 structures). Mst conventional inorganic materials are crystalline. That
is, thei wabmseorre organi sed into highly ordered periodi eCstAltPLMes. The
type, anmount and orientation of crystals in inorganic nmaterials critically
i nfluences many i nportant physical properties. A mgjor drawback of nost
surfactant-tenplated materials is that nofmally the inorganic material is
not highly crystalline. 15 In fact in nost cases it is considered

anor phous. The difficulties in producing highly crystalline materials
derive fromrestrictions inposed by the very nature of surfactant

t | ati . h i ctl tly lim¢t t, ti t hat
can’ be. used GGk RRODIER i e eRIsls e Ueotiei HERESRH M SF oM st
must f ?lgfn@tsy\@];iérﬁlltlﬁlgl%nssg%t%%% tc@ﬂltainsfe%éj%td r8ovs1p Eﬁée%m/ ﬂg%laﬁs,n%icﬂ}@duces thfi’ne

surfac ructure n 'y "exi sts 20 in an aqueous-based solution, t

*i nor ganyigld' @ tthOaucous phase regtienylsy Hastst ofaril Maiftof A€ iuedlis PRSP @EatUNES
| ess than 100C. This restriction is severe. Many conventiopal netal oxide

mat er i athemsglses plecadsirhaye dowpields, therefore anfyethen sighiticaristedyation) ineyipldas very

treatnents at,,v hi gh 1 erat.ures (up t 000)..1n r ey he
correct m&%%?bé?.ilﬁ Bb%h(}deglgﬁ deEMRiT B’?’X@d?@ﬁ%‘%%‘%% nﬂoo tg{ gﬁle r;[%n & @a(frg kg(

Long r egighiéud fdrl MR-l patiEleaGlindoinde@ B3 Alrfattnbeined theke @itiches| @Rremain
reaction tines to formthe surfactant inorganic structure. Follow ng this,

ext endesispentledan eslutioneand are wenyrdifitcultgo didien dpg tntheis semilysizer Oneerhecpartieles

surfactant. Lo reaction.tines eatly d to the, expense,and .

i nconveffi®e ﬁ@’é“%‘fgd’ re\?\éuﬁgﬁ]tzd‘f 88%%?%# Lﬁqld/n(eF% éo 1Be p‘l‘%{%’gg%i %élogker g orous
practi calsadmtaBe id Mt leRGiohaRRéd Sdh bé FRAc SR, THERE afjfechl &)Fbtlﬁéﬂ fuldogichy
types of inorganic reactions that nust be enployed in surtactant

t enp? at inegrasethe aizie aoumplexityhandsoost efangeommeng lprodustion faedlitydescr i bed above
may be described as the production of surfactant-tenplated structures via
sel f assenbl Yse dftBwfaofantshe detail ed 5 nmechani sns of this process are not
cl ear, however the basic principle is that the surfactant inorganic
struct ures aBsemtlygcthate basshebs cordiderabrle acsearchend damelogment ifrootire tphartustiomof

general _review of this thod is given Aksay- 1. A. Trauy- nne-S; .
P | EpasuREce,Aist. o fties pustig “Bartiesats Bmiaingsr Wifrciblindrasreanic
"Bi oni gty BPR10: s ATRE T IbAIed VRN rdghit (ielh® an SBLADGST \Pher) 273
(1996) %&%3%9 . I%\cseelsf assenbly, the solyg{iﬂgl?] mtjlst befmcare?gl II;/ 0
coni$ ol ketios and haydiopholtye fic docseypuidiave amaffinity farowatery seationhe assenbl i ng
surfactant structure. If the inorganic phase forns too rapidly, then |arge

i norgani c pr ggifRitidt 88n Fdiat a IXidPbf eRRdtaien 1B didcdnt &ild othér) sblatibasodubesdenp
out of solution. Cearly this would result in a non-porous structure. The

i nor ganiipon gxctypont sutfagtaiathe swsielapt pensantsatisng jeaparauree ignie; spesifs) gtc( Zhel

ot her surfactant-tenplating .netho s wel | r | . . .
hyar of yenien ks 3h PR ORRoR WBlopyef bl R soluton . Thig vpieaty

i nvol Ve odfurs FROVGRANOW ddnE&Hiation of sfhdthnts. SFdrtighet! doyicedlinfiohy 60 sirfacmi, Uhk ON.
The first step in the reaction is hydrolysis of the precursor. This is

f ol POwequifsctans| qpreqdaleses dh fomm ¢ ‘n@cqif}a’r- d@ﬁi@s s dhgr sberigal optdexdingdeicdn) The

form an i norgard hase.. I  ysi s-.candensat j,0 I

opr oot B g A S ds ottt G RV RTRAE AERRAORY oY o8 gpu e ,
- OR - OpMweefP~20 Whastioald mandensatdnemsM = a netal ion R = an organic |igand,
e.g. CH3 M- OR = Tnorganic precursor, commonly an al koxi de 25 The

pol yneri sat i : %ﬁmﬁ et T £.S th = o) ri

that do not %ﬁl?g]?%{ eg c%l (é gg‘}{agfag at ortrigg%(;lrngirt{) %3@2?&2?@8@%&%&% y

this is “Hquid)aystdls’liqiid @aystdls omsist o otderedhntiedlemidgmaa]lamtubid, esagonbl) ics

"possible to increase the order in the inorganic nmaterial
P ordered arrays of surfactant (eg lamella, blcontlnuougs cubic), within a solvex)llt, usually water.

A paper published by CT Kresge, ME Leonowicz, WJ Roth, JC Vartuli and JS Beck,
“Ordered Mesoporous Molecular Sieves Synthesized by a Liquid Crystal Template
Mechanism”, Nature, vol 359 (1992) p710-712, described the production of inorganic materials

having ordered porosity. In the process described in this paper, an ordered array of surfactant



WO 112/2201 9 PCT/AIl Il | /111 S 111 heat treating at high tenperatures,
but alnost all attenpts to do this have resulted in coll apse of the pore
struct ur sw@od/eeot o crystallisation. Mst hydrol ysis-condeREBAUGNOTS@ACt i ons
are too rapid in aqueous solutions to be useful for surfactant tenplating.
Silica-based reactions are an exception, ﬁnd can be controlled very 5 well.
This explains why, for a long tine, the only surfactant tenplated materials
produced were either silica or silica-based. Sone success has been achi eved
with a nunber of other materials by using additives that slow down the
hydrol ysi s condensation reactions in aqueous sol utions. Exanples are:
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cryst al F{% qai‘tFet‘Pﬂl?fép%‘? ﬁ%ﬁ?ﬁ@sﬂ ° ver the amount of crystallinity was
still small, and the inorganic phase consisted of very small crystalline
reglbns surrffdnded"wd@ﬁﬁpﬂ&’ﬂ)ﬁ@‘cﬂﬁérgam c material. Surfactant-tenplated
Structures via !'n-situ Reaction in Liquid Crystals 25 In this nethod, a

sol ution of Mtshmwamdﬁgmellmeu@mham-tmplatm§meth0§8 nsecardensd shrfagtant sprpetprasde e
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surfactant mcelles. Finally the surfactant and any remaining water are

r enovedstoyctimer ni ng out or ot her nethods. WO 112/-12201 10 PCT/ AU01/ 01510

Simlar to the case for assenbling surfactant structures, the inorganic
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product, as evidenced either by small angle XRD peaks or TEM Hi gh angle
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25  greater spacings, and therefore produce peaks at low angles (typically much less than 5°). A
special XRD instrument, called a small angle x-ray scattering (SAXS) instrument, is commonly
used to examine the pore structure in surfactant templated materials. An example of an XRD

scan from a surfactant-templated material is shown in fig. 2.



