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are obtainable by said method, in particular cerium and
15 zirconium oxides with excellent thermal stability and

high oxygen exchange capacities.

Background Art

Metal oxides, in particular mixed metal ox-
20 ides have a broad range of applications such as e.g. ce-
ramics, polymer additives, fillers, pigments, reactive
surfaces, catalysts, storage materials, polishing addi-
tives, membranes, fuel cells etc. Among the most impor-
tant metal oxides are cerium oxides and in particular ce-
25 rium-zirconium mixed oxides, below referred to as
ceria/zirconia. Ceria/zirconia are used in the current
new generation of Three Way Catalysts (TWC) as key-
component due to their high dynamic oxygen exchange ca-
pacity [Trovarelli et al. (1996), Kaspar et al. (1999)],
30 however also as Oxidation Catalysts, Ceramics, Polishing
agents and Fuel cells, amongst others.
In the treatment of noxious gases from the
car exhaust,” the ceria switches between its two major
 oxidation states Ce(III) and Ce(IV) thereby taking up or
35 releasing electrons for the conversion of CO and residu-
als from the combustion process. Depending on the oxygen

partial pressure, it absorbs or releases oxygen and sta-
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pyrolysis (FSP) is a known process an
oxides such as ceria and ceria/zirconia are mechanical

and mechanical/thermal processes, wet-phase chemistry
based methods, and high temperature methods such as flame
spray pyrolysis (FSP). »

20 Mechanical and mechanical/thermal methods are
energy intensive (milling!) and generally suffer from in-
.sufficient mixing at the atomic level leading to low
phase stability and/or low specific surface area.

Wet-phase based methods entail huge solvent

25 costs, produce large amounts of waste water and need cal-
cination steps after the synthesis, making them cost in-
tensiv. Furthermore, although e.g co-precipitation of
ceria/zirconia can lead to mixed oxide powders with ex-
tremely high specific surface areas, unfortunately, the

30 temperature stability of as-prepared oxides is character-
ized by a big loss of specific surface area at elevated
temperature. Preparation at high temperature may produce
an oxide with increased stability. This has prompted sev-
eral people to attempt to prepare ceria by spray pyroly-

35 sis. Flame spray pyrolysis (FSP) is a known process and
has been used for preparation of many oxides. However, in

the case of ceria and in particular ceria/zirconia, the
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owever , as now b oun 0 be unsulita for the uction of e. g.
Cerla/ZIr(hﬁﬁ%ﬁally a batch process and the reproduc1b111ty is a
general problem. Laine et al. (1999) and Laine et al.
(2000) used a spray pyrolysis unit to prepare
ceria/zirconia but the specific surface area of the prod-
20 uct powder stayed low, at 10 to 15 m?/g. EP 1 142 830
also discloses a FSP method for the preparation of
ceria/zirconia starting from organometallic compounds in
organic solvents and/or water. The procedure disclosed in
EP 1 142 830 focuses on chlorine free pbwders produced by
25 flame spray pyrolysis and uses precursor solutions of
type MeR where R is an organic rest such as methyl,
ethyl, or a corresponding alkoxy group or a nitrate an-
ion. As solvents, water or alcohols are used.
Recently Madler et al. (2002B) disclosed an
30 FSP method for the production of pure ceria with high
surface and homogeneous particle sizes. This solvent sys-
tem, however, has now been found to be unsuitable for the
production of e.g. ceria/zirconia.
Therefore there is still a need for a high
35 temperature method for the production of metal oxidesg, in
particular mixed metal oxides that leads to a product

with increased homogeneity of the product.
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production of netal oxides, in particular m xed netal oxides that
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polishing.

It is yet another objective of the present
invention to stabilize zirconia by adding another metal
oxide such as ceria or yttria for applications in fuel
cells, sensors and as structural ceramic or for coatings.

- Now, in order to implement these and still
further objects of the invention, which will become more
readily apparent as the description proceeds, the metal
oxides of the present invention are manifested by the
features that they are obtainable by the method of the
present invention.

The method for the production of a metal ox-
ide of the present invention, is characterized in that at
least one metal oxide precursor is dissolved in a high
enthalpy solvent comprising at least one carboxylic acid
with a mean carbon content of > 2 carbon atoms in an
amount of at least 60 % of total solvent to form a solu-
tion, and wherein said solution is then formed into drop-
lets and flame oxidized.

It has been found that using a precursor mix
as disclosed in the scope of the present invention in FSP
allows the production of mixed oxides such as

ceria/zirconia with good mixing at atomic level, excel-



It has been found that using a precursor mx 35 as disclosed in the scope
of the present invention in FSP allows the production of m xed oxi des such
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The process of the present invention involves

a cheap, readily available precursor mix which offers the
possibility to use FSP to produce mixed metal oxides such
as ceria/zirconia based mixed oxides with great homogene-

20 ity on atomic level. The precursor mix of the present in-
vention is characterized by enabling a high concentration
of dissolved metal precursors and a high combustion en-
thalpy. By using such precursor mix in FSP, high specific
surface area metal oxides, such as ceria based materials,

25 with excellent temperature and phase stability can be

produced.

