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(57) Abstract: A method of producing stabi-
lized platinum nanoparticles includes removing
platinum atoms from edge regions and corner
regions of the nanoparticles and replacing the
platinum atoms with atoms of a second metal,
such as gold. To cause this replacement, the
platinum nanoparticles may be combined with
a metal salt in a solution. Platinum atoms from
the edge and corner regions react with the sec-
ond metal quicker than surface atoms from ter-
race regions of the nanoparticles. The nanopar-
ticles may also have surface defects, such as
steps and kinks. The platinum atoms that form
the steps and kinks may also be replaced with
the second metal atoms. The method includes
removing the platinum nanoparticles from the
solution after a predetermined time such that
the surface atoms on the terrace regions remain
unchanged. In an exemplary embodiment, the
platinum nanoparticles are used as a catalyst,
and the method results in a more stable cata-
Lyst.
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METHOD OF PRODUCING A STABILIZED PLATINUM CATALYST

BACKGROUND

[0001] The present disclosure relates to platinum nanoparticles. More particularly,
the present disclosure relates to stabilized platinum nanoparticles used as a catalyst in a fuel
cell.

[0002] Platinum nanoparticles are well known for use as an electrocatalyst,
particularly in fuel cells used to produce electrical energy. For example, in a hydrogen fuel
cell, a platinum catalyst is used to oxidize hydrogen gas into protons and electrons at the
anode of the fuel cell. At the cathode of the fuel cell, the platinum catalyst triggers the
oxygen reduction reaction (ORR), leading to formation of water. The ORR reaction takes
place at high potential, which makes the platinum nanoparticles unstable on the cathode,
resulting in a loss in electrochemical surface area of the nanoparticles. Due to potential
cycling during fuel cell operation, the platinum nanoparticles may dissolve. The atoms at
the corners and the edges of the nanoparticles have a higher surface energy and, as such, are
more reactive than surface atoms on the terraces of the nanoparticles. The nanoparticles
commonly include surface features or defects that form on the surface during synthesis of
the nanoparticles. The atoms that form these surface defects, including steps and kinks, are
also more reactive sites on the nanoparticle, compared to the surface atoms on the terraces.
The more reactive atoms are more prone to dissolving and forming oxides, as compared to
atoms having lower surface energy.

[0003] Although platinum is a preferred material for use as a catalyst in a fuel cell,
platinum is expensive. Moreover, the instability of the platinum nanoparticles in the
cathode environment results in a loss of surface area of the nanoparticles, and consequently
a loss in fuel cell performance. This requires a larger amount of platinum catalyst to be used
in the fuel cell, which increases cost. There is a need for a platinum nanoparticle that is

more stable during operation as a cathode catalyst in a fuel cell.

" SUMMARY
[0004] A method of producing stabilized platinum nanoparticles is described herein.
The method includes replacing platinum atoms at edge and corner regions of the
nanoparticles with atoms of a second metal. To cause this replacement, the platinum

nanoparticles may be dispersed into a solution containing a second metal salt. Platinum
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atoms from the edge and comer regions of the nanoparticles react with ions of the second
metal faster than surface atoms from flat or terrace regions of the nanoparticles. This is due
to a greater difference in electrode potential between the platinum atoms at the edge and
corner regions, as compared to the second metal in the solution. The method includes
removing the platinum nanoparticles from the solution after a predetermined time so that the
edge and corner regions are replaced with the second metal and surface atoms from the
terrace regions of the nanoparticles remain unchanged.

[0005] In some embodiments, the platinum nanoparticles include surface defects,
such as steps and kinks. Similar to the edge and corner atoms, the platinum atoms that form
steps and kinks on the nanoparticle are more reactive than surface atoms used to form the
remaining portions of the terraces on the nanoparticles. The method described herein of
forming stabilized platinum nanoparticles includes replacing the platinum step and kink
atoms with atoms from the second metal.

[0006] In an exemplary embodiment, the stabilized platinum nanoparticles are used
as a catalyst in a fuel cell. The second metal atoms deposited at the corners and edges of the
nanoparticles result in a more stable catalyst structure. The catalyst may include
nanoparticles of any shape, such as cubo-octahedral nanoparticles, cubic nanoparticles,
tetrahedral nanoparticles, icosahedral nanoparticles, rhombohedral nanoparticles, truncated
octahedral nanoparticles, cylindrical nanoparticles, spherical and quasi-spherical
nanoparticles, irregular-shaped nanoparticles, and combinations thereof. In some
embodiments, a proton exchange membrane (PEM) fuel cell uses a cathode catalyst in
which at least a portion of the nanoparticles are tetrahedral shaped, and include corners and
edges formed of the second metal. In some embodiments, a phosphoric acid fuel cell uses

cubic shaped nanoparticles with corners and edges formed of the second metal.

BRIEF DESCRIPTION OF THE DRAWINGS
[0007] FIG. 1 is a schematic of a representative, existing platinum nanoparticle
used, for example, as a catalyst, and having a plurality of terraces, corners and edges.
[0008] FIG. 2 is a schematic of a stabilized platinum nanoparticle having atoms
from a second metal selectively located on edge and corner regions of the nanoparticle in
place of platinum atoms from the edge and corner regions.
[0009] FIG. 3 is a block diagram illustrating a method of producing a stable

platinum nanoparticle similar to the nanoparticle of FIG. 2.
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[0010] FIGS. 4A-4D are schematics illustrating the method of FIG. 3 for selectively
replacing the platinum atoms from the edge and comer regions of the nanoparticle with a
second metal.

[0011] FIG. 5A is a schematic of an enlarged portion of one of the Pt (100) terraces
of the nanoparticle of FIG. 4A to illustrate surface defects, including step atoms and kink
atoms, that may exist on the nanoparticle.

[0012] FIG. 5B is a schematic of the Pt (100) terrace from FIG. 5A after two
platinum step atoms and a platinum kink atom have been replaced by two gold atoms.
[0013] FIG. 6A is a plot of voltammetry curves comparing standard platinum
nanoparticles to platinum nanoparticles exposed to a metal salt in an acid solution for five
minutes, in order to compare the electrochemical active area of the nanoparticles before and

after the reaction.

[0014] FIG. 6B is a plot similar to FIG. 6A comparing standard platinum
nanoparticles to platinum nanoparticles exposed to a metal salt in solution for twenty
minutes.

[0015] FIG. 7A is a plot of polarization for the two samples from FIG. 6A in order
to determine the oxygen reduction reaction (ORR) activity level for each of the samples.
[0016] FIG. 7B is a plot similar to FIG. 7A for the two samples from FIG. 6B.
[0017] FIG. 8 is a schematic of a fuel cell that uses the platinum nanoparticles

described herein as a stabilized cathode catalyst.