15 into the structure, which reacted with the dissolved cadmumions to
produce CdS. The liquid Crystal structure is retained in final product.
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atomc crystallinity. Surfactant-tenplated Structures via El ectrodeposition
in Liquid Crystals This nethod uses a sinzlar principle to the
surfactant-tenpl ati ng nmet hods descri bed 20 above. An aqueous- based

el ectroplating solution is mxed with surfactant at an appropriate
concentration to forma liquid crystal. This m xture is placed between two
el ectrodes, and kept at a tenperature where the surfactant organises to
forma liquid crystal. One of the electrodes is a substrate that is to be
-coat ed. Appl ¥ ng HRTSMPEIESH e vol tage causes inorganic material to be
deposited at_one el ectrode. This materi al iny deposits _in the space
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25 (d)  Long reaction times

Most surfactant-templating methods require long reaction times to form the surfactant-
inorganic structure. Following this, extended and careful heat treatment is usually necessary to

remove the surfactant. Long reaction times greatly add to the expense and inconvenience of



I n. one aspect, the present invention provides a nethod of producing
particles having nano-sized grains, the nethod conprising the steps of (a)
prepari ngv@osg20f i on contai ning one or nore netal cationspCtAuomising t he
solution fromstep (a) with one or nore surfactants to forma 5
surfactant/liquid m xture, and (c) heating the m xture fromstep (b) above
to formthe particles . Preferably, the particles are netal oxide particles
and step (c) forns particles of netal oxide. Preferably, step (b) involves
m xing the solution fromstep (a) with one or nore 10 surfactants under
conditions such that mcelles are formed. The particles are preferably

aggl onerates, of the grains. In this enhodi.nent, the grains are suitabl
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steps of_treating. 1 e ] .ma gel and heating the
gel to fncc)’F‘%na%% rga%%’?‘%] ?}:al%tsgl?e ?ﬁéélgyédgl&sgreéa@tt%ﬁé%ﬁ ) of the present
‘process involves. the pre tion of .a solutjon inin ne, Q. ..nar t al
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preferably a concentrated solution. The inventors presently believe that a
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Used | nindEs SR HouTbieohs SRR G IR0 SRS OTLTFEn A SO IR 1
A 2A, i§ i GAPa RN MIRRLS, HERAAS! VAN, PRbANS Fenter-P;

| ant han?g\éhsls ?ﬁg@gé?%g‘fegggp%% %’gﬂ&?es’ thereof. This Iist shoul d not be
consi deBignbargheP My Grust iSh . “Bibmimetid pathwayy oo rassdmblonge inorganiy dhidi filas"ent
nmetal cations. The netal cati gn solution is suitably produced by m xing a
salt or SgiEreevAd B4l PGP BHE39S desired netal (s) with a sol vent. Any salt

soluble in the particular solvent may be used. The metal cation sol ution
may 181 so be [ selfiessembly, thexsalgfion musthe enrefully sentielles) soghpigimerggpicdepgsition o
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sol vent g,:3¢ %&%ﬁfi@bﬁe@p\i’ta&ﬁ URAUR BRGS0k MEb it WiIKAoTh Q8d QoS Vit absctution.
solvents include water, nitric acid, ' hydrochloric acid, sulphuric acid,

hydr of | Wedrty thisivhuldrasphiima noh-potouk strucird. mi xt ures thereof. This |i st
shoul d not be considered exhaustive and the present invention should be
consi dered t @hb iangampassctione thigchavt mdstlysheet adnpdopl ineselSass@olely (abd ofiiert he
nmet hod of the present invention invQlves ad?i ng, S%H»’act anEl to.the mxture
to 8 cruefecsant-templeting amethadgupy Welll (e, cplled e h¥gopsisrgoadensptiof « ZFRCUPES:
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mol ecul es aggregate to formmcelles. In a mcellar liquid, mcelles do not
exhi bi t nelyneyisafen #it thee Jrdelysed dremisort (repdsnspiion)nto PR 74 dgprgani¢ hase.

liquidi |1 . | i r liquid crystal
phases, I?%#?S:]&g?’g‘%&%gzj }?3n§§cu§g€ﬁa&@§%&s§ o? %ﬁlﬂ%e gér?' | i qui ds as opposed to
liqu.d crystals refore enabl es, siypl e, ~&api d forough m xi ng of the
sol t?toi on and%ﬁé‘ggt@ﬁ, V\A‘lic'gh ii’lfpgg? Qﬁ forh%gr tSlEci al production
processes. |In sone enbodi nents, 15 the a of surfactant m xed with the
solution is MR- @B producdaln Mer | i GRS MBhi ch the micelles
are closely spaced. The conditions under which the mcellar liquidis
formed will ddpend wpuetaties particul ar surfactants) being used. In
practice, the main variables that need to be controlled are the anpbunt of
surfactant addled andmtdrgarietipeidat.gr€H; For sone surfactants, the tenperature
-shoul d be el evated, whilst for others roomtenperature or belowis 20

necessary. Any sy Eaabaakic paRaRbe cehniailyhnakokigel | es may be used in the
present invention. A large nunber of surfactants nay be used in the
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CH3C( CH3) 2CH2C( CH3) 2C6H4( OCH2CH2) XOH, x=10(av), (Aldrich); Triton X-114,
CH3C( CH3) 2CH2C( CH3) 2C6H4( OCH) 2CH2) 50H (Al drich); Tween 20, pol yethyl ene

oxi de) (200 ozenitan nonokayrate (Al drich); Tween 40, pol YeTAOENE1®Xi de)
(20) sorbitan nonopal mtate 30 (Al drich); Tween 60, polyethyl ene oxide) (20)
sorbitan nonostearate (Al drich); Tween, W O 02L12201 14 PCT/ A U(11/(11 S
10 pol yet hyl ene oxi de) (20) sorbitan nonool eate (Al drich); and Span 40,
sorbitan nonopalmtate (Al drich), Terital TMN 6,

CH3CH( CH3) CH( CH3) CH2CH2CH( CH3) (OCH2CH2) 60H (Ful ka); "' Tergital TMN 10,
CH3GH( CH3) CH( CH3) CH2CH2CH( CH3) ( OCH2CH2) 100H ( Ful ka) ; bl ock copol yners
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dependent upon the surfactant(s) used, If the.optional, st of formng a
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Surfactant-templated Structures via In-situ Reaction in Liquid Crystals

25 In this method, a solution of water and an inorganic precursor is mixed with an
appropriate amount of surfactant, and this mixture is kept at a temperature where the surfactant
organises to form a liquid crystal. The inorganic precursor then reacts to form inorganic material
that occupies the space between the surfactant micelles. Finally the surfactant and any

remaining water are removed by burning out or other methods.



inventors believe that the process of the present invention may involve

| ocal i sed exotherm c 15 reactions occurring, which could |ead to highly

| ocal i sew@ emppat ures. However, it remains a significant PEEAAIG/AEHE0 of t he
present invention that the applied tenperature is relatively | ow conpared
to prior art processes known to the invenyprs. The heating step may involve
a rapid heating to the maxi num desired tenperature, or it may involve a
much nmore closely controlled heat treatnment regi ne. For exanple, the
heating 20 step may be carried out under a controlled atnosphere. The
heating step may involve heating to a drying tenperature (generally bel ow
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o ors o SohRa RSN EAROUE ERbiralddcfionth LBMANLAR, P eben!

. u
I nventors are uﬁcertal e exact reactions ce in the 20

nmet hod of th resent, 1 nyent.i it eld e I r

not solely hj&‘?sowg\og %Sg?ufe%“sng I lrrlltn?l E.GCFOI %%s¥&%§E#%§ d?%ﬁ%eﬁ%ﬁ%g% g%%cr# s68

t hapghaygohs s %gﬁébﬁ%ﬁ&ﬁd' yiettedating $od&idy BS@idted WitRnuifactant ftearnbpmopsatel a
highly controlled |iquid phase reaction step, the high degree of

cryst al lcon¢enjration to fosa 3 Yiquid erysisd. aThipriigarapis placed dstwosp dwe [lecapdasy and kept

pr ocessi tinmes indicate that, controlled:h | vsi s-cqn i.0 j_ons
P o mot Ld kit heER 1% abRbaREFebtacs 0 (R ot yART OFR P e hchGRE o7
i's possighjuBstididihat kel bdeolRE. AFSIYhgah aﬁbiopriﬂ%evdlﬁg@bm@éﬁ mergaaictrhaibB4 to be
produced by preferred enbodi nents of the nethod have nano-sized grains.

Pr ef er ablepositetieat gmai alectioge. This| matgiialhonly tdepositanigethefspacerpwagn fher surfactant.

