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WASHCOATS AND COATED SUBSTRATES FOR CATALYTIC CONVERTERS AND

METHODS OF MAKING AND USING SAME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority benefit of United States Provisional Patent Application

No. 61/858,551 filed July 25, 2013. The entire contents of that application are hereby

incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present invention relates to the field of catalysts. More specifically, the present

invention relates to nanoparticle catalysts, catalytic converter washcoats, and catalytic converters

formed from such washcoats.

BACKGROUND OF THE INVENTION

[0003] A significant portion of pollutant gases emitted by internal combustion engines are

produced when the engine is initially started ("cold-start"), but before the catalytic converter in the

emissions system has warmed up to its operating temperature. In order to reduce harmful

emissions during the cold-start phase, such as that of a light-duty diesel vehicle (for example, an

automobile or light truck), washcoats that contain zeolites can be used to coat the substrate used in

the catalytic converter of the vehicle. These zeolites act as a temporary storage area for the

pollutants carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx) during the

cold-start period, when the catalytic converter is still cold. After the catalytic converter heats up to

its operating temperature, known as the light-off temperature, the stored gases are released and

subsequently decomposed by the catalytically active material on the substrate.

[0004] A high light-off temperature is undesirable, as many vehicular trips are of short duration,

and during the time required for the catalytic converter to reach its operating temperature (that is,

the light-off temperature), pollutants must either be released untreated to the environment, or

stored in the exhaust system until the light-off temperature is reached. Even if pollutants are

trapped effectively prior to light-off, the catalytic converter may not reach operating temperature

if multiple successive short trips are made, and the zeolites used for storage may become

saturated, again resulting in release of pollutants to the environment.



[0005] Commercially available catalytic converters use platinum group metal (PGM) catalysts

deposited on substrates by wet chemistry methods, such as precipitation of platinum ions and/or

palladium ions from solution onto a substrate. These PGM catalysts are a considerable portion of

the cost of catalytic converters. Accordingly, any reduction in the amount of PGM catalysts used

to produce a catalytic converter is desirable. Commercially available catalytic converters also

display a phenomenon known as "aging," in which they become less effective over time; the

light-off temperature starts to rise as the catalytic converter ages, and emission levels also start to

rise. Accordingly, reduction of the aging effect is also desirable, in order to prolong the efficacy of

the catalytic converter for controlling emissions.

SUMMARY OF THE INVENTION

[0006] The disclosed catalysts and washcoats may provide, among other advantages, catalytic

converters with significantly reduced light-off temperatures, especially in comparison to aged

commercially available catalysts prepared using only wet-chemistry methods, while using the

same amount or less of platinum group metal. Alternatively, the described catalysts and

washcoats may reduce the amount of platinum group metal used to attain the same light-off

temperature as aged commercially available catalysts prepared using only wet-chemistry methods.

Thus, improved performance of the emission control system (that is, reduced emissions of one or

more regulated pollutant), and/or reduced cost of the emission control system may be attained, as

compared to catalytic converters prepared using only the previous wet-chemistry methods.

[0007] As described herein, catalytic converters having a reduced light-off temperature and/or

reduced platinum group metal loading requirements may be produced by utilizing catalytically

active powder comprising one or more plasma-generated catalyst components, and by separating

the catalytically active powder comprising one or more plasma-generated catalyst components

from the high concentration of zeolites, wherein the high concentration of zeolites is in a different

coating layer than the catalytically active powder comprising one or more plasma-generated

catalyst components. One embodiment, for example, is a multi-layer washcoat wherein the high

concentration of zeolites is used in a first coating layer, while the catalytically active powder

comprising one or more plasma-generated catalyst components is used in a second coating layer.

Optionally, a corner-fill washcoat is applied to the substrate prior to application of subsequent

washcoats.



[0008] In some embodiments, the invention comprises a coated substrate comprising a

substrate; a washcoat layer comprising zeolite particles; and a washcoat layer comprising

catalytically active particles comprising one or more plasma-generated catalyst components;

wherein the catalytically active particles comprise composite nanoparticles bonded to

micron-sized carrier particles, and the composite nanoparticles comprise a support nanoparticle

and a catalytic nanoparticle. The composite nanoparticle can be plasma-generated, that is,

produced by a plasma process. In another embodiment of the coated substrate, the washcoat layer

comprising zeolite particles is formed on top of the washcoat layer comprising catalytically active

particles comprising one or more plasma-generated catalyst components. In another embodiment

of the coated substrate, the washcoat layer comprising catalytically active particles comprising

one or more plasma-generated catalyst components is formed on top of the washcoat layer

comprising zeolite particles. In any of the foregoing embodiments of the coated substrate, the

catalytic nanoparticles comprising one or more plasma-generated catalyst components comprise

at least one platinum group metal. In any of the foregoing embodiments of the coated substrate,

the catalytic nanoparticles comprising one or more plasma-generated catalyst components can

comprise platinum and palladium, such as platinum and palladium in a weight ratio from 8:1 to 1:1

platinum:palladium. In any of the foregoing embodiments of the coated substrate, the catalytic

nanoparticles comprising one or more plasma-generated catalyst components can comprise

platinum and palladium, such as platinum and palladium in a weight ratio from 7:1 to 2 :1

platinum:palladium. In any of the foregoing embodiments of the coated substrate, the catalytic

nanoparticles comprising one or more plasma-generated catalyst components can comprise

platinum and palladium, such as platinum and palladium in a weight ratio from 6:1 to 3 :1

platinum:palladium. In any of the foregoing embodiments of the coated substrate, the catalytic

nanoparticles comprising one or more plasma-generated catalyst components can comprise

platinum and palladium, such as platinum and palladium in a weight ratio from 5:1 to 3.5:1

platinum:palladium. In any of the foregoing embodiments of the coated substrate, the catalytic

nanoparticles comprising one or more plasma-generated catalyst components can comprise

platinum and palladium, such as platinum and palladium in a weight ratio of 4 :1

platinum:palladium. An increase in the ratio of platinum to palladium is advantageous for the

oxidation of NO to N0 2. In any of the foregoing embodiments of the coated substrate, the support

nanoparticles can have an average diameter of 10 nm to 20 nm. In any of the foregoing



embodiments of the coated substrate, the catalytic nanoparticles can have an average diameter of

between 1 nm and 5 nm.

[0009] In any of the foregoing embodiments of the coated substrate, the washcoat layer can

comprise zeolite particles comprising metal-oxide particles and boehmite particles. In any of the

foregoing embodiments of the coated substrate, the metal-oxide particles can be aluminum-oxide

particles. In any of the foregoing embodiments of the coated substrate, the zeolite particles can

comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide particles, and

boehmite particles in the washcoat layer comprising zeolite particles. In any of the foregoing

embodiments of the coated substrate, the boehmite particles can comprise 2% to 5% by weight of

the mixture of zeolite particles, metal-oxide particles, and boehmite particles in the washcoat layer

comprising zeolite particles. In any of the foregoing embodiments of the coated substrate, the

metal-oxide particles can comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

In any of the foregoing embodiments of the coated substrate, the washcoat layer comprising

zeolite particles can comprise iron-exchanged zeolite particles. Iron-exchanged zeolite particles

are typically prepared by cation-exchange of the zeolite material with an iron salt, such as an

iron(III) salt or iron (II) salt, in aqueous solution. The weight percentage of iron can be

determined by atomic absorption spectroscopy or other analytical methods. The presence of iron

in zeolite particles provides beneficial cold-start characteristics. In particular, the inclusion of iron

in the zeolite material provides for improved adsorption of hydrocarbons. Accordingly, catalytic

converters comprised of iron-exchanged zeolite display improved temporary storage of pollutants

prior to reaching the light-off temperature. In any of the foregoing embodiments of the coated

substrate, the iron-exchanged zeolite particles in the washcoat layer can comprise 0.5-15% of iron

by weight. In any of the foregoing embodiments of the coated substrate, the iron-exchanged

zeolite particles in the washcoat layer can comprise 1-10% of iron by weight. In any of the

foregoing embodiments of the coated substrate, the iron-exchanged zeolite particles in the

washcoat layer can comprise 2-5% of iron by weight. In any of the foregoing embodiments of the

coated substrate, the iron-exchanged zeolite particles in the washcoat layer can comprise 3% of

iron by weight. In any of the foregoing embodiments of the coated substrate, the washcoat layer

comprising zeolite particles does not include or is substantially free of platinum group metals. In

any of the foregoing embodiments of the coated substrate, the washcoat layer comprising zeolite

particles can alternatively further comprise palladium. The inclusion of palladium in the zeolite



particles is advantageous as Pd is believed to oxidize hydrocarbons more readily than Pt, and

locating the Pd as close to the zeolite-adsorbed hydrocarbons promotes interaction of the Pd

catalyst and reactant. In any of the foregoing embodiments of the coated substrate, the zeolite

particles in the washcoat layer can have a diameter of 0.2 microns to 8 microns. In any of the

foregoing embodiments of the coated substrate, the washcoat layer comprising catalytically active

particles comprising one or more plasma-generated catalyst components can further comprise

boehmite particles and silica particles.

[0010] In any of the foregoing embodiments of the coated substrate, the washcoat layer

comprising catalytically active particles comprising one or more plasma-generated catalyst

components can be substantially free of zeolites. In any of the foregoing embodiments of the

coated substrate, the catalytically active particles comprising one or more plasma-generated

catalyst components can comprise 35% to 95% by weight of the combination of the catalytically

active particles, boehmite particles, and silica particles in the washcoat layer comprising

catalytically active particles comprising one or more plasma-generated catalyst components. In

any of the foregoing embodiments of the coated substrate, the silica particles can be present in an

amount up to 20% by weight of the combination of the catalytically active particles, boehmite

particles, and silica particles in the washcoat layer comprising catalytically active particles

comprising one or more plasma-generated catalyst components. In any of the foregoing

embodiments of the coated substrate, the boehmite particles comprise 2% to 5% by weight of the

combination of the catalytically active particles, the boehmite particles, and the silica particles in

the washcoat layer comprising catalytically active particles comprising one or more

plasma-generated catalyst components. In one embodiment of the coated substrate, the washcoat

layer comprising catalytically active particles comprising one or more plasma-generated catalyst

components comprises 92% by weight of the catalytically active particles, 3% by weight of the

boehmite particles, and 5% by weight of the silica particles.

[0011] In any of the foregoing embodiments of the coated substrate, the substrate comprises

cordierite. The substrate can comprise a honeycomb structure. In any of the foregoing

embodiments of the coated substrate, the washcoat layer comprising zeolite particles can have a

thickness of 25 g/1 to 90 g/1. In any of the foregoing embodiments of the coated substrate, the

washcoat layer comprising catalytically active particles comprising one or more plasma-generated

catalyst components can have a thickness of 50 g/1 to 250 g/1. Any of the foregoing embodiments

of the coated substrate can further comprise a corner-fill layer deposited directly on the substrate.



[0012] In any of the foregoing embodiments of the coated substrate, the coated substrate can

have a platinum group metal loading of 4 g/1 or less and a light-off temperature for carbon

monoxide at least 5°C lower than the light-off temperature of a substrate with the same platinum

group metal loading deposited using only wet-chemistry methods. In any of the foregoing

embodiments of the coated substrate, the coated substrate has a platinum group metal loading of

about 3.0 g/1 to about 4.0 g/1.

[0013] In any of the foregoing embodiments of the coated substrate, the coated substrate can

have a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after 125,000 miles

of operation in a vehicular catalytic converter, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by depositing platinum

group metals using only wet chemical methods having the same platinum group metal loading

after 125,000 miles of operation in a vehicular catalytic converter. In any of the foregoing

embodiments of the coated substrate, the coated substrate can have a platinum group metal

loading of about 3.0 g/1 to about 5.5 g/1, wherein after aging for 16 hours at 800 °C, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower than a coated

substrate prepared by depositing platinum group metals using only wet chemical methods having

the same platinum group metal loading after aging for 16 hours at 800 °C.

[0014] In some embodiments, the invention comprises a catalytic converter comprising a coated

substrate according to any of the foregoing embodiments. In further embodiments, the invention

comprises an exhaust treatment system comprising a conduit for exhaust gas and a catalytic

converter comprising a coated substrate according to any of the foregoing embodiments. In

further embodiments, the invention comprises a diesel vehicle comprising a catalytic converter

comprising a coated substrate according to any of the foregoing embodiments. The diesel vehicle

can be a light-duty diesel vehicle.

[0015] In some embodiments, the invention comprises a method of treating an exhaust gas,

where the method comprises contacting the coated substrate of any of the foregoing embodiments

with the exhaust gas. The substrate can be housed within a catalytic converter configured to

receive the exhaust gas.

[0016] In some embodiments, the invention comprises a method of forming a coated substrate,

the method comprising a) coating a substrate with a washcoat composition comprising zeolite

particles; and b) coating the substrate with a washcoat composition comprising catalytically

active particles comprising one or more plasma-generated catalyst components; the catalytically



active particles comprises composite nanoparticles which are bonded to micron-sized carrier

particles, said composite nanoparticles comprising a support nanoparticle and a catalytic

nanoparticle, and said composite nanoparticles being generated by a plasma process. The step of

coating the substrate with the washcoat layer comprising zeolite particles can be performed before

coating the substrate with the washcoat layer comprising catalytically active particles comprising

one or more plasma-generated catalyst components, or the step of coating the substrate with the

washcoat layer comprising catalytically active particles comprising one or more plasma-generated

catalyst components can be performed before coating the substrate with the washcoat layer

comprising zeolite particles. Any of the foregoing methods can additionally comprise the step of

coating the substrate with a corner-fill washcoat prior to both step a) and step b). In some

embodiments of any of the foregoing methods, the washcoat composition comprising zeolite

particles comprises a thickness of 25 g/1 to 90 g/1. In some embodiments of any of the foregoing

methods, the washcoat composition comprising catalytically active particles comprising one or

more plasma-generated catalyst components comprises a thickness of 50 g/1 to 250 g/1.

[0017] In some embodiments, the invention comprises a washcoat composition comprising a

solids content of 35% to 95% by weight of catalytically active particles comprising one or more

plasma-generated catalyst components, said catalytically active particles comprising composite

nanoparticles bonded to micron-sized carrier particles, the composite nanoparticles comprise a

support nanoparticle and a catalytic nanoparticle and produced by a plasma process; 2% to 5% by

weight of boehmite particles; and 2% to 55% by weight of metal-oxide particles. In additional

embodiments, the washcoat composition can further comprise up to 20% by weight of silica

particles. In any of the foregoing embodiments of the washcoat composition, the metal oxide

particles can be aluminum oxide particles. In any of the foregoing embodiments of the washcoat

composition, the solids can be suspended in an aqueous medium at a pH between 3 and 5 . In any

of the foregoing embodiments of the washcoat composition, the washcoat composition can be

substantially free of zeolites. In any of the foregoing embodiments of the washcoat composition,

the catalytically active particles comprising one or more plasma-generated catalyst components

can comprise 92% by weight of the solids content. In any of the foregoing embodiments of the

washcoat composition, the catalytically active particles comprising one or more plasma-generated

catalyst components can comprise at least one platinum group metal, such as platinum and

palladium, such as platinum and palladium in a 4 :1 Pt/Pd weight/weight ratio. In further

embodiments of the invention, the invention comprises a coated substrate comprising a washcoat



according to any of the foregoing embodiments. In further embodiments, the coated substrate also

comprises a washcoat layer comprising zeolite particles.

[0018] In some embodiments, the invention comprises a method of forming a coated substrate,

the method comprising a) coating a substrate with a washcoat composition comprising zeolite

particles; and b) coating the substrate with a washcoat composition comprising catalytically active

particles comprising one or more plasma-generated catalyst components according to any of the

foregoing embodiments of the washcoat compositions. In one embodiment of the method, coating

the substrate with the washcoat layer comprising zeolite particles is performed before coating the

substrate with the washcoat layer comprising catalytically active particles comprising one or more

plasma-generated catalyst components. In another embodiment of the method, coating the

substrate with the washcoat layer comprising catalytically active particles comprising one or more

plasma-generated catalyst components is performed before coating the substrate with the

washcoat layer comprising zeolite particles. Any of the foregoing embodiments of the method can

further comprise the step of coating the substrate with a corner-fill washcoat prior to both step a)

and step b). In any of the foregoing embodiments of the method, the washcoat composition

comprising zeolite particles can comprise a thickness of 25 g/1 to 90 g/1. In any of the foregoing

embodiments of the method, the washcoat composition comprising catalytically active particles

comprising one or more plasma-generated catalyst components can comprise a thickness of 50 g/1

to 250 g/1.

[0019] In further embodiments, the invention comprises a catalytic converter comprising a

coated substrate according to any of the foregoing embodiments of the coated substrate. In further

embodiments, the invention comprises an exhaust treatment system comprising a conduit for

exhaust gas and a catalytic converter comprising a coated substrate according to any of the

foregoing embodiments of the coated substrate.

[0020] In further embodiments, the invention comprises a diesel vehicle comprising a catalytic

converter comprising a coated substrate according to any of the foregoing embodiments of the

coated substrate, such as a light-duty diesel vehicle.

[0021] In further embodiments, the invention comprises a diesel vehicle comprising a catalytic

converter comprising between 3.0 g/1 and 4.0 g/1 of platinum group metal, wherein the vehicle

complies with the European emission standard Euro 5 . The diesel vehicle can be a light-duty

diesel vehicle. In further embodiments, the invention comprises a diesel vehicle comprising a

catalytic converter comprising between 3.0 g/1 and 4.0 g/1 of platinum group metal, wherein the



vehicle complies with the European emission standard Euro 6 . The diesel vehicle can be a

light-duty diesel vehicle. In further embodiments of any of the foregoing embodiments of the

vehicles, the catalytically active material comprising one or more plasma-generated catalyst

components in the catalytic converter comprises composite nanoparticles bonded to micron-sized

carrier particles, and the composite nanoparticles comprise a support nanoparticle and a catalytic

nanoparticle; the composite nanoparticles can be generated by a plasma process. In further

embodiments of any of the foregoing embodiments of the vehicles, the catalytic converter

comprises a coated substrate, said coated substrate having a washcoat comprising zeolite particles

and a separate washcoat comprising the catalytically active material comprising one or more

plasma-generated catalyst components.

[0022] In further embodiments of any of the foregoing embodiments of the vehicles, the

catalytic converter comprises a coated substrate comprising a substrate; a washcoat layer

comprising zeolite particles; and a washcoat layer comprising catalytically active particles

comprising one or more plasma-generated catalyst components; wherein the catalytically active

particles comprising one or more plasma-generated catalyst components comprise composite

nanoparticles bonded to micron-sized carrier particles, and the composite nanoparticles comprise

a support nanoparticle and a catalytic nanoparticle; the composite nanoparticles can be

plasma-generated nanoparticles. In one embodiment of any of the foregoing embodiments of the

vehicles, the washcoat layer comprising zeolite particles is formed on top of the washcoat layer

comprising catalytically active particles comprising one or more plasma-generated catalyst

components. In one embodiment of any of the foregoing embodiments of the vehicles, the

washcoat layer comprising catalytically active particles comprising one or more plasma-generated

catalyst components is formed on top of the washcoat layer comprising zeolite particles. In further

embodiments of any of the foregoing embodiments of the vehicles, the catalytic nanoparticles

comprising one or more plasma-generated catalyst components can comprise at least one platinum

group metal. In further embodiments of any of the foregoing embodiments of the vehicles, the

catalytic nanoparticles comprising one or more plasma-generated catalyst components can

comprise platinum and palladium, such as platinum and palladium in a weight ratio of 4 :1

platinum:palladium. In further embodiments of any of the foregoing embodiments of the vehicles,

the support nanoparticles have an average diameter of 10 nm to 20 nm. In further embodiments of

any of the foregoing embodiments of the vehicles, the catalytic nanoparticles have an average

diameter of between 1 nm and 5 nm. In further embodiments of any of the foregoing embodiments



of the vehicles, the washcoat layer comprising zeolite particles can comprise metal-oxide particles

and boehmite particles. In further embodiments of any of the foregoing embodiments of the

vehicles, the metal-oxide particles can be aluminum-oxide particles. In further embodiments of

any of the foregoing embodiments of the vehicles, the zeolite particles can comprise 60% to 80%

by weight of the mixture of zeolite particles, metal-oxide particles, and boehmite particles in the

washcoat layer comprising zeolite particles. In further embodiments of any of the foregoing

embodiments of the vehicles, the boehmite particles can comprise 2% to 5% by weight of the

mixture of zeolite particles, metal-oxide particles, and boehmite particles in the washcoat layer

comprising zeolite particles. In further embodiments of any of the foregoing embodiments of the

vehicles, the metal-oxide particles can comprise 15% to 38% by weight of the mixture of zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite

particles. In further embodiments of any of the foregoing embodiments of the vehicles, the

washcoat layer comprising zeolite particles is comprised of iron-exchanged zeolite particles. In

further embodiments of any of the foregoing embodiments of the vehicles, the washcoat layer

comprising zeolite particles does not include platinum group metals, while in alternative

embodiments of any of the foregoing embodiments of the vehicles, the washcoat layer comprising

zeolite particles can include palladium. In further embodiments of any of the foregoing

embodiments of the vehicles where the washcoat layer comprising zeolite particles can include

palladium, the washcoat layer comprising zeolite particles is comprised of iron-exchanged zeolite

particles and palladium. In further embodiments of any of the foregoing embodiments of the

vehicles, the zeolite particles in the washcoat layer comprising zeolite particles can have a

diameter of 0.2 microns to 8 microns. In further embodiments of any of the foregoing

embodiments of the vehicles, the washcoat layer comprising catalytically active particles

comprising one or more plasma-generated catalyst components can further comprise boehmite

particles and silica particles. In further embodiments of any of the foregoing embodiments of the

vehicles, the catalytically active particles comprising one or more plasma-generated catalyst

components can comprise 35% to 95% by weight of the combination of the catalytically active

particles, boehmite particles, and silica particles in the washcoat layer comprising catalytically

active particles comprising one or more plasma-generated catalyst components. In further

embodiments of any of the foregoing embodiments of the vehicles, the silica particles can be

present in an amount up to 20% by weight of the combination of the catalytically active particles,

boehmite particles, and silica particles in the washcoat layer comprising catalytically active



particles comprising one or more plasma-generated catalyst components. In further embodiments

of any of the foregoing embodiments of the vehicles, the boehmite particles can comprise 2% to

5% by weight of the combination of the catalytically active particles, the boehmite particles, and

the silica particles in the washcoat layer comprising catalytically active particles comprising one

or more plasma-generated catalyst components. In further embodiments of any of the foregoing

embodiments of the vehicles, the washcoat layer can comprise catalytically active particles

comprising one or more plasma-generated catalyst components, which layer comprises 92% by

weight of the catalytically active particles, 3% by weight of the boehmite particles, and 5% by

weight of the silica particles. In further embodiments of any of the foregoing embodiments of the

vehicles, the substrate can comprise cordierite. In further embodiments of any of the foregoing

embodiments of the vehicles, the substrate can comprise a honeycomb structure. In further

embodiments of any of the foregoing embodiments of the vehicles, the washcoat layer comprising

zeolite particles can have a thickness of 25 g/1 to 90 g/1. In further embodiments of any of the

foregoing embodiments of the vehicles, the washcoat layer comprising catalytically active

particles comprising one or more plasma-generated catalyst components can have a thickness of

50 g/1 to 250 g/1. Any of the foregoing embodiments of the vehicles can further comprise a

corner-fill layer deposited directly on the substrate.

[0023] It is understood that aspects and embodiments of the invention described herein include

"consisting" and/or "consisting essentially of aspects and embodiments. For all methods,

systems, compositions, and devices described herein, the methods, systems, compositions, and

devices can either comprise the listed components or steps, or can "consist of or "consist

essentially of the listed components or steps. When a system, composition, or device is described

as "consisting essentially of the listed components, the system, composition, or device contains

the components listed, and may contain other components which do not substantially affect the

performance of the system, composition, or device, but either do not contain any other

components which substantially affect the performance of the system, composition, or device

other than those components expressly listed; or do not contain a sufficient concentration or

amount of the extra components to substantially affect the performance of the system,

composition, or device. When a method is described as "consisting essentially of the listed steps,

the method contains the steps listed, and may contain other steps that do not substantially affect

the outcome of the method, but the method does not contain any other steps which substantially

affect the outcome of the method other than those steps expressly listed.



[0024] Any of the embodiments described above and herein are suitable for use in diesel

engines, such as light-duty diesel engines, and diesel vehicles, such as light-duty diesel vehicles.

[0025] The systems, compositions, substrates, and methods described herein, including any

embodiment of the invention as described herein, may be used alone or may be used in

combination with other systems, compositions, substrates, and methods.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 illustrates a catalytic converter in accordance with some embodiments of the

present invention, while FIG. 1A is a magnified view of a portion of the drawing of FIG. 1.

[0027] FIG. 2 illustrates a method of forming a coated substrate in accordance with some

embodiments of the present invention.

[0028] FIGS. 3A-C illustrate formation of a coated substrate at different stages of a washcoat

coating method in accordance with some embodiments of the present invention.

[0029] FIG. 4 compares the performance of one embodiment of the present invention (filled

circles) to a combined washcoat (filled squares).

[0030] FIG. 5 illustrates a method of forming a coated substrate in accordance with some

embodiments of the present invention.

[0031] FIGS. 6A-C illustrate formation of a coated substrate at different stages of a washcoat

coating method in accordance with some embodiments of the present invention.

[0032] FIG. 7 illustrates a method of forming a coated substrate in accordance with some

embodiments of the present invention.

[0033] FIGS. 8A-D illustrate formation of a coated substrate at different stages of a washcoat

coating method in accordance with some embodiments of the present invention.

[0034] FIG. 9 shows a single rectangular channel in a coated substrate prepared according to

one embodiment of the present invention.

[0035] FIG. 10 compares the performance of one embodiment of the present invention (filled

circles) to a standard commercially available catalytic converter (filled squares).

[0036] FIG. 11 shows a comparison of midbed catalytic converter gases of certain embodiments

of the present invention versus a standard commercially available catalytic converter.



DETAILED DESCRIPTION OF THE INVENTION

[0037] Described are composite nanoparticle catalysts, washcoat formulations, coated

substrates, and catalytic converters. Also described are methods of making and using these

composite nanoparticle catalysts, washcoat formulations, coated substrates, and catalytic

converters. The invention also embraces catalyst-containing washcoat compositions, and

methods of making the washcoats by combining the various washcoat ingredients. It has been

found that the described composite nanoparticle catalysts and washcoat solutions provide for

increased performance relative to prior catalysts and washcoat formulations when used to produce

catalytic converters, allowing for the production of catalytic converters having reduced light-off

temperatures, reduced emissions, and/or reduced platinum group metal loading requirements, as

compared to catalytic converters having catalysts prepared using only wet-chemistry methods.

[0038] It is understood that the coated substrates described herein, catalytic converters using the

coated substrates described herein, and exhaust treatment systems using the coated substrates

described herein, are particularly useful for diesel engines and diesel vehicles, especially

light-duty diesel engines and light-duty diesel vehicles.

[0039] Composite nanoparticles may include catalytic nanoparticles and support nanoparticles

that are bonded together to form nano-on-nano composite nano particles. These composite nano

particles may then be bonded to a micron-sized carrier particle to form micron-sized catalytically

active particles. The composite nanoparticles may be produced, for example, in a plasma reactor

in such a way that consistent nano-on-nano composite particles are produced. These composite

particles are then bonded to micron-sized carrier particles to produce micron-sized catalytically

active particles bearing composite nanoparticles, which may offer better initial (engine start-up)

performance, better performance over the lifetime of the catalyst, and/or less reduction in

performance over the life of the catalyst as compared to previous catalysts used in catalytic

converters, such as catalysts prepared using wet-chemistry methods. Individual composite

nanoparticles bonded to micron-sized carrier particles can be comprised of a single platinum

group metal or multiple platinum group metals. Composite nanoparticles bonded to micron-sized

carrier particles where the composite nanoparticles are comprised of multiple platinum group

metals, may be present together with composite nanoparticles bonded to micron-sized carrier

particles where the composite nanoparticles are comprised of a single platinum group metal. The

previously described micron-sized carriers bonded to composite nanoparticles, where the



composite nanoparticles are produced in a plasma reactor, are an example of "catalytically active

powder comprising one or more plasma-generated catalyst components" as used herein.

[0040] Further, the washcoat formulations may be formulated in order to provide one or more

layers on a catalyst substrate, such as a catalytic converter substrate. In some embodiments, the

washcoat formulations may form two or more layers in which catalytically active material

comprising one or more plasma-generated catalyst components, such as micron- sized catalytically

active particles bearing plasma-generated composite nano particles, are in a separate layer than a

layer containing a high concentration of zeolites. One embodiment, for example, is a multi-layer

washcoat in which a first washcoat layer includes a relatively higher concentration of zeolites and

a second, distinct washcoat layer includes a higher concentration of catalytically active material

comprising one or more plasma-generated catalyst components relative to the first layer.

Preferably, the layer with the catalytically active material comprising one or more

plasma-generated catalyst components includes no zeolites. The order and placement of these two

layers on a substrate may be changed in different embodiments and, in further embodiments,

additional washcoat formulations/layers may also be used over, under, or between the washcoats,

for example, a corner-fill washcoat layer which is initially deposited on the substrate to be coated.

In other embodiments, the two layers can be directly disposed on each other, that is, there are no

intervening layers between the first and second washcoat layers. The described washcoat

formulations may include a lower amount of platinum group metals and/or offer better

performance when compared to previous washcoat formulations, particularly when these

washcoat formulations utilize the micron-sized particles bearing plasma-generated composite

nanoparticles.

[0041] Various aspects of the disclosure can be described through the use of flowcharts. Often,

a single instance of an aspect of the present disclosure is shown. As is appreciated by those of

ordinary skill in the art, however, the protocols, processes, and procedures described herein can be

repeated continuously or as often as necessary to satisfy the needs described herein. Additionally,

it is contemplated that certain method steps can be performed in alternative sequences to those

disclosed in the flowcharts.

[0042] When numerical values are expressed herein using the term "about" or the term

"approximately," it is understood that both the value specified, as well as values reasonably close

to the value specified, are included. For example, the description "about 50°C" or "approximately

50°C" includes both the disclosure of 50°C itself, as well as values close to 50°C. Thus, the



phrases "about X" or "approximately X" include a description of the value X itself. If a range is

indicated, such as "approximately 50°C to 60°C," it is understood that both the values specified by

the endpoints are included, and that values close to each endpoint or both endpoints are included

for each endpoint or both endpoints; that is, "approximately 50°C to 60°C" is equivalent to reciting

both "50°C to 60°C" and "approximately 50°C to approximately 60°C."

[0043] By "substantial absence of any platinum group metals" is meant that less than about 5%,

less than about 2%, less than about 1%, less than about 0.5%, less than about 0.1%, less than about

0.05%, less than about 0.025%, or less than about 0.01% of platinum group metals are present by

weight. Preferably, substantial absence of any platinum group metals indicates that less than

about 1% of platinum group metals are present by weight.

[0044] By "substantially free of a specific component, a specific composition, a specific

compound, or a specific ingredient in various embodiments, is meant that less than about 5%, less

than about 2%, less than about 1%, less than about 0.5%, less than about 0.1%, less than about

0.05%, less than about 0.025%, or less than about 0.01% of the specific component, the specific

composition, the specific compound, or the specific ingredient is present by weight. Preferably,

"substantially free of a specific component, a specific composition, a specific compound, or a

specific ingredient indicates that less than about 1% of the specific component, the specific

composition, the specific compound, or the specific ingredient is present by weight.

[0045] It should be noted that, during fabrication, or during operation (particularly over long

periods of time), small amounts of materials present in one washcoat layer may diffuse, migrate,

or otherwise move into other washcoat layers. Accordingly, use of the terms "substantial absence

of and "substantially free of is not to be construed as absolutely excluding minor amounts of the

materials referenced.

[0046] By "substantially each" of a specific component, a specific composition, a specific

compound, or a specific ingredient in various embodiments, is meant that at least about 95%, at

least about 98%, at least about 99%, at least about 99.5%, at least about 99.9%, at least about

99.95%, at least about 99.975%, or at least about 99.99% of the specific component, the specific

composition, the specific compound, or the specific ingredient is present by number or by weight.

Preferably, substantially each" of a specific component, a specific composition, a specific

compound, or a specific ingredient is meant that at least about 99% of the specific component, the

specific composition, the specific compound, or the specific ingredient is present by number or by

weight.



[0047] This disclosure provides several embodiments. It is contemplated that any features from

any embodiment can be combined with any features from any other embodiment. In this fashion,

hybrid configurations of the disclosed features are within the scope of the present invention.

[0048] It is understood that reference to relative weight percentages in a composition assumes

that the combined total weight percentages of all components in the composition add up to 100. It

is further understood that relative weight percentages of one or more components may be adjusted

upwards or downwards such that the weight percent of the components in the composition

combine to a total of 100, provided that the weight percent of any particular component does not

fall outside the limits of the range specified for that component.

[0049] This disclosure refers to both particles and powders. These two terms are equivalent,

except for the caveat that a singular "powder" refers to a collection of particles. The present

invention can apply to a wide variety of powders and particles. The terms "nanoparticle" and

"nano-sized particle" are generally understood by those of ordinary skill in the art to encompass a

particle on the order of nanometers in diameter, typically between about 0.5 nm to 500 nm, about

1nm to 500 nm, about 1nm to 100 nm, or about 1nm to 50 nm. Preferably, the nanoparticles have

an average grain size less than 250 nanometers and an aspect ratio between one and one million.

In some embodiments, the nanoparticles have an average grain size of about 50 nm or less, about

30 nm or less, or about 20 nm or less. In additional embodiments, the nanoparticles have an

average diameter of about 50 nm or less, about 30 nm or less, or about 20 nm or less. The aspect

ratio of the particles, defined as the longest dimension of the particle divided by the shortest

dimension of the particle, is preferably between one and one hundred, more preferably between

one and ten, yet more preferably between one and two. "Grain size" is measured using the ASTM

(American Society for Testing and Materials) standard (see ASTM El 12 - 10). When calculating

a diameter of a particle, the average of its longest and shortest dimension is taken; thus, the

diameter of an ovoid particle with long axis 20 nm and short axis 10 nm would be 15 nm. The

average diameter of a population of particles is the average of diameters of the individual particles,

and can be measured by various techniques known to those of skill in the art.

[0050] In additional embodiments, the nanoparticles have a grain size of about 50 nm or less,

about 30 nm or less, or about 20 nm or less. In additional embodiments, the nanoparticles have a

diameter of about 50 nm or less, about 30 nm or less, or about 20 nm or less.

[0051] The terms "micro-particle," "micro-sized particle" "micron-particle," and "micron-sized

particle" are generally understood to encompass a particle on the order of micrometers in



diameter, typically between about 0.5 µιη to 1000 µιη, about 1 µιη to 1000 µιη, about 1 µιη to 100

µιη, or about 1 µιη to 50 µιη. Additionally, the term "platinum group metals" (abbreviated

"PGM") used in this disclosure refers to the collective name used for six metallic elements

clustered together in the periodic table. The six platinum group metals are ruthenium, rhodium,

palladium, osmium, iridium, and platinum.

