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DIESEL OXIDATION CATALYSTS

FIELD
[0001] This invention relates to diesel oxidation catalysts, their production and

use.

BACKGROUND

[0002] In vehicles with diesel engines, an oxidation catalyst is typically used

to reduce the level of carbon monoxide, nitrous oxide and unburnt hydrocarbons
present in the engine exhaust gas. LFarly diesel oxidation catalysts were composed
of platinum on a high surface area support, such as alumina, and were generally
operated at temperatures up to 500 to 600 °C. More recently, diesel oxidation
catalysts have been required to operate at higher temperatures, typically of the
order of 700 to 800 °C, in order to regenerate the particulate filter that is
conventionally located downstream of the oxidation catalyst. It is known that
mixed platinum and palladium catalysts offer improved thermal stability as
compared with platinum alone and hence the catalyst industry has shifted almost
completely to PtPd-based diesel oxidation catalysts. However, currently available
Pt/Pd-based oxidation catalysts suffer from the problems of poor alloying between
the platinum and palladium and a tendency for the size of the metal particles to
grow both as the platinum concentration is increased and during use. Both of
these factors limit the performance of the catalyst and the possibility for further
enhancements in thermal stability.

[0003] There is therefore significant interest in developing diesel oxidation
catalysts with improved properties and particularly with improved initial activity,
improved thermal stability, controlled and stable metal particle size and reduced
aging.

[0004] According to the present invention, a novel supported Pt/Pd alloy
catalyst has now been produced in which the metal alloy particles exhibit a unique
combination of small size, controlled and uniform shape, homogeneous dispersion

and high surface area.
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SUMMARY

[0005] In one aspect, the invention resides in a catalyst composition
comprising support particles; and catalyst nanoparticles on the support particles,
the catalyst nanoparticles comprising an alloy of platinum and palladium in an
atomic ratio of from about 25:75 to about 75:25 and being in a concentration of
between about 3 and about 10 wt.% weight percent of the catalyst composition,
and the catalyst composition having an X-ray diffraction pattern that is
substantially free of the (311) diffraction peak assignable to PtyPd; «, where 0.25 <
x < 0.75.

[0006] Conveniently, the catalyst composition has an X-Ray diffraction
pattern that is substantially free of the (202, 211) diffraction peaks assignable to
PdO.

[0007] Conveniently, the surface area of the catalyst nanoparticles as
measured by CO pulsed chemisorption is greater than 100 mZ/g of the platinum
and palladium in the catalyst composition.

[0008] In another aspect, the invention resides in a catalyst composition
comprising support particles; and catalyst nanoparticles on the support particles,
the catalyst nanoparticles comprising platinum and palladium in an atomic ratio of
from approximately 25:75 to approximately 75:25 and being in a concentration of
approximately 5 and 10 weight percent of the composition, and the catalyst
composition having a metal surface area as measured with CO pulsed
chemisorption of at least 100 mz/g of the platinum and palladium in the catalyst
composition.

[0009] In a further aspect, the invention resides in a catalyst composition
comprising support particles; and catalyst nanoparticles on the support particles,
the catalyst nanoparticles comprising platinum and palladium in an atomic ratio of
from approximately 25:75 to approximately 75:25 and being in a concentration of
approximately 5 and 10 weight percent of the composition, wherein the catalyst
composition, after being heated in air flowing at 100 ml/min from 25 °C to 800°C
at 10°C/minute and then held at 800 °C for 16 hours in said flowing air, exhibits a

metal surface area as measured with CO pulsed chemisorption of at least 18 mzlg,
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and generally at least 20 m?/g, of the platinum and palladium in the catalyst
composition.

[0010] Conveniently, the support particles have an average diameter, d50, of
less than 100 microns. In one embodiment, the support particles have an average
diameter, d50, of about 5 to about 50 microns. In another embodiment, the
support particles have an average diameter, d50, of about 1 to about 10 microns.
[0011] Conveniently, the catalyst nanoparticles have an average diameter of
less than 10 nm, such about 1 to about 5 nm.

[0012] Conveniently, the support particles are formed of a refractory inorganic
oxide material, particularly comprising at least one alumina, ceria, zirconia, and
magnesia.

[0013] In one embodiment, the support particles are formed of alumina and
have a surface area (BET) in the range of about 50 to about 350 mZ/g.

[0014] In yet a further aspect, the invention resides in a process of producing

the catalyst composition described herein.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] Figures 1 to 10 are X-ray diffraction patterns of the catalysts produced

in Examples 1 to 10, respectively.

[0016] Figures 11 to 14 are scanning electron micrographs of the catalysts
produced in Examples 1, 2, 4 to 11, respectively.

[0017] Figure 15 is a graph of propane conversion against temperature for the

catalysts of Examples 6 and 10.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0018] Described herein is catalyst composition suitable for use as a diesel

oxidation catalyst. The catalyst composition comprises a particulate support on
which are deposited catalyst nanoparticles comprising an alloy of platinum and
palladium in an atomic ratio of from about 25 (Pt):75 (Pd) to about 75 (Pt):25
(Pd), more typically in an atomic ratio of from about 35 (Pt):65 (Pd) to about 65
(Pt):35 (Pd), for example in an atomic ratio of from about 45 (Pt):55 (Pd) to about
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55 (Pt):45 (Pd). In one preferred embodiment, the Pt and Pd are in a 50:50 atomic
ratio.

[0019] The catalyst nanoparticles are present on the support particles in an
amount between about 3 and about 10 wt% weight percent, typically between
about 3 and about 7 wt% weight percent, such as between about 4 and about 6
wt% weight percent of the catalyst composition. The catalyst nanoparticles are
present on the support particles as highly dispersed, nano-sized crystals such that,
in one preferred embodiment, the surface area of the catalyst nanoparticles, as
measured by CO pulsed chemisorption of at least 100 mzlg, for example at least
110 m?*/ g, of the platinum and palladium in the catalyst composition. Generally,
catalyst surface areas values, as measured by CO pulsed chemisorptions, up to or
even exceeding 180 mz/g can be obtained. Typically, the catalyst nanoparticles
have an average diameter of less than 10 nm, such about 1 to about 5 nm.

[0020] In another embodiment, the small size and high dispersion of the
catalyst nanoparticles is evident from the characteristic X-ray diffraction pattern
the catalytic composition in that the diffraction pattern is substantially free of the
(311) diffraction peak assignable to PtyPd;y, where 0.25 < x < 0.75. In this
respect the term “substantially free” means that the integral intensity of the (311)
PtyPd; « peak is less than 10 % of the (331) X-ray diffraction peak of a 200 mesh
silicon standard. In addition, the X-ray diffraction pattern is normally
substantially free of the (202, 211) diffraction peaks assignable to PdO, again such
that the integral intensity of the (202 + 211) PdO peaks is less than approximately
10% of the (331) X-ray diffraction peak of a 200 mesh silicon standard.

[0021] Typically, the support particles have an average diameter, d50, of less
than 100 microns. In one embodiment, the support particles have an average
diameter, d50, of about 5 to about 50 microns. In another embodiment, the
support particles have an average diameter, d50, of about 1 to about 10 microns.
[0022] The nature of particulate support can vary widely although the support
must be able to withstand the conditions employed by the catalyst in use in a
diesel engine. Generally, therefore the support particles are formed of a refractory
inorganic oxide material, such as alumina, ceria, and zirconia. Aluminates and

mixed metal oxides, such as alumina modified with ceria, zirconia, magnesia, and
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other base metal oxides, are also suitable support materials. In one practical
embodiment, the support particles are formed of alumina having a surface area
(BET) in the range of about 50 to about 350 m*/g.