Brief Description of the Drawings

The invention will be better understood and
30 objects other than those set forth above will become ap-
parent when consideration is given to the following de-
tailed description thereof. Such description makes refer-
ence to the annexed drawings, wherein:
Figure 1A is a transmission electron micro-
35 scope (TEM) picture of ceria/zirconia Ceq_72rg_ 303 as

prepared.
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m cro- scope (TEM picture of cerial/zigconia Ce0O,7Zr0.302 after thermal
treatment at 900C showi ng that such thermal treatnent |eads to |arger

particles of simlar . i.qure .the X-r i tf.raction spec-
trum (XRD) of cerial zi%lrl.%g%ieaaéx r(alfx)a@%g%rl%?ng%ﬁcgﬁogp&n}é&%eri a (x=1,
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no phasg transition odenkr® 2B Gows3 tHROWS rafe dspeeibicd ohusbaes area of

15 CexZr (1-x)02 t he. present .invent.i (square and cal - cined powders (
2h at 9001%4:?1 Q&{D,) G5 §%H2 zrﬂd:[cec’rflt‘iaeQpe r(ﬁ-’d‘r)?ﬁ ian:asrpé.aq‘i ¢ %Urface area
for x=0. 1 pwueueriai edni Hotsthwwi iy ttherd arigeotegr eec=d) .st abi | i sati on.
Figure 4 is a plot of atytd r t ASFUN RY i C system
for CexZr(l_x)02 as a gﬁé{e t2i 0 g%%i %?:"&2%‘%%9 eralla cont gnte, S\%ﬂ%r ein the

| i ne reprcameirs afh Bigine & Ry rad tay deatdmed tey 3G0°Q B892 valid for
doped £@r i Veri L1103k trangen it iGRIMREM ddNSnd irdiHe FA § K AuigPnpari son
of the specific 25 surface area, of flarre-sﬁara made .ceri a, ,
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Fi gure 5B @gwies (he) averfagelyergrsdtal]l isdere A AdetemmianethdnoXibdse al |
sanpl es fromrpur e.}jcne_rgcacl}ros pure 30 zirconia. Both addition of 10 %ceria

. .Tcrans . .
to zirconi &t :11-0100 zitconia to ceria leads to a pronounced decrease in

aver - Figure 3 shows the specific surface area of
15 CexZr (1-x)02 of the present invention (squares) and cal-
cined powders ( 2h at 900 °C in air, circles). Note the
sharp drop in specific surface area for x=0.1 to pure
zirconia, showing the large degree of stabilisation.
Figure 4 is a plot of the lattice parameter
20 a, assuming a cubic system, for CeyxZr(1_x)O2 as a func-
tion of increasing ceria content, wherein the line repre-
sents an empirical correlation found by Kim (1989), valid
for doped ceria over a broad range of compositions.
Figure 5A is a comparison of the specific
25 surface area of flame-gspray made ceria,
ceria/zirconia,wet-phase made mixed oxides, and a commer-
cial sample.
Figure 5B gives the average crystal size as
determined by XRD for all samples from pure ceria to pure
30 zirconia. Both addition of 10 % ceria to zirconia or 10%
zirconia to ceria leads to a pronounced decrease in aver-
age crystal size, therefore showing a high degree of sta-
bilisation.
Figure 6 gives the principle of oxygen stor-
35 age capacity measurements (0SC).
Figure 7A compares OSC for reduction of the

catalyst by Hy and CO from pure zirconia to pure ceria.
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fromtwo pliidesedt Qfefotr sossxidabisnm | ar enthal py and the sane netal
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conmbustion, the flanme height, the specific
Modes for Carrying out the Invention

15 The metal oxides of the present invention are
obtainable by a method wherein at least one metal oxide
precursor is dissolved in a high enthalpy solvent com-
prising at least one carboxylic acid to form a solution,
and wherein said solution is then formed into droplets

20 and flame oxidized.

In the production of pure ceria, high en-
thalpy content was found to be crucial to obtain a homo-
geneous product. At low enthalpy delivery from the pre-
cursor, insufficient energy was found to be delivered to

25 distribute the metal within the flame. To compare the
production of ceria based oxides with prior work on ceria
[M&dler et al. (2002B)], pure ceria was prepared from two
different precursors with similar enthalpy and the same
metal delivery rate in the flame. Table 1 below lists the

30 enthalpy of combustion, the flame height, the specific
surface area of pure ceria and the XRD diameter obtained

by fitting cubic ceria to the spectrum.

Table 1: Role of enthalpy and solvent compo-
35 sition in the production of ceria by flame spray pyroly-
sis (FSP)



surface area of pure ceria and the XRD di aneter obtained by fitting cubic
ceria to the spectrum Table 1: Role of enthal py and sol vent conpo- 35
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2004/ 005184 PCT/ 1 B2003/ 002172 8 iso-ogtane solution* lauric acid solu-
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Specific surface 174 n2/ g 167,08/ a «d, ) . 8. . 0 nm
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in specifi@wurfgle) after heating. 18-%nhme in the case & Qure ceria, a

m xture ofggégf%%géﬁgggggge, 50 96ap§§|épfan d and 10 %)23guhg&éberlwhdler
B

et al. (20 o ﬁsolve sufficient “cerium acetateé,
resul ting ore trfate stability upon heating conpared with ceria
pr epar ed ag@8LgLﬂg_LQ_2Q_Lhﬂ_pLﬂSﬂﬂL_LﬂMﬂDllLHLjuELJJLJEHJJJAﬂiﬂ;JJl__
i nsufficient * mixture of 40 % iso-octane, 50 % acetic

acid and 10 % 2-butanol (by volume) according to Midler

et al. (2002B)

