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(57) Abstract: Mesoporous, zirconium-based mixed oxides and a
method of making the same comprises: injecting a polyvalent metal-
containing solution into an electrolyte solution to form a mother li-
quor; forming a precipitate; aging the precipitate in the mother liquor
to form the mixed oxides; washing the mixed oxides with an aqueous
medium; drying and collecting the mixed oxides. The pH of the elec-
trolyte solution exceeds the isoelectric point for zirconium-based
mixed oxides. The mixed oxides exhibit a single particle size distribu-
tion, improved Ce02 reducibility in the presence of Rhodium, a de-
crease in surface area after calcination (800-1 100°C) that is not more
than 55%, and a tetragonal/cubic structure after calcination. After cal-
cination at 1 100°C for 10 hours in air, the mixed oxides exhibit a sur-
face area > 25 m2/g, a pore volume > 0.20 cm3/g, an average pore size
> 30 nm, and an average crystallite size between 8 -15 nm.
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METHOD OF MAKING MESOPOROUS ZIRCONIUM-BASED
MIXED OXIDES

FIELD

[0001] This disclosure generally relates to the synthesis of mesoporous, zirconium-
based mixed oxides that have enhanced thermal resistance to sintering, a developed
surface area and porosity after aging, and enhanced redox properties. These
mesoporous, zirconium-pbased mixed oxides are suitable for use as catalysts and as

catalyst support materials.

BACKGROUND

[0002] The statements in this section merely provide background information
related to the present disclosure and may not constitute prior art.

[0003] The present disclosure generally describes a method for the synthesis of
mesoporous, zirconium-based mixed oxides that have high thermal stability, resistance
to sintering, and enhanced redox activity. Cerium-zirconium mixed oxides can be used
as an oxygen storage component in three-way catalysts, which are used to treat
exhaust gases in vehicles. Since car exhaust gas catalysts are subjected to exhaust
gases that reach temperatures up to 1200°C, the specification for corresponding
catalyst support materials includes high thermal stability, resistance to thermal
sintering, and an ability to interact with precious metals.

[0004] Different techniques can be used to make mixed oxide materials. These
different techniques include sol-gel, solid-state reactions between reagents,

impregnation, precipitation, co-precipitation, and the like.
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[0005] Thermally stable mixed oxides made via a heterogeneous solid state
reaction between powdered reagents at high temperature exhibit a surface area after
aging at 850°C that exceeds 15 m?/g (see JP-A-5-155622). U.S Patent Application
2014/0050654 describes a spray pyrolysis technique for the synthesis of a thermally
stable mixed oxide that has a surface area of 20 m?%g after aging at 1100°C. In U.S.
Patent No. 8,765,631, the synthesis of mixed oxides using a melting technique is
described. Mixed oxides show high redox activity, but low surface area and pore
volume.

[0006] The precipitation of reagents sols can produce materials having an aged
surface area of 12 m?jg after calcination at 1050°C (see JP-A-5-193948). The
impregnation of porous organic materials with solutions of reagents followed by
combustion yields thermally stable mixed oxides having a surface area that is in excess
of 15 m?/g after aging at 1050°C (see U.S. Patent No. 6,139,814).

[0007] The precipitation and co-precipitation of the reagents, which are present as
solutions, are the most common routes for making thermally stable mixed oxides.
Precipitation/co-precipitation of mixed oxides can be achieved: (1) by neutralizing
acidic solutions of polyvalent metals by adding a base thereto or (2) by the addition of
an acidic solution of polyvalent metals directly into a base solution. In the
neutralization of acidic solutions of polyvalent metals with a base in (1) above,
zirconium hydroxide is formed first at a relatively low pH, e.g., less than 2, and rare
earth metal hydroxides are formed at higher pH, e.g., greater than about 4 or 5. As a
result, freshly made co-precipitates are not homogeneous. In the case of adding acidic

solutions of polyvalent metals into a base solution as described in (2) above, the
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precipitation of polyvalent metal hydroxide occurs simultaneously and freshly made
precipitate can be regarded as being homogeneous. A modification of this method
includes the simultaneous mixing of a polyvalent metal solution and a base solution in
a mixer at a specifically chosen pH (see U.S. Patent No. 8,524,183). The common
feature of both approaches is the wide use of organic complexing agents, the use of
heat at different stages of the precipitation, the hydrothermal post-treatment of
precipitates, and combinations thereof.