Composite Nanoparticle Catalyst

[0052] A composite nanoparticle catalyst may include a catalytic nanoparticle attached to a

support nanoparticle to form a "nano-on-nano" composite nanoparticle. The composite

nanoparticles can be produced by a plasma-based method, such as by vaporizing the catalytic

material and support material in a plasma gun or plasma chamber, and then condensing the plasma

into nanoparticles. Multiple nano-on-nano particles may then be bonded to a micron-sized carrier

particle to form a composite micro/nanoparticle, that is, a micro-particle bearing composite

nanoparticles. These composite micro/nanoparticles may be used in washcoat formulations and

catalytic converters as described herein. A micron-sized carrier particle (which can be produced

by any method, such as plasma, wet chemistry, milling, or other methods) combined with

composite nanoparticles that are generated by plasma methods is an example of catalytically

active particles comprising one or more plasma-generated catalyst components. (In the preceding

example, both the support nanoparticle and catalytic nanoparticle of the composite nanoparticle

are plasma generated, which meets the criterion of comprising one or more plasma-generated

catalytic components.) Composite micro/nanoparticles of different compositions may be present

in a single washcoat layer. The use of these particles can reduce requirements for platinum group

metal content and/or significantly enhance performance, particularly in terms of reduced light-off

temperature, as compared with currently available commercial catalytic converters prepared by

wet-chemistry methods. The wet-chemistry methods generally involve use of a solution of

platinum group metal ions or metal salts, which are impregnated into supports (typically

micron-sized particles), and reduced to platinum group metal in elemental form for use as the

catalyst. For example, a solution of chloroplatinic acid, H2PtCl6, can be applied to alumina

micro-particles, followed by drying and calcining, resulting in precipitation of platinum onto the

alumina. The platinum group metals deposited by wet-chemical methods onto metal oxide

supports, such as alumina, are mobile at high temperatures, such as temperatures encountered in

catalytic converters. That is, at elevated temperatures, the PGM atoms can migrate over the



surface on which they are deposited, and will clump together with other PGM atoms. The

finely-divided portions of PGM combine into larger and larger agglomerations of platinum group

metal as the time of exposure to high temperature increases. This agglomeration leads to reduced

catalyst surface area and degrades the performance of the catalytic converter. This phenomenon is

referred to as "aging" of the catalytic converter.

[0053] In contrast, the composite platinum group metal catalysts are prepared by plasma-based

methods. In one embodiment, the platinum group nano size metal particle is deposited on a nano

sized metal oxide support, which has much lower mobility than the PGM deposited by wet

chemistry methods. The resulting plasma-produced catalysts age at a much slower rate than the

wet-chemistry produced catalysts. Thus, catalytic converters using plasma-produced catalysts can

maintain a larger surface area of exposed catalyst to gases emitted by the engine over a longer

period of time, leading to better emissions performance.

Production of composite nanoparticles by plasma-based methods ("Nano-on-nano"

particles or "NN" particles)

[0054] The initial step in producing suitable catalysts may involve producing composite

nanoparticles. The composite nanoparticles comprise a catalytic nanoparticle comprising one or

more platinum group metals, and a support nanoparticle, typically a metal oxide such as aluminum

oxide. As the name "nanoparticle" implies, the nanoparticles have sizes on the order of

nanometers.

[0055] The composite nanoparticles may be formed by plasma reactor methods, by feeding

platinum group metal(s) and support material into a plasma gun, where the materials are

vaporized. Plasma guns such as those disclosed in US 201 1/0143041 can be used, and techniques

such as those disclosed in US 5,989,648, US 6,689,192, US 6,755,886, and US 2005/0233380 can

be used to generate plasma. A working gas, such as argon, is supplied to the plasma gun for the

generation of plasma; in one embodiment, an argon/hydrogen mixture (in the ratio of 10:2 Ar/H2)

is used as the working gas. The platinum group metal or metals, such as platinum, palladium, or

platinum/palladium in any ratio, such as 4 :1 platinum:palladium by weight, or about 4 :1

platinum:palladium by weight, and which are generally in the form of metal particles of about 0.5

to 6 microns in diameter, can be introduced into the plasma reactor as a fluidized powder in a

carrier gas stream such as argon. Metal oxide, typically aluminum oxide in a particle size of about

15 to 25 microns diameter, is also introduced as a fluidized powder in carrier gas. However, other

methods of introducing the materials into the reactor can be used, such as in a liquid slurry. A



composition of about 35% to 45% platinum group metal(s) and about 65% to 55% metal oxide (by

weight) is typically used, preferably a ratio of about 40% platinum group metal(s) to about 60%

metal oxide. Examples of ranges of materials that can be used are from about 0% to about 40%

platinum, about 0% to about 40% palladium, and about 55% to about 65% aluminum oxide; in

some embodiments, from about 20% to about 30% platinum, about 10% to about 15% palladium,

and about 50% to about 65% aluminum oxide are used; in further embodiments, from about 23.3%

to about 30% platinum, about 11.7% to about 15% palladium, and about 55% to about 65%

aluminum oxide are used. An exemplary composition contains about 26.7% platinum, about

13.3% palladium, and about 60% aluminum oxide. Any solid or liquid materials are rapidly

vaporized or turned into plasma. The kinetic energy of the superheated material, which can reach

temperatures of 20,000 to 30,000 Kelvin, ensures extremely thorough mixing of all components.

[0056] The superheated material of the plasma stream is then quenched rapidly, using such

methods as the turbulent quench chamber disclosed in US 2008/0277267. Argon quench gas at

high flow rates, such as 2400 to 2600 liters per minute, is injected into the superheated material.

The material is further cooled in a cool-down tube, and collected and analyzed to ensure proper

size ranges of material.

[0057] The plasma production method described above produces highly uniform composite

nanoparticles, where the composite nanoparticles comprise a catalytic nanoparticle bonded to a

support nanoparticle. The catalytic nanoparticle comprises the platinum group metal or metals,

such as Pt:Pd in a 4 :1 ratio by weight. In some embodiments, the catalytic nanoparticles have an

average diameter or average grain size between approximately 0.3 nm and approximately 10 nm,

preferably between approximately 1 nm to approximately 5 nm, that is, approximately 3 nm +/- 2

nm. In some embodiments, the support nanoparticles, comprising the metal oxide such as

aluminum oxide, have an average diameter of approximately 20 nm or less, or approximately 15

nm or less, or between approximately 10 nm and approximately 20 nm, that is, approximately 15

nm +/- 5nm, or between approximately 10 nm and approximately 15 nm, that is, approximately

12.5 nm +/- 2.5nm. In some embodiments, the support nanoparticles, comprising the metal oxide

such as aluminum oxide, have a diameter of approximately 20 nm or less, or approximately 15 nm

or less, or between approximately 10 nm and approximately 20 nm, that is, approximately 15 nm

+/- 5nm, or between approximately 10 nm and approximately 15 nm, that is, approximately 12.5

nm +/- 2.5nm.



[0058] The Pt/Pd-alumina composite nanoparticles, when produced under reducing conditions,

such as by using argon/hydrogen working gas, results in a partially reduced alumina surface on the

support nanoparticle to which the PGM nanoparticle is bonded, as described in US 201 1/0143915

at paragraphs 0014-0022. The partially reduced alumina surface, or Al20(3_x ) where x is greater

than zero, but less than three, inhibits migration of the platinum group metal on the alumina

surface at high temperatures. This in turn limits the agglomeration of platinum group metal when

the particles are exposed to prolonged elevated temperatures. Such agglomeration is undesirable

for many catalytic applications, as it reduces the surface area of PGM catalyst available for

reaction.

[0059] The composite nanoparticles comprising two nanoparticles (catalytic or support) are

referred to as "nano-on-nano" particles or "NN" particles. When the nano-on-nano (NN) particles

are generated by plasma, they fall in the category of catalytically active powder comprising one or

or more plasma generated catalyst components.

Production of micron-sized carrier particles bearing composite nanoparticles

("nano-on-nano-on-micron" particles or "NNm" particles)

[0060] The plasma-generated composite nanoparticles (nano-on-nano particles) may be further

bonded to micron-sized carrier particles to produce composite micro/nanoparticles, referred to as

"nano-on-nano-on-micron" particles or "NNm" particles. When the nano-on-nano-on micron

(NNm) particles are made with plasma-generated nano-on-nano (NN) particles, they fall within

the category of catalytically active powder comprising one or more plasma-generated catalyst

components. The carrier particles are typically metal oxide particles, such as alumina (A120 3) .

The micron-sized particles can have an average size between about 1 micron and about 100

microns, such as between about 1 micron and about 10 microns, between about 3 microns and

about 7 microns, or between about 4 microns and about 6 microns.

[0061] In general, the nano-on-nano-on-micron particles are produced by a process of

suspending the composite nanoparticles (nano-on-nano particles) in water, adjusting the pH of the

suspension to between about 2 and about 7, between about 3 and about 5, or about 4, adding

surfactants to the suspension (or, alternatively, adding the surfactants to the water before

suspending the composite nanoparticles in the water), sonicating the composite nanoparticle

suspension, applying the suspension to micron-sized metal oxide particles until the point of

incipient wetness, thereby impregnating the micron-sized particles with composite nanoparticles,

drying the micron-sized metal oxide particles which have been impregnated with composite



nanoparticles, and calcining the micron-sized metal oxide particles which have been impregnated

with composite nanoparticles.

[0062] Typically, the composite nanoparticles are suspended in water, and the suspension is

adjusted to have a pH of between about 2 and about 7, preferably between about 3 and about 5,

more preferably a pH of about 4 (the pH is adjusted with acetic acid or another organic acid).

Dispersants and/or surfactants are added to the composite nanoparticles. Surfactants suitable for

use include Jeffsperse® X3202 (Chemical Abstracts Registry No. 68123-18-2, and described as

4,4'-(l-methylethylidene)bis-phenol polymer with 2-(chloromethyl)oxirane, 2-methyloxirane,

and oxirane), Jeffsperse® X3204, and Jeffsperse® X3503 surfactants from Huntsman

(JEFFSPERSE is a registered trademark of Huntsman Corporation, The Woodlands, Texas,

United States of America for chemicals for use as dispersants and stabilizers), which are nonionic

polymeric dispersants. Other suitable surfactants include Solsperse® 24000 and Solsperse®

46000 from Lubrizol (SOLSPERSE is a registered trademark of Lubrizol Corporation,

Derbyshire, United Kingdom for chemical dispersing agents). The Jeffsperse® X3202 surfactant,

Chemical Abstracts Registry No. 68123-18-2 (described as 4,4'-(l-methylethylidene)bis-phenol

polymer with 2-(chloromethyl)oxirane, 2-methyloxirane, and oxirane), is preferred. The

surfactant is added in a range of about 0.5% to about 5%, with about 2% being a typical value.

[0063] The mixture of aqueous surfactants and composite nanoparticles is sonicated to disperse

the composite nanoparticles. The quantity of composite nanoparticles particles in the dispersion is

usually in the range of about 2% to about 15 % (by mass). The dispersion is then applied to

porous, micron-sized A 120 3, which may be purchased from companies such as Rhodia or Sasol.

The porous, micron-sized, A 120 3 powders may be stabilized with a small percentage of lanthanum

(about 2% to about 4 % La). One commercial alumina powder suitable for use is MI-386,

purchased from Grace Davison or Rhodia. The usable surface for this powder, defined by pore

sizes greater than 0.28 µιη, is approximately 2.8 m /g. The ratio of composite nanoparticles used

to micron-sized carrier particles used may be from about 3:100 to about 10:100, about 5:100 to

about 8:100, or about 6.5:100, in terms of (weight of composite nanoparticle): (weight of micron

carrier particle). In some embodiments, about 8 grams of composite nanoparticles may be used

with about 122 grams of carrier micro-particles. The aqueous dispersion of composite

nanoparticles is applied in small portions (such as by dripping or other methods) to the

micron-sized powder until the point of incipient wetness, producing a material similar to damp

sand.



[0064] The micron-sized carrier particles, impregnated with the composite nanoparticles, may

then be dried (for example, at about 30°C to about 95°C, preferably about 60°C to about 70°C, at

atmospheric pressure or at reduced pressure such as from about 1 pascal to about 90,000 pascal).

After drying, the particles may then be calcined (at elevated temperatures, such as from 400°C to

about 700°C, preferably about 500°C to about 600°C, more preferably at about 540°C to about

560°C, still more preferably at about 550°C to about 560°C, or at about 550°C; at atmospheric

pressure or at reduced pressure, for example, from about 1 pascal to about 90,000 pascal, in

ambient atmosphere or under an inert atmosphere such as nitrogen or argon) to yield the

composite micro/nanoparticles, also referred to as nano-on-nano-on-micron particles, or NNm

particles. The drying step may be performed before the calcining step to remove the water before

heating at the higher calcining temperatures; this avoids boiling of the water, which would disrupt

the impregnated nanoparticles which are lodged in the pores of the micron-sized carrier.

[0065] The NNm particles may contain from about 1% to about 6% PGM by weight, or in

another embodiment from about 2% to 3% PGM by weight, or in another embodiment, about

2.5% PGM by weight, of the total mass of the NNm particle. The NNm particles can then be used

for formulations for coating substrates, where the coated substrates may be used in catalytic

converters.

[0066] Examples of production of NNm material are described in the following co-owned

patents and patent applications: U.S. Patent Publication No. 2005/0233380, U.S. Patent

Publication No. 2006/0096393, U.S. Patent Application No. 12/151,810, U.S. Patent Application

No. 12/152,084, U.S. Patent Application No. 12/151,809, U.S. Patent No. 7,905,942, U.S. Patent

Application No. 12/152,111, U.S. Patent Publication 2008/0280756, , U.S. Patent Publication

2008/0277270, U.S. Patent Appl. No. 12/001,643, U.S. Patent Appl. No. 12/474,081, U.S. Patent

Appl. No. 12/001,602, U.S. Patent Appl. No. 12/001,644, U.S. Patent Appl. No. 12/962,518, U.S.

Patent Appl. No. 12/962,473, U.S. Patent Appl. No. 12/962,490, U.S. Patent Appl.

No. 12/969,264, U.S. Patent Appl. No. 12/962,508, U.S. Patent Appl. No. 12/965,745, U.S. Patent

Appl. No. 12/969,503, and U.S. Patent Appl. No. 13/033,514, WO 2011/081834

(PCT/US20 10/59763) and US 2011/0143915 (U.S. Patent Appl. No. 12/962,473).

NNm particles with inhibited migration of platinum group metals

[0067] The NNm particles including an aluminum oxide micron-sized carrier particle bearing

composite nanoparticles, where the composite nanoparticles are produced under reducing

conditions, are particularly advantageous for use in catalytic converter applications. The platinum



group metal of the catalytic nanoparticle has a greater affinity for the partially reduced Al20(3_x )

surface of the support nanoparticle than for the A 120 3 surface of the micron-sized carrier particles.

Thus, at elevated temperatures, neighboring PGM nanoparticles bound to neighboring A 120
(3

_
X)

support nanoparticles are less likely to migrate on the A 120 3 micron-sized carrier particle surface

and agglomerate into larger catalyst clumps. Since the larger agglomerations of catalyst have less

surface area, and are less effective as catalysts, the inhibition of migration and agglomeration

provides a significant advantage for the NNm particles. In contrast, platinum particles deposited

by wet-chemical precipitation onto alumina support demonstrate higher mobility and migration,

forming agglomerations of catalyst and leading to decreased catalytic efficacy over time (that is,

catalyst aging).

Washcoat Compositions and Layers Using Nano-on-nano-on-micron Catalyst Particles:

Application to Substrates

[0068] Washcoat formulations comprising the nano-on-nano-on-micron particles (that is, the

composite micro/nanoparticles, which are the micron-sized carrier particles bearing composite

nanoparticles) may be used to provide one or more layers on a substrate used for catalysis, such as

a catalytic converter substrate. Additional washcoats can also be used for improved performance.

In some embodiments, the washcoat formulations may include two or more different washcoats

formulations that allow for the separation of one or more washcoat layers containing high

concentrations of zeolite particles from one or more washcoat layers containing platinum group

metal catalyst comprising one or more plasma-generated catalyst components, such as the NNm

particles described above, on a catalytic converter substrate. The formulations may be used to

form washcoat layers and catalytic converter substrates that include reduced amounts of platinum

group metals and/or offer better performance when compared to previous washcoat layers and

formulations and catalytic converter substrates.

[0069] Some embodiments of washcoat formulations may be formulated to form one or more of

the following four basic washcoat layer configurations:

Substrate-Corner Fill-Catalytic Layer-Zeolite Layer (S-F-C-Z)

Substrate-Catalytic Layer-Zeolite Layer (S-C-Z)

Substrate-Corner Fill-Zeolite Layer-Catalytic Layer (S-F-Z-C)



Substrate-Zeolite Layer-Catalytic Layer (S-Z-C)

[0070] In the configurations above: 1) the Substrate (S) may be any substrate suitable for use in

a catalytic converter, 2) the Zeolite Layer (Z) is a washcoat layer that includes a higher percentage

of zeolite than the Catalytic Layer, 3) the Catalytic Layer (C) is a washcoat layer that includes a

higher percentage of catalytically active particles than the Zeolite Layer, and 4) the Corner Fill (F)

is a filler layer that may be used to fill corners of the substrate prior to deposition of additional

layers. In some embodiments, the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising about 1-15% of iron by weight. In some embodiments, the Zeolite Layer is comprised

of iron-exchanged zeolite particles comprising about 1-10% of iron by weight. In some

embodiments, the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising

about 2-10% of iron by weight. In some embodiments, the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising about 1-8% of iron by weight. In some embodiments,

the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising about 2-8% of iron

by weight. In some embodiments, the Zeolite Layer is comprised of iron-exchanged zeolite

particles comprising about 1-6% of iron by weight. In some embodiments, the Zeolite Layer is

comprised of iron-exchanged zeolite particles comprising about 2-6% of iron by weight. In some

embodiments, the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising

about 1-5% of iron by weight. In some embodiments, the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising about 2-5% of iron by weight. In some embodiments,

the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising about 1-4% of iron

by weight. In some embodiments, the Zeolite Layer is comprised of iron-exchanged zeolite

particles comprising about 2-4% of iron by weight. In some embodiments, the Zeolite Layer is

comprised of iron-exchanged zeolite particles comprising about 3% of iron by weight.

[0071] In some embodiments, the Zeolite Layer is comprised of zeolite particles impregnated

with palladium. In some embodiments, the Zeolite Layer is comprised of palladium-impregnated

iron-exchanged zeolite particles comprising about 1-15% of iron by weight. In some

embodiments, the Zeolite Layer is comprised of palladium-impregnated iron-exchanged zeolite

particles comprising about 1-10% of iron by weight. In some embodiments, the Zeolite Layer is

comprised of palladium- impregnated iron-exchanged zeolite particles comprising about 2-10% of

iron by weight. In some embodiments, the Zeolite Layer is comprised of palladium-impregnated



iron-exchanged zeolite particles comprising about 1-8% of iron by weight. In some embodiments,

the Zeolite Layer is comprised of palladium-impregnated iron-exchanged zeolite particles

comprising about 2-8% of iron by weight. In some embodiments, the Zeolite Layer is comprised

of palladium-impregnated iron-exchanged zeolite particles comprising about 1-6% of iron by

weight. In some embodiments, the Zeolite Layer is comprised of palladium-impregnated

iron-exchanged zeolite particles comprising about 2-6% of iron by weight. In some embodiments,

the Zeolite Layer is comprised of palladium-impregnated iron-exchanged zeolite particles

comprising about 1-5% of iron by weight. In some embodiments, the Zeolite Layer is comprised

of palladium-impregnated iron-exchanged zeolite particles comprising about 2-5% of iron by

weight. In some embodiments, the Zeolite Layer is comprised of palladium-impregnated

iron-exchanged zeolite particles comprising about 1-4% of iron by weight. In some embodiments,

the Zeolite Layer is comprised of palladium-impregnated iron-exchanged zeolite particles

comprising about 2-4% of iron by weight. In some embodiments, the Zeolite Layer is comprised

of palladium-impregnated iron-exchanged zeolite particles comprising about 3% of iron by

weight. In some embodiments, the micron-sized support (referred to as "filler") in the Catalytic

Layer may be impregnated with palladium. Palladium may be added to the filler by wet chemical

methods or by preparation of NNm particles. In one embodiment, the Catalytic Layer contains no

zeolites or is substantially free of zeolites. The palladium-impregnated zeolite can comprise about

0.1-5% palladium by weight, such as about 0.1%, about 1%, about 2%, about 3%, about 4%, or

about 5% palladium by weight, or about 0.1 to 2% Pd by weight, about 2% to 5% Pd by weight, or

about 0.5% to 2% Pd by weight. In one embodiment, the palladium-impregnated zeolite can

comprise about 1% palladium by weight.

[0072] It should be noted that, in some embodiments, additional washcoat layers can be

disposed under, over, or between any of the washcoat layers indicated in these four basic

configurations; that is, further layers can be present on the catalytic converter substrate in addition

to the ones listed in the configurations above. In other embodiments, additional washcoat layers

are not applied; that is, the washcoats listed in the configurations above are the only washcoats

present on the catalytic converter substrate.

[0073] Various configurations of washcoat layers disposed on the substrate are depicted in the

figures, such as FIGS. 3, 6, 8, and 9 . The relative thickness of the substrate, washcoat layers, and

other elements in the figures, such as FIGS. 3, 6, 8, and 9, are not drawn to scale.



Substrates

[0074] The initial substrate is preferably a catalytic converter substrate that demonstrates good

thermal stability, including resistance to thermal shock, and to which the described washcoats can

be affixed in a stable manner. Suitable substrates include, but are not limited to, substrates formed

from cordierite or other ceramic materials, and substrates formed from metal. The substrates may

include a honeycomb structure, which provides numerous channels and results in a high surface

area. The high surface area of the coated substrate with its applied washcoats in the catalytic

converter provides for effective treatment of the exhaust gas flowing through the catalytic

converter.

General Washcoat Preparation Procedure

[0075] Washcoats are prepared by suspending the designated materials in an aqueous solution,

adjusting the pH to between about 2 and about 7, to between about 3 and about 5, or to about 4, and

adjusting the viscosity, if necessary, using cellulose, cornstarch, or other thickeners, to a value

between about 300 cP to about 1200 cP.

[0076] The washcoat is applied to the substrate (which may already have one or more

previously-applied washcoats) by coating the substrate with the aqueous solution, blowing excess

washcoat off of the substrate (and optionally collecting and recycling the excess washcoat blown

off of the substrate), drying the substrate, and calcining the substrate.

Corner-Fill Washcoat Compositions and Layers

[0077] The corner fill washcoat layer (F) may be a relatively inexpensive layer, which can be

applied to the substrate to fill up the "corners" and other areas of the substrate where exhaust gases

are unlikely to penetrate in significant amounts. The corner fill layer is schematically diagrammed

in FIG. 9, which shows a single rectangular channel 900 in a substrate coated in the S-F-C-Z

configuration. The wall 910 of the substrate channel has been coated with corner-fill washcoat

layer 920, then catalyst-containing washcoat layer 930, then zeolite particle-containing washcoat

layer 940. When the coated substrate is operating in the catalytic converter, exhaust gases pass

through the lumen 950 of the channel. The corners of the channel (one of which, 960, is indicated

by an arrow) have a relatively thick coating, and exhaust gases will be less likely to contact those

regions. In, for example, the S-C-Z configuration, the layers 920 and 930 would be a single layer,

the catalyst-containing washcoat layer, and significant amounts of expensive platinum group

metal would be located in the corners (such as 960) where they are relatively inaccessible for

catalysis. Thus, while the S-C-Z configuration can be used, it may not be as cost-effective. The



corner fill washcoat layer may not provide an equivalent cost savings in the S-Z-C configuration,

as zeolites are relatively inexpensive.

[0078] While a rectangular shape is shown for illustration, an equivalent analysis holds for any

substrate with polygonal- shaped channels, or any substrate with channels that are not essentially

cylindrical. For substrates with essentially cylindrical channels, which by definition do not have

corners, a corner-fill washcoat may not be necessary for economic reasons (although it may still be

applied for other reasons, such as to adjust the diameter of the channels).

[0079] The corner-fill washcoat compositions may comprise aluminum oxide particles (i.e.,

alumina). Aluminum-oxide particles such as MI-386 material from Grace Davison, or the like, for

example, can be used. The size of the aluminum oxide particles is generally above about 0.2

microns, preferably above about 1 micron. The solids content of the corner-fill washcoat include

about 80% to about 98% by weight porous alumina (MI-386 or the like) and about 20% to about

2% boehmite, such as about 90% to 97% alumina and about 10% to 3% boehmite, or about 95% to

97% alumina and about 5% to about 3% boehmite, such as a corner-fill washcoat including about

97% porous alumina and about 3% boehmite.

[0080] In some embodiments, each of the aluminum oxide particles or substantially each of the

aluminum oxide particles in the corner-fill washcoat composition have a diameter of

approximately 0.2 microns to approximately 8 microns, such as about 4 microns to about 6

microns. In some embodiments, the aluminum oxide particles in the corner-fill washcoat

composition have an average grain size of approximately 0.2 microns to approximately 8 microns,

such as about 4 microns to about 6 microns. In some embodiments, at least about 75%, at least

about 80%, at least about 90%, or at least about 95% of the aluminum oxide particles in the

corner-fill washcoat composition have a particle size falling within the range of approximately 0.2

microns to approximately 8 microns, such as within the range of about 4 microns to about 6

microns. After a washcoat layer has been applied to a substrate, it may be dried, then calcined,

onto the substrate. The corner-fill washcoat may be applied in a thickness of from about 30 g/1 up

to about 100 g/1; a typical value may be about 50 g/1.

Zeolite Washcoat Compositions and Zeolite Layers

[0081] Zeolite particles may be used to trap hazardous gases, such as hydrocarbons, carbon

monoxide, and nitrogen oxides, during cold start of an internal combustion engine. The Zeolite

Layer (Z) is a washcoat layer, deposited using a washcoat composition that includes a higher

percentage of zeolite than the Catalytic layer. In some embodiments, the zeolites used in the



Zeolite Layer and washcoat are iron-exchanged zeolites, such as zeolites comprising 3% iron. In

some embodiments, the Zeolite Layer and washcoat includes no catalytically active particles (such

as no PGM-containing particles). In some embodiments, the Zeolite Layer includes zeolites

impregnated with palladium. In still other embodiments, the Zeolite Layer and washcoat includes

iron-exchanged zeolites, such as zeolites comprising 3% iron. In still further embodiments, the

Zeolite Layer and washcoat includes iron-exchanged zeolites, such as zeolites comprising 3%

iron, which are impregnated with palladium. The amount of palladium on the zeolite can range

from about 0.1% to 5% by weight, such as about 0.1%, about 1%, about 2%, about 3%, about 4%,

or about 5% by weight, or about 0.1 to 2% Pd by weight, about 2% to 5% Pd by weight, or about

0.5% to 2% Pd by weight. The amount of palladium impregnated into the zeolite can be adjusted

in order to amount to approximately 50% of the total palladium contained in all washcoat layers.

Iron-exchanged zeolites

[0082] As noted previously herein, zeolites act as a temporary storage component (i.e., a trap)

for the pollutants carbon monoxide (CO), hydrocarbons (HC), and nitrogen oxides (NOx) during

the cold-start period, when the catalytic converter is still cold. After the catalytic converter heats

up to its operating temperature, known as the light-off temperature, the stored gases are released

and subsequently decomposed by the catalytically active material on the substrate (typically,

platinum, palladium, and mixtures thereof, as described herein). See, for example, Kryl et al., Ind.

Eng. Chem. Res. 44:9524 (2005).

[0083] Zeolites can be modified by ion-exchange into the aluminosilicate zeolite matrix.

Common ions for such exchange are iron or copper. Thus, iron-exchanged zeolites

(iron-ion-exchanged zeolites, iron-impregnated zeolites) and copper-exchanged zeolites have

been produced by soaking zeolite materials in solutions containing iron or copper atoms. These

materials, particularly iron-exchanged zeolites, have been used in systems for converting nitrogen

oxides to nitrogen. See, for example, US 2009/0260346, which describes use of iron-exchanged

or copper-exchanged zeolites and ammonia for reduction of nitrogen oxides to nitrogen; US

5,451,387, which describes use of iron-exchanged ZSM-5 zeolite with ammonia to convert NOx to

N2; EP 756,891; and EP 2,141,333, which describes cerium-exchanged zeolites and

iron-exchanged zeolites for NOx reduction. Other uses of iron-exchanged zeolites, such as for

Friedel-Crafts alkylation, have also been proposed; see, e.g., Bidart et al., Catalysis Letters,

75:155 (2001)



[0084] The instant inventors have discovered that iron-exchanged zeolites also have superior

hydrocarbon trapping ability as compared to zeolites without such iron-exchange modification.

Thus, inclusion of iron-exchanged zeolites in catalytic converters can lead to dramatically

improved cold-start performance and improved pollution control.

[0085] Iron-exchanged zeolites can be easily prepared simply by immersing zeolites (such as

ZSM-5 zeolite or beta-zeolite) in solutions containing ferric or ferrous ions, such as ferric nitrate,

ferric sulfate, ferrous sulfate, ferrous acetate, ferric chloride, at concentrations of 10 mM to 100

mM, for 12-48 hours. See, e.g., Lee et al., Materials Transactions 50:2476 (2009); US 5,451,387;

Xin et al., Chem. Commun. 7590-7592 (2009); Chen et al., Catalysis Today 42:73 (1998); and

Sato et al., Catalysis Letters 12:193 (1992). Iron-exchanged zeolites can also be purchased

commercially, for example, from Clariant (formerly Sud-Chemie), Charlotte, North Carolina.

[0086] Use of iron-exchanged zeolites in the washcoats and catalysts disclosed herein can

reduce levels of hydrocarbons in exhaust gases, such as in cold-start exhaust gases, by at least

about 5%, at least about 10%, at least about 15%, at least about 20%, or at least about 25%,

compared to the same catalyst configurations using non-iron-exchanged zeolites.

[0087] Use of iron-exchanged zeolites in the washcoats and catalysts disclosed herein can also

reduce levels of carbon monoxide in exhaust gases, such as in cold-start exhaust gases, by at least

about 5%, at least about 10%, at least about 15%, at least about 20%, or at least about 25%,

compared to the same catalyst configurations using non-iron-exchanged zeolites.

[0088] In some embodiments, the zeolite layer and washcoat compositions comprise, consist

essentially of, or consist of zeolite particles, boehmite particles, and metal-oxide particles. The

metal-oxide particles are preferably porous. The metal-oxide particles may be aluminum-oxide

particles (e.g., MI-386 from Grace Davison or the like). The aluminum- oxide particles may be

porous. Different configurations of the weight concentrations of the zeolite particles, boehmite

particles, and metal-oxide particles may be employed. In the following descriptions, the

percentages of the components of the washcoat compositions are provided in terms of the amount

of solids present in the washcoat compositions, as the washcoat compositions can be provided in

an aqueous suspension or, in some instances, as dry powder. The zeolite layer refers to the zeolite

washcoat composition after it has been applied to the substrate, dried, and calcined.

[0089] In some embodiments, the zeolite particles comprise at least 50%, comprise more than

about 50%, or comprise about 50% to about 100% by weight of the combination of zeolite

particles, boehmite particles, and metal-oxide particles in the zeolite washcoat composition or



zeolite layer. In some embodiments, the zeolite particles make up approximately 60% to

approximately 80%, for example, approximately 65% to approximately 70% or approximately

70% to approximately 80%, by weight of the combination of zeolite particles, boehmite particles,

and metal-oxide particles in the zeolite particle-containing washcoat composition or zeolite layer.

In some embodiments, the zeolite particles in the zeolite particle-containing washcoat

composition or zeolite layer each have a diameter of approximately 0.2 microns to approximately

8 microns, such as about 4 microns to about 6 microns, prior to coating. In some embodiments, at

least about 75%, at least about 80%, at least about 90%, or at least about 95% of the zeolite

particles in the zeolite particle-containing washcoat composition or zeolite layer have a particle

size falling with the range of approximately 0.2 microns to approximately 8 microns, such as

within the range of about 4 microns to about 6 microns. In some embodiments, the boehmite

particles make up approximately 2% to approximately 5% by weight of the combination of zeolite

particles, boehmite particles, and metal-oxide particles in the zeolite particle-containing washcoat

composition or zeolite layer. In some embodiments, the boehmite particles make up

approximately 3% by weight of the combination of zeolite particles, boehmite particles, and

metal-oxide particles in the zeolite particle-containing washcoat composition or zeolite layer. In

some embodiments, the zeolite particles in the zeolite particle-containing washcoat composition

or zeolite layer are iron-exchanged zeolites, for example, zeolites comprising 3% iron. In some

embodiments, the metal-oxide particles make up approximately 15% to approximately 38%, for

example, approximately 15% to approximately 30%, approximately 17% to approximately 23%

or approximately 17% to approximately 22%, by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the zeolite particle-containing washcoat

composition or zeolite layer. In some embodiments, the metal-oxide particles make up

approximately 15% to approximately 38%, for example, approximately 15% to approximately

30%, approximately 17% to approximately 23% or approximately 17% to approximately 22%, by

weight of the mixture of zeolite particles (wherein the zeolite particles can be iron-exchanged

zeolite particles, or non-iron-exchanged zeolite particles), metal-oxide particles, and boehmite

particles in the zeolite particle-containing washcoat composition or zeolite layer. In some

embodiments, the metal-oxide particles make up approximately 15% to approximately 23% by

weight of the mixture of zeolite particles (wherein the zeolite particles can be iron-exchanged

zeolite particles, or non-iron-exchanged zeolite particles), metal-oxide particles, and boehmite

particles in the zeolite particle-containing washcoat composition or zeolite layer. In some



embodiments, the metal-oxide particles make up approximately 15% to approximately 23% by

weight of the mixture of zeolite particles (wherein the zeolite particles can be iron-exchanged

zeolite particles, or non-iron-exchanged zeolite particles), metal-oxide particles, and boehmite

particles in the zeolite particle-containing washcoat composition or zeolite layer. In some

embodiments, the metal-oxide particles make up approximately 25% to approximately 35% by

weight of the mixture of zeolite particles (wherein the zeolite particles can be iron-exchanged

zeolite particles, or non-iron-exchanged zeolite particles), metal-oxide particles, and boehmite

particles in the zeolite particle-containing washcoat composition or zeolite layer. In some

embodiments, the metal-oxide particles make up approximately 25% to approximately 35% by

weight of the mixture of zeolite particles (wherein the zeolite particles can be iron-exchanged

zeolite particles, or non-iron-exchanged zeolite particles), metal-oxide particles, and boehmite

particles in the zeolite particle-containing washcoat composition or zeolite layer. In some

embodiments, the zeolite-particle containing washcoat composition or zeolite layer contains about

3% boehmite particles, about 67% zeolite particles, and about 30% porous aluminum-oxide

particles, wherein the zeolite particles can be iron-exchanged zeolite particles, or

non-iron-exchanged zeolite particles. In some embodiments, the zeolite-particle containing

washcoat composition or zeolite layer comprises about 3% boehmite particles, about 70% zeolite

particles, and about 30% porous aluminum- oxide particles , wherein the zeolite particles can be

iron-exchanged zeolite particles, or non-iron-exchanged zeolite particles.

[0090] In some embodiments, the zeolite particle-containing washcoat composition or zeolite

layer does not comprise any platinum group metals. As discussed above, the six platinum group

metals are ruthenium, rhodium, palladium, osmium, iridium, and platinum. In some

embodiments, the zeolite particle-containing washcoat composition or zeolite layer is

characterized by a substantial absence of any platinum group metals. In some embodiments, the

zeolite particle-containing washcoat composition or zeolite layer is 100% free of any platinum

group metals. In some embodiments, the zeolite particle-containing washcoat composition or

zeolite layer is approximately 100% free of any platinum group metals. In some embodiments, the

zeolite particle-containing washcoat composition or zeolite layer does not comprise any catalytic

particles. In some embodiments, the zeolite particle-containing washcoat composition or zeolite

layer is characterized by a substantial absence of any catalytic particles. In some embodiments,

the zeolite particle-containing washcoat composition or zeolite layer is 100% free of any catalytic

particles. In some embodiments, the zeolite particle-containing washcoat composition or zeolite



layer is approximately 100% free of any catalytic particles. In all of the above embodiments, the

zeolite particles can be iron-exchanged zeolite particles, or non-iron-exchanged zeolite particles.

[0091] In other embodiments, the zeolite particle-containing washcoat composition or zeolite

layer further comprises palladium, where the palladium is impregnated into the zeolite particles.