[0018] FIGS. 9A-9C are schematics of a cubic-shaped nanoparticle, also suitable for
use as a catalyst, as it undergoes the process of having the platinum atoms at the edge and
corner regions replaced with atoms from a second metal.

[0019] FIGS. 10A-10C are similar to FIGS. 9A-9C and illustrate a tetrahedron-
shaped nanoparticle undergoing the method for replacing the platinum atoms at the edge

and corner regions of the nanoparticle.

[0020] It 1s noted that the drawings are not to scale.
DETAILED DESCRIPTION
[0021] A stabilized platinum nanoparticle is described herein which includes a

second metal (for example, gold) located on select areas of an outer surface of the
nanoparticle. A method of producing stabilized nanoparticles is also described below and

includes replacing platinum atoms at edge and comer regions of the nanoparticles with
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atoms of the second metal. Platinum atoms that form surface defects on the nanoparticle,
such as steps and kinks, may also be replaced with atoms of the second metal. Platinum
nanoparticles are commonly used as a catalyst and the nanoparticle structure described
herein results in a more stable catalyst. In an exemplary embodiment, the platinum
nanoparticles may be used as a cathode catalyst for an oxygen reduction reaction (ORR) in a
fuel cell.

[0022] Platinum nanoparticles may be produced using known synthesis methods,
such as chemical reduction. The platinum nanoparticles may be prepared as colloidal
particles, and the size and shape of the nanoparticles may be controlled based on the
conditions during synthesis. In an exemplary embodiment in which the platinum
nanoparticles are used as a catalyst, a suitable range for the diameter of the nanoparticles
described herein is between approximately 0.5 and 100 nanometers (nm). In some
embodiments, the diameter ranges between approximately 1 and 20 nm; in other
embodiments, the diameter ranges between approximately 1 and 10 nm.

[0023] FIG. 1 is a schematic of representative, existing nanoparticle 10, which has a
cubo-octahedron shape. Nanoparticle 10 includes a core or inside portion and outer
surfaces 12. In an exemplary embodiment, surfaces 12 are formed from a plurality of
platinum atoms 14 bonded together to create a plurality of flats or terraces 16, edges 18, and
corners 19. Each edge 18 represents an intersection of two adjoining terraces 16, and each
corner 19 is an intersection of at least three edges 18. In the embodiment shown in FIG. 1,
corners 19 represent an intersection of three edges 18. Platinum atoms 14 that form terraces
16 are surface atoms. For purposes of this disclosure, in a Pt (100) facet or surface, a
surface atom is defined as an atom having eight nearest neighbor atoms, since platinum has
a face-centered cubic unit cell. Surface atoms have a lower surface energy than corner and
edge atoms.

[0024] In the embodiment shown in FIG. 1, nanoparticle 10 has a regular cubo-
octahedron shape, and terraces 16 are essentially flat and free of defects. It is recognized
that nanoparticle 10 may commonly have a more irregular shape and terraces 16 may
include surface features or defects, such as steps and kinks. These surface defects are
described further below in reference to FIG. 5A.

[0025] Although not visible in FIG. 1, the core or inside portion of nanoparticle 10
may be formed of platinum or a platinum alloy. Other metals used to form the platinum

alloy core may include transition metals from periods 4, 5, and 6 of the periodic table.
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Alternatively, essentially all of the core of nanoparticle 10 may be formed by at least one
metal other than platinum. In the exemplary embodiment of FIG. 1, outer surfaces 12 are
formed essentially of platinum atoms 14. Depending on a composition of the core or inside
portion, the platinum atoms that form outer surfaces 12 may be formed from only one layer
of platinum atoms. Alternatively, outer surfaces 12 may be formed from two or more layers
of platinum atoms. In an alternative embodiment, all of nanoparticle 10, including outer
surfaces 12, may be formed of a platinum alloy.

[0026] FIG. 2 is a schematic of stabilized nanoparticle 20, which also has a cubo-
octahedron shape. The stabilized nanoparticles described herein may include nanoparticles
of any known shape and other examples are shown in the figures and discussed below.
Similar to nanoparticle 10, nanoparticle 20 has a core portion and outer surfaces 22, which
include terraces 26, edges 28 and comers 29. Similar to nanoparticle 10, the core portion of
nanoparticle 20 may be formed of platinum, a platinum alloy or at least one non-platinum
metal. Terraces 26 are formed of platinum atoms 14, also similar to nanoparticle 10. In
contrast to nanoparticle 10, edges 28 and comers 29 are formed of second metal atoms 30.
In an exemplary embodiment, atoms 30 are gold atoms (Au). As shown in FIG. 2, gold
atoms 30 are larger in size compared to platinum atoms 14; however, the size differential
between gold and platinum atoms is exaggerated in FIG. 2. Nanoparticle 20 is
approximately the same size as nanoparticle 10. Because a portion of nanoparticle 20 is
formed of second metal 28, nanoparticle 20 uses less platinum compared to nanoparticle 10.
This is beneficial since platinum is an expensive metal.

[0027] As shown in FIG. 2, nanoparticle 20, similar to nanoparticle 10 of FIG. 1,
has a regular cubo-octahedral shape and is essentially free of defects. As such, terraces 26
are formed of essentially all surface atoms. It is more common that nanoparticle 20 would
have surface defects and some irregularity in its shape. For example, as described below
and shown in FIG. 5A, terraces 26 may have steps that make each terrace 26 an irregular
surface.

[0028] FIG. 3 is a flow diagram illustrating method 40 for producing a stabilized
platinum nanoparticle, similar to nanoparticle 20 of FIG. 2, by selectively removing
platinum atoms from the edge and corner regions of the nanoparticle and replacing the
removed platinum atoms with atoms from a second metal. In an exemplary embodiment,
the second metal is gold (Au). Other metals may also be used in addition to gold, including,

but not limited to, iridium, rhodium, ruthenium, rhenium, osmium, palladium, silver, and
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combinations thereof. Method 40 includes steps 42-56, and begins with obtaining platinum
nanoparticles (step 42) similar to nanoparticle 10 of FIG. 1. The nanoparticles may be
comprised essentially of platinum and platinum alloys, and may be of any known shape, as
discussed further below. Step 42 of method 40 may include synthesis of the platinum
nanoparticles using any known method. Alternatively, the obtainment of the nanoparticles
in step 42 may involve purchasing the platinum nanoparticles.
[0029] A next step in method 40 is to add the platinum nanoparticles into a solution
(step 44). In an exemplary embodiment, the solution is an acidic solution, including, but
not limited to, sulfuric acid and perchloric acid. Other solutions may include, but are not
limited to, an alkaline solution and a non-aqueous solution. An example of an alkaline
solution is sodium hydroxide. An example of a non-aqueous solution is ethylene glycol. In
one embodiment, the platinum nanoparticles may be supported on an electrically conductive
substrate, such as, but not limited to, carbon black, a metal oxide, a metal carbide, boron
doped diamond, and combinations thereof. In that case, the substrate carrying the platinum
nanoparticles is added to the solution. In an alternative embodiment, the platinum
nanoparticles are unsupported and instead dispersed in a solution, which is then added to the
solution in step 44.
[0030] A metal salt, such as, for example gold trichloride (AuCls), is then added to
the solution in step 46. It is recognized that steps 44 and 46 may occur in reverse order or
occur simultaneously so long as the nanoparticles are combined with the metal salt. Placing
the metal salt in the acidic solution forms a solution containing gold ions (Au’"). Platinum
atoms on a surface of the nanoparticles react with the gold ions in a standard oxidation
reduction reaction (redox) (step 48):

