Met hod for making netal oxides 1. Field of the
I nvention The present invention generally relates to
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that contain two or nore different netallic el enents.
They are useful for a variety of purposes, including
as catalysts and a wi de range Tof electronic materials.
In preferred enbodi nents, the invention relates to a
met hod for nmaki ng porous conpl ex oxi des mﬁth i mproved

hi gh tenperature stagtid for'nﬁhlé’i‘ﬁé’mé , the

present invention also relates to net od for maki ng

pqrousFm&}of ermg figh OXi des 2. Descrl ption of Rel ated
I n"general, e crystal structures of oxides

cont a ThO%rS r.ﬁvqu\bﬁfg%r Bty Icd 16 GRAIBNER8 oigrgle. Complex

nor e conp an those o e OXI such as
aodde @2 oxndesattm qontain tveeceri regiertifeyaatsuetsliic ieleperits. dhey are useful for

EQ/aH c%fe glﬁ&lhg %@ as%tsa!an@ BaFife %nd&@lséléct%% materials. In

eSIr I'n these conp
cprqﬁermwsmbgdmemm ahe ynveevign tplates dala memﬂdsfqrgang@us complex

t hese %Hﬁ%ﬁ%vgﬁlﬁfﬁth (efd’ﬂl.?rjelérté’cfﬂltgrlﬁ éﬁ%? %@gﬁéttfhﬁeprééént invention

varla I ons ositio

t bispeélates,to ammtho®foamk@g@oc@u3frmnnieﬁa@£owmxsie§t ent

properties critical to many applications, it is

n@cess BegcriptiemofiRelatech®rtogeneous di spersi on of

elements that lead to the desired purity of the

con‘pl ein general, thne:rxatalfstwgwgs phaxidas icoplaining seyaralydiffgrent metallic

fe&&té‘%@%?&% ﬁgé ﬁ% bdeP f%fmpﬁ{e CIXRIZE Ssuch éé“ﬁ ,05 and SiO,. In

rent ways I n IVI enents can ave
addlh@p abisyingi phpse murltye&anmeepregfer@@. ofia desitsd mai phase or phases

r%ﬁgtthé’ Lpah &S ofTBMdéé?rEéf r%faﬁ@éaylnftﬂéﬁ@%SH\pﬁelxeMOunds is typically very

ausi ng segregation
chchstnabemsaﬁUemowx piyslebslsiaiges Bre veyeensitive to variations

elinem al%@f% a figxrespond very differently to

era ure and at'nosphere. For exanple, many netallic

eI ermmltsfo\’lé\ﬁgl tﬁé??FoPé r&n&t %@Xuﬂ%WcérﬁlﬁéﬁtvﬁbﬂemeS critical to

| ow nel'ting ciently reducing
ammwrﬂp@h@tuoss pt isswmeessly tmgﬂ&u@aﬁ hqmsmeﬁews disprssign of elements that

elleea'aetgttﬁe gEs ekaepL@Efif‘?Hé Férﬂﬁl@?%ﬁhé' 6né @Fﬁﬂﬂty {HaRBrigsd i @chieving such

forn1 and can lead to severe
segjrcmgwanenus dlhtﬁlbebamﬁsﬁlar@eﬁt@ isnthe idiferestt wayp in whigh individual elements

f&?ﬁ%én \?en&{lr’ngjﬁo&fssﬁ#ef ace area. Despite these

e € rious thods for production of conplex
oxi des gy ®xample, precipitation and reaction rates may vary widely for each element,

causing segregation in methods such as co-precipitation and sol-gel 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
a sufficiently reducing atmosphere is present during heat treatment, these elements 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.
Such methods include:
o ‘Shake and bake’

. Co-precipitation
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known in the art. Such nethods include: 'Shake and
bake' Co-precipitation Thermal evaporative and
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Sol - gel ' Shake and bake' nethods are the crudest and
sinmplest. An exanple is described in US Patent
5,932,146. Different oxide po@d‘ers each contai ni ng
one or nore required elenments, are sinply m xed

toget her, ground and then fj red at hi gh tenperatures
t® enabhemabaaperRsive anf SPIRYingfediNqusSent el enents vi a
di ffusion. The problemw th this method is that the
starti n@ymf@?malpxmg Med3Asi nhonogeneous:; very high

Si nterlng tenperatures are therefore required to
obtain ‘h‘cgﬁbgenel ty. Often internediate grinds are also

-necessary. High sintering tenperatures great
di m ni §hal§Qjap%@gk%w&{ho%eﬁlﬁgrugpﬁ%}di %@ppﬁh@@ e@pw is described

t RNDS FakdHt S303Mho, nDiﬁéthfj bRAtE pewteds eé@hﬁlgoﬁtélinmg rdheldrGhore required
processing costs. |t not even be possible

oBieRIeAlss Ghe %B'Vr@t}eﬁ Has@@eramoméed pien fireek ab@f%temperatures to

t@h@olﬁbh‘%@en@é‘ RTGSd IF tofftdrérit dTBMnBAESvig aliFruRi d?mVl'Idfé Qroblem with this
nor e onsggeneous precursor for relatjvel

ofieted. iIEXhntpithey dading edateripl ds |WWBW@%9W ﬁ,yélpgl ,Bygh sintering
CRiffeftured 3te tlﬁHPefE?e %wr@@%&;h%@bﬁ@iwﬂu‘éﬁ||ntermed|ate grinds are

Beckers and Bl i ek) . Power Sources, rtp
3950mesmoH(gvbﬁl.nt@rmSatﬁﬁ’@gra&mr%rﬁ5§%t{yt P'm'ﬁ‘ﬁ'és%‘ ace area, and long

”Elhgé‘ﬁﬁﬁalpr@ée hfgheteﬁipéﬁaqmﬁgtaﬁgQntﬁfm&ﬂéteggriﬁ@!% Yead to very hlgh processing

tic wth nultiple elenents. It is common fo
dmst@rlémayen@n@wnsbq goptileitpiobiaie SamedﬁierSﬂr@f’ d?haS?%@eé phase purities

t[}gwﬁﬁg Belfy. some materials, inhonogeneity is a major
probl em and reasonably high sintering tenperatures

are st phloré@stitibs dmekiRids ©¥aPhrevidé ha ﬁﬁr@oﬁbrﬁégeneous precursor for
Zhang- Steenw nkel et al. required tenperatures |

elaivelysgimglgonetal gxides. ,ﬁ)@% ar@rq%spg!pe;q WeAnggegatalgﬁa A: General,
thas of 78Mbi o0&t Z’Hanng?é’éHvﬁ%l 18QREfs andBfiskdidndan.of Power Sources,

preC| I tation g nts that are necessary to achi eve

pB@peﬂp BOEC0RI t ﬁMﬁ'i'\%i SREMeSal& neeRpsHYi thesg dnethods have the

% H‘va‘??&%%r@ Ié%ﬁéﬁd’wi‘iﬁ nhh@fé@bm@ﬁépﬂrélbbmmon for different
and sprayin ues have nore rel evance

elements to preC|p|tate at fferent rates, therefore for some materials, inhomogeneity is a
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 to 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.

The majority of thermal evaporative and spraying techniques have more relevance
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).

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 aerosols by passing through atomising spray nozzles or through ultrasonic
transducers. The aerosol is then sprayed into a heated zone or onto a heated surface
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to the production of oxide filns or coatings. These
i ncl ude techni ques such as gas condensation
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and spray pyrolysis. The nost inportant of these

techni ques for bul k processing is spray pyrolysis

(Messing et al. 1994). Spray- olysis is a process

for produci ng powders of metals or oxides by the

t hermal deconposition of nmetal salts or anonetal lic
seiifiici¢rdiyshot Tasases evapniationr ef therspivepbane rsyg%f%%nt precipitation of the

ARy Lgx(%/ passi ng through atom sing spray nozzles or
t hroug rasoni ¢ transducers. The aerosol is then

spr aye@eh«#}% A t%(}){zoﬁﬁ @EISOBF&eé’s h@ai®sing aerosol decomposition

surfacesu ¢i ent ause evaporation of the
sparaggterairy ygwmqmlorprt@@pgra{tlgﬁ am:P Sarrien gase campesition are basic
oﬁéé}&nﬁgﬁélﬂéé ybn bAdiflors PEAMtdY pRIPLPES Qﬁﬁﬁ%sprecursor composition,
angl aer osol econ‘p05|t| on paraneters by vary
rmhbﬁlme@péh%taﬂdéloan@ @aiorﬁi(@fen@é%ak@%%‘?'?'l '@na@h‘%Ve the desired
r I | t
gg(r:t?(%be s&%ltle a‘glg ﬁa@@bﬁ@ rlﬂrgl?)cgrr%ggfssld?lr’tg% SPHY pyPBysis process include
cduﬁtcattu imtcoairoliing phase amporioss, & Rreduiction vatrs angy fosmation of low-

tglhoﬁé'\’/vﬁ%{r}ﬂbsé’e the desired product conposition and
['ogy mtations of the spray pyrolysis process

' ncI Udp%lgllnte b&le)lEX '|ﬂetﬁ8&‘§ rQ@bhi @s&’h?ﬁﬁ/lo@ ORYsbh&Wl$: homogeneous
| ow production rates and formation of |owdensity

hdistributignsrafielanesnts famrg}a@ely@rnpleé;xlqﬁt Ao gxarpplg f%{] lgybased perovskites

[s%s@ﬁoédﬁﬁ%‘é?%)he@ﬁﬁ@%i@%’&26%-§‘i3 idpuidaens, 9bo2 (Popa & Kakihana).
enents for e e

tively sinmplé oxid An exanpl e
LAhd avaid pobleus Mithesudhs meskedsi isethat ﬁh«@plmsnwﬂu ﬁ@ﬁ be prone to
VL cﬁﬁérﬁ‘l ? flrlr%?@h%lgén Bk %E?&eggn%aﬁ%lt(mgafo&multl -element compounds,
Kal Femw th such methods 1s that
th@npoﬁalym‘nentg m@&aniawfbldeprVdﬁle theo PelyEehe ARE dherefqrﬁga homogeneous
s fnbﬁﬁz?herren%ngﬁtg%s B8 ofidifdgul t. Al so for

] corrpoun some el ements may not conpl ex
VVI th t r e
A ! %EEB ?gﬁﬂertan? rEd e cﬁreﬂm ﬁf?’@li&'is rocessnTg conditions to

di stri nment s’ cannot al ned ol -
wﬁ:trmbhm@qmepm PrecuEsgis- riexagplest off $9)- Q@bﬁﬁmdﬁé‘er La-Ca-Mn perovskites

P E%C 8§§dnﬂs Gendi 'Stoy @@F SEfénEé’ fa% hfé‘?fﬁﬂ&@ﬁ‘jp s, Pp GQRLBY! 2002 (Mathur &

sol - er ovski t es
aseem)e@oduoj@mwtnf ngangal@e1|4 seﬂ@ﬁ&-@fiaa@pz‘r anegdyestin). Sol-gel can

Rgﬁéoﬁe Je%-@%@%ﬁﬁ:g@ gégggglﬁilgo@r%gc’:@%%ﬁdé crease, and some

erials stin
Selemgsits amsmtyom sshteblerielspl- @ﬁlfmetbm& atyall. tSpk-gel is typically difficult to

CQERL G5 'ah¥ 1 reyfed RIPALRMASIS BRBRIRR expRfsife T

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

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
elements, in many applications the porosity that exists between sintered grains of oxide is
very important to performance. Larger, interconnected pores (> ~ 1um) 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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el enents are sinply not suitable to sol-gel nethods at
all. Sol-gel is typically difficult to scale up and
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United States patent Nunmber 6,752,979 in the nanme of
the present applicants descrie‘gfs a met hod for

produci ng conpl ex netal oxid W t h honogeneously

di stributed el ements. This nethod has been proven for
a w de range of different conplex oxides. The

net
pHEG Na@smcﬁg@rm% Lgx matesialy that sangpe eariod e '%Hr@%fkout of the ceramic

U S éridl. Oﬂ’leob&r@%ﬁ'ﬁé?g aFe,e%%ﬁ\} Hfedfer thah 3 tbiePBbleQores of this size to
correct oxide crystal structure and honobgenous

dieser: PelRS & this sizg pEmieattig tq %'gmfmwthawﬁﬁaéaiheo%fapﬁ grea of a material.
porosny that exists between sintered grajns of [

i s ver Matersts willhe substauial BHmRALE smalliRpees (< ~7 nm) SéAerally exhibit high

| BLGA&P BRaG! @ﬁgtp%‘.l%ce( %re"aslcéﬂ b%r @séfMIplnCéb;blbéaﬁ'&%J trll Wilize surface
for applications that glwre fluid (gas

or
| PERASHIESt SUSh Ssetatalysiy- %3 hppres th@u@% ¥RBWAAR Robtained if the
C%ﬂu&ﬁl%vb&%lslt@rcﬁ%u%r&% k/é‘ryoéﬁhéi??afti@ksstﬂéﬂ Gr@?@o@@lyzp&ked together.
cell electrodes .g. United States patents 4, 883
aN@“QU?OP'HaG'HP?POFGI\79'§Tﬂe"§fcaf‘lﬁi§% beitske de-form ¥y spalb geres. Small pores
géﬁer“aﬁy H@rn& strvive afRigRE} ﬁa‘n$petr£l§|tescéﬁb RRréfeR0 t?ﬁ@alﬂ/rresult in low high

rned out of the ceramc material. The pore forners
atempgrpiueashiiiyr eat er than 1nmto enable pores of this
size to form Pores of this size are too Di
si gni f Pegas inyhe frteeeediate’wize; (anggds’ Al o?5<gnww@maéff° be useful for

N%Slro'vfﬁbsﬂuw fidlv, and lépesfsrﬂﬂﬁ éﬁéudﬁ%ﬂ’%@ﬁtn@ﬁtesd@hﬂcaﬁw RSsuface area. They

nL general I'y exhib g surface areas. gh
Slh‘ﬁ’f/%t eeraﬂ@aghtdaﬁﬂer@vam rl!l'g TW%B‘“?%&?P'BW&P‘CIS%‘P simple metal oxides.

