WD 2005/ 070819 PCT/ AU2005/ 000081 -1 Method for making nmetal oxides 1.
Field of the Invention The present invention generally relates to conpl ex

oxi de mat @ig BoSe7esPl ex oxides are oxides that contai
PR s s,

different netallic elements, They are useful for 5 a vari

I ncluding as catalysts and a wi de range of electronic materials. In
preferred enbodi ments, the invention reLgtes to a nethod for meking porous
conpl ex oxides with inproved high tenperature stability. In another
aspect, the present invention also relates to a nmethod for naking porous
non-refractory oxides 2. Description of Rélated Art 10 In general, the
»crystal structures of oxides cdfiethodifRgmaking metalokidesent metal lic

el enents are nore_conpl ex than those of sinple oxides such as A1203 and
s102. In additi oFelderihenyaptiase purity (i.e. the presence of a desired
‘crystal phase or phases and the absence of undesired phases) in these
conpl ex conpounds! & PISssNE iveptiore genetally reiglest to spmalex oxide: Madarialsh dGamplex
conpl ex cry Yxlesrd Widus Gt BbQaahs of GRse ifteRerlt okific ALABAS, THY drd uS&Eof 2!

conposition. It follows therefore, that to I eve uni formand consi sten

properti8s & Yaetuer pumosesmnciiding ancalglysts and @ widectapgs &F plecihoni swiesials. In
honogeneous géféﬁ'éﬂ ribodithefb S R Thertont reidi@ath hanthsd 965 Haﬁﬂg %&yc&ﬁm&?e

conpl ex oxide, One difficulty that arises in achieving suc onogeneous

Y A
di st ri but i offsies Viinimpravedshigh derpperaive alabilify dn apother aspert dhe prasent ievestiomt s

20 can behawsaheldtadtdy RefRAIBIMaliNg pSreasRbe-reffticRFy Biligd | on and reaction
rates may vary widely for each el enent, causing segregation in nethods

such as co- @ eci MéstriptionadtRe¥ged@et processing. Different elenents can
also-respond very differently to tenperature and at nosphere. For exanpl e,

many netal lic el anegdreralstR &9sthDsRUGOER! SHoRIgsI@MmtdiaNG seéral tirBlent niMallic
melting points. If 25 a sufficie tlry reducgssréj,% at npsphere is present during
heat treat menty arg rg?rgnngrg%ggﬂ fhose, ple; gridgs: siah; 8s éndt $igh- In
oxi de form addfiofiphéhieviie phag! puritg (IGAhd pRBehee 6PN YeSireSY5IAORIESE br grBSes
extensive for I on of |@?ur|t% P a];es, anﬂl?léoss of surface area. Despite
these diffi &t Qsal?ﬁﬂ'f’%_ undesizdsPiiasesh i fesei SOMRiax eompausds ds typically rvery
known in t heiiftdit. TH Swebauget hesks compled dfystal stritahs 8 JeRdeRsitive to variations

Co-prechpitat L on ical composition.

it follows therefore, that to achieve uniform and consistent properties critical to
many applications, it is necessary fo ensure a homogeneous dispersion of elements that
lead to the desired purity of the complex oxide. One difficulty that arises fn achieving such
a homogeneous distribution of elements is the different ways in which individual elements
20  can behave during processing.

For example, precipitation and reaction rates may vary widely for each element,
causing segregation in methods such as co-precipitation and sol-ge! processing. Different
elements can also respond very differently to temperature and atmosphere. For example,
many metallic elements used to form complex oxides have relatively low melting points; if

25  a sufficiently reducing atmosphere is present during heat treatment, these slements may
be present in metallic rather than oxide form, and melt. Such melting can lead to severe
segregation, the extensive formation of impurity phases, and loss of surface area.

Despite these difficulties various methods for production of complex oxides are
known in the art.

30 Such methods include;
. ‘Shake and bake’

. Co-precipitation
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SUBSTI TUTE SHEET (RULE 26) WO 2005/ 070819 PCT/ AU200S/ 000081 -2 Ther nal
evaporative and sprayi ng techni ques Pol ynmer - conpl exi ng nmet hods Sol - gel

" Shake angydakso70dps hods are the crudest and sinplest. SR Sl
described 5 in US Patent 5,932,146. Different oxide poaﬁ‘er[?s, eé@ﬁbﬁ

containing one or nore required elenents, are sinply m xed toget her,
ground and then fired at high tenperatusgs to enable honbgenous m xi ng of
different elenments via diffusion. The problemwith this nethod is that the
starting material is very inhanpogeneous; very high sintering tenperatures

are therefore rediiionee dvapoktiae andspragiameschyiquél t en intermedi ate grinds are
10 al so necessary. High sintering tenperatures greatly dimnish surface
area, and | ong SPolyreei-cgnpléxXi®emettiogh tenperatures and internediate grinds
| ead to very high processing costs. It may not even be possible to obtain
sonme desirec phasssl-gend phase purities wusing this method. Co-precipitation
nmet hods can provide a nore honogeneous precursor for 15 relatively sinple
met al oxi des. Exd8halesarat baldtarthdiedre theAgpdest dnCainaplysti An Axafipleds dbscribéds,

79-92_ 200 h - i |, d Bl jek d J. f P ,

D i ces 5 adn ys PBRYS S5 A Bifernt Go:ChudlS. Sorh sbiiing d4e Ot mark e
have the ?iaaﬂy?tsl age tsruﬁpljlaehin@: v@gtejthmr glﬂmpfa:itd: ttwftnt fte]g}létt higlta aenipemnbstol t
IS COomMmDn or eren el epnent s rec | e, a | e n r es, . .
Lherofore. 1 dinablst hShadenaus) SR S iBpBRE heds Sisdiirtisioh; THE b e win tis
rﬁason?ﬁ)lé hngtlnf ngi ist g:dtntjae_t sf(amlﬂ‘fgﬁtmﬂitleﬁa!aisev_em grihtormyehe?jh; Yery highaﬁﬂteﬁn?

t he net ho ang- eenw el el. . upre enpe ures |1 n excess o
800C to T or IPPPERTeEs Al eTqiore senyitadfo oblatyhomagena e infermediafe gidd are
1000C. HO adlsh meosssapt. gﬂi’gb ihsmt_éﬁngln tﬁﬂmmrésh ?teaay edimfm\s sarfacet areac fdng\éb_rla_%

roper recipitati Qqn a em C 0 nel ar e e expe, | VvVe. lne

e oc ity of Sitedng. it igh Tebersires et BHedtas piind e84 18 VBN ol Frodedoindle .
to the produsistsonit miay ot deer idenpossible trabbtaipssonid elesired phasts dreic pidsgugdritiss c h

as gas condensa@}j on tB@rﬁcessi ng, chem cal vapour condensation, plasma spray
and spray dﬂﬁ’rlﬂ e e nost inportant of these techniques for bulk

orocessing | SPINoRERRIGH pehh ot 5 1A0 poRaBREE BAIET ' <
deconpodbt i aelatitelysingie sadttisoxddeso Eyamplestand describel un iAppbed Tatalsid At Generabr e
first 235, pp 79-92, 2002 (Zhang-Steenwinke!, Beckers and Bliek) and J. of Power Sources,
86, pp 395-400, 2000 (Morie, Sammes & Tompseit). These methods have the
disadvantage of being very problematic with multiple elements. 1t is common for different
elements to precipitate at different rates, therefore for some materials, inhomogeneity is a
20  major problem, and reasonably high sintering temperatures are still required. For
example, the method of Zhang-Steenwinkel et al. required temperatures in excess of
800°C fo form proper crystalline phases, and that of Morie et al. required 1000°C. In
addition, precipitation agents that are necessary to achieve proper precipitation and
chemical homogeneity are often expensive.

25 The majority of thermal evaporative and spraying techniques have more refevance
to-the production of oxide films or coatings. These include techniques such as gas
condensation processing, chemical vapour condensation, plasma spray and spray
pyrolysis. The most important of these techniques for bulk processing is spray pyrolysis
{Messing et al. 1994).

30 Spray pyrolysis is a process for producing powders of metals or oxides by the
thermal decomposition of metal salts or organometallic solutions. The solutions are first
converted to aerasols by passing through atomising spray nozzles or through ultrasonic
fransducers. The aerosol is then sprayed info a heated zone or onfo a heated surface
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converted to aerosols by passing through atonising spray nozzles or through -
ultrasonic transducers. The aerosol is then sprayed into a heated zone or

onto a heatvexkosswHeee SUBSTI TUTE SHEET (RULE 26) WO 200
PCT/ AU2005/ 000081 -3 sufficiently hot to cause evaporat %C%Ag&&?sﬁogoqssal vent

and subsequent precipitation of the netal or oxide. . Generally, in a
spray pyrolysis process, changi ng aerosol3deconposition paranmeters by
varying reaction tenperature and carrier gas conposition are basic 5
operating variables. In addition, solution properties such as precursor
conposi tion, sofficieatlt hat tcocausereviaberationliof itien selfert a0 AMEQHN HRYGIRIRLEH %?Eﬁf%
‘to achieve t?lit%esri red product conposition and norphol ogy. Limtations of -
t he spray py T gmﬁfabcess include difficulty in controlling phase

_proportions, |ow uction rates and formation of |ow density hollow
particles. 10 Pol %gra@&nﬂﬁ’ e FREHoRYONER Ay ShPRENg o 88t9salh decomposition

honogeneous  pdizsteteisuby omsying reactimntetngefdtutee bad | oafiel GasTRbMpBXItIGIe Sare Ahsic
exanpl e f@r bgé‘%‘ﬁgd e{iovs |t%a.. IS d@ﬁcrl bed jn Ke ngi neering N
Vit eri al 0 20BCD Veahiss.o in;addiggh, splligh REoREiet: 2HG) .55 PrROUMST reqsRRssiteRs
}M th suc$h_rret=hmmom hart thee haddiitioiny oF fascoslls@vlesgd a‘ﬁa)l%]gpérﬁélﬁll t@aciﬁé\% RS Fbsired
i ring. i's e processin iffic . Aso, for nulti-elemrent

conpounds, 1P %@S{@@ Ht@dn’ﬁ‘grq(%[oggoﬁ'mi@%'ﬁ PiHhe (FRraYoPXrAlksls PEpgess include
therefore a Hififaue rie wostrollig phiade! reporidnse l@NpRd@uctien Rees hdORirMiafi&y of low-
Sol - gel net hggﬁ?%ﬁ‘}ﬁ@hlﬁé@rﬁeqw re carefully controll ed processing

conditions t gous precursors. Exanples of sol-gel nethods for
l'a- Ca- Ki ibed.in J. Sql Gel Sgi Technol

25) pp 1A 157 oBOBEREEHAERE R e R B | RERORANG: FETSOEASD
1281- 88, | 200distributionscofetlentarts foy rei&bielmdnplemxidebeﬁmﬁml?mé rrmbaséafptekﬁ;laiatesats
t he conpl exi : i N , one are si no
sui tabl 6 to DAcBiHeNn RATRANES g RioRRR, 215 BiraabioB B g atinana).
anl e up andThelenaincp:bbk?am magﬁ%v suche :n'ridhonschnﬂiaettu@rgozmgtnﬁemefa_m%t @@nggo

t at t n n ] r n n
descr i bos. 5 FERHEHC aihe) Mhis o e RireR e At e o0 Mur Aemeacrumaunde.

di stri butfed swhensdements Tinay nuttdomplibasvithetie polpren aed thersfol® 4 HOEREHeoUs

di f ferent Coﬁirﬁéﬁ&?(é’f%iejvﬂ%“}%%%@ﬁgﬁé% .provi des phase-pure oxides wth high

surface areas, "using | peratures. In addition to correct
oxi de cr ‘yst‘al StreGlddy %&Hgdshagﬁggﬂpyéquﬂbséarrégw 'SR Soq processing conditions to
form homogeneous precursors. Examples of sol-gel methods for La-Ca-Mn perovskites
are described in J. Sol-Gel Science and Technology 25, pp 147-157, 2002 (Mathur &
20 Shen), and Chemistry of Materials 14, pp 1981-88, 2002 (Pohl and Westin). Sol-gel can
become extremely difficult as the complexily of the compounds increase, and some
elements are simply not suitable fo sol-gel methods at all. Sol-gel is typically difficult to
scale up and the required raw materials can be very expensive.

United States patent Number 6,752,979 in the name of the present applicants

25  describes a method for producing complex metal oxides with homogeneously distributed

elements. This method has been proven for a wide range of different complex oxides. The.

method provides phase-pure oxides with high surface areas, using low processing
temperatures. '

In addition to correct oxide crystal structure and homogenous distribution of

30 elements, in many applications the porosity that exists between sintered grains of oxide is
very important to performance. Larger, interconnected pores (> ~ 1pm) are typically
desirable for applications that require good fluid (gas or liquid) transfer. For example,
methods are known that can provide large pores in oxides for solid oxide fuel cell
electrodes (e.g. United States patents 4,883,497 and 6,017,647). Most of these methods
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30 elenents, in nmany applications the porosity that exists between sintered
grains of oxide is very inportant to performance. Larger, interconnected
pores (> ypically desirable for application requi re good
fluid (gay(%g%?@@gll%) transfer. For exanple, nethods afp "ﬂ%ﬁ SIPAEE can
provide large pores in oxides for solid oxide fuel cell electrodes (e.qg.
United States patents 4,883,497 and 6,014 647). Most of these nethods
SUBSTI TUTE SHEET (RULE 26) WO 2005/ 070819 PCT/ AU2005/ 000081 use vari ous
pore-fornmers, i.e. materials that can be | eached or burned out, of the

ceramc nat g&d @émuE%rélﬁfrﬁefso'i 8Ehatefan thatiafdle! lé’a%ﬂairwurﬁé@aut]d? @?lé Qeramlc
enabl e pores of this size to form Pores of this size are too bl

si gni fi cant | aterigl ddearare oy aectypicaly geater H%memralto eﬂﬁ@{@rﬁoﬂ-%o tsrﬁl@ to
substanti al Jybpbre8ior HiPdike AV 88 bgto s?grfﬂ&nﬂﬁﬁ&éééé me%asrrb@é hréa'ag r?glenal

surface areas. H gh surface areas can be usef'ul 1 n applications

utilize surface pELRR@II §ws*ﬂarﬁ@i ﬁ@h@é%?'sﬁml[%'(dl‘?ﬁﬁﬁ) g&%rélwmfi highce

areas can be obtained I f t structure consi sts of ‘nunmerou

parti cl e t hgrfageeanegss High ﬁﬁ@@daﬁ@e@%b@ Us&ﬁ#'l'ﬁtﬂ?%ﬁ@ﬂ?ﬂ%ﬁ@bﬁ@'l&)ﬁh@@
can al so be y.%ﬁgmbe sliek %v;afavysfwnhaupwr% anéﬁwh' s&@b@%re&e% aé'omaﬁmw ﬁiheh

survive at higher tenperatures, and therefore typically result in
10 t enper at u?@@‘ﬂrﬁb‘i’qrﬁﬁiﬁ obgrmerqus Yary smal Rarfigles hat: a*’@l Ipasely mgeked bgﬂfhetr 0