The zeolite particles can be iron-exchanged zeolite particles, or non-iron-exchanged zeolite

particles. In some embodiments, the zeolite particle-containing washcoat composition or zeolite

layer may include by weight about 2% to about 5% boehmite particles, about 60% to about 80%

zeolite particles, and the rest porous aluminum-oxide particles (i.e., about 15% to about 38%). In

one embodiment, the zeolite particle-containing washcoat composition or zeolite layer includes by

weight about 2% to about 5% boehmite particles, about 75% to about 80% zeolite particles, and

the rest porous aluminum-oxide particles (i.e., about 15% to about 23%). In another

embodiments, the zeolite particle-containing washcoat composition or zeolite layer includes by

weight about 2% to about 5% boehmite particles, about 65% to about 70% zeolite particles, and

the rest porous aluminum-oxide particles (i.e., about 25% to about 33%). In some embodiments,

the zeolite-particle containing washcoat composition or zeolite layer contains about 3% boehmite

particles, about 67% zeolite particles, and about 30% porous aluminum-oxide particles. In all of

the above embodiments, the zeolite particles can be iron-exchanged zeolite particles, or

non-iron-exchanged zeolite particles.

[0092] In some embodiments, the zeolite particle-containing washcoat composition is mixed

with water and acid, such as acetic acid, prior to coating of a substrate with the zeolite

particle-containing washcoat composition, thereby forming an aqueous mixture of the zeolite

particle-containing washcoat composition, water, and acid. This aqueous mixture of the zeolite

particle-containing washcoat composition, water, and acid may then be applied to the substrate

(where the substrate may or may not already have other washcoat layers applied to it). In some

embodiments, the pH of this aqueous mixture may be adjusted to a pH level of about 2 to about 7

prior to it being applied to the substrate. In some embodiments, the pH of this aqueous mixture

may be adjusted to a pH level of about 4 prior to it being applied to the substrate.

[0093] In some embodiments, the zeolite layer (that is, the zeolite particle-containing washcoat

composition applied to the substrate, or the zeolite -particle containing washcoat layer) has a

thickness of approximately 25 g/1 to approximately 90 g/1 (grams/liter), approximately 50 g/1 to

approximately 80 g/1, or approximately 70 to approximately 90 g/1. In some embodiments, the



zeolite layer has a thickness of approximately 50 g/1, 60 g/1, 70 g/1, 80 g/1, or 90 g/1. In some

embodiments, the zeolite layer has a thickness of approximately 80 g/1.

[0094] In some embodiments, where the zeolite layer is applied on top of the catalyst-containing

layer (i.e., the catalyst-containing layer is closer to the substrate than the zeolite layer), the zeolite

layer has a thickness of about 70 g/1 to about 90 g/1.

[0095] In some embodiments, where the zeolite layer is applied under the catalyst-containing

layer (i.e., the zeolite layer is closer to the substrate than the catalyst-containing layer), the zeolite

layer has a thickness of about 50 g/1 to about 80 g/1.

Catalytic Active Particle-Containing Washcoat Compositions and Catalytically Active

Layers (where catalytically active particles comprise one or more plasma-generated catalyst

components)

[0096] The catalyst-containing washcoat composition and the catalyst layer on the substrate,

contains catalytically active material and can be formed in a variety of ways. Preferred catalysts

are platinum group metals (PGMs). Platinum group metals are the metals platinum, palladium,

rhodium, ruthenium, osmium, and iridium. The individual metals can be used as catalysts, and

various combinations of metals can also be used. For example, the plasma-generated NNm

micron-sized particles described above are preferably used. The catalytically active particles may

have composite nanoparticles, where the composite nanoparticles have a population of support

nanoparticles bearing catalytic nanoparticles comprising platinum and a population of support

nanoparticles bearing catalytic nanoparticles comprising palladium. The micron-sized support

particles bearing composite particles may include support nanoparticles bearing catalytic

nanoparticles, where the catalytic nanoparticles include a platinum/palladium alloy, such as a 4 :1

Pt/Pd ratio (weight/weight). The catalytically active particles may have composite nanoparticles,

where the composite nanoparticles have a population of support nanoparticles bearing catalytic

nanoparticles comprising a platinum/palladium alloy and a population of support nanoparticles

bearing catalytic nanoparticles comprising palladium. In some embodiments, the micron-sized

carrier particles are alumina (aluminum oxide) particles on which a plurality of composite

nanoparticles are attached, the composite nanoparticles comprising a support nanoparticle and a

catalytic nanoparticle. In one embodiment, MI-386 alumina powder from Grace Davison is used

as the micron-sized alumina particles.



[0097] In the following descriptions, the percentages of the components of the washcoat

compositions are provided in terms of the amount of solids present in the washcoat compositions,

as the washcoat compositions can be provided in an aqueous suspension or, in some instances, as

dry powder. The catalyst layer (or catalyst-containing layer) refers to the catalyst-containing

washcoat composition after it has been applied to the substrate, dried, and calcined.

[0098] The previously described zeolite-particle containing washcoat compositions and

zeolite-particle containing layers can be free of, or in an alternative embodiment, substantially free

of, catalytic particles or platinum group metals. The previously described zeolite-particle

containing washcoat compositions and zeolite-particle containing layers can comprise

iron-exchanged zeolite particles or non-iron-exchanged zeolite particles. The previously

described zeolite-particle containing washcoat compositions and zeolite-particle containing

layers, which can be iron-exchanged zeolite particles, or non-iron-exchanged zeolite particles, can

comprise palladium which is impregnated into zeolite particles. It is preferred that the

catalyst-containing washcoat compositions and layers which comprise one or more

plasma-generated catalyst components are free of, or substantially free of, zeolites. However, in

some embodiments, the catalyst-containing washcoat compositions and catalyst layers can contain

an amount of zeolites, such as up to about 20%, up to about 10%, or up to about 5% of the total

solids in the catalyst-containing washcoat compositions or catalyst-containing layers, where the

washcoat compositions or layers comprise one or more plasma-generated catalyst components.

[0099] In some embodiments, the catalyst-containing washcoat composition further includes

"spacer" or "filler" particles, where the spacer particles may be ceramic, metal oxide, or metallic

particles. In some embodiments, the spacer particles may be silica, alumina, boehmite, or zeolite

particles, or any mixture of the foregoing, such as boehmite particles, silica particles and zeolite

particles in any proportion.

[0100] In some embodiments where the catalyst-containing washcoat composition comprising

one or more plasma-generated catalyst components, and catalyst layers comprising one or more

plasma-generated catalyst components, are substantially free of zeolites, the catalyst-containing

washcoat composition comprises, consists essentially of, or consists of silica particles, boehmite

particles, and NNm particles. In some embodiments, the NNm particles make up between

approximately 35% to approximately 95% by weight of the combination of the NNm particles, the

boehmite particles, and the silica particles in the catalyst-containing washcoat composition or

catalyst-containing layer. In some embodiments, the NNm particles make up between



approximately 40% to approximately 92% by weight of the combination of the NNm particles, the

boehmite particles, and the silica particles in the catalyst-containing washcoat composition or

catalyst-containing layer. In some embodiments, the NNm particles make up between

approximately 60% to approximately 95% by weight of the combination of the NNm particles, the

boehmite particles, and the silica particles in the catalyst-containing washcoat composition or

catalyst-containing layer. In some embodiments, the NNm particles make up between

approximately 80% to approximately 95% by weight of the combination of the NNm particles, the

boehmite particles, and the silica particles in the catalyst-containing washcoat composition or

catalyst-containing layer. In some embodiments, the NNm particles make up between

approximately 80% to approximately 92% by weight of the combination of the NNm particles, the

boehmite particles, and the silica particles in the catalyst-containing washcoat composition or

catalyst-containing layer. In some embodiments, the NNm particles make up approximately 92%

by weight of the combination of the NNm particles, the boehmite particles, and the silica particles

in the catalyst-containing washcoat composition or catalyst-containing layer.

[0101] In some embodiments, the percentage of platinum group metal in the catalyst-containing

washcoat composition comprising one or more plasma-generated catalyst components, and in the

catalyst layer comprising one or more plasma-generated catalyst components, ranges from

between about 0.25% to about 4%, about 0.5% to about 4%, about 0.5% to about 3%, about 1% to

about 3%, about 1% to about 2%, about 1% to about 1.5%, about 1.5% to about 3%, about 1.5% to

about 2.5%, about 1.5% to about 2%, about 2% to about 3%, about 2.5% to about 3%, or about 2%

to about 2.5%. In some embodiments, the percentage of platinum group metal in the

catalyst-containing washcoat composition comprising one or more plasma-generated catalyst

components, and catalyst layer comprising one or more plasma-generated catalyst components, is

about 0.5%, about 0.75%, about 1%, about 1.25%, about 1.5%, about 1.75%, about 2%, about

2.25%, about 2.5%, about 2.75%, or about 3%. In some embodiments, the percentage of platinum

group metal in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components, and catalyst layer comprising one or more

plasma-generated catalyst components, is about 2.3%.

[0102] In some embodiments, the silica particles make up approximately 20% or less by weight

of the combination of the nano-on-nano-on-micron particles, the boehmite particles, and the silica

particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or the catalyst-containing layer comprising one or more



plasma-generated catalyst components; or the silica particles make up approximately 10% or less

by weight of the combination of the nano-on-nano-on-micron particles, the boehmite particles,

and the silica particles in the catalyst-containing washcoat composition or catalyst-containing

layer; in further embodiments, the silica particles make up approximately 5% or less by weight of

the combination of the nano-on-nano-on-micron particles, the boehmite particles, and the silica

particles in the catalyst-containing washcoat composition or catalyst-containing layer. In various

embodiments, the silica particles make up approximately 1% to approximately 20%,

approximately 1% to approximately 10%, approximately 1% to approximately 5%, about 20%,

about 10%, about 5%, or about 1% by weight of the combination of the nano-on-nano-on-micron

particles, the boehmite particles, and the silica particles in the catalyst-containing washcoat

composition comprising one or more plasma-generated catalyst components or

catalyst-containing layer comprising one or more plasma-generated catalyst components. In some

embodiments, the boehmite particles make up approximately 2% to approximately 5% by weight

of the combination of the nano-on-nano-on-micron particles, the boehmite particles, and the silica

particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components. In some embodiments, the boehmite particles make up

approximately 3% by weight of the combination of the nano-on-nano-on-micron particles, the

boehmite particles, and the silica particles in the catalyst-containing washcoat composition

comprising one or more plasma-generated catalyst components or catalyst-containing layer

comprising one or more plasma-generated catalyst components.

[0103] In some embodiments, the catalyst-containing washcoat composition comprising one or

more plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components further comprises metal-oxide particles, such as the metal

oxide particles discussed above (e.g., porous metal-oxides, aluminum-oxides, porous

aluminum-oxides, etc.). In some embodiments, these metal-oxide particles further comprise up to

approximately 65%, up to approximately 60%, up to approximately 55%, or up to approximately

54%, such as approximately 2% to approximately 54%, by weight of the combination of the

nano-on-nano-on-micron particles, the boehmite particles, the silica particles, and the metal-oxide

particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components. It is contemplated that the concentration ranges discussed



above for the nano-on-nano-on-micron particles, the boehmite particles, and the silica particles

can be applied to the combination of those materials with the metal-oxide particles.

[0104] In other embodiments, the catalyst-containing washcoat composition comprising one or

more plasma-generated catalyst components, or the catalyst-containing layer comprising one or

more plasma-generated catalyst components, comprises, consists essentially of, or consists of

zeolite particles, boehmite particles, and nano-on-nano-on-micron particles. In some

embodiments, the nano-on-nano-on-micron particles make up between approximately 35% to

approximately 95% by weight of the combination of the nano-on-nano-on-micron particles, the

boehmite particles, and the zeolite particles in the catalyst-containing washcoat composition

comprising one or more plasma-generated catalyst components or catalyst-containing layer

comprising one or more plasma-generated catalyst components. In some embodiments, the

nano-on-nano-on-micron particles make up between approximately 40% to approximately 92%

by weight of the combination of the nano-on-nano-on-micron particles, the boehmite particles,

and the zeolite particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components. In some embodiments, the nano-on-nano-on-micron

particles make up between approximately 60% to approximately 95% by weight of the

combination of the nano-on-nano-on-micron particles, the boehmite particles, and the zeolite

particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components. In some embodiments, the nano-on-nano-on-micron

particles make up between approximately 80% to approximately 95% by weight of the

combination of the nano-on-nano-on-micron particles, the boehmite particles, and the zeolite

particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components. In some embodiments, the nano-on-nano-on-micron

particles make up between approximately 80% to approximately 92% by weight of the

combination of the nano-on-nano-on-micron particles, the boehmite particles, and the zeolite

particles in the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components. In some embodiments, the nano-on-nano-on-micron

particles make up approximately 92% by weight of the combination of the



nano-on-nano-on-micron particles, the boehmite particles, and the zeolite particles in the

catalyst-containing washcoat composition comprising one or more plasma-generated catalyst

components or catalyst-containing layer comprising one or more plasma-generated catalyst

components. In some embodiments, the zeolite particles make up less than approximately 20%,

less than approximately 10%, or less than approximately 5%, by weight of the combination of the

nano-on-nano-on-micron particles, the boehmite particles, and the zeolite particles in the

catalyst-containing washcoat composition comprising one or more plasma-generated catalyst

components or catalyst-containing layer comprising one or more plasma-generated catalyst

components. In some embodiments, the zeolite particles make up approximately 1% to

approximately 5% by weight, such as about 5% by weight, of the combination of the

nano-on-nano-on-micron particles, the boehmite particles, and the zeolite particles in the

catalyst-containing washcoat composition comprising one or more plasma-generated catalyst

components or catalyst-containing layer comprising one or more plasma-generated catalyst

components. In some embodiments, the boehmite particles make up approximately 2% to

approximately 5% by weight of the combination of the nano-on-nano-on-micron particles, the

boehmite particles, and the zeolite particles in the catalyst-containing washcoat composition

comprising one or more plasma-generated catalyst components or catalyst-containing layer

comprising one or more plasma-generated catalyst components. In some embodiments, the

boehmite particles make up approximately 3% by weight of the combination of the

nano-on-nano-on-micron particles, the boehmite particles, and the zeolite particles in the

catalyst-containing washcoat composition comprising one or more plasma-generated catalyst

components or catalyst-containing layer comprising one or more plasma-generated catalyst

components.

[0105] In some embodiments, the catalyst-containing washcoat composition comprising one or

more plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components further includes metal-oxide particles, such as the metal

oxide particles discussed above (e.g., porous metal-oxides, aluminum-oxides, porous

aluminum-oxides, etc.). In some embodiments, these metal-oxide particles make up

approximately 0% to approximately 54%, such as approximately 2% to approximately 54%, by

weight of the combination of the nano-on-nano-on-micron particles, the boehmite particles, the

zeolite particles, and the metal-oxide particles in the catalyst-containing washcoat composition

comprising one or more plasma-generated catalyst components or catalyst-containing layer



comprising one or more plasma-generated catalyst components. It is contemplated that the

concentration ranges discussed above for the nano-on-nano-on-micron particles, the boehmite

particles, and the zeolite particles can be applied to the combination of those materials with the

metal-oxide particles.

[0106] In some embodiments, the catalyst-containing washcoat composition comprising one or

more plasma-generated catalyst components or catalyst-containing layer comprising one or more

plasma-generated catalyst components comprises micron-sized support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy. In other embodiments, the catalyst-containing washcoat composition

comprising one or more plasma-generated catalyst components or catalyst-containing layer

comprising one or more plasma-generated catalyst components comprises micron-sized support

particles bearing composite catalytic nanoparticles comprising platinum. In further embodiments,

the catalyst-containing washcoat composition comprising one or more plasma-generated catalyst

components or catalyst-containing layer comprising one or more plasma-generated catalyst

components comprises micron-sized support particles bearing composite catalytic nanoparticles,

where the composite nanoparticles have a population of support nanoparticles bearing catalytic

nanoparticles comprising a platinum/palladium alloy and a population of support nanoparticles

bearing catalytic nanoparticles comprising palladium.

[0107] In any of the foregoing embodiments, it will be understood that the amounts of platinum

and palladium can be adjusted such that the total amount of platinum and palladium in the

combined washcoat layers is from about 8:1 to 1:1 Pt/Pd ratio (weight/weight). In any of the

foregoing embodiments, a ratio between about 7:1 to 2:1 platinum:palladium (weight/weight);

about 6:1 to 3:1 platinum:palladium (weight/weight); about 5:1 to 3:1 platinum:palladium

(weight/weight); about 4.5:1 to 3.5:1 platinum:palladium (weight/weight), or a ratio of about 4:1

platinum:palladium (weight/weight), about 3:1 platinum:palladium (weight/weight) about 2:1

platinum:palladium (weight/weight), or about 1:1 platinum:palladium (weight/weight) can be

used. In any of the foregoing embodiments, the total amount of platinum and palladium in the

combined washcoat layers can be at about a 4:1 Pt/Pd ratio (weight/weight). In any of the

foregoing embodiments, the total amount of platinum and palladium in the combined washcoat

layers can be at about a 3:1 Pt/Pd ratio (weight/weight). In any of the foregoing embodiments, the

total amount of platinum and palladium in the combined washcoat layers can be at about a 2 :1



Pt/Pd ratio (weight/weight). In any of the foregoing embodiments, the total amount of platinum

and palladium in the combined washcoat layers can be at about a 1:1 Pt/Pd ratio (weight/weight).

[0108] The platinum and palladium can be distributed in among any components of the

washcoats used to make the catalyst. For example, the nanoparticles made by plasma preparation

methods can comprise all of the platinum and palladium used. Alternatively, the nanoparticles

made by plasma preparation methods can comprise all of the platinum and some of the palladium

used, while the remaining portion of the palladium can be distributed on one or more other

components of the washcoat layers used to make the catalyst. For example, if the total amount of

platinum:palladium in the catalyst is present in a 4 :1ratio, the nanoparticles can comprise 100% of

the platinum used and about 50% of the palladium used, resulting in nanoparticles having about an

8:1 platinum:palladium ratio, while the remaining 50% of the palladium is distributed on another

component (such as the zeolite or an aluminum oxide filler described herein). Thus the ratio

would be 8 parts platinum in the plasma-prepared nanoparticle, 1 part palladium in the

plasma-prepared nanoparticle, and 1 part palladium in another component of the washcoat layers,

resulting in an 8:2 or 4:1 platinum:palladium ratio overall.

[0109] A portion of the palladium can be present in any of the following washcoat components:

—zeolites (either iron-exchanged zeolites or non-iron-exchanged zeolites). Pd can be deposited

on zeolites by standard wet-chemical techniques, involving impregnation of a zeolite particle with

a solution of a palladium salt, such as a solution of a palladium acid salt, to the point of incipient

wetness, followed by drying and calcination to convert the palladium salt to elemental palladium.

The amount of palladium on the zeolite can range from about 0 .1% to 5% by weight, such as about

0.1%, about 1%, about 2%, about 3%, about 4%, or about 5% by weight, or about 0.1 to 2% Pd by

weight, about 2% to 5% Pd by weight, or about 0.5% to 2% Pd by weight. The amount of

palladium on the zeolite can be adjusted in order to amount to approximately 50% of the total

palladium contained in all washcoat layers, as discussed in the preceding paragraphs.

—filler material. Filler material in the form of micron-sized porous alumina (porous aluminum

oxide) is used in various layers of the washcoats. Palladium can be deposited in on the filler

material either by standard wet-chemical techniques (impregnation to incipient wetness of a

palladium salt solution on micron-sized porous alumina, followed by drying/calcination), or by

preparing Pd/Al20 3 nano-on-nano ("NN") composite nanoparticles, forming a suspension of the

composite nanoparticles, and impregnating the micron-sized porous alumina with the Pd/Al20 3



composite nanoparticles ("NNm"). The amount of palladium on the micron-sized alumina can

range from about 1% to 5% by weight, such as about 1%, about 2%, about 3%, about 4%, or about

5% by weight, or about 1 to 3% Pd by weight, about 2% to 3% Pd by weight, or about 1% to 2% Pd

by weight. The amount of palladium on the micron- sized alumina can be adjusted in order to

amount to approximately 50% of the total palladium contained in all washcoat layers, as discussed

in the preceding paragraphs.

[0110] In some embodiments, the catalyst-containing washcoat composition comprising one or

more plasma-generated catalyst components is mixed with water and acid, such as acetic acid,

prior to the coating of the substrate with the catalyst-containing washcoat composition, thereby

forming an aqueous mixture of the catalyst-containing washcoat composition, water, and acid.

The washcoats can be made by mixing the solid ingredients (about 30% by weight) with water

(about 70% by weight), and adding acetic acid to adjust the pH to about 4 . The washcoat slurry

can then be milled to arrive at an average particle size of about 4 µιη to about 6 µιη. This aqueous

mixture of the catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components, water, and acid is then applied to the substrate (where the

substrate may or may not already have other washcoat layers applied to it). The washcoat can be

coated onto the substrate by either dip-coating or vacuum coating. In some embodiments, the pH

of this aqueous mixture is adjusted to a pH level of about 2 to about 7 prior to it being applied to

the substrate. In some embodiments, the pH of this aqueous mixture is adjusted to a pH level of

about 4 prior to it being applied to the substrate. In some embodiments, the viscosity of the

aqueous washcoat is adjusted by mixing with a cellulose solution, with corn starch, or with similar

thickeners. In some embodiments, the viscosity is adjusted to a value between about 300 cP to

about 1200 cP. The washcoat can be aged for about 24 hours to about 48 hours after cellulose or

corn starch addition. The substrate can optionally be pre-wetted prior to coating.

[0111] In some embodiments, the catalyst-containing washcoat composition comprises a

thickness of approximately 50 g/1 to approximately 250 g/1, such as approximately 50 g/1 to

approximately 140 g/1, approximately 70 g/1 to approximately 140 g/1, approximately 90 g/1 to

approximately 140 g/1, or approximately 110 g/1 to approximately 130 g/1. In some embodiments,

the catalyst-containing washcoat composition comprises a thickness of approximately 50 g/1,

approximately 60 g/1, approximately 70 g/1, approximately 80 g/1, approximately 90 g/1,

approximately 100 g/1, approximately 110 g/1, approximately 120 g/1, approximately 130 g/1, or



approximately 140 g/1. Preferably, the catalyst-containing washcoat composition comprises a

thickness of approximately 120 g/1.

Drying and Calcining Conditions

[0112] Once each washcoat is applied to the substrate (which may or may not have already been

coated with previous substrates), excess washcoat is blown off and the residue collected and

recycled. The washcoat may then be dried. Drying of the washcoats can be performed at room

temperature or elevated temperature (for example, from about 30°C to about 95°C, preferably

about 60°C to about 70°C), at atmospheric pressure or at reduced pressure (for example, from

about 1 pascal to about 90,000 pascal, or from about 7.5 mTorr to about 675 Torr), in ambient

atmosphere or under an inert atmosphere (such as nitrogen or argon), and with or without passing

a stream of gas over the substrate (for example, dry air, dry nitrogen gas or dry argon gas). In

some embodiments, the drying process is a hot-drying process. A hot drying process includes any

way to remove the solvent at a temperature greater than room temperature, but at a temperature

below a standard calcining temperature. In some embodiments, the drying process may be a flash

drying process, involving the rapid evaporation of moisture from the substrate via a sudden

reduction in pressure or by placing the substrate in an updraft of warm air. It is contemplated that

other drying processes may also be used.

[0113] After drying the washcoat onto the substrate, the washcoat may then be calcined onto the

substrate. Calcining takes place at elevated temperatures, such as from 400°C to about 700°C,

preferably about 500°C to about 600°C, more preferably at about 540°C to about 560°C or at about

550°C. Calcining can take place at atmospheric pressure or at reduced pressure (for example, from

about 1 pascal to about 90,000 pascal, or about 7.5 mTorr to about 675 Torr), in ambient

atmosphere or under an inert atmosphere (such as nitrogen or argon), and with or without passing

a stream of gas over the substrate (for example, dry air, dry nitrogen gas, or dry argon gas).

Washcoat Formulations

[0114] Table 1 lists exemplary embodiments of the washcoat formulations. Specifically, the

composition of the various washcoat layers (Corner Fill Layer, Catalytic Layer (which comprises

one or more plasma-generated catalyst components), and Zeolite Layer) are provided.

Iron-exchanged zeolite is indicated as "Zeolite (Fe)", while non-iron-exchanged zeolite is simply

indicated as "Zeolite."

[0115] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more plasma-generated



catalyst components is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy, and 3) the

Zeolite Layer is comprised of zeolite particles. In other embodiments, the washcoat layers are

formulated as follows: 1) the Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of MI-386 support

particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite

particles. In further embodiments, the washcoat layers are formulated as follows: 1) the Corner

Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and 3) the Zeolite Layer is comprised of zeolite particles impregnated

with palladium. In still further embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite

particles comprising palladium.

[0116] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized support particles bearing

composite catalytic nanoparticles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles comprising a platinum/palladium

alloy, and MI-386 support particles bearing composite catalytic nanoparticles comprising

palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of alumina, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles bearing composite catalytic nanoparticles, where the

population of particles is comprised of MI-386 support particles bearing composite catalytic

nanoparticles comprising a platinum/palladium alloy, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles. In further embodiments, the washcoat layers are formulated as



follows: 1) the Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one

or more plasma-generated catalyst components is comprised of a population of micron-sized

support particles bearing composite catalytic nanoparticles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In still other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising palladium.

[0117] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

zeolite particles. In other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of iron-exchanged zeolite particles. In further embodiments, the washcoat

layers are formulated as follows: 1) the Corner Fill Layer is comprised of alumina, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized particles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise a platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet



chemical methods, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In yet other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of iron-exchanged zeolite particles comprising palladium.

[0118] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of zeolite particles impregnated with palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In

other embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles impregnated with palladium, 2) the Catalytic Layer comprising one

or more plasma-generated catalyst components is comprised of a population of micron-sized

support particles bearing composite catalytic nanoparticles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles.

In further embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles impregnated with palladium, 2) the Catalytic Layer comprising one

or more plasma-generated catalyst components is comprised of a population of micron-sized

support particles bearing composite catalytic nanoparticles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In still other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of zeolite particles impregnated with palladium, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of a



population of micron-sized support particles bearing composite catalytic nanoparticles, where the

population of particles is comprised of MI-386 support particles bearing composite catalytic

nanoparticles comprising a platinum/palladium alloy, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.

[0119] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles bearing composite catalytic nanoparticles, where the

population of particles is comprised of MI-386 support particles bearing composite catalytic

nanoparticles comprising a platinum/palladium alloy, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

zeolite particles. In other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of iron-exchanged zeolite particles comprising palladium, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles bearing composite catalytic nanoparticles, where the

population of particles is comprised of MI-386 support particles bearing composite catalytic

nanoparticles comprising a platinum/palladium alloy, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles. In further embodiments, the washcoat layers are formulated as

follows: 1) the Corner Fill Layer is comprised of iron-exchanged zeolite particles comprising

palladium, 2) the Catalytic Layer comprising one or more plasma-generated catalyst components

is comprised of a population of micron-sized support particles bearing composite catalytic

nanoparticles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising a platinum/palladium alloy, and MI-386 support

particles bearing composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer

is comprised of zeolite particles impregnated with palladium. In yet further embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of

iron-exchanged zeolite particles comprising palladium, 2) the Catalytic Layer comprising one or

more plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a



platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising palladium.

[0120] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of zeolite particles impregnated with palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of zeolite

particles impregnated with palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of iron-exchanged zeolite particles. In further embodiments, the washcoat

layers are formulated as follows: 1) the Corner Fill Layer is comprised of zeolite particles

impregnated with palladium, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

zeolite particles impregnated with palladium. In still further embodiments, the washcoat layers

are formulated as follows: 1) the Corner Fill Layer is comprised of zeolite particles impregnated

with palladium, 2) the Catalytic Layer comprising one or more plasma-generated catalyst

components is comprised of a population of micron-sized particles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.



[0121] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized particles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise a platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet

chemical methods, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles. In further

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with palladium.

In still other embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer

is comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising

palladium.

[0122] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of zeolite particles, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support



particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized support particles bearing

composite catalytic nanoparticles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles comprising a platinum/palladium

alloy, and MI-386 support particles bearing composite catalytic nanoparticles comprising

palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles. In further

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized support particles bearing

composite catalytic nanoparticles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles comprising a platinum/palladium

alloy, and MI-386 support particles bearing composite catalytic nanoparticles comprising

palladium, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with palladium.

In yet other embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer

is comprised of zeolite particles, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized support particles bearing

composite catalytic nanoparticles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles comprising a platinum/palladium

alloy, and MI-386 support particles bearing composite catalytic nanoparticles comprising

palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising

palladium.

[0123] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or

more plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles



comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles.

In further embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In yet other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged

zeolite particles comprising palladium.

[0124] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of zeolite particles, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of zeolite particles. In other embodiments, the washcoat layers are formulated

as follows: 1) the Corner Fill Layer is comprised of zeolite particles, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of



micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles. In further

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

zeolite particles impregnated with palladium. In still further embodiments, the washcoat layers

are formulated as follows: 1) the Corner Fill Layer is comprised of zeolite particles, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized particles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise a platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet

chemical methods, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising palladium.

[0125] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or

more plasma-generated catalyst components is comprised of a population of micron-sized

particles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of

iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles. In further embodiments, the washcoat layers are formulated as



follows: 1) the Corner Fill Layer is comprised of iron-exchanged zeolite particles, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized particles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise a platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet

chemical methods, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In still further embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles comprising

palladium.

[0126] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of MI-386 support particles bearing composite catalytic nanoparticles, where

the catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite

particles. In further embodiments, the washcoat layers are formulated as follows: 1) the Corner

Fill Layer is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of MI-386 support

particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and 3) the Zeolite Layer is comprised of zeolite particles impregnated



with palladium. In other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of

MI-386 support particles bearing composite catalytic nanoparticles, where the catalytic

nanoparticles comprise a platinum/palladium alloy, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.

[0127] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of MI-386 support particles bearing composite catalytic nanoparticles, where

the catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of a population of micron-sized

support particles bearing composite catalytic nanoparticles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of a population of micron-sized

support particles bearing composite catalytic nanoparticles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles.

In further embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of a population of micron-sized

support particles bearing composite catalytic nanoparticles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In yet other embodiments, the washcoat layers are formulated as follows: 1) the



Corner Fill Layer is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles bearing composite catalytic nanoparticles, where the

population of particles is comprised of MI-386 support particles bearing composite catalytic

nanoparticles comprising a platinum/palladium alloy, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.

[0128] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of MI-386 support particles bearing composite catalytic nanoparticles, where

the catalytic nanoparticles comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of a population of micron-sized

particles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise a platinum/palladium alloy, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of iron-exchanged zeolite particles. In some embodiments, the washcoat

layers are formulated as follows: 1) the Corner Fill Layer is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

zeolite particles impregnated with palladium. In some embodiments, the washcoat layers are



formulated as follows: 1) the Corner Fill Layer is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of a population of micron-sized particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.

[0129] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of a population of micron-sized support particles bearing composite catalytic

nanoparticles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising a platinum/palladium alloy, and MI-386 support

particles bearing composite catalytic nanoparticles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In

other embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of a population of micron-sized support particles bearing composite catalytic

nanoparticles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising a platinum/palladium alloy, and MI-386 support

particles bearing composite catalytic nanoparticles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged

zeolite particles. In further embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of a population of micron-sized support particles bearing

composite catalytic nanoparticles, where the population of particles is comprised of MI-386

support particles bearing composite catalytic nanoparticles comprising a platinum/palladium



alloy, and MI-386 support particles bearing composite catalytic nanoparticles comprising

palladium, 2) the Catalytic Layer comprising one or more plasma-generated catalyst components

is comprised of a population of micron-sized support particles bearing composite catalytic

nanoparticles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising a platinum/palladium alloy, and MI-386 support

particles bearing composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer

is comprised of zeolite particles impregnated with palladium. In still other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising palladium.

[0130] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of a population of micron-sized particles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles impregnated

with palladium by wet chemical methods, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of a population of micron-sized particles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles impregnated



with palladium by wet chemical methods, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles.

In further embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of a population of micron-sized particles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles impregnated

with palladium by wet chemical methods, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with

palladium. In yet further embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of a population of micron-sized particles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles,

where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles

impregnated with palladium by wet chemical methods, 2) the Catalytic Layer comprising one or

more plasma-generated catalyst components is comprised of a population of micron-sized support

particles bearing composite catalytic nanoparticles, where the population of particles is comprised

of MI-386 support particles bearing composite catalytic nanoparticles comprising a

platinum/palladium alloy, and MI-386 support particles bearing composite catalytic nanoparticles

comprising palladium, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising palladium.

[0131] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of a population of micron-sized support particles bearing composite catalytic

nanoparticles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising a platinum/palladium alloy, and MI-386 support

particles bearing composite catalytic nanoparticles comprising palladium, 2) the Catalytic Layer



comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of iron-exchanged zeolite particles. In further embodiments, the washcoat

layers are formulated as follows: 1) the Corner Fill Layer is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of zeolite particles impregnated with palladium. In yet other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of a population of

micron-sized support particles bearing composite catalytic nanoparticles, where the population of

particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising a platinum/palladium alloy, and MI-386 support particles bearing composite catalytic

nanoparticles comprising palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite



catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of iron-exchanged zeolite particles comprising palladium.

[0132] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of a population of micron-sized particles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles impregnated

with palladium by wet chemical methods, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of zeolite particles. In other embodiments, the washcoat layers are formulated

as follows: 1) the Corner Fill Layer is comprised of a population of micron-sized particles, where

the population of particles is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386

particles impregnated with palladium by wet chemical methods, 2) the Catalytic Layer comprising

one or more plasma-generated catalyst components is comprised of a population of micron-sized

particles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles. In further

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of a population of micron-sized particles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles impregnated

with palladium by wet chemical methods, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized particles,

where the population of particles is comprised of MI-386 support particles bearing composite

catalytic nanoparticles, where the catalytic nanoparticles comprise a platinum/palladium alloy,

and MI-386 particles impregnated with palladium by wet chemical methods, and 3) the Zeolite

Layer is comprised of zeolite particles impregnated with palladium. In some embodiments, the



washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of a population of

micron-sized particles, where the population of particles is comprised of MI-386 support particles

bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise a

platinum/palladium alloy, and MI-386 particles impregnated with palladium by wet chemical

methods, 2) the Catalytic Layer comprising one or more plasma-generated catalyst components is

comprised of a population of micron-sized particles, where the population of particles is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise a platinum/palladium alloy, and MI-386 particles impregnated

with palladium by wet chemical methods, and 3) the Zeolite Layer is comprised of iron-exchanged

zeolite particles comprising palladium.

[0133] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of alumina, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the Zeolite Layer is

comprised of zeolite particles. In other embodiments, the washcoat layers are formulated as

follows: 1) the Corner Fill Layer is comprised of alumina, 2) the Catalytic Layer comprising one

or more plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the

Zeolite Layer is comprised of iron-exchanged zeolite particles.

[0134] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of zeolite particles impregnated with palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of MI-386 support

particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise

platinum, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of zeolite

particles impregnated with palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the

Zeolite Layer is comprised of iron-exchanged zeolite particles. In further embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of zeolite

particles impregnated with palladium, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of MI-386 support particles bearing



composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the

Zeolite Layer is comprised of zeolite particles impregnated with palladium. In still other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles impregnated with palladium, 2) the Catalytic Layer comprising one

or more plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the

Zeolite Layer is comprised of iron-exchanged zeolite particles comprising palladium.

[0135] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise platinum, and 3) the Zeolite Layer is comprised of zeolite particles. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of MI-386 support

particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise

platinum, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles. In further

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of MI-386 support

particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles comprise

platinum, and 3) the Zeolite Layer is comprised of zeolite particles impregnated with palladium.

In yet further embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles comprising palladium, 2) the Catalytic

Layer comprising one or more plasma-generated catalyst components is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise platinum, and 3) the Zeolite Layer is comprised of iron-exchanged zeolite particles

comprising palladium.

[0136] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of zeolite particles, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the



Zeolite Layer is comprised of zeolite particles impregnated with palladium. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of zeolite particles, 2) the Catalytic Layer comprising one or more plasma-generated

catalyst components is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the Zeolite Layer is

comprised of iron-exchanged zeolite particles comprising palladium.