[0023] The powder batch described herein is produced by a high temperature
spray conversion process. In this approach, a precursor medium is produced
which comprises a precursor to at least one of the components of the powder batch
dissolved or suspended in a liquid carrier, while the remaining components, if any,
of the powder batch are dispersed as particles in the liquid carrier. The precursor
medium carrier is then atomized to produce an aerosol comprising droplets
dispersed and suspended in a carrier gas. 'The aerosol is then heated at a
temperature of at least 200°C in order to: (1) remove at least a portion of the liquid
carrier in the droplets; and (2) convert the or each precursor to the corresponding
component of the powder batch.

[0024] By the term “precursor” is meant any compound capable of being
chemically converted under the conditions employed in the spray conversion
process to at least one component of the final powder batch. Suitable precursors
therefore include inorganic salts of the elements contained in the powder batch,
such as nitrates, sulfates and chlorides, as well as organic complexes of elements,
such as tetra amine platinum and palladium complexes.

[0025] Depending on the temperature required to convert each precursor, the
conversion may take place in a spray conversion reactor (which is generally
operable at conversion temperatures between about 200°C and about 600°C), a
spray pyrolysis reactor (which is generally operable at conversion temperatures
between about 500°C and about 1500°C) or a flame spray reactor (operable at
conversion temperatures between about 1200°C and about 3000°C). Generally, it
is preferred to operate the spray conversion process at a temperature of from about
400°C to about 1000°C, so that flame spray techniques are not preferred.

[0026] Conveniently, the precursor medium is produced by dissolving a
soluble precursor to one or preferably both catalytically active metals, for example
platinum nitrate and palladium nitrate, in a liquid carrier, such as water, while pre-
made particles of the support material, for example fumed or precipitated alumina,

are dispersed in the liquid carrier. Alternatively, soluble precursor(s) to the



WO 2011/123129 PCT/US2010/029634

support material can be dissolved in the liquid carrier in addition to the precursor
to the catalytically active material. As a further alternative, it is possible to
modify the composition of the support material during the spray conversion
process, for example by starting with pre-made support particles and including in
the liquid carrier a precursor to a support modifying material. In this way the final
support is a combination of the pre-made support particles and the support
modifying material. An example of such a modifying material would be an oxide
material effective to limit sintering of the support material in use and hence to
increase the thermal stability of the catalyst composition.

[0027] In addition, it is possible to produce a precursor medium in which solid
particles of at least one of catalytically active metals are dispersed in the liquid
carrier, whereas soluble precursor(s) to the support material are dissolved in the
liquid carrier. Alternatively, the or each precursor to a component of the powder
batch can be present in the carrier liquid as micron or sub-micron sized particles
suspended in the liquid. Also, where the precursor medium comprises solid
particles of at least one component of the final powder batch, it is possible to
produce said solid particles by an initial vapor phase, spray conversion process,
such as flame spraying, in which a precursor to said at least one component is
chemically converted in the vapor phase to produce said solid particles.

[0028] The support material used may be in the form of a fumed powder with
high outer porosity or in the form of a precipitated powder formed by liquid
methods with preferentially high internal surface area. It is also possible to mill
the support particles, either in powder or slurry form, to reduce the particle size of
the initial support particles and thereby control the morphology and pore size of
the final catalyst composition. TFor example, in one embodiment, using fumed
alumina or milled precipitated alumina having an initial particle size of less than 1
micron in the precursor medium, spray conversion typically yields support
particles in the form of spherical agglomerates with an average diameter, d50, of
about 1 to about 10 microns. In an alternative embodiment, using unmilled
precipitated alumina which typically has an initial particle size, d50, of 5 to 50
microns in the precursor medium, spray conversion typically produces support

particles with the original particle size but with an irregular morphology.
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[0029] Generally, where the precursor medium contains solid particles of at
least one component of the final powder batch, the solid particles are arranged to
have a particle size of between about 0.1 micron and about 100 micron, such as
between about 1 micron and about 10 micron.

[0030] The components of the precursor medium are selected to achieve a
balance between dispersion of the catalytically active metals and alloying. For
example, precursors to the catalytically active particles may interact with the
support surface through ion exchange, anchoring, grafting, or deposition-
precipitation among others. In addition, adsorption of metal complexes on the
support may result from electrostatic interactions or from direct chemical
reactions, with the degree of adsorption depending either on the electric charge of
the precursor species or on its chemical reactivity. Both mechanisms can be
affected by the pH of the liquid carrier and the state of the support surface. For
example, in a single step process, the pH of the liquid carrier can be adjusted to
provide either non-selective ion exchange (equal adsorption of both Pt and Pd
precursors) or selective ion exchange (adsorption of Pd without adsorption of Pt).
[0031] One convenient route to facilitate alloying is preparation of
heterobinuclear complexes that start with a 1:1 ratio of Pt:Pd in each molecule.
This can be achieved using complexing agents such as EDTA or citric acid.
These complexes adsorb or deposit on the support surface and ensure intimate
mixing of Pt and Pd in the desirable 1:1 ratio. Another route to facilitate alloying
is to pre-react the Pt and Pd precursors to form alloy nanoparticles and use the
reactive spray process to uniformly deposit the alloy nanoparticles on the support.
Precursors to Pd and Pt can be reduced to metal in the precursor slurry and the
resulting alloy nanoparticles will deposit onto the support when spray-processed.
[0032] In addition, a two-step process may be used to pre-adsorb or deposit
one metal precursor on the support then adsorb or deposit the second metal with a
goal of stacking the metals and ensuring they are in close proximity. One
approach is to adsorb one metal precursor onto the support from the liquid carrier,
then add the second metal precursor prior to spray processing. Another approach
is to deposit one metal (either Pt or Pd) onto the support using spray processing

then collect the resulting powder batch, make a second precursor slurry containing
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the first powder batch and the second metal precursor and finally process the
slurry to form the Pt-Pd catalytic particles on the support.

[0033] Metal precursors also differ in decomposition profile, both temperature
and mechanism. Precursors and process conditions can be selected to avoid
passing through a metal oxide phase and to decompose directly to the metal. For
example, thermogravimetric analysis in air shows that tetramine complexes of Pt
decompose directly to Pt at temperatures less than 300°C while Pt(NOs),
decomposes first to PtO, then to Pt metal at about 600°C. This difference can be
exploited to change the deposition and alloying behavior of the catalytic
nanoparticles.

[0034] Other additives can be included in the precursor medium to perform
other functions, for example: modifying the support material to improve thermal
stability; inducing reaction of the precursors to the catalytically active metal; and
modifying the interaction of the support and precursor to influence adsorption.
[0035] The liquid carrier can be inorganic, organic, or an inorganic/organic
mixture. Some non-limiting examples of suitable inorganic liquids include water
and aqueous solutions, which may be pH neutral, acidic or basic.

[0036] Some non-limiting examples of organic liquid vehicles include
alcohols (e.g., methanol, ethanol, isopropanol, butanol), organic acids, glycols,
aldehydes, ketones, ethers, waxes, or fuel oils (e.g., kerosene or diesel oil). The
liquid carrier may include a mixture of mutually soluble liquid components, such
as a mixture of mutually soluble organic liquids or a mixture of water with one or
more organic liquids that are mutually soluble with water (e.g., some alcohols,
ethers, ketones, aldehydes, etc.). Alternatively, the liquid vehicle may contain
multiple distinct liquid phases, for example, an emulsion, such as an oil-in-water
or a water-in-oil emulsion. Water is the preferred carrier.

