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are resistant to sintering at high temperatures are provided.
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with a solution comprising a metal salt and having an acidic
pH. The metal salt is precipitated onto the surface of the
support. Next, the metal salt is calcined to selectively
generate a porous coating of metal oxide on the surface of
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1
SOLUTION-BASED APPROACH TO MAKE
POROUS COATINGS FOR
SINTER-RESISTANT CATALYSTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 15/399,179 filed on Jan. 5, 2017. The entire
disclosure of the above application is incorporated herein by
reference.

INTRODUCTION

This section provides background information related to
the present disclosure which is not necessarily prior art.

The present disclosure relates to catalysts that are resistant
to sintering at high temperatures and improved methods for
preparing catalysts that are resistant to sintering at high
temperatures.

Metal nanoparticles can make up the active sites of
catalysts used in a variety of applications, such as for the
production of fuels, chemicals and pharmaceuticals, and for
emissions control from automobiles, factories, and power
plants. Because metal nanoparticles tend to agglomerate,
this decreases their surface area and active site accessibility,
so they are often coupled to support materials. The supports
physically separate the metal nanoparticles to prevent
agglomeration, and to increase their surface area and active
site accessibility. Thus, catalyst systems typically include
one or more catalyst compounds; a porous catalyst support
material; and one or more optional activators.

After continued use, especially at elevated temperatures,
catalyst systems including supported metal particles lose
catalytic activity due to sintering, e.g., thermal deactivation
that occurs at high temperatures. Through various mecha-
nisms, sintering results in changes in metal particle size
distribution over a support and an increase in mean particle
size; hence, a decrease in surface area for the active catalyst
compounds. For example, particle migration and coales-
cence is a form of sintering where particles of metal nan-
oparticles move or diffuse across a support surface, or
through a vapor phase, coalesce with another nanoparticle,
leading to nanoparticle growth. Ostwald ripening is another
form of sintering where migration of mobile species are
driven by differences in free energy and local atom concen-
trations on a support surface. After sintering processes occur,
catalyst activity can decrease. Therefore, catalyst systems
are often loaded with a sufficient amount of supported
catalyst metal particles to account for a loss of catalytic
activity over time and to continue to have the ability to meet,
for example, emissions standards over a long period of
operation at high temperatures.

Various techniques have been employed to decrease sin-
tering of metal nanoparticle catalysts. For example, metals
have been alloyed with other metals, metal nanoparticles
have been encapsulated with amorphous coatings by, for
example, atomic layer deposition, and strong metal nanopar-
ticle anchoring on supports have been attempted. However,
these chemistry-based techniques have resulted in only
limited success. Accordingly, there remains a need for
improved catalysts that are sinter-resistant.

SUMMARY

This section provides a general summary of the disclo-
sure, and is not a comprehensive disclosure of its full scope
or all of its features.
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In various aspects, the present disclosure provides a
method of preparing a catalyst system that is resistant to
sintering. The method may include contacting a support
having a surface including a catalyst particle with a solution
including a metal salt and having an acidic pH. The metal
salt may be precipitated onto the surface of the support. The
metal salt may be calcined to selectively generate a porous
coating of metal oxide on the surface of the support distrib-
uted around the catalyst particle.

In one variation, the solution including the metal salt is
aqueous and the pH is less than or equal to about 6.

In one variation, the catalyst particle includes a metal
selected from the group consisting of: platinum (Pt), ruthe-
nium (Ru), rhodium (Rh), palladium (Pd), osmium (Os),
iridium (Ir), gold (Au), iron (Fe), nickel (Ni), manganese
(Mn), and combinations thereof.

In one variation, the catalyst particle includes an element
selected from the group consisting of: sodium (Na), potas-
sium (K), magnesium (Mg), calcium (Ca), barium (Ba),
cerium (Ce), lanthanum (La), phosphorus (P), and combi-
nations thereof.

In one variation, the support includes a metal oxide
selected from the group consisting of: cerium oxide (CeQ,),
aluminum oxide (Al,0;), zirconium oxide (ZrO,), titanium
dioxide (TiO,), silicon dioxide (SiO,), magnesium oxide
(Mg0O), zinc oxide (ZnO), barium oxide (BaO), potassium
oxide (K,0), sodium oxide (Na,O), calcium oxide (CaO),
lanthanum oxide (La,0;), and combinations thereof.

In one variation, the metal salt includes an element
selected from the group consisting of: aluminum (Al),
cerium (Ce), zirconium (Zr), titanium (Ti), silicon (Si),
magnesium (Mg), zinc (Zn), sodium (Na), potassium (K),
barium (Ba), calcium (Ca), and combinations thereof.

In one variation, the metal salt is selected from the group
consisting of: aluminum chloride (AlCl;), aluminum nitrate
(AI(NO,),), aluminum hydroxide (Al(OH);), aluminum sul-
fate (Al,(SO,);), aluminum chlorate (Al(ClO,);), aluminum
phosphate (AIPO,), aluminum metaphosphate (Al(PO,),),
and combinations thereof.

In one variation, prior to contacting, the method further
includes washing the surface of the support including the
catalyst particle with an acidic solution.

In one variation, prior to the contacting, the method
further includes disposing the support having the surface
including the catalyst particle in a reducing atmosphere to
promote conversion of the catalyst particle to a metallic
state.

In one variation, the disposing the support including the
catalyst particle in the reducing atmosphere further includes
disposing the support including the catalyst particle in a
furnace. The furnace is then purged with a gas mixture
comprising an inert gas and hydrogen (H,) at less than or
equal to about 3% by volume for greater than or equal to
about 30 minutes. The support including the catalyst particle
is heated in the furnace having a temperature of greater than
or equal to about 200° C. to less than or equal to about 500°
C. The method also includes maintaining the support includ-
ing the catalyst particle at the temperature for greater than or
equal to about 30 minutes and cooling the support including
the catalyst particle to ambient conditions.

In one variation, heating the support including a catalyst
particle occurs at a rate of less than or equal to about 20° C.
per minute.

In one variation, the purging includes purging the furnace
with the gas mixture having a flow rate of greater than or
equal to about 1 standard cubic feet per hour (SCFH).
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In one variation, the contacting of the surface of support
including the catalyst particle with the solution includes
submerging the surface in the solution. The method further
includes applying ultrasound to the solution to facilitate the
precipitating.

In one variation, the contacting of the surface of support
including the catalyst particle with the solution includes
submerging the surface in the solution. The method further
includes applying mixing the solution with a planetary
centrifugal mixer to facilitate the precipitating.

In one variation, the precipitating the metal salt onto the
surface of the support includes drying the solution including
the metal salt to facilitate the precipitation.

In one variation, the drying occurs at a temperature of
greater than or equal to about 50° C. and at a pressure of less
than or equal to about 1 Torr. The drying process may be
conducted for a time of greater than or equal to about 4
hours.

In one variation, the calcining the metal salt to selectively
generate a porous coating of metal oxide on the support
includes heating the metal salt and the catalyst compound
disposed on the support at greater than or equal to about
400° C. to less than or equal to about 600° C. for greater than
or equal to about 2 hours.