’ f - SOnm. . I 72 f bl
5. 10m aber <rBRP i B aPo R o, wrEEUR i BB, RS aSh fEdulen g

sanpl e QfisshliioR @ b 56IvES thistidass ddekiabk the hidsdgaNis fiabsial €ctron mi croscopy),

‘visual ly evaluating the grain size and cal cul ati ng an aver age WO U2/ 2201

17 PCT/ AU | %%%giﬂgéﬁgéﬂezsﬁuk 4 & LA Qe P il nfiRR. Y d&g&ﬁtea%xéeﬂgl is

particle size very fine grains aggregating or cohering together.
The par tal@bet Hway metl, waiivh s vory elisy toanmdlises thaaefgee sippnp higihangié XRimpealks
range or even larger. The particles may have I,ar%lelwspecifi c surface areas
(for thear@ab&er@d}ghatlmépdé%mé?bmo G RY 84S {CIHAPs-i or art processes for

maki ng those particles) and



5 exhibit a broad distribution of pore sizes. The present invention also
enconpasses netal oxide particles. hi a second aspect, the present

i nvent i onw@p2elies net al oxi de particles characterised i nPERAU/RE10
particles have a grain size substantially in the range from1l to 100nm
Preferably, the grain size falls within t range of 1 to 50nm nore
preferably 1-20nm 10 even nore preferably 2nmto | 0nm nost preferably 2nm
to 8nm The particles are preferably substantially crystalline and contain
only small or negligible amounts of anorphous material. The particles
preferably have other properties as described with reference to the

particles de crib t.h reference tp.the first _aspect of, the in tion, 15
“‘Bri ef descri%ﬁ' 8’?&\1 hover L ﬂb%“ﬁ’g “ﬁffa tﬁ%st\'/\tg ﬁgg%%lgodé d&%%lg’%gr%'bS? a
prior agf Ifreaﬁt%es%ﬁdfn%teﬁﬂrﬂamg a%ﬁﬁlhf? m@sop@reg vAth @6 %reegtr@wraylaﬂﬁ a very
surfacta particles; Figure 2 shows an exenplary x-ray |ffract|on pattern

of part hart@s ppreosizic dutribgiting (t.d‘tetheppoms ager ¢ssengtably o f depsame diagetesyddost aifithe i n
Figure 1; 20 Fi e.3 shows a ar e size distributjon,of

Datt] o1 BEtasaniAEIsg RO APTeOPk i (e PiRgtuFL B tealled B el fogppton At
Figue ﬁror{ a‘?tléi dsl'S i ﬁgﬁtl%%ﬂe"iﬂ ei?(?e@g bt GnetnRFbrhdhr eI Bnity is 'alﬂi‘éﬁﬁ t®

shows a sc particles produced by the nethod of the
pr esent obtaire Rteaﬂrmn thesarg leregtify Bévaws sigmifigard itiier lacreqmredtto doms thosurbetast al

net al oxi des . descri bed in. Ex | 2;: Figure 7. ws smal |, e x-ra
Hiogetia SrpBire Fofaliting, TGS “HFFSE OF AU IBER B e RO Aeg ot B the
;;?E lt g'r ?@599&05 | hedy ﬁb* Eg)%”wb%u&n the V& 9%&2 M%&&nt%ﬁoxp%ﬁtﬁﬂcﬁﬁhﬁglée@@w e
ze di 8e g 3S

8 shows e pore utron of e using Brij

sur f act @aitherfope) the orditivns asedypidepbsip tlreemsrgamcdnstbnalbmt the rsuffactagtasttictiire s
made accor di ng rior at surfactant-tenpl ati ng nmethods; Figure 10 is a
TEM Hhotmist bg (ﬁj’ﬂﬁ?)ﬁm(ﬂfd‘trﬁ‘éaﬁ‘éflrcaﬂiﬁﬁlﬂérher?&%fé"tﬁlﬁ SEREH e 1; S Figure 11 is
an x-ray diffraction trace for the metal oxide powder nmade in accordance
wi th Exanpl e A3pther gppreadpta modugnaphn@wmersgzssimnbedng|Témt@dr%t9tes Fatane NOng

noati ng SoBASEd& e bt T uhaEe e aes SR Symar Bl b InBRp e 2h

present aﬂﬁ%‘ﬁgtcbﬁt'ﬁmo%t}ﬁiaéeeqmﬂ% %&aﬂ%me &Earﬂé %foﬁfrﬁéi‘fé @1@@&@& pRaNeS When the

i nvention and exanples Preferred” enbodi nents the present |nvent| on

i nvol ve hydinephmblomgamrgpehymes is 4daled o dpasodntmmn thrr h}@imnhritxemgmmmlmmabﬂ@rbs

sol ng net aI t|on of. at st one Q cen rat d
2ol 81 othe iaid og th g g g st R da ace] vahi e
of 60% gy 51?3%3% I?f willfin Stﬁl; Ltﬁéﬂeﬁeﬁ bél??n%né Qlew&kpa%bcéﬂlt@ﬁolfrﬁéﬂ/ ﬁ@Mo?l@'tb‘t e

systemutl Ise creation of a mcellar liquid - the solution from
st ep (akalcmedita delcompdse shespowdars Ravingta fugh em&canﬂalmmﬂmpwddre Thexalniging

{ erper atqgsER st be S ORS00 bopBaerty B0 P50 "

This patent requires that a hydrophilic organic polymer be used in the process for

20  making metal oxide powders.

Other patents that describe the production of nanometre-sized powders include US
5,338,834 (incorporate a metal salt solution into a polymeric foam and calcining the foam to
remove organics and leave a powder) and US 5,093,289 (a foam matrix is coated with a
suspension of silicon powder, synthetic resin and solvent and is subject to a heat treatment

25  during which the foam is expelled and the silicon is stabilized).

Brief description of the invention

The present inventors have now developed a method for producing particles, especially

metal oxide particles.



20 forma gel. The gel forms due to ordering of surfactant nol ecules or
surfactant mcelles; and (d) heat treatnent - the heat treatnent forns the
met al oxmdes4xenoves all surfactant and creates the por ePETAYOI/NSE
Exanple 1 - Production of Ce02 In order to denonstrate the method of the
present invention, particles of CeQ2 ver e, S produced. The follow ng
procedure was used: Step 1. Aceriumnitrdte solution containing 2.5
noles/litre ceriumnitrate was prepared. WO 02/2201 19 PCT/ AUY( 11/ Olal0
Step 2: 16g Brij 56 surfactant and 20m s ceriumnitrate solution were
heated to ~80C. At this tenperature the surfactant is a liquid. The
sol ution was added slowy to the surfactant |iqui ile stirrin { 0.
‘create a mi c® e aspeciy fhe Prepenh myveniinh PROVIdSS %F‘%Og‘uigﬁpwﬁls}m%&a&b‘%ohﬁv&ﬁn
t enper € i |} : Layed transformed to a clear gel.
L R S R

Step 4: g eat treat ng to tenperature history presented

'in Figure 4.,1n this exa an_ext.ended | t 83C was used
prior to further mg%atqqgga@ohxﬁgonrcggﬂn%l l%gg%%%gx%ggvﬁglﬁ&%gaﬁa surface area of
~253n2/ g, and _was conprjsed, of grains that r.anged between <2 and. . ~8nm i n
di aneter. Trsni BERs the splutign ‘lgi?@r 8%3&/ “(@E%f‘e 15 W0y Sefactas, fo %ﬁ@nf? nal
povxdir &ﬂ?a%haﬂ/ﬁ&uiﬁfrrri%&ugatahﬁ. sintered aggregates of very fine grains. This
iss Ica

own schenma y 'n Figure 5 and a TEM phot oni crograph of the

product is shown as _.Fiqure.10. Further .exa ver al. rget metal oxide
mat eri al s wercg ch@?@ﬁg ThiLgre fpm Hep (b) al)ép?%){epgt%gﬁ?l?%%ﬂﬁ?léééss. 15 Sone of
these materials are nulti-conponent, ¢ | ex metal oxides that.are ver
difficult toPrediabibisths@artinlereHe nagial Oﬁgggﬂﬂgl.es 2R ﬁ{?Pe@z%f@?érRa&!@%%%%me%l
corrpoungiidQeOZ, and ot her m xed oxides containing ceriumand one or nore of
samari um copper and zirconi um Ce0. 6Snp. 40x, Ceo. 6sSnp. 2Cuo. 150k, and

Ce0. 6. Zro. ZSED. 1Cu0. 10Ox v.e _been uged T e J
represented g;fg{%yhgtgpt@ IE?’(%X?S 8@%@%@% %011(%‘20&%&{;?%&@%%8@5@%3% !tnlsg}]or%nd
i's NOt  Rh@skaRd ndéPeoMditidnstshélsthat AGllesregemisa eri al s are excel | ent
candi dates for catal ytic applications, and may al so be used on SOFC anodes.

