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MIXED-PHASE CERAMIC OXIDE THREE-WAY CATALYST FORMULATIONS
AND METHODS FOR PREPARING THE CATALYSTS

Related Application

This application is a continuation-in part of Application No. 10/127, 979, filed
April 22, 2002, which is a continuation-in-part of Application No. 09/713,120, filed
November 15, 2000, which applications are incorporated herein by reference in their
entirety. Application No. 09/713,120 also claimed the benefit under 35 U.S.C. §119(e) of
U.S. Provisional Application No. 60/286,186, filed April 23, 2001.

Background of the Invention

Field of the Invention

The invention relates generally to three-way catalysts that are able to
simultaneously convert nitrogen oxides, carbon monoxide, and hydrocarbons, and
specifically to three-way catalyst formulations that contain multi-phase catalysts. The
multi-phase catalysts have higher activity than single-phase catalysts with similar
compositions. The invention also relates to multi-phase catalysts that additionally contain

an oxide layer with precious metal components to increase the activity of the catalyst.

Description of the Related Art

Nitrogen oxides, carbon monoxide, and hydrocarbon gases are toxic components in
the exhaust gas from internal combustion engines. The simultaneous conversion of the
nitrogen oxides, carbon monoxide, and hydrocarbons - “three-way conversion” - is
desirable in order to meet emission standards for automobiles and other vehicles. The
simultaneous conversion is typically accomplished with catalytic converter units placed
downstream from the engine exhaust manifold. In order to achieve an efficient three-way
conversion of the toxic components in the exhaust gas, conventional catalytic converter
catalysts contain large quantities of precious metals, such as Pd, Pt and Rh, dispersed on
suitable oxide carriers in conjunction with other “promoters” on the catalyst. Typically,
conventional catalysts use precious metals at concentrations in the range of 30-300g per

cubic foot of catalyst.
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Due to the high cost and the limited supply of pfecious metals, there is a need for a
catalyst formulation which efficiently carries out three-way conversion while utilizing
precious metals at much lower concentrations than conventional systems. Conventional
catalysts with low levels of precious metal generally age more quickly than catalysts with
higher levels of precious metal and therefore tend to have short lifetimes. There is a need
for three-way catalyst formulations which utilize lower levels of precious metal than

conventional catalysts while having a long lifetime.

Summary of the Invention

It is an object of the present invention to provide an improved three-way catalyst
which operates at high efficiencies while requiring a precious metal loading 5-15 times
less than the commercial, conventional system.

One aspect of the present invention provides a multi-phase catalyst for the
simultaneous conversion of oxides of nitrogen, carbon monoxide, and hydrocarbons. The
catalyst is represented by the general formula:

CeyLni xAxesMOy,
where:

A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof; '

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a mixture of artificial
lanthanides;

M is an element selecte(i from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti, and any combination thereof;,

X is a number defined by 0 <x < 1.0;

y is a number defined by 0 <y < 10;

s is a number defined by 0 <s < 10; and

z is a number defined by z >0,

where s=0 only when y>0 and y=0 only when s>0.
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In one embodiment of the present invention, the multi-phase catalyst includes a
perovskite phase and a non-perovskite phase. The perovskite phase is represented by the
general formula Ln; xAxMOs. The non-perovskite phase may be cerium oxide, an alkaline
earth oxide represented by a formula AO, an alkali oxide represented by the formula A;O,
an alkaline earth carbonate, or any combination thereof.

Another aspect of the present invention provides a catalyst composition. The
catalyst composition includes: a substrate; a washcoat; and a multi-phase catalyst
represented by the general formula:

CeyLniAxssMO;,
where:

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a mixture of artificial
lanthanides;

A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof;

M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti, and any combination thereof;

X is a number defined by 0 <x <1.0;

y is a number defined by 0 <y < 10;

s is a number defined by 0 <s < 10; and

z is a number defined by z >0,

where s=0 only when y>0 and y=0 only when s>0.

In one embodiment of the present invention, the substrate may be a metal or
ceramic honeycomb support. The washcoat may include alumina and a cerium oxide-
based material. In another embodiment of the present invention, the cerium oxide-based
material may be Ce|.,Zr;0y.51 or CeycaZrLangOs.5;, where:

0<ax<l; ‘

Lan is at least one rare earth selected from the group consisting of Y, La, Pr, Nd,
Sm, Eu, and Yb; '

c>0.15;
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0.15>d>0.01;and

61 and 62 are oxygen deficiencies.

In one embodiment of the present invention, the catalyst composition may include
at least one precious metal component selected from the group consisting of platinum,
rhodium, palladium, iridium, ruthenium, osmium, and silver. In another embodiment of
the present invention, the catalyst composition may include at least one base metal. In yet
another embodiment of the present invention, the catalyst composition may include a layer
containing a cerium oxide-based material with the formula:

CecaZrLangO; 5, where:

Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;

¢>0.15;

0.15>d>0.01;and

52 is an oxygen deficiency,

where the cerium oxide-based material has the fluorite crystal structure. The layer
may also include at least one precious metal component selected from the group consisting
of palladium, platinum, and rhodium. In one embodiment of the present invention, the
layer includes platinum and rhodium precious metal components. In another embodiment,
the layer may include alumina as a non-precious component.

A further aspect of the present invention provides a method of making a catalyst
composition. The method includes the steps of:

(a) providing a substrate;

(b) providing at least one carrier material for forming a washcoat on the

substrate;

(c) providing a solution for forming a multi-phase catalyst supported by the
substrate, where the solution has a general cation formula of
CeyLnixAxsM, where:

Ln is a single ‘lanthanide, a mixture of artificial lanthanides, or a mixture of

elements originally in the form of single-phase mixed lanthanides collected from

natural ores;
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A is an element selected from the group consisﬁng of Mg, Ca, Sr, Ba, Li, Na, K,

Cs, Rb, and any combination thereof; and

.M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,

Zr, Pt, 'Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti and any combination thereof;

x is a number defined by 0 <x <1.0;

y is a number defined by 0 <y <10;

s is a number defined by 0 <s < 10;

where s=0 only when y>0 and y=0 only when s>0;

z is a number defined by z> 0;

and

(d) forming the catalyst composition including the substrate, the washcoat, and
the multi-phase catalyst.

In accordance with one embodiment of the present invention, the catalyst

composition may be formed by the steps of:

(@) slurry depositing the carrier material onto the substrate to form a layer of
washcoat;

(b) impregnating the solution into the washcoat; and

(c) calcining the substrate, washcoat, and the impregnated solution to form the
multi-phase catalyst on the substrate.

In an alternative embodiment of the present invention, the catalyst composition

may be formed by the steps of :

(a) forming the multi-phase catalyst in a bulk form from the solution;

(b) forming a slurry suspension of the carrier material and the bulk multi-phase
catalyst; and

(c) depositing the slurry suspension onto the substrate to form the multi-phase

catalyst on the substrate.

In another embodiment of the present invention, the catalyst composition may be

formed by:

@) impregnating the solution onto the carrier material;
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(b)  calcining the carrier material impregnated with the solution to form the
tﬁulti—phase catalyst in the form of a diépersed multi-phase catalyst on the
carrier material; and

»(c) slurry depositing the carrier material with the dispersed multi-phase catalyst

5 onto the substrate to form the multi-phase catalyst on the substrate.

In an embodiment, the method may also include forming a layer on the catalyst
composition, where the layer includes a cerium oxide-based material with the formula:

CeycaZrdangO,57, where:

Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;

10 ¢>90.15;0.15>d> 0.01; and

82 is an oxygen deficiency.

where the cerium oxide-based maferial has the fluorite crystal structure

In accordance with another aspect of the present invention, a method is provided
for the simultaneous conversion of oxides of nitrogen, carbon monoxide, and

15  hydrocarbons in motor vehicle exhaust. The method includes:
(a) providing a catalyst composition, where the catalyst composition includes :
(@ a substrate;
b) a washcoat; and
(©) a multi-phase catalyst represented by the general formula:
20 CeyLnjxAxisMO;,
where:

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a fnixturé of artificial
lanthanides;

25 A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof;

M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti, and any combination thereof;

x is a number defined by 0 <x < 1.0;

30 y is a number defined by 0 <y < 10;
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s is a number defined by 0 <s < 10; and
zis a number defined byz>0,
. where s=0 only when y>0 and y=0 only when s>0;
and.
(b) contacting the exhaust with the catalyst composition.
In an embodiment, the catalyst composition may also include a layer including a
cerium oxide-based material with the formula:
Ceic.aZrLangO, 5, where:
Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;
¢>0.15;0.15>d>0.01; and
82 is an oxygen deficiency,
where the cerium oxide-based material has the fluorite crystal structure.
The invention is defined in its fullest scope in the appended claims and is described

below in its preferred embodiments.

Description of the Figures

FIGURE 1 is a flow chart of a processing route for bastnasite and its mixed
lanthanide derivatives;

FIGURE 2 is a graph of percent three-way conversion versus R for the multi-phase
catalyst composition of Example 4; and

FIGURE 3 is a graph of percent three-way conversion versus R for the single-

phase catalyst composition of Example 8.

Detailed Description of the Invention
Multi-phase catalysts are described. The multi-phase catalysts have higher activity

than single—phase catalysts with similar compositions. Although not wishing to be limited
by a theory, it is believed that forming an intimate mixture of multiple catalyst phases
retards the agglomeration or sintering of the multiple phases when the multi-phase catalyst
is exposed to high temperatures. The multi-phase catalysts of the embodiments of the
present invention may be used to provide simultaneous conversion of nitrogen oxides,

carbon monoxide, and hydrocarbons in a catalytic converter. They may also have other
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applications as described below. The description of the embodiments of multi-phase
catalysts as three-way catalysts in automobile catalytic converters is not meant to be
limiting.

Accordingly, one aspect of the present invention provides a multi-phase catalyst
represented by the general formula:

CeyLn; xAx+sMO;, where

A is an alkali or alkaline earth element selected from the group consisting of Mg,
Ca, Sr, Ba, Li, Na, K, Cs, Rb, and any combination thereof;,

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a mixture of artificial
lanthanides; and '

M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al,kGa, Mo, W, Ti, and any combination thereof;

x is a number defined by 0 <x <1.0;

y is a number defined by 0 <y < 10;

s is a number defined by 0 <s <10; and

z is a number defined by z > 0,

where y=0 only when s>0.

In accordance with embodiments of the present invention, M may be Fe and/or
Mn. The subscript x may be in the range of 0.1 to 0.8 or 0.2 to 0.6. The subscript y may
be in the range 0f 0.2 to 2, 0.2 to 1.5, or 0.4 to 1.2. The subscript s may be in the range of
0.2t04,04 to3,0r 0.6to 2.8. The subscript z depends on the components of the multi-
phase catalyst, the oxidation states of the components, and the subscripts x, y, and s. In
some instances, the subscript z can be roughly estimated as being approximately 2y-
12x+s+3. In accordance with embodiments of the invention, z is in the range of
approximately 3 to approximately 33, approximately 3 to approximately 28,
approximately 3 to approximately 23, or approximately 3 to approximately 18.

A single-phase mixed lanthanide is a single compound where the cation positions
in the compound’s crystal structure can be occupied by a variety of lanthanides.