Utyrlitkd eSt§t%f;§§i@ntFK @:593814 AesEines a"@‘%e@lﬂidafo‘x‘srhéklnf'@-liased oxides with
pores and ?gnsur ace areas can be obtai ned

stmpEved ehlgifb raratups stabitibr JYBilsidhe reasan fog;athgltegr@gal stability is not
t hAbwARFSr ééri:@gf e Eﬁt@hteypetcgﬁﬁshtﬁét th\é%ﬁébﬂﬁy‘?’ |506\ﬂé’d”éi |63t ¢h part, to the

forners ca e used form very pores.
smaeaenp@ pfe@vaj@eﬁep%rmsyea dhatdie iy mevméowtal% rajlgé*r(example shows average

%@t@é@é WrRhd Phe). TReTREAGE of Bﬁhqﬁ\}dl\bés ra%%@r’bing' &l BdVsolution of metal

erature stalllty Pores in

|I<mself1 paoEes o sirychinge C(ﬂllu}owﬂa' ?ﬂ) Tty Perg). Hives biquid is dried,
beanHStﬁé Whatb ) fir fd’?‘@rﬁlﬂ/efthé'déllulbéé’v Th%@%é‘%@ll(ﬁf@flnk |n the pores of the

enough to contribute significantl Y to surface are
ef

meyu oey @ngdelbp mgﬂwmet@"ulﬁ@? Raiterm dhe,isglid- tTé\lﬁpmeﬁmr gowever, has
Sis@Pdhl gbéig% R, Veip) @h"&’gﬁhe%t&#e&ad&%ﬂo%daét @edS(up to >100:1),

at ent met hod maki n
cevrumetagemerdwhvmwelaﬂwlmw@h ifogth of sHitRlacglidose materials, result in

?g&ﬁ%rjtmél\;ey profldsiRf AbBSpiGRELRUiPItS S6tidk MRE BBberSs aRb!d EMimsy process
to scale up. Finally, simply drying out solutions of metal ions to form solids is not ideal for
creating the homogeneous distributions of different elements that are required for more

complex materials.

A method 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
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 sol-gel method
used is not desirable for forming many perovskite materials, particularly at commercial
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known for certain, the patent speculates that the
stability is owed, at least in part, to the presence
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range (exanple shows average pore size around 9 nn).

The met hod of '814 involves absorbing a liquid

solution of metal ions into t®e pores of a structured
cellulosic material, e.g. filter paper. The liquid is

dried, and the material fired to renove the cell ul ose. _
Téoate. tiee, dopregndtionral splidsinanpaauardmethasl tescalgups Another problem is

Eartﬁgt tfee zﬁ%r &S%é?f)oﬁ heatesd 19 ARR |sp@.§lfeeﬁ|gh (Lp o ). W'hls increases the

owever, has several di sadvant ages. Very
h@g:lenge g nprogaction, @ﬁp@@sesamrqggjcgcpre ratesd apg pexagerbates problems with

?r%%n{]y)el%rf/@htgm HeQafddper with the relatively high cost
é

cel ulose materials, result in expensive

procesgy; ﬂagﬁ S‘?QEQ c:{%ttér@rh 854 778 l&egcﬁt{étso? Sé’rbbéjs% fdrk&talytic cracking of

paper TS process to sca . Finally;
slnyqanarmryrfeayism@k Bait Lﬁfltbﬁspr@ﬁesﬁelﬁ de m@iﬁis awmlmwh@ate materials with

%béfg ﬁ;sfr%& ﬁ? {[060(5:51% rdVeSthBOAIE6NEM Fnto the catalyst. The

erent e nts that are”required
f methwdr iovaleem makingaa gel af glunﬁnam@nﬂ adicRo Ang rmaiyiagi I getlculated carbon

S RSB 200 3088l s s oo

( @bk padiclss are. hurnadolibies fasar Boras itihe gesiraspige range. This method

oﬁ%&hﬁ%ﬁwt £ the'd Jﬁgle? gﬁ*és Iﬁ%‘l&ghmlﬁgﬂgh%é é’olﬁ@?ﬁu&ﬁ{ageﬂ;‘at provide high

crease I'zes were talne usi ng t
medrfave. areamlam/miaﬂlehedrbulth%bwbpuﬁ ties were obtained
when catal ytic fil anentous carbon was used as the
sour ceTé gehtdsbniguParsed in thig oethed to e thgy akiminggsilicate solid is not

C?.é Mo %rg' 8#11@%{"?@&&{'@%% Fe?ﬁjﬁ? hggq’IIE it homogenelty, particularly at

1Tty unat od us
nod:mnhemlalaftdala fAdso,ftbe rﬁQﬁ@S ﬂ@ﬁ}eqo& @wm?% aegtflaw ares larger than that

p?e]rqh 8b’| c%lje¥teath ﬁ%ﬁg@%‘ﬁ\%%@é %reaAlFﬁféily,'c@PJdﬁgQ @ts‘tr‘aﬁg fdducing agent

d to scale up.
pandbiseemensnteﬂmusetdme minerals bcessingon raduass <P>@ﬂ|eStt@ fméﬁ'd ¥Vhile this may

| ﬁotqyé gﬁ {EUQHNI{hu&I&& &Oamm;ﬁmn? ah&‘%ﬂn@@ﬁ es?néehtﬁegé(eﬁﬂéseare very stable

decr eases ro ucti on ra es, and
osad diffmftds redush themoxidesior imgmyratier reetalseinciuding mefals commonly used

C?ﬁg@ﬂge%"g&tdc S a%%&% Iﬁ@é{etgtbe re@ﬁé% %}? Cgl%6 rTI‘?@?eo%mblhty of different

IC Cr ocar
f ekdsnixis. coﬁamnly)fepm&enpﬂddo &gﬂmghgmt I@agr@m;; Oxndes towards the bottom of

Emem Srél ls)ugl’?‘:ag ATRLE Bi'f‘fﬂ:luﬁ rt%’\'c%(#lc f%?é ef ¢! tlép kO Much easier to

O I mprove Into
c adcaicg s Metdh sudeial gebn mnmxelvagbaﬁakmw@a@eg@sl cheemiginy @ne Ppotassium are

d |
ﬁ&\” ﬁémb?éenéﬁcﬂﬂ% emtlﬁé'onﬂl 5%“@?\5@08%@ %ﬁ)@%’%\l\ﬁﬁ{é héduBfhg effects of
alcamonparsd particuliarlysaficadbonsndroxigedn tr@hq@ﬁegmqnt aimosphgre.

burned out to formpores in the desired size range.
Thi s mixt fpoobessing of complex oxides, particularly heat treatment, the presence of

metals can create severe difficulties due to 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
development of required phases. Also, the presence of metals or other reduced oxide
forms can greatly increase sintering, leading to 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 outlined in J. of Materials Science 35 (2000), p5639-
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techni que used in this method to formthe

alum no-silicate solid is not suited to nore conpl ex
materials that require higher &heni cal honogenei ty,
particularly at conmercial scale. Al so, the pores

created to maximze gas flow are |arger than that
r 884, M@M@wr@%&%m&%@dﬁﬂr fopmingdisho.eSTs ofr dQecatgFialuising cellulose which

FWQQ'blanedcauth\NéSQ’ fcﬁm%tt'hgtnﬁ CafSIRCHIBEd A SRR ncﬁﬂ'@n‘lo%ed quickly enough,

ext ensi vel Yy in mnerals pr ocessl ng to reduce
oﬁarae@ateﬁwngldafprm Wiheduliard heperpyciiober qaldnatiopjtemperatures were

OxLARY tQBb%JlrEPﬁ wg} §nd silicon, since these oxides

are very sta fficult to reduce, the oxides of

'BV% 869816 gg%@asOll CBHFAFIY %) é}%t lﬁlt@bﬁ‘é?ﬂ@ﬁ@h%a!i %dstin@s Ltd describes

ex OxXI are no ly to be reduced %/
carrn@thod Tk Prastigisnb? morqusOwefraptpryerr@r&an@ exdatgoduct. GB 2 093 816

Cgfmrag [?1&9%59%%‘%% InBLg%In!f M@ﬁ%%&%fﬁ‘éﬁhas@ In8RSdistribution having

t om of i agramy such as Al are
dafmeafmqaktbﬁtwmd@nmmd 40Qp 4 diamatercand g Rere Gapaeity (porosity) of

e@51'1€6/gtd? %Sl%uﬁgtweyﬁt@n?n SHE BoAR inrl%ﬁlusn\}vﬁlkﬁlls b2t by shaping a

manganes hr om um and pot assli um are nmuch nore
r erm@rremfecammhblapk am faj TSEAREQRY inosgRNIGIEXIde ApAMR GpreRwsor of refractory

i in oﬁéé Wlﬁ%%fprs&ﬁoﬁ?hgqpﬂ ook @chﬁﬁ a)hrllrﬂj g5 While burning

nmonoxi eat treatndnt atnosphere.
pS@d@QEhong)laﬁK conpl ex oxides, particularly heat
treatment, the presence of netals can create severe

d| fficlilig ae@araufethabGBezgﬂ%éw isnlinaitag) terprogiiaing iefractory inorganic oxide
ﬁer eff‘tgq Wh%quleéﬁ'rgﬁa&%ar i Bx@é§§§eoe||n@§@t§93 816 mclyde inorganic

ore 1t 1s not ar whether Intimate nmixtures o
caxidessycir a$ glugtnasdicaxiitaris. grcopiri theripr beria: Zeplde gnd clay. The actual

nﬁﬁﬁﬁﬁ@é i{\)@hllh Cﬁé by 3PS APERly ?ﬁ(‘f\ﬁ 'tﬁ{?&?ﬁku&ﬁ of ?éil‘é'cfd?}?jlnorgamc oxides

ases presence 0 s or other reduced
omcdwwamg@lmnagﬁllm fitaniangilicsealemisianbesia, eolite, kaalingy ang sepiolite.
severe | oss of surface area and poor t her nal

st abi | Thy examples givendn 6B 2 B3 B1oall usad splid pertistlate §lpfting materials to
' Bﬁﬁfrpﬂfx%'&laeoﬂm?@cf @Cé&c@&-?&qi){%;ﬁé el whibh Qs&xti@Rium tetrachloride as

precursors 1 n out terials Science 35
( 2006Yrs@r5eB 9- meqmltatm f@ﬁCt@@§@ rfpmﬁtaalaweifh%@rqctwt of example 10 was

fﬂ{a'ﬁLangot.'-é"an%ﬁrd?qd%coq 3 material using cellul ose which

Urned out t was found that if carbon di oxi de

was nOEabs”.?ﬁgxg% %Qé&Eér%oﬁﬁ%ﬁﬁhgwﬁ@%ﬁ%ﬂéﬁa@% dH&Er 60151300nm. GB 2

in the and hence nuc cal ci nati on
t 889 &1 Bralnoesiaige teatribe faa firiog é@f‘@ﬁfﬁtup?] Hsthe miﬁn PfybUfGBQ out the carbon

O%ECQJE@ aB%SutAﬁO@C%IJ hlgﬁ%ggtg (t:l'#elt g%;zé?'q in¥l sSH& &fical as far as the porous

Chem cal Tndustries
refractory inorganic oxide product does not lose the activity for the support or catalyst.

The processing conditions and starting materials used in GB 2 093 816 would
require relatively high processing temperatures 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.
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 include two or more of the separate metals from the different precursor
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a method for producing a porous refractory inorganic
oxi de product. GB 2 093 816 provi des a porous

WO edfosaniseY y i nor gani ¢ oxi de product whi ch has BCPpaD2005/000081
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di stribution having a clear peak between 10nm and

100nmin dianmeter and a pore capacity (porosity) of

0.11lcc/ g or nore between 10nm#énd 50nmin radi us which

i s obtained by shaping a m xture of carbon black and a
refactory inorgani c oxi de and/or a precursor of

r Torediends ysedorfgmmihe radidRs. drying a product, firing

it in an oxygen-containing gas flow while burning said )
car bonRevigwkor the pripr aﬂﬁb@gg|f§‘t& Hgt aligenoe @63 prpgen.scommercially viable
i@ cﬁpf&roprﬁﬁtﬂﬁt‘%!cﬂﬂlf)feﬁf ?@fai %&Me'rﬂ%ﬁél@'\ﬁitrpéb in the g‘ze range of
products. The typical refractory inorganic oxides use

| APERXimalelg 78mdoi2ReMMde i nor gani ¢ oxi des such as

alumna, silica, titania, zirconia, thoria, boria,

zeol i t Ehgiediscplgg . greple nged el cenpiey| @ddeyimaderigls vab jmproved thermal
0SB aRl b ¥netheof MEndratifid Q&hﬁﬁatéﬁélé.aﬂ ory

i norgani ¢ oxides i1 ncorporating alumna, silica,

t BrRPDasciptidr 8f tHeURV&ftioP0r i @, zeolite, kaoline, and
sepiolite. The exanples given in GB 2 093 816 all used

solid pagptfirsubsicdt e iptdsaat IRERtdbRVIdRs AP hitRodTok Bfbducing porous
oxi de products, except for Exanple 10, which used

t cormpley erides rthe medrqddaclyding ppvising: a Biixtyrgof 5

precipitation reaction to formtitania, The product of

exanpl e 1) REESUESOf glementsayitable o Regdues thgeconigepoxides or

816 used carbon bl ack havi ng an average di aneter of )

15- 300nmP)GEN® WoBOE PraFue s elgmests: ffabiedofipragyce particles of the

firing tenpes@Aplak®xid8 anBdns P ord mtHl BkiB8 paHicleshand
carbon bl ack is about 5000C or higher,[but] the upper

limt is d)oh gdridulftdlcatfont@ntadding PBréRFAINg mBfrars&boted to provide
i norgani ¢ oxi de praqoduct does not | ose the activity for

t he suppor t Pefe $zasdn $ha rang af apnsedaately’ ewiaeP A% and
starting materials used in GB 2 093 816 would require

rel ati 964 featingrthe mbdeetPng tenperatures to obtain a

conpl ex oxide matrix which included a m xture

1ed. | of
metal s. Such TBFBJRS PPIRYSCONAIRT BXde d ¥hidhetiya 9r Figre of the precursor

di scl osed i Bickients AR (8)ldbove @Rbhé BF MBrd bRthe HRIEAIRX elements and one
met al oxi de Fhases woul d not be forme