They are als r i il : iSRS RIhehtD hige to
produce mul t?goﬁp@ﬁ%ﬁ% ?%é#ékgéﬁ?k%glog#epfﬁs‘g?e&xg n%gii%h%ﬁg shoul Sﬁt’e% fu?@t he
basi ¢ crysduithblyliphny sineeraf toget®er.i f the different metal conponents are
evenly 25 distributed throughout the material. This is because the

addi tional ehgERMIHCARY BEtibANY ARG BFhpkiBé thel s GF Qatisiyy SHeathixBire ik step
However, inhonogeneous distribution of elenments may result in pockets of

mat er i al(b)todornmagelad deatinghthhigghterforn theanarticles fmetdfoxidte or nore particul ar
el ements. Such pockets can formdifferent crystal structures (or phases).
WO Q3/ 2201 2GtdpQh) AEKE/ 1iDkseBl Prosessanvalivés theqirepamtivasofizesiuticneehntainidgtone i ne
whet her the material s _are singl.e-phase CeQ2 crystal, structure (evenl

di st ri baeee matd patiens) The m%@ﬁgBP?Pp%Ia&ﬁPﬁear?&FOIQ?;%‘P dhe ?HPHE‘? GpraRogioNR XW}SI d

i ndi cat of,: /1 XI f : r j i

sover al ARl EhEle8 TR SRR of SR oo R o e B el o
Ce®2, Cea@hfionD TAKNnvEREs G5Srdmtly Cheliet®Ghat aridgiCaontetmtidbndf. diskodved, Metal hiat
wer e made using our process.. The XRD traces showed that the correct Ce02
cryst al psefered for echigdng Brediiglsgt YigldofProgiickr i al s, even the four conponent

system This strongly suggests a very uniformdistribution of elenents, The
wi di28 of t he Apeealydaigadivothiee of mesal catiensginay e gised iy ﬂlea;tﬁqeéhﬁwyn%qmﬁxam@l% I

these materials. .10.The surface.argas,bjai I ¢ : i

Coo. 65SBE AT GpREOHRPS 1 862803 Rttt a8, TEp ity TS, fidsiion

t r eat men} §als\ah@akddS ankdtiaitds, bad Wik thres tBEREE  THS livt- shEEld 16580 cél{Silepditho be

Ce0. 65Sn0. 2Cu0. 150« powders were a brovvn%/ﬂegl_el | ow col our fromthe Sm and Cu.
1

‘They werexhimstiste.aTh@miQuieanay congain ont anmoteediffeat metabpaiiong. t hat al |
surfactant was renoved (wth Ce02, surfactant renoval can be clearly
observed vi a ‘Ehechenabeation sobltivuris fsuitiblp peoducedby mixing a salt or salts containing the

25  desired metal(s) with a solvent. Any salt soluble in the particular solvent may be used. The
metal cation solution may also be produced by mixing a metal oxide or metal oxides or a metal

or metals with appropriate solvent(s).



15 yellow). This longer tinme at 300C was probably responsible for the | ower
surface areas in these materials, conpared to Ce@2. The pore structure of
the Ce2wmors22ed , and its relationship to surfactant ordBETANII/NBS1gel s,
was further investigated. Figure 7 shows small angle x-r ay scattering
(SAXS) data for gels conprised of ceriumpjtrate solutions and Brij 35,
Brig 56 and Pluronic F127 surfactants. Al so 20 shown are SAXS data for the
powders produced fromthese gels. Significant peaks on the data from all
three gels indicate the presence o ordered surfactant structures. This
order is clearly not present in the final powders. N trogen adsorption was

used to determ ne thg pore-size di ﬁtri but i Ot?} H}ilgurfa 8%. The istLi buti on
“i's very broad,number ehselxents ran be wred e peepats the caign RYptons ieso Vieﬁtéﬁi}e by
pores 2 [ L ' . r; d @,
Por o s; Bigtf iR AE LA ! EEIAE: of SFidlie WoivEndRIRAERA Lulklo ulf
7120 ( 198drodfioRd ad838)phwic sid,ydtcdiubrit anjd] amensd, lalaholsysnd mixthees shereof.
surfactant) in Ficgure 9. The total pore volunes are sj m;:%laélr

t.
di f f er eRhisdishghauidrotdre epppidered srbeusHvRant temPaeent MXeioR B‘Htvgéquaﬁ?eféﬁ Pthe
por & Si é@cog?zd%g@ggg%gpaﬂ &iﬁ{’f“'ﬂggi@ 20h broader in the CeO2 material. This

i ndi Tat ores 1n were not created VWO U2/-12201 21

PCT/ AUO1/ 01, 10 _S; b i h .t h .
i cet Lo, i nStaipr Sde eEErate Bitde? SnaRtTn BRAGEs FabE o} Blimpure
el ectr OFby %S enlge?ﬁ%os?%fgétgrﬁghﬁa iR CeRdeaBlye ticthur BHaHEs abddd foftRe Sdlatich eidee i S

extrene S range between ~2nm and ~6nmin di aneter (see

t he TEMcénditiansdgmadpth mideties ke fnpds suchGhat aTFhicellardiquidisdomaed: he i miting
grain size, which is determned by the atomc “unit cell' of a material.
Typi cal |y, URificelhd ligliiaenfrees wheh stEficintax adtizd inaonffividne quentity dudintiat2hen
Exanpl e 3: Preparation of La0O.6Ca0.2Nd0. 2M10. 9Ni_ 0. 133, 10, -
Lao®0 6 Catrfaiiart nxipalaNgaresar tp Joms aricellss. Foa sueqilgn Hawids avigelies Ao ngbextibibi de
fuel cells,.lt is al n gxcel ] r al i ion
because “EnUicp 453t i M Fne ik vy SR bl RERInab RS
sensi ti eyt QraheIiqaid GostaIoshdsts) whifly e coiihbnly aiel-tike.0Use ofl miceifao digtideras
result in the formation of different crystal structures. Therefore, ih,e
five di bobpoesedtto hguis crystalydherefoneerpbles syapley eapid ang thopquehiraangobihe sRutighe| y

fine scale t roduce, 15. snal | grains w.t;h e.corr r I .
Usi ng canpruliitayigh it e SomtueRb b eupB et et b shivol A
resqgr chgd smbaMeMARERAS bRt 1 Edlinsad {ysufficient @i prodget Deicedlar Bqiid in
crystal structure because of this sensitivity to conposition. Careful

co- pr ecivtittatheoniceles|aroolostlp ypacoh glheonditiohy uidsa whichethe mugeliar liguid; ig formed

t enper at ur.e 800-1000C) have been necessary t ttan.t rr al
struct ur"\é‘hi %P@Wg uppR gl?e é@gﬁ?]tar f‘\‘fgarcfaﬁ'?(f%)oﬁ%mg ﬁls%(ﬁelﬁipg ?t&gb{r]r%o@??i g%a](?fe\lééxﬁ&et

al | evi atgdg by wh Edntsiiva /6 @Ak Ofdune|oENBaRkstant addedsenditigh tdneyeping! WoespmeOne
result of this high tenperature processi % is that significant grain growth

and si ntserfactgnts;fthe temprsatorscshoyldszs eleated, mahilstifor gtherarooas tegmeEatHE @ HEOW /s v
| ow_ and %rain size is relatively large. Figure 11 shows an XRD trace from
La0.48Cad™5%3HY2mn0. 9Ni 0. 103 material produced using 25 the nethod of the

