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SYNTHESIS OF SUPPORTED NiPt BIMETALLIC NANOPARTICLES,
METHODS FOR CONTROLLING THE SURFACE COVERAGE OF Ni
NANOPARTICLES WITH Pt, METHODS OF MAKING NIPT MULTILAYER
CORE-SHELL STRUCTURES AND APPLICATION OF THE SUPPORTED
CATALYSTS FOR CO, REFORMING

CLAIM OF PRIORITY TO RELATED APPLICATION
This application claims priority to co-pending U.S. provisional
application entitled “SUPPORTED NiPt BIMETALLIC NANOPARTICLES,
METHODS OF MAKING SUPPORTED NiPt BIMETALLIC
NANOPARTICLES, AND APPLICATION OF THE SUPPORTED CATALYST
FOR CO,; REFORMING OF METHANE” having Serial No.:61/917,395, filed

on December 18, 2013, which is entirely incorporated herein by reference.

BACKGROUND

In recent years the dry (carbon dioxide) reforming of methane
(hereinafter “DRM”) has received increasing interest in both academia and
industry. From the environmental point of view, the DRM uses CO; and CH,4
as raw materials, which are the main components of greenhouse gas and are
believed to be related to the global warming, to produce CO and H
(hereinafter “syngas”). Construction of DRM process units close to high CO-
production place, e.g., power plant, and utilization of flue gas as feedstock are
considered to be an effective way to reduce CO, emission. Additionally,
syngas is an important intermediate for production of H, gas and downstream
chemicals such as methanol, dimethyl ether and liquid hydrocarbons as an
alternative for petroleum-derived hydrocarbons. Each target required a
certain H,/CO molar ratio that will vary according to the process used to
produce syngas. The DRM itself or in combination with other reforming
technigues such as steam reforming of methane (hereinafter “SRM”) and
partial oxidation of methane (hereinafter “POM”) can produce syngas with
tunable H,/CO molar ratio to meet different demands. Applications of DRM in
the other fields such as solar energy transmission system and production of

high purity CO (Calcor process) are also widely investigated.
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The SRM is a conventional and mature process in industry which is
used to produce hydrogen on a worldwide basis. In this process,
heterogeneous nickel-based materials are the most commonly used catalysts.
This kind of catalysts is also known to be active for the DRM. However, some
issues such as sintering, coke formation and metal oxidation, especially coke
formation, leading to deactivation of the catalysts, seriously hinder the
application of the DRM in industry. Actually, the same issues exist in the
SRM, but it can be overcome efficiently by increasing the H,O/CH4 molar ratio
in the feedstock. Compared to the SRM, due to increased C/H molar ratio in
the feedstock, the DRM causes more significant coking.

Many efforts have been devoted to reduce or inhibit the coking in the
DRM. Addition into the catalyst systems of alkali or alkaline earth metals as
promoters, which are believed to promote the chemisorption and dissociation
of CO, on the support, are widely investigated. The use of different support
materials such as magnesia, ceria and zirconia, which are known to inhibit
coking via different mechanisms, are also widely investigated. Bimetallic
catalysts that uses synergistic effect of 2 different metals to create new
chemical and physical properties, is another promising strategy to inhibit
coking under DRM conditions. In that case, control of surface composition and
overall catalyst structure are key parameters.

Bimetallic nanoparticles have attracted particular interests in the
fields of catalysis and material science because of new properties such as
improved activity, selectivity and stability, resulting from the interaction of
two metals. For instance, in the case of naphta refroming process,
supported Ir-Pt catalysts are known to be more resistant to oxidative
sintering than monometallic Ir catalysts, and supported Re-Pt catalysts are
more tolerant to carbonaceous species than supported Pt.

Methods to prepare bimetallic nanoparticles can be divided into two
types: physical (e.g., vacuum deposition, metal evaporation and sputtering)
and chemical ones (e.g., co-impregnation and co-reduction). For both
methods, there is a major challenge to precisely control particle size, size
distribution, composition distribution and structure. Chemical methods, more
attractive for very large-scale catalyst production, generally involve co- or

successive impregnation methods for supported bimetallic nanoparticles and
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co- or successive reduction of two metal precursors in the presence of a
stabilizer to prepare unsupported bimetallic nanoparticles in solution.
However, due to the limit of preparation methods, a mixture involving
monometallic nanoparticles of each metal and their alloys are typically
obtained, and the structure of the final bimetallic nanoparticles, in particular
surface composition and structure, is very difficult to control.

Thus, there is a need to produce catalyst systems in a controllable way

so that the catalysts have a particular surface composition and structure.

SUMMARY

Embodiments of the present disclosure provide for supported Ni/Pt
bimetallic nanoparticles, compositions including supported NiPt nanoparticles,
methods of making supported NiPt nanoparticles, methods of using supported
NiPt nanoparticles, and the like.

An embodiment of the present disclosure provides for a particle,
among others, such as a supported Ni/Pt bimetallic nanoparticle having a Ni
core and a Pt layer disposed on the surface of the Ni core, wherein the
supported Ni/Pt bimetallic nanoparticle Pt/Nis has a molar ratio of about 0.01
to 1, and wherein the supported Ni/Pt bimetallic nanoparticle is a refractory
porous support. In an embodiment, a Ni layer can be disposed on the Pt layer
and the Ni core. In an embodiment, a second Pt layer can be disposed over
the Ni layer. The second Pt layer can also be disposed on Ni/Pt bimetallic
nanoparticle.

An embodiment of the present disclosure provides for a method of
making a supported Ni/Pt bimetallic nanoparticle, among others, that includes:
heating a Ni/AlO3 mixture to about 200 to 500° C for about 1 to 5 hours to
form nickel hydride on the surface of Ni nanoparticles to form a NiH/AIOs
powder; and mixing the NiH/Al,O3; powder with a first solution including Pt for
about 10 to 30 hours forming the supported Ni/Pt bimetallic nanoparticle. In
one or more aspects, the first solution can be selected from: platinum (1V)
chloride, ammonium hexachloroplatinate (IV), sodium hexachloroplatinate (V)
hexahydrate, potassium hexachloroplatinate (1V), or a combination thereof. In
any one or more aspects, the method can further include mixing a second

solution including Ni with the supported core-shell Ni/Pt bimetallic nanoparticle
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for about 10 to 30 hours to form a supported Ni/Pt/Ni multi-layer core shell
nanoparticle. The second solution can be selected from: nickel nitrate
hexahydrate, nickel chloride, or a combination thereof. In any one or more
aspects, the method can further include mixing a third solution including Pt
with the supported core-shell Ni/P¥Ni bimetallic nanoparticle for about 10 to
30 hours to form a supported Ni/Pt/Ni/Pt multi-layer core shell nanoparticle.

