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ELECTROCATALYSTS HAVING PLATIUM 
MONOLAYERS ON PALLADIUM, 

PALLADIUMALLOY, AND GOLD ALLOY 
CORE-SHELL NANOPARTICLES, AND USES 

THEREOF 

This invention was made with Government support under 
contract number DE-AC02-98CH10886, awarded by the 
U.S. Department of Energy. The Government has certain 
rights in the invention. 

This application is a continuation-in-part of, and asserts 
priority to, U.S. application Ser. No. 11/019,759 filed Dec. 
22, 2004 now U.S. Pat. No. 7,691,780. The specification of 
U.S. application Ser. No. 11/019,759 is hereby incorporated 
by reference in its entirety. 

The present invention relates to platinum-coated particles 
useful as fuel cell electrocatalysts. The invention particularly 
relates to Such particles having a palladium, palladium alloy, 
gold alloy, or rhenium alloy core encapsulated by a thin 
coating of platinum. 

BACKGROUND OF THE INVENTION 

A “fuel cell' is a device which converts chemical energy 
into electrical energy. In a typical fuel cell, a gaseous fuel, 
Such as hydrogen, is fed to an anode (the negative electrode), 
while an oxidant, Such as oxygen, is fed to a cathode (the 
positive electrode). Oxidation of the fuel at the anode causes 
a release of electrons from the fuel into an electrically con 
ducting external circuit which connects the anode and cath 
ode. In turn, the oxidant is reduced at the cathode using the 
electrons provided by the oxidized fuel. 
The electrical circuit is completed by the flow of ions 

through an electrolyte that allows chemical interaction 
between the electrodes. The electrolyte is typically in the 
form of a proton-conducting polymer membrane. The proton 
conducting membrane separates the anode and cathode com 
partments while allowing the flow of protons between them. 
A well-known example of Such a proton-conducting mem 
brane is NAFIONR). 
A fuel cell, although having components and characteris 

tics similar to those of a typical battery, differs in several 
respects. A battery is an energy storage device whose avail 
able energy is determined by the amount of chemical reactant 
stored within the battery itself. The battery will cease to 
produce electrical energy when the stored chemical reactants 
are consumed. In contrast, the fuel cell is an energy conver 
sion device that theoretically has the capability of producing 
electrical energy for as long as the fuel and oxidant are Sup 
plied to the electrodes. 

In a hydrogen/oxygen fuel cell, hydrogen is Supplied to the 
anode and oxygen is Supplied to the cathode. Hydrogen mol 
ecules are oxidized to form protons while releasing electrons 
into the external circuit. Oxygen molecules are reduced at the 
cathode to form reduced oxygen species. Protons travel 
across the proton-conducting membrane to the cathode com 
partment to react with reduced oxygen species, thereby form 
ing water. The reactions in a typical hydrogen/oxygen fuel 
cell are as follows: 

Anode: 2H-->4H+4e (1) 

Net Reaction: 2H2+O->2H2O (3) 

In many fuel cell systems, a hydrogen fuel is produced by 
converting a hydrocarbon-based fuel Such as methane, or an 
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2 
oxygenated hydrocarbon fuel Such as methanol, to hydrogen 
in a process known as “reforming. The reforming process 
typically involves the reaction of such fuels with water along 
with the application of heat. By this reaction, hydrogen is 
produced. The byproducts of carbon dioxide and carbon mon 
oxide typically accompany the production of hydrogen in the 
reformation process. 

Other fuel cells, known as "direct” or “non-reformed fuel 
cells, directly oxidize fuels high in hydrogen content. For 
example, it has been known for Some time that lower primary 
alcohols, particularly methanol, can be oxidized directly. Due 
to the advantage of bypassing the reformation step, a Substan 
tial effort has gone into the development of so-called “direct 
methanol oxidation’ fuel cells. 

In order for the oxidation and reduction reactions in a fuel 
cell to occur at useful rates and at desired potentials, electro 
catalysts are required. Electrocatalysts are catalysts that pro 
mote the rates of electrochemical reactions, and thus, allow 
fuel cells to operate at lower potentials. Accordingly, in the 
absence of an electrocatalyst, a typical electrode reaction 
would occur, if at all, only at very high potentials. Due to the 
high catalytic nature of platinum, platinum and platinum 
alloy materials are preferred as electrocatalysts in the anodes 
and cathodes of fuel cells. 

However, a significant obstacle in commercializing fuel 
cells is the limitation of current platinum electrocatalysts. For 
example, one major problem is found in the slow kinetics of 
oxygen reduction in current platinum oxygen-reducing cath 
odes. In addition, a large loss in potential of 0.3-0.4 volts is 
typically observed during operation of fuel cells containing 
these platinum electrocatalysts. This loss in potential is the 
source of a major decline in the fuel cell’s efficiency. 

Another problem in existing electrocatalyst technology is 
the high platinum loading in fuel cell cathodes. Since plati 
num is a high-cost precious metal, high platinum loading 
translates to high costs of manufacture. 

Accordingly, there have been efforts to reduce the amount 
of platinum in electrocatalysts. For example, platinum nano 
particles have been studied as electrocatalysts. See, for 
example, U.S. Pat. No. 6,007,934 to Auer et al.; and U.S. Pat. 
No. 4,031,292 to Hervert. 

Platinum-alloy compositions have also been studied. In 
particular, platinum-palladium alloy nanoparticles have been 
studied. See, for example, U.S. Pat. No. 6.232.264; Solla 
Gullon, J., et al., “Electrochemical And Electrocatalytic 
Behaviour Of Platinum-Palladium Nanoparticle Alloys’. 
Electrochem. Commun., 4, 9: 716 (2002); and Holmberg, K., 
"Surfactant-Templated Nanomaterials Synthesis”. J. Colloid 
Interface Sci., 274: 355 (2004). 

Other platinum-alloy compositions have been studied. For 
example, U.S. Pat. No. 5,759,944 to Buchanan et al. discloses 
platinum-nickel and platinum-nickel-gold electrocatalyst 
compositions. 

U.S. Pat. No. 6,670,301 B2 to Adzic et al. relates to an 
atomic monolayer of platinum on ruthenium nanoparticles. 
The platinum-coated ruthenium nanoparticles are disclosed 
as carbon monoxide-tolerant anode electrocatalysts useful in 
fuel cells. See also Brankovic, S.R., et al., “Pt Submonolayers 
On Ru Nanoparticles—A Novel Low Pt Loading, High CO 
Tolerance. Fuel Cell Electrocatalyst.” Electrochem. Solid 
State Lett., 4, p. A217 (2001); and Brankovic, S. R. et al. 
“Spontaneous Deposition Of Pt On The Ru(0001) Surface”, 
J. Electroanal. Chem., 503:99 (2001), which also disclose 
platinum monolayers on ruthenium nanoparticles. 
None of the art considered above disclose platinum-coated 

particles, particularly nanoparticles, useful as oxygen-reduc 
ing electrocatalysts and having low platinum loading. Yet, 
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there is a need for electrocatalysts having these advantages. 
The present invention relates to Such electrocatalysts. 

SUMMARY OF THE INVENTION 

In one aspect, the present invention relates to platinum- and 
platinum alloy-coated palladium or palladium alloy particles. 
The platinum and platinum alloy coatings are atomically thin 
layers, i.e., atomic Submonolayers, monolayers, bilayers, 
trilayers, or combinations thereof. 

In one embodiment, an atomic Submonolayer of platinum 
contains only platinum atoms in the absence of other co 
deposited metal atoms. 

In another embodiment, an atomic Submonolayer of plati 
num atoms includes one or more co-deposited atomic Sub 
monolayers of another metal to form a platinum-metal alloy 
monolayer. The co-deposited metal(s) in the platinum-alloy 
monolayer can be, for example, a main group, transition, 
lanthanide, or actinide metal. The co-deposited metal is pref 
erably a transition metal. 
More preferably, the co-deposited metal is iridium (Ir). 

ruthenium (Ru), osmium (OS), rhenium (Re), or any combi 
nation thereof. Even more preferably, the platinum-metal 
alloy monolayer is according to the molar composition 
MPtos, where M is Ir, Ru, Os, or Re. Most preferably, the 
platinum-metal alloy monolayer is according to the molar 
composition Reo Ptos or Oso. Ptos. 
The platinum-coated palladium or palladium alloy nano 

particles preferably have a minimum size of about 3 nanom 
eters and a maximum size of about 10 nanometers. The maxi 
mum size of the nanoparticles is preferably no more than 
about 12 nanometers. The platinum-coated palladium or pal 
ladium alloy nanoparticles most preferably have a size of 
about 5 nanometers. 
When applied as fuel cell electrocatalysts, the particle 

composites are preferably platinum monolayer- or Submono 
layer-coated palladium or palladium alloy particles. The par 
ticles are even more preferably nanoparticles. 
One embodiment relates to platinum-coated palladium 

particles. The platinum-coated palladium particles contain a 
core composed of Zerovalent palladium. 

In one embodiment, the palladium core is coated with a 
shell of Zerovalent platinum atoms. In another embodiment, 
the palladium core is coated with a shell of platinum atoms 
wherein at least Some portion of the platinum atoms are in a 
Zerovalent oxidation state and the remainder of the platinum 
atoms are charged. 

Another embodiment relates to platinum-coated noble 
metal cores wherein the noble metal is other than palladium. 
Some examples of Such noble metal cores include those com 
posed of rhenium, iridium, or rhodium. These noble metal 
cores are at least partially encapsulated by an atomically thin 
layer of platinum atoms. At least a portion of the platinum 
atoms are in a Zerovalent oxidation state. 

Another embodiment relates to platinum-coated metal 
alloy particles. These particles contain a core composed of a 
metal alloy which is at least partially encapsulated by an 
atomically thin layer of platinum atoms, at least a portion of 
which are in a Zerovalent oxidation state. 

The metal alloy core is preferably composed of a combi 
nation of two or more metals selected from second row and 
third row transition metals. For example, the metal alloy core 
can be a combination of two or more second row transition 
metals, a combination of two or more third row transition 
metals, or a combination of one or more second row transition 
metals and one or more third row transition metals. 
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4 
The second row and third row transition metals are more 

preferably metals having noble character. Some examples of 
second row and third row transition metals having noble 
character include ruthenium, palladium, silver, rhenium, 
osmium, iridium, platinum, and gold. 

For example, the metal alloy core can be a homogeneous or 
heterogeneous alloy of palladium-ruthenium, palladium-rhe 
nium, palladium-iridium, palladium-rhodium, palladium 
gold, rhodium-gold, iridium-gold, ruthenium-gold, osmium 
gold, rhenium-gold, iridium-rhodium, ruthenium-rhodium, 
osmium-rhodium, rhenium-rhodium, ruthenium-iridium, 
osmium-iridium, rhenium-iridium, osmium-ruthenium, rhe 
nium-ruthenium, and rhenium-osmium. Particularly pre 
ferred are metal alloy cores having rhenium-gold and rhe 
nium-iridium compositions. 

In another embodiment, the metal alloy core is composed 
of a combination of one or more second row and/or third row 
transition metals in combination with one or more first row 
transition metals. Particularly preferred are metal alloy cores 
composed of one or more noble metals in combination with 
one or more first row transition metals. 

In one embodiment, the metal alloy core is a homogeneous 
or heterogeneous alloy of one or a combination of Zerovalent 
or charged 4d (second row) and/or 5d (third row) transition 
metals in combination with one or a combination of 3d (first 
row) transition metals. Preferably, the one or combination of 
4d and/or 5d transition metals are selected from Zerovalent or 
charged atoms of gold, rhodium, iridium, ruthenium, 
osmium, and rhenium. More preferably, the foregoing 4d 
and/or 5d transition metals are combined with one or a com 
bination of Zerovalent 3d transition metals selected from 
nickel, cobalt, and iron. 

For example, particularly preferred is the class of plati 
num-coated palladium alloy particles. The platinum-coated 
palladium alloy particles contain a core composed of Zerova 
lent palladium alloy. The palladium alloy core is coated with 
a shell of Zerovalent or partially charged platinum or plati 
num-alloy. 

Preferably, the alloying component in the palladium alloy 
is a metal or combination of metals other than platinum. More 
preferably, the alloying metal is one or more transition metals. 
Even more preferably, the alloying metal is one or more 3d 
transition metals, i.e., the row of transition metals starting 
with scandium (Sc). Even more preferably, the alloying met 
als are selected from nickel (Ni), cobalt (Co), iron (Fe), or any 
combination thereof. Gold (Au), or its combination with 
other metals, particularly, Ni, Co, and Fe, are other preferred 
alloying metals. 

Another particularly preferred class of platinum-coated 
metal alloy particles is the class of platinum-coated gold alloy 
cores. Preferably, the gold alloy core is composed of gold in 
combination with one or a combination of first row transition 
metals. More preferably, the one or more first row transition 
metals are selected from nickel, cobalt, and iron. Even more 
preferably, the gold alloy core is an alloy of gold and nickel. 

In one embodiment, the metal alloy core is homogeneous. 
A homogeneous metal alloy core contains a metal and one or 
more alloying components distributed uniformly-throughout 
the core. 

In another embodiment, the metal alloy core is heteroge 
neous. In a preferred embodiment, a heterogeneous core is 
composed of an inner Subcore and an outer shell. The inner 
Subcore is preferably composed of one or a combination of 
metals of less-noble or non-noble character as compared to 
the one or combination of metals of the outer shell. 

For example, a palladium alloy core can be heterogeneous. 
An example of a heterogeneous palladium-metal alloy core is 
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one having a non-palladium inner Subcore encapsulated by an 
outer shell of palladium. The outer shell of palladium is 
bonded to the atomically thin coating of platinum. 

The inner subcore is preferably composed of one or a 
combination of first row transition metals. Preferably, such an 
inner Subcore is at least partially encapsulated by an outer 
shell composed of one or a combination of metals selected 
from second row and/or third row transition metals. The outer 
shell is more preferably composed of one or a combination of 
metals having noble character. 
The outer shell of second row and/or third row transition 

metals is more preferably atomically thin. For example, the 
outer shell is preferably anatomic Submonolayer, monolayer, 
bilayer, trilayer, or a combination thereof, of the second row 
and/or third row transition metals. 

In a particularly preferred embodiment, a Subcore com 
posed of one or a combination of Zerovalent first row transi 
tion metals selected from nickel, cobalt, and iron, is encap 
Sulated by an outer shell composed of one or a combination of 
Zerovalent or charged second row and/or third row transition 
metal atoms selected from gold, palladium, rhodium, iridium, 
ruthenium, osmium, and rhenium. 

Another particularly preferred heterogeneous core 
includes a Subcore of Zerovalent nickel, cobalt, iron, or a 
combination thereof, at least partially encapsulated by an 
outer shell of Zerovalent or charged gold atoms. Even more 
preferably, the outer shell of gold is an atomically thin layer of 
gold. Even more preferably, the atomically thin layer of gold 
is an atomic monolayer of gold. The atomically thin layer of 
platinum bonded to the atomically thin layer of gold is pref 
erably an atomic monolayer of platinum. 

Another particularly preferred heterogeneous core con 
tains a subcore of one or a combination of zerovalent first row 
transition metals at least partially encapsulated by an outer 
shell of one or a combination of second row and/or third row 
transition metal atoms selected from rhodium, iridium, ruthe 
nium, osmium, and rhenium. More preferably, the outer shell 
is an atomically thin layer of one or more of the foregoing 
metals. 