[0037] Where the precursor medium is introduced into the spray conversion
reactor as an aerosol, the aerosol can be produced using any suitable device that
disperses liquid into droplets, such as for example, a spray nozzle. Examples of
suitable spray nozzles include ultrasonic spray nozzles, multi-fluid spray nozzles
and pressurized spray nozzles. Ultrasonic spray nozzles generate droplets of

liquid by using piezoelectric materials that vibrate at ultrasonic frequencies to
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break up a liquid into small droplets. Pressurized nozzles use pressure and a
separator or screen in order to break up the liquid into droplets. In some cases,
pressurized nozzles may involve use of some vapor that is generated from the
liquid itself in order to pressurize and break up the liquid into droplets. One
advantage of using ultrasonic and pressurized nozzles is that an additional fluid is
not required to generate liquid droplets. This may be useful in situations where
the precursor dissolved in the liquid vehicle is sensitive and/or incompatible with
other common fluids used in multi-fluid spray nozzles.

[0038] In addition to the use of a spray nozzle for dispersing the liquid
medium, any other suitable device or apparatus for generating disperse droplets of
liquid may be used. One example of a device that is useful in generating droplets
of liquid is an ultrasonic generator. An ultrasonic generator uses transducers to
vibrate liquids at very high frequencies which break up the liquid into droplets.
One example of an ultrasonic generator that is useful in the present process is
disclosed in U.S. Patent No. 6,338,809, incorporated herein by reference in its
entirety. Another example of a device that is useful in generating droplets of
liquid is a high energy atomizer such as those used in carbon black production.
[0039] Generally, whatever method is employed to atomize the precursor
medium, the aerosol produced is arranged to have an average droplet size between
about 1 and about 100 microns, such as between about 3 and about 50 microns,
for example between about 5 and about 30 micron. In certain cases, it may be
desirable to introduce one or more precursors and/or components of the final
powder batch to the spray conversion reactor as dry powders.

[0040] When the precursor medium is introduced into the spray conversion
reactor as an aerosol in a liquid vehicle, the aerosol droplets are conveniently
dispersed in a carrier gas. 'The carrier gas may include any combination of gas
components in any concentrations. In addition, the gas phase may include only
components that are inert (i.e. nonreactive) in the reactor or the gas phase may
comprise one or more reactive components (i.e., which decompose or otherwise
react in the reactor). For example, gases such as nitrogen and hydrogen/nitrogen
mixtures can be included in the carrier gas to increase its reductive potential. In

addition, when the spray conversion is conducted in a flame reactor, the carrier
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gas may comprise a gaseous fuel and/or oxidant for combustion in the flame.
Non-limiting examples of suitable gaseous oxidants are gaseous oxygen (which
could be provided by making the gas phase from or including air) and carbon
monoxide. Non-limiting examples of gaseous fuels that could be included in the
carrier gas include hydrogen gas and gaseous organics, such as hydrocarbons
(e.g., methane, ethane, propane, butane).

[0041] In one embodiment, the spray conversion step is conducted in a high
temperature spray drier, in which the atomized precursor medium is contacted
with a stream of a heated drying gas, generally air. High temperature spray driers
typically operate at temperatures between about 300°C and about 600°C. One
suitable spray drier reactor is disclosed in U.S. Patent No. 6,991,754, the entire
contents of which are incorporated herein by reference.

[0042] In another embodiment, the spray conversion step is conducted in a
spray pyrolysis reactor in which the droplets of the precursor medium are
transported by the carrier gas through a furnace, typically a tubular furnace,
maintained at a temperature of from about 500°C to about 1500°C, such as in the
range of from about 600°C to about 1100°C. One suitable spray pyrolysis reactor
is disclosed in U.S. Patent No. 6,338,809, the entire contents of which are
incorporated herein by reference.

[0043] In a further embodiment, the spray conversion step is conducted in a
flame reactor. By a “flame reactor” is meant a reactor having an internal reactor
volume directly heated by one or more than one flame when the reactor is
operated. By “directly heated” is meant that the hot discharge of a flame flows
into the internal reactor volume. By the term “flame” is meant a luminous
combustion zone. One suitable flame reactor is disclosed in U.S. Patent
Application Publication No. 2006/0162497, published on July 27, 2006, the entire
contents of which are incorporated herein by reference. Using a flame reactor,
conversion temperatures in excess of 1000°C, such as from about 1200°C to about
3000°C can be attained.

[0044] It will be appreciated that the type of spray conversion process used to

produce any given powder batch will depend on a number of factors, including the
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temperature required to convert the precursor compound(s) in the precursor
medium to the desired component or components of the final catalyst.

[0045] In the spray conversion process, at least part of the liquid carrier is
removed from the droplets of the precursor medium and the precursor
compound(s) present in the precursor medium are chemically converted to the
corresponding component(s) of the powder batch. As a result, a composite
powder condenses from the precursor medium and can be recovered from the
carrier gas by any convenient particle collection apparatus, such as a filter.
Depending on the temperature of the spray conversion process, a quenching
medium may be used to assist in cooling and condensation of the powder product
so as to restrict growth of the catalyst particles. Generally the residence time of
the precursor medium in the spray conversion reactor, prior to any quenching, is
less than 60 seconds, such as less than 30 seconds. Actual residence times vary
according to the type and temperature of the spray conversion process. Thus with
a spray drier operating at about 300°C to about 600°C, suitable residence times
are from about 10 to about 60 seconds; whereas with a spray pyrolysis reactor
operating at about 600°C to about 1100°C, suitable residence times are from about
1 to about 10 seconds. In the case of a flame reactor operating in excess of
1100°C to about 3000°C, suitable residence times are from about 0.01 to about 1
second.

[0046] The powder batch produced by the spray conversion process described
above may be used directly as an exhaust treatment catalyst or may initially be
subjected to one or more post-treatments to improve its catalytic activity or
otherwise change its composition. Suitable post-treatments include further
heating in air or reducing environment at room temperature or elevated
temperature, milling, size classification, surface modification and other treatments
know to those skilled in art.

[0047] In one embodiment, the powder batch is subjected to a post treatment
to improve alloying of the Pt and Pd components, typically by heating the powder
batch at a temperature between about 100 °C and about 500 °C in an inert or
reducing atmosphere for about 2 hours to about 10 hours. A suitable reducing

atmosphere comprises a mixture of nitrogen and hydrogen, for example a mixture
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of nitrogen and hydrogen comprising up to 50 vol. %, such as up to 10 vol. %,
hydrogen.

[0048] The present powder batch may be used as a diesel oxidation catalyst
without the provision of a support or may be supported on a substrate. In one
embodiment, the substrate is in the form of beads or pellets, which may be formed
from alumina, silica alumina, silica, titania, mixtures thereof, or any suitable
material. In another embodiment, the substrate is a honeycomb support, which
may be a ceramic honeycomb support or a metal honeycomb support. Suitable
ceramic materials for the support include sillimanite, zirconia, petalite,
spodumene, magnesium silicates, silicon carbide, mullite, alumina, mullite,
cordierite, other alumino-silicate materials, or combinations thereof. Other
ceramic and metallic supports such as reticulated foams are also suitable.
Preferably, the substrate support, whether metallic or ceramic, offers a three-
dimensional support structure.