** mixture of the present invention, 50 %
5 lauric acid, 50 % acetic acid (by weight)

As can be seen from the data listed in Table
1, there is some similarity between the two powders, that
might be correlated with the role of enthalpy and metal

10 concentration as important process parameters in flame
spray pyrolysis of ceria and ceria-based mixed oxides,
however, there must be other factors since the product
prepared according to the present invention shows a re-
duced loss in specific surface after heating.

15 While in the case of pure ceria, a mixture of
40 % iso-octane, 50 % acetic acid and 10 % 2-butanol
[Mddler et al. (2002B)] could dissolve sufficient cerium
acetate, however resulting in poorer surface stability
upon heating compared with ceria prepared according to

20 the present invention and in particular in insufficient
storage stability of the solution (phase separation of
solvents, evaporation of volatile solvents) such that
scale-up is difficult or only to a limited extent possi-
ble, this process could not be extended to the synthesis

25 of ceria/zirconia. The solubilities of the ceria and zir-
conia precursor were found to be too low and the thereby

caused precipitation lead to an inhomogeneous and unreli-
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carboxylic, acid or a mxtur car boxyl i c acids such that "the sol- vent

has a net HERPGIORIMRLA | GE ‘?xyalthéaa‘"s’t BPTERRS, %Vtﬁléﬁ%?éﬂﬁ what |east 20
kJ/ g, norelea=f es@bEy @tef%lblﬂﬁht Kidagst T8B 3| Smaacdigveerb b 180 aci d

m xture hayvi : n on_.at er_car boxyl i r

(1 nelugi natddip 88" LbEbely £ £2IROL AT P B ity ,
atons, prataradihamto) eastIs @mmreﬁﬂmqﬁ almcadmln}erﬁf) cebanite 4irt-0 10 C
at ons, 1¥D$Ferpéﬁﬁé9rxﬁé)&ﬂod1 {1 %cﬁxﬁémsger}&aﬁ%féﬁscoc}/{%ﬁcsgct | Cogfa Cc:ég:r respond to

heptanoic acid or a mx- ture of I1dentic (12 C at ons)
and dodecl%ﬂ?@fjclcacﬁ@‘%siz(@%t‘i?ﬂ%% OAlgusHy P imfowre prestinica

solvents is acceptable), in particular of one carboxylic
acid or a mixture of carboxylic acids such that the sol-
vent has a net heat of combustion of at least 15 kJ/g,

20 preferably at least 20 kJ/g, more preferably at least 23
kJ/g. This is achieved by an acid mixture having a mean
number of carbon atoms per carboxylic group (including
the C of said group) of > 2 C atoms, usually at least 2.2
C atoms, preferably at least 3 C atoms, more preferably

25 about 4 to 10 C atoms, most preferably 4 to 8 C atoms. 7
C atoms would e.g. correspond to heptanoic acid or a mix-
ture of identical moles of acetic acid (2 C atoms) and
dodecanoic acid (12 C atoms). As long as the above provi-
sions are met, it is not very critical which acids are

30 used. |

In order to enhance the solubility of the
precursors it is often favorable to use a mix of short
chain and long chain carboxylic acids, whereby the short
chain carboxylic acids improve the solubility of the pre-

35 cursors while the long chain acids ensure the high en-
thalpy solvent. Preferred solvent mixes comprise carbox-

ylic acids selected from C3 to Cl8 monocarboxylic acids,
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dicarboxyl crds or. poJ carboxyli.c acids c used. In addition, the
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used to adjust the solvent to specific needs. In specific

cases also sufficiently long chain dicarboxylic acids or
polycarboxylic acids can be used. In addition, the acids
may be saturated or unsaturated.

.20 : By using a solvent consisting or essentially -
consisting of carboxylic acids, a very good compatibility
and therefore stability of the solvent mixture is ob-
tained. As already mentioned above, using a carboxylic
acid mixture has the further advantage that by using long

25 chain acids together with short chain acids, the solubil-
ity and therewith the obtainable concentration range can
be regulated/optimized. Furthermore, the use of a sol-
vent, in particular a solvent mixture, that is stable at
room temperature (no phase separation, no measurable

30 evaporation) may also add to an enhanced storage stabil-
ity of a precursor mix produced in such a solvent system.
If another solvent is used that is not a carboxylic acid,
such solvent usually is a high enthalpy solvent that
preferably has a chain length such that it is compatible

