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METHODS AND SYSTEMS FOR IMPROVING CATALYTIC ACTIVITIES OF
NANOPARTICLES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The current application claims the benefit of and priority to U.S. Provisional
Patent Application No. 63/084,847 entitled “Promoting Catalytic Activity Through Stream
Treatment-Induced Nanoparticle Restructuring” filed September 29, 2020. The disclosure
of U.S. Provisional Patent Application No. 63/084,847 is hereby incorporated by reference

in its entirety for all purposes.

FIELD OF THE INVENTION
[0002] The present invention generally relates to methods and systems for improving
catalytic activity of nanoparticles; and more particularly to improving catalytic activity of

nanoparticles through steam treatment.

BACKGROUND OF THE INVENTION

[0003] Metal nanoparticles with different surface atomic arrangements can offer
multiple catalytic sites with different binding configurations for reactants or intermediates,
which could vary the catalytic activity. The catalytic activity of metal nanoparticles with
different types of surface facets and defects (e.g., heteroatoms, grain boundaries, edges,

etc.) can be potential candidates to advance catalytic activity.

BRIEF SUMMARY OF THE INVENTION

[0004] Methods and systems for improving catalytic activities of nanoparticles are
illustrated. Many embodiments provide that steam treatment can improve catalytic
activities of nanoparticles. In several embodiments, steam treatment can induce
nanoparticles restructuring and enhance catalytic activities. Defects may display high
reactivity because the specific arrangement of atoms differs from crystalline surfaces. In

many embodiments, steam with a water concentration of at least 0.8% (by volume) can
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be applied for the steam treatment. Some embodiments mix the steam in an inert gas
including (but not limited to) argon gas to treat nanoparticles. In several embodiments,
oxidation using a gas including (but not limited to) oxygen can be implemented during
steam treatments. The steam treatments in accordance with some embodiments can take
place at a temperature of at least 300 °C. In a number of embodiments, nanoparticle
catalysts comprise of precious metal including (but not limited to) palladium and/or
platinum. Examples of nanoparticles include (but are not limited to): palladium (Pd)
nanoparticles, palladium nanoparticles supported on alumina (Pd/Al203), palladium
nanoparticles supported on silica, and platinum nanoparticles. Several embodiments
implement steam treated nanoparticles as catalysts in redox reactions including (but not
limited to) hydrocarbon redox reactions. Examples of hydrocarbon redox reactions
include (but are not limited to): methane combustion reaction, propane combustion
reaction.

[0005] Several embodiments provide that high-temperature steam treatments of
nanoparticle catalysts can induce at least twelve-fold increase in reaction rate for redox
reactions. In some embodiments, an increase in the grain boundary density through
crystal twinning can be achieved during the steam pretreatment and oxidation. Several
embodiments provide laser ablation can lead to redox reaction rate increases by
introducing grain boundaries. The increase in the grain boundary density can be
responsible for the increased catalytic reactivities. In many embodiments, high-
temperature steam pretreatment of palladium catalysts can have at least twelve-fold
increase in the mass-specific reaction rate for C-H activation in methane oxidation. The
grain boundaries can be highly stable during reaction and show specific rates at least two
orders of magnitude higher than other sites on the Pd/Al20s catalysts. Some
embodiments provide that strain introduced by the defective structures can enhance C-H
bond activation.

[0006] One embodiment of the invention includes a method to improve catalytic
activity comprising providing at least one nanoparticle, and applying a steam from at least
one steam source to the at least one nanoparticle at a temperature of at least 300 °C for

at least 30 minutes, where the applied steam forms at least one twin boundary on the at
2.
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least one nanoparticle, and the formation of the at least one twin boundary improves
catalytic activity of the at least one nanoparticle.

[0007] In another embodiment, the at least one nanoparticle comprises palladium or
platinum.

[0008] In a further embodiment, the at least one nanoparticle is selected from the
group consisting of a palladium nanoparticle, a colloidal palladium nanoparticle, a
palladium nanoparticle supported on alumina, a palladium nanoparticle supported on
silica, and a platinum nanoparticle.

[0009] In an additional embodiment, the at least one nanoparticle has a diameter from
about 4 nm to about 15 nm.

[0010] In a further still embodiment, the steam has a water concentration of at least
0.8% by volume.

[0011] In another yet embodiment, the steam has a water concentration of about 0.8%
by volume, of about 4% by volume, or of about 10% by volume.

[0012] In a yet further embodiment again, the steam is mixed with an inert gas.
[0013] In still another embodiment, the steam is applied at about 600 °C for about 30
minutes.

[0014] A further additional embodiment includes comprising applying an oxygen gas
to the steam treated at least one nanoparticle.

[0015] In a still yet further embodiment, the steam treated at least one nanoparticle is
a catalyst in a redox reaction.

[0016] In yet another embodiment again, the steam treated at least one nanoparticle
is a catalyst in a hydrocarbon combustion reaction.

[0017] In a still further embodiment, the catalyst improves mass-specific reaction rate
for C-H activation in a methane combustion reaction by at least 12 times.

[0018] Additional embodiments and features are set forth in part in the description that
follows, and in part will become apparent to those skilled in the art upon examination of
the specification or may be learned by the practice of the disclosure. A further

understanding of the nature and advantages of the present disclosure may be realized
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by reference to the remaining portions of the specification and the drawings, which forms

a part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The description will be more fully understood with reference to the following
figures, which are presented as exemplary embodiments of the invention and should not
be construed as a complete recitation of the scope of the invention, wherein:

[0020] FIG. 1 illustrates a HAADF-STEM image of pristine Pd nanoparticles on
alumina support in accordance with embodiments.

[0021] FIGS. 2A — 2C illustrate methane combustion light-off curves of Pd/Al2O3
treated in steam at different temperatures, different atmospheres, and in oxygen at
different temperature respectively in accordance with embodiments.

[0022] FIG. 3 illustrates cyclic stability test of steam-pretreated Pd/Al203 for methane
combustion in accordance with embodiments.

[0023] FIG. 4A illustrates methane combustion light-off curves of Pd/Al2O3 pretreated
in 0.8%, 4% and 10% (by volume) steam at about 600 °C in accordance with
embodiments.

[0024] FIG. 4B illustrates methane combustion light-off curves of Pd/Al2O3 pretreated
with steam at 600 °C for 0.5 and 2 hours in accordance with embodiments.

[0025] FIGS. 5A — 5D illustrate HAADF-STEM images of (A) Pd/Al2Os pretreated in
steam at about 600 °C, (B) Pd/Al203 pretreated in O2 and Hz sequentially at about 600 °C,
(C) Pd/AI20s pretreated in O2 at about 600 °C, and (D) particle size distributions of these
samples in accordance with embodiments.

[0026] FIG. 6 illustrates Pd 3d photoelectron spectra of Pd/Al2O3 after Oz at about 600
°C, O2-H2, steam at about 600 °C, and steam-O2 pretreatments in accordance with
embodiments.

[0027] FIGS. 7A - 7B illustrate light-off curves and Tso values of Pd/Al2O3 after Oz at
about 600 °C, O2-H2, steam at about 600 °C, and steam-O:2 pretreatments in accordance

with embodiments.
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[0028] FIG. 8 illustrates Arrhenius plots of methane combustion on Pd/Al20s3 after O2-
H2 pretreatment and steam pretreatment in accordance with embodiments.

[0029] FIGS. 9A — 9B illustrate CH4-TPR and O2-TPO profiles of Pd/Al2O3 catalysts
after steam or O2 pretreatments in accordance with embodiments.

[0030] FIGS. 10A — 10B illustrate methane combustion light-off curves and Tso values
of Pd(8 nm)/Al203 catalysts prepared on conventional Al203 and steam-pretreated Al203
in accordance with embodiments.

[0031] FIG. 11 illustrates methane combustion light-off curves of Pd/SiO2 catalysts
after pretreatment in O2, O2 followed by H2, and steam at about 600 °C in accordance
with embodiments.

