US 20060263675A1

a2y Patent Application Publication o) Pub. No.: US 2006/0263675 A1l
43) Pub. Date: Nov. 23, 2006

a9y United States

Adzic et al.

(54) ELECTROCATALYST FOR OXYGEN
REDUCTION WITH REDUCED PLATINUM
OXIDATION AND DISSOLUTION RATES

(76) Inventors: Radoslav Adzic, East Setauket, NY
(US); Junliang Zhang, Stony Brook,
NY (US); Miomir Vukmirovic, Port
Jefferson Station, NY (US)

Correspondence Address:

BROOKHAVEN SCIENCE ASSOCIATES/
BROOKHAVEN NATIONAL LABORATORY
BLDG. 475D - P.O. BOX 5000

UPTON, NY 11973 (US)

(21) Appl. No:  11/132,378

(22) Filed: May 19, 2005

Publication Classification

(51) Int. CL
HOIM  4/92
HOIM 8/10
BOLJ 23/42
HOIB 116

(52) US.CL ...

&7

(2006.01)
(2006.01)
(2006.01)
(2006.01)

..................... 429/44; 429/30; 502/339;

252/514

ABSTRACT

The invention relates to platinum-metal oxide composite
particles and their use as electrocatalysts in oxygen-reducing
cathodes and fuel cells. The invention particularly relates to
methods for preventing the oxidation of the platinum elec-
trocatalyst in the cathodes of fuel cells by use of these
platinum-metal oxide composite particles. The invention
additionally relates to methods for producing electrical
energy by supplying such a fuel cell with an oxidant, such
as oxygen, and a fuel source, such as hydrogen.
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ELECTROCATALYST FOR OXYGEN REDUCTION
WITH REDUCED PLATINUM OXIDATION AND
DISSOLUTION RATES

[0001] 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.

[0002] The present invention relates to particle composites
useful as catalysts, and particularly, oxygen-reducing elec-
trocatalysts in fuel cells. The invention particularly relates to
platinum-metal oxide composite electrocatalysts having
reduced oxidation and dissolution rates of platinum in the
oxygen-reducing cathode of fuel cells.

BACKGROUND OF THE INVENTION

[0003] 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 conducting external circuit which connects the
anode and cathode. In turn, the oxidant is reduced at the
cathode using the electrons provided by the oxidized fuel.

[0004] 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 pro-
ton-conducting membrane separates the anode and cathode
compartments while allowing the flow of protons between
them. A well-known example of such a proton-conducting
membrane is NAFION®.

[0005] A fuel cell, although having components and char-
acteristics similar to those of a typical battery, differs in
several respects. A battery is an energy storage device whose
available 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
conversion device that theoretically has the capability of
producing electrical energy for as long as the fuel and
oxidant are supplied to the electrodes.

[0006] In a hydrogen/oxygen fuel cell, hydrogen is sup-
plied to the anode and oxygen is supplied to the cathode.
Hydrogen molecules are oxidized to form protons while
releasing electrons into the external circuit. Oxygen mol-
ecules are reduced at the cathode to form reduced oxygen
species. Protons travel across the proton-conducting mem-
brane to the cathode compartment to react with reduced
oxygen species, thereby forming water. The reactions in a
typical hydrogen/oxygen fuel cell are as follows:

Anode: 2H,—4H"+4e” €8}
Cathode: O,+4H++4e™—2H,0 2)
Net Reaction: 2H,+0,—=2H,0 3)
[0007] In many fuel cell systems, a hydrogen fuel is

produced by converting a hydrocarbon-based fuel such as
methane, or an oxygenated hydrocarbon fuel such as metha-
nol, 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
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reaction, hydrogen is produced. The byproducts of carbon
dioxide and carbon monoxide typically accompany the
production of hydrogen by reforming processes.

[0008] Other fuel cells, known as “direct” or “non-re-
formed” fuel cells, oxidize fuels high in hydrogen content
directly, without the need for hydrogen to be produced by a
reforming process. For example, it has been known since the
1950’s that lower primary alcohols, particularly methanol,
can be oxidized directly. Due to the advantage of bypassing
the reformation step, a substantial effort has gone into the
development of so-called “direct methanol oxidation” fuel
cells.

[0009] In order for the oxidation and reduction reactions in
a fuel cell to occur at useful rates and at desired potentials,
electrocatalysts are required. Electrocatalysts are catalysts
that promote 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, supported
platinum and platinum alloy materials are preferred as
electrocatalysts in the anodes and cathodes of fuel cells.

[0010] However, a significant obstacle in commercializing
fuel cells is the lack of stability of platinum electrocatalysts
in the cathode during operation of the fuel cell. Typically,
during operation of a fuel cell, the cathode potential will
vary between approximately 0.5 and 1 V. The cathode
potential variation is caused by the fluctuating power
requirements of a machine driven by the fuel cell. For
example, an automobile operated by a fuel cell requires
stopping and starting.

[0011] During the higher cathode potentials, circa one
volt, a portion of the platinum electrocatalyst has a tendency
to oxidize, thereby causing the concomitant dissolution of
platinum ions. The platinum ions are able to migrate at least
as far as the proton conducting membrane. Hydrogen cross-
ing through the proton conducting membrane from the
anode causes the subsequent reduction of the platinum ions
into platinum nanoparticles. Accordingly, platinum is
depleted from the cathode while the build up of platinum on
the proton conducting membrane impedes the transport of
hydrogen to the cathode. Both of the foregoing effects cause
a large loss in potential during operation of the fuel cell. This
loss in potential is the source of a major decline in the fuel
cell’s efficiency.

[0012] Accordingly, there is a need for new platinum-
based electrocatalysts which are resistant to the oxidation
and dissolution effects described above. Such platinum
electrocatalysts would greatly further the commercialization
of fuel cells. The present invention relates to such platinum
electrocatalysts.

SUMMARY OF THE INVENTION

[0013] In one embodiment, the invention relates to plati-
num-metal oxide composite particles. The platinum-metal
oxide composite particles contain a metal oxide core at least
partially encapsulated by an atomically thin layer of zerova-
lent or partially charged platinum atoms. Alternatively, or in
addition, the metal oxide core is bound to zerovalent or
partially charged platinum clusters.

[0014] When directed to fuel cells, the platinum-metal
oxide composite particles preferably contain a metal oxide
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core having an oxide composition capable of withstanding
degradation under the operating conditions of a fuel cell.

[0015] In one embodiment, the metal oxide core includes
an oxide of one or more metals selected from the group
consisting of titanium, niobium, yttrium, zirconium, molyb-
denum, chromium, nickel, manganese, vanadium, tantalum,
tungsten, rhenium, ruthenium, rhodium, and iridium.

[0016] In another embodiment, the metal oxide core
includes an oxide of one or more metals selected from the
group consisting of titanium, niobium, molybdenum, chro-
mium, nickel, manganese, vanadium, tantalum, tungsten,
rhenium, ruthenium, rhodium, and iridium.

[0017] In another embodiment, the metal oxide core
includes an oxide of one or more metals selected from the
group consisting of titanium, niobium, molybdenum, chro-
mium, nickel, manganese, vanadium, tantalum, rhenium,
ruthenium, rhodium, and iridium.

[0018] Ina preferred embodiment, the metal oxide core of
the platinum-metal oxide composite particles includes an
oxide of tungsten. In a further preferred embodiment, the
oxide of tungsten is a sodium tungsten oxide. In an even
further preferred embodiment, the sodium tungsten oxide is
a sodium-tungsten bronze.

[0019] Preferably, the metal oxide core of the platinum-
metal oxide composite particles is in the size range of one
nanometer to five hundred microns. More preferably, the
metal oxide core of the platinum-metal oxide composite
particles is in the size range of approximately ten to fifty
nanometers.

[0020] When the metal oxide core is bound to platinum
clusters, each of the platinum clusters preferably indepen-
dently includes approximately three to sixty platinum atoms.

