. 20 MAY 2005 1 Production of netal oxide particles wth nano-si 2ddAgrafifs
~field of the invention, The present invention relates to very fine-grained
particulate material and to methods for producing such very fine-grained
particulate material. In preferred aspects, the present invention relates
to oxide materials of very fine-grained particulate material and to nethods
for producing such material. Mst suitably, the particulate material has

‘grain sizes in the.nanonetre scalé. Background of the I'nvention Metal
oxi des are used in a wi de range of applications, For exanple, netal  oxides
can be used in: 10 solid oxide fuel cells (in.the cathode, anode,
electrolyte and-~i-nt er connect) ; cat aj t|c Figrlaj Aauto z%%Le exhaust s,

“eni ssi on contrd?roduehmhpfmetat@x e parti $r‘%|t§‘ FRORIZGMHANRIASt ) ;

‘magnetic matericals; superconducting ceramcs; optoelectric material s;

sensorsFﬁ?e@ ‘gatﬁfdﬁﬁ@jgn fuel - control for engi nes) ; structural ceram c.s.

-(eg arti Conventional netal oxides typically have, grain
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sized grains ~will have Tpportant..a vant es Qver :
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properties. wever, to ‘econom Cal | y produce useful netal

oxi de . {i{#r@hﬁd df“tfl@iﬁ\?étﬁfgﬁ”e sized grains has proven to be a, mgjor

.challenge eri:al’'s science. 25 It has-proven to be difficult to make -
'stich-fine-s CM&&&I’%&&% aRNsEERva \9@5 trdr%b' '()Pﬁﬂp‘ltciﬂﬂnts | R @RARPIE, %etﬂ&ixﬁies e 151393
; WI t h: 4-20
100« solid oiti,cte fuel cells (in th cathode, anode, electrolyte and intercorinect);
. eatﬂﬁic materials (automobile exhausts, emission. control, chemical synthesis, -
" - oil refinery, waste management); '
. rnagileﬁc mater"iaIS' .
. superconductmg ceramics;
1 5 - | , | . optoelectnc matenals, '
. sensors (eg gas sensors fizel control for engines);

e structural ceramics (eg artificial 3omts)

_ "Conventlonai metal omdes typ1ca11y have gram sizes that fall withinthe- m10rometre
| | range and often are supphed in the form of partlcles havmg parttcle sizes greater than the )
20 . m1cr0metre range. It is beheved that metal oxides that are compnsed of nanometre sized grams ,
will have nnportant advantages over conventtonal metal. oxldes These advantages include
“lower sinteririg temperatures potentially very high surface areas, and sometimes: nnproved or
.unusual physical propertres However the ablhty to econonncally produce useful metal oxtde
K ,matenals w1th nanometre-s1zed grams has proven to be a maJor challenge to materials science.
| 25 It has proven'to be dtfﬁoult to make such fine-scale metal oxides, partleularly multt-component '

_. metal’ ox1des, with:




‘ar eas, indicitlng
" realised thatd
.of grains. Each graln may be- thoug of as _ a region of distinct

- Condensd
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2 (a) the correct chem cal conposition; (b) a uniformdistri bt ¢idyopnns
different atom c species; (c) the correct crystal structure; and (d) a | ow
cost. 10 Many inportant netal oxides have not yet been produced with very
fine grains, .especially nmulti-conponent netal oxides. This is because as
t he nunber of different elements in an oxide increases, it becones nore
difficult to uniformy disperse the different elenents at the wultra-fine
scal es required for nanonetre-sized grains. Aliterature search conducted
by the present inventors has shown that very small grain sizes (less than

20nm) have only been attained for a | i mét ed nunber of netal oxides. The
.reported processes used to achieve fine grain size are very expensive, have

| ow yi el ds and can be difficult to scale up. Many of the fine- grained
materials that have been produced do not display particularly high surface

poor cki ng of ralns At this stage, it will be .
ar ﬁeaoggctaﬁ HeHldoTR

[

'é‘?rb typical ly agglomerates of a nunber

crystalllnlt§b30|ﬁé@1?%P ighriationgy ent ¥oRgIEPIAS may have grain. .
boundari es that are adjacent to other grain boundaries. ‘Alternatively,

some of the d¢®ai ndhepeypd cugtel gmetise 889 and aggl omerated with other grains
by regions having a different conposition (for exanple, -a netal, alloy or

- anorphous mat(d i aR)ow eostet hods described in the prior art for synthe5|3|ng

nano materials include gas phase synthesis, ball mlling, )
co-prieci pi t atMany, mmmgbmetamlhschWGMth dremprddoce. Wiﬂlevmtﬂmdsram,e

o Toye, nRBRabERmeSactlinel 85 RE R hefalE Erbfofeet BB oo,

will fol d:mad&iamﬁea,i%@m&&gsteﬂﬁﬂmtgfmmmly&ﬁspsgw a{eadaffmwubdﬁen@w she for
the synt‘;lem s of nano-particles in the gas phas These ncl

franfinprsgeles Saged EfensrerIctei5ed Bratn H&eéﬁ‘t\“@rﬁ w &sa

of ‘Nanocrystalline. Mterials", Nano Structure Mat eri al s,” Vol 12,

2199730 | atta;nq'.é dor aﬂgnhmmeogmatal $xidges. The reported processes used to achieve ﬁne gram

size are very expensive, have low yields and can be difficult to scalé up .Many of the ﬁne— _
-grained materials that have been produced do not dlsplay partlcularly hlgh surface areas,
mchcatmg poor packmg of grams '

At this stage, it will be realised that particles of material are typically aggiomerates ofa

. 15 number of grains. Each grain may be thought of as a rcgio_ﬁ of distinct crystallinity joined to
- other grains. The grains may have grain boundaries that are adjacent to oﬂier grain boundaries.
'AltematiVely,_ some of the. grains may be surrounded by and agglomerated with other grains by

regions 'having a dif'tr'erent‘ coi:nposition (for example, a metal, allojf or amoxrphous material) to

the grains

S22 Methods described ‘in the prior art for synthesmmg nano matenals include gas phase |
' synﬂlesas ball m111mg, co-preclpltatlon sol gel, and micro emulsmn methods. The methods are
typlcally apphcable to different groups of matenals such as metals alloys, mtermetalhcs,

oxxdes and non-ox:des A bnef discussion of each will follow: ' o T
Gas-Phase Synthesus

25 Several methods exist for the synthe51s of nano-parucles in the gas phase. These mclude
(Gas Condensation Processing, Chemical Vapour Condensation, Microwave Plasma Processmg

‘and Combustion Flame Synthesis (H. Hahn, “Gas Phase Synthesis of Nénocrystalliné-' '

" Materials”, Nano Structured Materials, Vol 9, pp 3-12, 1997). In these methods the starting




20 MAY 2005 3 materials (suitable precursors to a nmetal, all dyCoAan?005

I norganic material) are vaporised using energy sources such as Joule
heated refractory crucibles, el ectron beam evaporation devices, sputtering
sources, hot wall reactors, etc. Nano-sized clusters are then condensed
fromthe vapour in the vicinity of the source by honbgenous nucl eation.
The clusters are subsequently 5 collected using a nechanical filter or a
cold finger. These nethods produce snall anmounts of non-aggl onerat ed
material, with a few tens of granm hour quoted as a significant achi evenent
in production rate. Ball MIling Mechanigal attrition or ball mlling is
anot her nethod that can be used to produce nano- 10 crystalline materials
(C.C. Koch, "Synthesis of Nanostructured Materials by Mechanical MIIling:
Probl ems and Opportunities”, Nano Structured Materials, Vol 9, pp 13-22,

- 1997). "Unlike the aforenentioned nethods, mechanical attrition produces
the nanojyppberi@l cl u . v .but by the structur.al .
deconposi t | o%lrso(?lﬂc%gg s%@sgfsaéon%@%%aétaagﬁ)?g%% Saﬁdg&gamgwtepagfam Janpused BEng
def or mat kmangy Sdueces|sadhi 4syJonfe hdaeedf refigdtorpropatitles, iefecford ot bapotion evids) | i ng
energy, 15 ti.nme and tenperature. To achi eve grain sizes of a. few nanonetres
in di ane R, EFES ﬁ‘étl ‘é{?lfmc?msl% Pprized slusiprs pgethen sesdenssdl Fwnrthe f or
smal | baggieasin théRRih | RBsiko : o B ) d
material is prone to ?re?/frem;éégt::]gﬁ% natél%)“?l&s]t}?1 81%@1{1%8%% Icﬁstrﬁ%a&rr%é'lkbgéﬂehhy
Co- Pr éci pelicatefl yping @ meshaniegd Sitiendr ¢ asld Siniger. Thespassthdls graducp smalliamounts of

nano- crystal | i rial _ ecipitation 20.or co-prgcipitation if _
ranct | oneRalierlBl SelcRal i ot ionR o Bemihr il B Gp pek Futitin | ca
(L. V. | npednaivheatand M J. Hanpden-Snmith), Chem stry of Advanced Materials -
An Overview, Wley - VCH (1998)). Precipitation reactions are anong the

~ npst conmon’ alalt Mifiihgci ent types of chemical reactions used to produce

inorganic materials at industrial scale. In a precipitation reaction,
‘typically, twdethansalativition eobalt miling isreothenredhahitiatanan ba asdditb pedacbsdnance (a

- soligy i K t]ﬁ uent Ly~ for qed. nventignally, ope solytion js injected
intoat af“iE 71(])1?1&',[ %&gﬁ%égtﬁs}g?%i CHDESES oofdlg?mts_ ﬁ“ﬁ&‘g?\gﬁtﬁ??ﬁ% iy P‘H‘HA af .
however , Millimgl PrbkaissanidnDegirivaties!, Ndne Stnmptussll Maipiah, Vol 3 $9 13R259hhe. The
solid th?it Jorns &cal | ed | heﬂfr eci pitate) can be recovered by nethods such
as filt % e aforementioned methods, mechanical atirition produces the nano-materials not by
- cluster assembly but by the structural decomposition of coai'ser-grained_ materials as a result of
~severe plastic deformation. The quality of the final prodhct is a'ﬁmgtibn of the milling energy,
15 time and temperature. To achieve g;ain' sizes of a few nanc_)metres in diameter feqlﬁres feiatively? _
| long processing times (several hours for small batches). Another main drawback of the method
is that the milled material is prone to severe contamination from the milling media.

Co-Precipitation

n some special cases it is possible to produce nano-crystalline materials by precipi{aﬁoﬁ
20 or co-precipitation if reaction conditions and post-treatment conditions are carefully controlled
(L.V. Interrante and M.J. Hampden-Smith), Chemisﬁy of Advancefl 'Matériafs - 4n Overvzew,
Wiley - VCH (1998)). Préoipitaﬁon reactions are among thé most common and e_ﬂirﬁent fypes
| of chemical reactions used to produce inorganic materials at industrial scale. In a precipitation
I reaction, typically, two ‘l_;omogenous solutions are mixed and an insoluBle substaﬁcé (a sc')lid)'is
- 25 subs’equently'fqrmed. Convcntionally,'oné solution is injected into & tank of the second 'soiution_. :
- in_'brder to induce pr'ccipitaﬁon, hoWever, simultaﬁeous injection of the tWo sﬁlﬁtions is also
' possible. The solid that forms (called the precipitate) can be.-recc-w‘er‘ed‘by methods such as
filtration. o B - | | h




20 MAY 2005 4 The precursor material has subsequently to be Z&lMANhepsn
order to obtain the final phase pure material. This requires, in
particul ar, avoi dance of phenonena that induce segregation of species
during processing such as partial nelting for exanple. Formation of stable
internedi ates also has to be avoided since the transformation to the final
phase pure material m ght becone nearly inpossible in that case. Typi cal
results for surface areas for single oxides can be of several tens of nR/g.
- However, for a multi-cation conpound, values |less than 10n2/ g becone nore
common. Sol -gel Synthesi's Sol-gel synthegis is also a precipitation-based
‘method. Particles or gels are formed by 10 " hydrol ysis-condensation
reactions', which involve first hydrolysis of a precursor, followed by
pol yreri sati on of these hydrol ysed percursors into particles or
~three-dinmensional networks. By controlling the hydrol ysis-condensation
‘reactions, pdht prebmsomhatmamnnslsubséquentmﬁibéeatdix&ﬂliﬁ 61dér 10 vbtaicthe filfl phase - *
precipltated Tg ﬁ@sadvanta { sol - nethods are that the precursors
can be H%@ﬁtﬂ’ APEHIGH 12 PATHeE ar’c?fvmfih‘@etﬁfdﬁhﬁll%n%%h‘éﬂé‘ﬁ% %ﬁSF“(gﬁmPIb%t i ons
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Mcroerm si on nef hods creat e nanonetre-sized ‘
i nor ganiaso kasdebé émditdosmmrtbvrm@rmazedtoamgé’malsplnhsﬂmurnmatmhm@ﬂ bstomd t hi n
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Nanomet rsevaalzmk qranbg. cﬂ{asev@g Foibe nitiileatiof chirpaid, MelubdRsdlihbd emﬁh bedhnes Se

' mcroenulsmnméeg (a) and (b)). Each mcroenulsion has a specific reactant

. di ssol velo*s© aqueous domains. The inverse nicro enul sions are m xed,
-and when t he aqueous domains in (a) <collide wth those in (b), a reaction

tiakes pl ace. 9heel Sypthesis particle. Since the reaction volunes 25 are small,

" the resultant -particles are also small. Some microenmul sion techniques are

revi ewed in Sokgs) yathesivisalseripreipijation- bsythm@tbp@, Prrtigies oo sehraeSoamed, by .

| ,‘ EgISt ﬁ}i‘ ?‘1 96 1%6181%11%%{1 E%%om@]%g%ﬁvblgﬁ@% g)rf tal C éufrs%P gyﬁ%kem

~'Struct u rwlﬁmnsmmanﬁtbsé hydrbiystd pesdursots @maﬁﬁ)q]eqonﬁﬁﬁ-esﬂiﬂ:ensmnal networks. By -

conirolling the hydrolysis-condensation reactions, particles with very uniform size distributions

can be pfecipitated. The disadvantages of sol-gel methods. are that the precursors can be

eXpens'ive; carefiil control of the hydroleis-cdnden‘sation reactions is required, and the reactions
15 '_Vclanbeslow. - |

Microemulsion Me‘tho‘ds '

