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SINGLE PHASE TERNARY PT-RU-OS
CATALYSTS FOR DIRECT OXIDATION
FUEL CELLS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a catalyst for use in direct
oxidation fuel cells or other electrochemical reactor devices
operating in the temperature range up to about 200° C. More
particularly, this invention relates to a single phase, high
surface area catalyst comprising platinum, ruthenium and
osmium.

2. Description of Prior Art

State-of-the-art catalysts for the electro-oxidation of
hydrocarbon fuels such as methanol are based on platinum
(Pt)-ruthenium (Ru) alloys. The overall electrochemical
reaction for the oxidation of methanol on a fuel cell anode,
the fuel electrode, is:

CH,OH+H,0—CO,+6H"+6e~

Platinum is a good catalyst for the adsorption and dehy-
drogenation of methanol molecules but it is rapidly poisoned
as the catalyst surface becomes blocked with the adsorbed
intermediate, carbon monoxide. It is known that H,O plays
a key role in the removal of such poisoning species from its
role in the rate determining process of CO removal in
accordance with the following reactions:

Pt+H,O0—Pt—OH+H"+e~

Pt—CO+Pt—OH—>2Pt+CO,+H" +e™

However, platinum does not adsorb H,O species well at
potentials where fuel electrodes operate in direct oxidation
fuel cells. The result is that platinum is a poor catalyst for
direct oxidation fuel cells and the steady-state activity
necessary for fuel oxidation is poor.

Platinum-ruthenium, as previously stated, is presently the
state-of-the-art catalyst for direct oxidation of methanol. The
success of the platinum-ruthenium catalyst is based on the
ability of ruthenium to adsorb H,O species at potentials
where methanol is adsorbing on the platinum and facilitate
the carbon monoxide removal reaction. This dual function of
the alloy catalyst’s surface, that is, to adsorb both reactants
on the catalyst surface on adjacent metal sites, is known as
the bifunctional mechanism in accordance with the follow-
ing reaction:

Pt—CO+Ru—OH—+Pt+Ru+CO,+H*+¢~

The combination of platinum and ruthenium adjacent
metal sites forms an active site on the catalyst surface where
methanol is oxidized in a non-poisoning way. The term “pair
site” is used herein to describe the situation where adjacent
metal atoms are adsorbing the methanol and water reactants.
Appreciable rates of methanol oxidation are obtainable only
in the presence of a high pair density. It follows that a single
phase alloy crystal structure is desirable because the density
of pair sites will be maximized on an alloy surface. The
activity of the pair site, however, is the most important
parameter. For example, several alloy surfaces with high
pair site densities are known, but the activity for methanol
oxidation is only appreciable on some of these surfaces. That
is, if the catalytic activity of each pair site is low, then the
resulting methanol oxidation will be poor. The elements that
constitute the pair site are, thus, critical.

The best known catalysts for methanol oxidation are
Pt—Ru, Pt—Sn, Pt— Mo, and Pt—Re. It is known that
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osmium (Os) adsorbs water at the most negative potential of
all the noble metals, albeit still in the range of interest for
fuel electrodes in direct oxidation fuel cells. As a result,
osmium is a primary candidate for alloying with platinum to
produce a good methanol oxidation catalyst. However,
osmium possesses a maximum solubility of 20 at. % (atomic
percentage) in platinum. Thus, while a pair site of Pt—Os
may be intrinsically more active than a pair site of Pt—Ru,
the limited solubility limits the pair site density to values
smaller than that found in Pt—Ru. In addition, osmium can
form OsO,, which is toxic to humans, under certain condi-
tions.

U.S. Pat. No. 4,880,711 to Luczak et al. teaches a ternary
alloy catalyst for fuel cells comprising platinum and gal-
lium. Additional elements of the catalyst include chromium,
cobalt, nickel and/or mixtures thereof. The alloy catalyst is
indicated to require at least about 50% platinum to be an
effective catalytic material; however, other elements in the
same periodic group, namely iridium, rhodium, osmium and
ruthenium are indicated to be substitutable for a portion of
the platinum.

U.S. Pat. No. 4,127,468 to Alfenaar et al. teaches a
process for producing metal electrodes in which a basis-
metal electrode comprising a basis-metal which is present in
a finely divided or porous state and which is selected from
the group consisting of the noble metals from Groups IB,
IIB, or VII of the Periodic Table of the Elements, or an alloy
of at least one of said metals, is contacted with a solution
containing an alloying element. The alloying element is
selected from the group consisting of an element from
Groups IIIA, IVA, VA, VIA, VII, IB, IIB, VIIB or combi-
nations thercof, of the Periodic Table of the Elements. The
alloying-element compound is reduced in situ to form a
free-alloying element, whereby the alloying element forms
an alloy with the basis-metal. Preferred basis-metals include
palladium, platinum, palladium-platinum, and platinum-
iridium.