- 250 nm ”aVaﬁéLﬁsomﬁﬁmB%fré”forﬁﬁ?s chiTRILVbd' Uséd W forfn Yy Ml poi8s SERa ores

enough to contribute significantly to surface area. They have been t ht
to i mprove t&RNsRalyrla @‘?ﬁﬁé‘ﬂ&‘ﬁjﬁfeh@ eiempetatyes.andahenciase dynieally regull indew hrg
Unjted Yt e Kathifty, 814 describes a nethod for making Ce-based

oxides with 15 i nproved high tenperature stability. Wilst the reason for

the thermal stabippfe in ﬁwe”i?&enﬂéﬂ% sféérraﬁ t-ai'riintéh%‘éb%?ﬂha BRBWAIRR Fhat
the stability I's owed, | east in Qart presence of  average pore

sizes that |proying fled: ﬁ‘é’s%’&%’leesmﬁ“ Qb&%ﬁiﬂ'@t%ﬁsﬂ@%rtaééﬁa%?@asﬂﬁ
around 9 nm hav%e'ﬁ%&fyiitﬂf:mp%\fb ih@‘ﬁi% F&ﬁlﬁ%&a’!ﬂntﬁofééiﬁé@m%ﬂé H{e\‘.é?'&%(l bs.

metal lons jnto the pores of ructured cellul osic materia
paper. The |Vaigd Faéeﬁj patept 6@(39@(4& dessribes armathod foromakingy @ﬁ‘é’@éefi ﬁ’é‘des with

cellulosis  Tnprovddenih! tetpbRitire étﬁb‘hﬂ?em%ﬁﬂ'né)ka%&? fo.cmel el s%w Renot

pores of the cellulose 'pattern’ the however,
several di saléRam f&’@&@ﬁa’%ﬁh? syt SB?%WE mﬁitt%ﬁ 5*6?'?“6!43 P&ﬁ%?t least 't']si@éi tupet o
>100: 1), Wr@@end&ﬁ%ﬁr@&@e‘ﬁo@s&é&ﬂh&?h@ﬂ tHE ifedob e’ QQﬁée Qixafipd SRR average e,

“cellulose materials, result expensi ve processing. Absorption of

‘nto solids PUREES-AENN] § nEs e metiaid’ Si4oualiesabsdeiag 2 hovishsoluionaf meta

si nply dryi ngn®itto aR péres aﬁa%iruameﬂ céllﬁlﬂr%:ctrﬁatéﬁ’éiné ?C’ﬁtéi'%abér ok uqda% dtied,
creatin t he hom)geneous di stri buti ons of f eren el enent s hat are

require G oranthine m@@ﬁ@q fired ja ranpye e celiulose Thus the solid forms ln the pores of the
cellulose, and the pores of the cellulose ‘pattern’ the solid. This method, however, has

several disadvantages. Very high organic:metal oxide ratios are used (up fo >100:1),
which, together with the relatively high cost of suitable cellulose materials, result in
expensive processing. Absorption of liguid info solids like paper is also a clixmsy process

- 25  to scale up. Finally, simply drying out solutions of metal ions fo form solids is not ideal for
creating the homogeneous distributions of different elements that are required for more
complex materials.

A methad for preparing silica with pores around the 10 nm size range is described

in J. Porous Materials 7, p435-441, 2000 (Ermakova et al.). Various carbon matrices were

30 impregnated with a silica gel, and dried then burned out. Increased pore sizes were
obtained using this method. Improved thermal stabilities were obtained when catalytic
filamentous carbon was used as the source of carbon. Pores from other, more spherical
carbon particles were not tested for thermal stability. Unfortunately the sof-gel method

used is not desirable for forming many perovskile materials, particularly at commercial
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A method for preparing silica with pores around the 10 nm size range is
described in J. Porous Materials 7, p435-441, 2000 (Ermakova at al.).
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effects of
20  in complex oxides, are more likely to be reduced by carbon. The reducibifity of different

elements is commonly represented in Ellingham Diagrams. Oxides fowards the bottom of

the diagram, such as Al are difficult to reduce, while those at the top are much easier to

reduce. Metals such as iron, nickel, cobalit, manganese, chromium and pofassium are

~ much more reducible than Al. Eliingham diagrams also show the reducing eiffects of
25  carbon, and particularly of carbon monoxide in the heat treatment atmosphere.

In processing of complex oxides, parﬁéularly heat ireatment, the presence of
metals can create éevere difficulties due o segregation and/or inability to form required
oxide phases with other elements. Therefore it is not clear whether intimate mixtures of
carbon particles and oxides or oxide precursors at mesoscale will allow proper

30 development of required phases. Also, the presence of metals or other reduced oxide
forms can greatly increase sintering, leading fo severe loss of surface area and poor
thermal stability.

An example of the problems associated with incorporation of carbon-based
material into oxide precursors in outiined in J. of Materials Science 35 (2000), p5639-
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25 carbon, and particularly of carbon nonoxide in the heat treatnent
at nosphere. I n processing of conplex oxides, particularly heat treatnent,
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devel opnent of required phases. Al so, the presence of netals or other
reduced oxide forns can greatly increase sintering, |eading to severe |oss
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10nm and 509 Tcs/or e mpse \bighween 4 mma&idnﬁnwn sadips mdich soobtaiked by sifapingr 8on
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f1 ow whil e Hraanigoxide: dryingraeredyctadiing itin ag oxygssv-eontaining igasfio® wile I8tEng s
limted to poedueddiobis@ractory inorganic oxide products. The typical
refractory inorganic oxides used in GB 2 093 816 include inorganic 1

5
oxi des such as aluai k bed [ 1810 B ' i i
and clay. The act’ﬁg}*@?%:ﬂgg %gEf ggg@:ﬂgé-é%ﬁ?&%‘ggd g’f&“%ﬂ?}é—’?‘%@ﬁ'ﬁéﬁ@% &r)r%??on
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T G 21803 g 3PP as Hthinhsficks SlchE piraifia YASHD bl eofS i GA ThS ik
m xed oxi de S}AMAEEVEreic@Bt2 Py 8ER anly| showrthe dprmeation s defractertiiingrganic oxides
tetrachlori Qgofsoratiy AiirRC e fitdo®d, scP LB, bitkia, Yoli8 EddiRé) dnd gfeeﬁi"o[ﬁe.

titania. The product” of exanp 10 was titanira, not a m xe
The examples given in GB 2 093 816 all used solid particulate starting materials to

obtain mixed oxide products, except for Example 10, which used titanium tetrachloride as
20  a precursor for a precipitation reaction fo form titania. The product of example 10 was
titania, not a mixed oxide.

GB 2 093 816 used carbon black having an average diameter of 15-300nm. GB 2
093 816 also states that the final firing temperature in the step of buming out the carbon
black is about 500°C or higher,[bui] the upper limit is not critical as far as the porous
25  refraciory inorganic oxide product does not ose the activity for the support or catalyst,

The processing conditions and starting materials used in GB 2 093 816 would
require relatively high processing femperatures to‘obtain a complex oxide matrix which
included a mixture of metals. Such processing conditions are clearly not disclosed in GB

-2 093 816, confirming that complex metal oxide phases would not be formed.
30" Consequently, the present inventors believe that the so-called mixed inorganic oxides
formed in GB 2 093 816 would, in fact, consist of a mixture of separate grains or particles

of the feed materials, with each separate grain or particle incorporating only one of the
feed materials therein. Thus, GB 2 093 816 does not produce complex metal oxide

| phases that inciude two or more of the separate metals from the different precursor
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GB 2 093 816 used carbon bl ack having an average di aneter of 15-300nm GB 2
093 816 also states that the final firing tenperature in the step of
burning o on black is about 500C or higher,[but] the upper limt
is not cri ?%@?’"ﬁ’gwar as the porous 25 refractory inor ’é‘%’ﬁ?’ﬁ‘ﬁ $r oduct
does not |l ose the activity for the support or catalyst. The processing
conditions and starting materials used in, B 2 093 816 would require
relatively high processing tenperatures to obtain a conplex oxide nmatrix
which included a m xt'ure of nmetals. Such processing conditions are clearly

not di scl oseggiddidaas u%e@%gfon%}ﬁre- idd M ng that conplex netal oxide phases
-woul d not be forned. 30 nsequently, the present inventors believe that
the so-call ed m XBdibROKHARI FHicPd ; i 0 6 1 O
fact, consist of a wméxt uf?[g d@og?ﬁfﬁg?h %:g?g% %?@ngtai C \éé-} C@W‘%{ga\%gﬁbb
materials, wnethagaton preguning eomplexrmeial paide irvateriala adthp pormsi inghersize cagyeodf

the feed megssbahstdiehsl s, GB 2 093 816 does not produce conpl ex
net al oxi de quiases t%a@ﬁlitﬁgﬁgﬂg'tm or nore of the separate netals from

the diffegent preghgsos, ai§HBg§IétTH$§d #ﬂmélﬁgt&iﬁ%@na\’&a?s?%ﬁégiﬁ%%é&%pewegpal

PCTI AU20051 000081 -7- ingredrents used to m t he "par

the prior ar$tebiliyhandgamethorofapaufaciurty suchmaleigls.- commercial |y vi abl e

met hod .for produci ng conpl'ex nmetal oxide materials with pores in the size
range of apBrgkPasgriptionefthednyesdian 5 There is al so great need for

conpl ex oxide materials wth |Inproved thermal stability, and a nmethod of
manuf act uri ng suclh fdtel aspest ey presenkisention; pravides ahmethodeoft produding pofdusst

aspect the PESRABE ol hd RBHRIANGARRY rolRIGmBlurgbpduci ng porous - compl ex

-oxjdes, the nethod including providing a mXture of 10 a) precursor

el enent sfgsui t abl e t @) pﬁr@@ﬂi%&él@ﬁeﬁ@{ﬁ&ltﬁﬁeWﬁr@&ﬂc&he:&mﬁfé‘i de"§ € Precursor

el enments suitable to produce particles of the conplex oxide and one or

more metal oxide pabieAeTr Mok prockrddh! dbihihi3! SUIEBEORN pREE! Birdiles of the
pore-formng material selected to ﬁrow de pore sizes In the range of
approxi mately 7 nm t o SHOPIERPXide apthgne prgerefpetaheids Rartieles;tadi ) form t he
porous conplex oxide in which two or nore of the precursor elenents from

(a) above or one or i #2Bculate cathopwoalsining BeRerfeiMing dnalerial seleckasite providee
metals in the metal oxpdie spes i Setindd STappRXINREY T rih B 250 nm,

15 and treating the mixture to

i} form the porous complex oxide in which two or more of the precursor

elements from (a) above or one or more of the precursor elements and one

or more of the metals in the metal oxide particles from (b) above are

incorporated into a phase of the complex metal oxide and thé complex
20 metal oxide has grain sizes in the range of about 1 nm to 150 nm; and

it) remove the pore-forming material under conditions such that the porous
structure and composition of the complex oxide is substantially preserved.

Unlike the method described in GB 2 093 816 which leads to the formation of

metal oxide phases that simply mirror the phases of the metal oxide particles used as feed

25 particles in that process or which produces a metal oxide phase containing only a single
refractory metal from a precursor element, the pracess of the present invention produces

a complex metal oxide phase that incorporates two or more metals (and in some
embodiments, many more than two metals) from the precursors or from the precursors

and metal oxide parlicles used as feed materials info the metal oxide phase. It will be

30  understood that the metal oxide phase comptises a mafrix of the metal oxide, with the
matrix comprising an oxide sfructure incorporating the two or more metals. Suitably, the

two or more metals are homogeneously distributed throughout the complex metal oxide
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i ncorporated Into a phase of the conplex nmetal oxide and the conpl ex 20
nmetal oxide has grain sizes in the range of about 1 nmto 150 nm and ii)

renove t re-formng material under conditions such that. the porous
structur gﬁgon’%['%?)‘f‘?g{?sition of the conplex oxide is substé’rﬁi’*ﬁi’ﬂ?yg@g@erved.
Unli ke the nmethod described in GB 2 093 816 which | eads to the formation of
net al oxi de phases that sinply mrror tbg_phases of the netal oxide
particles used as feed 25 particles in that process or which produces a
nmet al oxi de phase containing only a single refractory netal froma

precur sor elp?ﬁ:@ t, the process of the present invention produces a conplex
net al oxi de ‘phase that incorporates two or nore netals (and in sone

enbodi ment s, -”a“yslﬁfébﬁrb%‘%ﬁg'%ﬁag@%hﬂexf B]%’EEI tc?geg%en@tiﬁéd) rﬁoﬁé%—;{r{) R{Qhé'%rgr%rtﬁal

precursors and ne I'cl es used as e errals |
oxi de phase.invantiondiscoenc@Mmpasshsrthe dorthatinn of arphagecih coriptx phta oxide mpdiopes

ncor por at 1 i RS P8 aer ke pRBes B i o RiBh o 18 TGl ESaabk i C
honogenebus|gkidé phasdsyeier tvithoorghithout ehy oterpheial oxiden phanes deeindSUBRED T UdEte

SHEEY (L a0l 48 A0 Ve 38 it bl o

si ngl e phase oXI I's fforne nti‘on
al so enconpdhbakphadednéliodesatrily theodesireg lerystal ghase aodhiiee absence |of emdesiredaysiale
or nore phas%%gg% ot her netal oxides, or the formation of two or nore

conpl ex met &1 )Xi de phases, either with or without any other netal oxide

phases being for | | XndiE | t S
“formed is a phas@%u?%@%ﬁﬁ@glkﬁg%ﬁmx%gﬁﬂgﬁgse |hﬁt%!§f§s&§n y tﬁ%'ﬂ&éls
desi r ed16r y steldctedhiiens thegroup eondistingaf metals ofialomieaunberst 41 11,pt8ad840 334¥ to
~conpl ex net i ' | '

10 sel ect eda%"r’(;gr% Wﬂogﬁﬁﬁ%lé%;&@n@?ﬁgﬁo a@m&ga'ﬁﬁ{%%rnq G}E@P
12, 19 to 32netal oxkie rady irSlide g ddasi mregron-refracery metabneucbnasat least ong imetalwo

or nore net | : .n%aer [ g { S €
non-r ef r act gére?,ed%%{ E{Pﬁ @%gfélsa g‘é‘é{mone %%hrpq%(ﬁ%ésdé???r% ?’ﬁgss?éSE-M
nmetal s of atand 87+#1G8bdy s embotiimento el metd- @dde, 3n- FBiition1tos contaBirgy theanen-
87-103. 4kn thi ' i ' Lt i gy e
non 15 151 SelrapG Bl Blecil 2B Aol il conidh BL bickde Lo 38 2 A 2 e
such as Ti, My, Zr, and M. It has surprisingly been found that the porous

conpl ex oxides so formed exhibit
It has surprisingly been found that the porous complex oxides so formed exhibit

significantly increased pore volume or surface area with enhanced high temperature
stability, such as enhanced high temperature stability in the temperature range of

20 approkimatety 750°C to 1000°C. The complex oxides suitably further exhibit a
substantially homogeneous composition within each phase. Applicants have surprisingly
found that complex oxides formed with grain sizes in the above range, together with pore
sizes in the above range, have high initial surface areas combined with increased thermal
stabilityl of surface area.