Mmroemulsmn methods create nanometre—smed patticles by conﬁnmg morgamc

reactlons to nanometre-sized aqueous domams, that exist within an 011 These- domams, called'

_ water-in-oil or inverse ‘microemulsions, can be created usmg certain surfactant/water/oil

20 _combinﬁﬁon’s. | | | |

Nanometre—sizedl particles can. be made by prepanng two _diﬂ’erent inverse

microemulsions (eg (a) and (b)). Bach microemulsion has a specific reactant dissblfed in the

aqueous domail;{s, The-inverse microe_muISions are mixed, and when the aqueous domains in (2)

collidé with those in (b), 2 reacﬁon takes place that fornis a particle. Since the reaction VOlulms

25 are small, ths resultant particles are also small. Some mlcroemulsmn techniques are reviewed in

: “Nanoparucle and Polymer Synthesis in Microemulsion™, J. Eastoe and B, Warne, Current
'Opzrzzon in Collozd and Ifzrefﬁzce Science, vol. 1 (1996), p800-805, and “Nanoscale Magnetlc_ |

~ Particles: Synthes15, Structure and Dynarmcs”, ibid, voI 1 (1996), p806—819 '




20 MAY 2005 5 A nejor problemw th this technique is. that thg gyMald2gost
product/wt solution) is small. Mbst mcroemulsion systems contain |ess

t han ' -20vol % aqueous domai ns, which reduces the vyield fromthe aqueous
phase reactions by a factor of -5. Many of the aqueous phase reactions

t hensel ves al ready have |low yields, therefore a further significant
reduction in yield is very 5 undesirable. The nethod al so requires renoval

" of particles fromthe oil. This can be very difficult for nano-sized

particles surrounded by surfactant, sincg these particles can remain
suspended in solution, and are very difficult to filter due to their small
size. Once the particles are separated, residual oil and surfactant still
needs to be renoved. Another serious disadvantage is that reaction tines
-can be quite long. These aspects together would greatly 10 increase the

size, conples tagjon prbbices tvith thi RchaiqueTrthitahe Peldde piddictivacdolutiby) is bmgi of
Sur f act g\qﬁs Recent|y, there has been considerabl e research and ‘devel opnent

" into t heVipHagremBlsionrsyregn cantpindess thanez20vel% laqesens demains, iichstedicgs thent .
ol Beal SR EoRHEE RO Bt Bty s abEALLON MBI BnER pRie ridfions ) 4
a hy]olr ophebsetves |ahem$15av?otnw![ymm ﬂ[breﬁ:lfel N ifirthef mggmaz:rﬁrréc;wﬁaf h?y;aldSu (r;;fe@ct Sntts
- cahn r 0 stryctures in (0] er olLytil on ependaen
~upon * 50 “‘k%y% ic?f &ﬁ%ﬁ%‘&%"a 0 feqﬂeeerﬁnﬂ%@{e Qgtpa‘é‘ﬁ eﬁmgﬁ e'i %ﬁﬁb?awﬁ%e,
‘ionic snﬂmcen fof hino-sthAR aiﬁdlw aﬁiouﬁ&é@w%ﬁﬁﬁtkadt Ssmd%dﬂhxgedl?&?ﬁo cl&UEdnae At

‘nol ecul es dispersed in sol ution. This pically occurs r-very low
concent r¥RBAchn %Wpe@émevemdrﬁmlgwﬁtee one mﬂiplatsmaﬂslzéfomrﬂﬁmts t he

20 surfaglaphatal CQRhSS 3 bl [ Rl 601 K30l lE 0 SEnGAR. KnoBRE Ueifd O

~cylindrical.” The dianete he m ce 1s controlled ITB.I _
| engt'h oﬁlsadnmt@rlé ahztta:nachoina:mesamd heaqmtealngg Tlh:ee wEpects Jcagbﬂ:aﬂgﬁamaogmtgnd '

';'.'-300 n Even hi r trations rfac ant give rise to nore

“or der(gdglgl%reas {8 %oéﬁlfflg’ﬂg'mﬁ ﬁ%oga‘@’r mmgrel P’-'E ‘HHP’?:I tals consist of
ordered m cel el lar cubic, hexagonal') or 25 ordered arrays of

- surfactant (edgfg?gé#eﬁﬁcm"&bl continuous cubic), within a solvent, usuall y

wat er. A papgg | 1S B¥e
~and JS Beck, ec% %e%ésopg;r% éiltﬁsdg féerg%é%&%g%\é%/eg@%%\/ﬁ%ﬁ? Ehgzpé%ﬁﬁ;{&“ i'quid
- Crystal hielm’pﬂuaﬁaw ammnmtnlsu#ldesNammge“sum&:taﬁSQenﬁplﬁﬂ@’ Bﬁﬂfﬁetﬁﬂs? ar¢lesgamided
_ t he pr Odéf':artb Ig)-gasecfi) ORcHRe The B mo?ec es- ﬁaave a hydrophﬂlc (iehas an afﬁmty for water)
| 15 sectlon anda hydrophoblc (ie does not have an afﬁmty for water) section.

Surfactants can form-a vanety of structures in aqueous (and other) solutlons dependent

| upon the type of surfactant, the surfactant concentratlon temperature ionic species, ete. The
sxmplest arrangement is 111d1v1dual surfactant molecules dispersed in solution. This typically:

| occuts for very low concentratlon of surfactants. For h1gher concentrations of surfactant, the
20 ) surfactant can coalesce to form m1ce11es” Micelles can be spherical or cyllndncal The
” - diameter of the micelle is controlled mainly by-the length of the s_urfactant chain and can range

between ~20 angstroms and ~300 angstroms.

Even higher concentrations of "surfactant give rise to more ordered structures called
“Tiguid crystals’__’. Liquié_i crystals consist of ordered mi'celles' (eg micellar cubic, hexagonal) or-

25 ordered arays of surfactant (eg lamella, bicontinuous cubic), within a solvent, 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, descnbed the productzon of inorganic matenals

having ordered por031ty In the process described in ﬂ’llS paper an. ordered artay of surfactant :



havi ng ordered porosity. In the process described in this paBérMAM1ﬂm
ordered array of surfactant 20 MAY 2005 6 nol ecul es was used to provrd% a
"tenplate"” for the formation of the inorganic material. The basic prem se
for this process was to use the surfactant structures as a framework and
deposit inorganic material onto or around the surfactant structures. The
surfactant is then renoved (commonly by burning out or dissolution) to
| eave a porous network that mmcs the original 5 surfactant structure.’ The
process is shown schematically in Figure 1. Since the dianmeter of the
surfactant mcelles can be extrenely s |, the pore sizes that can be
created using the nethod are also extrenely small, and this leads to very
‘high surface areas in the final product. There are several characteristic
features of the materials that have been produced using surfactant
tenplatlng process as described above: 10 (a) An ordered pore structure As
Shown | fofdofiét Gind us ol R0 et bR Ind RN S5l HAEhEInaihoghant -
structures to deposition I norganic nmateria he surfactant i's
then r ehmceptenuse rfouthndmcesewasg) usehthe elrr%taedststmmstasraa"rarﬁewosk ambddpbsit i n an

or der ed, por e, netwark, whi c cs th urfacta st ur 15 The., si ze
of e he istPagic FiERE e hs St ot Sindies oine, SR Sartrmhsre
patter ngo%ﬁ@aorﬂ%eﬂeﬁﬂﬁrﬂig SRR dtsbauﬁaﬁ;eo Wavs s li:Bﬁﬁs Abworlt hﬁt ﬁﬂﬁ@@ﬂtercﬁetgt:en of

the surftactant t enper at ure and ot her solution variables. Pores sizes

bet weensuriagtanhamcREprEThemiocesny showys sohematioadly én Bisare la Since \ﬂwameﬁmf theys

bet weeng AROLE EPPQ' | order
at . this ]%gag e ca‘rstj11 e&geteggyggaggﬁﬁﬁgk’&e% racagb% c[-é}%%?mg %é 20
scan, satgratsbextnsmeiylsm;ru,ramdplhrsleaésjtoazg@hngismaeuglnethefﬁnhhmduntldent X- ray
beam on the sanple. Peri.odic structures give rise to peaks on XRD scans.

The | ength ommmaemevembbherasteamd@amﬁ:s of theangeiafs thed laive betnprbhwednghg at

whi ch the purs Perio errents of atonms (crystals),.in which
t he. sp%‘t‘:‘faﬁ %g?r@ﬁﬁlaﬁgesﬁpgﬁ{?g@ Beaks at. so-called "high angles’
(tyg(:lcally > e’zérdered pore structures in . surfactant-tenplated

i al s~ hal# o B Hrucggci ngs and therefore produce peaks at |ow
angles (typically nu I ess than 5). speC| al XRD instrunent, called a
smal | angi e §5 at{] rtgrfewsf)mnl rhgtRads uss erdersd-senfaciant siaislires do

:ﬁ a)”g nete&&b@at@ﬁéﬁysﬁioh@rﬁéx%aﬂr@ n&%\%ﬁaﬁ@t@%ﬁrﬂ&éﬂ?kﬂﬁ%ﬂ BRI GilRut MﬁW' e of
the ordered structure. This results in an ordered pore network, which mimics the surfactant

structure.

15 The size of the pores, the spacing between pores, and the type of ordered pore pattern are
“dependent upon the type of surfactant, the concentration of the surfactant, temperature and other -
solution variables. Pores srzes between ~20 angstroms and ~300 angstroms have been achleved

Spacmgs between the pores also lie approxnnately within this range

Periodic order at this scale can be detected usmg x-ray dlfﬁ'actron (XRD} In an XRD..

20 scan, signal intensity is plotted against the ‘angle of the incident x-ray beam on the sample.

Periodic structures grve rise to peaks on XRD scans. The length of the periodic spacmg is

inversely related to the angle at which the. peak occurs. Periodic arrangements of atoms

(crystals), in which the__ spacings are very “small, produ_ce peaks_ at so-called ‘high angles’

(typically > 5°). The ordered pore structures in surfa_etant-templ,ated materials bave much
25 greater spacings, and therefore produce peaks at low angles-(typically mmuch foss than 5. A .-

special XRD instrument, called a small angle x-ray scattering (SAXS) instrument, is commonly

used fo examine the pore structure in surfactant templated rﬁatelia.ts, An example of an XRD -

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




-of- reactions t at can e use

scan froma surfactant-tenplated material is shown in fig. 2. 20 NAY 2865 7
(b) Uniformpore size For a given type of surfactant, surfactant mcelles
are essentially the same size. Pore sizes are therefore very uniform since
pores are created in the space that was occupied by the mcelles. Pore
size distributions in materials may be obtained using nitrogen gas
absorption instrunents. An exanple of a pore size distribution froma
surfactant-tenplated material is shown in fig 3. The distribution is
extremely narrow, and is approximately centred on the dianeter -of the
surfactant mcelles. Such distributionszare typical for surfactant
tenplated materials. (c) Absence of atonic crystallinity (Le. absence of
highly ordered atom ¢ 10 structures). Most conventional inorganic
materials are crystalline. That is, their atons are organised into-highly

~ordered periodic structures. The type, ampunt and orientation of crystals

i n i norgani qb) Matlbiforimpotd sitd cal |y influences many inportant physical

~properties. A major drawback of nost ' surfactant-tenplated materials is

t hat nor mal IBor tahgivér 88 df isGrfA0RnE M'upthctint ickllds 28 bkerBialy i) ddnitesize. Pord N fact

*in.nost cases it is considered anorphous. The difficulties in producing

hi ghl y %?Wmherem;e W&fyémx@rn@, sinee poiss th@smrth%masﬁﬁlat wapeesapich Py thee very -
nature ficcHey b3 h@ﬁs @gmat ﬁlap%%téb&aﬁﬁé er a%éﬂy%%;w O&rgtfx&e types

nor gani c yt he
[ nor@anmstrmms i1 exansple of arporevkizé slhstrt&u&oﬂ tfrcmaatsarfactmtmmlﬂanee niagerial éser ved.

Since the surf tu ) ts 20 based
ol ut i offPVBHE T QU A GAED eSOy e b BB S o dur ot

t enper afietr 0EEe Shdbiake QbcellE &ldhe&tsﬁ-lbﬁﬁdn@ Mrd Sypd@Y S6:€ surfBiaMt &apYRed | onal

“metal oxide materials, particularly conplex mul t1 - conponent oxides, require

heat t r BgicHalst s at very high tenperatures (up to 1200C) in order to
achieve the correct crystal structure and a uniform dispersion of

el enents. 29¢ d) 4bserper efcwomic credinigs (e rbensce anf Tighip| avened oo ds
' requres,ggga?eactlon times to formthe. surfactant- inorganic structure.
. FolTowi ng this,

extended and careful heat treatnent is usually necessary to-
Most conventional inorganic materials are crystalline. That is, their atoms are organised

: i_nto highly ordered periodic structures. The type, amount and orientation of crystals in inorgafnio |
materials criticaﬂy influences inény important physical' properties A major drawback of most
. surfactant—templated materjals is that normally the i morgamc material is not hlghly crystalhne

15  In fact in most cases it is conmdered amorphous

The dlfﬁcultles in producing hlghly crystallme materials denve from restnctlons
imposed by the very nature of surfactant templahng These restrictions gteaﬂy limit the types of
reactlo;ls that can be used to form i morgamc; material. Obviously the morganic matenal must
form whilst the surfactant structure is preserved. Since the surfactant structure normally exists

20 . in an aqueous-based solution, the inorganic réactions must be aéueous—based, and must ocour at -
"temperatures less than 100‘50. This restriction is .sevAe.re.- Many conventional metal oxide |
materials, patticularly coﬁiplex multi-component oxides, requiré héat tréatments at very hlgh
temperatures (up to 1200C°) in order to achieve the comect crystal structure and a uniform

: dlspersmn of elements. '
25 I Long4‘eae&on times -

Most surfactént—templaﬁng methods require long reaction times to form the. surfactant-
inorganic structure, FOI_lowing this, extended and careful heat treatment is usually necessary f_o

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



renove the surfactant. Long reaction tines greatly add to the efgeiye 2005

i nconveni ence of 20 MAY 2005 8 processing at a practical scale. The |ong
reaction tines again can be attributed to the types of inorganic reactions
that must be enployed in. surfactant tenplating. A variant on the
surfactant tenplating nethod descri bed above nay be described as the
production of surfactant-tenplated structures via self assenbly. Many of
the detailed mechanisnms of this process are not clear, however the basic
principle is that the surfactant- inorganic structures assenble at a
substrate or a nucleus and grow fromtherg. A general review of this.