[0049] When used as diesel oxidation catalyst, the catalyst composition
described herein shows reduced aging as compared to a catalyst of similar
composition produced by conventional wet chemistry techniques. In particular,
the present catalyst composition, after being heated in air flowing at 100 ml/min
from 25 °C to 800°C at 10°C/minute and then held at 800 °C for 16 hours in said
flowing air, exhibits a metal surface area as measured with CO pulsed
chemisorption of at least 18 mZ/g, and generally at least 20 m’/ g, of the platinum
and palladium in the catalyst composition. In contrast a similar composition
produced by conventional wet chemistry techniques, when subjected to the same
aging test, would exhibit a metal surface area as measured with CO pulsed
chemisorption of 15 mZ/g or less of the platinum and palladium in the catalyst
composition.

[0050] The invention will now be more particularly described with reference
to the following non-limiting Examples and the accompanying drawings.

[0051] In the Examples, all samples used for X-ray examination are prepared
by combining 0.4000(5) g of the powdered catalyst and 0.1000(5) g of a 200 mesh
Si standard, mixing the combination thoroughly by shaking in a closed vial and

then transferring and pressing the mixture flat in a standard diffractometer holder.
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[0052] X-ray analyses are performed on a Bruker AXS D8 advance X-Ray
diffractometer using Ni monochromated Cu-Ka radiation, a power setting of 40
kV and 30 mA, a divergence slit of 1°, an antiscattering slit of 1°, a scanning
interval of 70.0 to 84.0 degrees 26, a step of 0.02 degrees 20, and a collection time
8 seconds per step.

[0053] Bruker EVA software was used to calculate a) the background
correction for all samples, b) subtract the intensity due to Cu-Ka; radiation, ¢)
measure the Pt,Pd; and/or PdO and Si integral intensities (cps.deg), and d)
calculate the I(PtPd;_, or PdO) / I(Si) ratio.

[0054] CO pulsed chemisorption data referred to herein are obtained using a
Micromeritics Autochem II 2920, which is a fully-automated chemisorption
analyzer that can be used to conduct an array of precise studies of chemical
adsorption/desorption particularly with materials having surface-active metals.
The active metal is reduced under hydrogen flow at elevated temperature and then
measured amounts of carbon monoxide (CQO) are dosed onto the surface until the
surface is saturated with the CO molecules. The analysis is completed at a
constant 35°C. The stoichiometric factor for CO adsorption onto precious metal
surfaces must be known. For example, for Pt-based catalysts the stoichiometry for
CO adsorption onto Pt is 1:1. Based on the total uptake of CO, the specific
surface area of the active metal, the metal dispersion, and the active particle size
can be calculated.

[0055] Temperature-programmed reaction — mass spectrometry data (TPRe-
MS) are obtained by interfacing the Micromeritics Autochem II 2920 with a
Pfeiffer Thermostar quadrupole mass spectrometer. A reactant gas mixture
containing propane, propene, and oxygen in helium flows through a catalyst bed
while the catalyst is heated from 40°C to 450°C at a rate of 3°C per minute. Both
the consumption of reactant molecules and the formation of reaction products are
monitored with the mass spectrometer. The temperature at which 50% of the
propane is converted is referred to as TS0 and is a measure of the reactivity of the
catalyst. Comparisons of T50’s are used to rank the reactivity of materials.

[0056] Particle size distribution data are obtained by laser diffraction using a

Honeywell X100 series Microtrac Particle Size Analyzer, which measures particle
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size distribution of powdered materials across a range of 0.12 to 704 microns
(um). With the aid of a surfactant, materials are dispersed in water and the
rsultant suspension is sonicated using a Branson sonic horn for a short period to
homogeneously break down soft agglomerates. This suspension is then measured
for particle size by laser light diffracting from the sample. This diffracted
radiation is projected onto an optical detector array and an algorithm is used to
calculate particle size distribution. The calculation assumes spherical shape and
non-transparent particles.

[0057] Surface area and total pore volume are measured by nitrogen
adsorption using a Micromeritics TriStar 3000 fully automated surface area and
pore volume analyzer for powdered materials. The instrument is capable of
measuring surface area as low as 5 mz/g and as high as 1000 mZ/g. The
instrument uses physical adsorption and capillary condensation principles to
determine the surface area and porosity of a solid material. At -273°C, the
material is dosed with nitrogen at a series of precisely controlled pressures. With
incremental pressure increases across the range of 0.01 to 0.3 P/Po, BET surface
area is determined. At a pressure just below atmospheric pressure, the total

nitrogen intrusion pore volume can be calculated.

Example 1
[0058] 150.3 g of tetra amine platinum (II) hydroxide solution (11.1wt% Pt)

and 227.5 g of tetra amine palladium (II) hydroxide solution (3.7wt% Pd) are
mixed with 475 g of fumed alumina and 5750 ml of water. All reagents are used
as directly supplied from vendors. The combined mixture is sheared for about 40
minutes until the components are intimately mixed. The slurry is then introduced
into a spray nozzle to generate an aerosol that is heated in a spray conversion
reactor using air as the carrier gas. The spray conversion reactor is operated with
an inlet temperature of 575°C and an outlet temperature of 340°C to produce a
powder batch.

[0059] The theoretical composition of final powder is Swt% PtsoPdse/alumina.
[0060] Following calcination in air at 500°C for 2 hours, the product is

characterized for its physical properties. The X-ray diffraction (XRD) pattern of
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the product (FFigure 1) is substantially free of the (311) diffraction peak assignable
to PtyPd; , and (202, 211) diffraction peaks assignable to PdO.

[0061] SEM analysis shows that the catalyst powder has spherical
morphology with particle size in 5-10 um range (Figure 11).

[0062] Initial metal surface area of the product as measured by CO pulsed
chemisorption is 100 m*/g metal.

[0063] To simulate aging of the product under conditions representative of
those experienced in use as a diesel oxidation catalyst, the product is subject to the
flowing aging protocol: a) load 2 g of catalyst powder in an alumina crucible and
place in a box furnace, b) flow air in the furnace chamber at 100 ml/min, b) ramp
the temperature up to 800°C at 10°C/minute; c) hold at 800 °C for 16 hours, d)
turn the heat off and let cool down to room temperature. The metal surface area

of the aged product as measured by CO pulsed chemisorption is 22 mz/g metal.

Example 2
[0064] 144.5 g of tetra amine platinum (II) hydroxide solution (11.2wt% Pt)

and 239.8 g of tetra amine palladium (II) hydroxide solution (3.7wt% Pd) are
mixed with 475 g of gamma alumina and 5391 ml of water. All reagents are used
as directly supplied from vendors. The combined mixture is sheared for about 40
minutes until the components are intimately mixed. The slurry is then introduced
into a spray nozzle to generate an aerosol that is heated in a spray conversion
reactor using air as the carrier gas. The spray conversion reactor is operated with
an inlet temperature of 575°C and an outlet temperature of 340°C to produce a
powder batch.

[0065] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.

[0066] Following calcination in air at 500°C for 2 hours, the catalyst is
characterized for its physical properties. The X-ray diffraction (XRD) pattern of
the powder (IFigure 2) is substantially free of the (311) diffraction peak assignable
to PtyPd; , and (202, 211) diffraction peaks assignable to PdO.