In one embodiment, the outer shell is composed of zerova 
lent rhodium, iridium, ruthenium, osmium, or rhenium 
atoms. In another embodiment, some portion of the outer 
shell is composed of charged rhodium, iridium, ruthenium, 
osmium, or rhenium atoms. In a particular embodiment, the 
outer shell is composed of an oxide of rhodium, iridium, 
ruthenium, osmium, or rhenium. 
When appropriate, the particle and nanoparticle compos 

ites as thus far described can have metal-bonding ligands or 
Surfactants bound to, or associated with, the Surface layer of 
Zerovalent or partially charged platinum. 
The particle and nanoparticle composites can also be in the 

form of a Suspension or dispersion in a liquid phase. The 
liquid phase can be any Suitable liquid phase Such as an 
organic solvent or an alcohol. Preferably, the liquid phase is 
aqueous-based. Some examples of Suitable aqueous-based 
liquid phases include water and water-alcohol mixtures. 

In another embodiment, the invention relates to a catalyst. 
The catalyst includes the platinum-coated particles as thus far 
described. 

In one embodiment, the platinum-coated particles in the 
catalyst are bound to a Support. The Support can be any 
Suitable Support. For example, the Support can be carbon, 
alumina, silica, silica-alumina, titania, Zirconia, calcium car 
bonate, barium Sulphate, a Zeolite, interstitial clay, and the 
like. In another embodiment, the platinum-coated particles in 
the catalyst are not bound to a Support. 
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6 
In another embodiment, the particle composites of the 

invention are applied as electrocatalysts, and particularly, 
oxygen reduction electrocatalysts. The oxygen reduction 
electrocatalysts are preferably bound to an electrically con 
ductive Support. Some preferred. electrically conductive Sup 
ports include carbon black, graphitized carbon, graphite, or 
activated carbon. 

In another embodiment, the invention relates to a method 
for reducing oxygen gas. In one embodiment, the method 
uses the particle composites described above to reduce oxy 
gen gas. The particle composites can be in the form of a solid, 
or alternatively, dispersed or Suspended in a liquid phase 
when contacting oxygen gas. In another embodiment, the 
particle composites are bound to a Support when reducing 
OXygen gas. 

In another embodiment, the invention relates to a fuel cell. 
In the fuel cell, the oxygen-reducing cathode contains the 
platinum-coated particle composites bound to an electrically 
conductive support. The fuel cell additionally contains the 
other elements typical of a fuel cell, e.g., an anode, an ion 
conducting electrolyte, and an electrical contact between the 
anode and cathode. The ion-conducting electrolyte is more 
preferably a proton-conducting electrolyte, and even more 
preferably a solid proton-conducting electrolyte. Such as a 
proton-conducting membrane. 

In a method for generating electrical energy, the oxygen 
reducing cathode of the fuel cell is contacted with an oxidant, 
Such as oxygen, while the anode of the fuel cell is contacted 
with a fuel source. 
Some contemplated fuel Sources include, for example, 

hydrogen gas and alcohols. The fuels can be unreformed or 
reformed. 
Some examples of suitable alcohols include methanol and 

ethanol. Examples of other fuels include methane, gasoline, 
formic acid, dimethyl ether, and ethylene glycol. 
As a result of the present invention, improved oxygen 

reducing catalytic activities and further reductions in plati 
num loading can be made possible. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1. Comparison of polarization curves for oxygen 
reduction on palladium nanoparticles, 10 nmol loading (left 
curve); commercial platinum nanoparticles, 10 nmol loading 
(second to left curve); and platinum-coated palladium nano 
particles of the present invention, 10 and 20 nmol Pd loadings, 
(two right curves). 

FIG. 2. Comparison of Pt mass-specific activities of plati 
num nanoparticles (10 nmol Pt loading) and platinum-coated 
palladium nanoparticles of the present invention (1.3 and 2.4 
nmol Pt loading, left and right sets of bars, respectively) on 
palladium nanoparticles (10 and 20 nmol Pd loadings). 

FIG. 3. Comparison of polarization curves for oxygen 
reduction on commercial platinum nanoparticles, 10 nmol 
loading (left curve); platinum-coated palladium nanopar 
ticles of the present invention, 20 nmol Pd loading (middle 
curve), and IroPtos-coated palladium nanoparticles of the 
present invention (right curve). 

FIG. 4. Comparison of the activities of Ir, Pt -coated and 
RuPt -coated palladium nanoparticles of the present 
invention as a function of molar ratio X at 0.8V. 

FIG. 5. X-ray spectroscopy absorption peak of Pt—OH 
formation as a function of potential for Pt monolayer on 
palladium nanoparticles and Pt monolayer on carbon. 

FIG. 6. Comparison of polarization curves for oxygen 
reduction on commercial platinum nanoparticles of 10 nmol 
Pt loading (Pto/C, left curve); and platinum-coated gold 
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nickel alloy nanoparticles of the present invention (Pt/ 
AuNic/C, right curve, where ML-monolayer). 

FIG.7. Comparison of Ptand (Pt--Au) mass-specific activi 
ties of platinum nanoparticles of 10 nmol Pt loading (Pt/C) 
and platinum-coated gold-nickel alloy nanoparticles of the 
present invention (Pt/AuNio/C) expressed as the current at 
0.80 V and 0.85 V. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention relates, generally, to particle composites 
having a metal or metal alloy core coated with, or at least 
partially encapsulated by, an atomically thin Surface layer of 
Zerovalent or charged platinum atoms. 

Preferably, at least a portion of the platinum atoms in the 
atomically thin layer of platinum are in a Zerovalent oxidation 
state. The atomically thin layer of platinum atoms can be 
composed of platinum atoms which are all Zerovalent, or 
alternatively, wherein a portion of the platinum atoms are 
charged and some portion Zerovalent. 
The atomically thin Surface layer of platinum can have a 

thickness of up to a few atom layers of Zerovalent or partially 
charged platinum. Preferably, the atomically thin surface 
layer is a layer of Zerovalent platinum atoms of Sub-mono 
atomic, monoatomic, diatomic, or triatomic thickness, or any 
combination thereof. 
A layer of monoatomic thickness of platinum atoms, i.e., 

an atomic monolayer, is a single layer of close-packed plati 
num atoms on the palladium or palladium alloy substrate 
particle Surface. An atomic monolayer has a Surface packing 
parameter of 1. 
A layer of Sub-monoatomic coverage, i.e., an atomic Sub 

monolayer, is a layer of platinum atoms which is less dense 
than an atomic monolayer (i.e., not close-packed). Accord 
ingly, an atomic Submonolayer has a Surface packing param 
eter of less than 1. For example, a Surface packing parameter 
of 0.5 indicates half the density of platinum atoms as com 
pared to a platinum atomic monolayer. 
A layer of diatomic thickness refers to a bilayer (two-atom 

thick) of Zerovalent or charged platinum atoms. A layer of 
triatomic thickness refers to a trilayer (three-atom thick) of 
Zerovalent or charged platinum atoms. 

In one embodiment, an atomic Submonolayer of platinum 
contains only platinum atoms in the absence of other co 
deposited metal atoms. 

In another embodiment, an atomic Submonolayer of plati 
num atoms includes one or more co-deposited atomic Sub 
monolayers of another metal to form a platinum alloy mono 
layer. The co-deposited metal(s) in the platinum alloy 
monolayer can be selected from, for example, the main group, 
transition, lanthanide, and actinide classes of metals. 

The co-deposited metal(s) in Such an atomically thin layer 
of platinum atoms provide such advantages as, for example, 
further reduction in platinum loading as compared to a purge 
platinum layer, reduction in catalytic poisoning, and/or 
enhancement of catalytic activity. For example, some metals, 
particularly some of the transition metals, have the ability to 
adsorb hydroxyl groups (OH). Hydroxyl groups are known to 
inhibit the oxygen-reducing catalytic activity of platinum. 
Therefore, particularly when applied as fuel cell catalysts, the 
co-depositing metal is more preferably a metal known to 
adsorb OH. 

Preferably, the hydroxyl-adsorbing metal is a second row 
(4d) or third row (5d) transition metal which forms an oxide 
composition at Suitable oxidizing potentials. Suitable oxidiz 
ing potentials are typically encountered during operation of a 
fuel cell at the cathode. Some examples of suitable hydroxyl 
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8 
absorbing transition metals include iridium (Ir), ruthenium 
(Ru), osmium (OS), rhenium (Re), and combinations thereof. 
Oxide compositions of these metals help to Suppress the 
adsorption of hydroxyl groups onto platinum. 
The molar composition of such a platinum alloy monolayer 

is not particularly limited. For example, such a platinum alloy 
monolayer can be a binary alloy according to the molar com 
position formula MPt (1), wherein M is any of the metals 
described above. 

In formula (1), the value of X is not particularly limited. 
Preferably, x has a minimum value of about 0.01, more pref 
erably 0.05, and even more preferably 0.1. Preferably, x has a 
maximum value of about 0.99, more preferably a value of 
about 0.9, more preferably a value of about 0.6, and even 
more preferably, a maximum value of about 0.5. In a preferred 
embodiment, X has a value of about 0.2. 
Some more specific platinum binary alloy monolayers of 

formula (1) are represented by the molar composition formu 
las Ir, Pt, Ru, Pt, OSPt, or RePt. Some specific 
examples of platinum binary alloy monolayers include 
Irooj Pto.99. Iro. Ptoo. Iro.2Ptos. Irois Pto.7. Iros Ptols. Iro.7Ptols. 
IrosPto2. IrogPtol. Iroos Ptoos. Ruolo Pto.99. Ruo. Pto.9. 
Ruo.2Ptos, Rulos Pto.7, Ruos Ptos. Ruo.7Ptos, RuosPto.2, 
Ruolo Ptol, RuloosPtoos. Oso. 2Ptols, Osos Ptols, Oso.7Ptols, 
Osos Pto.2, OSooPtol. Reo.2Ptos. ReosPtos. Reo.7Ptols. 
ReosPto2, and ReogPtol. 
The platinum alloy monolayer can additionally beaternary 

alloy. For example, the platinum alloy monolayer can be a 
ternary alloy according to the molar composition formula 
M, N, Pt, (2). In formula (2), M and N are independently 
any of the suitable metals described above. The values of X 
and y are not particularly limited. By the rules of chemistry, 
the sum of X and y in formula (2) must be less than 1. For 
example, X and y can independently have a value of about 
0.01 to a value of about 0.99, as long as the sum of x and y is 
less than 1.0. More preferably, the sum of X and y has a 
minimum value of about 0.1 and a maximum value of about 
O.9. 
Some more specific platinum ternary alloy monolayers of 

formula (2) are represented by the molar composition formu 
las Ir, Ru, Pt - Ir, Os, Pt - Ir, Re, Pt - OS, Ru, Pt.-- 
, Re, Ru, Pt, and Re, Os, Pt. Some specific examples 
of ternary platinum-metal alloy monolayers include 
IrooRuo. Ptoos. Iro. Ruo. Ptols. Iro.2Ruo. Pto.7, 
Iro. Ruo.2Pto.7. IrosRuo. Pto.6. IrosRuo. Pto.4. 
Irooj Osolo Pto.9s. Iro. Oso. Ptols, Iro.2Oso. Pto.7, 
Iro. Oso. 2Pto.7, IroojReool Pto.9s: Iro. Reo. Ptos, 
Iro.2Reo. Pto.7, and Iro. Reo.2Pto.7. 
The platinum alloy monolayer can additionally be a qua 

ternary alloy. For example, the platinum alloy monolayer can 
be a quaternary alloy according to the molar composition 
formula M.N.T. Pt - (3). In formula (3), M, N, and Tare 
independently any of the suitable metals described above. 
The values of x, y, and Z are not particularly limited. By the 
rules of chemistry, the Sum of x, y, and Z in formula (3) must 
be less than 1. For example, x, y, and Z can independently have 
a value of about 0.01 to a value of about 0.99 as long as the 
sum of x, y, and Z is less than 1.0. More preferably, the sum of 
X, y, and Z has a minimum value of about 0.1 and a maximum 
value of about 0.9. 
Some more specific platinum quaternary alloy monolayers 

of formula (3) are represented by the formulas Ir, Ru, Re Pt 
x-y-2 or Ir, Ru, Os Pty----. Some specific examples of qua 
ternary platinum alloy monolayers include 
Iro.o-Ruool Reo.o. Pto.97, Iro. Ruo. Reo. Pto.7, 
Iro.2Ruo. Oso. Pto.6, and Iro Ruo.2Oso. Ptols. 
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The metals alloying with platinum tend to selectively form 
oxides at Suitable oxidation potentials. Accordingly, all of the 
examples given above for platinum alloy monolayers include 
the corresponding oxidized compositions, i.e., wherein plati 
num is combined (e.g., mixed or interlaced) with the oxide of 
the alloying metal. The oxide of the alloying metal can be 
designated as, for example, IrO, RuO, OSO or ReO. 
wherein the Subscript V is a suitable generic or specific num 
ber of Stoichiometric or non-stoichiometric proportion. 

In a preferred embodiment, the atomically thin layer of 
platinum atoms covers or encapsulates the entire Surface of 
the Zerovalent metal or metal alloy core. In another embodi 
ment, the atomically thin layer of platinum atoms covers a 
portion of, i.e., partially encapsulates, the Zerovalent metal or 
metal alloy core. For example, the atomically thin layer of 
platinum Surface atoms can be characterized as intercon 
nected platinum islands with some regions of monoatomic, 
diatomic, or triatomic depth. 

In one embodiment, the invention relates to platinum 
coated palladium particles, i.e., particle composites having a 
Zerovalent palladium core coated with, or at least partially 
encapsulated by, an atomically thin Surface layer of platinum 
atoms. The platinum-coated palladium particles contain a 
core composed of palladium atoms in the Zerovalent oxida 
tion state. 

Another embodiment relates to platinum-coated noble 
metal cores wherein the noble metal is other than palladium. 
Some examples of Such noble metal cores include those com 
posed of rhenium, iridium, rhodium, silver, and osmium. 
These noble metal cores are at least partially encapsulated by 
an atomically thin shell of Zerovalent or charged platinum 
atOmS. 

Yet another embodiment relates to platinum-coated par 
ticle composites having a metal alloy core. The alloy in the 
metal alloy core can be homogeneous or heterogeneous, or a 
combination thereof. The metal alloy core can also be a 
binary, ternary, quaternary, or higher alloy. 

The metal alloy core is preferably composed of a combi 
nation of two or more metals selected from second row (4d) 
and third row (5d) transition metals. For example, the metal 
alloy core can be a combination of two or more second row 
transition metals, or a combination of two or more third row 
transition metals, or a combination of one or more second row 
transition metals and one or more third row transition metals. 

The second row and third row transition metals in the metal 
alloy core are more preferably metals having noble character. 
Some examples of second row and third row transition metals 
having noble character include ruthenium, palladium, silver, 
rhenium, osmium, iridium, platinum, and gold. 

particular relevance are particles having a palladium alloy 
core, i.e., the class of platinum-coated palladium alloy par 
ticles. The palladium alloy core is composed of Zerovalent 
palladium atoms and an alloying component. 
The alloying component in the palladium alloy core can be 

any chemical or chemicals capable of combining with palla 
dium that do not include platinum or palladium. For example, 
the alloying component can be carbon, silicon, silicon oxide, 
a metal, a polymer or polymer end-product, a dendrimer, a 
natural-based product such as cellulose, and so on. 