[0032] FIGS. 12A — 12C llustrate atomic-resolution HAADF-STEM images of (A)
steam-pretreated Pd/Al203, (B) O2-Ha-pretreated Pd/Al2Os, (C) CO-O2-Hz-pretreated
Pd/Al203 in accordance with embodiments.

[0033] FIG. 13 illustrates detailed arrangements of Pd atoms in accordance with
embodiments.

[0034] FIG. 14 illustrates TB density statistical histogram of Pd/Al203 after steam, Oa2-
H2, and CO-02-H2 treatment in accordance with embodiments.

[0035] FIG. 15 illustrates light-off curves of Pd/Al2Os after steam, O2-Hz2 and CO-0O2-H2
pretreatments in accordance with embodiments.

[0036] FIG. 16 illustrates relationship between reaction rate/Tso and TB density in
accordance with embodiments.

[0037] FIG. 17 illustrates strain mapping for an individual Pd NP in the stream-
pretreated catalyst relative to the reference values in the horizontal direction in
accordance with embodiments.

[0038] FIGS. 18A — 18C illustrate environmental TEM (E-TEM) images of the Pd
nanoparticle in the steam-pretreated Pd/Al203 sample exposed to O2 at around 23 °C and
around 500 °C in accordance with embodiments.

[0039] FIGS. 19A — 19C illustrate (A) potential energy diagram for O2 dissociation on
Pd (111) and on a TB model; (B) Top views of the energetically preferred initial (IS),

transition (TS), and final (FS) states in the NEB calculations used to prepare the potential
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energy diagram on the left; (C) Top and side views of the TB model in accordance with
embodiments.

[0040] FIGS. 20A — 20C illustrate (A) TEM images of 8 nm Pd nanoparticles; (B)
methane combustion light-off curves for 8 nm Pd/Al20s catalysts, after different
pretreatments; (C) Arrhenius plots of dry combustion kinetics for Pd/Al2O3 catalysts after
pretreatment in O2 and steam at 600 °C in accordance with embodiments.

[0041] FIGS. 21A - 21C illustrate (A) TEM images of 12 nm Pd nanoparticles; (B)
methane combustion light-off curves for 12 nm Pd/Al203 catalysts, after different
pretreatments; (C) Arrhenius plots of dry combustion kinetics for Pd/Al2O3 catalysts after
pretreatment in O2 and steam at 600 °C in accordance with embodiments.

[0042] FIG. 22 illustrates increase in reaction rates for Pd/Al20s catalysts with
nanoparticle size in accordance with embodiments.

[0043] FIGS. 23A —23C illustrate (A) TEM image of laser ablation-generated Pd NPs;
(B) GB density statistical histogram of laser-generated Pd/Al203 and Pd/Al203 after steam
and O2-H2 pretreatments; (C) Arrhenius plots of methane combustion of laser-generated
Pd/Al203 and Pd/Al203 after steam and O2-H2 pretreatments in accordance with

embodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0044] Turning now to the drawings, methods and systems utilizing steam treatments
to improve catalytic activities of nanoparticles, are described. Many embodiments provide
restructuring nanoparticles by high-temperature steam treatments. A number of
embodiments utilize nanoparticle catalysts comprising of precious metal including (but
not limited to) palladium and/or platinum. In some embodiments, examples of
nanoparticles include (but are not limited to): palladium (Pd) nanoparticles, palladium
nanoparticles supported on alumina (Pd/Al203), palladium nanoparticles supported on
silica (SiOz2), and platinum nanoparticles. Several embodiments provide the formation of
active sites including (but not limited to) twin boundaries (TBs) and grain boundaries
(GBs) in nanoparticles upon steam treatments can induce catalytic activities increase.

Several embodiments provide that a higher twin boundary density can induce higher
B-
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catalytic activities of nanoparticles. Some embodiments provide improved catalytic
activities of steam treated nanoparticles in redox reactions including (but not limited to):
hydrocarbon redox reactions. Examples of hydrocarbon redox reactions include (but are
not limited to). methane combustion reactions, propane combustion reactions. Several
embodiments provide improved nanoparticle catalytic activities in methane combustion
reactions. Some embodiments provide that nanoparticle catalysts can improve redox
reaction rate by at least 12 times. A number of embodiments provide nanoparticle
catalysts can be applied in various gas industry applications where NOx and SOx
emissions could be reduced in operations.

[0045] Several embodiments provide Tso values, temperatures needed to achieve
50% conversion of CHs4 to CO2 can be used to evaluate catalytic activities of
nanoparticles in methane combustion reactions. Many embodiments CsHs conversion
efficiency to evaluate nanoparticle catalytic activities in propane combustion reactions. In
a number of embodiments, steam pretreatments of nanoparticle catalysts have a lower
Tso than pretreatments with gases including (but not limited to) oxygen, hydrogen, and
argon. The lower the Tso of CH4 conversion, the higher conversion efficiency of the
catalysts. Some embodiments provide that steam treatments of nanoparticle catalysts
around at least 600 °C have a lower Tso than steam treatments from about 300 °C to
about 500 °C. Many embodiments provide that oxygen treatments of nanoparticles at
elevated temperatures from about 300 °C to about 600 °C almost do not change Tso of
CHa4 conversion.

[0046] In many embodiments, palladium colloidal nanoparticles (NPs) can be obtained
via the reduction of palladium (ll) acetylacetonate (Pd(acac)2) in mixtures of high-boiling-
point solvents including (but not limited to) octadecene (ODE) and tetradecene (TDE) at
elevated temperatures with reducing agent including (but not limited to) trioctylphosphine
(TOP) and surfactant including (but not limited to) oleylamine (OAm). The Pd
nanoparticles can have a support material including (but not limited to) alumina and silica.
[0047] In many embodiments, steam treatment can improve catalytic activities of
nanoparticles of various sizes. Palladium nanoparticles with a diameter ranging from

about 4 nm to about 15 nm exhibit catalytic activities increase in redox reactions after
7-
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steam treatment. Examples of nanoparticles include (but are not limited to): Pd/Al203
catalysts prepared with colloidal Pd NPs with an average diameter from about 4 nm, about
8nm, about 12 nm, and about 15 nm. Some embodiments provide steam pretreatment-
induced activity increase in Pd/Al2O3 catalysts prepared by wet impregnation processes.
Several embodiments provide the steam-pretreated catalysts exhibit higher activity than
the O2-pretreated catalysts. The NPs with a larger size have greater improvement in
methane combustion rates upon the steam treatment in accordance with some
embodiments. Certain embodiments provide that the more energetically favorable
formation of TBs in larger NPs may be able to more easily accommodate defects.

[0048] In certain embodiments, steam with a water concentration of at least 0.8% (by
volume) can be used to treat nanoparticles. In certain embodiments, the water
concentration of steam can be from about 4% to about 10%. In a number of embodiments,
steam mixed in an inert gas including (but not limited to) argon gas can be used to treat
nanoparticles and improve catalytic activities. Several embodiments provide that
nanoparticles can retain the catalytic activities after at least 5 cycles of steam treatment.
Many embodiments provide the formation of twin boundaries and/or grain boundaries in
the nanoparticle catalysts. In many embodiments, steam treatments can be carried out at
a temperature of at least 300 °C. In various embodiments, steam treatments can be
carried out at a temperature of at least 500 °C. In a number of embodiments, steam
treatments can be carried out at least 600 °C. Several embodiments provide that steam
treatments on nanoparticles can last for at least 30 minutes. In many embodiments, steam
pretreatments can be carried out at least 300 °C for at least 30 minutes. Some
embodiments provide steam treatments at around 600 °C for about 30 minutes under
about 4.2% (by volume) steam in Ar. The steam can be generated with a Ar-flow rate
about 25 ml min~! through a saturator with water including (but not limited to) Milli-Q water
at a water temperature at about 30 °C. The concentration of steam can be controlled by
adjusting the saturator temperature in accordance with some embodiments. In a number
of embodiments, 0.8% (by volume) and 10% (by volume) steam can be achieved by

cooling and heating the saturator at about 4 °C and about 47 °C, respectively.
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[0049] Many embodiments provide formation of TBs and/or GBs can act as highly
active sites for methane combustion. The formation of TBs and/or GBs in accordance
with some embodiments provides the opportunity to engineer nanoparticle catalysts for
improved reactivity if the density of such defects can be increased. Several embodiments
provide laser ablation processes can be used to fabricate NPs catalysts rich in GBs. NPs
including (but not limited to) Pd/Al2Os catalysts can be prepared by depositing colloidal
NPs on the alumina support. Certain embodiments provide that the turnover frequency
(TOF) of the laser ablation-generated Pd/Al2O3 catalysts can be at least 4 times higher
than that of the steam-pretreated Pd/Al2Os catalyst, and nearly 25 times higher than a

catalyst pretreated in oxygen and hydrogen.

