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CATALYTIC CONVERTERS WITH
AGE-SUPPRESSING CATALYSTS

TECHNICAL FIELD

[0001] The present disclosure relates generally to catalytic
converters, and more specifically to age-suppressing cata-
lysts.

BACKGROUND

[0002] Vehicles with an Internal Combustion Engine
(ICE) include an exhaust gas treatment system for treating
the exhaust gas from the engine. The configuration of the
treatment system depends, 1n part, upon whether the engine
1s a diesel engine (which typically operates with lean burn
combustion and contains high concentrations of oxygen 1n
the exhaust gases at all operating conditions) or a stoichio-
metric spark-ignited engine (which operates at a nearly
storchiometric air-to-fuel (A/F) ratio). The treatment system
for the diesel engine includes a diesel oxidation catalyst
(DOC), which 1s capable of oxidizing carbon monoxide
(CO) and hydrocarbons (HC). The treatment system for the
stoichiometric spark-ignited engine includes a three-way
catalyst (TWC), which operates on the principle of non-
selective catalytic reduction of NO_ by CO and HC.

SUMMARY

[0003] A catalytic converter includes a catalyst. The cata-
lyst includes a support, platinum group metal (PGM) par-
ticles dispersed on the support, and metal oxide nanopar-
ticles formed on the support. The metal oxide nanoparticles
are dispersed between a first set of the PGM particles and a
second set of the PGM particles to suppress aging of the

PGM particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features of examples of the present disclosure will
become apparent by reference to the following detailed
description and drawings, in which like reference numerals
correspond to similar, though perhaps not identical, compo-
nents. For the sake of brevity, reference numerals or features
having a previously described function may or may not be
described 1n connection with other drawings 1n which they
appear.

[0005] FIG. 1 1s a schematic illustration depicting two
mechanisms for PGM particle growth or sintering;

[0006] FIGS. 2A-2D schematically depict an example of a
method for making an example of the catalyst disclosed
herein;

[0007] FIG. 3 1s a semi-schematic, top view of an example
of the catalyst disclosed herein;

[0008] FIG.4A1saperspective, partially cut-away view of
an example of a catalytic converter;

[0009] FIG. 4B 1s an enlarged view of a portion of FIG.
4A;
[0010] FIGS. 5A and 5B are transmission electron micros-

copy (TEM) images of a comparative example catalyst (C1)
and an example catalyst (E); and

[0011] FIG. 61s a graph depicting the light-off temperature
(in © C.) for carbon monoxide (CO) conversion and for C,H,
(propene or, alternatively, propylene) conversion for two
comparative example catalysts (C1 and C2) and an example
catalyst (E) including metal oxide nanoparticles formed
between the PGM particles.
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DETAILED DESCRIPTION

[0012] DOCs and TWCs often include a support loaded
with a Platinum Group Metal (PGM) as the active catalytic/
catalyst material. As the exhaust gas temperature from the
vehicle engine increases (e.g., to temperatures ranging from
150° C. to about 1000° C.), the PGM loaded on the support
may experience particle growth (1.e., sintering). FIG. 1
depicts two mechanisms for PGM particle growth during
vehicle operation. The mechanisms 1mvolve atomic and/or
crystallite PGM migration. The first mechanism involves
PGM migration via a vapor phase, denoted 12, and the
second mechanism involves PGM migration via surface
diffusion, denoted 14. In the first mechanism, a mobile
species (not shown), emitted from the PGM particles 16
loaded on the support 18, can travel through the vapor phase
12 and agglomerate with other metal particles 20 i the
vapor phase 12 to form larger PGM particles 16'. In the
second mechanism, a mobile species (not shown) emitted
from the PGM particles 16 can diffuse along the surface 18a
of the support 18 and agglomerate with other metal particles
22 on the surface 18 a to form larger PGM particles 16'. The
second mechanism may volve Ostwald ripening, where
the migration of the mobile species 1s driven by differences
in free energy and local atom concentrations on the support
surface 18a.

[0013] An increase in the size of the PGM particles 16
results 1n poor PGM utilization and undesirable aging of the
catalyst material. More specifically, the increased particle
s1ize reduces the PGM dispersion, which 1s a ratio of the
number of surface PGM atoms 1n the catalyst to the total
number of PGM atoms 1in the catalyst. A reduced PGM
dispersion 1s directly related to a decrease 1n the active metal
surface area (as a result of particle growth), and thus
indicates a loss 1n active catalyst reaction sites, which
equates to a decrease 1n catalyst activity. The loss 1n active
catalyst reaction sites leads to poor PGM utilization ethi-
ciency, and indicates that the catalyst has undesirably been
aged or deactivated.

[0014] It has been observed that about 1% of the PGM 1n
a typical TWC remains catalytically active after 100,000 to
150,000 miles of driving (i.e., 99% of the PGM 1s wasted).
One approach to counteract the effect of sintering 1s to use
a high enough PGM loading to compensate for the catalyst
deactivation. However, this increases the cost of the TWC.