35 with at least one long chain carboxylic acid of the sol-

vent system. By this provision the risk for phase separa-
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substi 10 Lubeth ngﬁlmd%o%ﬁ%&é SE LGB Leal PLIL G610, DUt
c acid, o 0 or

al so di carboxy I gocar IC acid an polycar boxylic acid
and/ or ot hePue@smeHChraandnedit| o€ at lergfaroret opblenalansisbstich as

acetyl aget eRet®) ¢Btbok et hybaget oasRt LNal et £ N £0E FhAM des@ng ot hers,
op 15 tlonglly fs dirate. TEe sal { nqélalso gﬁgéoduced,mnthln t he

sol vent miREGralsh GHEAPRENTRPEHAt ALLIRS B¢ aptd AT (nanely a
met al conppod by e lsaapbimdac Bdgandor oxtlter @ommsd ofed£ndiieBa PLEE det al ,

t hat react | t he_ components of the solvent to forma
so 20 Iuti§ﬁ¥gééb%g%&%é§§i% gg?ﬁé %% vetit T §?¥§EF%&%9%F?I t#en forns the
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car boxykic | t e | i t l.ame has a
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| east aboubEheospivent F}p@pégq:@dlqaaﬁbiéuofmeanlng that a suitable salt

precursor (namely a metal comprising compound, e.g. an
oxide, a carbonate or a pure metal, that reacts with at
least one of the components of the solvent to form a so-

20 lution) is brought into the solvent mixture where it then
forms the salt or derivative of the solvent (e. g. a car-
boxylic acid salt of a carboxylic acid from the solvent).

In the inventive method, the flame has a tem-
perature of at least 1000°C, usually at least 1500°C,

25 preferably at least about 2000°C. A preferred range of
the flame temperature for many applications is 1600 to
2600°cC.

The average diameter of the droplets can vary
depend on the liguid dispersion setup and the properties

30 of the liquid itself. Usually, the average droplet diame-
ter ranges from 0.1 um to 100 um, preferably from 1 um to
20 pum.

In one of the preferred embodiments of the
present invention, the method is applied in the produc-

35 tion of ceria/zirconia. For such mixed oxides presently
preferred precursors are cerium acetate hydrate and zir-

conium acetylacetonate. With these precursors in a sol-
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st abi | i zedm2| T c n| a ta m"aétali Og%%e%st—éﬂg?rﬁra‘f u"é‘—flr%e%?s‘gt "{r)f”(]g??ggm a
pr ef er abl yoxodesi r@sp%tdmllmnhantﬂeamhmmasle@ mectvsisi tes | aniyed réxa- and/ or
al - 15 ides containing an element of the earth metal and from
the transition metal group, mixed oxides containing an
element from the alkali metals and the transition metals,
aluminates, borates, silicates, phosphates, hafnia, tho-
ria, uranium oxide, etc.
20 The method of the present invention may e.g.
also be used to produce stabilized zirconia that can e.g.
be used for fuel cells. Such zirconia preferably contains
additional metal oxides such as ceria, yttria and/or al-
kaline earth metals. Most suitable mixed oxides contain
25 less than 20 % ceria or yttria, preferably less than 10%,
most preferably less than 8% of the additional oxide.
Generally, the method of the present inven-
tion is suitable for the production of any metal oxide
where metal oxide precursors, in particular organometal-
30 lic or organometalloid precursors, in particular purely
organometallic or purely organometalloid metal salts have
to be dissolved at sufficient concentration in a high en-
thalpy solvent for high temperature FSP. The as-prepared
oxides may ke subjected directly to an after-treatment in
35 order to form nitrides, carbides, silicides, borides and

others.
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car bi des, ‘silicides, borides ers. WO 2004/005184 PCT/1B2003/ 002172
13 By t he 4wmqu%od it becane possible for the first tine to

provi des met al oxi des, - pupd Wﬁrxemmlnmaegxi des, that have at | east
one of the follow ing prgpeéi:les a - e and ni xed metal oxides: - good
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forned) al t ed r 0 cle SI ze
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cerial zi r dRpERD0(e- 9 VAL W gh & XBR1ET Sbrdde CHpa2AAF ad frre- pared -
very hi gh 0&ygen storage capaC| ty after

- - high thermal stability, e. g. no phase

change upon heating the material

15 - mixed metal oxides:
- - very good homogeneity on atomic level
- - good phase stability
- - well defined crystal size distribution
- ceria or ceria/zirconia:

20 -

- very high oxygen storage capacity as pre-
pared '
- - very high oxygen storage capacity after
heat treatment (e.g. 700 °C, 16 h in air)
- - very high phase stability, even after
25 heat treatment (e. g. 900°C, 2 hours in air)
- - uniform morphology
The metal oxides of the present invention, in
particular the mixed metal oxides, have the applications
already known for them and an extended field of applica-
30 tions due to their improved properties. For ceria/zir-
conia e.g. one of the preferred fields of application is
as a catalyst for combustion engine exhaust gases, e.g.
in the automotive industry. For applications in vehicles
usually a ceria/zirconia comprising catalyst having a
35 monolithic structure is used. Such monolithic structure
can e.g. be obtained by mixing ceria or preferably

ceria/zirconia then forming said mixture into the desired
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prepared ¢ 12ISRTS MayPRERS OBt %rfﬁ#%?%&f ct st e present
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subst ances such as fur, 1{1eer é% a}z:.%oqﬁsa étst g)nIJ ay veﬁr}%dhg{ alcgrom' a,
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However, due to the Inproved properties of
tania, vanadilia, chromia, manganese, iron, cobalt, nickel,