Preferably, the alloying component in the palladium alloy 
core is a metal or combination of metals not including palla 
dium. For example, the metal in the palladium alloy can be an 
alkali, alkaline earth, main group, transition, lanthanide, or 
actinide metal. 
More preferably, the alloying metal or metals in the palla 

dium alloy core are transition metals. Even more preferably, 
the alloying component is one or more 3d transition metals, 
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10 
particularly nickel (Ni), cobalt (Co), and/or iron (Fe). Gold 
(Au), or its combination with other metals, particularly, Ni, 
Co., and Fe, are other preferred alloying components. 
The palladium alloy core in the platinum-coated palladium 

alloy particles can be in a homogeneous form. A homoge 
neous palladium alloy composition is a form in which the 
palladium and the alloying component(s) are distributed uni 
formly on a molecular level throughout the particle. Some 
examples of homogeneous palladium alloy compositions 
include those with molar compositions 50:50 Pd Ni, 80:20 
Pd Ni, 40:60 Pa Ni, 60:40 Pd Co., 30:70 Pd Co., 70:30 
Pd Fe, 60:20:20 Pd Ni Co, 40:40:20 Pd Ni Fe, 
90:5:5 Pd Fe Co, 60:20:10:10 Pd Ni Co Fe, 50:50 
Pd Au, 80:20 Pd Au, 20:80 Pd Au, 10:90 Pd Au, and 
1:99 Pd Au compositions. 

Alternatively, the palladium alloy core is in a heteroge 
neous form. In a heterogeneous form, the palladium and the 
alloying component(s) are distributed with varying composi 
tion, i.e., non-uniformly, in the palladium alloy core. In Such 
cases, there is a palladium component on the Surface of the 
palladium alloy core. 

For example, a heterogeneous palladium alloy core can 
have individual palladium grains intermingled with indi 
vidual cobalt or carbon grains throughout the core; or alter 
natively, for example, a carbon, cobalt, nickel, iron, copper, 
ruthenium, gold, or silver Sub-core Surrounded by a palla 
dium shell. Some other examples of heterogeneous palladium 
alloy compositions include a palladium shell on a Sub-core of 
silicon, silicon oxide, silicon nitride, titanium oxide, alumi 
num oxide, iron oxide, metal salt, latex, carbon, and so on. 

In addition, a palladium alloy core can have a combination 
of a homogeneous component and a heterogeneous compo 
nent. An example of Such a palladium alloy core is one that 
contains a homogeneous Subcore of palladium alloy coated 
with a shell of palladium metal. Another example of such a 
palladium alloy core is one that contains a homogeneous 
phase of a palladium alloy in combination with one or more 
interlayers of palladium. 

In another embodiment, the metal alloy core is a homoge 
neous or heterogeneous alloy of two or more metals selected 
from palladium, rhenium, gold, rhodium, iridium, ruthenium, 
and osmium. Some examples of such binary metal alloy com 
positions include the alloys of palladium-gold, palladium 
rhodium, palladium-iridium, palladium-ruthenium, palla 
dium-osmium, palladium-rhenium, rhodium-gold, iridium 
gold, ruthenium-gold, osmium-gold, rhenium-gold, iridium 
rhodium, ruthenium-rhodium, osmium-rhodium, rhenium 
rhodium, ruthenium-iridium, osmium-iridium, rhenium 
iridium, osmium-ruthenium, rhenium-ruthenium, and 
rhenium-osmium. 

Particularly preferred binary alloy compositions for the 
metal alloy core are the rhenium-based compositions. Some 
preferred rhenium compositions are the rhenium-gold and 
rhenium-iridium compositions. The molar percentage of rhe 
nium in these compositions is not particularly limited. For 
example, rhenium can be in a minimum amount of approxi 
mately 0.5, 1, 5, 10, 20, 30, or 40 molar percent, or in a 
maximum amount of approximately 50, 60, 70, 80,90, 95, or 
99 molar percent. Rhenium can be in any suitable range, and 
particularly, any Suitable range resulting from a combination 
of the minimum and maximum molar percents described. 
Some examples of ternary metal alloy compositions Suit 

able for the metal alloy core include the homogeneous and 
heterogeneous alloys of palladium-gold-rhodium, palladium 
rhodium-iridium, palladium-iridium-gold, palladium-ruthe 
nium-rhodium, palladium-rhenium-gold, palladium-rhe 
nium-iridium, palladium-rhenium-rhodium, palladium 
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rhenium-ruthenium, rhenium-rhodium-gold, rhenium 
iridium-gold, rhenium-ruthenium-gold, rhenium-iridium 
rhodium, rhenium-rhodium-ruthenium, rhenium-iridium 
ruthenium, and rhenium-iridium-osmium. 

In a further embodiment, the metal alloy core is composed 
of one or more Zerovalent or charged second row (4d) and/or 
third row (5d) transition metals in combination with one or 
more first row (3d) transition metals. For example, the metal 
alloy core can be a homogeneous or heterogeneous alloy 
composed of minimally, one or a combination of second row 
and/or third row transition metals in combination with one or 
a combination of first row transition metals. 
The first row (3d) transition metals refer to the row of 

transition metals starting with Scandium (Sc). Some examples 
of suitable first row transition metals include titanium (Ti), 
Vanadium (V), chromium (Cr), manganese (Mn), iron (Fe), 
cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn). 
The second row (4d) transition metals refer to the row of 

transition metals starting with yttrium (Y). Some examples of 
Suitable second row transition metals include molybdenum 
(Mo), technetium (Tc), ruthenium (Ru), rhodium (Rh), pal 
ladium (Pd), and silver (Ag). 
The third row (5d) transition metals refer to the row of 

transition metals starting with hafnium (Hf). Some examples 
of suitable third row transition metals include tantalum (Ta), 
tungsten (W), rhenium (Re), osmium (OS), iridium (Ir), plati 
num (Pt), and gold (Au). 
The one or combination of second row and/or third row 

transition metals in the metal alloy core are preferably noble 
metals. Some examples of suitable noble metals include pal 
ladium, gold, rhodium, iridium, ruthenium, osmium, rhe 
nium, and combinations thereof. 

In a further embodiment, the metal alloy core is composed 
of one or a combination of Zerovalent or charged second row 
and/or third row transition metal atoms in combination with 
one or a combination of first row transition metal atoms. The 
metal alloy core can be in the form of a binary, ternary, 
quaternary, pentenary, or higher alloy of any combination of 
these metals. 

Preferably, the Zerovalent or charged second row and/or 
third row transition metal atoms in the metal alloy core are 
selected from gold, rhodium, iridium, ruthenium, osmium, 
and rhenium. 

Preferably, the first row transition metals in the metal alloy 
core are selected from nickel, cobalt, and iron. More prefer 
ably, at least a portion of the one or combination of first row 
transition metal atoms is Zerovalent. 

In one embodiment, the metal alloy core includes one 
second row or third row transition metal in combination with 
one first row transition metal to make a binary alloy compo 
sition. Such a binary alloy can be represented by the molar 
composition formulas M.T (1a) or MT (1b) wherein M rep 
resents a second row or third row transition metal and T 
represents a first row transition metal. 

Informulas (1a) and (1b), n and p independently represent 
an integer of 1 or above. In formula (1a), in represents the 
number of M metal atoms per T metal atoms, i.e., the ratio 
M:T of n:1. In formula (1b), p represents the number of T 
metal atoms per M metal atoms, i.e., the molar ratio TM of 
p:1. The values of n in formula (1a) can range, for example, 
from approximately 1000 to 1. 

For example, AuNio represents a binary alloy having a 
molar composition often nickel atoms per gold atom. AuNi 
represents a binary alloy having a molar composition of two 
gold atoms per nickel atom. Similarly, AuNi represents a 
binary alloy having a molar composition of four gold atoms 
per nickel atom. 
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12 
Alternatively, such a binary alloy composition can be rep 

resented by the molar percentage formula MT (2a). For 
mula (2a) is related to formula (1a) in that X is a fractional 
number equivalent to 1/(n+1). Accordingly, AuNi according 
to formula (1a) corresponds approximately to Auo Nios 
according to formula (2a). Similarly, AusNi corresponds to 
Auo, Nios (molar composition of 75% Au and 25% Ni) and 
AuNi corresponds to AuosNio (a molar composition of 
80% Au and 20% Ni). Similarly, AuNio corresponds 
approximately to AucooNico (molar composition of 9% Au 
and 91% Ni). 

In formula (2a), the value of X is not particularly limited. 
For example, X can have a minimum value of about 0.001, 
0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.1, 
0.11, 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, 0.18, 0.19, 0.2,0.25, 
0.3, 0.35, 0.4, 0.45, or 0.5. Alternatively, X can have a maxi 
mum value of about 0.999, 0.99, 0.95, 0.9, 0.85, 0.8,0.75, 0.7, 
0.65, 0.6, or 0.55. Still further, X can be in a range governed by 
any suitable combination of Such minimum and maximum 
values. 

In one embodiment, the binary alloy composition of the 
metal alloy core is a combination of one second row transition 
metal and one first row transition metal. Some examples of 
classes of Such binary alloy compositions Suitable for the 
metal alloy core include the ruthenium-nickel, ruthenium 
cobalt, ruthenium-iron, rhodium-nickel, rhodium-cobalt, and 
rhodium-iron classes of binary alloy compositions. 
Some examples of ruthenium-nickel binary alloy compo 

sitions suitable for the metal alloy core include the approxi 
mate molar compositions Ruolo, Nioloo. RuloosNiolos (e.g., 
RuNio), Ruo Nico (e.g., RuNio, RuNio, RuNi). 
Ruo.2Nios. RuosNio 7. Ruoss Nio 67 (i.e., RuNi2). Ruo Nios. 
Ruos Nios (i.e., RuNi). Ruo Nio, Ruo, Nios (i.e., Ru-Ni). 
Ruo, Nios. Ruo 7s Nios (ie., RusNi). RuosNio (i.e., Ru-Ni). 
RuooNio, and Ruoso Niolo. 
Some examples of ruthenium-cobalt binary alloy compo 

sitions suitable for the metal alloy core include the approxi 
mate molar compositions Ruolo Coooo. Ruo osCooos (e.g., 
RuCoo), Ruo Cooo (e.g., RuCoo. RuCoo, and RuCoi). 
Ruo.2Coos. Ruos Coo. 7. RuossCooo.7 (i.e., RuOo2). 
Ruo-Coos. RuosCoos (i.e., RuCo), Ruo Coo.4, Ruo 67Cooss 
(i.e., Ru-Co), Ruo,Coos, Ruo 7s Coos (i.e., RusCo), 
RuosCoo (i.e., Rua Co), Ruo Cool, and RuogoCoool. 
Some examples of ruthenium-iron binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Ruolo Feoloo. Ruloos Feogs (e.g., RuFeo), 
Ruo Feo.o. (e.g., RuFeo. RuFello, RuFei). Ruo.2Feos, 
Ruos Feo. 7, Ruoss Feo. 67 (i.e., RuFe2), Ruo Feo. 6. Ruosfeos 
(i.e., RuFe), Ruo Feo. Ruo. 7Feos (i.e., Ru-Fe), Ruo,Feos, 
Ruo. 7s Feo.2s (i.e., RusFe), Ruosfeo.2 (i.e., Rua Fe), 
Ruo.9Feo.1, and Ruo.99Feo.o. 
Some examples of rhodium-nickel binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Rhool Nicoo. RhoosNicos (e.g., RhNio), 
Rho. Nico (e.g., RhNio, RhNio, RhNi), Rho. Nios, 
Rho. Nio 7, Rhos-Nice, (i.e., RhNi). Rho-Nice, RhosNios 
(i.e., RhNi). Rho. Nio, Rho. 7Nios (i.e., Rh2Ni), Rho, Nios, 
Rho. 7s Nios (i.e., Rh,Ni), RhosNio (i.e., Rha Ni). 
Rhoonio, and RhologNio.o. 
Some examples of rhodium-cobalt binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Rhool Cooloo. RhoosCooos (e.g., 
RhCoo), Rho Coog (e.g., RhCoo. RhCoo. RhCo.), 
Rho.2Coos, Rhos Coo. 7, RhossCooo.7 (i.e., RhCo.2), 
Rho-Coos. RhosCoos (i.e., RhCo), Rho Coo.4, Rho. 67Cooss 
(i.e., Rh2Co), Rho.7Coos, Rho. 7s Coo.2s (i.e., RhCo), 
Rhos Cooa (i.e., Rh4Co), RhooCool, and RhologCoool. 
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Some examples of rhodium-iron binary alloy compositions 
suitable for the metal alloy core include the approximate 
molar compositions Rhool Feo. 99, RhoosFeogs (e.g., RhFeo), 
Rho. Feo.o. (e.g., RhEeo. RhFeo. RhFe), Rho.2Feos. 
Rhos Feo. 7, Rhoss Feo. 67 (i.e., RhFe2), Rho-Feo. 6. Rhos Feos 
(i.e., RhFe), RhogFeo.4, Rho. 66 Feoss (i.e., Rh2Fe), Rho.7Feos. 
Rho. 7s Feos (i.e., RhEe), Rhos Feo (i.e., Rha Fe). 
RhogFeo.1, and RhologFeoo. 

In another embodiment, the binary alloy composition of 
the metal alloy core is a combination of one third row transi 
tion metal and one first row transition metal. Some examples 
of classes of such binary alloy compositions suitable for the 
metal alloy core include the gold-nickel, gold-cobalt, gold 
iron, rhenium-nickel, rhenium-cobalt, rhenium-nickel, iri 
dium-nickel, iridium-cobalt, iridium-iron, osmium-nickel, 
osmium-cobalt, and osmium-iron classes of binary alloy 
compositions. 
Some examples of gold-nickel binary alloy compositions 

suitable for the metal alloy core include the approximate 
molar compositions Auolo, Nio 99. AlloosNio9s (e.g., AuNio), 
Auo. Nico (e.g., AuNio, AuNio, AuNi). Auo Nios, 
Allos Nio7. Alloss Nio 67 (ie., AuNi2). Alloa Nio. 6. AllosNios 
(i.e., AuNi). Allog Nio, Aulog, Nios (i.e., All-Ni). Allo, Nios, 
Auo. 7s Nio.2s (i.e., AusNi). AllosNio.2 (ie., Au,Ni). Alloonio, 
and AllologNio.o. 
Some examples of gold-cobalt binary alloy compositions 

suitable for the metal alloy core include the approximate 
molar compositions Auolo Coooo. AlloosCooos (e.g., 
AuCoo), Auo. Coos (e.g., AuCoo, AuCoilo, and AuCoil), 
Allo Coos. Allos Coo. 7. AllossCooo.7 (i.e., AuCo.), 
Allo.4Coo. 6. Allos Coos (i.e., AuCo). AlloCoo.4. Allo. 67Cooss 
(i.e., All-Co). Allo Coos, Allo. 7s Coo2s (i.e., AusCo), 
AllosCoo.2 (i.e., All-Co). AllosCool, and AlloooCoool. 
Some examples of gold-iron binary alloy compositions 

