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DESCRIPTION

CORE-SHELL NANOPARTICLE CATALYSTS

BACKGROUND
The commercialization of Proton Exchange Membrane Fuel Cells (PEMFCs) has
been hindered by sluggish reaction kinetics in the oxygen reduction reaction (ORR) at the
cathode. In order for fuel cells to be cost-competitive, advanced ORR catalysts with much

higher activity than current platinum (Pt)/C are required.

BRIEF SUMMARY

Embodiments of the present invention seek to improve on the related art by
introducing novel oxygen reduction reaction catalysts, as well as methods of fabricating
such oxygen reduction reaction catalysts.

Embodiments of the present invention include core-shell nanoparticles and
methods of fabricating core-shell nanoparticles. More specifically, embodiments of the
present invention relate to core-shell nanoparticles that can be used as catalysts in oxygen
reduction reactions. Core-shell nanoparticles of some embodiments of the present
invention can be used in the cathodic reaction of fuel cells.

In many embodiments, a core-shell nanoparticle can include an inner core
surrounded by an outer shell. The shell can act as a catalyst in oxygen reduction reactions.
The cores of core-shell nanoparticles can include one or more of platinum group metals,
noble metals, oxidized platinum group metals, and oxidized noble metals. The shells can
be, for example, platinum or a platinum alloy. The platinum alloys are preferably a mixture
of platinum and transition metals. In a specific example, the core is an oxidized ruthenium
core and the shell is a platinum-nickel alloy. A carbon source can also be included to act as
a support for the core-shell nanoparticles

A method of fabricating core-shell nanoparticles according to an embodiment of the
present invention can include mixing one or more platinum group metals, noble metals,
oxidized platinum group metals, and oxidized noble metals in one or more first solvents to
form a first solution; oxygenating the first solution; heating the first solution; discarding a

first supernatant and obtaining first product seeds; mixing a platinum source, an alloy
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source, and the first product seeds with one or more second solvents to form a second
solution; heating and mixing the second solution; cooling the second solution and adding
one more third solvents to precipitate the core-shell nanoparticles; and separating a second
supernatant from the core-shell nanoparticles.

The method can further include adding a carbon source to one or more fourth
solvents to form a fourth solution, and sonicating the fourth solution; adding the core-shell
nanoparticles to the fourth solution to form a fifth solution and sonicating the fifth solution
to form carbon supported core-shell catalysts;, and discarding a third supernatant and
obtaining carbon supported core-shell nanoparticles. The solvents and additives that are
utilized can include, for example, oleylamine, benzyl ether, oleic acid, toluene, and

alcohols (e.g., ethanol).

BRIEF DESCRITPION OF THE DRAWINGS
Figure 1 is a schematic diagram of a core-shell nanoparticle according to an

embodiment of the present invention.

DETAILED DESCRIPTION

Embodiments of the present invention relate to core-shell nanoparticles and
methods of fabricating core-shell nanoparticles. The core-shell nanoparticles can be used
as a catalyst in oxygen reduction reactions. Specifically, the core-shell nanoparticles can
be used in the cathodic reaction of fuel cells.

It has been found that the oxygen reduction reaction (ORR) activity of platinum
can be enhanced by alloying with transition metals (Fe, Co, Ni, Cu, etc.). Furthermore,
the activity of platinum alloys are also highly dependent on the crystallite orientations (or
facets), with {111} being preferable. The reaction catalysis occurs on the outer surface of
the platinum nanoparticles; therefore, most of the platinum atoms not on the surface do not
participate in catalytic reaction. This is seen as economic waste, as platinum is an
expensive material.