25 Applicants have found that if the grain size of the complex oxide is greater than
. 150 nm, then the material may not have sufficient surface area. Similarly if the pore sizes
-are greater than approximately 250 nm, sufficient surface area may not be obtained after
high temperature ageing. If the pore size is less than approximately 10 nm, high surface
area may be abfained, however the pores and therefore surface area may not be
30 thermally stable at elevated temperature. '

Unlike GB 2 093 816, the method of the present invention can be used to form
non-refractory complex metal oxide phases. The present inventors have surprisingly found

- that the method of the present invention does not have to be restricted to producing
refractory oxides that are difficult to reduce. In contrast, all of the examples of GB 2 093
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- have suffi ci ent ace

significantly increased pore volunme or surface area with enhanced high
tenperature stability, such as enhanced high tenperature stability in the

t enperatu f 20 approximtely 750C to 1000C. The conpl ex oxides
suitably {‘ﬁ’r{oﬁgﬁg hibit a substantially honpgeneous c&’r‘rjﬂ'bgl?zl” PEWORL t hi n

each phase. Applicants have surprisingly found that conplex oxides forned
with grain sizes in the above range, toggther with pore sizes in the above
range,” have high initial surface areas conbined with increased thernal

.stability of surface area. 25 Applicants have found that if the grain size

of the conpl ey g% 6)§de9 gf Eiﬁﬁ‘fher Jsﬁig? ”ti{%]mé Rl iRl 65 @E%[tégﬁQ%an

pore sizes’ aré
appr oxi mat el gr %@Ilmwlmtﬁaselmtﬂ exdder dweamemeyneibunm@cm amhmiy difficadt to

hi gh tenperalreaﬁge@%bé} r‘If the pore size is |less than approxinmately 10 nm
hi gh surface "area may De obtai ned, however the pores and therefore surface

area may not be ?\3%%@%&' 3f¥h§§?é%ﬁt AvorfloRy HeSbri P okiabY! 68 folld sy 68 of

093 816, the neth res I nvent1 oh can
non-r ef r &t ANy awtﬂbleemaeﬂhe asnlRx piedal axxideTplhaser mey e anparavakis. Tbw erystal

surprisingly, s‘t{L&gﬂ? is &15‘?& thd iR @&o@{k.t&“@h&ﬁu &frrhdle?&ﬁ‘i‘fdsg ?%8%3? {?n%%n%% €

to be restri UC|ng refrac ar e
reduce. In cdlffﬁrﬁatscqmmumsfmtfhﬁleeﬂ@fﬂ’ﬁl@s @YS%B@C@% ingutisy | SFICk, SBEE]’U3Ox

(RULE 20) VG g%ﬁ&@@#%nﬁ%ﬁfﬂ%’%{sgﬁﬂ%%sk s that e A %ﬂp‘% RGPl

of al um na, I ca fani a [T ca-a a, zeo
sepiolite. Aeldactmfdes Ha seolidetide dueldwﬂghé.sémsacd @mk&aeliqpluﬂer éaMUDMeLthID:-:,

very diffic Oefggaq)vmth carbon. In this aspect of the present
c nVentlf(;lP Llff{ge@‘rrp'fex oxides so forned may be of 5 any suitable type. The

conpl ex netal OX'\?’%&& 3nbst nQeof‘i‘laf%?ér‘RVé @? int {:‘%&Bﬁ%ﬁéﬁ:ﬁ%@%&ﬁﬁdﬁo

that of the m nera erovs em ca

numer ous  didgbtain @lﬁsim;bmm@mwomrﬂhs tHes epampleskith perevskiies  substituiong meay be on
including S , - '
ncluding Sighh Reire FEGHCHN LSHAMGRIF Hrlifdr on i BTRRY (8- RAFEMRH PURIKOLES

t hat are use an | ectrodes in sol ]
La- based perfduiiriptelemente amstitt&wnmn pitfes @, both Gites Ragsbe anetle GRORer/4aitoous

St g, Tyl 1 SOERL ol el 4 g b

substi t uti or{bn oMo&ﬁnxXM@oN@n)ﬁb (e.g.Wisrefor LbMin La®hO3) aherogimately
the B site (ﬁ"lgggN&}I) 184 0316%141@3@?2@%%% 18 d%&hbédjﬂnq,§bsféﬁps%Zslué%E'bte%'L%@ﬁﬂ on

ei t her ‘or tés can er ta
. for solid oxide fuel cell elecirodes.

There are numerous other examples of complex oxides that are being developed
20 for a wide range of applications and the present invention is equally applicable thereto.

o The precursor elements useful in the mixture of the present invention may be of .
| any suitable type, depending on the complex oxide to be formed. Any suitable source of
mefals and metal cations may be used. Mixtures of metals and metal compounds
including one or more of oxides, acetates, carbonates, nitrates and the like may be used.

25 The mixture of precursor elements, or complex oxide, and pore-forming material
may be of any suitable type. The mixture may be a solid phase mixture, or formed as a
sofution, dispersion or the ke,

In one embodiment the precursor elements and pore-forming material may be
mixed to form a solid phase mixture and the complex oxide being subsequently formed by
30 suitable heat treatment, as discussed below,

In a further embodiment, complex oxide particles may be formed from suitable
precursor elements and the pore-forming material mixed with the complex oxide particles
fo form a mixture.
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15 physical properties for specific applications. For exanple, a perovskite
conmposi tion (Lno2Lao. 4Ndo. 2Caoz) (Mo. gMjo. i) @3, where Ln is approximately

Lao. 593Nd 1Ce0. 131Ca0A2Sro0. 004, is described i at ent
5,932, 146&7%&@?672) useful for solid oxide fuel cell &&LJT?% RSO0, & ar
nuner ous ot her exanpl es of conpl ex oxi des that are belng devel oped 20 for
a w de range of applications and the preﬁ? I nvention is equally

s u

applicable thereta. The precursor el ene seful in the mxture of the
present invention may be of any suitabl e type, depending on the conpl ex

e WPxee Lor mothe MR AP LieRateRP 18" piolBER!S% B Mol or SRS, MHor®

used. M xtures of netal's an oun I nclu |ng one

oxi des, aceténample casdlidpitass, mmiure oy dirsd e foimed andetheaydispersesieat. digsiveddn a
m xt ure of P4 REHE [yeE enents, or conplex oxide, and pore-form ng nmateri al
may be of any swt t ype. The m xture may be a solid phase m xture, or

f d | A ' :
pr ccur sor. ol enentl %M@aﬁ%@ﬂ%w@%b@? sisbfbsR PR A R o imes) fng
phase ni & ursolidiod ardethe qropt-forming ohatepial m@sswm’ém weided o the saotidoy  AlRSnatively

zglrr:o?gi(eogsg‘éedi r%gé lew%@tscgnﬁf%{?én%sg 4)@)@1&53# I?O'-%I]{"L'l'l’"bgec U%M%Wsd té’nd '

t he pore forisime solid phass mirtwe dindithehmidiure disspivedinox sulabfeesdivenk.es to form a
m xture. SUBSTI TUTE SHEET (RULE 26) WO 2005/ 070819 PCT/ AU2005/ 000081 -10
The mixture may dﬂﬁo@ﬁuﬁabw,dhy pt&cwsmﬂldemtaﬁorm paut ofta solulion tHiakp eisddowith ther

exanpl e, a !mﬁg | r d then di spersed or

di-ssol ved irsﬁlré?ow '%F{egr@) ven t&l Xﬁ%ﬁ&&&(ﬁ% @i]ment t he. precursor
el enent 4 xture r Iy

mat eri al subsequgﬁ d%fs@&ffw Qolu Gti?o%m‘%terngpﬁ%‘?%ﬂ?ﬁt‘en{a?e%gu?'g%?
el ement s andﬂlﬁlcugbmgmp@nd |qugam¢ sﬂwms,f&udhasgaqm 9. atllydmme cmmted acid),

forma soli danqltﬁ@ﬁﬁ T Y a}w ﬁbéé 4;%5? aét?'m‘/eftgr 3 r%f&nteé%)ﬁ«{aﬁfl?' vent.

Most suitably, pre-cursor e t|on

d th th f
lrjns)(;g) WIlO V\he(rae daes erm@%yg‘aéf&rarﬁtlpg% Q'?'ormeg{ %é%r@?ﬁ% &Egﬁﬁ\(/dgn%ny
may be used. SUIfAbIBhWBg-h Ansurdagtant ‘afntheoﬁyg@rde@»c'wdvtmﬂrﬂerr@m! aeterd application.
hydr ochlygy i deH wﬂiow lrwg?wggfr g%ll ?ﬂiﬁ?@i Ao ApHIREAISS thE! SRthE A8Godid AFCRNIERYisPE

used, wat er
mcorporated herein by reference have been found fo be suitable.

Some examples include Brij C;sHas{OCH;CH;).0H, designated C¢EQ,, (Aldrich};

Brij 30, C2EQ4, (Aldrich); Brij 56, C14EOQ;e, (Aldrich); Brif 58, C,sEQy, (Aldrich); Brij 76,

C1sEOq0, (Aldrich); Brij 78, C16EO, (Aldrich); Brij 97, CieHssEO+0, (Aldrich); Brij 35, C-

o 20 15EOgs, (Aldrich); Triton X-100, CHaC(CHz):CH2C(CHg)oCeHa(OCH,CH,),OH X = 10(av),
) (Aldrich); Triton X-114, CHyC(CH;).CHC(CH;),CsH4(OCH),CH,):0H (Aldrich); Tween 20,
poly(ethylene oxide) (20) sorbitan monokayrate (Aldrich); Tween 40, poly(ethylene oxide)

(20) sorbitan monopalmitate {Aldrich); Tween 60, poly(ethylene oxide) (20) sorbitan

monostearate (Aldrich); Tween, poly(ethylene oxide) (20) sorbitan monaoleate {Aldrich);

25 and Span 40, sorbitan monopalmitate  (Aldrich), Terital TMN 6,
CH;CH(CHa)CH(CH)CH,CH,CH(CH3OCH.CH.)sOH  (Fulka); Tergital TMN 10,
CH;CH(CH3)CH(CH3)CHCH,CH(CH3)(OCHRCH,)100H (Fulka); block copolymers having

a poly({ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (EO-PO-EOQ) sequence

centered on a (hydrophobic) poly{propylene glycol) nucleus terminated by two primary

30 hydroxyl groups; Pluronic L121 (uw. = 4400), EQsPO,EO; (BASF); Pluronic L64
(12v=2900), EP43POgEQ:3 (BASF); Pluronic P65 (1,~=3400), EP:POy%EOQs, (BASF);

Piuronic P85 (yay = 4600), EOPOgEOz (BASF); Pluronic P103 (u. = 4950),

EOPOsEQ47 (BASF); Pluronic P123 (v = 5800), EO2PO#EQq, (Aldrich); Pluronic F68

(v = 8400), EOg,POxEOg (BASF); Pluronic F127 (i = 12 600), EO1ePO7,EOQ0s
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The m'xture may preferably include a surfactant. The surfactant may be of
any suitable type. A surfactant of the type described in International
pat ent a 15 publication nunber WO 02/ 42201, ' , the
entire di sq%g%éﬁﬁkgf which is incorporated herein by rtep%é[?‘g%éﬁ%ﬁ'}gie been
found to be suitable. Sone exanples include Brij Cl6H33(OCH2CH2) 2CH,

desi gnated C16E02, (Aldrich); Brij 30,.{{2E04, (Aldrich); Brij 56,
C16E010, (Al drich); Brij 58, Cl6E020, (Aldrich); Brij 76, Cl6EOlo,
(Aldrich); Brij 78, Cl6EQ20, (Al drich); Brij 97, Cl8Hs5EOlo, (Aldrich);

Brij 35, ,
n CH?,JC( ) 5 Cﬁ@ C(Ahﬁ%%) g&dﬁ%@ 11 Bob O_?t@@wgf’da?@ﬁ)mo (BASFY, Plurp g:c 28R4 (0 = 3600) |
CH3Q( CH3) 2CHBR(ERsIPA e HPAGEN) g@ﬂzq:@cm GWPQIYTF]@W) hamefﬁuqﬁ ‘?ﬁh ﬂ'lémﬁyﬂoé na

_oxide) (20) gQefb! aH:;‘e NP KBy LBbE @'&@Mea_"\ﬁﬁ%ndfgth %?
> (20) sorbitan nonopal mtate {Aldrich): Tween 60, et ne OXI e rfg
sorbitan rmt@ﬁgmél@ﬁiat BY ( egpRdafy ; WMM' geupSiet ﬂ%’@ﬂi@ o&fy&je)(m(, 26 0),an

Terival T 5O %%ag@ﬁ i@@f@%@m%’f% (SRROREL I ¢ o F: oo,
Tergital T|\/|\(Ef-bl°01 cf@ywmmm«w %95016)2
bl ock copol yge HS?QME@QEP(??)QFE% hyI ene oxi de) - pol y(propyl ene

oxi de) - pol y(et ene oxl O-EO sequence centered on a

(hydr ophobi c) pol a r
hydr oxyl groups; 'gféarégﬁl)@(:&f_ﬂﬁadﬂnﬁﬁ@ n%@%@ﬁg@%oggge ?%ur%ﬁ%nﬁp?uﬁféﬁnr? ?g

L64 (May 29WPIHM%P080E013 (BASF); Pluronic P65 (Mav=3400), EP20P030E020
(BASF); , Pluronic P85 (lva = 4600), EO26PO39ECR6 (BASF); Pluronic P103 (ft,
= .4950) 10 poAmenigausfactanisr) . Pl uroni c P123 (May = 5800), E020POTOEQR0,

(Aldrich); Pl urom c F68 8400 EQG3PXBOECso (BASF) ; Pl uronic F127
(Mav = 12 eodpoh &2‘% 2rcHEx$haHR-CH EQRPXdE$2070819

PCT/ AU2005/ 0 BA = 11 400 EOlooPCBoEOlog
(BASH) P ur%%d?fmﬁqrﬁmﬁc 9@@9)('5 (%i%ﬁﬁ%@%?@ﬂ@ﬁ%u PIFO ock
copol ymers in reverse, the four PO EOmM
chai ns) attag?é‘ﬂgt%gﬁwléqmgﬁé@@gﬁéé Ieus and term nated by
secondary hydr oxy. rou Tet roni c .908 25000), 5
( ECL13P022) 2Nu42<iﬁﬁ%f? PEE%‘E ?V(eﬁ)&gl%“}éaf&{f?fah%tg’@%? gn exampleyo) |
(EOSPOl:’%)ZNOc-%@%N P%S 03)2 (BASF); and Tetronic 90R4 (" = 7240),
(PO19E016) 2 019) 2 (BASF). The above surfactants are
non-tontc Su&;t% %?lam%orr]]?urm (S:Hon eéﬁ&&ﬁz)ﬁ?ﬁlmc)a& Q?dncHsed i ncl ude:

‘ Cetyttrimethylanwionium bromide CHs{CH2)1sN{CH3);BT Aldrich

Cetylpyridinium chloride C,H3ssNC1 Sigma.
This list should not be considered fo be exhaustive.

20 The pore-forming parficles may be of any suitable type, The parficles should be of
a suitable size to generate pore sizes in the "intermediate range” {e.g. pores of diameter
approximately 7 nm o approximate 250 nm, preferably approximately 10 am f{o
approximately 150 nm). Pore-forming particles in the range of approximately 7 nm to
300 nm, preferably approximately 10 nm to 150 nm, more preferably approximately 10 nm

25 to approximately 100 nm, may be used. Carbon particles, preferably carbon black
particles, are preferred.