Alternatively, the cation positions of the single-phase mixed lanthanide may be occupied
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by a variety of lanthanides. In an exemplary embodiment of the present invention, the
single-phase mixed lanthanide is generated from bastnasite ore. It may contain a number
of lanthanide cations and nitrate, carbonate, or chloride anions. The single-phase mixed
lanthanide may be a hydrated material, i.e., it may contain waters of hydration. It is
known in the art that bastnasite is an ore of a mixed lanthanide fluoride carbonate. The
mixed lanthanide fluoride carbonates of bastnasite adopt a crystal structure with discrete
layers of [LnF] and [COs] (Y. Ni et al., Am. Mineral., 78 (1993) 415), where F can be
replaced by OH (M. Fleischer, Can. Mineral, 16 (1978) 361). Thus, hydroxyl ions may
take up anion positions in the lattice of the monophasic material.

Different lanthanide (Ln) derivatives can be prepared from bastnasite through
methods commonly known in the art. Examples of such methods are described in Cer.
Eng. Sc. Proc. by B.T. Kilbourn, 6 (1985) pp. 1331-1341 and in The Discovery and
Industrialization of the Rare Earths by Fathi Habashi, UNOCAL 76 MOLYCORP (1994),
Figure 14. Both the Kilbourn reference and the Habashi reference are incorporated herein
by reference in their entirety. A typical flow chart relating Ln derivatives obtained from
bastnasite ores is shown in Figure 1. Bastnasite ore is first treated by comminution and
flotation to generate bastnasite concentrate. Ln carbonate, Ln chloride, or Ln nitrate may
be generated from the bastnasite concentrate through acid dissolution. Alternatively, the
bastnasite concentrate may be leached with hydrochloric acid to form soluble and
insoluble fractions. Lanthanum concentrate is obtained from the soluble fraction, and
cerium concentrate is obtained from the insoluble fraction.

Detailed descriptions of the preparation of single-phase mixed lanthanide
derivatives obtained from bastnasite ore are described in U.S. Patent Nos. 5,939,354 and
5,977,017, both of which are incorporated herein by reference in their entirety.

The mixture of elements originally in the form of single-phase mixed lanthanides
may have a natural ratio of lanthanides or a modified ratio of lanthanides. A natural ratio
of lanthanides is a ratio identical to or close to the natural distribution ratio in a lanthanide
ore. For example, bastnasite ores typically contain, on a lanthanide oxide basis, 4.0% Pr
oxide, 50.5% Ce oxide, 33.7% La oxide, and 11.8% Nd oxide. A mixture of lanthanides

having the same ratio of lanthanides as the ratio in bastnasite ore would be considered to



WO 2011/068509 PCT/US2009/066411

10

15

20

25

30

have a natural ratio of lanthanides. It is to be understgod that this ratio may vary owing to
inherent variability, not only in the ore body but also in the mineral itself. A mixture with
a “modified ratio” of lanthanides contains a ratio of lanthanides that is different than the
natural ratio of lanthanides in a lanthanide ore. For the purpose of the present invention,
the term “modified ratio” is to be understood to exclude mixtures of purified single
lanthanides. |

Both bastnasite concentrate and the Ln derivatives generated by acid dissolution of
bastnasite concentrate have a natural ratio of lanthanides, because the ratio of lanthanides
in these materials is the same as the ratio of lanthanides in bastnasite ore. Both lanthanum
concentrate and cerium concentrate have a modified ratio of lanthanides, because the
lanthanide ratios in the lanthanum concentrate and the cerium concentrate are different
than the lanthanide ratio in bastnasite ore. Lanthanum concentrate is depleted in cerium,
and cerium concentrate is enriched in cerium, relative to bastnasite concentrate, which has
a natural ratio of lanthanides.

In one embodiment of the present invention, the mixture of lanthanides originally
in the form of single-phase mixed lanthanides collected from natural ores is obtained from
bastnasite ore. In another embodiment of the present invention, Ln is a mixture of
lanthanides derived from lanthanum concentrate, which is obtained from bastnasite ore. In
an alternative embodiment of the present invention, Ln is the single lanthanide
praseodymium.

The term “mixture of artificial lanthanides,” as used herein, is a mixture of purified
lanthanides. ,

In one embodiment of the present invention, the multi-phase catalyst includes a
perovskite phase and a non-perovskite phase, where the perovskite phase is represented by
the formula Ln;xAMOs. In accordance with embodiments of the present invention, the
perovskite phase of the multi-phase catalyst may be represented by a cation formula
selected from the group consisting of LnggSro2MnggsPdg s, LingsSro2MngesPdo s,
Lo 60Sro 40Mno 95Pdo 05, Lng 64Sr0.36Mng 72Pdo 28, and Ling goSro.20Mno 6sPdo 3s.

In one embodiment of the present invention, the non-perovskite phase of the multi-

phase catalyst is cerium oxide, a doped cerium oxide, an alkali oxide represented by a

10
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formula A0, an alkaline earth oxide represented by’a formula AO, an alkaline earth
carbonate, an alkali carbonate, or a combination thereof. In one embodiment of the
present invention, the alkaline earth oxide AO in the multi-phase catalyst is StO. Other
mixed metal oxide phases may also be present in the multi-phase catalyst.

In accordance with embodiments of the present invention, the multi-phase catalysts
may be formed by dissolving water-soluble salts in a single aqueous solution in a ratio
represented by the general cation formula CeyLnixAxsM. As used herein, the water-
soluble salts which are dissolved to form the solution with the general cation formula
Ce,Ln;xAx+sM are termed precursor salts. In an embodiment, a homogeneous, amorphous
dried solution of the precursor salts is prepared by removing the water from the aqueous
solution. The water may be removed through evaporation by heating the solution.
Alternatively, the water may be removed by blowing air over the aqueous solution of
soluble salts. The dried solution may be calcined to form the multi-phase catalyst. In an
embodiment, the solution is dried in a controlled manner to minimize the chance that one
or more salts crystallize from the solution of precursor salts. Crystallization of salts from
the solution of precursor salts can adversely affect the activity of the catalyst.

In an alternative embodiment, a precipitating agent is added to the aqueous
solution of precursor salts to co-precipitate a multi-phase catalyst precursor. The multi-
phase catalyst is formed by calcining the multi-phase catalyst precursor. In an
embodiment, oxalic acid or an aqueous solution of oxalic acid is used as the precipitating
agent. Other precipitating agents, such as citric acid, are suitable for forming the multi-
phase catalyst precursor from the aqueous solution by co-precipitation. In an embodiment,
a stream containing an aqueous solution of the precursor salts is mixed with a stream of an
aqueous solution of oxalic acid to form the multi-phase catalyst precursor. In another
embodiment, the multi-phase catalyst precursor is dried before the precursor is calcined to
form the multi-phase catalyst.

Any manner of soluble salts may be used to form the solution. Suitable soluble
salts include, but are not limited to, nitrates, acetates, oxalates, hydroxides, oxides,
carbonates, etc. In one embodiment of the present invention, an acid such as malic acid, is

added to the aqueous solution of soluble salts to stabilize the solution by preventing or

It
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minimizing precipitation of salts. If malic acid is used, approximately 9-10 wt% malic
acid is generally.added to the aqueous solution.

“The multi-phase catalyst is formed from the dried solution of soluble salts or the
multi-phase catalyst precursor by heating the dried solution or the multi-phase catalyst
precursor to a temperature sufficiently high to form the desired phase chemistry of the
multi-phase catalyst. Although the temperature that is sufficiently high depends on the
multi-phase catalyst that is being formed, in one embodiment of the present invention,
where A is Sr and M is Mn, the homogeneous dried solution or multi-phase precursor is
generally heated to a temperature of approximately 500°C to approximately 1000°C. In
accordance with other embodiments of the present invention, the dried solution or multi-
phase precursor is heated to a temperature of approximately 600°C to approximately
900°C or a temperature of approximately 700°C to approximately 850°C to form the multi-
phase catalyst. The temperature ranges for forming the multi-phase catalyst will depend
on the cation formula and the particular cations used. It is to be understood that the
temperature that is sufficiently high may be higher or lower than the ranges for the
embodiment where A is Sr and M is Mn for some embodiments of multi-phase catalysts.

In accordance with embodiments of the present invention, the dried solution or
multi-phase catalyst precursor is heated for approximately 1 to approximately 100 hburs,
approximately 2 to approximately 50 hours, or approximately 3 to approximately 10 hours
to form the multi-phase catalyst, although the time will vary, depending on the formulation
of the multi-phase catalyst. Suitable conditions for forming the multi-phase catalyst may
be determined by one skilled in the art without undue experimentation in view of the
teaching herein.

In an exemplary embodiment of the present invention, the cation solution or the
muiti-phase catalyst precursor is dried in flowing air at room temperature, is heat-treated
in air at about 150°C, and is calcined at about 700°C for about 10 hours to form the multi-
phase catalyst with the general formula of Ce,Ln; xAx+sMO,.

Although not wishing to be limited by a theory, it is believed that, when the multi-
phase catalyst is formed by calcining the homogeneous dried solution, an intimate mixture

of the two or more phases of the multi-phase catalyst is formed. It is believed that the

12
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intimate mixture of the multiple phbases of the “multi-phase catalyst retards the
agglomeration or sintering of the multiple phases when the multi-phase catalyst is exposed
to high temperatures.

The embodiments of the multi-phase catalyst of the present invention may be used
to make a catalyst composition. Accordingly, another aspect of the present invention
provides a catalyst composition that includes:

(a) a substrate;

(b)  awashcoat; and

©) a multi-phase catalyst represented by the general formula:

CeyLn;xAx+sMO;.
The composition of the multi-phase catalyst has been described previously.

As used herein, a substrate is any support structure known in the art for supporting
catalysts. In one embodiment of the present invention, the substrate is in the form of
beads or pellets. The beads or pellets may be formed from alumina, silica alumina, silica,
titania, mixtures thereof, or any suitable material. In an exemplary embodiment of the
present invention, the substrate is a honeycomb support. The honeycomb support may be
a ceramic honeycomb support or a metal honeycomb support. The ceramic honeycomb
support may be formed, for example, from sillimanite, zirconia, petalite, spodumene,
magnesium silicates, mullite, alumina, mullite, cordierite (Mg,Al4SisO1s), other alumino-
silicate materials, or combinations thereof. Other ceramic supports are also suitable.

If the support is a metal honeycomb support, the metal may be a heat-resistant base
metal alloy, particularly an alloy in which iron is a substantial or major component. The
surface of the metal support may be oxidized at elevated temperatures above about 1000°C
to improve the corrosion resistance of the alloy by forming an oxide layer on the surface
of the alloy. The oxide layer on the surface of the alloy may also enhance the adherence
of a washcoat to the surface of the monolith support. Preferably, all of the substrate
supports, either metallic or ceramic, offer a three-dimensional support structure.

In one embodiment of the present invention, the substrate may be a monolithic
carrier having a plurality of fine, parallel flow passages extending through the monolith.

The passages can be of any suitable cross-sectional shapes and sizes. The passages may
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be, for example, trapezoidal, rectangular, square, sinusqidal, hexagonal, oval, or circular,
although other shapes are also suitable. The monolith may contain from about 60 to about
1200 or more gas inlet openings or passages per square inch of cross section, although
fewer passages may be used.

A washcoat may be placed on the substrate. The term “washcoat,” as used herein,
refers to a coating of oxide solids on the substrate or solid support structure. The oxide
solids in the washcoat may be carrier material oxides, one or more catalyst oxides, or a
mixture of carrier material oxides and catalyst oxides. Carrier materials are porous solid
oxides that are used to provide a high surface area for a dispersed phase. Carrier materials
are normally stable at high temperatures and under a range of reducing and oxidizing
conditions.