[0008] Precipitation and co-precipitation techniques yield an aged surface area that
is higher than 30 m?%/g after calcination at 950°C (see U.S. Patent No. 7,431,910), an
aged surface area of at least 25m%g after aging at 1000°C (see U.S. Patent
6,214,306), an aged surface area of at least 30 m?/g and a pore volume that is at least
0.4 cc/g after aging at 1000°C for 3 hours (see U.S. Patent No. 7,642,210), an aged
surface area that is not smaller than 10 m?/g after aging at 1100°C for 3 hours (see
U.S. patent No. 7,927,699), an aged surface area that is at least 20 m%/g after aging at
1100°C (see U.S. Patent No.’s 6,171,572, 7,781,365, 8,460,626), an aged surface area
that is at least 25 m?g after aging at 1100°C for 4 hours (see U.S Patent No.
8,956,994), an aged surface area that is not smaller than 15 m?/g after aging at 1100°C
for 12 hours under a reducing atmosphere (see U.S. Patent No. 7,919,429), and an
aged surface area up to 10 m?/g after calcination at 1150°C (see U.S. Patent No.
6,387,338). In U.S. Patent No. 7,964,527, the mixed oxides are described as having
an aged surface area that is at least 30 m%g after aging at 1100°C for 10 hours and at
least 20 m?%g after aging at 1150°C for 10 hours. The thermal stability of these

materials has been achieved by a combination of two main factors — (1) composition,
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namely, a high content of rare earth dopants ranging from 20 to 30%, and (2) textural
formation of a mesoporous structure with specific organic components. However,
mixed oxides with high dopant content (>15%) are not widely used in automotive
applications due to poor compatibility with precious metals.

[0009] In addition to high aged surface area and developed pore volume, ceria-
zirconia-based mixed oxides should be sinter resistant. The term, sinter resistant
means that there is minimal loss of surface area and pore volume upon aging of a fresh
material. This minimizes loss of the precious metals loaded on the mixed oxide surface
due to PGM trapping in collapsed pores. U.S Patent No. 7,939,462 describes a
method of making sinter resistant mixed oxides that lose not more than 15-20% of its
surface area upon increasing the temperature from 900°C to 1000°C. However, this
method has a drawback because materials have low surface area 20-30 m%g even
after calcination at 900°C. U.S Patent No. 8,158,551 describes a method of making
sinter resistant mixed oxides that change their surface area upon increasing the
calcination temperature from 1000°C to 1100°C that is not more than 30%.

[0010] Another requirement for cerium zirconium mixed oxides is high oxidation-
reduction activity. Oxidation-reduction activity is a cooperative phenomenon that
occurs between the high surface area of a mixed oxide and the dispersion of the noble
metal on the surface. U.S. Patent No. 7,238,639 describes thermally stable mixed
oxides with improved oxygen storage capacity having a surface area that exceeds 20
m?/g after aging at 900°C. U.S. Patent No. 6,255,242 describes thermally stable mixed
oxides having a surface area in excess of 10 m?/g after aging at 1100°C and that retain

a high oxygen storage capacity after heat treatment at 1000°C. U.S Patent No.
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8,158,551 describes thermally stable mixed oxides that exhibit an aged surface area of
at least 15 m?/g after aging at 1100°C for 4 hours and a high degree of cerium (Ce)
reducibility of at least 80% at 1000°C.

[0011] Besides high total oxygen storage capacity, another important feature of
mixed oxides is the temperature at which oxidation-reduction reactions occur.
Materials that are capable of oxidation-reduction reactions at low temperatures are
important for solving cold-start emission problems by lowering the "light-off"
temperature of the catalyst, thereby, resulting in a reduction in the amount of untreated

exhaust gases that are present in the exhaust.

SUMMARY

[0012] The present disclosure provides a method for making mesoporous,
zirconium-based mixed oxides. The method comprises injecting a polyvalent metal-
containing solution into an electrolyte solution to form a mother liquor; forming a
precipitate in the mother liquor; allowing the precipitate to age in the mother liquor and
form the mesoporous, zirconium-based mixed oxides; washing the mesoporous,
zirconium-based mixed oxides with an aqueous medium; drying the mesoporous,
zirconium-based mixed oxides; and collecting the mesoporous, zirconium-based mixed
oxides. The electrolyte solution has a pH that exceeds the isoelectric point for
zirconium-based mixed oxides.

[0013] According to one aspect of the present disclosure, the injection of the
polyvalent metal-containing solution into the electrolyte solution may occur at pH from
about pH(1)+2 up to about pH(l)+4 of the precipitate. By definition, pH(l) represents the

pH at the isoelectric point for the zirconium-based mixed oxides.
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[0014] The polyvalent metal-containing solution may comprise water soluble
compounds that have one or more metal elements chosen from the group of zirconium,
lanthanides, such as but not limited to, cerium, praseodymium, lanthanum, yttrium,
neodymium, transition metals, such as but not limited to, nickel, copper, cobalt,
manganese, and group 5 elements, such as but not limited to, Niobium, and
combinations thereof dissolved in an aqueous medium. The water soluble compounds
are chosen from the group of water soluble metal-containing nitrate salts, chloride
salts, acetate salts, sulfate salts, and combinations thereof. The water soluble
compounds in the polyvalent metal-containing solution are present in an amount
ranging from greater than 0 wt. % up to about 50 wt. %.