An embodiment of the present disclosure provides for a particle,
among others, that includes: exposing CO to a supported Ni/Pt bimetallic
nanoparticle; and CO, reforming of methane using the supported Ni/Pt
bimetallic nanoparticle. In one or more aspects, the Ni/Pt bimetallic
nanoparticle having a Ni core and a Pt layer can be disposed on the surface
of the Ni core, wherein the supported Ni/Pt bimetallic nanoparticle Pt/Nis has a
molar ratio of about 0.01 to 1, and wherein the supported Ni/Pt bimetallic
nanoparticle is a refractory porous support.

In any one or more aspects of the various embodiments, the average
size of the particle can be about 3 to 15 nm. In any one or more aspects of
the various embodiments, the refractory porous support can be selected from
the group consisting of: y-Al,O3, alumina, silica, zirconia, titania, and activated
carbon. The supported Ni/Pt bimetallic nanoparticle can include a Ni layer
disposed on the Pt layer and the Ni core, wherein the Ni layer has a coverage
of about 1 to 100% of the supported Ni/Pt bimetallic nanoparticle.

Additional embodiments are described below. Other systems,
methods, features, and advantages of the present disclosure will be or
become apparent to one with skill in the art upon examination of the following
drawings and detailed description. It is intended that all such additional
systems, methods, features, and advantages be included within this
description, be within the scope of the present disclosure, and be protected by

the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS
Many aspects of the present disclosure can be better understood with
reference to the following drawings. The components in the drawings are not
necessarily to scale, with emphasis instead being placed upon clearly

illustrating the principles of the disclosure. Moreover, in the drawings, like
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reference numerals designate corresponding parts throughout the several
views.

Fig. 1.1 illustrates a graph of catalysts A to F that were characterized
by CO-IR.

Fig. 1.2 illustrates typical STEM images of NiPt(0.71)/Al,Os (a) before
and (f) after thermal treatment. Figure 1.2(b), (c) and (e) illustrate HAADF-
STEM images, the corresponding indexed fast Fourier transform (FFT) and
EDX spectra of a selected single nanocrystal of untreated NiPt(0.71)/Al>Os.
Figure 1.2(d) and (i) illustrates particle size distributions of NiPt(0.71)/Al,Os
before and after thermal treatment, respectively. Figures 1.2(g), (h) and (j)
illustrate HAADF-STEM images, compositional line profile and EDX spectra of
a selected NP of treated NiPt(0.71)/Al>Os.

Fig. 1.3 illustrates typical STEM images of NiPt(0.18)/Al,O; (a) before
and (f) after thermal treatment. Figure 1.3(b), (c) and (e) illustrates HAADF-
STEM images, the corresponding indexed fast Fourier transform (FFT) and
EDX spectra of a selected single nanocrystal of untreated NiPt(0.18)/Al,Os.
Figure 1.3(d) and (i) illustrates particle size distributions of NiPt(0.18)/Al.Os
before and after thermal treatment, respectively. Figures 1.3(g), (h), and (j)
HAADF-STEM image, compositional line profile and EDX spectra of a
selected nanoparticle of treated NiPt(0.18)/Al,0s.

Fig. 1.4 illustrates typical STEM images of NiPt(0.66)/Al,O; (a) before
and (f) after thermal treatment. Figure 1.4(b), (c), and (e) illustrates HAADF-
STEM images, the corresponding indexed fast Fourier transform (FFT) and
EDX spectra of a selected single nanocrystal of untreated NiPt(0.66)/Al,Os.
Figure 1.4(d) and (i) illustrate particle size distributions of NiPt(0.66)/Al.Os
before and after thermal treatment, respectively. Figure 1.4(g), (h), and (j)
illustrates HAADF-STEM image, compositional line profile and EDX spectra of
a selected nanoparticle of treated NiPt(0.66)/Al,0s.

Fig. 1.5 illustrates DRM reaction results that are summarized in Table 2
for catalyst D.

Fig. 2.1 illustrates infrared spectra of CO adsorbed on Ni/Al,O3 (a),
Ni@Pt/Al,Os (b), Ni@Pt@Ni/AlOs (c), and PY/AILOs (d).
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Figure 2.2 illustrates STEM images and composition profiles of as-
prepared Ni/Al,Os (a and b), Ni@Pt/Al,Os; (c and d), and Ni@Pt@Ni/Al,O; (e
and f).

Fig. 2.3 illustrates magnetization curves of Ni/Al,O3 (o), Ni@Pt/AlO3
(o), and Ni@Pt@Ni/Al2O3 (A).

Fig. 2.4 illustrates the syntheses of Ni/Pt bimetallic NPs are presented
in Scheme 1.

Fig. 3.1 illustrates an STEM image of Ni/Al.O3 (a) and its particle size
distribution (291 particles, average diameter= 6.5+1.4 nm) (b).

Fig. 3.2 illustrates an STEM image of Ni@Pt/Al,O3 (a) and its particle
size distribution (178 particles, average diameter= 6.8+2.4 nm) (b).

Fig. 3.3 illustrates an STEM image of Ni@Pt@Ni/Al,O3 (a) and its
particle size distribution (203 particles, average diameter=7.2+1.8 nm) (b).

Fig. 3.4 illustrates a TEM image of Pt/Al,O3 (a) and its particle size
distribution (224 particles, average diameter= 1.4+0.4 nm) (b).

Fig. 3.5 illustrates a conversion (a) and TON (b) as a function of
reaction time in the hydrogenation of styrene catalysed by as-prepared metal
NPs. (0) Ni/Al;Os, (1) Ni@Pt/Al,O3, (A) Ni@Pt@Ni/Al,03 and (o) PY/AI;Os.

DETAILED DESCRIPTION

This disclosure is not limited to particular embodiments described, and
as such may, of course, vary. The terminology used herein serves the
purpose of describing particular embodiments only, and is not intended to be
limiting, since the scope of the present disclosure will be limited only by the
appended claims.

Where a range of values is provided, each intervening value, to the
tenth of the unit of the lower limit unless the context clearly dictates otherwise,
between the upper and lower limit of that range and any other stated or
intervening value in that stated range, is encompassed within the disclosure.
The upper and lower limits of these smaller ranges may independently be
included in the smaller ranges and are also encompassed within the

disclosure, subject to any specifically excluded limit in the stated range.
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Where the stated range includes one or both of the limits, ranges excluding
either or both of those included limits are also included in the disclosure.

Embodiments of the present disclosure will employ, unless otherwise
indicated, techniques of material science, chemistry, physics, and the like,
which are within the skill of the art. Such techniques are explained fully in the
literature.

The following examples are put forth so as to provide those of ordinary
skill in the art with a complete disclosure and description of how to perform
the methods and use the compositions and compounds disclosed and
claimed herein. Efforts have been made to ensure accuracy with respect to
numbers (e.g., amounts, temperature, efc.), but some errors and deviations
should be accounted for. Unless indicated otherwise, parts are parts by
weight, temperature is in °C, and pressure is at or near atmospheric.
Standard temperature and pressure are defined as 20 °C and 1 atmosphere.