[0067] SEM analysis shows that the catalyst powder has spherical
morphology with particle size in 5-10 um range (Figure 12).
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[0068] Initial metal surface area as measured by CO pulsed chemisorption is
161 m*g metal. Following aging in air at 800°C for 16 hours as described in
Example 1, the metal surface area as measured by CO pulsed chemisorption is 20

m?/ g metal.

Example 3
[0069] 111.4 g of platinum (II) nitrate solution (14.5wt% Pt) and 60.5 g of

palladium (II) nitrate solution (14.5wt% Pd) are mixed with 475 g of gamma
alumina and 5603 ml of water. All reagents are used as directly supplied from
vendors. The combined mixture is sheared for about 40 minutes until the
components are intimately mixed. The slurry is then introduced into a spray
nozzle to generate an aerosol that is heated in a spray conversion reactor using air
as the carrier gas. The spray conversion reactor is operated with an inlet
temperature of 575°C and an outlet temperature of 340°C to produce a powder
batch.

[0070] The theoretical composition of final powder is Swt% PtsoPdse/alumina.
[0071] Following calcination in air at 500°C for 2 hours, the catalyst is
characterized for its physical properties. The X-ray diffraction (XRD) pattern of
the powder (IFigure 3) is substantially free of the (311) diffraction peak assignable
to PtyPd; , and (202, 211) diffraction peaks assignable to PdO.

[0072] Metal surface area as measured by CO pulsed chemisorption is 168

m’/ g metal.

Example 4

[0073] A suspension of gamma alumina is produced using an Eiger Mini Mill
(Figer Machinery, Inc) such that the average particle size of the alumina after
milling is about 1 pm. 63.6 g of tetra amine platinum (II) hydroxide solution
(11.2wt% Pt) and 105.6 g of tetra amine palladium (II) hydroxide solution
(3.7wt% Pd) are mixed with 1562 g of the milled alumina suspension (15.3 wt%
alumina), 270 ml of 2M nitric acid and 8000 ml of water. All reagents are used as
directly supplied from vendors. The combined mixture is sheared for about 30

minutes until the components are intimately mixed. The slurry is atomized using
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an ultrasonic transducer at a frequency of about 1.6 MHZ. to produce an aerosol of
precursor droplets. Air is used as a carrier gas to move the aerosol through an
elongated tubular furnace (72" length times 7.0" diameter) set at 700°C.

[0074] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[0075] Following calcination in air at 500°C for 2 hours, the catalyst is
characterized for its physical properties. The X-ray diffraction (XRD) pattern of
the powder (IFigure 4) is substantially free of the (311) diffraction peak assignable
to PtyPd; , and (202, 211) diffraction peaks assignable to PdO.

[0076] SEM analysis shows that the catalyst powder has spherical
morphology with particle size in 1-2 pm range (Figure 13).

[0077] Metal surface area as measured by CO pulsed chemisorption is 121

m?/ g metal.

Example 5

[0078] A suspension of gamma alumina is produced using an Eiger Mini Mill
(Figer Machinery, Inc) such that the average particle size of the alumina after
milling is about 1 um. 38.3 g of platinum (II) nitrate solution (14.5wt% Pt) and
20.8 g of palladium (II) nitrate solution (14.5wt% Pd) are mixed with 1307 g of
the milled alumina suspension (15.3 wt% alumina) and 6633 ml of water. All
reagents are used as directly supplied from vendors. The combined mixture is
sheared for about 30 minutes until the components are intimately mixed. The
slurry is atomized using an ultrasonic transducers at a frequency of about 1.6
MHZ to produce an aerosol of precursor droplets. Air is used as a carrier gas to
move the aerosol through an elongated tubular furnace (72" length times 7.0"
diameter) set at 700°C.

[0079] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[0080] Following calcination in air at 500°C for 2 hours, the catalyst is
characterized for its physical properties. The X-ray diffraction (XRD) pattern of
the powder (IFigure 5) is substantially free of the (311) diffraction peak assignable
to Pt,Pd;, and (202, 211) diffraction peaks assignable to PdO.

[0081] Metal surface area as measured by CO pulsed chemisorption is 176

mz/g metal. Following aging in air at 800°C for 16 hours as described in Example
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1, the metal surface area as measured by CO pulsed chemisorption is 20 m?/g

metal.

Example 6

[0082] A suspension of gamma alumina is produced using an Eiger Mini Mill
(Figer Machinery, Inc) such that the average particle size of the alumina after
milling is about 1 pm. 46.7 g of tetra amine platinum (II) nitrate solution (5.2wt%
Pt) and 49.3 g of tetra amine palladium (II) nitrate solution (2.7wt% Pd) were
mixed with 600 g of the milled alumina suspension (11.9 wt% alumina) and 2304
ml of water. All reagents are used as directly supplied from vendors. The
combined mixture is sheared for about 30 minutes until the components are
intimately mixed. The pH of the mixture is then adjusted to 2.9 using 2M nitric
acid solution. The feed is atomized using ultrasonic transducers at a frequency of
about 1.6 MHZ to produce an aerosol of precursor droplets. Air is used as a
carrier gas to move the aerosol through an elongated tubular furnace (48" length
times 3.25" diameter) set at 900°C.

[0083] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[0084] Following calcination in air at 500°C for 2 hours, the catalyst is
characterized for its physical properties. The X-ray diffraction (XRD) pattern of
the powder (IFigure 6) is substantially free of the (311) diffraction peak assignable
to PtyPd; , and (202, 211) diffraction peaks assignable to PdO.

[0085] Metal surface area as measured by CO pulsed chemisorption is 103
m?/g metal. Following aging in air at 800°C for 16 hours as described in Example
1, the metal surface area as measured by CO pulsed chemisorption is 20 m?/g

metal.

Example 7

[0086] A suspension of gamma alumina is produced using an Eiger Mini Mill
(Figer Machinery, Inc) such that the average particle size of the alumina after
milling is about 1 pm. 14.4 g of tetra amine platinum (II) hydroxide solution
(11.2wt% Pt) and 24.0 g of tetra amine palladium (IT) hydroxide solution (3.7wt%

Pd) were mixed with 416 g of the milled alumina suspension (11.4 wt% alumina)
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and 1546 ml of water. All reagents are used as directly supplied from vendors.
The combined mixture is sheared for about 30 minutes until the components are
intimately mixed. The feed is atomized using ultrasonic transducers at a
frequency of about 1.6 MHZ to produce an aerosol of precursor droplets. Air is
used as a carrier gas to move the aerosol through an elongated tubular furnace
(48" length times 3.25" diameter) set at 750°C.

[0087] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[0088] Following calcination in air at 500°C for 2 hours, the catalyst is
characterized for its physical properties. The X-ray diffraction (XRD) pattern of
the powder (IFigure 7) is substantially free of the (311) diffraction peak assignable
to PtyPd; , and (202, 211) diffraction peaks assignable to PdO.

[0089] Metal surface area as measured by CO pulsed chemisorption is 151
mz/g metal. Following aging in air at 800°C for 16 hours as described in Example
1, the metal surface area as measured by CO pulsed chemisorption is 23 mZ/g

metal.