[0015] The electrolyte solution may comprise water soluble salts containing cations
chosen from the group Li*, Na", K', NH4', and combinations thereof, and anions
chosen from the group CI, NO3, CH3COO, CO52, S04, and combinations thereof
dissolved in an aqueous medium. The injection of the polyvalent metal-containing
solution into the electrolyte solution occurs at an ambient or elevated temperature.
[0016] The precipitate that forms comprises a plurality of absorption sites, such that
the cations and anions of the electrolyte solution that are adsorbed by the precipitate
occupy from about 10% up to about 30% of the adsorption sites available under the
precipitation conditions. The mother liquor in which the precipitate is formed may
comprise from about 3 mmol OH up to about 30 mmol OH" per mole of the mixed
oxide. The precipitate may be aged in the mother liquor at an ambient or elevated

temperature for a period of time that ranges between about 1 hour and about 6 hours.
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[0017] The collected mesoporous, zirconium-based mixed oxides prepared
according to the teachings of the present disclosure exhibit a specific morphology of
freshly made primary particle agglomerates that have a single modal particle size
distribution with maximum peaks occurring between about 10 um and about 15 pm.
[0018] According to another aspect of the present disclosure, the method may
further comprise exposing the mesoporous, zirconium-based mixed oxides to
progressive calcination or thermal aging at a temperature that is in the range of about
800°C to about 1100°C. The specific resistance of surface area for the mesoporous,
zirconium-based mixed oxides decreases by not more than 55% upon such calcination
or thermal aging. The mesoporous, zirconium-based mixed oxides also exhibit a CeO,
reducibility in the presence of Rhodium (Rh) which manifests itself by a shift of Tiax In a
TPR-H, to a lower temperature that is in the range of about 100°C to about 200°C.
[0019] According to yet another aspect of the present disclosure, the mesoporous,
zirconium-based mixed oxides may be subjected to calcination at 1100°C for 10 hours
in air, after which the mesoporous, zirconium-based mixed oxides exhibit: (i) a surface
area that exceeds 25 m?/g; (i) a pore volume that exceeds 0.20 cm®/g; (ii) an average
pore size that is at least 30 nanometers (nm); and (iv) an average crystallite size that is
in the range from about 8 nm to about 15 nm. The mesoporous, zirconium-based
mixed oxides after calcination or thermal aging also exhibit a tetragonal/cubic
crystalline structure.

[0020] Further areas of applicability will become apparent from the description

provided herein. It should be understood that the description and specific examples
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are intended for purposes of illustration only and are not intended to limit the scope of

the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The drawings described herein are for illustration purposes only and are not
intended to limit the scope of the present disclosure in any way.

[0022] Figure 1 is a schematic representation of a method for forming mesoporous,

zirconium-based mixed oxides according to the teachings of the present disclosure.

DETAILED DESCRIPTION

[0023] The following description is merely exemplary in nature and is in no way
intended to limit the present disclosure or its application or uses. It should be
understood that throughout the description, corresponding reference numerals indicate
like or corresponding parts and features.

[0024] The present disclosure generally provides mesoporous, zirconium-based
mixed oxides along with a method of making the same. Referring to Figure 1, the
method 1 of making mesoporous zirconium-based mixed oxides consists of, consists
essentially of, or comprises the steps of: injecting 5 a polyvalent metal-containing
solution into an electrolyte solution that has a pH that exceeds the iso-electric point of
zirconium-based mixed oxides to form a mother liquor or reaction mixture; forming 10 a
precipitate in the mother liquor; allowing 15 the precipitate to age in the mother liquor to
form the mesoporous, zirconium-based mixed oxides; washing 20 the mesoporous,
zirconium-based mixed oxides with water; drying 25 the mesoporous, zirconium-based

mixed oxides; and collecting 30 the mesoporous, zirconium-based mixed oxides.
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[0025] The polyvalent metal-containing solution is prepared by mixing water
soluble compounds of elements chosen from the group of zirconium, cerium,
praseodymium, lanthanum, yttrium, or neodymium, as well as combinations or mixtures
thereof into an aqueous medium. The electrolyte solution into which the polyvalent
metal is injected comprises water soluble salts dissolved in an aqueous medium. The
water soluble sales contain cations chosen from the group of Li*, Na*, K*, NH,", and
combinations thereof, and/or anions chosen from the group CI, NO3", CH;COO", C0O,72,
S042, and combinations thereof. An aqueous medium may include without limitation
water, with or without the presence of a water soluble or water miscible co-solvent,
including but not limited to alcohols, ketones, and aldehydes.

[0026] The injection 5 of the polyvalent metal containing solution into the electrolyte
solution occurs at pH from about pH(1)+2 up to about pH(l)+4 of zirconium-based mixed
oxide precipitate. The pH at the isoelectric point, commonly written as pH(l), represents
the pH at which a particular molecule carries no net electrical charge. The net charge
on the molecule may be affected by pH of its surrounding environment and can
become more positively or negatively charged due to the gain or loss, respectively, of
protons (H*). The pH(l) value can also affect the solubility of a molecule at a given pH.
Usually, the molecules will have minimum solubility in water or salt solutions at the pH
that corresponds to their pH(l) and will often precipitate out of solution.