In other aspects, the present disclosure provides a method
of preparing a sinter-resistant catalyst system. The method
optionally includes contacting a plurality of support particles
each including a surface bearing at least one catalyst particle
with a liquid including a metal salt and having a pH of less
than or equal to about 6. Then, the metal salt is precipitated
onto the surface bearing the at least one catalyst particle. The
method also includes calcining the metal salt to selectively
generate a porous coating of metal oxide on the surface
bearing the at least one catalyst particle. The porous coating
is distributed around the at least one catalyst particle on the
surface.

In one variation, prior to the contacting, the method
further includes disposing the support having the surface
including the catalyst particle in a reducing atmosphere to
promote conversion of the catalyst particle to a metallic
state.

In one variation, the disposing the support including the
catalyst particle in the reducing atmosphere further includes
disposing the support including the catalyst particle in a
furnace. The furnace is then purged with a gas mixture
comprising an inert gas and hydrogen (H,) at less than or
equal to about 3% by volume for greater than or equal to
about 30 minutes. The support including the catalyst particle
is heated in the furnace having a temperature of greater than
or equal to about 200° C. to less than or equal to about 500°
C. The method also includes maintaining the support includ-
ing the catalyst particle at the temperature for greater than or
equal to about 30 minutes and cooling the support including
the catalyst particle to ambient conditions.

In yet other aspects, the present disclosure provides a
catalyst system including a platinum group metal catalyst
bound to a metal oxide support. A crystalline coating of
metal oxide nanoparticles is selectively disposed on the
metal oxide support around the platinum group metal cata-
lyst. The crystalline coating has a porosity of greater than
about 20% to less than about 70% and covers greater than or
equal to about 1.5% to less than or equal to about 80% of the
surface area of the exposed surface, excluding the regions
bound to the platinum group metal catalyst, of the metal
oxide support.

The catalyst may include a metal selected from the group
consisting of: platinum (Pt), ruthenium (Ru), rhodium (Rh),
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palladium (Pd), osmium (Os), iridium (Ir), gold (Au), iron
(Fe), nickel (Ni), manganese (Mn), and combinations
thereof. In variations where the catalyst is a platinum group
metal catalyst, a metal may be selected from the group
consisting of: platinum (Pt), ruthenium (Ru), rhodium (Rh),
palladium (Pd), osmium (Os), iridium (Ir), gold (Au), and
combinations thereof. The support includes a metal oxide
selected from the group consisting of: cerium oxide (CeQ,),
aluminum oxide (Al,0;), zirconium oxide (ZrO,), titanium
dioxide (TiO,), silicon dioxide (SiO,), magnesium oxide
(Mg0O), zinc oxide (ZnO), barium oxide (BaO), potassium
oxide (K,0), sodium oxide (Na,O), calcium oxide (CaO),
lanthanum oxide (La,0;), and combinations thereof; and the
metal oxide nanoparticles include aluminum oxide (Al,O;).

Further areas of applicability will become apparent from
the description provided herein. The description and specific
examples in this summary are intended for purposes of
illustration only and are not intended to limit the scope of the
present disclosure.

DRAWINGS

The drawings described herein are for illustrative pur-
poses only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.

FIG. 1 is an illustration of a sinter-resistant monolithic
catalyst system prepared according to certain aspects of the
present technology.

FIG. 2 is an illustration of a sinter-resistant particulate
catalyst system prepared according to certain aspects of the
present technology.

FIG. 3 is a graph showing the lightoff temperatures for a
coated powdered Pt—Pd catalyst as compared to a non-
coated powdered Pt—Pd catalyst.

FIG. 4 is a graph showing the lightoff temperature at 50%
conversion for a coated monolith Pt—Pd catalyst as com-
pared to a non-coated monolith Pt—Pd catalyst.

FIG. 5 is a graph showing the lightoff temperature at 90%
conversion for a coated monolith Pt—Pd catalyst as com-
pared to a non-coated monolith Pt—Pd catalyst.

Corresponding reference numerals indicate correspond-
ing parts throughout the several views of the drawings.

DETAILED DESCRIPTION

Example embodiments are provided so that this disclosure
will be thorough, and will fully convey the scope to those
who are skilled in the art. Numerous specific details are set
forth such as examples of specific compositions, compo-
nents, devices, and methods, to provide a thorough under-
standing of embodiments of the present disclosure. It will be
apparent to those skilled in the art that specific details need
not be employed, that example embodiments may be
embodied in many different forms and that neither should be
construed to limit the scope of the disclosure. In some
example embodiments, well-known processes, well-known
device structures, and well-known technologies are not
described in detail.

The terminology used herein is for the purpose of describ-
ing particular example embodiments only and is not
intended to be limiting. As used herein, the singular forms
“a,” “an,” and “the” may be intended to include the plural
forms as well, unless the context clearly indicates otherwise.
The terms “comprises,” “comprising,” “including,” and
“having,” are inclusive and therefore specify the presence of
stated features, elements, compositions, steps, integers,
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operations, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof. Although the open-ended term “comprising,” is to
be understood as a non-restrictive term used to describe and
claim various embodiments set forth herein, in certain
aspects, the term may alternatively be understood to instead
be a more limiting and restrictive term, such as “consisting
of” or “consisting essentially of” Thus, for any given
embodiment reciting compositions, materials, components,
elements, features, integers, operations, and/or process
steps, the present disclosure also specifically includes
embodiments consisting of, or consisting essentially of, such
recited compositions, materials, components, elements, fea-
tures, integers, operations, and/or process steps. In the case
of “consisting of,” the alternative embodiment excludes any
additional compositions, materials, components, elements,
features, integers, operations, and/or process steps, while in
the case of “consisting essentially of,” any additional com-
positions, materials, components, elements, features, inte-
gers, operations, and/or process steps that materially affect
the basic and novel characteristics are excluded from such
an embodiment, but any compositions, materials, compo-
nents, elements, features, integers, operations, and/or pro-
cess steps that do not materially affect the basic and novel
characteristics can be included in the embodiment.

Any method steps, processes, and operations described
herein are not to be construed as necessarily requiring their
performance in the particular order discussed or illustrated,
unless specifically identified as an order of performance. It
is also to be understood that additional or alternative steps
may be employed, unless otherwise indicated.

When a component, element, or layer is referred to as
being “on,” “engaged to,” “connected to,” or “coupled to”
another element or layer, it may be directly on, engaged,
connected or coupled to the other component, element, or
layer, or intervening elements or layers may be present. In
contrast, when an element is referred to as being “directly
on,” “directly engaged to,” “directly connected to,” or
“directly coupled to” another element or layer, there may be
no intervening elements or layers present. Other words used
to describe the relationship between elements should be
interpreted in a like fashion (e.g., “between” versus “directly
between,” “adjacent” versus “directly adjacent,” etc.). As
used herein, the term “and/or” includes any and all combi-
nations of one or more of the associated listed items.

Although the terms first, second, third, etc. may be used
herein to describe various steps, elements, components,
regions, layers and/or sections, these steps, elements, com-
ponents, regions, layers and/or sections should not be lim-
ited by these terms, unless otherwise indicated. These terms
may be only used to distinguish one step, element, compo-
nent, region, layer or section from another step, element,
component, region, layer or section. Terms such as “first,”
“second,” and other numerical terms when used herein do
not imply a sequence or order unless clearly indicated by the
context. Thus, a first step, element, component, region, layer
or section discussed below could be termed a second step,
element, component, region, layer or section without depart-
ing from the teachings of the example embodiments.