[0021] When the metal oxide core is at least partially
encapsulated by an atomically thin layer of zerovalent or
partially charged platinum atoms, the atomically thin layer is
preferably a submonolayer, monolayer, bilayer, or trilayer,
of zerovalent or partially charged platinum atoms.

[0022] In another embodiment, the invention relates to an
oxygen-reducing cathode. The oxygen-reducing cathode
includes an electrically conductive support bound to the
platinum-metal oxide composite particles described above.
The electrically conductive support is preferably selected
from the group consisting of carbon black, graphitized
carbon, graphite, and activated carbon.

[0023] In another embodiment, the invention relates to a
fuel cell. The fuel cell includes (i) the oxygen-reducing
cathode described above; (ii) an anode; (iii) an electrically
conductive contact connecting the oxygen-reducing cathode
with the anode; and (iv) an ion-conducting electrolyte in
mutual contact with the oxygen-reducing cathode and
anode. The ion-conducting electrolyte is more preferably a
proton-conducting electrolyte, and even more preferably a
proton-conducting membrane.

[0024] In another embodiment, the invention relates to a
method for improving fuel cell stability by preventing or
reducing platinum dissolution in an oxygen-reducing cath-
ode of a fuel cell. The method includes incorporating
platinum-metal oxide composite particles, as described
above, into the oxygen-reducing cathode of a fuel cell.
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[0025] In yet another embodiment, the invention relates to
a method for producing electrical energy. The method
includes (i) contacting the oxygen-reducing cathode of a fuel
cell, as described above, with an oxidant, such as oxygen;
and (ii) contacting the anode of the fuel cell with a fuel
source, such as hydrogen.

[0026] The fuel source can be, for example, hydrogen gas.
The hydrogen gas can be supplied directly, or alternatively,
generated from the reformation of a fuel, such as from
reformed methanol, reformed methane, or reformed gaso-
line.

[0027] Some other fuel sources include, for example,
alcohols, methane, gasoline, formic acid, dimethy] ether, and
ethylene glycol. Some examples of suitable alcohols include
methanol and ethanol.

[0028] As a result of the present invention, the stability of
fuel cells is improved by preventing or reducing platinum
oxidation and dissolution in oxygen-reducing cathodes
therein. In addition, the invention provides a significant
reduction in platinum loading while maintaining the oxy-
gen-reducing electrocatalytic activity of platinum.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] In one embodiment, the invention relates to plati-
num-metal oxide composite particles. In a particular
embodiment, the platinum-metal oxide composite particles
are composed, minimally, of a metal oxide core at least
partially encapsulated by an atomically thin layer of zerova-
lent or partially charged platinum atoms. The “atomically
thin surface layer” is a layer of zerovalent or partially
charged platinum atoms, preferably of sub-monoatomic,
monoatomic, diatomic, or triatomic thickness, or any com-
bination thereof.

[0030] The atomically thin layer of platinum typically
takes the shape of the metal oxide surface. Since a metal
oxide carrier particle typically contains pores or channels on
its surface, the atomically thin layer of platinum is typically
non-continuous. For example, the platinum layer can be
speckled with holes corresponding to such pores or chan-
nels. In addition, since the metal oxide surface contains at
least two elements (i.e., metal and oxygen atoms), the
platinum layer can assume a pattern by bonding preferen-
tially to at least one of the elements.

[0031] A layer of monoatomic thickness of platinum
atoms, i.e., an atomic monolayer, is a single layer of close-
packed platinum atoms on the surface of the metal oxide
carrier particle. An atomic monolayer has a surface packing
parameter of 1.

[0032] A layer of sub-monoatomic coverage, i.e., an
atomic submonolayer, is a layer of platinum atoms which is
less dense than an atomic monolayer (i.e., not close-packed).
Accordingly, an atomic submonolayer has a surface packing
parameter of less than 1. For example, a surface packing
parameter of 0.5 indicates half the density of platinum atoms
as compared to a platinum atomic monolayer.

[0033] A layer of diatomic thickness refers to a bilayer
(two-atom thick) of zerovalent or partially charged platinum
atoms. A layer of triatomic thickness refers to a trilayer
(three-atom thick) of zerovalent or partially charged plati-
num atoms.
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[0034] In one embodiment, an atomic submonolayer of
platinum contains only platinum atoms in the absence of
other co-deposited metal atoms.

[0035] In another embodiment, an atomically thin layer of
platinum atoms includes one or more co-deposited other
metals to form an atomically thin layer of platinum alloy. In
a particular 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
monolayer. The co-deposited metal(s) can be, for example,
a main group, transition, lanthanide, or actinide metal.

[0036] The co-deposited metal(s) in a platinum alloy
monolayer provide such advantages as, for example, further
reduction in platinum loading as compared to a pure plati-
num monolayer, reduction in catalytic poisoning, and/or
enhancement of catalytic activity. For example, some met-
als, 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, e.g., iridium (Ir), ruthenium (Ru),
osmium (Os), rhenium (Re), and combinations thereof.

[0037] The ratio of co-deposited metal to platinum in such
a platinum alloy monolayer is not particularly limited. For
example, such a platinum alloy monolayer can be a binary
alloy according to the formula M_Pt, _ (1), wherein M is any
of the metals described above.

[0038] In formula (1), the value of x is not particularly
limited. For example, X can have a minimum value of about
0.01, 0.05, 0.1, 0.2, or 0.3. Alternatively, or in combination,
X can have a maximum value of about 0.99, 0.9, 0.8, 0.7, 0.6,
or 0.5.

[0039] Some more specific platinum binary alloy mono-
layers of formula (1) are represented by the formulas Ir, Pt, _
x, Ru, Pt; ., Os Pt ., orRe Pt; . Some specific examples of
platinum binary alloy monolayers include Ir,,,Pt; g,
Iro 1 Pto o, It 2P0 85 I sPto 7, Irg sPto s, It 7Pto 55 Irg gPto 5,
Irg oPlo 1, Irg 9sPloos: Rug o, Ply oo, Rulg 1Pty o, Rug 5Pty 5,
Rug 3Pty 7, RugsPtos, Rug Ptos, RugsPty 5, RugoPty s
Rug osPto oss O 2Plo s, O80.5Pty s, O8g Pty s, OsggPly 5,
Os,oPty 1, Reg ,Pty 5, Reg 5Pty s, Reg /Pt 5, Reg Pt 5, and
Rey 5Pty ;.

[0040] The platinum alloy monolayer can additionally be
a ternary alloy. For example, the platinum alloy monolayer
can be a ternary alloy according to the 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 may 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 0.9.

[0041] Some more specific platinum ternary alloy mono-
layers of formula (2) are represented by the formulas
Ir,RuPt, ., IrOs Pt . IrRePt .. OsRuPt .
Re,Ru Pt, , ., and Re,Os Pt, , . Some specific examples
of ternary platinum-metal alloy monolayers include
Iro 01RUg 01 Plo o8, Iro \Rug 1 Pty s, Ir ,Rug ; Pty 7,
Iro \Rug 5Pto 7, Ir sRug 1 Pty 6, Iro sRug 1 Pty 4,
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Ir.01080.01Pto o3 Iry 1 Osy 1 Pty 5,
Iry 105, 5Pty 7, Ity 01R€6.01Pto o5,
Ir, sReq 1Pty 5, and Ir, ;Re, 5Pt 5.

Iry 505, , Pty 7,
Iry 1Reg Pty 5,

[0042] The platinum alloy monolayer can additionally be
a quaternary alloy. For example, the platinum alloy mono-
layer can be a quaternary alloy according to the formula
MN,TPt, .., (3). In formula (3), M, N, and T are inde-
pendently 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 may 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 7 has a minimum value of about 0.1 and a
maximum value of about 0.9.

[0043] Some more specific platinum quaternary alloy
monolayers of formula (3) are represented by the formulas
Ir,Ru RePt, . or IrRuOs/Pt, . . Some specific
examples of quaternary platinum alloy monolayers include
Irg 01RUg o1 RE 1Pl o7, Ir \Rug 1Req Pty 7,
Iry ,Ru, ; Os, Pty 4, and Ir, ;Ru, ,0s, Pty 6.