copper oxides and/or noble metals, e.g. platinum, palla-
dium, rhodium, ruthenium, rhenium, iridium, all of them
alone or in admixture with one or more thereof, or alloys
20 thereof. However, due to the improved properties of the
catalysts of the present invention, the addition of fur-
ther catalytically active substances may be unnecessary.
Besides of their possible use as catalysts,
the metal oxides’of the present invention, such as e.g.
25 ceria, zirconia or ceria/zirconia, due to their great ho-
mogeneity can be used for mechanochemical polishing.
Stabilized zirconia made by the present in-
vention may be used in fuel cells, where the high phase
homogeneity and the mixing at atomic level favour oxygen
30 ion transport as it has been shown by the 0SC measure-
ments. Furthermore, the excellent degree of mixing ob-
tained by the method of the present invention allows for
high thermal and mechanical stability, as crystallites
stay very small (see Figure 5B), thus reducing the chance
35 of crack formation. This properties make the ceria-
stabilized zirconia of the present invention highly suit-

able for high-temperature and low-temperature fuel cell
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cells, superconductors and others.

20
Examples
1. Ceria, zirconia and ceria/zirconia
General Procedure

25 Ceria/zirconia mixed oxide powders were pro-

duced by flame spray pyrolysis in a laboratory scale
setup. Cerium (III) acetate hydrate (Aldrich, > 99.7 %)
and zirconium tetra acetylacetonate (Aldrich, 99%) were
mixed according to the product composition and dissolved

30 in a lauric acid/acetic acid mixture (1:1 by weight,
heated to full dissolution). The total final metal con-
centration in the precursor mixture was kept constant at
0.15 mol/1 throughout all experiments. The as-prepared
solutions were stable and could be delivered into the

35 flame of an FSP apparatus [Madler et al. (2002A7), Figure
1] by a syringe pump (Inotech IR-232) at 5 ml/min. The

flame consists of a central spray delivery, a premixed,
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gentle,g Preparation of Solvents ,
500 g of acetic acid (99.95%) and 500 g
lauric acid were mixed and heated to 50 °C to full disso-

lution. This high enthalpy mixture is stable for days,
small amounts of precipitated lauric acid that may be
20 present after prolonged storage may be removed by gentle

warming.

Preparation of Precursor-Mix

25 Corresponding amounts of cerium acetate hy-
drate and zirconium acetylacetonate were dissolved in the
above mixture to a total metal concentration of 0.15
mole/l. These precursor solutions were stable at ambient
conditions and could readily be sprayed. Their high en-

30 thalpy content combined with the capability to dissolve
readily available, polar metal ions, makes these mixtures

suitable for the preparation of mixed oxides.

Results and Discussion

35 Figure 1A depicts a TEM (transmission elec-
tron microscope) picture of as-prepared ceria/zirconia

Cep.7 Zrg.302. The product consists of well-crystalline,
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zirconia (x=0). The broad signals from the stable mixed
- ceria/zirconia phase slowly shift to higher diffraction
angle (two theta). This smooth shift from pure ceria to
pure zirconia corroborates the extreme mixing of the as-

20 prepared ceria/zirconia. The continuous transition may
best be observed for the peak around 50°. Figure 2 B
gives the XRD signals for the same samples, heated to
900° C for two hours in air. Due to thermal treatment,
the peaks get narrower. The solid solution is stable,

25 however, even after this high temperature treatment.
Again, the peaks shift from pure ceria to zirconia. Now,
the latter has transferred into the monoclinic phase and
shows a different diagram. Adding as few as 10 atom-%
ceria fully prohibits this transition and an extremely

30 stable mixed oxide is obtained.

Figure 3 gives the specific surface area of
as-prepared CexZr (1-x)02 (squares) and calcined powders
(circles). While the specific surface area of zirconia
containing powders is generally constant, a drop is found

35 for pure ceria. The mere addition of 10 atom-% zirconium
to ceria already leads to considerable stabilisation.

Further increasing the zirconia content has only a minor
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in any sample. Pure zirconia after thermal treatment at

900°C is not included, since it changed part of its

phase. The correlation of these samples with the Vegard

rule corroborates thevmolecular mixing of the precursors,

20 responsible for the overall performance of the CeyZr (j.

x)02 .

Figure 5A compares the specific surface area
of flame-spray made ceria, ceria/zirconia and wet-phase
made mixed oxides and commercial Rhodia ceria/zirconia.

25 Trovarelli et al.(1997) prepared ceria by high energy
ball mixing but obtain poor mixing at an atomic level.
Terribile et al. (1998) prepared ceria by a hybrid or-
ganic/inorganic route and found excellent specific sur-
face areas. Calcination, however, reduced the surface

30 area to about 43 m2/g. Mixed oxide samples prepared by
Terribile et al. (1998) exhibited 56 and 40 m2/g for x=
0.8 and 0.68, respectively, after calcination at 900°C.
Leitenburg et al. (1996) used precipitation to prepare
ceria/zirconia and achieved up to 30 m2/g for x= 0.2.