[0015] The catalysts disclosed herein suppress aging by
physically separating the PGM particles 16 with metal oxide
nanoparticles formed on the support 18 around the PGM
particles 16. By physically separating the PGM particles 16,
the metal oxide nanoparticles aim to block surface diffusion.

[0016] Moreover, pores and cracks are present in and
around the metal oxide nanoparticles. The pores and cracks
expose surfaces of the metal oxide nanoparticles which can
capture PGM vapors (e.g., by the condensation of PGM
vapor on the exposed surfaces). The mobile species 1n the
captured vapors agglomerate to form new PGM nanopar-
ticles within pores and cracks. The newly formed PGM
nanoparticles may be smaller than the PGM particles 16, and
may provide additional active PGM sites for catalysis.

[0017] The configurations of the catalyst disclosed herein
slow down or prevent the PGM particle growth/sintering and
maintain more active PGM sites over time, and thus the
catalyst ages slower than catalysts without the metal oxide
nanoparticles. Moreover, when sintering i1s reduced or pre-
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vented, the operational temperature of the catalyst 1s pre-
vented from drifting upward over time.

[0018] Referring now to FIGS. 2A through 2D, an
example of a method for making an example of the catalyst
10 disclosed herein 1s depicted. One view of the catalyst 10
that 1s formed 1s shown 1n FIG. 2D, and another view of the
catalyst 10 that 1s formed 1s shown 1n FIG. 3.

[0019] FIG. 2A depicts the support 18. The support 18
may be a porous metal oxide structure. The porous metal
oxide structure may be formed of Al,O,, CeO,, ZrO.,,
CeO,—7r0,, 510,, T10,, MgO, ZnO, BaO, K,O, Na,O,
CaO, and combinations thereof. The porous metal oxide
structure may be 1n the form of a powder, spheres, or any
other suitable configuration. In an example, the support 18
has a diameter ranging from greater than or equal to 0.5 um
to less than or equal to about 10 um.

[0020] The support 18 may also include several small
pores (not shown). More pores increase the surface area to
it many PGM particles 16 1n a small volume. In an example,
the pore volume of the support 18 ranges from about 0.5
ml/g to about 2 ml/g. The surface area of the support 18 may
range from about 50 m*/g about 150 m*/g.

[0021] In one example of forming the method, the support
18 may be pre-sintered (1.e., before the PGM particles 16
and the metal oxide nanoparticles 30 are applied thereto).
Pre-sintering may take place at a temperature ranging from
about 900° C. to about 1000° C. Pre-sintering may reduce
the surface area of the support 18 prior to formation of the
PGM particles 16 and the metal oxide nanoparticles 30.
Reducing the surface area of the support 18 means that there
may be less of the surface 18 a available for the metal oxide
nanoparticles 30. Less metal oxide nanoparticle material
reduces the weight increase of the final catalyst 10.

[0022] In FIG. 2A, the PGM particles 16 are applied to the
support 18. The PGM particles 16 may be applied via an
impregnation method. The impregnation method may be a
dry (or incipient wetness) impregnation process or a wet
impregnation process.

[0023] For both the dry and wet impregnation processes,
a PGM precursor solution 1s utilized. The PGM precursor
solution may be an aqueous solution containing water and a
PGM precursor (1.e., a material that will decompose to a
PGM metal, such as palladium (Pd), platinum (Pt), rhodium
(Rh), ruthentum (Ru), osmium (Os), iridium (Ir), or various
combinations thereof). Any number of PGM containing
coordination complexes can be used as the PGM precursor.
Some example PGM precursors include chloroplatinic acid
(CPA), tetraammineplatinum chloride (or nitrate or hydrox-
1ide), platinum nitrate, platinum acetate, dinitrodiamine plati-
num, palladium nitrate, palladium acetate, bis-acetylaceto-
nato palladium, rhodium nitrate, rhodium acetate, ruthenium
(III) chlonde, ruthenium (III) acetylacetonate, ruthenmium
(II) hexa-ammine dichloride, ruthenium (III) hexa-ammine
trichloride, osmium (III) chloride hydrate, ammonium
hexachloroosmate (IV), iridium (IV) chloride, ammonium
hexachloroirnidate, iridium (I11) chloride, 1iridium sulfate, etc.
PGM precursors of ruthenium, osmium, and/or iridium may
also be used. Any of the PGM precursors may be added to
water to form the PGM precursor. Combinations of PGM
precursors may be used to form mixtures of different types
of PGM vparticles 16 (e.g., a mixture of platinum and
palladium particles).