Improving Catalytic Activities of Pd Nanoparticles via Steam Treatment

[0050] The catalytic activities of supported metal nanoparticles (NPs) can depend on
their surface structure and the exposed surface sites. Specific types of surface sites, such
as terrace sites, steps, grain boundaries, and metal-support interface sites, can be
manipulated to improve catalytic activity. For instance, tetrahexahedral platinum (Pt) NPs
with high-index facets exhibited enhanced catalytic activity in electro-oxidation of formic
acid and ethanol compared to Pt nanospheres. (See, e.g. N. Tian, et. al, Science, 2007,
316, 732-735, the disclosure of which is herein incorporated by reference). A silver
catalyst with a high density of stacking faults showed superior activity and durability in the
hydrogen evolution reaction. (See, e.g. Z. Li, et. al, Nat. Catal., 2019, 2, 1107-1114, the
disclosure of which is herein incorporated by reference).

[0061] TBs and GBs may be some of the most stable defects on metal surfaces and
can be the active sites in certain electrocatalytic reactions (e.g. CO2 electroreduction).
The improvement in performance can be resulted from the lattice strain induced by
structural perturbations in the vicinity of the GBs at the catalyst surface, and this effect
can lead to orders of magnitude higher catalytic rates. Although GBs have been
recognized as promising defects for the activity of electrocatalysts, little is known about

how they alter the catalytic properties in gas-phase heterogeneous reactions.
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[0052] Many embodiments provide that steam pretreatments of Pd nanoparticles
including (but not limited to) Pd/Al203 nanoparticles can enhance the catalytic activities
in methane combustion reactions. In several embodiments, the mass-specific reaction
rate of methane combustion reactions can increase by at least 12 times using steam
pretreated Pd nanoparticles, compared to the same samples treated in O2. The extent of
formation of TBs and GBs in accordance with certain embodiments can be correlated with
the improved activities of the Pd based catalysts. Some embodiments provide that
surface strain present in the immediate vicinity of GBs can induce changes in reactivities.
The specific active sites may exhibit a two orders of magnitude higher intrinsic rate.
[0053] In several embodiments, uniform colloidal Pd nanoparticles (NPs) can be
deposited onto a Al203 support (Pd/Al203). The average diameter of Pd NPs can be about
15 nm. The Pd NPs can have diameters with a Gaussian distribution centered around 15
nm. A HAADF-STEM image of pristine Pd/Al203 NPs in accordance with an embodiment
is illustrated in FIG. 2. The size distribution represents the sizes of Pd NPs.

[0064] Some embodiments provide that the catalytic activities of the Pd/Al203 NP
catalysts can be evaluated for methane combustion with steam treatments at various
temperatures and/or with different gas treatments. The Pd/Al203 NP catalysts can be
ramped from about 150 °C to determine the light-off temperature. Gas pretreatment of
Pd/Al203 NP catalysts can include steam, O2, Hz, and Ar, at temperatures of at least 300
°C. Methane combustion efficiency for the pristine Pd/Al203 NP catalysts after steam
treatments at various temperatures and after several gas pretreatments in accordance
with an embodiment of the invention is illustrated in FIGs 2A — 2C. Methane combustion
efficiency is measured as to achieve about 50% conversion of CHa to CO2 (Tso values).
FIG. 2A illustrates light-off curves for methane combustion (about 0.4% CH4, 4.0% Oz,
4.2% H20, balance Ar) on pristine Pd/Al203 and after pretreatment in steam at increasing
temperatures. In FIG. 2A, catalytic activities of Pd/Al203 NP catalysts improve with
increasing pretreatment temperature up to about 600 °C and show almost no change at
about 700 °C. For Pd/Al203 NP catalysts, a Tso of about 373 °C can be achieved with

steam pretreatments around at least 600 °C.

-10-
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[0065] FIG. 2B illustrates methane combustion light-off curves of Pd/Al2O3 pretreated
in different atmospheres of Oz, H2, Ar, and steam at about 300 °C. After a pretreatment
in steam at about 300 °C, the Pd/Al203 catalyst shows a noticeable improvement in
catalytic activity that has a lowest Tso value. Negligible changes in light-off curves can be
observed relative to the pristine catalyst after pretreatments in atmospheres of O2, Hz,
and Ar. Pd/Al2O3 pretreated in atmospheres of O2, Hz2, and Ar show similar Tso
temperatures of about 423 °C.

[0066] FIG. 2C illustrates methane combustion light-off curves of Pd/Al2O3 pretreated
at 300 °C, 500 °C and 600 °C in O2. No catalytic enhancement can be observed for the
catalyst pretreated in Oz treated at increasing temperatures (300, 500, and 600 °C). In
comparison, Pd/Al2O3 catalytic activity improves with treatment in steam with increasing
temperatures. A Tso of about 373 °C can be achieved after steam treatment, which is
about 50 °C lower than the Pd/Al2O3 catalyst treated in oxygen.

[0057] Many embodiments provide that Pd nanoparticles can remain stable catalytic
activities after at least 5 cycles of steam treatment. Co-feeding of steam in the reaction
mixture usually may have a detrimental effect on the methane combustion activity of Pd
catalysts, however the steam pretreatment could increase the activity of the Pd catalyst.
A cyclic stability test of steam-pretreated Pd/Al2O3 for methane combustion in accordance
with an embodiment is illustrated in FIG. 3.The higher performance after steam
pretreatment can be stable for at least five cycles (5 hours spent on stream), as shown in
FIG. 3.

[0068] Some embodiments provide that the pretreatment temperatures can be more
important than treatment duration and steam concentration in improving catalytic activities
of Pd catalysts. Several embodiments provide the variability in steam concentration and
processing time during the pretreatment of Pd catalysts. Methane combustion light-off
curves of Pd/Al2Os pretreated in 0.8%, 4% and 10% (by volume) steam at 600 °C,
respectively in accordance with an embodiment is illustrated in FIG. 4A. The improved
activity can be achieved at a water concentration as low as 0.8 % (by volume) and may
not change at increasing concentrations (4% and 10%). Methane combustion light-off

curves of Pd/Al20s pretreated with steam at 600 °C for 0.5 and 2 hours in accordance
-11-
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with an embodiment is illustrated in FIG. 4B. Changing the pretreatment duration from
about 0.5 hour to about 2 hour almost does not change Tso.

[0059] In many embodiments, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) analysis show that there is no appreciable change
in NP size distributions after the steam treatments. Several embodiments provide that the
improved catalytic activities may not be the results of particle sintering and/or
redispersion. HAADF-STEM images of Pd/Al20s pretreated in different atmospheres at
about 600 °C, and particle size distributions in accordance with an embodiment are
illustrated in FIGs. 5A — 5D. FIG. 5A illustrates HAADF-STEM images of Pd/Al203
pretreated in steam at about 600 °C. FIG. 5B illustrates HAADF-STEM images of Pd/Al2O3
pretreated in O2 and H2 sequentially at about 600 °C. FIG. 5C illustrates HAADF-STEM
images of Pd/Al2Os pretreated in Oz at about 600 °C. FIG. D illustrates particle size
distributions of these samples. The particle sizes are in a similar range after different
pretreatment atmospheres.