Before the embodiments of the present disclosure are described in
detail, it is to be understood that, unless otherwise indicated, the present
disclosure is not limited to particular materials, reagents, reaction materials,
manufacturing processes, dimensions, frequency ranges, applications, or the
like, as such can vary. ltis also to be understood that the terminology used
herein is for purposes of describing particular embodiments only, and is not
intended to be limiting. It is also possible in the present disclosure that steps
can be executed in different sequence, where this is logically possible. Itis
also possible that the embodiments of the present disclosure can be applied
to additional embodiments involving measurements beyond the examples
described herein, which are not intended to be limiting. It is furthermore
possible that the embodiments of the present disclosure can be combined or
integrated with other measurement techniques beyond the examples
described herein, which are not intended to be limiting.

It should be noted that, as used in the specification and the appended

LTS

claims, the singular forms “a,” “an,” and “the” include plural referents unless
the context clearly dictates otherwise. Thus, for example, reference to “a
support” includes a plurality of supports. In this specification and in the claims
that follow, reference will be made to a number of terms that shall be defined

to have the following meanings unless a contrary intention is apparent.
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Discussion

Embodiments of the present disclosure provide for supported Ni/Pt
bimetallic nanoparticles, compositions including supported NiPt nanoparticles,
methods of making supported NiPt nanoparticles, methods of using supported
NiPt nanoparticles, and the like. In an embodiment, the supported Ni/Pt
bimetallic nanoparticles can include multiple layers of metals and can be
alternatively referred to as “Ni/Pt bimetallic multilayer core-shell
nanoparticles”. Embodiments of the supported Ni/Pt bimetallic nanoparticles
can be used as catalysts and used in applications such as selective
hydrogenation (e.g., of styrene), hydrogenolysis, dehydrogenation,
isomerization, reforming (e.g., dry reforming of methane), cracking, CO
oxidation, and fuel cell.

In an embodiment, the present disclosure includes supported Ni/Pt
bimetallic nanoparticles having a Pt coverage (Pt/Nis molar ratio) of about
0.01to 1, about 0.1 to 0.9, about 0.5 to 0.95, or about 0.6 to 0.8 (e.g., about 1
to 100% coverage or about 10 to 90% coverage of the Ni surface).
Embodiments of the present disclosure provide a supported Ni/Pt catalyst with
the Pt coverage of about 0.7, which is a highly active catalyst for the DRM
with a much higher selectivity and stability than typical Ni/Pt catalysts
prepared by conventional methods.

In an embodiment, the support can be a refractory porous support. In
an embodiment, the refractory porous support can be y-Al,O3; alumina,
zirconia, silica, titania, or an activated carbon. Example 1 describes an
embodiment where the support is y-Al;Os.

In an embodiment, the Ni/Pt bimetallic nanoparticle can be spherical or
substantially spherical. In an embodiment, the Ni/Pt bimetallic nanoparticle
can have a diameter of about 3 to 15 nm. In an embodiment, the Ni can have
a diameter of about 2 to 15. In an embodiment, the Pt covered areas can
have a thickness of Pt of about 0.3 to 1.5 nm.

Supported bimetallic catalysts are widely used in heterogeneous
catalysis. But preparation of supported bimetallic catalysts with controllable
composition and structure, especially controllable surface composition and

structure, are difficult due to the limit of preparation methods (e.g., co-
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impregnation or successive impregnation methods). Embodiments of the
present disclosure provide methods to prepare supported bimetallic catalysts
with tunable composition and structure, especially surface composition and
structure. In particular, methods to prepare supported bimetallic catalysts can
include incipient wetness impregnation, dry impregnation, or deposition-
precipitation.

Embodiments of the methods disclosed herein describe a new protocol
to synthesize supported bimetallic catalysts and their composition and
structure; especially surface composition and structure are readily controlled.

An embodiment discloses a method that is used to prepare supported
Ni/Pt bimetallic multilayer core-shell nanoparticles, in which the core of the
first metal is prepared by conventional incipient wetness impregnation
method, for example, and the shell of the second metal is generated by
surface organometallic chemistry on metals method. In an embodiment, the
method of making a supported Ni/Pt bimetallic nanoparticle includes heating a
Ni/Al,O3 mixture to about 200 to 500° C or about 450° C for about 1 to 5 hours
or about 3 hours under hydrogen atmosphere to form a supported nickel
nanoparticles presenting surface nickel hydride species (NiH/Al,O3).
Subsequently, the NiH/AI>O3 powder is mixed with a first solution including Pt
for about 10 to 30 hours or about 20 hours forming the supported Ni/Pt
bimetallic nanoparticles. Once formed, the supported Ni/Pt bimetallic
nanoparticles can be rinsed, washed, and dried as needed. Additional details
are provided in the Examples.

In an embodiment, the first solution can be selected from: platinum (V)
chloride, ammonium hexachloroplatinate (IV), sodium hexachloroplatinate (V)
hexahydrate, potassium hexachloroplatinate (IV), or a combination thereof.

Coke formation, leading to deactivation of catalysts, is one of the main
issues that hinder the practical development of the DRM process at an
industrial scale. Embodiments of the present disclosure are highly resistant
against the coke formation in the process of the DRM. In an embodiment, a
catalyst system for improved coke resistance in the DRM can include a Ni/Pt
bimetallic nanoparticle. The catalyst system disclosed herein is considered as
an alternative to the conventional nickel-based reforming catalysts, for the
processes of DRM, SRM, POM or their combinations. The controlled
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coverage of Ni nanoparticles allows the reduction of the use of noble metal
(Pt) to its minimum and therefore limits the cost of the catalyst. An
embodiment of the catalyst system is highly active under DRM conditions.

As mentioned above, the supported Ni/Pt bimetallic nanoparticle also
includes a supported Ni/Pt bimetallic multilayer core-shell nanoparticle, where
one or more layers of Ni or Pt are added to the Ni/Pt nanoparticle. As noted
above, the first Pt layer can have less than 100% coverage, but can also have
100% coverage of the supported Ni/Pt bimetallic multilayer core-shell
nanoparticle. Each successive layer can have from about 1 to 100%, about
10 to 90%, about 30 to 90%, about 40 to 80%, or about 60 to 80% surface
coverage.

The core diameter and shell thickness are tunable depending on the
desired characteristics of the supported Ni/Pt bimetallic multilayer core-shell
nanoparticles. In an embodiment, the Ni/Pt bimetallic multilayer core-shell
nanoparticle can have a diameter of about 3 to 15. In an embodiment, the Ni
core can have a diameter of about 3 to 15 nm. In an embodiment, each shell
layer (Ni or Pt) can have a thickness of about 0.3 to 1.5 nm.