[0137] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or

more plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the

Zeolite Layer is comprised of zeolite particles impregnated with palladium. In other

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of iron-exchanged zeolite particles, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, and 3) the

Zeolite Layer is comprised of iron-exchanged zeolite particles comprising palladium.

[0138] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of MI-386 support particles bearing composite catalytic nanoparticles, where

the catalytic nanoparticles comprise platinum, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising platinum, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

zeolite particles. In other embodiments, the washcoat layers are formulated as follows: 1) the

Corner Fill Layer is comprised of MI-386 support particles bearing composite catalytic

nanoparticles, where the catalytic nanoparticles comprise platinum, 2) the Catalytic Layer

comprising one or more plasma-generated catalyst components is comprised of a population of

micron-sized support particles, where the population of particles is comprised of MI-386 support

particles bearing composite catalytic nanoparticles comprising platinum, and MI-386 support

particles bearing composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer

is comprised of iron-exchanged zeolite particles. In further embodiments, the washcoat layers are

formulated as follows: 1) the Corner Fill Layer is comprised of MI-386 support particles bearing



composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles, where the population of particles is comprised of

MI-386 support particles bearing composite catalytic nanoparticles comprising platinum, and

MI-386 support particles bearing composite catalytic nanoparticles comprising palladium, and 3)

the Zeolite Layer is comprised of zeolite particles impregnated with palladium. In still further

embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill Layer is

comprised of MI-386 support particles bearing composite catalytic nanoparticles, where the

catalytic nanoparticles comprise platinum, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising platinum, and MI-386 support particles bearing

composite catalytic nanoparticles comprising palladium, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.

[0139] In some embodiments, the washcoat layers are formulated as follows: 1) the Corner Fill

Layer is comprised of MI-386 support particles bearing composite catalytic nanoparticles, where

the catalytic nanoparticles comprise platinum, 2) the Catalytic Layer comprising one or more

plasma-generated catalyst components is comprised of a population of micron-sized support

particles, where the population of particles is comprised of MI-386 support particles bearing

composite catalytic nanoparticles comprising platinum, and MI-386 particles impregnated with

palladium, and 3) the Zeolite Layer is comprised of zeolite particles. In other embodiments, the

washcoat layers are formulated as follows: 1) the Corner Fill Layer is comprised of MI-386

support particles bearing composite catalytic nanoparticles, where the catalytic nanoparticles

comprise platinum, 2) the Catalytic Layer comprising one or more plasma-generated catalyst

components is comprised of a population of micron-sized support particles, where the population

of particles is comprised of MI-386 support particles bearing composite catalytic nanoparticles

comprising platinum, and MI-386 particles impregnated with palladium, and 3) the Zeolite Layer

is comprised of iron-exchanged zeolite particles. In further embodiments, the washcoat layers are

formulated as follows: 1) the Corner Fill Layer is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles, where the population of particles is comprised of



MI-386 support particles bearing composite catalytic nanoparticles comprising platinum, and

MI-386 particles impregnated with palladium, and 3) the Zeolite Layer is comprised of zeolite

particles impregnated with palladium. In yet other embodiments, the washcoat layers are

formulated as follows: 1) the Corner Fill Layer is comprised of MI-386 support particles bearing

composite catalytic nanoparticles, where the catalytic nanoparticles comprise platinum, 2) the

Catalytic Layer comprising one or more plasma-generated catalyst components is comprised of a

population of micron-sized support particles, where the population of particles is comprised of

MI-386 support particles bearing composite catalytic nanoparticles comprising platinum, and

MI-386 particles impregnated with palladium, and 3) the Zeolite Layer is comprised of

iron-exchanged zeolite particles comprising palladium.

[0140] In any of the foregoing embodiments of the washcoat layer formulations, the ratio of the

total amount of platinum to palladium in the combined washcoat layers ranges from 8:1 to 1:1. In

some embodiments, the ratio of the total amount of platinum/palladium in the combined washcoat

layers is 4:1.

Catalytic Converters and Methods of Producing Catalytic Converters

[0141] In some embodiments, the invention provides for catalytic converters, which can

comprise any of the washcoat layers and washcoat configurations described herein. The catalytic

converters are useful in a variety of applications, such as in diesel vehicles, such as in light-duty

diesel vehicles.

[0142] FIG. 1 illustrates a catalytic converter in accordance with some embodiments.

Catalytically active material is included in a washcoat composition, which is coated onto a

substrate to form a coated substrate. The coated substrate 114 is enclosed within an insulating

material 112, which in turn is enclosed within a metallic container 110 (of, for example, stainless

steel). A heat shield 108 and a gas sensor (for example, an oxygen sensor) 106 are depicted. The

catalytic converter may be affixed to the exhaust system of the vehicle through flanges 104 and

118. The exhaust gas, which includes the raw emissions of hydrocarbons, carbon monoxide, and

nitrogen oxides, enters the catalytic converter at 102. As the raw emissions pass through the

catalytic converter, they react with the catalytically active material on the coated substrate,

resulting in tailpipe emissions of water, carbon dioxide, and nitrogen exiting at 120. FIG. 1A is a

magnified view of a section of the coated substrate 114, which shows the honeycomb structure of

the coated substrate. The coated substrates, which are discussed in further detail below, may be

incorporated into a catalytic converter for use in a vehicle emissions control system.



[0143] FIGS. 2-8 illustrate various methods of forming coated substrates for use in a catalytic

converter. Any of the catalyst-containing washcoats or zeolite particle-containing washcoats

disclosed herein can be used in these illustrative methods. Any of the corner-fill washcoats

disclosed herein can be used in any of the illustrative methods where a corner-fill washcoat is

used.

[0144] FIG. 2 illustrates a method 200 of forming a coated substrate in accordance with some

embodiments of the present invention. The method comprises coating a substrate with a zeolite

particle-containing washcoat composition, wherein the zeolite particle-containing washcoat

composition comprises zeolite particles in high concentration; and coating the resulting coated

substrate with a catalyst-containing washcoat composition comprising one or more

plasma-generated catalyst components to form the coated substrate, wherein the

catalyst-containing washcoat composition comprises catalytic powder. Preferably, a drying

process and a calcining process are performed between each coating step. This configuration is

designated S-Z-C (substrate-zeolite layer-catalyst layer).

[0145] At step 210, a first washcoat composition, a zeolite particle-containing composition, is

applied to a substrate in order to coat the substrate with a first washcoat layer. Preferably, the

substrate comprises, consists essentially of, or consists of cordierite and comprises a honeycomb

structure. However, it is contemplated that the substrate can be formed from other materials and in

other configurations as well, as discussed herein.

[0146] At step 220, a first drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.

[0147] At step 230, a first calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.

[0148] At step 240, a second washcoat composition, a catalyst-containing washcoat

composition, comprising one or more plasma-generated catalyst components, is applied to the

substrate in order to coat the first washcoat layer with a second washcoat layer.

[0149] At step 250, a second drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.

[0150] At step 260, a second calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.



[0151] After the second calcining process, the coated substrate includes a first layer and a

second layer on its surface. The first layer includes a high concentration of zeolites. The second

layer, disposed over the first layer, includes catalytic material comprising one or more

plasma-generated catalyst components. This method illustrates the production of the

Substrate-Zeolite Particles-Catalytic Powder configuration (S-Z-C) without additional washcoat

layers; the method can be readily modified to apply additional washcoat layers as desired, before

or after any step illustrated. Preferably, a drying process and a calcining process are performed

between each coating step.

[0152] FIGS. 3A-C illustrate the production of a coated substrate at different stages of a

washcoat coating method in accordance with some embodiments of the present invention.

[0153] FIG. 3A illustrates a substrate 310 prior to being coated with the first washcoat

composition. Preferably, the substrate 310 comprises, consists essentially of, or consists of

cordierite and comprises a honeycomb structure. However, it is contemplated that other

configurations of the substrate 310 are also within the scope of the present invention. It should be

noted that the depiction of substrate 310 in FIGS. 3A-C illustrates only a portion of the surface

being coated, and thus the subsequent washcoat layers illustrated as being coated onto this portion

of the substrate are shown as only coating the top surface of the portion of the substrate. If the

depiction of the substrate 310 in FIGS. 3A-C had been meant to illustrate the entire substrate, the

washcoat layers would be shown as coating the entire surface of the substrate, and not just the top

surface, as is depicted in FIGS. 3A-C for the portion of the substrate shown.

[0154] FIG. 3B illustrates the substrate 310 after its surface has been coated with a zeolite

particle-containing washcoat composition, as discussed in the process depicted in FIG. 2 . The

first washcoat composition including zeolite particles can be applied, dried, and calcined. A

resulting first washcoat layer 320 is formed on the surface of the substrate 310. This first washcoat

layer 320 includes a high concentration of zeolite particles.

[0155] FIG. 3C illustrates the substrate 310 after the first washcoat layer 320 has been coated

with a second washcoat composition, as discussed in the process depicted in FIG. 2 . The second

washcoat composition containing catalytic powder comprising one or more plasma-generated

catalyst components can be applied, dried, and calcined. As a result, a second washcoat layer 330

is formed over the first washcoat layer 320. This second washcoat layer 330 comprises

catalytically active powder comprising one or more plasma-generated catalyst components. This

coated substrate is in the Substrate-Zeolite Particles-Catalytic Powder configuration (S-Z-C)



without additional washcoat layers; additional washcoat layers can be included as desired, under,

over, or between any layers illustrated.

[0156] FIG. 5 illustrates a method 500 of forming a coated substrate in accordance with some

embodiments. The method comprises: coating a substrate with a washcoat composition which

comprises a composition comprising catalytic particles comprising one or more plasma-generated

catalyst components (referred to as a catalyst-containing washcoat composition, a catalytically

active powder-containing washcoat composition, or a catalyst powder-containing washcoat

composition) to form a catalytic particle-coated substrate; and coating the resulting catalytic

particle-coated substrate with yet another subsequent washcoat composition which comprises

zeolite particles in high concentration (referred to as a zeolite particle-containing washcoat

composition), to form the fully coated substrate, which is a catalytic particle-coated/zeolite

particle-coated substrate. Preferably, a drying process and a calcining process are performed

between each coating step. This configuration is designated S-C-Z (substrate-catalyst

layer-zeolite layer).

[0157] At step 510, a first washcoat composition, a catalytic powder-containing composition,

comprising one or more plasma-generated catalyst components, is applied to a substrate in order

to coat the substrate with a first washcoat layer. Preferably, the substrate comprises, consists

essentially of, or consists of cordierite and comprises a honeycomb structure. However, it is

contemplated that the substrate can be formed from other materials and in other configurations as

well, as discussed herein.

[0158] At step 520, a first drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.

[0159] At step 530, a first calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.

[0160] At step 540, a second washcoat composition, a zeolite particle-containing washcoat

composition, is applied to the substrate in order to coat the first washcoat layer with a second

washcoat layer.

[0161] At step 550, a second drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.



[0162] At step 560, a second calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.

[0163] After the second calcining process, the coated substrate comprises a first layer and a

second layer on its surface. The first layer comprises catalytic material comprising one or more

plasma-generated catalyst components. The second layer, disposed over the first layer, comprises

a high concentration of zeolite. This method illustrates the production of the Substrate-Catalytic

Powder-Zeolite Particles configuration (S-C-Z) without additional washcoat layers; the method

can be readily modified to apply additional washcoat layers as desired, before or after any step

illustrated.

[0164] FIGS. 6A-C illustrate the production of a coated substrate at different stages of a

washcoat coating method in accordance with some embodiments.

[0165] FIG. 6A illustrates a substrate 610 prior to being coated with the first washcoat

composition. Preferably, the substrate 610 comprises, consists essentially of, or consists of

cordierite and comprises a honeycomb structure. However, it is contemplated that other

configurations of the substrate 610 are also within the scope of the present invention. It should be

noted that the depiction of substrate 610 in FIGS. 6A-C illustrates only a portion of the surface

being coated, and thus the subsequent washcoat layers illustrated as being coated onto this portion

of the substrate are shown as only coating the top surface of the portion of the substrate. If the

depiction of the substrate 610 in FIGS. 6A-C had been meant to illustrate the entire substrate, the

washcoat layers would be shown as coating the entire surface of the substrate, and not just the top

surface, as is depicted in FIGS. 6A-C for the portion of the substrate shown.

[0166] FIG. 6B illustrates the substrate 610 after its surface has been coated with a

catalyst-containing washcoat composition, as discussed in the process depicted in FIG. 5 . The

first washcoat composition containing catalytic powder comprising one or more plasma-generated

catalyst components can be applied, dried, and calcined. A resulting first washcoat layer 620 is

formed on the surface of the substrate 610. This first washcoat layer 620 comprises catalytic

powder.

[0167] FIG. 6C illustrates the substrate 610 after the first washcoat layer 620 has been coated

with a second washcoat composition, as discussed in the process depicted in FIG. 5 . The second

washcoat composition containing zeolite particles can be applied, dried, and calcined. As a result,

a second washcoat layer 630 is formed over the first washcoat layer 620. This second washcoat



layer 630 comprises zeolite particles, preferably in a high concentration. This coated substrate is

in the Substrate-Catalytic Powder-Zeolite Particles configuration (S-C-Z) without additional

washcoat layers; additional washcoat layers can be included as desired, under, over, or between

any layers illustrated.

[0168] FIG. 7 illustrates a method 700 of forming a coated substrate in accordance with some

embodiments. The method comprises coating a substrate with a washcoat composition which

comprises a corner-fill washcoat composition comprising alumina; coating the resulting

corner-fill-coated substrate with a subsequent washcoat composition, which comprises a

composition comprising catalytic particles comprising one or more plasma-generated catalyst

components (referred to as a catalyst-containing washcoat composition, a catalytically active

powder-containing washcoat composition, or a catalyst powder-containing washcoat

composition) to form a corner-fill-coated/catalyst particle-coated substrate; and coating the

resulting corner-fill-coated/catalyst layer-coated substrate with yet another subsequent washcoat

composition which comprises zeolite particles in high concentration (referred to as a zeolite

particle-containing washcoat composition), to form the fully-coated substrate, which is a

corner-fill-coated/catalyst particle-coated/zeolite particle-coated substrate. Preferably, a drying

process and a calcining process are performed between each coating step. This configuration is

designated S-F-C-Z (substrate-corner fill layer-catalyst layer-zeolite layer).

[0169] At step 710, a first washcoat composition, a corner-fill washcoat composition, is applied

to a substrate in order to coat the substrate with a first washcoat layer. Preferably, the substrate

comprises, consists essentially of, or consists of cordierite and comprises a honeycomb structure.

However, it is contemplated that the substrate can be formed from other materials and in other

configurations as well, as discussed herein.

[0170] At step 720, a first drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.

[0171] At step 730, a first calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.

[0172] At step 740, a second washcoat composition, a catalyst-containing washcoat

composition comprising one or more plasma-generated catalyst components, is applied to the

substrate in order to coat the first washcoat layer with a second washcoat layer.



[0173] At step 750, a second drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.

[0174] At step 760, a second calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.

[0175] At step 770, a third washcoat composition, a zeolite particle-containing washcoat

composition, is applied to the substrate in order to coat the second washcoat layer with a third

washcoat layer.

[0176] At step 780, a third drying process is performed on the substrate. Examples of such

drying processes include, but are not limited to, a hot-drying process, or a flash drying process.

[0177] At step 790, a third calcining process is performed on the substrate. It is contemplated

that the length and temperature of the calcination process can vary depending on the

characteristics of the components in a particular embodiment.

[0178] After the third calcining process, the coated substrate comprises a first layer, a second

layer, and a third layer on its surface. The first layer, disposed over the substrate, contains

corner-fill material such as aluminum oxide. The second layer, disposed over the first layer,

comprises catalytic material comprising one or more plasma-generated catalyst components. The

third layer, disposed over the second layer, comprises a high concentration of zeolite. This

method illustrates the production of the Substrate-Corner Fill-Catalytic Powder-Zeolite Particles

configuration (S-F-C-Z) without additional washcoat layers; the method can be readily modified

to apply additional washcoat layers as desired, before or after any step illustrated.

[0179] FIGS. 8A-D illustrate the production of a coated substrate at different stages of a

washcoat coating method in accordance with some embodiments.

[0180] FIG. 8A illustrates a substrate 810 prior to being coated with the first washcoat

composition. Preferably, the substrate 810 comprises, consists essentially of, or consists of

cordierite and comprises a honeycomb structure. However, it is contemplated that other

configurations of the substrate 810 may also be used. It should be noted that the depiction of

substrate 810 in FIGS. 8A-D illustrates only a portion of the surface being coated, and thus the

subsequent washcoat layers illustrated as being coated onto this portion of the substrate are shown

as only coating the top surface of the portion of the substrate. If the depiction of the substrate 810

in FIGS. 8A-D had been meant to illustrate the entire substrate, the washcoat layers would be



shown as coating the entire surface of the substrate, and not just the top surface, as is depicted in

FIGS. 8A-D for the portion of the substrate shown.

[0181] FIG. 8B illustrates the substrate 810 after its surface has been coated with a corner-fill

washcoat composition, as discussed in the process depicted in FIG. 7 . The first washcoat

composition containing corner fill material can be applied, dried, and calcined. A resulting first

washcoat layer 820 is formed on the surface of the substrate 810. This first washcoat layer 820

comprises corner fill material, such as aluminum oxide.

[0182] FIG. 8C illustrates the substrate 810 after the first washcoat layer 820 has been coated

with a second washcoat composition, as discussed in the process depicted in FIG. 7 . The second

washcoat composition containing catalytic powder comprising one or more plasma-generated

catalyst components can be applied, dried, and calcined. As a result, a second washcoat layer 830

is formed over the first washcoat layer 820. This second washcoat layer 830 comprises catalytic

powder comprising one or more plasma-generated catalyst components.

[0183] FIG. 8D illustrates the substrate 810 after the second washcoat layer 830 has been coated

with a third washcoat composition, as discussed in the process depicted in FIG. 7 . The third

composition containing zeolite particles can be applied, dried, and calcined. As a result, a third

washcoat layer 840 is formed over the second washcoat layer 830. This third washcoat layer 840

comprises zeolite particles, preferably in a high concentration. This coated substrate is in the

Substrate-Corner Fill-Catalytic Powder-Zeolite Particles configuration (S-F-C-Z) without

additional washcoat layers; additional washcoat layers can be included as desired, under, over, or

between any layers illustrated.

[0184] While not illustrated, the invention also comprises a method of forming a coated

substrate in accordance with the S-F-Z-C (substrate-corner fill layer-zeolite layer-catalyst layer)

embodiment. The method comprises coating a substrate with a washcoat composition which

comprises a corner-fill washcoat composition comprising alumina; coating the resulting

corner-fill-coated substrate with a subsequent washcoat composition, which comprises a

composition comprising zeolite particles (referred to as a zeolite particle-containing washcoat

composition) to form a corner-fill-coated/zeolite particle-coated substrate; and coating the

resulting corner-fill-coated/zeolite layer-coated substrate with yet another subsequent washcoat

composition which comprises catalyst particles comprising one or more plasma-generated catalyst

components (referred to as a catalyst-containing washcoat composition, a catalytically active

powder-containing washcoat composition, or a catalyst powder-containing washcoat



composition), to form the fully-coated substrate, which is a corner-fill-coated/zeolite

particle-coated/catalyst particle-coated substrate. Preferably, a drying process and a calcining

process are performed between each coating step. This configuration is designated S-F-Z-C

(substrate-corner fill layer-zeolite layer-catalyst layer).

[0185] FIG. 9 shows a single rectangular channel 900 in a coated substrate coated in the

S-F-C-Z configuration, without additional washcoat layers. The wall 910 of the substrate channel

has been coated with corner-fill washcoat layer 920, then catalyst-containing washcoat layer

(comprising one or more plasma-generated catalyst components) 930, then zeolite

particle-containing washcoat layer 940. Exhaust gases pass through the lumen 950 of the channel

when the coated substrate is employed in a catalytic converter as part of an emissions control

system.

Exhaust Systems, Vehicles, and Emissions Performance

[0186] In some embodiments of the invention, a coated substrate as disclosed herein is housed

within a catalytic converter in a position configured to receive exhaust gas from an internal

combustion engine, such as in an exhaust system of an internal combustion engine. The catalytic

converter can be used with the exhaust from a diesel engine, such as a light-duty diesel engine.

The catalytic converter can be installed on a vehicle containing a diesel engine, such as a

light-duty diesel engine.

[0187] The coated substrate is placed into a housing, such as that shown in FIG. 1, which can in

turn be placed into an exhaust system (also referred to as an exhaust treatment system) of an

internal combustion engine. The internal combustion engine can be a diesel engine, such as a

light-duty diesel engine, such as the engine of a light-duty diesel vehicle. The exhaust system of

the internal combustion engine receives exhaust gases from the engine, typically into an exhaust

manifold, and delivers the exhaust gases to an exhaust treatment system. The catalytic converter

forms part of the exhaust system and is often referred to as the diesel oxidation catalyst (DOC).

The exhaust system can also include a diesel particulate filter (DPF) and/or a selective catalytic

reduction unit (SCR unit) and/or a lean NOx trap (LNT); typical arrangements, in the sequence that

exhaust gases are received from the engine, are DOC-DPF and DOC-DPF-SCR. The exhaust

system can also include other components, such as oxygen sensors, HEGO (heated exhaust gas

oxygen) sensors, UEGO (universal exhaust gas oxygen) sensors, sensors for other gases, and

temperature sensors. The exhaust system can also include a controller such as an engine control

unit (ECU), a microprocessor, or an engine management computer, which can adjust various



parameters in the vehicle (fuel flow rate, fuel/air ratio, fuel injection, engine timing, valve timing,

etc.) in order to optimize the components of the exhaust gases that reach the exhaust treatment

system, so as to manage the emissions released into the environment.

[0188] "Treating" an exhaust gas, such as the exhaust gas from a diesel engine, such as a

light-duty diesel engine, refers to having the exhaust gas proceed through an exhaust system

(exhaust treatment system) prior to release into the environment. As noted above, typically the

exhaust gas from the engine will flow through an exhaust system comprising a diesel oxidation

catalyst and a diesel particulate filter, or an exhaust system comprising a diesel oxidation catalyst,

a diesel particulate filter, and selective catalytic reduction unit (SCR), prior to release into the

environment.

[0189] The United States Environmental Protection Agency defines a "light-duty diesel

vehicle" ("LDDV") as a diesel-powered motor vehicle, other than a diesel bus, that has a gross

vehicle weight rating of 8,500 pounds or less and is designed primarily for transporting persons or

property. In Europe, a "light-duty diesel engine" has been considered to be an engine used in a

vehicle of 3.5 metric tons or less (7,716 pounds or less) (see European directives 1992/21 EC and

1995/48 EC). In some embodiments of the invention, a light-duty diesel vehicle is a diesel vehicle

weighing about 8,500 pounds or less, or about 7,700 pounds or less, and a light-duty diesel engine

is an engine used in a light-duty diesel vehicle.

[0190] When used in a catalytic converter, the coated substrates disclosed herein may provide a

significant improvement over other catalytic converters. The zeolites in the coated substrate act as

an intermediate storage device for the exhaust gases while the exhaust gas is still cold. The

undesirable gases (including, but not limited to, hydrocarbons, carbon monoxide, and nitrogen

oxides or NOx) adsorb to the zeolites during the cold start phase, while the catalyst is not yet

active, and are released later when the catalyst reaches a temperature sufficient to effectively

decompose the gases (that is, the light-off temperature).

[0191] In some embodiments, catalytic converters and exhaust treatment systems employing the

coated substrates disclosed herein display emissions of 3400 mg/mile or less of CO emissions and

400 mg/mile or less of NOx emissions; 3400 mg/mile or less of CO emissions and 200 mg/mile or

less of NOx emissions; or 1700 mg/mile or less of CO emissions and 200 mg/mile or less of NOx

emissions. The disclosed coated substrates, used as catalytic converter substrates, can be used in

an emission system to meet or exceed these standards. In some embodiments, the coated substrate



is used in a catalytic converter (diesel oxidation catalyst) in the configuration DOC-DPF or

DOC-DPF-SCR to meet or exceed these standards.

[0192] Emissions limits for Europe are summarized at the URL

europa.eu/legislation_summaries/environment/air_pollution/128 186_en.htm . The Euro 5

emissions standards, in force as of September 2009, specify a limit of 500 mg/km of CO

emissions, 180 mg/km of NOx emissions, and 230 mg/km of HC (hydrocarbon) + NOx emissions.

The Euro 6 emissions standards, scheduled for implementation as of September 2014, specify a

limit of 500 mg/km of CO emissions, 80 mg/km of NOx emissions, and 170 mg/km of HC

(hydrocarbon) + NOx emissions. The disclosed catalytic converter substrates can be used in an

emission system to meet or exceed these standards. In some embodiments, the coated substrate is

used in a catalytic converter (diesel oxidation catalyst) in the configuration DOC-DPF or

DOC-DPF-SCR to meet or exceed these standards.

[0193] In some embodiments, a catalytic converter made with a coated substrate of the

invention, loaded with 5.0 g/1 of PGM or less, displays a carbon monoxide light-off temperature at

least 5 degrees C lower than a catalytic converter made using only wet chemistry methods and

having the same or similar PGM loading. In some embodiments, a catalytic converter made with

a coated substrate of the invention, loaded with 5.0 g/1 of PGM or less, displays a carbon

monoxide light-off temperature at least 10 degrees C lower than a catalytic converter made using

only wet chemistry methods and having the same or similar PGM loading. In some embodiments,

a catalytic converter made with a coated substrate of the invention, loaded with 4.0 g/1 of PGM or

less, displays a carbon monoxide light-off temperature at least 5 degrees C lower than a catalytic

converter made using only wet chemistry methods and having the same or similar PGM loading.

In some embodiments, the catalytic converter made with a coated substrate of the invention

demonstrates any of the foregoing performance standards after about 50,000 km, about 50,000

miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles, about

125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation (for

both the catalytic converter made with a coated substrate of the invention and the comparative

catalytic converter).

[0194] In some embodiments, a catalytic converter made with a coated substrate of the

invention displays a carbon monoxide light-off temperature within +/- 3 degrees C of the carbon

monoxide light-off temperature of a catalytic converter made using only wet chemistry methods,

while the catalytic converter made with a coated substrate employing 30% less catalyst than the



catalytic converter made using only wet chemistry methods. In some embodiments, the catalytic

converter made with a coated substrate of the invention demonstrates this performance after about

50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about

100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles

of operation (for both the catalytic converter made with a coated substrate of the invention and the

comparative catalytic converter).

[0195] In some embodiments, a catalytic converter made with a coated substrate of the

invention displays a carbon monoxide light-off temperature within +/- 2 degrees C of the carbon

monoxide light-off temperature of a catalytic converter made using only wet chemistry methods,

while the catalytic converter made with a coated substrate employing 30% less catalyst than the

catalytic converter made using only wet chemistry methods. In some embodiments, the catalytic

converter made with a coated substrate of the invention demonstrates this performance after about

50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about

100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles

of operation (for both the catalytic converter made with a coated substrate of the invention and the

comparative catalytic converter).

[0196] In some embodiments, a catalytic converter made with a coated substrate of the

invention displays a carbon monoxide light-off temperature within +/- 4 degrees C of the carbon

monoxide light-off temperature of a catalytic converter made using only wet chemistry methods,

while the catalytic converter made with a coated substrate employing 40% less catalyst than the

catalytic converter made using only wet chemistry methods. In some embodiments, the catalytic

converter made with a coated substrate of the invention demonstrates this performance after about

50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about

100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles

of operation (for both the catalytic converter made with a coated substrate of the invention and the

comparative catalytic converter).

[0197] In some embodiments, a catalytic converter made with a coated substrate of the

invention displays a carbon monoxide light-off temperature within +/- 2 degrees C of the carbon

monoxide light-off temperature of a catalytic converter made using only wet chemistry methods,

while the catalytic converter made with a coated substrate employing 40% less catalyst than the

catalytic converter made using only wet chemistry methods. In some embodiments, the catalytic

converter made with a coated substrate of the invention demonstrates this performance after about



50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about

100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles

of operation (for both the catalytic converter made with a coated substrate of the invention and the

comparative catalytic converter).

[0198] In some embodiments, a catalytic converter made with a coated substrate of the

invention displays a carbon monoxide light-off temperature within +/- 5 degrees C of the carbon

monoxide light-off temperature of a catalytic converter made using only wet chemistry methods,

while the catalytic converter made with a coated substrate of the invention employing 50% less

catalyst than the catalytic converter made using only wet chemistry methods. In some

embodiments, the catalytic converter made with a coated substrate of the invention demonstrates

this performance after about 50,000 km, about 50,000 miles, about 75,000 km, about 75,000

miles, about 100,000 km, about 100,000 miles, about 125,000 km, about 125,000 miles, about

150,000 km, or about 150,000 miles of operation (for both the catalytic converter made with a

coated substrate of the invention and the comparative catalytic converter).

[0199] In some embodiments, a catalytic converter made with a coated substrate of the

invention displays a carbon monoxide light-off temperature within +/- 2 degrees C of the carbon

monoxide light-off temperature of a catalytic converter made using only wet chemistry methods,

while the catalytic converter made with a coated substrate of the invention employing 50% less

catalyst than the catalytic converter made using only wet chemistry methods. In some

embodiments, the catalytic converter made with a coated substrate of the invention demonstrates

this performance after about 50,000 km, about 50,000 miles, about 75,000 km, about 75,000

miles, about 100,000 km, about 100,000 miles, about 125,000 km, about 125,000 miles, about

150,000 km, or about 150,000 miles of operation (for both the catalytic converter made with a

coated substrate of the invention and the comparative catalytic converter).

[0200] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, complies with United States EPA emissions requirements, while using at

least about 30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least

about 50% less, or up to about 50% less, platinum group metal or platinum group metal loading, as

compared to a catalytic converter made using only wet chemistry methods which complies with

the same standard. In some embodiments, the coated substrate is used in a catalytic converter

(diesel oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed



these standards. The emissions requirements can be intermediate life requirements or full life

requirements. The requirements can be TLEV requirements, LEV requirements, or ULEV

requirements. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation

(for both the catalytic converter made with a coated substrate of the invention and the comparative

catalytic converter).

[0201] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, complies with EPA TLEV/LEV intermediate life requirements. In some

embodiments, a catalytic converter made with a coated substrate of the invention employed on a

diesel engine or diesel vehicle, such as a light-duty diesel engine or light-duty diesel vehicle,

complies with EPA TLEV/LEV full life requirements. In some embodiments, a catalytic

converter made with a coated substrate of the invention employed on a diesel engine or diesel

vehicle, such as a light-duty diesel engine or light-duty diesel vehicle, complies with EPA ULEV

intermediate life requirements. In some embodiments, a catalytic converter made with a coated

substrate of the invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel

engine or light-duty diesel vehicle, complies with EPA ULEV full life requirements. In some

embodiments, the coated substrate is used in a catalytic converter (diesel oxidation catalyst) in the

configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these standards. In some

embodiments, the catalytic converter made with a coated substrate of the invention demonstrates

any of the foregoing performance standards after about 50,000 km, about 50,000 miles, about

75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles, about 125,000 km, about

125,000 miles, about 150,000 km, or about 150,000 miles of operation.

[0202] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, complies with EPA TLEV/LEV intermediate life requirements, while

using at least about 30% less, up to about 30% less, at least about 40% less, up to about 40% less,

at least about 50% less, or up to about 50% less, platinum group metal or platinum group metal

loading, as compared to a catalytic converter made using only wet chemistry methods which

complies with that standard. In some embodiments, a catalytic converter made with a coated



substrate of the invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel

engine or light-duty diesel vehicle, complies with EPA TLEV/LEV full life requirements, while

using at least about 30% less, up to about 30% less, at least about 40% less, up to about 40% less,

at least about 50% less, or up to about 50% less, platinum group metal or platinum group metal

loading, as compared to a catalytic converter made using only wet chemistry methods which

complies with that standard. In some embodiments, a catalytic converter made with a coated

substrate of the invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel

engine or light-duty diesel vehicle, complies with EPA ULEV intermediate life requirements,

while using at least about 30% less, up to about 30% less, at least about 40% less, up to about 40%

less, at least about 50% less, or up to about 50% less, platinum group metal or platinum group

metal loading, as compared to a catalytic converter made using only wet chemistry methods which

complies with that standard. In some embodiments, a catalytic converter made with a coated

substrate of the invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel

engine or light-duty diesel vehicle, complies with EPA ULEV full life requirements, while using

at least about 30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least

about 50% less, or up to about 50% less, platinum group metal or platinum group metal loading, as

compared to a catalytic converter made using only wet chemistry methods which complies with

that standard. In some embodiments, the coated substrate is used in a catalytic converter (diesel

oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these

standards. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation

(for both the catalytic converter made with a coated substrate of the invention and the comparative

catalytic converter).

[0203] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, complies with Euro 5 requirements. In some embodiments, a catalytic

converter made with a coated substrate of the invention employed on a diesel engine or diesel

vehicle, such as a light-duty diesel engine or light-duty diesel vehicle, complies with Euro 6

requirements. In some embodiments, the coated substrate is used in a catalytic converter (diesel

oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these



standards. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation.

[0204] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, complies with Euro 5 requirements, while using at least about 30% less,

up to about 30% less, at least about 40% less, up to about 40% less, at least about 50% less, or up

to about 50% less, platinum group metal or platinum group metal loading, as compared to a

catalytic converter made using only wet chemistry methods which complies with Euro 5

requirements. In some embodiments, the coated substrate is used in a catalytic converter (diesel

oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these

standards. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation

(for both the catalytic converter made with a coated substrate of the invention and the comparative

catalytic converter).

[0205] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, complies with Euro 6 requirements, while using at least about 30% less,

up to about 30% less, at least about 40% less, up to about 40% less, at least about 50% less, or up

to about 50% less, platinum group metal or platinum group metal loading, as compared to a

catalytic converter made using only wet chemistry methods which complies with Euro 6

requirements. In some embodiments, the coated substrate is used in a catalytic converter (diesel

oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these

standards. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation

(for both the catalytic converter made with a coated substrate of the invention and the comparative

catalytic converter).



[0206] In some embodiments, a catalytic converter made with a coated substrate of the

invention employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays carbon monoxide emissions of 4200 mg/mile or less. In some

embodiments, a catalytic converter made with a coated substrate of the invention and employed on

a diesel engine or diesel vehicle, such as a light-duty diesel engine or light-duty diesel vehicle,

displays carbon monoxide emissions of 3400 mg/mile or less. In some embodiments, a catalytic

converter made with a coated substrate of the invention and employed on a diesel engine or diesel

vehicle, such as a light-duty diesel engine or light-duty diesel vehicle, displays carbon monoxide

emissions of 2100 mg/mile or less. In another embodiment, a catalytic converter made with a

coated substrate of the invention and employed on a diesel engine or diesel vehicle, such as a

light-duty diesel engine or light-duty diesel vehicle, displays carbon monoxide emissions of 1700

mg/mile or less. In some embodiments, the coated substrate is used in a catalytic converter (diesel

oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these

standards. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation.

[0207] In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays carbon monoxide emissions of 500 mg/km or less. In some

embodiments, a catalytic converter made with a coated substrate of the invention and employed on

a diesel engine or diesel vehicle, such as a light-duty diesel engine or light-duty diesel vehicle,

displays carbon monoxide emissions of 375 mg/km or less. In some embodiments, a catalytic

converter made with a coated substrate of the invention and employed on a diesel engine or diesel

vehicle, such as a light-duty diesel engine or light-duty diesel vehicle, displays carbon monoxide

emissions of 250 mg/km or less. In some embodiments, the coated substrate is used in a catalytic

converter (diesel oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or

exceed these standards. In some embodiments, the catalytic converter made with a coated

substrate of the invention demonstrates any of the foregoing performance standards after about

50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about

100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles

of operation.