[0060] Pd 3d photoelectron spectra of Pd/Al20O3 after O2 (600 °C), O2-Hz, steam (600
°C), and steam-O2 pretreatments in accordance with an embodiment is illustrated in FIG.
6. X-ray photoelectron spectroscopy (XPS) measurements show that in the Oz-pretreated
catalyst, Pd 3ds2 peak is located at around 336.6 eV as shown in FIG. 6, consistent with
PdO phase. The steam-pretreated catalyst exhibits the peak at around 335.0 eV
attributable to metallic Pd(0), which is consistent with x-ray diffraction (XRD).

[0061] Many embodiments compare Pd/Al203 catalysts with similar oxidation states.
Several embodiments provide that the initial Pd oxidation state before catalysis may not
correlate with the methane oxidation activity of the samples, and steam pretreatment can
improve the Pd activity regardless of its initial oxidation state. Light-off curves and Tso
values of Pd/Al2Os after different treatment atmospheres in accordance with an
embodiment of the invention are illustrated in FIG. 7A and FIG. 7B respectively. FIG. 7A
illustrates light-off curves of Pd/Al203 after Oz at about 600 °C, O2-H2, steam at about 600
°C, and steam-O2 pretreatments. FIG. 7B illustrates Tso values of Pd/Al203 after O2-Hz,
steam at about 600 °C, O2 at about 600 °C, and steam-O2 pretreatments. Error bars

represent the minimum and maximum measured values of at least three repeated
12-
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experiments. The Pd/Al203 sample can be prepared through sequential oxygen and
hydrogen treatments (labeled as O2-Hz-pretreated Pd/Al203) to convert the Pd oxide
phase into metallic Pd. However, the activity for O2-Hz-pretreated Pd/Al2Os is similar to
the one pretreated exclusively in O2 and much lower than the steam-pretreated catalyst
(FIG. 7A and 7B). The steam-pretreated sample can be followed with an oxygen
treatment (labeled as steam-Oz-pretreated Pd/Al203) to convert the metallic Pd phase
into PdO. The oxidation appears not to reduce the activity of the steam-O2-pretreated
Pd/Al203 compared to the steam-pretreated sample (FIG. 7A and 7B).

[0062] Some embodiments provide the reaction rates of various Pd/Al2O3 catalysts.
Steam may not be added to the reaction mixture to avoid catalyst changes during kinetic
experiments. Arrhenius plots of methane combustion on Pd/Al20s after O2-H2
pretreatment and steam pretreatment in accordance with an embodiment is illustrated in
FIG. 8. Pd/Al203 catalysts are pretreated in O2-Hz and steam respectively at about 600
°C. As shown in FIG. 8, the 600 °C steam-pretreated catalyst has about 12 times higher
mass-specific rate than the O2-Hz-pretreated catalyst. Activating the first C-H bond can
be recognized as the rate-limiting step in methane oxidation, and Arrhenius plots shows
an activation energy for the O2-Hz-pretreated catalyst of about 79 + 4 kJ-mol'. The steam-
pretreated catalyst has a lower activation energy of about 66 + 4 kJ-mol'. The two
samples show similar values of the pre-factor (about 3 x 10?6 moleculesco2/grd/s).
[0063] In many embodiments, the Pd phase in the steam-pretreated catalyst can be
more easily oxidized and reduced by Oz and CHa, respectively, and could be more active
in methane oxidation. CH4-TPR and O2-TPO profiles of Pd/Al203 catalysts after steam or
O2 pretreatments in accordance with an embodiment is illustrated in FIG. 9A and FIG. 9B
respectively. Triangles indicate the peak centers of reduction or oxidation temperatures
measured by equally dividing the peak area. The effect of PdO reducibility state is
explored with methane temperature-programmed reduction as CH4-TPR in FIG. 9A.
Whereas methane oxidation is observed at around 190 °C for the steam-pretreated
catalyst, the temperature shifts up to about 215 °C for the O2-pretreated catalyst. In

temperature-programmed Pd oxidation (O2-TPQ) experiments as shown in FIG. 9B, Oz
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uptake is at about 295 °C for the steam-pretreated catalyst versus about 330 °C for the
Oz-pretreated one.

[0064] Many embodiments provide that changes in the support materials of the
nanoparticle catalysts after steam treatment, including (but not limited to) support
hydroxylation, may promote reactivity of supported metal phases. In several
embodiments, the alumina support can be treated in steam before depositing Pd NPs.
The steam pretreated alumina support shows a higher Tso than that of conventional
Pd/Al203 with the same NP size. The decreased activity could have been caused by
different metal-support interactions with hydroxylated alumina. Methane combustion light-
off curves and Tso values of Pd/Al203 catalysts prepared on conventional Al203 and
steam-pretreated Al203 in accordance with an embodiment is illustrated in FIG. 10A and
FIG. 10B respectively.

[0065] In some embodiments, Pd/SiOz catalysts may exhibit similar improvement in
catalytic activities when treated in steam versus oxygen or oxygen-hydrogen
atmospheres. Methane combustion light-off curves of Pd/SiO2 catalysts after
pretreatment in O2, O2 followed by Hz, and steam at 600 °C in accordance with an
embodiment of the invention is illustrated in FIG. 11. Activity improvement could result
from catalyst synthesis by-products being removed from the surface by the steam
treatment. Phosphorus can be an impurity in the initial Pd NPs. However, it can be mostly
removed after steam or Oz2-Hz treatments. A number of embodiments provide that activity
enhancement of nanoparticle catalysts can be related to structural changes in the Pd
NPs.

Twin Boundaries Formation in Pd Nanoparticles
[0066] HAADF-STEM can be used to characterize the structure of the supported

metallic Pd NPs in accordance with some embodiments. The pristine Pd NPs on alumina

mostly have an amorphous structure. However, after being treated in steam or O2-Hz, the
NPs can crystallize and become highly faceted. Oxidized Pd NPs can undergo drastic

electron-beam induced changes and may not be shown.
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[0067] Many embodiments provide that different Pd exposed facets upon different gas
pretreatments could account for the changes in reactivity. The distances from the particle
center to the outermost surface planes can be measured, and the corresponding three-
dimensional crystal shape can be derived by using the WuUIff construction. From
the WuUIff shape, the occurrence of different types of surface facets can be extracted.
Although samples show different fractions of exposed facets, no trend can be correlated
with the difference in catalyst activity, nor does the presence of voids in the NPs created
by Kirkendall effects. A similar procedure can be used to analyze oxidized NPs, and
although the beam sensitivity allows measurements of few of them, comparable ratios of
PdO {110} and {101} facets may be observed.

[0068] Atomic-resolution HAADF-STEM images of steam-pretreated Pd/Al2Os at
about 600 °C, O2-Hz-pretreated Pd/Al203, CO-O2-Hz-pretreated Pd/Al20s, and the
schematics of the TB density change in respective Pd NPs after different gas
pretreatments in accordance with an embodiment of the invention are illustrated in FIGs.
12A — 12C. Both the steam- and O2-Hz-pretreated samples exhibit TBs that lay parallel to
{111} planes (also referred to as 23 {111} TBs, arrows in FIG. 12A and 12B. The CO-0O2-
Hz-pretreated Pd/Al203 sample in FIG. 12C does not show TBs. Separated by a coherent
TB, the surface structure shows a symmetrical lattice arrangement with an ABC|CBA
stacking sequence.

[0069] The fast Fourier-Transform (FFT) diffractograms of steam-pretreated Pd/Al203
at about 600 °C in accordance with an embodiment is illustrated in FIG. 13. FIG. 13
reveals the detailed arrangements of Pd atoms. The dash lines highlight 23{111} TBs.
Corresponding FFT images of grains (G1, G2, and G3) labeled in the top panel. FIG. 13
shows two sets of patterns, in which the (111), (200) spots in grain G2 are mirrored,
across the plane parallel to (111), by (111), (002) in grains G1 and G3, forming a typical
coherent TB pattern.