suitable for the metal alloy core include the approximate 
molar compositions Aulolo Feo. 99. Allolos Feogs (e.g., AuFeo), 
Auo Feo. 9 (e.g., AuFeo. AuFello, AuFei). Allo.2Feos, 
Allos Feo.7. Alloss Feo. 67 (i.e., AuFe2). Alloa Feo.6. Allos Feos 
(i.e., AuFe). Allos Feo.4 Auo. 67Feoss (i.e., Au-Fe), Auo.7Feos. 
Allo. 7s Feo.2s (i.e., AusFe). Allos Feo.2 (i.e., Alla Fe). 
Allo.9Feo.1, and Allo.99Feo.o. 
Some examples of rhenium-nickel binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Reoloi Nio99. ReolosNio9s (e.g., ReNio), 
Reo. Nios (e.g., ReNio, ReNio ReNii), Reo Nios. 
Reos Nio 7. Reoss Nio 67 (i.e., ReNi2). Reo-Nio. 6. ReosNios 
(i.e., ReNi). ReoNio, Reo,Nio (i.e., Re-Ni). Reo,Nio, 
Reo 7s Nios (i.e., Re-Ni). ReosNio (i.e., RealNi). ReoloNio, 
and Reoloo.Nio.o. 
Some examples of rhenium-cobalt binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Reolo Coooo. ReoosCooos (e.g., 
ReCoo), Reo Coos (e.g., ReCoo. ReCoo, and ReCo.), 
ReoCoos. Reo Coo. 7. ReossCooo.7 (i.e., ReCo.), 
Reo-Coo. 6. Reos,Coos (i.e., ReCo), ReogCoola, Reo 67Cooss 
(i.e., Re-Co), Reo Coos. Reo 7s Coos (i.e., Re-Co), 
ReosCoo.2 (i.e., Re-Co), ReoloCool, and ReologCoool. 
Some examples of rhenium-iron binary alloy compositions 

suitable for the metal alloy core include the approximate 
molar compositions Reolo Feo.99. Reolos Feolos (e.g., ReFeo), 
Reolo Feos (e.g., ReFeo, ReFeo, ReFei). Reo Feos, 
Reos Feo. 7, Reoss Feo. 67 (i.e., ReFe2), Reo Feo. 6. ReosFeos 
(i.e., ReFe), Reo Feola, Reog7Feos (i.e., Re-Fe), Reo Feos, 
Reo.7s Feo.2s (i.e., Resfe), ReosFeo.2 (i.e., RealFe), ReogFeo, 
and Reo.99Feo.o. 
Some examples of iridium-nickel binary alloy composi 

tions suitable for the metal alloy core include the approximate 
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14 
molar compositions Iroo Nio99. Iroos Nio9s (e.g., IrNio), 
Iro. Nios (e.g., IrNio, IrNio, IrNii), Iro2Nios. Ironio 7, 
Iross Nio 67 (i.e., IrNi2). Iro-Nios. IrosNios (i.e., IrNi). 
IrogNio.4. Iro. 67Nioss (i.e., IrNi). Iro.7Nios. Irozsnio.2s (i.e., 
IrsNi). IrosNio.2 (i.e., IraNi). IrooNio, and Iro-ooNio.o. 
Some examples of iridium-cobalt binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Irooj Coooo. IroosCooos (e.g., IrCoo), 
Iro. Cooo (e.g., IrCoo. IrCoo, and IrCo). IroCoos, 
IrosCoo7. IrossCooo.7 (i.e., IrCO2). Iro.4Coo.6. IrosCoos (i.e., 
IrCo). IrocCoo.4. Iro.67Cooss (i.e., IrCo). Iro.7Coos, 
Iro. 7s Coo.2s (i.e., IrCo). IrosCoo2 (i.e., IraCo), IrooCool, and 
Iro.99Coool. 
Some examples of iridium-iron binary alloy compositions 

suitable for the metal alloy core include the approximate 
molar compositions Irooj Feoloo. Iroos Feolos (e.g., IrFeo), 
Iro. Feo.9 (e.g., IrFeo. IrFello, and Irfei), Iro.2Feos, Irois Feo. 7, 
Iross Feo. 67 (i.e., IrFe2), Iro-Feo. 6, IrosFeos (i.e., IrFe), 
IrogFeo.4. IroogFeo.33 (i.e., IraFe), Iro.7Feos. Iro.7sFeo.2s (i.e., 
Irsfe), IrosFeo.2 (i.e., Ira Fe), IrogFeo.1, and IroogFeo.o. 
Some examples of osmium-nickel binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions Osolo Nioloo, OsolosNiolos (e.g., OsNio), 
Oso. Nios (e.g., OSNio, OSNio, OSN). OSoNios. 
Osos Nio 7, Ososs Nio 67 (i.e., OsNi2), Oso. Nios. OsosNios 
(ie., OSNi), Oso. Nio, Oso.7Nios (i.e., OSNi). Oso, Nios, 
Osos Nios (i.e., OSNi). Osos Nio (ie., OSNi). OSoonio, 
and Osogo.Nio.o. 
Some examples of osmium-cobalt binary alloy composi 

tions suitable for the metal alloy core include the approximate 
molar compositions OSoo Coooo, OSoosCooos (e.g., 
OsCoo), Oso. Coos (e.g., OsCoo. OsColo, and OsCo.), 
OSoCools. Osos Coo. 7, OsossCooo.7 (i.e., OsCo.), 
OSo-Coos, Osos Coos (i.e., OsCo), OsogCoo.4, Oso. 67Cooss 
(i.e., OSCo), Oso,Coos, Oso.7sCoos (i.e., OSCo), 
Osos Coo.2 (i.e., OSCo), OSooCool, and OsogoCoool. 
Some examples of osmium-iron binary alloy compositions 

suitable for the metal alloy core include the approximate 
molar compositions Osolo Feo.99. OSoos Feogs (e.g., OsPeo), 
Oso. Feo (e.g., Osfeo, Osfeo, Osfe), Oso Feos. 
Osos Feo. 7, Ososs Feo. 67 (i.e., Osfe2), Oso. Feo.6, Osos Feos 
(i.e., Osfe), OsogFeola, Oso. 67Feos (i.e., OS2Fe), Oso.7Feos, 
Oso. 7s Feo.2s (i.e., OssFe), Osos Feo.2 (i.e., OS Fe), OsogFeo, 
and OSooo..Feoo. 

In another embodiment, the metal alloy core is in the form 
of a ternary alloy composition. Such a ternary alloy compo 
sition can be represented by the molar composition formula 
M.N.T. (3a) wherein one or two of M, N, and Tindepen 
dently represent second row or third row transition metals and 
one or two of M, N, T independently represent first row 
transition metals. The values of X and y are independently as 
described for x above under formula (2a). By the rules of 
chemistry, the Sum of Xandy informula (3a) must be less than 
1. 

In one embodiment, the metal alloy core is in the form of a 
ternary alloy composition having two second row transition 
metals and one first row transition metal. Some examples of 
classes of Such ternary alloy compositions suitable for the 
metal alloy core include the ruthenium-rhodium-nickel, 
ruthenium-rhodium-cobalt, and ruthenium-rhodium-iron 
classes ofternary alloy compositions. 
Some examples of ruthenium-rhodium-nickel ternary 

alloy compositions suitable for the metal alloy core include 
the approximate molar compositions Ruloos RhoosNiolos, 
RuoosRhoosNiogRuo Rho. Nios Ruo. Rho.2No.7. 
Ruo Rho. Nio 7, Ruo Rho Nio 6. Ruos Rho. Nios, 
Ruo Rhos Nio, Ruos Rhos Nios (i.e., RuRhNi2). 
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Ruo Rho. Nios. Ruo. Rho-Nias, Ruo Rhos Nio 4. 
Ruo Rho.2Nio.4: Ruo.2Rho-Nio 4. RuossRhoss Nioss (i.e., 
RuRhNi). Ruo Rho-Nios. Ruos FRho. Nios. Ruo Rhos Nios. 
Ruo Rho. Nios, Ruo. Rho Nios. 
Ruo Rho-Nio2Ruo Rho.2Nio 2. Ruo.2Rhog Nio 2. 
Ruo.4s Rho.4sNio 1. Ruo RhosNio, RuosRhogNio, 
RuosRho. Nio, and Ruo RhosNio. 
Some examples of ruthenium-rhodium-cobalt ternary 

alloy compositions suitable for the metal alloy core include 
the approximate molar compositions Ruolos RhoosCooos, 
Ruloos RhoosCooo. Ruo. Rho Coos, Ruo. Rho.2Coo7. 
Ruo.2Rho Coo. 7, Ruo.2Rho Coos, Rulos Rho. Coos, 
Ruo. Rhos Coos. Ruo.2sRho.2s Coos (i.e., RuRhCo.2), 
Ruo Rho. Coos, Ruo. Rho-Coos, Ruo Rho Coo4. 
Ruo.4Rho.2Coo.4: Rulo.2Rho.4Coo.4 RulossRhossCoosa (i.e., 
RuRhCo), RuosRho-Coos, Rulos Rho.2Coos, 
Ruo.2RhosCoos, Ruo Rho Coos, Ruo. Rho Coos, 
Ruo.4Rho.4Coo. 2, Ruo Rho Coo2. Ruo.2Rho Coo2. 
Ruo.asRho.asCool, Ruo Rhos Cool, RuosRho Co0.1, 
RuosRho Cool, and Ruo RhosCool. 
Some examples of ruthenium-rhodium-iron ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions RuoskhoosFeogs. 
Ruloos RhoosFeo.9. Ruo. Rho. Feos, Ruo. Rho.2Feo. 7, 
Ruo.2Rho. Feo. 7, Ruo.2Rho.2Feo. 6. Ruos Rho. Feo. 6. 
Ruo. Rhos Feo. 6. Ruo.2sRho.2s Feos (i.e., RuRhFe2), 
Ruo Rho. Feos. Ruo. Rho-Feos. Ruos Rhos Feo.4. 
Ruo Rho.2Feo.4: Ruo.2Rho-Feo.4, RuossRhoss Feoss (i.e., 
RuRhFe), Ruos Rho-Feos. Ruosrho.2Feos, Ruo.2Rhos Feos. 
Ruo Rho. Feos. Ruo. Rhos Feos. Ruo Rho-Feo2. 
Ruo Rho.2Feo2. Ruo.2RhogFeo2. Ruo.4sRho.4s Feo.1, 
Ruo Rhos Feo.1, RuosRhos Feo.1, RuosRho. Feo., and 
Ruo. RhosFeo. 

In another embodiment, the metal alloy core is in the form 
of a ternary alloy composition having two third row transition 
metals and one first row transition metal. Some examples of 
classes of Such ternary alloy compositions suitable for the 
metal alloy core include the gold-rhenium-nickel, gold-rhe 
nium-cobalt, gold-rhenium-iron, gold-iridium-nickel, gold 
iridium-cobalt, gold-iridium-iron, gold-osmium-nickel, 
gold-osmium-cobalt, gold-osmium-iron, rhenium-iridium 
nickel, rhenium-iridium-cobalt, rhenium-iridium-iron, rhe 
nium-osmium-nickel, rhenium-osmium-cobalt, rhenium-os 
mium-iron, iridium-osmium-nickel, iridium-osmium-cobalt, 
and iridium-osmium-iron classes of ternary alloy composi 
tions. 
Some examples of gold-rhenium-nickelternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sReolo25Nio9s. 
Alloos ReolosNio9. Auo. Reo. Nios, Auo. Reo.2Nio 7, 
Auo.2Reo. Nio 7, Allo.2Reo.2Nio.6. Allos Reo. Nio 6. 
Auo. ReosNios. Allo.2s Reo.2sNios (i.e., AuReNi2), 
Allo-Reo. Nios. Auo. Reo-Nios. Allos ReosNio 4. 
Alloa Reo.2Nio.4. Allo2Reo-Nio.4. Alloss Reoss Nioss (i.e., 
AuReNi). Allos Reo-Nios. Allos Reo.2Nios, Auo.2Reos Nios, 
AllogReo. Nios, Allo. ReogNios. Alloa Reo-Nio 2. 
Allo. Reo.2Nio 2. Allo.2ReogNio 2. Allo.4s Reo.4s Nio, 
AllogReosNio, Allos ReogNio, Allos Reo. Nio, and 
Auo. ReosNio. 
Some examples of gold-rhenium-cobaltternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Allo.o2 sReolo2sCooos, 
Alloos Reo osCooo. Allo. Roi Coos, Allo. Reo Coo7. 
Allo.2Reco.7, Allo.2Reo.2Coo.6. Allos Reo. Coo.6. 
Auo. Reo Coos, Auo.2s Reo.2sCoos (i.e., AuReCo.), 
Allo.4Reo.1 Coos, Allo. Reo-Coos, Allos Reos Coo.4. 
Allo.4Reo.2Coo.4. Allo.2Reo-Coo.4. Alloss ReossCoosa (i.e., 
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AuReCo), Allos Reo-Coos. Allos Reo.2Coos. 
Allo.2ReosCoos, Allos ReoCools. Allo. Reo Coos, 
Allo.4Reo-Coo2. Allos Reo.2C002, Allo.2ReogCoo2. 
Allo.4s Reo.4sCoo. 1. Allos Reos Cool, Allos Reo Cool, 
Allos ReoCool, and Auo. ReosCool. 
Some examples of gold-rhenium-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Allo.o2 sReolo25 Feo. 9s. 
Alloos Reolos Feo.9. Allo. Reo Feos. Allo. Reo.2Feo. 7, 
Aulo 2 Reo Feo.7. Allo.2ReOo.2Feo.6. Allos Reo Feo.6. 
Auo. Reos Feo. 6. Allo.2s Reo.2s Feos (i.e., AuReFe2), 
Allo.4Reo Feos. Allo. Reo.4Feos. Allos Reos Feo.4. 
Allo.4Reo.2Feo.4. Allo.2Reo.4 Feo.4. Alloss Reoss Feo.33 (i.e., 
AuReFe), Allos Reo Feos. Allos Reo.2Feos. Allo.2Reos Feos. 
Allos Reo Feos. Allo. Reo Feos. Allo.4Reo.4Feo2. 
Allos Reo.2Feo.2, Allo.2Reo.6 Feo.2, Allo.4sReo.4s Feo.1, 
Allos Reos Feo.1, Allos Reo.6 Feo.1. AllosReo Feo.1, and 
Allo. ReosFeo.1. 
Some examples of gold-iridium-nickelternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sroo2sNio9s. 
AulooslroosNio.9 Allo. Iro. Nios. Allo. Iro2Nio.7, 
Allo.2 Iro. Nio 7. Allo.2Iro.2Nio.6. Allos Iro. Nio 6. 
Allo. IroaNio.6. Allo.2s Iro.2sNios (i.e., AulrNi), 
Allo.4Iro. Nios. Allo. Iro-Nios. Allos IrosNio.4. 
Allo.4Iro.2Nio.4. Allo.2 Iro.4Nio.4. AllossIross Niosis (i.e., 
AurNi). Allos Iro-Nios. Allos Iro2Nios, Auo.2IrosNios, 
Allos Iro. Nios. Allo. IrogNios. Allo.4Iro.4Nio 2. 
Allos Iro.2Nio 2. Allo.2IrogNio 2. Auo.4slro.4s Nio, 
AllogrosNio, Allos IrogNio, Allos Iro. Nio, and 
Allo. IrosNio 1. 
Some examples of gold-iridium-cobaltternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Allo.025 Iro,025Co0.95. 
AuloosroosCooo. Allo. Iro. Coos, Allo. Iro.2Coo7. 
Aulo 2 Iro. Coo7. Allo.2 Iro2Coos. Allos Iro. Coo.6. 
Allo. IrosCooo. Allo.2s Iro.2sCoos (i.e., AuIrCo). 
Allo.4Iro. Coos, Allo. Iro.4Coos, Allos Iro.3 Coo.4: 
Auo.4Iro.2Coo.4: Allo.2 Iro.4Coo.4. AllossIro.33 Coo.33 (i.e., 
Aurco), Allos Iro-Cools. Allos Iro2Coos, Auo.2IrosCools. 
Allos Iro. Coos. Allo. IrocCools. Allo.4Iro4Coo.2, 
Allos Iro.2Coo2. Allo.2IrocCoo.2, Allo.4s Iro.4sCool, 
Allos IroaCool. Allos IrocCool. Allos Iro. Co.1, and 
Allo. IrosCool. 
Some examples of gold-iridium-iron ternary alloy compo 

sitions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sroopsPeo.9s. 
Allolos Iroos Feo.9. Allo. Iro. Feos. Allo. Iro.2Feo.7, 
Allo.2 Iro. Feo. 7, Allo.2 Iro.2Feo.6. Allos Iro. Feo.6. 
Allo. IrosFeo. 6. Allo.2s Iro.2sFeos (i.e., AulrFe), 
Allo.4Iro. Feos. Allo. Iro.4Feos. Allo.3.r.o.3 Feo.4: 
Auo.4Iro.2Feo.4. Allo.2 Iro.4Feo4. AllossIro.33 Feo.33 (i.e., 
AurFe), Allos Iro.4Feos. Allos Iro.2Feos. Allo.2 Iros Feos. 
Allos Iro. Feo.3. Allo. IrogFeos. Alloa Iro.4Feo2. 
Allos Iro.2Feo2. Allo.2IrogFeo2. Allo.4s Iro.4s Feo.1, 
Allogros Feo. Allos IrogFeo. Allos Iro. Feo.1, and 
Aoi IrosFeo.1. 