Preferably, the carrier materials are initially in a powder form. The carrier material
may be an inert powder or any other carrier materials that are known in the art for forming
a washcoat on a support. Examples of carrier materials include, but are not limited to,
powders, such as gamma-alumina, ceria-based powders, or any mixture of titania, silica,
alumina (transition and alpha-phase), ceria, zirconia, Cei..Zr,02, and all of the possible
doped ceria formulations. The washcoat may also include lanthanide oxides (Ln2Os)
and/or strontium oxide (SrO).

Alumina is typically utilized in the washcoat as a high surface area carrier solid or
support. The alumina in the washcoat is normally referred to as “gamma alumina” or
“activated alumina” and typically has a BET surface area of 60 m?/g or more, often about
200 m*/g or more. The activated alumina is usually a mixture of gamma and delta phases
of alumina but may also contain eta, kappa, and theta alumina phases.

If the washcoat contains alumina, in accordance with embodiments of the present
invention, the washcoat may contain approximately 10 to approximately 100 wi%
alumina, approximately 40 to approximately 70 wt% alumina, or approximately 55 to
approximately 65 wi% alumina. Modifiers may optionally be added to the alumina to
retard undesired phase transitions of the alumina from the gamma phase to the alpha phase
when the alumina is exposed to elevated temperatures. The modifiers or - thermal

stabilizers may include, for example, one or more modifiers or stabilizers selected from
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rare earth oxides, silicon oxides, oxides of Group IVB metals (zirconium, hafnium, or
titanium), or alkaline earth oxides.

- In one embodiment of the present invention, a solution of lanthanide nitrate and/or
strontium nitrate is added to the carrier oxide materials as a modifier for the alumina. The
lanthanide nitrate solution may contain a single lanthanide nitrate, for example, lanthanum
nitrate, or the solution may contain a mixture of lanthanide nitrates. Heating or calcining
the lanthanide nitrate and/or strontium nitrate forms lanthanide oxide (Ln,Os) and/or
strontium oxide. Although either lanthanide nitrate or strontium nitrate alone may be
added, in an exemplary embodiment of the present invention, both lanthanide nitrate and
strontium nitrate are added to the washcoat.

The strontium oxide and/or lanthanide oxide help to stabilize the surface area of
the alumina, when the alumina is exposed to high temperatures. In one embodiment of the
present invention, the lanthanide nitrate solution is a solution of mixed lanthanides
obtained from lanthanum concentrate, although other sources of lanthanides are suitable.
The lanthanide nitrate and/or strontium nitrate may be added to the slurry of carrier solids
and/or catalyst solids before the washcoat is formed, or the lanthanide nitrate and/or
strontium nitrate may be added to an already-formed washcoat.

If the washcoat includes catalyst oxides, the catalyst oxides may be in a bulk form
or in a dispersed form. “Bulk” means that the catalyst oxides are present as fine discrete
particles. A “dispersed” catalyst is made up of a number of small catalyst particles on the
surface of carrier materials.

In one embodiment of the present invention, a bulk form multi-phase catalyst may
be formed by forming a water solution of the soluble precursor salts for the multi-phase
catalyst in the appropriate ratio, drying the aqueous solution, and calcining the dried
solution. In an alternative embodiment of the present invention, the soluble precursor salts
are dissolved in water in the appropriate ratio, a material such as oxalic acid is added to
the aqueous solution of precursor salts to precipitate a multi-phase catalyst precursor, and

the precipitated multi-phase catalyst precursor is dried and calcined to form the bulk multi-

phase catalyst.
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A “dispersed” multi-phase catalyst can be prepared by dissolving the soluble
precursor salts in water, impregnating the solution into carrier oxides, and calcining the
carrier oxides and the impregnated precursor salts to form the dispersed multi-phase
catalyst. In an eminent embodiment, the carrier oxides and the impregnated solution are
dried slowly prior to calcining. Controlled, slow drying of the carrier solids and
impregnated solution is found to reduce the chance of crystallization of one or more of the
salts in the impregnated solution. In an embodiment, the dried impregnated solution in the
carrier solids is homogeneous and amorphous.

In one embodiment of the present invention, the catalyst composition may include
at least one cerium oxide-based material. The cerium oxide-based material may serve at
least one of two purposes. First, the cerium oxide-based material may be a support or
carrier material for the multi-phase catalyst or other components of the catalyst
composition. Second, the cerium-oxide material may act as an Oxygen Storage Material
(OSM). When automobile converters are exposed to exhaust gas from a vehicle, the
exhaust is typically alternately rich or lean. Oxygen Storage Materials supply oxygen to
rich exhaust and take up oxygen from lean exhaust, buffering the catalyst against the
fluctuating supply of oxygen in the feed gas. When an Oxygen Storage Material is present
in the three-way catalyst composition, the inlet air/fuel ratio may vary significantly
without detriment to the conversion efficiency.

Peter Eastwood describes other benefits of ceria (cerium oxide or CeO,) in Chapter
5 of “Critical Topics in Exhaust Gas Treatment” (Research Studies Press Ltd, Baldock,
Hertfordshire, England, 2000), which is hereby incorporated herein by reference.

The cerium oxide-based material may be in a bulk form or in a dispersed form. If
the cerium oxide-based material is in bulk form, it is present as fine discrete particles. A
dispersed cerium oxide-based material is dispersed onto or is impregnated into another
material.

The total surface area of cerium oxide-based materials is generally reduced when
the cerium oxide-based fnaterials are heated to temperatures of 800°C or more. One or
more metal oxides may be added to the cerium oxide-based material to decrease the

degree of sintering of the cerium oxide-based material during exposure to high
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temperatures. The metal oxides that can be added to the cerium oxide-based materials
may be, for exémple, one or more of Zr0O,, ALO;s, La;03, or other rare earth oxide. For
the purposes of this application, yttrium oxide is considered to be a rare earth oxide. In
one embodiment of the present invention, the cerium oxide-based material has a
composition with the formula:

Ce-aZr,0.51, where

0 <a <1 and 81 is an oxygen deficiency. Generally,

0<81 <(1-a)2.

The oxygen deficiency in the formula of the cerium oxide-based material changes as the
cerium oxide-based material takes up and releases oxygen.

In an alternative embodiment of the present invention, the -cerium oxide-based
material has a composition with the formula:

Cejc.aZr.LangO, 5, where:

Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;

¢>0.15;

0.15>d>0.01;

where the cerium oxide-based material has the fluorite crystal structure;

and

82 is an oxygen deficiency.

Generally,

0<82 <(1-c-d)2. '

The cerium oxide-based material may be a composite or a complete solid solution. More
than one cerium oxide-based material may be included in the catalyst composition.

In accordance with embodiments of the present invention, the subscript a may be
in the range of approximately 0.07 to approximately 0.70, in the range of approximately
0.15 to approximately 0.53, or in the range of approximately 0.15 to approximately 0.28.
In accordance with embodiments of the present invention, the subscript ¢ may be in the
range of approximately 0.15 to approximately 0.8, in the range of approximately 0.32 to
approximately 0.74, or in the range of approximately 0.5 to approximately 0.74. In

accordance with embodiments of the present invention, the subscript y may be in the range
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of approximately 0.01 to approximately 0.15, in the~range of approximately 0.02 to
approximately 0.11, or in the range of approximately 0.04 to approximately 0.10.

The formulas of specific cerium oxide-based materials are generally simplified
herein by writing the subscript on the oxygen as “2” rather than as “2-3”. For example,
the formula Ceg ¢3Zr0 320,51 is simplified herein to “Ceq ssZro3202”.

The commercially available cerium oxide-based material CeogsZro320; is an
exemplary cerium oxide-based material, though other cerium oxide-based materials are
also suitable.

In one embodiment of the present invention, one or more cerium oxide-based
materials may be included in the washcoat. In accordance with embodiments of the
present invention, the washcoat may include approximately 5 to approximately 10 wt%
cerium oxide-based material, approximately 10 to approximately 80 wt% cerium oxide-
based material, or approximately 20 to approximately 60 wt% cerium oxide-based
material.

In one embodiment of the present invention, the catalyst composition may include
a layer of cerium oxide-based material with the formula:

Cej.c.aZrLang0, 5, where:

Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;

c>0.15;

0.15>d>0.01;

where the cerium oxide-based material has the fluorite crystal structure;

and

62 is an oxygen deficiency. Generally,

0<52 < (1-c-d)/2.

The cerium oxide-based material in the layer may be included in the catalyst
composition in addition to one or more cerium oxide-based materials in the washcoat, or
the cerium oxide based material in the layer may be the only cerium oxide-based material

in the catalyst composition.
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In one embodiment of the present invention, the layer may also contain alumina as
a component in addition to the cerium oxide-based material component. The layer of
cerium oxide-based material or cerium oxide-based material and alumina may be included
in the catalyst composition as an underlayer under the washcoat or as an overlayer over
the washcoat. If the washcoat of the catalyst composition contains a cerium oxide-based
material, the cerium oxide-based material in the layer may be the same or different than
the cerium oxide-based material in the washcoat.

In an embodiment, the layer may contain alumina as the only non-precious metal
component.

In one embodiment of the present invention where the layer includes alumina as a
non-precious metal component in addition to the oxide with the fluorite structure,
additives such as lanthanide oxide and/or strontium oxide or their precursors may be added
to the alumina to increase the thermal stability of the alumina. If alumina is included in
the layer, the alumina in the layer may be the same as or different than the alumina in the
washcoat. If alumina is included in the layer, in accordance with embodiments of the
present invention, the weight ratio of alumina to oxide having the fluorite crystal structure
in the layer may be between approximately 0.1:1 and approximately 1:0.4, between
approximately 0.5:1 and approximately 1:0.8, or approximately 1:1.

The catalyst composition may include at least one precious metal component of
platinum (Pt), rhodium (Rh), palladium (Pd), iridium (Ir), ruthenium (Ru), osmium (Os),
silver (Ag), and the like. In one embodiment of the present invention, the precious metal
component may be included in the catalyst composition in the multi-phase catalyst. The
precious metal component in the multi-phase catalyst may be in addition to any precious
metal which is included in M in the general formula, Ce,Ln;xAx+MO,, of the multi-phase
catalyst. Alternatively, the precious metal component may be included in the catalyst
composition in the washcoat. In one embodiment of the present invention, a water-soluble
salt of at least one preéious metal component or noble metal is dissolved in water, and the
catalyst composition is impregnated with the water solution containing the water-soluble
salt or salts to introduce the precious metal components or noble metals into the catalyst

composition.
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Alternatively, or in addition, one or more base metals, such as iron (Fe), nickel
(Ni), manganese (Mn), or cobalt (Co) may be included in or may be introduced into the
catalyst composition. The base metals may be added to the catalyst composition by
dissolving water-soluble salts of the base metal in water and impregnating the catalyst
composition with the water solution of the water-soluble base metal salts. In an alternative
embodiment of the present invention, the base metals may be added into the catalyst
composition by co-mulling one or more base metal compounds with one or more
components of the catalyst composition.