[0027] The zirconium-based mixed oxide precipitate that forms 10 is allowed to age
15 in the reaction mixture, which can also be referred to as the “mother liquor”. This
mother liquor may comprise from about 3 mmol OH" up to about 30 mmol OH" per mole

of mixed oxide. The aging 15 of the zirconium-based mixed oxides may be performed
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at ambient or an elevated temperature for a duration from about 1 hour up to about 6
hours. The washing of the formed precipitate with water is done to remove any
adsorbed anions and cations. According to one aspect of the present disclosure, the
polyvalent metal-containing solution comprises a mixture of water soluble nitrates,
chlorides, acetates, sulfates of zirconium, cerium, praseodymium, lanthanum,
neodymium, yttrium, and combinations thereof dissolved in an aqueous medium. The
electrolyte solution comprises water soluble salts containing cations chosen from the
group Li*, Na*, K*, NH4*, and combinations thereof, and anions chosen from the group
CI, NO3, CH,COO", CO32, S042, and combinations thereof dissolved in an agueous
medium. The cations and anions of the electrolyte solution do not interact specifically
or form covalent bonds with the freshly precipitated zirconium based mixed oxide.

[0028] According to another aspect of the present disclosure, the injection of the
polyvalent metal-containing solution into the electrolyte solution occurs at pH from
about pH(l)+2 up to about pH(l)+4 of the zirconium-based mixed oxide precipitate that
is formed. The iso-electric point of freshly precipitated zirconium based mixed oxides
depend on the zirconium content as a major component and, as well, on the amount of
basic dopant elements, such as without limitation, lanthanum, that are present.
Typically, the pH(l) of the zirconium-based mixed oxides prepared according to the
teachings of the present disclosure is in the pH range from about 7.5 to about 8.8. The
interaction of polyvalent the metal-containing solution with the electrolyte solution at pH
from (7.5-8.8)+2 to pH (7.5-8.8)+4 allows for the simultaneous co-precipitation of all

hydroxides. In addition, under such mild conditions a fraction (from about 10% to about

10
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30%) of mixed oxide functional hydroxyl groups interact with electrolyte ions and

become converted into an ion-exchanged form according to Equations 1 and 2 below.

M-OH + Cation --> M-O-Cation (Eq. 1)

M-OH + Anion - M-Anion (Eq. 2)

lon-exchanged functional groups can’t participate in the condensation reaction that
takes place in highly hydrated polyvalent hydroxides according to Equation 3, thereby,

preventing formation of densely packed primary particles aggregates.

M-OH + HO-M = M-O-M + H20 (Eq. 3)

[0029] Another aspect of the present invention involves the aging of freshly
precipitated zirconium based mixed oxides in the reaction medium or mother liquor,
which contains an excess of hydroxyl groups ranging from about 3 mmol OH up to
about 30 mmol OH per mole of mixed oxides. This aging is accomplished at about
room temperature or at an elevated temperature for duration from 1 hour up to 6 hours.
Such mild treatment results in fixation and stabilization of open framework architecture
of loosely assembled mixed oxides aggregates, which leads into improvement of
product thermal stability. Freshly made mixed oxides according to the present
invention are characterized by a specific morphology of primary particles agglomerates,
namely, single modal particle size distribution with maximums between at about 10 um
and at about 15 ym

[0030] The mesoporous, zirconium based mixed oxides prepared according to the

teachings of the present disclosure can be characterized by one or more of the
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following properties: (i) a specific resistance of surface area that decreases with
progressive calcination/aging; (ii) a particular surface area and pore size distribution
after aging; (iii) a specific increase in redox activity; and (iv) a predominantly tetragonal
crystalline/cubic structure after calcination with an average crystallite size in the range
from about 8 nanometers (nm) to about 15 nm after aging at 1100°C for 10 hours in air.
The zirconium-based mixed oxides of the present disclosure have a specific resistance
of surface area that decreases by not more than about 55% upon progressive
calcination/aging within a temperature range from 800°C to 1100°C. The zirconium-
based mixed oxides are also characterized by a surface area that exceeds 25 m?/g, a
pore volume that exceeds 0.20 cm®g, and an average pore size that is at least 30 nm
after calcination at 1100°C for 10 hours in air. Another feature of the zirconium-based
mixed oxides is improved CeQO, reducibility in the presence of rhodium (Rh) which
manifests itself by a shift of Tya in the temperature programmed reduction (TPR-H,) to
a lower temperature that is in the range from about 100°C to about 200°C.

[0031] The following specific examples are given to illustrate the process for
forming zirconium-based mixed oxides, as well as the zirconium-based mixed oxide
compositions formed therefrom, and should not be construed to limit the scope of the
disclosure. Those skilled-in-the-art, in light of the present disclosure, will appreciate
that many changes can be made in the specific embodiments which are disclosed
herein and still obtain alike or similar result without departing from or exceeding the
spirit or scope of the disclosure. One skilled in the art will further understand that any
properties reported herein represent properties that are routinely measured and can be

obtained by multiple different methods. The methods described herein represent one

12



WO 2017/173018 PCT/US2017/024895

such method and other methods may be utilized without exceeding the scope of the
present disclosure.