[0070] Many embodiments measure the TB surface density in order to assess the
relation between the presence of TBs and catalytic activities. TB surface density can be

calculated as the sum of the TB surface length over all measured NPs divided by the sum
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of the NP surface areas. Several embodiments provide that a higher the TB density can
induce higher catalytic activities of nanoparticles. TB density statistical histogram of
Pd/Al203 after steam (600 °C), O2-H2, and CO-02-H2 treatment in accordance with an
embodiment of the invention is illustrated in FIG. 14. The TB density is estimated to be
about 58 um~ for the steam-treated sample and about 15 um~' for the O2-Hz-pretreated
sample. The steam treated catalyst shows higher catalytic activity compared to O2-He-
pretreated sample or CO-02-H2 pretreated sample.

[0071] In certain embodiments, pristine Pd/Al203 samples can be subjected to dilute
CO treatment to cause Pd NPs to restructure into vicinal stepped surfaces and decrease
TB formation to confirm the role of TB density. The sample can be further subjected to O2
and H2 treatments to remove the carbon coating induced by the CO treatment, reduce
the Pd to metallic state, and create a fully accessible and active Pd surface (CO-0O2-Hz-
pretreated Pd/Al203). No appreciable change in NP size can be seen in TEM images, and
XPS can confirm the metallic state of Pd. Light-off curves of Pd/Al203 after steam at about
600 °C, O2-H2 and CO-0O2-H:2 pretreatments respectively in accordance with an
embodiment is illustrated in FIG. 15. The CO-O2-Hz-pretreated sample has a low TB
density of about 4.9 um~', and is also less active than both the steam-pretreated catalyst
and the O2-H2 catalyst, with higher Tso of about 446 °C as shown in FIG. 15.

[0072] Many embodiments provide increased catalytic activities of the Pd/Al203
catalysts with TBs. Several embodiments provide the lack of TB formation under Oz, Hz,
or CO atmospheres when compared to TB formation under steam. Relationship between
reaction rate/Tso and TB density in accordance with an embodiment is illustrated in FIG.
16. An intrinsic reaction rate can be calculated if the atoms at the TB for the measured
TB density in the steam-pretreated sample accounted for the increase in rate. This rate
is about 785 times greater than that on the in-plane Pd atoms.

[0073] In many embodiments, enhanced catalytic activity associated with TBs could
be related to strain effects given the presence of the GB. The exit-wave power-cepstrum
(EWPC) transform can be applied to scanning nanobeam electron diffraction data to
explore the distribution of lattice strain in the steam- and CO-O2-H2-pretreated Pd/Al203

catalyst. The strain values are relative to a reference value (Lagrange strain), which can
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be measured from the sum of all the diffraction patterns for individual NPs. Representative
strain mapping for an individual Pd NP in the stream-pretreated catalyst relative to the
reference values in the horizontal direction in accordance with an embodiment is
illustrated in FIG. 17. The arrows denote the TBs in FIG. 17. Analysis reveals a radial
lattice expansion near surfaces in both stream- and CO-O2-Hz-pretreated samples
regardless of the presence of a TB, and no correlation between the presence of a TB and
a change in strain can be identified in the Pd samples.

[0074] Several embodiments use environmental transmission electron microscopy (E-
TEM) to determine the thermal stability of the TBs under oxidizing conditions. Initially, the
Pd/Al203 can be exposed to an Oz environment at a pressure of about 0.87 Pa at room
temperature. The catalyst can be heated at a rate of about 100 °C-s™' and stabilized at
about 500 °C. No apparent boundary segregation or disappearance can be observed as
annealing temperature increases. Instead, surface oxidation on the NP can be observed
during this process: the “cap”’ separated by the {111} TB is preferentially oxidized,
suggesting that the TB may promote oxygen dissociation and serve as the precursor
structure to the formation of a GB between the Pd core and the surface PdO region. A
slower heating rate experiment (at about 200 °C-min-') shows that the "cap" region can
be preferentially oxidized at about 391 °C in the same O2 environment. The PdO phase
formation based on the FFT diffractogram in accordance with certain embodiments
matches well with tetragonal PdO and suggests the oxidized “cap” region is oriented close
to the [111] zone axis. The PdO surface is bounded by the (110) and (101) facets.
Environmental TEM (E-TEM) images of the same Pd nanoparticle in the steam-pretreated
Pd/Al203 sample exposed to Oz at about 23 °C and about 500 °C respectively in
accordance with an embodiment are illustrated in FIGs. 18A — 18C. The twin/grain
boundaries are highlighted by lines in FIG. 18A and FIG. 18B. FFT diffractograms (insets
in FIG. 18A) indicating that the “cap” region separated by GB is preferentially oxidized at
about 500 °C. FIG. 18C illustrates a zoom-in of the area marked by the white dashed box
in FIG. 18B showing the exposed Pd and PdO facets in the vicinity of the GB.

[0075] Many embodiments provide that the original TB can be transformed into a

general GB. Several embodiments provide that the planar defects can be maintained in
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an oxidizing condition at a high temperature of at least 500 °C. The conversion of Pd to
PdO transforms the crystalline lattice from cubic to tetragonal.

[0076] Some embodiments provide that formation of TBs can lead to an increased
reaction rate. TBs may impart structural irregularities that induce reconstruction of the
PdO surface. Further, linear and/or point defects at the vicinity of the TB can lead to
improved C-H bond activation. Alternatively, the oxidation of the metal surface may
generate strain in the Pd/PdO heterostructure and in the fully oxidized PdO NP containing
the GB.

EXEMPLARY EMBODIMENTS
[0077] Although specific embodiments of systems and methods are discussed in the
following sections, it will be understood that these embodiments are provided as

exemplary and are not intended to be limiting.

Example 1: Synthesis of Palladium Nanoparticles with Different Sizes

[0078] Syntheses can be performed using Schlenk techniques. In a synthesis,
Pd(acac). (acac=acetylacetonate, 35% Pd) can be mixed with solvent mixture,
Oleylamine (OLAM, 70%) and OLAC in a three-neck flask (Table 1). The mixture can be
evacuated at room temperature for about 15 minutes under magnetic stirring.
trioctylphosphine (TOP, 97%) can be added under evacuation and the mixture is heated
to about 50 °C. The solution can be left under vacuum for 30 minutes to remove water
and other impurities. At this point, the reaction mixture is a transparent colored solution.
The reaction flask can be then flushed with nitrogen and heated quickly (about 40 °C
min~') to the desired temperature (Tom). After 15 minutes of reaction at the appropriate
temperature under magnetic stirring, the solution can be quickly cooled to room
temperature by removing the heating mantle. The particles are purified three times by
precipitation with a mixture of isopropanol, ethanol and methanol, and separated by
centrifugation (838 rad/s (8000 rpm) for 3 minutes). A size selection is performed for 12
nm and 15 nm Pd sample before purification. Nanoparticles are first dispersed in 10 mL

hexanes and 2 mL isopropyl alcohol (IPA), and then separated by centrifugation (838
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rad/s (8000 rpm) for 3 minutes). Finally, the particles can be dispersed in hexanes
producing a black solution and stored at room temperature. A small volume of OLAM (50
ML) can be used to ensure the complete redissolution of the particles. The sizes of

nanoparticles are well controlled with a standard deviation less than 10%.

Table 1. Reaction conditions for the synthesis of Pd nanoparticles with different sizes.

Seed Size Pd(acac) Solvent Mixture OLAM OLAC TOP T (°C)

(nm) (mmol) (mL:mL) (mL) (mL) (mL)
8.0 nm 0.25 ODE: TDE=6.6: 3.4 0.8 24 290
3.4
12.0 nm 0.25 ODE=5 - 5 0.56 250
15.0 nm 0.25 ODE=5 - 5 0.56 280

Example 2: Preparation of Supported Catalysts

[0079] Prior to impregnation, alumina can be prepared by calcining Puralox
TH100/150 at about 900 °C for 24 hours using heating and cooling ramps of 5 °C min™
in static air (conventional Al203). Silica can be prepared by calcining silica gel (Davisil
Grade 643; 200-425 mesh) at about 800 °C for 6 hours using heating and cooling ramps
of 5 °C min™ in static air.