[0024] The concentration of the precursor solution
depends upon the desired loading of the PGM particles 16 on
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the support 18 and 1n the catalyst 10. For example, 10 g total
of the catalyst 10 with 1.5% platinum equates to 0.15 g
platinum (1.e., 1.5% of 10 g). The mass ratio of pure
platinum to platinum precursor may be used to determine
how much of the platinum precursor should be used to
achieve the desired mass of platinum for the catalyst 10. For
dry impregnation, the total amount of water added to make
the aqueous solution depends upon the volume of water that
will f1ll the pore volume, 1.e., achieve incipient wetness. For
wet impregnation, the total amount of water added to make
the aqueous solution depends upon the solubility of the
PGM precursor. In this example, this solution may be added
to 9.85 g of dried support (1.¢., 10 g total-0.135 g platinum=g
support).

[0025] For dry impregnation, the PGM precursor solution
1s added to the support 18 until all of the pores of the support
18 are filled with the solution. No additional solution 1s
added beyond the amount needed to fill the pores (i.e.,
incipient wetness). Capillary action draws the PGM precur-
sor solution into the pores.

[0026] For wet impregnation, the support 18 1s first filled
with the same solvent (e.g., water) that 1s used for the PGM
precursor solution. The wetted support 18 1s then treated
with the PGM precursor solution. In this example, high
pressure 1s not developed 1n the pores of the support 18, but
rather the PGM precursor migrates progressively from the
PGM solution mto the pores.

[0027] The impregnated support 18 1s then exposed to
drying to remove the water and calcining to convert the
PGM precursor to the PGM particles 16. Drying may be
performed 1n air at a temperature ranging from about room
temperature (e.g., 18° C. to about 25° C.) to about 150° C.
for a time period ranging from about 12 hours to about 24
hours, and calcining may be performed at a temperature
ranging from about 300° C. to about 650° C. for a time
period ranging from about 1 hour to about 4 hours. In an
example, calcining 1s performed at about 550° C. for about
2 hours. This process decomposes the PGM precursor and
forms the PGM particles 16 both within the pores of the
support 18 and on at least some of the surface 18 a of the
support 18.

[0028] FEach instance or occurrence of the PGM particles
16 on the surface 18 a of the support 1s referred to herein as
a set of PGM particles 16. In FIG. 2A, each individual PGM
particle 16 1s a set. However, 1t 1s to be understood that each
set may be made up of several PGM particles 16 agglom-
crated together. For example, each PGM particle set may
include a small cluster of the particles 16, with the particles
16 being similarly sized or having a distribution 1n particle
S1ZE.

[0029] Each PGM particle 16 has at least one dimension
(e.g., maximum diameter, height, width, etc.) up to 10 nm.
In an example, each PGM particle 16 has a maximum
diameter of greater than or equal to about 0.5 nm to less than
or equal to about 10 nm. In another example, each PGM
particle 16 has a maximum diameter of greater than or equal
to about 2 nm to less than or equal to about 8 nm.

[0030] The PGM particles 16 are formed of active cata-
lytic matenial, and may be palladium (Pd), platinum (Pt),
rhodium (Rh), ruthemum (Ru), osmium (Os), iridium (Ir), or
various combinations thereot (e.g., Pd and Pt, Pt and Rh, Pd
and Rh, Pd, Pt and Rh, Pt and Ir, Pd and Os, or any other

combination). The PGM particles 16 are present in the
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catalyst 10 1n an amount ranging from about 0.1 wt % to
about 10 wt % of the catalyst 10.

[0031] As shown in FIG. 2A, the applied PGM particles
16 may also have functional groups at their surfaces. These
functional groups may include hydroxyl (OH) groups and/or
oxygen (O) atoms.

[0032] In examples of the method disclosed herein, the
PGM particles 16 are exposed to a process 22 that will
render the particles 16 more hydrophobic than the surface
18a of the support 18. In an example, this process 22 reduces
the OH and O functional group(s) on the surface of the PGM
particles 16, and thus converts the PGM particles 16 into
theirr metallic state, which i1s more hydrophobic than the
support surface 18a. The PGM particles 16 after the reduc-

tion process 22, and thus in their metallic state, are shown in
FIG. 2B.

[0033] As will be discussed below, the metal oxide nano-
particles 30 (shown 1n FIG. 2D) are formed using water-
based wet chemical processes. Due to the hydrophobicity of
the PGM particles 16, the metal oxide nanoparticles 30
preferentially form on the more hydrophilic support surface
18a. As such, the reduction process 22 prepares the PGM
particles 16 for subsequent selective metal oxide nanopar-
ticle formation.

[0034] The reduction process 22 does not deleteriously
allect the exposed surface 18a of the support 18 (i.e.,
functional group(s) on the surface 18a remain reactive). The
reduction process 22 may involve exposing the PGM par-
ticles 16 on (and 1n) the support 18 to a reducing environ-
ment at a temperature up to 400° C. for a time ranging from
about 0.5 hours to about 10 hours. The reducing environ-
ment may be hydrogen gas (H,), carbon monoxide (CO) gas,
forming gas (1.e., a mixture of hydrogen and nitrogen), or
may include a mixture of argon gas and hydrogen gas (e.g.,
Ar and 3% H,) or a mixture of argon gas and CO gas. In one
example, the hydroxyl (OH) functional groups on the sur-
tace of the PGM particles 16 are reduced to form water,
which 1s evaporated as a result of the high temperature used
during the reduction process 22.