[0032] In the following examples, pH of solutions and mixed oxide slurries are
measured with a Cole-Parmer P100 pH-meter. A HORIBA LA-920 laser particle
analyzer is used for the determination of particle size distribution. A Spectro Analytical
Instruments inductively coupled plasma (ICP) spectrometer (Model FCPSA83D ICP) is
used for analysis of materials chemical composition. Brunauer, Emmett, and Teller
(BET) surface area, total porosity, and pore size distribution of fresh and aged samples
is measured with the use of a Micromeritics TriStar Il 3020 analyzer. A Micromeritics
Autochem 2920 Il instrument is used to test temperature programed reduction (TPR) in
the temperature range from 25°C to 900°C with a temperature ramp 10°C/min and a
constant 90% Ar / 10% H, gas flow rate of 5 cm®min. Aged mixed oxide phase purity
and their crystallite size are determined with the use of a Rigaku MiniFlex Il DESKTOP
X-Ray diffractometer.

[0033] EXAMPLE 1 - Zirconium-Based Mixed Oxide of Composition 69.5%
ZrO, - 22.5% CeO, - 5.0% Y,0; - 3.0% La,0s.

[0034] Preparation of polyvalent metal containing solution comprises mixing 255.4
g of a 27.2 wt. % zirconium nitrate solution, 79.3 g of a 28.3 wt. % cerium nitrate
solution, 11.2 g of a 26.7. wt % lanthanum nitrate solution, and 25.9 g of a 19.7 wt. %
yttrium nitrate solution. Electrolyte solution was prepared by dissolving 50 g of sodium
nitrate in a 2 L beaker filled with 1600 mL of deionized water. The solution was
agitated using a mechanical agitator set-up for 150 RPM. The pH of the electrolyte

solution was adjusted to 10.5 with a 10% NaOH solution. Precipitation of zirconium-

13
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based mixed oxides was achieved by injection of a polyvalent metal-containing solution
through a needle placed under the surface of the electrolyte solution. Simultaneously,
a 25% NaOH solution was added to the beaker with a flow rate that maintains the pH of
the reaction mixture in the range from 10.5 to 12.5 throughout the entire precipitation
process.

[0035] After the addition of all polyvalent metal containing solution was completed,
the reaction mixture was kept stirring for an additional 3 hours at ambient temperature.
The aged precipitate was separated from the reaction mixture or mother liquor by
filtration and washed with an excess of deionized water to remove sodium ions to a
level that was less than 200 ppm. Then, the wet cake was calcined at 800°C (ramp
10°%/min) for 2 hours. A fresh sample of the wet cake was additionally aged at 1100°C
for 10 hours in air. A portion of the fresh sample was doped with 0.2 wt.% Rh by wet
milling technique.

[0036] The surface area of the zirconium-based mixed oxides that were calcined at
800°C is 54.5 m?/g. The surface area of the mixed oxides that were aged at 1100°C for
10 hours in air is 28.5 m?/g. Zirconium-based mixed oxides have a high resistance to
thermal sintering and retain about 52% of its surface area after aging at 1100°C. The
average pore size after aging at 1100°C is 33 nanometers (nm), and aged pore volume
is 0.235 cm®/g. The fresh sample that was impregnated with 0.2 wt.% Rh and aged at
1100°C for 10 hours exhibited a TPR-H» Tmax Of oxide of 245°C, which is 125°C lower

than that of the corresponding reference material (see Comparative Example 4).
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[0037] EXAMPLE 2 - Zirconium-based mixed oxide of composition 57.5% ZrO,
- 35.0% CeO; - 7.0% Y203 - 3.0% Lax03

[0038] The preparation of a polyvalent metal-containing solution comprises mixing
220.0 g of a 20.0 wt. % zirconium oxychloride solution, 99.2 g of a 28.2 wt. % cerium
nitrate solution, 10.3 g of a 23.3 wt. % lanthanum nitrate solution, and 24.4 g of a 23.0
wt. % yttrium nitrate solution. An electrolyte solution was prepared by dissolving 50 g
of sodium nitrate in a 2 L beaker filled with 1600 mL of deionized water. The solution
was agitated using a mechanical agitator set-up for 150 RPM. The pH of the
electrolyte solution was adjusted to 10.0 with a 10% NaOH solution. Precipitation of
zirconium-based mixed oxides was achieved by injection of the polyvalent metal-
containing solution through a needle placed under the surface of the electrolyte
solution. Simultaneously, a 25% NaOH solution was added to the beaker at a flow rate
that allows the pH of the reaction mixture to be maintained in the range of 10.0 to 12.0
throughout the entire precipitation process. After the addition of all of the polyvalent
metal-containing solution, the reaction mixture was kept stirring for an additional 1 hour
at 50°C. The aged precipitate was separated from the mother liquor by filtration and
washed with an excess of deionized water to remove sodium ions to level that was less
than 200 ppm. Then the wet cake was calcined at 800°C (ramp 10°/min) for 2 hours.
A fresh sample was additionally aged at 1100°C for 10 hours in air. A portion of the
fresh sample was doped with 0.2% Rh using a wet milling technique.