[0080] For impregnation of a desired loading of Pd nanoparticles onto Al2O3, metal
concentrations of synthesized colloidal nanoparticle solutions can be determined via
thermogravimetric analysis (TGA). Before TGA measurement, centrifugation ((838 rad/s
(8000 rpm), 1 min) is applied to separate isolated nanoparticles and agglomerated
nanoparticles. After removing the precipitate, a nanoparticle solution can be added
dropwise into an aluminum TGA pan, which is heated via hot plate at about 80 °C until
150 yL has been added. This pan is then further heated in the TGA in flowing air to about
500 °C, and held until a steady mass is reached, suggesting complete removal of organic
molecules. Dividing this final mass by initial solution volume gives metal concentration.
An appropriate amount of nanocrystals (to give a loading of 0.5 — 1.0% (by weight) of Pd
in the final catalysts) dispersed in hexanes is added to a dispersion of stirred support
(Al203 or SiOz2) in hexanes. Complete adsorption occurs immediately, and dispersions are
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left stirring for 5 — 10 minutes after particle addition. The solid is recovered by
centrifugation ((838 rad/s (8000 rpm), 1 minute) and dried at about 60 °C overnight. Prior
to catalytic tests, all samples are sieved below 180 um grain size, treated in air at about
700 °C for 30 seconds (fast treatment) in a furnace to remove ligands from synthesis, and
sieved again below 180 um grain size to avoid effects of mass transfer limitations.
[0081] Support hydroxylation can be achieved by treating conventional Alz203 at 600
°C for 0.5 hour under about 4.2% (by volume) H20 in Ar (labeled as hydroxylated Al203).
An appropriate amount of nanocrystals (to give a loading of 1.0% (by weight) of 8 nm Pd
in the final catalysts) dispersed in hexanes is added to a dispersion of stirred support
(conventional or hydroxylated Al2O3) in hexanes.

[0082] For the synthesis of the impregnation catalyst, 0.142 g of
tetraamminepalladium nitrate (Pd(NO3)2-4NH3, 10 wt. % in H20) is deposited onto 0.50 g
of Al203 using incipient wetness impregnation. After impregnation, the product is dried in
a vacuum oven at about 70 °C for 12 hours and calcined in air at about 500 °C in Oz for

3 hours.

Example 3: Different Gas Pretreatments

[0083] The heat pretreatment in an atmosphere of Oz, Hz, CO, or Ar can be carried
out at a target temperature from about 300 °C to about 700 °C for about 30 minutes under
the 25 ml min~ flow of 5% (by volume) Oz in Ar, 5% (by volume) Hz in Ar, 5% (by volume)
CO in Ar, and pure Ar, respectively.

[0084] Steam pretreatment samples can be treated at about 600 °C for about 30
minutes under 4.2% (by volume) steam in Ar (25 ml min~" Ar-flow through a saturator with
Milli-Q water at about 30 °C). The concentration of steam can be controlled by adjusting
the saturator temperature. 0.8% (by volume) and 10% (by volume) steam can be
achieved by cooling and heating the saturator at 4 °C and 47 °C, respectively.

[0085] O2-H2 pretreatment can be carried out at about 600 °C for about 30 minutes
under Oz (5% (by volume))/Ar and subsequently reduced using 5% (by volume) Hz/Ar at
600 °C for 0.5 h. Steam-O:2 pretreatment can be carried out at about 600 °C for about 30

minutes under 4.2% (by volume) H20 in Ar and subsequently oxidized at about 600 °C
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for about 30 minutes under Oz (5% (by volume))/Ar. CO-O2-H2 pretreatment can be
carried out first at about 675 °C for about 30 minutes under CO (5% (by volume))/Ar, then
oxidized using 5% (by volume) O2/Ar at about 600 °C for about 30 minutes, and

subsequently reduced using 5% (by volume) Hz/Ar at about 600 °C for about 30 minutes.

Example 4: Catalytic Activity of Pd Nanoparticles of Different Sizes

[0086] Activity enhancement by steam pretreatment in accordance with several
embodiments can be applied to Pd nanoparticle catalysts of various sizes including (but
not limited to) Pd/Al2O3 catalysts prepared from 4 nm, 8 nm, 12 nm, and 15 nm colloidal
Pd NPs. A similar pretreatment-dependent activity profiles can be observed in a Pd/Al203
catalyst prepared by wet impregnation. TEM images of 8 nm Pd nanoparticles in
accordance with an embodiment is illustrated in FIG. 20A. Insets shows size distribution
of Pd nanoparticles with a Gaussian distribution centered around 8 nm. Methane
combustion light-off curves for 8 nm Pd/Al203 catalysts after different pretreatments in
accordance with an embodiment is illustrated in FIG. 20B. The 8 nm Pd/Al2O3 catalysts
with steam treatment shows a highest CH4 conversion efficiency compared to the
catalysts with Oz treatment and O2-Hz treatment. Arrhenius plots of dry combustion
kinetics for Pd/Al203 catalysts after pretreatment in O2 and steam at 600 °C in accordance
with an embodiment is illustrated in FIG. 20C. The 8 nm Pd/Al20s catalysts with steam
treatment shows higher rate compared to the catalysts with Oz treatment.

[0087] TEM images of 12 nm Pd nanoparticles in accordance with an embodiment is
illustrated in FIG. 21A. Insets shows size distribution of Pd nanoparticles with a Gaussian
distribution centered around 12 nm. Methane combustion light-off curves for 12 nm
Pd/Al203 catalysts after different pretreatments in accordance with an embodiment is
illustrated in FIG. 21B. The 12 nm Pd/Al203 catalysts with steam treatment shows a
highest CH4 conversion efficiency compared to the catalysts with O2 treatment and O2-Hz
treatment. Arrhenius plots of dry combustion kinetics for Pd/Al2Os catalysts after
pretreatment in O2 and steam at 600 °C in accordance with an embodiment is illustrated
in FIG. 21C. The 12 nm Pd/Al203 catalysts with steam treatment shows higher rate

compared to the catalysts with Oz treatment.
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[0088] In many embodiments, the steam-pretreated catalysts exhibit higher activity
than the Oz-pretreated catalysts. The NPs with a larger size show greater improvement
in rates upon the steam treatment. Increase in reaction rates for Pd/Al2O3 catalysts of
various sizes after steam pretreatment in accordance with an embodiment is illustrated in
FIG. 22. In FIG. 22, 4 nm Pd Is prepared from wet impregnation, whereas the 8, 12 and
15 nm samples are prepared from colloidal nanoparticles. Increase in reaction rates can
be calculated as rate (steam-pretreated catalyst) divided by rate (O2-pretreated catalyst).
The 15 nm NPs show a highest rate compared smaller sizes NPs as shown in FIG. 22.
The size dependence may be explained by the more energetically favorable formation of

TBs in larger NPs that can more easily accommodate defects.

Example 5: Laser Ablation Processes

[0089] The formation of GBs as highly active sites for methane combustion in
accordance with some embodiments provides the opportunity to engineer Pd/Al203
catalysts for improved reactivity if the density of such defects can be increased. Some
embodiments provide laser ablation processes can be used to fabricate NPs rich in GBs.
High-resolution TEM image of laser ablation-generated Pd NPs in accordance with an
embodiment is illustrated in FIG. 23A. The dash lines highlight £3{111} TBs and GBs. GB
density statistical histogram of laser-generated Pd/Al203 and Pd/Al203 after steam at
about 600 °C and O2-H2 pretreatments in accordance with an embodiment is illustrated
in FIG. 23B. Arrhenius plots of methane combustion of laser-generated Pd/Al203 and
Pd/Al203 after steam at about 600 °C and O2-Hz pretreatments in accordance with an
embodiment is illustrated in FIG. 23C. The turnover frequency (TOF) of the laser ablation-
generated Pd/Al203 catalyst is about 4 times higher than that of the steam-pretreated
Pd(15 nm)/Al203 catalyst, and hence nearly twenty-five times higher than a catalyst
pretreated in just oxygen and hydrogen as shown in FIG. 23C.