In accordance with the embodiments of the present invention, the layer of cerium
oxide based material or cerium oxide based material and alumina may include precious
metal components or noble metals, such as platinum (Pt), rhodium (Rh), palladium (Pd),
iridium (Ir), ruthenium (Ru), osmium (Os), and the like. The layer may include base
metals such as iron, nickel, manganese, cobalt, or copper, in addition to, or instead of, the
precious metal components. The precious metal components or base metals in the layer
may be in addition to precious metal components or base metals in the remainder of the
catalyst composition. Alternatively, the precious metal components or base metals in the
layer may be the only precious metal components or base metals in the catalyst
composition.

The precious metal components and/or base metals in the layer may be supported
on the cerium oxide based material, the alumina, or both the cerium oxide based material
and the alumina. In an embodiment, different precious metal components and/or base
metals or different ratios of the precious metal components and/or base metals may be
supported on the cerium oxide based material, the alumina, or both the cerium oxide based
material and the alumina in the layer. '

In one embodiment of the present invention, the layer of cerium-oxide based
material or cerium oxide based material and alumina includes at least one precious metal
component selected from the group consisting of palladium, platinum, and rhodium. In
another embodiment of the present invention, the layer includes platinum and/or rhodium.
Although either platinum or rhodium alone may be included in the layer, in an exemplary

embodiment of the present invention, the layer contains both platinum and rhodium. In
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accordance with embodiments of the present invention, the weight ratio of platinum to
rhodium in the layer may be between about 0.3:1 and about 3:1, between about 0.4 and
about 2, or about 1:1, where the weight ratios are all calculated on the basis of platinum
and rhodium metals. In another exemplary embodiment, the layer includes rhodium as the
only precious metal component.

In accordance with embodiments of the present invention, the platinum loading on
the catalyst composition may be between about 1 and about 10 g/f®, between about 2 and
6 g/ft’, or about 4 g/fta, all on the basis of platinum metal. The rhodium loading on the
catalyst composition may be between about 2 g/ft® and about 8 g/i’t3 , between about 3 g/fc3
and 6 g/ﬁ3, or about 4 g/ﬁ3, all on the basis of rhodium metal.

In accordance with embodiments of the present invention, the loading of the layer
of cerium-oxide based material or cerium oxide based material and alumina on the catalyst
composition may be between about 20 g/L and 130 g/L, between about 30 g/L and about
100 g/L, or about 60 g/L. It is to be understood that the loading levels of the layer on the
catalyst composition include the loading of the non-precious metal components, the
alumina and/or the cerium oxide-based material, as well as the loading of the precious
metal components.

A further aspect of the present invention provides a method for making a catalyst
composition for simultaneous conversion of oxides of nitrogen, carbon monoxide, and
hydrocarbons. The method includes:

(a) providing a substrate;

(b) providing at least one carrier material for forming a washcoat on the

substrate;

(c) providing a solution for forming a multi-phase catalyst supported by the
substrate, wherein the solution has a general cation formula of
CeyLnjxAxsM; and

(d)  forming the catalyst composition comprising the substrate, the washcoat,
and the multi-phase catalyst.

The substrate, the washcoat, and the solution for forming the multi-phase catalyst were

described previously.
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The washcoat may be formed on the substrate ﬁ'f)m the carrier materials and/or the
catalyst oxides by any methods that are known in the art. Examples of methods for
forming a washcoat on a substrate are described in detail in U.S. Patent Nos. 5,939,354
and 5,977,017 , both of which are incorporated herein by reference in their entirety.

In one embodiment of the present invention, the carrier materials and/or catalyst
solids are mixed into an aqueous solution to form a slurry, and the slurry is then deposited,
i.c., washed, onto the substrate to form the washcoat. The slurry may be deposited onto
the substrate in any suitable manner. For example, the substrate may be dipped into the
slurry, or the slurry may be sprayed onto the substrate. Other methods of depositing the
slurry onto the substrate known to those skilled in the art may be used in alternative
embodiments. If the subsirate is a monolithic carrier with parallel flow passages, the
washcoat may be formed on the walls of the passages. Gas flowing through the flow
passages contacts the washcoat on the walls of the passages as well as materials that are
supported on the washcoat.

In one embodiment of the present invention, the washcoat is formed by slurry
depositing the carrier material or carrier materials onto the substrate. The solution for
forming the multi-phase catalyst is impregnated into the washcoat. The substrate,
washcoat, and the impregnated solution are calcined to form the multi-phase catalyst and
the catalyst composition. In an embodiment, the washcoat and the impregnatéd solution
are dried before calcining. In one embodiment of the present invention, the washcoat may
include other catalyst oxides in addition to the multi-phase catalyst.

In an alternative embodiment of the present invention, the solution for forming the
multi-phase catalyst is impregnated into the carrier material, the carrier material and
impregnated solution are dried and calcined, and the washcoat is formed after the carrier
material and impregnated solution have been calcined. In another embodiment, the
washcoat and impregnated solution are calcined after the washcoat is formed.

In yet another embodiment of the present invention, the multi-phase catalyst is
formed in a bulk form from the solution. The washcoat is formed on the substrate by
slurry depositing the bulk multi-phase catalyst onto the substrate. The substrate and

washcoat on the substrate are dried and optionally calcined. The resulting catalyst

22



WO 2011/068509 PCT/US2009/066411

10

15

20

25

30

composition contains bulk multi-phase catalyst as -the only carrier material in the
washcoat. '

“In an alternative embodiment of the present invention, bulk multi-phase catalyst is
formed from the solution. The bulk multi-phase catalyst is mixed with carrier oxide
solids, and the washcoat is formed on the substrate from the mixture of the bulk multi-
phase catalyst and the carrier oxides. The substrate and washcoat are dried and optionally
calcined to form the catalyst composition.

The embodiments of the method may further include forming a layer on the
catalyst composition. The layer may be formed on the catalyst composition by any
suitable method. In one embodiment of the present invention, a slurry of the non-precious
metal components, the alumina and/or the oxide having the fluorite crystal structure, is
mixed or milled and is coated on the washcoat and/or the multi-phase catalyst as an
overlayer. In an embodiment, the calcined multi-phase catalyst composition and the
overlayer are dried and heat treated at about 550°C for about 2 hours.

In another embodiment, a slurry of the non-precious metal components is coated
on the substrate as an underlayer, the underlayer is dried and calcined, and the washcoat
and/or the multi-phase catalyst are placed over the underlayer. In an embodiment, the
underlayer, washcoat and/or the multi-phase catalyst are dried and calcined.

In one embodiment of the present invention, where the layer includes precious
metal components, the appropriate amounts of water-soluble salts of the precious metal
components in water may be combined with a water slurry of the non-precious metal
components, the alumina and/or the cerium-oxide based material having the fluorite
crystal structure. The slurry of alumina and/or the oxide and the water-soluble salts of the
precious metal components is thoroughly mixed or milled and is coated on or is mixed
with the washcoat and/or the multi-phase catalyst. In an embodiment where the layer is an
underlayer, the slurry is coated on the substrate.

In one embodiment of the present invention, where the layer includes both the
cerium oxide-based material having the fluorite crystal structure as well as alumina as
non-precious metal components, the water-soluble salts of the precious metal components

may be combined with any combination of the non-precious metal components. The
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water-soluble salts may be combined with the oxide qpmponent, the alﬁinina component,
or both the oxide component and the alumina componeﬁt.

A variety of water-soluble palladium, platinum, and rhodium salts may be used to
preparé the layer with at least one precious metal component selected from the group
consisting of palladium, platinum, and rhodium. The water-soluble salts may include, but
are not limited to, palladium nitrate, palladium chloride, chloroplatinic acid, amine
solubilized platinum hydroxide such as hexahydroxymonoethanolamine complexes of
platinum, diamminedinitroplatinum (II), platinum nitrate, thodium chloride, or rhodium
nitrate. In one embodiment of the present invention, at least one of platinum nitrate and
rhodium nitrate are used as the water-soluble platinum and rhodium salts in preparing the
layer. In an alternative embodiment of the present invention, at least one of palladium
nitrate and rhodium chloride may be used as the water-soluble palladium and rhodium
salts.

The embodiments of the present invention of the multi-phase catalyst compositions
described herein have an improved three-way catalytic activity compared to single-phase
catalysts having similar compositions. The multi-phase catalyst compositions may be
used for the removal of unsaturated and saturated hydrocarbons, nitrogen oxides, and
carbon monoxide from the exhaust gases of internal combustion engines, including
automobiles, small gasoline engines, and from industrial waste gases. They also exhibit
high thermal and chemical stability. Further, they require a precious metal loading 5 to 15
times less than the commercial, conventional system.

Accordingly, the mixed phase catalysts have a wide range of applications. For
example, the multi-phase catalysts may be used for clean up of exhaust emissions from a
wide range of internal combustion engines. They may also be used in industrial catalysis
for the production of industrial chemicals, fertilizers, and products in the polymer and
plastics field. They may further be used in all oil-derived processes and products. They
may be used for clean up of industrial process emissions including, but not limited to,
volatile hydrocarbons, chlorinated hydrocarbons, and MTBE.

In particular, the multi-phase catalysts may be used, for example, for the control of

gaseous and particulate emissions from all types of Otto cycle and Diesel cycle internal
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combustion engines (including Otto cycle lean-burn engines, Otto cycle and diesel cycle
engines equipped with SCR (selective catalytic reduction) capability with ammonia or
hydrocarbon intake), olefin polymerization, hydrogenation reactions, methanol synthesis
from syﬁgas (either carbon monoxide and hydrogen mixtures or mixtures also containing
carbon dioxide), hydroformylation of alkenes, Fischer-Tropsch synthesis, isomerization of
hydrocarbons, aromatization reactions, catalytic cracking reactions, reactions involving the
removal of sulfur and/or nitrogen and/or oxygen from oil-derived hydrocarbons by
hydrogenation, steam reforming of methanol and other hydrocarbons and hydrocarbon
mixtures (e.g., gasoline) to produce gas mixtures containing hydrogen, the latter reactions
where the hydrogen gas is used in a fuel-cell, epoxidation of alkenes, partial and/or
selective oxidation of hydrocarbons, and oxidation of volatile organic compounds (VOCs),
including MTBE. The multi-phase catalysts may be used as a SCR catalyst for NOx
abatement for stationary sources with either hydrocarbons or ethanol as the reductive
agent.

Embodiments of the catalyst composition of the present invention may be used in a
method for the simultaneous conversion of oxides of nitrogen, carbon monoxide, and
hydrocarbons in motor vehicle exhaust gas. A catalyst composition including the multi-
phase catalyst is provided. The motor vehicle exhaust gas is contacted with the catalyst
composition. Contacting the exhaust gas with the catalyst composition converts the
gaseous exhaust effluents into relatively innocuous materials from an air pollution
standpoint. The exhaust gas is contacted with the catalyst composition in the vapor phase
at approximately one atmosphere pressure. Although some oxidation and reduction may
occur at low temperatures, the reactions are normally conducted at elevated temperatures
of at least 150°C, more preferably at temperatures of about 200°C to about 900°C. The
embodiments of the catalyst composition of the present invention are thus useful in
promoting the oxidation of hydrocarbons, oxygen-containing organic compounds, and
carbon monoxide, as well as the simultaneous reduction of nitrogen oxides.

The following examples are intended to illustrate, but not to limit, the scope of the
invention. It is to be undefstood that other procedures known to those skilled in the art

may alternatively be used.
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CATALYST COMPOSITIONS AND METHODS OF MAKING THEREQF

Preparation of Washcoat

The following example describes the preparation of a typical washcoat. Unless
otherwise stated, the washcoats in the following examples were prepared with
components, ratios of components, and procedures generally similar to the following
procedure.