[0044] In one embodiment, the atomically thin layer of
platinum atoms covers the entire surface of the metal oxide
particle. In another embodiment, the atomically thin layer of
platinum atoms covers a portion of the metal oxide particle.
For example, the atomically thin layer of platinum surface
atoms can be characterized as interconnected islands with
some regions of monoatomic, diatomic, or triatomic depth.

[0045] In another embodiment, the platinum-metal oxide
composite particles are composed, minimally, of a metal
oxide core bound to zerovalent or partially charged platinum
clusters. The platinum clusters can also be in combination
with the atomically thin platinum layer described above.

[0046] The platinum clusters can include other elements
thereby resulting in platinum alloy clusters. The one or more
alloying elements can be any of the alloying elements
described above for an atomically thin layer of platinum
alloy.

[0047] Preferably, each platinum cluster independently
includes at least two platinum atoms. For example, each
platinum cluster can have a minimum of two, three, four,
five, six, seven, eight, nine, ten, eleven, twelve, thirteen,
twenty, thirty, or forty platinum atoms.

[0048] The platinum clusters are preferably less than
approximately one nanometer in any dimension. Accord-
ingly, the platinum clusters preferably contain up to a
maximum number of platinum and other atoms correspond-
ing to a cluster size not greater than approximately one
nanometer.

[0049] The maximum number of platinum and other atoms
in the platinum clusters is dependent on the morphology and
packing arrangements of the cluster. Depending on mor-
phology and packing arrangements, the platinum core can
have a maximum number of platinum atoms of, for example,
forty-five, fifty, fifty-five, or sixty. Some examples of suit-
able platinum clusters include clusters containing nuclear
cores of Pt;, Pt,, Pts, Ptg, Pty, Pt ,, Pt; 5, Pt; o, Ptyo, Pty Ptog,
Ptyo, Ptys, Ptyg, Ptys, Ptsy, Ptss, and Pty

[0050] For example, a pure platinum cluster having a
spherical shape with a close-packed arrangement preferably
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contains no more than approximately sixty platinum atoms.
More preferably, the platinum clusters preferably contain
approximately three to sixty platinum atoms.

[0051] The atomically thin layer of platinum, or the plati-
num clusters, as described above, are preferably bound to
the metal oxide core. The term “bound” indicates a bond or
interaction strong enough to keep the platinum attached to
the metal oxide core during use. The bond or interaction
between platinum and the metal oxide can be covalent or
non-covalent.

[0052] The metal oxide core is composed of an oxide of
one or more metals. When used in a fuel cell, the compo-
sition of the metal oxide core is any metal oxide composition
which is capable of withstanding degradation under the
operating conditions of a fuel cell. For example, it is
particularly preferred that the oxide composition can with-
stand an operating temperature of at least approximately 80°
C., more preferably 100° C., and even more preferably 120°
C., which is the maximum operating temperature for most
polymer electrolyte fuel cells (PEFCs). Even more preferred
are oxide compositions which can withstand operating tem-
peratures of at least 200° C., and even more preferably at
least 250° C., which is the maximum operating temperature
for most alkaline and phosphoric acid fuel cells.

[0053] The oxide composition is also preferably capable
of withstanding any one or more of the various electrolytes
used in fuel cells. For example, the oxide composition is
preferably capable of withstanding any one or more of the
neutral, mildly acidic, strongly acidic, mildly alkaline, or
strongly alkaline electrolytes used in fuel cells. In addition,
when used in a fuel cell having an aqueous-based electro-
lyte, the oxide composition is preferably not water soluble.

[0054] The metal oxide core can be non-conductive, semi-
conductive, or conductive. Non-conductive metal oxide par-
ticles can be made at least semiconductive by, for example,
doping with a suitable amount of a conductive species.
Conductive metal oxide particles can have the advantage of
being used in a fuel cell electrode directly, i.e., without
requiring an electrically conductive support for imparting
conductivity.

[0055] Preferably, the oxide core is composed of an oxide
of one or more metals selected from titanium, niobium,
yttrium, zirconium, molybdenum, chromium, nickel, man-
ganese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium. More preferably, the oxide core is
composed of an oxide of one or more metals selected from
titanium, niobium, molybdenum, chromium, nickel, manga-
nese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium. In another embodiment, the oxide
core is composed of an oxide of one or more metals selected
from titanium, niobium, molybdenum, chromium, nickel,
manganese, vanadium, tantalum, rhenium, ruthenium,
rhodium, and iridium.

[0056] The metal oxide compositions of titanium, nio-
bium, yttrium, zirconium, molybdenum, chromium, nickel,
vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium are particularly suitable for use in
mildly acidic to strongly acidic environments. The manga-
nese oxide compositions are generally more suitable for use
in mildly alkaline to strongly alkaline environments.

[0057] The metal oxide core can also include an oxide of
one or more rare-earth metals. For example, the metal oxide
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core can include an oxide of one or a combination of
lanthanum, cerium, praseodymium, neodymium, samarium,
europium, gadolinium, or terbium.

[0058] Any of the metal oxide compositions described
above can further include one or more metals selected from
the alkali, alkaline earth, main group, transition, lanthanide,
and actinide classes of metals. For example, the metal oxide
compositions can further include the various silica and
alumina compositions. Some examples of suitable silica and
alumina compositions include SiO,, Al,O;, SiO,—AlLO;,
Si0,—B,0;, Si0,—P,05, Si0,—Sn0,, AL,O,—B,0,,
AL,O;—P,05, ALO,—SnO,, Si0O,—AlLO0;—B,0;,
Si0,—AlL,0;—P,0s, and SiO,—Al,0;—Sn0,. The metal
oxide compositions also include any of the hydrated forms.

[0059] Some examples of titanium oxide compositions
suitable as the metal oxide core include titanium (IV) oxide
(Ti0,), titanium (III) oxide (Ti,O;), titanium (II) oxide
(Ti0), lithium titanium oxide (Li,TiO;), barium titanium
oxide (BaTiO;), barium strontium titanium oxide (e.g.,
Ba,Sr, . TiO;), aluminum titanium oxide (Al,TiOj), cal-
cium titanium oxide (e.g., CaTiO; and Ca,Ti,0,), magne-
sium titanium oxide (MgTi,Os), potassium titanium oxide
(K,Ti0;), strontium titanium oxide (SrTi0O;), zirconium
titanium oxide (ZrTi0,), zinc titanium oxide (Zn,TiO,),
cobalt titanium oxide (CoTiO;), manganese (II) titanium
oxide (MnTiO,), iron (III) titanium oxide (Fe,TiOs), lan-
thanum titanium oxide (e.g., La,0;.2Ti0,), lanthanum
barium titanium oxide (e.g., La, ,Ba TiO;), gadolinium
titanium oxide (e.g., Gd,Ti,0,), and dysprosium (III) tita-
nium oxide (e.g., Dy(TiO;);).

[0060] Some examples of niobium oxide compositions
suitable as the metal oxide core include niobium (IV) oxide
(NbO,), niobium (V) oxide (Nb,O;), niobium (II) oxide
(NbO), barium niobium oxide (BaNb,O), cadmium nio-
bium oxide (e.g., CdNb,O¢ and Cd,Nb,O,), barium sodium
niobium oxide (Ba,NaNb,O,), barium strontium niobium
oxide (e.g., Ba,Sr, ,Nb,Oy), lithium niobium oxide
(LiNbO;), magnesium niobium oxide (MgNb,Oy), sodium
niobium oxide (NaNbO;), potassium niobium oxide
(KNbO,), strontium niobium oxide (e.g., SrNb,Oy), iron
niobium oxide (FeNbQO,), and bismuth iron niobium oxide
(Bigle,NbsO5).