Another embodiment of the present disclosure describes a facile
method to prepare bimetallic multilayer core-shell nanoparticles with tunable
structures, in which a monometallic catalyst with well-defined structure is first
synthesized using a conventional incipient wetness impregnation method, and
then the second metal is selectively deposited on the parent metal surface
through controllable reduction of a second metal precursor using surface
organometallic chemistry on metals method. This last step can be repeated in
order to add additional shells of a different metal on the surface of the bi-
metallic core-shell nanoparticle. Additional details are provided in the
Example 2.

In addition to the method described above in reference to forming the
supported Ni/Pt bimetallic nanoparticle, the method for forming the supported
Ni/Pt bimetallic multilayer core-shell nanoparticle includes the additional
step(s) of mixing a second solution including Ni with the supported Ni/Pt
bimetallic nanoparticle for about 10 to 30 hours or about 20 hours to form a
supported Ni/Pt bimetallic core shell nanoparticle. In an embodiment, the

second solution can be selected from: nickel nitrate hexahydrate, nickel

10
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chloride, or a combination thereof. Additional layers can be added in a similar
manner as the Ni layer is added. In an embodiment, the layers are alternated
between Ni and Pt. Once formed, the supported Ni/Pt bimetallic core shell
nanoparticles can be rinsed, washed, and dried as needed. Additional details
are provided in the Examples.

The supported Ni/Pt bimetallic multilayer core-shell nanoparticle
systems disclosed herein have been tested as catalysts for hydrogenation of
styrene and exhibit high catalytic activities and selectivities. These catalyst
systems can also be considered as active catalysts for other potential
applications such as selective hydrogenation, hydrogenolysis,
dehydrogenation, isomerization, reforming, cracking, CO oxidation, and fuel
cell. In an embodiment, the supported Ni/Pt bimetallic multilayer core-shell
nanoparticles are active catalysts for hydrogenation of styrene with high

selectivity.

Examples
Example 1
Example 1 discloses a series of supported Ni/Pt bimetallic catalyst with

a Pt coverage (Pt/Nis molar ratio) in the range of 0.1 to 0.9 (catalysts A to F,
see Table 1). Example 1 also discloses a method that is used to prepare
supported bimetallic catalysts with controlled composition and structure,
especially surface composition and structure. Example 1 also discloses a
process for the DRM using the catalyst disclosed herein.

Materials and general consideration:

All manipulations dealing with air- or moisture-sensitive materials were
carried out under argon atmosphere. Unless otherwise stated, all reagents
were purchased from commercial suppliers and used as received. Toluene
was purified by the MBRAUN solvent purification system. y-Al,O3; (Aeroxide®
Alu C, fumed aluminum oxides, specific surface area 130£15 m2/g) was
purchased from Evonik Industries. Prior to use, y-Al,O3; was aggregated by
treatment with distilled water and dried in the oven at 120 °C for 2 days. The
void volume of y-Al;O3 is 0.5 ml/g, determined by water impregnation.
Pt(acac)2 (97%) was purchased from Sigma-Aldrich and used as received.
The CO (99.998%) and hydrogen (99.999%) gases were purchased from

11
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Abdullah Hashim Industrial Gases & Equipment Co. Ltd. (Jeddah) and used
as received. Ni/Al,O3; was prepared according to the procedure reported in the
literature (See, Appl. Catal. A: Gen. 323 (2007) 188-201; Appl. Catal. A: Gen.
366 (2009) 122-129, each of which is incorporated herein by reference). Its
Ni loading is 10 wt%, determined by elemental analysis.

Elemental analyses were obtained from the service of
Mikroanalytisches Labor Pascher (Remagen, Germany). The CO-IR spectra
were recorded on a Nicolet 6700 FT-IR spectrometer with a resolution of 4
cm™. The samples were first diluted 2-3 times with y-Al,Os (thermally treated
at 500 °C under vacuum over 12 h) and then pressed to pellets (ca. 0.1-0.2
g). The sample pellets were mounted in a sample holder, which was placed in
an IR cell. The CO gas (20-30 mmHg) was fed into the IR cell, kept for 5 min
and then evacuated under vacuum for 10 min. The CO-IR spectra were
presented by subtraction of the spectra recorded before and after the CO
absorption. High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX)
were performed on a Titan G2 60-300 CT electron microscope by operating it
at the accelerating voltage of 300 kV. The samples were prepared by
depositing a drop of dilute sample solution on a carbon-coated copper grid
and dried at room temperature.

To prepare Ni/Al,Os, a typical procedure is described as follows: for
instance, in the case of catalyst A, 1.0 g of Ni/Al,O; was treated at 450 °C for
3.0 h in a hydrogen flow (300 ml/min) and cooled down to room temperature
under hydrogen atmosphere. The powder was transferred into a 100-mL
Schlenk flask under hydrogen protection. 50 ml of toluene solution of
Pt(acac), (18.9 mg, 0.048 mmol) was added and the mixture was stirred at
room temperature for 20 h under hydrogen (1 atm). After filtering, washing
with toluene (3x30 ml) inside the glovebox, and drying under vacuum, brown
powder was isolated and kept inside the glovebox. Yield: 86%.

A step of this synthesis is the controlled reduction of Pt(acac), over Ni
NP surface. Due to the difference of reduction potentials of Pt** (E°(Pt**/Pt°)=
+1.188 V), H* (E°(H*/H2)= 0 V) and Ni?* (E°(Ni**/Ni®)= -0.25 V),® two possible
side reactions are possible: the direct reduction of Pt(acac), by molecular

hydrogen in solution and oxidation of Ni by Pt(acac), over Ni NP surface. The

12
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former would cause formation of monometallic Pt NPs, and the latter would
give rise to dissolution of Ni° into Ni?*, and both are detrimental to control
composition and structure of bimetallic NPs. Blank tests (Pt(acac),, 30 mg;
toluene, 20 ml; Hz, 1.0 atm; 22 or 50 °C, 20 h) has proved that direct reduction
of Pt(acac), by molecular hydrogen in solution is considerably pronounced at
50 °C, but it was dramatically suppressed at room temperature (ca. 22 °C).
Therefore, room temperature is an optimized temperature for the preparation
of Ni-c/Pt-s/Al;Os. In order to prevent oxidation of Ni by Pt(acac)., we first
thermally treated Ni/Al,O3; under hydrogen to form the NisH/ALL,Os, in which the
formed Ni hydride layer may effectively prevent direct contact of Pt(acac), with
Ni NP surface. The formed NisH/AI>Os also exhibits high reactivity toward the
reduction of Pt(acac),. Therefore Pt(acac),is selectively reduced on the

surface Ni nanoparticles surface.

Table 1: Properties of catalysts Ato F

Catalyst Ni Pt NixPt100-x Pt/Nis?