35 Figure 5A further compares materials of this invention to

commercially available ceria/zirconia supplied by Rhodia.
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Figure 7A compares oxygen storage capacity
(0SC) for reduction of the catalyst by Hy, CO from pure
zirconia to pure ceria. At intermediate composition, very
high oxygen storage capacity is found. The smooth transi-
20 tion from zirconium to cerium further agrees with the
data from XRD. Here, the same smooth transition corrobo-
rates the extreme degree of mixing of the two components.
All measurements are done at 700 °C. Samples are heated
to 700 °C for 16 h prior to measurement. Commercial Cata-
25 1lyst (Rhodia) does not show a smooth transition if going
from ceria to zirconia. The 0SC rather shows a maximum at
20 % zirconia (x=0.8) and stays almost constant to 40%
zirconia, but then drops rapidly. Trovarelli et al.
(1997) report maximum dynamic OSC at x around 0.8. The
30 flame made samples in this work show a maximum OSC re-
lated to mass at intermediate zirconia content (x around
0.5), therefore they require less of ceria for the same
dynamic OSC per mass.
Figure 7B gives the relative (pure ceria = 1)
35 oxygen storage capacity per ceria for all samples. A tre-
mendous increase in oxygen storage capacity per cerium in
the sample is evident. This may be used to reduce the
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metal concentration in the flame, allow to control the
production process over a broad range of conditions. In
the scope of the present invention it could be shown that
molecular mixing, e.g. in the synthesis of

20 ceria/zirconia, is of great importance. Such molecular
mixing is dependent on the phase stability. Due to insuf-
ficient mixing_or partial precipitation in the precursor
mix, significant affection of properties of the mixed
metal oxides prepared from such inhomogeneous precursor

25 mixes has been found.

Adding as low as 10 atom-% zirconia to ceria
leads to increasing temperature stability. The product
ceria/zirconia may be characterized as an intimately
mixed solid solution and forms a stable phase up to high

30 zirconia contents. Compared to conventionally prepared
ceria/zirconia, mixed oxides with increased thermal sta-
bility of flame-made mixed oxides could be provided. This
may be associated with the high preparation temperature
favoring a pre-equilibrated structure and uniform mor-

35 phology, both enhancing the thermal stability. Increased
molecular mixing in ceria/zirconia results in much higher

ceria usage, both facilitating the catalytic process and
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15 wt% platinum on ceria/zirconia (Ce0.5Zr0.502) was pre-
pared with a-specific surface area after preparation of
105 m2/g. Sintering for 16 h, air, at 700°C with a ramp
of 5°C/min only reduced the surface area to 97 m2/g. This
corroborates excellent stability. This sintered sample

20 was tested for the dynamic oxygen exchange capacity as
described for the ceria/zirconia samples. It was compared
against a reference prepared according to the previous
section (Leitenburg et al., 1996)) but with an additional
impregnation step for Pt deposition. Thereby, 2 wt%

25 platinum were deposited by incipient wetness impregnation
using the method of Silvestro-Albero (2002). This samples
was subjected to the same pretreatment (16h, 700 °C,

air) .

30 Oxygen exchange capacity

At a heating rate of 3°C/min, the two samples
were taken up to 1100°C and subjected to repeated pulses
of CO or Hy with following pulses of 0Oy for reoxidation.
The corresponding reversibly occurring mass uptake and

35 loss of oxygen is shown in Figure 9. Samples were then
cooled down and the same heating ramp was repeated again

to check for stability. The precipitated sample changes
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2004/ 005184 PCT/IBZOO36902172 25 Cainms 1. A nethod for the production of
a metal ox- ide, whereFRo&HE=| east one metal oxide precursor is dis 5 solved
in a high enthal py carboxylic acid solvent com prising at |east one

car boxyli ¢ acid Wi th a MeAmGaRRANEo OISy Ghuse; G2 P, HGEE Iy an amount

of at least 60 % of the whole solvent toTorma s I on, rein said
sol uti on i $39ehewhebriBdatnt6agEopnetBehnl PXaAR BREERZeAr 1@ dzs The met hod

of claim lsoweaein ahnlgaraa%haybyccafbsxypﬂ&eaélassaivéﬁ@S&oﬁ5 %
preferably at | east refer ut,100 % 3. The method of

claimi1 orP2® %ﬁ%r%Fn%?ﬂﬁ aPneI€g§P°6% l%a?%b&yW?EhaﬁlEeﬁ%scér?%%n car bon
cont ent peconﬂénacoﬂ g2 ouprbbnaktbrasin 2a, amoeﬁerablataleé9356039 nor e

hod of
Do bt YooehL dlfe 1o fBAL BLOESLAML ValbOUod * Ond wndral Do LEL MO0 O

anyone of e preceding erein e car ected
fromCl tSOEHBIQ@n@éaﬁhbnxﬁprmeécldtoa@domiﬁtﬂresdtﬁbamefoxﬂ@lﬁedThe

rethodsgf claimd, wheselmihgecRsbosr odsn gl dubdralisldre, aloform c
acid and/or greferabl acetic acid and at | east one er acid with at

|l east 3 CcHFPOrPEEnEORRERR pFefbritdsh ﬂ5x%ur%rﬁﬁerélecaﬁclﬁa%hd acetic

aci d, eSpGBDa%lymmﬁeapf&fEﬁaBﬂylanu251@o ghe method of anyone of the
precedi ng clainms, whefei carboxy | ic acids cqp} prises

at _lLeast one of. thg vl
doubl e bonds and/or subst TEUeATY: %re S potard. Wherein the a

least one carboxylic acid has a mean carbon content per

15 acid group of at least 2.2, preferably at least 3, more

preferably about 4 to 10, most preferably about 4 to 8.