[0061] Some examples of yttrium oxide compositions
suitable as the metal oxide core include yttrium (III) oxide
(Y,0,), yttria-stabilized zirconium oxide (ZrO,+Y,0;),
iron yttrium oxide (Y;Fe;O,,), yttrium aluminum oxide
(Y;AL0,,), and the yttrium barium copper oxides (i.e.,
YBa,Cu,0,, YBa,Cu,0,, Y,BaCuO,, wherein x is typi-
cally 6.5-6.8).

[0062] Some examples of zirconium oxide compositions
suitable as the metal oxide core include zirconium (IV)
oxide (ZrQO,), calcia-stabilized zirconium oxide (ZrO,, 4%
Ca0), barium zirconium oxide (BaZrO;), calcium zirco-
nium oxide (CaZrO;), cerium zirconium oxide (CeO,+
7r0,), lead zirconium oxide (PbZrO;), lithium zirconium
oxide (Li,Zr0O;), magnesium aluminum zirconium oxide
(MgO—Al,0;.Zr0,), manganese zirconium oxide, sodium
zirconium oxide (Na,ZrO;), strontium zirconium oxide
(SrZrO;), tungsten zirconium oxide (ZrW,Oy), zZirconium
dichloride oxide hydrates (e.g., ZrOCl,.8H,0), and zirco-
nium titanium oxide (ZrTiO,).
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[0063] Some examples of chromium oxide compositions
suitable as the metal oxide core include chromium (III)
oxide (Cr,0;), chromium (IV) oxide (CrO,), and chromium
(V]) oxide (CrO,).

[0064] A suitable subclass of the chromium oxide com-
positions is the class of chromate compositions, in which
chromium is hexavalent. The chromate compositions can be
represented by the formula X** (CrO,),, wherein X is any
positively charged species and nz=2p. For example, X can
be an alkali, alkaline earth, main group, transition or rare
earth metal. Some examples of suitable chromates include
barium chromate (BaCrO,), lead chromate (PbCrO,), cal-
cium chromate (CaCrQ,), potassium chromate (K,CrO,),
strontium chromate (SrCrO,), zinc chromate (ZnCrO,),
chromium chromate (Cr,(CrO,),), cobalt (II) chromate
(CoCr0O,), and nickel (IT) chromate (NiCrO,).

[0065] Another suitable subclass of the chromium oxide
compositions is the class of chromite compositions, wherein
chromium is trivalent. Some examples of chromite compo-
sitions include sodium chromite (NaCrO,), ferrochromite
(FeCr,0,), copper (II) chromite (CuCr,0,), nickel (II)
chromite (NiCr,0,), cobalt (II) chromite (CoCr,O,), zinc
(II) chromite (ZnCr,0,), lanthanum chromite (L.aCrO;), and
calcium lanthanum chromite (Ca,La, ,CrO,). Other suitable
chromium oxides include the dichromates and CrO,Cl,.

[0066] Some examples of nickel oxide compositions suit-
able as the metal oxide core include nickel (II) oxide (NiO),
nickel (II) hydroxide (Ni(OH),), nickel tin oxide (NiSnO,),
and nickel vanadium oxides (NiV, O, wherein O<x<1).

[0067] Some examples of manganese oxide compositions
suitable as the metal oxide core include manganese (II)
oxide (MnO), manganese (III) oxide (Mn,O;), manganese
(IV) oxide (MnQO,), lithium manganese (III, IV) oxide
(LiMn,0O,), manganese (II) titanium oxide (MnTiO;), and
manganese zirconium oxide (MnO.ZrO,).

[0068] Some examples of vanadium oxide compositions
suitable as the metal oxide core include vanadium (II) oxide
(VO or VO,, wherein x is typically between 0.9 and 1.3),
vanadium (III) oxide (V,0;), vanadium (IV) oxide (VO,),
vanadium (V) oxide (V,05), vanadium (IV,V) oxide
(VOy5), vanadium oxysulfate (VOSOQO,), vanadium
oxytrichloride (VOCL;), magnesium vanadium oxide
(MgV,0q), and cadmium vanadium oxide (CdV,Oy).

[0069] Some suitable subclasses of the vanadium oxide
compositions are the metavanadates and orthovanadates.
The metavanadates can be represented by the formula
X**,(VOs),, wherein X is any positively charged species
and nz=p. For example, X can be an alkali, alkaline earth,
main group, transition or rare earth metal. Some examples of
suitable metavanadates include sodium metavanadate
(NaVO;), potassium metavanadate (KVO;), ammonium
metavanadate (NH,VO;), magnesium metavanadate
(Mg(V0,;),), calcium metavanadate (Ca(VO,),), strontium
metavanadate (Sr(VO;),), barium metavanadate
(Ba(VO;),), copper (II) metavanadate (Cu(VO,),), nickel
(I) metavanadate (Ni(VO;),), cobalt (II) metavanadate
(Co(V0O,),), zinc metavanadate (Zn(VO;),), lead metavana-
date (Pb(VO;),), cerium (III) metavanadate (Ce(VO,);),
and terbium (III) metavanadate (Tb(VO,;),).

[0070] The orthovanadates can be represented by the
formula X** (VO,),, wherein X is any positively charged
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species and nz=3p. For example, X can be an alkali, alkaline
earth, main group, transition or rare earth metal. Some
examples of suitable orthovanadates include sodium ortho-
vanadate (Na,VO,), potassium orthovanadate (K;VO,),
cesium orthovanadate (Cs;VO,), magnesium orthovanadate
(Mg;(VO,),), calcium orthovanadate (Ca;(VO,),), stron-
tium orthovanadate (Sr;(VO,),), barium orthovanadate
(Ba;(VO,),), copper (II) orthovanadate (Cu;(VO,),), nickel
(D) orthovanadate (Ni;(VO,),), cobalt (II) orthovanadate
(Co5(VO,),), zinc orthovanadate (Zn;(VO,),), lead ortho-
vanadate (Pb;(VO,),), cerium (III) orthovanadate (CeVO,),
terbium (II) orthovanadate (TbVO,), and yttrium ortho-
vanadate (YvO,).

[0071] Some examples of tantalum oxide compositions
suitable as the metal oxide core include tantalum (V) oxide
(Ta,0y), lithium tantalum oxide (LiTaO;), sodium tantalum
oxide (NaTaO,), potassium tantalum oxide (KTaO;), mag-
nesium tantalum oxide (MgTa,Oy), calcium tantalum oxide
(CaTa,0,), barium tantalum oxide (BaTa,Og), barium
yttrium tantalum oxide (Ba(Y,sTa,5)0;), lead tantalum
oxide (PbTa,Oy), barium iron tantalum oxide (Ba(Fe, ;Ta,,
3)O;), barium magnesium tantalum oxide (Ba(Mg, Ta,,
3)0;), cadmium tantalum oxide (CdTa,O,), potassium tan-
talum niobium oxide (KTa, 4 sNb,;505), and yttrium
tantalum oxide (YTaO,).

[0072] Some examples of rhenium oxide compositions
suitable as the metal oxide core include rhenium (IV) oxide
(ReO,), rthenium (VI) oxide (ReO;), rhenium (VII) oxide
(Re,0,), ammonium perrhenate (NH,ReO,), and sodium
perrhenate (NaReO,).

[0073] Some examples of ruthenium oxide compositions
suitable as the metal oxide core include ruthenium (IV)
oxide (RuQ,), ruthenium (II1) oxide (Ru,0;), sodium ruth-
enate (Na,RuO,), potassium ruthenate (K,RuO,), bismuth
ruthenate (Bi,Ru,0,), sodium perruthenate (NaRuO,,), and
potassium perruthenate (KRuO,).

[0074] Some examples of rhodium and iridium oxide
compositions suitable as the metal oxide core include
rhodium (IIT) oxide (Rh,0;), rhodium (IV) oxide (RhO,),
iridium (IV) oxide (IrO,), iridium (III) oxide (Ir,O;), the
strontium iridium oxides (e.g., Sr,IrOg, and Sr;MIrO4 where
M=Zn, Cu, Ni), and the calcium iridium oxides (e.g.,
Ca,lrOg, Ca;CulrOq, and Ca, Cu, IrO4 wherein x is typi-
cally 0.1 to 0.5).