Embodiments of the present invention combine three strategies for improving the
mass activity of platinum. First, a platinum alloy surface including a transition metal, such
as nickel, can be included. Second, a way to optimize the surface structure of the core-

shell nanoparticles through shape-controlled synthesis can be provided. Third, platinum



10

15

20

25

30

WO 2018/122569 PCT/IB2016/001946

can be replaced inside of the nanocatalysts (or nanoparticles) with cheaper materials, such
as ruthenium-based materials. These three strategies allow for high platinum utilization
efficiency as well as high ORR reactivity. In practice, core-shell nanoparticles of
embodiments of the present invention have been shown to achieve a platinum mass
activity that that is six to eight or more times that of platinum catalysts of the related art.
Furthermore, the cost of the catalysts can be reduced significantly as substituting other
metals besides platinum in the core (e.g., ruthenium) and alloying the shell (e.g., with
nickel) can dramatically reduce material costs.

Figure 1 is a schematic diagram of a core-shell nanoparticle according to an
embodiment of the present invention. Referring to Figure 1, a core-shell nanoparticle can
include an inner core 1 surrounded by an outer shell 2 that covers the core 1. The core 1
can be made of platinum group metals (i.e., Ru, Rh, Pd, Os, Ir, Pt), noble metals (i.e., Ru,
Rh, Pd, Os, Ir, Pt, Cu, Ag, Re, Au), oxidized platinum group metals, and oxidized noble
metals. The shell 2 can include platinum and one or more platinum alloys. The platinum
alloys can include one or more transition metals (e.g., Ni, Co, Fe, Cr, V, Mn, Cu, Zn, Ti,
Zr, Y, W, or Ta). In a particular embodiment, the core 1 can be ruthenium, or oxidized
ruthenium, and the shell 2 can be a nickel-platinum alloy. Using oxidized metals as the
core (e.g., oxidized ruthenium) has been shown to decrease the difficulty of depositing
platinum and platinum alloys on the core to form the shell 2. In addition, oxidized metal
cores have been shown to be highly stable during catalysis and fuel cell operation

The core-shell nanoparticles can have {111} facets and, using fabrication methods
described herein, a majority of the facets on the core-shell nanoparticles can be {111}
facets. In an embodiment, as a final product, the core-shell nanoparticles can be placed on
a carbon or other type of support structure.

In an embodiment, a method of fabricating core-shell nanoparticles can include
mixing one or more platinum group metals (i.e., Ru, Rh, Pd, Os, Ir, and Pt), noble metals
(i.e, Ru, Rh, Pd, Os, Ir, Pt, Cu, Ag, Re, and Au), oxidized platinum group metals, and
oxidized noble metals in one or more first solvents to form a first solution. The first
solution can then be oxygenated and heated, and the supernatant can be discarded and first
product seeds can be obtained.

A platinum source, an alloy source, and the first product seeds can be mixed with

one or more second solvents to form a second solution. The second solution can then be
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heated and mixed, then cooled, and one or more third solvents and additives can be used to
precipitate the core-shell nanoparticles. Then, the second supernatant can be separated
from the core-shell nanoparticles.

A carbon source can be added to one more fourth solvents to form a fourth solution.
The fourth solution can then be sonicated. The core-shell nanoparticles can then be added
to the fourth solution to form a fifth solution, and the fifth solution can then be sonicated
again to form carbon supported core-shell nanoparticles. The carbon-supported core-shell
nanoparticles can then be collected, and the supernatant can be discarded.

Throughout the process, different solvents and/or additives can be used. The
solvents and additives that can be utilized include one or more of oleylamine, benzyl ether,

oleic acid, toluene, and alcohols (e.g., ethanol).

The subject invention includes, but is not limited to, the following exemplified

embodiments.

Embodiment 1. A plurality of core-shell nanoparticles, each core-shell nanoparticle
comprising:
a core; and

a shell.

Embodiment 2. The core-shell nanoparticles of Embodiment 1, wherein the core is

a ruthenium core and the shell is a platinum shell or a platinum alloy shell.

Embodiment 3. The core-shell nanoparticles of any of Embodiments 1-2, wherein
the core is an oxidized ruthenium core and the shell is a platinum shell or a platinum alloy

shell (e.g., a nickel platinum alloy shell).

Embodiment 4. The core-shell nanoparticles of any of Embodiments 1-3, wherein
the shell includes an alloy having one more transition metals (e.g., Ni, Co, Fe, Cr, V, Mn,

Cu, Zn, Ti, Zr, Y, W or Ta).