[0035] The metal oxide nanoparticles 30 may then be
formed on the exposed portions of the surface 18 a of the
support 18. The metal oxide nanoparticles 30 may be formed
via any suitable wet chemical process, including an impreg-
nation process, a sol-gel method, a hydrothermal process,
and a precipitation process.

[0036] The wet chemical process 1s schematically shown
in FIG. 2C. In an example, the support 18 having the PGM
particles 16 therein/thereon 1s added to a suitable container
24. The support 18 having the PGM particles 16 thereimn/
thereon 1s then contacted with an aqueous metal oxide
nanoparticle precursor solution 26. The aqueous metal oxide
nanoparticle precursor solution 26 and the support 18 having,
the PGM particles 16 therein/thereon are mixed together to
form a mixture.

[0037] The aqueous metal oxide nanoparticle precursor
solution 26 includes water and a metal oxide nanoparticle
precursor dissolved in the water. Any number of metal salts
can be used as the metal oxide nanoparticle precursor, and
will depend upon the metal oxide that 1s to be formed. Some
examples of suitable metal salts include salts of aluminum
(Al), certum (Ce), zircontum (Zr), titanium (11), silicon (S1),
magnesium (Mg), zinc (Zn), barium (Ba), potassium (K),
sodium (Na), calcium (Ca), or combinations thereof. As
more specific examples, salts of Al include AICI,, AI(NO,);,
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Al(OH);, AlL,(80,),, Al(ClO;);, AlO,P, and Al(PO;),; salts
of Ce include Ce(NO,),, Ce(OH,), Ce,(50,),, and Ce(S0O,,)
~; salts of Zr include Zr(HPO,),, Zr(OH),, and Zr(SO,),:
salts of T1 include TiIOSO, and TiOPO,; salts of S1 include
S1PO,(OH); salts of Mg include MgSO,, Mg(NO,),,
MgHPO,, and Mg,(PO,),; salts of Zn include Zn(NO,),,
/n,(PO,),, and ZnSO,; salts of Ba include BaCO,, Ba(Cl,,
and BaCrO,; salts of K include KHSO,, KCI, K,COs;,
K,CrO,, K,Cr,O,, KOH, KIO,, KI, K,MnO,, KVO,,
K,MoO,, KNO,, KCIO,, K,S,0,, K,;HPO,, K,P,O., and
K,SQO,; salts of Na include NaBr, NaCl, Na,CO,, Na,CrO,,
HCOONa, NaHSO,, NaOH, NaBO,, Na,0O;S1, NaVOs;,
Na,MoQO,, NaNO,, NaOOCCOONa, NaMnO,, Na,PO,,
Na,HPO,, Na,H,.P,O., Na,P,0O,, Na,SO,, and Na,P,0,;
salts of Ca 1include Ca(Cl,, CaCO,, CaFPO,, Ca(OH),,
Ca(10,),, Ca(NO,),, Ca(NO,),, CaC,O, Ca(H,PO,),,
Ca,P,0,, and CaSO,; and any combinations of these salts.

[0038] The concentration of the metal oxide nanoparticle
precursor 1n the aqueous metal oxide nanoparticle precursor
solution 26 depends upon the desired loading of the metal
oxide nanoparticles 30 on the support 18 and 1n the catalyst
10. For example, 10 g total of the catalyst 10 with 5 wt %
metal oxide nanoparticles equates to 0.5 g metal oxide (1.e.,
3% of 10 g). The mass ratio of pure metal oxide to metal
oxide precursor may be used to determine how much of the
metal oxide precursor should be used to achieve the desired
mass of metal oxide for the catalyst 10. The total amount of
water added to the precursor solution 26 may depend upon
the type of method used (e.g., dry impregnation) and/or the
solubility of the metal oxide nanoparticle precursor. As one
example, the concentration of the metal oxide nanoparticle
precursor 1s selected so that the loading of the metal oxide
nanoparticles 30 in the catalyst 10 ranges from about 5 wt %
to about 20 wt % of the catalyst 10.

[0039] When the mixture of the aqueous metal oxide
nanoparticle precursor solution 26 and the support 18 having
the PGM particles 16 therein/thereon 1s formed, the metal
oxide nanoparticle precursor migrates to the more hydro-

philic support 18 a and away from the more hydrophobic
PGM particles 16.