[0075] Particularly preferred for the metal oxide core are
the molybdenum oxide and tungsten oxide compositions.
Some examples of simple molybdenum oxides include
molybdenum trioxide (MoO;) and molybdenum dioxide
(Mo0,). Some examples of simple tungsten oxides include
tungsten trioxide (WO;) and tungsten dioxide (WO,). Also
included in the molybdenum and tungsten oxide composi-
tions are the non-stoichiometric molybdenum and tungsten
oxides.

[0076] A suitable subclass of the molybdenum and tung-
sten oxides includes the molybdates and tungstates. The
molybdates and tungstates can be represented by the for-
mulas X (MoO,), and X** (WO,),, respectively, wherein
X is any positively charged species and nz=2p. For example,
X can be an alkali, alkaline earth, main group, transition or
rare earth metal.

[0077] Some examples of suitable molybdates include
aluminum molybdate (Al,(M0Q,);), barium molybdate
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(BaMo0,), cadmium molybdate (CdMoQ,), cerium molyb-
date (Ce,(MoQ,);), cesium molybdate (CsMoQ,), cobalt
molybdate (CoMoQ,), nickel molybdate (NiMoO,), copper
molybdate (CuMoQ,), silver molybdate (Ag,MoQ,),
lithivum molybdate (Li,MoQO,), sodium molybdate
(Na,MoO,), potassium molybdate (K,MoO,), rubidium
molybdate (Rb,MoO,), magnesium molybdate (MgMoO,),
calcium molybdate (CaMoQO,), strontium molybdate
(SrMo0,), and zinc molybdate (ZnMoO,).

[0078] Some examples of suitable tungstates include alu-
minum tungstate (Al,(WO,);), manganese tungstate
(MnWOQ,), barium tungstate (BaWQ,), cadmium tungstate
(CdAWO,), cerium tungstate (Ce,(WQO,);), cesium tungstate
(CsWO,), cobalt tungstate (CoWO,), nickel tungstate
(NiWO,), copper tungstate (CuWQ,), silver tungstate
(Ag,WO,), lithium tungstate (Li,WQO,), sodium tungstate
(Na,WQ,), potassium tungstate (K,WO,), rubidium tung-
state (Rb,WO,), magnesium tungstate (MgWQO,,), calcium
tungstate (CaWO,), strontium tungstate (SrWQ,), and zinc
tungstate (ZnWO,).

[0079] A particularly preferred subclass of the tungsten
oxides includes the tungsten bronzes. The tungsten bronzes
can be represented by the general formula X WO, wherein
X 1is any positively charged species and O<n=1. For
example, X can be an alkali, alkaline earth, main group,
transition or rare earth metal.

[0080] The tungsten bronzes tend to be inert and are
generally at least partially conductive. The tungsten bronzes
with n<0.3 are generally semiconductive. Particularly pre-
ferred are the tungsten bronzes with n>0.3, since these
compositions are extremely inert and have good conductive
properties.

[0081] Of particular suitability for the metal oxide core is
the class of sodium tungsten oxides. The sodium tungsten
oxides include, minimally, sodium, tungsten, and oxygen, in
any stoichiometric ratio.

[0082] A more preferred class of the sodium tungsten
oxides is the class of sodium tungsten bronzes. The sodium
tungsten bronzes can be represented by the formula Na WO,
wherein n typically is within the range of approximateliy 03
to 0.95. Some examples of sodium tungsten bronze compo-
sitions include Na,,sWO;, Na,;WO;, Na, WO,
Na, sWO;, Na, ;WO;, Na,,WO;, Na, WO;, Na, ,WO;,
and Na, ,sWO,.

[0083] Additional examples of molybdenum and tungsten
oxide compositions include polyoxometalates, in particular
those based on compositions of the formulas: MO,
MO,Cl,, M,0,*7, M0, ,, [(Me,As)M,0,,OHF", M0,
MePM,0,, ™, P,M;05,%, MyO,>,  MO50(OH),",
M;0,,77, As;M0,5°", M,0,,°7, HM,0,,>", MO,
M0,6%, PM, 0557, [X™™M,,0,,]% ™" (ie., the Keggin
structure),  PM,,0,,>7, P,M,.O4,7", SiM,;,0,.%,
Co,M;040H,"7, HoM,50,,'97, CoM 1,040, FeM, 50,077,
M, O, [X*™),M, 06,12 (ie., the Dawson struc-
ture), M,0sq, [X™M0,,]07 7, [X**M0,,H ],
[X*Mg05, 14077, [X*M,5,0,,]4277, NaPsM;40,,0'%,
M,0,,,%, and H,P,M,0,,,**~, wherein M represents Mo
or W, Me represents methyl (CH,), and X*" represents an
appropriate metal ion or other positively charged species
with charge n.

[0084] Preferably, the metal oxide core has a high surface
area. A high surface area allows for better dispersion of the
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platinum catalyst, and hence, greater efficiency of the oxy-
gen reduction process. Since surface area increases with
decreases in particle size, smaller metal oxide cores are
preferred. Particularly preferred are metal oxide cores of
nanoscale dimensions.

[0085] Accordingly, the maximum size of the metal oxide
core is preferably approximately five hundred microns, more
preferably one hundred microns, more preferably fifty
microns, more preferably ten microns, more preferably one
micron, more preferably five hundred nanometers, more
preferably one hundred nanometers, and even more prefer-
ably fifty nanometers.

[0086] There is no particular minimum size of the metal
oxide core. For example, the metal oxide core can have a
minimum size of approximately one nanometer, five nanom-
eters, ten nanometers, twenty nanometers, thirty nanom-
eters, or forty nanometers.

[0087] The metal oxide core can also be a large molecular
or supramolecular metal oxide cluster. Such oxide clusters
include, for example, tetranuclear, pentanuclear, hexa-
nuclear, heptanuclear, octanuclear, nonanuclear, deca-
nuclear, undecanuclear, and dodecanuclear metal oxide spe-
cies.

[0088] The platinum-metal oxide composite particles
described above can be in any suitable form. For example,
the platinum-metal oxide composite particles can be in a
solid form, such as a powder.

[0089] Alternatively, the platinum-metal oxide composite
particles can be suspended or dispersed in a liquid phase.
The liquid phase can be any suitable liquid phase. For
example, the liquid phase can be aqueous-based. The aque-
ous-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.

[0090] Alternatively, the liquid phase can be, or include,
an organic solvent. Some examples of suitable organic
solvents include acetonitrile, dimethylsulfoxide, dimethyl-
formamide, toluene, methylene chloride, chloroform, hex-
anes, glyme, diethyl ether, and the like.

[0091] The platinum-metal oxide composite particles can
be approximately, or precisely, monodisperse in size. Alter-
natively, the particles can be anywhere from slightly to
widely polydisperse in size.

[0092] The platinum-metal oxide composite particles can
also be of any shape. For example, the particles can be
approximately spherical, oblong, rectangular, square planar,
pyramidal, trigonal bipyramidal, cuboidal, cylindrical, octa-
hedral, cubooctahedral, icosahedral, rod-shaped, or amor-
phous. The particles can also be separate and distinct, or
alternatively, agglomerated. In addition, the particles can
assume, in certain circumstances, a low, moderate, or high
degree of organization with respect to each other.

[0093] The platinum-metal oxide composite particles can
also have on their surface some trace chemicals. Some
examples of trace chemicals include halogens, carbon mon-
oxide, charged species, and so on, as long as such trace
chemicals do not obviate the intended use of the composite
particles.

[0094] Preferably, when the platinum-metal oxide com-
posite particles are applied in fuel cells, the surfaces of the
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particles are free of any surface agents including ligands,
polymers, surfactants, and so on. However, for other appli-
cations, e.g., in catalysis or nanostructural engineering, a
surface active agent can 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 phosphines, amines, and thiols.