[0208] In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays NOx emissions of 180 mg/km or less. In some embodiments, a

catalytic converter made with a coated substrate of the invention and employed on a diesel engine

or diesel vehicle, such as a light-duty diesel engine or light-duty diesel vehicle, displays NOx

emissions of 80 mg/km or less. In some embodiments, a catalytic converter made with a coated

substrate of the invention and employed on a diesel engine or diesel vehicle, such as a light-duty

diesel engine or light-duty diesel vehicle, displays NOx emissions of 40 mg/km or less. In some

embodiments, the coated substrate is used in a catalytic converter (diesel oxidation catalyst) in the

configuration DOC-DPF or DOC-DPF-SCR to meet or exceed these standards. In some

embodiments, the catalytic converter made with a coated substrate of the invention demonstrates

any of the foregoing performance standards after about 50,000 km, about 50,000 miles, about

75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles, about 125,000 km, about

125,000 miles, about 150,000 km, or about 150,000 miles of operation.

[0209] In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays NOx plus HC emissions of 230 mg/km or less. In some

embodiments, a catalytic converter made with a coated substrate of the invention and employed on

a diesel engine or diesel vehicle, such as a light-duty diesel engine or light-duty diesel vehicle,

displays NOx plus HC emissions of 170 mg/km or less. In some embodiments, a catalytic

converter made with a coated substrate of the invention and employed on a diesel engine or diesel

vehicle, such as a light-duty diesel engine or light-duty diesel vehicle, displays NOx plus HC

emissions of 85 mg/km or less. In some embodiments, the coated substrate is used in a catalytic

converter (diesel oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or

exceed these standards. In some embodiments, the catalytic converter made with a coated

substrate of the invention demonstrates any of the foregoing performance standards after about

50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about

100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles

of operation.

[0210] In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays carbon monoxide emissions of 500 mg/km or less, while using



at least about 30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least

about 50% less, or up to about 50% less, platinum group metal or platinum group metal loading, as

compared to a catalytic converter made using only wet chemistry methods which displays the

same or similar emissions. In some embodiments, a catalytic converter made with a coated

substrate of the invention and employed on a diesel engine or diesel vehicle, such as a light-duty

diesel engine or light-duty diesel vehicle, displays carbon monoxide emissions of 375 mg/km or

less, while using at least about 30% less, up to about 30% less, at least about 40% less, up to about

40% less, at least about 50% less, or up to about 50% less, platinum group metal or platinum group

metal loading, as compared to a catalytic converter made using only wet chemistry methods which

displays the same or similar emissions. In some embodiments, a catalytic converter made with a

coated substrate of the invention and employed on a diesel engine or diesel vehicle, such as a

light-duty diesel engine or light-duty diesel vehicle, displays carbon monoxide emissions of 250

mg/km or less, while using at least about 30% less, up to about 30% less, at least about 40% less,

up to about 40% less, at least about 50% less, or up to about 50% less, platinum group metal or

platinum group metal loading, as compared to a catalytic converter made using only wet chemistry

methods which displays the same or similar emissions. In some embodiments, the coated

substrate is used in a catalytic converter (diesel oxidation catalyst) in the configuration DOC-DPF

or DOC-DPF-SCR to meet or exceed these standards. In some embodiments, the catalytic

converter made with a coated substrate of the invention demonstrates any of the foregoing

performance standards after about 50,000 km, about 50,000 miles, about 75,000 km, about 75,000

miles, about 100,000 km, about 100,000 miles, about 125,000 km, about 125,000 miles, about

150,000 km, or about 150,000 miles of operation (for both the catalytic converter made with a

coated substrate of the invention and the comparative catalytic converter).

[0211] In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays NOx emissions of 180 mg/km or less, while using at least about

30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least about 50%

less, or up to about 50% less, platinum group metal or platinum group metal loading, as compared

to a catalytic converter made using only wet chemistry methods which displays the same or

similar emissions. In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays NOx emissions of 80 mg/km or less, while using at least about



30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least about 50%

less, or up to about 50% less, platinum group metal or platinum group metal loading, as compared

to a catalytic converter made using only wet chemistry methods which displays the same or

similar emissions. In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays NOx emissions of 40 mg/km or less, while using at least about

30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least about 50%

less, or up to about 50% less, platinum group metal or platinum group metal loading, as compared

to a catalytic converter made using only wet chemistry methods which displays the same or

similar emissions. In some embodiments, the coated substrate is used in a catalytic converter

(diesel oxidation catalyst) in the configuration DOC-DPF or DOC-DPF-SCR to meet or exceed

these standards. In some embodiments, the catalytic converter made with a coated substrate of the

invention demonstrates any of the foregoing performance standards after about 50,000 km, about

50,000 miles, about 75,000 km, about 75,000 miles, about 100,000 km, about 100,000 miles,

about 125,000 km, about 125,000 miles, about 150,000 km, or about 150,000 miles of operation

(for both the catalytic converter made with a coated substrate of the invention and the comparative

catalytic converter).

[0212] In some embodiments, a catalytic converter made with a coated substrate of the

invention and employed on a diesel engine or diesel vehicle, such as a light-duty diesel engine or

light-duty diesel vehicle, displays NOx plus HC emissions of 230 mg/km or less, while using at

least about 30% less, up to about 30% less, at least about 40% less, up to about 40% less, at least

about 50% less, or up to about 50% less, platinum group metal or platinum group metal loading, as

compared to a catalytic converter made using only wet chemistry methods which displays the

same or similar emissions. In some embodiments, a catalytic converter made with a coated

substrate of the invention and employed on a diesel engine or diesel vehicle, such as a light-duty

diesel engine or light-duty diesel vehicle, displays NOx plus HC emissions of 170 mg/km or less,

while using at least about 30% less, up to about 30% less, at least about 40% less, up to about 40%

less, at least about 50% less, or up to about 50% less, platinum group metal or platinum group

metal loading, as compared to a catalytic converter made using only wet chemistry methods which

displays the same or similar emissions. In some embodiments, a catalytic converter made with a

coated substrate of the invention and employed on a diesel engine or diesel vehicle, such as a

light-duty diesel engine or light-duty diesel vehicle, displays NOx plus HC emissions of 85 mg/km



or less, while using at least about 30% less, up to about 30% less, at least about 40% less, up to

about 40% less, at least about 50% less, or up to about 50% less, platinum group metal or platinum

group metal loading, as compared to a catalytic converter made using only wet chemistry methods

which displays the same or similar emissions. In some embodiments, the coated substrate is used

in a catalytic converter (diesel oxidation catalyst) in the configuration DOC-DPF or

DOC-DPF-SCR to meet or exceed these standards. In some embodiments, the catalytic converter

made with a coated substrate of the invention demonstrates any of the foregoing performance

standards after about 50,000 km, about 50,000 miles, about 75,000 km, about 75,000 miles, about

100,000 km, about 100,000 miles, about 125,000 km, about 125,000 miles, about 150,000 km, or

about 150,000 miles of operation (for both the catalytic converter made with a coated substrate of

the invention and the comparative catalytic converter).

[0213] In some embodiments, for the above-described comparisons, the thrifting (reduction) of

platinum group metal for the catalytic converters made with substrates of the invention is

compared with either 1) a commercially available catalytic converter, made using wet chemistry,

for the application disclosed (e.g., for use on a diesel engine or vehicle, such as a light-duty diesel

engine or light-duty diesel vehicle), or 2) a catalytic converter made using only wet chemistry,

which uses the minimal amount of platinum group metal to achieve the performance standard

indicated.

[0214] In some embodiments, for the above-described comparisons, both the coated substrate

according to the invention, and the catalyst used in the commercially available catalytic converter

or the catalyst prepared using only wet chemistry methods, are aged (by the same amount) prior to

testing. In some embodiments, both the coated substrate according to the invention, and the

catalyst substrate used in the commercially available catalytic converter or the catalyst substrate

prepared using only wet chemistry methods, are aged to about (or up to about) 50,000 kilometers,

about (or up to about) 50,000 miles, about (or up to about) 75,000 kilometers, about (or up to

about) 75,000 miles, about (or up to about) 100,000 kilometers, about (or up to about) 100,000

miles, about (or up to about) 125,000 kilometers, about (or up to about) 125,000 miles, about (or

up to about) 150,000 kilometers, or about (or up to about) 150,000 miles. In some embodiments,

for the above-described comparisons, both the coated substrate according to the invention, and the

catalyst substrate used in the commercially available catalytic converter or the catalyst substrate

prepared using only wet chemistry methods, are artificially aged (by the same amount) prior to

testing. In some embodiments, they are artificially aged by heating to about 400°C, about 500 °C,



about 600°C, about 700°C , about 800°C, about 900°C, about 1000°C, about 1100°C, or about

1200°C for about (or up to about) 4 hours, about (or up to about) 6 hours, about (or up to about) 8

hours, about (or up to about) 10 hours, about (or up to about) 12 hours, about (or up to about) 14

hours, about (or up to about) 16 hours, about (or up to about) 18 hours, about (or up to about) 20

hours, about (or up to about) 22 hours, or about (or up to about) 24 hours. In some embodiments,

they are artificially aged by heating to about 800°C for about 16 hours.

[0215] In some embodiments, for the above-described comparisons, the thrifting (reduction) of

platinum group metal for the catalytic converters made with substrates of the invention is

compared with either 1) a commercially available catalytic converter, made using only wet

chemistry, for the application disclosed (e.g., for use on a diesel engine or vehicle, such as a

light-duty diesel engine or light-duty diesel vehicle), or 2) a catalytic converter made using only

wet chemistry, which uses the minimal amount of platinum group metal to achieve the

performance standard indicated, and after the coated substrate according to the invention and the

catalytic substrate used in the commercially available catalyst or catalyst made using only wet

chemistry with the minimal amount of PGM to achieve the performance standard indicated are

aged as described above.

[0216] In some embodiments, for the above-described catalytic converters employing the

coated substrates of the invention, for the exhaust treatment systems using catalytic converters

employing the coated substrates of the invention, and for vehicles employing these catalytic

converters and exhaust treatment systems, the catalytic converter is employed as a diesel oxidation

catalyst along with a diesel particulate filter, or the catalytic converter is employed as a diesel

oxidation catalyst along with a diesel particulate filter and a selective catalytic reduction unit, to

meet or exceed the standards for CO and/or NOx, and/or HC described above.

Exemplary Embodiments

[0217] The invention is further described by the following embodiments. The features of each

of the embodiments are combinable with any of the other embodiments where appropriate and

practical.

[0218] Embodiment 1. A coated substrate comprising:

a substrate;

a washcoat layer comprising iron-exchanged zeolite particles, and



a washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles, the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprising composite

nanoparticles bonded to micron-sized carrier particles, and the composite nanoparticles

comprising a support nanoparticle and a catalytic nanoparticle.

[0219] Embodiment 2 . The coated substrate of Embodiment 1, wherein the iron-exchanged

zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0220] Embodiment 3 . The coated substrate of Embodiment 1, wherein the iron-exchanged

zeolite particles comprise between about 1% and about 10% iron by weight.

[0221] Embodiment 4 . The coated substrate of Embodiment 1, wherein the iron-exchanged

zeolite particles comprise between about 2% and about 5% iron by weight.

[0222] Embodiment 5 . The coated substrate of Embodiment 1, wherein the iron-exchanged

zeolite particles comprise about 3% iron by weight.

[0223] Embodiment 6 . The coated substrate of Embodiment 1, wherein the washcoat layer

comprising iron-exchanged zeolite particles is formed on top of the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles.

[0224] Embodiment 7 . The coated substrate of Embodiment 1, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top of the

washcoat layer comprising iron-exchanged zeolite particles.

[0225] Embodiment 8. The coated substrate of Embodiment 1, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises a

filler material comprised of micron-sized particles comprising palladium.

[0226] Embodiment 9 . The coated substrate of Embodiment 8, wherein the filler material is

alumina.

[0227] Embodiment 10. The coated substrate of any one of Embodiments 1-10, wherein the

iron-exchanged zeolite particles further comprise palladium.

[0228] Embodiment 11. The coated substrate of any one of Embodiments 1-10, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0229] Embodiment 12. The coated substrate of any one of Embodiments 1-11, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0230] Embodiment 13. The coated substrate of any one of Embodiments 1-12, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.



[0231] Embodiment 14. The coated substrate of Embodiment 13, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 8:1 to about 1:1.

[0232] Embodiment 15. The coated substrate of Embodiment 13 or 14, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

[0233] Embodiment 16. The coated substrate of any one of Embodiments 13-15, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

[0234] Embodiment 17. The coated substrate of any one of Embodiments 13-16, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

[0235] Embodiment 18. The coated substrate of any one of Embodiments 13-17, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

[0236] Embodiment 19. The coated substrate of any one of Embodiments 1-18, wherein the

support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0237] Embodiment 20. The coated substrate of any one of Embodiments 1-19, wherein the

support nanoparticles have an average diameter of about 1 nm to about 5 nm.

[0238] Embodiment 21. The coated substrate of any one of Embodiments 1-20, wherein the

washcoat layer comprising iron-exchanged zeolite particles further comprises metal-oxide

particles and boehmite particles.

[0239] Embodiment 22. The coated substrate of Embodiment 21, wherein the metal-oxide

particles are aluminum-oxide particles.

[0240] Embodiment 23. The coated substrate of any one of Embodiments 1-22, wherein the

iron-exchanged zeolite particles comprise 60% to 80% by weight of the mixture of

iron-exchanged zeolite particles, metal-oxide particles, and boehmite particles in the washcoat

layer comprising iron-exchanged zeolite particles.

[0241] Embodiment 24. The coated substrate of any one of Embodiments 1-23, wherein the

boehmite particles comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer comprising

iron-exchanged zeolite particles.



[0242] Embodiment 25. The coated substrate of any one of Embodiments 1-24, wherein the

metal-oxide particles comprise 15% to 38% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer comprising

iron-exchanged zeolite particles.

[0243] Embodiment 26. The coated substrate of any one of Embodiments 1-25, wherein the

washcoat layer comprising iron-exchanged zeolite particles does not include platinum group

metals.

[0244] Embodiment 27. The coated substrate of any one of Embodiments 1-26, wherein the

iron-exchanged zeolite particles in the washcoat layer comprising iron-exchanged zeolite particles

each have a diameter of 0.2 microns to 8 microns.

[0245] Embodiment 28. The coated substrate of any one of Embodiments 1-27, wherein the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles further

comprises boehmite particles and silica particles.

[0246] Embodiment 29. The coated substrate of any one of Embodiments 1-28, wherein the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0247] Embodiment 30. The coated substrate of Embodiment 29, wherein the catalytically

active Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the

combination of the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat layer comprising catalytically active particles.

[0248] Embodiment 31. The coated substrate of Embodiment 29 or 30, wherein the silica

particles are present in an amount up to 20% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0249] Embodiment 32. The coated substrate of any one of Embodiments 29-31, wherein

the boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0250] Embodiment 33. The coated substrate of Embodiment 29, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92% by

weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight of the

boehmite particles, and 5% by weight of the silica particles.



[0251] Embodiment 34. The coated substrate of any one of Embodiments 1-33, wherein the

substrate comprises cordierite.

[0252] Embodiment 35. The coated substrate of any one of Embodiments 1-34, wherein the

substrate comprises a honeycomb structure.

[0253] Embodiment 36. The coated substrate of any one of Embodiments 1-35, wherein the

washcoat layer comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

[0254] Embodiment 37. The coated substrate of any one of Embodiments 1-36, wherein the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

[0255] Embodiment 38. The coated substrate of any one of Embodiments 1-37, further

comprising a corner-fill layer deposited directly on the substrate.

[0256] Embodiment 39. The coated substrate of Embodiment 38, wherein the corner-fill

layer comprises zeolite particles.

[0257] Embodiment 40. The coated substrate of Embodiment 39, wherein the zeolite

particles in the corner-fill layer are iron-exchanged zeolite particles.

[0258] Embodiment 41. The coated substrate of Embodiment 40, wherein the

iron-exchanged zeolite particles in the corner-fill layer comprise palladium.

[0259] Embodiment 42. The coated substrate of Embodiment 38, wherein the corner-fill

layer comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0260] Embodiment 43. The coated substrate of any one of Embodiments 1-42, wherein a

total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

[0261] Embodiment 44. The coated substrate of Embodiment 43, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0262] Embodiment 45. The coated substrate of Embodiment 43 or 44, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

[0263] Embodiment 46. The coated substrate of any one of Embodiments 43-45, wherein a

total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.



[0264] Embodiment 47. The coated substrate of any one of Embodiments 43-46, wherein a

total content of platinum and a total content of palladium has a platinum:palladium weight ratio of

about 4:1.

[0265] Embodiment 48. The coated substrate of any one of Embodiments 1-47, wherein the

coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0266] Embodiment 49. The coated substrate of any one of Embodiments 1-48, wherein the

coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0267] Embodiment 50. The coated substrate of any one of Embodiments 1-49, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a light-off

temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0268] Embodiment 51. The coated substrate of any one of Embodiments 1-50, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon monoxide

at least 5 °C lower than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after aging for 16 hours at 800

°C.

[0269] Embodiment 52. A catalytic converter comprising a coated substrate according to

any one of Embodiments 1-51.

[0270] Embodiment 53. An exhaust treatment system comprising a conduit for exhaust gas

and a catalytic converter according to Embodiment 52.

[0271] Embodiment 54. A diesel vehicle comprising a catalytic converter according to

Embodiment 52.

[0272] Embodiment 55. The diesel vehicle of Embodiment 54, wherein said diesel vehicle is

a light-duty diesel vehicle.

[0273] Embodiment 56. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 1-51, with the exhaust gas.



[0274] Embodiment 57. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 1-51 with the exhaust gas, wherein the substrate is

housed within a catalytic converter configured to receive the exhaust gas.

[0275] Embodiment 58. A coated substrate comprising:

a substrate;

a washcoat layer comprising zeolite particles; and

a washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles

comprising platinum, the catalytically active Nano-on-Nano-on-micro (NNm) particles

comprising composite nanoparticles bonded to micron-sized carrier particles, and the composite

nanoparticles comprising a support nanoparticle and a catalytic nanoparticle,

wherein a total content of platinum and a total content of palladium has a platinum:palladium

weight ratio from about 8:1 to about 2.5:1.

[0276] Embodiment 59. The coated substrate of Embodiment 58, wherein the zeolite

particles are iron-exchanged zeolite particles.

[0277] Embodiment 60. The coated substrate of Embodiment 59, wherein the

iron-exchanged zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0278] Embodiment 61. The coated substrate of Embodiment 59 or 60, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0279] Embodiment 62. The coated substrate of any one of Embodiments 59-6 1, wherein the

iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0280] Embodiment 63. The coated substrate of any one of Embodiments 59-62, wherein the

iron-exchanged zeolite particles comprise about 3% iron by weight.

[0281] Embodiment 64. The coated substrate of Embodiment 58, wherein the washcoat

layer comprising zeolite particles is formed on top of the washcoat layer comprising catalytically

active Nano-on-Nano-on-micro (NNm) particles.

[0282] Embodiment 65. The coated substrate of Embodiment 58, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising zeolite particles.

[0283] Embodiment 66. The coated substrate of Embodiment 58, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.



[0284] Embodiment 67. The coated substrate of Embodiment 66, wherein the filler material

is alumina.

[0285] Embodiment 68. The coated substrate of Embodiment 58, wherein the zeolite

particles further comprise palladium.

[0286] Embodiment 69. The coated substrate of any one of Embodiments 59-63, wherein the

iron-exchanged zeolite particles further comprise palladium.

[0287] Embodiment 70. The coated substrate of any one of Embodiments 58-69, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0288] Embodiment 71. The coated substrate of any one of Embodiments 58-70, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0289] Embodiment 72. The coated substrate of any one of Embodiments5 8-7 1, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

[0290] Embodiment 73. The coated substrate of Embodiment 72, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 8:1 to about 1:1.

[0291] Embodiment 74. The coated substrate of Embodiment 72 or 73, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

[0292] Embodiment 75. The coated substrate of any one of Embodiments 72-74, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

[0293] Embodiment 76. The coated substrate of any one of Embodiments 72-75, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

[0294] Embodiment 77 . The coated substrate of any one of Embodiments 72-76, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

[0295] Embodiment 78. The coated substrate of any one of Embodiments 58-77, wherein the

support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0296] Embodiment 79. The coated substrate of any one of Embodiments 58-78, wherein the

support nanoparticles have an average diameter of about 1 nm to about 5 nm.



[0297] Embodiment 80. The coated substrate of any one of Embodiments 58-79, wherein the

washcoat layer comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

[0298] Embodiment 81. The coated substrate of Embodiment 80, wherein the metal-oxide

particles are aluminum-oxide particles.

[0299] Embodiment 82. The coated substrate of any one of Embodiments 58-81, wherein

the zeolite particles comprise 60% to 80% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0300] Embodiment 83. The coated substrate of any one of Embodiments 58-82, wherein

the boehmite particles comprise 2% to 5% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0301] Embodiment 84. The coated substrate of any one of Embodiments 58-83, wherein

the metal-oxide particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0302] Embodiment 85. The coated substrate of any one of Embodiments 58-84, wherein the

washcoat layer comprising zeolite particles does not include platinum group metals.

[0303] Embodiment 86. The coated substrate of any one of Embodiments 58-85, wherein the

iron-exchanged zeolite particles in the washcoat layer comprising zeolite particles each have a

diameter of 0.2 microns to 8 microns.

[0304] Embodiment 87. The coated substrate of any one of Embodiments 58-86, wherein the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles further

comprises boehmite particles and silica particles.

[0305] Embodiment 88. The coated substrate of any one of Embodiments 58-87, wherein the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0306] Embodiment 89. The coated substrate of Embodiment 88, wherein the catalytically

active Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the

combination of the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat layer comprising catalytically active particles.

[0307] Embodiment 90. The coated substrate of Embodiment 88 or 89, wherein the silica

particles are present in an amount up to 20% by weight of the combination of the catalytically



active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0308] Embodiment 91. The coated substrate of any one of Embodiments 88-90, wherein

the boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0309] Embodiment 92. The coated substrate of Embodiment 88, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92% by

weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight of the

boehmite particles, and 5% by weight of the silica particles.

[0310] Embodiment 93 . The coated substrate of any one of Embodiments 58-92, wherein the

substrate comprises cordierite.

[0311] Embodiment 94. The coated substrate of any one of Embodiments 58-93, wherein the

substrate comprises a honeycomb structure.

[0312] Embodiment 95 . The coated substrate of any one of Embodiments 58-94, wherein the

washcoat layer comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

[0313] Embodiment 96. The coated substrate of any one of Embodiments 58-95, wherein the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

[0314] Embodiment 97. The coated substrate of any one of Embodiments 58-96, further

comprising a corner-fill layer deposited directly on the substrate.

[0315] Embodiment 98. The coated substrate of Embodiment 97, wherein the corner-fill

layer comprises zeolite particles.

[0316] Embodiment 99. The coated substrate of Embodiment 98, wherein the zeolite

particles in the corner-fill layer comprise palladium.

[0317] Embodiment 100. The coated substrate of Embodiment 97, wherein the corner-fill

layer comprises iron-exchanged zeolite particles.

[0318] Embodiment 101. The coated substrate of Embodiment 100, wherein the

iron-exchanged zeolite particles in the corner-fill layer comprise palladium.

[0319] Embodiment 102. The coated substrate of Embodiment 97, wherein the corner-fill

layer comprises catalytically active Nano-on-Nano-on micro (NNm) particles.



[0320] Embodiment 103. The coated substrate of any one of Embodiments 58-102, wherein a

total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

[0321] Embodiment 104. The coated substrate of Embodiment 103, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0322] Embodiment 105. The coated substrate of Embodiment 103 or 104, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

[0323] Embodiment 106. The coated substrate of any one of Embodiments 103-105, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.

[0324] Embodiment 107. The coated substrate of any one of Embodiments 103-106, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

of about 4:1.

[0325] Embodiment 108. The coated substrate of any one of Embodiments 58-107, wherein

the coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature

for carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0326] Embodiment 109. The coated substrate of any one of Embodiments 58-108, wherein

the coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0327] Embodiment 110. The coated substrate of any one of Embodiments 58-109, said

coated substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein

after 125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a

light-off temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0328] Embodiment 111. The coated substrate of any one of Embodiments 58- 110, said

coated substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein

after aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon

monoxide at least 5 °C lower than a coated substrate prepared by depositing platinum group metals



by wet chemical methods having the same platinum group metal loading after aging for 16 hours

at 800 °C.

[0329] Embodiment 112. A catalytic converter comprising a coated substrate according to

any one of Embodiments 58-111.

[0330] Embodiment 113. An exhaust treatment system comprising a conduit for exhaust gas

and a catalytic converter according to Embodiment 112.

[0331] Embodiment 114. A diesel vehicle comprising a catalytic converter according to

Embodiment 112.

[0332] Embodiment 115. The diesel vehicle of Embodiment 114, wherein said diesel vehicle

is a light-duty diesel vehicle.

[0333] Embodiment 116. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 58-1 11, with the exhaust gas.

[0334] Embodiment 117. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 58-111 with the exhaust gas, wherein the substrate is

housed within a catalytic converter configured to receive the exhaust gas.

[0335] Embodiment 118. A coated substrate comprising:

a substrate;

a washcoat layer comprising zeolite particles; and

a washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles, the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprising composite

nanoparticles bonded to micron-sized carrier particles, and the composite nanoparticles

comprising a support nanoparticle and a catalytic nanoparticle, and

wherein the zeolite particles comprise palladium.

[0336] Embodiment 119. The coated substrate of Embodiment 118, wherein the zeolite

particles are iron-exchanged zeolite particles.

[0337] Embodiment 120. The coated substrate of Embodiment 119, wherein the

iron-exchanged zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0338] Embodiment 121. The coated substrate of Embodiment 119 or 120, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0339] Embodiment 122. The coated substrate of any one of Embodiments 118-121, wherein

the iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.



[0340] Embodiment 123. The coated substrate of any one of Embodiments 118-122, wherein

the iron-exchanged zeolite particles comprise about 3% iron by weight.

[0341] Embodiment 124. The coated substrate of Embodiment 118, wherein the washcoat

layer comprising zeolite particles is formed on top of the washcoat layer comprising catalytically

active Nano-on-Nano-on-micro (NNm) particles.

[0342] Embodiment 125. The coated substrate of Embodiment 118, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising zeolite particles.

[0343] Embodiment 126. The coated substrate of Embodiment 118, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.

[0344] Embodiment 127. The coated substrate of Embodiment 126, wherein the filler

material is alumina.

[0345] Embodiment 128. The coated substrate of any one of Embodiments 118-127, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0346] Embodiment 129. The coated substrate of any one of Embodiments 118-128, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0347] Embodiment 130. The coated substrate of any one of Embodiments 118-129, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium.

[0348] Embodiment 131. The coated substrate of Embodiment 130, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 8:1 to about 1:1.

[0349] Embodiment 132. The coated substrate of Embodiment 130 or 131, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

[0350] Embodiment 133. The coated substrate of any one of Embodiments 130-132, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 6:1 to about 3:1.



[0351] Embodiment 134. The coated substrate of any one of Embodiments 130-133, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 5:1 to about 3.5:1.

[0352] Embodiment 135. The coated substrate of any one of Embodiments 130-134, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio of about 4 :1.

[0353] Embodiment 136. The coated substrate of any one of Embodiments 118-135, wherein

the support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0354] Embodiment 137. The coated substrate of any one of Embodiments 118-136, wherein

the support nanoparticles have an average diameter of about 1 nm to about 5 nm.

[0355] Embodiment 138. The coated substrate of any one of Embodiments 118-137, wherein

the washcoat layer comprising iron-exchanged zeolite particles comprises metal-oxide particles

and boehmite particles.

[0356] Embodiment 139. The coated substrate of Embodiment 138, wherein the metal-oxide

particles are aluminum-oxide particles.

[0357] Embodiment 140. The coated substrate of any one of Embodiments 118-139, wherein

the zeolite particles comprise 60% to 80% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0358] Embodiment 141. The coated substrate of any one of Embodiments 118-140, wherein

the boehmite particles comprise 2% to 5% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0359] Embodiment 142. The coated substrate of any one of Embodiments 118-141, wherein

the metal-oxide particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0360] Embodiment 143. The coated substrate of any one of Embodiments 118-142, wherein

the washcoat layer comprising zeolite particles does not include platinum group metals.

[0361] Embodiment 144. The coated substrate of any one of Embodiments 118-143, wherein

the zeolite particles in the washcoat layer comprising zeolite particles each have a diameter of 0.2

microns to 8 microns.

[0362] Embodiment 145. The coated substrate of any one of Embodiments 118-144, wherein

the washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.



[0363] Embodiment 146. The coated substrate of any one of Embodiments 118-145, wherein

the washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0364] Embodiment 147. The coated substrate of Embodiment 146, wherein the catalytically

active Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the

combination of the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat layer comprising catalytically active particles.

[0365] Embodiment 148. The coated substrate of Embodiment 146 or 147, wherein the silica

particles are present in an amount up to 20% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0366] Embodiment 149. The coated substrate of any one of Embodiments 146-148, wherein

the boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0367] Embodiment 150. The coated substrate of Embodiment 146, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92% by

weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight of the

boehmite particles, and 5% by weight of the silica particles.

[0368] Embodiment 151. The coated substrate of any one of Embodiments 118-150, wherein

the substrate comprises cordierite.

[0369] Embodiment 152. The coated substrate of any one of Embodiments 118-151, wherein

the substrate comprises a honeycomb structure.

[0370] Embodiment 153. The coated substrate of any one of Embodiments 118-152, wherein

the washcoat layer comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

[0371] Embodiment 154. The coated substrate of any one of Embodiments 118-153, wherein

the washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

[0372] Embodiment 155. The coated substrate of any one of Embodiments 118-154, further

comprising a corner-fill layer deposited directly on the substrate.

[0373] Embodiment 156. The coated substrate of Embodiment 155, wherein the corner-fill

layer comprises zeolite particles.



[0374] Embodiment 157. The coated substrate of Embodiment 156, wherein the zeolite

particles in the corner-fill layer comprise palladium.

[0375] Embodiment 158. The coated substrate of Embodiment 155, wherein the corner-fill

layer comprises iron-exchanged zeolite particles.

[0376] Embodiment 159. The coated substrate of Embodiment 158, wherein the

iron-exchanged zeolite particles in the corner-fill layer comprise palladium.

[0377] Embodiment 160. The coated substrate of Embodiment 155, wherein the corner-fill

layer comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0378] Embodiment 161. The coated substrate of any one of Embodiments 118-160, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

[0379] Embodiment 162. The coated substrate of Embodiment 161, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0380] Embodiment 163. The coated substrate of Embodiment 161 or 162, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

[0381] Embodiment 164. The coated substrate of any one of Embodiments 161-163, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.

[0382] Embodiment 165. The coated substrate of any one of Embodiments 161-164, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

of about 4:1.

[0383] Embodiment 166. The coated substrate of any one of Embodiments 118-165, wherein

the coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature

for carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0384] Embodiment 167. The coated substrate of any one of Embodiments 118-166, wherein

the coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0385] Embodiment 168. The coated substrate of any one of Embodiments 118-167, said

coated substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein

after 125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a



light-off temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0386] Embodiment 169. The coated substrate of any one of Embodiments 118-168, said

coated substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein

after aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon

monoxide at least 5 °C lower than a coated substrate prepared by depositing platinum group metals

by wet chemical methods having the same platinum group metal loading after aging for 16 hours

at 800 °C.

[0387] Embodiment 170. A catalytic converter comprising a coated substrate according to

any one of Embodiments 118-169.

[0388] Embodiment 171. An exhaust treatment system comprising a conduit for exhaust gas

and a catalytic converter according to Embodiment 170.

[0389] Embodiment 172. A diesel vehicle comprising a catalytic converter according to

Embodiment 170.

[0390] Embodiment 173. The diesel vehicle of Embodiment 172, wherein said diesel vehicle

is a light-duty diesel vehicle.

[0391] Embodiment 174. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 118-169, with the exhaust gas.

[0392] Embodiment 175. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 118-169 with the exhaust gas, wherein the substrate

is housed within a catalytic converter configured to receive the exhaust gas.

[0393] Embodiment 176. A coated substrate comprising:

a substrate;

a washcoat layer comprising zeolite particles; and

a washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles, said

catalytically active Nano-on-Nano-on-micro (NNm) particles comprising composite

nanoparticles bonded to micron-sized carrier particles, and the composite nanoparticles comprise

a support nanoparticle and a catalytic nanoparticle;

wherein the washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles further comprises a filler material comprised of micron- sized carrier particles, and

wherein the filler material comprises palladium.



[0394] Embodiment 177. The coated substrate of Embodiment 176, wherein the zeolite

particles are iron-exchanged zeolite particles.

[0395] Embodiment 178. The coated substrate of Embodiment 177, wherein the

iron-exchanged zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0396] Embodiment 179. The coated substrate of Embodiment 177 or 178, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0397] Embodiment 180. The coated substrate of any one of Embodiments 177-179, wherein

the iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0398] Embodiment 181. The coated substrate of any one of Embodiments 177-180, wherein

the iron-exchanged zeolite particles comprise about 3% iron by weight.

[0399] Embodiment 182. The coated substrate of Embodiment 176, wherein the filler

material is alumina.

[0400] Embodiment 183. The coated substrate of Embodiment 176, wherein the washcoat

layer comprising zeolite particles is formed on top of the washcoat layer comprising catalytically

active Nano-on-Nano-on-micro (NNm) particles.

[0401] Embodiment 184. The coated substrate of Embodiment 176, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising zeolite particles.

[0402] Embodiment 185. The coated substrate of Embodiment 176, wherein the zeolite

particles further comprise palladium.

[0403] Embodiment 186. The coated substrate of any one of Embodiments 177-181, wherein

the iron-exchanged zeolite particles further comprise palladium.

[0404] Embodiment 187. The coated substrate of any one of Embodiments 176-186, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0405] Embodiment 188. The coated substrate of any one of Embodiments 176-187, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0406] Embodiment 189. The coated substrate of any one of Embodiments 176-188, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium.



[0407] Embodiment 190. The coated substrate of Embodiment 189, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 8:1 to about 1:1.

[0408] Embodiment 191. The coated substrate of Embodiment 189 or 190, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

[0409] Embodiment 192. The coated substrate of any one of Embodiments 189-191, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 6:1 to about 3:1.

[0410] Embodiment 193. The coated substrate of any one of Embodiments 189-192, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 5:1 to about 3.5:1.

[0411] Embodiment 194. The coated substrate of any one of Embodiments 189-193, wherein

the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio of about 4 :1.

[0412] Embodiment 195. The coated substrate of any one of Embodiments 176-194, wherein

the support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0413] Embodiment 196. The coated substrate of any one of Embodiments 176-195, wherein

the support nanoparticles have an average diameter of about 1 nm to about 5 nm.

[0414] Embodiment 197. The coated substrate of any one of Embodiments 197-196, wherein

the washcoat layer comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

[0415] Embodiment 198. The coated substrate of Embodiment 197, wherein the metal-oxide

particles are aluminum-oxide particles.

[0416] Embodiment 199. The coated substrate of any one of Embodiments 176-198, wherein

the zeolite particles comprise 60% to 80% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer comprising

iron-exchanged zeolite particles.

[0417] Embodiment 200. The coated substrate of any one of Embodiments 176-199, wherein

the boehmite particles comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer comprising

iron-exchanged zeolite particles.



[0418] Embodiment 201. The coated substrate of any one of Embodiments 176-200, wherein

the metal-oxide particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising zeolite particles.

[0419] Embodiment 202. The coated substrate of any one of Embodiments 176-201, wherein

the washcoat layer comprising zeolite particles does not include platinum group metals.

[0420] Embodiment 203. The coated substrate of any one of Embodiments 176-202, wherein

the zeolite particles in the washcoat layer comprising zeolite particles each have a diameter of 0.2

microns to 8 microns.

[0421] Embodiment 204. The coated substrate of any one of Embodiments 176-203, wherein

the washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

[0422] Embodiment 205. The coated substrate of any one of Embodiments 176-204, wherein

the washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0423] Embodiment 206. The coated substrate of Embodiment 205, wherein the catalytically

active Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the

combination of the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat layer comprising catalytically active particles.