present invention. A Pluronic F 127- mnet a{e nitrate sol ution gel .was .useg,

and the heat Amestrfastant saprble of dorgring mygtlles gpay; bp@sed it FBESHY 1BYEURBy
300C. T trace. indi S t teriwal ;i : : X
g e, " SREERL Rl 0 n B 67 R ihBnddlE HRLEEECHo BRI A Ds,
t enper atdafiggic $eRetahR[ atiesit stuferimemid zWittstohicmefaaan’. Some3ndplps wadude Brij

obtained for this material. While 30n2/g is nmuch_|ower an e val ues _for
WO 02/ - tQIBHB(QQHE‘@W)QQ@/@@@G@&)ZEQ%&QMFF%%rBrHI 0, pt253F5§= &‘éﬁé’F@er%‘ﬂl very
“hi gh,d or~thjs Al tdey, age: 5 . i

fr % neCisRbRe RIFRR Bri, Shindy, uBHEDABR; 26 iR R UK i RO
ni t r at eseAliifeh)C atiin®7; heLHsdBMb,f (ARIIch); TBEQVESTE Gt OBy (fidrichy deiére\ed00,
“This result also indicates that use of different salts, ie nitrates

acet at esCHeE(E€Haab i (CE U s OEH ColnORbE=HN 2w, r estitidEch)s sakgiogat a ¥di4
this matepi @l s SEMeH, YN ICmpeu Ridhds; 170 6256 @hslend 8568 @0F

sorbitan monokayrate (Aldrich); Tween 40, poly(ethylene oxide) (20) sorbitan monopalmitate

at

30  (Aldrich); Tween 60, poly(ethylene oxide)(20) sorbitan monostearate (Aldrich); Tween,



no peaks on the SAXS data, indicating a |lack of order in the pore
structure. The experinental work conducted to date by the present inventors
has usedwweozl22@iat i on sol utions having a hi gh concentrati BETaUIHI S0l ved
nmetal . Experinents conducted to date have used netal salt solutions that
are close to the solubility limts in order to attain the best yield. 10
However, it is to be understood that the esent invention should not be
considered to be limted to using concentrated solutions of netal cations.
O her Exanples of Materials Prepared using the Methods of the Present
I nvention Using simlar procedures to those descri bed above, the foll ow ng
mat eri al s have al so 15 been synthesi sed ugl%lr}&qt he net hods of the present

§

-i nvent i paly(etiayBoa ogisle) (2D sothiten mampgleaiegpldnighynandsSpam 4 sprpytan mopgpgimitate

uor znofsiatl Te M B SRE T A flendloRicrdiy. dhuay

‘conpou ity u HeCH gfﬁy@l H o OHR(Ekd)e Hlock
synt heglf%gléw Ex%ﬁnp{de’geﬁﬁgl ude3)Ce GIE;I% ro. 282$:0.(11 (suzﬁ}g?g ar ga - OOerC/ g)

and CeOcop6Bmikrhaiing Opolyéethylenseoxide)grodypropyne vyide)-pelyesthybeemxide €80-PO-
ot oL kOB SR onds SRS RGBS 1y S eRisTeon bt B g
t enper a%%%%@dn\ftgsf%ﬁ %@M §, B1RIRE LR BT, 1,1 S4H0BS, ROLPOABEE QABASTY! Phiriie, Lend

can be el's. Wth these surfactants it is 25 possible to
heat - t r @ai=2900) ESP G160 ;t((BASE);Rlirtoaic P6X(1e-3908)y EPei o2 (BAGF NP luroged .

Sol ut§ oRES bimTAAL P ife BaSE: Mmoo A REGARIE O mASP:

t herefo ible to t ngp@ OPA Gl 7 PR XbiH T .t hodt /fingyst
form ngpgugg{ : 191)B\SN V1121§2£162®;0_1B P@gﬂ%%?{l%)%ol)@ﬁﬁ%eggg\% “eri alsi(?O)’Bri ]
?0, 10ri ;305@()%6130@{(3%%5; Blurdm’mFmﬁf Grprdausen], E\ﬁ)?ﬁ;(hjoﬁaaz (BASFx R ummealkss
>200nm2/ g) than Pluronic F127 surfactant, (~30 g) . e_inventors are
unsure Ofw THd $00EE6h0PEkEiog (BASF); Bhuapis 25R4t MBrTj“é@’ #é%}%&éﬁé@e&ﬁqﬁ)ér
surface j | . e.i I 1.0Nns { _
s 2 7 o BBk BPoShicke AR IONEY B0 S AR WRRRS TP, £
La0. 6Cagitahed t2ih thBiNeQiatiie mileis ald tetrhmatet hyaet@nlanakydrexyé res@os; Tstrande
nmetal nitrate solutions, Pluronic F127 resuldzg)g in a surface area o

f
]:—30 ne/ E?O&l_himir & 3500y Gﬁolm?yqza)@NﬁﬁegHgN Qe Qo BAFI):A ett‘l;’glfg?p L (e 7 4280ns
e

pr esent ar~to pro rodu erials
wi th di NCH.OH,NIBOPU s €BABERS. This may be a further advantage of the
present invention. For exanple, for many netal oxide applications, it is

necessary t OTHRMMERS sifabtafisSAt! fhnGiBhRMuEfaéRKisC € Oftidr NsuffaBlafiB| thROEARS bé Yusé®9
the solid electrolyte in solid oxide fuel cells). In these applications, a
hi gh suirdchale: area is not inportant or even desirable. However, fine grains
can still be advantageous since they reduce sintering tenperatures and may
del i ver i npraweshid¥uygiceak: properties. It appears that 15 the nethod of the
present invention can be tailored to suit these applications, as well as

appbpcat i ons shiigtn dRREVIAIPRICHICHY, ABGMNA ace area materials. The present
inventors also believe that the concentration of surfactant will certainly

affect the r t ' (oY : s et b f the present

i nvention. Asqﬁglleeta,%%l%grg%(%éeéfe?h%}ltg L%V\gtrﬁ%r%&#rﬁ%ﬁlmﬁg&faﬁf% has been conduct ed.
20 The heat tLeat nent, st ep_of t he present invention sees the netal oxides
and the por e GPHEPHVREBSi n being formed during this stage. In the
experinments condqucted by the present | o] te,.which mainly
related to tﬁgngmwlﬁ%ﬁwuﬂﬁﬂlaﬁ%@g@?%@&ﬁﬁeaﬁ@%@{]uti ons, the
‘inventors have postulated that a high density of finely spaced micelles
present in t etylirinesthdpmimoging brsmyide B (Gilnoel SHgbBktAHddeh 25 preci pi t at es,
whi ch may explain the very small grain sizes that have been obtained. The
"conf26ned spadksylppidiziam chiloidd @gHeNClafgmapr event any | arge scal e
separation of different nmetal elements. It is believed that the netal
nitrates decaompose shafd vt skeassiderd 1€ bt sshaugsvedf ni trous oxi de (Nox) gases.
It is believed that the |latter stages of the heat treatnent involve a

fﬁﬂbust idont r 8RGH [f tABInGInGTRYE B¢ prediint iBREk P AivolwRE Helng ¥f HRCKARire Ofedm Of
e product.
step (b) to an elevated temperature to thereby form the metal oxide particles. This step may




WO | 12/-122111 24 PCT/AIl 111 /01 S 111 It will be realised that the above
mechani smis only a postul ated nechani sm and the present invention should
not be cOV@bT4mtl as being limited to that particul ar mechBaT&AWIAH0 present
inventors are also unsure as to the nechanisns that |lead to the high
surface area or pore structures being forjred. The very broad pore size

di stributions show that the pores 5 are n sinply created in spaces that
were occupied by the mcelles. The present inventors believe that it is
possi bl e that the segregation of liquid and precipitated nitrates into
confined spaces between mcelles, and gases released fromnitrate
deconposition and/ or surfactant deconpositio

n, co inﬁ to formthe hlng?&?
-sur f aceortionallyfbeppiegeded; bix 3y FigR ofaBeating theesysfastenthayd, mhstareston, 8n¥S-
postul a [ j . i D! SRRt T REeaD. it i
Const  eana iR EET AR 8RR ofdafinP OP BB NG Krple BRIy T, I s
"t r eat NeQiffcieRt 0 chpidd B térapeastuiclof the mistue: ©dbi itlenge UFdresohenhixgets, tooling t o
gai n some understandi ng of how various heat treatpent parameters affergﬂtifot he

sur f acewslt sesyltom golcformation. Jigkoeher, mivutes, heating Wb et iny 28)i fraations wn
in Figure 13. t treat no. igned to produce a dried gel, and
to cgonbﬁg’[ea‘isﬁ?gggwe@ge’gteq%{i?‘e& raétﬁé\?@ugg%i dly. Heat treatnent no. 2 again

produced a drjed gel, however. the conqustion. desi 0 be ch e
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20 to prior art processes). The surface areas of the resultant powders are
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mul ti - conmponent netal oxides can be pr oduggd usi ng the present invention.
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condensation reactions The wide range of elements that have been successfully used in the
present invention, the absence of a highly-controlled liquid phase reaction step, the high degree
of crystallinity obtained in the metal oxide particles, and the short processing times indicate that
controlled hydrolysis-condensation reactions are not essential in the method of the present

25  invention, and indeed it is possible that they do not occur at all.