The carbon-containing particles used as pore formers in the method of the present
invention are believed to facilitate formation of pores of the desired size range by
providing regions where the precursorsiprecursors and metal . oxide particles are

30 prevented from residing whilst the complex metal oxide phase or phases are formed,
followed by subsequent removal of the pore forming particles. Thus, nano-scale pore
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10 Anionic surfactant. Al cohol Ethoxycarboxyl ates
(R (O CH2- CH2) x- O- CH2- CH2- OH) (NECDOX AEC) Al kyl Et hoxy Carboxylic Acids

(R- (O CH2, P 2- CO2H) (EMPICOL C) Sodi um dodecyl
CH3( CH2) Mmﬁfﬁgm appears to be several manufactur e‘f@%@”ﬁ?@@% an

exanple. 15 Cationic surfactants: Cetyltrimethylamoni um chloride
CH3(CH2) t SN(CH3) 3C1. Al drich Cetyttri net fyl.anmoni um brom de

CHs( CH2) 15N( CHS) 3BT Al drich Cetyl pyriidiniumchloride C21H36NC1 Si grra
This list should not be considered to be exhaustive. 20 The pore-formng

particles Mg PhriRiey a?é'ké &TMQ%QUT&‘S%B@%%H fﬁiﬁgHﬁQrH@tﬁﬁszAﬁuicé: use

sui tabl e size tO ener at e po S| Zes te range

pores of di diAEOUS car&pw@&tamwbwam (suchapp filksti paee opadivaigd garkdndria eidgorb
telj
The Pange. of ukh pfiR fracfisBt it Cloloyial bl Tomolil df e kB the San e
to 150 nm g@iegme@m oa@metmmreltmqaﬂymwrd@sa}imm@mtm larger 164 ﬂmsn
may be uged oifPLPH AL ffarmiﬁ]?araasé T8 i 1o 35r80ht Wdlion.P8LEA BliSart Renods
e car cont

preferre artrc pore forne

met hod of tfﬁi’ewﬁ%@ﬁwﬂmiﬂummdfammtewmbo faC| litate formation of
pores of the desired size range by providing regions where the

pr ecur sor s/ pr ecurlddisespegiafi tnasferred enthedisaentiafItee peasenBivpntione cadenfhiack is

resi ding m'dsﬁhéshﬁeﬁ%ﬁbﬁ’ﬁngﬁéﬁt*ﬂ ¢aXxi de phase or phases are forned,

fol |l oned by subsequent renov the pore forming particles. Thus,

nano-scal e pore ﬁkﬁ)% St or rﬁsbr?ﬁ&%l-art fef Wén%%é’ gmﬁﬁe%tmg?loul d be

PCT/ A112005/ 000081 I cles are requir

di $ti ngypshed fr omeotoBﬁ,Pgﬁ@ﬁtQ iﬁ@ﬁ'tﬁhfdﬁﬁ%eg:ﬁhglégocﬁ?i sor ﬁbﬁ'Pg
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substrates (such as fi paper or activate H'y

phase pr ecurdighersgddofeas theonjxgie @f pyecueses elements. (The Ql@]‘ﬁ%ﬂtﬁ may. benneceg iby @nyf
the substrafsneSeditiod kmﬁf-' IhEOStoraare THE! Sk cfé%réh&ﬁd also |

magni tude | arger than the 5 size of the pore form ng a t|c es used In
present i nvélignesspd 'BG’&QI"WWZ.% uging Wﬁ?@d@o‘@r@ BFieF & (!"ﬂﬂdl'@ﬁlhlgh‘tsﬁe%(tahl%ﬂﬂﬂp

beyond | aborgieey, asﬁédasc é@.@@i@smwﬁé 3&1{ amrsf eéﬁ@ﬁ&;u%@ae%h@m@ Ap@;&upfs have

pr esent Inventlon car bon use he pore form ng %‘5
_at this stage
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results in more carbon-containing pore forming particies being intimately mixed with the
precursor, and thus more pores being present in the desired size range. in a further
preferred embodiment, air is removed from the carbon-containing pore forming particles
by vacuum, prior to mixing with the liquid. The liquid is then mixed with the carbon using

20 dispersion methods. This leads to even better dispersions of carbon particles in the
solution, intimate mixing of even more carbon particles in the precursor, and more pores
in the preferred size range.

The pore-forming particles may, in whole, or in part, be included in the mixture
prior to dispersion.

25 The treating of the mixture to form the complex oxide may be of any suitable type
which will provide a complex oxide having a substantially homogeneous composition.

The porous complex oxide formation may accordingly, in one embodiment, include
two basic steps:

1. - Production of pariicles that are comprised of a mixture of a complex oxide or
30 complex oxide precurseor elements and carbon particles.
2. Heat treatment of the particles from step (1) to form the desired oxide phase from

the precursor if a precursor is used, and to substantially remove (e.g. burn out) the
carbon particles to create pores.
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10 The conponents required to formthe conpl ex oxi de shoul d be
honogeneously dispersed to formthe m xture of precursor elenents. The
el enent s Lxed by any suitable nethod known in ' art. The
pore-forngﬁgu%§?¥$éﬁes shoul d al so be dispersed in the%ﬁﬁ%§3@§§mﬂ@?ng
met hods known in prior art including high-speed shearing devices,

ul trasonic equipnent, roll mlls, ball m3ls, sand nills and the |ike.
Applicants have 15 found that better dispersion of carbon-containing pore
formng particles at this stage results in nore carbon-containing pore

form ng par tgehes)RRiing) may kB bRlck sBhiafialy dfcdninpdtiReMsRor . and thus nore

- pores being present in the desired size range. Ina furthér preferred

enbodi ment, al rif sREDYEdhd remérs matﬂwwmnb?écmsag SPBLR i:er Hb@g eneopsl|
particles vacuug*1 prior to mxing with the liquid.,The |iqui ? H%
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better di spakgiiris 197 ovemlyoARpBRE! il enhdhtd Nhd ffdﬂnurtﬂé)'bon’e&t 'pﬂaé@ Hﬁd"s‘GQhOf

even nor carbon partlcl es in the precursor, an nmore pores

preferred siPEPPEHYES Candegarse ing lamqvgtSp@lq §izaseof PR, OF ei!rmme @Ol' Qsﬁraltogetbarr t,
be included ff the fiEmBhistare %ubsﬂéﬂut@lly irﬂ*ao%o’iﬁﬁé&iso Pequ%éd Bhﬁsésf &ﬁﬂaﬂ@}] ﬁhhﬁ?ﬁ

m xture to formthe conpl ex oxi de” may suitab

provi de a ccﬁﬁS’I%’ﬁmﬁm@'@qqg@ﬁr?&edaﬁ%éff’@lﬁ?‘ibﬂ@tﬂﬁ'ﬂﬁbl%geneous conposi tion. The
porous conpl ex oxj.de fornati %ﬁ rr?g/ accordi ngl i n one enbodi nent, include
two basic steps: ‘Aleastsomeof e g Ideseh refgrablcbmistimaaly avxed withtber e

of a conpl expue 6eofle PRECLESIIPIFG6 @éﬂb@ﬁ‘ Wé@rmﬁhmﬂﬁﬁ@t Oitrfﬂ{eb%%e or

ormt

articl at treatnent .of the particles fromste
::p esir ed%@m d'%“‘gned’é%c%‘gm arldhé"'sgy?aé’c JhgoFa"PP“ aP?j'F‘é‘@%r%rSr Pf9§el]§ dnerelyh @st farge
subst anti al I [dﬁﬁ@?éﬂ%s 4B Sxidd PrRcursd Sglgidrﬁéraké%, ﬁ{eﬁ%?es%r
SUBSTI TUTE S RULE 26 WO 2005/ 070819 PCT/ AU200 000081 -13 Ste fp 1)
and (2) may Cpgﬁgt 3deR% 83'[1@@1 ahe \Bizer of et earpen RAdisles: and ithe yolume) of theee
el ement s i n pektitfes) i Deioser ULt HbSredD o SR SRERME Vbluntl, sper sed. | f

t hey are not honogeneously di spersed, very high tenperatures nmay be

required to evenlanydhenod saitdbheior|ppomiting @@dbﬁ&*dﬁdeﬁﬁe&ﬁéé@%ltrpﬁéﬁﬁstalﬁ%ﬁy

such 5 np atures ca creas the a unts and sizes of pores
elim na%lg ?ho Qﬁgﬁ’”ﬁmﬂ tHIEmE rrﬁl?b’sb%r‘@eédﬂsmnmem%f’f the present

| nhormtgeneo Wenﬂmmrﬁﬁded)ﬂﬁﬁmm tﬁﬁaﬁbleﬁ RAER: MYt sizb Say bePadHed 1B1AS miethodDgo
correct si Z%h % Yodist ¢ sorne OP 81 snon pa%cqes are intimately mixed with the precursor and that
the method can produce the oxide with the correct grain size.

Accordingly, in a preferred embodiment of the present invention, the method
20 further includes the preliminary steps of providing a solution of complex oxide precursor
elements including metal cations, a source of carbon particles and a non-ionic, cationic or
anionic surfactant, mixing the solution, surfactant and carbon particles such that surfactant
micelles are formed and the mixture forms a substantially homogeneous dispersion and
heating the mixture to form the complex metal oxide under conditions in which the carbon

25  particles are substantially removed.

In a further preferred embodiment, an oxide precursor may be prepared according
to the method described in United States patent number 6,752,979 to applicanis, the
entire disclosure of which is incorporated herein by reference. This method consists of the
following steps:

30 a) preparing a solution containing one or mare metal cations;

b) mixing the solution from step (@) with surfactant under conditions such that
surfactant micelles are formed within the solution to thereby form a micellar liquid;
and |
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At | east some of the carbon particles should preferably be intimately m xed
with the oxide or oxide precursor. |If no carbon particles are intimately

m xed w t“dﬂ‘ﬁs@%kﬂe or | 10 oxide precursor, and inStelﬁgr’%Q%%B%&é&%n

particles arée present nerely as |arge agglonerates with oxi de
precursor within the aggl onerates, then pores of the correct size may not
form The size of the carbon particles,_ gpd the volune of these particles,
may be chosen to suit the desired pore size and pore volune. Any nethod
suitable for producing oxides or oxide precursors with a substantially 15

homogeneous @i st rj ' o ForBens sHaedid dyof
present i nv%nt i oﬁéﬁﬁgyg@?@ﬁeﬁﬁ%ﬁé@ car bonpp r-ti‘g(ﬁadsﬁgb%%ﬁ;r’{%h Sqegagﬁ%gtyepbe
added to the net Hering dideriakena@t & terapesatusgo gad Jpr teh peded intipertoi telveweathe
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oxide with the coér/Mr ect S%ﬁn@é@ﬁ%@@%&%lngﬁ?ﬁ %g%?gglggféﬁéﬁg%ﬁné%
of the present | rasturén, the nethod 20 further includes the prelimnary
steps of providing a solution of conplex oxide precursor elenents

i ncl udi n@ et al dat @ eneferrad sohadimestt of 4he Breseat inventien, seatben hiark iperfictss are -
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substantially renmoved. In pre d enbodi nent, an oxide

precursor may be ygr Ssd ; tﬁm i i '
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2005/ 070819 PCT. Auzogg?eo%%'gsl p[‘(i4 C heati-rllig Fﬁ?ﬂ_‘%g ar iqweél fromstep

b) above to formges glireer Hferidtf chBadinias, Sthéﬁnitxﬁ.gérkﬂ SAsEE a8 | %gl;bggy

tenperature and for a period of tine to renove. surfactant an
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Alternatively, or in addition, the complex oxide may be formed ufilizing the methods
known in the art. The complex oxide may be produced ufllizing a polymer-complex
method, a co-precipitation method or solgel method, thermal evaporative method,

20 - hydrothermal method or any other suitable methed or combination thereof. Examples of
S such methods are given in US patent no 6139816 (Liu et al), US patent no 5879715
B {Higgens et al), US patent no 5770172 (Linehan et al), US patent no 5698483 (Ong et al),
US patent no 6328947 (Monden et al), US patent no 5778950 (Imamura et al) and US
patent application publication number 2005/0008777 (McCleskey et al). The entire
25  disclosure of the above referenced patents and patent applications are herein
incorporated by cross reference. The method of the first aspect of the present invention is
especially suitable for use in methods for making metal oxides in which a solution
containing one or more precursors is mixed with a surfactant or a polymer and is

subsequently treated, typically by heating, to form the complex metal oxide.

30 The heat treatment step in the method of the present invention may be carried out
using any suitable equipment known in the art, for example: tube, belt or muffle furnaces,
fluid bed furnaces, multiple hearth furnaces, rotary calciners, heated substrates, thermal
sprays, spray caiciners, efc.
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added ‘either to the solution froma), or the mxture fromb), and the heat
treatnent also substantially renpoves (burns out) the carbon particles.

Pr ef er abl on particles are added to the solution of step a),
prior to ﬁg@({ﬁﬁs&&ﬁ%ﬁ a further preferred enmbodi nent, car ESW’%&PW"@&@% are
intimately mxed with the 10 solution of cations In step a), or with the
_mxture fromstep b), or both, by nmethqdgsas discussed above. Preferably,
tfie carbon bl ack particles are dispersed within the initial solution

and/ or the solution-surfactant m xture by either high-speed shearing,

soni cation, vac | : h&xid I rd Q&P ' te |t Lo iy a
+ conbi nation of tﬁgigé r%&ga uﬁ'ﬁﬁ%refer%&%snbtcgdlﬁﬁigﬂg%l Pﬁ%‘ei%gx@#r g"r%ﬁ{m
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particles Wb SRS P X | : ; | de. ' ve a
" size range si m'pl ar t_?gfﬁgn%PP@?&'{nﬁgﬁﬁmémts g’fcggtlig) 'g‘rﬁg?rﬁ@sdf@é’p %‘%@%@P‘P@gﬁy,
or in additilbgporesavit oollsipe®. oxi de nmay be fornmed utilizing the methods
known in the art. The conpl ex oxide may be produced utilizing a

pol yner - donpl ex Thet hest freatraent therciepioves {("burnmattidie carbevito grelaterthe lpotks, and
th | ' - th i t abl
el o SOBBES P a0y B LI B 0 " 1 20

nmet hod or conbi nation ther . ne are given in US

atent no 613981 kA b 7 4 ' I

Datent no 577017?%%3%3@3”3'}#)@, '”3‘5‘%2’?%%"5"8’0%é%é"}{%’?"?%?‘ga%'é‘?bg%%”"c@%
patent no 63¥siharqrigesicdniiie rigr atiprenesses feropsrngiog ccomptesrinatal coxidds) thend
US patent ' ' bt bR 0 0 e t. alk
The ontire JnoPdcHane CHEsbC AR TOREY Y i ADeY & RN lorl arPiea
‘appl i catifondemperafise clndeed. ranplighiemnemiwes of dxss then ebaut@50°T heverbedrotound to he
first aspectndbuilalfe B SxmMiment Sfirk Wndibted? PGS Frdfefdbiy, L Srehfur SSpplid
met hods for nmaking netal oxides in which a solution contalning one P%or e

precursors i8Mperelye pached nysten de)adnesodiot exeeed mpeutaffil°Cs mose ipraferablyt abput

treated, tymspet|modtpréteribhydbout Sodeeldbotde conpl ex metal oxide. 30 The heat
treatment step in the nethod of the present invention nmay be carried out

using any sui t ablyhee Gk Ndtel AN nlolld1ea aFpid fﬁératitﬁ%aﬁltﬁe’ h%ﬁpgf?ﬁ%iréﬁ

nmuf fl e furnaces, fluid bed furnaces, multiple hear rnaces, 1

cal ci ner'®, HERPERUGHItHAY volve 8 moh magcigsely ceoplralieddaat irptment wgime.
SUBSTI TUTE SHEET (RULE 26), WO 2005/ 070819 PCT/ AU2005/ 000081 -15 If the
oxi de or oxi de prSERRAINGY B Sfuther Rieferrademhodiner 4 the presertinyendien, thetheat

connected, themméletdibptiuiésat ment shoul d be such that sonme connections
form between the particles prior to carbon burnout. If this network is not

formed prior to gabjeslinhgieRpersion to a heat treatment profile over a predetermined fime to a
desired maximum temperature.