In another embodiment, the metal alloy core is in the form 
of a ternary alloy composition having one second row transi 
tion metal, one third row transition metal, and one first row 
transition metal. Some examples of classes of Such ternary 
alloy compositions suitable for the metal alloy core include 
the gold-rhodium-nickel, gold-rhodium-cobalt, gold 
rhodium-iron, gold-ruthenium-nickel, gold-ruthenium-co 
balt, gold-ruthenium-iron, iridium-rhodium-nickel, iridium 
rhodium-cobalt, iridium-rhodium-iron, iridium-ruthenium 
nickel, iridium-ruthenium-cobalt, iridium-ruthenium-iron, 
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rhenium-rhodium-nickel, rhenium-rhodium-cobalt, rhe 
nium-rhodium-iron, rhenium-ruthenium-nickel, rhenium-ru 
thenium-cobalt, rhenium-ruthenium-iron, osmium-rhodium 
nickel, osmium-rhodium-cobalt, osmium-rhodium-iron, 
osmium-ruthenium-nickel, osmium-ruthenium-cobalt, and 
osmium-ruthenium-iron classes of ternary alloy composi 
tions. 
Some examples of gold-rhodium-nickelternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sRholo2sNio9s. 
Auloos RhoosNio.9 Auo. Rho. Nios, Auo. Rho.2Nio 7, 
Auo.2Roi Nio 7, Auo.2Rho.2Nio. 6. Allos Rho. Nio 6. 
Auo. RhosNios, Auo.2s Rho.2sNios (i. e. AuRhNi2), 
Alloa Rho. Nios, 40. Rho.4Nios. Allos Rhos Nio 4. 
Allo.4Rho.2Nio.4. Allo.2Rho.4Nio.4. AllossRhoss Nio.33 (i.e., 
AuRhNi), Auo Rho Nios, AuosRho. Nio, Auo. Rhos Nio, 
Auo. Rho. Nios, Auo. Rho Nios, Auo Rho-Nio 2. 
AllogRho.2Nio2. Auo.2Rho. Nio 2. Allo.4sRho.4sNio. 
AllogRhosNio, Allos Rhos Nio, Allos Rho. Nio, and 
Auo. RhosNo.1. 
Some examples of gold-rhodium-cobaltternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sRhoopsCooos, 
Alloos RhoosCooo. Allo.1 Rho. Coos. Allo.1 Rho.2Coo7. 
Auo.2Rho. Coo. 7, Allo.2Rho.2Coos. Allos Rho. Coo.6. 
Auo. Rhos Coo. 6. Allo.2s Rho.2sCoos (i.e., AuRhCo.2), 
Allo.4Rho. Coos, Allo. Rho-Coos, Allos Rhos Coo.4. 
Auo.4Rho.2Coo.4: Allo.2Rho4Coo.4: AllossRhoss Coo.33 (i.e., 
AuRhCo), Allos Rhos-Coos, Allos Rho.2Coos. 
Allo.2RhosCoos. AllogRho Coos, Allo. RhocCools. 
Allo.4Rho-Coo. 2. Allo.6Rho.2Coo.2, Allo.2Rho Coo2. 
Allo.4sRho.4sCool. Allos Rhos Coo. 1. Allos RhocCool, 
AllosRho Cool, and Allo. RhosCool. 
Some examples of gold-rhodium-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sRhoops Feo. 9s. 
Alloos RhoosFeo.9. Allo. Rho. Feos. Auo. Rho.2Feo. 7, 
Auo.2Rho. Feo. 7, Allo.2Pho.2Feo.6. Allos Rhool Feo. 6. 
Auo. Rhos Feo. 6. Allo.2s Rho.2s Feos (i.e., AuRhFe2), 
Alloa Rho. Feos. Allo. Rho-Feos. Allos Rhos Feo.4. 
Allo.4Rho.2Feo.4. Allo.2Rho.4 Feo.4. AllossRhoss Feo.33 (i. e., 
AuRhFe), Allos Rho-Feos. Allos Rho.2Feos, Auo.2Rhos Feos, 
Allo. Rho. Feos. Allo. Rho.6 Feos. Allo.4Rho.4Feo2. 
Allo. Rho.2Feo2. Allo.2Rho. Feo.2. Allo.4sRho.4s Feo.1. 
AllogRhos Feo.1, Allos Rhos Feo.1, Allos Rho. Feo.1, and 
Auo. RhosFeo. 
Some examples of gold-ruthenium-nickel ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions Aulolos RuloosNiolos, 
Alloos RuloosNio.9. Auo. Ruo. Nios, Auoi Ruo.2Nio 7, 
Auo.2Ruo. Nio 7, Allo.2Ruo.2Nio.6. Allos Ruo. Nio 6. 
Auo. RuosNios, Auo.2s Ruo.2sNios (i.e., AuRuNi2), 
Allo-Ruo. Nios, Auo. Ruo-Nios, Allos RuosNio.4. 
Allo-Ruo.2Nio.4. Allo.2Ruo.4Nio 4. Alloss Ruloss Nioss (i.e., 
AuRuNi). Allos Ruo Nios. Allos Ruo.2Nios, Auo.2RuosNios, 
AllogRuo. Nios. Allo. Ruo Nios. Allo-Ruo.4Nio 2. 
Allo. Ruo.2 No.2, Allo.2Ruo. Nio 2. Allo.4sRuo.4sNio. 
Allo.oros Nio, Allos Ruo.g.Nio.1. Allos Rulo. Nio, and 
Auo. RuosNio. 
Some examples of gold-ruthenium-cobalt ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions Aulolos RuloosCooos. Allo, 

Allo. Ruo. Coos, Allo. Ruo.2Coo7. 
Allo.2Ruo.2Coo.6. Allos Rulo. Coo.6. 

Auo. RuosCooo. Allo.2s Ruo.2sCoos (i.e., AuRuCo2), 
Allo.4Ruo. Coos, Allo. Ruo.4Coos, Allos Rulos Coo.4. 
Allo.4Ruo.2Coo.4. Allo.2Ruo.4Coo.4. Alloss Ruloss Coosa (i.e., 

OsRulooscao.9 
Allo.2Ruo. Coo7. 
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Allos Ruo.4Coos, 

AllogRuo. Coos, 
AuRuCo), 
Allo.2RuosCoos, 
Allo.4Ruo.4Coo2. Allo. Ruo.2Coo2. 
Allo.4s Rulo.4sCoo. 1. Allos Ruloacao.1. 
Allos Ruo. Cool, and Auo. RuosCool. 
Some examples of gold-ruthenium-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Allo.o2 sRuo.o2sFeo. 9s. 
Aulolos Ruloosfeo.9. Allo Ruo Feos. Allo. Ruo.2Feo. 7, 
Aulo 2 Rulo. Feo.7, Allo.2Ruo.2Feo. 6. Allos Rulo Feo.6. 
Auoi Ruosfeos, Auo.2s Ruo.2s Feos (i.e., AuRuFe2), 
Allo.4Ruo Feos, Allo. Ruo.4Feos, Allos Rulos Feo.4. 
Auo.4Ruo.2Feo.4: Auo.2Ruo.4Feo.4: Auo.33 Ruloss Feo.33 (i.e., 
AuRuFe). Allos Ruo.4Feos. Allos Ruo.2Feos. Allo.2Ruos Feos. 
Allos Ruo Feos, Allo. Ruofeos, Allo.4Ruo.4 Feo.2. 
Allos Ruo.2Feo2. Allo.2Ruo oreo.2 Allo.4sRuo.4s Feo.1. 
Allos Ruosfeo.1. Allos Ruo.6 Feo.1. AllosRuo. Feo.1, and 
Allo. Ruosfeo.1. 

In another embodiment, the metal alloy core is in the form 
of a ternary alloy composition having one second row transi 
tion metal and two first row transition metals. Some examples 
of classes of such ternary alloy compositions suitable for the 
metal alloy core include the ruthenium-nickel-cobalt, ruthe 
nium-nickel-iron, ruthenium-cobalt-iron, rhodium-nickel 
cobalt, rhodium-nickel-iron, and rhodium-cobalt-iron classes 
ofternary alloy compositions. 
Some examples of ruthenium-nickel-cobalt-ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions RuloosNio osCooos. 

Allos Ruo.2Coos, 
Allo. Ruo Coos, 
Allo.2Ruo.6Coo2. 
Allos Ruo.6Cool, 

RuloosNio osCooo. Ruo. Nio Coos, Ruo. Nio2Coo7. 
Ruo.2Nio. Coo7. Ruo.2Nio Coos, RuosNio. Coos, 
Ruo. Nio Coog, RuosNios Coos (i.e., RuNiCo). 
Ruo.4Nio. Coos, Ruo. Nio Coos, Rulos Nios Coo.4. 
Rug Nio2Coo.4: Ruo.2Nio Coo. Ruoss NossCooss (ie., 
RuNiCo), RuosNio Coos, RuosNio Coos, Ruo 2Nios Coos, 
Ruog Nio Coos, Ruo. Nio Coos, Ruo.4Nio.4Coo2. 
Ruog Nio.2Coo2. Ruo.2Nio Coo2. Ruo.4sNio.4sCool, 
Ruog Nios Cool, RuosNio Cool, RuosNio. Cool, and 
Ruoi Nios Cool. 
Some examples of ruthenium-nickel-iron ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions RuoosNicos Feogs. 
RuloosNiolos Feo.9. Ruo. Nio Feos, Ruo. Nio 2 Feo. 7, 
Ruo.2Nio Feo.7, Ruo Nio Feo. 6. Ruo. No Feo.6. 
Ruo. Nios Feo. 6. Ruo.2sNio.2s Feos (i.e., RuNiFe), 
Ruo-Nio Feos. Ruo. Nio Feos, RuosNios Feo.4. 
Rug Nio.2Feo.4: Ruo.2Nio Feo.4: RussNissFess (i.e., 
RuNiFe), RuosNio Feos. RuosNio.2Feos. Ruo.2Nios Feos. 
Ruog Nio Feos. Ruo. NiogFeos. Ruo-Nio Feo2. 
Ruog Nio 2 Feo2. Ruo.2NiogFeo2. Ruo.4sNio.4s Feo.1. 
Ruog Nios Feo.1, RuosNiogFeo, RuosNio Feo.1, and 
Ruoi Nios Feo. 
Some examples of ruthenium-cobalt-iron ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions RuloosCoooslfeolos, 
RuloosCooosFeo.9 Ruo. Cool Feos. Ruo. Coo.2Feo.7. 
Ruo.2Cool Feo.7. Ruo.2Coo.2Feo. 6. Rulos Cool Feo.6. 
Ruo. Coos Feo. 6. Ruo.2sCoo.2s Feos (i.e., RuCoFe2), 
Ruo.4Cool Feos. Ruo. Coo-Feos. Rulos Coos Feo.4. 
Ruo.4Coo.2Feo.4, Ruo.2Coo-Feo.4: RulossCoosa Feo.33 (i.e., 
RuCoFe), Ruo Coola Feos. RuosCoo Feos, Ruo.2Coos Feos, 
RuocCool Feo.3. Ruo. CoogFeos. Ruo.4Coo.4Feo2. 
Ruo CooFeo2. Ruo.2CoogFeo2. Ruo.4sCoo.4s Feo.1, 
Ruo Coos Feo.1, RuosCoogFeo.1, RuosCoo. Feo.1, and 
Ruo. Coos Feo.1. 
Some examples of rhodium-nickel-cobalt ternary alloy 

compositions suitable for the metal alloy core include the 
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approximate molar compositions RhoosNio osCooos. 
RhoosNio osCooo. Rho. Nio Coos, Rho. Nio Coo7. 
Rho.2Nio Coo7. Rho.2Nio Coos, RhosNio. Coos, 
Rho. Nios Coos, Rho.2sNio.2s Coos (i.e., RhNiCo), 
Rho. Nio Coos, Rho. Nio Coos, Rhos Nios Coo.4. 
Rho-Nio2Coo.4: Rho. Nio Coo Rhoss NissCooss (i.e., 
RhNiCo), RhosNio-Coos, RosNio.2Coos, Rho.2Nios Coos, 
Rho. Nio Coos, Rho. Nio Coos, Rho.4Nio-Coo2. 
Rho. Nio2Coo2. Rho.2NiocCoo2. Rho.4sNio.asCool, 
Rho. Nios Cool, RhosNio Cool, RhosNio. Cool, and 
Rho. Nios Cool. 
Some examples of rhodium-nickel-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions RhoopsNiolo25 Feo.9s. 
RhoosNiolos Feo.9. Rho. Nio Feos, Rho. Nio 2 Feo. 7, 
Rho.2Nio Feo. 7, Rho.2Nio.2Feo. 6. RhosNio Feo, 
Rho. Nios Feo. 6. Rho.2sNio.2s Feos (i.e., RhNiFe), 
Rho. Nio Feos. Rho. Nio Feos, RhosNios Feo.4. 
Rho.4Nio.2Feo.4, Rho.2Nio.4Feo.4, Rhoss Nioss Feo.33 (i.e., 
RhNiFe), Rho. Nio Feos, Rhos Nio Feos. Rho.2Nios Feos. 
Rho. Nio Feos. Rho. Nio Feos, RhoNio Feo.2, 
RhodNio.2Feo2. Rh2NiFeo2. Rho.4sNio.4s Feo. 
Rho. Nio Feo, RhosNio Feo. RhosNio Feo, and 
Rho. Nios Feo. 
Some examples of rhodium-cobalt-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions RhoopsCooo2s Feo. 9s. 
RhoosCooosleo.9 Rho. Coo. Feos, Rho Coo2Feo. 7, 
Rho.2Cool Feo. 7, Rho.2Coo.2Feo.6. Rhos Coo. Feo.6. 
Rho. Coos Feo. Rho.asCoos Feos (i.e., RhCoFe2), 
Rho.4Coo. Feos, Rho. Coo.4 Feos, Rhos Coos Feo.4. 
Rho.4Coo.2Feo.4, Rho.2Coo.4 Feo.4, RhossCoo3sFeo.33 (i.e., 
RhCoFe), Rho Cooa Feos, Rhos CooFeos, Rho CosFeos, 
Rho Coo. Feos. Rho. CoogFeos. Rho.4Coo.4 Feo.2, 
RhocCoo2Feo2. Rho.2CoogFeo2. Rho.45Co0.4s Feo, 
Rho Coos Feo.1, Rhos CoogFeo.1, RhosCoo. Feo.1, and 
Rho. Coos Feo. 