The metal oxide particles produced by preferred embodiments of the method have
nano-sized grains. Preferably, the grain size falls within the range of 1-100nm, more preferably

1-50nm, even more preferably 1-20nm, even more preferably 2-10nm, most preferably 2-8nm.

The grain size was determined by examining a sample of the particles using TEM

30  (transmission electron microscopy), visually evaluating the grain size and calculating an average



formed. 4. A nethod as claimed in claim3 further conprising the steps of
treating the mxture fromstep (b) to forma gel and heating the gel to
formthewanvirtes. 5. A nmethod as clained in any one of PAEFANMEEEd? ng
clainms wherein the solution 15 containing one or nore netal cations is a
concentrated solution of netal cations. 6,,A nethod as clainmed in any one
of the preceding clains wherein the one 017nnre nmetal cations are sel ected
fromthe group consisting of nmetal cations from Groups 1A, 2A 3A 4A, 5A
and 6A of the Periodic Table, transition netals, |anthanides and acti ni des,
and m xtures thereof. 20 7. A nethod as clainmed in any one of the preceding
clainms wherein the surfactant is mxed with the, solution suych th a

‘mi cel | agrain gjge therefrqmy, g pagicles Mmay Rave YYREH size 4Hg tothe vy fing srains
di | ai 5. wher ei ;
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to a nepartiowenmetal edidecwhen eerapased stithaytos aei nigcessrdor malyng thasg parteeles) gnd
PCT/ AU( | ]l{é 5},0%1?. ABrreth(gt? as .claimed in claim9 wherein the maxi num

apply ed®X %8 1944, UstBUOR Y PUS WA 450C. 11. A nethod as clainmed in claim
9 wherein the maxi num applied tenperature does .not exceed 300C. .5 12, ﬁ
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in clai erern e grain size e particles fa in the range
of 1- SOsire sdbbtanfialipimibe ragedion kel 100nne] ai m 12 wherein the grain size falls
within the range of 10 1-20nm 15. A nethod as clainmed in claim12 wherein

the grain si pgeféablySthel griinsizeB1lS ¥/ieh e rdngdels tdl 60nrf)y MLt BEfeRdbly 0y i N
claim 1l wherein the grain size falls within the range of 2-8nm 15 17. A
met hod avercinaierpreferablyniym om &0roh, mbst ppeferablyi 2agn 0 #ms wherein the particl es
are substantially crystalline and contain only small or negligible anmunts
of anor phous ThBpaftickds ard Prefofabilp bitstartially cajstatithei and @oytaimenlp smaher pegligle ng
clainms wherein the heating step results in any ordered surfactant structure
pr esent ameuslgof gaoahous ri@l.mi xture being lost in the final pore structure
of the particles. 20 19. A nethod as clainmed in any one of the precedjng

cl ai ms wher eiThetpasiclespréfetably Weae other ppertics as deseribed with relfgeencetox the pasbicley
any order which. have, bee resent .,n.the.surfactant-liquid mxture. 20.
A et hoge%{’é"b8§&i‘%fefwcﬁfﬂl&ﬁﬁgaﬁp?%g SOSHIRY cl ai ms wherein the mixture
in step (b) forns a gel prior {o heating.

CALES A .wfdsw.m&m&eﬁ&ﬁeﬁvawmwém & A& A&% Al & . Al ! &E. Al . A&Y. A?. A% A. A. A&
A& AR A A& A& A& A E\ ~QT]45QTn

{vakf a\ W ca] Figua]lchows £ s ?féa}ccg)]a;@a. ef3 PHPE A PEgcesy fox ferning paricules dsingau]
ca] ca] caj catl catd A Gl aA salgalica = d x N

Figure 2 shows an exemplary x-ray diffraction pattern of particles produced using the
prior art method depicted schematically in Figure 1;

20 Figure 3 shows an exemplary pore size distribution of particles produced using the prior

art method depicted schematically in Figure 1;
Figure 4 shows the heating profile used in Example 1;

Figure 5 shows a schematic diagram of particles produced by the method of the present

invention;
25 Figure 6 shows x-ray diffraction traces for several metal oxides described in Example 2;

Figure 7 shows small angle x-ray scattering data for gels obtained during the method for

producing the particles described in Example 2;
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In this example, an extended drying stage at 83°C was used prior to further heating.

The resulting CeO, powder had a surface area of ~253m%g, and was comprised of grains

that ranged between ~2 and ~8nm in diameter. Transmission electron microscopy (TEM)

10  suggests that the final powder consisted of lightly sintered aggregates of very fine grains. This is
shown schematically in Figure 5, and a TEM photomicrograph of the product is shown as

Figure 10.
Further examples

Several target metal oxide materials were chosen to test the capabilities of the process.
15 Some of these materials are multi-component, complex metal oxides that are very difficult to

form using conventional methods.
Example 2: Ceria-based compounds

Ce0,, and other mixed oxides containing cerium and one or more of samarium, copper

and zirconium CeysSmy40,, CeossSM,Clo1:0,, and CeyeZre,Sm,;Cu, O, have been produced.

20  The oxygen content is represented by x since the exact content is dependent upon composition
and is not precisely known at this stage. These materials are excellent candidates for catalytic
applications, and may also be used on SOFC anodes. They are also a very useful test of the
ability of the present invention to produce multicomponent oxides. All of these compositions
should exhibit the basic crystal structure of CeQ, if the different metal components are evenly

25  distributed throughout the material. This is because the additional elements can be incorporated
into the CeQ, crystal structure. However, inhomogeneous distribution of elements may result in
pockets of material that may have much higher concentrations of one or more particular

elements. Such pockets can form different crystal structures (or phases).
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Cey6Zr0,9m,,;Cuo, O, that were made using our process. The XRD traces showed that the correct
CeO, crystal structure was obtained in all materials, even the four component system. This
strongly suggests a very uniform distribution of elements. The width of the peaks indicates that

the grain size is extremely small in all these materials.

10 The surface areas obiained for CeO, CeysSmy 0,, CepesSmy,Cupis0,, using Brij 56
surfactant and non-optimal heat treatments, were 219, 145 and 171m%g, respectively.
Cep6Sm, 4,0, and Ce,s5m,,Cuy, 50, powders were a browny yellow colour from the Sm and Cu.
They were held at 300°C for longer than the CeO, to ensure that all surfactant was removed
(with CeQ,, surfactant removal can be clearly observed via a change in colour from brown to

15  yellow). This longer time at 300°C was probably responsible for the lower surface areas in these

materials, compared to CeO..

The pore structure of the CeO, material, and its relationship to surfactant order in the
gels, was further investigated. Figure 7 shows small angle x-ray scattering (SAXS) data for gels
comprised of cerium nitrate solutions and Brij 35, Brig 56 and Pluronic F127 surfactants. Also

20 shown are SAXS data for the powders produced from these gels. Significant peaks on the data
from all three gels indicate the presence of ordered surfactant structures. This order is clearly

not present in the final powders.