Spatially or temporally relative terms, such as “before,”
“after,” “inner,” “outer,” “beneath,” “below,” “lower,”
“above,” “upper,” and the like, may be used herein for ease
of description to describe one element or feature’s relation-
ship to another element(s) or feature(s) as illustrated in the
figures. Spatially or temporally relative terms may be

10

15

20

25

30

35

40

45

50

55

60

65

6

intended to encompass different orientations of the device or
system in use or operation in addition to the orientation
depicted in the figures.

Throughout this disclosure, the numerical values repre-
sent approximate measures or limits to ranges to encompass
minor deviations from the given values and embodiments
having about the value mentioned as well as those having
exactly the value mentioned. Other than in the working
examples provided at the end of the detailed description, all
numerical values of parameters (e.g., of quantities or con-
ditions) in this specification, including the appended claims,
are to be understood as being modified in all instances by the
term “about” whether or not “about” actually appears before
the numerical value. “About” indicates that the stated
numerical value allows some slight imprecision (with some
approach to exactness in the value; approximately or rea-
sonably close to the value; nearly). If the imprecision
provided by “about” is not otherwise understood in the art
with this ordinary meaning, then “about” as used herein
indicates at least variations that may arise from ordinary
methods of measuring and using such parameters. For
example, “about” may comprise a variation of less than or
equal to 5%, optionally less than or equal to 4%, optionally
less than or equal to 3%, optionally less than or equal to 2%,
optionally less than or equal to 1%, optionally less than or
equal to 0.5%, and in certain aspects, optionally less than or
equal to 0.1%.

In addition, disclosure of ranges includes disclosure of all
values and further divided ranges within the entire range,
including endpoints and sub-ranges given for the ranges. As
referred to herein, ranges are, unless specified otherwise,
inclusive of endpoints and include disclosure of all distinct
values and further divided ranges within the entire range.
Thus, for example, a range of “from A to B” or “from about
A to about B” is inclusive of A and B.

Example embodiments will now be described more fully
with reference to the accompanying drawings.

Chemistry-based approaches for stabilizing metal nan-
oparticles have been met with limited success. Accordingly,
the present technology provides a solution-based approach
for minimizing or eliminating the sintering process that may
otherwise occur with catalyst nanoparticles. This approach
generates porous coatings selectively distributed on surfaces
of catalyst supports having metal nanoparticles bound
thereto, which decreases catalyst activity loss by suppress-
ing aging caused by sintering. The current solution-based
approach, relative to other chemistry-based approaches, is a
wet-chemistry process, which results in a higher thermal
durability and reduces catalyst metal loading requirements,
which can potentially lead to significant cost savings. The
present technology can be self-limiting and may obstruct
fewer active sites on catalyst particles relative to other
coating methods that may entirely coat the surface of the
catalyst metal nanoparticles and/or to result in multiple
coating layers, so that a potential loss in the number of
available catalyst active sites may occur.

In certain aspects, the coating of the present technology
may be selectively deposited and may inhibit sintering in
part by physical separation of adjacent catalyst metal nan-
oparticles. For example, relative to a conventional catalyst
system having the same catalyst and support material, but
lacking the porous coating, the present technology may
reduce a catalyst metal loading requirement by greater than
or equal to about 30%, greater than or equal to about 40%,
greater than or equal to about 50%, greater than or equal to
about 60%, greater than or equal to about 70%, greater than
or equal to about 80% or great than or equal to about 90%,
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such as from about 30% to about 90%, from about 40% to
about 80%, from about 50%, to about 80%, from about 60%
to about 80%, or from about 70% to about 80%. In other
aspects, relative to a conventional catalyst system having the
same catalyst and support material, but lacking the porous
coating, the present technology may reduce a lightoff tem-
perature by greater than or equal to about 10° C., optionally
greater than or equal to about 20° C., and in certain varia-
tions, optionally reduce a lightoff temperature from greater
than or equal to about 30° C.

Accordingly, the present technology provides a method
for preparing a catalyst through a solution-based approach.
The method may include binding at least one catalyst to a
catalyst support. The catalyst may be a nanoparticle. The
catalyst optionally comprises one or more platinum group
metals (PGM), noble group metals, or the like. For example,
the catalyst may comprise one or more platinum group
metals, such as ruthenium (Ru), rhodium (Rh), palladium
(Pd), osmium (Os), iridium (Ir), platinum (Pt), or combina-
tions thereof noble metals, such as ruthenium (Re), copper
(Cuw), silver (Ag), gold (Au), or combinations thereof or
other metals, such as iron (Fe), nickel (Ni), manganese
(Mn), sodium (Na), potassium (K), magnesium (Mg), cal-
cium (Ca), barium (Ba), or combinations thereof. For
example, the catalyst particle optionally comprises a metal
selected from the group consisting of: platinum (Pt), ruthe-
nium (Ru), rhodium (Rh), palladium (Pd), osmium (Os)
nanoparticle, iridium (Ir), gold (Au), iron (Fe), nickel (Ni),
manganese (Mn), and combinations thereof. In one varia-
tion, the catalyst particle may comprise platinum (Pt), pal-
ladium (Pd), or mixtures thereof.

The catalyst particle may have a maximum diameter of
greater than or equal to about 2 nm to less than or equal to
about 10 nm, such as a diameter of about 2 nm, about 3 nm,
about 4 nm, about 5 nm, about 6 nm, about 7 nm, about 8
nm, about 9 nm, or about 10 nm.

The catalyst support may comprise a metal oxide. The
catalyst support may be in the form of a plurality of
particulates (e.g., a powder) or a monolith structure (e.g., a
honeycomb structure) that may be coated with a washcoat
layer that includes the catalyst material. In certain variations,
the metal oxide may be selected from the group consisting
of: cerium oxide (CeO,), aluminum oxide/alumina (Al,O;),
zirconium oxide (ZrO,), titanium dioxide (Ti0O,), silicon
dioxide (Si0O,), magnesium oxide (MgO), zinc oxide (Zn0O),
barium oxide (BaO), potassium oxide (K,0), sodium oxide
(Na,O), calcium oxide (CaO), lanthanum oxide (La,0O,),
and combinations thereof. The catalyst support may further
comprise dopants. The catalyst support may comprise dop-
ants selected from the group consisting of barium (Ba),
cerium (Ce), lanthanum (La), phosphorus (P), and combi-
nations thereof.

If the catalyst support is a monolith structure that includes
a washcoat layer, the monolith structure may be formed from
any the metal oxides discussed above or zeolites. The
washcoat layer may include the same or different metal
oxides to form a porous ceramic layer including the catalyst
material. The washcoat precursor including the catalyst
material(s) can be applied to a surface of the catalyst support
and then heat treated, e.g., calcined to form a porous ceramic
washcoat layer including the catalyst material dispersed
therein.