nmet hod is given by Aksay-lA, Trau-M Manne-S; Honma-1; Yao-N Zhou-L,;
Fenter-P; Eisenberger-PM Gnine-SM "“Bioninetic pathways for assenbling
inorganic-thin filns", Science vol. 273 (1996), p 892-898. 10 In ' :

- sel f-assenbly, the solution nust.be carefully controlled so that inorganic
deposi t i processing\at @ pragtical eeuld. the ammmbduong]mra‘gamtoanme&ttﬁmbwﬁhe liypes b€

" i nor gani hase fqrmnms.  too ra then_ |ar nor gani ¢ precipitates that.
do not . CH}??W‘FY%P‘?%&]E‘%WI“SW ?mﬁléw%%ﬂafaa% %B‘B]thg solution. Cearly this

woul d result in a non-porous structure. The i norgani c. reactions that_ have *

most |y been efhyRRRRtan e syefetani demplging mathed desqebed abpye gy ba deseribed a81p¢ at i ng

met hods a&aWloh) of IsBrffcdnk t‘éi!nptlmldjrs%&%}e% Gﬂ“‘r}&?%&énﬁm MEAS! b0 dotaled

Hydrol ysi's- condensation reactions i'nvolve an |norga i C precursor
i s infti aerhanginsdithie drodess srolnot Cloar, hiwevek iths basit ppncupie ti$ ¢hat d:mcsturﬁctants

hydr ol ysks of.the precurs Thi,s. i.s fol y ri sation.of .the
el of < eeibitstBer Btk e L BieSied o PR b Bl B e i

Hydr ol ys bﬁﬂﬁ:@ﬂﬁéﬁﬁﬁt’&ﬁt@ﬁh HyeﬁkéayMSTﬁ&él\/IbHaﬁ@SeH&ﬂhM BRAN! Zhdu/L;A%nted P, M -
OR+H20 4 OH+ROH hydr oI ysl.s . M OH+M OR M O MFROH condensation M= a
netal io ISPélbﬁf%?ﬁPM’g@ﬂtﬂe g Bimimstig  patgeyR) for arsenitding aiapsanie il Sbes”, |

conmonl ygggﬁgek,gy(w?(@%)qgggpgéf/nerl sati-on nature of these reactions: resul ts
~in glass-I'ike materials’that do not  contain a high degree of atom'c ‘order.

As digcussed prepi Qs Wi S P.ttlﬁn %ﬁ?b@ E:arlefuﬁgtcaﬁﬁ‘ﬁﬁd%t) iR Shorganic d s1t10n
surfactant-tenpl ated maferi ssible to I ncrease %%ﬁ](la order

t hei nor genly ©cevet Q;rtha hssirybling surfactant structure If the inorganic phase forms too rapldly, then
' large inorganic prec:pitates that do not contain surfactant will form and drop out of solutlon

Clearly this would resultin a non-porous structure.

The inorganic reactions that have mostly been employed in seIf‘-assemBly (and other
15 ~ surfactant-templating methods as well) -ar.e called ‘hydfolysis—.condensation’ reactions.
- Hydrolysis-oondensation reactions involve an ‘inorganié precursor’, Whioh is initially dissolved :
in solutlon The first step in the reaction is hydroly51s of the precursor. This is followed by
polymensatlon of the hydrolysed precursor (condensatlon) to -form an tnorgamc phase

' | Hydrolyms—condensatton reactlons may be represented generally as:
20 M-OR+H0 . = M-OH+ ROH. hydrolysm _
- 'M—OH+M-0R D MA.-O-M+ROIl-I co;lden.éation
M= .a motal on | | -
R= an organic ligaﬁd, e.g; CH;
- M-OR =inorganic precursor, commonly an alkoxide - . -
25 The polymerisation nature of ttlese re.&-lctions results ‘inl glass—like"niaterial's that do-not

contain a high degree of atomic order. As discusse_d previously this is a major limitation of most

suifactant—templated 'materi_al_s; It is possible fo increase the order in the-inorganic Vmat‘erial by




9 heat treating at high tenperatures, but alnost all attenpt poﬂ \ gm
have resulted in collapse of the pore structure prior to cr?% ion.
Most hydrol ysi s-condensation reactions are too rapid in aqueous solutlons
to be useful for surfactant tenplating: Silica-based reactions are an
exception, and can be controlled very well. This explains why, for a |ong
time, the only surfactant tenplated materials produced were either silica

‘or silica-based. 10 Some success has beenjachi eved with a nunber of other
mat eri al s by using. additives that S|OMIgOMﬂ t he hydrol ysi's condensati on

. reactions in aqueous sol utions. Exanples are: "Synthesis of Hexagonal -

Packed Mesoporous Ti Q2 by a Modified sol-gel Method" Agnew. Chem Int.

- Edition English, vol. 34 (1995), p2014-2017, D.M Antonelli and J. Y Ying,

Neosost 1 Set et igh citfhen e il e 8l B1UD gt Bl msotamnof -

Sol i d St dteporestfuctire pridrdo cry@aHidfAidn( 1997) , p249 253.. A rel evant patent i's
“WS 5.958 367 (J.Y.Ying, DDM Antonelli, T.Sun).” A major advance was
~acconpl i shed MostSiydediosis-edndeation fea&ﬁemeefel 168 agpiBin biRBES scbitiohS td-BE ﬁ@ﬁﬂor e
.NEsoporous qIngﬁtaal Oxi des with Senicrystalline Frame works", P. Yang
~ Zhao, D for ssfagiantdempleting: Sikgahesedreastipnsars amereapijon, gad Grebe mtroﬂstbsery

(1998}, Tl%lé @gﬁﬁﬂ@ﬂi e 2 ?Jng %% ?ﬁﬁ%ﬁﬁkﬂdﬁt @Bﬁtafeﬁ%‘?énafs*b%hu@&t'ﬁ%s |

sol'utions to sur tant -t tructures

‘Hydr ol yswﬂh@cﬁntensahcaebasedaact ions are nuch nore easily controlled in
-al cohol solutions than ~aqueous solutions. Stucky et al. were therefore
" abl e t o .prooduSemns sudcasst bastbeereeqﬂﬁateédwﬂta uaberest é?tﬁen/mtﬂmzﬂs bﬁusjeg aedlditives

e ted t t |
Lnorgan Bk (B JBS iyiels sendhisef R RGeS Boaer (el RE of
_cryst al | i“iitlieshRsf Hbkdgondikcked msoPot&ts TitQ rt@as Mo salrgelnMest)e’d Ahewery

~smal | crystal line regions surrounded am)r;‘)_\%ous i norganic material -

Sur f & arfthere fi Bdiden Spetiv upledt (1%, rp2§t‘t~30
“this methgasg R1998 Mg Rzﬂtpﬁ}b tﬁhth%ﬁﬁ@@(gﬂ@]%“ﬂﬁges &h%&ttteﬁ‘i’tl dFPahﬁﬁgethh

‘an appropriate unt. 6 act ant 'S mxture
. tenperat lﬁ?@thﬂﬂeﬂ@ ‘Ellmaczteﬂsatauf abulid Ssargdmiisre vols ol (lek0F (2997),paH 253 YsteldvantThe

K e’ Sonc RSP o otk MR TR P, e Sl s actane S ey
7 A major advance ‘was accomphshed by Stuckey et. al, (“Generahsed Syntheses of
_' 15 V-Large~pore Mesoporous Metal 0x1des wrth Sermcrystalhne Frame works”, P. Yang, D. Zhao,
- DL Margolese B.F. Chmelka and G D. Stucky, Nature, vol. 396 (1998), p152-155) who used
alcchol-based solutlons rather than aqueous sclutlons to form surfactant—templated structures
_ -Hydrcly&s-condensatron reacttons are much miore easily controlled in alcohol solutions than
7_ | aquecus solutions. Stucky- et al. were therefore able to produce surfactant-teruplated structures
2(‘)' 7' ‘wrth a range of I morgamc metal oxrdes Stucky, et. al. also reported that ﬂlGII' matenals exlublted .
o ~ . some crystalhmty in the crgamc phase. However the amount of crystalhmty was still small and |
. the morgamc phase cons1sted of very srnall crystalline regtons smrcunded by amorphous H

morgamc material.
Surfactant-templated Structures via In-situ Reaction i in qul.Ild Crystals

25 _ | In this method a solution of water and an mcrgamc precursor is mixed wrth an
: appr0pr1ate amount of surfactant, and this mixture is kept at a temperature where the surfactant
“organises to form a hqmd crystal. The i morgamc precursor then reacts to form inorganic rnatenal |
- that occupres the space between ‘the surfactant micelles. Finally the surfactant and any

remaining water are. removed by bummg out or other methods

M. ghntonell prgJ. Y- Tingsfbifs In



remai ni ng water are renoved by burning out or other methods. 2 @J%ﬁyéﬁ&?S
concentration to forma liquid crystal. This mxture is place WO
el ectrodes, and kept at a tenperature where the surfactant organises to
forma I|qU|d crystal. One of the electrodes is a substrate that is to be
coat ed. Applying an appropriate voltage causes inorganic material to be’
deposited at one elect rode. This material only deposits in the space

bet ween the surfactant. Upon conpletion el ectrodeposition, the

- -surfactant -may be renoved by heating or by dissolution in a solvent that

does not attack the inorganic material. The organi sed pore structure is
mai ntained in this nmethod. The deposited material is al nost always netal,

- which is-very easy to 'crystal i se, therefore strong high- angle XRD peaks

“are observed. sirkiftl D ARk | Pedld gsaffrc@ma@a&msadﬂaxna ¢ feftion ngliietakd O 10-

g-would indicate atomc¢ crysta
~the surf phsanthilet the chfbetzatsstpomse i pdserfid Shisgagemn linits tthe tdwpetabmpariahar e of

. th t th t t, tak
Ao, € hecsEamh R tearen st ke Pamansarars panich Aty PR ( ho

tructures, aré not esent. place while

- surfact a tocedd‘ﬁndﬁd) %H{Iﬁng)m,ﬁge,ﬁﬁ%@ﬁgcwﬁed the sane silicate
T.hydronS|s condensation reactions descri-bed in the self-assenbly met hod. -

" The | squi d crygt ?dgg/oﬂ%?%&@ﬁ'c fad @A igReshndsilide ﬁjrdi'ﬁ&sm—@dn‘d@ﬂé&ﬁon fedctions

. evidenced either
‘which Si wiescaibed @n tive sdbawerfily metbehifheriyud cfysisl atmctlse fis) mtﬂun@s int the final

*inorganic. (& action.nus ak a thod oyed
o hoonuEESEREH ARl iRl G ol eRED oEARS 1R M REDREAR, PR VoY
tenpl at eavdayd Aibieae utoatic AFstaHAL kiR inres are Bobptesent. @enar ~and S.1. Stapp,
“Nat ur e “vol . 380 (1996) -p325-327, and "Countering Effects in Liquid Crystal

angl e XRD peaks or TEM™ H gh angl e XRD peaks,

~ Tenpl-ating of A\lﬂﬂ&%ﬁf ﬂé@dﬁdh%}eﬂﬁd$as bdén eﬁ?ﬁ\?&‘l teproditde cadshia satfidy, afoulttedr i al s
ate

~-Vol 9, No. 7 (1997), p1495. Cadnium sul

cadm um chl orij de, ca m um

per cAPor A¢ ESemigondiighing ﬁWrFMF%teﬂﬁ’tﬂﬁ%’o% Malgepler dysemplies’, B Beagot

‘.-’-sur fact anhg §P gﬁﬁ’?ammlré QHi. 46 (M60bRH525- 375 18P SC¥RRernp IRIREM i 2iduid @r;trstﬁ

~structure,

eacted w fh the dfssolvéd cadm umions to produce. Cd

The Ii qurlitmp@tgagtoéle@mmmtmcchdS” 6t Eohvenleti al. fGhaatisrpras dbuerials WobPt Nt Vy

o a0 8 SR i Bl PR Rt

' -‘crystal | i

.. aqueous solutions were mixed with surfactants to. create liquid crystals. HS gas was infused

15 | _into the stmcture, which reacted with the dlssolved cadmium ions to produce CdS The liquid
' QCrystal stracture is retained i in ﬁnal product Importantly, srgrnﬁcant h1gh-ang1e X-ray peaks ate '
-'present mdmatmg good atomic crystalhmty ‘ '

Surfactant-templated Structures via Electrodeposrtron in quwd Crystals

ThlS method uses a snmlar pnnclple to the surfactant-ternplatmg methods descnbed'
-20 “ above An aqueous—based electroplatmg solutlon is nnxed with surfactant at an- appropnate '.
| :'concentranon to form a liquid crystal Tlns mixture is placed between two electrodes and kept‘ ‘

‘ata temperature where the surfactant orgamses to form a l1q1nd crystal One of the electrodes i is

o a substrate that is to be coated. Applymg an appropnate voltage causes inorganic material to be

| “deposited at’ one electrode Thrs material only déposits in the space between the surfactant
- 25 7' -Upon completion of electrodeposmon, the surfactant may be removed by heatlng or by '

i d1sso!ut10n ina solvent that does not attack the morgamc material.