10

15

20

25

30

WO 2018/122569 PCT/IB2016/001946

Embodiment 5. The core-shell nanoparticles of any of Embodiments 1-4, wherein
the core includes one or more of platinum group metals (i.e., Ru, Rh, Pd, Os, Ir, Pt), noble
metals (i.e., Ru, Rh, Pd, Os, Ir, Pt, Cu, Ag, Re, Au), oxidized platinum group metals, and

oxidized noble metals.

Embodiment 6. The core-shell nanoparticles of any of Embodiments 1-5, wherein

the core-shell nanoparticles are on a carbon support.

Embodiment 7. The core-shell nanoparticles of any of Embodiments 1-6, wherein

the core-shell nanoparticles have a plurality of {111} facets.

Embodiment 8. The core-shell nanoparticles of Embodiment 7, wherein the

majority of facets on the core-shell nanoparticles are {111} facets.

Embodiment 9. The core-shell nanoparticles of Embodiment 7, wherein all of the

facets on the core-shell nanoparticles are {111} facets.

Embodiment 10. The method of any of Embodiments 1-9, wherein the core-shell
nanoparticles include a platinum alloy shell of platinum-cobalt, or platinum-iron, or
platinum-nickel-cobalt, or platinum-nickel-chrome, or platinum-cobalt-chrome, or a

combination of the previous alloys.

Embodiment 101. A method of fabricating core-shell nanoparticles, the method
comprising:

mixing one or more metals (e.g., platinum group metals, noble metals, oxidized
platinum group metals, and/or oxidized noble metals) in one or more first solvents to form
a first solution;

oxygenating the first solution;

heating the first solution and discarding a first supernatant and obtaining first

product seeds;
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mixing a platinum source, an alloy source, and the first product seeds with one or
more second solvents to form a second solution;

heating and mixing the second solution;

cooling the second solution and adding one more third solvents to precipitate the
core-shell nanoparticles; and

separating a second supernatant from the core-shell nanoparticles.

Embodiment 102. The method of Embodiment 101, further comprising:

adding a carbon source to one or more fourth solvents to form a fourth solution and
sonicating the fourth solution;

adding the core-shell nanoparticles to the fourth solution to form a fifth solution and
sonicating the fifth solution to form carbon-supported core-shell catalysts; and

discarding a third supernatant and obtaining carbon-supported core-shell

nanoparticles.

Embodiment 103. The method of any of Embodiments 101-102, wherein the first

solvents include oleylamine.

Embodiment 104. The method of any of Embodiments 101-103, wherein the

second solvents include one or more of benzyl ether, oleylamine, and oleic acid.

Embodiment 105. The method of any of Embodiments 101-104, wherein the third

solvents include one or more of toluene and an alcohol (e.g., ethanol).

Embodiment 106. The method of any of Embodiments 101-105, wherein the fourth

solvent includes toluene.

Embodiment 107. The method of any of Embodiments 101-106, wherein the
platinum group metals include Ru, Rh, Pd, Os, Ir, and Pt, and the noble metals include Ru,
Rh, Pd, Os, Ir, Pt, Cu, Ag, Re, and Au.
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Embodiment 108. The method of any of Embodiments 101-107, wherein the alloy
source includes one or more of Ni, Co, Fe, Cr, V, Mn, Cu, Zn, Ti, Zr, Y, W and Ta.

Embodiment 109. The method of any of Embodiments 101-108, wherein the core-

shell nanoparticles include an oxidized ruthenium core and a platinum alloy shell.

Embodiment 110. The method of any of Embodiments 101-109, wherein the core-

shell nanoparticles are fabricated to have facets.

Embodiment 111. The method of Embodiment 110, wherein a plurality of the
facets are {111},

Embodiment 112. The method of Embodiment 110, wherein a majority of the
facets are {111},

Embodiment 113. The method of Embodiment 110, wherein all of the facets are
{111}.