(Wt%) (Wt%) (molar (molar
ratio) ratio)

A 9.14 0.75 NigsPtoz 0.18

B 9.39 1.29 NigsPtos 0.29

C 8.96 2.63 Nig2Ptos 0.63

D 8.83 2.93 Nig1Ptog 0.71

E 9.05 3.32 NigoPt1o 0.78

F 8.81 3.54 NiggPt11 0.86

@ Pt and Ni contents were obtained from elemental analysis, and Nis refers to
the surface nickel atoms. The amount of surface nickel atoms was calculated
from the formula: Nis= Niia %D, where Niita is the amount of the total nickel
atoms and D is the dispersion. D was calculated from the following formula:
%D= 97.1/d (assuming in a first approximation that Ni NPs are spherical, C.
H. Bartholomew and R. B. Pannell, J. Catal. 65 (1980), 390-401), where d is
the average particle diameter determined by TEM.

Catalysts A to F were characterized by CO-IR and the results are given
in Fig. 1.1. It is apparent that the CO absorption bands on pure Ni and Pt NPs
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are strikingly different. For the Ni NPs, three absorption bands 2065, 2037
and 1942 cm™ (see Fig. 1.1, Ni/Al,O3) were observed, which are assigned to
subcarbonyl (Ni(CO)y, x= 2 or 3), linear (NiCO) and bridged (Ni,CO) species,
respectively. For the Pt NPs, two absorption bands 2065 and 1810 cm™ (see
Fig. 1.1, Pt/Al,O3) were observed, which are ascribed to linear (PtCO) and
bridged (Pt(CO), x= 2,3) species, respectively, and the former is very strong
and the latter very weak. As the Ni NPs were covered with increasing amount
of Pt (Fig 1.1, sample A to F), the absorption bands characteristic on Ni NPs
disappeared and the bands characteristic of Pt increase accordingly.

Fig. 1.2 displays the typical STEM and HRTEM images of
NiPt(0.71)/Al,O3 before and after thermal treatment. The similar images were
also observed for NiPt(0.18)/Al,03 and NiPt(0.66)/Al,Os (see Figs. 1.3 and
1.4). For the untreated samples, EDX analyses of tens of individual particles
for each sample revealed no monometallic Ni or Pt particles, which prove the
advantage of our preparation protocol to synthesize “pure” bimetallic NPs. A
typical EDX spectrum for the selected single nanocrystal of NiPt(0.71)/Al,O3 is
shown in Fig. 1.2e. The detectable interplanar distances (d{111}= 1.94-2.05 A
and d{002}= 1.70-1.80 A) characteristic on a regular face-centered cubic (fcc)
nickel crystal imply that the Ni NPs remain unchanged during the preparation.
It can also be observed in Figs. 2b and 2¢ that, the exposed surfaces mainly
consist of the {111} and {100} facets, being consistent with those expected
from the truncated cuboctahedron model for the fcc metal NPs (e.g., Ni and
Pt).*' Since the brightness is proportional to the square of atomic number Z of
an element on the STEM images, the Pt atoms are much brighter than Ni
atoms owing to its larger atomic number. It can be clearly observed in Fig.
1.2b that the brighter Pt atoms are well dispersed on the Ni surface in an
atomic pattern. For the treated samples, it is apparent that the thermal
treatment has no significant effects on the particle sizes, as observed in Figs.
1.2d and 1.2i (and also in Figs. 1.3 and 1.4). The same EDX analyses ruled
out the presence of the monometallic Ni or Pt NPs. Fig. 1.2j shows a typical
EDX spectrum for the selected NP of NiPt(0.71)/Al,Os. It can be seen from
Figs. 1.2f and 1.2g that all the bimetallic NPs are partially covered with “thin
and brighter” outmost layers. The compositional line profile analysis depicted

in Fig. 1.2h demonstrates that these outmost layers are Pt-enriched.
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A typical DRM test is described as follows: 50 mg of catalyst and 150
mg of SiC as diluent (SiC/catalyst= 3) are mixed and introduced into a quartz
reactor. The reactor is then mounted in the DRM set-up. Catalyst mixture is
heated up to 500 °C (heating rate, 10 °C/min) under Hx/Ar flow (Hz, 10 vol%;
40 ml/min) and kept at 500 °C for 3 h. Then the reactor is purged by argon
flow (100 ml/min) and heated up to the desired reaction temperature (700 °C).
The reactant gases (CH4/CO2/Ny= 1/1/8, P= 1 atm) are introduced to the
reactor at a total flow of 100 ml/min (WHSV= 120 L.h™.g cat™"). Reactants and
products are continuously monitored using an on-line gas chromatography.
After the test, catalysts are collected and characterized by TEM and elemental
analysis. The DRM reaction results are summarized in Table 2 and the
complete test is plotted on Fig. 1.5 for catalyst D. Covering Ni nanoparticle
with Pt increases the stability by reducing coke formation, with the lowest
coke formation for catalyst D corresponding to 70% of Ni surface coverage by
Pt atoms. Catalyst D show almost no deactivation and elemental analysis

reveal below 1% of coke formation after 50 hours of under DRM conditions.

Table 2: Results for the DRM tests?

Catalyst | Initial After 20 h Coke

CH, (%) | CO, (%) | Ho/CO | | CH4 (%) | CO2 (%) | Ho/CO | (Wt%)
A 59 88 0.85 43 71 0.75 |6.92°
B 75 81 0.93 57 64 0.83 |[4.82
C 73 77 0.91 60 67 0.85 [3.50
D 89 90 0.99 86 89 098 [0.82°
E 81 91 0.91 709 807 0.897 |3.77°
F 63 88 0.87 46 73 0.80 [19.7°
EQ° 88 92 0.95

@ General catalytic conditions: P= 1 atm, T= 700 °C, CH4/CO2/N,= 1:1:8,
GHSV=120L h" gcat’.?24 h; °49 h. “18.0 h. ©42 h. ® Thermodynamic
equilibrium composition: Conversion(CH4)= 88.0%, Conversion(CO;)= 92.4%,
H./CO= 0.95, calculated using the commercial software THERBAL under
considering a system comprising DRM and reverse water-gas shift reaction
(RWGS) (700 °C, CH4/CO2/N2= 1:1:8).

15



WO 2015/092551 PCT/IB2014/003199

Example 2
Extended from the synthesis described above, below it is presented a

facile method to prepare alumina-supported Ni/Pt core-shell bimetallic NPs
(Ni-c/Pt-s/Al,O3) and multi-layer core-shell NPs (Ni-c¢/Pt-s/Ni-s/Al2O3) using
modifiec surface organometallic chemistry on metals method . Since the
reduction potential of Ni®* is lower than those of Pt** and H*, direct reduction
of Ni(acac), by molecular hydrogen in solution and oxidation of Pt by
Ni(acac), over the particle surface are not assumed to take place. Therefore,
Ni(acac), react with surface platinum hydride formed in-situ by the reaction of
Ni-c/Pt-s/Al,O3 with hydrogen, to selectively form a Ni layer over the
nanoparticles. Finally, the Ni-c/Pt-s/Ni-s/Al,O3 with multi-layer core-shell
structure is obtained. The shell thickness of Ni can be modified by addition of
excess Ni(acac),, e.g., Ni(acac),/Pt= 2.0.. The obtained bimetallic multi-layer
core-shell NPs are characterised by elemental analysis, Infrared spectroscopy
of absorbed carbon monoxide (CO-IR), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy-dispersive X-
ray spectroscopy (EDX) techniques. As an example, these bimetallic NPs are
shown to be active for selective hydrogenation of styrene.