. d. . Consequent |y,
the present of MR Yri9epBrials B theaetaoXids. pallicles frAnxR) above are

i norgani ¢ oxicgRforated TRe 4 Phke 3f @R3c&hBleanbitl okiBe and the complex
fact, consist of a m xture of seﬁarate rains or

particles ofM&id&xidedias/girinsizas i) thranges @hodichamde 450 nm; and
grain or particle incorporatin onlgI one of the fe

. | Ng . he feed
materi al s t HeFengve thﬁlg)re-fggm@gdggteg 6‘”68%%0']5’8{0“&58%3@“ the porous

conmpl ex met ghuiethd 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
particles in that process or which produces a metal oxide phase containing only a single
refractory metal from a precursor element, the process 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 particles used as feed materials into the metal oxide phase. It will be
understood that the metal oxide phase comprises a matrix of the metal oxide, with the
matrix comprising an oxide structure incorporating the two or more metals. Suitably, the
two or more metals are homogeneously distributed throughout the complex metal oxide
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phases that include two or nore of the separate netals
fromthe different precursoringredients used to form
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absence of a proven, commercially viable nethod for

produci ng conpl ex netal oxide materials with pores in

the size range of approximatel8~ 7nmto 250nm There is

al so great need for conplex oxide naterials with

i mproved thermal stability, and a nmethod of

nelaseact uri ng such materials. Brief Description of the
Invention In a first aspect the present invention

provi deuitablyrea ﬁ@aleophq@eo@nm@l% mtialoRidde: isnforagd okipyever, the present

t tﬁ@eﬁtﬁ%@?o 5885 HeOBHHARD & dHpdserd? aocf:on‘iﬁlex metal oxide and one

precur sor ts suitable to produce the conple
ofi there @hams @‘n@th@r metsl ©Xjsleacor ger formatiaanefstweuer @t@reza complex metal

t8x.9é geg&{s %ﬂﬁ%ie ke it 5&1%@%39&%@%9& %ﬂgs@yse.e@ formed. More

parti c g articul ate
atmtabhh eaeh a@mplﬁg npﬁtale0>ti<tﬁ phasg the rfP@Feds'élaeE'ﬁ%ﬁ? Ruse phase, that is,

pfh%}égggseoﬂtzlﬁd 2 tI‘téI] g%atﬁeﬁ;&%@ &fas@%'aot b EBES % c7f UMdksired crystal

nm an xt'ure formt
pphasgs. conpl ex OXI de in which two or m)re of the
precursor elenments from(a) above or one or nore of
t he pr Eeecemplesngiemxideamay caetaty tWegienee metalspysdy as two or metals

| Dolb &84 7B e%?‘dt%ecoﬂét%hg%@?etfaﬁ%ﬁa &?ﬁucﬂbﬁ’ﬂbsr 814 11,12,1910.32, 37 to

i nCor por at e hase e conpl ex netal oxide
aht, ¥hto 8bapd X tﬁé@él Inoxnelemhedimgnhitie §ve esniore fmetals in the complex

M RHAGR &fdeaﬁ’tgytm&ud?-ﬁb RadoGhd fibn-Aéthctdry n‘i&&o\éﬁ%ﬁ he ﬂ% least one metal

pore-form ng” naterl allt under conditions such

peelecisd dromuthoae eelais of aiepis nember B4, te128ipEER2.030-8 41-51, 55-84
[ t y e -
oSnd AT h Al SRREIRENE o el B ITEIARh, o containg the non
ofefrastany rr@talalepmnfmeequatnayiaﬁﬂ gomgin radhertmetalstaush sasofi, Al, Zr, and
t nmet al oxide particles used as feed particles in

that process or which produces a netal oxide phase

cont ai ﬂiﬂege%[!)r}'sn%lfbﬁ&t Fouh@ftﬁgt%grdbﬁ&%t é’émﬁlé@gklﬁes so formed exhibit

precursor rocess o resent
i sigoificantly jprrsdsed Pore vokipleesr putfage gr@adwtbre’gen@%tﬂlgh temperature

ie n%ggiﬁpﬁgﬁ{cﬁsag V&?thgflr%érgg rh?% gﬁérﬁﬁmﬁa@e@ %tét{hty? c?l'in?’the temperature range of
p epproxisEtaly 0750‘°Corln> t HI0PE e c uFheoreomplex OXIdeS suxtably 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

stability of surface area.

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 obtained, however the pores and therefore surface area may not be
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

SUBSTITUTE SHEET (RULE 26)



and netal oxide particles used as feed materials into
the nmetal oxide phase. It will be understood that the
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oxide, with the matrix conprising an oxide structure
incorporating the two or nore netals. Suitably, the
two or nore netals are h~ormger930us|y di stributed
t hroughout the conplex netal oxidephase. Suitably, a
Si gégl e phase conplex netal oxide is forned. However,

68 OXida \pbAseSoPf aéﬂ"ﬁ'ﬁae$1Wb@?ﬁ"'ﬁ@r@'uﬂmﬁrﬁﬂléﬂedlte kaoline,
0 € L
phf’;\ s e@&\g? Alpéf tﬁe%l{ﬁg{a?gﬁllﬂg?gés%rért@ﬁeéﬁ?@remrgéhctlgg afid d very difficult to
oreduoe aitbealaex net al oxi de phases, either with or
Wi t hout any other netal oxi de phases being forned.
More slii t%ﬂ@PeCéQEWechﬁiﬁréW?é ien, the icaepjsprddestist forrged may be of
.fgﬁyfr%gltébﬁeq aﬁ‘?e B&hSleR TASS quB tph'a§es rﬁi&ﬁbepg‘%%?ovsklte The crystal

i ncl udes on deS|red cr hase dand

- Bicusiuie o hay s miaeral PREaK G emical KELEdHHTION Therare numerous
Oéiﬁ%fe r@%ﬂﬁ% Plntﬁ"iﬁe rdVRkife BRLAN %truétHl%h o‘iN&SPﬁO% YBa,Cus0,

net a romthe group onS|st|n
aB@Wﬁrconﬂm’i%r agd many1ha-based peravekigs, thaty ate usaful g5 atalysts and as

8rr§ e@ﬁgdé%] ir} %oﬂ@%x:d'enfu%p%eg{m%!ag?éb‘ ngemgkl ‘énlnelﬁdérq_ra?\/ans, LaCoOs,

S 1 n the conplex net y include at |east
oheFe@nandilegePary netal, such as at |east one net aI
sel ected fromthose nmetals of atomic nunber 3, 4,
19 21 Vaeowsumu@gns afi diferent slegapnim inte they ovdde Iaﬁthehmgy be made to

t o nonr A dﬁpﬁcﬁ%‘r@rﬁe | §t8y e* QWltk g%Ponthé‘sOEfJ@éumtBHs may be on

ory neta spec:|

cidm Ai siteoferge rSrrfet &b dn sLaMﬁlOa)s arrtﬂ/or an the B SI&m(ﬁ gpfNi fiof Mn in LaMnOs).
C@‘l’é %'iér? drig)! é/ ﬁlﬁﬂ%ﬁsoUﬂdelﬁwQ@%rt ﬁ? IRRED AN agé to further tailor

orne It significan I NCrease
vohym@l oprogertiesider @p@qflwapnll@ﬂnmcégr ﬁk@jﬁpl@erﬁo@emvgklte composition

&LarfﬁLéMNd %Z‘ég%}(l\ﬁﬁog gaced hi gihet@nper atire stiabi i typoroximately

ure-r e of approximately 7500C to
1memdom@roe1&mhae&aoooe tes. isweserified in WS n@tpnfeseﬂ3%146 as being useful

S%?’%Bﬂ@kpl@%'f%l aYe]1e &Fbgd%gs conmposition wthin each

I cants ave surpr|S|neg found that conpl ex

oxi des thaf Bl Wridiogd Sther éka?ﬁﬂeé B[)Eé}ﬁpl@?%)(@eé ?rm%re belng developed

together with pore sizes in the above range, have
| o ke sangeselpalisions orbie st RVEHionds sadely iRepkRsHIe thereto.
stability of surface area. Applicants have found that

i f t he Theairecussoreelgmenta aiseiohiil g roixiuge of degpregertrinvardan may be of

any suitable type, depending on the complex oxide to be formed. Any suitable source of
metals 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.

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
solution, dispersion or the like.

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
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
to form a mixture.
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150 nm then the material may not have sufficient
surface area. Simlarly if the pore sizes are greater
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not be obtained after high tenperature ageing. If the

pore size is less than apprOX| mately 10 nm high

surface area may be obtai ned: 1Bowever the pores and

therefore surface area may not be thermally stable at

el evated tenperature. Unlike GB 2 093 816, the nethod

of t heTe enixhire | may rattemativeln hse pravisied: as fapisaiution or dispersion.  For

n r T ;

" SRy 2SpAY EndRTR e Rl o (RpRABRE non AEpBSRE phlissalved in 2

thwtq@essﬂv&ntl nventi on does not have to be restricted

to producing refractory oxides that are difficult to

reduceln erfugber embodiment, tog prenursox figinert mixtups may first be formed in
I

e {)ﬁgtﬂ]&agﬁ@ Iﬂ?él §%r%>%pﬁrﬁn§ ?@a‘f%%l gﬁ?ﬁggﬁt%d@eatgﬁﬁe solution. - Alternatively

sés plecursor glemenfs amcéeteleaettaipowﬂnd:é pprﬁa&mmgrreatenal may be mixed to

e e e l; th

Ko BBEE ATl Hitftire tiddolvellih o sRItARE W6iGe!

car aspec e present i nvention

conpl eKA QXL s élfhe dﬁ?é g:ﬁ%oﬂgbénﬂﬁts%gﬁ%rt%\“btsefﬁlltﬁn Yﬁél?% mlxed with the

he con‘p ex ne ase per ovski t
C py@tfarmlsg material and $het mahal ofide h@'ﬂdﬁﬁ &F wsed).Per ovski t e
chem cal formula CaTi O 3. There are numerous di fferent
conpouldiereia lispresigre powelktion: i fyreted) agy rauiiabieesolvent may be used.

' ﬁﬁbb{gcthnﬂoé{aﬂ O?(’;bl or?gﬁﬁ%%% §H8f5§ %Ef&%&@aw@reawﬂ?@ar nitric acid),

at are use as Ca
amehenia, radmbdaslsu, ethersl andl ketangs maydie useid, water is thg pegferred solvent.
perovskites include LaMhO 3, LaCoO 3, LaFeO 3, and
LaGaO Thwanixisue maybereferahly swstidefa gufactanint Thel surastant may be of any

| 3L i Gy X1 9@ éuﬁ%&thﬁ'ﬁ_oWe %rf?g”ﬁg&nbﬁd QPtlﬁ{é?nﬁ%ﬁélr BStent application

hyS| cal "‘properties perovskit
s@bbhqatlmlrumbefaWQ)eO%éQaOﬁet% aaplieants. ¢he SﬂtllfeoﬂlSE@SWﬁ of which is

%&q?’%te@'ﬁgée‘?ﬁ b)ngf%r@ﬁcés?’&\%{/é BedrBrotind M bd QU'HE%' in LaMhO

e ele strtutions on el or both

sites %%enga{mgs @ uﬁarérhqmﬁ a(tdéﬁzdph'ﬁ_@'l-lc‘”i’ile& n?ted C16EO,, (Aldrich);

properties for speC| é) i ons exa
p&rib 38k CizE Qa0 (IEHNY;i B 56, C16EO10, (Aldrich); Brij 58, C16EOz0, (A|dl’lCh), Brij 76,

(lff]%oc%:a, |61H\&i‘\9 gﬁa?g%é@ZOSW I?l(ﬂ @7 d\’fﬁsseOE-on (ARIrich); Brij 35, C-
CaiEQmZ@d@’JQb\OQﬁLTFItOB Xd8er Che@(GHa) zQﬁz@éCfl'éa)aCeH4(§>§<’i'lz@hle)bel x = 10(av),
EAF&HcHsz n‘rc]Sh rge 94 cbgél{i) (ﬂc%éc‘)éjgﬁgépﬁs)zéﬂ goéi-lﬁ@:ﬁ-széFlS(Aldnch ); Tween 20,
t rpawmh)demneomge)d@@)ss@rpw menokayvitel éAlﬂaﬁ@eTWﬁen 40, poly(ethylene oxide)
ggﬂ#)l Cab frnd?\"b%t alrhEatd " BRABR): TR B8N pbf(RMHE Yxide) (20) sorbitan
monostearate (Aldrich); Tween poly(ethylene oxide) (20) sorbitan monooleate (Aldrich);
and Span 40, sorbitan monopalmitate  (Aldrich), Terital TMN 6,
CH3CH(CH3)CH(CH3)CH,CH,CH(CH3)(OCH,CH,)sOH  (Fulka); Tergital TMN 10,
CH3CH(CH3)CH(CH3)CH,CH,CH(CH3)(OCH,CH,)1,0H (Fulka); block copolymers having
a poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (EO-PO-EO) sequence
centered on a (hydrophobic) poly(propylene glycol) nucleus terminated by two primary
hydroxyl groups; Pluronic L121 (yy = 4400), EOsPO7,EOs (BASF), Pluronic L64
(Mav=2900), EP43PO3EO+; (BASF); Pluronic P65 (ma=3400), EP2PO3EOs (BASF),
Pluronic P85 (yay = 4600), EOPOsxEO, (BASF); Pluronic P103 (y.y = 4950),
EO,POssEQ+7 (BASF); Pluronic P123 (yay = 5800), EO2PO7,EO,0, (Aldrich); Pluronic F68