Embodiment 114. The method of any of Embodiments 101-113, wherein the core-
shell nanoparticles include a platinum alloy shell of platinum-cobalt, or platinum-iron, or
platinum-nickel-cobalt, or platinum-nickel-chrome, or platinum-cobalt-chrome, or a

combination of the previous alloys.

Embodiment 201. A method of fabricating core-shell nanoparticles, the method
comprising:

forming a core made of one or more metals (e.g., platinum group metals, noble
metals, oxidized platinum group metals, and/or oxidized noble metals); and

forming a shell around the core, wherein the shell comprises a platinum alloy

including platinum and one or more transition metals.

Embodiment 202. The method of Embodiment 201, wherein the core is oxidized

ruthenium.
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Embodiment 203. The method of any of Embodiments 201-202, wherein the shell

is a platinum-nickel alloy.

Embodiment 204. The method of any of Embodiments 201-203, wherein the core-

shell nanoparticles are fabricated to have facets.

Embodiment 205. The method of Embodiment 204, wherein a plurality of the
facets are {111},

Embodiment 206. The method of Embodiment 204, wherein a majority of the
facets are {111},

Embodiment 207. The method of Embodiment 204, wherein all of the facets are
{111}.

A greater understanding of the present invention and of its many advantages may
be had from the following example, given by way of illustration. The following example
is only illustrative of some of the methods, applications, embodiments and variants of the
present invention. It is, of course, not to be considered as limiting the invention.

Numerous changes and modifications can be made with respect to the invention.

EXAMPLE 1

Core-shell nanoparticles with an oxidized ruthenium core, a platinum alloy shell,
and {111} facets were fabricated. The procedure was as follows.

One-hundred and four (104) mg of ruthenium-chloride (RuCls) and twenty (20) ml
of oleylamine were mixed in a beaker and heated to 350 °C and kept at this temperature
for one (1) hour in argon. After the synthesis of the ruthenium nanoparticles, oxygen (O;)
was added into the beaker for 3 h. The mixture was allowed to settle overnight, the
supernatant was discarded, and the oxidized ruthenium nanoparticles (or seeds) were

recovered.
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Twenty (20) mg of Platinum(Il) acetylacetonate (Pt(acac),), ten (10) mg of
Nickel(IT) acetylacetonate (Ni(acac);), one (1) mg of the oxidized ruthenium seeds, seven
(7) ml of benzyl ether, two (2.0) ml of oleylamine, and one (1.0) ml of oleic acid were
mixed in a flask. The flask was placed on a heating mantle, connected to a condenser, and
the flask was gently stirred using a magnetic stirrer while the temperature was measured
using a thermocouple and argon gas was added to the system.

The mixture was heated to 130 °C, and sixty (60) mg of tungsten hexacarbonyl
W(CO)swas added. The temperature inside the flask was heated to 200 °C for forty (40)
minutes. The mixture was then cooled to approximately room temperature, and five (5) ml
of toluene and fifteen (15) ml of ethanol were added to the mixture, causing the core-shell
nanoparticles to precipitate out of the solution.

The mixture was placed into a fifty (50) ml centrifuge tube and centrifuged for ten
(10) minutes at 3,000 rpm, causing the nanoparticles to settle. The supernatant was then
separated from the nanoparticle product and discarded.

Twelve (12) mg of carbon black was mixed with 10-15 ml of toluene in a 50 ml
glass vial. The glass vial and the solution within were sonicated for ten (10) minutes. The
nanoparticle product that was previously synthesized was then added to the carbon/toluene
solution and sonicated for approximately (3) hours. This mixture was then placed in a
clean fifty (50) ml centrifuge tube and centrifuged for fifteen (15) minutes. The
supernatant was then discarded, and the ruthenium-cored nanoparticles were dried in an

oven for three hours to obtain the final product.

It should be understood that the examples and embodiments described herein are
for illustrative purposes only and that various modifications or changes in light thereof
will be suggested to persons skilled in the art and are to be included within the spirit and
purview of this application.