[0424] Embodiment 207. The coated substrate of Embodiment 205 or 206, wherein the silica

particles are present in an amount up to 20% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0425] Embodiment 208. The coated substrate of any one of Embodiments 205-207, wherein

the boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0426] Embodiment 209. The coated substrate of Embodiment 205, wherein the washcoat

layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92% by

weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight of the

boehmite particles, and 5% by weight of the silica particles.

[0427] Embodiment 210. The coated substrate of any one of Embodiments 176-209, wherein

the substrate comprises cordierite.



[0428] Embodiment 211. The coated substrate of any one of Embodiments 176-210, wherein

the substrate comprises a honeycomb structure.

[0429] Embodiment 212. The coated substrate of any one of Embodiments 176-21 1, wherein

the washcoat layer comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

[0430] Embodiment 213. The coated substrate of any one of Embodiments 176-212, wherein

the washcoat layer comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

[0431] Embodiment 214. The coated substrate of any one of Embodiments 176-213, further

comprising a corner-fill layer deposited directly on the substrate.

[0432] Embodiment 215. The coated substrate of Embodiment 214, wherein the corner-fill

layer comprises zeolite particles.

[0433] Embodiment 216. The coated substrate of Embodiment 215 wherein the zeolite

particles in the corner-fill layer comprise palladium.

[0434] Embodiment 217. The coated substrate of Embodiment 214, wherein the corner-fill

layer comprises iron-exchanged zeolite particles.

[0435] Embodiment 218. The coated substrate of Embodiment 217, wherein the

iron-exchanged zeolite particles in the corner-fill layer comprise palladium.

[0436] Embodiment 219. The coated substrate of Embodiment 214, wherein the corner-fill

layer comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0437] Embodiment 220. The coated substrate of any one of Embodiments 176-219, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

[0438] Embodiment 221 . The coated substrate of Embodiment 220, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0439] Embodiment 222. The coated substrate of Embodiment 220 or 221, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

[0440] Embodiment 223. The coated substrate of any one of Embodiments 220-222, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.



[0441] Embodiment 224. The coated substrate of any one of Embodiments 220-223, wherein

a total content of platinum and a total content of palladium has a platinum:palladium weight ratio

of about 4:1.

[0442] Embodiment 225. The coated substrate of any one of Embodiments 176-224, wherein

the coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature

for carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0443] Embodiment 226. The coated substrate of any one of Embodiments 176-225, wherein

the coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0444] Embodiment 227. The coated substrate of any one of Embodiments 176-226, said

coated substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein

after 125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a

light-off temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0445] Embodiment 228. The coated substrate of any one of Embodiments 176-227, said

coated substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein

after aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon

monoxide at least 5 °C lower than a coated substrate prepared by depositing platinum group metals

by wet chemical methods having the same platinum group metal loading after aging for 16 hours

at 800 °C.

[0446] Embodiment 229. A catalytic converter comprising a coated substrate according to

any one of Embodiments 176-228.

[0447] Embodiment 230. An exhaust treatment system comprising a conduit for exhaust gas

and a catalytic converter according to Embodiment 229.

[0448] Embodiment 231. A diesel vehicle comprising a catalytic converter according to

Embodiment 229.

[0449] Embodiment 232. The diesel vehicle of Embodiment 231, wherein said diesel vehicle

is a light-duty diesel vehicle.

[0450] Embodiment 233. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 176-228, with the exhaust gas.



[0451] Embodiment 234. A method of treating an exhaust gas, comprising contacting the

coated substrate of any one of Embodiments 176-228 with the exhaust gas, wherein the substrate

is housed within a catalytic converter configured to receive the exhaust gas.

[0452] Embodiment 235. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising iron-exchanged zeolite particles;

and

b) coating the substrate with a washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles comprising composite nanoparticles bonded to

micron-sized carrier particles, and the composite nanoparticles comprise a support nanoparticle

and a catalytic nanoparticle.

[0453] Embodiment 236. The method of Embodiment 235, wherein coating the substrate with

the washcoat layer comprising iron-exchanged zeolite particles is performed before coating the

substrate with the washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles.

[0454] Embodiment 237. The method of Embodiment 235, wherein coating the substrate with

the washcoat layer comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is

performed before coating the substrate with the washcoat layer comprising iron-exchanged zeolite

particles.

[0455] Embodiment 238. The method of any one of Embodiments 235-237, further

comprising coating the substrate with a corner-fill washcoat prior to both step a) and step b).

[0456] Embodiment 239. The method of any one of Embodiments 235-238, wherein the

iron-exchanged zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0457] Embodiment 240. The method of any one of Embodiments 235-239, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0458] Embodiment 241. The method of any one of Embodiments 235-240, wherein the

iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0459] Embodiment 242. The method of any one of Embodiments 235-241, wherein the

iron-exchanged zeolite particles comprise about 3% iron by weight.

[0460] Embodiment 243. The method of any one of Embodiments 235-242, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm) particles

further comprises a filler material comprised of micron-sized particles comprising palladium.



[0461] Embodiment 244. The method of Embodiment 243, wherein the filler material is

alumina.

[0462] Embodiment 245. The method of any one of Embodiments 235-244, wherein the

iron-exchanged zeolite particles further comprise palladium.

[0463] Embodiment 246. The method of any one of Embodiments 235-245, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0464] Embodiment 247. The method of any one of Embodiments 235-246, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0465] Embodiment 248. The method of any one of Embodiments 235-247, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

[0466] Embodiment 249. The method of Embodiment 248, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight ratio from

about 8:1 to about 1:1.

[0467] Embodiment 250. The method of Embodiment 248 or 249, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 7:1 to about 2:1.

[0468] Embodiment 251. The method of any one of Embodiments 248-250, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

[0469] Embodiment 252. The method of any one of Embodiments 248-251, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

[0470] Embodiment 253. The method of any one of Embodiments 248-252, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

[0471] Embodiment 254. The method of any one of Embodiments 235-253, wherein the

support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0472] Embodiment 255. The method of any one of Embodiments 235-254, wherein the

support nanoparticles have an average diameter of about 1 nm to about 5 nm.



[0473] Embodiment 256. The method of any one of Embodiments 235-255, wherein the

washcoat composition comprising iron-exchanged zeolite particles comprises metal-oxide

particles and boehmite particles.

[0474] Embodiment 257. The method of Embodiment 256, wherein the metal-oxide particles

are aluminum-oxide particles.

[0475] Embodiment 258. The method of any one of Embodiments 235-257, wherein the

iron-exchanged zeolite particles comprise 60% to 80% by weight of the mixture of

iron-exchanged zeolite particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

[0476] Embodiment 259. The method of any one of Embodiments 235-258, wherein the

boehmite particles comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat composition comprising

iron-exchanged zeolite particles.

[0477] Embodiment 260. The method of any one of Embodiments 235-259, wherein the

metal-oxide particles comprise 15% to 38% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat composition comprising

iron-exchanged zeolite particles.

[0478] Embodiment 261. The method of any one of Embodiments 235-260, wherein the

washcoat composition comprising iron-exchanged zeolite particles does not include platinum

group metals.

[0479] Embodiment 262. The method of any one of Embodiments 235-261, wherein the

iron-exchanged zeolite particles in the washcoat composition comprising iron-exchanged zeolite

particles each have a diameter of 0.2 microns to 8 microns.

[0480] Embodiment 263. The method of any one of Embodiments 235-262, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

[0481] Embodiment 264. The method of any one of Embodiments 235-262, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0482] Embodiment 265. The method of any one of Embodiments 235-264, wherein the

catalytically active Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of



the combination of the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat composition comprising catalytically active particles.

[0483] Embodiment 266. The method of Embodiment 264 or 265, wherein the silica particles

are present in an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0484] Embodiment 267. The method of any one of Embodiments 264-266, wherein the

boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0485] Embodiment 268. The method of Embodiment 264, wherein the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises

92% by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight

of the boehmite particles, and 5% by weight of the silica particles.

[0486] Embodiment 269. The method of any one of Embodiments 235-268, wherein the

substrate comprises cordierite.

[0487] Embodiment 270. The method of any one of Embodiments 235-269, wherein the

substrate comprises a honeycomb structure.

[0488] Embodiment 271. The method of any one of Embodiments 235-270, wherein the

washcoat composition comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90

g/ -

[0489] Embodiment 272. The method of any one of Embodiments 235-271, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

has a thickness of 50 g/1 to 250 g/1.

[0490] Embodiment 273. The method of any one of Embodiments 235-272, further

comprising coating the substrate with a corner-fill layer deposited directly on the substrate.

[0491] Embodiment 274. The method of Embodiment 273, wherein the corner-fill layer

comprises zeolite particles.

[0492] Embodiment 275. The method of Embodiment 274, wherein the zeolite particles in the

corner-fill layer are iron-exchanged zeolite particles.

[0493] Embodiment 276. The method of Embodiment 275, wherein the iron-exchanged

zeolite particles in the corner-fill layer comprise palladium.



[0494] Embodiment 277. The method of Embodiment 273, wherein the corner-fill layer

comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0495] Embodiment 278. The method of any one of Embodiments 235-277, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

[0496] Embodiment 279. The method of Embodiment 278, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0497] Embodiment 280. The method of Embodiment 278 or 279, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 6 :1 to

about 3:1.

[0498] Embodiment 281. The method of any one of Embodiments 278-280, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

[0499] Embodiment 282. The method of any one of Embodiments 278-281, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio of

about 4:1.

[0500] Embodiment 283. The method of any one of Embodiments 278-282, wherein the

coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0501] Embodiment 284. The method of any one of Embodiments 235-283, wherein the

coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0502] Embodiment 285. The method of any one of Embodiments 235-284, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a light-off

temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0503] Embodiment 286. The method of any one of Embodiments 235-285, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon monoxide



at least 5 °C lower than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after aging for 16 hours at 800

°C.

[0504] Embodiment 287. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising zeolite particles; and

b) coating a substrate with a washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles comprising platinum, said catalytically active

Nano-on-Nano-on-micro (NNm) particles comprising composite nanoparticles bonded to

micron-sized carrier particles, and the composite nanoparticles comprise a support nanoparticle

and a catalytic nanoparticle,

wherein a total content of platinum and a total content of palladium has a platinum:palladium

weight ratio from about 8:1 to about 2.5:1.

[0505] Embodiment 288. The method of Embodiment 287, wherein the zeolite particles are

iron-exchanged zeolite particles.

[0506] Embodiment 289. The method of Embodiment 288, wherein the iron-exchanged

zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0507] Embodiment 290. The method of Embodiment 288 or 289, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0508] Embodiment 291. The method of any one of Embodiments 288-290, wherein the

iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0509] Embodiment 292. The method of any one of Embodiments 288-291, wherein the

iron-exchanged zeolite particles comprise about 3% iron by weight.

[0510] Embodiment 293. The method of Embodiment 287, wherein coating the substrate with

the washcoat composition comprising zeolite particles is performed before coating the substrate

with the washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles.

[0511] Embodiment 294. The method of Embodiment 287, wherein coating the substrate with

the washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles is performed before coating the substrate with the washcoat composition comprising

zeolite particles.



[0512] Embodiment 295. The method of Embodiment 287, wherein the washcoat

composition comprising catalytically active Nano-on-Nano-on-micro (NNm) particles further

comprises a filler material comprised of micron-sized particles comprising palladium.

[0513] Embodiment 296. The method of Embodiment 295, wherein the filler material is

alumina.

[0514] Embodiment 297. The method of Embodiment 287, wherein the zeolite particles

further comprise palladium.

[0515] Embodiment 298. The method of any one of Embodiments 288-292, wherein the

iron-exchanged zeolite particles further comprise palladium.

[0516] Embodiment 299. The method of any one of Embodiments 287-298, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0517] Embodiment 300. The method of any one of Embodiments 287-299, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0518] Embodiment 301. The method of any one of Embodiments 287-300, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

[0519] Embodiment 302. The method of Embodiment 301, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight ratio from

about 8:1 to about 1:1.

[0520] Embodiment 303. The method of Embodiment 301 or 302, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 7:1 to about 2:1.

[0521] Embodiment 304. The method of any one of Embodiments 301-303, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

[0522] Embodiment 305. The method of any one of Embodiments 301-304, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

[0523] Embodiment 306. The method of any one of Embodiments 301-305, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.



[0524] Embodiment 307. The method of any one of Embodiments 287-306, wherein the

support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0525] Embodiment 308. The method of any one of Embodiments 287-307, wherein the

support nanoparticles have an average diameter of about 1 nm to about 5 nm.

[0526] Embodiment 309. The method of any one of Embodiments 287-308, wherein the

washcoat composition comprising iron-exchanged zeolite particles comprises metal-oxide

particles and boehmite particles.

[0527] Embodiment 310. The method of Embodiment 309, wherein the metal-oxide particles

are aluminum-oxide particles.

[0528] Embodiment 311. The method of any one of Embodiments 287-3 10, wherein the

iron-exchanged zeolite particles comprise 60% to 80% by weight of the mixture of

iron-exchanged zeolite particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

[0529] Embodiment 312. The c method of any one of Embodiments 287-31 1, wherein the

boehmite particles comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat composition comprising

iron-exchanged zeolite particles.

[0530] Embodiment 313. The method of any one of Embodiments 287-312, wherein the

metal-oxide particles comprise 15% to 38% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat composition comprising

iron-exchanged zeolite particles.

[0531] Embodiment 314. The method of any one of Embodiments 287-313, wherein the

washcoat composition comprising iron-exchanged zeolite particles does not include platinum

group metals.

[0532] Embodiment 315. The method of any one of Embodiments 287-314, wherein the

iron-exchanged zeolite particles in the washcoat composition comprising iron-exchanged zeolite

particles each have a diameter of 0.2 microns to 8 microns.

[0533] Embodiment 316. The method of any one of Embodiments 287-315, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.



[0534] Embodiment 317. The method of any one of Embodiments 287-316, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0535] Embodiment 318. The method of Embodiment 317, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the combination of

the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active particles.

[0536] Embodiment 319. The method of Embodiment 317 or 318, wherein the silica particles

are present in an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0537] Embodiment 320. The method of any one of Embodiments 317-319, wherein the

boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0538] Embodiment 321 . The method of Embodiment 317, wherein the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises

92% by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight

of the boehmite particles, and 5% by weight of the silica particles.

[0539] Embodiment 322. The method of any one of Embodiments 287-321, wherein the

substrate comprises cordierite.

[0540] Embodiment 323. The method of any one of Embodiments 287-322, wherein the

substrate comprises a honeycomb structure.

[0541] Embodiment 324. The method of any one of Embodiments 287-323, wherein the

washcoat composition comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90

g/ -

[0542] Embodiment 325. The method of any one of Embodiments 287-324, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

has a thickness of 50 g/1 to 250 g/1.

[0543] Embodiment 326. The method of any one of Embodiments 287-325, further

comprising coating the substrate with a corner-fill layer prior to both step a) and b).



[0544] Embodiment 327. The method of Embodiment 326, wherein the corner-fill layer

comprises zeolite particles.

[0545] Embodiment 328. The method of Embodiment 327, wherein the zeolite particles in the

corner-fill layer comprise palladium.

[0546] Embodiment 329. The method of Embodiment 326, wherein the corner-fill layer

comprises iron-exchanged zeolite particles.

[0547] Embodiment 330. The method of Embodiment 329, wherein the iron-exchanged

zeolite particles in the corner-fill layer comprise palladium.

[0548] Embodiment 33 1. The method of Embodiment 326, wherein the corner-fill layer

comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0549] Embodiment 332. The method of any one of Embodiments 287-331, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

[0550] Embodiment 333. The method of Embodiment 332, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0551] Embodiment 334. The method of Embodiment 332 or 333, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 6 :1 to

about 3:1.

[0552] Embodiment 335. The method of any one of Embodiments 332-334, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

[0553] Embodiment 336. The method of any one of Embodiments 332-335, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio of

about 4:1.

[0554] Embodiment 337. The method of any one of Embodiments 287-336, wherein the

coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0555] Embodiment 338. The method of any one of Embodiments 287-337, wherein the

coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.



[0556] Embodiment 339. The method of any one of Embodiments 287-338, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a light-off

temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0557] Embodiment 340. The method of any one of Embodiments 287-339, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon monoxide

at least 5 °C lower than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after aging for 16 hours at 800

°C.

[0558] Embodiment 341. A method of forming a coated substrate comprising:

a) coating a substrate with a washcoat composition comprising zeolite particles; and

b) coating a substrate with a washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles, said catalytically active Nano-on-Nano-on-micro

(NNm) particles comprising composite nanoparticles bonded to micron-sized carrier particles, and

the composite nanoparticles comprise a support nanoparticle and a catalytic nanoparticle, and

wherein the zeolite particles comprise palladium.

[0559] Embodiment 342. The method of Embodiment 341, wherein the zeolite particles are

iron-exchanged zeolite particles.

[0560] Embodiment 343. The method of Embodiment 342, wherein the iron-exchanged

zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0561] Embodiment 344. The method of Embodiment 342 or 343, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0562] Embodiment 345. The method of any one of Embodiments 341-344, wherein the

iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0563] Embodiment 346. The method of any one of Embodiments 341-345, wherein the

iron-exchanged zeolite particles comprise about 3% iron by weight.

[0564] Embodiment 347 . The method of Embodiment 341, wherein coating the substrate with

the washcoat composition comprising zeolite particles is performed before coating the substrate



with the washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles.

[0565] Embodiment 348 . The method of Embodiment 341, wherein coating the substrate with

the washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles is performed before coating the substrate with the washcoat composition comprising

zeolite particles.

[0566] Embodiment 349. The method of Embodiment 341, wherein the washcoat

composition comprising catalytically active Nano-on-Nano-on-micro (NNm) particles further

comprises a filler material comprised of micron-sized particles comprising palladium.

[0567] Embodiment 350. The method of Embodiment 349, wherein the filler material is

alumina.

[0568] Embodiment 351. The method of any one of Embodiments 341-350, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0569] Embodiment 352. The method of any one of Embodiments 341-351, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0570] Embodiment 353. The method of any one of Embodiments 341-352, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

[0571] Embodiment 354. The method of Embodiment 353, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight ratio from

about 8:1 to about 1:1.

[0572] Embodiment 355. The method of Embodiment 353 or 354, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 7:1 to about 2:1.

[0573] Embodiment 356. The method of any one of Embodiments 353-355, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

[0574] Embodiment 357. The method of any one of Embodiments 353-356, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.



[0575] Embodiment 358. The method of any one of Embodiments 353-357, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

[0576] Embodiment 359. The method of any one of Embodiments 341-358, wherein the

support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0577] Embodiment 360. The method of any one of Embodiments 341-359, wherein the

support nanoparticles have an average diameter of about 1 nm to about 5 nm.

[0578] Embodiment 361. The method of any one of Embodiments 341-360, wherein the

washcoat composition comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

[0579] Embodiment 362. The method of Embodiment 361, wherein the metal-oxide particles

are aluminum-oxide particles.

[0580] Embodiment 363. The method of any one of Embodiments 341-362, wherein the

zeolite particles comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising zeolite particles.

[0581] Embodiment 364. The method of any one of Embodiments 341-363, wherein the

boehmite particles comprise 2% to 5% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising zeolite particles.

[0582] Embodiment 365. The method of any one of Embodiments 341-364, wherein the

metal-oxide particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat composition comprising zeolite

particles.

[0583] Embodiment 366. The method of any one of Embodiments 341-365, wherein the

washcoat composition comprising zeolite particles does not include platinum group metals.

[0584] Embodiment 367. The method of any one of Embodiments 341-366, wherein the

zeolite particles in the washcoat composition comprising zeolite particles each have a diameter of

0.2 microns to 8 microns.

[0585] Embodiment 368. The method of any one of Embodiments 341-367, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.



[0586] Embodiment 369. The method of any one of Embodiments 341-368, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0587] Embodiment 370. The method of Embodiment 369, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the combination of

the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active particles.

[0588] Embodiment 37 1. The method of Embodiment 369 or 370, wherein the silica particles

are present in an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0589] Embodiment 372. The method of any one of Embodiments 369-371, wherein the

boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0590] Embodiment 373. The method of Embodiment 369, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92% by

weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight of the

boehmite particles, and 5% by weight of the silica particles.

[0591] Embodiment 374. The method of any one of Embodiments 341-373, wherein the

substrate comprises cordierite.

[0592] Embodiment 375. The method of any one of Embodiments 341-374, wherein the

substrate comprises a honeycomb structure.

[0593] Embodiment 376. The method of any one of Embodiments 341-375, wherein the

washcoat composition comprising zeolite particles has a thickness of 25 g/1 to 90 g/1.

[0594] Embodiment 377. The method of any one of Embodiments 341-376, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

has a thickness of 50 g/1 to 250 g/1.

[0595] Embodiment 378. The method of any one of Embodiments 341-377, further

comprising coating the substrate with a corner-fill washcoat prior to both step a) and step b).

[0596] Embodiment 379. The method of Embodiment 378, wherein the corner-fill layer

comprises zeolite particles.



[0597] Embodiment 380. The method of Embodiment 379, wherein the zeolite particles in the

corner-fill layer comprise palladium.

[0598] Embodiment 381. The method of Embodiment 378, wherein the corner-fill layer

comprises iron-exchanged zeolite particles.

[0599] Embodiment 382. The method of Embodiment 381, wherein the iron-exchanged

zeolite particles in the corner-fill layer comprise palladium.

[0600] Embodiment 383. The method of Embodiment 378, wherein the corner-fill layer

comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0601] Embodiment 384. The method of any one of Embodiments 341-383, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

[0602] Embodiment 385. The method of Embodiment 384, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0603] Embodiment 386. The method of Embodiment 384 or 385, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 6 :1 to

about 3:1.

[0604] Embodiment 387. The method of any one of Embodiments 384-386, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

[0605] Embodiment 388. The method of any one of Embodiments 384-387, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio of

about 4:1.

[0606] Embodiment 389. The method of any one of Embodiments 384-388, wherein the

coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0607] Embodiment 390. The method of any one of Embodiments 384-389, wherein the

coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0608] Embodiment 391. The method of any one of Embodiments 384-390, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a light-off



temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0609] Embodiment 392. The method of any one of Embodiments 384-391, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon monoxide

at least 5 °C lower than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after aging for 16 hours at 800

°C.

[0610] Embodiment 393. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising zeolite particles; and

b) coating the substrate with a washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles, said catalytically active Nano-on-Nano-on-micro

(NNm) particles comprising composite nanoparticles bonded to micron-sized carrier particles, and

the composite nanoparticles comprise a support nanoparticle and a catalytic nanoparticle;

wherein the washcoat composition comprising catalytically active Nano-on-Nano-on-micro

(NNm) particles further comprises a filler material comprised of micron-sized carrier particles,

and wherein the filler material comprises palladium.

[0611] Embodiment 394. The method of Embodiment 393, wherein the zeolite particles are

iron-exchanged zeolite particles.

[0612] Embodiment 395. The method of Embodiment 394, wherein the iron-exchanged

zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0613] Embodiment 396. The method of Embodiment 394 or 395, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0614] Embodiment 397. The method of any one of Embodiments 394-396, wherein the

iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0615] Embodiment 398. The method of any one of Embodiments 394-397, wherein the

iron-exchanged zeolite particles comprise about 3% iron by weight.

[0616] Embodiment 399. The method of Embodiment 393, wherein the filler material is

alumina.

[0617] Embodiment 400. The method of Embodiment 393, wherein coating the substrate with

the washcoat composition comprising zeolite particles is performed before coating the substrate



with the washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles.

[0618] Embodiment 401. The method of Embodiment 393, wherein coating the substrate with

the washcoat composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles is performed before coating the substrate with the washcoat composition comprising

zeolite particles.

[0619] Embodiment 402. The method of Embodiment 393, wherein the zeolite particles

further comprise palladium.

[0620] Embodiment 403. The method of any one of Embodiments 394-398, wherein the

iron-exchanged zeolite particles further comprise palladium.

[0621] Embodiment 404. The method of any one of Embodiments 393-403, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

[0622] Embodiment 405. The method of any one of Embodiments 393-404, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

[0623] Embodiment 406. The method of any one of Embodiments 393-405, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

[0624] Embodiment 407. The method of Embodiment 406, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight ratio from

about 8:1 to about 1:1.

[0625] Embodiment 408. The method of Embodiment 406 or 407, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in a weight

ratio from about 7:1 to about 2:1.

[0626] Embodiment 409. The method of any one of Embodiments 406-408, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

[0627] Embodiment 410. The method of any one of Embodiments 406-409, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

[0628] Embodiment 411. The method of any one of Embodiments 406-410, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.



[0629] Embodiment 412. The method of any one of Embodiments 393-41 1, wherein the

support nanoparticles have an average diameter of about 10 nm to about 20 nm.

[0630] Embodiment 413. The method of any one of Embodiments 393-412, wherein the

support nanoparticles have an average diameter of about 1 nm to about 5 nm.

[0631] Embodiment 414. The method of any one of Embodiments 393-413, wherein the

washcoat composition comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

[0632] Embodiment 415. The method of Embodiment 414, wherein the metal-oxide particles

are aluminum-oxide particles.

[0633] Embodiment 416. The method of any one of Embodiments 393-415, wherein the

zeolite particles comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising zeolite particles.

[0634] Embodiment 417. The method of any one of Embodiments 393-416, wherein the

boehmite particles comprise 2% to 5% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising zeolite particles.

[0635] Embodiment 418. The method of any one of Embodiments 393-417, wherein the

metal-oxide particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat composition comprising zeolite

particles.

[0636] Embodiment 419. The method of any one of Embodiments 393-418, wherein the

washcoat composition comprising zeolite particles does not include platinum group metals.

[0637] Embodiment 420. The method of any one of Embodiments 393-419, wherein the

zeolite particles in the washcoat composition comprising zeolite particles each have a diameter of

0.2 microns to 8 microns.

[0638] Embodiment 421. The method of any one of Embodiments 393-420, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

[0639] Embodiment 422. The method of any one of Embodiments 393-421, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

[0640] Embodiment 423. The method of Embodiment 422, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of the combination of



the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active particles.

[0641] Embodiment 424. The method of Embodiment 422 or 423, wherein the silica particles

are present in an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica particles in the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0642] Embodiment 425. The method of any one of Embodiments 422-424, wherein the

boehmite particles comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica particles in the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles.

[0643] Embodiment 426. The method of Embodiment 422, wherein the washcoat

composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles comprises

92% by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight

of the boehmite particles, and 5% by weight of the silica particles.

[0644] Embodiment 427. The method of any one of Embodiments 393-426, wherein the

substrate comprises cordierite.

[0645] Embodiment 428. The method of any one of Embodiments 393-427, wherein the

substrate comprises a honeycomb structure.

[0646] Embodiment 429. The method of any one of Embodiments 393-428, wherein the

washcoat composition comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90

g/ -

[0647] Embodiment 430. The method of any one of Embodiments 393-429, wherein the

washcoat composition comprising catalytically active Nano-on-Nano-on micro (NNm) particles

has a thickness of 50 g/1 to 250 g/1.

[0648] Embodiment 431. The method of any one of Embodiments 393-430, further

comprising coating the substrate with a corner-fill layer prior to step a) and step b).

[0649] Embodiment 432. The method of Embodiment 431, wherein the corner-fill layer

comprises zeolite particles.

[0650] Embodiment 433. The method of Embodiment 432, wherein the zeolite particles in the

corner-fill layer comprise palladium.

[0651] Embodiment 434. The method of Embodiment 431, wherein the corner-fill layer

comprises iron-exchanged zeolite particles.



[0652] Embodiment 435. The method of Embodiment 434, wherein the iron-exchanged

zeolite particles in the corner-fill layer comprise palladium.

[0653] Embodiment 436. The method of Embodiment 431, wherein the corner-fill layer

comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0654] Embodiment 437. The method of any one of Embodiments 393-436, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

[0655] Embodiment 438. The method of Embodiment 437, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.

[0656] Embodiment 439. The method of Embodiment 437 or 438, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 6 :1 to

about 3:1.

[0657] Embodiment 440. The method of any one of Embodiments 437-439, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

[0658] Embodiment 441. The method of any one of Embodiments 437-440, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio of

about 4:1.

[0659] Embodiment 442. The method of any one of Embodiments 393-441, wherein the

coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0660] Embodiment 443. The method of any one of Embodiments 393-442, wherein the

coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0661] Embodiment 444. The method of any one of Embodiments 393-443, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a light-off

temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.



[0662] Embodiment 445. The method of any one of Embodiments 393-444, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon monoxide

at least 5 °C lower than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after aging for 16 hours at 800

°C.

[0663] Embodiment 446. A washcoat composition comprising a solids content of:

5% to 95% by weight of catalytically active Nano-on-Nano-on-micro (NNm) particles comprising

composite nanoparticles bonded to micron-sized carrier particles, and the composite nanoparticles

comprise a support nanoparticle and a catalytic nanoparticle;

2% to 5% by weight of boehmite particles; and

2% to 55% by weight of metal-oxide particles.

[0664] Embodiment 447. The washcoat composition of Embodiment 446, further comprising

up to 20% by weight of silica particles.

[0665] Embodiment 448. The washcoat composition of Embodiment 446 or 447, wherein the

metal-oxide particles are aluminum oxide particles.

[0666] Embodiment 449. The washcoat composition of Embodiment 448, wherein the

aluminum oxide particles comprise palladium.

[0667] Embodiment 450. The washcoat composition of any one of Embodiments 446-449,

wherein the solids are suspended in an aqueous medium at a pH between 3 and 5 .

[0668] Embodiment 451. The washcoat composition of any one of Embodiments 446-450,

said washcoat composition being characterized by being substantially free of zeolites.

[0669] Embodiment 452. The washcoat composition of any one of Embodiments 446-451,

wherein said catalytically active Nano-on-Nano-on-micro (NNm) particles comprise 92% by

weight of the solids content.

[0670] Embodiment 453. The washcoat composition of any one of Embodiments 446-452,

wherein said catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least one

platinum group metal.

[0671] Embodiment 454. The washcoat composition of any one of Embodiments 446-453,

wherein the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum.



[0672] Embodiment 455. The washcoat composition of any one of Embodiments 446-454,

wherein the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium.

[0673] Embodiment 456. The washcoat composition of Embodiment 455, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

[0674] Embodiment 457. The washcoat composition of Embodiment 455 or 456, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

[0675] Embodiment 458. The washcoat composition of any one of Embodiments 455-457,

wherein the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 6:1 to about 3:1.

[0676] Embodiment 459. The washcoat composition of any one of Embodiments 455-458,

wherein the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 5:1 to about 3.5:1.

[0677] Embodiment 460. The washcoat composition of any one of Embodiments 455-459,

wherein the catalytically active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio of about 4 :1.

[0678] Embodiment 461. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising zeolite particles; and

b) coating the substrate with a washcoat composition containing catalytically active

Nano-on-Nano-on-micro (NNm) particles according to any one of Embodiments 446-459.

[0679] Embodiment 462. The method of Embodiment 461, wherein the zeolite particles are

iron-exchanged zeolite particles.

[0680] Embodiment 463. The method of Embodiment 462, wherein the iron-exchanged

zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0681] Embodiment 464. The method of Embodiment 462 or 463, wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0682] Embodiment 465. The method of any one of Embodiments 462-464, wherein the

iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.



[0683] Embodiment 466. The method of any one of Embodiments 462-465, wherein the

iron-exchanged zeolite particles comprise about 3% iron by weight.

[0684] Embodiment 467. The method of Embodiment 461, wherein the washcoat

composition comprising zeolite particles is formed on top of the washcoat composition

comprising catalytically active Nano-on-Nano-on-micro (NNm) particles.

[0685] Embodiment 468. The method of Embodiment 461, wherein the washcoat

composition comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is formed

on top of the washcoat composition comprising zeolite particles.

[0686] Embodiment 469. The method of Embodiment 461, wherein the zeolite particles

further comprise palladium.

[0687] Embodiment 470. The method of any one of Embodiments 462-466, wherein the

iron-exchanged zeolite particles further comprise palladium.

[0688] Embodiment 471. The method of any one of Embodiments 462-470, further

comprising a corner-fill layer deposited directly on the substrate.

[0689] Embodiment 472. The method of Embodiment 471, wherein the corner-fill layer

comprises zeolite particles.

[0690] Embodiment 473. The method of Embodiment 472, wherein the zeolite particles in the

corner-fill layer comprise palladium.

[0691] Embodiment 474. The method of Embodiment 471, wherein the corner-fill layer

comprises iron-exchanged zeolite particles.

[0692] Embodiment 475. The method of Embodiment 474, wherein the iron-exchanged

zeolite particles in the corner-fill layer comprise palladium.

[0693] Embodiment 476. The method of Embodiment 471, wherein the corner-fill layer

comprises catalytically active Nano-on-Nano-on micro (NNm) particles.

[0694] Embodiment 477. The method of any one of Embodiments 462-476, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

[0695] Embodiment 478. The method of Embodiment 477, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 7 :1 to

about 2:1.



[0696] Embodiment 479. The method of Embodiment 477 or 478, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio from about 6 :1 to

about 3:1.

[0697] Embodiment 480. The method of any one of Embodiments 477-479, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

[0698] Embodiment 481. The method of any one of Embodiments 477-479, wherein a total

content of platinum and a total content of palladium has a platinum:palladium weight ratio of

about 4:1.

[0699] Embodiment 482. The method of any one of Embodiments 461-481, wherein the

coated substrate has a platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate with the same

platinum group metal loading deposited by wet-chemistry methods.

[0700] Embodiment 483. The method of any one of Embodiments 461-482, wherein the

coated substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

[0701] Embodiment 484. The method of any one of Embodiments 461-483, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated substrate has a light-off

temperature for carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same platinum group metal

loading after 125,000 miles of operation in a vehicular catalytic converter.

[0702] Embodiment 485. The method of any one of Embodiments 461-484, said coated

substrate having a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for carbon monoxide

at least 5 °C lower than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after aging for 16 hours at 800

°C.

[0703] Embodiment 486. The method of any one of Embodiments 461-485, wherein the

washcoat composition comprising iron-exchanged zeolite particles comprises a thickness of 25 g/1

to 90 g/1.



[0704] Embodiment 487. The method of any one of Embodiments 461-486, wherein the

washcoat composition comprising NNm catalytically active particles comprises a thickness of 50

g/1 to 250 g/1.

[0705] Embodiment 488. A coated substrate comprising a washcoat according to any one of

Embodiments 446-460.

[0706] Embodiment 489. A coated substrate comprising a washcoat according to any one of

Embodiments 446-460, further comprising a washcoat layer comprising zeolite particles.

[0707] Embodiment 490. The coated substrate of Embodiment 489, wherein the zeolite

particles comprise palladium.

[0708] Embodiment 491. The coated substrate of Embodiment 490, wherein the zeolite

particles are iron-exchanged zeolite particles.

[0709] Embodiment 492. The coated substrate of Embodiment 491, wherein the

iron-exchanged zeolite particles comprise between about 0.5% and about 15% iron by weight.

[0710] Embodiment 493. The coated substrate of Embodiment 491 or 492 wherein the

iron-exchanged zeolite particles comprise between about 1% and about 10% iron by weight.

[0711] Embodiment 494. The coated substrate of any one of Embodiments 491-493, wherein

the iron-exchanged zeolite particles comprise between about 2% and about 5% iron by weight.

[0712] Embodiment 495. The coated substrate of any one of Embodiments 491-494, wherein

the iron-exchanged zeolite particles comprise about 3% iron by weight.

[0713] Embodiment 496. The coated substrate of any one of Embodiments 491-495, wherein

the iron-exchanged zeolite particles comprise palladium.

[0714] Embodiment 497. A catalytic converter comprising a coated substrate according to

any one of Embodiments 488-496.

[0715] Embodiment 498. An exhaust treatment system comprising a conduit for exhaust gas

and a catalytic converter according to Embodiment 497.

[0716] Embodiment 499. A diesel vehicle comprising a catalytic converter according to

Embodiment 497.

[0717] Embodiment 500. The diesel vehicle of Embodiment 499, wherein the diesel vehicle is

a light-duty diesel vehicle.