(1) Pt>Pt+2e

(2) A +3e¢ D Au
[0031] As a result of the reaction in step 48, platinum atoms (Pt) are oxidized to
form platinum ions (Pt*"), which then dissolve into the solution. The gold ions (Au*") in the
solution are reduced by the platinum to form gold atoms (Au), which may then replace the
platinum atoms on the nanoparticles. The driving force for this reaction is a difference in
electrode potential between gold and platinum in the solution. The standard electrode
potential of gold is higher than the standard electrode potential of platinum. Platinum atoms
at the corner and edge regions of the nanoparticles have a lower electrode potential than

platinum surface atoms on the terraces or flats of the nanoparticles. Thus, the platinum
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atoms at the corner and edge regions have a much lower electrode potential relative to the
gold ions in the solution. The large difference in electrode potential causes gold ions in the
solution to be reduced by platinum atoms at the corner and edge regions of the nanoparticle.
The platinum from the corner and edge regions is oxidized to form platinum ions. The
electron transfer from the platinum atoms to the gold ions (to form gold atoms) occurs at the
corner and edge regions, and thus the gold atoms replace the platinum atoms at the corners
and edges of the nanoparticle. Due to a difference in valency, three platinum atoms reduce
two gold ions, as shown by the equations below:

(3) 3Pt 3Pt +6e

(4) 2A0 +6e > 2Au
[0032] The reduction of the gold ions to gold atoms by platinum first occurs at the
corner and edge regions of the nanoparticle due to the larger difference in electrode
potential between the gold and the platinum atoms at the corners and edges. Over time, the
gold atoms would also replace the platinum surface atoms on the terraces or flats of the
nanoparticle. However, the rate of these reactions is slower due to a smaller difference in
electrode potential between the gold in the solution and the platinum surface atoms on the
terraces of the nanoparticle. As described below, the nanoparticles are only left in the
solution for a certain period of time, in order to prevent replacement of the platinum surface
atoms on the terraces of the nanoparticle.
[0033] When the platinum nanoparticles are mixed with the metal salt in solution,
the reaction of platinum and gold in step 48 occurs due to a difference in electrode
potentials. In some embodiments, step 48 may include stirring the solution to avoid the
mass transport effect, and to promote the reaction between platinum and gold. Stirring may
be performed, for example, by a magnetic stirrer. In some embodiments, the solution may
also be heated, using, for example, a burner. The temperature of the heated solution may be
between approximately 40 and 300 degrees Celsius.
[0034] In step 50, the platinum nanoparticles are removed from the solution after a
time determined to be sufficient to replace the platinum atoms essentially only on the edge
and corner regions 30 and 32 of nanoparticle 20, such that terraces 26 remain unchanged.
In an exemplary embodiment, the platinum nanoparticles are removed approximately four
to five minutes after adding the metal salt in step 46. It is recognized that this time may
increase or decrease depending, in part, on the type of metal salt, the concentration of the

metal salt, the temperature of the reaction, and the volume of nanoparticles. The relative
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reactivity of the platinum atoms at the edges and corners, as well as at any steps and/or
kinks (i.e. surface defects), may also impact the reaction time to replace the platinum
nanoparticles essentially only at the edges, corners and defects of the nanoparticle. For
example, the relative reactivity of the platinum atoms at edges and corners may vary as a
function, in part, of an overall shape of the nanoparticles.

[0035] In the embodiment in which the nanoparticles are dispersed in solution and
unsupported, the nanoparticles are filtered in step 50 in order to remove the nanoparticles
from the solution. Next, in step 52, the nanoparticles are washed with distilled water and
then dried. In some embodiments, the nanoparticles may be dried in a vacuum.

[0036] An optional step in method 40 is to heat treat the nanoparticles (step 54) at
approximately 200 to 500 degrees Celsius for approximately 0.5 to 2 hours. The heat
treatment may also include nitrogen or hydrogen gas, or a mixture of the two. Because
hydrogen is a reducing agent, exposing the platinum nanoparticles to hydrogen under heat
may ensure that any gold ions on the nanoparticles that were not completely reduced to gold
atoms in the solution, or gold atoms physically adsorbed on the platinum surface, may be
reduced during the heat treatment. The gold atoms generally remain on the surface, rather
than migrate into a bulk or core region of the nanoparticle, due to surface segregation of
gold. During annealing, gold atoms may tend to move to the edge and corner regions of
platinum particles, where they are more stable compared to at the terraces.

[0037] As described above, the gold atoms first replace the platinum atoms from the
edge and corner regions of the platinum nanoparticle. So long as the nanoparticles are
removed from the gold ions after a predetermined time, the surface atoms on the terraces of
the nanoparticle, in general, remain unchanged. It is recognized, however, that some gold
atoms may deposit onto the terraces during the period intended only for replacement of
corner and edge regions. It is believed that heat treating the nanoparticles in step 54 may
cause any gold atoms on the terraces to diffuse to the edge and comer regions.

[0038] Platinum from the comers and edges of the nanoparticle is oxidized by the
gold ions to form platinum ions, which are dissolved into the solution. In step 56 of method
40, the dissolved platinum ions may be recycled to synthesize additional platinum
nanoparticles. Alternatively, the platinum ions may be recycled for other uses.

[0039] In some embodiments, method 40 may include an optional step (not shown
in FIG. 3) of blocking the terraces of the nanoparticle using a surfactant. In that case, the

surfactant is adsorbed onto the terrace surfaces. This optional step may be performed prior
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to mixing the platinum nanoparticles with the second metal (step 44). Because the
surfactant covers the platinum atoms on the terraces of the nanoparticle, the surfactant
prevents gold atoms from replacing platinum atoms on the terraces of the nanoparticle. One
example of a surfactant that may be used is polyvinylpyrrolidone (PVP).

[0040] Method 40 of FIG. 3 is an electroless deposition process that is based on a
standard oxidation reduction reaction (redox). As described above, gold and other metals,
such as iridium, rhodium, ruthenium, rhenium, osmium, palladium and silver, may replace
platinum atoms at the corners and edges, as well as at any surface defects, to form a
stabilized platinum nanoparticle using method 40. Other methods may be used to produce a
stabilized platinum nanoparticle having a second metal on these reactive regions of the
nanoparticle.