[0090] Some embodiments provide preparation of Pd nanoparticles from laser
ablation and supported catalysts. A 1/8" thick, 1 inch diameter Pd sputtering target can
be rinsed in acetone and deionized water. The target can be mounted into a threaded

2.54 cm diameter optical lens mount using two threaded retaining rings to keep the target
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standing on its edge during ablation. The mounted target is set into a 30 mL rinsed beaker
and covered with 10 mL of deionized water, resulting in approximately 1 cm of water
between the target and glass wall, before sealing the beaker mouth with aluminum foil.
The assembly is set near a 50 mm focal length, anti-reflection coated, plano-convex lens,
such that the Pd surface is normal to the optical axis and approximately one centimeter
upstream of the lens' focal point. This short focal-length lens is used to keep the intensity
low at the glass surface. After checking the ablation point position on the target and for
stray reflections with a few long pulse-mode laser pulses, the beaker is further encased
in aluminum foil to minimize risks of inadvertent reflections, and the Pd can be ablated
with nominally 8 ns to 12 ns full width half-maximum, Q-switched, 1064 nm, 0.3 J Nd:YAG
laser pulses at about 10 Hz for about 20 minutes. Image analysis can be used to estimate
the ovular pit area to be about 0.008 cm?, which taken as the average area for the 0.3 J
pulses yields an average fluence of 4-10% J-cm.

[0091] 10 ml of Pd nanoparticle solution can be added to a dispersion of stirred
conventional Al203 in water (800 mg of Al203 in 40 ml of water) and further stirred for 5 h.
Then, the supported particles can be collected by centrifugation (838 rad-s-! (8000 rpm),
30 min) and dried at 60 °C overnight.

DOCTRINE OF EQUIVALENTS

[0092] As can be inferred from the above discussion, the above-mentioned concepts
can be implemented in a variety of arrangements in accordance with embodiments of the
invention. Accordingly, although the present invention has been described in certain
specific aspects, many additional modifications and variations would be apparent to those
skilled in the art. It is therefore to be understood that the present invention may be
practiced otherwise than specifically described. Thus, embodiments of the present

invention should be considered in all respects as illustrative and not restrictive.
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WHAT IS CLAIMED IS:

1.

A method to improve catalytic activity comprising:

providing at least one nanoparticle; and

applying a steam from at least one steam source to the at least one nanoparticle
at a temperature of at least 300 °C for at least 30 minutes;

wherein the applied steam forms at least one twin boundary on the at least one
nanoparticle, and the formation of the at least one twin boundary improves

catalytic activity of the at least one nanoparticle.

The method of claim 1, wherein the at least one nanoparticle comprises palladium

or platinum.

The method of claim 1, wherein the at least one nanoparticle is selected from the
group consisting of a palladium nanoparticle, a colloidal palladium nanoparticle, a
palladium nanoparticle supported on alumina, a palladium nanoparticle supported

on silica, and a platinum nanoparticle.

The method of claim 1, wherein the at least one nanoparticle has a diameter from

about 4 nm to about 15 nm.

The method of claim 1, wherein the steam has a water concentration of at least

0.8% by volume.

The method of claim 5, wherein the steam has a water concentration of about

0.8% by volume, of about 4% by volume, or of about 10% by volume.

The method of claim 1, wherein the steam is mixed with an inert gas.

The method of claim 1, wherein the steam is applied at about 600 °C for about 30

minutes.
24-
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9. The method of claim 1, further comprising applying an oxygen gas to the steam

treated at least one nanoparticle.

10. The method of claim 1, wherein the steam treated at least one nanoparticle is a

catalyst in a redox reaction.

11. The method of claim 1, wherein the steam treated at least one nanoparticle is a

catalyst in a hydrocarbon combustion reaction.

12. The method of claim 11, wherein the catalyst improves mass-specific reaction rate

for C-H activation in a methane combustion reaction by at least 12 times.

-25-



WO 2022/072991

1123

PCT/US2021/071610

FIG. 1



PCT/US2021/071610

WO 2022/072991

2/23

00¢

{0

- sunjeraduwiag

dc old

o0y 00¢
* 0

r0C O
i

p‘

0 o

=

>

wess D, 00¢ \\\\ F 09 ﬁ
NI 3o 008~ w.
¥ 20008 7 [ 08 =
z &~
0 0. 005 @ ~

augsug -4- [ 001

008

(9.} samyesadwiag
0oy

{03.) sanjesadwia ]
oov 6ot

Te G2 UWIRDYE i
e G0G HIREIS ol
%o BOG TWedls
e GOE ‘uIeas
awysidg g

0

. O

0z Q

£

oy S

oo

o

0

09 o

-

P o

0 2. 009 o

z w o

0 2. 005 %~ —
*0 0. 0o ~@~ [ 001 Nz 'Ol

{94} uoisIaAuos PHn

&5

00v Y2 Old




PCT/US2021/071610

WO 2022/072991

3/23

00S

M- |

(7.) sinjetadwial
@mw 00¢

Ty T e

91oAo .G
mﬁmuﬁwﬂ
8j0AD | ¢
912Ad .2
mmu&u = =
auistid ~

,.S




PCT/US2021/071610

(0.} samesadwag

4/23

\\\\

Y g weals

ISIAUQD

-

(%‘) uo

WO 2022/072991

gr old

"HO

0%

(0.) aimesadway

LIRSS %P -

(%) uoisidAuoo YHO



PCT/US2021/071610

WO 2022/072991

5/23

asg old

gg old

Y-ty wieals  sunsud

&
&

fuu} Jojawpin

S
L]

pajessi ‘H-O

paleal)’

paleal] kals

vG Old



PCT/US2021/071610

WO 2022/072991

6/23

(A®) ABssuz Buipui
9c¢

A
% i,
2
Uy,
%,

% 2
WY Z %
Ty, 5 % Z
Yy, 7
ity
.
2 %, %
Z Z Z
z %
2 % %
%,

s P s R
.\\\\\\\\\\\\ n \\\\\\\\\
) s,

o,
4

9 9OId

ove

o \\\M.\\\\..\\\\\%\\\

ity
\\\\ \\\\\\\\\V\\\\\\

”

g
‘W0

W

Wess




PCT/US2021/071610

7123

WO 2022/072991

g/, 9Old V. OId

{n.) samesadway

“0 005

e

N mqﬂ N G .V\\.§\\\\\¥

‘o-i- 001

{%) mgs.samm Y9

“




PCT/US2021/071610

WO 2022/072991

8/23

8 'Ol
( w% 1/0001

\\\\ N

\C\\\\\s

\\\\.\

R v

G20 0ge gld 00¢
(1) aimjesadwial

r&@%mm) ajey



PCT/US2021/071610

9/23

WO 2022/072991

g6 9ld v6 Old

{0} sumeasdwiay {n,) simesadway
41134 ,mmm @.@ﬂ QmN 1111 052 00¢ pgL

S, i .
s i
% oz, i
", f
“re,, i

2 ", f s %,
“ ", ] P ,
“ j ] 3 e,
3 “s, i \\ K3
o e i s, .
i ,

w s o .c\x..\\s
e ety s e oy,

",

e,

arFeesy,
“,

P,

oot ",
",
e,

e
1 “un et

S,
\\ “,

/ e,

rd s,
7 “
'
£
7
z
rd

%

S, o0 4
e “n, \\\\\\S‘.\ il
vt o, PR
\\\\\\ s

",
"n,

o
O

‘nreuopdwnsuoed 0

e.\
, e‘
s e, \ e,
s, » Y S
A ot A W s,

‘nrgpuopdwinsuod Fn

payeas ’g PRIEBAY Ty o
pajealy weays e DOIR3A] LHRDYS e




2222222222222

0/23

——————————————————————— T —

L §
e Lo 3
o <

00000000000000000

m
=
lgm
> <L
-
o)
O

FIG. 10B

FIG. 10A



PCT/US2021/071610

11/23

WO 2022/072991

L Old

(0.} samiesadwa]
00S 00 00€ 002
..... /e I A i g m

N s \ = \.\ \ o 3 ‘v

NI;NG e

‘0 [ 001

(9,) uoisisAuod YHo



PCT/US2021/071610

WO 2022/072991

N

R

12123

2
7
.