20 For example, the heating step may be carried aut under a controlled atmosphere.
The heating step may involve heating to a drying temperature (generally below the boiling
temperature of the mixiure) to dry the mixture, followed by a slow ramp up fo the
maximum applied temperature, or followed by a series of incremental increases to
intermediate temperatures before ultimately reaching the maximum applied temperature,

25 The duration of the heating step may vary widely, with a preferred time in step (c) being
from 15 minutes to 24 hours, more preferably 15 minutes to 2 hours even more preferably
15 minutes to 1 hour.

The heat freatment profile may range from approximately 100°C to 750°C,

preferably approximately 100°C to 650°C, more preferably 100°C fo 300°C. 1t will be

30 appreciated - that the heat treatment profile selected wilf depend on the particular
composition of the complex oxide being freated. ’

The heat freatment step is preferably conducted under increased oxygen
conditions. This may be achieved by providing a suitable airflow within the heating
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the pores will collapse. 5 The heat treatnent then renmpves ("bumout") the
carbon to create the pores, and transforns the oxide precursor to the
desired |d2%%;7§ tal structure. The heating step results in the formation
of the neVQ 8 Jand the pore structure of the parti @CTAU0RH00MS1 or i of
art processes for producing conplex netal oxides, the nethod of the
present invention suitably only requi resa. relatively | ow applied 10
tenperature. I ndeed, applied tenperatures of |ess than about 350C have been
found to be suitable in experinental work conducted to date. Preferably,

t he maxi wmeﬁﬂﬂéﬁrﬁg tenperature reached in step (c) does not exceed about
750C, nore prerera ?K/ about 650C, nost preferably about 300C- 350C. The
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e ases. tserion &R efpefies o YR R e ard i Alftgere, doss
rrgxi Ime ap Pld:@rgen leape tmnnetenﬁon pbcarben dunighérctarpératdne, érﬂitgappmﬁﬁf Z?L{m:gzgxaey
hours, " 1 o yPuRBRafich WlofiR, bBaRb3 o Ve B8 Qai3rbRt JB e e g come
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ai rfl owlbi t of wxyden inteethi yide SPRESEEShG EheShilder in RUMIRE) bMChuPHs 1 7108 ¥0rnace
PCT/ AU2005/ AR an 6x178én—8%if19@%&phere flowing therethrough is suitable.

Furthermore, a heat treatment that allows burn out of carbon at lower temperatures
eg. at temperatures of approximately 100°C to 750°C, preferably approximately 100°C to
650°C, more preferably approximately 100°C to 300°C is prefeired. Burn out at sufficiently

20  high temperatwes can cause an uncontrolled exothermic bum off of the carbon , which
severely diminishes the surface area. Also applicants befieve that retention of carbon to
high temperatures diminishes high temperature stability by the mechanisms previously
discussed,

Close .control of the burn out step should be maintained in order fo avoid

25  excursions out of the desired temperature profile of the burnout step. For example, close
- monitoring of the temperature during burn out could be used. If an undesired increase in

the temperature is obsetved (indicating excess energy production due to an increase in

the rate of exothermic burning of carbon}, the atmosphere supplied to the furnace may be
controlled by reducing the partial pressure of oxygen. One way of achieving this outcome

- 30 s to inject extra nifrogen or other inert or non-reactive gas. This not only reduces the
partial pressure of oxygen, it also acts to cool the furnace. As it is also desired to maintain

an oxidizing atmosphere during burn out of the carbon containing pore formers, this
method of controlling the temperature should be used only where rapid response to an
impending femperature excursion is required, or where it is apparent that an excursion
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In a preferred enbodi nent, the heat treatnent shoul d encourage penetration
of oxygen into the particles during the carbon burnout phase. Preferred
equi pnent vi“ijigdog SR fluid bed furnaces and the like. A snmaller oxide or

oxi de precut 207 CAFbon particle size 5 al so encourages panéAb207/p90%);
oxygen. Applicants have found that better penetration of oxygen leads to
better thermal stabilities. Wthout beipngyheld to any particular theory,
applicants believe that better oxygen penetration |eads to nore conplete
removal of carbon at a | ower tenperature, and thus maintains a nore
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suppl i ed to RRecsshghtieeroduct may bedeiester) ed by reducing the partial pressure
of oxygen. One way of achieving this outcone 30 is to inject extra nitrogen
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to maintain, qn oxi di zing at nosphere during burn out of t é) carbon

cont aj ni ng pBrikdingaRexide Compasitiontepmeented byithe aeneralformidat enper at ure shoul d
be used Bnl y where rapid response to an inpending tenperature excursion is
r equi reg, or where itﬁHsB:@fﬂf-Biarent that an excursion SUBSTI TUTE SHEET ( RULE

26
‘) wherein

s
A

A is a mixture of lanthanide elements;
B is a divalent or monovalent cation;

_ M is an element or mixture of elements selected from the group consisting of
25  elements of an atomic number from 22 to 32, 40 to 51, and 73 to 83; and

X is a number in the range 0.1 <x<0.5.

Preferably, the complex oxide material is made by the method of the first aspect of
the present invention.

The complex oxide material may be of the correct phase (e.g. single phase or

30  muliiple phase) with an initial surface area greater than approximately 15m%g, pieferably
greater than approximately 20m%g, more preferably greater than approximately 30m?g,

and a surface area after ageing for 2 hours at 1000°C in air greéter than approximately
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WO 2005/ 070819 PCT/ Al T2005/ 000081 -17 has occurred and it is necessary to
qui ckly reduce or stop the oxidation of carbon (for exanple, for safety

reasons) . “ﬂ%ﬁgmgbvel y, additional cooling my be provirgégépé@g)gﬂg’%%oof

closely nonitoring the tenperature during burn out, it ssi bl e
to obtain satisfactory results by maintaining the tenperature during bum
out bel.ow a specified 5 maxi num tenperatyge. The specified nmaxi mum
tenperature can vary widely in accordance with the particul ar conpl ex
nmetal oxide being formed. As a further alternative, the nethod of the

present i nve'g,tniz]g? pievérdbf GRS %W'&Sﬁabxﬁ{%ﬁ&&fi(gﬁég,oﬁﬁé‘tﬁr@ﬁ%#%e}t@ﬁ%an

(such as oxygen flow rat e, and furnace cool i nQg) a quality

prot ocol nai ARRIPHEWEM M) ect s any unacceptabl e product. The presence of
unaccept abl e 10 product may be determ ned by testi ng of the product or by a
noni t ori ng t echni foecempiex oxgamaterial gy exhibisrasibsigatallyi hegiqaenaeks eompasition.
rejects any p ~ product fornmed if the one or nore paraneters noves outside
of a specified rahRcempleypxde mateyial ey ifnlede apeiowgiile matadalnocoupl e may be
used to npnitor the maxi mumtenperature reached during the nethod and if
the maxi Mum t enpefag oSk o8ide @a?ﬁabmaveaewanmmlbgh@ Avetaget omly sizs bk
rejected, of ajrofmaletyBlnn RS ASSTOKRRISH P58 ni Blord By Hophdifiatlly OIS bl sha
red hot during processing, the product may De_rejécted. In second aspect -
of the presehds PAESHfANGING Ithaize pRpvexiBdtely ponbie apprpingielyo2sqem, more
material, Wﬂﬁ‘eﬁarﬁat? RARRAIRAEY 0 Yo BpRIxifkteR* IBtPAHS ﬁb\gé’\[jér,e{?i@eév@[-d#ee in
stability and  including an Oxide conposition'represented by the ge er%
formul a; 20 #pd poravsze O theeramplex; exide materizle roay vams mﬁﬂénmwgm specifiy

is’a divg engorApleXBIIAY 8tiIBREdCcation; Mis an el ement or mxture of elements
selected fromthe group conststing of 25 elenents of an atom c nunber from

22 to 32, 40 to - - CBzZidiS <
0.5. Preferabl ,5!5‘%%@%@1%&%éi%%gg@iﬁgﬁfﬁgﬁeﬁ%lrﬂ?&eebgy tﬁgﬁéﬁe"a%}%ga%eéqﬁ tﬁ fe
first aspect™ay prafg@blyrfall ahthe;lpwenendef thewanae &g &k apRiowimaiely 2o 40 nva,ymere
of the corr efiefepiig Sph@xiEnat ngqcnﬂﬁ&ﬁtrﬁsore% ! rhhdd 6f RRSEhaldy 7 ndto 50

initial surface area greater than apgroxi mately 15n27g, preferabl’y greater

t han appr oxi Wit BPie prefasally apyoymaely 41pmogd0nMer t han approxi mately 30n2/ g,

16 A complex oxide material of the lanthanum manganate fype may exhibit an
average grain size of approximately 2 nm to 100 nm, more preferably approximately 2 to
30 nm, with pores in the range of approximately 15 nm to 200 nm, more preferably
approximately 15 nm to 150 nm.

More preferably, the complex oxide material may exhibit a substantially disperse
20 pore size range. '

in a third aspect the present invention provides a method of producing porous non-
refractory metal oxide, the method including providing a mixture of '

a) one or more precursor elements suitable to produce the non-refractory

metal oxide, particles of non-refractory oxide, oxide particles that are

25 precursors of the non-refractory oxides, or mixtures of two or more thereof;
and '

b} a particulate carbon-containing pore-forming material selected to provide
pore sizes in the range of approximately 7 nm to 250 nm,

and treating the mixture to

30 i) form the porous non-refractory metal oxide and the non-refractory metal
oxide has grain sizes in the range of about 1 nm to 150 nm; and
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and a surface area after ageing for 2 hours at 1000C in air greater than
approxi mately SUBSTI TUTE SHEET (RULE 26) WD 2005/ 070819 PCT/ Al 1 20051000081

-la 5n2/ g,wRAr reater than approximately 10nm2/g, nore preferably
greater ?h‘gﬁzsgﬁ@%%yngtely 15n2/g. The conpl ex oxi de maPEFIALRFRPO08Khi bi t
a substanti‘ally honpbgeneous conposition. The conplex oxide material may
include a perovskite material. 5 The conp{gx oxide material may generally
exhibit an average-grain size of approxinately 2 nmto approxi mately 150
nm preferably approximately 2 to 100 nm and has pores ranging in size

approx mat sl y 10 hm t o DySTER e i Rl R SorfliSl it et rporons
and pore size of the caifickre erd dompesition cfl tse map-refeaciory degtalnntideds ebstasially

specific 10 conpl ex ox] ected. For exanple, for a conplex oxide
'ngterial of the CBZr02ﬁ¥€%%§§£verage grain size may preferably fall at the

d of th : | 0, n nor r ef er abl
appr oxi g ol y 2t ooy, i cten 1) 2B, 6 B of sl ot oiRtls SR e ey
50 nm r e A% BCeiPamted ipa ohasmeidhy ngn-refractorgmetahoxiiB A conpl ex oxi de

material of the |anthanum nanganate type may exhibit an average grain si ze
of approxi mat el y Thamnewrioorerprecursorelgments madyt inclage ooeiormiore ynalaltcompdingsn

i [ , ' 0] .nor e, pref er abl
Appr oxi mat el Lt GH96: fiord RRAIK LBLE troho ol ietd8 ey Akl PRt e By ik
may exhi bit ﬁ’is%@i&a&’ﬁ-ﬁw 41,58 $p84 end 8200BoThke ohe er rmogemetahcampdingsl nagiisst
t he present bﬁ&@é{tdcg t%’,%illﬂﬁgte@,ﬂmétgggn EeL]fk&d“C' ng porous non- refractory

0 I'ng p _

nmet al oxi de, the net i nclu roviding a mxture of a) oneI o(r) irrgree
Do 101 o8 of -mon- Coke KNS Adhell SIS DRckRt IRRRAGL G ilod PG niiladiet ot
of the non-r gﬁ%reswww@ggnmpaﬁsgs thedormatianief Rorousometal toddesod. the apecied 2
Por e i zos | B ey SRE DB AN L oRQITRCE! kg SRkE bhith 0.8, B33 i
mxture to 386Xf§) ﬁ'lﬂWﬂVFhéhﬁdglﬁjgsmﬂf #te prasent/invention isxesisctad do tidveing non-
non-r ef r act ofefra@®inPetal oxides. Itis a 'very surprising resuit that such non-refractory metal oxides
15 can be formed in this manner because the presence of the carbon-containing pore
forming particles was thought to be likely fo cause reduction of the non-refractory metal
oxide during the step of removing the pore forming particles which, of course, would
destroy or substantially compromise the metal oxide phase. However, the present
inventors have discovered that the method of the third aspect of the present invention can,

20  infact, form such non-refractory metal oxides.

In one embodiment, the method of the third aspect of the present invention
provides the precursor elemeni(s) as a solution or dispersion. For example, a solid phase
mixture may first be formed and then dispersed or dissolved in a suitable solvent.

in one embodiment the precursor elements and pore-forming material may be
25  mixed to form a solid phase mixture and the oxide being subsequently formed by suitable
heat treatment, as discussed below.

In a further embodiment, oxide particles may be formed from suitable precursor
elements and the pore-forming material mixed with the oxide particles to form a mixture.

The mixture may alternatively be provided as a solution or dispersion. For
30  example, a solid phase mixture may first be formed and then dispersed or dissolved in a
suitable solvent,

 In afurther embodiment, the precursor element(s) may first be formed in solution
and the pore-forming material subsequently added to the solufion. Alternatively the
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oxi de 'has grain sizes in the range of about I nmto 150 nm and SUBSTI TUTE
SHEET (RULE 26) WO 2005/ 070819 PCT/ AU2005/ 000081 -19 1li) renove the
pore-forr{gﬁgé%ﬁ@ under conditions such that the porous structure and
corposi t 'R B YE¥ non-refractory netal oxide is subst akCRAYU20549p8L or ved.
Suitably, in step (1) above, one or nore of the precursor elenents from (a)
above 5 are incorporated into a phase o% the non-refractory netal oxide
The one of nore precursor elenments may i‘hiclude one or nore netal conpounds
i ncluding one or nore nmetals selected fromthose netal s of atom ¢ nunber 3,

4, 11, 19- -3 37- 4 0 on or, re netal
conpounds n@e%ég’"ﬂ? SRS %ﬁg@ 'é?gt]a p%ﬁ?’%%ﬁ%i% r?'ﬁi é‘g 8‘? HE‘E}ED[RSQWQ
Unl i ke the fsblicsphasspeidurofnd e mixase dissolnedinta suitablehsiveat.hod of the third
aspect of the present invention enconpasses the formation of porous netal

oxi des of the sp&thdrcea digpepsion or ohdiod ipdommed, zanyt swtablmsdoeﬂtymay Pengdei,

metal in th hase not I oxi de) . Howev he..t
aspect of t %%‘R #@i gqr“?/éﬂq PN s&%ﬁ%&%@sta@'ﬁo&rﬂ' ﬁ‘éf\é\'ﬁ)&ﬁ@'? f iffig 6‘?'8)
met al oxﬁdeammd)ma,saleohow trens gnd ketops rmayibé usdth waterdéthequrefeatd soverity net al
oxi des 15 can be formed in this manner because the presence of the

car bon- cont ai ni ng' heamethof] af then thindaadpect afsthwersesdmb uybhudrotsbesplebahw Suitablecforse

0 o, Ol ARSHE B B A S LB, PPl 5B e

subst ant i aLIpyecquus dTiThedtvith asuetactant a;]fe%l p&:llgtme]c L ah«bisemﬁ:sh ; equér&lyﬂreatea;lf htypzcally
t t t t t t

Ipp\e/ggm?r isnv%&?\eghﬁqcfg%%rﬁ%aép'%tt?'e?g%en?or(r)n sach ngn rle; r agtsg(ra; rrgt al gXI des.

n

provi detlt ne. pr oQiPeapeiel Bferfagdtnd Yyiie B BShect o S BRIl 3 57 .

a solid phgfescrrhexit witk nefereficer & viadotis emisbdamehis lof rthdi ;snsztaezr:ieuhvmtwdlj anact)lfoed
por o- o m ngoRIS Edang e SRR bR e BB L0TTG Phace mxture and
i Scussed bel o %%ﬁ%ﬁ?iﬂlﬁé?é BiiTaeR O e ot RFBhac] 6 BESH, uo@Fto maie

f [1 om sui t ablcempmlem(ia!@ dinat epthihiterat farge dpedific surface! areal ngrthmltcmdal botixesnplex h
br ovt ol a5 Bt afid obdiel ol L LR pothlpliel B o bt FaiE by Y niehFy,

may first befthersesdndiaspeadchehthdirsseatiored or di ssolved In a

The methods of the first and third aspects of the present invention are particularly
suited to making metal oxide powders.