[0041] The selected method may depend, in part, on the particular metal being used
to form the stabilized platinum nanoparticle. Other metals in addition to those disclosed
above may also be used to form a stabilized platinum nanoparticle by protecting the
platinum nanoparticle at edges and corners, as well as at any surface defects. These
additional metals include transition metals from groups four through six of the fourth, fifth
and sixth row of the periodic table. The metals which may be included in these alternative
methods include, but are not limited to, titanium, zirconium, hafnium, vanadium, niobium,
tantalum, chromium, molybdenum, and tungsten. These metals may act as strong oxide
formers once deposited onto the platinum nanoparticle. Methods for forming the stabilized
nanoparticle using these additional metals include, but are not limited to, deposition of the
transition metals from a complex in a solution or a vapor phase, electrodeposition of the
transition metal from a solution, chemical reduction by a strong reducing agent, and vapor
deposition of ions of the transition metal. These additional methods result in a stabilized
platinum nanoparticle having a second metal that is a strong oxide former. In these
additional methods, the formation of the second metal at the edge and corner regions, as
well as at any surface defects, may occur, in pért, through migration or segregation.

[0042] Additional steps may be taken to enhance the stabilization of the nanoparticle
by the transition metal. These additional processing steps may include, but are not limited
to, an annealing treatment at elevated temperatures and a conditioning treatment in a strong
oxidizing atmosphere. Moreover, the terraces of the nanoparticle may be temporarily
capped with protective ligands, such as sulfate or phosphate groups. This is similar to an

optional step described above, under method 40, of blocking the terraces using a surfactant.
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[0043] FIGS. 4A-4D are schematics showing nanoparticle 10 of FIG. 1 undergoing
method 40 to form nanoparticle 20 of FIG. 2. FIG. 4A shows nanoparticle 10, which is
initially formed only of platinum atoms 14, exposed to gold ions 60 (Au’"). As shown in
FIG. 4B, three platinum atoms have been oxidized by gold to form three platinum ions 62
(Pt*") which are then dissolved into the solution. Two gold ions (Au**) are reduced by the
three platinum atoms to form two gold atoms 64, which replace the platinum atoms on
nanoparticle 10. FIG. 4C shows nanoparticle 10 after platinum and gold have been together
in solution for a longer period of time and additional gold atoms 64 are shown bonded to the
corner and edge regions of nanoparticle 10. It is recognized that the replacement process of
gold for platinum may be somewhat random in terms of an order in which the platinum
atoms are replaced. In some cases, a platinum atom on a terrace may be replaced before
replacement of all the corners and edges; however, in general, the replacement first occurs
on the corner and edge regions of the nanoparticle. Due to the difference in valency, two
gold atoms replace three platinum atoms. Because gold is a larger atom compared to
platinum, a single gold atom occupies more of the corner and edge region compared to a
single platinum atom.

[0044] FIG. 4D is a schematic of nanoparticle 10 after essentially all the corner and
edge regions have been replaced by gold atoms 64; thus, nanoparticle 10 is converted to
nanoparticle 20. It is recognized that nanoparticle 20 may have a slightly irregular shape
due to a difference in the total number of atoms before and after method 40, as well as a
difference in size between platinum atoms and gold atoms. Moreover, it is recognized that a
minimal amount of gold atoms may attach to the flats of nanoparticle 20. However, so long
as nanoparticle 20 is removed from the solution at a predetermined time, in general, the flats
of nanoparticle 20 should remain unchanged.

[0045] In an exemplary embodiment, the metal that replaces the platinum at the
edge and corner regions of the nanoparticles is gold (Au). Although platinum is a noble
metal, in operation as a catalyst in a fuel cell, platinum atoms on the platinum nanoparticle
are unstable and may be oxidized. This causes the platinum atoms to dissolve from the
nanoparticle, resulting in an unstable platinum catalyst. Gold is well suited for this
application because it is a more noble metal compared to platinum and is less likely to be
oxidized during cycling of the fuel cell. By coating the edges and corners of the
nanoparticle with gold, the gold does not dissolve during operation of the fuel cell and the

catalyst remains stable over time. Moreover, as described further below, if only the corner

10
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and edge regions of the nanoparticle are replaced with gold, the impact on the ORR activity
of the platinum catalyst is negligible.

[0046] Another advantage of using gold in this application is that gold has an
overall higher standard electrode potential than platinum. As described above, the driving
force of an oxidation reduction reaction is a difference in electrode potential between the
oxidant (gold ions) and the reductant (platinum atoms). Comparing two similarly located
atoms in which one is gold and one is platinum, gold has a higher standard electrode
potential than platinum. However, when the platinum atom is located at an edge or a corner
region of a nanoparticle, that platinum atom has a higher surface energy and a consequently
lower electrode potential compared to a platinum atom on a terrace of the nanoparticle. As
such, the difference in electrode potential between the gold and the platinum atom at the
corner or the edge is even greater. As described above, this difference in electrode potential
is why the gold atoms replace the platinum atoms first at the corner and edge regions of the
nanoparticle. Although the platinum atoms on the flats of the nanoparticle may still have an
electrode potential lower than gold, the difference in electrode potential is smaller.
Therefore, the reaction generally does not occur for the platinum atoms on the flats until the
more reactive atoms (i.e. at the corners and edges) are replaced.

[0047] The goal of method 40 is to replace the platinum atoms with a second metal
only at the edge and corner regions of the nanoparticle. Other metals, in addition to gold,
may also be used, including, but not limited to, iridium, rhodium, ruthenium, rhenium,
osmium, palladium, silver, and combinations thereof. It is not required that the standard
electrode potential of the second metal is greater than the overall standard electrode
potential of platinum, but rather that the electrode potential of the metal ions in solution is
greater than the electrode potential of the platinum at the corner and edge regions of the
nanoparticles. As such, in some embodiments, the second metal may have a standard
electrode potential that is about equal to or even less than the standard electrode potential of
platinum.

[0048] As described above, other methods in addition to method 40 may be used to
form a stabilized platinum nanoparticle. These alternative methods may use other metals,
such as transition metals that act as strong oxide formers on the nanoparticle.