In another embodiment, the metal alloy core is in the form 
of a ternary alloy composition having one third row transition 
metal and two first row transition metals. Some examples of 
classes of Such ternary alloy compositions suitable for the 
metal alloy core include the gold-nickel-cobalt, gold-nickel 
iron, gold-cobalt-iron, rhenium-nickel-cobalt, rhenium 
nickel-iron, rhenium-cobalt-iron, iridium-nickel-cobalt, iri 
dium-nickel-iron, iridium-cobalt-iron, osmium-nickel 
cobalt, osmium-nickel-iron, and osmium-cobalt-iron classes 
ofternary alloy compositions. 
Some examples of gold-nickel-cobalt ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sNiolo25Co0.9s. 
AlloosNio osCooo. Allo. Nio, Coos. Auoi Nio 2Coo7. 
Auo.2Nio Coo7. Allo.2Nio.2Coo.6. Allos Nio. Coo.6. 
Auo. Nios Coos, Auo.2s Nio 2's Coos (i.e., AuNiCo), 
Alloa Nio Coos. Allo. Nio Coos. Allos Nios Coo.4. 
Aug Nio2Coo.4: Auo.2Nio4Coo. Alloss NiossCooss (i.e., 
AuNiCo), AllosNio Coos, Allos Nio Coos, Auo Nios Coos, 
Allo. Nio, Coos. Allo. NiocCools. Allo.4Nio.4Coo2. 
Allo. Nio 2Coo2. Allo.2Nio Coo2. Allo.4sNio.4sCool, 
Auo. Nios Cool, Allos Nio Cool, AllosNio Cool, and 
Auo. NiosCool. 
Some examples of gold-nickel-iron ternary alloy compo 

sitions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo25Niolo2s Feo.9s. 
Aulolos Niolos Feo.9. Allo. Nio Feos, Allo. Nio 2 Feo. 7, 
Auo.2Nio Feo.7. Auo Nio Feo. 6. Allos Nio Feo.6. 
Allo. Nios Feo.6. Allo.2s Nio.2s Feos (i.e., AuNiFe), 
Allo.4Nio Feos, Allo. Nio 4 Feos. Allos Nios Feo.4. 
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Aug Nio.2Feo4. Auo.2Nio.4Feo.4 Auloss Nioss Feo as (i.e., 
AuNiFe), Auo Nio Feos, AuosNio.2Feos, Auo.2Nios Feos, 
Allog Nio Feos. Allo. NiogFeos. Allo.4Nio.4 Feo.2. 
Allog Nio 2 Feo.2. Allo.2Nio.6 Feo.2. Allo.4s Nio.4s Feo.1. 
Allos Nios Feo.1, Allos NiogFeo.1, AllosNio Feo.1, and 
Auoi Nios Feo. 
Some examples of gold-cobalt-iron ternary alloy compo 

sitions suitable for the metal alloy core include the approxi 
mate molar compositions Aulolo2sCooo2sFeo. 9s. 
AlloosCoooseo.9. AlloCool Feos, Allo. Coo.2Feo.7, 
Allo.2Coo. Feo.7, Allo.2Coo.2Feo. 6. Allos Cool Feo.6. 
Auoi Coos Feo. 6. Allo.2sCoo2sfeos (i.e., AuCoFe2), 
Allo.4Coo. Feos, Allo. Coo.4Feos, Allos Coos Feo.4. 
Auo.4Coo.2Feo.4: Allo.2Coo.4Feo.4: Alloss Coosa Feo.33 (i.e., 
AuCoFe). Allos Coo.4Feos. AllosCoo.2Feos. Allo.2Coosteos, 
AllocCoo. Feos, Allo. CoogFeos. Alloa Coo.4Feo2. 
AlloCoo.2Feo2. Allo.2CoogFeo2. Allo.4sCoo.4s Feo.1, 
AllocCoos Feo.1. Alloa CoogFeo.1. AllosCoo. Feo.1, and 
AlloCoosFeo.1. 
Some examples of rhenium-nickel-cobalt ternary alloy 

compositions suitable for the metal alloy core include the 
approximate molar compositions Reolos Nio osCooos. 
ReoosNio osCooo. Reo. Nio Coos. Reo. Nio Coo7. 
Reo.2Nio. Coo7. Reo.2Nio.2Coo. 6. Reos Nio. Coo. 6. 
Reo. Nios Coo. 6. Reo.2sNio.2sCoos (i.e., ReNiCo), 
Reo-Nio. Coos, Reo. Nio Coos, Reos Nios Coo.4. 
Reo-Nio2Coo.4: Reo.2Nio Coo Reoss NissCooss (i.e., 
ReNiCo), Reo Nio Coos, Reos Nio Coos, Reo.2Nios Coos, 
ReogNio. Coos, Reo. Nio Coos, Reo.4Nio.4Coo2. 
ReogNio Coo2. Reo.2NiogCoo2. Reo.4sNio.4sCool, 
ReogNios Cool, ReosNio Cool, ReosNio Cool, and 
Reo. NiosCool. 
Some examples of rhenium-nickel-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Reolo25Niolo2sfeo. 9s. 
ReolosNiolos Feo.9. Reo. Nio Feos, Reo. Nio 2 Feo. 7, 
Reo.2Nio Feo.7, ReoNio Feo. 6. ReosNio Feos. 
Reo. Nios Feo. 6. Reo.2sNio.2s Feos (i.e., ReNiFe), 
Reo-Nio Feos. Reo. Nio Feos, Reos Nios Feo.4: 
Reo-Nio.2Feo4. Reo.Nio Feo.4: Reoss Niss Feos (i.e., 
ReNiFe), Reos Nio Feos. ReosNio.2Feos. Reo.2Nios Feos. 
ReogNio Feos, Reo. NiogFeos, Reo-Nio 4 Feo2. 
ReogNio.2Feo2. Reo.2NiogFeo2. Reo.4s Nio.4s Feo.1. 
ReogNios Feo.1 ReosNiogFeo.1, ReosNio Feo.1, and 
Reo. Nios Feo. 
Some examples of rhenium-cobalt-iron ternary alloy com 

positions suitable for the metal alloy core include the approxi 
mate molar compositions Reolo2sCooo2s Feo. 9s. 
Reo osCooos Feo.9. Reo Cool Feos. Reo. Coo.2Feo. 7, 
Reo.2Cool Feo.7, Reo.2Coo.2Feo. 6. Reos Coo. Feo.6. 
Reo Coos Feo. 6. Reo.2sCoo.2s Feos (i.e., ReCoFe2), 
Reo4Cool Feos, Reo. Coo.4Feos. Reos Coos Feo.4. 
Reo.4Coo.2Feo.4: Reo.2Coo.4Feo.4: ReossCoosa Feo.33 (i.e., 
ReCoFe), ReoCoo-Feos. ReosCoo2Feos. Reo.2Coos Feos, 
ReogCool Feos. Reo. CoogFeos. Reo.4Coo.4 Feo.2. 
ReogCoo2Feo2. Reo.2CoogFeo2. Reo.4sCoo.4s Feo.1, 
ReocCoos Feo.1 Reo CoogFeo.1 ReosCoo. Feo.1, and 
Reo.1 Coos Feo.1. 

In another embodiment, the metal alloy core is in the form 
of a quaternary alloy composition. The quaternary alloy com 
position can include, for example, three metals selected from 
the second row and/or third row transition metals in combi 
nation with one first row transition metal; or two metals 
selected from the second row and/or third row transition 
metals in combination with two first row transition metals; or 
one second row or third row transition metal in combination 
with three first row transition metals. 
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Such a quaternary alloy composition can be represented by 
the molar formula M.N., P.T. (4) wherein one, two, or 
three of M. N. P. and T independently represent second row 
and/or third row transition metals and one, two, or three of M, 
N. P. and T independently represent first row transition met 
als. The values of x, y, and Z are independently as described 
for x above under formula (2a). By the rules of chemistry, the 
Sum of x, y, and Z in formula (4) must be less than 1. 
Some examples of classes of quaternary alloy composi 

tions suitable for the metal alloy core having three metals 
selected from the second row and/or third row transition 
metals in combination with one first row transition metal 
include the gold-iridium-rhenium-nickel, gold-iridium-rhe 
nium-cobalt, gold-iridium-rhenium-iron, iridium-osmium 
rhenium-nickel, iridium-osmium-rhenium-cobalt, iridium 
osmium-rhenium-iron, gold-ruthenium-rhenium-nickel, 
gold-ruthenium-rhenium-cobalt, gold-ruthenium-rhenium 
iron, gold-iridium-ruthenium-nickel, gold-iridium-ruthe 
nium-cobalt, gold-iridium-ruthenium-iron, gold-rhodium 
rhenium-nickel, gold-rhodium-rhenium-cobalt, gold 
rhodium-rhenium-iron, gold-rhodium-ruthenium-nickel, 
gold-rhodium-ruthenium-cobalt, gold-rhodium-ruthenium 
iron, rhenium-rhodium-ruthenium-nickel, rhenium 
rhodium-ruthenium-cobalt, and rhenium-rhodium-ruthe 
nium-iron classes of quaternary alloy compositions. 
Some examples of classes of quaternary alloy composi 

tions suitable for the metal alloy core having two metals 
selected from the second row and/or third row transition 
metals in combination with two first row transition metals 
include the gold-rhenium-nickel-cobalt, gold-rhenium 
nickel-iron, gold-rhenium-cobalt-iron, gold-iridium-nickel 
cobalt, gold-iridium-nickel-iron, gold-iridium-cobalt-iron, 
gold-ruthenium-nickel-cobalt, gold-ruthenium-nickel-iron, 
gold-ruthenium-cobalt-iron, rhenium-ruthenium-nickel-co 
balt, rhenium-ruthenium-nickel-iron, rhenium-ruthenium 
cobalt-iron, iridium-ruthenium-nickel-cobalt, iridium-ruthe 
nium-nickel-iron, iridium-ruthenium-cobalt-iron, rhodium 
ruthenium-nickel-cobalt, rhodium-ruthenium-nickel-iron, 
and rhodium-ruthenium-cobalt-iron classes of quaternary 
alloy compositions. 
Some examples of classes of quaternary alloy composi 

tions suitable for the metal alloy core having one second row 
or third row transition metal in combination with three first 
row transition metals include the gold-nickel-cobalt-iron, 
rhenium-nickel-cobalt-iron, iridium-nickel-cobalt-iron, 
osmium-nickel-cobalt-iron, ruthenium-nickel-cobalt-iron, 
and rhodium-nickel-cobalt-iron classes of quaternary alloy 
compositions. 
Any of the metal alloy cores described above can include 

one or more additional Zerovalent or non-zerovalent metals, 
thereby resulting in higher alloys. Some additional metals 
which can be included in the metal alloy core include any one 
or more metals selected from the alkali, alkaline earth, main 
group, transition, lanthanide, and actinide classes of metals. 
Some examples of alkali metals suitable for inclusion in the 

metal alloy core include lithium (Li), Sodium (Na), potassium 
(K), and rubidium (Rb). Some examples of suitable alkaline 
earth metals include beryllium (Be), magnesium (Mg), cal 
cium (Ca), Strontium (Sr), and barium (Ba). 
Some examples of main group metals suitable for inclusion 

in the metal alloy core include boron (B), aluminum (Al), 
gallium (Ga), indium (In), carbon (C), silicon (Si), germa 
nium (Ge), nitrogen (N), phosphorus (P), arsenic (AS), anti 
mony (Sb), sulfur (S), selenium (Se), and tellurium (Te). 
Some examples of lanthanide metals suitable for inclusion 

in the metal alloy core include lanthanum (La), cerium (Ce), 
neodymium (Nd), Samarium (Sm), europium (Eu), gado 
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linium (Gd), and terbium (Th). Some examples of suitable 
actinide metals include thorium (Th), proctactinium (Pa), 
uranium (U), and americium (Am). 
The metal alloy core can be in a homogeneous form. In a 

homogeneous form, the metal atoms in the metal alloy core 
are distributed uniformly on a molecular level throughout the 
COC. 

The metal alloy core can also be in a heterogeneous form. 
In a heterogeneous form, the metal atoms in the metal alloy 
core are distributed with varying composition, i.e., non-uni 
formly, in the core. For example, a heterogeneous metal alloy 
core can include individual grains, regions, or crystallites 
composed of one metal intermingled with individual grains, 
regions, or crystallites of another metal throughout the core. 

Another example of a heterogeneous metal alloy core is 
one having an inner Subcore (i.e., Subcore) of one or a com 
bination of any of the metals described above, the subcore at 
least partially encapsulated by an outer shell of any of the 
metals described above. The outer shell is covered by the 
atomically thin layer of platinum atoms, at least a portion of 
which are Zerovalent. 

In a preferred embodiment, the core is a heterogeneous 
metal alloy core composed of an inner Subcore of one or a 
combination of Zerovalent first row transition metals at least 
partially encapsulated by an outer shell composed of one or a 
combination of Zerovalent or charged second row and/or third 
row transition metal atoms. 
More preferably, the outer shell is composed of one or a 

combination of second row and/or third row transition metals 
which are noble. Some examples of suitable noble second row 
or third row transition metals include gold, rhenium, 
rhodium, ruthenium, and iridium. 
The second row and/or third row transition metals in the 

outer shell can be in a Zerovalent form, a partially oxidized 
form, or in a completely oxidized form, i.e., as an oxide. The 
oxidized form can be in the form of a continuous network, or 
alternatively, individual or aggregated molecular species or 
complexes of the second row and/or third row transition 
metal. 
An oxidized shell includes the second row and/or third row 

transition metal atoms linked by main group elements. Some 
examples of second row and third row transition metal oxi 
dized networks include the oxides, sulfides, selenides, tellu 
rides, nitrides, phosphides, arsenides, carbides, silicides, 
borides, and aluminides of these metals. 

Particularly preferred are outer shell layers having an oxide 
composition of the second row and/or third row transition 
metals. More preferably, the outer shell oxide layers are 
oxides of rhenium, rhodium, ruthenium, iridium, or combi 
nations thereof. Such outer shell oxide layers tend to suppress 
formation of hydroxyl groups on platinum. 
As discussed earlier, Such outer shell oxides, particularly of 

Re, Ru, and Ir, tend to form by oxidation of the corresponding 
metal by the oxidizing potentials of a fuel cell cathode. These 
oxide compositions tend to have hydroxyl groups on the 
Surface. 
More preferably, the outer shell layers are atomically thin. 

The thickness of the atomically thin outer shell of second row 
or third row transition metal is preferably an atomic sub 
monolayer, monolayer, bilayer, or any combination thereof. 
Even more preferably, the outer shell is an atomic monolayer. 
The inner subcore-outer shell type of core described above 

is particularly preferred when the platinum-coated particles 
are subjected to acidic conditions and/or oxidizing potentials. 
Such conditions are typical for most fuel cells, particularly in 
the cathodes of fuel cells. In such conditions, an outer shell of 
the second row and third row transition metal shields the 



US 7,855,021 B2 
23 

reactive first row transition metal subcore from the corrosive 
environment and from oxidation. The outer shell also pre 
vents the reactive first row metal subcore from diffusing to the 
Surface and being dissolved. Accordingly, the benefits of the 
first row metal Subcore, e.g., cheap replacement of more 
expensive metals as well as possible catalytic enhancements 
of surface platinum by electronic effects, can be realized 
while not compromising the catalyst. 