20  Description of the drawings

Figure 1 shows pore size distributions from materials prepared in Examples 1 and
2, following heat treatment to 650°C;

Figure 2 shows surface areas obtained after heat treatment at 650°C and 800°C,
as a function of La,Og content for examples 18-22;

25 Figure 3 shows pore volumes obtained after heat treafment at 650°C as a function of
LayO; content for examples 18-22

Figures 4a and 4b show XRD patterns of Ce0.457r0.451.a0.10x heat {reated o 450°C a)
prepared without carbon (example 28) and b} with carbon (example 29)

Figures 5a and 5b show XRD pattemns of Ce0.45Zr0.451.a0.10x heat treated {o 800°C a)
30 prepared without carbon {example 28) and b) with carbon (example 29)
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suitable solvent. In a further enbodi nent, the precursor- elenent(s) may
first be formed in solution and the pore-form ng material subsequently
added to %B?gégl jon. Alternatively the SUBSTITUTE SHEET (RULE 26) WD
2005/ 0708 PRBY005/ 000081 -20 precursor el enents af§FTAU0EH

portion of pore formng material. may be mxed to forma solid phase
m.xturé& and the mxture dissolved in a 3%Ltable sol vent. Where a dispersion
or solution is fornmed, any suitable sol t may be used. Although

i norgani ¢ and organi c sol vents, such as acids (e.g. hydrochloric or nitric
acid), 5 ammonia, alcohols, ethers an@ﬁ#ﬁﬁﬁ% may be used, water is the

- preferred solvent The nmethod of the th pect of the present invention
i s especially aple for use in nethods for meking netal oxides In which
a solution conta nrng one or nore precursors is mxed with a surfactant or

oobol ot don10° EHESENERP AR s, PIEHEFE aoaritio 16 e Bcyife 'Bitibd, ok
p]r efﬁgt i n\slemllutmm avas arepacsk diyi lwlissovingh 1484 eta{hm)alﬁdah??lrmm%e?ghgg)%nsmeg
Geser bog acbiNGREY 2 BAENCOL and 58 ST LARARICHIn Mot slitiof 255 e 2/
has beenhuseMnuo ansitdionaoppeised el 25y Waier mnzg HNC_@(?IO%)gt‘Iggoﬁt sfcthitsisolution fm@‘lég
. O her I I Si
acea; SLher edShn 2B ST Ban 9B 800 M RO 469016 PE. Tk
the inventi cﬂTOdERﬂeNammhnd‘eabfreataé 0‘5!1 st 3@0?@ 1350‘10;1 @Qﬁéc@%f 500f€, Bo6%zand

I nvention ar Oaériﬁé aﬂnln&oe htafrﬁ \&o maki ng netal oxide powders. 20
Descrlpt|on the draw ngs gure shows pore size distributions from

Frgure 3hous sucrg el Behabnd oy 3?9‘3 oo beiBvaiE T SHabE Shed Ghignes

800C, as a dftendhisdreadtreptmes mﬂ&&n wiFigxhrsbbes the [P sBE Gsgibuiond TEMWS

Content for HoNca i Sygeb qﬁ‘ﬁﬁézeés W2 B, Al RO it o ¥ 000 6™

CeQ. 45Zr 0. 4&9@'@033(9@%9'!1/9& ed to 450C a) prepared without carbon
(exanple 28) and b) with carbon (exanple 29) Figures 5a and 5b show XRD
patterns of Ce0.45Zr0.45La0. 10x heat treated to 800C a)

15 Example2

L2y 6810 2Nio.04Pdo.0sMnooOs was prepared in the same manner as example 1,

except that 16.15g of carbon black (Cabot Monarch 1300, average primary particle size

13 nm, DBP cil absorption 100cc/g, nitrogen surface area 560m?/g) was mixed into the

solution with a magnetic stirrer, prior to mixing with surfactant. This solution/carbon black

20 mixture was dispersed by a high-speed shearer, then mixed with surfactant, then
~ dispersed again, The heat freatment applied was identical to example 1.

XRD showed the material was single-phase perovskite. The surface area obtained
after the heat freatment was 24.7m%g. Fig. 1 shows the pore size distribution. TEM
showed the average grain size was ~50nm. After heat freatment for 2h at 1000°C, the

25  surface area was 10.04m?/g.

It will be noted that incorporation of the carbon biack has provided significantly
more large pores, and the material is more stable at high temperature,

Example 3

30  LaysSro2NipodPdossMngsOs was prepared in the same manner as exampie 2, except that
the heat treatment consisted of placing material heated o 300°C directly at 1000°C. After
heat treatment for 2h at 1000°C, the surface area was 1.9m?g.
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30 prepared wi thout carbon (exanple 28) and b) with carbon (exanple 29)
SUBSTI TUTE SHEET (RULE 26) WD 20051070819 PCT/ AU2005/ 000081 -21- EXAMPLES

Exanmple 1 _lLaqg. 6Sr 02N 0. 04Pdo. o6Vho. 903 was prepared according to the
fol | ow ng“’r?eﬁ)ﬁg’gmgﬁ’ sol ution was prepared by dissol vi ng"‘iﬂégmﬂsm"““ﬂ

La(NGB) 3. 6H20, 18.2g Sr(NO33)z 6.86g 5 Pd(N®3)2.x H20, 2.04g N Ca3 and
138.3g 'of MI(NOG3)2 in water solution cof ani ng 233g/1 M, in a solution
conprised of 1359 water and 12g HNG3(709% . 119g of this solution was m xed
with 72g Brij 30 surfactant. The m xture was heated slowy to 300C. The

dried product Vas, - - af _ '
5006 ang 6a0c | nTit BESBiE ik Sicftatbaraihl o edfton piRkIn 10 Réravki recticty
was singl e- p'haséingbeir')sufﬁtiem;toWidﬂniglatmnmﬁar&ﬁaﬁﬁmﬁe heat dneatnieing congditions
t r eat ment 7. L. ' | ST LiQuid @n. ;
showed the%«?ﬁa’ e r%ﬁgﬁ@?f@hﬁ%@ﬂﬁ%ﬁﬁlcﬂ&ﬁ g‘rc %eczaglt’ﬁécr%eé#e%eér’ft fp'P orpg'gh%atﬁ s
iooog,s t th mstdlated thatcthewargessiBphgngd fh Bropepétore2used in this example caus:led an
ao0. 6Sro i : red.jin r :
except t far WsoaEaRsURR o7 At o icrb s pudeh which S BE GEARGH reBInc Y fioh
particl e si ziemptfaturey THIBE podtulaleddo pavecauked sintgingrdndrreductiopunf teoeeial edde.
560n21g) was, nm.xed int L Ut it ' t] i.Or.
i xi g £ Cg e 4 oS! pRfpote BB ieeal o les B4 Hiilied
by a hi gh- sphegsadmneurnoblen ni xed with surfactant, then dispersed again.
The heat treatnment applied was identical to exanple 1. XRD showed the
mat eri al was singl e-phase perovskite. The surface area obtained after the
-heat treatnent was 24.7nmRlg. Fig. | shows the pore size distribution. TEM
showed tlBe dbxample 4rain size was --50nm After heat treatnent for 2h at

1000C, the 25 surface area was 10.04n2/g. It will be noted that
i ncor porati on of LaeSkaiihaRdikMokeChawap risopared inithei sanananner ras exanaple e3,

P eS e a9 BelBEE b Gy TRAprabal i ¥ ulbedlibEEPRIIotiinadr Y Brotodlly

‘Lao, 3Sro0. 2Ni 0. 0 S prepared 1 h the same nmanner as ex
except that washtersame.treat ment consi sted of placing material heated to

300C directly at 1000C. After heat treatnent for 2h at 1000C, the surface
area was 1.9n2/ g.XRD showed the material was perovskite phase. The full width half maximum

156  (FWHM) of the peaks was similar to FWHMs of peaks in examples 1 and 2, indicating that
the grain sizes were similar (i.e. around 50nm). The surface area obtained after this heat
treatment was 22.1m%g. After heat treatment for 2h at 1000°C, the surface area was 9.1
méfg.
Comparison of this resulf with that from example 2 (1 0.2mzlg) shows the beneficial
20 effect of increased oxygen during the heat treatment. The present inventors believe that
J less oxygen provides reducing conditions in the furnace, which can lead to formation of
| metal in the material. This can cause sintering and a reduction in surface area and pores.

Examples 5-8

25 LAy s5r0.2Nio.04Pdo.0sMnoo0s was prepared in similar manner to example 2, _with
varying amounts of carbon black (Raven 850).

XRD showed the matertials were perovskite phase, and peak FWHMs were similar
fo examples 1 and 2.

The surface areas, pore volumes and pore size distributions are shown in Table 1
30 and were clearly dependent upon the amount of carbon black used.
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SUBSTI'TUTE SHEET (RULE 26) WO 2005/070819 PCT/ AU2005/000081 -22 This
exanpl e shows that incorporation of carbon black in the perovskite
precursor _ i in itself sufficient to provide high tenperature

stabilit ywq.%oggfﬁ@gp treatment conditions used in this XapVHEIPMNHE] t he
destruction, of the surface area of the material. It is postulated that the
| arge step change intenperature used I_n2:§bi s exanpl e caused an 5
uncontrol | ed burnout of carbon fromthe 0xide, which |led to |ocalised
regions of very high tenperature. This is postulated to have caused
sintering and redyghion of the netal oxide. In other words, the

- conposition and pore structure of the netal oxide was not naintained
duri ng cgrbonmburnout—16-1Exanpte—4-tao—aSro—2No-o4Pdo—oeMio-gCa—was
prepar ed | iBxanie 5ahwowainfer] Strfaseanske | Pore volumpt| Phetvahonai|r Pomwoldse
-present ifn the ty q. T, i hde .he p rel- he .safre.
XRD showgd t he na?%rp IB@.F)%EV@S pegrig\fl)gﬁ?e %ﬁ%}gg% &I‘%‘e fi@?ﬁmtr :@q&% Frim
15 (FWHV| of the| peaKg) was [si ni(méig)t o FWHMec.g] pelakdiai feegyarpl eged.gpnd
indicating that [the grain]|sizes were simlar (i.le. around 30nnm). The
surface areagobtpinedgafter| thi eat treatzgent was 1 nd/g. ,%f er heat
treatnment for 2hjat 1000C, |the surfacejarea™was 9. 1 9 Cdnparison of
t hi s resyit—wth-that—fromexanptre—2—( {0 2m2fg)—shows—the—bgref+eial—20

L,

1A~

naf e
rneTrrorar =

effect off in@r eated dBygen |duri e t he heat 0838eat nent . 0.3the priesend.iBnventors
believe tthat |ebks oxygen provides _reduci ng _condijtions in the furnace,

whi ch ca Ie}ad t
sintering and a
.Lao. BSr o2

forgeati on of t al ntB% material0 hi s [can ﬁgﬂse
eduction lin surtace afea and porles. Exanpljes 5825

. do-oShvhoSta—was prepa ed—mr-sthtjar—rannetrte exan“plc P,
wi'th vajying anpunt #8f cqrbon &l ack { Raved1850)|. XRD38howgd t h@2fater|al s
wer e peravskite phase, andlpeak FWHVE were sim|ldr to exanples 1 and 2
The surface areas, pore volunes and pore size distributions are shown in
Table 1 30 and were clearly dependent upon the anmount of carbon bl ack

used. SUBSTIgiifpies i (&SR RRLPURARR 305 st E Wi WiRBARM QAR blacks

Examples showing the effect of using different types of carbon black pore formers
5 on surface areas and pore structures obtained for the complex oxide
L&10.8Sr0.2Nip .04Pd0.06Mnp 6 Os. '

Oxides were formed using the method described in example 2, except that
different types of carbon black were used.

XRD showed that all compounds were perovskite structure, and peak FWHMs
10~ were similar o examples 1 and 2 indicating that the grain sizes were around 50nm.
Results for surface areas and pore structures obtained are shown in Table 2.

Table 2
Example Garbon Black Surface Area Pore Volumes
mlg
celg

Type Particle Oil 656°C | 1000°C 3- >0nm { >50
Size Absorption 200nm nm

(nm) {cclg)
9 Manarch 280 45 137 25 | 113 | o017 | o048 | 0.0
10 Monarch 1300 13 100 23 9.8 0.22 .21 0.14
11 Mogul L. 24 62 32 12.0 0.25 0.23 0.16
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Tabl e '1 Exanpl e Anobunt of Surface area Pore volune Pore vol une Pore vol une
carbon bl ack at 650C 2- 200nm dia. 10-200nm 50-200nmdia. (g) (nR/g) (ccQ)

dia. (cc. .22 0.2 0.1 6 16 44 0.33 0. 8 7 32 44
0.34 0. 32‘%2&@“@3% 51 o 41 0.39 0.25 Exanples 9-11 Peradatos oot

Lao. 8Sr o, 2Ni oo4PdooalMho. 903exanpl es with different carbon blacks Exanples
showi ng the effect of using different tyfpes of carbon black pore fornmers 5
on surface areas and pare structures obt‘ai ned for the conpl ex oxi de

Lao. sSr 9, 2N 0. 04Pdo. osivns. 903 Oxi des were fornmed using the nethod descri bed
In exanple 2, except that different types of carbon black were used. XRD
showed that all conpounds were perovskite structure, and peak FWHV 10

were simlarg} |, 1 and 2 indicating that the grain sizes were
around 50nm a&g@éﬁﬁ? '&(S)r surface areas and pore structures obtained are

1210 oo/ g 1y S emele A e e g R0, WG frrd] FE R it Bs

2 g]oo( 2 g) g 8 xgmpiesivband Sreggaivaly fwithopbcarbog apd withiati®n) except tigat lwlyaﬁ‘w}ene
suesI Ture. o fieBpias Bl Rl waphsthatiem Salfroiy ot thofed patlnds
tlﬁ-elcs)’alng ﬁg ap’rplse.sanmaanmﬂmpuﬂtyqae{asraxameﬂmm@;@}mMWpmepmasobren
car bon) excggglt8 {N{' ﬂgtta%(é)l%ﬂfﬁﬁp ene Qg&'géﬁ%gﬁ&i hgﬁeié&c%{lq ar mgé%ﬁﬁme?%f' la\%ér

I nst ead of d@résmctant. XRDs showed perovskite phase, and a mnor inpurity
peak exanple 12. The surface areas and pore vol unes are

. Table 3
| Example | Surface Area | Pore Volumes
mAlg
celg
650°C 3-200nm | >10nm >50 nm
12 17.5 0.1_2 0.105 0.04
13 T 0.22 0.2 0.15

10
Examples 14-15

LagsSrozNioedPdoosMnesOs Was prepared via a co-precipitation technique,
examples 14 and 15 camied out with -and without carbon (17.8g Monarch 1300),
reépectively. A solution was prepared in the same manner as example 1. Another solution -
15 was prepared by dissolving 559 of ammonium oxalate in 960g of water. These solutions
were combined by slowly adding each solufion into a sfired vessel fo produce
precipitates. The precipitates were washed, filtered and dried at ~100°C, then heat treated
in the same manner as example 1.