In other aspects, the support may be provided in a
plurality of particles (e.g., powder). In such variations, the
support may have an average particle diameter of greater
than or equal to about 0.8 um to less than or equal to about
5 pm, greater than or equal to 1 um to less than or equal to
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about 4 um, greater than or equal to 1.5 um to less than or
equal to about 3.5 pum, or greater than or equal to 2 pm to less
than or equal to about 3 um, such as a diameter of about 0.8
um, 1 pm, 1.5 pm, 2 pm, 2.5 pm, 3 pm, 3.5 um, 4 um, 4.5
um, or 5 um. In certain instances, the surface of the catalyst
support may have a potential zero charge (“PZC”) of less
than 7.

After binding a catalyst particle to a catalyst support, also
referred to herein as a “supported particle,” the method may
comprise washing the supported catalyst particle with an
acidic solution. Washing may improve the uniformity of the
catalyst particle size where a plurality of catalyst particles is
disposed on the catalyst support surface. In certain aspects,
the solution is aqueous. The acidic solution may comprise
acetic acid (CH;COOH), nitric acid (HNO,), and/or citric
acid (C;H0,), by way of non-limiting example. Such a
washing process may be particularly suitable where the
catalyst support and catalyst particles are further pretreated
in a reduction reaction.

Accordingly, in certain instances, the method may further
include pretreating the supported particle system. For
example, the supported particle system may be treated in a
reducing atmosphere to promote conversion of the metal(s)
in the catalyst particle to a metallic state. In reducing the
surface of the catalyst particle, in subsequent deposition
steps, the surface of the particle has minimal surface oxygen/
hydroxides, thus rendering it more hydrophobic so that it
therefore remains uncoated and exposed. It should be noted
that certain catalyst particles may not require pre-treatment
in a reducing atmosphere as they naturally have less oxida-
tion and active oxygen on the surface that could react in
subsequent treatment steps. However, in certain variations,
the method optionally includes pretreating, which may
include disposing the support having the surface comprising
the catalyst particle in a reducing atmosphere to promote
conversion of the catalyst particle to a metallic state.

In one variation, the supported particle may be disposed
in a reducing atmosphere while placed in a furnace or other
vessel that may be sealed and heated. The furnace may be
purged with a reducing atmosphere. For example, the fur-
nace may be purged with a gas mixture comprising an inert
gas and hydrogen (H,). The gas mixture may comprise less
than or equal to about 3% by volume hydrogen (H,) with a
balance being the inert gas. For example, the inert gas may
be argon (Ar), nitrogen (N,), or other inert gases. In one
variation, the gas mixture may comprise argon (Ar) having
less than or equal to about 3% by volume hydrogen (H,).
Such purging may occur for greater than or equal to about
30 minutes. For example only, in certain instances, the
purging may occur for about 1 hour. A flow rate of the gas
used for purging may be greater than or equal to about 1
standard cubic feet per hour (SCFH). In other aspects, the
supported particle system may be further heated in the
furnace having a temperature of greater than or equal to
about 200° C. and less than or equal to about 500° C. For
example only, in certain instances, the supported particle
system may be further heated in the furnace having a
temperature of about 400° C. The rate of heating of the
supported particle system may occur at a rate of less than or
equal to about 20° C. per minute. The supported particle
system may be maintained at the temperature for greater
than or equal to about 30 minutes. In other instances, the
supported particle system may be maintained at the tem-
perature for greater than or equal to about 2 hours. The
supported particle system may then be cooled to ambient
conditions, for example, to room temperature. After the
optional reduction step of the active catalyst particle in the
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supported particle system, a porous coating may then be
formed on a surface of the support.

Therefore, the method may further include contacting the
supported particle with a solution comprising a metal salt
dissolved in a solvent. In certain instances, the solution has
an acidic pH. For example only, the solution may have a pH
of less than or equal to about 6. In other instances, the
solution may have a pH of less than or equal to about 5. In
certain instances, the surface of the catalyst support in
solution may be positively charged. The metal salt may
comprise an element selected from the group consisting of:
aluminum (Al), cerium (Ce), zirconium (Zr), titanium (Ti),
silicon (Si), magnesium (Mg), zinc (Zn), sodium (Na),
potassium (K), barium (Ba), calcium (Ca), and combinations
thereof. In other instances, the metal salt may have a molar
concentration from greater than or equal to about 0.1M to
less than or equal to about 1M in the solution. The concen-
tration of the metal salt may be dependent upon the PGM
loading requirements and the size of the support. Addition-
ally, the metal salt may have a concentration of greater than
or equal to about 1 wt. % to less than or equal to about 50
wt. % relative to the weight of the catalyst support after it is
deposited, as described further herein.

As non-limiting examples, suitable salts of Al include
AlCl,, AI(NO,);, AI(OH),, AlL(SO,);, Al(CIO,),, AIPO,,
and Al(PO,);; salts of Ce include Ce(NO;);, Ce(OH,),
Ce,(S0,);, and Ce(SQO,),; salts of Zr include Zr(HPO,),,
Zr(OH),, and Zr(SO,),; salts of Ti include TiOSO, and
TiOPO,; salts of Si include SiPO,(OH); salts of Mg include
MgSO,, Mg(NO,),, MgHPO,, and Mg,(PO,),; salts of Zn
include Zn(NO,),, Zn;(PO,),, and ZnSO,; salts of Ba
include BaCO;, BaCl,, and BaCrO,; salts of K include
KHSO,, KCl, K,CO,, K,CrO,, K,Cr,0,, KOH, KIO,, KI,
K,MnO,, KVO,, K,MoO,, KNO,, KClO,, K,S,0,
K,HPO,, K,P,0,, and K,SO,; salts of Na include NaBr,
NaCl, Na,CO,, Na,CrO,, HCOONa, NaHSO,, NaOH,
NaBO,, Na,0,Si, NavVO;, Na,MoQ,, NaNO,, NaOOC-
COONa, NaMnO,, Na,PO,, Na,HPO,, Na,H,P,O,,
Na,P,0,, Na,SO,, and Na,P,0,; salts of Ca include CaCl,,
CaCQO;, CaFPO,, Ca(OH),, Ca(10,),, Ca(NO,),, Ca(NO,),,
CaC,0,, Ca(H,P0O,),, Ca,P,0,, and CaSO,; and any com-
binations of these salts may be employed in the solution. In
one variation, the metal salt may comprise Al and be
selected from the group consisting of: AlCl;, AINO;);,
Al(OH);, AL (SO,)5, Al(C10,),, AIPO,, AI(PO,);, and com-
binations thereof. The solvent is non-limiting, and can be
water, an alcohol, or other organic solute. In certain aspects,
the solution is aqueous. The pH of the solution may be
maintained by adding diluted acid. For example, in certain
instances, the pH of the solvent may be maintained by
adding diluted HNO,.

Next, the method comprises contacting a support having
a surface comprising a catalyst particle with a solution
comprising a metal salt and having an acidic pH. In this
manner, the metal salt can precipitate onto the surface of the
support and is selectively applied to form a porous coating
of' metal oxide on the supported particle system. A time may
lapse between the reduction treatment and the instance when
the supported particle is brought into contact with the
solution comprising the metal salt and having an acidic pH.
In certain instances, a week or more may elapse between the
pretreatment and the instance when the supported particle is
brought into contact with the solution comprising the metal
salt and having an acidic pH. In certain aspects, the con-
tacting of the surface of support (comprising the catalyst
particle) with the solution includes submerging the surface
in the solution. The method may further include applying
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ultrasound to the solution to facilitate the precipitating
and/or mixing the solution with a planetary centrifugal
mixer to facilitate the precipitating.