4. The method of anyone of the preceding
claims, wherein the carboxylic acid is selected from C1
to Cl18 monocarboxylic acids and mixtures thereof.

20 5. The method of claim 4, wherein the carbox-
yvlic acid is a mixture of formic acid and/or preferably
acetic acid and at least one further acid with at least 3
carbon atoms, much preferred a mixture of lauric acid and
acetic acid, especially in a ratio of 1:1.

25 6. The method of anyone of the preceding
claims, wherein at least one of the carboxylic acids com-
prises double bonds and/or substituents, preferably polar
substituents, in particular one or more -OH and/or -NHj
and/or -CONH, groups.

30 7. The method of anyone of the preceding
claims, wherein the solvent has an enthalpy of at least
15 kJ/g, preferably at least 20 kJ/g, more preferably at
least 23 kJ/g, e.g. at least about 23.7 kJ/g.

8. The method of anyone of the preceding

35 claims, wherein the metal oxide precursor is a salt or a
salt precursor, preferably an organic groups comprising
salt, especially a purely organic salt, in particular a



substituents, in particular one or nore -OH and/or -NH2 and/or -CONH2
groups. 30 7. The nethod of anyone of the preceding clains, wherein the
sol vent hwe® mm/@atdaal py of at |east 15 kJ/ g, preferabl ycatiBk@ase2120 kJ/ g,
nore preferably at |east 23 kJ/ g, e.gg at | east about 23.7 kJ/g. 8. The
met hod of anyone of the preceding 35 clainms, wherein the netal oxide

precursor | sal t cur refera an or ni ¢ roups

conpri si ng §S§|?€ aetsgie%éll% I?/n% % ojr%a e s%rl'?}g]f cf)%t'r %cfffta

2004/ 0051842 PET/ IB2003 DR 1549 hﬁcﬁrataét of at |east one carboxylic aC| d

and/ or acetyl aceto- na e, t Y, of anyone of
& &P zﬁé’:{lﬂéd ﬁfa%rf%q{’eato% the ;Baltf‘eure 2}%0'

the preceding, clains,” Wherein ane "has a tenpe at least 5
1000C, usugl®iinet Whereinpdie Gbmee has of drasraturest abolrasnooc,

usual | ys 169606 ec 260061 1P. a dhee 48t fwb@é BIOE, Cﬁréf@re%f‘%ecg& ng clains,
wherein the droplets hzaal(%h an aver djla ter g 1 to 100 pm preferably
from1l to %af)?nakicﬁ“‘til C et %Q% QChec preceding clains,
wherein the netal is g4l .ectted detdmd ke aldyalne dfettale gﬁfuubdaimy or t he

al kal i ne ea t d ransiti nrreal o in
particul ar %%%Iﬁnggeﬂelgéqy&?g élg[;%rééz]sler%ao\%?uarﬁ (a%"?fa speC| y f‘? m cerium
ace 15 tat@ hyep at®0 anmel/ @refecdmyizyet)ytedbnme. 12. A rret al oxide

that igpobtainable by qa . miq,;gm,qe@{()@@fo ecIOaf_l g, el x% . A netal
oxide, 'in particular according claim t hat has sur ace after heat

treat ment StaHF o0theFHin ZtI'H%LH*%t?% 5 rs%]fe%tteq fasqm S@‘e gLl dor ef erabl y

above 50 nfRé'@al Jg‘]r:odb neeicl o0 Xt I6ke, al]ﬂa]pﬁ{é It SOl dyreud Gandie m 12 or
13, that I § & m xed. met al OXIPe partcllcu- | ar ceri /zyconi a., 25 15. The
§jroup, icular

nmetal oxi de ‘?)ftrc"arr};ls’lrﬁJﬁf1 I in part rom cerium
(Ce) and/or zirconium (Zr), especially from cerium ace-

15 tate hydrate and/or zirconium acetylacetonate.

12. A metal oxide that is obtainable by a
method of anyone of claims 1 to 11.

13. A metal oxide, in particular according to
claim 12, that has a surface after heat treatment at

20 900°C for 2 hours in air of at least 39”m2/g, preferably
above 50 m2/g.

14. A metal oxide, in particular according to
claim 12 or 13, that is a mixed metal oxide, in particu-
lar ceria/zirconia.

25 15. The metal oxide of claim 14 that is
ceria/zirconia, with the zirconium being present in at
most 90 atom-%, preferably at most 80 atom-% of total
metal atoms.

16. A metal oxide, in particular according to

30 claim 14 or 15, that is phase stable upon heating at
900°C for 2 hours in air.

17. A metal oxide, in particular according to
anyone of claims 14 to 16, wherein the two or more metals
are homogeneously mikxed at atomar level.