This is the first example of alumina-supported Ni/Pt multi-layer core-
shell NPs although alumina-supported Ni or Pt monometallic or their alloy
NPs have been widely used in heterogeneous catalysis.’ Similar
approaches known as “hydrogen sacrificial” and “catalytic reduction”
method have been employed to prepare respectively bimetallic colloids by
Toshima’s group,? and supported bimetallic NPs in aqueous phase in the
Marecot’'s group,10 In both groups, special attention has been paid to avoid
oxidation of the parent metal by the second metal but attempts to increase
the Pt shell thickness of Ni-c/Pt-s/Al,O3 by addition of excess Pt(acac),
(e.g., Pt/Nis= 2 or 5) failed and Pt/Nis never exceed the unity. It implies that
reduction of Pt(acac), cannot take place on the newly-formed Pt shell,
which was further confirmed by the failure of reduction of Pt(acac), on as-
prepared Pt/Al,O3; under the same conditions. However, Ni(acac), was
successfully reduced on the surface of Ni-c/Pt-s/Al>O3 (see below).

According to their reduction potentials, Pt(acac), should be more readily
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reduced than Ni(acac),, but the result is opposite. The reason why
Pt(acac), and Ni(acac), show such different reactivity on the surface of Pt
still remains unclear.

Syntheses of Ni/Pt bimetallic NPs are presented in Scheme 1, Fig.
2.4. Initially, alumina-supported Ni NPs (Ni/Al,O3) were prepared according
to the classical methods® and characterised by STEM, showing evenly
dispersed Ni NPs over alumina with an average diameter of 6.5£1.4 nm
(see Fig. 3.1, Supporting Information as described in Example 1).
Treatment of Ni/Al,O3 at 450 °C for 3 h under hydrogen flow and then
cooling down to room temperature under hydrogen give Ni NPs covered
with hydrogen (NisH/Al>O3). Reaction of NisH/Al,O3 with Pt(acac). (acac=
acetylacetonate) (Pt/Nis= 1.0),” in toluene at room temperature under
hydrogen (1 atm) for 20 h, leads to core-shell NPs Ni-c/Pt-s/Al,O3; with an
average diameter of 6.8+2.4 nm (see Fig. 3.2) (Pt/Nis= 0.94, calculated
from elemental analysis result assuming that, at such moderate
temperature, the Ni core remains intact during the preparation). Further
reaction of Ni-c/Pt-s/Al,O3; with Ni(acac),, (Ni(acac),/Pt= 2.0) under the
same reaction conditions gives rise to super core-shell NPs Ni-c/Pt-s/Ni-
s/Al>O3 in almost a stoichiometric yield. Its average diameter is 7.2+1.8 nm
(see Fig. 3.3).

The core-shell structures of bimetallic NPs Ni-c/Pt-s/Al,O3 and Ni-
c/Pt-s/Ni-s/Al,O3 were confirmed by CO-IR and STEM techniques. The CO-
IR spectra of Ni/Pt bimetallic NPs, along with pure Ni and Pt NPs, are
shown in Fig. 2.1. It is apparent that the CO absorption bands on pure Ni
and Pt NPs are strikingly different. For the Ni NPs, three absorption bands
at 2065, 2037 and 1942 cm™ (see Fig. 2.1a) are assigned to subcarbonyl
(Ni(CO)x, x= 2 or 3), linear (NiCO) and bridged (Ni,CO) species,
respectively.”’ For the Pt NPs, two absorption bands at 2065 and 1810 cm’
! (see Fig. 2.1d) were observed, which are ascribed to linear (PtCO) and
bridged (Pt(CO), x= 2,3) species, respectively, and the former has a very
high intensity whereas the latter has a very weak one.’® As the Ni NPs
were covered by Pt layer to form core-shell structure in the sample Ni-c/Pt-
s/Al, O3, the absorption bands characteristic on Ni NPs disappeared and

the bands on Pt NPs were exclusively observed (see Fig. 2.1b). Since the
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coverage of Pt over the Ni NPs is close to unity (Pt/Nis= 0.94), it can be
inferred that in the sample Ni-c/Pt-s/Al,O3; the shell is comprised of a Pt
monolayer without strong modification of the Pt properties by subjacent Ni
core. Further coating of this core-shell NPs by Ni layer to form multi-layer
core-shell structure in the sample Ni-¢/Pt-s/Ni-s/Al,O3 results in the
exclusive absorption bands characteristic on Ni NPs (see Fig. 2.1¢).

The bimetallic NPs were also analysed by STEM coupled with EDX.
EDX analyses of tens of individual particles of both bimetallic NPs does not
reveale monometallic Ni or Pt particles. The typical STEM images of
bimetallic NPs, along with the monometallic Ni NPs as reference, are
presented in Fig. 2.2 and Figs. 3.1-3.3. A clear contrast difference on the
STEM images, in which the brightness is proportional to the square of
atomic number Z of an element, demonstrates the presence of the core-
shell structures in the bimetallic NPs (see Figs. 2.2c and e). The Pt shell is
brighter owing to its larger atomic number, whereas the Ni core and shell is
relatively darker. This result is consistent with their composition profiles. As
displayed in Figs. 2.2d and f, Ni-c/Pt-s/Al,O3 shows two peaks in the outer
layer due to the presence of the Pt shell, whereas in the Ni-c/Pt-s/Ni-
s/Al,O3 two shoulder peaks on either side of these two peaks are present
owing to the coating of Ni-c/Pt-s/Al,O3 by another Ni layer.

Fig. 2.3 displays magnetic hysteresis curves of Ni/Al,O3, Ni-c/Pt-
s/Al;03 and Ni-c/Pt-s/Ni-s/Al,O3, which were measured at room
temperature. The magnetisation is presented with respect to the Ni content.
The S-shaped field-dependent magnetisation and the absence of coercive
field indicate dominant superparamagnetic behaviours of these three
samples. Due to the addition of Pt, the saturation magnetisation of
bimetallic NPs is slightly lower than that of monometallic Ni NPs. The core-
shell structure seems to have no effect on magnetic properties of NPs.