All patents, patent applications, provisional applications, and publications referred
to or cited herein (including those in the “References” section) are incorporated by
reference in their entirety, including all figures and tables, to the extent they are not

inconsistent with the explicit teachings of this specification.
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CLAIMS

What is claimed is:

1. A core-shell nanoparticle comprising:
a core that includes an oxidized metal; and
a shell that surrounds the core and includes platinum or a platinum alloy, wherein

the core-shell nanoparticle includes {111} facets.

2. The core-shell nanoparticle according to claim 1, wherein the core is oxidized

ruthenium.

3. The core-shell nanoparticle according to any of claims 1-2, wherein the shell is a

platinum-nickel alloy.

4. The core-shell nanoparticle according to any of claims 1-2, wherein the shell is a
platinum alloy including platinum and one or more of Ni, Co, Fe, Cr, V, Mn, Cu, Zn, Ti,

Zr, Y, W, and Ta.

5. The core-shell nanoparticle according to any of claims 1-4, wherein a majority

of the facets of the core-shell nanoparticle are {111} facets.

6. The core-shell nanoparticle according to any of claims 1-4, wherein all of the

facets of the core-shell nanoparticle are {111} facets.

7. The core-shell nanoparticle according to any of claims 1-6, wherein the core-

shell nanoparticle is carbon-supported.

8. A method of fabricating core-shell nanoparticles, the method comprising:
forming a core including one or more oxidized noble metals; and
forming a shell around the core, wherein the shell comprises a platinum alloy

including platinum and one or more transition metals.
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9. The method according to claim 8, wherein the core includes oxidized ruthenium

and the shell includes a nickel-platinum alloy.

10. The method according to any of claims 8-9, wherein the core-shell

nanoparticles are fabricated to have facets, and wherein a majority of the facets are {111}.

11. The method according to any of claims 8-9, wherein all of the facets of the

core-shell nanoparticles are {111} facets.

12. A method of fabricating core-shell nanoparticles, the method comprising:

mixing one or more metals in one or more first solvents to form a first solution;

oxygenating the first solution;

heating the first solution and discarding a first supernatant and obtaining first
product seeds;

mixing a platinum source, an alloy source, and the first product seeds with one or
more second solvents to form a second solution;

heating and mixing the second solution;

cooling the second solution and adding one more third solvents to precipitate the
core-shell nanoparticles; and

separating a second supernatant from the core-shell nanoparticles.

13. The method according to claim 12, wherein the one or more metals comprises
at least one of a platinum group metal, a noble metal, an oxidized platinum group metal,

and an oxidized noble metal.

14. The method according to any of claims 12-13, further comprising:

adding a carbon source to one or more fourth solvents to form a fourth solution and
sonicating the fourth solution;

adding the core-shell nanoparticles to the fourth solution to form a fifth solution and
sonicating the fifth solution to form carbon-supported core-shell catalysts; and

discarding a third supernatant and obtaining carbon-supported core-shell

nanoparticles.
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15. The method according to any of claims 12-14, wherein the first solvents include

oleylamine.

16. The method according to any of claims 12-15, wherein the second solvents

include one or more of benzyl ether, oleylamine, and oleic acid.

17. The method according to any of claims 12-16, wherein the third solvents

include one or more of toluene and an alcohol.

18. The method according to any of claims 12-17, wherein the fourth solvent

includes toluene.

19. The method according to any of claims 12-18, wherein the one or more metals

includes at least one of Ru, Rh, Pd, Os, Ir, Cu, Ag, Re, and Au.

20. The method according to any of claims 12-19, wherein the one or more metals

includes at least one of Ni, Co, Fe, Cr, V, Mn, Cu, Zn, Ti, Zr, Y, W, and Ta.

21. The method according to any of claims 12-20, wherein the core-shell

nanoparticles include an oxidized ruthenium core and a platinum alloy shell.

22. The method according to any of claims 12-21, wherein the core-shell

nanoparticles are fabricated to have facets, and wherein a plurality of the facets are {111}.

23. The method according to claim 22, wherein a majority of the facets are {111}.

24. The method according to claim 22, wherein all of the facets are {111}.
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