[0039] The surface area of zirconium-based mixed oxides after calcination at
800°C is 56.2 m?/g and the surface area of the zirconium-based mixed oxides that

were aged at 1100°C for 10 hours in air is 32.4 m%g. The zirconium-based mixed
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oxides have a high resistance to thermal sintering and retain about 58% of its surface
area after aging at 1100°C. The average pore size after aging at 1100°C is 35 nm, and
aged pore volume is 0.221 cm®g. The fresh sample after being impregnated with
0.2%Rh and aged at 1100°C for 10 hours exhibited a TPR-H, Tax of oxide at 110°C,
which is 115°C lower than that of corresponding reference material (see comparative
Example 5).

[0040] EXAMPLE 3 - Zirconium-based Mixed Oxide of Composition 47.5%
ZrO; - 42.5% CeO; - 6.0% PrsO41 - 4.0% La,0s.

[0041] The preparation of a polyvalent metal-containing solution comprises mixing
202.0 g of a 23.5 wt. % zirconium nitrate solution, 149.8 g of a 28.4 wt. % cerium
nitrate solution, 15.0 g of a 26.7 wt. % lanthanum nitrate solution, and 23.5 g of a 25.6
wt. % praseodymium nitrate solution. The electrolyte solution was prepared by
dissolving 50 g of sodium nitrate in a 2 L beaker filled with 1600 mL of deionized water.
The reaction mixture was agitated using a mechanical agitator set-up for 150 RPM.
The pH of the electrolyte solution was adjusted to 10.0 with a 10% NaOH solution.
Precipitation of zirconium-based mixed oxide was achieved by injection of the
polyvalent metal containing solution through a needle placed under the surface of the
electrolyte solution. Simultaneously, a 25% NaOH solution was added to the beaker
with a flow rate that maintains the pH of the reaction mixture in the range of 10.0 to
12.0 throughout the entire precipitation process. After the addition of all of the
polyvalent metal-containing solution, the reaction mixture was kept stirring for an
additional 1 hour at ambient temperature. The aged precipitate was separated from

reaction mixture or mother liquor by filtration and washed with an excess of deionized
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water to remove sodium ions to level that was less than 200 ppm. Then, the wet cake
was calcined at 800°C (ramp 10°min) for 2 hours. A fresh sample was additionally
aged at 1100°C for 10 hours in air. A portion of the fresh sample was doped with 0.2%
Rh using a wet milling technique.

[0042] The surface area of the zirconium-based mixed oxides calcined at 800°C is
58.4 m?/g and of the zirconium-based mixed oxides aged at 1100°C for 10 hours in air
is 26.3 m?/g. The zirconium-based mixed oxides have a high resistance to thermal
sintering and retain about 45% of its surface area after aging at 1100°C. The average
pore size after aging at 1100°C is 33 nm, and the aged pore volume is 0.217 cm®/g.
The fresh sample was impregnated with 0.2% Rh and aged at 1100°C for 10 hours to
provide a zirconium-based mixed oxide exhibiting @ TPR-Hy Tnax of oxide is 105°C,
which is 175°C lower than that of reference material (see comparative Example 6).
[0043] COMPARATIVE EXAMPLE 4 - Compare to Example 1

[0044] The preparation of a polyvalent metal-containing solution comprises mixing
198.5 g of a 27.2 wt. % zirconium nitrate solution, 70.5 g of a 28.3 wt. % cerium nitrate
solution, 10.5 g of a 26.7 wt. % lanthanum nitrate solution, and 19.6 g of a 19.7 wt. %
yttrium nitrate solution. The electrolyte solution was prepared by dissolving 250 g of
sodium hydroxide in a 2 L beaker filled with 1600 mL of deionized water (pH > 13.0).
The solution was agitated using a mechanical agitator set-up for 150 RPM.
Precipitation of zirconium-based mixed oxides was achieved by injection of the
polyvalent metal containing solution through a needle placed under the surface of the
electrolyte solution. After the addition of all of the polyvalent metal-containing solution,

the reaction mixture was kept stirring for an additional 1 hour at ambient temperature.
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The aged precipitate was separated from the mother liquor by filtration and washed
with an excess of deionized water to remove sodium ions to level that was less than
200 ppm. Then, the wet cake was calcined 800°C (ramp 10°/min) for 2 hours. A fresh
sample was additionally aged at 1100°C for 10 hours in air. A portion of the fresh
sample was doped with 0.2% Rh using a wet milling technique.

[0045] The surface area of the zirconium-based metal oxides calcined at 800°C is
72.5 m?/g and the surface area of the zirconium-based metal oxides aged at 1100°C
for 10 hours in air is 8.5 m?/g. The comparable zirconium-based mixed oxide has a low
resistance to thermal sintering and retains only 12% of its surface area after ageing at
1100°C. The aged pore volume of the zirconium-based mixed oxide is 0.025 cm3/g.
The fresh sample was impregnated with 0.2% Rh and aged at 1100°C for 10 hours.
The impregnated sample after aging exhibited a TPR-H, Tpax of oxide of 370°C, which
is 125°C higher than that of the zirconium-based mixed oxides of Example 1.