Preliminary tests show that these Ni/Pt NPs are active catalysts for
hydrogenation of styrene with high selectivity for ethylbenzene, (>99%).
The results are given in Fig. 3.5 and Table S1. As shown in Fig. 3.5(a), the
conversion increases in the following order Ni/Al,O3; < Ni-c/Pt-s/Ni-s/Al,O3
< Pt/Al203 < Ni-c/Pt-s/Al2Os. It seems that the NPs with the Pt outer layers

are more active than those with the Ni outer layers and the bimetallic NPs
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lead to higher catalytic activities. A comparable tendency was observed
upon considering the dispersion of NPs (see Fig. 3.5(b)). The NPs with the
Pt outer layers show higher catalytic activities than those with the Ni outer
layers, and Pt/Al>O3 is more active than Ni-c/Pt-s/Al,O3 presumably due to
its higher dispersion (see Figs. 3.2 and 3.4). By comparison with other
alumina-supported Ni/Pt bimetallic NPs prepared by successive
impregnation method,™ it can be found that our bimetallic NPs are more
active.

In summary, we report here a protocol to prepare alumina-supported
bimetallic NPs using SOMC on metals method. Ni/Pt bimetallic multilayer
core-shell NPs (Ni-c/Pt-s/Al,O3) and multi-layer core-shell (Ni-¢/Pt-s/Ni-
s/Al,O3) were prepared and characterised by CO-IR and STEM techniques.
The experimental results have demonstrated that SOMC on metals method
is a powerful tool to selectively decorate the surface structure of metal
NPs. The obtained bimetallic NPs exhibit high catalytic activities for
hydrogenation of styrene.
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Supporting Information for Example 2:
Experimental Section

General consideration: All manipulations dealing with air- or
moisture-sensitive materials were carried out under argon atmosphere.
Unless otherwise stated, all reagents were purchased from commercial
suppliers and used as received. Toluene was purified by the MBRAUN
solvent purification system. Styrene (Sigma-Aldrich, purity > 99%) was
purified over calcium hydride and distilled off under vacuum prior to use. y-
Al,O3 (Aeroxide® Alu C, fumed aluminium oxides, specific surface area
130415 m?/g) was purchased from Evonik Industries. Prior to use, y-Al>O3

was aggregated by treatment with distilled water and dried in the oven at 120
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°C for 2 days. The void volume of y-Al,O3 is 0.5 ml/g, determined by water
impregnation. Pt(acac), (97%), Ni(acac), (95%), Pt(NH3)4(OH), (98%) and n-
decane (99%) were purchased from Sigma-Aldrich and used as received. The
CO (99.998%) and hydrogen (99.999%) gases were purchased from Abdullah
Hashim Industrial Gases & Equipment Co. Ltd. (Jeddah) and used as
received. Ni/Al,O3 was prepared according to the procedure reported in the
literature (Chimie, 2003, 6, 231-240; Chem. Commun., 2002, 1194-1195).
Its Ni loading is 5.66 wt%, determined by elemental analysis.

Elemental analyses were obtained from the service of
Mikroanalytisches Labor Pascher (Remagen, Germany). Ni metal dispersion
was measured on fresh samples from uptakes of weakly and strongly
chemisorbed H; at 303 K (150-300 mmHg) using a ASAP 2020C
chemisorption analyzer, after reducing samples at 723 K for 2 h and
evacuating at 723 K for 2 h within the adsorption cell. Ni dispersion was
calculated using 1:1 H:Ni titration stoichiometry. The CO-IR spectra were
recorded on a Nicolet 6700 FT-IR spectrometer with a resolution of 4 cm™.
The samples were first diluted 2-3 times with y-Al,O; (thermally treated at
500 °C under vacuum over 12 h) and then pressed to pellets (ca. 0.1-0.2 g).
The sample pellets were mounted in a sample holder, which was placed in an
IR cell. The CO gas (20—-30 mmHg) was fed into the IR cell, kept for 5 min and
then evacuated under vacuum for 10 min. The CO-IR spectra were presented
by subtraction of the spectra recorded before and after the CO absorption.
High-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDX) were
performed on a Titan G? 60-300 CT electron microscope by operating it at the
accelerating voltage of 300 kV. The samples were prepared by depositing a
drop of dilute sample solution on a carbon-coated copper grid and dried at
room temperature. The magnetic hysteresis loops of the samples were
recorded using a commercial Quantum Design Magnetic Property
Measurement System with Superconducting Quantum Interference Device
technology (MPMS® SQUID VSM) at room temperature from -5 Tesla to 5
Tesla.

Synthesis of Pt/Al.O3: PY/Al>O3 was synthesized using incipient
wetness impregnation method. A 5 ml solution of Pt(NH3)4(OH)2 (0.51 g) in
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deionized water was added to 10 g of y-Al,O3. The mixture was placed at
room temperature overnight and then dried in the oven at 100 °C for 2.0 h.
The obtained solid was treated under a flow of air (100 ml/min) up to 500 °C
(heating rate= 7.5 °C/min) and kept for 5.0 h at 500 °C, followed by treatment
under a flow of hydrogen (300 ml/min) at 400 °C for 5.0 h. Finally, brown
powder was isolated and kept inside the glovebox. Elemental analysis: Pt,
3.02 wt%.

Synthesis of Ni-c/Pt-s/Al,0s: 1.0 g of Ni/Al,O; was treated at 450 °C
for 3.0 h in a hydrogen flow (300 ml/min) and cooled down to room
temperature at hydrogen atmosphere. The powder was transferred into a 100-
mL Schlenk flask under hydrogen protection. 50 ml of toluene solution of
Pt(acac), (55 mg, 0.14 mmol) was added and the mixture was stirred at room
temperature for 20 h under hydrogen (1 atm). After filtering, washing with
toluene (3%x30 ml) inside the glovebox, and drying under vacuum, brown
powder was isolated and kept inside the glovebox. Yield: 92%. Elemental
analysis: Ni, 5.21 wt%; Pt, 2.37 wt%.

Synthesis of Ni-c/Pt-s/Ni-s/Al>O3: A 100-mL Schlenk flask containing
1.0 g of Ni-c/Pt-s/Al,O3 was evacuated and refilled with hydrogen. 30 ml of
toluene solution of Ni(acac): (72 mg, 0.28 mmol) was added and the mixture
was stirred at room temperature for 20 h under hydrogen (1 atm). After
filtering, washing with toluene (3x30 ml) inside the glovebox, and drying under
vacuum, brown powder was isolated and kept inside the glovebox. Yield:
96%. Elemental analysis: Ni, 6.68 wt%; Pt, 2.31 wt%.