XRDs showed perovskite phase and some separate peaks. The surface areas and
20  pore volumes are shown in fable 4.

Clearly the effect of carbon on the pore distribution is very much smaller than
observed in the examples using surfactant and polyethylene glycol. Without being held to
any particular theory, the inventors believe that the larger liquid volumes, ofien required
for co-precipitation, result in very disperse precipitate particles and carbon particles. This

25 may make it very difficult fo sufficiently disperse the carbon particles amongst the
precipitates o produce the desired pores. '
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shown in table 3. The incorporation of carbon has clearly increased the
nunber of |arger pores. Table 3 Exanple Surface Area Pore Volunes nRlg
cc/ g 650 ».0nm >50 nm 12 17.5 0.12 0.105 0.04 2 02
0.15 1OCE§%np$es 4-15 Lao. 6Sro. 2Hi . 04Pdo. o6ho. 903 mas(éﬁgﬁé?%QQWﬁ
co-precipitation technique, exanples 14 and 15 carried out with and

W t hout carbon (17.8g Mnarch 1300), resgpectively. A solution was prepared
inthe same manner as exanple 1. Another solution 15 was prepared by

di ssol ving 55g of ammoni um oxal ate in 960g of water. These solutions were
conbi ned by slowy addi ng each solution into a stirred vessel to produce

- precipitates. The precipitates were washed, filtered ahd dried at-+-100C,

then heat treated inThhesame manner as exanple 1. XRDs showed perovskite
phase and sone separafe peaks. The surface areas and 20 pore vol unes are

“shown in table 4. C eart tna eTTect of [C non the pore distgribution is
very much smaller thgrF% vudage, Afga é%fﬁg‘f ume ng surfactgnt and
pol yet hyl ene gl ycol. |Wthout lgng hel d tm:lg any particular theqry, the
i nventors believe th thet-ar ger t— qU| thi—v-ot oes; of-ten |t:\.|u‘;_| ed for
co-precipitation, result in V&%8/Cdi sper sEg3-p#tawt dixtldem pa=H9 oimed and car bon
particles. This 25 make 1t very diffjcult tdg sufficifently disperse the

carbon particles anonggt the|4precipitategqdsd priagoce t he gdgsi fed pores.
SUBSTI TUTE SHEET (RULE 26) WD 2005/ 07081P PCT/ AY2005/ 000081 -25- Table 4
Exanpl e Surface Area [Poré Volunes n27g ICC 200hm >TI0nh >50 nm 14
19 0.106 0.09 0.025 ¥ 17 0/145 0.11 0. 0%1195 0. dlos

5 Examples 16-21 Ceq.s50Zra7La3003Pr0.060x examples with different types of carbon
black

These examples show fhe effect of using different types of carbon black pore
formers on surface areas and pore structures obfained for the complex oxide
Ceo.54Z10.371-80.03Pr0.060x.

10 Oxides of composition CepsiZlosrlanesProssOx Were prepared by dissolving
appropriate amounts of cerium nifrate, zirconium carbonate, lanthanum nitrate and
praseodymium nitrate in a water/nitric acid solution. 33g of carbon black was dispersed in

. the solution using a high speéd shearer, 70g of Erunon LA4 surfactant was added and the
f mixture was dispersed again. The mixiure was heated slowly to 300°C. The dried product

15  was then heat-treated for 0.5h at 300°C, 350°C, 400°C, 450°C, 500°C, 600°C and 650°C

in a tube furnace with airflow.

XRD showed the samples were single phase, and TEM showed the average grain
size of the material prepared in these examples to be approximately 5-10nm after heating
to 650°C. Other examples exhibited similar XRD peak FWHMs, indicating similar grain

20  sizes.

Surface areas and pore volumes for the samples with different carbon blacks are

shown in Table 5 below, together with particle size and oil absorption values for the

. carbon blacks. Also shown are surface areas obiained after heat treatment for 2h at
1000°C.

25
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5 Exanpl es 16-21 CeO.s4Zro, 37Lao. 03Pr0. Ox exanples with different types of
bl ack These exanpl es show the effect of using different types of

car bon
car bon

for the ¢

of ceriumnitrate,
nitrate in a water/nitric acid solution.
t he sol ution-using a high speed shearer,
m xture was di spersed again.

in

was added and the

bl

GorBi B

e

orners on surface areas and pore S

Ceo. CAZr 0. 37Lao. 03Pro. 060x.
Ceo. s4Zro. 37Lao. 03Pro. O6Ox were prepared by dissol vi ng appropriate anmounts

o° R AR,

i ned

osition

zi rconi um carbonate,_$gnt hanum nitrate and praseodym um
33g of carbon bl ack was dispersed

70g of Erunon LA4 surfactant

The m xture was heated

slowy to 300C. The dried product 15 was then heat-treated for 0.5h at
300C, 350C, 400CTpdsE.
ai rflow. XRD showe

500C, 600C and 650C

in a tube furnace with
and TEM showed t he

e sanpl es were single phase,
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averagd grain [size of _the naterial prapared in thgse exanptes—tobe
appr oxi Bele 5 1onm FEdpnRlaski ng ¢ o |poRbEaCH r Jexanpl Salrags ed
simlal XRD pepk FWHVs, indicating simijlar & n 40 sizes. gergf ace areap
and pore—vettHps—f-or-the-sarphes—with-difergnt—earbon—blacks—are —shown i n
Tabl e § bel ow, | t oBypehef Raitidie gart i@l e gi650°@Qndoet°t |absr ptli onomal Leso har
the cqrbon blpacks. Al ko W €§f§ flace arjeas olt Eyg@? af t er heat
treatnmgnt for Ph at 1pO0QC. 25 gil?UTE SHEET (RYL WD 2005/ 070819
PCT/ AU2005/ 000081 - - 26+ ei5 é&gﬁbl Car bgn Bl agk Surfagce Areal Pore
Vol une§—+~t-g—petg—Rhype—Partiel-e—6i-+—450C1000C-34=10am-350.nm S} ze
Absor pfi om2200nidengren) | (ce59) |12 Memar ¢h 4% 1373801 139 d.3 dz 2 P. b2 2BO
13 Ravgn 13 65 112,17 0.41 0.32 0.14 2500
.
13 Raven 13 65 112 17 041 0.32 0.14
2500
14 Raven 21 62 118 18.4 .43 0.33 0.17
1190
15 Raven 101 68 108 12.7 0.28 0.175 | 0.09
410 ’
16 Raven 34 75 110 19.5 0.38 0.33 0.15
850
17 Raven 67 61 29 183 0.40 0.3 0.17
i 460
Cleariy the pore structure and surface area can be altered by use of carbon blacks with
5 different morphological features. '
Examples 22-26 Examples with excess La content
Lag ¢8rp.2Mng gNip 04FPdg 0505 + L.2,0;3 materials were prepared in a simitar manner to
previous examples. The amount of La,0, was varied between 2.5wit% and 20wt%. XRD
10  showed perovskite phase, plus increasing amounts of La,O, phase with increasing excess



14 Raven 21 62 116 18.4 0.43 0.33 0.17 1190 15 Raven 101 68 108 12.7 0. 28
0.175 0.09 410 16 Raven 34 75 110 19.5 0.38 0.33 0.15 850 17 Raven 67 61

99 18.3 O‘C?A-gw@ 508101/ 460 Clearly the pore structure a?’%ﬁ%ﬂ{}é&z@?“ rea can

be altere use of carbon blacks with 5 different no

features. Exarrpl es 22-26 Exanples with excess La content

Lao. 8SrozMho. 9bl i 0. 04Pdo 05C8 + La2C8 npgerials were prepared in a simlar
manner to previous exanples. The anpunt of La203 was varied bettween 2. 5w %
and 20wt % XRD 10 showed perovskite phase, plus increasing amounts of

La2(3 phase o

. 2005/ 070819 tg @AU%%%%E@% 2§"T%(??%ESF+%§P§§? hehtfeafitiont ¥ 650°c and
areas obt ai Qf@%ﬁfm@npﬂe@ﬂaﬁﬁlﬂteﬁt 650C and 800C, as a function of
La203 content. This exanple illustrates that the pore structure of the

" oxi de conposition_may be altered by incorporation of varying anounts of a

second phase. 5 %W@“Q‘P 5‘%@&5 ﬂ]@b@'e(%‘? straefurer of. Pirjax floo . 1888 be

10wt % CeQ2 WalfsrdtRBPincHrpBratiol &s‘bfa%éé@ﬂﬂﬁm Thi s conposi tion was
chosen specifically to provi rovs Ite phase an é separate CeQ2

phase (this anmpbunt of excess C902 IS unable to be incorporated into the

per ovski tge mﬁhmmm (re)ynaterial was perovskite phase and CeQ2.
The 10 surface area 8 V\@ 8. 9% and the vol une of pores between
3nm and 200nm  wd<eet éoqg Pagsn® 1MATea 80200 MMade 5o Besitiat mennes to

0.25cc/ g, arskabfileVeETh
treat megt for a2h atq eé;%é%“t hﬂ@uﬁ?ﬂ%ﬂsbgf )ggéfmcggy Q;’é‘b@fdga ﬂ&@kﬁ%‘gﬁéséea

29 Ceo. 457r FeRB#B (RS PPN 9 £XG088 G592 18 U@Wembamﬁi@dxm@dm
;pr épar ed USImo\askhy ba)erxmb é’fﬁ)wéﬁdthé'lﬁla!eﬁéi Was kﬁ@%knta&iﬁaegsaﬁdobeéﬂz Mrh&r

gg?ﬁgﬁgﬂ@ d%g% %]éeaggtgtamed &vas 28. mm%. and trqcla t\/cr::l%}nee of pdresg betweélg r?:%%né#dmm()nm
was 0.28cclg, between 10nm and 200nm the pore volume was ~ 0.25cc/g, and between
--80nm and 200nm it was ~0.175cclg. After heat freatment for 2h at 1000°C the surface -
area was 11.7mg. '

Examples 28 and 28 Cey 4521y 4520 1Oy via hydrothermal method

15 Cep.4slloasl-2040 was prepared using a hydrothermal method simifar to known
methads for simitar compounds.

49.3g of cerium (IV) ammonium nitrate, 27.4g of zirconium carbonate and 8.66g of
lanthanum nitrate were dissolved in a solution containing 940g water and 63g nitric acid
(70%). This mixture was heated for ~24h at ~95°C, causing precipitates to form. 150m! of
20  ammonia solution (%) was finally added and the precipitates were washed, separated via
filtration, and dried at ~ 100°C, Heat ireatment was then carried out. The temperature was
_increased from 150 °C, with 0.5h steps at 150°C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C,
and 450 °C. The surface area foliowing this heat freatment was 145 m?lg. Pore volumes

are shown in table 6 and the XRD is shown in figure 4.

25 Comparative example 29

Cep.a5Zro45La0.10, was prepared in the same manner as example 28 except that
32g of Raven 850 carbon black was added to the solution and dispersed with a high
speed shearer. The hydrothermal heating and heat treatments were then carried out in the
same manner. The surface area of this sample was ~ 100m%g. Pore volumes are shown

30  in Table 6 and the XRD is shown in Figure 4. In comparison to exarnple 28, it can be seen
that incorporation of carbon has increased the volume of farger poreé. However the XRDs

- SUBSTITUTE SHEET (RULE 26)



| ant hanum nitrate were dissolved in a solution containing 940g water and
63g nitric acid (70%. This m xture was heated for -24h at --95C, causing
pr eci pi taﬁ,gl ; rm 150nil of 20 ammonia solution (0/6 final added
and the pr ?10%5??7%?133 were washed, separated via fil tra%’%,sm‘gwaéﬁed at
-100C. Heat treatnment was then carried out. The tenperature was increased
from150 C, with 0.5h steps at 150C, 200, 250 C; 300 C, 350 C, 400 C,

‘and 450 C. The surface area following this heat treatnent was 145 n2/g.
Pore volunes are shown in table 6 and the XRD is shown in figure 4. 25

e Gxanpl o ST REE e R0 of Saton i RaR PP RE Tanidion 3 AR BReT 3R

sol uti on andoeyiet seppraiediphases lyat arg wedarich @ad girconiandchs idhisois lemuaistrated iy ng

area of thi e Wbl HESE, Wing Xebhle ddbics SnhA toREE HRNGRD; RS RY RET
the XRD i s dsitions.nTirisgiheecarbonl hascaffgstad therhwdoothermap prech@ation pomeshecasming

that incerp ; (o) e . es
Hovever Pne SR Bendt Bl B8 BeRe SRER e b BB i %ireadhd e BteSBme.
PCT/ AU2005/ Ot effect-ig hewn wvermh sriore kleaiin dofigure 4, ivdvicho$havesr XBDs ol bothe exdrngld
in the .for | ' Vi g s that are
ceria-rich %@%P@%ﬁ%gw?fgcﬂ&% %&Eﬁt&on%@%@?%ﬁ%ﬁ%@%ﬁ% F‘lg(jj%bl e peaks,
with the separate peakgyphgfted towards the CeQ2 and Zr2 peak positions.
Thus the carbon has af d the hydrothermal precipitation process,

causi ng 5 significant [separatiomof—the¢ifferemt—etremental—speci es and

i ncreasing the pore vplExampl m@acierm i s sh&ore dadumesre cleprly in
figure 5, which shows|XR®Bs off bot#7gxanp|e conpoupdg, that weref given an
addi tional heat treatpent of [0.5h at 800C Table 6 EXanpl -Surface Area Pore
Vol umes e nRlg cc/g {650C 34200 onny 35 P g. A0 29 100
0.39 0.31 0.15 10 Exanples 30 -%ggoblojt) %%”@gqs %ﬁtgéﬁ’usi;n%d)rsn?'n' | ar net hods
to previous exanpl es. [Exanptrg—30~was hea tTeatgd—stowty—to—3

0.5h holds at 150C, 2p0oC2825(QC, 304T and|350€ [Ex e 131 Qas fheat treated
simlarly, however itjlwas obderved that this sanple

29 100 0.39 0.31 0.15

10 Examples 30 -32 CuQ

CuO was made using similar methods to previous examples. Example 30 was heat
freated slowly fo 350°C, with 0.5h holds at 150°C, 200°C, 250°C, 300°C and 350°C.
Example 31 was heat treated simifarly, however it was observed that this sample
considerably overheated during heat treatment, exhibiting a red glow in areas indicafing

15  that the sample experienced much higher temperatures than 350°C. Example 32 had a
slower heat treatment, with an additional step for 1h at 225°C. This heat {reatment was
found o produce material with more consistent properties and high temperature
excursions were not observed,

XRDs for all materials exhibited CuO phase only. The surface areas and pore
20  volumes obtained are listed in Table 7.