35 18. A metal oxide, in particular according to

anyone of claims 12 to 17, that has a dynamic oxygen



cerialzirconia, with the zirconiumbeing present in at nost 90 atom %
preferably at nost 80 atom % of total netal atons. 16. A netal oxide, in
parti cul awoawemodisag to 30 claim 14 or 15, that is phaveTaBabBeoupon
heating at 900C for 2 hours in air. LA A netal oxide, in particular
according to anyone of clains 14 to 16, wherein the two or nore netals
are honogeneously m xed. at atomar, level . 35 18. A oxide, in

parti cul ars%l%lf:%(?%i%%p"l‘%lt%n het opedt SF R T alt-?,rt?(scﬂgaq % P dynanic
oxygen WO 2O@d¢ 0D 1:8ikr R/ 4 B2DO34 00R1Y 21 1 2er sty pge kapaaitialyaft.er heat
treatment at 700C for 4P A1 hiflde OfiRlod 8% the® dddBI A2 dier kg

catalyst. 19. A netal oxide, 1r particular "according to anyone ot clains
12 to 17, amRne OFi¢laimeam3tedillzethatt i t4icdeenim asiilorl aed i um

pref erabl yyLeh | &l Qim YA 38N vt £ 1 PR thSdl SFarh 1 Ao AN N Oft G im and/ or
yttriumof, at nost 10 af om ‘%Of whol e_ netal] content. 20. cat al yst

conpri si NG RIEL IR Or 1 r 3R - ARPWRE O TS EY IR RRM OF SftErghe fofétel ai s 12
to 18, saimbstiolCadtadnyst @f aflesbdlyetwlidghteeriNol ithic structure. 21. The

catal yst of claim 20 r scla{\}cga ceria and/ or__t.he cerdzﬁ/ zircania m xed

th
with monolithic structuré §iAThy PatSridtSedh o588 RroFRYPT Bré€lcat al yst
of cl ai m 20raplY Icenimpliisiornid Sofemyormndibreloeims/Z3 rooni s, iseid | ayer
covering a. 5o 10 BUetres carti 31k _of anyone of
claims 20 to 2 Scoﬁrrpr%s]isén %dﬂé‘%t}o%a# ng%r%%%%l}lcgﬁ%%%%e subst ances
such as further netal dxi > @tplyst &f £laighdd £ompy ighHimshitiie nanganese,

iron, cobaddridli&k®lor CEHPEEeOXd O85rcorti /xRl BB SL i thik Pl ati num
pal | adi um _rhodi u r.ut heniu I heni u iridium all of themalone or in
ad- mixt ur%thEW%weglo‘fl%r%a%F&%ﬁfs,u%p% el Ihereof. 24. The catal yst
of anyone of clainms 2@2.0 The catalyst of claim 20 or 21 comprising
15 ceria and/or ceria/zirconia in a layer covering a mono-
lithic structure carrier. |
23. The catalyst of anyone of claims 20 to 22
comprising additional catalytically active substances
such as further metal oxides, e.g. titania, wvanadia,
20 chromia, manganese, iron, cobalt, nickel, copper oxides,
and/or noble metals, e.g. platinum, palladium, rhodium,
ruthenium, rhenium, iridium, all of them alone or in ad-
mixture with one or more thereof, or alloys thereof.
24. The catalyst of anyone of claims 20 to
25 23, that is platinum/ceria/zirconia.
25. Use of a metal oxide of anyone of claims
12 to 18 as at least part of a catalytically active sys-
tem, in particular for combustion engines.
26. Use of a metal oxide of anyone of claims
30 12 to 18 for mechanochemical polishing.
27. Use of a metal oxide of anyone of claims
12 to 18 for at least one of the following purposes: as
heterogenous catalysts, as structural ceramics, as batte-
ry storage materials, for chemical sensors, for elements
35 in energy production, for solar energy production ele-
ments, for electron storage in recyclable battery units,

as dielectrics, as ferroelectric, as gas permeable mem-



25 23, that is platinum cerial/zirconia. 25. Use of a netal oxide of anyone
of claine 12 to 18 as at |east part of a catalytically active sys- tem in
parti cul awofoe4/@erdaust i on engi nes. 26. Use of a netal owcdaBofosamione of
clainms. 30 12 to 18 for nechanochem cgk polishing. 27. Use of a netal oxide
of anyone of clains 12 to 18 for at |east one of the foll ow ng purposes:
as heteroggenous catalysts, as structur .cerami cs, as _hatte- ry storage
mat eri al s PHGETh&T EATTERTSor PORFETe| e53 isﬁ%wrﬁr'o “tion, for
sol ar energhetircodlatiiden elod-i grEnics pdwdiera e alddir iste@ dge nigtale@lc! abl e
battery units, .as diele i.CS,_.as fer.roel.ectrli per | & mem WO
2004/ 005185 5T/ TBE3E% 0 d%%la&éls?‘{l%%°&1§eﬁetﬁ‘fb§3%%d| %r?enr%al%é:di tives,

st abi | i zertssodrm-ragnetiterfiadi.dsys pdidssiony fomaesliadddin isepsitiveet al al -
loys, il UTE @R IO J) SPLT QRIS CHhARRI K1 dd0de raw
material, as phosphors for, radiation sensitive 5 elenents and in displays,
cosmet i ¢cs PasH@ETHade uBCCHIt iy kayifRpd 0@ BhReMaT S EdFEn RRM&SRaceut i cal
applica- tdigiss, fRll celllls, antl/ r SRR .