[0095] Some examples of phosphine ligands include tri-
methylphosphine, triethylphosphine, triisopropylphosphine,
triphenylphosphine, the diphosphines, and derivatives there-
from. Some 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 examples of thiol ligands include thiophenol, meth-
anethiol, ethanethiol, 2-propanethiol, 2-methyl-2-pro-
panethiol, octylthiol, decylthiol, dodecylthiol, methylsul-
fide, ethylsulfide, phenyldisulfide, thiophene, 2,2'-
bithiophene, and tetrathiafulvalene.

[0096] Some examples of surfactants include the poly-
alkyleneoxides, polyvinylalcohols, polyvinylpyrrolidinones,
siloxanes, albumin, sodium dodecyl sulfate, fatty acid salts,
and the like. Some more specific examples of classes of
polyalkyleneoxide surfactants include polymethyleneoxide,
poly(methyleneoxide-ethyleneoxide), polyethyleneoxide,
polypropylenenoxide, and poly(ethyleneoxide-propyleneox-
ide) surfactants.

[0097] In another embodiment, the invention relates to a
catalyst. The catalyst includes the platinum-metal oxide
composite particles as thus far described. In one embodi-
ment, the platinum-metal oxide composite 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
carbonate, barium sulphate, a zeolite, interstitial clay, and
the like. In another embodiment, the platinum-coated par-
ticles in the catalyst are not bound to a support.

[0098] One class of catalysis reactions for which the
platinum-metal oxide composite particles are applicable
includes hydrogenation and dehydrogenation reactions of
hydrocarbons. Another class of applicable catalysis reac-
tions includes carbon-carbon cross-coupling reactions. Yet
another class of applicable catalysis reactions includes
hydrosilylation reactions.

[0099] In another embodiment, the invention relates to an
electrocatalyst. The electrocatalyst includes the platinum-
metal oxide composite particles described above bound to an
electrically conductive support. In a preferred embodiment,
the electrocatalyst is an oxygen-reducing electrocatalyst in
an oxygen-reducing cathode.

[0100] Preferably, the electrically conductive support is
carbon-based. Some examples of carbon-based electrically
conductive supports include carbon black, graphitized car-
bon, graphite, and activated carbon.

[0101] The electrically conductive support material is
preferably finely divided. Accordingly, especially as regards
carbon support material for use in fuel cells, such macro-
scopic species as carbon fibers, rods, tubes, nanotubes,
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fullerenes, and the like, are not preferred. In a particular
embodiment of the invention, such macroscopic species are
excluded.

[0102] In another embodiment, the invention relates to a
fuel cell. The fuel cell includes the oxygen-reducing cathode
described above in electrical contact with a fuel-oxidizing
anode. An ion-conducting electrolyte is in mutual contact
with the oxygen-reducing cathode and anode.

[0103] The structure of a typical electrode in a fuel cell
includes 1) a fluid permeable side with hydrophobic char-
acteristics 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).

[0104] The hydrophobic characteristics on the electrode
can be provided by one or more substances which are
suitably hydrophobic, adhere to the electrode, and do not
interfere with the electrochemical process. The hydrophobic
substance can also be used as a binder for the supported or
unsupported electrocatalyst.

[0105] A preferred class of suitable hydrophobic sub-
stances is the class of fluorinated polymers. Some examples
of particularly preferred fluorinated polymers include poly-
tetrafluoroethylene (PTFE), polytrifluorochloroethylene,
and copolymers composed of tetrafluoroethylene and one or
more other fluorinated or non-fluorinated monomers. The
hydrophobic substance is typically included in an amount of
20 to about 40 percent by weight of the amount of electro-
catalyst and/or support.

[0106] 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.

[0107] The ion-conducting electrolyte conducts either pro-
tons or reduced oxygen species from one electrode to the
other while separating the fuel at the anode from the oxidant
at the cathode. Preferably, the ion-conducting electrolyte is
proton-conducting, i.e., selectively conducts protons from
the anode to the cathode.

[0108] Preferably, the ion-conducting or proton-conduct-
ing electrolyte is in the form of a membrane. The proton-
conducting membrane can be in any of several suitable
forms, for example, a liquid, solid, or semi-solid.

[0109] 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
NAFION®. Such membrane-like materials are derivatized
with acidic groups, such as sulfonic, carboxylic, phosphinic,
or boric acid groups.

[0110] 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 com-
positions. The anode can also include a carbon monoxide-
tolerant electrocatalyst. Such carbon monoxide tolerant
anodes include numerous platinum alloys. A notable carbon
monoxide-tolerant anode containing an atomically thin layer
of platinum on ruthenium nanoparticles has been disclosed
by Adzic et al. in U.S. Pat. No. 6,670,301 B2. The foregoing
patent to Adzic et al. is included herein by reference in its
entirety.
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[0111] 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.

[0112] 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 opera-
tional and produces electrical energy when the oxygen-
reducing cathode is contacted with an oxidant, such as
oxygen, and the fuel-oxidizing anode is contacted with a fuel
source.

[0113] Oxygen gas can be supplied to the oxygen-reducing
cathode in the form of pure oxygen gas. Pure oxygen gas is
more preferable in the case of alkaline fuel cells. In the case
of acid electrolyte fuel cells, the oxygen gas is more pref-
erably supplied 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-
argon or oxygen-nitrogen mixtures.

[0114] Some contemplated fuel sources include, for
example, hydrogen gas, alcohols, methane, gasoline, formic
acid, dimethyl ether, and ethylene glycol. Some examples of
suitable alcohols include methanol and ethanol. For alkaline
fuel cells, the hydrogen gas is preferably pure, and accord-
ingly, free of contaminants such as carbon dioxide which
degrade the strongly alkaline electrolyte.

[0115] The fuels can be unreformed or reformed. Unre-
formed fuels are oxidized directly by the anode. Fuels can
also be treated by a reformation process to produce hydro-
gen. By reforming, hydrogen is supplied to the anode
indirectly. For example, hydrogen gas can be generated and
supplied to the anode by reforming methanol, methane, or
gasoline.

[0116] Inyet another embodiment, the invention relates to
a method for improving fuel cell stability by preventing or
reducing platinum dissolution in an oxygen-reducing cath-
ode of a fuel cell. The method requires incorporation of the
electrocatalyst described above into the oxygen-reducing
cathode of a fuel cell. The electrocatalyst can be incorpo-
rated by, for example, coating an electrode with the elec-
trocatalyst in a suitable binder, as described above, and
incorporating the coated electrode as an oxygen-reducing
cathode in the fuel cell described above.

[0117] 1In a preferred embodiment, the electrocatalyst is
incorporated into the oxygen-reducing cathode by mixing
the electrocatalyst with an appropriate amount of Vulcan™
carbon and a fluorinated polymer, such as polytetrafluoro-
ethylene. 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.

[0118] Without being bound by any theory, it is believed
that the electrocatalyst of the invention increases stability
primarily by preventing oxidation of the platinum catalyst.
The platinum catalyst is believed to be prevented from
oxidation through an electronic effect of the metal oxide core
on the platinum. Specifically, the metal oxide is believed to
exert a shift in the oxidation potential of the platinum
catalyst, thereby making oxidation of platinum more diffi-
cult.
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[0119] The oxide material of the oxide core is also
believed to be capable of regenerating the platinum catalyst
by causing a post-reduction of oxidized platinum. Specifi-
cally, the oxide material is believed to adsorb oxidized
platinum ions onto its surface oxide and hydroxyl groups.
The adsorbed platinum ions, when exposed to decreasing
potentials during operation of the fuel cell, are reduced to
zerovalent or partially charged platinum, thereby regenerat-
ing the platinum catalyst.

[0120] The platinum-metal oxide composite particles can
be produced by any suitable method. For example, the
platinum-metal oxide composite particles can be produced
by depositing an atomically thin layer of platinum or plati-
num clusters onto the surface of metal oxide substrate
particles. Some methods for depositing platinum onto the
surface of metal oxide substrate particles include reductive
chemical methods in a liquid phase, electrodeposition,
chemical vapor deposition (CVD), and physical vapor depo-
sition (PVD).