The orgamsed pore structure is mamtarned in this method ‘The deposited matenal 1s '
-~ almost always metal, Whlch is'very easy- to crystailise, therefore strong high-angle XRD peaks
are observed. Platinum and tin have been produced by tlus techmque




Surfactant-tenplated Structures via El ectrodeposition In Li qugd GrAS Lahs
This nethod uses a simlar principle to the surfactant-tenpl ati ng net hods
descri bed 20 above. An aqueous-based el ectroplating solution is mxed with
surfactant at an appropriate 20 MAY 2005 11 As nentioned above, it is an

ai mof the surfactant-tenplating nmethods descri bed above to produce solid
mat eri al having a regular array of pores, with the pore structure having a
very narrow pore size distribution (i.e. the pores are essentially of the
sanme dianeter). Mdst of the surfactant-tenplating processes described in
the literature have resulted in the formation of 5 inorganic particles
having a particle size in excess of one Wi cronmetre. Crystallinity is
difficult to obtain. Reaction times are | engthy because significant tine
is required to formthe surfactant - inorganic structure in solution. .
| ndeed, a nunber of published papers require tine periods-in the range of

1d 7 d | |9 d
‘devel op. " Fuit Tepipe P Yoo AR 8RR M eh R Bt A ive
mat er i ako pﬁ&dﬁé’tﬁsoﬁﬂl ma@ﬁiaanﬁwﬁg & teEhldf BrrayldY poks! whie theQfnd SttnctirdhBAkkes vérd avoi d

.col l apse of the surfactant structure. Another ghp roach to grodumgtg
‘nanopowAdEew peregaac disibution (ienthe paresiar Bsenfigiheet thusame diagoBadipst of bRy et

al . I'n thiegy ﬁﬂe‘f'ﬁ}slatpu% aé%&e@ées %gdr%@%?%‘gl% ﬁ&%@ halé L'es{xﬁedf ﬁriﬂgq‘o%yaﬁ'dh Xgng an

aqueous contin wth a I'c organi ¢ polymeric disperse
phaseé. ngamdfm‘hdigmllaomgualpaﬂlcterwn exqeed qfrme m@omehmke Crystallidity is diffidulictn, t he

hydr ophi ljc ni ¢, pol r orbs 15 uid an to Jts structure due
03 bl N S aE e by htaiie SR ingip FBRALS P HetEbRG on
" fr ozen'inopddié finkchee B HRAILE.IAIRE) V/XRAteE of SbYRHeR paﬂéiereaaﬁé 1RO b¥ritRls @leor k
is calcined to deconpose the omder | eaving a high surface netal oxide

powder . "4} el cdayi g 7 dayprie ra&@m thei éesg%ts@r&wtaat-g@rsaﬂemam@ t® dfveooc
f
pref er alﬁu&hé%{bge e Zﬁ%om'tﬁed)@t@e:%mggﬁqhirgﬁné eé-i?l Mﬂég B § s

pol ymer be used’in t process f oxXI| ers. her
pat éifit s nistibe Geaide’] iporddn & qypmichoﬂapsenfﬁlfesmmmam zed powders i ncl ude US
- 5,338,834 (incorporate a netal salt solution into a polyneric foam and
calcining t he\nbthmmpproachrto\pmdociggrﬂan@oaﬂdrsIiedemfnbedpmvﬁme)i Statels Bifert, &3, 289

Fasi - art B dh e o sl Pae A g8 raken wkeabimh 58 RHtieR iy eI he
foam i s squqsls| @tirds PhseSkitt & Ayatophiicabdnic? f6lymeric disperse phase. When the:
7 . bydrophilic orga.oic polymer is added to the solution, tﬁe hydrophilic organic polymer absorbs
15 the liquid on to its structure due to chemical affinity. The producf is a gel with the metal salt
solution “frozen” within the dispersed polymeric network The salt/polymer network: is
calcined to decompose the powder leaving a high surface metal oxide powder The calcining
. temperature is stated to be from 300°C to 1,000°C preferably 450°C to 750°C

Th18 patent requn’es that a hydrop]nhe orgamc 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 -(incoz_'porate‘ a metal salt solution into a polymeric foam and calcining the foam to
Temove organics and leave a powdér) 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 dunng which the foam is expelled and the s1hoon is stablhzed)
' Brlef description of the invention

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

metal oxide particles.




Brief description of the invention The present inventors have n%& @@yefﬂﬁed_
a nethod for producing particles, especially netal oxide particles. 2 0 MAY
2005 12 I n one aspect, the present invention provides a nethod for
produci ng nmetal oxide particles having nano-sized grains, said nmethod ,
consisting essentially of: (a) preparing a solution containing one or nore
metal cations; (b) mxing the solution fromstep (a) with surfactant under
conditions such that 5 surfactant mcellgs are formed within the solution
to thereby forma mcellar liquid; and (c) heating the mcellar liquid
formed in step (b) to formnetal oxide, the heating step being undert.aken
at a tenperature and fora period of tinme to renove the surfactant and

t hereby form net al oxide particles having a disordered porous 10 structure.
Preferably, oxi de part.icles are ri f at .| east t al
Cons. - and” " i P lokesty Hie BreB i fenin HruSoR indifia, Bor BoausBR pelal Bt oo

therei n-pﬂfhdem!eriugdaaﬁ@eizemgdaim sammsbse&msﬁﬁ%ersenﬁnysf(C) the step of
treating the mcellar liquid forned in step ( to forma gel, said geI _

formng due t )orqﬂépaﬁsgséolamﬁeﬁtaeﬂhgeh&eidle@ﬁmwdnect ant nol ecul es. 15
_ The partlcles are preferably agglonmerates of the grains. In this '

enbodi ment, t@#s Ikl the'Blutidh R Ytdp' G ?t\mh ?l%rﬁ%%?qn&é?%h&iﬁons §Icﬁpth§1a) of

t he present process involves the preparation of a solution contalning .one
or ndre netal catshﬁn@antmelh@tﬁt formeadowithinrthe shlvtiem te theosbyli fogn taomideBar
required corrp05|t| f &he nmet al oxi de particles. The solution of one or
nor e net al catlons S preferabl y a concentrat ed 20 solution. The inventors
presently beI ve th on of Ived rret '

preferred for chi e@ %Faé 83& mo?tefb rm Riefpl 031 afhgéeﬁté}}gbe'r

of metal cations rmaplkﬁgjﬁmﬁrthkbntzh% RlpEQRie mm/mts ﬁsmodafaimi RSremok€ e
nmetal cation from Groups | A 2A 3A, 4A, 5A and 6A of the Periodic Tabl e,

transition metal $W fpcipt 7 theeby, forivs Bielah obride, Pagiiplesrhaving: & disorlersdgporonm; s
‘I'i st 1ghoul d not beygens dered to be 25 exhaustive. The nixture nay contain
one or-nore different nmetal cations. : .

Preferably, the metal oxide particles are comprised of at Ieast two metal ions and
chﬁ'erent atomic spec1es in the particles are evenly distributed therem “The method. optlonally. '
comprises, before step (c), the step of treating the micellar 11qu1d formed in step (b) to form a

gel, said gel forming due to orci_eﬁng of suffactant micelles or surfactant ‘molecu'les.

15 ~ The pai‘ticles are preferably agglomerates of the grains. In this embodiment, the grains '
are smtably hghtly sintered together | ' | |

Step (a) of the present process mvolves the preparatlon of a solution containing one or’
more metal catlons The Inetal cations are chosen accordmg to the requlred composition of the
~metal oxide pa.mcles The solution of one or more metal cations is preferably a concentrated_

20  solution. The inventors- presently believe that a high concentratlon of dissolved metal is

prefen-ed for achieving the highest yield of product.

A very large number of metal cations may be used in the p_resent'inventioﬁ. Examples
 include metal cation from Groups 1A, 2A, 3A, 44, 5A and 6A of the Periodic Table, transition
metals, lanthamdes and actnmdes and mixtures thereof, This list should not be con51dered to be

25 exhaustive. The mixture may contain one or more different metal cations.

The metal cation solution is suitably produced by mixing a salt or salts containing the

~desired metal(s) with a solvent. Any salt soluble in the particular solvent may be used. The



The netal cation solution is suitably produced by m xing a ? g? zalts
containing the desired netal(s) with a solvent. Any salt so Qbm 0bhe
particul ar solvent .may be used. The 2 0 MAY 2005 13 netal cation. solution
may al so be produced by m xing a netal oxide or netal oxides or a netal or
metals with appropriate solvent(s). A nunber of solvents can be used to
prepare the netal cation solution. The solvents are preferably -
aqueous- based sol vents. Exanples of suitd® e solvents include water, nitric
acid, - hydrochloric acid, sulphuric acid, hydrofluoric acid; anmonia,

al cohol s, - and m xtures thereof. This Iist shoul d not be considered. ,
~exhaustive and the present invention should be c0nsidered to enconpass the
use of all SU|tabIe sol vent s b) of the 8d of the resent. -

i nvent i offtetah gaiondelutigamay alselbpatqa‘; RIS g e plometakoyides or a metal

surfacta 7 Fr@r‘ﬁ urfact ant being added to the solution under
condi ti orlitﬂsﬂf gl]dptp t alf:esoel are formed within solution such that a

m cel I ar "qqunta) & @at B@hseﬁrto plephetnd mebPEARA 160 TEBCLADL! ©

‘added in sufflment guant such tha surfactant nolecul es aggregate
to form mef&hﬁleaquédus«baseuc&lﬂeaﬂs Examples ofrsuimbleeslabatsniotiude Matnrtmmc acid;.

" significan rder erefore- th Vi Scasi L i

usual Py M‘i‘ﬁqﬁ Ppﬂﬁ? g r}‘ ogf d‘él P i %X%Plf P‘?ff % er%l ch
ar e . Conmehkgfish ﬁlouid ﬂ‘d% be le'§ﬁ's1f.Q:EedrExﬁﬁdstﬁér arld 188! bﬁeﬁ&v@ﬁl&mﬁﬁdaetc@ndlde%ﬂ t@
crystals therefore enabl es. 'si npl e, rapid and thorough m xing of the
sol ut i on enepmpassihe ugerefiall suifghlesolvestsi nportant for conmmercial production

',processes ‘I'n sonme enbodi ments, the anount of surfactant. nixed with the
solution’is sBfpi(e)eie methpd oﬂueereaenumrenﬂmmwlwuaddma susrtash to the mituss] | es

are clos e n 0 C

For moa b VeS8 SR I P MO0, BB b Pihdlubd
pr actiioc e suéihthatthicelled ard fahhabwitliia toldfomemeh tHaba écetiariiquid isédmriea t he anount
of surfactant added and the tenperature. For sonme surfactants, the

tenperature Sb\quiodlé&ezqeicematnedd witth Isaifact-mk iscddded & mmmqmtjamnmamhebel ow |
is necessary. Q{g surfactant: capabl.e of ‘fornin ce xﬁ:ﬁ
t he pr esSHHAGHEN; BIpieonles aperegals (oo, picslict Ing mjeg "Fg;ﬂt’%& Hﬁ?FnB% E‘ét(f lttahe

inventi ongediRehititiRE of BRIet, WkrFo HhA Gk MtS of thd Aqkialid Qnany SR EEAMLS thafél ONI C
surfactants and. zwm tteronic surfactants.” Some_exanpl es.include BRI T

C16H33( oeaeaqzqezaimqtdésngaapbuemea@nare (cmmnohsel ligpy Ysegof mispimpliquids as
( Al dry ISC h)dpp(?Bd ‘to llqmd crystals therefore enables simple, rapid and thorough rmxmg of the solutlon

and surfactant which is nnportant for commercial production: processes. In some embodlments
o the amount of surf_'actant mixed w_1th the solutlon,ls sufficient to produce a mlcellar _llqu_rd in
- which the micelles are cldsel}t' spacecl The condiﬁons inder which the micellar liquid is formed -
_ will depend upon the’ partlcular surfactant(s) bemg used. In practlce, the main variables that -
2“0'7 . need to.be controlled are the amount of surfactant added and the temperature. For some
| surfactants the temperature should be elevated whllst for others room temperature or below is '
' necessary
' Any surfactant. capable of fOrming micelles may be used in the present invention. A
large number of surfactants may be used in the mventlon mlcudmg non-ionic sufactants,‘
| 25 lcatlomc sufactants, anionic surfactants and zvvltteromc surfactants Some examples mclude'
‘ BRH C15H33(00H2CH2)20H, designated C.;GE.Og{ (Aldnch), BRIJ-30, Cy,EOq, (Aldrich);_ BRU
56, CigEOwo, (Aldrich); BRI 58, Ci¢BOz, (Aldrich); BRI 76, CisEOuq, (Aldrich); BRIJ 78,
C15E020 (Aldrich); BRIJ 97, C13H35E010, (Aldnch), BRIJ 35 C12EOz3, (Aldrich); TR.ITON X—_
.'100 CH3C(CH3)2CHzC(CH3)2C6H4(OCH2CH2)xOH x= 10(av), (Aldnch), . TRII‘ON X-114,




56, Cl6EOlo, (Aldrich); BRIJ 58, CL6EO20, (Aldrich); BRU 76, Cl3EQLe Y]?GOS
(Aldrich); BRIJ 78, Cl16E020, (Aldrich); BRIJ 97, Cl3H35EOlo, (Aldrich)
BRU 35, Cl12E023, (Aldrich); TRITON X- 100,

CH3C( CH3) 2CH2C( CH3) 2C6H4( OCH2CH2) %0H, x=10(av), (Al drich); TRITON X-114, 20
MAY 2005 14 CH3C(CH3) 2CH2C( CH3) 2C6H4( OCH) 2CH2) 50H (Al drich); TWEEN 20, '
pol y(ethyl ene oxide) (20) sorbitan nmonokgyrate (Al'drich); TWEEN 40,

pol y(et hyl ene oxide). (20) sorbitan nonopal mtate (Al drich); TWEEN 60,

pol y(ethyl ene oxide)(20) sorbitan nonostearate (Aldrich); TWEEN, :

pol y(ethyl ene oxide) (20) sorbi tan nonool eate (AI dr| ch); and SPAN 40, 5
sorbitan nonopal nitate. (Al drich), TER TAL TMN 6
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havi ng a{ZQokgip étmymemdcamted@ﬂdpuh)/(wtﬁﬁnr eflt poly@8iylanel ytide)hy(2®nsorbitarmde)

hucl ous CRPRPRLTAR 0oRFRHE L TRIER 60 PR i) RO RORER ploteip,
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description the followng marks. are: used NI"C
sur f act arfta =4GR, EQuPOaEOan(BASHY ?DNRQNICaEI(ﬁnmv ~TAS0N EQrPagEani (BATHN

surf o Buofic i Yt 2o ol AL, AL L O S0
'sur f act aiQGy,ROREORA(BASF)S BHURDNICN G 2T €1, = 12 - 600), EO]OGPO‘]OEOIOﬁ (BASF)
- -1_5 - PLURONIC F88 (Mav = 11 400), EO160P035EO100 (BASF) PLURON“IC 25R4 (aay = 3600)

7. P019E033P019 (BASF); star dtblock copolymers having four EO,,-POm chams (or in reverse, the |
four PO,-EO,, chains) attached to an ethlenedlamme nucleus, and termmated by secondary
hydroxyl groups; TETRONIC 908 (Ma‘, 25 000), (E0113P022)2NCHZCH2N(P0113E022)2 |
(BASF); TETRONIC 901 (}llav = 4700), (EO3P013)2NCHp,CH2N(P013EO3)2 (BASF) and'

20 ‘TETRONIC 90R4 (Mav = 7240) (P019E015)2 NCH;CHZN(EOmPO;g)z (BASF) '

o In the description the followmg marks ate used as trade marks PLURONIC surfactaut :
BRH surfactant TRITON surfactant; TWEEN surfactant SPAN surfactant TERITAL .
surfactant; TERGITAL surfactant and TETRONIC surfactant

, The above sufactants are non-lomc surfactants . Other surfactants that can be used
25 include: '

' _ _Amomc surfactant -
' Sodlum dodecyl sulfate CH3(CH2)1 10803NA
- There appears to ber several manufacturers. Sigma is an example.