In a particularly preferred embodiment, the metal alloy 
core is composed of a Subcore of Zerovalent nickel, cobalt, or 
iron at least partially encapsulated by anatomically thin outer 
shell composed of one or a combination of Zerovalent or 
charged noble metal atoms selected from gold, rhodium, iri 
dium, ruthenium, and rhenium. 
A particularly preferred metal alloy core is one having a 

Subcore of Zerovalent nickel encapsulated by an atomically 
thin outer shell of Zerovalent or charged gold atoms. The 
atomically thin outer shell of gold is covered by an atomically 
thin layer of platinum atoms, at least a portion of which are in 
a Zerovalent oxidation state. 

The heterogeneous metal alloy cores described above can 
include one or more additional shells, i.e., one or more Sub 
shells, between the inner subcore and the outer shell. For 
example, a nickel Subcore can be encapsulated by a Subshell 
of gold, and the Subshell of gold encapsulated by an outer 
shell of rhenium, or Vice-versa. Another example is a nickel 
subcore encapsulated by a subshell of ruthenium, the subshell 
of ruthenium encapsulated by a subshell of gold, and the 
subshell of gold encapsulated by an outer shell of rhenium. 
The outer shell of rhenium is at least partially encapsulated by 
the atomically thin layer of platinum. 

The metal alloy core can also have a combination of a 
homogeneous component and a heterogeneous component. 
For example, a core can have an inner Subcore and an outer 
shell, each of which are homogeneous, but the core as a whole 
is heterogeneous. Another example of Such a core is one 
containing a homogeneous phase of two or metals in combi 
nation with one or more homogeneous or heterogeneous 
interlayers of one or more other metals. 
The platinum-coated particles described above can have 

any of several morphologies. For example, the particles can 
be approximately spherical, oblong, rectangular, square pla 
nar, trigonal bipyramidal, cylindrical, octahedral, cuboocta 
hedral, icosahedral, rod-shaped, cuboidal, pyramidal, amor 
phous, and so on. 
The platinum-coated particles described above can also be 

in any of several arrangements. The particles can be, for 
example, agglomerates, micelles, ordered arrays, a guest in a 
host Such as a Zeolite or patterned polymer, and so on. 

The size of the platinum-coated particles is dependent 
upon the application, and is thus, not particularly limited. For 
example, in one embodiment, the size of the particles are a 
few nanometers to several hundred nanometers, i.e., nanopar 
ticles. In another embodiment, the size of the particles range 
from hundreds of nanometers to tens or hundreds of microns, 
i.e., microparticles. In yet another embodiment, the size of the 
particles range from hundreds of microns to several millime 
ters in size. 

For example, when the platinum-coated particles are 
applied as heterogeneous catalysts, the size of the particles 
can be anywhere from a few nanometers to several millime 
ters in size. When applied as catalysts, the minimum size of 
the particles is preferably 1 micron, more preferably 500 
nanometers, more preferably 100 nanometers, and even more 
preferably 10 nanometers. The maximum size of the particles 
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is preferably 1 millimeter, more preferably 500 microns, 
more preferably 100 microns, and even more preferably 10 
microns. 
When the platinum-coated particles of the invention are 

directed as oxygen reduction electrocatalysts, as in fuel cells, 
the particles are preferably nanoparticles. In addition, when 
used in fuel cells, the size of the nanoparticles is critical. For 
example, as the size of the nanoparticles decrease, the nano 
particles tend to become increasingly susceptible to oxida 
tion; and as the size of the nanoparticles increase, the Surface 
area of the nanoparticles decrease. The decrease in Surface 
area causes a concomitant decrease in catalytic activity and 
efficiency. 
The platinum-coated nanoparticles preferably have a mini 

mum size of about 1 or 2 nanometers and more preferably 3, 
4 or 5 nanometers. The platinum-coated nanoparticles pref 
erably have a maximum size of about 500 nanometers, more 
preferably a maximum size of 100 nanometers, even more 
preferably a maximum size of about 50 nanometers, and most 
preferably a maximum size of about 10 nanometers. The 
maximum size of the platinum-coated nanoparticles is pref 
erably no more than about 12 nanometers. 

Accordingly, when applied to fuel cells, the platinum 
coated nanoparticles have a size of about 3-10 nanometers, 
4-10 nanometers, or 5-10 nanometers. The platinum-coated 
nanoparticles most preferably have a size of about 5 nanom 
eters. 

The platinum-coated particles can be approximately, or 
precisely, monodisperse in size. Alternatively, the particles 
can be anywhere from slightly to widely polydisperse in size. 
The platinum-coated particles described above can be in 

any Suitable form. For example, the platinum-coated particles 
can be in a solid form, Such as a powder. 

Alternatively, the platinum-coated particles can be sus 
pended or dispersed in a liquid phase. The liquid phase can be 
any suitable liquid phase. For example, the liquid phase can 
be acqueous-based. The aqueous-based liquid phase can be 
completely water, or can include another suitable solvent. For 
example, the aqueous-based liquid phase can be a water 
alcohol mixture. 

Alternatively, the liquid phase can be, or include, an 
organic solvent. Some examples of suitable organic solvents 
include acetonitrile, dimethylsulfoxide, dimethylformamide, 
toluene, methylene chloride, chloroform, hexanes, glyme, 
diethyl ether, and the like. 
The platinum-coated particles can also have on their Sur 

face Some trace chemicals. Some examples of trace chemicals 
include oxides, halogens, carbon monoxide, charged species, 
and so on, as long as Such trace chemicals do not obviate the 
intended use of the platinum-coated particles. 

Preferably, when the platinum-metal oxide composite par 
ticles are applied in fuel cells, the surfaces of the particles are 
free of any Surface agents including ligands, polymers, Sur 
factants, and so on. However, for other applications, e.g., in 
catalysis or nanostructural engineering, a Surface active agent 
may be useful. Such surface active agents can be, for 
example, Suitable metal-bonding ligands or Surfactants bound 
to, or associated with, the Surface of the composite particles. 
Some examples of metal-bonding ligands include phos 
phines, amines, and thiols. 
Some Suitable Subclasses of phosphine ligands include the 

trialkylphosphines, triphenylphosphines, diphosphines, and 
derivatives therefrom. Some specific examples of phosphine 
ligands include trimethylphosphine, triethylphosphine, tri 
isopropylphosphine, triphenylphosphine, 1.2-bis-(diphe 
nylphosphino)ethane, and derivatives therefrom. 
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Some Suitable Subclasses of amine ligands include the 
nitrogen-containing rings, trialkylamines, and the diamines. 
Some specific examples of amine ligands include pyridine, 
2,2'-bipyridine, terpyridine (2.2';6'2"-terpyridine), piperi 
dine, pyrrole, pyrazole, pyrrolidine, pyrimidine, imidazole, 
trimethylamine, triethylamine, triisopropylamine, ethylene 
diamine, and ethylenediaminetetraacetic acid (EDTA). 
Some suitable subclasses of thiol ligands include the 

thiophenols, Sulfur-containing rings, alkylmercaptains, Sul 
fides, and disulfides. Some examples of alkylmercaptains 
include methanethiol, ethanethiol, 2-propanethiol, 2-methyl 
2-propanethiol, octylthiol, decylthiol, dodecylthiol, methyl 
sulfide, ethylsulfide, phenyldisulfide, thiophene, 2,2'- 
bithiophene, and tetrathiafulvalene. 
Some examples of surfactants include the polyalkyleneox 

ides, polyvinylalcohols, polyvinylpyrrolidinones, siloxanes, 
albumin, sodium dodecyl sulfate, fatty acid salts, derivatives 
therefrom, and the like. Some more specific examples of 
classes of polyalkyleneoxide Surfactants include polymeth 
yleneoxide, poly(methyleneoxide-ethyleneoxide), polyeth 
yleneoxide, polypropylenenoxide, and poly(ethyleneoxide 
propyleneoxide) surfactants. 

In another embodiment, the invention relates to a catalyst. 
The catalyst includes the platinum-coated particles as thus far 
described. In one embodiment, the platinum-coated particles 
in the catalyst are bound to a Support. The Support can be any 
Suitable Support. For example, the Support can be carbon, 
alumina, silica, silica-alumina, titania, Zirconia, calcium car 
bonate, barium Sulphate, a Zeolite, interstitial clay, and the 
like. In another embodiment, the platinum-coated particles in 
the catalyst are not bound to a support. 

One class of catalysis reactions for which the platinum 
coated particles are applicable includes hydrogenation and 
dehydrogenation reactions of hydrocarbons. Another class of 
applicable catalysis reactions includes carbon-carbon cross 
coupling reactions. Yet another class of applicable catalysis 
reactions includes hydrosilylation reactions. 

In another embodiment, the invention relates to an electro 
catalyst. The electrocatalyst includes the platinum-coated 
particles described above bound to an electrically conductive 
Support. In a preferred embodiment, the electrocatalyst is an 
oxygen-reducing electrocatalyst in an oxygen-reducing cath 
ode. 

Preferably, the electrically conductive support is carbon 
based. Some examples of carbon-based electrically conduc 
tive Supports include carbon black, graphitized carbon, 
graphite, and activated carbon. The electrically conductive 
support material is preferably finely divided. 

In yet another embodiment, the invention relates to a fuel 
cell. The fuel cell includes an oxygen-reducing cathode hav 
ing the platinum-coated particles described above bound to an 
electrically conductive Support. The oxygen-reducing cath 
ode is in electrical contact with an anode, i.e., a fuel-oxidizing 
anode. An ion-conducting electrolyte, more preferably a pro 
ton-conducting electrolyte or solid proton-conducting mem 
brane, is in mutual contact with the oxygen-reducing cathode 
and anode. 

The structure of a typical electrode in a fuel cell includes 1) 
a fluid permeable side with hydrophobic characteristics and 
2) a catalytic side provided with a particulate electrocatalyst. 
The catalytic side is in direct contact with a liquid or solid 
electrolyte (e.g., the proton-conducting medium). 
The hydrophobic characteristics on the electrode can be 

provided by one or more substances which are suitably hydro 
phobic, adhere to the electrode, and do not interfere with the 
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electrochemical process. The hydrophobic Substance can also 
be used as a binder for the supported or unsupported electro 
catalyst. 
A preferred class of suitable hydrophobic substances is the 

class of fluorinated polymers. Some examples of particularly 
preferred fluorinated polymers include polytetrafluoroethyl 
ene (PTFE), polytrifluorochloroethylene, and copolymers 
composed of tetrafluoroethylene and one or more other flu 
orinated or non-fluorinated monomers. The hydrophobic sub 
stance is typically included in an amount of 20 to about 40 
percent by weight of the amount of electrocatalyst and/or 
Support. 
The electrodes can be any of various shapes, including 

tubular, rod-like, or planar. In order to maximize the area-to 
volume ratio of the electrode, the electrodes are preferably in 
the form of thin sheets. 
The ion-conducting medium conducts either protons or 

reduced oxygen species from one electrode to the other while 
separating the fuel at the anode from the oxidant at the cath 
ode. Preferably, the ion-conducting medium or membrane is 
proton-conducting, i.e., selectively conducts protons from the 
anode to the cathode. 
The proton-conducting medium or membrane can be in 

any of several Suitable forms, for example, a liquid, Solid, or 
semi-solid. A preferred class of proton-conducting polymer 
electrolytes are the commercially available copolymers of 
tetrafluoroethylene and perfluorinated vinyl ethers marketed 
by E. I. duPont de Nemours and Co under the trade name 
NAFIONR). Such membrane-like materials are derivatized 
with acidic groups, such as Sulfonic, carboxylic, phosphinic, 
or boric acid groups. 
The anode of the fuel cell can be any of the anodes known 

in the art. For example, the anode can include Supported or 
unsupported platinum or platinum-alloy compositions. The 
anode can also include a carbon monoxide-tolerant electro 
catalyst. Such carbon monoxide tolerant anodes include 
numerous platinum alloys. A notable carbon monoxide-tol 
erant anode containing an atomically thin layer of platinum 
on ruthenium nanoparticles has been disclosed by Adzic et al. 
(U.S. Pat. No. 6,670,301 B2). The foregoing patent by Adzic 
et al. is included herein by reference in its entirety. 
The anode of a fuel cell can also incorporate the platinum 

coated particle composites of the invention. The platinum 
coated particle composites can be incorporated in only the 
cathode, in only the anode, or in both the cathode and anode. 
The fully assembled fuel cell can have stack designs to 

increase the electrical output. For example, any of the known 
stack configurations designed for compactness and efficient 
Supply of fuels to the anode and oxygen to the cathode can be 
used. 

In another embodiment, the invention relates to a method 
for reducing oxygen gas. In one embodiment, the method 
uses the platinum-coated particles described above on a Suit 
able electrode to reduce oxygen gas. When reducing oxygen, 
the platinum-coated particles can be in the form of for 
example, an unsupported powdery or granular solid, or alter 
natively, an unsupported dispersion or Suspension in a liquid 
phase. The particle composites can be bound to a Support 
when reducing oxygen gas. 

In another embodiment, the invention relates to a method 
for producing electrical energy from the fuel cell described 
above. The fuel cell, as described, becomes operational and 
produces energy when the oxygen-reducing cathode is con 
tacted with an oxidant, Such as oxygen, and the fuel-oxidizing 
anode is contacted with a fuel source. 
Oxygen gas can be supplied to the oxygen-reducing cath 

ode in the form of pure oxygen gas. Pure oxygen gas is 
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preferable for use in alkaline fuel cells. In the case of acid 
electrolyte fuel cells, the oxygen gas is more preferably Sup 
plied as air. Alternatively, oxygen gas can be supplied as a 
mixture of oxygen and one or more other inert gases. For 
example, oxygen can be supplied as oxygen-argonor oxygen- 5 
nitrogen mixtures. 
Some contemplated fuel sources include, for example, 

hydrogen gas, alcohols, methane, gasoline, formic acid, dim 
ethyl ether, and ethylene glycol. Some examples of suitable 
alcohols include methanol and ethanol. For alkaline fuel 10 
cells, the hydrogen gas is preferably very pure, and accord 
ingly, free of contaminants such as carbon dioxide which 
degrade the strongly alkaline electrolyte. 
The fuels can be unreformed, i.e., oxidized directly by the 

anode. Alternatively, the fuels can be used indirectly, i.e., 15 
treated by a reformation process to produce hydrogen. For 
example, hydrogen gas can be generated and Supplied to the 
anode by reforming methanol, methane, or gasoline. 
The platinum-coated particles can be produced by any 

suitable method. Some methods known in the art for synthe- 20 
sizing such particles include reductive chemical methods, 
chemical vapor deposition (CVD), thermal decomposition, 
physical vapor deposition (PVD), reactive Sputtering, elec 
trodeposition, laser pyrolysis, and Solgel techniques. 

In solution, platinum can be deposited onto Suspended 25 
metal Substrate particles by a spontaneous redox replacement 
process. For example, a suitable platinum salt will spontane 
ously deposit platinum onto Substrate particles coated with 
metals of lower reduction potential than platinum. 

For example, in one embodiment, an atomically thin plati- 30 
num layer is deposited onto palladium, palladium alloy, or 
other metal alloy substrate particles by redox displacement by 
platinum of a metal of lower reduction potential than plati 
num. See, for example, J. Zhang, et al., “Platinum Monolayer 
Electrocatalysts For O, Reduction: Pt Monolayer On Pd(111) 35 
And On Carbon-Supported Pd Nanoparticles”. J. Phys. 
Chem. B., 108: 10955 (2004). The latter reference is incor 
porated herein by reference in its entirety. 
The method disclosed in Zhang et al. involves first, the 

electrodeposition of an atomic monolayer of metal of lower 40 
reduction potential than platinum (i.e., an underpotentially 
deposited metal). Such as copper, onto palladium nanopar 
ticles. The electrodeposition is followed by contact with a 
platinum salt to initiate a spontaneous redox displacement of 
a copper atomic monolayer by a platinum atomic monolayer. 45 
The atomic monolayer of copper can be displaced by plati 
numby, for example, immersing the copper-coated palladium 
nanoparticles into a solution containing a platinum salt, for 
example, K-PtCla. 