Depositing the metal salts on the surface of the support
may comprise agitating the supported particle and the solu-
tion comprising the metal salt, for example, by applying
ultrasound for greater than or equal to about 5 minutes to
facilitate precipitation. For example only, in some instances,
the supported particle and the solution comprising the metal
salt may be agitated by applying ultrasound for greater than
or equal to about 15 minutes and in certain other variations,
for about 30 minutes. In certain instances, the supported
particle and solution may be mixed using a high speed
planetary centrifugal mixing. For example, the supported
particle and solution may be mixed using the high speed
planetary centrifugal mixture for greater than or equal to
about 5 minutes. In certain instances, the metal salt will
hydrolyze and become negatively charged. The negatively
charged metal salts may bind in a self-limiting manner to the
exposed surface of the catalyst support. After a predeter-
mined duration of time, the supported particle system may
be removed from the solution.

Applying the metal salts to the surface of the support may
further comprise removing the solvent from the supported
particle system having the liquid disposed thereon, such as,
for example, by evaporation or drying. In certain instances,
evaporating or drying the solvent is performed by increasing
the temperature or decreasing the pressure near the sup-
ported particle in contact with the metal salt solution to
facilitate precipitation of the metal salt on the surface of the
support. In certain instances, drying is performed at a
temperature of greater than or equal to about 50° C. For
example only, drying may be performed at a temperature of
about 80° C. Drying may be performed at a pressure of less
than or equal to about 1 Torr. Drying may be performed for
a time of greater than or equal to about 4 hours. For example
only, drying may be performed for a time of about 6 hours.
For example only, drying may occur in a vacuum oven
where over a course of a hour the vacuum oven may be
gradually heated to greater than or equal to about 80° C. at
a pressure of 1 Torr. After warming, the vacuum oven may
be keep at 80° C. for greater than or equal to about 6 hours.
However, it is understood that other temperatures and dura-
tions may be used to remove solvent from support particles.

The method may further comprise calcining the metal
salts after precipitation to generate a porous oxide coating on
the support, wherein the metal oxide is derived from the
metal salt. In certain aspects, the methods of the present
disclosure selectively generate a porous coating of metal
oxide on the surface of the support distributed around the
catalyst particle(s). The porous coating thus formed has a
porosity, i.e., a volume of pores relative to the volume of
coating, of greater than or equal to about 20% to less than
or equal to about 70%, such as a porosity of about 20%,
about 30%, about 40%, about 50%, about 60%, or about
70%.

Calcining includes heating the catalyst particle, support,
and metal salts at a temperature of greater than or equal to
about 400° C. to less than or equal to about 600° C., such as
at a temperature of about 550° C., for a time of greater than
or equal to about 2 hours to generate a porous coating of
metal oxide nanoparticles on the support. In various aspects,
the temperature applied during calcining does not exceed the
melting point of the metal oxide derived from the metal salt.
Non-limiting examples of metal oxides formed from metal
salts include Al,O;, CeO,, ZrO,, TiO,, SiO,, MgO, ZnO,
BaO, K,0, Na,O, Ca0, and combinations thereof.
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With reference to FIG. 1, the current technology provides
a catalyst system 10 that resists sintering and retains cata-
Iytic activity after prolonged exposures to elevated tempera-
tures. The catalyst system 10 can be a catalyst system
generated by the method provided herein. The catalyst
system 10 includes metal nanoparticles 12 (catalyst) bound
to a catalyst metal oxide support 14 in the form of a monolith
structure and a coating 16 of metal oxide nanoparticles 18
disposed on the metal oxide support 14. The coating 16 is
intermittently and selectively disposed on a surface 20 of the
metal oxide support 14 distributed around the catalyst metal
nanoparticles 12. In this manner, the porous coating 16
leaves at least a portion of the surface(s) of the catalyst metal
nanoparticles 12 exposed so that the active metal sites are
available for reaction. In this manner, in certain aspects, the
coating 16 avoids covering the catalyst metal nanoparticles
12 or at least partially avoids covering the catalyst metal
nanoparticles 12. In certain instances, the catalyst metal
nanoparticles 12 are either directly or indirectly coupled or
bound to the metal oxide support 14.

The catalyst particles (e.g., metal nanoparticles 12) may
have a loading density on the catalyst support of greater than
or equal to about 0.25% (w/w) to less than or equal to about
20% (w/w), such as a loading density of about 0.25% (w/w),
about 0.5% (w/w), about 1% (w/w), about 1.5% (w/w),
about 2% (w/w), about 2.5% (w/w), about 3% (w/w), about
3.5% (w/w), about 4% (w/w), about 4.5% (w/w), about 5%
(wiw), about 5.5% (w/w), about 6% (w/w), about 6.5%
(wiw), about 7% (w/w), about 7.5% (w/w), about 8% (w/w),
about 8.5% (w/w), about 9% (w/w), about 9.5% (w/w), or
about 10% (w/w). In certain instances, the loading density of
the metal nanoparticles 12 on the metal oxide support 14 is
about 1.5% (w/w).

As described above in regard to the method of preparing
a catalyst, the nanoparticles 12 may comprise PGM nan-
oparticles, such as nanoparticles of Ru, Rh, Pd, Os, Ir, or Pt,
a noble metal, such as nanoparticles of Re, Cu, Ag, Au, other
metals such as nanoparticles of Fe, Ni, Mn, Na, K, Mg, Ca,
or Ba, or combinations thereof.

As discussed above, the metal oxide support 14 optionally
comprises a metal oxide selected from the group consisting
of Al,0;, CeO,, Zr0O,, TiO, Si0,, MgO, ZnO, BaO, K,O,
Na,O, CaO, and combinations thereof. Nonetheless, it is
understood that this group of metal oxides is not limited and
that other metal oxides may be employed for the support 14.
It should be noted that the catalyst support may be a
monolith structure as shown in FIG. 1 or alternatively, the
support shown in FIG. 1 may be one or more washcoat
layers formed on a monolith support structure.

FIG. 2 shows the catalyst support in the form of a particle
(which may be provided as a plurality of particles or
powder). A catalyst system 30 that resists sintering and
retains catalytic activity after prolonged exposures to
elevated temperatures may thus be in the form of a particle.
Thus, a plurality of particles like the catalyst system 30 may
be combined in a conventional casting process to form a
catalyst system. A plurality of metal nanoparticles 32 (cata-
lyst) is bound to a catalyst metal oxide support 34 and a
coating 36 of metal oxide nanoparticles 38 is disposed on the
metal oxide support 34. In certain instances, the metal
nanoparticles 32 are either directly or indirectly coupled or
bound to the metal oxide support 34. The coating 36 is
intermittently and selectively disposed on a surface 40 of the
metal oxide support 34 distributed around the catalyst metal
nanoparticles 32.