(Mav = 8400), EOg,PO3EQg (BASF); Pluronic F127 (uay = 12 600), EO1osPO7EO106
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The precursor elenents useful in the m xture of the
present invention nay be of any suitable type,
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suitabl e source of netals and netal. cati ons may be
used. M xtures of netals and nmetal conpounds i ncl uding
one or nore of oxides, acetatdd,- carbonates, nitrates
and the like rray be used. The m xture of precursor
el enents, or npl ex oxi de, and pore-formng materi

méBABR); Blureniy F§&|(maa5| H 4QEOFRO:eF Qoo (BASTYPlyenic 25R4 (vev = 3600),
S@d, SEBNBEE KB‘%(%QE ﬁtirgﬁrbf&R”%o%é‘s SRiving! ﬂﬂrr EO,-PO. chains (or in

dlsper3|on %0 I n one enbodi nent
pf@(ﬁﬁesoiheef%rﬁeﬁps-%d ohaine) falipehes t@ra@rerf%tarlern%arb@e nucleus, and

ol 59“% f%m C%%éﬁ/t ph?tﬁSX)m ZérHur% anteiiohfe CO0B! &%, = 25000),

el ng seque fornme sui t abl e heat

t (EQt:sP) zNﬁbz@Héﬁ(ﬁ%e&% ovriBP{ a flettang 901 (v = 4700),
3@@ c?EﬁNCHC@ﬂM(% ng *Shcﬁfreﬂaa/c%RhggMged 7RRON(PO1EO;c)

Fﬁecursor d the pore-for
rrﬁ{QHzCJIIzN QueldO w2t (BASH corrpl ex oxide particl es to

forma_m xture. The m xture may aIternatlveIt){1

provi défie &boye sylfactpols ase nondpie shdactamtsy Othek shifaciants that can be
S%Eé@rn@f&gée m xture may first be forned and t hen

di spersed or dissolved in a suitable solvent. In a

fwﬁ,@,g&s@,mggyd{ent the precursor elenment mxture may
first be tornmed in solution and the pore-formng

”N&fhbﬁéthék%é%%ﬁafésxm@j@ﬂzmz)kle eﬂblérlrzl@H) (NEODOX AEC)

Alternatively the precursor elements and at [east

DWM thoQ%C@ﬁfo%ylfcoAéﬁisf‘@ L el RY-Or- rmﬂgi Emm‘cmrrc

ase nmi xture and the m xture di ssol ved in a

S‘Qoﬁﬁ&rm @ooﬁéékllvsft‘!ﬁéte O{(CH?)%US@%MA’ the pre-cursor

el enents fofm part a solution that is mxed with

t he pongefcodgpeB tEBeticlvéral MBAubEBre®t 8ignfXt @R example.
particles (if used). Where a dispersion or solution is

f GItRnic Sufadtdhisabl e sol vent may be used. Al though
i norgani ¢ and organi c solvents, such as acids (e.qg.

hystEiH e rmmbmnmtdﬁl&rd@@ﬂ&@l—l%ﬂ(@}ﬂ@acm@ﬂmI S,

et hers and ketones may be used, water is the preferred

S @etBimetnyEnMbXitiA ot a:m;etrag AD(CHLIBT ARgich
surfact ant. The surfactant may be of any suitable

t YRylpyNdfilich @BloAdé CofHINGI Sighr. descri bed in
I nternational patent application publication nunmber WO

02/ 4226Hhis lisbstagud hatartcdnsitB@danbe eghdlissied.osur e of
which is incorporated herein by reference, have been

found trpelpersforimal garticles may be of any suitable type. The particles should be of
a suitable size to generate pore sizes in the "intermediate range" (e.g. pores of diameter
approximately 7 nm to approximate 250 nm, preferably approximately 10 nm to
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
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 precursors/precursors and metal oxide particles are
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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Sone exanpl es include Brij Cl6H33(OCH2CH2) 2q H,
designated G 6EQ2, (Aldrich); Brij 30, Cl2EM,

w@ 2dodiesiy ; Brij 56, CL6EOLO, (Aldrich); Brij BGI/AU2005/000081

10

15

20

25

30

C16EQ20, (Aldrich); Brij 76, C 8EOLO0, (Aldrich); Brij

78, G 6EQ20, (Al drich); Brij 97 C18H35EQL0,

(Aldrich); Brij 35, C 12EC23] 2-Aldrich); Triton

X- 100, CH3C(CH3)2CH2C(CH3) 2C6H4( OCH2CH2) xOH, x =

10(av), (Al drich); Triton X-1 14,
d@@wm@e@mlmm§@@w@e@mw'md&mm [fher mgdlegds which use

ZRPE?% Cﬁ;&‘n;%een g{%’éhgﬁg?a)t/ésg{%cﬁ g%} Zl‘lt%ri‘?a '%?%@Wa@éc? carbon) to adsorb
sbqlbd tRiAsenphegoissar mixtusey mlgwp@Hyy remghozsthe substrate. The size of the

p%}x%&%‘i{é{ u%@&ggﬁrﬁs@%?ﬁéet 2 %@bél?ﬁ%ﬁ?&??%@ﬁ?@ltude larger than the

meizecif ¢ poreAbaning rppﬁ|ctgsmsggan thpp presentynyention. Such prior art methods

%M@?ﬂéj%%&?%g&bﬁ%@m 60H (Ful ka);
3 croclb A e DB R BUR . oyfreeqr Koo agbon black s

hagechgs thepoirs (cemingl paniéclesxi de) - pol y( propyl ene

oxi de) - gol y(et hyl ene oxide) (EO PO EQ sequence

cent er dtie paresfo(Mmipd Pepielssiacs Peirrablyrerpovashdy ey deatment.

nucl eus term nated by two primary hydroxyl groups;

Pl ur oniTbe Lggmpqnents rEquigggbio, feras iheramumex eddsgshould be homogeneously

i i LS ST Sy o

= syiginty  Metlips OBYREGPG tHeB REFT) artPleeonpr@-fpmeg(Mvcles should also be

4@%8%"“&%%@8%%0 suEiﬁgﬁvodﬁ Rh&hﬁm g%ﬁa%ﬁn&w??\ﬁ/g high-speed shearing

8dedyes, Em@pme@memeow@m"smaﬂrrﬁm sapd oillg ang/the like. Appllcants have

4, R TR TEHEL Tl PSS T8, DMt o o s

36e0ijts iraiore EAdRPODOt %pyre fotraing mam%ﬁﬁkb@@@mtmmlx mixed with the

hayi 0 Ay V&
P&éé&%ofr %‘ﬁ]daﬁﬁ]sé) I%%Bt EB%Ie b°'en‘ F]ésgtn{]ﬁ'\ it ?salllieﬁﬁeséé)lr‘énge In a further
nipedfemnsd embddmnmalranserarrbye@, é’@@hth\arcprwmqmqmmg PetREprming particles

BB R g 7 0y TR NGARGTA R arvon uin

g EEpPeLs) aatharisHINSPIeads O3V (IBAlsF)dispertionse of gatibon particles in the
p
%%E§M¥thrgatabogl}]g of B %%ﬁ%%g&@@‘%gﬁ%ﬁ%%ﬁ% bRRH50! Znd more pores

e“sur an
smfn&cmefntrsdsalwmesurfact ants that can be used
i nclude: Anionic surfactant: Alcohol _ _ _
Et hoxy dhe tooxsfaming paticles ory, THWRleOOTHR parbeifcluded in the mixture

( Iﬂﬁm@&iéﬂé@ion.

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
fwo basic steps:

1. Production of particles that are comprised of a mixture of a complex oxide or
complex oxide precursor 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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Al kyl Et hoxy Carboxylic Acids
(R (O CH2- CH2) x- O- CH2- CO2H) (EMPI COL C) Sodi um dodecyl

W@ 0bars1CH3( CH2) i 10SCBNA There appears to bePGEXB2E@EE/000081

10

15

20

25

30

manuf acturers. Signe is an exanple. Cationic

surfactants: Cetyltrinmethylamoni um chl oride

CH3(CH2) 15N( CH3) 3C1 Al drich C'é?’yl tri met hyl anr honi um

brom de CH3(CH2) 15N(CH 3) 3BT Al drich Cetyl pyridinium

chloride C21H38NCI Sigma. This list should not be

cStepsdérand dmsy t@s@rﬂw sepEentialy op geriemppiaNagUsly.

particles may be of any suitable type. The particles

shoul dibéter 1a tai elgmedtssiny dhe ooﬂ%eﬂfﬁ‘fués%oﬁ%o%‘i’ Zkes homogeneously

the er‘s@&eff'fﬁgy %Pee nbBABMogéRedlislyP@SsSSs&d, \Fﬂr@'@rﬁ[emperatures may be
apprOX| mat el nmto ag?jrom mate 250 nm Ppreterab

|y
afsiusRd ngt @ygnlnmlmqebt pqlgmpﬁtﬁt ang forn ﬁhﬁ) correct phase, and such
Pfan%é‘r%rasr&n%eﬁéagé @rﬁa afotle ah@888s efp&@@ ro%hrﬁﬁﬁa% b(ortz;s altogether.

nm to preferably approximately 10 nmto
nl-ﬁthergle@'\qﬂtsea@r%[ﬂsgang@lyr|amrﬁgg@']epug,geﬁquophases and/or phase purities,

alﬁ Pﬁlﬁ'ﬁh%é’c%%t 552 rd%, WA Hee BE attsiaakien particles,

pre rab y carbon black particles, are preferred. The

car bonagRBEEIIMEF tREESbEh BartidRS @h@éﬂd Fb%f@raﬁ@@éﬂﬁtﬁnét@ly mixed with the
the nethod of the present invention are believed

f exife jar axider pregaisPof pe @&%pmlclﬁﬁ@r@@m%ymi@d With the oxide or

r8REE Plechrev dh@dinsRaboR® WaRsdh tddficles are ﬁ)resent merely as large
precursors/precursors and netal oxide particles are

p Aaglemeedes wilhme @xidgion @xidRinregureaiavi Eagglentesptes.ther pores of the
pB@ﬁ@ct%rlzeo er‘fot 3bin. f'ﬂ{é@ﬁe Jf‘%hél‘l%fdg) bMarﬁHQ§e5’rHJeme volume of these

r enoval t pore formng part

naamb@emey e ﬁb@iﬂnr’w At B‘@rngstfﬁ@ﬁor&rsézer Qmmqf eHOIUME; s

shoul d be di stinqui shed from other methods which use

por ousApruneihnd siitallenon grosiupiag oxides of S¥iER PaacU$qrs aith a substantially

pﬂ@ﬁlbgé’ﬁeo@@t Hi¥RbEEbrC Bf kéq’él')\eﬁtQ Ry YD uEécﬂ % CkhQ h@&fod of the present

recursor mxtures follo by renoval
suwgnﬁ«qn, @rovided thatgark wafbcl%afswa'gtégsm mgym gdded éo the method, so

”ﬁ{aﬁ’ a¢ a§‘tr Snte/ Gf' tﬁ@'cé%oﬁ%ﬁ)‘uc@s%é ?htlﬁ{até'l?ﬁ'f‘kéd%% ﬂh@ rp@@t?ursor and that

an t sl ze pore formng particles used
t Hhe m&@@d@ﬁn Pmﬂé'ﬁ@ Iftﬁ@x'%\&'ﬁh {heicoFreglraraifsizgods ar e ver y
difficult to scale up beyond Iaboratort)(‘ scale. In an
especi Acegrdipalyi &t ree aredemrstiembedingnt tafethpy Rrgeeit invention, the method

| ARt 'wR:ThdeQ QHQQ%IIHIW stebs ¥ Providing BesdRAoR df Q:Bmpﬂﬂ oxide precursor
particles. ormng particles are preferabl

r elepands mluﬁ@gtmqtalec@(tlmta 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

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 applicants, the
entire disclosure of which is incorporated herein by reference. This method consists of the

following steps:
a) preparing a solution containing one or more metal cations;

b) mixing the solution from step (a) with surfactant under conditions such that
surfactant micelles are formed within the solution to thereby form a micellar liquid;
and
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The conponents required to formthe conpl ex oxide
shoul d be honpbgeneously dispersed to formthe m xture

w@boopoaswr sor el ements. The el ements nmay be m READ005/000081
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any suitable nethod known in the prior art. The
pore-formng particles should also be dispersed in the
m xture, using nethods knomn'ﬂﬁ'prior art including

hi gh- speed shearing devices, ultrasonic equi prment,

roll mlls, ball mlls, sand m|ls and the |ike.

ABDI i cheatingthe migadanknuiciiemisian rakave e fosmgnetgt oxide, the heating step
car bonb&ﬁﬁtl%d%'rtagerp%rtea ft&hﬁ@rﬁﬁlr@aa"ﬁd' Fdrea°' Hrioki NS tidb 2@ remove the

results 1h nore carbon-containing pore formng

parti cheadmntingnd dhera dpyn rnstal Owdﬁhp@fﬁ@e%)rhﬁymgsér disordered pore
and thy? dMe pores being present in the desired size

range na further preferred enbodinment, air is

rem)veﬁ, Bietia8 SABRMeMOs! ﬁb%r@gerﬁ%\‘fenftleﬁ ”beﬂfgon black particles are
articles vacuum fg@‘ﬂor to mxing Wt I d.

I qu
Tﬁ@ded althed t@ éhe priutian ali 9mthe weixiges Fem Q)s an@ the heat treatment also
d Bug t
STl Ry 6 18 RS iR PRIl n cron parices ae
i Adderhiodherbalvtien offstep@npigiite mbdpdon particles in the
precursor, and nore pores in the preferred size range.