A typical washcoat was prepared by mixing 655g of CeggsZro320:, 982g of
alumina powder, 66.3g of Sr(NOs);, and 118.3g of 27 wt% mixed lanthanide nitrate
solution (commercially available as lanthanum nitrate product code 5248 from Molycorp,
Inc., Mountain Pass, California) with 2000 m of deionized water. The slurry was milled
in a Szegvari Type IS Atrittor until the rheology was suitable for coating the support.

A cordierite honeycomb support with 600 cells per square inch was dipped into the
slurry. Excess slurry was blown from the support with an air jet. The support was dried in

flowing air at room temperature, was heat-treated in air at about 150°C, and was calcined

at 750°C for 4 hours.

EXAMPLE {

Preparation and Activity Testing of a Multi-Phase Catalyst

A solution with a cation ratio of CeggolnggoSro20MnggsPdo 2 was formed by
combining 22.24g of a 27.0 wt% (Ln;O; basis) mixed lanthanide nitrate solution
(commercially available as lanthanum nitrate product code 5248 from Molycorp, Inc,
Mountain Pass, California, derived from a Bastnasite ore), 21.85g of 28.5 wt% cerium
nitrate solution (CeO; basis), 2.0g of strontium nitrate (Sr(NO;),), 10.48g of manganese
acetate (Mn(OAc),.4H;0), and 5.62g of 11.08 wt% palladium nitrate solution (palladium
metal basis) in 300cc of water. Lanthanum nitrate product code 5248 is a lanthanum
concentrate product. A cordierite honeycomb with 600 cells per square inch which had
been coated with a mixture of gamma-alumina and Ceg gZro 320, (in a weight ratio of 3:1)

was dipped in the solution and was blown free of excess solution. The piece was dried in
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flowing air at room temperature, heat-treated in air at abgut 150°C, and then heat-treated at
700°C for 10 hours in air. The final body contained a’palladium concentration of 11.7g
per cubic foot of catalyst (palladium metal basis).

The three-way conversion activity of the catalyst was measured after high-
temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr™. The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies at stoichiometric gas

mixtures were measured as 96.5%, 97.8%, and 96.5% for NO, CO, and HC, respectively.

EXAMPLE 2

Preparation and Activity Testing of a Multi-Phase Catalyst

A solution with a cation ratio of Lno_ssrz‘oMno,gg.Pdo'lz was formed by combining
22.24g of a 27.0 wt% mixed lanthanide nitrate solution (commercially available as
lanthanum nitrate product code 5248 from Molycorp, Inc, Mountain Pass, California,
derived from a Bastnasite ore), 19.98g of strontium nitrate (Sr(NOs),), 10.48g of
manganese acetate (Mn(OAc),.4H,0), and 5.62g of 11.08 wt% palladium nitrate solution
(palladium metal basis) in 300cc of water. A cordierite honeycomb with 600 cells per
square inch that had been coated with a mixture of gamma-alumina and Ceg ¢sZr0 320, (in a
weight ratio of 3:1) was dipped in the solution and was blown free of excess solution. The
piece was dried in flowing air at room temperature, heat-treated in air at about 150° C, and
then heat-treated at 700°C for 10 hours in air. The final body contained a palladium
concentration (palladium metal basis) of 9.2g per cubic foot of catalyst.

The three-way conversion activity of the catalyst was measured after high-
temperafure aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr". The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 450°C. Three-way conversion efficiencies at stoichiometric gas

mixtures were measured as 96.1%, 95.8%, and 92.5% for NO, CO, and HC, respectively.
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EXAMPLE 3

Preparation and Activity Testing of a Multi-Phase Catalyst

A solution having a cation ratio of Ceg soLng goSr20Mng gsPdg 12 was formed by
combining 44.48g of a 27.0 wit% mixed lanthanide nitrate solution (commercially
available as lanthanum nitrate product code 5248 from Molycorp, Inc, Mountain Pass,
California, derived from a Bastnasite ore), 43.70g of 28.5 wt% cerium nitrate solution
(CeOz basis), 38.52g of strontium nitrate (Sr(NOs)z), 20.96g of manganese acetate
(Mn(OAc),.4H,0), and 10.44g of 11.08 wt% palladium nitrate solution (palladium metal
basis) in 300cc of water. A cordierite honeycomb with 600 cells per square inch that had
been coated with a mixture of gamma-alumina and Ceq 6sZr0.320; (total loading 185g/L, in
a weight ratio of 3:1) was dipped in the solution and was blown free of excess solution.
The piece was dried in flowing air at room temperature, heat-treated in air at about 150°C,
and then heat-treated at 700°C for 10 hours in air. The final body contained a palladium
concentration (palladium metal basis) of 19.3g per cubic foot of catalyst.

The three-way conversion activity of the catalyst was measured after high-
temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr”. The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies at stoichiometric gas

mixtures were measured as 99.1%, 98.8%, and 97.5% for NO, CO, and HC, respectively.
EXAMPLE 4

Preparation and Activity Testing of a Maulti-Phase Catalyst

A solution With a cation ratio of CeggolnggoSr2oMnggaPdgos was formed by
combining 44.48g of a 27.0 wi% mixed lanthanide nitrate solution (commercially
available as lanthanum nitrate product code 5248 from Molycorp, Inc, Mountain Pass,

California, derived from a Bastnasite ore), 43.70g of 28.5 wt% cerium nitrate solution
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(CeO, basis), 38.52g of strontium nitrate (Sr(NO3)y), 20.96g of manganese acetate
(Mn(OAc),.4H,0), and 5.22g of 11.08 wt% palladium )nitrate solution (palladium metal
basis) in 300cc of water. A cordierite honeycomb with 600 cells per square inch that had
been coﬁted with a mixture of gamma-alumina and Ceo¢8Zr03:02 (total loading 185g/L, in
a weight ratio of 3:1) was dipped in the solution and was blown free of excess solution.
The piece was dried in flowing air at room temperature, heat-treated in air at about 150° C,
and then heat-treated at 700°C for 10 hours in air. The final body contained a palladium
concentration (palladium metal basis) of 20.3g per cubic foot of catalyst.

The three-way conversion activity of the catalyst was measured after high-

_temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds

stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr™. The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies at stoichiometric gas
mixtures were measured as 99.2%, 99.1%, and 97.5% for NO, CO, and HC, respectively.
The results are plotted in Figure 2.

EXAMPLE 5

Preparation and Activity Testing of a Multi-Phase Catalyst

A solution with a cation ratio of CeggolinggeSraoMnggsPdy 2 was formed by
combining 44.48g of a 27.0 wi% mixed lanthanide nitrate solution (commercially
available as lanthanum nitrate product code 5248 from Molycorp, Inc, Mountain Pass,
California, derived from a Bastnasite ore), 43.70g of 28.5 wt% cerium nitrate solution
(CeO, basis), 38.52g of strontium nitrate (Sr(NOs);), 20.96g of manganese acetate
(Mn(OAc),.4H,0), and 10.44g of 11.08 wt% palladium nitrate solution (palladium metal
basis) in 300cc of water. A cordierite honeycomb with 600 cells per square inch that had
been coated with a mixture of gamma-alumina and Ceg24Zro 67120090 (total loading
185g/L, in a weight ratio of 1.5:1) was dipped in the solution and was blown free of excess
solution. The piece was dried in flowing air at room temperature, heat-treated in air at
about 150° C, and then heat-treated at 700°C for 10 hours in air. The final body contained

a palladium concentration (palladium metal basis) of 21.0g per cubic foot of catalyst.
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The three-way conversion activity of the catalyst was measured after high-
temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr". The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies at stoichiometric gas
mixtures were measured as 99.4%, 98.9%, and 96.9% for NO, CO, and HC, respectively.
This performance was similar to a commercial “tri-metal system” with total precious metal

loading of 280g per cubic foot of catalyst.
The following example describes the preparation of a bulk multi-phase catalyst.

EXAMPLE 6

Preparation and Activity Testing of a Bulk Multi-Phase Catalyst

A solution with a cation ratio of Cey soLngeoSro40MngosPdoes was formed by
combining mixed lanthanide nitrate solution (commercially available as lanthanum nitrate
product code 5248 from Molycorp, Inc, Mountain Pass, California, derived from a
Bastnasite ore), cerium nitrate solution, strontium nitrate, manganese acetate, and
palladium nitrate solution in water. The solution was dried in a drying oven at 110°C for
24 hours and then heat-treated at 400°C, and finally 800°C for 10 hours. The powder was
a two-phase mixture of ceria and perovskite, as shown by X-ray diffraction data, with an
overall specific surface area of 12 square meters per gram. The powder was mixed with
Ceo24Zros7L.a0.0900; and alumina in a ball-mill and was slurry-coated onto a 600-cell
cordierite honeycomb. The Pd concentration (palladium metal basis) was 18.0g per cubic
foot of catalyst after drying and high temperature heat treatment.

The three-way conversion activity of the catalyst was measured after high-
temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr™. The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies with at or near
stoichiometric gas mixtures were measured as 93.1%, 97.8%, and 97.5% for NO, CO, and

HC, respectively.
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EXAMPLE 7

Preparation and Activity Testing of a Multi-Phase Catalyst

‘A cordierite honeycomb with 600 cells per square inch was coated with a slurry
mixture of gamma-alumina and Ceo24Zro67L.20090; (in a weight ratio of 1.5:1). Prior to
coating, a solution made from mixed lanthanide nitrate solution (commercially available
as lanthanum nitrate product code 5248 from Molycorp, Inc, Mountain Pass, California,
derived from a Bastnasite ore), and strontium nitrate was added to the slurry. The amount
of lanthanide nitrate solution and strontium nitrate were such that the equivalent of 2g of
SrO and 2g Ln,O3 were added, relative to each 100g of the other solids present in the
slurry. The honeycomb was heated at 150°C (2 hours), 400°C (2 hours), and 750°C (4
hours). The washcoat loading was 185g/L..

A solution with a cation ratio of CegeslnoesSrisoMno72Pdo2s was formed by
combining 168.35g of a 27.0 wt% mixed lanthanide nitrate solution (commercially
available as lanthanum nitrate product code 5248 from Molycorp, Inc, Mountain Pass,
California, derived from a Bastnasite ore), 165.60g of 28.5 wt% cerium nitrate solution
(CeO; basis), 145.05g of strontium nitrate (Sr(NOs)z), 76.61g of manganese acetate
(Mn(OAc),.4H,0), and 110.99g of an 11.50 wt% palladium nitrate solution (palladium
metal basis) with water to form a solution with a total volume of 3.0L.

The wash-coated cordierite honeycomb was dipped in the solution and was blown
free of excess solution. The piece was dried, heat-treated at a low temperature, and then
heat-treated at 700°C for 4 hours in air. The final body contained a palladium
concentration (palladium metal basis) of 25.0g per cubic foot of catalyst.

The three-way conversion activity of the catalyst was measured after high-
temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr. The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies at stoichiometric gas
mixtures were measured as 97.5%, 98.9%, and 99.0% for NO, CO, and HC, respectively.

The following example describes the preparation of a single-phase catalyst.