Where the support is in the form of a plurality of particles,
the support particles may have an average diameter 42 of
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greater than or equal to about 0.8 pum to less than or equal
to about 5 um, greater than or equal to 1 um to less than or
equal to about 4 um, greater than or equal to 1.5 pum to less
than or equal to about 3.5 pum, or greater than or equal to 2
um to less than or equal to about 3 um, such as a diameter
of about 0.8 pum, about 1 pm, about 1.5 pm, about 2 pm,
about 2.5 um, about 3 um, about 3.5 pum, about 4 um, about
4.5 pm, or about 5 um. It should be noted the catalyst metal
oxide support 14 may have shapes or forms other than a
planar structure as shown in FIG. 1, for example, it may have
conventional monolith or honeycomb shapes or the catalyst
support may be in the form of beads for a packed bed
catalyst. Moreover, the metal oxide support (either 14 or 34
in FIGS. 1 and 2) may have a surface area of greater than or
equal to about 50 m*g to less than or equal to about 150
m?/g, greater than or equal to about 75 m%/g to less than or
equal to about 125, m*/g such as a surface area of about 75
m?/g, about 80 m*/g, about 90 m*/g, about 100 m*/g, about
110, m*/g about 120 m?/g, about 130 m?/g, about 140 m*/g,
about 145 m*/g, or about 150 m*/g.

The coating (either 16 or 36 in FIGS. 1 and 2) includes
metal oxide nanoparticles (18 or 38), such as for example,
Al,0;, CeO,, Zr0,, TiO,, Si0,, MgO, ZnO, BaO, K,O,
Na,O, CaO, and combinations thereof. The metal oxide
nanoparticles have an average maximum diameter (either 22
in FIG. 1 or 44 in FIG. 2) of greater than or equal to about
0.5 nm to less than or equal to about 50 nm, greater than or
equal to about 1 nm to less than or equal to about 25 nm, or
greater than or equal to about 2 nm to less than or equal to
about 10 nm, such as a diameter of about 0.5 nm, about 1
nm, about 2 nm, about 3 nm, about 4 nm, about 5 nm, about
10 nm, about 15 nm, about 20 nm, about 25 nm, about 30
nm, about 35 nm, about 40 nm, about 45 nm, or about 50 nm.
Nonetheless, the coating (either 16 or 36 in FIGS. 1 and 2)
comprising the metal oxide nanoparticles (18 or 38) may be
crystalline.

The metal oxide nanoparticles 18 of the coating 16 may
comprise greater than about 0% by weight to less than or
equal to about 20% by weight of the total catalyst system
weight (including the catalyst metal oxide support 14, the
metal nanoparticles 12, and the coating 16). In certain
instances, the coating 16 may have a thickness of greater
than or equal to about 1 mm. The coating 16 may comprise
a single layer or multiple layers. The coating 16 of metal
oxide nanoparticles 18 may cover a large area of otherwise
exposed surface area of the metal oxide support. The coating
16 comprises a plurality of pores, i.e., is porous, such that
reacting gas molecules can access the catalyst metal nan-
oparticles 12 having catalytic activity, yet coalescing of
metal nanoparticles 12 with other the metal nanoparticles is
minimized or prevented. Therefore, the coating 16 may
render the catalyst system 10 resistant to sintering or thermal
degradation by increasing the surface area of the catalyst
system 10. In particular, by increasing the number of avail-
able surface sites of the catalyst system 10, which can be
expressed as catalytic metal dispersion.

In certain instances, the nanoparticles (either 12 in FIG. 1
or 32 in FIG. 2) may have a maximum average diameter 24
in FIG. 1 or 46 in FIG. 2 of greater than or equal to about
2 nm to less than or equal to about 10 nm, such as a diameter
of about 2 nm, about 3 nm, about 4 nm, about 5 nm, about
6 nm, about 7 nm, about 8 nm, about 9 nm, or about 10 nm.

“Catalyst metal dispersion” refers to a ratio of metal
catalyst surface sites to a mass of an entire catalyst system.
Therefore, a catalyst system with a high dispersion will have
smaller and more highly dispersed metal catalyst relative to
a catalyst system with a low dispersion. Relative to a catalyst
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system equivalent to the catalyst system described herein,
but without a porous coating, a catalyst system having an
increased resistance to sintering has a dispersion loss of less
than 74% after exposure to a temperature of about 650° C.
for a time period of about 2 hours. A catalyst system that
resists sintering is a catalyst system that undergoes a dis-
persion loss of less than or equal to about 20%, less than or
equal to about 15%, or less than or equal to about 10% after
exposure to a temperature of about 650° C. for a time period
of about 2 hours.

In certain instances, pores may be defined between metal
oxide nanoparticles within the coatings (nanoparticles 18 in
coating 16 in FIG. 1 or metal oxide nanoparticles 38 in
coating 36 in FIG. 2) having an average diameter of greater
than or equal to about 0.5 nm to less than or equal to about
30 nm, such as a diameter of about 0.5 nm, about 1 nm,
about 2 nm, about 3 nm, about 4 nm, about 5 nm, about 6
nm, about 7 nm, about 8 nm, about 9 nm, about 10 nm, about
11 nm, about 12 nm, about 13 nm, about 14 nm, about 15
nm, about 16 nm, about 17 nm, about 18 nm, about 19 nm,
or about 20 nm. The coating optionally has a porosity of
greater than or equal to about 20% to less than or equal to
about 70%, such as a porosity of about 20%, about 30%,
about 40%, about 50%, about 60%, or about 70%.

In various embodiments, the coating may cover greater
than or equal to about 1.5% to less than or equal to about
80% of the exposed surface area of the catalyst support, or
greater than or equal to about 30% to less than or equal to
about 80% of the exposed regions of the surface of the
catalyst support. The exposed surfaces of the catalyst sup-
port refer to the portions of the catalyst support surface to
which catalyst metal particles are not bound. In various
embodiments, the coating covers about 40%, about 50%,
about 60%, about 70%, or about 80% or more of the exposed
surface area of the catalyst support. A total amount of
surface area coverage of the support including both the
catalyst metal particles and metal oxide nanoparticles (form-
ing the coatings) is greater than or equal to about 30% to less
than or equal to about 80%.

In certain instances, the metal oxide nanoparticles (18 of
FIG. 1 or 38 of FIG. 2) of the coating (16 of FIG. 1 or 36
of FIG. 2) comprise the same metal oxide composition as the
metal oxide support (14 of FIG. 1 or 34 of FIG. 2) compo-
sition. In other instances, the metal oxide nanoparticles of
the coating comprise a different metal oxide(s) than the
support. In yet other instances, the coating comprises a
plurality of different metal oxides. Therefore, the catalyst
system may include a single species of metal particles and
metal oxide support or a plurality of metal particles and
metal oxide supports.

Embodiments of the present technology are further illus-
trated through the following non-limiting examples.

Example 1

A powder of supported nanoparticles comprising plati-
num group metals (PGM—comprising Pt—Pd) nanopar-
ticles bound to an Al,O; (alumina) is first pretreated in a
reducing environment. A furnace is purged with Ar+3% H,
for about 1 hour at a flow rate of 1 SCFH. The supported
nanoparticle is heated to about 400° C. at a heating rate of
less than or equal to about 10° C. per minute. The supported
nanoparticles are maintained at about 400° C. for greater
than 2 hours and then cooled to room temperature with gas
flowing.