Catalytic test: The given amounts of catalyst (50 mg), toluene (75 ml),
styrene (4 ml, 35 mmol) and n-decane as internal standard (1.4 ml, 7 mmol)
were added to a 150-mL stainless steel autoclave inside the glovebox. The
autoclave was moved out of the glovebox, charged to 20 atm with hydrogen
and then closed off to the source of hydrogen. The reaction mixture was
heated to 80 °C and stirred at a stirring rate of 700 rpm. At desired reaction
time, the reaction was terminated by cooling down and releasing the pressure.
Blank test showed no catalytic activity in the absence of catalysts. The
reactants and products were analyzed by a gas chromatograph equipped with
an Agilent 19091-413 HP-5 capillary column (30 mx0.32mmx0.25um).
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Table S1 Hydrogenation of styrene catalysed by as-prepared metal NPs.?

Entry Catalyst Time Conversion TON® (x10° mol Selectivity
(h) (%) St/mol ¢
surface metal) (%)
1 Ni/ALLOs3 0.5 63.5 3.1 >99%
2 1.0 87.2 4.2 >99%
3 3.0 96.5 4.7 >99%
4 Ni@Pt/ALLO; 0.5 91.7 4.4 >99%
5 1.0 93.9 4.6 >99%
6 3.0 95.6 4.6 >99%
7 Ni@Pt@Ni/ALOs 0.5 77.8 3.2 >99%
8 1.0 95.6 3.9 >99%
9 3.0 96.6 4.0 >99%
10 Pt/ALLO; 0.5 85.6 5.6 >99%
11 1.0 96.1 6.3 >99%
12 3.0 97.9 6.4 >99%

& General reaction conditions: catalyst, 50 mg; Ho, 20 atm; 80 °C; toluene, 75
ml; styrene, 4 ml; n-decane as internal standard, 1.4 ml. ® The amount of
surface metal atoms of NPs was calculated from the formula: M= Miota XD,
where Ms is the amount of surface metal atoms, M, is the amount of the
total metal atoms and D is the dispersion of the NPs. D was calculated from
the following formula: %D= 97.1/d (assuming in a first approximation that the
NPs are spherical, C. H. Bartholomew and R. B. Pannell, J. Catal., 1980, 65,
390-401), where d is the average particle diameter determined by TEM. ¢
selectivity of styrene to ethylbenzene.

It should be noted that ratios, concentrations, amounts, and other
numerical data may be expressed herein in a range format. Itis to be
understood that such a range format is used for convenience and brevity, and
thus, should be interpreted in a flexible manner to include not only the
numerical values explicitly recited as the limits of the range, but also to
include all the individual numerical values or sub-ranges encompassed within
that range as if each numerical value and sub-range is explicitly recited. To
illustrate, a concentration range of “about 0.1% to about 5%” should be

interpreted to include not only the explicitly recited concentration of about 0.1
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wt% to about 5 wt%, but also include individual concentrations (e.g., 1%, 2%,
3%, and 4%) and the sub-ranges (e.g., 0.5%, 1.1%, 2.2%, 3.3%, and 4.4%)
within the indicated range. In an embodiment, the term “about” can include
traditional rounding according to figures and the measurement techniques. In
addition, the phrase “about ‘x’ to ‘y” includes “about ‘X’ to about ‘'y’””. When a
range includes “zero” and is modified by “about” (e.g., about one to zero or
about zero to one), about zero can include, 0, 0.1. 0.01, or 0.001.

While only a few embodiments of the present disclosure have been
shown and described herein, it will become apparent to those skilled in the art
that various modifications and changes can be made in the present disclosure
without departing from the spirit and scope of the present disclosure. All such
modification and changes coming within the scope of the appended claims
are intended to be carried out thereby.
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CLAIMS

We claim at least the following:

1. A particle, comprising:

a supported Ni/Pt bimetallic nanoparticle having a Ni core and a Pt
layer disposed on the surface of the Ni core, wherein the supported Ni/Pt
bimetallic nanoparticle Pt/Nis has a molar ratio of about 0.01 to 1, and wherein

the supported Ni/Pt bimetallic nanoparticle is a refractory porous support.

2. The particle of claim 1, further comprising a Ni layer disposed on the Pt

layer and the Ni core.

3. The particle of claim 2, wherein the Ni layer has a coverage of about 1
to 100% of the supported Ni/Pt bimetallic nanoparticle.

4, The particle of claim 2, wherein a second Pt layer is disposed on the Ni

layer and Ni/Pt bimetallic nanoparticle.

5. The particle of claim 4, wherein the second Pt layer has a coverage of
about 1 to 100% of the supported Ni/Pt bimetallic nanoparticle.

6. The particle of any one of claims 1-5, wherein the average size is about
3to 15 nm.
7. The particle of any one of claims 1-5, wherein the refractory porous

support is selected from the group consisting of: y-Al,O3, alumina, silica,

zirconia, titania, and activated carbon.
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8. A method of making a supported Ni/Pt bimetallic nanoparticle,
comprising:

heating a Ni/AlO3 mixture to about 200 to 500° C for about 1 to 5
hours to form nickel hydride on the surface of Ni nanoparticles to form a
NiH/Al,O3; powder; and

mixing the NiH/Al,O3; powder with a first solution including Pt for about

10 to 30 hours forming the supported Ni/Pt bimetallic nanoparticle.

9. The method of claim 8, wherein the first solution is selected from:
platinum (IV) chloride, ammonium hexachloroplatinate (1V), sodium
hexachloroplatinate (IV) hexahydrate, potassium hexachloroplatinate (IV), or a
combination thereof.

10.  The method of claim 8, further comprising:
mixing a second solution including Ni with the supported core-shell
Ni/Pt bimetallic nanoparticle for about 10 to 30 hours to form a supported

Ni/Pt/Ni multi-layer core shell nanoparticle.

11. The method of claim 10, wherein the second solution is selected from:

nickel nitrate hexahydrate, nickel chloride, or a combination thereof.

12. The method of claim 10, further comprising:
mixing a third solution including Pt with the supported core-shell
Ni/Pt/Ni bimetallic nanoparticle for about 10 to 30 hours to form a supported

Ni/PYNi/Pt multi-layer core shell nanoparticle.

13. A method, comprising:

exposing CO; to a supported Ni/Pt bimetallic nanoparticle; and

CO, reforming of methane using the supported Ni/Pt bimetallic
nanoparticle, wherein a supported Ni/Pt bimetallic nanoparticle having a Ni
core and a Pt layer disposed on the surface of the Ni core, wherein the
supported Ni/Pt bimetallic nanoparticle Pt/Nis has a molar ratio of about 0.01
to 1, and wherein the supported Ni/Pt bimetallic nanoparticle is a refractory

porous support.
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14.  The method of claim 13, wherein the average size is about 3 to 15 nm.

15. The method of claim 13 or 14, wherein the refractory porous support is
selected from the group consisting of: y-Al,O3, alumina, silica, zirconia, titania,

and activated carbon.

16.  The method of claim 15, wherein the supported Ni/Pt bimetallic
nanoparticle includes a Ni layer disposed on the Pt layer and the Ni core,
wherein the Ni layer has a coverage of about 1 to 100% of the supported Ni/Pt

bimetallic nanoparticle.
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