[0040] The mixture 1s then exposed to drying and calcin-
ing (collectively shown at reference numeral 28 between
FIGS. 2C and 2D). Drying 1s accomplished to remove the
water and to leave the solid metal oxide nanoparticle pre-
cursor on the support 18a around the PGM particles 16.
Calcining 1s accomplished to decompose the solid metal
oxide nanoparticle precursor, and thus to convert the metal
oxide nanoparticle precursor to the metal oxide nanopar-
ticles 30. Drying may be passive, where the water 1s allowed
to evaporate from the mixture. Drying may also be active,
where the water 1s remove by exposure to an elevated drying
temperature ranging from about room temperature (e.g., 18°
C. to about 25° C.) to about 150° C. for a drying time period
ranging from about 2 minutes to about 24 hours. Drying may
be performed 1n air or vacuum. Calcining may be performed
at a calcining temperature ranging from about 300° C. to
about 600° C. for a calcining time period ranging from about
20 minutes to about 5 hours. In various aspects, the tem-
perature applied during calcining does not exceed the melt-
ing point of the metal oxide derived from the metal oxide
nanoparticle precursor (e.g., metal salt). As one example,
drying may be performed in air for a time period ranging
from about 2 hours to about 24 hours, and calcining may be
performed at a temperature of about 550° C. for a time
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period of about 2 hours. While temperature and time ranges
have been provided, 1t 1s to be understood that other tem-
peratures and durations may be used to remove the water and
to form the metal oxide nanoparticles 30. In various aspects,
the temperature applied during calcining does not exceed the
melting point of the metal oxide derived from the metal salt.

[0041] Since the PGM particles 16 have been treated to
render them more hydrophobic during the formation of the
metal oxide nanoparticles 30, the metal oxide nanoparticles
30 do not form on the PGM particles 16, but rather form on
the exposed surface 18a of the support 18 (e.g., on those
arecas where the PGM particles 16 are not present). As
illustrated 1n FIGS. 2D and 3, the metal oxide nanoparticles
30 form around the PGM particles 16, and thus physically
separate each PGM particle set 16 from each other PGM
particle set 16. The metal oxide nanoparticles 30 essentially
form a porous wall or porous coating between the PGM
particles 16 on the surface 18 a of the support 18, which
functions to prevent the PGM particles 16 from agglomer-
ating through surface diffusion 22. The metal oxide nano-
particles 30 do not extend onto any of the PGM particles 16,
and thus the PGM particles 16 can be exposed directly to the
exhaust gas during vehicle operation.

[0042] The porous wall or coating of the metal oxide
nanoparticles 30 includes the metal oxide nanoparticles 30
(which are crystalline and may be porous) and pores 32
formed between the metal oxide nanoparticles 30. The
porous wall or coating has a porosity, 1.¢., a volume of pores
32 relative to the volume of coating, ranging from about
20% to about 70%. The average size of the pores 32 between
the nanoparticles 30 ranges from about 0.5 nm to about 30
nm

[0043] The pores 32 formed between the metal oxide
nanoparticles 30 and any pores formed 1n the metal oxide
nanoparticles 30 provide gaps through which the exhaust gas
can reach the PGM particles 16. All of the pores increase the
surface area of the catalyst 10 by exposing more surfaces of
metal oxide nanoparticles 30. The exposed surfaces can
suppress vapor phase migration 12 by the condensation of
PGM vapor thereon. Any mobile species from the PGM
particles 16 that migrates via the vapor phase 12 may
become deposited (as particles 16" 1 FIG. 2D) on the
surfaces of the metal oxide nanoparticles 30. These PGM
particles 16" remain catalytically active.

[0044] The composition of the metal oxide nanoparticles
30 will depend upon the metal oxide nanoparticle precursor
from which the metal oxide nanoparticles 30 are derived. As
examples, the metal oxide nanoparticles 30 may be Al,O,,
CeQ,, Zr0,, CeO,—7r0,, S10,, T10,, MgO, Zn0O, BaO,
K,O, Na,O, CaO, or combinations thereof.

[0045] The metal oxide nanoparticles 30 have a maximum
diameter ranging from about 0.5 nm to about 50 nm. As
other examples, the maximum diameter of the metal oxide
nanoparticles may range from about 1 nm to about 25 nm,
or from about 5 nm to 40 nm.

[0046] To prevent PGM particle 16 migration, the metal
oxide nanoparticles 30 have a height 30/ that ranges from
about 0.05x to about 10x, where x 1s a dimension of at least
one of the PGM particle sets 16. The dimension of at least
one of the PGM particles sets 16 1s a diameter or width or
height of a single particle 16 or of an agglomeration/cluster
of particles 16. The height 302 may be selected so that the
metal oxide nanoparticles 30 are tall enough to prevent or
suppress migration, and short enough so that the metal oxide
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nanoparticles 30 do not begin to cover the neighboring PGM
particle(s) 16 and do not impede access of the exhaust gas
to the PGM particles 16. In an example, 11 the particle size
ranges {rom about 3 nm to about 5 nm, the height 30/ of the
nanoparticles 30 may range from about 0.15 nm (0.05x3) to
about 50 nm (10x35). The height 30/~ could be achieved by
a single metal oxide nanoparticle 30 or by several nanopar-
ticles 30 that are stacked upon one another, or combinations
thereof. The height of the metal oxide nanoparticles 30 can
be controlled by the concentration of the metal oxide nano-
particle precursor (e.g., metal salt), which 1n some examples
ranges from about 5 wt % to about 20 wt %. A higher
concentration generally leads to larger nanoparticles 30.