[0049] As shown in FIG. 4D, gold atoms 64 form the edge and corner regions of
nanoparticle 20. In the embodiment shown in FIG. 4D, nanoparticle 20 is large enough

such that the majority of the total surface area of nanoparticle 20 is still formed by platinum
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atoms 14. For smaller sized nanoparticles, which are formed of less platinum atoms, the
gold atoms that form the edge and corner regions occupy a greater portion of the total
surface area of the nanoparticle. As mentioned above, in some embodiments, a suitable
range of the diameter of the platinum nanoparticles is between approximately 1 and 20 nm;
in other embodiments, the diameter ranges between approximately 1 and 10 nm. For
smaller-sized nanoparticles (i.e. less than 1.5 nm), the gold atoms (or other second metal)
occupy more of the surface area of the nanoparticle. As such, the gold (or other second
metal) may occupy up to approximately seventy-five percent of the total surface area of the
nanoparticle. On the other hand, nanoparticles up to or greater than 10 nanometers may also
be used, and thus the gold may occupy as little as approximately five percent of the total
surface area. Therefore, once the second metal atoms replace the platinum atoms on the
surface, the second metal atoms may occupy between approximately five and approximately
seventy-five percent of a total surface area of the nanoparticle.

[0050] The nanoparticles described herein use less platinum compared to
nanoparticle 10 of FIG. 1 because the gold atoms replace platinum atoms on the
nanoparticles. The replaced platinum may then be recycled. Gold (or another second
metal) selectively replaces platinum at the corners and edges, as well as at any surface
defects, based on the difference in electrode potential. Because the gold atoms only cover
the corners and edges, and any surface defects, the nanoparticles maintain their catalytic
activity, but are more durable during potential cycling.

[0051] The nanoparticles shown thus far have had regular cubo-octahedron shapes
and have been essentially free of defects. As such, the terraces of the nanoparticles have
been shown as flat surfaces comprised essentially of all surface atoms. As stated above, in
reality, the nanoparticles described herein commonly have surface defects that form as a
result of the synthesis process used in forming the nanoparticles. FIG. 5A is a schematic of
an enlarged portion of one of terraces 16 from nanoparticle 10 of FIG. 4A to illustrate these
surface defects. Terrace 16 of FIG. 5A is a (100) surface, and thus is referred to as Pt (100)
terrace 16. FIGS. 5A and 5B illustrate that, if these surface defects are present on a
nanoparticle, gold atoms may likely replace some of the platinum atoms at the surface
defects. This occurs because the platinum atoms that form the surface defects are more
reactive sites on the nanoparticle, similar to edge and corner atoms. (Note that the surface

defects shown in FIG. 5A are not visible in FIG. 4A.)
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[0052] As shown in FIG. 5A, Pt (100) terrace 16 is formed of all platinum atoms 14
and includes stable portion 16a and ledge 66. Ledge 66 is a layer of platinum atoms 14 that
forms over part of stable portion 16a, resulting in an elevated layer of atoms 14. Similar to
atoms 14 on stable portion 16a, the majority of atoms 14 on ledge 16 are surface atoms.
Because platinum has a face-centered cubic unit cell, a surface atom on a (100) surface has
eight nearest neighbor atoms. The stability of each atom is a function, in part, of how many
other atoms are surrounding that atom. Like the surface atoms in stable portion 16a, most
atoms on ledge 16 have eight nearest neighbor atoms. However, platinum atoms 14 located
in a last row of ledge 66 (labeled as 66a) are more reactive because these atoms have no
more than seven nearest neighbor atoms. More specifically, last row 66a includes step
atoms 67, kink atom 68 and step adatom 69. Step atoms 67 are defined as atoms having
seven nearest neighbor atoms. Kink atom 68 has six nearest neighbor atoms, including a
step atom 67. Finally, step adatom 69 has only four nearest neighbor atoms. It is
recognized that the nearest neighbor atoms for surface atoms, step atoms, kink atoms and
step adatoms may vary based on the crystallographic orientation of the facet surface.

[0053] FIG. SA shows gold ions 60 (Au’*) near terrace 16. As described above,
gold ions 60 react with platinum atoms 14 in an oxygen reduction reaction, and as a result,
gold atoms may replace platinum atoms on the nanoparticle. This reaction is driven by a
difference in electrode potential between the platinum atoms on the nanoparticle and the
gold ions in solution. The difference in electrode potential between atoms 67, 68, 69 and
gold ions 60 in solution is much greater than the difference between platinum surface atoms
and gold ions 60. Thus, atoms 67, 68 and 69, like the corer and edge atoms, react with
gold ions 60 quicker than platinum surface atoms on stable portion 16a.

[0054] FIG. 5B shows Pt (100) terrace 16 after two of gold ions 60 (Au*") have
reacted with three platinum atoms 14 to form two gold atoms 64 on the nanoparticle, and
three platinum ions 62 (Pt2+) dissolve into solution. As shown in FIG. 5B, gold atoms 64
replaced step adatom 69, kink atom 68 and one step atom 67. Step adatom 69 and kink
atom 68 are replaced by gold atoms 64 quicker than other platinum atoms on ledge 66 due
to a higher level of reactivity and a lower electrode potential, relative to gold. It is
recognized that multiple ledges and steps may be present on terrace 16, including multiple
ledges on top of one another. The nanoparticles described herein may vary in terms of an

amount of surface defects present on the nanoparticles.
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[0055] As described above, the platinum nanoparticles are removed from the metal
salt solution after a time sufficient such that the terraces, which are the less-reactive regions
of the nanoparticles, remain unchanged. More specifically, the platinum surface atoms on
the terraces do not react with the second metal due to a smaller difference in electrode
potential. By contrast, the atoms that form the steps and kinks on the terraces may likely be
replaced with the second metal atoms, because these atoms are more reactive than surface
atoms on the terraces. Unless a nanoparticle has an unusually large number of surface
defects, the majority of the terraces should remain unchanged so long as the nanoparticles
are removed from the solution after a time determined sufficient to only replace the
platinum atoms at the reactive sites on the nanoparticle. Depending on an amount of
surface defects, the second metal atoms may occupy a greater percentage of the surface area
of the nanoparticle than the ranges provided above, which were based on the edge and
cormner regions of the nanoparticle.

[0056] FIG. 6A is a plot of a cyclic voltammetry curve comparing existing platinum
nanoparticles (like nanoparticle 10 of FIG. 1 and designated as sample 1 in FIG. 6A) to a
stabilized platinum nanoparticle described herein (like nanoparticle 20 of FIG. 2 and
designated as Sample 2 in FIG. 6A). The nanoparticles of sample 2 were kept in solution
with a metal salt (AuCls) for approximately five minutes. In both samples 1 and 2, the
nanoparticles were generally cubo-octahedral shaped nanoparticles having a diameter of
approximately five nanometers. It is recognized that samples 1 and 2 may include
nanoparticles having other shapes in addition to cubo-octahedral nanoparticles. The other
shapes may include, for example, generally spherical or quasi-spherical nanoparticles and
other irregular shapes. The nanoparticles in samples 1 and 2 may also have surface defects
which may contribute to an irregular shape of the nanoparticles.