Cationic surfactants}, ,




Ani oni ¢ surfactant: Sodi um dodecyl sulfate CH3(CH2) 110SGBNA There appears
to be several manufacturers. Sigma is an exanple. Cationic Slrfattdats:. 20
MAY. 2005 15 Cetyl tri net hyl amoni uin Chl ori de CH3( CH2) 15N( CH3) 3C1 Al drich
Cetyl trimet hyl ammoni um br om de CH3( CH2) 15N( CH3) 3BT Al drich CEtyIpyrldlnlum
chloride. C21H3sNCl Sigma. This |ist should not be considered to be
exhaustive. 5. Step (c) of the nethod of the present invention involves
heating of the m xture from step (b) to an el evated tenperature to thereby
- form metal oxide. The heating step being{gundertaken at a tenperature and
for a period of tine to renove the surfactant and thereby form netal oxide.
particles having a di sor der ed pore structure. Step (c) nmay optionally be
preceded by a step of treating the surfactant/l'iquid nmxture to forma

gel. Commonly, the gel fornms due to 10 ordering of the micelles to forma

i qui d cr ySt glery iRt Bklonibch chferige CH,@HBNNICH,RIAMdrdthe  t enperature of
“the m xture to formt1e gel. For sonme m xtures, cooling will result in gel

formation. S%Bﬁgnﬁﬁﬁ&ﬁﬁ&ﬁ’brdlﬁﬁb RGOV NES)BT ARrige! for mation. This
epen

appears to be t upon the surfactant(s) used. If the optlonalrstep

”nof form ng a ﬁénkﬁnﬁﬁﬁ@hbﬂﬁébﬁfﬁ§“@9§@Hﬁhe heating of step (c) 15

invol ves heati ing step results.in the formation of the.

metal oxide. aﬁﬁ‘sIlslt'ghu%l)dx?otbeE{rﬁsldéfe%tt?bebﬂﬁ @Rrticles. Unlike prior art

;processes f or"produc oxl des, the method of the present

e O, Ot RTREES pRpaE o el BB R 1R pllE B

suit abl esté xoen sevnital tamsekaturdCocthantig tfamh tmoetad adxdde. Prhef hmug ystept bring
T maxi mum | ed tenperature r ched i n es t

'600C; %PGH?J@F@F &Eﬂ‘%l’e%ﬁtanql @ Pepigd Pfﬁlﬂeg%’g B%ﬂ‘@ﬁ%?bs ?‘tﬁﬁ?g‘ﬁ’sem |
i nvent or eéaf&lﬁéfgarﬁéié’éha%h@ RLRRESS] e HARNORE, %@m«,) gy Gpﬁdn@lly Bap‘red:eﬂv@by/e

.lI'ocal i sed exot reacti ons -occurrin could 1 ead t:o highl

Whi- G .
‘L ocal | seastegnﬁenamrtbesurfa@mtﬂeqmd trtxxtrr@rtagfaen agelspgataqnbame sl o A8 1O t he
.-‘pr e-_s ?(51 t or \ér%]gt IOP the! m%ellttap?o %}Rl 'aeﬂqlﬁcf" %{aﬁt%ﬁzal@ irt% a.,l.lfﬁé?dny tb Qllénge the :

temperature of the mixture to form the gel. For some mixtures, cooling- wﬂl result’ in gel

. -‘ ,fonnatlon For other mixtures, heating will result in gel formatton Tlns appears to be dependent :

upon ‘the surfactant(s) used.

If the optronal step. of formmg a gel is used in the rnethod the- heatmg of step (c)

S8 | ,mvolves heatmg the gel. -

The heatmg step results in the formatlon of the metal oxide and the pore structure of the
- : partleles Unlike pnor art processes for producing complex metal ox1des, the method of the
‘ present mventmn only requires a relatlvely low applied temperature Indeed apphed ) ‘
o .—temperatures of less than about 300°C have been found to be smtable in expenrnental work. |
20 conducted to date Preferably, the max1mum apphed temperature reached in step (c) does not
exceed about 600°C more preferably about 450°C most. preferably about 300°C. The present
 inventors beheve that the process of the present mventmn may mvolve focalised exothernnc o
 reactions occumng, whleh couId lead to highly locahsed temperatures However, it remains a
mgmﬁcant advantage of the present invention that the applled temperature is relatrvely Tow

25 eompared to pnor art processes known to the inventors.

The heatmg step may involve a rapld heatmg to the maxzmum desired temperature orit
may mvolve a much more closely controlled heat. treatment regime. For example, the heating

“step may be camed out under a controlled atmosphere The heatmg step may mvolve heatmg to'




25 conpared to prior art processes known to the inventors. ,T at| ng step
may involve a rapid heating to the maxi num desired terrperar?ljféj lor 0% may
i nvol ve a much nore closely controlled heat. treatnent regi ne. For exanpl e,
the heating step maybe carried out under a controlled atnosphere. The
heating step may involve heating to 20 MAY 2005 16. a drying tenperature

. (generally bel ow:the boiling tenperatureggf the mxture) to dry the.

“m xture, followed by a slow ranp up to the maxi mum applied. tenperature, or
followed by a series of incremental increases to internediate tenperatures
before ultimately reaching the maxi mum applied tenperature. The duration
of the heating step may vary widely, with a 5 preferred. tinme in step (c)
being faomikg t%ﬁéﬂaﬁ?e g%n&ﬂllﬁ%%% ttt@%cﬁhﬁ’é ednscdthns cﬂiﬁh@‘lﬁﬁhﬁ {0 dry2ipour s
.even nore preferably m nutes to 1 hour. It wll be appremate t hat
step (cmiktyre, follomieddy atsloemprwass fbﬂ mayigwr applied tephperature; prfollowediby ai n t he
formatl n. of partlc

The h
ot S AP T e PO M A B oo
f or mat | eainiunk hplies tenparaize. ATho WidtloD oF the hesting e haptvang widdy witly abe

carried out using heating._ ap arat us. known b){)@t he person of skill in the = -
S art fo Besfarpditype & plsp (@qum&o o]s5e‘§m“teE>$ar¥ﬂ QIS H’@F%H'é forably E)f a)eegesoto ot her
heat ed ?zq}aﬁfsr&%ﬁ%ore Eﬁrablértfé \ Bot @%%fﬂr\ﬂﬁ%saéptp}&? ¥RpQe) is '
-furnaces, ‘I nduction-furnac ed furnaces ur naces flash

.furnac emtendebéo efcompss gil heattngapreﬂleﬁ vhat et innthé ffomnation dpedicled rof puetal
furnaces,.pbelt furnaces, rotary furnaces, .rotary 15 kilns, rotary dryers,
“spray dri%l Fs, spi n- flash dryers, drum dryers reaction vessel s, .and flash

cal ciners rs have shown that the of the
e e B MY U S e DB b 8B hal
sur flact aéﬂiﬂﬂmﬂ!élf&nfﬂtﬁéhbfﬂw dedifbd nital loR filé! paticlts. u*heheaetxgesépefaybtelaeneﬂeﬁtent
invention, are particles_.of metal oxi'de_ having nano-sized g_ral ns Wi th

si gni fi daig hoting fpparetys krovi Bsthg prseR of skilliinsBe ad febe patable ?rr%*eltaw@sse%read
(di stri byhib,QBRs alonRRet ?iafe@%r 3 Auted®iBEdsAbiohs \MARASSAbte GRARES rbiaf)

‘throughout . - The” present rnvention can be di stingui shed” fromthe prior art
sur f act datle tﬂenpdeoot imdgetipmo fenwes fividl Gted afuenaces, tatht furpases,t fissh nfucrsicesa rtulesr

l'i qui d stal structure b malntalndthr out _a_rea n
(ubi o EPED TEFH S E aE RriRer B Bl SRR R PO R OB et o
oxXi d6 mﬁ]ﬁs iretasy Gepeis)gprup rdyyermepmqwsnmrs drum dryers reaction vessels and flash

' calcmers

_ 7 The present mventors have shown that the heating step of the present invention breaks
dowu any order that exzsted in the surfactant/hquld mixture, and the results of the method of
) the present invention -are partlcles of metal oxide havmg nano-s1zed grains with s1gmﬁcant'
20;" ‘amounts of crystallinity, disordered pore structures, broad distributions of pore sizes and -an
" 'essentially' homogenous cotnposition throughout. 'The present invention can be di_stinguished -
front the prior art-surfactant't_emplating process'es nvnich are reliant npon the micellar ot liqu._td |
crystal"structure being meint"ained througltout a reaction step (Which may or may not involve 7
h_e_atting) to result in the rformation of metel oxide materials having very. narrow pore
.25 .distributiou's and ordered .—pore structures. Such prior art processes are dependent upon the
' propogation of slow, controlled hydrolysts—condensatxon reactlons to obtam the des1red pore
structure. - Although the present inventors are_uncertam of the exact reacttons tak.lng place in the
_ ‘method of the present invention, it is believed that those reactions are not solely hydrolysis-
eon_densation‘reaction's.The vt}ide range of elements that have been successfully used in the

30 present invention, the .'absence ofa highly-eontrolled liquid phase reaction step, the high degree




25 distributions and ordered pore structures.. Such prior ar & %ﬁ%@%é@@% are
dependent upon the propogation of slow, controlled hydrolysis-condensation
reactions to obtain the desired pore structure. Although the present
inventors are. uncertain of the exact reactions taking place in the nethod
of the present invention, it is believed that those reactions are not
sol ely hydrol ysis- condensation reactions The wi de range of elenents that:
, have been successfully used in the 30 prgﬁent i nventi-on, the absence of a
hi ghl y-controlled liquid phase reaction ep, the high degree 20 MAY 2005
17 of crystallinity obtained in the netal oxide particles, and the short
processing tinmes indicate that: controlled hydrolysis-condensation
reactions are not, essential in the method of the present invention, and

deed 0S h h || h
e B el ) 5 e e R

' nano- si zegtrollel hﬁirolﬁiﬁé@fd&hdaﬁon tretighnhie §otZeschadll & ethbtod BE theap@Senpf

1- 100nm, nore pr C{?ﬁg Onm even nore preferably 1-20nm even nore .
pref er ab‘PY/en?" E]m F‘W%F‘E@é‘éﬂt@%’d&rﬂﬂOWE‘g"}al n size was deternined by
. examning a sanple of the particles using TEM (transm ssion electron

mi croscopy), Wesnerl 9xléea1anmqsn§0éw@ddryapwfmeéeemmm: Qf dhe mgthed taver age

gr ai SI I eto
Tho. Ver y e saet Bblbr SR 4 bsiolaod s WM dEHRO0E RIS b ilE o1 ze
may var yl-fémm evhemarepoefetably lr 20y, even more préferably- homed, ost prafieably 2-8maN
~larger. The particles may have |arge specific surface areas (for the :
particul ar méthel graixi site, wnhaetenmﬁedarb@cbmﬂing)ral Qfnphy of HeopRESES ufing TEMKI NG
those particl.es. exhi bi t bro tribution of pare sjzes. The
pr.esent a{“ﬁgwsll%&eﬁ%% nb‘f‘@ﬁﬁ?ﬁ uating egtaaﬁwecqn%aicvhtmeaweeae

aspect, ghia siZEXheeRSR nt*rherpueiads%ypm& 'v‘dﬂ&gni?a&@dle @5t dfe RATHE]

characterised_ in that the particlées have a grain size substa tlal%ry In the
- rangk f raggfegating q_roeheﬁnglipeﬂb?ramy pagtirde graimay yrefrdma thesnagomisire ranige up dmge  of

1 to 50 £
nmost -prgtfmér Bﬁeg géagéﬁ%? e' par |cﬁ? r%‘%? S’|rp %hy su sf’graﬁ ff%tﬁ?/
~crystall pm@uémdnetai rwaienwheﬂ gompaeddl wibhi pﬁﬂgirl mobdsees 76r taldng tks paficladyefidhous

mat er i aI. t ‘%{ ﬁ g er ably have other properties as described with
~referenc cl)at C{) PPt PRESAhed with reference to the first aspect of

the inventio : : :
- nl'he present invention also encompasses metal oxide partlcles' Ina second aspect, the
_ 15  present invention pr0v1des metal oxide paxtlcles charactensed in that the partlcles have a grain . }

size substantially in the range from 1 to 100nm.

' Preferably, the grain 31ze falls within the range of 1to SOnm more preferably 1-20nm,

even more preferably 2nmto. 10nm, most preferably 2nm to 8nm.