Nitrogen adsorption was used to determine the pore-size distribution (Figure 8). The

distribution is very broad, indicating that the pore structure did not result simply by pores

25  replacing surfactant micelles. The results are compared to the pore size distribution obtained by
Zhao et. al. (J. Am. Chem. Soc. vol. 120 (1998) p6024-6036) for surfactant-templated silica
(using the same surfactant) in Figure 9. The total pore volumes are similar when the different
densities of silica and CeQ, are taken into account. However, the pore size distribution is clearly

much broader in the CeO, material. This indicates that the pores in the CeQ, were not created
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is extremely small. The grains range between ~2nm and ~6nm in diameter (see the TEM

5  micrograph print of Figure 10). This is close to the limiting grain size, which is determined by
the atomic ‘unit cell” of a material. Typically, unit cell dimensions for metal oxides range

between 1 and 2nm.

Example 3: Preparation of La, Ca, ,Nd,Mn,Ni,,0;

10 La,Ca,,Ndy,Mn,sNi, O is used as the cathode material in solid oxide fuel cells. It is
also an excellent test material for the present invention because the target ‘lanthanum
manganate’ crystal structure is extremely sensitive to chemical composition. Even small
variations in composition result in the formation of different crystal structures. Therefore, the
ﬁ\./e different metal elements need to be evenly distributed on an extremely fine scale to produce

15  small grains with the correct crystal structure.

Using co-precipitation and other conventional processes, previous researchers have had
considerable difficulty in obtaining the correct crystal structure because of this sensitivity to
composition. Careful co-precipitation, followed by long (10h-48h) heat treatments at high
temperatures (800-1000°C) have been necessary to attain the correct crystal structure in the prior

20 a:t’c (variations in chemical composition can be alleviated by diffusion of atomic elements at
these high temperatures). One result of this high temperature processing is that significant grain
growth and sintering of grains occurs so that the surface areas obtained are very low and grain

size is relatively large.

Figure 11 shows an XRD trace from La,sCa,,Ndy>Mn,sNi,,0; material produced using

25  the method of the present invention. A Pluronic F127- metal nitrate solution gel was used, and
the heat treatment consisted of 1 hour at 100°C, followed by 0.5 hour at 300°C. The trace
indicates that the material is the targeted lanthanum manganate crystal structure. This is an
amazing result given the very low temperatures used for heat treatment. A surface area of

~30m%g was obtained for this material. While 30m%g is much lower than the values for
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9$109&' ()- SAXS data for this material is shown in Figure 12. As for the CeO, materials, there are

no peaks on the SAXS data, indicating a lack of order in the pore structure.

The experimental work conducted to date by the present inventors has used metal cation
solutions having a high concentration of dissolved metal. Experiments conducted to date have
used metal salt solutions that are close to the solubility limits in order to attain the best yield.

10 However, it is to be understood that the present invention should not be considered to be limited

to using concentrated solutions of metal cations.

Other Examples of Materials Prepared using the Methods of the Present Invention

Using similar procedures to those described above, the following materials have also
15 been synthesised using the methods of the present invention. Mn3O4 (surface area ~120m?/g),
LiMn,04 (~14m?/g), LiCoO, (~10m’/g), LageSr04MnO; (~30m%g), NiO (~200m*g), Zr0O,
(~100m?/g), CuO/Zn0O/ZrO; (~180m?*/g) and Co304 (~80m%/g). A wide range of CeO,-based
compounds, with surface areas from ~170m%g - ~250m’/g have also been synthesised.
Examples include Cegs2Z10258Y0.110x (surface area ~200m /g) and Cep.46Z1r921Y0.10x (surface

20  area~170m*/g). Other CeO, based materials have also been prepared.

Experiments in Step 2: Mixing the Solution with Surfactant

Brij-type surfactants have been mixed at high temperatures where they form micellar

liquids with aqueous solutions, and can be cooled to form gels. With these surfactants it is

25  possible to heat-treat straight from the micellar liquid stage without forming a gel. In contrast,
Pluronic surfactants form micellar liquids in aqueous solutions at low temperatures (~0°C) and

form gels upon heating. It is therefore not possible to heat-treat Pluronic F127 mixtures without

first forming a gel.
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the reason for this. It appears that BnJ 56 may produce higher surface areas than Brij 35

however more investigations using a range of heat treatments are needed to confirm this.

5 For Lag ¢Cag2Ndg2Mng oNig 103 material, the situation was reversed. Using metal nitrate
solutions, Pluronic F127 resulted in a surface area of ~30m®/g, while the Brij surfactants yielded

<10m*/g.

Although the reasons for achieving differences in surface areas are not yet understood,

the present invention does appear to prbvide the ability to produce materials with different

10  surface areas. This may be a further advantage of the present invention. For example, for many
metal oxide applications, it is necessary to manufacture a solid ceramic device with minimal
porosity (eg the solid electrolyte in solid oxide fuel cells). In these applications, a high surface

area is not important or even desirable. However, fine grains can still be advantageous since

they reduce sintering temperatures and may deliver improved physical properties. It appears that

15 the method of the present invention can be tailored to suit these applications, as well as

applications that require porous, high surface area materials.

The present inventors also believe that the concentration of surfactant will certainly
affect the resultant materials produced by the method of the present invention. As yet, no

experimental work confirming this has been conducted.

20 The heat treatment step of the present invention sees the metal oxides and the pore -

structures both being formed during this stage.

In the experiments conducted by the present inventors to date, which mainly related to
the production of metal oxides from nitrate solutions, the inventors have postulated that a high
density of finely spaced micelles present in the micellar liquid probably hinders growth of

25  precipitates, which may explain the very small grain sizes that have been obtained. The
confined spaces between micelles may also prevent any large scale separation of different metal
elements. It is believed that the metal nitrates decompose, as evidenced by emissions of nitrous
oxide (Nox) gases. It is believed that the latter stages of the heat treatment involve a

combustion reaction, which may burn at least part of the surfactant out of the product.



1 10907& ()- 10%& ()-y9 dEbC 10g 108&6$10%& ()- , 5! 109%& () -

&3@0%T& ()-f, $100T& ()-*&10%T& ()-s' $109%F& ()-i +. bC 10g

1010%g8' Wo sRINeEE ()- 10T 10T 10T <&L0%& ()-:!109F& () - PCBAIOWIEI() -

. =Z=dEbC 10g 10! 10%g& ()- yf10%& ()-s$10%g& ()-  s$10%& ()- s$10%gé& () -
| 1099 () - =(i dEbC 10g 10: 10%& ()-! 10%& § O%g&' ()-1109%g& ()-

109g& () - &s$10%g& ()- @4 dEbC 10g 10&*! 10 %&' 109g& ()-f & 109g& () -
s$10%g& () - F' ml0%g& ()- ! 10%& ()- {;qdEbC 10g 10&510%9&' ()-3!109g& ()-
1g109g& ()- /10%& ()-- &10%& ()- +10%g& ()-.bC 10g 101094& ()-s9109%& () -
10g 10g 10g&y; 10%g& ()- 9! 10%g& ()- 7S&L0%& ()- 2LdEbC 10g 10- &109%& () -

1o () ol (L Ioone (1 A IOTE Qe 10 (L PR A0t e e
10g 10&})1:%:5%@@‘% %éré siodid Px@t’ﬁggboﬁgtrue?l as b Sirkited 16 WA Pt ulak mécRinddid& ()- @

1090 &' (
| The present inventors are also unsure as to the mechanisms that lead to the high surface
area or pore structures being formed. The very broad pore size distributions show that the pores
5 are not simply created in spaces that were occupied by the micelles. The present inventors
believe that it is possible that the segregation of liquid and precipitated nitrates into confined
spaces between micelles, and gases released from nitrate decomposition and/or surfactant
decomposition, combine to form the high surface area of pore structures. Again, the present
inventors have onmly postulated this mechanism and the present invention should not be

10  consirued as being limited to this particular mechanism.

A range of heat treatments were applied to cerium nitrate solution/surfactant gel to try to
gain some understanding of how various heat treatment parameters affect the surface areas of

the final powders. These heat treatment regimes are shown in Figure 13.

Heat treatment no. 1 was designed to produce a dried gel, and to combust this dried gel

15  extremely rapidly. Heat treatment no. 2 again produced a dried gel, however the combustion
was designed to be much more controlled than for heat treatment no. 1. Heat treatment no. 3 did

not produce a dried gel prior to further heating and was the simplest and quickest of the three

heat treatments. It is therefore particularly attractive as a commercial process.