[0046] COMPARATIVE EXAMPLE 5 - Compare to Example 2

[0047] Preparation of the polyvalent metal-containing solution comprises mixing
220.0 g of a 20.0 wt. % zirconium oxychloride solution, 99.2 g of a 28.2 wt. % cerium
nitrate solution, 10.3 g of a 23.3 wt. % lanthanum nitrate solution, and 24.4 g of a 23.0
wt. % yttrium nitrate solution. The electrolyte solution was prepared by dissolving 300
g of sodium hydroxide in a 2 L beaker filled with 1600 mL of deionized water (pH >
13.0). The solution was agitated using a mechanical agitator set-up for 150 RPM.
Precipitation of zirconium-based mixed oxide was achieved by injection of polyvalent
metal containing solution through needle placed under the surface of the electrolyte

solution. After the addition of the entire polyvalent metal containing solution, the
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reaction mixture or mother liquor was kept stirring for an additional 3 hours at ambient
temperature. The aged precipitate was separated from mother liquor by filtration and
washed with excess of deionized water to remove sodium ions to a level that was less
than 200 ppm. Then, the wet cake was calcined 800°C (ramp 100/min) for 2 hours. A
fresh sample was additionally aged at 1100°C for 10 hours in air. A portion of the fresh
sample was doped with 0.2% Rh by wet milling technique.

[0048] The surface area of the zirconium-based metal oxides calcined at 800°C is
81.1 m?/g and the surface area of the zirconium-based metal oxides aged at 1100°C
for 10 hours in air is 6.2 m%g. The comparable zirconium-based mixed oxide has low
resistance to thermal sintering and retains only 8% of surface area after aging at
1100°C. The aged pore volume of the zirconium-based metal oxides is 0.015 cm3/g.
The fresh sample was impregnated with 0.2%Rh and was aged at 1100°C for 10 hours.
The impregnated sample after aging exhibited a TPR-H, Tpax Of oxide of 225°C, which
is 115°C higher than that of zirconium-based metal oxides in Example 2.

[0049] COMPARATIVE EXAMPLE 6 - Compare to Example 3

[0050] The preparation of a polyvalent metal-containing solution comprises mixing
202.0 g of a 23.5 wt. % zirconium nitrate solution, 149.8 g of a 28.4 wt. % cerium
nitrate solution, 15.0 g of a 26.7 wt. % lanthanum nitrate solution, and 23.5 g of a 25.6
wt. % praseodymium nitrate solution. Electrolyte solution was prepared by dissolving
50 g of sodium nitrate in a 2 L beaker filled with 1600 mL of deionized water. The
solution was agitated using a mechanical agitator set-up for 150 RPM. The pH of the
electrolyte solution was adjusted to 10.0 with a 10% NaOH solution. Precipitation of

zirconium-based mixed oxides was achieved by injection of polyvalent metal containing
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solution through needle placed under the surface of the electrolyte solution. After the
addition of the entire polyvalent metal-containing solution, the reaction mixture was
kept stirring for an additional 3 hours at ambient temperature. The aged precipitate
was separated from the mother liquor by filtration and washed with an excess of
deionized water to remove sodium ions to level that was less than 200 ppm. Then, the
wet cake was calcined 800°C (ramp 100/min) for 2 hours. A fresh sample was
additionally aged at 1100°C for 10 hours in air. A portion of the fresh sample was
doped with 0.2% Rh using a wet milling technique.

[0051] The surface area of the zirconium-based metal oxides calcined at 800°C is
66.8 m?/g and the surface area of the zirconium-based metal oxides aged at 1100°C
for 10 hours in air is 5.7 m?/g. The comparable zirconium-based mixed oxides have a
low resistance to thermal sintering and retain only 9% of surface area after aging at
1100°C. The aged pore volume is 0.013 cm®g. A fresh sample was impregnated with
0.2% Rh and was aged at 1100°C for 10 hours. The impregnated sample after aging
exhibited a TPR-H, Tmax of oxide of 280°C, which is 175°C higher than that of the
zirconium-based mixed oxides in Example 3.

[0052] Within this specification, the embodiments have been described in a way
which enables a clear and concise specification to be written, but it in intended and will
be appreciated that the embodiments may be variously combined or separated without
parting from the invention. For example, it will be appreciated that all preferred
features described herein are applicable to all aspects of the invention described

herein.
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[0053] The foregoing description of various forms of the invention has been
presented for purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms disclosed. Numerous
modifications or variations are possible in light of the above teachings. The forms
discussed were chosen and described to provide the best illustration of the principles of
the invention and its practical application to thereby enable one of ordinary skill in the
art to utilize the invention in various forms and with various modifications as are suited
to the particular use contemplated. All such modifications and variations are within the
scope of the invention as determined by the appended claims when interpreted in

accordance with the breadth to which they are fairly, legally, and equitably entitled.
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CLAIMS

What is claimed is

1. A method for making mesoporous, zirconium-based mixed oxides, the method
comprising:
injecting a polyvalent metal-containing solution into an electrolyte solution
to form a mother liquor; the electrolyte solution having a pH that exceeds the
isoelectric point for zirconium-based mixed oxides;
forming a precipitate in the mother liquor;
allowing the precipitate to age in the mother liquor and form the
mesoporous, zirconium-based mixed oxides;
washing the mesoporous, zirconium-based mixed oxides with an
aqueous medium;
drying the mesoporous, zirconium-based mixed oxides; and

collecting the mesoporous, zirconium-based mixed oxides.