~ The partlcles are preferably substantlally crystalline and contaln only small or neghglble.
20 " amounts of amorphous material. S |

The partlcles preferably have other propertles as described wﬂ:h reference to the partlcles

descnbed wﬂ:h reference to the first aspect of the invention.
' Br:ef descrlptlon of the drawings

Figure 1 shows a schematlc dlagram of a prior art process for forming partlcules using
25  anordered array of surfactant particles; . ' '

Figure 2 shows an exemplary X-ray dlfﬁ'action pattem of partlcles produced usmg the . -
prior art method deplcted schematlcally in Flgu:e 1;




Brief description of the drawings Figure 1 shows a schematic dQ ﬁﬁ?‘ﬂwﬁ‘
prior art process for formng particules using 25 an ordered arra f
surfactant particles; Figure 2-shows an exenplary x-ray dlffractlon pattern
of particles produced using the prior art nethod depicted schematically in
Figure 1; 2 0 MAY 2005 18 Figure 3 shows an exenplary pore size
dlstrlbutlon of partieles produced using the prior 5 art nethod depicted
schematically in Figure 1, Figure 4 shows the heating profile used in
.Exanple 1; Figure 5 shows a schematic. di 4§ram of particles produced by the
nmethod of the present invention; Figure 6 shows x-ray diffraction traces
for several netal oxides described in Exanple 2; Figure 7 shows snall
~angle x-ray scattering data for gels obtained durlng t he nmet hod for -
producing the partlcles described in Exanple 2; Figure 8 shows the pore
si ze distri bdigwa3 @ho‘t%@exsamtvér PoFg gize distiihytioref pasticlegprodyded wsing the mriogur e 9

shows a aterﬂb d £t€d§dh€1% 51{ qn for particles made according to
prior. sur?‘gc@gnt tenp atl ngﬁllﬁods Figure 10 is a TEM photom crograph _

of the cerl aeﬁﬁp H%ﬂftgkﬂea% ésed'fx';ﬁk’&r? 1&é’al s an x-ray diffraction

trace for th epo in-ac nce-15 wi-th Example 3;

- Figure 12 is showi.n ernin or th
-powder nade - |ng'%x§%g?ws §s°hegldagﬁba %ﬁ&tﬁ#&‘ﬁ%‘i@ @ﬁpﬂaﬁg‘iﬁ Slre%? Pﬁﬁen

- profis ‘esinvamidnpf pr oduce aria powder in accordance with the present
invention. 20 Detailed description of preferred enbodi ments of invention

and exanpl es. Flgiaesehsxeﬂx-mmmamesﬂeacet foir Béveftll BRANbxidBVERREAKRA it BYahple21 he
.followi ng steps: (a) preparation of a concentrated aqueous sol ution

cont al ni ng WEth‘e GahbwHsmAlf ang®¥ x-ray scattering data for gels obtained durmg the method for
' producmg the partlcles descnbed in Example 2; ”

_ Flgure 8 shows the pore size dlstnbutlon of CeOz powder made using BR.IJ 35'.
10 surfactant

Flgure 9 shows a typrcal pore s1ze dlstnbut:ton for partlcles made accordmg o prtor at
' ~surfactant—templatmg methods ' ‘ |

Flgure 10is a TEM photomrcrograph of the ceria pwder rnade in Example 1;

7 Figure 11 1s an X-ray dlfﬁactlon trace for the metal ox1de powder made in accordance
15 with Example 3; ‘

Figure 12 i 1s a graph showmg small angle X-Tay soattenug data for the powder made in.
Example 3 and " ‘ ‘

Flgure 13 shows some exemplary heatmg profiles used ot produce ana powder i m

' accordance with the present mventlon
20 Detal!ed descriptlon of preferred embodlments of mventlon and examples '
Preferred embodtments of the present mventron involve the fellowmg steps

(@ 7 preparatlon of a concenirated aqueous solution containing metal cations of at
least one metal (by “concentrated solution”, it is meant that the metal cations are present
- in an amount of 60% or greater of the solubility limit in the partrcular sol_ventfsolute
25 system utilised); | |
(b) creatron of a micellar liquid - the solutlon from step (a) is nuxed w1th a surfactant‘

 ata temperature where the nnxture forms a-micellar hqurd




| east .one nmetal (by "concentrated solution", it is nmeant that jtjheiretyass
cations are present in an ampunt of 60%or greater of the sol ubi ity Timt
in the particular solvent/solute 25 systemutilised); . (b) creation of a
mcellar liquid - the solution fromstep (a) is mxed wwth a surfactant -at
a tenperature where the mxture forms a mcellar liquid; ?. a MAY 2005 19
(c) (optional) formation of a gel - the-tenperature of the mcellar liquid
is altered to forma gel. The gel forns gue to ordering of surfactant

nol ecul es or surfactant mcelles; and (d) heat treatnment - the heat
treatnent forms the netal oxides, renpves all surfactant and creates the
pore structure. Exanple | - Production of CeQ2 tn order to denonstrate. the
met hod of the present invention, particles of CeQ were produced. The

fol | owi ng progedur, ﬁlgl ning
2.5 nmoles/lit Z e(gli) r)#%ﬁlq lgé\%’\ggg%ir égéaﬁg@bﬁgﬂfybf%gﬁ% ‘&%@&ﬁ@ft}ﬁiﬁ gct ant
and 20m ﬁ;rmageumhelg'elrfam chreltubrchnng\efmﬂaetamremblemﬂes%ﬁﬁirrfacthﬁt Micelldsj and

tenperature the surfactant is a liquid. The solution was added slowy to

the surfact ar(fd) | it tebatiidnk © tifethickit troaguent Corei etfimetal cmcree,l fembvdsiallsutfact@itep 3:
The m cel | ar uid was cooled to roomtenperature. During the cooling the
" liquid t?lajfﬁf’%‘? QP sSBUEar gel . Step 4: The gel -was heat. treated
accorgl ng to terrperature history presented in Figure 4. 15 In this - .
exanp?e, an eﬁ’?&?ﬁf’e‘tr d??}l‘ﬁ%“gt%“& at 83C was used prl or to further heating:

of grains. L n o Bermestas e 3ol 68 B BRat sraRap i @é?%%f"?f‘%”“.‘f

el ectron fadﬁééasmuéﬂ}ﬂgppm@gﬂg%gasadhat the final" powder - consi sted of
lightly sintered aggregates of -very fine grains. This is - shown

schemati cal | ygiep: 1&9&&%&&@@%@@%@&9&% ﬁroeene%eeimmetme%
shown as 20 Figure 10. Further exanples Several target netal oxi e

materials wergeeg eorepske $ERtrab R ARG debibBhitehie §dl@t1(91r\9&€ ﬁéated eoeeo@f |
these materials are nmulti-conponent, ‘conpl ex netal oxides that are very.
di ff Ilﬁul At tth;s temperature the surfactant is a 11qu1d The solution was added slowly to the surfactant '

- liquid whlle stm'mg, to create a mlcellar hqurd

Step 3: The rrucellar hqurd was -cooled to room- temperature Dunng the eoollng the '

hqmd transformed to a clear gel.

Step 4 The gel was heat treated accordmg to temperature mstory presented in Fi 1gure 4.
15 Inthis exampie an extended drying stage at 83°C was used pI'lOl' to ﬁ.xrther heatmg

The resultmg CeO, powder had a surface area of ~253m /g, and was comprlsed of grains
that ranged betweeu ~2. and ~8nm in diameter. Transmlssron electron mrcroscopy (TEM)-
‘ suggests that the final powder consisted of lightly smtered aggregates of very fine grains. ThIS is
- shown schematlcally in Flgure 5, and 2 TEM photomrcrograph of the. product is shown as. '
20 Flgure 10, ‘ o -

Further examples 7
Several target metal oxide rnatenals were chosen to test the capabllrtres of the process
) Some of these materials are multl-component complex metal oxrdes that are very dlfﬁcult to
form using conventional methods. ‘ ' |
25 Example 2: Ceria-based compounds _
CeQ,, and other mixed oxides containing cerium' and one or more of samarium, copper |

and zirconium CeoeSmoO CenesSMo:Ca 15O, and CeoeZty:5moiClin,0; have been produced.




form usi ng conventional nethods. 25 Exanple 2: Ceria=based .ng Qaz,
and ot her m xed oxi des containing ceriumand one or nore offggﬁgﬁi @ﬁCe
copper and zirconium Ceo. 6S.rno. 40" Ceo. 65SmLCuo, , 50x, and Ceo. 6Zro0. 2Snp. ;
Cuo, , O have been produced. 20 The oxygen content is represented by X since
t he exact content is dependent upon conposition and is not precisely known
at this stage. These materials are excellent candidates for catalytic -~
applications, and may al so be used on SOEC anodes. They are al so a very
useful test of the 'ability of the preserit’ i nvention to produce

mul ti conmponent oxides. Al of these conpositions shoul.d exhibit the basic
crystal structure of Ce@ if the different netal conponents are evenly-

di stributed throughout the material. This is because the additional

el'ement s,can be incorporated, (d.nto .the. CeP crystal .structure. ver '
o i R RS R T A S O e S R S R S N

t hat mayariday acfpreisdly §hewn OME e Then nadrialy e @kcdlRfittcapdidhtes Mrahtalytic

el ements. Such pockets can formdifferent cr)fstal structures (or phases).

X-ray di $nphgationsfnd aayalan be yed o SPECanrfehe Thee tretlsa paenraselv] iskobihe
~single-p 'ofq?ecﬁre&'iﬁ’ tiott foUstbticE éﬁﬁgh&ﬁﬁ%ﬁ%ﬁd@m%f%ﬁ@%&hﬁ%ﬁﬁ&ﬁ

contain addrtional crystal structures t : t ndi cat e poor X1 ng of
‘el enent sshoulihahibitrthabasiacwysts! simdiugy of GG, if de differsatvmetal comgonentalas dvanly al so

‘been neasur.ed. .Fi qure 6. shows. XRD. t.races fro 2, Ceo.6SMQAQ" Ce: |
6550, S caipribue hrdigSutis® B This it Riates fhe MTRTRL eSS ORI ur
process. inid e XBD, biyReEgrushenEdweta] inthbRoSaicb@CdistibR{dh Tekiienls Hiiy Maltine Was

obtained in all materials, even the four conponent system This strongly
'suggest sPeeketergf mpferidr that may rhagetmegh bighen eqnsehtmtionsy of \gngtqy Weret Prstigdatk s

i ndi cat egt,h43 LR1cBn BlrZSiif rgirg%% ggaigk ' |1 these materials.
The .surfatefeQ[gt'lé'tasz‘iﬁs:llil %@ﬁ%ﬁéﬁl@@%o. rrt% : pi&g.gBSSr no. 2Cuo. 150 ,
"Usingy BRI J 56¢_.20 :&] t.ant - ON- QR ! > 219 145
and Vine) g FESp ATk Aol Gl QbR WG MeAHRRAL 350 WERESREL D12
a. br ownyCy@] ¢rgstalcthcure (Eveniy dikteb@ied clements)) or cdittay additiendl etydtahstn@O0ES thair o
|'onger than.the CeC2 to.ensyre that, all surfactant was.rennved M th CeQ2,
sur et A DU Do P SIarTep o D6 PUBHTE G1ea AL AmouAoR it SR et

br own t ohawt@lso®edn mdddufed onger tinme at 300C was probably responsible for:
the lower surface areas in these 25 materials, conpared to CeQ2. ,

' ' I_f‘igu_reG shows XRD traces from Ce0, CesSmgs0,, CeysSmg,Cuy,s0,, and

i 15 Ceo,GZro,ggmo,.CumOx that were rmadé using our process. The XRD_ traces 'shbwed that the correct
| CeO, crysfal structure was obtained 111 all materiais_,_ 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 ex&emely small in all these materials.

~The surface areas obtaihed for.C'eoz, Céo.GSmMO,‘, Ceo,Gssmo,zdlo,.SOX, using BR.IJ-SG
20 7 _sulffactant ‘and non-optimal heat .treatments, were 219,. 145 andA 17 lrhzlg, respectively.‘

- Cey6Smig 0y and ceo_sssm_z-_cuwox powders were a.browny yellow colour from the Sm and Cu. .
They were heid at :300"('3_' fﬁr longer than the CeO, to ensure that all surfactant was removed
(Withr CeOzl, surfactant fem0§a1 can be c_zlearly_ observed via a change in colour from brown to -
_yellow). This longer time at 300°C was ;_irobably responsible fof the lower surface areas in these

25  materials, compared to CeQ,.

o The pore structure of the CeQ, material, and its relationship to surfactant ordet in the

gels,‘ was further investigated. Figure 7 sl_aowé small angle x-ray scaitering (SAXS) data for gels
' comprised of cerium nitrate solutions and BRI 35, Brig 56 and PLURONIC F127 surfactants.
Also shown are SAXS data for the powders produced from these gels. Significant peaks on the |




The pore structure of the CeQ2 material, and its rel atio&zw\to@?yrfactant
order in the gels, was further investigated. Figure 7 s %‘ma angl e
X-ray scattering (SAXS) data for gels conprised of ceriumnitrate
solutions and BRU 35, Brig 56 and PLURONI C F127, surfactants.. Al so shown
are SAXS data for the powders produced fromthese gels. Significant peaks
on the 20 MAY 2005 21 data fromall three gels indicate the presence of
ordered surfactant structures. This order is clearly not present in the
final powders. Nitrogen adsorption was ugéd to determne the pore-size
distribution (Figure 8). The distribution is very broad, indicating that
the pore structure did not result sinply by pores replacing surfactant

m celles. The results are conpared to the pore size di strlbutlon obt ai ned
by Zhao et. al. (J. Am Chem Soc. vol. 120 (199 l?%tp6024 6036) for - _
sur f act atuta ﬁempalhﬂw géls um:hcate( thei presenere ofs ardered st entrfrpctures Feoedey is The
-t ot al poye vol %Eﬁ 1 %enthe different densities of silica and
-Ce? ‘ar € ?%IIYé‘ﬁ ?rﬁseg Hedotnd poﬁg ver, the pore size distribution is cI earl y

much - broader n the material. T i cat es. t hat Fes J.n
'CeQ2 were not ‘E’P%‘?S‘t O%P’I‘rﬁfas? ‘ﬁ?fA ‘%5@8’6@%3“% B%reggﬁe(ﬁ% %ce Nas g e !

surfact afbriBhd 1seFery bfoaORidicAGhg Hat (54 pbraCiuablurd amplhcatlemmampry B Bores
.Transmi ssion. electiron_mnicroscopy (TEM of the CeO2 material shows that the

“grai b sizeplapisg euarfacemam;ceaae The repialés e spmparpd ingle peewizasisisiwtion sbtaingd by i n
di anet er ¢ seg {he; TEM nﬁr,@o‘éré‘@g%% L\@%gﬁg%@ﬂﬂgﬁg}n%oq)surfzaérﬁ—térﬁpi%@%ﬁwaO t he

-I|mt|ng grain size,
mat er i al (usthy phe: ﬁrﬁeysurfamant) tre Figurdi rédihs |totalspdre volmptes Iareosnmdaswmmge difeerenten |
and. 2nm | Exang 3: Pr ration of Lao6Ca0.,, NdX

G Ca2NG. PARSIRF oheiea ant (Bl cken e AR oe Himeter: i bivk Ses biriogtions ety
‘cell's. nubiSbrodisGn B ©@O,chterMl. TIES indidteaithalthd Sored REth CeOpiverel oY eftbiedn
‘because the target "|anthanum 20 manganat e' crystal structure is ext renel y

sensi®i vamply chienicsaPYRDNISS SENDNSPAET oS st 1SRRIt aPYiEENES:i in cBMPIBE (*Pon
result- Qni‘a@ﬁpi—f%fn?ﬁttédqpatgﬁ agli fferent crystal. structures. Therefore, the

five dif enent s need to be evenly distributed on an extrenelyir

Fine scale t%ﬁhﬁ@&{i&l o8By mi di!,g (Baid) of 11 ), Ridriaf Lkt Ble i8h W8
‘Usi.ng co-. precipl on an tional processes, previous ' . .
resear Chﬁr &cth:meﬁ( baat]. The grams range between ~2nm and ~6nm in diameter (see the TEM
) ‘rmcrograph pnnt of Figure 10). This is close to the hmltmg grain size, which is ‘determined by
15 ~ the atormc “unit cell’ of a matenal. T_yp1ca11y, unit cell drmensrons for metal oxides range

between 1 and an

Example 3 Preparatmn of La,, 6Ca0 ,NdaMn., ,N:a ,03

La,:Ca, _2Ndo zMno_gNlo 103 is used as the cathode material in solid oxrde ﬁ1e1 cells. It is -

also an excellent test matenal for the present invention because the target “lanthanum -
20: . .manganate crystal structure is extremely sensitive to -chemical composrtlon Even small
; variations in composmon result in the formation of different crystal.stmctures, Therefore, the
" five different metal elemehts need to be evenly 'distributed on an extremely fine scale to produce

small grains wﬂh the correct crystal structure.