The polreaffeihar mjelpaed embedimeany:, carorwaaticles gre mn}ﬁéﬁlx mixed with the
bgollifisH Hﬂ@%dng if '%?epr'é)?“o\’“'vﬁh%é Wixdufe %ﬁpﬁéé'b‘?%r détk, R, by methods as
treatin e mxture to formth ex Oxl de nay
bélsswsssgyabguet aneéerawethmammelack &$ecarg oh&nmeéwthm the initial
Eblgﬁomaﬂdlalgtl'fé ﬁ%ﬂh%ﬁ%ﬂﬁé&%ﬁtym&ﬂl@%9@lﬂélsh@ﬁﬁ?@é& Ehé’d?'tnﬁ sonication,
e porous conpl ex oxi ormati on may ac
oM@CL@ﬁﬁ@qunﬁBmPartiCIﬁélmaétotaﬂﬁltlﬁaé@ tauid.«q5 £: combirptign @{thle%
of particles that are conprised of a mxture of a
conpl eln exfuiibenpraferigd exnbedingrntpthec rixeie ef epmples agde and carbon
c I
¢ PARRp RS b bieRioed oy ifho YOG bl MRNeBiplex diRje partices, the
pp@'@mes @wdrefpaaloiﬁsé@ye iz renges é'ﬁ“"a%ﬁﬁ’cpftswaéia'btbﬁ@ﬂtﬁ targeygram size.
renove burn out) the carbon particles to crea

por es. sfterpagﬁxej» oRAddionNip CORRIEXEmaY b &A1 Zing the methods
CQH(SWrtﬁé‘%‘PPSH‘Y]e cl, d;ﬁé)@‘Bx@e thi¢ bel Sr%@ﬂ&éd Llﬂle@ea pc¥ymer—complex

OXIde recursor honogeneousl y di spersed
earﬁsrprﬁelﬁ@t@nemﬁﬂw ar sokgelemethash ythagal evaporative method,

Ag ﬁg@ngfr@maﬁg.egﬁgy r??ﬁ%‘ Mt taBie neétﬁaﬁ ¥r QbrﬁBiﬁéﬁcﬁw thafeof. Examples of

nts a correct phase, and such

t sugemethadssareagivere sy USseatemena #3aP8 6 Al obiahebSopatent no 5879715
PALi§SenLEt ), US BALR RE7AB1 72 LRSER%! 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
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.

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 calciners, efc.
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If the elements are substantially inhonogeneous,
requi red phases and/or phase purities, and grains in

W b@somsiect size range, will not be attai nabl BCT/AU2005/000081
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| east some of the carbon particles should preferably

be intimately m xed with the oxide or oxide precursor.

If no carbon particles are inﬂ5nate|y m xed with the

oxi de or oxide precursor, and instead the carbon

particles are present nerely as |arge agglonerates

with nb thei @¥deronexide preedaps soNsipiEnPH indiadual particles that are not

aas#. PRy the Hedt E@étﬁenpéhautbeb@ Sl fHat §br(?]§ cBﬁNedi‘iBﬁs form between

form é sl ze of e carbon ticles, he vol une

othet prrticleppriar t@lcesbondwyn% |Em'ﬁ5@¢¢W96< is it farmed geigr foeagrbon burnout,
e?&égﬁ,m%ﬁ%f%%re vol une. Any nethod suitable for
0 es

produci ng oxXl oxi de precursors with a

subst afhi ﬂle!a% r@%ﬁ@@@ﬁ?&nﬁ&ét (PN PPl cpb SN Er8atE8¥e pores, and

be used resent 1nvention,

ptrawfar@as thegxideareeisgide thecdaege@pmdﬁéryﬁtagﬁvu@u@e may

be added to the nethod, so that at |east sone of the

car bon Thauheaiingesien resuitnin thatfemniatien oé ghanetal pxde and the pore structure

pbﬁ%{i ‘éFtrcIe%n%rﬂlh@tprfop%rﬁ%l;deegsééafbrpdr@&k&r% tcBth@k' fital oxides, the

e correct grain size. Accord

prr@tfeqd el thebduiesamht ingentione swi@é}erﬂnly rf@@H'f@%rﬁ relaéively low applied
r@%ilaﬁll’g th'?(féed' BP;BI}é‘aecém@Qr%t £€ b @s@ﬂ‘iéh SBSP356C have been found to

providing a solutlon o ex oxl de precursor

ebermfalle|in axparimgnigb wark §@1dL@F9§1 thd%teuPt@er@blycmq)maXImum applied

p i3ab

DRAAEER, Flinks W20 okl SRR 6, s, sy st

p&peICs mast BliﬁffﬁaHM@bO@tLﬁqO&%tﬁﬂTC mcelles are forned and

the mxture forms a substantially honpgeneous

di sper Thenhegiingh&tan A% Hevalyextaurrapido heating ttae theo ipwdpum  desired

part . C?‘*‘?S{E“"f}{;gﬂ? Q@ﬂ%dr@ creeéug;%oﬁm 9%99fﬂeatment regime.

renoved urth

prefer [L\ ?gg&gm@ '?ﬁrthé“bréfél‘ré’@ eﬁfb%@%e?@ bf ’t‘@’pr‘%@ent invention, the heat

prepare Ing to the nmethod described in United
Sﬂfﬁﬁ@@'}ﬁéleénmdlﬂﬂmber 6, 752,979 to applicants, the

entire disclosure of which is incorporated her ei n by

r ef er efeldjectingithe dispersionde Adiest segmepherofilg|qvena Repdetermined time to a

sggglﬁed rﬁgx"%ﬁptgmp@%t@esol ution containing one or nore
netal cations; m Xxi ng the solution fromstep (a)

Wi th sppf é%rﬁ;ﬁl& M@%btlﬁ%é‘t@bﬁﬁé%n% 841%B8d ‘bt]ﬁ&ndi#raf &ﬁtr@fﬁd atmosphere.

mecelles are forned wt hé solution to th ere?l/
f dhhgatRe-EEP A1ay invplyesheading ¢9 aledng tegnreriurg @enerally below the boiling

| Eﬂﬁ?ﬁaﬁf@@f%@ﬁnﬂur@”&@rﬁ thef Aiuetialowddl B¢.a K& ramp up to the
maximum applied temperature, or followed by a series of incremental increases to
intermediate temperatures before ultimately reaching the maximum applied temperature.
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 treatment profile may range from approximately 100°C to 750°C,
preferably approximately 100°C to 650°C, more preferably 100°C to 300°C. It will be
appreciated that the heat treatment profile selected will depend on the particular
composition of the complex oxide being treated.

The heat treatment step is preferably conducted under increased oxygen
conditions. This may be achieved by providing a suitable airflow within the heating
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bei ng undertaken at a tenperature and for a period of
time to renove the surfactant and thereby form netal
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a preferred enbodi nent of the present invention,

carbon bl ack particles are added either to the

solution froma), or the mxtdPe fromb), and the heat
treatnment al so substantially renmoves (burns out) the

carbon particles. Preferably the carbon particles are
agadgeonment.he sol uti on of step a), prior to mixing. In

a further preferred enbodi nent, carbon particles are

i nti natrepyorefiered emhodinnend, Bl haat dipalipent ghoeldsengeurageppenetration of

?rlej%qf?%rg ol te 'bgﬁic@s)ﬂé}r'igg Cl;ﬁé Bab8h ?er#é),lt pi%sebﬁ’?é'ferrgd/ equipment includes

s as di scusse ve. Preferably, the carbon
b flaidkbeslafurnases eindrtbe dike pA rssralenPxife or tprisle; pregirgpr/carbon particle size
S td i On- 1 ; .
LS R A Rnd A S o, M el B panetaton o
t orygear leads és bpiterothermalagtebiliiasn Without §aing, held te any particular theory,

c ' I QL) e I iR I

CREBIA, et i 0er BBl o BRUIH 8488 o goplte romoval o
paatbioolatsa lower emperetrireleandotpuai maintgins e mose 9xigdising atmosphere. Less
bacticl % iy ! _ _

e 3 o DDAt A i R, BB 1 reduing gace
ssuch as carhammonexiderigading ot vieryireduicing erwirpamenteThis negy lead to some

oAb S BB BMUAL A can s
pisinteringdandtlods ofisuiface prslay sygenorametrationsganoel ercouraged by causing the

CQ- DI Gl P Wotal® | s ge) et r

COUBEE SR LPRATE 0, Sl Pl SR oty recuce e
s thitkaiebe ofrieHmmindarydayssianeuriddthe toisiee ahd tiusinplease gfe rate of diffusion
S re . gl t: ' ;

215 Bl g Bhot Fealea'n BRISEAR bhicke O i o rnace
ndaging @h vRygdn-crttaining mtradgphetsSiqydang theratirosglo s4B@apleng

et al), US patent no 6328947 (Monden et al), US patent
no 577&aBbermanmeraineat éneatingnt thad allssveaure gut efgarhensati@mer temperatures

oubl | . 2 ) _ )
D40 PER SRS pBRRLRAAGTTE AR Enie sy pbrontitay oo o
p #5671, ragplprefatablyrappaedmatelye! 09°C e 80Q 6r is peefeisgd.drusa sut at sufficiently
refer t LSt i
 FELRRIIE OB 003 ey heSlo SRR, St carton, i
mseherdly diminishekithe sudaced areri dise applicanits: believe dhattrietention of carbon to
cqont.a . ' i3 ' . .
P AryBiS, RESUSOELL SUTUKER, 4 Infpgrims prviousy
t yWiscosdddy by heating, to formthe conplex netal oxide.

Close control of the burn out step should be maintained in order to avoid
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 observed (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
is to inject extra nitrogen 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 temperature excursion is required, or where it is apparent that an excursion
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The heat treatnment step in the nmethod of the present
i nvention may be carried out using any suitable

weeowspnsnt known in the art, for exanple: tubePChali2006/000081
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muf fl e furnaces, fluid bed furnaces, nmultiple hearth

furnaces, rotary calciners, heated substrates, thernmal

sprays, spray calciners, etc: ¥ t he oxide or oxide

precursor consists of individual particles that are

not connected, then the heat treatnment should be suc

t Pas oseNrEect althids iNGRESSPBY 1A BUEklE SPAUCRET PR the e&diﬂqno@f carbon (for

t exéaﬁ@eow E%mésodsz Autarﬁatnsrw@adﬂ.dr@l 88¥lin§ %eryecsb (%weéd Instead of

to carbon bur ores W | apse:
t Elogelremenitorieg th%mégragur%mﬁn@mwr) ophd ewwﬁptb@ possrble to obtain

C%Qﬁ&t%%@&f B rﬁéIQtaHr%nﬁTeofeﬁpetrﬂﬁrepor‘ﬂ'ﬁg BGﬁCHlﬁtSQélow a specified

sire crysta structure. heat I Ng
ﬂ@pﬂm@"gutetr@pqrﬁtthweTh%rﬁmqlf@ﬁ maﬁrﬁ@nnﬁwer@wmecaéhd/ary widely in

tB@cd?@érﬁ:eSP\htHCEHér aﬁlfcultal"'ecdﬁﬂflé% Gh&s okdak | K&n@rfo%e@” As a further

processes for producing conplex netal oxides, th
néttwaatl\@r, thaemgihedeit thepspganinantionongy die @per@é@ﬂ rusger specified

E’p g?g# é?rlécgtldng"(%tgg\?s‘,t ﬁ'ﬁB\ﬁrrél‘euéﬁd fdrﬁ%%ollﬁ@@ddeéjquahty control

about 35Q0C have been found
t @r%@co&, mairdained that esiecls pRY: HRGCepigble RIedilcthedpresensgral unacceptable

((*faf?"ag bet %emﬁéﬂg‘ééﬁ@g'cﬁ%% FU&)%E?BPB? a'm ﬁlﬁf@rg'techmque that

oes not exce nor e pre era
amrutmm@r meret opsratingrpesayetgisoand G amonrodurﬁfeformed if the one or

heRird &Qrsn@}ﬁvésnt\.fﬁ’cgl\ﬂ@ &d Q&c‘ﬂ’lea%hgé‘%f K/QIUEQGFor example, a simple

maxi mum desire rature, i nvol ve a nuc
nifresmorenis ynayobe rttsed da meaitor tthe snanmumy eginekature reached during the

ASGRESH B ¥ the HaﬂnquLfeprﬁ{eré}ﬁr%fé:%{cES&js 5@@%4@9&1 njf % product may

present i nvention treat nent tep I ncl u
s bbjreieciedgot li@ vﬁ@mra@wrt ghawshibat thernaixtune: ot pmd@rm isegred hot during

Oéﬁd’ceem %qngg %@%’n%% P&e &ﬁdea des! red maxi mum

heati ng step nmay be

carrieg, Q%Iecb‘r%j% Bf’mer ;tﬂjegéq dﬁ\téﬁﬂé@ﬁﬁé% is @vné@ﬁé'ﬂ&%us complex

step may invol ve ea I Ng ture
( gademaateyal beheraintthe cgmplep(rﬁgldteen@féﬂdtaxh@It$>hlghﬁemperature stability and

R e g Yo R P o b Rt T el by

a series ofArB: nt al |ncreasest0|ntermed|ate

t enperatures "Hetore ulti mat el y reachi ng the nmaxi num
appl i edpbrigper ature. The duration of the heating step
may vary wdely, with a preferred tine in step (c)

bei Ng 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
elements of an atomic number from 22 to 32, 40 to 51, and 73 {o 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
multiple phase) with an initial surface area greater than approximately 15m?g, preferably
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 greater than approximately
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from15 mnutes to 24 hours, nore preferably 15
mnutes to 2 hours even nore preferably 15 mnutes to

wazwenresiThe heat treatnent profile may range PEDAT2005/000081
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approxi mately 1000C to 750C, preferably approxi mately
1000C to 650C, nore preferably 1000C to 3000C. It wll
be appreciated that the heat -tlBeat ment profile
selected will depend on the particular conposition of
the conpl ex oxide being treated. The heat treatnent

Sf’@b’gb §3r9ﬁeéﬂhé)f aireaterc Sy @patpximately {9rar/aamaie oxglpeably greater than
@tg 1%1@@/ may be achi eved by providing a

SUI le a wi thin the heatingenvironnment. In a

pref er rpd cS%%Q'&E@tmatérﬁ rﬁ%xhtﬁt%d&fgntéﬂ}%ﬂn%geneous composition.

encour age penetration of oxygen into the particles

dur i ngThBRomBI: %&g@%rﬁ@h’dl niYAsQudd A %Eﬁfv&t@fé rﬁéttéhé]m?m

i ncl udes fl ul furnaces "and the |1 ke. A smaller

oxi de  Ghe Oddnii§le 'oRfer ﬁ%iér%ﬂrn%n gBﬁéFallyf'e&h%itZ@n 3elvéﬁage grain size of
encour ages penetration, of i cants have

f 80R@XINRiRlY Pt do apRiREimalely d% am. mfg@tblw Freximgtely 2 to 100 nm and
bgbs g orésh‘?ér\'%rlng # 3Rkl fréme§ppr&(|l‘haw 706h N8 Jb@r&(lhﬁte@n%o nm, more

particul ar eor% appl i cants beli'eve that better
oﬁgﬂj@ﬁbweafmwa y ¥ a@i‘stOt%Ppr‘i@f"@at%trﬂm5%t‘@ r Hawevar, the average grain