An aqueous solution is formed by dissolving AI(NO;); in
water. The solution pH is maintained at less than or equal to
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about 5. The reduced supported nanoparticle gradually con-
tacts the metal salt solution. The supported nanoparticle and
the solution are mixed using an ultrasonicator for about 5
minutes. The mixture is gradually heated to about 80° C.
over a course of an hour. The mixture is maintained at 80°
C. for greater than or equal to about 6 hours and calcined at
a temperature that is greater than or equal to about 500° C.
and less than or equal to about 550° C. for greater than about
2 hours to generate a porous alumina coating over the
catalyst metal oxide support particles.

The coated-supported nanoparticles and a control of sup-
ported nanoparticles without a coating are subjected to aging
conditions by heating to about 850° C. for about 2 hours in
air having 10% water. To evaluate activity, CO and C,Hq
oxidation reactions are used (CO+0,; C;Hg+0,). In one
instance, a stream of 5000 ppm CO, 1% O,, 5% H,O is
flowed over the catalyst as reaction temperature is increased.
In the other instance, a stream of 500 ppm C;H,, 1% O,, 5%
H,O is flowed over the catalyst as reaction temperature is
increased In both instances, the ramping rate is 2° C.
per/minute from about 100° C. to about 350° C. The total
flow rate is 0.5 L/minute with a balance consisting of N, gas.
The amount of CO and C H, is detected post-catalyst is
measured to evaluate the extent of the reaction. As seen in
FIG. 3, a metric used to evaluate activity is T, (lightoff
temperature), which is the temperature at which 50% of the
CO and C,Hg streams are being oxidized over the catalyst,
respectively. After subjecting the control of supported nan-
oparticles 50 and the coated-supported nanoparticles 52 the
gaining conditions described above with respect to the CO
oxidation reaction 54, the control of the supported nanopar-
ticles 50 and the coated nanoparticles 52 provided Ts, 58
values of 188° C. and 172° C., respectively. After subjecting
the control of supported nanoparticles 50 and the coated-
supported nanoparticles 52 the gaining conditions described
above with respect to the C;Hy oxidation reaction 56, the
control of the supported nanoparticles 50 and the coated
nanoparticles 52 provided T, 58 values of 224° C. and 194°
C., respectively. It is desirable to have low T, 58 values.

Example 2

A general washcoat slurry batching procedure is used to
produce laboratory reactor test samples. These samples can
range in size from less than 1 in® to about 10 in®, and require
relative small quantities of washcoat slurry to achieve dry
washcoat loadings in the range of 1.5-3.5 g/in’.

A ball mill jar with a free capacity of 0.5 L and cylindrical
alumina milling media (12 mm diameterx12 mm long) are
selected for use. The cylindrical alumina milling media are
placed into a ball mill jar having a free capacity. About 60%
of the ball mill jar is filled with the alumina milling media.
For example, the ball mill jar may have a capacity of about
0.5 L, and the alumina milling media may have a diameter
of'about 12 mm and a length of about 12 mm. Therefore, the
alumina milling media may equal about 625 g or 0.3 L. The
volume of the material to be milled, in aqueous suspension,
desirably covers the mill media by no more than about 10%
of the mill jar volume. The volume of the material charged
may be equal to roughly the void volume of the media
charge plus 10% of the jar’s volume. The final slurry may
have a milled washcoat density of greater than or equal to
about 1 to less than or equal to about 1.5 g/mL and target
solids fractions (F,) of greater than or equal to about 0.45
and less than or equal to about 0.50. The water and the dry
PGM alumina catalyst will each have a mass of 90 g in the
final slurry.
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After ball milling for about 30 minutes, the slurry is
washcoated onto monolith core samples having a diameter
of about three-quarters of an inch, a length of greater than or
equal to about 1 inch with about 400 cells per square
(“CPSI”) with about a 4 mill-inch wall thickness. After
washcoating, the monolithic catalyst is dried at about 120°
C. and calcined at a temperature that is greater than or equal
to about 500° C. and less than or equal to about 550° C. for
greater than about 2 hours in first static air to generate a
porous alumina coating over the catalyst metal oxide sup-
ports.

Example 3

FIG. 3 shows lightoff temperatures 58 (° C.) versus for a
comparative control catalytic system with a Pt—Pd catalyst
on Al,O, support having no coating (50) and coated-sup-
ported nanoparticles (52) prepared in accordance with cer-
tain principles of the present disclosure as described in
Example 1. The comparative catalytic systems are subjected
to aging conditions by heating to about 850° C. for about 2
hours in air having 10% water. To evaluate activity, CO and
C,H, oxidation reactions are used (CO+0O,; C;Hg+0,). FIG.
3 shows CO lightoff’ temperatures 54 and C,H, lightoff
temperatures 56, where the lower the lightoff temperature,
the better the performance of the catalytic system. In one
instance, a stream of 5000 ppm CO, 1% O,, 5% H,O is
flowed over the catalyst as reaction temperature is increased.
In the other instance, a stream of 500 ppm C;Hy, 1% O,, 5%
H,O is flowed over the catalyst as reaction temperature is
increased. In both instances, the ramping rate is 2° C.
per/minute from about 100° C. to about 350° C. The total
flow rate is 0.5 L/minute with a balance consisting of N, gas.
The amount of CO and C;H, is detected post-catalyst is
measured to evaluate the extent of the reaction in either
instance, (i.e., coated and non-coated supported nanopar-
ticles). Thus, the inventive coated-supported nanoparticles
52 show lower lightoff temperatures and improved catalytic
performance as compared to the control 50 for both CO and
C;Hg.

Example 4

As seen in FIG. 4, another metric used to evaluate activity
is T, which is the lightoff temperature at which 50% of the
CO and C,H streams are being oxidized over the catalyst,
respectively. A comparative control catalytic system with a
Pt—Pd catalyst on Al,O; support having no coating (60) and
coated-supported nanoparticles (62) are prepared in accor-
dance with certain principles of the present disclosure as
described in Example 1. After subjecting the control of
supported nanoparticles 60 and the coated-supported nan-
oparticles 62 to the gaining conditions described above with
respect to the CO oxidation reaction 64, the control of the
supported nanoparticles 60 and the coated nanoparticles 62
provided T, 68 values of 156° C. and 150° C., respectively.
After subjecting the control of supported nanoparticles 60
and the coated-supported nanoparticles 62 to the gaining
conditions described above with respect to the C;H, oxida-
tion reaction 66, the control of the supported nanoparticles
60 and the coated-supported nanoparticles 62 provided T,
68 values of 168° C. and 160° C., respectively.

Example 5

As seen in FIG. 5, another metric used to evaluate activity
is Tgq, which is the lightoff temperature at which 90% of the
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CO and C,Hg streams are being oxidized over the catalyst,
respectively. A comparative control catalytic system with a
Pt—Pd catalyst on Al,O; support having no coating (70) and
coated-supported nanoparticles (72) are prepared in accor-
dance with certain principles of the present disclosure as
described in Example 1. After subjecting the control of
supported nanoparticles 70 and the coated-supported nan-
oparticles 72 the gaining conditions described above with
respect to the CO oxidation reaction 74, the control of the
supported nanoparticles 70 and the coated nanoparticles 72
provided T, 78 values of 171° C. and 164° C., respectively.
After subjecting the control of supported nanoparticles 70
and the coated-supported nanoparticles 72 the gaining con-
ditions described above with respect to the C;H, oxidation
reaction 76, the control of the supported nanoparticles 70
and the coated nanoparticles 72 provided T,, 78 values of
182° C. and 171° C., respectively. It is desirable to have low
T, 68 and Ty, 78 values.