7 Usmg co—preclpltatlon and other conventlonal processes previous researchers have had, '
7_25' 'con31derab1e drfﬁculty in obtaining the correct crystal structure because of this sensrtmty to
- composition. Careful co-precrpltatlon, followed by long (10h-48h} heat treatments at hlgh,
temperatures (800- 1000°C) have been necessary to attain the correct crystal structure in the prior
art (vanatlons in chermcal composition can be alleviated by diffusion of” atomic elements at .

these high temperatures). One result of this high temperature processing is that significant grain

e atomc “unit- cell of a



25 considerable difficulty in obtaining the correct crystal S?TP?&Nr§MB
because of this sensitivity to conposition. Careful co-precipitation,

foll owed by |Iong (10h-48h) heat treatnents at high tenperatures
(800-1000C) have been necessary to attain the correct crystal structure in
the prior art (variations in chem cal conposition can be alleviated by
diffusion of atomc elenents at . these high tenperatures). One result of
this high tenmperature processing is that significant grain 2 0 MAY 2005 22
growt h and sintering of grains occurs so 2hat the surface areas obtai ned
are very low and grain size is relatively large. Figure 11 shows an XRD .
trace from Lao, 6Cao2Ndo, 2Mho.,Ni b, O nmaterial produced using the nethod of
the present invention. A PLURONIC F127- netal nitrate solution gel was
used, 5 and the heat treatnent consisted of 1 hour at 100C, followed by 0.5
hour at 3D0Owh anfleinterimgef grainl eransso ithek the syefagraareqsi obtainesd are gery dowy eénd grain

| ant hanum manganat.e.crystal structure. This is an .anmmazing result given the
very.IowngﬁﬁgﬁﬁyﬂV§gg sed for heat treatnent.. A surface area of -30nR/g

was obtained for this materjal. Wiile 30nR/ q,i h Lower .t.han, t he val ues. |

for *Coon- basEausl L oRPen XD watt 5ok Hirch MR BrOTERen el o
Recent | y,th@meihofl 3¢ tedir8RnOfnventidn SA /IR UREC RLIT- vl niiteBensdliNeonPed S0 usedipt hod

usi-ng nmetal acetate solutions instead of -nmetal nitrates, indicating that

si gni i czand thevigap tregtmentsconsisted of 1 heunathi0Bie dolloygdsby @3 dor #)398°C. Tie deee s

t hat use .Qf. .di Nt SaldS. e C i v dif ferent
Surf ace. itk UEF B mBRUNSH O o |iBnt Shilgitne hftl MRl Bl 487 O
for the GefRingatesuli given thdeery lawetemperaspeskssed fort heat SkXxiBeaiht A suifanti et 0hg a
| ack of orgder,in th ore structure. 15.The experinental rk.conducted to
date by (TR oA o S Rl e DR, B eten Pl e NS R

hi gh concesd tkdédoRatefiald] it $PéoRReRB IRy hiEk Ba thivaniterid OREseailRth fefackaiea REVeE
used netal salt solutions that are close.to the solubility limts i.n order

to atithi S westchigved drom fhsiirgsspt mpthod ysing myedal aqefatestobitigns Higtead pemstalsent.
| nventi ony;shauildh; 1t SPRBEAR SRkl LTt 8F alifleddd! THls RRME RIS fndicad

sol uti on?ugggﬁel%hé%ﬂggtﬁﬁgﬁggﬁggﬁ [ é’&ggiagsﬁ%ill@s( of _al\/a?e‘r | al % -Prepared usisng

t he Met hotlist ust of diffefenteslintie hitnaten; dcetateblsiton qay igivieldififergnt sudehg s resylts. hose
descri bed above, the following materials have al so been synthesi-sed using
the nmethods ofSAX®data dsrethis materiatis shownlih Fighrd B rAsclor thar@eld, 1@, fiere are
LiM0204 (o L4121 8) e SR T, ch QR D P82 o S Bdena@™ @ N 'O

15 The experimental work conducted to date by the present inventors has used metal cation - |

b =1%

solutions having a high concentration of dissolved metal. Expériments conducted fo' date have
ﬁsed metal salt solutions that are close to the‘r_solubil‘ity limits in order to aftain the best yield.
However, it is to be'undefstoqd that the present invention should nof be considered to be limited
to using concentrated solﬁtior_ls of metal cations. | '

20 . Other Examples of Materials Prepared using the Mé,thods_b_f the Pfe'sen_t Invention

Usin_g similar procedures to those..des'cribed above, the following ‘materials have also

been synfhesiséd 'u.si.ng the meﬂiods of the présent invention. Mn304 (surface a:reé ~120m*/g), _ |
- LiMnyO4 (~14m¥g), LiCoO; (~10m%/g), Lao_ﬁS.r(,_,avmo‘3 (~30m*/g), Nio_(;;zoomz/g), Zr0;
(~100m%/g), CuO/Zn0/ZrO; (~180m%g) and CosO4 (~80m*/g). A wide range of CeO,-based
25 compounds, with surfacé areas from ~1 70rn2/g. - ~250m?/g have also been synthesised.
Exéxﬂp’les include Ceo_ﬁzZro,sto.qu'(éurface area 4200m2/g) and Ceo_452fo,21Yo,1'O,; (surface

area ~1 70m?/g). Other CeO; based n_1'a_ter_ials ha&e also been prep'a_lfed.




. however

(-"100nR2/g), Cud.ZznO Zr2 (-180n2/g) and Co3™4 (-'80nk/g). A Q\/i&dﬂﬁn’a@%
of . Ce2-based 25 conpounds, with surface areas from-170n2/g - -250nR/g
have al so been synt hesi sed. Exanpl es include Ceo. 62Zro. 2sYo. uO (surface
area -'200n2/g) and Ceo. 46Zro.21Y0.i O (surface area -170n2/g). O her Ce2
based materials have al so been prepared. 2 0 MAY 2005 23 Experinents in
Step 2. Mxing the Solution with Surfactant BRU-type surfactants have been
m xed at high tenperatures where they formmcellar |iquids with aqueous
-sol utions, and can be cooled to formgel 23 Wth these surfactants it is
possible to heat-treat straight fromthe micellar liquid stage without
formng a gel. In contrast, PLURONIC surfactants formmcellar liquids in
aqueous solutions at |ow tenperatures (-0C) and form gels upon heating. It
is therefore not possible to heat-treat PLURONI C'F127 m xtures w thout
first form ngxpegpaents st Mixing theSolytien wihSyrfagiantpr) J 35 and BRIJ 56
‘surfactants produced nmuch higher surface areas (>200n?/g). than PLURONIC.
 F127 surf act SRU(ypesowasigyts havrcbeen aied pishigh dempriathres Therwst they, lormagiceliart or
thi s | U3RReRH dyfidfus BBholiond afF KaPbOLHIE h GHAL sl WaGCBLSATRLARD (B! ). 35
re investigations using a range of heal: treatnments are needed to
"~ confirm phsible tBdeat-tacat 6@ ghtjfidadothe hioelbiiliquidGBpeatithonbforminiger gril tlnapitoast,was

‘reversed,. Usi.ngnetal nitrate solutions, PLURONL.C F127 resulted in

sur fote. BPIROBC TSR baghiriso PR digel I aqppi o 0Py ERRbR YD) 15
Al t hough akd'Rnh @88 @Pén huting Aisahdroratich bessRe R cht-Gelt PRURONICAS 2a heixfigls yet
understood, - the present invention does appear to provide the ability to
produce Withet; stforping2 &lf ferent surface areas. This may be a further
~advant age of the present invention. For exggﬁ' for many netal oxide

I e, q
appl i cati ons, FariCeQp mzterdals ARU 88, BRHISaand B aS%s%‘lffaEF%*érP peedyayetclishgrih
el OBt i 1) o e ot el b gul I U
P804 i NG5k 20 1

‘these ap sur ;

ortant or even .
‘desi 1@bl ef thdawmsoe for thisnk agpearnthaCBRISIG hiy predechriphagedes aéasdkan BREBS
reduce sinterin tures and nm si.cal, .

e S S TG 5 AT U el ol T Btef Rl roper .
urf ace. ar oa. HEEEH e erhio bR et Rl S R S Roref e pe e e " O
-concent r g8luféhsOPLTRONICTFADY rediked iAQH udfabl ¥rea of ~30m?/g, while the BRIJ surfactants
 yielded <10m%g. ' | e
15 o Although the reasons for achieving differences .‘it_l surface areas are not yét underétoogi,
rt_h-e present invention does appear to -provide the ability to produce m‘at_eﬂa_is with different
surface areas. This may be a further advantage of the present inventi'on.. For gxample, for many
met.all oxide applications, it is necessary to manufacture a solid ceramic device w1th minimal -
' pofosity'(eg the solid .electrol}}té in solid oxide fuel cells). In these app]jcatipns, a high surface -
20  area is not important or even desirable. However, fine grains can still be advantageous siﬁce
' they réduce sintering temperatures and may deliver improved physical properties. It appears that
the méthod of the present invention can be tailored to suit these applic_:ations,_ as well as |
'a-pplicationsr that reqq.ire pbrous, high surface area materials. ' |
_ The preée;nt inventofs also believe ﬂlﬁt‘thc concentration of surfactant ‘will certainiy
25 afféct.the resultant materials produced by the method of the present invention. As yet, no
experimental work confirming this has been ponducted. ' | s
The heat treatment ét_ep of the present 'invention‘ sees the metal oxides and the pore
_structures both being fdrmed during this stage. | | '




25 affect the resultant materials produced by the nmethod of _
I nvention.. As. yet, no experinental work confirmng this hagﬁgéﬁhﬁiﬁgg
conducted. The heat treatnent step of the present invention sees the netal
oxi des and the pore structures both being forned during this stage. 2 0 NAY
2005 24 In the experinments conducted by the present inventors to date,
which mainly related to the production of netal oxides fromnitrate
solutions, .the inventors have postul ated, that -a high - density of finely
spaced micelles present in. the nicellarzﬂiquid probably hi nders grow h. of
precipitates, which nmay explain the very small grain sizes that have been
obtained.. The 5 confined spaces between mnicelles may al so prevent any- _
| arge scal e separation of differentnetal elenents. It is believed that the

metal nitrat econpos as, evi.denced by, eni ssions, of nitrous, oxjde (Nox)
gases. |t iseiﬁél?el%‘\?;%"fﬁﬁfoqq‘fgtefigy 3@7 P@?%’bQg’%@fﬁfﬂ&aﬁeﬁﬁcﬁl@%ﬁ@eﬂﬁeo|Ave
a conbust pdustRAGingdlal odities from Mitae Wblufibng, BRSThvaiddrs h¥e fd3ildad dhacd migh out
.of the product. It will be realised that the above nechanismis only a

post ul atdeasieeh fnele paged micelles prosest i thet micellasniiquid petbeblychindses geovdbreft r ued

as bei ng,Li:m4ed t he i Gul L.sm. Thg: sent_ i Qyanior s.are
o so undRip Py wnfsd Bl Bl 6 P TRAICRUA ek el BRRS e JSRLE T
por e st resnfinedspaizsibagveen mieddles fag alse pyevbitaay l4pgy €alkiseparationtofidiffdrémaseta how
that the.,pores _ are.not sinply created.in spaces that. re-occupied by the.
i cel | esflg .-plﬁésbé_?%?“ﬁdﬁﬁ?égf%%swf_ HErrederomrate: p ey ‘%‘?“ﬁ%fﬁg‘f PpissIpns AL nitpRs
segregato:ade Rot) shsksl angds RBERSeRi that 8¢ Bl ahes MR £RPTHAGEN FnPAC ES
bet ween m cell es, and gases released fromnitrate .decor';poslrt.l-on and/ or
sur f act AMmbuFERNTRRFEeN Wigah mep hivinraé leag pre ofthetvartidta ontofitheprodica of pore
structures. Again, the present inventors have only postulated this. '
mechani sm andt Wilé bp realised thahtherrbove mehlanisth isoenlpe postilated mechanisnbaidhthe
i m{ed ' | G I.$ range, of, heat. treatpents were
appl | Sa BSechlinediBh il 6 IRCRANCT B pdbd S5 Bla BN GERMRRSE. 0010 (one
- under st andi- f_h arious -heat tre nt ranet er fect.the surface .
o oas of - Mool YA 4R i nalok S21d TR inBRL RIS EActe Rl o T el Syt
Fi gur e l&ea bigate stneatresbingforméd. Das velg Sl @drd sizddisteibaitons sildw et grlporesand
to conbust this dried gel extrenmely rapidly. Heat treatnent no.. 2 again

pr oduced™8 "8F FEPLY Efeate &S Al W ﬁﬁﬁgipi“iﬁ'nby Wesmirelesy b HeseRlemYERS o e-' B
_COUt”r ol lIegietdrant ftqs p@;@ﬁﬁe ot e B b diRn &-liqﬁﬁaatndtﬂrgaﬁi@é& niti3tes Hatd 'cgnﬁned '