CahPbratsie bPWRE CoRIPR&T 8kl Smatdisls Ly V3R, rﬁé‘b’eﬁ&mé on the specific
nmore oxi di si ng at nosphere. Less oxygen |edds t
réﬂ@ﬁbﬂéﬁﬂéﬁegﬁkﬁon at hi gher tenperature, and

trappi ng of reducing gases such as carbon nonoxi de,

| eadi nfor BxamRle fpr a canplexPXide MaisHakefithe BeZeOntpe) avgrrge grain size

t ehayWTBreiBiPtall R iR WRP e AN G TRt i8RGd, ¥yt dbBlokintRER!2 t‘b%o nm, more
qui te high temperatures, which can cause sintering and

| gEsfergblyappraxieataleato Ekygenithaawsintheorneanfl arproximately 7 nm to 50
CARLHGRE BRLFEUDI pBldkBndtEy 70%h 89S0 h, move relative to

an oxygen-contai ni ng at nosphere to thereby reduce the

t hi ckn@asgo@plek SkidO Widlarial dradHer 1aatHRN0s HiRgardid ?pé"’lﬂay exhibit an
thus increase the rate of diffusion of oxygen in

oRVefage prae 28iah Grprexingiely snm do 400 M. dnye drejepbly approximately 2 to

fdpnagewrh éJﬂe@ if W 2&Ryen 8l bpSroRimaety ! g@,nn,q;p{a)t 8bMhMJ more preferably
at mosphere Tl owi ng therethrough i's suitab

Fappreximaiely 15 amhieatd0tnneat nent that al | ovvs burn out of
carbon at |ower tenperatures eg. at temperatures o

appr oxMese ersfereblyothe; @m@@nex'dﬁrr@atew%lww aﬁtsb'bﬁ.%ﬁt@nya"y disperse
1%9%(‘5,1{60@(;3, ge0C, nore preferably approximately 1000C to
O0C is preferred. Burn out at sufficiently high

tenper §{ YRS éé%@cﬁﬁé'%ﬁés@ﬁt iHVEHRBH pRIViRE aeﬁﬁeih'&@ rol*"ﬁ#bdhé‘ih@ porous non-
off of the carbon , ch severely dim nishes

s ipfrastasy aiedal OXNPS@GWWQ:'@HW@“B&”P%%Q piixtureRfent i on

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

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

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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hi gh tenperatures di mnishes high tenperature
stability by the nechani sns previously discussed.

w@t@se7@ont rol of the burn out step should be PCT/AU2005/000081
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mai ntained in order to avoid excursions out of the

desired tenperature profile of the burnout step. For

exanpl e, close nonitoring of -t Re t enperature during

burn out could be used. If an undesired increase in

the tenperature i s observed (|nd|cat|ng excess energ ¥

product i on dilgemeve the pree-E4ang Materal yrgles canditions such that the porous
exotherm ¢ Ry, Bl 0] &ﬁﬁ&ﬁl&h of YREnGH-FEIERRRY %e%i%ﬂﬂdb@é’substantlally
to the furnace nay be controlled by reducing the

parti al preﬁ%ﬁeévetdf oxygen. One way of achieving this

outcone is to inject extra nitrogen or other inert or

non- r e Stitakly igsier (hakoveaoPNAT ofealibePreqsqsAlements from (a) above

P ra?eS ﬁl%@oﬁfte@ NP8 Bhadd ofdhe Rorfdrictoy MRl okiBe f ur nace.

desired to maintain an oxidizing

at ”DSph*ﬁé%n@Udr' rﬂ&etb%ééhr%%teléiﬁeﬁtg%%h%&e 698%@'%r89netal compounds
pore forners, this nmethod of control

F Ercising one.ob ot Mmefsls agleeiod by YINE? Endial o slcsp oHEEer 3, 4, 11, 16-
t @1353-'35735’7‘ dongy5¢ ”@ﬁéﬁtaH& 87898UTR BRe iof rh@r%%ét%ﬁcorﬁﬁounds may be

where it s apparent at an excursionhas occurred and
i ©oxides, rﬂ&‘@é%%%@rhoﬁaiﬁiéi riteates padithedikgr stop the
oxi dation of carbon (for exanple, for safety reasons

Al t er natnlige[Re firghasrech ﬁfathedtrerﬁerﬁ dveajomdhe mestheraf rhe)thrrd aspect of
| fisd S%@er‘?tfln\‘?érﬁl%ﬁle\ﬁc&ﬁﬁésts@g 'tﬁ@fohhﬁtldneé‘ﬂ)ﬁdr@rﬁyfn%ta@ Bkit&$ of the specified

burn out, 1t y al so pOSSI le to taln
s@rar@ﬁa@ta@d)poreegrm that b9s arly asigle metal H‘eth? oviserrhese d.e. not a complex

d%dd@g &e?uﬁﬁebtﬁlr@‘%s?eé‘mﬁ%é InRekABHVERBH %nﬂégfr@feﬁrt% forming non-

maxi mum erature can vary wdely in
acrefoamcr@etah Hidesh rqoar\rﬁry&w@rrsrrtgorﬁﬁwéﬁraﬁém n@quﬂr@ctory metal oxides

b%'aﬂgoef REARA: i \thid nﬁéHanQfecéh%efHéaFre‘é@ncé ke tﬁ@tdé%anontalnlng pore

resent i nventi on may opera under SEGCI
o;ﬁ@rnamg particles dvas baughtdadr 'ﬂ§§IYdQ)F@é$ﬁ‘ Fechigion: ob herpn- refractory metal

T W RRCEurROL h}'?néﬂa? W YemobiHg!thé Ypof® %rﬁ%gf Béﬂk@%%hlch T?]f course, would

mal nt al ne €] ects any unacce ro uct
prdeg'@mc@F0$Uh§#ﬁﬂ§'§@pt°§mp@rﬂjﬁ%db@tmﬁ&i/ qa@ed@h@qﬂ Heweysy. the present

t ‘?ﬁ\;e'nﬂﬂs Abvd BiScReRARLE RE MG SFaRd i RPedtes i §H=J§ent invention can,

monitors one or nore operating paraneters and
rem&ctéorawuqbrrrmrcr@fraﬂgwma gxidese one or nore
par anmet ers noves outside of a specified range of
vaI ues In e eskapiment,athsi mihédtﬁet’f\%WGpﬁ@el%@f e ypsegent invention

gpréfrb%tr >ém| n("ﬁﬁ] srsam%reomeﬁagend%r%rﬁa@ a solid phase

nper at ure exceeds a
S geresﬁufe @@yﬁrs@t|bmmne@@dﬁh%@§werﬁ%q/oru@sweédm aguitahle pelvent.
a visual inspection shows that the m xture or product
i s red Incnedembedimenb8es Bieawrsor Blemsnét@pd nesg-fysming material may be

I €hiR€d BFform 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
example, a solid phase mixture may first be formed and then dispersed or dissolved in a

suitable solvent.

In a further embodiment, the precursor element(s) may first be formed in solution
and the pore-forming material subsequently added to the solution. Alternatively the
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In a second aspect of the present invention, there is
provi ded a porous conpl ex oxide material, wherein the

w@eorophas1oxi de mat eri al exhi bits high tenperatRPCEAU2005/000081
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stability and including an oxi de conposition

represented by the general formula: Al-XBXM3 wherein

Ais a nmixture of |anthani de-@Penents; B is a dival ent

or nonoval ent cation; Mis an el enent or m xture of

el enents sel ected from the group consisting of

epeatersos elemeats andoatileash apogtionfaf patezferming Izateda may Bmixed to form a

ag@ d7%‘ %ﬁr@%ﬁe'nﬁxﬁr{&med O‘Hatslﬂlﬁal‘ilé‘@?ﬁ o1 < x <

ex oxide material I's made by :
Itﬂsegfl(/\g%ge %d&@grs an of s@ﬁﬁ@?#ﬁﬁ@ﬂeaﬁgﬁﬁg%le solyent may be used.

Cﬁ"‘h@@" 'Dh@aB'C(mcborgsmn@ob/ephasucmas acitls {(pgehystraghigric or nitric acid),
appr oXI ﬁaa[Hef‘b@ %fﬁglfsf%%ﬂn r§a ye&tl%redt \Wlﬁférhsthe preferred solvent.

prefe greater t

appr oxirpg tb{o(ggﬁ{egmlrg%gﬁecﬁro?ft%g@s)éntgﬁ'ﬁ tfh it ré@gemally suitable for

appr oxi mat e a sur e area ter
f ose In mmjh@deaforlmemqg imetal pxigese it whiohharsolution con alnlng one or more

EPJCQQO@F%&EW ng' a BORIR5AR % Y ﬁﬁ%reénot E%bse?%eggy treated, typically

approxi mat e g, nore prefe reater

app heatingataioym tisenmetal ofite. corrpl ex OoxXi de mat eri al may

exhibit a substantially honmbgeneous conposition. The

conpl eRtheifeaturast afranztiodiragnts ot thedbird aprech @& ket rresent invention are as

ma%%)rib% wﬂ_merefé?mee% xR gﬁﬁ)?&lh‘@ntm tﬁ@ﬁé?&ﬁt%nventlon and, for
y 2 nmto

eérage graln size of approxl mt
appmmmeme@hgi bLMymﬁedmoébedamr@edppamxu mately 2 to
100 nm and has pores ranging in size from
appr oxiThatre¢thod o the tbnrdm@p@smfah@lpyeszeblnwﬁmtmdaaﬁ been used to make

86%3&@@ ﬂ%{l’re‘?(ﬁfbﬂ?taela}‘ éLg | Hic S Jﬁb@r%é”%ﬂer dki;hgs both complex

he average gr ore size
C@mdbenndmxldes nmtennml &singly mxﬁal;spedéﬁmwe podeentiaade by the method

S f £cted. For exanple, for a
%ﬁpeeéfﬁgrg(@gge%ﬁ? eﬁ@the CeZr2 type, average

grain sl"hé %&gt? doéfetf'ug rﬁ?é? la}ﬁd ftlﬂH asgﬂecfsrkﬁ th® PRIseRiAv&itioh e particularly

range, appr oxI mat el nm ' nore
prsai’t@i’@bh%"ag)memkpmd@@pydgsto 10 nm with pores in the
range of approximately 7 nmto 50

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,O3 content for examples 18-22;

Figure 3 shows pore volumes obtained after heat treatment at 650°C as a function of
La,Os content for examples 18-22

Figures 4a and 4b show XRD patterns of Ce0.45Zr0.45La0.10x heat treated to 450°C a)
prepared without carbon (example 28) and b) with carbon (example 29)

Figures 5a and 5b show XRD patterns of Ce0.45Zr0.45La0.10x heat treated to 800°C a)
prepared without carbon (example 28) and b) with carbon (example 29)
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nm nore preferably approximately 7 nmto 30 nm A
conpl ex oxide material of the |anthanum nanganate type

woregsexisibi t an average grain size of approxi neCEAY2@@5/000081
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nmto 100 nm nore preferably approximately 2 to 30
nm wth pores in the range of approximately 15 nmto
200 nm nore preferably approXRilmately 15 nmto 150 nm
More preferably, the conplex oxide naterial nay
exhibit a substantially disperse pore size range. In a
third aspect the present in/RfAMBRERrovi des a net hod
of produci ng porous nonrefractory netal oxide, the
meExam®le hcl udi ng providing a mxture of a) one or nore
precursor elenments suitable to produce t
non- reL&@&f@NyomaM%x@dé/asﬁﬂﬁWréﬂ e%FCQ'fd'ng to the following method. A
n d a cl e
QButiéH g?&%ﬂéa OBy §racg{3 149gClLe GQ%HZ@ 18.29_Sr(NOy),, 6.869

precursors OXI €es, m xt u

oPd{N@:)sx HaBr, @.Q4geNieek andﬁé&@}) Oél\/b'éN@B)em \&@téf S°|Ut|°n contalmng 233g/l
;f\‘/fnb ﬂpa cOkicH Qérﬂgrls%ﬂro? 136§ Wah a'ﬁet@g IO ?%%?tﬁ@g %)@thls solution was

pore Sizes In t he range of pPr oxi na 1
t mnmbwﬁlmngrﬁru t30esurfastpnt. h'BTQTM@ttWﬁéN@% hegteg cﬁlcrwly He 300°C. The dried

ng?:% a8 theé ﬁé‘&tt@aifed*ﬁgﬁ' t90o%e Srdct hGoec, 450°C; 500°C, 600°C and

n re ractory OXI as grain sizes In
r 86QE lOfa’fab@ﬂ-tchermlﬁt@l'me nm andii) renove the
pore-form ng material under conditions such that the

por ous X&D shemeddhe materinhpes isingisnphersetneeovskite: rérrsueipes grea obtained
r@h@\] El‘f?s;( 'hgﬁto{réatﬁ'*éwt\n%@t ‘If"hhy/gpﬁ:gshelr ¥RSlvs Bt P@M ¥|ze'd?str|butlon TEM

one Or nore € precurso | enent o
f BbtanCb)heab‘(ﬂr@Qag@Im mizerwas zB@n. Aites heapiregnastt feneh at 1000°C, the

n%[]rféc%féréﬁmg% g}:ﬁ@e oxi de The one or nore precursor

el'enents may in one or nore netal conpounds

i ncluding one or nore netals selected fromthose
netals of atom c nunmber 3, 4, 11, 19- 21, 23-32,
3SEafhpiéa-51 , 55-84 and 87-103. The one or nore netal
con'pOL?nds may be oxi des, acetates, carbonates,

nitrates an I\ﬁo(,‘ﬁ’doosif\ﬁ'loggg"v@éﬁeprte?ﬁrefd' fnsihea§9|%t m@ﬁnérhgs example 1,

present 1 mveén hird aspect

t ledcent dhatrit. 1 5evelrearken bh@bﬁ%@i&%é&ow i%mrﬂ/e@aedmmary particle size
PABYAS BB il HsbAESn A00LDE, SRESer §@fhce area 560m?/g) was mixed into the

solution with a magnetic stirrer, prior to mixing with surfactant. This solution/carbon black
mixture was dispersed by a high-speed shearer, then mixed with surfactant, then
dispersed again. The heat treatment applied was identical to example 1.