31



WO 2011/068509 PCT/US2009/066411

10

I5

20

25

EXAMPLE 8

Preparation and Activity Testing of a Single-Phase Catalyst

‘In contrast to the above examples, the three-way catalyst of Example 8 did not
contain any excess Ce or Sr. It can be described as a single-phase perovskite having the
composition Lng goSro20Mng sgPdo 1203. The catalyst was formed by combining 22.24g of
a 27.0 wt% mixed lanthanide nitrate solution (commercially available as lanthanum nitrate
product code 5248 from Molycorp, Inc, Mountain Pass, California, derived from a
Bastnasite ore), 2.0g of strontium nitrate (Sr(NOs);), 10.48g of manganese acetate
(Mn(OAc),.4H,0), and 5.62g of 11.08 wt% palladium nitrate solution (palladium metal
basis) in 300cc of water. A cordierite honeycomb with 600 cells per square inch that had
been coated with a mixture of gamma-alumina and Ceo ¢sZro3:0: (in a weight ratio of 3:1)
was dipped in the solution and was blown free of excess solution. The piece was dried in
flowing air at room temperature, heat-treated in air at about 150°C, and then heat-treated at
700°C for 10 hours in air. The final body contained a palladium concentration (palladium
metal basis) of 19.6g per cubic foot of catalyst.

The three-way conversion activity of the catalyst was measured after high-
temperature aging at 1000°C for 10 hours in a fuel-cut gas chemistry (56 seconds
stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr". The activity performance
measurements were carried out in a perturbed feedstream with a 1.0Hz frequency and a
0.4A/F amplitude at 500°C. Three-way conversion efficiencies at stoichiometric gas
mixtures were measured as 89.3%, 92.8%, and 91.5% for NO, CO, and HC, respectively.
The results are plotted in Figure 3. The performance of the single-phase catalyst of
Example 8 was significantly poorer than that of the multi-phase catalysts described in the
previous examples.

Examples 9 and 10 describe the preparation of multi;phase catalysts without and

with an overlayer.
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EXAMPLE 9

Preparation of a Multi-Phase Catalyst

A solution of cation ratio of Ceg goLng soSr2.00Mnig soPdp 35 was formed by combining
1549g of a 27.0% mixed lanthanide nitrate solution (commercially available as lanthanum
nitrate product code 5248 from Molycorp, Inc, Mountain Pass, California, derived from a
Bastnasite ore), 1485g of 28.5 wt% cerium nitrate solution (on the basis of Ce0,), 1342g
of strontium nitrate (St(NOs),), 699.5g of manganese acetate (Mn(OAc),.4H,0), 2166g of
malic acid, and 952.4g of 12.4 wt% palladium nitrate solution (on the basis of palladium
metal). The solution was diluted with deionized water to a volume of 20:1. A cordierite
honeycomb with 600 cells per square inch was coated with 135.3g of washcoat formed
from a 1.5:1 suspension of alumina and Ceo24Zro 671200502 with sufficient Sr(NO;), and
mixed lanthanide nitrate to form the equivalent of 2g of SrO and 2g of lanthanide
oxide/lOOg of the other solids in the slurry. The coated honeycomb was dipped in the
solution and blown free of excess solution. The piece was dried in flowing air at room
temperature, heat-treated in air at about 150° C, and was then heat-treated at 700°C for 4
hours in air. The final body contained 27.9 grams of palladium per cubic foot of catalyst
(on the basis of palladium metal).

The following example describes the preparation of a multi-phase catalyst with an

overlayer containing platinum and rhodium.
EXAMPLE 10

Preparation of a Multi-Phase Catalyst with an

Overlayer Containing Platinum and Rhodium

A solution of cation ratio of Ceg gol.ng goSr2 00Mng 9oPdg 35 was formed by combining
242 9g of a 27.0% mixed lanthanide nitrate solution (commercially available as lanthanum
nitrate product code 5248 from Molycorp, Inc, Mountain Pass, California, derived from a
Bastnasite ore), 232.8g of 28.5 wi% cerium nitrate solution (on the basis of Ce0,), 210.4g
of strontium nitrate (Sr(NO;),), 109.7g of manganese acetate (Mn(OAc),.4H,0), and
161.0g of 11.5 wt% palladium nitrate solution (on the basis of palladium metal) in 300cc

of water. A cordierite honeycomb with 600 cells per square inch which had been coated

33



WO 2011/068509 PCT/US2009/066411

10

15

20

25

with 133g of washcoat formed from a mixture of gamma-alumina and Ceo6sZr0320; (in 2
weight ratio of 1.5:1) with the equivalent of 2% SrO and Ln;O3 was dipped in the solution
and was blown free of excess solution. The piece was dried in flowing air at room
temperature, heat-treated in air at about 150°C, and was then heat-treated at 700°C for 10
hours in air to form a multi-phase catalyst. The final body contained 28 grams of
palladium per cubic foot of catalyst (on the basis of palladium metal).

A total of 10.805 g of rhodium chloride (40.0 wt% rhodium, on a metal basis) was
dissolved in 30g of deionized water. The rhodium chloride solution was combined with
43.657g of 9.90 wt% aqueous dinitrodiammineplatinum (II) (platinum metal basis). The
solution was added to 3873g of an aqueous slurry containing 42.9% Ceo.24Zro.671.29.090
solids. The combination was thoroughly milled in a ball mill. The milled slurry was
coated as an overlayer onto the multi-phase catalyst. The catalyst with the overlayer was
dried in flowing air at ambient conditions for 4 hours. The dried catalyst was heat-treated
at 150°C for 1 hour and 550°C for 2 hours. The overlayer loading was 55g/L. The
catalyst contained 4.05g of platinum and 4.05g of rhodium per cubic foot of catalyst.

The activities of the multi-phase catalysts of Examples 9 and 10, with and without

an overlayer, are compared in the following example.
EXAMPLE 11

Comparison of Three-Way Activities of
Multi-Phase Catalysts With and Without Overlayers

The three-way conversion activities of the multi-phase catalysts of Examples 9 and
10 were measured after high-temperature aging at 1000°C for 10 hours in a fuel-cut gas
chemistry (56 seconds stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr"" The
activity performance measurements were carried out in oscillating light-off tests with a
perturbed feed stream with a 1.0Hz frequency and a 0.4A/F amplitude in a temperature
range of 275-400°C. The Tsp temperatures for NO, CO, and HC, as well as the threc-wéy
conversion activities at 400°C for stoichiometric or near-stoichiometric mixtures for NO,

CO, and HC are shown in Table 1 below.
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Table 1

Three-Way Conversion Activities of Multi-Phase
Catalysts With and Without Overlayers

Tso (°C) Conversion at 400° C

Catalyst Pt/Rh NO CcO HC | NO CO HC
Overlayer

Example 9 No 366 309 334 | 68.2 94.8 88.8

Example 10 Yes 364 314 336 | 91.0 98.9 93.4

The catalyst of Example 10 with the platinum/rhodium overlayer had significantly
higher activity than the catalyst of Example 9 without an overlayer, particularly for NO
conversion, as shown by the 400°C conversion data. The NO conversion at 400°C was
91.0% for the catalyst of Example 10 with the overlayer compared to 68.2% for the
catalyst of Example 9 without an overlayer. Adding the overlayer containing platinum
and rhodium therefore significantly increased the catalyst activity for NO conversion.

EXAMPLE 12

Preparation of a Multi-Phase Catalyst

A multi-phase catalyst similar to the catalyst of Example 9 was prepared, except
that a different alumina was used in the washcoat. The alumina in the washcoat of
Example 9 had an average pore diameter of approximately 8 nm, while the alumina used
to prepare the washcoat of the multi-phase catalyst of Example 12 had an average pore
diameter of approximately 20 nm. '

The final catalyst contained 24.9 grams of palladium per cubic foot of catalyst (on
the basis of palladium metal).

The following example describes the preparation of a multi-phase catalyst with an
overlayer containing platinum and rhodium. The overlayer contains both a cerium oxide

based material and alumina.

EXAMPLE 13
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Preparation of a Multi-Phase Catalyst with an Overlaver Containing

Ceo24Zr066L.2004Y 0.060; , Alumina, Platinum and Rhodium
A catalyst similar to the catalyst of Example 12 was prepared. The catalyst

contained 25 .25g of palladium per cubic ft of catalyst (measured as palladium metal).

An aqueous slurry was formed by adding a mixture of a 1 : 1.5 weight ratio of the
same alumina that was used to form the washcoat in Example 12 and
Ceo 247106618004 Y0002 Sufficient strontium nitrate and lanthanum concentrate nitrate
were added to the slurry to form the equivalent of 2 wt% SrO and 2 wt% LnO on the
overlayer.

The combination was thoroughly milled in an attrition mill. Aqueous solutions of
rhodium nitrate and platinum nitrate were added to the milled slurry. The slurry was
coated as an overlayer onto the multi-phase catalyst. The catalyst with the overlayer was
dried in flowing air at ambient conditions for 4 hours. The dried catalyst was heat-treated
at 150°C for 1 hour and 550°C for 2 hours. The overlayer loading was 65.4 g/L.. The
catalyst contained 4.07g of platinum and 4.07g of rhodium per cubic foot of catalyst.

The activities of the multi-phase catalysts of Examples 12 and 13, with and without

an overlayer, are compared in the following example.

EXAMPLE 14

Comparison of Three-Way Activities of
Multi-Phase Catalysts With and Without Overlayers

The three-way conversion activities of the multi-phase catalysts of Examples 12
and 13 were measured after high-temperature aging at 980°C for 40 hours in a fuel-cut gas
chemistry (56 seconds stoichiometric, 4s A/F ~20) at a space velocity of 100,000hr™. The
activity performance measurements were carried out in oscillating conversion tests with a
perturbed feed stream with a 1.0Hz frequency and a 0.4A/F amplitude at a temperature of
400°C. The three-way conversion activities at 400°C for near-stoichiometric mixtures for

NO, CO, and HC at a space velocity of 100,000 hr! are shown in Table 2 below.
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Table 2

Three-Way Conversion Activities of Multi-Phase

Catalysts With and Without Overlayers

Conversion at 400° C

Catalyst Pt/Rh NO CO HC
Overlayer

Example 12 No 65.3 972 85.0

Example 13 Yes 873 99.0 88.9

The catalyst ~of  Example 13 with  the  platinum/rhodium
alumina/Ceo 24Zro 6612004 Y00s02 overlayer had significantly higher activity than the
catalyst of Example 12 without an overlayer, particularly for NO conversion. The NO
conversion at 400°C was 87.3% for the catalyst of Example 13 with the overlayer
compared to 65.3% for the catalyst of Example 12 without an overlayer. Adding the
overlayer containing platinum and rhodium therefore significantly increased the catalyst

activity for NO conversion.