[0121] A preferred chemical method for depositing plati-
num onto the surface of oxide carrier particles includes
adsorbing platinum ions onto the surface of the oxide
particles followed by chemical reduction of the platinum
ions. Chemical reduction of the platinum ions can be com-
plete, thereby converting all of the platinum ions to zerova-
lent platinum. Alternatively, chemical reduction of the plati-
num ions can be partial, thereby converting a portion of the
platinum ions to zerovalent platinum and having a portion of
platinum remaining as charged platinum.

[0122] For example, platinum in the form of H,PtCl, can
be contacted with oxide particles, thereby adsorbing plati-
num ions on the surface of the oxide particles in stoichio-
metric or excess amounts. Preferably, non-adsorbed plati-
num ions are removed by, for example, rinsing, filtration or
dialysis. The platinum-adsorbed oxide particles can then be
treated with a reducing agent, such as, for example, NaBH,,
citric acid, hypophosphorous acid, or hydrazine, to effect
reduction of the adsorbed platinum.

[0123] The platinum-adsorbed metal oxide particles can
alternatively be electrolytically treated to effect reduction of
the adsorbed platinum. For example, the platinum-adsorbed
oxide particles can be placed on an electrode and subjected
to suitable reducing potentials.

[0124] Chemical vapor deposition methods for depositing
zerovalent or partially charged platinum onto metal oxide
substrate particles involve the diffusion of volatile platinum
precursor molecules onto the oxide surface and decompo-
sition of the platinum precursor on the oxide surface to
zerovalent or partially charged platinum. For example,
cyclopentadienyltrimethylplatinum (CpPtMe;) or (methyl-
cyclopentadienyl)-trimethylplatinum (MeCpPtMe;), where
Me is methyl and Cp is cyclopentadienyl, can be used as
suitable volatile platinum precursor molecules in a CVD
process.

[0125] Physical vapor deposition methods for depositing
zerovalent or partially charged platinum onto metal oxide
particles involve the direct deposition of platinum atoms
onto the oxide surface. For example, a platinum source can
be evaporated, sputtered, or laser ablated, thereby creating a
vapor or plasma of platinum atoms. When contacted with the
metal oxide substrate particles, the platinum vapor or plasma
condenses onto the oxide surface.
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[0126] The metal oxide substrate particles described
above, i.e., the metal oxide core, can be synthesized by
various means known in the art. Some methods known in the
art for synthesizing such oxide particles include solid-state
methods, sol gel methods, and electrolytic methods.

[0127] Suitable solid-state methods for synthesizing metal
oxide substrate particles typically include the application of
heat. For example, particles of NiWO, and CoWO, can be
produced by heating a combination of the corresponding
metal nitrate and ammonium tungstate at approximately
600° C. Another example is the preparation of a metal
tungsten bronze by heating the metal and tungsten trioxide
at approximately 800° C., or by heating a combination of a
metal oxide, tungsten, and tungsten trioxide at approxi-
mately 1000° C.

[0128] Suitable sol gel methods for synthesizing metal
oxide substrate particles typically include the hydrolytic
reaction between one or more metal alkoxides, metal
amides, or metal carboxylates. Hydrolysis of the one or
more oxide precursors is generally effected by water and can
be further aided by catalytic amounts of an acid or base.
Particle size can be adjusted by inclusion of surface active
agents, complexants, or by the use of ordered mesoporous
molecular sieves or zeolites. Partially hydrolyzed reaction
products can also be thermally treated, pressurized, or
sintered in the presence of oxygen to promote full conver-
sion to the oxide particles.

[0129] For example, sol gel synthesis can be used to
produce titanium oxide particles by hydrolysis of titanium
isopropoxide, TfOCH(CH,),],; or vanadium oxide particles
by hydrolysis of vanadium (V) triisopropoxide oxide,
VO[OCH(CH;),];. Another example is the synthesis of
mixed tantalum-niobium oxide particles by hydrolysis of a
mixture of tantalum ethoxide and niobium (V) ethoxide.

[0130] An example of a suitable electrolytic method for
synthesizing metal oxide substrate particles includes the
electrolysis of a fused salt of a tungstate and tungsten
trioxide. For example, sodium tungsten bronzes can be
prepared by electrolyzing a fused salt of sodium tungstate
and tungsten trioxide.

[0131] Another example of a suitable electrolytic method
for synthesizing metal oxide substrate particles includes
subjecting precursor zerovalent or partially charged metal
particles to suitable oxidizing potentials. The oxidizing
potential used is suitable when it can cause the conversion
of such precursor reduced metal particles to the correspond-
ing metal oxide composition.

[0132] Preferably, the precursor reduced metal particles
are zerovalent metal particles, i.e., are composed of one or
more zerovalent metals. The zerovalent metal particles can
be held on an electrode for this purpose. For example,
ruthenium oxide particles can be produced by subjecting
zerovalent ruthenium particles to an oxidizing voltage suf-
ficient for converting ruthenium to ruthenium oxide.

[0133] Such precursor metal particles can be obtained
commercially or prepared by methods known in the art. A
preferred preparative method includes chemical reduction of
the corresponding metal salt(s) in a liquid phase. The liquid
phase typically includes surface active agents and/or metal
complexants to adjust particle sizes.
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[0134] Thus, whereas there have been described what are
presently 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 depart-
ing 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.

1. Platinum-metal oxide composite particles comprised of
a metal oxide core at least partially encapsulated by an
atomically thin layer of zerovalent or partially charged
platinum atoms; or alternatively, or in addition, said metal
oxide core bound to zerovalent or partially charged platinum
clusters.

2. The platinum-metal oxide composite particles of claim
1, wherein the metal oxide core is comprised of an oxide of
one or more metals selected from the group consisting of
titanium, niobium, yttrium, zirconium, molybdenum, chro-
mium, nickel, manganese, vanadium, tantalum, tungsten,
rhenium, ruthenium, rhodium, and iridium.

3. The platinum-metal oxide composite particles of claim
1, wherein the metal oxide core is comprised of an oxide of
one or more metals selected from the group consisting of
titanium, niobium, molybdenum, chromium, nickel, manga-
nese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium.

4. The platinum-metal oxide composite particles of claim
1, wherein the metal oxide core is comprised of an oxide of
one or more metals selected from the group consisting of
titanium, niobium, molybdenum, chromium, nickel, manga-
nese, vanadium, tantalum, rhenium, ruthenium, rhodium,
and iridium.

5. The platinum-metal oxide composite particles accord-
ing to claim 1, wherein the metal oxide core is comprised of
an oxide of tungsten.

6. The platinum-metal oxide composite particles accord-
ing to claim 5, wherein the oxide of tungsten is a sodium
tungsten oxide.

7. The platinum-metal oxide composite particles accord-
ing to claim 6, wherein the sodium tungsten oxide is a
sodium-tungsten bronze.

8. The platinum-metal oxide composite particles accord-
ing to claim 1, wherein the metal oxide core is in the size
range of one nanometer to five hundred microns.

9. The platinum-metal oxide composite particles accord-
ing to claim 8, wherein the metal oxide core is in a size range
of approximately ten to fifty nanometers.

10. The platinum-metal oxide composite particles accord-
ing to claim 1, wherein said metal oxide core is bound to
zerovalent or partially charged platinum clusters.

11. The platinum-metal oxide composite particles accord-
ing to claim 10, wherein each of said zerovalent or partially
charged platinum clusters is independently comprised of
approximately three to sixty platinum atoms.

12. The platinum-metal oxide composite particles accord-
ing to claim 1, wherein said metal oxide core is at least
partially encapsulated by an atomically thin layer of zerova-
lent or partially charged platinum atoms.

13. The platinum-metal oxide composite particles accord-
ing to claim 12, wherein said atomically thin layer is a
submonolayer, monolayer, bilayer, or trilayer, of zerovalent
or partially charged platinum atoms.