XRD showed the material was single-phase perovskite. The surface area obtained
after the heat treatment was 24.7m%g. Fig. 1 shows the pore size distribution. TEM
showed the average grain size was ~50nm. After heat treatment for 2h at 1000°C, the
surface area was 10.04m?/g.

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

Example 3

Lap.aSro.2Nio.0sPdo.osMng 9O was prepared in the same manner as example 2, except that
the heat treatment consisted of placing material heated to 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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grain size and pore size that has only a single netal
in the oxide phase (i.e. not a conplex oxide).

woonewa819 t he third aspect of the present i nvePtT/am23G08/000081
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restricted to formng nonrefractory netal oxides. It

IS a very surprising result that such non-refractory

nmetal oxi des can be formed in22hi s nanner because the

presence of the carbon-containing pore form ng

particles was thought to be likely to cause reduction

of t heThis examplesatiows fhatdcarp@atieneoidrarhanbladieindhe petgvskite precursor
[ TR I p%ameféhﬁof wfamgﬁ?%b&gﬁ?e Yabil: TR héRedtinent conditions

or substantral romseé the net
oumi:blrpﬁmsexamdmsed tthee dENéS-‘é'ﬁD qf ribe sudace ﬁEﬁ?eOf the material. It is
p?éﬁ@l&%rdetﬂa{ hf?—zt Ia@%c @Bté?\‘éq Qfln tté}ﬁpérgfuw uBEP & thi®lexhitBle caused an

esent inven orm su
numpmu@tbwngutrﬁparbmirqﬂ@&e wdeb Mé“@n'ﬁ@@@ lasglisediragions of very high
”Fe?rﬁ}%ﬁatgfe FhR i Eb§t9!a%%ﬁ8 Wavé’EaLEJé)% s‘ﬂ{t&?ﬁgﬁé d @Hﬁ&tdncﬁ? the metal oxide.
es the precursor el enent u I on or

dlrscptbenswons, the compasifivre and pers! stwcmﬁtagfethm metak exidgayas not maintained
f nd then di spersed or dissolved in a
Hu'%ago%gbérgl};%%tug In one enbodi nent the precursor

el ements and pore-formng material nmay be mxed to
forma solid phase m xture and the oxi de bei ng

S tly formed by suitable heat treatnent, as

dlﬁgéﬁggégg bel ow. In a further enbodi ment, oxide

par ti c| gs opay;, 4‘Pdoo°6 ch W2 Srébhl fﬁ %ega%é%anner as example 3,
elemsntsa e orm Ematena mxed wth the

ogxeppt ymtmcanélgwmas @Weﬁﬁ@t ipitRe ke fumasenThe dereaifggr of the procedure
a%gqﬁ@gé gl y be provided as a solution or dispersion.

For exanple, a solid phase m xture may first be forned

and theprfl bﬁ&%fiﬁ% Hfatéiifais%\%gvﬁé%\'/é?qt@ p‘ﬁlébé abhe raP Wit thalf maximum

In a further e i ment recursor element(s) may.
f (FHM)of ther pRsS Was Sinilar tq)ﬁV\&-ﬁ\ds eireaks icexammesn g and 2, indicating that

m fafl si SRUSARArY. é‘dé%ﬂﬁcf SornRe TﬁQ'sHFfé&narea obtalned after this heat

natlve y theprecursor el ements and | east
preaimant vias P2r enTe rifien featireatmant fepgh %1%&@@%608%%@@3 was 9.1
a g id phase nmixture and the m xture dissolved in a
sui tabl e sol vent. \Were a dispersion or solution is

for med oo dM%risiH bRis Fes \Nlﬁ{‘ﬁ\af"ﬁé/m l%?(aM%%Cb (0l Zrﬁ%}%ows the beneficial

i nor gani ¢ an organi c sol vent S, such as aci ds (
hyﬂe@cﬁ lingreéasedroxyoen daring:thg)heah reatment. Hhecpiesert, inventors believe that

(%gr ye&gﬁm@%?ﬁ% the?r%@ Pcznedt‘ttﬁﬁg’m W Rimdce, %ﬁ:h%a%flgécﬁ %‘&’formatlon of

ven hird aspect of present
i medaltin the matedalpBys gan gaung sinteling angra c@@cthn 'ﬁéﬁﬁ@%af@a and pores.
for making nmetal oxides in which a solution containing
one or nore

Examples 5-8

Lag sSro.2Nio.0sPdo.0sMnogOs was prepared in similar manner to example 2, with

varying amounts of carbon black (Raven 850).

XRD showed the materials were perovskite phase, and peak FWHMs were similar

to examples 1 and 2.

The surface areas, pore volumes and pore size distributions are shown in Table 1
and were clearly dependent upon the amount of carbon black used.
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precursors is mxed with a surfactant or a pol ymer and

IS subsequently treated,
w0 b@soesad oxi de.

third aspect of the present
with reference to various enbodi nents of the present

i nvention an
be descri bed
t he present

O her oxi des

d,
agai n.

typically by heating,
O her features of enbodi nent BCDAULI0&8/000081

to

form

i nvention are as descri bed

for conveni encé3and brevity,
The nethod of the third aspect of

need

not

i nvention has been used to nmake copper
oxi de Taple lexhibits a large specific surface area.
bot h_conpl ex

xi_des and

0Xi des

SR

presen
met al

oxml@sa

powder s.

n %ﬁ%huﬂt & Ng |S%|rl*3€é ateaSh qfcir@ %oluhfév

od of} the second
The netchdws bigckt he at658tC and &

ntion ar >
De

rtid

crlp?:ggc§93th

o

ﬁga%né@p

S PRkS GolfiRen

[ he i nventi
ocf18-28PnMhe

e glat. .
2 draw nds

dqﬁking
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f ace areas

from mater
y hedZtre
abt ai ned
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at ment0.1
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hgat
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nt

C,__Figure 2 shows sun
t 6509£ and
content for exanples 1
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8-22; Figuf

a fugayi on
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of
por e

0.18

vorum
fdnction o0$2

4a and 4b sh

sSobtai ed af ter
confent fg
D patterns

La?
ow

heat

treatment

r exXadhl es

of CeQ 457f

18- 982Fj gu
Q 45120 10

T 06o0UCL aS] a
Fes 0.22

h%at ireat
(example 2

to 4500

and

fA) pre
b) mnth car

par g t h
bon (exanp

but  gayghon
e 29) Figu

I es

0.25

Saand—5b—show XRDpatterns of

CeO 457

O45a0 10

heat treated to 8000C a) prepared w thout carbon

(exanple 28) and b) with carbon (exanple 29) EXAVPLE

Eﬁ&ﬁmpéesﬁ'ﬂ&é@&%omoep@hw’%w%I%éW@ Witk pﬁqsgafrfaibon blacks

according to the follow ng nethod. A solution was

pr epar E¥amplegi sBewing fhe mgoilﬁcﬂ@'ﬁ?@“@wmf cpgbapplack pore formers

Sgé '\Qlﬁ‘?a%e 6?@99 Féﬁi\GNOpgf)az &rdﬂ%?es ZotidfedN @ 3t@Ndcomplex oxide
in water solution containing

ZBQQﬁMszdem@M%m@utlon conprised of 135g water and

12g HNO 3(70% . 119g of this solution was mixed with

729 BrOxides werer frmedt usinthdherimethpd dassribrehine @xamplf ¢ except that

t QiR AHetypER®r Barb8A black were used.

XRD showed that all compounds were perovskite structure, and peak FWHMs

10  were similar to 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 Carbon Black Surfaqze Area Pore Volumes
m’lg cclg
Type Particle oil 650°C | 1000°C 3- >10nm | >50
Size Absorption 200nm nm
(nm) (cclg)
9 Monarch 280 45 137 25 11.3 0.17 0.16 0.10
10 Monarch 1300 13 100 23 9.8 0.22 0.21 0.14
1 Mogul L 24 62 32 12.0 0.25 0.23 0.16
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wo ecosansio th ai rfl ow. XRD showed the nmat eri al PEEAU2005/000081
The surface area obtained
1 shows
TBM-showed t he average
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product was then heat-treated 0.5h at 300 0C, 35Q0C,
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perovski te ptecursoPl¥fs not in|P23elf |[SQffici er9t15to
provi de hightenpetature stability The heat tlreatnent
conditions used in this exanpl e caused the destruction
of the surface area of the material. It is postul ated
t lEanip)es hange step change in tenperature used in this
exanpl e caused an uncontroll ed burnout of carbon from

: he 0X|Lt6§88ré[\£N|cFJPdlo%QMOQOL 0W§§| %ﬁiibaféd]l vias aOfCOV;ﬁéypitut@h technique,
enper at ur e | S ve ca
siexedpPieig T4 ééuE@ri”g& ?# ‘f"wé &ﬂﬁ@*ﬁ g on (17.8g Monarch 1300),

respectively. A solution was prepared in the same manner as example 1. Another solution

was prepared by dissolving 55g of ammonium oxalate in 960g of water. These solutions
were combined by slowly adding each solution into a stirred vessel to 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

pore volumes are shown in table 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, often required
for co-precipitation, result in very disperse precipitate particles and carbon particles. This
may make it very difficult to sufficiently disperse the carbon particles amongst the
precipitates to produce the desired pores.
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prepared in the same manner as exanple 3, except that
no airflow was present in the tube furnace. The

remai nder of the procedure T he sanme. XRD showed
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prepared ihqsimlgrzmanner to|exaspl e an1mnth 0/@8 yi ng
anount s of | carbon (bl ack (Raven 850). XRD sho
mat eri al s were per ovskite phase, and peak FWHVsE were

simlar to exanples 1 and 2. The surface areas, pore

vol unes and pore size distributions are shown in Table

1 and were clearly dependent upon t he anount of carbon

bl ack used. Tabl e .

LR 1913, GAvpdin O ol SXamplegs i Fiffeiept types,pf carbon
ceabRrnN bl acks Exanpl es show ng the effect of wusing

different types of carbon black pore forners on

surf aCehaxkeaanish BR6W thé reffettusfessing tdiffenent types phearbon black pore

npl ex oxi de Lao.8Sro. 2N 0. 04Pdo. oelvh
WBREE 0 0fte 3UTa% TR Gk RGIE CRIURT lfr%%d&?%%?hgg fo S  bomplexoxide
es6Ekr, §,0al ot fogr ent types of carbon bl ack vvere used

Oxides of composition CegssZroa7la00sProosOx were prepared by dissolving

appropriate amounts of cerium nitrate, zirconium carbonate, lanthanum nitrate and

(72

praseodymium nitrate in a water/nitric acid solution. 33g of carbon black was dispersed in
the solution using a high speed shearer, 70g of Erunon LA4 surfactant was added and the
mixture was dispersed again. The mixture was heated slowly to 300°C. The dried product
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 FWHMSs, indicating similar grain

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 obtained after heat treatment for 2h at

1000°C.
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Clearly the pore structure and surface area can be altered by use of carbon blacks with

different morphological features.

Examples 22-26 Examples with excess La content

Lag sSro.2Mng oNig 04Pds.0s03 + La,03 materials were prepared in a similar manner to

previous examples. The amount of La,0; was varied between 2.5wt% and 20wt%. XRD

showed perovskite phase, plus increasing amounts of La,O; phase with increasing excess
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afsuﬁ&&o%a-%@u?e@w% Q@@nﬂ”/gt Iéﬁd %) €ol§ﬁwétﬁ?tp%Fe% @é’c@een 3nm and 200nm

surface area can tered use of carbon bl acks

wineals B2GHCHT, @P@Yﬂenn’(ﬂfﬁh an@gp@ym the: perervedimewagyy @g5cc/g, and between
2%0?:@ é?&a%drﬁ‘ﬁ VM&@WS&Z;; H@rté%m%fa?%atment for 2h at 1000°C the surface

Lao NG, cwPdod materials were
plaéf?mW@Sj” ﬁma(gm m | ar manner to previous exanples. The
anount of La203 was varied between 2. 5wt % and 20w %
XRD 10 showed perovskite phase, plus increasing

- FFaRo28 BB €8 st oh O3 wemsgvthg"@i'd@gﬁmzoe

Figures 2 and 3 show surface areas obtai ned after

t r eat meiRp4shio-$SEIB WA PERRA(RY USIAG 2 Piiet g Habmefhedcamiar fo known

C ORtRdYs forSinfarceompufds.| | ustrates that the pore
structure of the oxide conposition may be altered by

I ncor pabayi P BeMim () nitBorflif Wittalte, 7 &y SfesredsluhaBisonate 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. 150mi of
ammonia solution (%) was finally added and the precipitates were washed, separated via
filtration, and dried at ~ 100°C. Heat treatment 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 following this heat treatment was 145 m?/g. Pore volumes
are shown in table 6 and the XRD is shown in figure 4.

Comparative example 29

Ceo4sZroaslag1Ox 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
in Table 6 and the XRD is shown in Figure 4. In comparison to example 28, it can be seen
that incorporation of carbon has increased the volume of larger pores. However the XRDs
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exanpl e 28 exc%th hat
was added tlo the s Iutlon and di spersed with a high

speed shearer. The hydrothermal heating and heat
treatnents were then carried out in the sane manner.

The sughar®iar - 93 cibi s sanple was ~ 100m 2/g. Pore
vol unmes aﬁ@ shovmﬁln Table 6 and the XRD is shown in

Fi gurecho ik &QH@%lh§ QWmfaPn?e’&ﬂiE@'t@ p?e%loubtexglﬂEIeQeE%%e 30 was heat

that incor poration of car bon has 1 ncreased
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an oxid vi ng sonmewhat separated phases that are
c epnsiderplly oaﬁ@eateﬂdbmna heat freatmang expibiingom &2d glowdnsgeas indicating

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 treatment was
found to 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
volumes obtained are listed in Table 7.