EXAMPLE 15

Preparation and Testing of a Multi-Phase Catalyst

with an Overlayer Containing Rhodium
An aqueous solution of rhodium nitrate is combined with an aqueous slurry of

Ceo 2471067129090, solids. The combination is thoroughly milled in a ball mill and is
coated on the multi-phase catalyst of Example 1. The catalyst with the overlayer is dried
in flowing air at ambient conditions for 4 hours. The dried catalyst is heat-treated at
150°C for 1 hour and 550°C for 2 hours. The multi-phase catalyst with the overlayer
containing rhodium is expected to be an effective three-way catalyst with higher activity

than the catalyst of Example 1, which does not have an overlayer containing rhodium.
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EXAMPLE 16

Preparation and Testing of a Multi-Phase Catalyst with an Overlayer
Containing Platinum/ALO; and Rhodium/Ceg24Zrg 6712000

An aqueous solution of rhodium nitrate is combined with an aqueous slurry of

alumina. An aqueous solution of platinum nitrate is combined with an aqueous slurry of
Cep24Zr067Lag0902. The two slurries are combined and are thoroughly milled in a ball
mill. The combined slurries are coated on the multi-phase catalyst of Example 2. The
catalyst with the overlayer is dried in flowing air at ambient conditions for 4 hours. The
dried catalyst is heat-treated at 150°C for 1 hour and 550°C for 2 hours. The multi-phase
catalyst with the overlayer containing platinum/alumina and rhodium/Cey 24Zro 671800902
is expected to be an effective three-way catalyst with higher activity than the catalyst of
Example 2, which does not have an overlayer containing platinum/alumina and

rhodium/Ceg 24Zro 6780 0903.
EXAMPLE 17

Preparation and Testing of a Multi-Phase Catalyst with an Overlayer
Containing Platinum and Rhodium on ALO; and Ceg 34706712000
An aqueous solution of rhodium nitrate and platinum nitrate is combined with an
aqueous slurry of alumina and Ceg47rg 67129 0502. The Sluny is thoroughly milled in a
ball mill and is coated on the multi-phase catalyst of Example 3. The catalyst with the
overlayer is dried in flowing air at ambient conditions for 4 hours. The dried catalyst is

heat-treated at 150°C for 1 hour-and 550°C for 2 hours. The multi-phase catalyst with the

overlayer containing platinum and rhodium on alumina and Ceg24ZrogLage0; is
expected to be an effective three-way catalyst with higher activity than the catalyst of

Example 3, which does not have an overlayer containing platinum and rhodium.
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EXAMPLE 18

Preparation and Testing of a Multi-Phase Catalyst with an Underlayer
‘Containing Platinum and Rhodium on ALO3 and Ceg 2471 67L.2000;

An aqueous solution of rhodium nitrate and platinum nitrate is combined with an
aqueous slurry of alumina and Ceg24Zro67L290902. The slurry is thoroughly milled in a
ball mill and is coated on a cordierite honeycomb substrate. The coated honeycomb is
dried in flowing air at ambient conditions for 4 hours and is heat-treated at 150°C for 1
hour and 550°C for 2 hours.

A solution with a cation ratio of Ceg goLng g0Sr2oMng 94Pdp o5 is formed according to
the method of Example 4. A slurry is formed by combining the solution with a mixture of
gamma-alumina and CeggsZr93,0;. The slurry is coated onto the honeycomb support to
form an underlayer containing platinum and rhodium. The piece is dried in flowing air at
room temperature, heat-treated in air at about 150° C, and then heat-treated at 700°C for
10 hours in air. The catalyst with the underlayer containing platinum and rhodium is
expected to be an effective three-way catalyst with higher activity than the catalyst of
Example 4, which does not have an underlayer containing platinum and rhodium.

In the following example, palladium is impregnated into the catalyst composition

after the multi-phase catalyst is formed.

EXAMPLE 19

Preparation of a Multi-Phase Catalyst With Impregnated Palladium

A solution of cation ratio of Ceggol.ngsoSragoMn;go is formed. A cordierite

honeycomb with 600 cells per square inch is coated with a washcoat formed from a 1.5:1
suspension of alumina and Ceg24Zro67Lag 000, with sufficient Sr(NOs), and mixed
lanthanide nitrate to form thé equivalent of 2g of SrO and 2g of lanthanide oxide/100g of
the other solids in the slurry. The coated honeycomb is dipped in the solution and is
blown free of excess solution. The piece is dried in flowing air at room temperature, is
heat-treated in air at about 150° C, and is then heat-treated at 700°C for 4 hours in air. The

resulting multi-phase catalyst composition does not contain palladium.
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An aqueous solution of palladium nitrate is prepared and is impregnated into the
multi-phase catalyst composition. The impregnated catalyst is dried in flowing air at room
temperature, is heat-treated in air at 700°C for 4 hours in air. The multi-phase catalyst
with impregnated palladium is expected to be an effective three-way catalyst with greater
activity than the corresponding multi-phase catalyst that does not contain palladium.

EXAMPLE 20

Preparation and Testing of a Multi-Phase Catalyst with
an Overlayer Containing Platinum on ALOs

An aqueous solution of platinum nitrate is combined with an aqueous slurry of
afumina. The slurry is thoroughly mitled in a ball miil and is coated on the multi-phase
catalyst of Example 3. The catalyst with the overlayer is dried in flowing air at ambient
conditions for 4 hours. The dried catalyst is heat-treated at 150°C for 1 hour and 550°C
for 2 hours. The multi-phase catalyst with the alumina overlayer containing platinum on
alumina is expected to be an effective three-way catalyst with higher activity than the
catalyst of Example 3, which does not have an overlayer containing platinum on alumina.

The present invention may be embodied in other specific forms without departing
from its essential characteristics. The described embodiment is to be considered in all
respects only as illustrative and not as restrictive. The scope of the present invention is,
therefore, indicated by the appended claims rather than by the foregoing description. All
changes which come within the meaning and range of the equivalence of the claims are to

be embraced within their scope.
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WHAT IS CLAIMED IS:
1. A multi-ﬁhase catalyst for simultaneous conversion of oxides of nitrogen, carbon
monoxide, and hydrocarbons represented by the general formula:
CeyLny xAx+sMO;,
wherein:

A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof;

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a mixture of artificial
lanthanides;

M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti, and any combination thereof;,

x is a number defined by 0 <x < 1.0;

y is a number defined by 0 <y < 10;

s is a number defined by 0 <s < 10; and

zis a number defined by z >0,

where s=0 only when y>0 and y=0 only when s>0.

2. The multi-phase catalyst of claim 1, wherein said multi-phase catalyst comprises a
perovskite phase and a non-perovskite phase.

3. The multi—phése catalyst of claim 2, wherein the perovskite phase is represented by
a general formula Ln; «AMO;.

4. The multi-phase catalyst of claim 3, wherein the perovskite phase has a cation
formula selected from the group consisting of Lng gSro2Mno ssPdo 12, Lng §Sro2Mng9aPdo o6,
Litg 60Sr0.40Mng.95Pdo 05, Lig 64Sr0.36Mno 72Pdp 28, and Ling goSro.20Mnp.6sPdo 3.

5. The multi-phase catalyst of claim 2, wherein the non-perovskite phase is selected
from the group consisting of cerium oxide, an alkaline earth oxide represented by a
formula AQ, an alkali oxide represented by the formula A3O, an alkaline earth carbonate,
and any combination theréof.

6. The multi-phase catalyst of claim 5, wherein the non-perovskite phase is cerium

oxide.

41



WO 2011/068509 PCT/US2009/066411

10

15

20

25

30

7. The multi-phase catalyst of claim 5, wherein the non-perovskite phase is an
alkaline earth oxide represented by a formula AO. |

8. The multi-phase catalyst of claim 7, wherein the alkaline earth oxide is SrO.

9. The multi-phase catalyst of claim 5, wherein the multi-phase catalyst comprises a
first non-perovskite phase of cerium oxide, and a second non-perovskite phase of an
alkaline earth oxide represented by a formula of AO.

10.  The multi-phase catalyst of claim 9, wherein the alkaline earth oxide is SrO.

11.  The multi-phase catalyst of claim 10, wherein the perovskite phase has a cation
formula selected from the group consisting of LngesSro3sMno72Pdo2s and

Lng g0Sro20Mno 6sPdo 3.
12.  The multi-phase catalyst of claim 1, wherein Ln is obtained from lanthanum

concentrate.

13.  The multi-phase catalyst of claim 1, wherein Ln is a mixture of elements originally
in the form of single-phase mixed lanthanides collected from bastnasite.

14.  The multi-phase catalyst of claim 1, wherein z is approximately 2y-1/2x+s+3.

15. A catalyst composition, comprising:

(a) a substrate;

(b) a washcoat; and

©) a multi-phase catalyst represented by the general formula:

CeyLn;xAx+sMO;,
wherein:

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a mixture of artificial
lanthanides;

A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof;

M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti, and any combination thereof;

x is a number defined by 0 <x < 1.0;

y is a number defined by 0 <y < 10;
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s is a number defined by 0 <s < 10; and
z is a number defined by z >0,
-where s=0 only when y>0 and y=0 only when s>0.
16. The catalyst composition of claim 15, wherein the substrate is a metal or ceramic

honeycomb support.
17.  The catalyst composition of claim 15, wherein the washcoat comprises alumina

and a cerium oxide-based material.
18.  The catalyst composition of claim 15, wherein the alumina is gamma-alumina.
19.  The catalyst composition of claim 15, wherein the cerium oxide-based material is
selected from the group consisting of Ce.aZr:02.51 and Ceic.aZrLaniOs.5, wherein
0<ac<l;
Lan is at least one rare earth selected from the group consisting of Y, La,
Pr, Nd, Sm, Eu, and Yb;
c>0.15;
0.15>d>0.01;
and
81 and 82 are oxygen deficiencies.
20.  The catalyst composition of claim 19, wherein the cerium oxide-based material is
selected from the group consisting of Ceo 6sZ10.3202 and Ceg 24Zro 671.80.090:-
21.  The catalyst composition of claim 17, wherein the washcoat comprises gamma-
alumina, Ceo 24Zr0 671800902, StO, and Lnz0s.
22.  The catalyst composition of claim 15, wherein the multi-phase catalyst comprises a
perovskite phase and a non-perovskite phase.
23.  The catalyst composition of claim 22, wherein the perovskite phase is represented
by a general formula of Ln;xA,MO;.
24.  The catalyst composition of claim 23, wherein the perovskite phase has a cation
formula selected from the group consisting of Lng gSro2Mng gsPdg 12, Lno §Sro 2Mng.94Pdo o6,
Ling St 40Mng 95Pdo o5, Liio.4Sr0.36Mnio.72Pdo 28, and Ling 8oSro20Mng ¢sPdo 3s.
25.  The catalyst composition of claim 22, wherein the non-perovskite phase is selected