[0057] The electrochemical active area (ECA) of a platinum catalyst is calculated
based on the hydrogen adsorption charge. Comparing the values for hydrogen adsorption
between samples 1 and 2, the ECA of the nanoparticles of sample 2 decreased by
approximately 18 percent compared to the ECA for the nanoparticles of sample 1. This
suggests that approximately 18 percent of a surface area of the nanoparticles in sample 2
was replaced by gold. For a cubo-octahedral shaped nanoparticle having a diameter of
approximately five nanometers, the corner and edge atoms account for approximately 18
percent of the total surface atoms. Thus, the plot in FIG. 6A supports a conclusion that,

after approximately five minutes in the solution containing the metal salt, the atoms at the
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corner and edge regions of the nanoparticles are replaced with atoms from the second metal,
while the terraces of the nanoparticles remain generally unchanged.

[0058] FIG. 6B is a voltammetry curve similar to FIG. 6A for samples 3 and 4.
Sample 3, similar to sample 1, includes standard platinum nanoparticles that are generally
cubo-octahedral shaped and have a diameter of approximately 5 nanometers. Sample 4 is
similar to sample 2 of FIG. 6A, but the nanoparticles of sample 4 were kept in the solution
with the metal salt for approximately 20 minutes. As stated above in reference to samples 1
and 2, the nanoparticles in samples 3 and 4, although generally cubo-octahedral shaped,
may include other shaped nanoparticles and nanoparticles having surface defects.

[0059] Comparing the values for hydrogen adsorption between samples 3 and 4, the
ECA of the nanoparticles of sample 4 decreased by approximately 22 percent compared to
the ECA for the nanoparticles of sample 3. These results indicate that after a longer period
of time the gold atoms from the metal salt begin to also replace platinum atoms from the
terraces of the nanoparticle. The displacement of the platinum atoms from the terraces is
slower because these atoms are less reactive, due to a smaller difference in potential
between the metal ions in the solution and the platinum atoms on the terraces or flats of the
nanoparticle. The results from FIGS. 6A and 6B show that replacing the platinum atoms
essentially only on the corner and edge regions of the nanoparticles may be controlled by
controlling the amount of time that the nanoparticles are in contact with the second metal
solution.

[0060] FIG. 7A is a plot of polarization for samples 1 and 2 from FIG. 6A, and
compares the oxygen reduction reaction (ORR) activity for the two samples. At a voltage
equal to 0.9 V, as shown in FIG. 7A, the current density for sample 2 is 5.82 mA cm'z,
whereas the current density for sample 1 is 5.97 mA cm™. The mass activity (not shown in
FIG. 7A) at 0.9 V is 0.22 A mg"' p, for sample 1 and 0.20 A mg”’ p for sample 2. The
reduction in current density and mass activity for sample 2, as compared to sample 1, is due
to a loss in the total amount of platinum on the nanoparticles of sample 2, thus reducing the
catalytic activity of the nanoparticles. However, the loss of ORR activity in sample 2,
relative to sample 1, is negligible. On the other hand, the specific activity of the
nanoparticles in sample 2 is calculated to be 0.54 mA cm™, compared to a value of 0.51 mA
cm? for the sample 1 nanoparticles. The specific activity is the kinetic current density

normalized to the ECA. The increase in specific activity for sample 2, compared to sample
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1, is reasonable since the platinum atoms at the corners and edges of the nanoparticle are
typically less active for the ORR, compared to the atoms on the flats of the nanoparticle.
[0061] FIG. 7B is a plot of polarization similar to FIG. 7A comparing samples 3 and
4. The nanoparticles of sample 4 were left in the metal salt solution for approximately 20
minutes. As shown by FIG. 7B, the difference in ORR activity between samples 3 and 4 is
greater than the difference between samples 1 and 2 of FIG. 7A, especially in the higher
overpotential region (i.e. below approximately 0.9 V). The current density of sample 4 is
5.61 mA cm’', compared to a value of 5.97 mA cm’' in sample 3. The results of FIG. 6B
indicate that between approximately 5 minutes and 20 minutes in the metal salt solution, the
platinum atoms on the terraces of the nanoparticles begin to be replaced by gold atoms.
FIG. 7B illustrates that even if a small portion of the platinum atoms from the flats are
replaced with gold atoms, the ORR activity decreases significantly, and the nanoparticles of
sample 4 are less effective as an electrocatalyst, compared to those of sample 2.

[0062] Platinum nanoparticles are commonly used as an electrocatalyst in an
electrochemical cell, and the stabilized platinum nanoparticles described herein may result
in a more active catalyst. FIG. 8 is an exemplary embodiment of fuel cell 70, which
includes the platinum nanoparticles described herein as a stabilized cathode catalyst layer.
[0063] Fuel cell 70 is designed for generating electrical energy and includes anode
72, anode catalyst layer 74, electrolyte 76, cathode 78, and cathode catalyst layer 80.
Anode 72 includes flow field 82 and cathode 78 includes flow field 84. In an exemplary
embodiment, fuel cell 70 is a hydrogen cell using hydrogen as fuel and oxygen as oxidant.
It is recognized that other types of fuels and oxidants may be used in fuel cell 70.

[0064] Anode 72 recetves hydrogen gas (H,) by way of flow field 82. Catalyst layer
74, which may be a platinum catalyst, causes the hydrogen molecules to split into protons
(H") and electrons (¢). Electrolyte 76 allows the protons to pass through to cathode 78, but
the electrons are forced to travel to external circuit 86, resulting in a production of electrical
power. Air or pure oxygen (O>) is supplied to cathode 78 through flow field 84. At cathode
catalyst layer 80, oxygen molecules react with the protons from anode 72 to form water
(H,0), which then exits fuel cell 70, along with excess heat.

[0065] Anode catalyst layer 74 and cathode catalyst layer 80 may each be formed
from platinum nanoparticles. As described above, cathode catalyst layer 80 is used to
increase the rate of the oxygen reduction reaction (ORR) causing the formation of water

from protons and oxygen. Even though platinum is a catalytic material, the platinum is
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unstable in this environment. During potential cycling, platinum atoms from the platinum
nanoparticles dissolve, particularly starting from corner and edge regions of the
nanoparticles. The platinum nanoparticle described herein and shown in FIGS. 2 and 4D is
a more stable nanoparticle and is more durable for use as cathode catalyst layer 80. It is
recognized that the nanoparticle of the present invention may also be used for anode catalyst
layer 74. However, the platinum is more stable in the environment used for anode catalyst
layer 74, and the problems described above for cathode catalyst layer 80 do not generally
apply to layer 74.