The foregoing description has been provided for purposes
of illustration and description. It is not intended to be
exhaustive or to limit the disclosure. Individual elements or
features of a particular embodiment are generally not limited
to that particular embodiment, but, where applicable, are
interchangeable and can be used in a selected embodiment,
even if not specifically shown or described. The same may
also be varied in many ways. Such variations are not to be
regarded as a departure from the disclosure, and all such
modifications are intended to be included within the scope of
the disclosure.

What is claimed is:

1. A catalyst system comprising:

a platinum group metal catalyst bound to a metal oxide
support, the metal oxide support defined by a plurality
of particles having an average particle diameter greater
than or equal to about 0.8 micrometers to less than or
equal to about 5 micrometers, a surface area of the
metal oxide support being greater than or equal to about
50 m?/g to less than or equal to about 150 m*/g, the
metal oxide support comprising aluminum oxide
(AL,0;); and

a crystalline coating of metal oxide nanoparticles that
comprise aluminum oxide (Al,O;) disposed on the
metal oxide support around the platinum group metal
catalyst, wherein the crystalline coating has a porosity
of greater than about 20% to less than about 70% and
covers greater than or equal to about 1.5% to less than
or equal to about 80% of an exposed surface area of the
metal oxide support.

2. The catalyst system according to claim 1, wherein the
platinum group metal catalyst comprises a metal selected
from the group consisting of: platinum (Pt), ruthenium (Ru),
rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir),
gold (Au), and combinations thereof.

3. The catalyst system according to claim 1, wherein the
metal oxide nanoparticles further comprise an element
selected from the group consisting of: cerium (Ce), zirco-
nium (Zr), titanium (T1), silicon (Si), magnesium (Mg), zinc
(Zn), sodium (Na), potassium (K), barium (Ba), calcium
(Ca), and combinations thereof.

4. The catalyst system according to claim 1, wherein the
metal oxide nanoparticles further comprise a metal oxide
selected from the group consisting of: cerium oxide (CeO,),
zirconium oxide (ZrQ,), titanium dioxide (Ti0O,), silicon
dioxide (Si0,), magnesium oxide (MgO), zinc oxide (Zn0O),
barium oxide (BaO), potassium oxide (K,0), sodium oxide
(Na,0), calcium oxide (CaQO), and combinations thereof.
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5. The catalyst system according to claim 1, wherein the
metal oxide support further comprises a metal oxide selected
from the group consisting of: cerium oxide (CeO,), zirco-
nium oxide (ZrO,), titanium dioxide (TiO,), silicon dioxide
(Si0,), magnesium oxide (Mg0O), zinc oxide (ZnO), barium
oxide (BaO), potassium oxide (K,0), sodium oxide (Na,O),
calcium oxide (CaO), lanthanum oxide (La,0;), and com-
binations thereof; and the metal oxide nanoparticles com-
prise aluminum oxide (Al,O;).

6. The catalyst system according to claim 1, wherein a
loading density of the platinum group metal catalyst on the
metal oxide support is greater than or equal to about 0.25%
(w/w) to less than or equal to about 20% (W/w).

7. The catalyst system according to claim 1, wherein the
metal oxide nanoparticles have an average diameter of
greater than or equal to about 0.5 nm to less than or equal
to about 50 nm, and the crystalline coating comprises pores
having an average diameter of greater than or equal to about
0.5 nm to less than or equal to about 30 nm.

8. A catalyst system comprising:

a platinum group metal catalyst selected from the group
consisting of: palladium, platinum, and combinations
thereof bound to a metal oxide support comprising
aluminum oxide (Al,O;) and defined by a plurality of
particles having an average diameter greater than or
equal to about 0.8 micrometers to less than or equal to
about 5 micrometers, and a surface area of the metal
oxide support being greater than or equal to about 50
m?/g to less than or equal to about 150 m*/g; and

a crystalline coating of metal oxide nanoparticles the
comprise aluminum oxide (Al,O;) distributed around
the platinum group metal catalyst on the metal oxide,
wherein the crystalline coating has a porosity of greater
than about 20% to less than about 70% and covers
greater than or equal to about 1.5% to less than or equal
to about 80% of an exposed surface area of the metal
oxide support.

9. The catalyst system according to claim 8, wherein the
metal oxide nanoparticles further comprise a metal oxide
selected from the group consisting of: cerium oxide (CeO,),
zirconium oxide (ZrO,), titanium dioxide (Ti0O,), silicon
dioxide (Si0,), magnesium oxide (MgO), zinc oxide (ZnO),
barium oxide (BaO), potassium oxide (K,0), sodium oxide
(Na,0), calcium oxide (Ca0O), and combinations thereof.
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10. The catalyst system according to claim 8, wherein the
metal oxide support further comprises a metal oxide selected
from the group consisting of: cerium oxide (CeO,), zirco-
nium oxide (ZrO,), titanium dioxide (TiO,), silicon dioxide
(S10,), magnesium oxide (MgO), zinc oxide (ZnO), barium
oxide (BaO), potassium oxide (K,O), sodium oxide (Na,O),
calcium oxide (CaO), lanthanum oxide (La,0;), and com-
binations thereof, and the metal oxide nanoparticles com-
prise aluminum oxide (Al,Oy).

11. The catalyst system according to claim 8, wherein a
loading density of the platinum group metal catalyst on the
metal oxide support is greater than or equal to about 0.25%
(w/w) to less than or equal to about 20% (W/w).

12. The catalyst system according to claim 8, wherein the
metal oxide nanoparticles have an average diameter of
greater than or equal to about 0.5 nm to less than or equal
to about 50 nm, and the crystalline coating comprises pores
having an average diameter of greater than or equal to about
0.5 nm to less than or equal to about 30 nm.

13. A catalyst system comprising:

a platinum group metal catalyst selected from the group
consisting of: palladium, platinum, and combinations
thereof bound to a metal oxide support comprising
aluminum oxide (Al,O;) and defined by a plurality of
particles having, an average diameter greater than or
equal to about 0.8 micrometers to less than or equal to
about 5 micrometers, and a surface area of the metal
oxide support being greater than or equal to about 50
m?*/g to less than or equal to about 150 m*/g; and

a crystalline coating of metal oxide nanoparticles that
comprise aluminum oxide (Al,O;) disposed on the
metal oxide support around the platinum group metal
catalyst, wherein the metal oxide nanoparticles have an
average maximum diameter of greater than or equal to
about 0.5 nm to less than or equal to about 50 nm, and
the crystalline coating has a porosity of greater than
about 20% to less than about 70% and covers greater
than or equal to about 1.5% to less than or equal to
about 80% of an exposed surface area of the metal
oxide support.

14. The catalyst system according to claim 13, wherein a
loading density of the platinum group metal catalyst on the
metal oxide support is greater than or equal to about 0.25%
(w/w) to less than or equal to about 20% (W/w).
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