14. An oxygen-reducing cathode comprising an electri-
cally conductive support bound to platinum-metal oxide
composite particles comprised of a metal oxide core com-
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prising an oxide composition capable of withstanding deg-
radation under the operating conditions of said oxygen-
reducing cathode; said metal oxide core at least partially
encapsulated by an atomically thin layer of zerovalent or
partially charged platinum atoms; or alternatively, or in
addition, said metal oxide core bound to zerovalent or
partially charged platinum clusters.

15. The oxygen-reducing cathode according to claim 14,
wherein said metal oxide core is comprised of an oxide of
one or more metals selected from the group consisting of
titanium, niobium, yttrium, zirconium, molybdenum, chro-
mium, nickel, manganese, vanadium, tantalum, tungsten,
rhenium, ruthenium, rhodium, and iridium.

16. The oxygen-reducing cathode according to claim 14,
wherein said metal oxide core is comprised of an oxide of
one or more metals selected from the group consisting of
titanium, niobium, molybdenum, chromium, nickel, manga-
nese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium.

17. The oxygen-reducing cathode according to claim 14,
wherein said metal oxide core is comprised of an oxide of
one or more metals selected from the group consisting of
titanium, niobium, molybdenum, chromium, nickel, manga-
nese, vanadium, tantalum, rhenium, ruthenium, rhodium,
and iridium.

18. The oxygen-reducing cathode according to claim 14,
wherein the metal oxide core is comprised of an oxide of
tungsten.

19. The oxygen-reducing cathode according to claim 18,
wherein the oxide of tungsten is a sodium tungsten oxide.

20. The oxygen-reducing cathode according to claim 19,
wherein the sodium tungsten oxide is a sodium-tungsten
bronze.

21. The oxygen-reducing cathode according to claim 14,
wherein said electrically conductive support is selected from
the group consisting of carbon black, graphitized carbon,
graphite, and activated carbon.

22. A fuel cell comprising:

(1) an oxygen-reducing cathode comprised of an electri-
cally conductive support bound to platinum-metal
oxide composite particles comprised of a metal oxide
core comprising an oxide composition capable of with-
standing degradation under the operating conditions of
said fuel cell; said metal oxide core at least partially
encapsulated by an atomically thin layer of zerovalent
or partially charged platinum atoms; or alternatively, or
in addition, said metal oxide core bound to zerovalent
or partially charged platinum clusters;

(i) an anode;

(iii) an electrically conductive contact connecting said
oxygen-reducing cathode with said anode; and

(iv) an ion-conducting electrolyte in mutual contact with

said oxygen-reducing cathode and said anode.

23. The fuel cell according to claim 22, wherein the metal
oxide core is comprised of an oxide of one or more metals
selected from the group consisting of titanium, niobium,
yttrium, zirconium, molybdenum, chromium, nickel, man-
ganese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium.

24. The fuel cell according to claim 22, wherein the metal
oxide core is comprised of an oxide of one or more metals
selected from the group consisting of titanium, niobium,
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molybdenum, chromium, nickel, manganese, vanadium,
tantalum, tungsten, rhenium, ruthenium, rhodium, and iri-
dium.

25. The fuel cell according to claim 22, wherein the metal
oxide core is comprised of an oxide of one or more metals
selected from the group consisting of titanium, niobium,
molybdenum, chromium, nickel, manganese, vanadium,
tantalum, rhenium, ruthenium, rhodium, and iridium.

26. The fuel cell according to claim 23, wherein the metal
oxide core is comprised of an oxide of tungsten.

27. The fuel cell according to claim 26, wherein the oxide
of tungsten is a sodium tungsten oxide.

28. The fuel cell according to claim 27, wherein the
sodium tungsten oxide is a sodium-tungsten bronze.

29. The fuel cell according to claim 22, wherein said
ion-conducting electrolyte is a proton-conducting electro-
Iyte.

30. The fuel cell according to claim 29, wherein said
proton-conducting electrolyte is a proton-conducting mem-
brane.

31. The fuel cell according to claim 22, wherein the metal
oxide core is in the size range of one nanometer to five
hundred microns.

32. The fuel cell according to claim 31, wherein the metal
oxide core is in a size range of approximately ten to fifty
nanometers.

33. The fuel cell according to claim 22, wherein said
metal oxide core is bound to zerovalent or partially charged
platinum clusters.

34. The fuel cell according to claim 33, wherein each of
said zerovalent or partially charged platinum clusters is
independently comprised of approximately three to sixty
platinum atoms.

35. The fuel cell according to claim 22, wherein said
metal oxide core is bound to an atomically thin layer of
zerovalent or partially charged platinum atoms.

36. The fuel cell according to claim 35, wherein said
atomically thin layer is a submonolayer, monolayer, bilayer,
or trilayer, of zerovalent or partially charged platinum
atoms.

37. The fuel cell according to claim 22, wherein said
electrically conductive support is selected from the group
consisting of carbon black, graphitized carbon, graphite, and
activated carbon.

38. A method for improving fuel cell stability by prevent-
ing or reducing platinum dissolution in an oxygen-reducing
cathode of a fuel cell, the method comprising incorporating
platinum-metal oxide composite particles into the oxygen-
reducing cathode of a fuel cell; said platinum-metal oxide
composite particles comprised of a metal oxide core com-
prising an oxide composition capable of withstanding deg-
radation under the operating conditions of said fuel cell; said
metal oxide core at least partially encapsulated by an atomi-
cally thin layer of zerovalent or partially charged platinum
atoms; or alternatively, or in addition, said metal oxide core
bound to zerovalent or partially charged platinum clusters;
thereby preventing or reducing platinum dissolution in the
oxygen-reducing cathode of the fuel cell.

39. The method according to claim 38, wherein said metal
oxide core is comprised of an oxide of one or more metals
selected from the group consisting of titanium, niobium,
yttrium, zirconium, molybdenum, chromium, nickel, man-
ganese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium.
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40. The method according to claim 39, wherein the metal
oxide core is comprised of an oxide of tungsten.

41. The method according to claim 40, wherein the oxide
of tungsten is a sodium tungsten oxide.

42. The method according to claim 41, wherein the
sodium tungsten oxide is a sodium-tungsten bronze.

43. A method for producing electrical energy, the method
comprising:

(1) providing a fuel cell comprising:

a) an oxygen-reducing cathode comprised of an elec-
trically conductive support bound to platinum-metal
oxide composite particles comprising a metal oxide
core comprising an oxide composition capable of
withstanding degradation under the operating con-
ditions of said fuel cell; said metal oxide core at least
partially encapsulated by an atomically thin layer of
zerovalent or partially charged platinum atoms; or
alternatively, or in addition, said metal oxide core
bound to zerovalent or partially charged platinum
clusters;

b) an anode;

¢) an electrically conductive contact connecting said
oxygen-reducing cathode with said anode; and

d) an ion-conducting electrolyte in mutual contact with
said oxygen-reducing cathode and said anode;

(ii) contacting said oxygen-reducing cathode with oxy-
gen; and

(iii) contacting said anode with a fuel source.
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44. The method according to claim 43, wherein said metal
oxide core is comprised of an oxide of one or more metals
selected from the group consisting of titanium, niobium,
yttrium, zirconium, molybdenum, chromium, nickel, man-
ganese, vanadium, tantalum, tungsten, rhenium, ruthenium,
rhodium, and iridium.

45. The method according to claim 43, wherein said
ion-conducting electrolyte is a proton-conducting electro-
Iyte.

46. The method according to claim 43, wherein said
proton-conducting electrolyte is a proton-conducting mem-
brane.

47. The method according to claim 43, wherein said
electrically conductive support is selected from the group
consisting of carbon black, graphitized carbon, graphite, and
activated carbon.

48. The method of claim 43, wherein the fuel source is
hydrogen gas.

49. The method of claim 48, wherein the hydrogen gas is
generated from reformed methanol.

50. The method of claim 48, wherein the hydrogen gas is
generated from reformed methane.

51. The method of claim 48, wherein the hydrogen gas is
generated from reformed gasoline.

52. The method of claim 43, wherein the fuel source is an
unreformed alcohol.

53. The method of claim 52, wherein the fuel source is
unreformed methanol.