[0718] Embodiment 501. The diesel vehicle of Embodiment 499, wherein the catalytic

converter comprising between 3.0 g/1 and 4.0 g/1 of platinum group metal, wherein the vehicle

complies with the European emission standard Euro 5 .



[0719] Embodiment 502. The diesel vehicle of Embodiment 501, wherein the diesel vehicle is

a light-duty diesel vehicle.

[0720] Embodiment 503. The vehicle of any of Embodiments 499-502, wherein the vehicle

complies with the European emission standard Euro 6 .

EXAMPLES

[0721] As discussed above, the washcoat compositions can be configured and applied in a

variety of different ways. The configurations provide examples of preparing substrates coated

with the washcoats.

General Procedure for Preparation of Washcoats

[0722] The washcoats are made by mixing the solid ingredients (about 30% by weight) with

water (about 70% by weight). Acetic acid is added to adjust the pH to about 4 . The washcoat

slurry is then milled to arrive at an average particle size of about 4 µιη to about 6 µιη. The

viscosity of the washcoat is adjusted by mixing with a cellulose solution or with corn starch to the

desired viscosity, typically between about 300 cP to about 1200 cP. The washcoat is aged for

about 24 hours to about 48 hours after cellulose or corn starch addition. The washcoat is coated

onto the substrate by either dip-coating or vacuum coating. The part(s) to be coated can be

optionally pre-wetted prior to coating. The washcoat amount coated onto the substrate can range

from about 50 g/1 to about 250 g/1. Excess washcoat is blown off and recycled. The

washcoat-coated substrate is then dried at about 25°C to about 95°C by flowing air over the coated

part, until the weight levels off. The washcoat-coated substrate is then calcined at about 450°C to

about 650°C for about 1 hour to about 2 hours.

[0723] In one of these configurations, a first washcoat composition applied to a substrate

comprises 3% (or approximately 3%) boehmite, 80% (or approximately 80%) zeolites, and 17%

(or approximately 17%) porous alumina (e.g., MI-386 or the like), while a second washcoat

composition comprises 3% (or approximately 3%) boehmite, 5% (or approximately 5%) silica (or,

in another embodiment, instead of silica, 5% zeolites or approximately 5% zeolites), and 92% (or

approximately 92%) catalytic powder (i.e., the powder containing the catalytic material), wherein

the catalytic powder is NNm Powder (catalytic nanoparticle on support nanoparticle on support

micro-particle).



[0724] The ingredients discussed above for the first washcoat composition are mixed with water

and acid, such as acetic acid, and the pH is adjusted to about 4 . After adjusting the viscosity to the

proper levels, this first washcoat is coated onto the substrate with an approximate layer thickness

of 70 g/1.

[0725] This first washcoat layer is then dried and calcined. Following this first washcoating

step, a second washcoating step is applied, where the ingredients discussed above for the second

washcoat composition are mixed with water and acid, such as acetic acid, and the pH is adjusted to

about 4 . After adjusting the viscosity to the proper levels, this second washcoat is coated onto the

substrate with an approximate layer thickness of 120 g/1. This second washcoat layer is then dried

and calcined.

Example 1: Substrate-Zeolite particles-Catalytic Powder Configuration, or S-Z-C,

configuration: no zeolites in catalyst-containing washcoat

(a) First Washcoat Composition: Approx. 70 g/1 as follows:

3% Boehmite

80% Zeolites

17% Porous alumina (MI-386 or the like)

(b) Second Washcoat Composition: Approx. 120 g/1 as follows:

3% Boehmite;

5% Silica;

92% NNm Powder (nanoparticle on nanoparticle on micro-particle), the powder that

contains the PGM, i.e. the platinum group metals or precious metals.

[0726] Mix the washcoat ingredients from (a) with water and acetic acid and to adjust the pH to

about 4 . After adjusting the viscosity to the proper levels, the washcoat is coated onto the substrate

with an approximate layer thickness of 70 g/1. Excess washcoat is blown off and recycled. This

first washcoat layer is then dried and calcined. Following this first washcoating step, a second

washcoating step is performed: the ingredients from (b) are mixed with water and acetic acid and

the pH adjusted to about 4 . After adjusting the viscosity to the proper levels the washcoat is coated

onto the substrate with an approximate layer thickness of 120 g/1. Again, excess washcoat is

blown off and recycled. This second washcoat layer is then dried and calcined.



Example 2: Substrate-Zeolite particles-Catalytic Powder Configuration, or S-Z-C,

configuration: zeolites present in catalyst-containing washcoat

(a) First Washcoat Composition: Approx. 70 g/1 as follows:

3% Boehmite

80% Zeolites

17% Porous alumina (MI-386 or the like)

(b) Second Washcoat Composition: Approx. 120 g/1 as follows:

3% Boehmite;

5% Zeolites;

92% NNm Powder (catalytic nanoparticle on support nanoparticle on support

micro-particle), the powder that contains the PGM, i.e. the platinum group metals or

precious metals.

[0727] The same procedure described in Example 1 is used to coat the substrate in this example.

Example 3: Additional example of Substrate-Zeolite particles-Catalytic Powder, or S-Z-C,

configuration

(a) First Washcoat Composition: 25 g/1 to 90 g/1 (approximately. 60 g/1 or approximately 70 g/1

preferred) as follows:

2-5% Boehmite (about 3% preferred);

60-80% Zeolites, such as 75-80% Zeolites (about 80% preferred);

15-38% Porous alumina (MI-386 or the like), such as 15-22% Porous alumina (about

17% to about 22% preferred).

(b) Second Washcoat Composition: 50 g/1 to 250 g/1 (approximately 120 g/1 preferred) as follows:

2-5% Boehmite (about 3% preferred);

0-20% Silica (about 5% preferred);

40-92% catalytically active powder (about 92% preferred); and

0-52% porous alumina (about 0% preferred).

[0728] The same procedure described in Example 1 is used to coat the substrate in this example.

In another embodiment, 0-20% Zeolites are used instead of the 0-20% Silica (with about 5% being

the preferred amount of Zeolite used).



Example 4: Substrate- Corner Fill-Catalytic Particle-Zeolite, or S-F-C-Z, configuration

[0729] In another advantageous configuration, a first washcoat composition applied to the

substrate is a corner-fill washcoat applied to the substrate. The solids content of the corner-fill

washcoat comprises about 97% by weight porous alumina (MI-386) and about 3% by weight

boehmite. Water and acetic acid are added to the corner fill washcoat, the pH is adjusted to about

4, and viscosity is adjusted. The corner-fill washcoat composition is applied to the substrate,

excess washcoat is blown off and recycled, and the washcoat is dried and calcined. The

zeolite-containing washcoat composition and the catalyst-containing washcoat composition

illustrated in the foregoing examples can also be used in this example. Thus, a second washcoat

composition is applied over the corner-fill washcoat layer, which comprises 3% (or approximately

3%) boehmite, 5% (or approximately 5%) silica, and 92% (or approximately 92%) catalytic

powder (i.e., the powder containing the catalytic material). Excess catalyst-containing washcoat

is blown off and recycled. After application, the catalyst-containing washcoat composition is

dried and calcined. A third washcoat composition, applied over the catalyst-containing washcoat

layer, comprises 3% (or approximately 3%) boehmite, 67% (or approximately 67%) zeolites, and

30% (or approximately 30%) porous alumina (e.g., MI-386 or the like). After application, excess

zeolite particle-containing washcoat is blown off and recycled, and the zeolite particle-containing

washcoat composition is dried and calcined.

[0730] FIG. 4 illustrates the performance of a coated substrate prepared according to one

embodiment, compared to the configuration used in nanoparticulate coated substrates prepared

with a washcoat where the zeolites are not separated from the catalytic particles. All test results

described below utilize catalysts which were artificially aged at 800°C for 16 hours to simulate

operation after 125,000 miles in a car.

[0731] The filled circles · and the curve fit to those data points represent the following coating

scheme:

a) A first layer which is a corner fill washcoat, followed by

b) A second layer which is a PGM washcoat using nano-on-nano-on-micron catalyst,

containing 5% zeolites (that is, very low zeolite concentration). The PGM is 2:1 Pt/Pd.

[0732] For the simulation, this second layer may or may not be followed by a zeolite

particle-containing washcoat layer. In actual practice, a zeolite particle-containing washcoat

composition will be applied either under the PGM layer (that is, applied, dried, and calcined to the



substrate prior to applying the PGM washcoat) or above the PGM layer (that is, applied, dried, and

calcined to the substrate after applying the PGM washcoat).

[0733] The filled squares ■ and the line fit to those data points represent the following coating

scheme:

a) A first layer which is a corner fill washcoat, followed by

b) A second layer which is a PGM washcoat, containing the entire zeolite amount (that is,

all of the zeolites of the zeolite-containing washcoat layer are combined with the

nano-on-nano-on-micron catalytic powder-containing layer). The PGM is 2:1 Pt/Pd.

[0734] The simulation is performed under steady-state conditions for experimental purposes (in

actual operation, cold-start conditions are not steady-state). A carrier gas containing carbon

monoxide, NOx, and hydrocarbons is passed over the coated substrates, in order to simulate diesel

exhaust. The temperature of the substrate is gradually raised until the light-off temperature is

achieved (that is, when the coated substrate reaches a temperature sufficient to convert CO into

C0 2) .

[0735] As is evident from the graph, when compared to the coated substrate prepared with a

combined washcoat of zeolite and PGM, the coated substrate prepared according to the present

invention demonstrated either a lower light-off temperature for carbon monoxide at the same

loading of platinum group metal (i.e., the coated substrate as described herein demonstrates better

performance as compared to the coated substrate with a combined zeolite-PGM washcoat, while

using the same amount of PGM), or required a lower loading of platinum group metal at the same

light-off temperature (i.e., to obtain the same performance with the coated substrate described

herein as compared to the coated substrate with a combined zeolite-PGM washcoat, less of the

expensive PGM was required for the coated substrates described herein).

[0736] Specifically, the lowest light-off temperature attained with the combined zeolite-PGM

washcoat was 157°C at 3.3 g/1 platinum group metal loading, while a coated substrate prepared

according as described herein (using a catalytic layer with a low zeolite content) and with the same

3.3 g/1 PGM loading had a light-off temperature of 147°C, a reduction in light-off temperature of

10°C. Thus, the low zeolite-containing washcoated substrate demonstrated superior performance

at the same PGM loading.

[0737] The lowest light-off temperature of 157°C was attained with the coated substrate having

a combined zeolite-PGM washcoat at 3.3 g/1 platinum group metal loading. A light-off

temperature of 157°C was attained with the coated substrate having the low zeolite-containing



washcoat at a platinum group metal loading of 1.8 g/1, a reduction in platinum group metal loading

of 1.5 g/1 or 45%. Thus, the coated substrate with the low zeolite-containing washcoat

demonstrated identical performance, at a significantly reduced PGM loading, to the coated

substrate with the combined zeolite-PGM washcoat.

Comparison of Catalytic Converter Performance Described Herein to Commercially

Available Catalytic Converters

A. Improvement in Light-Off Temperatures

[0738] FIG. 10 illustrates the performance of a coated substrate in a catalytic converter, where

the coated substrate is prepared according to one embodiment of the present invention, compared

to a commercially available catalytic converter having a substrate prepared using wet-chemistry

methods. The coated substrates are artificially aged and tested in a similar fashion as that

indicated in the section above in the description of FIG. 4 results.

[0739] The filled circles represent data points for the carbon monoxide light-off temperatures

for the coated substrate prepared with a washcoat having nano-on-nano-on-micron (NNm)

catalyst (where the PGM is 2:1 Pt:Pd). The filled squares indicate the CO light-off temperatures

for a commercially available coated substrate prepared by wet-chemistry methods (also with a 2 :1

Pt:Pd ratio).

[0740] The commercially available coated substrate displays CO light-off temperatures of

141°C and 143°C at a PGM loading of 5.00 g/1 (for an average of 142°C). The coated substrate

with the NNm washcoat displays CO light-off temperatures of 133°C at 5.1 g/1 PGM loading and

131°C at 5.2 g/1 PGM loading, or about 8 to about 10 degrees C lower than the commercially

available coated substrate at similar PGM loading. The coated substrate with the NNm washcoat

displays a CO light-off temperature of 142°C at a PGM loading of 3.3 g/1, for similar light-off

performance to the commercially available coated substrate, but at a thrifting (reduction) of PGM

loading of 34%.

B. Improvement in Emissions Profile in Vehicle

[0741] FIG. 11 illustrates the performance of a coated substrate prepared according to some

embodiments of the present invention installed in a catalytic converter and used as a diesel

oxidation catalyst, compared to a commercially available catalytic converter prepared using

wet-chemistry methods. These measurements were made on an actual diesel engine vehicle,

mounted on rollers and driven robotically for testing. The exhaust from the engine passes through

the diesel oxidation catalyst (DOC), and sensors measure the emissions profile after the exhaust



passes through the DOC. (The emissions then pass through a diesel particulate filter (DPF) prior

to release into the environment.) The DOCs tested were artificially aged at 800°C for 16 hours to

simulate operation after 125,000 miles in a car.

[0742] The midbed emissions profile of the exhaust, after passing through the DOC and before

entering the DPF, are shown in FIG. 11. Midbed emissions of carbon monoxide are shown in the

left group of bars, while midbed emissions of hydrocarbons and nitrogen oxides are shown in the

right group of bars. The emissions profile after passing through a commercially available diesel

oxidation catalyst (DOC) is shown in the left bar of each group, and are normalized to 1.0. The

emissions profile of a DOC using a catalytic converter prepared according to the methods

described herein are illustrated by the center and right bars of each group. The center bars of each

group are for a catalytic converter prepared according to the invention which are 40% thrifted (that

is, containing 40% less PGM than the commercially available catalytic converter), while the right

bars of each group are for a catalytic converter prepared according to the invention which are 50%

thrifted (that is, containing 50% less PGM than the commercially available catalytic converter).

The 40% thrifted converters of the invention showed 85.3% of the CO emissions and 89.5% of the

HC/ΝΟχ emissions as the commercially available catalyst. The 50% thrifted converters of the

invention showed 89.3% of the CO emissions and 94.7% of the HC/NOx emissions as the

commercially available catalyst. Thus, catalytic converters prepared with coated substrates

according to the invention demonstrated superior emissions performance over commercially

available wet-chemistry catalysts, while using significantly less PGM.

Example 5: Fe-exchanged zeolites used in a Substrate-Corner Fill-Catalytic

Particle-Zeolite, or S-F-C-Z, configuration

[0743] A first washcoat composition comprising aluminum oxide particles was applied to a

substrate as a corner-fill washcoat, and dried and calcined, in a similar manner to that described in

Example 4 . A second washcoat composition was applied over the corner-fill washcoat layer,

comprising about 2% boehmite and about 98% nano-on-nano-on-micro (NNm) catalytic powder.

The ratio of platinum to palladium in the catalytic powder was 4 :1 Pt:Pd. (The loading of the

precious metals was 1.8%; at 150 g/L of NNm powder and 3 g/L boehmite, approximately 2.7 g of

precious metal is used per liter.) After application, the catalyst-containing washcoat composition

is dried and calcined. A third washcoat composition was applied over the catalyst-containing

washcoat layer, comprising about 3% boehmite, about 47% porous alumina impregnated with



palladium via wet chemistry methods (at a weight percent of approximately 1%, hence 0.5 g/L of

Pd in a 50 g/L suspension of Pd-impregnated A1203), and about 50% iron-exchanged zeolites (3%

iron-exchanged zeolites). The ratio of the total amount of the platinum to the total amount of

palladium on the substrate in the combined washcoat layers is 2 :1 Pt:Pd (four parts Pt in the NNm

catalytic particle layer, one part Pd in the NNm catalytic particle layer, and one part Pd in the

zeolite layer). The third washcoat layer was dried and calcined.

[0744] When hydrocarbon emissions for catalysts prepared using non-iron-exchanged zeolites

and having no palladium in the zeolite layer are normalized to 100, the hydrocarbon emissions for

the Fe-exchanged zeolite configuration are about 75, that is, reduced by about 25%. Similarly,

when carbon monoxide emissions for catalysts prepared using non-iron-exchanged zeolites and

having no palladium in the zeolite layer are normalized to 100, the CO emissions for the

Fe-exchanged zeolite configuration are about 75, that is, also reduced by about 25%. This is a

significant advance over previous configurations.

[0745] The disclosures of all publications, patents, patent applications and published patent

applications referred to herein by an identifying citation are hereby incorporated herein by

reference in their entirety.

[0746] The present invention has been described in terms of specific embodiments

incorporating details to facilitate the understanding of principles of construction and operation of

the invention. Such reference herein to specific embodiments and details thereof is not intended to

limit the scope of the claims appended hereto. It will be readily apparent to one skilled in the art

that other various modifications can be made in the embodiments chosen for illustration without

departing from the spirit and scope of the invention. Therefore, the description and examples

should not be construed as limiting the scope of the invention.



Table 1. Exemplary Embodiments of Washcoat Formulations
Corner Alumina Alumina Alumina
Fill
Layer
Catalytic Pt Pd on MI-386 (NNm) Pt Pd on MI-386 (NNm) and Pt Pd on MI-386 (NNm) and
Layer Pd on MI-386 (NNm) Pd on MI-386 (wet chem. method)
Zeolite Plain Zeolite Zeolite Zeolite Plain Zeolite Zeolite Zeolite Plain Zeolite Zeolite Zeolite
Layer zeolite (Fe) + Pd (Fe) + zeolite (Fe) + Pd (Fe) + zeolite (Fe) + Pd (Fe) +

Pd Pd Pd

Corner Zeolite + Pd Zeolite (Fe) + Pd Zeolite + Pd Zeolite (Fe) + Pd
Fill
Layer
Catalytic Pt/Pd on MI-386 (NNm) and Pt/Pd on MI-386 (NNm) and
Layer Pd on MI-386 (NNm) Pd on MI-386 (wet chem. method)
Zeolite Plain Zeolite Zeolite Zeolite Plain Zeolite Zeolite Zeolite
Layer zeolite (Fe) + Pd (Fe) + zeolite (Fe) + Pd (Fe) +

Pd Pd

Corner Plain zeolite Zeolite (Fe) Plain zeolite Zeolite (Fe)
Fill
Layer
Catalytic Pt/Pd on MI-386 (NNm) and Pt/Pd on MI-386 (NNm) and
Layer Pd on MI-386 (NNm) Pd on MI-386 (wet chem. method)
Zeolite Plain Zeolite Zeolite Zeolite Plain Zeolite Zeolite Zeolite
Layer zeolite (Fe) + Pd (Fe) + zeolite (Fe) + Pd (Fe) +

Pd Pd



Table 1cont'd.



CLAIMS

What is claimed is:

1. A coated substrate comprising:

a substrate;

a washcoat layer comprising iron-exchanged zeolite particles, and

a washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles, the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprising composite nanoparticles

bonded to micron-sized carrier particles, and the composite nanoparticles

comprising a support nanoparticle and a catalytic nanoparticle.

2 . The coated substrate of claim 1, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

3 . The coated substrate of claim 1, wherein the iron-exchanged zeolite particles

comprise between about 1% and about 10% iron by weight.

4 . The coated substrate of claim 1, wherein the iron-exchanged zeolite particles

comprise between about 2% and about 5% iron by weight.

5 . The coated substrate of claim 1, wherein the iron-exchanged zeolite particles

comprise about 3% iron by weight.

6 . The coated substrate of claim 1, wherein the washcoat layer comprising

iron-exchanged zeolite particles is formed on top of the washcoat layer

comprising catalytically active Nano-on-Nano-on-micro (NNm) particles.

7 . The coated substrate of claim 1, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising iron-exchanged zeolite particles.

8. The coated substrate of claim 1, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.



9 . The coated substrate of claim 8, wherein the filler material is alumina.

10. The coated substrate of any one of claims 1-9, wherein the iron-exchanged

zeolite particles further comprise palladium.

11. The coated substrate of any one of claims 1-10, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum group

metal.

12. The coated substrate of any one of claims 1-11, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum.

13. The coated substrate of any one of claims 1-12, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

14. The coated substrate of claim 13, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

15. The coated substrate of claim 13 or 14, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

16. The coated substrate of any one of claims 13-15, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

17. The coated substrate of any one of claims 13-16, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

18. The coated substrate of any one of claims 13-17, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

19. The coated substrate of any one of claims 1-18, wherein the support



nanoparticles have an average diameter of about 10 nm to about 20 nm.

20. The coated substrate of any one of claims 1-19, wherein the support

nanoparticles have an average diameter of about 1 nm to about 5 nm.

21. The coated substrate of any one of claims 1-20, wherein the washcoat layer

comprising iron-exchanged zeolite particles further comprises metal-oxide

particles and boehmite particles.

22. The coated substrate of claim 21, wherein the metal-oxide particles are

aluminum-oxide particles.

23. The coated substrate of any one of claims 1-22, wherein the iron-exchanged

zeolite particles comprise 60% to 80% by weight of the mixture of

iron-exchanged zeolite particles, metal-oxide particles, and boehmite particles

in the washcoat layer comprising iron-exchanged zeolite particles.

24. The coated substrate of any one of claims 1-23, wherein the boehmite particles

comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer

comprising iron-exchanged zeolite particles.

25. The coated substrate of any one of claims 1-24, wherein the metal-oxide

particles comprise 15% to 38% by weight of the mixture of iron-exchanged

zeolite particles, metal-oxide particles, and boehmite particles in the washcoat

layer comprising iron-exchanged zeolite particles.

26. The coated substrate of any one of claims 1-25, wherein the washcoat layer

comprising iron-exchanged zeolite particles does not include platinum group

metals.

27. The coated substrate of any one of claims 1-26, wherein the iron-exchanged

zeolite particles in the washcoat layer comprising iron-exchanged zeolite

particles each have a diameter of 0.2 microns to 8 microns.

28. The coated substrate of any one of claims 1-27, wherein the washcoat layer



comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

29. The coated substrate of any one of claims 1-28, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

30. The coated substrate of claim 29, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of

the combination of the catalytically active Nano-on-Nano-on micro (NNm)

particles, boehmite particles, and silica particles in the washcoat layer

comprising catalytically active particles.

31. The coated substrate of claim 29 or 30, wherein the silica particles are present in

an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

32. The coated substrate of any one of claims 29-31, wherein the boehmite

particles comprise 2% to 5% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and

the silica particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

33. The coated substrate of claim 29, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%

by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

34. The coated substrate of any one of claims 1-33, wherein the substrate comprises

cordierite.

35. The coated substrate of any one of claims 1-34, wherein the substrate comprises

a honeycomb structure.



36. The coated substrate of any one of claims 1-35, wherein the washcoat layer

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

37. The coated substrate of any one of claims 1-36, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

38. The coated substrate of any one of claims 1-37, further comprising a corner-fill

layer deposited directly on the substrate.

39. The coated substrate of claim 38, wherein the corner-fill layer comprises zeolite

particles.

40. The coated substrate of claim 39, wherein the zeolite particles in the corner-fill

layer are iron-exchanged zeolite particles.

41. The coated substrate of claim 40, wherein the iron-exchanged zeolite particles

in the corner-fill layer comprise palladium.

42. The coated substrate of claim 38, wherein the corner-fill layer comprises

catalytically active Nano-on-Nano-on micro (NNm) particles.

43. The coated substrate of any one of claims 1-42, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

44. The coated substrate of claim 43, wherein a total content of platinum and a total

content of palladium has a platinum:palladium weight ratio from about 7:1 to

about 2:1.

45. The coated substrate of claim 43 or 44, wherein a total content of platinum and a

total content of palladium has a platinum:palladium weight ratio from about 6 :1

to about 3:1.

46. The coated substrate of any one of claims 43-45, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio



from about 5:1 to about 3.5:1.

47. The coated substrate of any one of claims 43-46, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

of about 4:1.

48. The coated substrate of any one of claims 1-47, wherein the coated substrate

has a platinum group metal loading of 4 g/1 or less and a light-off temperature

for carbon monoxide at least 5°C lower than the light-off temperature of a

substrate with the same platinum group metal loading deposited by

wet-chemistry methods.

49. The coated substrate of any one of claims 1-48, wherein the coated substrate

has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

50. The coated substrate of any one of claims 1-49, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

51. The coated substrate of any one of claims 1-50, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

52. A catalytic converter comprising a coated substrate according to any one of

claims 1-51.

53. An exhaust treatment system comprising a conduit for exhaust gas and a

catalytic converter according to claim 52.



54. A diesel vehicle comprising a catalytic converter according to claim 52.

55. The diesel vehicle of claim 54, wherein said diesel vehicle is a light-duty diesel

vehicle.

56. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 1-51, with the exhaust gas.

57. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 1-51 with the exhaust gas, wherein the substrate is housed

within a catalytic converter configured to receive the exhaust gas.

58. A coated substrate comprising:

a substrate;

a washcoat layer comprising zeolite particles; and

a washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles comprising platinum, the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprising

composite nanoparticles bonded to micron-sized carrier particles, and the

composite nanoparticles comprising a support nanoparticle and a catalytic

nanoparticle,

wherein a total content of platinum and a total content of palladium has a

platinum:palladium weight ratio from about 8:1 to about 2.5:1.

59. The coated substrate of claim 58, wherein the zeolite particles are

iron-exchanged zeolite particles.

60. The coated substrate of claim 59, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

61. The coated substrate of claim 59 or 60, wherein the iron-exchanged zeolite

particles comprise between about 1% and about 10% iron by weight.

62. The coated substrate of any one of claims 59-61, wherein the iron-exchanged

zeolite particles comprise between about 2% and about 5% iron by weight.



63. The coated substrate of any one of claims 59-62, wherein the iron-exchanged

zeolite particles comprise about 3% iron by weight.

64. The coated substrate of claim 58, wherein the washcoat layer comprising zeolite

particles is formed on top of the washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles.

65. The coated substrate of claim 58, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising zeolite particles.

66. The coated substrate of claim 58, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.

67. The coated substrate of claim 66, wherein the filler material is alumina.

68. The coated substrate of claim 58, wherein the zeolite particles further comprise

palladium.

69. The coated substrate of any one of claims 59-63, wherein the iron-exchanged

zeolite particles further comprise palladium.

70. The coated substrate of any one of claims 58-69, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum group

metal.

71. The coated substrate of any one of claims 58-70, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum.

72. The coated substrate of any one of claims 58-7 1, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

73. The coated substrate of claim 72, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.



74. The coated substrate of claim 72 or 73, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

75. The coated substrate of any one of claims 72-74, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

76. The coated substrate of any one of claims 72-75, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

77. The coated substrate of any one of claims 72-76, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

78. The coated substrate of any one of claims 58-77, wherein the support

nanoparticles have an average diameter of about 10 nm to about 20 nm.

79. The coated substrate of any one of claims 58-78, wherein the support

nanoparticles have an average diameter of about 1 nm to about 5 nm.

80. The coated substrate of any one of claims 58-79, wherein the washcoat layer

comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

81. The coated substrate of claim 80, wherein the metal-oxide particles are

aluminum-oxide particles.

82. The coated substrate of any one of claims 58-81, wherein the zeolite particles

comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat layer comprising zeolite

particles.

83. The coated substrate of any one of claims 58-82, wherein the boehmite

particles comprise 2% to 5% by weight of the mixture of zeolite particles,



metal-oxide particles, and boehmite particles in the washcoat layer comprising

zeolite particles.

84. The coated substrate of any one of claims 58-83, wherein the metal-oxide

particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising

zeolite particles.

85. The coated substrate of any one of claims 58-84, wherein the washcoat layer

comprising zeolite particles does not include platinum group metals.

86. The coated substrate of any one of claims 58-85, wherein the iron-exchanged

zeolite particles in the washcoat layer comprising zeolite particles each have a

diameter of 0.2 microns to 8 microns.

87. The coated substrate of any one of claims 58-86, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

88. The coated substrate of any one of claims 58-87, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

89. The coated substrate of claim 88, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of

the combination of the catalytically active Nano-on-Nano-on micro (NNm)

particles, boehmite particles, and silica particles in the washcoat layer

comprising catalytically active particles.

90. The coated substrate of claim 88 or 89, wherein the silica particles are present in

an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

91. The coated substrate of any one of claims 88-90, wherein the boehmite



particles comprise 2% to 5% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and

the silica particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

92. The coated substrate of claim 88, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%

by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

93. The coated substrate of any one of claims 58-92, wherein the substrate

comprises cordierite.

94. The coated substrate of any one of claims 58-93, wherein the substrate

comprises a honeycomb structure.

95. The coated substrate of any one of claims 58-94, wherein the washcoat layer

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

96. The coated substrate of any one of claims 58-95, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

97. The coated substrate of any one of claims 58-96, further comprising a corner-fill

layer deposited directly on the substrate.

98. The coated substrate of claim 97, wherein the corner-fill layer comprises zeolite

particles.

99. The coated substrate of claim 98, wherein the zeolite particles in the corner-fill

layer comprise palladium.

100. The coated substrate of claim 97, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

101. The coated substrate of claim 100, wherein the iron-exchanged zeolite particles



in the corner-fill layer comprise palladium.

102. The coated substrate of claim 97, wherein the corner-fill layer comprises

catalytically active Nano-on-Nano-on micro (NNm) particles.

103. The coated substrate of any one of claims 58-102, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

104. The coated substrate of claim 103, wherein a total content of platinum and a

total content of palladium has a platinum:palladium weight ratio from about 7:1

to about 2:1.

105. The coated substrate of claim 103 or 104, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

106. The coated substrate of any one of claims 103-105, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.

107. The coated substrate of any one of claims 103-106, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

of about 4:1.

108. The coated substrate of any one of claims 58-107, wherein the coated substrate

has a platinum group metal loading of 4 g/1 or less and a light-off temperature

for carbon monoxide at least 5°C lower than the light-off temperature of a

substrate with the same platinum group metal loading deposited by

wet-chemistry methods.

109. The coated substrate of any one of claims 58-108, wherein the coated substrate

has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

110. The coated substrate of any one of claims 58-109, said coated substrate having

a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after



125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

111. The coated substrate of any one of claims 58- 110, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

112. A catalytic converter comprising a coated substrate according to any one of

claims 58-111.

113. An exhaust treatment system comprising a conduit for exhaust gas and a

catalytic converter according to claim 112.

114. A diesel vehicle comprising a catalytic converter according to claim 112.

115. The diesel vehicle of claim 114, wherein said diesel vehicle is a light-duty

diesel vehicle.

116. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 58-1 11, with the exhaust gas.

117. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 58-1 11 with the exhaust gas, wherein the substrate is

housed within a catalytic converter configured to receive the exhaust gas.

118. A coated substrate comprising:

a substrate;

a washcoat layer comprising zeolite particles; and

a washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles, the catalytically active



Nano-on-Nano-on-micro (NNm) particles comprising composite nanoparticles

bonded to micron-sized carrier particles, and the composite nanoparticles

comprising a support nanoparticle and a catalytic nanoparticle, and

wherein the zeolite particles comprise palladium.

119. The coated substrate of claim 118, wherein the zeolite particles are

iron-exchanged zeolite particles.

120. The coated substrate of claim 119, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

121. The coated substrate of claim 119 or 120, wherein the iron-exchanged zeolite

particles comprise between about 1% and about 10% iron by weight.

122. The coated substrate of any one of claims 118-121, wherein the iron-exchanged

zeolite particles comprise between about 2% and about 5% iron by weight.

123. The coated substrate of any one of claims 118-122, wherein the iron-exchanged

zeolite particles comprise about 3% iron by weight.

124. The coated substrate of claim 118, wherein the washcoat layer comprising

zeolite particles is formed on top of the washcoat layer comprising catalytically

active Nano-on-Nano-on-micro (NNm) particles.

125. The coated substrate of claim 118, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising zeolite particles.

126. The coated substrate of claim 118, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.

127. The coated substrate of claim 126, wherein the filler material is alumina.

128. The coated substrate of any one of claims 118-127, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum



group metal.

129. The coated substrate of any one of claims 118-128, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

130. The coated substrate of any one of claims 118-129, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium.

131. The coated substrate of claim 130, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

132. The coated substrate of claim 130 or 131, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

133. The coated substrate of any one of claims 130-132, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 6:1 to about 3:1.

134. The coated substrate of any one of claims 130-133, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 5:1 to about 3.5:1.

135. The coated substrate of any one of claims 130-134, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio of about 4 :1.

136. The coated substrate of any one of claims 118-135, wherein the support

nanoparticles have an average diameter of about 10 nm to about 20 nm.

137. The coated substrate of any one of claims 118-136, wherein the support

nanoparticles have an average diameter of about 1 nm to about 5 nm.

138. The coated substrate of any one of claims 118-137, wherein the washcoat layer



comprising iron-exchanged zeolite particles comprises metal-oxide particles

and boehmite particles.

139. The coated substrate of claim 138, wherein the metal-oxide particles are

aluminum-oxide particles.

140. The coated substrate of any one of claims 118-139, wherein the zeolite particles

comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat layer comprising zeolite

particles.

141. The coated substrate of any one of claims 118-140, wherein the boehmite

particles comprise 2% to 5% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising

zeolite particles.

142. The coated substrate of any one of claims 118-141, wherein the metal-oxide

particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising

zeolite particles.

143. The coated substrate of any one of claims 118-142, wherein the washcoat layer

comprising zeolite particles does not include platinum group metals.

144. The coated substrate of any one of claims 118- 143, wherein the zeolite particles

in the washcoat layer comprising zeolite particles each have a diameter of 0.2

microns to 8 microns.

145. The coated substrate of any one of claims 118-144, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

146. The coated substrate of any one of claims 118-145, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.



147. The coated substrate of claim 146, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of

the combination of the catalytically active Nano-on-Nano-on micro (NNm)

particles, boehmite particles, and silica particles in the washcoat layer

comprising catalytically active particles.

148. The coated substrate of claim 146 or 147, wherein the silica particles are present

in an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

149. The coated substrate of any one of claims 146-148, wherein the boehmite

particles comprise 2% to 5% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and

the silica particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

150. The coated substrate of claim 146, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%

by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

151. The coated substrate of any one of claims 118-150, wherein the substrate

comprises cordierite.

152. The coated substrate of any one of claims 118-151, wherein the substrate

comprises a honeycomb structure.

153. The coated substrate of any one of claims 118-152, wherein the washcoat layer

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

154. The coated substrate of any one of claims 118-153, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.



155. The coated substrate of any one of claims 118-154, further comprising a

corner-fill layer deposited directly on the substrate.

156. The coated substrate of claim 155, wherein the corner-fill layer comprises

zeolite particles.

157. The coated substrate of claim 156, wherein the zeolite particles in the corner- fill

layer comprise palladium.

158. The coated substrate of claim 155, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

159. The coated substrate of claim 158, wherein the iron-exchanged zeolite particles

in the corner-fill layer comprise palladium.

160. The coated substrate of claim 155, wherein the corner-fill layer comprises

catalytically active Nano-on-Nano-on micro (NNm) particles.

161. The coated substrate of any one of claims 118-160, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.

162. The coated substrate of claim 161, wherein a total content of platinum and a

total content of palladium has a platinum:palladium weight ratio from about 7:1

to about 2:1.

163. The coated substrate of claim 161 or 162, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

164. The coated substrate of any one of claims 161-163, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.

165. The coated substrate of any one of claims 161-164, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio



of about 4:1.

166. The coated substrate of any one of claims 118-165, wherein the coated

substrate has a platinum group metal loading of 4 g/1 or less and a light-off

temperature for carbon monoxide at least 5°C lower than the light-off

temperature of a substrate with the same platinum group metal loading

deposited by wet-chemistry methods.

167. The coated substrate of any one of claims 118-166, wherein the coated

substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

168. The coated substrate of any one of claims 118-167, said coated substrate having

a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

169. The coated substrate of any one of claims 118-168, said coated substrate having

a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

170. A catalytic converter comprising a coated substrate according to any one of

claims 118-169.

171. An exhaust treatment system comprising a conduit for exhaust gas and a

catalytic converter according to claim 170.

172. A diesel vehicle comprising a catalytic converter according to claim 170.

173. The diesel vehicle of claim 172, wherein said diesel vehicle is a light-duty

diesel vehicle.



174. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 118-169, with the exhaust gas.

175. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 118-169 with the exhaust gas, wherein the substrate is

housed within a catalytic converter configured to receive the exhaust gas.

176. A coated substrate comprising:

a substrate;

a washcoat layer comprising zeolite particles; and

a washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles, said catalytically active

Nano-on-Nano-on-micro (NNm) particles comprising composite nanoparticles

bonded to micron-sized carrier particles, and the composite nanoparticles

comprise a support nanoparticle and a catalytic nanoparticle;

wherein the washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles further comprises a filler material

comprised of micron-sized carrier particles, and

wherein the filler material comprises palladium.

177. The coated substrate of claim 176, wherein the zeolite particles are

iron-exchanged zeolite particles.

178. The coated substrate of claim 177, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

179. The coated substrate of claim 177 or 178, wherein the iron-exchanged zeolite

particles comprise between about 1% and about 10% iron by weight.

180. The coated substrate of any one of claims 177-179, wherein the iron-exchanged

zeolite particles comprise between about 2% and about 5% iron by weight.

181. The coated substrate of any one of claims 177- 180, wherein the iron-exchanged

zeolite particles comprise about 3% iron by weight.

182. The coated substrate of claim 176, wherein the filler material is alumina.



183. The coated substrate of claim 176, wherein the washcoat layer comprising

zeolite particles is formed on top of the washcoat layer comprising catalytically

active Nano-on-Nano-on-micro (NNm) particles.

184. The coated substrate of claim 176, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat layer comprising zeolite particles.

185. The coated substrate of claim 176, wherein the zeolite particles further comprise

palladium.

186. The coated substrate of any one of claims 177-181, wherein the iron-exchanged

zeolite particles further comprise palladium.

187. The coated substrate of any one of claims 176-186, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum

group metal.

188. The coated substrate of any one of claims 176-187, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum.

189. The coated substrate of any one of claims 176-188, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium.

190. The coated substrate of claim 189, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

191. The coated substrate of claim 189 or 190, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

192. The coated substrate of any one of claims 189-191, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 6:1 to about 3:1.



193. The coated substrate of any one of claims 189-192, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio from about 5:1 to about 3.5:1.

194. The coated substrate of any one of claims 189-193, wherein the catalytically

active Nano-on-Nano-on-micro (NNm) particles comprise platinum and

palladium in a weight ratio of about 4 :1.

195. The coated substrate of any one of claims 176-194, wherein the support

nanoparticles have an average diameter of about 10 nm to about 20 nm.

196. The coated substrate of any one of claims 176-195, wherein the support

nanoparticles have an average diameter of about 1 nm to about 5 nm.

197. The coated substrate of any one of claims 176-196, wherein the washcoat layer

comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

198. The coated substrate of claim 197, wherein the metal-oxide particles are

aluminum-oxide particles.

199. The coated substrate of any one of claims 176-198, wherein the zeolite particles

comprise 60% to 80% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer

comprising iron-exchanged zeolite particles.

200. The coated substrate of any one of claims 176-199, wherein the boehmite

particles comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat layer

comprising iron-exchanged zeolite particles.

201. The coated substrate of any one of claims 176-200, wherein the metal-oxide

particles comprise 15% to 38% by weight of the mixture of zeolite particles,

metal-oxide particles, and boehmite particles in the washcoat layer comprising

zeolite particles.



202. The coated substrate of any one of claims 176-201, wherein the washcoat layer

comprising zeolite particles does not include platinum group metals.

203. The coated substrate of any one of claims 176-202, wherein the zeolite particles

in the washcoat layer comprising zeolite particles each have a diameter of 0.2

microns to 8 microns.

204. The coated substrate of any one of claims 176-203, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

205. The coated substrate of any one of claims 176-204, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

206. The coated substrate of claim 205, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of

the combination of the catalytically active Nano-on-Nano-on micro (NNm)

particles, boehmite particles, and silica particles in the washcoat layer

comprising catalytically active particles.

207. The coated substrate of claim 205 or 206, wherein the silica particles are present

in an amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

208. The coated substrate of any one of claims 205-207, wherein the boehmite

particles comprise 2% to 5% by weight of the combination of the catalytically

active Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and

the silica particles in the washcoat layer comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

209. The coated substrate of claim 205, wherein the washcoat layer comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%



by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

210. The coated substrate of any one of claims 176-209, wherein the substrate

comprises cordierite.

211. The coated substrate of any one of claims 176-210, wherein the substrate

comprises a honeycomb structure.

212. The coated substrate of any one of claims 176-21 1, wherein the washcoat layer

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

213. The coated substrate of any one of claims 176-212, wherein the washcoat layer

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

214. The coated substrate of any one of claims 176-213, further comprising a

corner-fill layer deposited directly on the substrate.

215. The coated substrate of claim 214, wherein the corner-fill layer comprises

zeolite particles.

216. The coated substrate of claim 215 wherein the zeolite particles in the corner-fill

layer comprise palladium.

217. The coated substrate of claim 214, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

218. The coated substrate of claim 217, wherein the iron-exchanged zeolite particles

in the corner-fill layer comprise palladium.

219. The coated substrate of claim 214, wherein the corner-fill layer comprises

catalytically active Nano-on-Nano-on micro (NNm) particles.

220. The coated substrate of any one of claims 176-219, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 8:1 to about 1:1.



221. The coated substrate of claim 220, wherein a total content of platinum and a

total content of palladium has a platinum:palladium weight ratio from about 7:1

to about 2:1.

222. The coated substrate of claim 220 or 221, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 6:1 to about 3:1.

223. The coated substrate of any one of claims 220-222, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

from about 5:1 to about 3.5:1.

224. The coated substrate of any one of claims 220-223, wherein a total content of

platinum and a total content of palladium has a platinum:palladium weight ratio

of about 4:1.

225. The coated substrate of any one of claims 176-224, wherein the coated

substrate has a platinum group metal loading of 4 g/1 or less and a light-off

temperature for carbon monoxide at least 5°C lower than the light-off

temperature of a substrate with the same platinum group metal loading

deposited by wet-chemistry methods.

226. The coated substrate of any one of claims 176-225, wherein the coated

substrate has a platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

227. The coated substrate of any one of claims 176-226, said coated substrate having

a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

228. The coated substrate of any one of claims 176-227, said coated substrate having

a platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after



aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

229. A catalytic converter comprising a coated substrate according to any one of

claims 176-228.

230. An exhaust treatment system comprising a conduit for exhaust gas and a

catalytic converter according to claim 229.

231. A diesel vehicle comprising a catalytic converter according to claim 229.

232. The diesel vehicle of claim 231, wherein said diesel vehicle is a light-duty

diesel vehicle.

233. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 176-228, with the exhaust gas.

234. A method of treating an exhaust gas, comprising contacting the coated substrate

of any one of claims 176-228 with the exhaust gas, wherein the substrate is

housed within a catalytic converter configured to receive the exhaust gas.

235. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising

iron-exchanged zeolite particles; and

b) coating the substrate with a washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles comprising

composite nanoparticles bonded to micron-sized carrier particles, and the

composite nanoparticles comprise a support nanoparticle and a catalytic

nanoparticle.

236. The method of claim 235, wherein coating the substrate with the washcoat layer

comprising iron-exchanged zeolite particles is performed before coating the

substrate with the washcoat layer comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles.



237. The method of claim 235, wherein coating the substrate with the washcoat layer

comprising catalytically active Nano-on-Nano-on-micro (NNm) particles is

performed before coating the substrate with the washcoat layer comprising

iron-exchanged zeolite particles.

238. The method of any one of claims 235-237, further comprising coating the

substrate with a corner-fill washcoat prior to both step a) and step b).

239. The method of any one of claims 235-238, wherein the iron-exchanged zeolite

particles comprise between about 0.5% and about 15% iron by weight.

240. The method of any one of claims 235-239, wherein the iron-exchanged zeolite

particles comprise between about 1% and about 10% iron by weight.

241. The method of any one of claims 235-240, wherein the iron-exchanged zeolite

particles comprise between about 2% and about 5% iron by weight.

242. The method of any one of claims 235-241, wherein the iron-exchanged zeolite

particles comprise about 3% iron by weight.

243. The method of any one of claims 235-242, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on-micro (NNm) particles

further comprises a filler material comprised of micron-sized particles

comprising palladium.

244. The method of claim 243, wherein the filler material is alumina.

245. The method of any one of claims 235-244, wherein the iron-exchanged zeolite

particles further comprise palladium.

246. The method of any one of claims 235-245, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum group

metal.

247. The method of any one of claims 235-246, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum.



248. The method of any one of claims 235-247, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

249. The method of claim 248, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

250. The method of claim 248 or 249, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

251. The method of any one of claims 248-250, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

252. The method of any one of claims 248-251, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

253. The method of any one of claims 248-252, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

254. The method of any one of claims 235-253, wherein the support nanoparticles

have an average diameter of about 10 nm to about 20 nm.

255. The method of any one of claims 235-254, wherein the support nanoparticles

have an average diameter of about 1 nm to about 5 nm.

256. The method of any one of claims 235-255, wherein the washcoat composition

comprising iron-exchanged zeolite particles comprises metal-oxide particles

and boehmite particles.

257. The method of claim 256, wherein the metal-oxide particles are

aluminum-oxide particles.



258. The method of any one of claims 235-257, wherein the iron-exchanged zeolite

particles comprise 60% to 80% by weight of the mixture of iron-exchanged

zeolite particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

259. The method of any one of claims 235-258, wherein the boehmite particles

comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

260. The method of any one of claims 235-259, wherein the metal-oxide particles

comprise 15% to 38% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

261. The method of any one of claims 235-260, wherein the washcoat composition

comprising iron-exchanged zeolite particles does not include platinum group

metals.

262. The method of any one of claims 235-261, wherein the iron-exchanged zeolite

particles in the washcoat composition comprising iron-exchanged zeolite

particles each have a diameter of 0.2 microns to 8 microns.

263. The method of any one of claims 235-262, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

264. The method of any one of claims 235-262, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

265. The method of any one of claims 235-264, wherein the catalytically active

Nano-on-Nano-on micro (NNm) particles comprise 35% to 95% by weight of

the combination of the catalytically active Nano-on-Nano-on micro (NNm)

particles, boehmite particles, and silica particles in the washcoat composition



comprising catalytically active particles.

266. The method of claim 264 or 265, wherein the silica particles are present in an

amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

267. The method of any one of claims 264-266, wherein the boehmite particles

comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

268. The method of claim 264, wherein the washcoat composition comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%

by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

269. The method of any one of claims 235-268, wherein the substrate comprises

cordierite.

270. The method of any one of claims 235-269, wherein the substrate comprises a

honeycomb structure.

271. The method of any one of claims 235-270, wherein the washcoat composition

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

272. The method of any one of claims 235-271, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

273. The method of any one of claims 235-272, further comprising coating the

substrate with a corner-fill layer deposited directly on the substrate.

274. The method of claim 273, wherein the corner-fill layer comprises zeolite



particles.

275. The method of claim 274, wherein the zeolite particles in the corner-fill layer

are iron-exchanged zeolite particles.

276. The method of claim 275, wherein the iron-exchanged zeolite particles in the

corner-fill layer comprise palladium.

277. The method of claim 273, wherein the corner-fill layer comprises catalytically

active Nano-on-Nano-on micro (NNm) particles.

278. The method of any one of claims 235-277, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

279. The method of claim 278, wherein a total content of platinum and a total content

of palladium has a platinum:palladium weight ratio from about 7 :1 to about 2 :1.

280. The method of claim 278 or 279, wherein a total content of platinum and a total

content of palladium has a platinum:palladium weight ratio from about 6:1 to

about 3:1.

281. The method of any one of claims 278-280, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

282. The method of any one of claims 278-281, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio of about

4:1.

283. The method of any one of claims 278-282, wherein the coated substrate has a

platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate

with the same platinum group metal loading deposited by wet-chemistry

methods.



284. The method of any one of claims 235-283, wherein the coated substrate has a

platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

285. The method of any one of claims 235-284, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

286. The method of any one of claims 235-285, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

287. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising zeolite

particles; and

b) coating a substrate with a washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles comprising

platinum, said catalytically active Nano-on-Nano-on-micro (NNm) particles

comprising composite nanoparticles bonded to micron-sized carrier particles,

and the composite nanoparticles comprise a support nanoparticle and a catalytic

nanoparticle,

wherein a total content of platinum and a total content of palladium has a

platinum:palladium weight ratio from about 8:1 to about 2.5:1.

288. The method of claim 287, wherein the zeolite particles are iron-exchanged

zeolite particles.

289. The method of claim 288, wherein the iron-exchanged zeolite particles



comprise between about 0.5% and about 15% iron by weight.

290. The method of claim 288 or 289, wherein the iron-exchanged zeolite particles

comprise between about 1% and about 10% iron by weight.

291. The method of any one of claims 288-290, wherein the iron-exchanged zeolite

particles comprise between about 2% and about 5% iron by weight.

292. The method of any one of claims 288-291, wherein the iron-exchanged zeolite

particles comprise about 3% iron by weight.

293. The method of claim 287, wherein coating the substrate with the washcoat

composition comprising zeolite particles is performed before coating the

substrate with the washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles.

294. The method of claim 287, wherein coating the substrate with the washcoat

composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles is performed before coating the substrate with the washcoat

composition comprising zeolite particles.

295. The method of claim 287, wherein the washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.

296. The method of claim 295, wherein the filler material is alumina.

297. The method of claim 287, wherein the zeolite particles further comprise

palladium.

298. The method of any one of claims 288-292, wherein the iron-exchanged zeolite

particles further comprise palladium.

299. The method of any one of claims 287-298, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum group

metal.



300. The method of any one of claims 287-299, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum.

301. The method of any one of claims 287-300, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

302. The method of claim 301, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

303. The method of claim 301 or 302, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

304. The method of any one of claims 301-303, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

305. The method of any one of claims 301-304, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

306. The method of any one of claims 301-305, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

307. The method of any one of claims 287-306, wherein the support nanoparticles

have an average diameter of about 10 nm to about 20 nm.

308. The method of any one of claims 287-307, wherein the support nanoparticles

have an average diameter of about 1 nm to about 5 nm.

309. The method of any one of claims 287-308, wherein the washcoat composition

comprising iron-exchanged zeolite particles comprises metal-oxide particles

and boehmite particles.



310. The method of claim 309, wherein the metal-oxide particles are

aluminum-oxide particles.

311. The method of any one of claims 287-3 10, wherein the iron-exchanged zeolite

particles comprise 60% to 80% by weight of the mixture of iron-exchanged

zeolite particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

312. The c method of any one of claims 287-31 1, wherein the boehmite particles

comprise 2% to 5% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

313. The method of any one of claims 287-312, wherein the metal-oxide particles

comprise 15% to 38% by weight of the mixture of iron-exchanged zeolite

particles, metal-oxide particles, and boehmite particles in the washcoat

composition comprising iron-exchanged zeolite particles.

314. The method of any one of claims 287-313, wherein the washcoat composition

comprising iron-exchanged zeolite particles does not include platinum group

metals.

315. The method of any one of claims 287-314, wherein the iron-exchanged zeolite

particles in the washcoat composition comprising iron-exchanged zeolite

particles each have a diameter of 0.2 microns to 8 microns.

316. The method of any one of claims 287-315, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

317. The method of any one of claims 287-316, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

318. The method of claim 317, wherein the catalytically active Nano-on-Nano-on

micro (NNm) particles comprise 35% to 95% by weight of the combination of



the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat composition comprising

catalytically active particles.

319. The method of claim 317 or 318, wherein the silica particles are present in an

amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

320. The method of any one of claims 317-319, wherein the boehmite particles

comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

321. The method of claim 317, wherein the washcoat composition comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%

by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

322. The method of any one of claims 287-321, wherein the substrate comprises

cordierite.

323. The method of any one of claims 287-322, wherein the substrate comprises a

honeycomb structure.

324. The method of any one of claims 287-323, wherein the washcoat composition

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

325. The method of any one of claims 287-324, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

326. The method of any one of claims 287-325, further comprising coating the

substrate with a corner-fill layer prior to both step a) and b).



327. The method of claim 326, wherein the corner-fill layer comprises zeolite

particles.

328. The method of claim 327, wherein the zeolite particles in the corner-fill layer

comprise palladium.

329. The method of claim 326, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

330. The method of claim 329, wherein the iron-exchanged zeolite particles in the

corner-fill layer comprise palladium.

331. The method of claim 326, wherein the corner-fill layer comprises catalytically

active Nano-on-Nano-on micro (NNm) particles.

332. The method of any one of claims 287-331, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

333. The method of claim 332, wherein a total content of platinum and a total content

of palladium has a platinum:palladium weight ratio from about 7 :1 to about 2 :1.

334. The method of claim 332 or 333, wherein a total content of platinum and a total

content of palladium has a platinum:palladium weight ratio from about 6:1 to

about 3:1.

335. The method of any one of claims 332-334, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

336. The method of any one of claims 332-335, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio of about

4:1.

337. The method of any one of claims 287-336, wherein the coated substrate has a

platinum group metal loading of 4 g/1 or less and a light-off temperature for



carbon monoxide at least 5°C lower than the light-off temperature of a substrate

with the same platinum group metal loading deposited by wet-chemistry

methods.

338. The method of any one of claims 287-337, wherein the coated substrate has a

platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

339. The method of any one of claims 287-338, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

340. The method of any one of claims 287-339, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

341. A method of forming a coated substrate comprising:

a) coating a substrate with a washcoat composition comprising zeolite

particles; and

b) coating a substrate with a washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles, said catalytically

active Nano-on-Nano-on-micro (NNm) particles comprising composite

nanoparticles bonded to micron-sized carrier particles, and the composite

nanoparticles comprise a support nanoparticle and a catalytic nanoparticle, and

wherein the zeolite particles comprise palladium.

342. The method of claim 341, wherein the zeolite particles are iron-exchanged

zeolite particles.



343. The method of claim 342, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

344. The method of claim 342 or 343, wherein the iron-exchanged zeolite particles

comprise between about 1% and about 10% iron by weight.

345. The method of any one of claims 341-344, wherein the iron-exchanged zeolite

particles comprise between about 2% and about 5% iron by weight.

346. The method of any one of claims 341-345, wherein the iron-exchanged zeolite

particles comprise about 3% iron by weight.

347. The method of claim 341, wherein coating the substrate with the washcoat

composition comprising zeolite particles is performed before coating the

substrate with the washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles.

348. The method of claim 341, wherein coating the substrate with the washcoat

composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles is performed before coating the substrate with the washcoat

composition comprising zeolite particles.

349. The method of claim 341, wherein the washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles further comprises

a filler material comprised of micron-sized particles comprising palladium.

350. The method of claim 349, wherein the filler material is alumina.

351. The method of any one of claims 341-350, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum group

metal.

352. The method of any one of claims 341-351, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum.

353. The method of any one of claims 341-352, wherein the catalytically active



Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

354. The method of claim 353, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

355. The method of claim 353 or 354, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

356. The method of any one of claims 353-355, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

357. The method of any one of claims 353-356, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

358. The method of any one of claims 353-357, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

359. The method of any one of claims 341-358, wherein the support nanoparticles

have an average diameter of about 10 nm to about 20 nm.

360. The method of any one of claims 341-359, wherein the support nanoparticles

have an average diameter of about 1 nm to about 5 nm.

361. The method of any one of claims 341-360, wherein the washcoat composition

comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

362. The method of claim 361, wherein the metal-oxide particles are

aluminum-oxide particles.

363. The method of any one of claims 341-362, wherein the zeolite particles



comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising

zeolite particles.

364. The method of any one of claims 341-363, wherein the boehmite particles

comprise 2% to 5% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising

zeolite particles.

365. The method of any one of claims 341-364, wherein the metal-oxide particles

comprise 15% to 38% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising

zeolite particles.

366. The method of any one of claims 341-365, wherein the washcoat composition

comprising zeolite particles does not include platinum group metals.

367. The method of any one of claims 341-366, wherein the zeolite particles in the

washcoat composition comprising zeolite particles each have a diameter of 0.2

microns to 8 microns.

368. The method of any one of claims 341-367, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

369. The method of any one of claims 341-368, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

370. The method of claim 369, wherein the catalytically active Nano-on-Nano-on

micro (NNm) particles comprise 35% to 95% by weight of the combination of

the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat composition comprising

catalytically active particles.

371. The method of claim 369 or 370, wherein the silica particles are present in an



amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

372. The method of any one of claims 369-371, wherein the boehmite particles

comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

373. The method of claim 369, wherein the washcoat layer comprising catalytically

active Nano-on-Nano-on micro (NNm) particles comprises 92% by weight of

the catalytically active Nano-on-Nano-on micro (NNm) particles, 3% by weight

of the boehmite particles, and 5% by weight of the silica particles.

374. The method of any one of claims 341-373, wherein the substrate comprises

cordierite.

375. The method of any one of claims 341-374, wherein the substrate comprises a

honeycomb structure.

376. The method of any one of claims 341-375, wherein the washcoat composition

comprising zeolite particles has a thickness of 25 g/1 to 90 g/1.

377. The method of any one of claims 341-376, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

378. The method of any one of claims 341-377, further comprising coating the

substrate with a corner-fill washcoat prior to both step a) and step b).

379. The method of claim 378, wherein the corner-fill layer comprises zeolite

particles.

380. The method of claim 379, wherein the zeolite particles in the corner-fill layer



comprise palladium.

381. The method of claim 378, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

382. The method of claim 381, wherein the iron-exchanged zeolite particles in the

corner-fill layer comprise palladium.

383. The method of claim 378, wherein the corner-fill layer comprises catalytically

active Nano-on-Nano-on micro (NNm) particles.

384. The method of any one of claims 341-383, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

385. The method of claim 384, wherein a total content of platinum and a total content

of palladium has a platinum:palladium weight ratio from about 7 :1 to about 2 :1.

386. The method of claim 384 or 385, wherein a total content of platinum and a total

content of palladium has a platinum:palladium weight ratio from about 6:1 to

about 3:1.

387. The method of any one of claims 384-386, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

388. The method of any one of claims 384-387, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio of about

4:1.

389. The method of any one of claims 384-388, wherein the coated substrate has a

platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate

with the same platinum group metal loading deposited by wet-chemistry

methods.



390. The method of any one of claims 384-389, wherein the coated substrate has a

platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

391. The method of any one of claims 384-390, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

392. The method of any one of claims 384-391, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

393. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising zeolite

particles; and

b) coating the substrate with a washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles, said catalytically

active Nano-on-Nano-on-micro (NNm) particles comprising composite

nanoparticles bonded to micron-sized carrier particles, and the composite

nanoparticles comprise a support nanoparticle and a catalytic nanoparticle;

wherein the washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles further comprises a filler material

comprised of micron-sized carrier particles, and

wherein the filler material comprises palladium.

394. The method of claim 393, wherein the zeolite particles are iron-exchanged

zeolite particles.



395. The method of claim 394, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

396. The method of claim 394 or 395, wherein the iron-exchanged zeolite particles

comprise between about 1% and about 10% iron by weight.

397. The method of any one of claims 394-396, wherein the iron-exchanged zeolite

particles comprise between about 2% and about 5% iron by weight.

398. The method of any one of claims 394-397, wherein the iron-exchanged zeolite

particles comprise about 3% iron by weight.

399. The method of claim 393, wherein the filler material is alumina.

400. The method of claim 393, wherein coating the substrate with the washcoat

composition comprising zeolite particles is performed before coating the

substrate with the washcoat composition comprising catalytically active

Nano-on-Nano-on-micro (NNm) particles.

401. The method of claim 393, wherein coating the substrate with the washcoat

composition comprising catalytically active Nano-on-Nano-on-micro (NNm)

particles is performed before coating the substrate with the washcoat

composition comprising zeolite particles.

402. The method of claim 393, wherein the zeolite particles further comprise

palladium.

403. The method of any one of claims 394-398, wherein the iron-exchanged zeolite

particles further comprise palladium.

404. The method of any one of claims 393-403, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise at least one platinum group

metal.

405. The method of any one of claims 393-404, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum.



406. The method of any one of claims 393-405, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium.

407. The method of claim 406, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

408. The method of claim 406 or 407, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

409. The method of any one of claims 406-408, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 6 :1 to about 3:1.

410. The method of any one of claims 406-409, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 5:1 to about 3.5:1.

411. The method of any one of claims 406-410, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio of about 4 :1.

412. The method of any one of claims 393-41 1, wherein the support nanoparticles

have an average diameter of about 10 nm to about 20 nm.

413. The method of any one of claims 393-412, wherein the support nanoparticles

have an average diameter of about 1 nm to about 5 nm.

414. The method of any one of claims 393-413, wherein the washcoat composition

comprising zeolite particles comprises metal-oxide particles and boehmite

particles.

415. The method of claim 414, wherein the metal-oxide particles are

aluminum-oxide particles.



416. The method of any one of claims 393-415, wherein the zeolite particles

comprise 60% to 80% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising

zeolite particles.

417. The method of any one of claims 393-416, wherein the boehmite particles

comprise 2% to 5% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising

zeolite particles.

418. The method of any one of claims 393-417, wherein the metal-oxide particles

comprise 15% to 38% by weight of the mixture of zeolite particles, metal-oxide

particles, and boehmite particles in the washcoat composition comprising

zeolite particles.

419. The method of any one of claims 393-418, wherein the washcoat composition

comprising zeolite particles does not include platinum group metals.

420. The method of any one of claims 393-419, wherein the zeolite particles in the

washcoat composition comprising zeolite particles each have a diameter of 0.2

microns to 8 microns.

421. The method of any one of claims 393-420, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles

further comprises boehmite particles and silica particles.

422. The method of any one of claims 393-421, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles is

substantially free of zeolites.

423. The method of claim 422, wherein the catalytically active Nano-on-Nano-on

micro (NNm) particles comprise 35% to 95% by weight of the combination of

the catalytically active Nano-on-Nano-on micro (NNm) particles, boehmite

particles, and silica particles in the washcoat composition comprising

catalytically active particles.



424. The method of claim 422 or 423, wherein the silica particles are present in an

amount up to 20% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, boehmite particles, and silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

425. The method of any one of claims 422-424, wherein the boehmite particles

comprise 2% to 5% by weight of the combination of the catalytically active

Nano-on-Nano-on micro (NNm) particles, the boehmite particles, and the silica

particles in the washcoat composition comprising catalytically active

Nano-on-Nano-on micro (NNm) particles.

426. The method of claim 422, wherein the washcoat composition comprising

catalytically active Nano-on-Nano-on micro (NNm) particles comprises 92%

by weight of the catalytically active Nano-on-Nano-on micro (NNm) particles,

3% by weight of the boehmite particles, and 5% by weight of the silica particles.

427. The method of any one of claims 393-426, wherein the substrate comprises

cordierite.

428. The method of any one of claims 393-427, wherein the substrate comprises a

honeycomb structure.

429. The method of any one of claims 393-428, wherein the washcoat composition

comprising iron-exchanged zeolite particles has a thickness of 25 g/1 to 90 g/1.

430. The method of any one of claims 393-429, wherein the washcoat composition

comprising catalytically active Nano-on-Nano-on micro (NNm) particles has a

thickness of 50 g/1 to 250 g/1.

431. The method of any one of claims 393-430, further comprising coating the

substrate with a corner-fill layer prior to step a) and step b).

432. The method of claim 431, wherein the corner-fill layer comprises zeolite

particles.



433. The method of claim 432, wherein the zeolite particles in the corner-fill layer

comprise palladium.

434. The method of claim 431, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

435. The method of claim 434, wherein the iron-exchanged zeolite particles in the

corner-fill layer comprise palladium.

436. The method of claim 431, wherein the corner-fill layer comprises catalytically

active Nano-on-Nano-on micro (NNm) particles.

437. The method of any one of claims 393-436, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

438. The method of claim 437, wherein a total content of platinum and a total content

of palladium has a platinum:palladium weight ratio from about 7 :1 to about 2 :1.

439. The method of claim 437 or 438, wherein a total content of platinum and a total

content of palladium has a platinum:palladium weight ratio from about 6:1 to

about 3:1.

440. The method of any one of claims 437-439, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 5:1 to about 3.5:1.

441. The method of any one of claims 437-440, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio of about

4:1.

442. The method of any one of claims 393-441, wherein the coated substrate has a

platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate

with the same platinum group metal loading deposited by wet-chemistry

methods.



443. The method of any one of claims 393-442, wherein the coated substrate has a

platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

444. The method of any one of claims 393-443, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

445. The method of any one of claims 393-444, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

446. A washcoat composition comprising a solids content of:

5% to 95% by weight of catalytically active Nano-on-Nano-on-micro

(NNm) particles comprising composite nanoparticles bonded to micron-sized

carrier particles, and the composite nanoparticles comprise a support

nanoparticle and a catalytic nanoparticle;

2% to 5% by weight of boehmite particles; and

2% to 55% by weight of metal-oxide particles.

447. The washcoat composition of Claim 446, further comprising up to 20% by

weight of silica particles.

448. The washcoat composition of claim 446 or 447, wherein the metal-oxide

particles are aluminum oxide particles.

449. The washcoat composition of claim 448, wherein the aluminum oxide particles

comprise palladium.



450. The washcoat composition of any one of claims 446-449, wherein the solids are

suspended in an aqueous medium at a pH between 3 and 5 .

451. The washcoat composition of any one of claims 446-450, said washcoat

composition being characterized by being substantially free of zeolites.

452. The washcoat composition of any one of claims 446-451, wherein said

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise 92% by

weight of the solids content.

453. The washcoat composition of any one of claims 446-452, wherein said

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise at least

one platinum group metal.

454. The washcoat composition of any one of claims 446-453, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise

platinum.

455. The washcoat composition of any one of claims 446-454, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise

platinum and palladium.

456. The washcoat composition of claim 455, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 8:1 to about 1:1.

457. The washcoat composition of claim 455 or 456, wherein the catalytically active

Nano-on-Nano-on-micro (NNm) particles comprise platinum and palladium in

a weight ratio from about 7 :1 to about 2 :1.

458. The washcoat composition of any one of claims 455-457, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise

platinum and palladium in a weight ratio from about 6:1 to about 3:1.

459. The washcoat composition of any one of claims 455-458, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise



platinum and palladium in a weight ratio from about 5:1 to about 3.5:1.

460. The washcoat composition of any one of claims 455-459, wherein the

catalytically active Nano-on-Nano-on-micro (NNm) particles comprise

platinum and palladium in a weight ratio of about 4:1.

461. A method of forming a coated substrate, the method comprising:

a) coating a substrate with a washcoat composition comprising zeolite

particles; and

b) coating the substrate with a washcoat composition containing

catalytically active Nano-on-Nano-on-micro (NNm) particles according to any

one of claims 446-459.

462. The method of claim 461, wherein the zeolite particles are iron-exchanged

zeolite particles.

463. The method of claim 462, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

464. The method of claim 462 or 463, wherein the iron-exchanged zeolite particles

comprise between about 1% and about 10% iron by weight.

465. The method of any one of claims 462-464, wherein the iron-exchanged zeolite

particles comprise between about 2% and about 5% iron by weight.

466. The method of any one of claims 462-465, wherein the iron-exchanged zeolite

particles comprise about 3% iron by weight.

467. The method of claim 461, wherein the washcoat composition comprising

zeolite particles is formed on top of the washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles.

468. The method of claim 461, wherein the washcoat composition comprising

catalytically active Nano-on-Nano-on-micro (NNm) particles is formed on top

of the washcoat composition comprising zeolite particles.



469. The method of claim 461, wherein the zeolite particles further comprise

palladium.

470. The method of any one of claims 462-466, wherein the iron-exchanged zeolite

particles further comprise palladium.

47 1. The method of any one of claims 462-470, further comprising a corner-fill layer

deposited directly on the substrate.

472. The method of claim 471, wherein the corner-fill layer comprises zeolite

particles.

473. The method of claim 472, wherein the zeolite particles in the corner-fill layer

comprise palladium.

474. The method of claim 471, wherein the corner-fill layer comprises

iron-exchanged zeolite particles.

475. The method of claim 474, wherein the iron-exchanged zeolite particles in the

corner-fill layer comprise palladium.

476. The method of claim 471, wherein the corner-fill layer comprises catalytically

active Nano-on-Nano-on micro (NNm) particles.

477. The method of any one of claims 462-476, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from

about 8:1 to about 1:1.

478. The method of claim 477, wherein a total content of platinum and a total content

of palladium has a platinum:palladium weight ratio from about 7 :1 to about 2 :1.

479. The method of claim 477 or 478, wherein a total content of platinum and a total

content of palladium has a platinum:palladium weight ratio from about 6:1 to

about 3:1.

480. The method of any one of claims 477-479, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio from



about 5:1 to about 3.5:1.

481. The method of any one of claims 477-479, wherein a total content of platinum

and a total content of palladium has a platinum:palladium weight ratio of about

4:1.

482. The method of any one of claims 461-481, wherein the coated substrate has a

platinum group metal loading of 4 g/1 or less and a light-off temperature for

carbon monoxide at least 5°C lower than the light-off temperature of a substrate

with the same platinum group metal loading deposited by wet-chemistry

methods.

483. The method of any one of claims 461-482, wherein the coated substrate has a

platinum group metal loading of about 3.0 g/1 to about 4.0 g/1.

484. The method of any one of claims 461-483, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

125,000 miles of operation in a vehicular catalytic converter, the coated

substrate has a light-off temperature for carbon monoxide at least 5 °C lower

than a coated substrate prepared by depositing platinum group metals by wet

chemical methods having the same platinum group metal loading after 125,000

miles of operation in a vehicular catalytic converter.

485. The method of any one of claims 461-484, said coated substrate having a

platinum group metal loading of about 3.0 g/1 to about 5.5 g/1, wherein after

aging for 16 hours at 800 °C, the coated substrate has a light-off temperature for

carbon monoxide at least 5 °C lower than a coated substrate prepared by

depositing platinum group metals by wet chemical methods having the same

platinum group metal loading after aging for 16 hours at 800 °C.

486. The method of any one of claims 461-485, wherein the washcoat composition

comprising iron-exchanged zeolite particles comprises a thickness of 25 g/1 to

90 g/1.

487. The method of any one of claims 461-486, wherein the washcoat composition



comprising NNm catalytically active particles comprises a thickness of 50 g/1 to

250 g/1.

488. A coated substrate comprising a washcoat according to any one of claims

446-460.

489. A coated substrate comprising a washcoat according to any one of claims

446-460, further comprising a washcoat layer comprising zeolite particles.

490. The coated substrate of claim 489, wherein the zeolite particles comprise

palladium.

491. The coated substrate of claim 490, wherein the zeolite particles are

iron-exchanged zeolite particles.

492. The coated substrate of claim 491, wherein the iron-exchanged zeolite particles

comprise between about 0.5% and about 15% iron by weight.

493. The coated substrate of claim 491 or 492 wherein the iron-exchanged zeolite

particles comprise between about 1% and about 10% iron by weight.

494. The coated substrate of any one of claims 491-493, wherein the iron-exchanged

zeolite particles comprise between about 2% and about 5% iron by weight.

495. The coated substrate of any one of claims 491-494, wherein the iron-exchanged

zeolite particles comprise about 3% iron by weight.

496. The coated substrate of any one of claims 491-495, wherein the iron-exchanged

zeolite particles comprise palladium.

497. A catalytic converter comprising a coated substrate according to any one of

claims 488-496.

498. An exhaust treatment system comprising a conduit for exhaust gas and a

catalytic converter according to claim 497.

499. A diesel vehicle comprising a catalytic converter according to claim 497.



500. The diesel vehicle of claim 499, wherein the diesel vehicle is a light-duty diesel

vehicle.

501. The diesel vehicle of claim 499, wherein the catalytic converter comprising

between 3.0 g/1 and 4.0 g/1 of platinum group metal, wherein the vehicle

complies with the European emission standard Euro 5 .

502. The diesel vehicle of claim 501, wherein the diesel vehicle is a light-duty diesel

vehicle.

503. The vehicle of any of claims 499-502, wherein the vehicle complies with the

European emission standard Euro 6 .
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