Example 8§ (Comparative)

[0090] 34.5 g of tetra amine platinum (II) nitrate solution (4.83 wt% Pt) and
12.6 g of tetra amine palladium (II) nitrate solution (6.64 wt% Pd) are mixed with
47.4 g of fumed alumina. All reagents are used as directly supplied from vendors.
The combined mixture is stirred for about 30 minutes until the components are
intimately mixed. The paste-like slurry is then let to dry in air overnight, calcined
at 350°C for 2 hours and at 500°C for 2 hours and characterized for its physical
properties.

[0091] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[0092] The X-ray diffraction (XRD) pattern of the powder (Iigure 8) shows
(311) diffraction peak assignable to PtPd;y, and (202, 211) diffraction peaks
assignable to PdO of measurable intensities, i.e. [(Pt;Pd; ) : I(Si) = 1.33 and
I(PdO) : I(S1) = 0.18.

[0093] Metal surface area as measured by CO pulsed chemisorption is 54 m?*/g
metal. Following aging in air at 800°C for 16 hours as described in Example 1,

the metal surface area as measured by CO pulsed chemisorption is 12 mz/g metal.
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Example 9 (Comparative)

[0094] 15.0 g of tetra amine platinum (II) hydroxide solution (11.1wt% Pt)
and 22.8 g of tetra amine palladium (II) hydroxide solution (3.7 wt% Pd) were
mixed with 47.4 g of fumed alumina. All reagents are used as directly supplied
from vendors. The combined mixture is stirred for about 30 minutes until the
components are intimately mixed. The paste-like slurry is then let to dry in air
overnight, calcined at 350°C for 2 hours and at 500°C for 2 hours and
characterized for its physical properties.

[0095] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[0096] The X-ray diffraction (XRD) pattern of the powder (Iigure 9) shows
(311) diffraction peak assignable to Pt,Pd, x measurable intensity, i.e. [(Pt;Pd; ) :
I(S1) = 0.55.

[0097] Metal surface area as measured by CO pulsed chemisorption is 82 m?/g
metal. Following aging in air at 800°C for 16 hours as described in Example 1,

the metal surface area as measured by CO pulsed chemisorption is 15 m*/g metal.

Example 10 (Comparative)

[0098] 34.5 g of tetra amine platinum (II) nitrate solution (4.83 wt% Pt) and
12.6 g of tetra amine palladium (II) nitrate solution (6.64 wt% Pd) are mixed with
47.4 g of precipitated alumina. All reagents are used as directly supplied from
vendors. The combined mixture is stirred for about 30 minutes until the
components are intimately mixed. The paste-like slurry is then let to dry in air
overnight, calcined at 350°C for 2 hours and at 500°C for 2 hours and
characterized for its physical properties.

[0099] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[00100] The X-ray diffraction (XRD) pattern of the powder (Figure 10) shows
(311) diffraction peak assignable to Pt,Pd; x measurable intensity, i.e. [(Pt,Pd; ) :
I(Si) = 1.47.

[00101] Metal surface area as measured by CO pulsed chemisorption is 95 m*/g
metal. Following aging in air at 800°C for 16 hours as described in Example 1,

the metal surface area as measured by CO pulsed chemisorption is 14 mz/g metal.
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Example 11
[00102] 21.7 g of tetra amine platinum (II) hydroxide solution (11.2wt% Pt)

and 36.0 g of tetra amine palladium (II) hydroxide solution (3.7wt% Pd) are
mixed with 71.3 g of fumed alumina and 2871 ml of water. All reagents are used
as directly supplied from vendors. The combined mixture is sheared for about 30
minutes until the components are intimately mixed. The feed is atomized using
ultrasonic transducers at a frequency of about 1.6 MHZ to produce an aerosol of
precursor droplets. Air is used as a carrier gas to move the aerosol through an
elongated tubular furnace (48" length times 3.25" diameter) set at 600°C.

[00103] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[00104] SEM analysis shows that the catalyst powder has spherical
morphology with particle size in 1-2 COm range (Figure 14).

[00105] Following calcination in air at 500°C for 2 hr, the catalyst was
characterized for its physical properties.

[00106] Metal surface area as measured with CO pulsed chemisorption is 127
mz/g metal. Following aging in air at 800°C for 16 hours as described in Example
1, the metal surface area as measured by CO pulsed chemisorption is 27 mZ/g

metal.

Example 12
[00107] 21.7 g of tetra amine platinum (II) hydroxide solution (11.2wt% Pt)

and 36.0 g of tetra amine palladium (II) hydroxide solution (3.7wt% Pd) are
mixed with 71.3 g of fumed alumina and 2871 ml of water. All reagents are used
as directly supplied from vendors. The combined mixture is sheared for about 30
minutes until the components are intimately mixed. The feed is atomized using
ultrasonic transducers at a frequency of about 1.6 MHZ to produce an aerosol of
precursor droplets. Air is used as a carrier gas to move the aerosol through an
elongated tubular furnace (48" length times 3.25" diameter) set at 750°C.

[00108] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.

[00109] Following calcination in air at 500°C for 2 hr, the catalyst was

characterized for its physical properties.
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[00110] Metal surface area as measured with CO pulsed chemisorption is 101
m?/g metal. Following aging in air at 800°C for 16 hours as described in Example
1, the metal surface area as measured by CO pulsed chemisorption is 20 mZ/g

metal.

Example 13
[00111] 249 g of tetra amine platinum (I) nitrate solution (5.2wt% Pt) and

26.3 g of tetra amine palladium (II) nitrate solution (2.7wt% Pd) are mixed with
38 g of fumed alumina and 1549 ml of water. All reagents are used as directly
supplied from vendors. The combined mixture is sheared for about 30 minutes
until the components are intimately mixed. The feed is atomized using ultrasonic
transducers at a frequency of about 1.6 MHZ to produce an aerosol of precursor
droplets. Air is used as a carrier gas to move the aerosol through an elongated
tubular furnace (48" length times 3.25" diameter) set at 900°C.

[00112] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[00113] Following calcination in air at 500°C for 2 hr, the catalyst was
characterized for its physical properties.

[00114] Metal surface area as measured with CO pulsed chemisorption is 117
m?/g metal. Following aging in air at 800°C for 16 hours as described in Example
1, the metal surface area as measured by CO pulsed chemisorption is 23 m?/g

metal.

Examplel4
[00115] 150.3 g of tetra amine platinum (IT) hydroxide solution (11.1wt% Pt)

and 227.5 g of tetra amine palladium (II) hydroxide solution (3.7wt% Pd) are
mixed with 475 g of fumed alumina and 5750 ml of water. All reagents are used
as directly supplied from vendors. The combined mixture is sheared for about 40
minutes until the components are intimately mixed. The slurry is then introduced
into a spray nozzle to generate an aerosol that is heated in a spray conversion
reactor using air as the carrier gas. The spray conversion reactor is operated with
an inlet temperature of 575°C and an outlet temperature of 340°C to produce a

powder batch.
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[00116] The theoretical composition of final powder is Swt% PtsoPds¢/alumina.
[00117] The catalyst is post-treated for 2 hrs at 500 °C in 5%H,/95%N, gas
mixture as follows: a) Ny purge of the reactor housing the catalyst at room
temperature (30°C) for 30 minutes; b) ramp the temperature up to 300°C in N; at
5°C/minute; c¢) further ramp the temperature up to 400°C in N, at 3°C/minutes, d)
further ramp the temperature up to 500°C in N, at 1°C/minute; e) switch to
mixture of 5 vol. % H; and 95 vol. % N,, and maintain at 500°C for 2 hours; f)
switch back to N, cool reactor down to room temperature at 3°C/minute before
collection of the catalyst.