[0066] In one embodiment, fuel cell 70 is a polymer electrolyte membrane (PEM)
fuel cell, in which case electrolyte 76 is a proton exchange membrane formed from a solid
polymer. In an alternative embodiment, fuel cell 70 is a phosphoric acid fuel cell, and
electrolyte 76 is liquid phosphoric acid, which is typically held within a ceramic matrix.
Cubo-octahedral shaped nanoparticles, like nanoparticle 10 of FIG. 1, are commonly used in
fuel cells, including PEM and phosphoric acid fuel cells. Other nanoparticle shapes that
have been studied for use as platinum catalysts include, but are not limited to, cubic and
tetrahedral nanoparticles. Specific shaped nanoparticles may be more stable in a specific
type of electrolyte.

[0067] It is recognized that a platinum catalyst may use nanoparticles having a
variety of shapes and it is not required that a particular shape be used with a particular fuel
cell. However, the ORR activity may be influenced, in part, by a combination of the type of
electrolyte and the shape of the nanoparticles. This may be due to a difference in the crystal
faces that form the shapes of the nanoparticles. Cubic nanoparticles are formed essentially
of all (100) surfaces, whereas tetrahedral nanoparticles are formed of (111) surfaces.

[0068] In some embodiments, the cathode catalyst for a phosphoric acid fuel cell is
formed of cubic-shaped platinum nanoparticles having corner and edge regions formed of a
second metal (see FIG. 9C). If the cubic nanoparticles include a second metal, such as gold,
the cathode catalyst is more stable, and thus should have a longer operational life since a
total mass of the cathode catalyst should remain relatively constant. On the other hand, in a
PEM fuel cell, the cathode catalyst, in some embodiments, is formed of tetrahedral-shaped
platinum nanoparticles having corer and edge regions formed of a second metal (see FIG.
10C). By using a tetrahedral-shaped nanoparticle coated with gold at the comers and edges,
the ORR activity of the nanoparticles in the PEM fuel cell may be further increased. It is
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recognized that, in either a PEM or a phosphoric acid fuel cell, the catalyst may also include
nanoparticles of at least one other shape.

[0069] FIG. 9A is a schematic of nanoparticle 90, which is similar to nanoparticle
10 of FIG. 1, but is cubic-shaped. Nanoparticle 90 has a core formed of platinum, a
platinum alloy, or at least one other transition metal. Outer surfaces 92 of nanoparticle 90
are formed of platinum atoms 94, similar to nanoparticle 10. Surfaces 92 are formed of flats
or terraces 96, edges 98 and corners 99. Nanoparticle 90, as shown in FIG. 9A, has a
- regular cubic shape, and terraces 96 are generally free of defects. However, as described
above, it is recognized that nanoparticle 90 may commonly have surface defects or features
that result in nanoparticle 90 having an irregular shape and terraces 96 having uneven
surfaces. FIGS. 9A-9C illustrate nanoparticle 90 as it undergoes method 40 of FIG. 3 in
order to replace platinum atoms 94 at edges 98 and corners 99 with atoms from a second
metal.

[0070] Nanoparticle 90 of FIG. 9A is combined with a metal salt (for example,
AuCls) in a solution, as described above, resulting in the formation of gold ions 100 (Au®).
As described above, a difference in electrode potential between platinum atoms 94 on
nanoparticle 90 and gold ions 100 in solution drives the redox reaction. Platinum atoms
from edges 98 and corners 99 of nanoparticle 90 dissolve to form platinum ions 102 (Pt*").
Gold ions 100 are reduced to form gold atoms 104, which replace platinum atoms on
nanoparticle 90. The atoms from edges 98 and corners 99 are oxidized before terrace atoms
due to a lower electrode potential of atoms 94 at edges 98 and corners 99. FIG. 9B shows
nanoparticle 90 after platinum atoms have dissolved edges 98 and corners 99, and gold
atoms 104 have begun to replace the platinum atoms, resulting in an irregular shape for
nanoparticle 90.

[0071] In FIG. 9C, gold atoms 104 have attached to nanoparticle 90 to form
stabilized cubic nanoparticle 110. Although gold atoms are shown in this exemplary
embodiment, other metals in addition to gold may be used as the second metal. As
described above in reference to FIG. 2, gold atoms are larger in size than platinum atoms,
although the difference in size is further exaggerated in FIGS. 9B and 9C. An overall size
of nanoparticle 110 remains unchanged compared to nanoparticle 90, particularly since
three platinum atoms are dissolved for every two gold atoms deposited onto nanoparticle
110. It 1s recognized that nanoparticle 110 may have an irregular shape compared to

nanoparticle 90; however, nanoparticle 110 remains generally cubic-shaped. Although not
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shown in FIG. 9C, it is recognized that nanoparticle 110 may commonly include surface
defects, such as steps and kinks, on terraces 96. The platinum atoms that form the steps and
kinks are reactive, similar to edge and comer atoms. As such, the platinum atoms at the
steps and kinks may also be replaced with gold atoms.

[0072] FIG. 10A is a schematic of nanoparticle 120, similar to nanoparticles 10 and
90, but having a tetrahedron shape. Nanoparticle 120 is formed of a core portion and outer
surfaces 122 formed of platinum atoms 124 and including terraces 126, edges 128 and
corners 129. As stated above in reference to cubic-shaped nanoparticle 90, it is recognized
that nanoparticle 120, in reality, may have a more irregular tetrahedron-based shaped, and
that surface defects (i.e. steps and kinks) may commonly be present on terraces 126. FIGS.
10A-10C are similar to FIGS. 9A-9C and illustrate the process of forming a stabilized
tetrahedral shaped nanoparticle.

[0073] When nanoparticle 120 is combined with gold trichloride in solution, gold
jons 130 (Au*") form, as shown in FIG. 10A. Due to a difference in electrode potential,
platinum atoms 124 from nanoparticle 120 transfer electrons to reduce gold ions 130 to gold
atoms 134, which replace platinum atoms 124 on nanoparticle 120. The oxidized platinum
jons 132 (Pt**) are then dissolved into the solution. Because platinum atoms 124 at edges
128 and corners 129 are more reactive than platinum atoms 124 at terraces 126, gold atoms
134 attach first to the edges and corners of nanoparticle 120.

[0074] FIG. 10C shows stabilized nanoparticle 140 after gold atoms 134 have
replaced essentially all of platinum atoms 124 at edge and corner regions 128 and 129.
Nanoparticle 140 has an irregular shape due to a difference in size between platinum atoms
124 and gold atoms 134, as well as a difference between the number of platinum atoms
removed and the number of second metal atoms deposited on nanoparticle 140. Since
nanoparticle 120 of FIG. 9A normally would have surface defects on terraces 126, it is
recognized that nanoparticle 140 would also include gold atoms on terraces 126 that had
replaced any platinum step atoms and kink atoms that had formed the surface defects of
nanoparticle 120.