Table 7
Example | Surface Area Pore Volumes
m¥g
celyg
650°C 3-200nm | >10nm | >50 nm

SUBSTITUTE SHEET (RULE 26)



consi derably overheated during heat treatnent,

exhibiting a red glow in

areas indicating 15 that the sanpl e experienced nuch higher tenperatures

32

For 1n ar WSS

had a

sl ower

s heat treatnment was

heat treatnent,

nore consi stent properties and high tenperature

observed. XRDs for
areas and pore

al |

Surface Area Pore Vol unes

SHEET (RULE 26) WD 20Q
.31 57.4 0.13 0.1 0.04
surprisingly, heat sen

mat er |

20 vol unes obtai ned are

5107081
3280130

si.tive

al s exhi bij[_

0.259%. 18 (.

materials. ¢

?IS

with an additional

found to produl®&HAPYYPORT; ¢

step

excur si ons were not

CuO phase onl y The surface
ted in Table

Tabl e 7 Exanpl e

In

m2ig ccfg 650C 3-200nm >10nm '>5o nm SUBSTI TUTE
S—RCTHAUZ005H00008T

08%2 Th

n_be._pr
|

=29—30

bhduced

95—10-

0.11 0.04

psel-dkanpl @P4show,
Ising the met hods

of the present inventi
-understood that the in

on,3{usi
vention

Ng aperopri g
di scl osed 3

t egheat
nd defi

tregtne
hed in t

Nt .p.gat

hi s spe

M |1 be
ci fication

5 extends to all alter
f eatures nmenti oned or

nat,j

e |conbi t1ong

2de

t fro thet

hagre

Hr aevln@

E&P{Sr o

i hdi vi dual
t hese

di fferent conbi nati on
invention. It wll
grammati cal variants)

L,UIIDL l

as

[ULt vdl I ousS

] ¢
ar Ul

IaLI Vve A

peets—of the
al so be understood that the term "conprises” (or its
used in this specification is equivalent to the

tern "Includes" ahbesshexdmplesishbe, suipeisingly, hegt-sensitivelimafetidie mberm'admfed

ot her el enen
met hod of pro

4o

or b) one or
)‘

nor e
extends

bnel REhYILSr the

I'ng porous co

mxture of - a) pft%ﬁl%é%d&%{% et thY'

precursor
0

FERed et ol vt ol ol
u‘i\z'ép tién &in8§

all alternative combinations of two or more of the individual features mentioned

nent

4 it

par

pite Sbefiicathn

or evident from the text or drawings. All of these different combinations constitute various
altemnative aspects of the invention.

It will also be understood that the term “comprises” (or its grammatica! variants) as
used in this specification is equivalent to the term “includes” and should not be taken as

10

excluding the presence of other elements or features.
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conpl ex oxi de and one or nore netal oxide particles; and c) a particulate
cak bon-cont ai ni ng pore-fornmng material selected to provide pore sizes In
the range of approximately 7 nmto 250 nm; wherein at |east one of the
precursor -elements is present In the formof a solution, and treating the
m xture to (i) formthe porous conplex oxide in which two or nore of the
precursor elenents from(a) above or one or nore of the precursor elenents
and one or nore of the nmetals in the tal oxide particles from (b) above
are Incorporated into a phase of t he 3 onpl ex metal oxide and the conpl ex
metal oxide has grain sizes In the range of about 1 nmto 150 nm and (ii)
renove the poreé‘%ﬂr&‘g ng material under conditions such that the porous
structure and conpoSition of the conplex oxide is substantially preserved.
2. Anmethod as clained in claim1l wherein said pore formng material has a
partlcle size failing within the range of fromabout 7 nmto about 300 nm
3. A nethod ds AlnmthmH@bf produdirg porduswomplek nxiddsethrindthmidndudigheevidimged udes a
surfactant or gner. 4. A nethod as clainmed in claim1l wherein a’
singl e phase corrp x ‘metal oxide is finned. 5. A method as clained in
claiml wherein_ a ghgeeursdr erealiplietiei®bativeethadenpls oxddeier or nore phases. of
~other netal oxides are forned. 31 6. A nmethod as claimed in claiml
wherein two or norld) e¥hpl ERrgrresirsereleraenth getable o pradice parielegrof iha hout any
other metal oxide pheswsex axide ahobmes mbre metrbdduegadisleslaad ned 1 n claim |
wherei n each conpl ex netal oxide phase that-is fornmed is a phase pure
phase. 8. A methodtlad pertisilaie gaman-eeniaining PaRprioreing mafrealssiestsrt & WPYEP particl es

have a particle sizporbBizédia thicaragR of ppagihasty mabab g5ddmaom to 150 rim 9. A
nethod as clainmed In claim1l wherein the pots-form ng particles have a
particle size iwherdieat lgasleorss olaibp rresqurpat 6199"5‘1‘8 % presgrtaip gFeiar®e®fed y 100 nm
10. A method as seiuériped In claim| wherein the pore formng particles are.
particles of carbon black. 11. A met hod as clainmed in claiml| wherein

conmponent s used and tpdfingiheraixpmipl ex
(i) form the porous complex oxide in which two or mars of the precursor
elements from {a) above or one or more of the precursor elements and
one or more of the metals in the metal oxide particles from (b) above are
incorporated info & phase of the complex metal oxide and the complex
metal oxide has grsin sizes In the range of about 1 om to 150 nm; and

(i} remove the pore-fonming materigt under conditions such that the
porous structure and composrt:on of the complex oxide is substantially
preserved

2 A nﬁthbd ‘s claimed in claim 1 wherein said pore forming material has a particle
size falling within the range cffrt_:m about 7 nm to about 300 nm
'3, Amethod ﬁs claimed In claim 1 wherein the mixture further includes a surfactant or
a polymer. - '
4. A method as claimed in claim 1 wherein a single phace complex metal oxide is
formed.

5. A method as claimed In claim 1 whereln a phase of a o_omp!ek metal oxide and
one or more phases of other metal oxides are formed.



oxi de are honogeneously dispersed-to formthe m xture of precursor
el.enments. 12. A nmethod as claimed In claim11l wherein the pore-formng
particles are dispersed In. the mxture using a nethod sel ected from

hi gh-speed .shearing, ultrasonic mxing, roll mlling, ball mlling or
sand mlling. 13. A nethod.as claimed in claim1l wherein-air is renoved
fromthe carbon-containing pore formng particles by vacuum prior to
formng the mixture. 14. A nmethod as claimed in claim| wherein the method
i ncludes the steps of providing a soBltion of conplex oxide precursor

el enents Including netal .cations, a source, of carbon particles and a

non-i oni ¢, - catl,opl gk, &%%Q@in%haﬁﬁ”lW@lreﬁ%oo?ﬂ]l&ée&npléﬁﬁ\eé%ﬁ&' hlbesSUT f act ant

and car bon part| 8’;‘?3 surfactant mcelles are

formed and t heeifiexvith @ Withpuhany othensestal Ryideph aﬁe% YEkdous  di spersion and
heating the ons in
whi ch the caf]béh’%@m% ks %‘gshwgﬁ%&%ﬁ'g@tﬂfnt | érEFf' mve%}wb%g& p/t&gs%g E)éd as
“clai'med in cl afwisﬂf@?%ﬁ Mre plEseret hod i ncl udes the steps of a) preparing
a solution cgnt | ni one, or Tef a ﬁ'tﬂé‘ﬁoml?%mw Q‘ﬁ’déﬁh veQ ution
fromstep (aé) tﬁ%’rf‘%&agﬁ?d (gae con |ons aP sur act ant
mcelles are fG#M@ISWMHW]WM%IP@E“F‘@H‘WB"WW%F@@W orma nicellar,
l'i qui d; and orm et al
oxi de, the ‘Jlo Wg‘&‘@‘}gs g‘?‘l!ﬁ@%%@‘ Eéa r%'ﬁﬁn%?pgﬁpdgrga %efeaebé;% for a
period. of ti nesmiwtbﬁrwae? PW&WE(GP@HT”&PW’E'H@P‘&B T“Brm net aI oxi. de
particles ha a.di sor aek
particles arid Qgﬁgﬁ“’%ﬁﬁ' ?‘fln % o) P{II on. roonﬁ%;%rp%h&eg xture from
"b); and the he&@"bm@'a%kmsnt al so substantlally rermves (bums out) t he carbon
bl-ack parti es. 16. th vy{}gr car bon-
particles ari a%ﬁl?é"’f’@stﬁmeﬂgl%?l on dx’ﬁ prior ‘ﬁ%&%’ﬁ@& 17. A
net hod as cl ai mdde asg hemapeneoushirispersad @T'btl’%ﬁ“ e?"r@&’f"ﬁ‘?@e'ﬁ'ﬂ%"t?n xture to
formthe co X | ticles
conpri ses g%)ltl %33 ﬁllaé}eqﬁ%gg% 1 ﬁ‘et?‘g ure I'n tp%g&tragh%e ?’Q'?d rom about
10000 to about In ﬂ&omixttm ushgn%mma%e' i PRI Miok-sepedt  ARepAngHEIFASPNE ¢ he
tenperature f alpdigngiirdiltihiing. bﬁil:ﬁﬂﬁg&-@hdnﬂlbngut 100C to about 650C.

13. A method as cialmed in claim 1 wharein air is removed from the camon—mrﬂalmng
pora formmg particies by vacuum, prior to forming the mixtura.

4. A methud as claimed in cleim 1 wherein the method includes the steps of
pioviding a solution of complex oxide preci.ifsor elements including metal cations, &
‘source of earbon parﬁcles and & nop-ionic, cationic or amunic surfactant, mixing "
the solution, surfactant and carbon particigs to fonn the mixture such that
surfactant micelies are formed and the mixture forms a substantially hamuogeneous
di spersion and heating the mixturs to form the complex metal mude under
conditions In which the carbon particles are substantially removed.

16. A method as claimed in claim 14 wherem the method includes the steps of
a) preparmg ‘a solution contammg one or more metal ca’aons.

b) mixing the solution fwm step (a) with susfactant under conditions such that
surfactant micelles are formed within the solution to thereby formi a micellar
hquad and

c) heating the miceltar !lquid from step b} above fo form metal oxide, the heating



19. A nmethod as clainmed .in claim17 wherein the tenperature falls wthin
the range of about 100C about 30000, 20. A nethod as clainmed in claiml----- ‘
wherein one or nore of tenperature, cooling rate or partial. pressure of |
oxygen is controlled during the heat treatnment step to mnimze or avoid
reduction of the conplex nmetal oxide during renoval of the
carbon-containing particles. 21, A nethod as clainmed in claim20 wherein
the tenperature is controlled such th a specified maxi mumtenperature is
not exceeded during renoval of .the carton- containing particles 22. A
method as clained in claim1 wherein the netal oxide contains two or nore
nmetal s of at om cstepurdigr urdieetaked bt a Idpbtatire aB@ fB & detioddf, tireStotrem@4 taend 87 to

103. = 23. A ngf %ﬁa&émpernwsrb&gfmnﬂéta %eahatﬁéééjﬁ?vu{gh@ dBBRd Adig! udi ng

provi ding a m Xt ure ne or nore precursor elenents suitable to
produce the non- ﬁ"@?‘f"‘éctory metal oxide, at |east one of the one or nore

br ecur sor el GG i bbb oA GhoPioS Ul iaAel gl | cul at e

Car bon- cont al ni.ng pore erlia to prqvide 33 pore sizes
in the rang&oB®) 'aﬁﬂﬂﬁrﬁx?%?%ﬁ@g"faﬁﬁﬂwagsﬁ'yﬁ?ﬁ‘wesms i the @ondlant or a

poI ynmer, angatidesating the mxture to (i).formthe porous netal oxide in
whi ch the non-refractory netal oxide has grain: sizes in the. range of
about 1 nm t d6180neifgd agerimpd jn ‘F’%Wé“te%“ Hi5r<arhon ARTFES AR AP Ie fder
condi ti ons suchsoluied oftskep o qrionts mixrigr ucture and conposition of the netal
oxide is substantially preserved. 24.' A nethod as clained in claim 23

wherei n the 8t Adeethod s siseedimgainy oierdn the siep obreating e awmyse fodamtBfit ai ni ng -
one or nore netginplat instab oxide xind gretives sied etrhom-coutdiling paiticles annpireder

condi tions suc%g‘%t l’l.l;i;da‘%tt@ teHb&&HeQﬁ ™ of &4 aidt Rbdctiibanse! ution Fo

therebyforma m C ar IC]UI and heating the mcellar liquid to form
metal oxi de, the I‘Féatl ng step be| ng undertaken at a tenperature and for a

period of ting ﬁiﬁoqé et 66810 Qlithih R BhgeQ i de
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heat treatnment abgpi\po ﬁﬁ?@PB‘ﬁ enoves (buns out) the carbon bl ack
particles. 49 A method as claimed In claim 17 wharein the temperature fells within the range of

about 100"0 about 300°C.

20. A method as r:lalrm'd in claim 1 wherein one or mare of tamperatura cooling rate
or parfial pressure of oxygen is controlled during the heat treatment step o
minimize or avoid reduction of the complex metal oxide during removatl- of the
carbon-containing particles. o '

21. A method as claimed in claim 20 wherein the temperature is controlled such that

. @ specified maximum temparature is not exceeded during removal of the carbon-
¢ontaining particles '

22. A method as claimed in claim 1 whereln the metst oxide conteins two or more
metals of atomic nurmber 3, 4, 11, 12, 19 to 32, 37 to 51, 55 to 84 and 87 to 103,

23, A ‘method of producing porous matal oxide, the method including providing 2
mixture of :

a) one or more precursor elements suitable to produce the non-refractory
metal oxide, at least one of the one or more precursor elements being in
 the formh of a solution; and

b) a particufate ¢arbon-cantaining pore-forming material selected to provide



a-particle

25. A method as clainmed In cl aim 23 wherein said pore form ng materi al
size falling within the range of fromabout 7 nmto about 300

33

pore sizes in the range of approximately 7 nm to 260 nm, , and
¢} a surfactant or & polymer,
~ and treating the mixture to

(i} form the porous metal oxide in which the non-efractory metat oxide has grain
sizes in the range of about 1 nm to 150 nm; and

(i) -remove the pare-forming material under conditions such that the porous
structure and composition of the metal oxids Is substantially preserved.

24, A method as claimed in claim 23 wherein the method inclutles the steps of

preparing a solution-containing one or more metal cations:;

midng the solution with surfactant under conditions such that surfactant micelles
are formed within the solution to thereby form a micellar fiquid; and’

heating the micellar liquid to form metaf oxide, the heating step being undertaken
at a temperature and for a period of time to remove the surfactant and thereby
form metal oxide particles, ‘

wherain carbon black particles are added to the solution and the heat treatment
aiso substantially removes (bumns out} the carbon black particles.

25. A methad as dlaimed i claim 23 wherein said pore forming matéri_al has a particle
size falling within the range of from about 7 nm to about 300 nm

has.