from the group consisting of cerium oxide, an alkaline earth oxide represented by a
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formula AO, an alkali oxide represented by the formula A;0, an alkaline earth carbonate,
and any combination thereof.
26. - The catalyst composition of claim 25, wherein the non-perovskite phase is cerium
oxide.
27. The catalyst composition of claim 25, wherein the non-perovskite phase is an
alkaline earth oxide represented by a formula of AO.
28.  The catalyst composition of claim 27, wherein the alkaline earth oxide is SrO.
29.  The catalyst composition of claim 25, comprising a first non-perovskite phase of
cerium oxide, and a second non-perovskite phase of SrO.
30. The catalyst composition of claim 29, wherein the perovskite phase has a cation
formula selected from the group consisting of Lng gSro 2Mng gsPdy 12, Ling 8Sro2Mng 94Pdo 06,
Lng 60Sro 40Mig 9sPdg 05, Ling 64510 36Mng 72Pdo 28, and Ling goSro.20Mnog 6sPdo 35.
31.  The catalyst composition of claim 15, further comprising at least one precious
metal component selected from the group consisting of platinum, rhodium, palladium,
iridium, ruthenium, osmium, and silver.
32.  The catalyst composition of claim 31, wherein said at least one precious metal
component is introduced into said catalyst composition by impregnating said catalyst
composition with a solution of a water-soluble salt of said at least one precious metal
component. '
33.  The catalyst composition of claim 15, further comprising at least one base metal.
34.  The catalyst composition of claim 33, wherein said at least one base metal is
introduced into said catalyst composition by impregnating said catalyst composition with a
water solution of a water-soluble salt of said at least one base metal or by co-mulling at
least one compound comprising said at least one base metal with at least one component of
said catalyst composition. -
35.  The catalyst composition of claim 15, further comprising a layer comprising as a
non-precious metal component a cerium oxide-based material with the formula:
Ce1.caZrLangO; 57, where:
Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;
c>0.15;0.15>d>0.01; and
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where the cerium oxide-based material has the fluorite crystal structure.
36.  The catalyst composition of claim 35, wherein said layer is an overlayer.
37.  The catalyst composition of claim 35, wherein said layer further comprises at least
one precious metal component selected from the group consisting of palladium, platinum,
and rhodium.
38.  The catalyst composition of claim 35, wherein said layer comprises platinum and
rhodium precious metal components.
39.  The catalyst composition of claim 35, wherein said layer comprises a rhodium
precious metal component.
40.  The catalyst composition of claim 37, wherein said layer further comprises
alumina as a non-precious metal component.
41.  The catalyst composition of claim 40, wherein a weight ratio of said alumina to
said cerium oxide-based material in said layer is between approximately 0.1:1 and
approximately 1:0.4.
42.  The catalyst composition of claim 37, wherein said at least one precious metal
component is introduced into said layer by combining at least water-soluble salt of said at
least one precious metal component with at least one non-precious metal component of
said layer.
43.  The catalyst composition of claim 42, wherein said at least one water-soluble salt
is selected from the group consisting of platinum nitrate and rhodium nitrate.
44.  The catalyst composition of claim 42, wherein said at least one water-soluble salt
is selected from the group consisting of platinum nitrate and rhodium chloride.
45.  The catalyst composition of claim 38, wherein a weight ratio of the platinum
precious metal component to the rhodium precious metal component in said layer is
between about 0.3:1 and about 3:1.
46.  The catalyst composition of claim 38, wherein a weight ratio of the platinum
precious metal component to the rhodium precious metal component in said layer is

approximately 1:1.
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47.  The catalyst composition of claim 38, wherein-a loading of said layer in said
catalyst composition is more than about 20 g/liter and lesé than about 130 g/liter.
48.  The catalyst composition of claim 38, wherein a loading of said platinum precious
metal component in said catalyst composition is between about 1 g/f and about 10 g/ft’
5  and a loading of said rhodium precious metal component in said catalyst composition is
between about 2 g/f® and about 8 g/ft’.
49. A method of making a catalyst composition, the method comprising the steps of:
providing a substrate;
providing at least one carrier material for forming a washcoat on the
10 substrate;
providing a solution for forming a multi-phase catalyst supported by the
substrate, wherein the solution has a general cation formula of
Ce,Ln;.Ax+sM, wherein: »
Ln is a single lanthanide, a mixture of artificial lanthanides, or a mixture of
15 elements originally in the form of single-phase mixed lanthanides collected from
natural ores;
A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof; and
M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
20  Zr, Pt, Pd, Rh, Ru, Ag, Ay, Al, Ga, Mo, W, Ti and any combination thereof;
x is a number defined by 0 <x < 1.0;
y is a number defined by 0 <y < 10;
s is a number defined by 0 <s <10, and
z is a number defined by z>0,
25 ‘ where 5=0 only when y>0 and. y=0 only when s>0;
and '
(d) forming the catalyst composition comprising the substrate, the washcoat,
and the multi-phase catalyst.

50.  The method of claim 49, wherein step (d) comprises:
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(@  slurry depositing the carrier material onto the substrate to form a layer of
washcdat;
‘()  impregnating the solution into the washcoat; and
(©) calcining the substrate, washcoat, and the impregnated solution to form the
multi-phase catalyst on the substrate.
51.  The method of claim 49, wherein step (d) comprises:
(a) forming the multi-phase catalyst in a bulk form from the solution;
(b)  forming a slurry suspension of the carrier material and the bulk multi-phase
catalyst; and(
(¢)  depositing the slurry suspension onto the substrate to form the multi-phase
catalyst on the substrate. '
52.  The method of claim 51, wherein forming said multi-phase catalyst in a bulk form
comprises calcining said solution.
53.  The method of claim 50, further comprising drying the washcoat and impregnated
solution before calcining.
54. The method of claim 51, wherein forming said multi-phase catalyst in a bulk form
comprises co precipitating a multi-phase catalyst precursor from said solution and
calcining said multi-phase catalyst precursor.
55. The method of claim 54, wherein co precipitating said multi—phase catalyst
precursor comprises contacting said solution with oxalic acid.
56.  The method of claim 49, wherein step (d) comprises
(2) impregnating the solution onto the carrier material;
(b)  calcining the carrier material impregnated with the solution to form the
multi-phase catalyst in the form of a dispersed multi-phase catalyst on the carrier
material; and
(© shurry depositing the carrier material with the dispersed multi-phase catalyst
onto the substrate to form the multi-phase catalyst on the substrate.

57.  The method of claim 49, wherein the substrate is a metal or ceramic honeycomb

support.
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58.  The method of claim 49, wherein more than on¢ carrier material is provided, and
wherein the washcoat comprises alumina and a cerium oxide-based material.
59. The method of claim 58, wherein the alumina is gamma-alumina.
60. The method of claim 58, wherein the cerium oxide-based material is selected from
the group consisting of Ce;,Zr,O251 and CecaZrLangO;.52, wherein

0<a<l;

Lan is at least one rare earth selected from the group consisting of Y, La,

Pr, Nd, Sm, Eu, and Yb; |

c>0.15;

0.15>d> 0.01;

and

51 and 52 are oxygen deficiencies.
61.  The method of claim 60, wherein the cerium oxide-based material is selected from
the group consisting of CeysZr03202 and Cep24Zro 67L.a0,090>.
62. The method of claim 58, wherein the washcoat comprises gamma-alumina,
Ceo 24210 671.20.0902, SrO, and LnyO;.
63. The method of claim 49, wherein the multi-phase catalyst comprises a perovskite
phase and a non-perovskite phase. '
64.  The method of claim 63, wherein the perovskite phase is represented by a general
formula of L A, MOs.
65. The method of claim 63, wherein the perovskite phase has a cation formula
selected from the group consisting of LnggSre2MnggsPdg 2, LnggSro2MngesPdogs,
Lng 60Sr0.40Mno 95Pdo 05, Ling 64Sr0.36Mng 72Pdo 23, and Lng goSto20Mng 6sPdo 3.
66. The method of claim 63, wherein the non-perovskite phase is selected from the
group consisting of cerium oxide, an alkaline earth oxide represented by a formula of AO,
an alkali oxide represented by the formula A,O, an alkaline earth carbonate, and any
combination thereof.
67. The method of claim 66, wherein the non-perovskite phase is cerium oxide.
68. The method of claim 64, wherein the non-perovskite phase is an alkaline earth

oxide represented by a formula of AO.
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69.  The method of claim 66, wherein the alkaline eart!l oxide is SrO.
70.  The method of claim 66, wherein the non-perovékite phase comprises a first non-
perovskite phase of cerium oxide, and a second non-perovskite phase of SrO.
71.  The method of claim 49, further comprising forming a layer on said catalyst
composition, wherein said layer comprises as a non-precious metal component a cerium
oxide-based material with the formula:

Ceic.qZrLangOy 5, where:

Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;

¢>0.15; 0.15>d>0.01; and

82 is an oxygen deficiency.

where the cerium oxide-based material has the fluorite crystal structure.
72.  The method of claim 71, wherein said layer is an overlayer.
73.  The method of claim 71, wherein said layer further comprises at least one precious
metal component selected from the group consisting of palladium, platinum, and rhodium.
74.  The method of claim 71, wherein said layer further comprises at least one precious
metal component selected from the group consisting of platinum and rhodium.
75.  The method of claim 73, wherein said layer further comprises alumina as a non-
precious metal component.
76. The method of claim 75, wherein a weight ratio of said alumina to said cerium
oxide-based material is between approximately 0.1:1 and approximately 1: 0.4.
77.  The method of claim 75, wherein said precious metal component is introduced into
said layer by impregnating a solution of at least water-soluble salt of said at least one
precious metal component into at least one non-precious metal component of said layer.
78.  The method of claim 77, wherein said at least one water-soluble salt is selected
from the group consisting of platinum nitrate and rhodium nitrate.
79.  The method of claim 77, wherein said at least one water-soluble salt is selected
from the group consisting of platinum nitrate and rhodium chloride.
80. The method of claim 74, wherein a weight ratio of a platinum precious metal
component to a rhodium precious metal component in said layer is between about 0.3:1

and about 3:1.
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81. The method of claim 74, wherein a weight ratio of a platinum precious metal
component to a rhodium precious metal component in said layer is about 1:1.
82. The method of claim 71, wherein a loading of said layer in the catalyst
composition is between about 20 g/liter and about 130 g/liter.
83.  The method of claim 74, wherein a loading of said platinum precious metal
component on said catalyst composition is between about 1 g/f® and about 10 g/ianda
loading of said rhodium precious metal component in said catalyst composition is between
about 2 g/ft> and about 8 g/ft.
84. A method for simultaneous conversion of oxides of nitrogen, carbon monoxide,
and hydrocarbons in motor vehicle exhaust comprising:
(@)  providing a catalyst composition, wherein said catalyst composition comprises:

(a) a substrate;

(b)  awashcoat; and

(©) a multi-phase catalyst represented by the general formula:

CeyLinixAxesMO,

wherein:

Ln is a mixture of elements originally in the form of single-phase mixed
lanthanides collected from natural ores, a single lanthanide, or a mixture of artificial
lanthanides;

A is an element selected from the group consisting of Mg, Ca, Sr, Ba, Li, Na, K,
Cs, Rb, and any combination thereof;

M is an element selected from the group consisting of Fe, Mn, Cr, Ni, Co, Cu, V,
Zr, Pt, Pd, Rh, Ru, Ag, Au, Al, Ga, Mo, W, Ti, and any combination thereof;

x is a number defined by 0 <x <1.0;

y is a number defined by 0 <y < 10;

s is a number defined by 0 <s < 10; and

z is a number defined by z >0,

where s=0 only when y>0 and y=0 only when s>0;

and

(b) contacting said exhaust with said catalyst composition.
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85.  The method of claim 84, wherein said contacting is at a temperature of at least

150° Centigrade and at approximately one atmosphere pressure.
86. The method of claim 84, wherein said catalyst composition further comprises a
layer comprising a cerium oxide-based material with the formula:
CeycaZrLangO,.5, where:
Lan is at least one of Y, La, Pr, Nd, Sm, Eu, Gd, Ho, or Yb;
¢>0.15;0.15>d> 0.01; and
82 is an oxygen deficiency.
where the cerium oxide-based material has the fluorite crystal structure.
87. The method of claim 86, wherein said layer is an overlayer.
88.  The method of claim 86, wherein said layer further comprises at least one precious

metal component selected from the group consisting of palladium, platinum, and rthodium.

89. The catalyst composition of claim 15, further comprising a layer comprising

alumina as a non-precious metal component.

90.  The catalyst composition of claim 89, wherein said layer further comprises

platinum as a precious metal component.
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