2. The method of claim 1, wherein the injection of the polyvalent metal-containing
solution into the electrolyte solution occurs at pH from about pH(1)+2 up to about
pH(l)+4 of the precipitate; wherein pH(l) is the pH at the isoelectric point for the

zirconium-based mixed oxides.
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3. The method of claims 1 or 2, wherein the polyvalent metal-containing solution
comprises water soluble compounds having one or more metal elements chosen from
the group of zirconium; lanthanides, such as but not limited to cerium, praseodymium,
lanthanum, yttrium, or neodymium; transition metals, such as but not limited to nickel,
copper, cobalt, or manganese; group 5 elements, such as but not limited to Niobium;

and combinations thereof dissolved in an aqueous medium.

4. The method of claim 3, wherein the water soluble compounds are chosen from
the group of water soluble metal-containing nitrate salts, chloride salts, acetate salts,

sulfate salts, and combinations thereof.

. The method of claims 3 or 4, wherein the water soluble compounds in the
polyvalent metal-containing solution are present in an amount ranging from greater

than O wt. % up to about 50 wt. %.

6. The method of any of claims 1-5, wherein the electrolyte solution comprises
water soluble salts containing cations chosen from the group Li*, Na*, K*, NH,", and
combinations thereof, and anions chosen from the group CI', NOj3’, CH3COO", CO;7?,

S04?, and combinations thereof dissolved in an aqueous medium.

7. The method of any of claims 1-6, wherein injection of the polyvalent metal-

containing solution into the electrolyte solution occurs at an ambient or elevated

temperature.
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8. The method of any of claims 1-7, wherein the precipitate comprises a plurality of
absorption sites, such that the cations and anions of the electrolyte solution that are
adsorbed by the precipitate occupy from about 10% up to about 30% of the adsorption

sites available under the precipitation conditions.

9. The method of any of claims 1-8, wherein the mother liquor in which the
precipitate is formed comprises from about 3 mmol OH™ up to about 30 mmol OH" per

mole of the mixed oxide.

10. The method of any of claims 1-9, wherein the precipitate is aged in the mother
liquor at an ambient or elevated temperature for a period of time that ranges between

about 1 hour and about 6 hours.

11.  The method of any of claims 1-10, wherein the collected mesoporous,
zirconium-based mixed oxides exhibit a specific morphology of freshly made primary
particle agglomerates that have single modal particle size distribution with maximum

peaks occurring between about 10 um and about 15 pm.

12. The method of any of claims 1-11, wherein the method further comprises

exposing the mesoporous, zirconium-based mixed oxides to progressive calcination or

thermal aging at a temperature that is in the range of about 800°C to about 1100°C;
wherein the specific resistance of surface area for the mesoporous, zirconium-

based mixed oxides decreases by not more than 55% upon the calcination or thermal

aging.
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13. The method of any of claims 1-12, wherein the collected mesoporous,
zirconium-based mixed oxides exhibit a CeO, reducibility in the presence of Rhodium
(Rh) which manifests itself by a shift of Ty in @ TPR-H» to a lower temperature that is

in the range of about 100°C to about 200°C.

14. The method of claim 12, wherein the mesoporous, zirconium-based mixed
oxides are subjected to calcination at 1100°C for 10 hours in air, after which the
mesoporous, zirconium-based mixed oxides exhibit: (i) a surface area that exceeds 25
m?/g; (i) a pore volume that exceeds 0.20 cm®/g; (ii) an average pore size that is at
least 30 nanometers (nm); and (iv) an average crystallite size that is in the range from

about 8 nm to about 15 nm.
15. The method of claims 12 or 14, wherein the collected mesoporous, zirconium-

based mixed oxides after calcination or thermal aging exhibit a tetragonal/cubic

crystalline structure.
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16. Mesoporous, zirconium-based mixed oxides made according to the method of
any of claims 1-15, wherein said mesoporous, zirconium-based mixed oxides include:

a specific morphology of freshly made primary particle agglomerates
having single modal particle size distribution with maximum peaks occurring
between about 10 um and about 15 um;

an improved CeQO, reducibility in the presence of Rhodium which
manifests itself by a shift of Tiax iIn TPR-H» to a lower temperature that is in the
range from about 100°C to about 200°C;

a specific resistance of surface area that decreases by not more than
55% upon exposure to progressive calcination or thermal aging at a temperature
ranging between about 800°C and about 1100°C; and

a tetragonal/cubic crystalline structure after the calcination.

17.  The mesoporous, zirconium-based mixed oxides of claim 16, wherein after
calcination at 1100°C for 10 hours in air, the mesoporous, zirconium-based mixed
oxides exhibit: (i) a surface area that exceeds 25 m?%g; (ii) a pore volume that exceeds
0.20 cm®g; (iii) an average pore size that is at least 30 nm; and (iv) an average

crystallite size that is in the range from 8 nm to 15 nm.
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