[00118] Following calcination in air at 5S00°C for 2 hours, the catalyst is
characterized for its physical properties. Metal surface area as measured with CO
pulsed chemisorption is 102 mz/g metal. Following aging in air at 800°C for 16
hours as described in Example 1, the metal surface area as measured by CO

pulsed chemisorption is 28 mz/g metal.

Example 15

[00119] In this Example, the propane conversion performance after aging for
the catalyst of Example 6 was compared with that for the catalyst of Example 10
and the results are plotted in Figure 16. The TS50 (temperature for the 50%
conversion) for the conversion of propane is achieved at a temperature of 293 °C
with the catalyst of Example 6, whereas the TS50 for the conversion of propane for
the conventional catalyst of Example 10 requires a temperature of 313 °C,
demonstrating the increased activity for the catalyst of Example 6.

[00120] While the present invention has been described and illustrated by
reference to particular embodiments, those of ordinary skill in the art will
appreciate that the invention lends itself to variations not necessarily illustrated
herein. Tor this reason, then, reference should be made solely to the appended

claims for purposes of determining the true scope of the present invention.
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Claims

1. A catalyst composition comprising support particles; and catalyst
nanoparticles on the support particles, the catalyst nanoparticles comprising an
alloy of platinum and palladium in an atomic ratio of from about 25:75 to about
75:25 and being in a concentration of between about 3 and about 10 wt.% weight
percent of the catalyst composition, and the catalyst composition having an X-ray
diffraction pattern that is substantially free of the (311) diffraction peak assignable
to Pt,Pd;, where 0.25 <x <0.75.

2. The catalyst composition of claim 1 and having an X-Ray diffraction
pattern that is substantially free of the (202, 211) diffraction peaks assignable to
PdO.

3. The catalyst composition of claim 1 or claim 2, wherein the surface area of
the catalyst particles as measured by CO pulsed chemisorption is at least 100 m*/g

of the platinum and palladium in said catalytic particles.

4. A catalyst composition comprising support particles; and catalyst
nanoparticles on the support particles, the catalyst nanoparticles comprising
platinum and palladium in an atomic ratio of from approximately 25:75 to
approximately 75:25 and being in a concentration of approximately 5 and 10
weight percent of the composition, and the catalyst composition having a metal
surface area as measured with CO pulsed chemisorption of at least 100 m?/g of the

platinum and palladium in the catalyst composition.

5. The catalyst composition of any preceding claim, wherein the surface area
of the catalyst particles as measured by CO pulsed chemisorption is at least 110

m?/ g of the platinum and palladium in said catalytic particles.

6. A catalyst composition comprising support particles; and catalyst
nanoparticles on the support particles, the catalyst nanoparticles comprising

platinum and palladium in an atomic ratio of from approximately 25:75 to
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approximately 75:25 and being in a concentration of approximately 5 and 10
weight percent of the composition, wherein the catalyst composition, after being
heated in air flowing at 100 ml/min from 25 °C to 800°C at 10°C/minute and then
held at 800 °C for 16 hours in said flowing air, exhibits a metal surface area as
measured with CO pulsed chemisorption of at least 18 m?/g, and preferably at

least 20 m*/g, of the platinum and palladium in the catalyst composition.

7. The catalyst composition of claim 6 wherein, prior to said heating, the
catalyst composition exhibits a metal surface area as measured with CO pulsed
chemisorption of at least 100 m*/g of the platinum and palladium in the catalyst

composition.

8. The catalyst composition of any preceding claim, wherein the support

particles have an average diameter, d50, of less than 100 microns.

9. The catalyst composition of any preceding claim, wherein the support

particles are formed of a refractory inorganic oxide material.

10. The catalyst composition of any preceding claim, wherein the support

particles comprise at least one alumina, ceria, zirconia, and magnesia.

11. The catalyst composition of any preceding claim, wherein the support
particles are formed of alumina and have a surface area (BET) in the range of

about 50 to about 350 m?/g.

12. A process for producing the catalyst composition of any preceding claim,
the process comprising:

(a) providing a precursor medium comprising a liquid vehicle
containing particles of a refractory oxide support, and one or more precursors to
elemental platinum and elemental palladium in an atomic ratio of from about

25:75 to about 75:25;



WO 2011/123129 PCT/US2010/029634

26

(b) forming an aerosol comprising droplets of said precursor medium;
and

© heating said droplets to remove said liquid vehicle and chemically
convert said one or more precursors to catalyst nanoparticles comprising an alloy
of platinum and palladium on said support particles,
wherein the composition of the precursor medium is such that the catalytic
particles are in a concentration of between about 3 and about 10 wt.% weight
percent of the catalyst composition and the atomic ratio of platinum to palladium

in the catalytic particles is from about 25:75 to about 75:25.

13. The process of claim 12 wherein the heating (c) is conducted at a

temperature of from about 300 to about 3000 °C.

14. The process of claim 12 or claim 13 wherein the heating (c) is conducted
at a temperature of from about 300 to about 600 °C for a time of about 10 to about

60 seconds.

15. The process of claim 12 or claim 13 wherein the heating (c) is conducted
at a temperature of from about 600 to about 1100 °C for a time of about 1 to about

10 seconds.

16. The process of claim 12 or claim 13 wherein the heating (c) is conducted
at a temperature of from about 1100 to about 3000 °C for a time of about 0.01 to

about 1 second.

17. The process of any one claims 12 to 16 wherein the support particles
present in the precursor medium have an average diameter, d50, of about 0.1 to

about 1 micron.

18. The process of any one claims 12 to 17 and further comprising:
(d) heating the supported catalyst nanoparticles produced in (c) to

assist in alloying the platinum and palladium in said nanoparticles.
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19. The process of claim 18, wherein the heating (d) is conducted at a
temperature of about 300 °C to about 800°C for a time of about 1 to about 12

hours.



WO 2011/123129 PCT/US2010/029634

1/8

Si (331

DOPADIITNIND

Lin, Count
s DI TSI~ 2O S IO P N 2D I NI

P40 (201,211) Pt/Pd (311)
E

E
E

| —r“j L\.*vw
AY e - Ay b g L Y

"0 71 72 Y3 Y4 75 6 77 78 79 80 81 82 83
2—Theta — Scale

71, 1

Si (331

110003 Pt/Pd(311
13000: Pd0 (201,211) ;

000 ¥

8000 ¥

6000
50004
40007 =
3000+

70 71 7R 73 74 75 V6 V7 T8 79 80 81 82 83
2—Theta — Scale

G 2

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129 PCT/US2010/029634

2/8

13000 Si (331
12000
11000
10000
9000
B00
g 07 pdo (201.211) Pt/Fd (311)
o 5000 t

4000

0003
2000 J
10003, ] 00 v "

0 IIIII IIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII

"0 71 7R 73 74 75 Y6 77 78 79 80 81 82 83
2—Theta — Scale

G 3

nts

16000 — Si (331

2 a3 Pdo (201.211) Pt/Pd (311)
* *
ERE

0007 1

2000 - \\

1000 3~ smtvirttons s N = s
0

0 71 7R 73 74 75 76 Y7 78 79 80 81 82 83
2—Theta — Scale

FIG. 4

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129 PCT/US2010/029634

3/8

24000 — i
3 Si (331

5111000:; PdO (201.211 PT/Pd (311

9000 = * *

8000 — *

0009 »