15 spaces befweén micelles, and gases released from nitrate decomposition f_and]or surfactant -

decomposition, combine to form the high surface area of pore structures. Again," the'preseht :
| 'inven_tors have only postulated this m_echénism and the presenAtr invéﬁtipn shoul&- not be
construed as‘bcing_ 1in1ite'd to this .paxticular. mechanism. - | N |
© A range of heat treatments were applied to cerium 'ﬁitrate sdluﬁoﬂ/sﬁrf@tanf gel to try to.
20 —. _ gam some .understahding of how various heat treatment parameters affect the smtfaée areas of . -
“the final powders. These heat treatment regitﬁés-ére shown in Flgure 13. | '
‘- Heat treatment no,-.- 1 {vas'désig‘ne_d to produce a dried gel, and to combust this dried gel
extremely rapidly. Heat ‘_trcatment no. 2 agdin produced a dried gel, .howév_er- the Acolmbusti_oﬁ .
" was designed to be much more controlled than for heﬁtl‘treatme.n_t no, 1. Héat treatinent no. 3 did
25 not produce a dried gel iinor to further heating and was the éirnplest:._ and quickest of the :three

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

' ~In heat treatment no. 1, during the long, low température 'stage, the _ge,l dried into a hard,

7 yellow. mass. A sigﬁiﬁdant number of bubbles evolved and were trapped in the masé at this




25 not produce a.dried gel prior to further heating and mas 32%?
and qui ckest of the three heat treatnents. It is therefore

attractive as a commercial process. In heat treatnent no. 1, durlng the

l ong, | ow tenperature stage; the gel dried into a hard, yellow nass. A
significant nunber of bubbles evolved and were trapped in the mass at this
2.0 MAY 2005 25 stage. Wien placed upon a hot plate at 300C, the dried gel
ignited imediately and violently to foré a yell ow powder. The powder was
ceriumoxide with a surface area of 170n2/g. Wth heat treatnent no. 2, the
dried gel softened and partly turned to liquid at about 100C, then '
significant NO gas was rel eased, and finally a-sl ow conbustion reaction
occurred. The combustion reaction was evi denced by a sl oWy movi ng r-ed
front. AstigeoWipn platédowopatbplatsat 3 Esthaidried gdignitedirmmediately «@d etoléntlyeo at

appr oxi 0C 0 r_turned re. ro due to

b of f | DY pafch) Epwieh PobRaer i e o s a?ﬂr@ﬁ?a% SRR e had o
SIS S g L ST sl G S0

eni ssi on1@PCcNRen sigRificR NOVRE wadrdé8¥d, aﬁ@mamml élawcmauaﬁﬁéabﬁon cﬁ:ba?édl y, &
sl ow combusti on reaction ‘agai n roceeded al ong a red front, turning t

m xt ut.e Ehfaewnbmsnem reactiom ywagedvidapcedObE ra slpwb' moviagpied xionkt 4 proaomllqrw S

powder t o I | ‘
povger ARl BB i SRR T b,
surface .ﬂib&&yedibeﬂlﬁibﬂﬂg dud %o Fhmsaﬂ‘ ef mfdumtmnr&ctaﬂte@hé Yinsiheyiest ddide povater t ance
of heat {r a-t ' i ‘Efszé }'n ning the final properties of the powders. Very
rapid co Bn the | owest surface area. Slower heati ng and

combusti on of a drled resulted in the highest surface area. Si
pl aci ng a wetHepbtregmep '?1%0 Kot Blgﬁlttﬂn’&flé‘bhﬂ‘f“dd ity aftgr K’,lé?e?wﬂ? ohthe Mg&? ar ea.

Thesgg geﬂ%p&atfbﬁ %%ter%@eerﬁhﬁ&a gbs®y, ibl'[bv@édh ar g:%Tﬁ-lB% %f Mzés'}esult
di fferent surfactants and different erials. resent invention

provi desFinplly, ﬁ@lmmsmmt@g@gmpmcemmpng @redeﬁ'qnt Iﬂimmi themitiers bpelesent L
inventors. . br&%] gelh%wrr%@er i OXI@%)&&?&%@&F@@ o83 o RaE! YrSdBhlo eg%eqio@l

si zes. For cerium have graln sizes ?8. :
bet ween pimbalﬂy Zluamaibahmﬂf OIQesilﬁmD mifamt This heat treatment’ produced cerium oxide

powder Wlth the surface area of 219m /g

| 15 o These experiments clearly showed the nnportance of heat treatment in determining the
- ‘ ﬁnal properues of the powders. Very rapld combustion resulted in the lowest surface area
_ Slower heating and combustlon of a dned gel resulted in the hlghest surface area. Slmply .
placmg a wet gel on the hot plate also produced a very high surface area. These general trends -

were also observed in other expenments with dlfferent surfactants and dlfferent materials.
20 - The present invention provides the following advantages over the pnor art known to the
~ present inventors:
(a) the metal oxides produced have extrerﬁely small graih sizes. For example, cerium
dioxide materials have grain sizes ranging betwe‘en about 2 and about 10 nanometres;
(b)  the metal oxides produced are h1ghly crystallme, ie they have a high degree of

25 atomic order. This is an 1mporta11t advantage over most surfactant—templated materials, Wthh

have almost no atomic crystallinity;

(c) extremely high _sufoaCe ‘areas may be obtained for some metal oxides (compared

.to prior art pfocesses)_, The surface areas of the resultant powders are dependent upon the-type - |




(b)--the netal oxides produced are highly crystalline, ie they @qy@gqmbggh
degree of 25 atomc order. This is an inportant advantage over
surfactant-tenplated nmaterials, which have al nbst no - atom c crystalllnlty,
(c) extrenely high surface areas may be obtained for sone netal oxides
(conpared .to prior art processes). The surface areas of the resultant
powders are dependent” upon the type 2 0 MAY 2005 26. of surfactant used,
the type of metal ions, and the heat treginent. It al so appears that t he
type of salt (eg nitrate acetate, chloride, etc) may influence the
surface area; (d) very conplex, nulti-conponent netal oxides can be
produced using the present invention. This indicates that different atomc
speci.es are evenly distributed throughout the material; (e) Iom/appl|ed
t enper ab§ffactahOisd ttﬂ@ﬂp@@?fﬁ%ta?%@anﬁﬁ;ﬁe Todal frédtin&R! Tt aQo laBp iU he type of
nultl-conPonent nmet'al Oxi des. | ndeed, the present inventors have [iterally
conduct & @E@lﬁaﬁﬁipcﬂtato,whwdpmmnamﬁwmurfaw ak@ e on a hot plate. This
is a major advantage over other techniques, particularly for the "
product i on ofd)mul tery conplexeneltiremponent intkéal oxides cin boprvatdesd uiifg theopreseat heat
treatnents at high. led t eratures r oxi mat el 0C) f tended
e o o P DBl RS AE? SRR LS b okl i ST
appasentmdpgngfits in reduced capital costs for furnaces, reduced operating
expenses and avoi ding undesirable sintering and grain gromth t hat woul d

occur at the(d)i ghole ed tbthStatukes )(le%@ﬁraﬁr&%@tS%O"@) QX SRTEEM tt)aﬁhﬁ1 evédle
inorganic reaction and entire heat treatnent 15 rmay be done in as little

ias 3ohmnmlti-egmpqlwn§ meitperides. dnderd.c Bigvenesand ﬁerent@-? iave) digssaliyh genduelgd i the
| nof gan e RN Soid h AR 842 65 4 HR bReD RS o AR oyl (R oter
,nﬁt hodsrt?uggr[qneﬁ, pmsleulaﬁintfmt the rrpgcictu:’eoﬂ hﬁnmttesmponrlerg\g:atal Oléldeﬁ wmmtmaxmhj(er :
o 895 areRisciRal e B AR cRinatiyes FeBrogiagy Lifertiyr et el

| nexpengiededs to dHRlinithe 6GS&RS nv&wceudeeﬁtaheg @ adicOat, thig na@ragprﬁé&%en&ﬁt@ igel s
consi st of -ordered surfactant structures. owever, this ordered structure

i-s defi iPdueed; capjtal fogigefer fumacese reducad opreating jexpenses qng gyoiding undgsirebla ze
distri b‘éiﬂt&ﬁx% aaaemrrrgrx“a{&tatdwomm&@tt tﬂgh}gh%émﬁé?emeefes 'do not |

(f) - the process is extremely raprd The morgamc reactron and entlre heat treat:ment

15 may be done in as little as 30 minutes. This compares with conventional techmques that reqmre
long heat treatments (in some cases, up to several days). The long i morgamc reactlons that are
o charactenstto of surfactant—templatmg methods are not used and therefore the present invention

-is much qurcker than surfactant—templatmg processes;

: (g) the process uses 1ow cost raw materials and simple or_ocessing technology. It is

20 . therefore extremely inexpensive;

. () 111 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 '
materials. In addition; pore eize distribtttions'_are very broad, indicating that the pores do not |
) result from simple ‘bum—out of surfactant micelles. The pore structure is therefore_ significantly

25  different to that in the surfactant—templated materials descnbed prevrously

Those skilled in the art will apprec1ate that the present invention may be susceptrble to
vanatlons and modlﬁcatlons other than those specifically descnbed It is to be understood that
the present invention encompasses all such variations and modifications that fall within its spirit '.

and scope.



- . result fromsinple bumout of surfactant mcelles. The pore2§iﬁﬁ3t@ﬂ@iis

i therefore significantly .25 different to that in the surfactant-tenplated
.materials described previously. Those skilled in the art will appreciate

i that the present invention naybe susceptible to variations and

i nodi fications other than those specifically described. It is to be
~understood that the present invention enconpasses all such variations and
.nmodi fications that fall within its spirit. and scope. 2 0 MAY 2005 27
‘Cains 1. A nethod for producing netal ox28e particles having nano-sized
.grains, said nmethod consisting essentially of: (a) preparing a solution
.containing one or nore netal cations; 5 (b) mixing the solution fromstep
(a) with surfactant under conditions such that surfactant micelles are
‘formed within the solution to t her eby forma (C) 10 nmicellar liquid; and
heating 48 cellar Iiquid formed in step (b) to formmetal oxide, the
~heating step being undertaken at a tenperature and.. for a period.of tinme to
renove the sulfactérethpd femprodegng metal oiids| paidleschayingt harloesizellagraing said
fd'Sorderi%dﬁN&hﬁﬁﬁgﬁs§£ﬁnl ¢ A nmethod as clainmed in"Claim1 wherein the
metal oxide particlé&s are conprised of at |east two netal ions and

- different atonic S@?CI es_in the ﬁﬁgtl cles are evenl %:tedl stributed therein.
15.3. A nethod as t!ai rpéa)apﬁggls%]] Ty COpfaNing, ong of mqrg pefal cationSin - i si ng, bef or e

Porm 8y 0o St O] ghiein b Sal e Bofcue fny vl LAl Eer pratione sy
surfactant nol ecul es. %at-suﬁa&aithﬂdelrés aﬁ‘elﬁhﬁaﬂwitmnaﬂé/sdl&fmpﬂ‘o thé}‘ébypfoﬁﬁead' ng

'clalns wherein the sol ution.
_ nncellar hqmd and

- | © heating the micellar liquid formed in step (b) to form metal oxide, the
o N rheatlng step being undertaken at a temperature and for a period of time to |
10 _ remove the surfactant and thereby form metal oxide parncles havmg a

" disordered pore structure.

2. A method as claimed in Claim 1 wherein the metal oxide pa:rticIes are clomprised‘ |
of at least two metal jons and different atomic species in the parttcles are evenly distributed

' therein.

15 3. A method as claimed in claim 1 or claim 2, further comprising, before step (c),
the step of treatmg the micellar Ilqmd formed in step (b) to form a gel, sa1d gel forming due to

ordering of surfactant micelles or surfactant molecules.

4. A method as claimed in any one of the preceding claims Wwherein the solution.

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

20 | 5. ‘ A method as clauned in any one of the preceding clanns wherein the one or more
metal cations are selected from the group consisting of metal catlons ﬁ"om Groups 1A; 2A 3A,
4A, 5A, and 6A of the Penodlc Table, transition metals, lanthamdes and acnmdes and nnxtu.res .
" thereof,

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

surfactants and zwitterionic surfactants

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

comprises heating the ‘mixtux_e to a maximum applied temperature not exceeding 600°C.




- containing one or nore netal cations is a concentrated sol ufibMAYf 2085 al
"cations. 20 5. A nmethod as clained in any one of the preceding clains
wherein the one or nore netal cations are selected fromthe group
consisting of netal cations from Groups 1A, 2A, 3A, 4A 5A, and 6A of the
Periodic Table, transition netals, |anthanides and actinides, and m xture$
thereof. 6. A nethod as clained in any one of the preceding clains wherein
the surfactant is 25 selected fromthe group consisting of non-ionic
surfactants, cationic surfactants, anionpg surfactants and zwitterionic
surfactants. 7. A'nmethod as clainmed in any one- of the preceding clains
wherein step (c) conprises heating the mxture to a maxi num applied '
tenperature not exceeding 600C. 2 0 MAY 2005 28. 8. A nethod as clainmed in-
claim7 wherein the maxi num applied tenperature does not exceed 450C. 9. A
method as cl &i medA infetiRddais@laimediy @Gaifh 7 WaeRhxthouikeh beslicd esmiaindecgioes
not exceed 300C._ 10. A nethod as clained in any one of the preceding clains
wherei nDeHECAAR G ze of .. the particles fall within the range of
1-100nm 11. A nethod as clained in-claim 10 wherein the grain size of the
particles faPl whmmithed aselaimedin deinn? sherein the magingan ppplicd serapesatis doph

~ claim 1Q wher ia%oxdae grain size falls within the range of - 10 1-2om. 13. '
A nmethod as claimed in claim10 wherein the grain size falls within the =
rangg of 2-10nm , 14, met hod. as _cl ai in claim.l3 wherei.,n the grakn

G oa8 i ol 1 s wini v ndd AElaiRt A5nf R O bo&R, Mol VISR R SR RRBET,
one of tliepapichsdall withiyl the MBgo\bEY-e00nni.he particles are crystalline . - -

11. A method as claimed in'claiin 10 wherein the grain size of the particles fall
within the range of 1-50nm. - ' -

_ 12, A method as claimed in claim 10 wherein the grain size falls within the range of -
S 10 1-20mm. | |

13." A method as claimed in claim 10 wherein the grain size falls wiﬂﬁn the range of

2-10nm. | ‘

14. - A method as claimed in claim 13 wherein the grain size falls within the range of

" 2-8nm. C | | '
15 15. A method as claimed in any one of the preceding claims Whereiﬁ"the particlés‘ ai’_e

o é_rystalline .