[0047] The method may be used to suppress aging of PGM
particles 1n a catalytic converter, and to maintain an opera-
tional temperature of a catalytic converter.

[0048] The methods disclosed herein may also be used to
maintain the operational temperature of the catalyst 10 over
time, and of a catalytic converter 1n which the catalyst 10 1s
used.

[0049] The catalyst 10 may be formed via the method(s)
disclosed herein, and then may be applied to a monolith
substrate and utilized 1n a catalytic converter. An example of
the catalytic converter 40 1s shown in FIG. 4A, and an
example of the monolith substrate 42 1s shown 1n both FIGS.

4A and 4B.

[0050] The catalytic converter 40 includes the monolith
substrate 42. The monolith substrate 42 may be formed of a
ceramic or a metal alloy that 1s capable of withstanding high
temperatures (e.g., 100° C. or higher). Synthetic cordierite 1s
a magnesium-alumino-silicate ceramic material that 1s suit-
able for use as the monolith substrate 42. A ferritic iron-
chromium-aluminum alloy 1s an example of a metal alloy
that 1s suitable for use as the monolith substrate 42. The
monolith substrate 42 has a honeycomb or other three-
dimensional structure.

[0051] An enlarged view of a portion of the monolith
substrate 42 1s depicted 1n FIG. 4B. The monolith substrate
42 1ncludes a large number of parallel flow channels 44 to
allow for suflicient contact area between the exhaust gas 435
and the catalyst 10 (contained in coating 46) without creat-
Ing excess pressure losses.

[0052] The coating 46 includes the catalyst 10 disclosed
herein. In some 1nstances, the coating 46 may also include
a binder material (e.g., sol binders or the like). The coating
46 may be applied to the monolith substrate 42 by wash-
coating or some other similar processes.

[0053] Referring back to FIG. 4A, 1n the catalytic con-
verter 40, the monolith substrate 42 1s surrounded by a mat
48, which 1n turn 1s surrounded by 1nsulation 50. Upper and
lower shells 52, 54 (formed of metal) may be positioned
between the mat 48 and the insulation 50. An insulation
cover 36 may be positioned over the upper shell 52 and the
insulation 50 thereon, and a shield 38 may be positioned
adjacent to the lower shell 34 and the isulation 50.

[0054] The catalytic converter 50 may be a DOC, which 1s
used 1n a diesel engine. The DOC 1s a two way catalytic
converter, which eliminates hydrocarbons and CO by oxi-
dizing them, respectively, to water and CO,,. The DOC may
also exhibit NO, storage capability during the vehicle cold-
start period. In such diesel engines, the reduction of NO, to
water and N, may take place 1n a separate unit, and may
involve the injection of urea into the exhaust.
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[0055] The catalytic converter 40 may also be a TWC,
which 1s used 1n a stoichiometric spark-ignited engine. The
TWC 1s a three way catalytic converter, which reduces NOx
to N,, and oxidizes HC and CO, respectively, to water and
CO,. In an example, the carbon monoxide (CO) light-off
temperature (measured at T.,, or the temperature at which

50% conversion of CO 1s achieved) of the TWC formed with
Pd as the PGM 1s 208° C. or less and the hydrocarbon
light-of temperature (measured at T, or the temperature at
which 50% conversion of C;H 1s achieved) of the TWC
tormed with Pd as the PGM is 228':’ C. or less.

[0056] To further illustrate the present disclosure, an
example 1s given herein. It 1s to be understood that this
example 1s provided for illustrative purposes and 1s not to be
construed as limiting the scope of the present disclosure.

EXAMPLE

[0057] All of the samples included an alumina support
with palladium particles loaded thereon via a dry impreg-
nation process. During this process, an aqueous solution of
a palladium nitrite was added to alumina power until all of
the pores of the alumina powder were filled. Excess solution
was not added. The impregnated powders were dried in air
overnight, and then calcined in air at 330° C. for 2 hours to
decompose the palladium precursor and form the palladium
particles.

[0058] Comparative example 1 (Cl) was a baseline
sample, and included the alumina support with the palla-
dium particles (1.3 wt %) loaded thereon. C1 was not
exposed to any wet chemical processes.

[0059] Comparative example 2 (C2) included the alumina
support with the palladium particles (1.2 wt %) loaded
thereon. This comparative example was exposed to a wet
chemical process. In particular, the alumina support with the
palladium particles loaded thereon was exposed to an
Al(NO,), solution to form a mixture. The mixture was dried
at 150° C. for 10 minutes to remove water, and was then
calcined at 500° C. for 2 hours to generate a porous alumina
coating (composed of nanoparticles and pores) over the
palladium particles and over the exposed surfaces of the
alumina support.