3000 —

2000 =

1()08 o L e RO R R AN AN

0 71 7R 73 74 75 76 77 78 79 80 81 82 83
2—Theta — Scale

3000 Si (331
8000
000
= 6000 ,
g PdO (201.211 Pi/Pd (311
D 5000
(&b * *
g 4000 *
3000
003 «
1000
0 il ded it . A oaradih B d o Lk oM A W T
0Ol T2 73 T4 75 Y6 Y 78 79 80 81 82 83
2—Theta — Scale

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129

2 10000
2 9000
S 4000
1000

Lin, Counts

15000
14000 =
13000
12000 =
11000 3

600 PdO (201.211
00
4000 x
30003
000 #
1000 | e

n

PCT/US2010/029634

4/8
Si (331

71 7

Pt/Pd (311

*

0 LLLL) IIIIII I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

70 71 Y2 73 74 75 Y6 77 Y8 79 80 81 82 83

gg; Pd0 (201.211)
] :
)0 7 *

2000 7 m

2—Theta — Scale

Si (331

G 8

Pt/Pd (311

%*

0 71 7R T3 T4 75 76 Y7 T8 79 80 81 8 83

2—Theta — Scale

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129 PCT/US2010/029634

28000 Si (331

(] -

© B3 Pdo (201211 Pt/Pd (311

Himy ;
iy |t

20001

0 71 YR 73 Y4 75 76 Y7 78 79 80 81 82 83

2—Theta — Scale ff'/g’ 9

5000 Si (331
40003 pdo (201211 Pt/Pd (311
E ]
= 3000 .
(=)
[&b)
g‘ 2000
1000
0 _AA_“L“MAKL AN M A A i AR AN MMMMl ALY

w0 7 7R 73 74 75 76 77 Y8 79 80 81 82 83

2—Theta — Scale F/f ]”

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129 PCT/US2010/029634

N o
3 \
3 3 R :
\ \\\ : X = S
D X R
R N NN 2
:: N R N
: N
S

s \ R
E:?:3:3. R
3 SRR R
2N N AR
3 X R
3 \ S
= S
R 3
B

N

E

FIG 12

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129 PCT/US2010/029634

F1G, 14

SUBSTITUTE SHEET (RULE 26)



WO 2011/123129 PCT/US2010/029634

8/8

Gas 20mL/min 10%02 in Helium

10ml/min 0.8%Propene/0.2%Propane in Helium
30ps Helium
Temperature Ramp: 20°C to 450°C

Flow Rate: 20 mL/min over both filaments
Ramp Rate: 3°C/min

0.016
0.014 —_
0.012
0.010 —_
0.008
0.006 —_
0.004

Propane, Normalized w/02

0.002
0.000

I I I I I
0 100 200 300 400 500

Temperature, °C

71 15

SUBSTITUTE SHEET (RULE 26)



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2010/029634

A. CLASSIFICATION OF SUBJECT MATTER

INV. B01J23/42 B01J23/44
B01J37/02 B01D53/94
ADD.

B01J35/00 B01J35/04 B01J37/00
FOIN3/10

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

BO1J BO1D FOIN

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Methane Combustion”

vol. 104, no. 1-2,

XP019275264

ISSN: 1572-879X

Y the whole document
* abstract

characterization”

Page 15: "Conclusions"
figures 1,4,9

tables 1,3

CATALYSIS LETTERS, KLUWER ACADEMIC
PUBLISHERS-PLENUM PUBLISHERS, NE,

1 October 2005 (2005-10-01), pages 9-16,

Page 10: "2.2. Catalyst characterization"”
Pages 11-12: "3.1. Catalyst

X RETO STROBEL ET AL: "Flame-made Alumina 1-19
Supported Pd-Pt Nanoparticles: Structural
Properties and Catalytic Behavior in

12-19

m Further documents are listed in the continuation of Box C.

E See patent family annex.

* Special categories of cited documents :

“A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L* document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

*O" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

“T" later document published after the international filing date
or priority date and not in confiict with the application but
cited to understand the principle or theory underlying the
invention

“X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y* document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
merr:ts, such combination being obvious to a person skilled
in the art.

"&" document member of the same patent family

Date of the actual completion of the international search

15 July 2010

Date of mailing of the intemational search report

30/07/2010

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL — 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Gosselin, Daniel

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2010/029634

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category”

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X

HANNEMANN ET AL: "Combination of flame
synthesis and high-throughput
experimentation: The preparation of
alumina-supported noble metal particles
and their application in the partial
oxidation of methane”

APPLIED CATALYSIS A: GENERAL, ELSEVIER
SCIENCE, AMSTERDAM, NL LNKD-
D0I:10.1016/J.APCATA.2006.09.034,

vol. 316, no. 2,

8 December 2006 (2006-12-08), pages
226-239, XP005798463

ISSN: 0926-860X

the whole document

* abstract

figure 2C

SROBEL, RETO; PRATSINIS, SOTIRIS E.:
"Flame synthesis of supported platinum
groups metals for catalysis and sensors"
PLATINUM METALS REVIEW,

vol. 53, 2009, pages 11-20, XP002592184
London, GB DOI: 10.1595/147106709x392993
the whole document

More particularly:

figures 2,3,7,8,

Pages 17-10: "Bimetallic systems" and
"Conclusions”

EP 2 070 581 Al (HTE AG THE HIGH
THROUGHPUT EXP [DE])

17 June 2009 (2009-06-17)

* abstract

paragraphs [0001], [0047] - [0051],
[0062], [0066]1, [0067]1, ([0078]

US 6 602 820 B1 (GOEBEL ULRICH [DE] ET AL)
5 August 2003 (2003-08-05)

claims 1,6

WO 92/04976 A1l (DU PONT [US])

2 April 1992 (1992-04-02)

claims 22,23

US 5 128 114 A (SCHWARTZ JO-ANN T [US])
7 July 1992 (1992-07-07)

* abstract

column 9, Tine 39 - column 10, line 58
examples 10,11

US 2006/183636 Al (KLEIN HARALD [DE] ET AL
KLEIN HARALD [DE] ET AL)

17 August 2006 (2006-08-17)

paragraphs [0001], [0031], [00371],
[0034], [0038], [0042]

1-19

12-19

1-19

12-19

1-11

11-19

11-19

11-19

1-11

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2010/029634
Patent document Publication Patent family Publication

cited in search report date member(s) date

EP 2070581 Al 17-06-2009 WO 2009074308 Al 18-06-2009

US 6602820 Bl 05-08-2003 DE 19955456 Al 23-05-2001
EP 1101528 A2 23-05-2001
JP 2001187335 A 10-07-2001

WO 9204976 Al 02-04-1992 AU 8760391 A 15-04-1992

US 5128114 A 07-07-1992  NONE

US 2006183636 Al 17-08-2006 AT 294639 T 15-05-2005
BR 0211765 A 27-07-2004
CA 2453267 Al 27-03-2003
CN 1538875 A 20-10-2004
DE 60204003 D1 09-06-2005
DE 60204003 T2 02-03-2006
WO 03024589 Al 27-03-2003
EP 1287886 Al 05-03-2003
ES 2242053 T3 01-11-2005
JP 2005503255 T 03-02-2005
MX  PA04001084 A 17-02-2005
RU 2301702 C2 27-06-2007
ZA 200400931 A 10-01-2005

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - wo-search-report
	Page 38 - wo-search-report
	Page 39 - wo-search-report