[0075] The present disclosure of forming a more stable platinum nanoparticle
applies to all nanoparticles, regardless of shape. Although specific shapes (i.e. cubo-
octahedral, cubic and tetrahedral) are described above and illustrated in the figures, it is
recognized that nanoparticles having additional shapes are within the scope of the present

disclosure. Other nanoparticle shapes include, but are not limited to, icosahedral,
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rhombohedral, and other types of polyhedrons. Additional nanoparticle shapes include
cylindrical, spherical, and quasi-spherical, which do not have well-defined edge and corner
regions. The atoms that form the defects, steps and kinks on these nanoparticles are
believed to have similar reactivity to edge and corner atoms, and these atoms may
consequently be replaced by the second metal.

[0076] Although the stabilized platinum nanoparticles of the present disclosure are
described in the context of use as a catalyst in a fuel cell, the nanoparticles may also be used
in other types of electrochemical cells, including but not limited to, batteries and electrolysis
cells. The nanoparticles may also be used in other applications that would benefit from
platinum nanoparticles have a more stable structure, including other catalyst applications, as
well as non-catalyst applications.

[0077] Although the present invention has been described with reference to
preferred embodiments, workers skilled in the art will recognize that changes may be made

in form and detail without departing from the spirit and scope of the invention.
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CLAIMS:

1. A method of producing a stabilized platinum nanoparticle, the method comprising:
removing platinum atoms from edge regions and corner regions of a platinum
nanoparticle; and
replacing platinum atoms located at the edge regions and the corner regions of the

nanoparticle with atoms of a second metal.

2. The method of claim 1 further comprising:
removing platinum atoms from step regions and kinks in the platinum nanoparticle;
and
replacing platinum atoms located at the step regions and kinks with atoms of the

second metal.

3. The method of claim 1 wherein removing platinum atoms from the edge regions and
the comer regions of the platinum nanoparticle includes combining the platinum

nanoparticle with a metal salt in a solution.

4. The method of claim 3 further comprising at least one of stirring the solution and

heating the solution, after combining the platinum nanoparticle with the metal salt.

5. The method of claim 3 wherein the replaced platinum atoms are dissolved into the
solution.
6. The method of claim 5 further comprising:

recycling the replaced platinum atoms dissolved into the solution.

7. The method of claim 3 wherein the platinum nanoparticles are removed from the

solution after approximately five minutes.

8. The method of claim 1 wherein the platinum nanoparticle is selected from a group

consisting of cubic nanoparticles, tetrahedral nanoparticles, cubo-octahedral nanoparticles,
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icosahedral nanoparticles, spherical nanoparticles, quasi-spherical nanoparticles,

rhombohedral nanoparticles, and truncated octahedral nanoparticles.

9. The method of claim 1 wherein the second metal atoms occupy between
approximately 5 and approximately 75 percent of a total surface area of the nanoparticle,

after replacing the platinum atoms.

10.  The method of claim 1 wherein the second metal is selected from a group consisting
of gold, iridium, rhodium, ruthenium, rhenium, osmium, palladium, silver, and

combinations thereof.

11. The method of claim 1 wherein the platinum nanoparticle include at least one of
platinum atoms and a platinum alloy having at least one metal selected from a group

consisting of transition metals from a fourth, fifth and sixth row of the periodic table.

12. The method of claim 1 wherein the platinum nanoparticle has a diameter ranging

between approximately 0.5 and approximately 100 nanometers.

13. The method of claim 1 wherein the second metal has a standard electrode potential

greater than a standard electrode potential of platinum.

14. The method of claim 1 wherein the second metal has a standard electrode potential

about equal to or less than a standard electrode potential of platinum.

15. A method of stabilizing a platinum nanoparticle having a plurality of edges, comers,
and terraces including surface atoms and surface defects, the method comprising:
combining a platinum nanoparticle and a second metal in a solution, wherein an
oxidation reduction reaction occurs between platinum and ions of the second
metal so that platinum atoms from corner regions, edge regions, and surface
defects of the nanoparticle are dissolved and replaced with atoms of the
second metal; and
removing the platinum nanoparticle from the solution before platinum surface atoms

on the terraces are replaced with atoms of the second metal.
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16. The method of claim 15 wherein the platinum nanoparticle is supported on a
substrate.
17. The method of claim 15 wherein the second metal includes at least one of gold,

iridium, rhodium, ruthenium, rhenium, osmium, palladium, and silver.

18. The method of claim 15 wherein the solution includes at least one of an acidic

solution, an alkaline solution, and a non-aqueous solution.

19. The method of claim 15 wherein the nanoparticle is removed from the solution after

approximately five minutes.

20. The method of claim 15 wherein the nanoparticle is selected from a group consisting
of cubic nanoparticles, tetrahedral nanoparticles, cubo-octahedral nanoparticles, icosahedral
nanoparticles, spherical nanoparticles, quasi-spherical nanoparticles, rhombohedral

nanoparticles, and truncated octahedral nanoparticles.

21.  The method of claim 15 wherein the surface defects on the nanoparticle include at

least one of a step atom, a kink atom, and a step adatom.

22. The method of claim 15 further comprising:
combining the nanoparticle with a surfactant, prior to combining the platinum
nanoparticle and the second metal in a solution, such that the surfactant

adsorbs on at least a portion of the terraces of the nanoparticle.

23.  The method of claim 15 further comprising:
synthesizing the platinum nanoparticles, prior to combining the platinum

nanoparticles and a metal salt in a solution.

24, A method of producing a stabilized platinum catalyst, the method comprising:
combining platinum nanoparticles and a metal salt in a solution, wherein each

nanoparticle includes a plurality of terraces, edges and corners, and platinum
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atoms at the corners and the edges of the nanoparticle have a lower electrode
potential than an electrode potential of a metal in the metal salt; and
maintaining the nanoparticles in the solution for a time sufficient to dissolve the
platinum atoms at corner regions and edge regions of the nanoparticles and
replace the dissolved platinum atoms with atoms of the metal from the metal
salt, wherein platinum surface atoms on the terraces are essentially

unchanged.

25. The method of claim 24 wherein the terraces on each nanoparticle include platinum
surface atoms, platinum step atoms and platinum kink atoms, and maintaining the
nanoparticles in the solution for a time sufficient to dissolve the platinum atoms at corner
regions and edge regions of the nanoparticle includes dissolving the platinum step atoms
and the platinum kink atoms, and replacing the dissolved platinum atoms with atoms of the

metal from the metal salt.

26.  The method of claim 24 further comprising recycling the platinum atoms dissolved

in the solution.

27. The method of claim 24 wherein the nanoparticles are removed from the solution

after approximately five minutes.

28. The method of claim 24 wherein the metal in the metal salt includes at least one of

gold, iridium, rhodium, ruthenium, rhenium, osmium, palladium, and silver.
29. The method of claim 24 wherein approximately 5 to approximately 75 percent of a

total surface area of a nanoparticle is replaced with the metal from the metal salt, after

removing the nanoparticles from the solution.
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