Table 7
Example | Surface Area Pore Volumes
2
m°lg
cclg
650°C 3-200nm >10nm >50 nm
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300 nm 7. Alemantoioradald ﬁ@ﬂ one OEMarepfghREacHrser elegents and one

pore-form ng, padki & e Mas M fh%rﬁiefdl Q)xﬁieZSar‘tIBIeE rfF?)m (b) above are
range of approximately 10 nmto

clai med in #cameordediiiped Phasee O]BH?GeC?'BP'ﬁi( rrgetsbpxlﬁ%leég the complex
have a part g &idé%ab%réﬁ%:zé@ﬁﬁﬁe%ng@Qﬁ%ﬁéut‘mﬁrﬁltéf1§@nm and

nmto approxi mately A net hod as cl ai ned

claim1l V\hep@'r&nb\hﬁthﬁ%'o?e fPiAgeateAsltUrdkESorRfit®ns such that the porous
particles of "carbon bl ack.
structure and composition of the complex oxide is substantially preserved.

2. A method as claimed in claim 1 wherein a single phase complex metal oxide is

formed.

3. A method as claimed in claim 1 wherein a phase of a complex metal oxide and one
or more phases of other metal oxides are formed.

4. A method as claimed in claim 1 wherein two or more complex metal oxide phases,
either with or without any other metal oxide phases, are formed.

5. A method as claimed in claim 1 wherein each complex metal oxide phase that is

formed is a phase pure phase.

6. A method as claimed in claim 1 wherein the pore-forming particles have a particle
size in the range of approximately 7 nm to 300 nm.

7. A method as claimed in claim 6 wherein the pore-forming particles have a particle
size in the range of approximately 10 nm to 150 nm.
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10. A nmethod as clained in claim1l wherein conponents
used to formthe conpl ex oxide are honbgeneously

waleapprsed to formthe m xture of precursor el POAEFAUS05/000081
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11. A nmethod as clainmed in claim10 wherein the
pore-formng particles are digpersed in the mxture
usi ng a nmethod sel ected front A I'gh- speed sheari ng,
ultrasonic mxing, roll mlling, ball mlling or sand
mlling. 12. A nethod as claimed in claim1l where

ai 8- i & methed e q*almﬁﬁt"h@laear@owhere@n%ﬂ?r%@"ﬁwePW?ﬁ Rgve a particle
par ti ﬁieeﬁ'n thyY réf'@@lﬁf' prrﬁkl‘rri%ﬂely 90 hAT 131 dp@roxiteately oo . 13.

od as clainmed in claim1 wherein the nethod
' n@l udeseinbg a%tc‘i’é?ﬁeﬁfm Rlaf I10WRtei thelpafd MM SRd<LAre particles of
oxi de precursor elenments including netal cations, a
sour cearegn Elaﬂbon particles and a non-ionic, cationic
or anionic surfactant, nixing the solution

cf
andOc & Bsthogaas Flainead {noclpisp h Whersi %fﬁr?%‘egtﬁ:ﬂset%g% oM the complex
surf a&%l@é‘éremoﬁﬁideﬁéo@iﬁdlgﬁé@&ﬂtoﬁﬁﬁn tHeemixiuxé bf sreb@redBeléments.

substanti ally honogeneous di spersi on and heating the

M Xt UnEmEMol @ ihed Fhet0 WRérain tR bele-foreiag particles are dispersed in
conditions in which the carbon {?artl C

subst%i‘ﬁtm%fmr? usiBgR Bethogselected gy hig —sgp«;:ﬁ §Rgaring. ultrasonic mixing,
cl ai ”ﬂoiﬁmmﬁﬁrtfé'll%lﬁlﬁ@Oﬂ?édMlllln@C| udes the steps of a)

preparing a sol uti on cont ai ni ng one or nore net al

Cat{o0 RSmethbod Hs*dIdlghet € cRafth Htwm}eihfai’rwb sb@Bvddfromithé carbon-containing
surfactant under conditions such that surfact ant

n cel P8 farming pariiges Ry VAWM, tﬁ’é’o"s@lfa'im'ﬁ% hegnixiyEe-e by

formamcellarhqwd and ¢ -
i 4 b meBRASEARIBEd ibgign f v %ﬁe'ﬁ“g hogxﬂfwestth%steps of providing
heat i RgoRiti6R oP&IMBlex BRABSE tp?éﬁﬁlfboafele@nér@é“fmeruatngfrﬁetén@btf)ﬁﬁ a source of
a period of tine to renove, the surfactant a

f or m GHPAN PARICEE 39dra NN-IORIo SAHARYF O ANYYF 8@‘? {} p‘@(erg the solution,

St r uckyHAtantaRd %biboﬁ@fahﬁiéshbﬂ@ﬂm PRI hixre Such Batsiddtant micelles are
either to the solution froma or the m xture

b), afimed@nddar Mbxtwg: fRERS aaﬁug%tagwgtf@mqgsn?gﬂsr@%%en and heating

(bur nﬁheor‘rﬂxluré he f&af @@%Mﬁ&knﬁﬁl toxie@sded 2onditighetiRathich the carbon
as clainmed 1n claim214 wherein the carbon particles

ar e aﬁ@f@@'eﬁérqws?&'@'{yrSH‘OM?d step a), pr| or to

m xi ng. 16. A nethod as clained in ¢la ?reinhtf}e
st el o'P‘ nigtecd %g}am%i IRl 18 whereip fha 'Pﬁ“@"d includes the steps of
a) preparing a solution containing one or more metal cations;
b) mixing the solution from step (a) with surfactant under conditions such that

surfactant micelles are formed within the solution to thereby form a micellar liquid,;

and

c) heating the micellar liquid from step b) above to form metal 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 having a disordered pore

structure,

wherein carbon black particles are added either to the solution from a), or the mixture from
b), and the heat treatment also substantially removes (burns out) the carbon black

particles.

15. A method as claimed in claim 14 wherein the carbon particles are added to the

solution of step a), prior to mixing.
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conpl ex netal oxide and renove the carbon-containing
particles conprises heating the mxture to a

wao eqoper@ture in the range of from about 1000C POI/AD2095/000081
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7500C. 17. A nethod as clained in claim 16 wherein the
tenperature falls wthin the range of about 1000C to

about 6500C. 18. A method as-8Raimed in claim 16

wherein the tenperature falls within the range of

about 100C about 3000C. 19. A nethod as claimed in

cl dbmAIMGHhed asrrlaimed gt Claipn & vdterein Hisesiap of Breatingdhe mgjxture to form the

rate &fm;ﬂé{ hde@él RideHdenle %%Borﬁ-&orﬁ@iﬁh@%ddﬁﬁes comprises heating
durin eat treatnent step to mnimze or id

r educthednixipre torrtesmeptue iRthedangs peo aPPw@ﬂ QOe%%bOLtSfm C.
t he _car boncont ai ni n% particles. 20. A ne
cl difmédmethod|asi ¢laime m&!@@nrﬂﬁ\ﬁféer?@rﬁb%ﬂ%mmrétqr% Falls within the range of

cont r%dlﬁ%@gy% atddibﬁf65”0°@pec' fied maxi mum tenperature

IS not excee ring renoval of the carboncontai ning

parqigi ¢f ﬁ!%ﬂ'%@ aspt:léfﬁ{eﬁqg chm Clealingdini tRe @érﬁbéfbﬂjré!‘#éi‘l%%mm the range of
the metal oxide contains two or nore nmetals of atom c

nubeabait 180°Ciabout B00°Y to 32, 37 to 51, 55 to 84 and
87 to 103. 22. A nethod as clainmed in claim1 wherein .
t hd OniAinginediasceiained in clairg i WherginpRneerit more=0f jermparaiyee, cooling rate

as cl g pargalipessufd @&?géﬂ‘%rc%hﬁol%%uﬂhﬁw I@eeﬂftrebﬂﬁent step to minimize
precursor elenments are dissolved in t

conpoflevoid redugtione ph dp £ompleXi Fsépl i xidq é’PH’ﬂ@S’eWﬁ&F' pithe carbon-
the migdishRgiparickar includes a polynmer. 25. A method
of produci ng porous non-refractory netal oxide, the

Metdpodh inefHodHsWaiRied Vi @Iaﬂﬁ 1@ WheréiH e flafm;f&atgféelsQfonffBlle%i such that a
precursor_ elenents suitable to produce t

non- rwqog@gom?mmﬁerg&@rg@re rj,%mpt Exeaedsd durlng removal of the carbon-

non- r gddi&Ring fp\ért%sde oxi de particles that are
precursors of the non-refractory oxides, or m xtures

of AWQ\ RfethBY 8s [hedfin cfé'?ﬂ Jp)Wh@reﬁri”tlt\é ‘ﬁh&té‘t @(lde contalns two or more
car bon-cont ai ni ng pore-f g sel ect

provi a@t%pfeatgm@équ?rﬁh@ Parge! %ﬁo 33;96? éﬁ<f’ha’i5ép>§34‘ﬁnﬁrﬁ7 to 103.

to 250 n and treating the mxture to
22. A method as claimed in ¢laim 1 wherein the mlxture includes a liquid component.

23. A method as claimed in claim 22 wherein one or more of the precursor elements are
dissolved in the liquid component.

24. A method as claimed in claim 23 wherein the mixture further includes a polymer.

25. 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
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

(i) form the porous non-refractory metal oxide in which the non-refractory metal
oxide has grain sizes in the range of about 1 nm to 150 nm; and
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(i) formthe porous non-refractory netal oxide in
whi ch the non-refractory netal oxide has grain sizes

w0 pooshmsiange of about 1 nmto 150 nm and(ii ) PCEADA®S5/000081
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the pore-form ng material under conditions such that

the porous structure and conposition of the

non-refractory netal oxide i=3%ubstantially preserved.

26. A nethod as clainmed in claim25 wherein the one or

nore precursor elenents include one or nore

conpoufiisempyg dag merefsming mnteriakednses C@éﬁ'@@'@%@“ﬁ'ﬂ dhat the porous

ggoggﬁﬁ%ﬁk%%%g@ﬁg &g;ﬂ?i% nS@Jefﬂéleto gnggt]a; Sc%c?deggs substantially

cl ai nefeserved.ai m 26 wherei n the one or rnore netal

conmpounds are netal oxides, acetates, carbonates, or

rR6. r Anethocbas claimestin skaim 25 svhereie the eneorAnaReRseqieqralements include
t

d‘lnﬁep@{ @IS%éL ﬁ]%%l %gﬁﬁgﬁmo@j%cléﬁlﬁ? BEQY:'r defle %té‘s %@'eﬁfe'd%bnﬁ’ those metals

as cfalnmed in clalm?28 wherein
t dfeatpmisawimber 3et.difeh®23) 25823 3708hedd-91n 5§'l§|4lﬁnfj&7 e
the pore-form ng material subsequently added to the
s1.uiA methodas daimedhiprlail 26 hetadn the enePin Mgrewmeraticampounds are
tﬁ%sta?pﬁ&ég %Qétaf‘ésegé?%ﬁaté’sn%rﬂﬁr east _a por ti on of

ore-form'ng mateéeri are m xe o forma solid phase

tWre o)) t(s
so%vgntetﬁgq a§ Eﬁalrﬁ%cﬁﬁwgﬂﬁm Cf\gﬁ%rﬁégﬁhﬁ 'bé?cﬁr%gﬂe%ﬁer ) are provided as a
t $pdutieptdrslispersidrudes the steps of providing a sol ution

of conpl ex oxide precursor el ements including netal
c2R.i Arimethed s ridaredfin ciFiBoAd pelerqie |tee PERRYrSEN RIFPR(H) @re formed in

C?&l UM dhd%he BBIBH ln & @M seqibntlylided %o B! déidtieR.

sur act ant agg car particles tO ormthe mxture

SS@.hAtlﬂ@t?\oé Wef é\&ﬁr%@t m”l:lgﬁ b@%@rglnfﬁérﬁgc@% tBfents and at least a

nlxpure orns a substanti al y onogeneous dlsperS|on
apertior af perg-formeingrimateriad aromiXgd e fore a sefi BRageenpgture and the mixture

OXikASvedAe suadisbivers i n which the carbon particles

are su tantlaF.Iy renoved. 32. A nethod as clained in

CEAl M &T'ilﬁmeﬁ W& claRh DO heRG HéaRethbE intiRBS tﬁﬁ steps of providing a

pre arln ution contalnlng one or nore netal
cselutinmsof qwnnleagom%p@éu@pf elamepisingudipg mefal\gatigns, a source of carbon

nPérftl E4 23R4 atd ﬂ%m@ Qﬁ%ﬁlb 9F‘§n|3M6 Bufri@bntStbdrctha’blution, surfactant and

l'es are formed wt the solution to thereby
f earhpa partistas) tor formdbe dplxm 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 particles are substantially

removed.
32. A method as claimed in claim 31 wherein the method includes the steps of
preparing a solution containing one or more metal cations;

mixing the solution from step (a) with surfactant under conditions such that
surfactant micelles are formed within the solution to thereby form a micellar liquid;

and

heating the micellar liquid from step b) above to form metal 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 having a disordered pore

structure,

wherein carbon black particles are added to the solution from (a) and the heat treatment
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heating the mcellar liquid fromstep b) above to form
netal oxide, the heating step being undertaken at a

wo esoper@ture and for a period of tine to renovECT/AB2005/000081
surfactant and thereby form netal oxide particles
havi ng a di sordered pore structure, wherein carbon
bl ack particles are added to -tHe sol uti on from(a) and
the heat treatnental so substantlally rennves (burns
out) the carbon black particles. met hod as
c|aéﬁ0r1%@staﬁt'@|yaﬁmw (RHE}SGRW the °§'ibé’ﬂ b{"’lcf paﬁﬁl@sor nor e
of _.the precursor elenments from step

" Bor  ahaltietias ames B 8ein op WHESROR Sian flndp8 y mre & the precursor

OXldifents from step (a) are incorporated into a phase of the non-refractory metal oxide.
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