Other metals and mixtures of metals can be similarly co- 50 
deposited by contacting the copper-coated palladium nano 
particles with their corresponding salts. For example, mono 
layers of iridium, ruthenium, osmium, and rhenium can be 
deposited by displacement of a copper monolayer using IrCl 
RuCls, OsCl ReCls, respectively. 55 

Platinum can also be deposited onto metal Substrate par 
ticles by chemically reductive (i.e., electroless) means. For 
example, in Solution, platinum can be deposited onto Sub 
strate particles in the presence of a reducing agent, such as, for 
example, NaBH4, citric acid, hypophosphorous acid, or 60 
hydrazine. 

Chemical reductive methods can also be used to synthesize 
the substrate particles onto which platinum is deposited. For 
example, chemical reductive methods can be used to make 
nanoparticles of palladium, gold, rhodium, iridium, ruthe- 65 
nium, osmium, rhenium, nickel, cobalt, iron, and combina 
tions thereof. 

28 
Alternatively, a platinum-containing vapor or plasma is 

contacted with palladium, palladium alloy, or other metal 
alloy particles to depositan atomically thin layer of platinum 
onto the Substrate particles. 
Vapor phase methods can also be used to make the Sub 

strate particles. For example, a vapor or plasma containing 
palladium can be allowed to condense to form nanoparticles 
of palladium. The nanoparticles of palladium can then be 
Subsequently contacted with a platinum-containing vapor or 
plasma to deposit a layer of platinum onto the palladium 
nanoparticles. 
The electrocatalyst can be incorporated into the oxygen 

reducing cathode of a fuel cell by any method known in the 
art. For example, the electrocatalyst can be incorporated by 
coating an electrode with the electrocatalyst in a Suitable 
binder and incorporating the coated electrode as an oxygen 
reducing cathode in the fuel cell described above. 

In a preferred embodiment, the electrocatalyst is incorpo 
rated into the oxygen-reducing cathode by mixing the elec 
trocatalyst with an appropriate amount of VulcanTM carbon 
and a fluorinated polymer, such as polytetrafluoroethylene. 
Any two of the foregoing ingredients can be pre-mixed before 
mixing with the third ingredient. The resulting mixture is 
preferably pressed onto a nickel net having a gold overlayer. 

Examples have been set forth below for the purpose of 
illustration and to describe the best mode of the invention at 
the present time. However, the scope of this invention is not to 
be in any way limited by the examples set forth herein. 

EXAMPLE 1. 

Preparation of Platinum-Coated Palladium 
Nanoparticle Composites 

The platinum-coated palladium nanoparticle composites 
of the present invention were prepared by depositing atomi 
cally thin platinum layers on palladium nanoparticles by 
redox displacement by platinum of an adlayer of an underpo 
tentially deposited (upd) metal on a palladium nanoparticle 
Substrate. In this example, copper was used as the underpo 
tentially deposited metal on a palladium nanoparticle Sub 
Strate. 

To prepare an electrode with Pd nanoparticles, a dispersion 
of palladium nanoparticles on carbon substrate (Pd/C) was 
made by sonicating the Pd/C nanoparticles in water for about 
5-10 minutes to make a uniform Suspension. The carbon 
substrate used was Vulcan XC-72. Then, 5 microliters of this 
Suspension was placedon a glassy carbon disk (GC) electrode 
and dried in air. 

The GC electrode holding the Pd/C nanoparticles was then 
placed in a 50 mM CuSO/0.10M HSO solution to elec 
trodeposit copper. After electrodeposition of copper mono 
layer, the electrode was rinsed to remove copperions from the 
electrode. The electrode was then placed in an aqueous solu 
tion containing 1.0 mMK-PtCl in 50 mMHSO in a nitro 
gen atmosphere. After a 1-2 minute immersion to completely 
replace copper by platinum, the electrode was rinsed again. 
The deposition of an atomic monolayer of platinum on pal 
ladium nanoparticles was verified by voltammetry and by 
Auger electron Spectroscopy (AES). The same process was 
done with a Pd(111) single crystal electrode and verified by 
scanning tunneling microscopy (STM) using a Molecular 
Imaging Pico STM with a 300S Pico Bipotentiostat. The cell 
was made of Teflon, and STM tips were prepared from 80:20 
Pt/Ir wire, insulated with Apiezon. 
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All of these operations were carried out in a multi-com 
partment cell in a nitrogen atmosphere that prevents the oxi 
dation of Cuadatoms in contact with O. 

EXAMPLE 2 

Electrocatalytic Activity Measurements of Platinum 
Monolayer-Coated Palladium Nanoparticles 

The oxygen reduction electrocatalytic activity of the plati 
num-coated palladium nanoparticle composites of the present 
invention (denoted as Pt/Pd) was compared to the electrocata 
lytic activity of palladium (Pd) and platinum (Pt) nanoparticle 
catalysts by measuring polarization curves using a rotating 
disk electrode operating at 1600 rpm (see FIG. 1). In the 
polarization curve of FIG. 1, Pd 10/C and Pd 20/C refer to 
palladium loading concentrations of 10 nmol and 20 nmol on 
carbon support, respectively. Pt 10/C refers to a platinum 
loading of 10 nmol. The Pd 10/C curve was measured on 
palladium nanoparticles of 9 nm size; the Pt 10/C curve was 
measured on platinum nanoparticles of 3.1 nm size; the Pt/Pd 
10/C and 20/C curves were measured on nanoparticle com 
posites of 9 nm size. 
As shown by the polarization curves in FIG. 1, the activity 

of Pt/Pd 10/C is much higher than that of Pd 10/C as indicated 
by a positive shift of the half-wave potential of 120 mV. For 
Pt/Pd 10/C, the actual Pt loading is about 1.5 nmol as com 
pared to 10 nmol in Pt 10/C. Yet, significantly, and unexpect 
edly, the activity of Pt/Pd 10/C is about 25 mV higher in 
half-wave potential than that of Pt 10/C. The Pt/Pd 20/C 
nanoparticles had the highest activity, mainly due to the 
increased platinum Surface area. The higher activity of the 
platinum-coated palladium nanoparticles of the present 
invention as compared with those of Pt and Pd nanoparticles 
indicate a synergistic effect between Pd and Pt in the plati 
num-coated palladium nanoparticles. The Synergistic effect 
found in the nanoparticles of the present invention allows 
significantly Smaller loading of platinum (at least seventimes 
lower) along with significantly increased electrocatalytic 
activity. 

In addition to the polarization curves, a useful way of 
comparing the activities of various electrocatalysts is by com 
paring their mass-specific activities. FIG. 2 compares the Pt 
mass-specific activities of platinum nanoparticles of 10 nmol 
Pt loading, i.e., Pto/C, and palladium nanoparticles coated 
with a monolayer of platinum atoms (Pt/Pdo/C and Pt/Pdo/ 
C). The left set of bars correspond to 1.3 nmol Pt loading. The 
right set of bars correspond to 2.4 nmol Pt loading. FIG. 2 
shows that the platinum monolayer-coated palladium nano 
particles of the present invention have five to eight times 
greater activity than the platinum nanoparticles. 

It has also been found that the degree of platinum oxidation 
in the form of Pt—OH formation is significantly reduced in 
platinum monolayers on palladium nanoparticles as com 
pared to platinum on carbon (see FIG. 5). In FIG. 5, the 
change in the XANES X-ray absorption peak for Pt—OH 
formation was plotted at four different potentials in 1M 
HCIO for Pt monolayer on palladium nanoparticles and Pt 
monolayer on carbon. The change in absorption from upper 
absorption baseline to absorption peak at a particular Voltage 
is designated AI. The change in absorption from upper 
absorption baseline to absorption peak at 0.47V is designated 
AIoa7. The ratio AI/AIo.47 corresponds to the tendency of 
the platinum coat to oxidize at potentials greater than 0.47V. 
The plot of AI/AIo, against potential shows that the ten 
dency for Pt monolayer-coated palladium nanoparticles to 
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oxidize at higher potentials than 0.47V is significantly less 
than the tendency of platinum on carbon to oxidize at Such 
potentials. 

EXAMPLE 3 

Electrocatalytic Activity Measurements of 
Platinum-Iridium and Platinum-Ruthenium Alloy 

Monolayers on Palladium Nanoparticles 

The oxygen reduction electrocatalytic activity of monolay 
ers of platinum-iridium alloy on palladium nanoparticles hav 
ing 20 nmol Pd loading, i.e., (Iro2Ptos)/Pdo/C, was com 
pared to the electrocatalytic activity of monolayers of 
platinum on palladium nanoparticles having 20 nmol Pdload 
ing, i.e., Pt/Pdo/C, and to commercial platinum nanopar 
ticle catalysts having 10 nmol Pt loading, i.e., Pto/C, by 
measuring polarizations using a rotating disk electrode oper 
ating at 1600 rpm (see FIG. 3). In the polarization curve of 
FIG. 3, (IroPtos)/Pdo/C has a half-wave potential 45 mV 
higher than commercial Pto/C, which corresponds to a sig 
nificantly higher activity than commercial Pto/C. In addition, 
(Iro. Ptos)/Pdo/C is shown to have a higher activity than 
Pt/Pdo/C, as evidenced in its higher polarization of 20 mV. 
as compared to Pt/Pd/C. The increased activity is 
believed to be a consequence of a decrease in OH adsorption 
imparted by the Iralloying component. 

In addition, the activities of monolayers of two platinum 
alloy series Ir, Pt and RuPt on a Pd(111) electrode were 
tested by measuring currents at 0.8V while varying the molar 
ratio x from approximately 0 to approximately 100 (see FIG. 
4). As shown by FIG. 4, the maximum activity is observed 
when X is approximately 0.1 to 0.3. The highest activity is 
observed when X is approximately 2, which corresponds to 
alloy formulations of IroPtos and RuPtos. 

EXAMPLE 4 

Synthesis of Platinum-Coated Gold-Nickel 
Nanoparticles 

A nickel core encapsulated by an atomically thin layer of 
gold was prepared by treating an aqueous Suspension con 
taining one equivalent of gold chloride (AuCl), ten equiva 
lents of nickel chloride (NiCl), and carbon powder, with 
sodium borohydride at room temperature. The water of the 
resulting Suspension of reduced metal was removed, and the 
resulting powder dried under an inert atmosphere. In order to 
ensure gold segregation onto the nickel Surface, the dried 
powder was then annealed under a pure hydrogen gas envi 
ronment at 600° C. for one hour. 
A platinum monolayer was deposited onto the gold-nickel 

-particles according to the redox displacement method 
described in Example 1 for the platinum-coated palladium 
nanoparticle composites. 

EXAMPLE 5 

Electrocatalytic Activity Measurements of 
Platinum-Coated Gold-Nickel Nanoparticles 

FIG. 6 graphs electrocatalytic oxygen reduction of 
Pt/AuNi/C and commercial platinum nanoparticle catalysts. 
The activity of the platinum monolayer on AuNi nanopar 
ticles is higher (27 mV in half-wave potential) than that of 
platinum nanoparticles (61 nmol/cm). For the AuNi loading 
of 4.0 ug/cm, the amount of platinum in the monolayer on 
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this surface is 5.3 nmol/cm (1.03 uge/cm). The half-wave 
potential for this electrode is 0.850 V. Notably, the activity of 
this surface is higher than that of 61 nmol/cm (12 uge/cm) 
of platinum nanoparticles. 
A comparison of the mass-specific activities of Pt/Au/Ni/C 

and Pto/Celectrocatalysts is displayed in FIG. 7 expressed as 
the kinetic current at 0.85 V and 0.80 V divided by the plati 
num mass. The electrode having platinum monolayer par 
ticles (Pt/Au/Ni/C) has twenty times higher activity than the 
electrode with platinum nanoparticles. When the activity is 
calculated for the total noble metal content, Pt+Au, the activ 
ity is 4.16 mA/uge, or 4 times that of Pt/C, which is a 
significantly higher activity. 

Thus, whereas there have been described what are pres 
ently believed to be the preferred embodiments of the present 
invention, those skilled in the art will realize that other and 
further embodiments can be made without departing from the 
spirit of the invention, and it is intended to include all such 
further modifications and changes as come within the true 
scope of the claims set forth herein. 
The invention claimed is: 
1. A particle composite comprising: 
a core at least partially encapsulated by a shell to form a 

core-shell particle in which the core and shell have dif 
ferent compositions, being comprised of elements 
selected from the first, second, and third rows of transi 
tion metals; and 

an atomically thin layer of platinum atoms at least partially 
encapsulating the core-shell particle; 

wherein at least a portion of the platinum atoms is Zerova 
lent. 

2. The particle composite of claim 1, wherein: 
the atomically thin layer of platinum atoms comprises a 

thickness of about a sub-monolayer to about three 
monolayers. 

3. The particle composite of claim 1, wherein the core 
comprises elemental palladium. 

4. The particle composite of claim 1, wherein the core is at 
least partially encapsulated by a palladium shell. 

5. The particle composite of claim 1, wherein: 
the core comprises an element selected from the group 

containing ruthenium, rhodium, rhenium, osmium, and 
iridium. 

6. The particle composite of claim 1, wherein: 
the core comprises an alloy comprising at least one element 

chosen from the second or third row of transition metals. 
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7. The particle composite of claim 6, wherein: 
the alloy further comprises an alloying metal chosen from 

the first row of transition metals. 
8. The particle composite of claim 7, wherein: 
the alloying metal is one of iron, cobalt, nickel, and com 

binations thereof. 
9. The particle composite of claim 1, wherein the shell is 

atomically thin. 
10. The particle composite of claim 1, wherein: 
the core comprises one of iron, cobalt, nickel, and combi 

nations thereof. 
11. The particle composite of claim 10, wherein: 
the shell comprises a metal chosen from the group consist 

ing of ruthenium, rhodium, palladium, rhenium, 
osmium, iridium, gold, and combinations thereof. 

12. The particle composite of claim 11, wherein the shell 
comprises gold-rhenium. 

13. The particle composite of claim 1, wherein: 
the platinum is less than one monolayer thick. 
14. The particle composite of claim 13, further comprising: 
a second metal of thickness less than one monolayer, the 

second metal and the platinum combining to form a 
platinum alloy of about one monolayer on the core-shell 
particle. 

15. The particle composite of claim 14, wherein the plati 
num and the second metal are co-deposited on the Surface of 
the core-shell particle. 

16. The particle composite of claim 14, wherein: 
the second metal is chosen from the group consisting of 

ruthenium, rhenium, osmium, iridium, and gold; and 
the second metal comprises about twenty percent of the 

platinum alloy while the platinum comprises about 
eighty percent of the platinum alloy. 

17. The particle composite of claim 1, further comprising: 
metal-bonding ligands or Surfactants on the atomically thin 

layer of platinum. 
18. The particle composite of claim 1, wherein: 
the particle composite has a size of approximately 3 

nanometers to approximately 100 nanometers. 
19. The particle composite of claim 18, wherein: 
the particle composite has a size of approximately 3 

nanometers to approximately 10nanometers. 
20. The particle composite of claim 19, wherein: 
the particle composite has a size of approximately 5 

nanometerS. 