In heat treatment no. 1, during the long, low temperature stage, the gel dried into a hard,
20  yellow mass. A significant number of bubbles evolved and were trapped in the mass at this
stage. When placed upon a hot plate at 300°C, the dried gel ignited immediately and violently to

form a yellow powder. The powder was cerium oxide with a surface area of 170m?/g.

With heat treatment no. 2, the dried gel softened and partly turned to liquid at about

100°C, then significant NO, gas was released, and finally a slow combustion reaction occurred.

25 The combustion reaction was evidenced by a slowly moving red front. A browny-yellow
powder was present after combustion. Over time at approximately 200°C, this powder turned

more yellow, probably due to burn-off of residual surfactant. The final cerium oxide powder

had a surface area of 253m®/g.
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10" $10%@inally,-af ldvo Q/gl&b(ls)ttohik%dgﬁh @gain proceeded along a red front, turning the mixture black
then browny-yellow. Over time at approximately 300°C, this powder turned more yellow,
5  probably due to burmn-off of residual surfactant. This heat treatment produced cerium oxide

powder with the surface area of 219m*/g.

These experiments clearly showed the importance of heat treatment in determining the
final properties of the powders. Very rapid combustion resulted in the lowest surface area.
Slower heating and combustion of a dried gel resulted in the highest surface area. Simply

10  placing a wet gel on the hot plate also produced a very high surface area. These general trends

were also observed in other experiments with different surfactants and different materials.

The present invention provides the following advantages over the prior art known to the

present inventors:

(a) the metal oxides produced have extremely small grain sizes. For example, cerium

15  dioxide materials have grain sizes ranging between about 2 and about 10 nanometres;

(b)  the metal oxides produced are highly crystalline, ie they have a high degree of
atomic order. This is an important advantage over most surfactant-templated materials, which

have almost no atomic crystallinity;

(©) extremely high surface areas may be obtained for some metal oxides (compared
20  to prior art processes). The surface areas of the resultant powders are dependent upon the type
of surfactant used, the type of metal ions, and the heat treatment. It also appears that the type of

salt (eg nitrate, acetate, chloride, etc) may influence the surface area;

(d)  very complex, multi-component metal oxides can be produced using the present
invention. This indicates that different atomic species are evenly distributed throughout the

25  material;

(e) low applied temperatures (less than about 300°C) are sufficient to form even
multi-component metal oxides. Indeed, the present inventors have literally conducted the

majority of their experiments to date on a hot plate. This is a major advantage over other
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’ periods to obtain the correct metal oxide phase. In particular, this has apparent benefits in
reduced capital costs for furnaces, reduced operating expenses and avoiding undesirable

5 sintering and grain growth that would occur at the high temperatures.

® the process is extremely rapid. The inorganic reaction and entire heat treatment
may be done in as little as 30 minutes, This compares with conventional techniques that require
long heat treatments (in some cases, up to several days). The long inorganic reactions that are
characteristic of surfactant-templating methods are not used and therefore the present invention

10  is much quicker than surfactant-templating processes;

(g)  the process uses low cost raw materials and simple processing technology. I is

therefore extremely inexpensive;

(h) in cases where heating of a gel is conducted, the gels consist of ordered

surfactant structures. However, this ordered structure is definitely not present in the final

15 materials. In addition, pore size distributions are very broad, indicating that the pores do not
result from simple burn-out of surfactant micelles. The pore structure is therefore significantly

different to that in the surfactant-templated materials described previously.

Those skilled in the art will appreciate that the present invention may be susceptible to
variations and modifications other than those specifically described. It is to be understood that -
20  the present invention encompasses all such variations and modifications that fall within its spirit

and scope.



10! " &10%& () - ~$10%& ()-y&10%& ()- " $10%& ()- ,!10%& ()- s10%& ()-
HOodEnbC 10g 10!-y10%g& ()-,' 10%g& ()- )10%& ()- 3( $10%g& ()- & 10%g&' ()-
$10%g& (WohpéaBirC 10g 10g9y; S 10%g& () - 99ME10%g& () - PCT/AU01/01510

&s6” $10%g& ()-11&10%g& ()-m kl 1&109%& ()-m ! 10%g& ()- VNV f! 10%@& () -

9' 1 109%@& ()- !10%@& ()-"10%@& ()- 10%@& ();910%@& ()- 10g

10gi 4p) dEMV f ! 10%@B$10%@&' ()- ! 10%@& ()-S10%@& ()-Y $109%@& ()- , &10%@& () -
MB10%@& ()- ) q' 9dEnN f! 10%@( - 10%@& () - & $10%@&' () -

$SMBLOY@R () - @&LI0%@E ()-!! 10%@& ()- &L0%@& ()-9[ dENN f! 10%@&10%@& () -

L&3' $10%@% () -1 1! 10%@& ()- & MBLO%@' ()- +&10%@ ()- L*! 10%@& () -

bCf 1 109 &109%0&' () - 109%T& ()-sL10%& ()- 10@ 10@

10@.8Mb10%@RI3IMS" 6° $10%4@& () - ~?bCf! 10&109%&' () -

| MB1O9ATT& ()-1!8@L0%& ()-MB10%A& ()- IMBLOYAE ()-y . _

1 109%F& () - c" YdEbCAI Taetbed 0ok gr¢ducing: pativdesgheying | nangrgzqd -grains, the method
'1098&' ()-! 109&. ()~ | (10?%'&' ()- *ChaBbCf!101! 10%& ()- & 109& () -

| Sy, &LOGRMPHSNE MSHEBS O (m 100@&’ ()-' 9$10967& ()- anst uvxmbCf! 10sL10%& () -
10T 10T 10T99MBL09%& ()-17!10%& ().-. f5109& () - &3M10%& () -

LaBnbCF | 10s${®o®' prepating a sokution cqmidiningone pr mosgmgtagcations;

5 (b) mixing the solution from step (a) with one or more surfactants to form a

surfactant/liquid mixture and
(¢)  heating the mixture from step (b) above to form the particles.
2. A method as claimed in claim 1 wherein the particles are metal oxide particles.

3. A method as claimed in claim 1 or claim 2 wherein step (b)comprises mixing the
10  solution from step (a) with one or more surfactants under conditions such that micelles are

formed.

4. A method as claimed in claim 3 further comprising the steps of treating the

mixture from step (b) to form a gel and heating the gel to form the particles.

5. A method as claimed in any one of the preceding claims wherein the solution

15  containing one or more metal cations is a concentrated solution of metal cations.

6. A method as claimed in any one of the preceding claims wherein the one or more
metal cations are selected from the group consisting of metal cations from Groups 1A, 2A, 3A,
4A, 5A, and 6A of the Periodic Table, transition metals, lanthanides and actinides, and mixtures

thereof.

20 7. A method as claimed in any one of the preceding claims wherein the surfactant is

mixed with the solution such that a micellar liquid is formed.

8. A method as claimed in any one of the preceding claims wherein the surfactant is
selected from the group conmsisting of non-ionic surfactants, cationic surfactants, anionic

surfactants and zwitterionic surfactants.

25 9. A method as claimed in any one of the preceding claims wherein step (c)

comprises heating the mixture to a maximum applied temperature not exceeding 600°C.
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14. A method as claimed in claim 12 wherein the grain size falls within the range of

10 1-20nm.

15. A method as claimed in claim 12 wherein the grain size falls within the range of

2-10nm.

16. A method as claimed in claim 11 wherein the grain size falls within the range of

2-8nm.

15 17. A method as claimed in any one of the preceding claims wherein the particles are

substantially crystalline and contain only small or negligible amounts of amorphous material.

18. A method as claimed in any one of the preceding claims wherein the heating step
results in any ordered surfactant structure present in surfactant/liquid mixture being lost in the

final pore structure of the particles.

20 19. A method as claimed in any one of the preceding claims wherein the particles
have a pore structure that does not display any order which may have been present in the

surfactant-liquid mixture.

20. A method as claimed in any one of the preceding claims wherein the mixture in

step (b) forms a gel prior to heating.