[0060] The example (E) included the alumina support with
the palladium particles (1.0 wt %) loaded thereon. For the
example (E), the alumina support with the palladium par-
ticles was exposed to OH reduction and a wet chemical
process. The reduction and wet chemical process conditions
were as follows: the alumina support with the palladium
particles loaded thereon was reduced for 2 hours 1n a mixture
of Argon gas and 3% H, at 400° C.; the reduced sample was
then exposed to an AlICIl; solution to form a mixture; the
mixture was dried at 150° C. for 10 minutes to remove water,
and was then calcined at 500° C. for 2 hours to generate a
porous alumina coating (composed of nanoparticles and
pores) over the exposed surfaces of the alumina support. The
porous alumina coating was not formed over the palladium
particles.

[0061] The comparative examples C1, C2 and the example
E were exposed to an aging process. The aging process
involved exposing the samples to 950° C. for 2 hours 1n air
with 10% water added.

[0062] TEM images were taken ol comparative example
C1 and example E after aging. The images of C1 and E are
shown 1n FIGS. 5A and 3B, respectively. When comparing
the two 1mages, the palladium particles have significantly
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grown 1n size in the comparative example C1. These images
illustrate that the sintering effect of the PGM particles has
been significantly suppressed imn example E including the
metal oxide nanoparticles 30 formed around, but not on, the

PGM particles 16.

[0063] The aged comparative examples C1, C2 and the
example E were exposed to exhaust gas (containing 5000
ppm CO, 500 ppm hydrocarbons (e.g., C;H, and C H,), 1%
O,, 3% H,O, and N, balance) at an inlet temperature that
was ramped up at a rate of 2° C. per minute. The space
velocity (SV) was 1,500,000 cm® g_,,,....,  h™, where space
velocity refers to the quotient of the entering volumetric
flow rate of the reactants divided by the reactor volume (or
the catalyst bed volume) 1n a unit time.

[0064d] The light-ofl temperatures of the comparative
examples C1, C2 and the example E for CO and for C;H
were determined. The light-ofl temperatures were measured

at T-,, which 1s the temperature at which 50% conversion of
CO or C,H 1s achieved. The lower T.,, the better.

[0065] The results are shown 1n FIG. 6 and 1n Table 1
below. As illustrated, the catalyst disclosed herein (example
E, including the metal oxide nanoparticles 30 formed
around, but not on, the PGM particles 16) exhibits lower CO
and HC light-off temperatures than comparative example C1
without any metal oxide nanoparticles, and comparative
example C2 with metal oxide nanoparticles forming a
porous coating over the PGM particles and the support.

TABLE 1

CO and C;H, Light-Off Temperature (T<,)

C1 C2 F AT (C1 - E) AT (C2 - E)
CO 226°C.  215°C. 208° C. 18° C. 7° C.
C,H, 254° C.  237° C. 228°C. 26° C. 9° C.

[0066] The drop 1n the light-off temperatures (AT rangmg
from about 7° C. to about 26° C.) of the example, E,
including the metal oxide nanoparticles 30 formed around,
but not on, the PGM particles 16 1s advantageous, in part,
because the catalyst disclosed herein 1s capable of CO and
HC oxidation activity at lower temperatures. As 1llustrated
in this Example, these results are also expected to translate
into significantly lower PGM loadings required for the same
performance, which may lead to a reduction 1n cost of the
precious metals used 1n the catalyst. For example, up to an
80% reduction of the PGM loading may be achieved
because a 10° decrease 1n light-ofl temperature may result in
up to a 50% PGM loading reduction.

[0067] The method disclosed herein provides a solution-
based approach for minimizing or eliminating sintering.
This approach generates porous metal oxide nanoparticles
30 that surround PGM particles 16, which decrease catalyst
activity loss by suppresses aging caused by sintering. The
current solution-based approach, relative to other chemistry-
based approaches, 1s a low cost wet-chemistry process,
which results 1n a ligher thermal durability and reduces
catalyst metal loading requirements. For example, relative to
a conventional catalyst system having the same catalyst and
support material, but lacking the porous metal oxide nano-
particles, the present technology may reduce metal loading
requirements by greater than or equal to 50%.

[0068] It 1s to be understood that the ranges provided
herein include the stated range and any value or sub-range
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within the stated range. For example, a range of from about
900° C. to about 1000° C. should be nterpreted to include
not only the explicitly recited limits of from about 900° C.
to about 1000° C., but also to include individual values, such

as 925° C., 950° C., 980° C., etc., and sub-ranges, such as
from about 915° C. to about 975° C., from about 920° C. to
about 980° C., etc. Furthermore, when “about” 1s utilized to
describe a value, this 1s meant to encompass minor varia-
tions (up to +/-10%) from the stated value.