7

\
\
757
27

7

.
.
7

i
7

.

7
7

aasy:
S
PRI
i
A \K
A 2

S
i
2

e
e 7 L
C\W\%\\

.
i

A 7

i

% 7
7 S0 \\\“\\ Z

7%
I
V\\\\.\\ 7

7%

\\ Z \\v
.

\

7
e
7

%
%

7

7

i i

L
e

i \\\\\nﬂ&m“ 7

%

e e
A \\.m\\\\x\vﬁﬁx

i

527e
ST,
A
S \“\W\\v\\\mm\\\
Z

7

72
A

7z

.

\\“\.‘ﬁ
A

o 7
S
o
S
i

\
SR
\mw.\\\%&\\\\\\\\

Ocl Ol

dcl Ol

vecl Old



PCT/US2021/071610

WO 2022/072991

13/23

7
7
7
%

%




000000000000000000000000000000

R

gmsﬁ ﬁmw gl



WO 2022/072991 PCT/US2021/071610

15/23

N S g\\\\\\ _ vx .

AN
-

\\\\\\\ S8 \\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\ \\\\\\\\\\\\\\\\\

\X\\\\\\\ . % \\\\\\ ....... :

P §\ =
sl o

| ‘Temmmwm (°C)

FIG. 15



WO 2022/072991

JESN
7\\\\\\\\
5%
R

e

16/23

PCT/US2021/071610

(s/P4B 0 asainosjow) ajey

:%////////////////7//,

(pm™)

TB densi

FIG. 16



WO 2022/072991

17123

PCT/US2021/071610

FIG. 17



PCT/US2021/071610

WO 2022/072991

18/23

A
-

o081 Ol

g8l ‘Ol4




PCT/US2021/071610

19/23

WO 2022/072991

061 Ol

MBIA 8pIS MmaIA doj

| ‘ 9JBUIPIO0S) UOIjoedY
O ¢ 9bp3adeigiepd: 5

.0l.0 sL .o %

L
v
\\\\\\\\\\\\\\\\\\\\\\\\\\\\w m\‘mmw 4

.l

@ 0w o
N N

(A2) ABisug jennuslod

L
-«
]

.
-
Bk
§«
4. W\\\\\\\\\\\\\\\\\\\\\\\\\\M
T
iy

P4
L2 a4

L
ol
]

’ 7

SIS IS I LS ILIILLI SIS IILE
G met Lo
LT

%
%
2
%
%
%
]
%
3
13

v e e o v o v o — - — o —— - -~ R EEITT

Q W
S @

&

g6l Ol

v6l Old



WO 2022/072991 PCT/US2021/071610

20123
C:i:
o4
£
w 3
{i‘ N
:{3\"\ -T-:-? ] d{ ~
g o _;::7-.. éiﬁ x‘_f
; 3 & !
O = ¥ .
S & / S
8 o ¥ 0 8
AN =3 & . &2
& & E
< ! ) 8
fwer) Skl
— g RO R
LL & W i
g’ gl 33‘ -
< e <
o Rl -
{s/P4B/ samasious) ajey
o3
o]
2
o2
h O3
=¥

L
&
Q] 2
®
o £
N 8
o &
e g
n o E d £y 2]
X = %
o e Bt
L B
i £
> N L4 ) m‘m
o v o 2 = o &8
X & & = N
e

{o4) uoIsiaauos YHD

—

) \\\\\\\ -
N
.

AN

FIG. 20A




WO 2022/072991

FIG. 21B FIG. 21C

FIG. 21A

Temperature [*{}

21/23

o

w ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o

o

m.

o

o

@} 1
o

T

Qa

fah

e i
Qle

e

¥ L ¥ ) ¥

o o3 < £ L)

N

1.8 1.8

1000/T (K'Y

1.7

400 560

300

Temperature ¢C)

PCT/US2021/071610



2088d2ﬂ.

(pejess}-cO) sjel/(pojesi)-wes)s) sjel

FIG. 22



PCT/US2021/071610

WO 2022/072991

23/23

| «.wg } L0001
o7 &1 B'E L
5 e 0
£
Ao-..v«
A
g
Dy, o OF
w!wi m.\.\.\\ﬁa\k o @mw‘
uoheigE sasE -

1A

092 082 00%

{73:} sanypaschusy

o€¢ Ol

ﬁagggnaamiﬂ} 404

{spuoe pd

ge¢ old

0
&
rGg B
£
o
b1
@
001
E
061

%252 %

7 \\\\\ % \ \\\\\“ \\\\

P \

v€c Old



INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/71610

A. CLASSIFICATION OF SUBJECT MATTER
IPC - BO1J 23/00, BO1J 35/02, BO1D 9/00 (2021.01)

CPC - B01J35/023, BO1D 9/0063, B0O1J 35/046, C30B 29/60, B01J 23/42, C30B 28/12, B22F 1/0018,

BO1J 37/08, B82Y 30/00, B22F 1/0044

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

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
See Search History document

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

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

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

A WU et al., "lcosahedral Platinum Alloy Nanocrystals with Enhanced Electrocatalytic Activities”; [ 1-12
Journal of the American Chemical Society, Volume 134, Issue 29 (July 2012), pg 11880-11883
{the entire document, and more specifically: pg 11880; col 1, para 1, pg 11880; col 2, para 2-4;
pg 11881; col 1, para 1; pg 11881, col 2, para 2; pg 11883, col 1, para 2; figures 1a-1g;

abstract)

QUINCOCES et al., "Effect of water vapor over Pd-Co/SZ catalyst for the NO selective

A reduction by methane"; Catalysis Communications, Volume 6, Issue 1 (January 2005), pg 75-
80 (the entire document, and more specifically: pg 76, col 1, para 1-2; pg 76, col 2, para 4; pg
78, col 1, para 2; pg 79, col 2, para 2; abstract)

WAGNER et al., "Homoepitaxial growth of beta-Ga203 layers by metal-organic vapor phase
A epitaxy"; Physica Status Solidi (a), Volume 211, Issue 1 (January 2014), pg 27-33 (the entire
document, and more specifically: pg 28, co! 1, para 4; pg 29, col 1, para 2-4; pg 29, col 2, para
1; pg 30, col 1, para 2; pg 32, col 1, para 3; figure 6, abstract) ’

PAN et al., "Effects of Hydration and Oxygen Vacancy on CO2 Adsorption and Activation on

A beta-Ga203(100)"; Langmuir, Volume 26, Issue 8 (April 2010), pg 5551-5558 (the entire
document, and more specifically: pg 5552, col 1, para 4; pg 5552, col 2, para 1-3 and para 6; pg
5554, col 1, para 4-5; pg 5554, col 2, para 5-6; pg 5558; abstract)

Further documents are listed in the continuation of Box C.

X

| l See patent family annex.

* Special categories of cited documents: “T” later document published after the international filing date or priority

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

“D” document cited by the applicant in the international application

“E” earlier application or patent but published on or after the international
filing date

“L™ document which inay throw doubts on priority claim(s) or which
is cited to estahlish the publication date of another citation or other
special reason (as specified)

“0” documentreferring 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

date and not in conflict 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
combincd with one or more other such documents, 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

22 November 2021

Date of mailing of the international search report

JAN 20 2022

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer
Kari Rodriquez

Telephone No, PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/71610

C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category*®

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

A

BOBYLEV et al., "Influence of Water Vapor on the Formation of Pinning Centers in 1-12

YBa2Cu30y upon Low-Temperature Annealing”; The Physics of Metals and Metallograph,
Volume 118, Number 8 (August 2017), pg 738-748 (the entire document, and more specifically:
pg 738, col 1, para 2; pg 738, col 2, para 1-2; pg 739, col 1, para 2-4; pg 739, col 2, para 4-5,
pg 746, col 1, para 2-4; pg 746, col 2, para 1-4; abstract)

Form PCT/ISA/210 (continuation of second sheet) (July 2019)




	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 - drawings
	Page 28 - drawings
	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 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - wo-search-report
	Page 51 - wo-search-report