[0069] Reference throughout the specification to “one
example”, “another example”, “an example”, and so forth,
means that a particular element (e.g., feature, structure,
and/or characteristic) described in connection with the
example 1s included i1n at least one example described
herein, and may or may not be present in other examples. In
addition, 1t 1s to be understood that the described elements
for any example may be combined 1n any suitable manner 1n
the various examples unless the context clearly dictates

otherwise.

[0070] In describing and claiming the examples disclosed
herein, the singular forms “a”, “an’, and “the” include plural
referents unless the context clearly dictates otherwise.

[0071] While several examples have been described 1n
detail, 1t 1s to be understood that the disclosed examples may
be modified. Therefore, the foregoing description 1s to be
considered exemplary rather than limiting.

1. A catalytic converter, comprising;:
a catalyst including:
a support;
platinum group metal (PGM) particles dispersed on the
support; and
metal oxide nanoparticles formed on the support, the
metal oxide nanoparticles dispersed between a {first

set of the PGM particles and a second set of the PGM
particles to suppress aging of the PGM particles.

2. The catalytic converter as defined in claim 1, wherein
the support and the metal oxide nanoparticles are indepen-
dently selected from the group consisting of Al,O;, CeO,,
/r0,, CeO,—71r0,, S10,, Ti0O,, MgO, ZnO, BaO, K,O,
Na,O, Ca0, and combinations thereof.

3. The catalytic converter as defined 1n claim 2 wherein
the support 1s pre-sintered.

4. The catalytic converter as defined 1n claim 1 wherein
cach of the first set of the PGM particles and the second set
of the PGM particles has at least one dimension up to 10 nm.

5. The catalytic converter as defined 1n claim 1 wherein
the metal oxide nanoparticles are stacked to a height ranging

from about 0.05x to about 10x, where X 1s a dimension of
at least one of the first and second sets of the PGM particles.

6. The catalytic converter as defined 1n claim 1 wherein

the metal oxide nanoparticles make up from about 5 wt % to
about 20 wt % of the catalyst.

7. The catalytic converter as defined 1n claim 1 wherein
the metal oxide nanoparticles do not extend onto any of the

PGM particles.

8. The catalytic converter as defined 1n claim 1 wherein
the metal oxide nanoparticles are formed around each of the
first and second sets of the PGM particles.
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9. The catalytic converter as defined 1n claim 1, further
comprising a monolith substrate having a honeycomb struc-
ture, wherein the catalyst 1s applied on interior surfaces of
the honeycomb structure.
10. The catalytic converter as defined 1n claim 1 wherein
the PGM particles are selected from the group consisting of
palladium, platinum, rhodium, ruthenium, osmium, iridium,
and combinations thereof.
11. A method of suppressing aging of platinum group
metal (PGM) particles 1n a catalytic converter, the method
comprising;
applying PGM particles to a support;
reducing a functional group on a surface of the PGM
particles, thereby rendering the PGM particles more
hydrophobic than a surface of the support; and

selectively forming metal oxide nanoparticles on the
support around the PGM particles using a wet chemical
pProcess.

12. The method as defined 1n claim 11 wherein the wet
chemical process 1s selected from the group consisting of an
impregnation method, a sol-gel method, a hydrothermal
process, and a precipitation process.

13. The method as defined in claam 12 wherein wet
chemical process 1s the impregnation process, and wherein
the impregnation process includes:

contacting the support, having the PGM particles thereon,

with an aqueous metal oxide nanoparticle precursor
solution to form a mixture;

drying the mixture to remove water therefrom; and

calcining the mixture to generate the metal oxide nano-

particles.

14. The method as defined in claim 13 wherein the drying
1s performed at a drying temperature ranging from about 18°
C. to about 130° C. for a drying time period ranging from
about 2 minutes to about 24 hours, and the calcining 1is
performed at a calcining temperature ranging from about
300° C. to about 650° C. for a calcining time period ranging
from about 20 minutes to about 5 hours.

15. The method as defined in claim 11 wherein the
reducing of the functional group on the surface of the PGM
particles 1s accomplished by exposing the PGM particles to
a reducing environment at a temperature up to 400° C.

16. The method as defined 1n claiam 15 wherein the
reducing environment includes hydrogen gas, carbon mon-
oxide gas, forming gas, a mixture of argon gas and carbon

monoxide gas, or a mixture of argon gas and hydrogen gas.
17. The method as defined in claim 11 wherein the
applying of the PGM particles to the support 1s accom-
plished by an impregnation method.
18. A method for maintaiming an operational temperature
of a catalytic converter, the method comprising:
applying PGM particles to a support;
reducing hydroxyl functional groups and oxygen atoms
on a surface of the PGM particles, thereby rendering
the PGM particles more hydrophobic than a surface of
the support; and
exposing the support, having the PGM particles thereon,
to a wet chemuistry process, thereby selectively forming
metal oxide nanoparticles on the support around, and
not on, the PGM particles.
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