U.S. Pat. No. 5,208,207 to Stonehart et al. teaches an
electrocatalyst comprising an inorganic support and a ter-
nary alloy essentially consisting of platinum-palladium-
ruthenium supported on the support. U.S. Pat. No. 5,225,391
to Stonehart et al. teaches an electrocatalyst comprising an
inorganic support and a four-element alloy consisting essen-
tially of platinum, nickel, cobalt and manganese supported
on the inorganic support. U.S. Pat. No. 5,286,580 to Ippom-
matsu et al. teaches a fuel electrode for a high temperature
solid electrolyte fuel cell comprising ruthenium, osmium,
rhodium or iridium or an alloy thereof.

None of the prior art of which we are aware teaches or
suggests the importance of the crystal structure of the
disclosed catalysts.

SUMMARY OF THE INVENTION

It is an object of this invention to provide a catalyst that
can be used in direct oxidation fuel cells or other electro-
chemical reactor devices operating in the temperature range
up to about 200° C.

It is another object of this invention to provide a platinum
catalyst for use in direct oxidation fuel cells or other
electrochemical reactor devices which is capable of adsorp-
tion and dehydrogenation of methanol molecules without
poisoning by adsorbed intermediates such as carbon mon-
oxide.

It is yet another object of this invention to provide a
platinum-based catalyst for use in direct oxidation fuel cells
which is superior in performance to known platinum-
ruthenium direct oxidation fuel cell catalysts.
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It is yet another object of this invention to provide a fuel
electrode catalyst for direct electrochemical oxidation of
organic molecules/fuels such as methanol, ethanol, ethylene
glycol, formaldehyde, formic acid, sodium formate,
hydrazine, acetaldehyde, trimethoxymethane, etc. in a direct
oxidation fuel cell.

It is still another object of this invention to provide a fuel
electrode catalyst for an electrochemical reactor/synthesizer
of chemicals such as aldehydes, carboxylic acids, etc., by
means of the electro-oxidation of appropriate organics, for
example, alcohols.

These and other objects of this invention are achieved by
a catalyst composition for use in electrochemical reactor
devices comprising the elements platinum, ruthenium and
osmium and having a single phase crystal structure com-
prising a face centered cubic unit cell. More particularly, the
catalyst composition of this invention is a single phase, high
surface area catalyst, the catalyst particles of which possess
a single crystal structure, face centered cubic unit cell, with
the elements platinum, ruthenium and osmium substituted
into the crystal structure. We have found that when platinum,
ruthenium and osmium are substituted into a face centered
cubic crystal structure, a highly active catalytic surface for
the electrochemical oxidation of molecules such as methanol
is created, the catalytic composition producing a synergistic
increase in activity of the pair sites which more than
compensates for the decrease in pair site density.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of this invention will
be better understood from the following detailed description
taken in conjunction with the drawings wherein:

FIG. 1 is a diagram showing the strength of various
metal-oxygen bonds as a function of group number across
the periods of transition elements in the Periodic Table of the
Elements;

FIG. 2 shows the ternary platinum-ruthenium-osmium
system of this invention;

FIG. 3 shows the x-ray diffraction patterns of platinum
catalyst ink, platinum(50%)/ruthenium(50%) catalyst ink
and platinum(65%)/ruthenium(25% )/osmium(10%) catalyst
ink;

FIG. 4 shows the polarization curves of rotating
electrocatalyst-ink disk electrodes with different catalyst
inks; and

FIG. § shows the current-voltage curves of fuel cells with
different anode catalysts.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The catalyst composition of this invention can be used in
direct oxidation fuel cells or other electrochemical reactor
devices operating in the temperature range up to about 200°
C. The primary application for this invention is in direct
oxidation fuel cells which are electrochemical devices that
convert the chemical energy associated with fuels, such as
methanol or other alcohols, or ethers, such as
trimethoxymethane, into electricity. Other applications for
this invention include use in electrochemical reactors for the
synthesis of industrial important chemicals such as alde-
hydes and carboxylic acids.

Electrochemical devices, such as direct oxidation fuel
cells, comprise an electrolyte, an air (or oxygen) electrode,
and a fuel electrode. Fuel cells utilizing the new catalyst
composition of this invention for the fuel electrode signifi-
cantly improve upon the performance associated with exist-
ing state-of-the-art catalyst compositions.
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The catalyst composition of this invention is a single
phase, high surface area catalyst comprising the elements
platinum, ruthenium and osmium. The important features of
the catalyst composition of this invention are (1) the single
phase nature of the catalyst structure whereby the catalyst
particles possess a single crystal structure (face centered
cubic unit cell) with the elements platinum, ruthenium and
osmium substituted into the crystal structure; and (2) the
elements platinum, ruthenium, and osmium substituted into
the crystal structure. The innovation of this catalyst relative
to state-of-the-art catalysts currently in use is the synergism
created when the above two concepts are combined. The
synergism created by this combination is discussed herein-
below.

The novel feature of the catalyst composition of this
invention is the synergism created when platinum, ruthe-
nium and osmium are substituted into a face centered cubic
crystal structure. The structure that results creates a highly
active catalytic surface for the electrochemical oxidation of
molecules such as methanol. As previously stated, state-of-
the-art catalysts for the electro-oxidation of methanol are
based on platinum-ruthenium alloys. And although platinum
is a good catalyst for the adsorption and dehydrogenation of
methanol molecules, it is rapidly poisoned as the catalyst
surface becomes blocked with the adsorbed intermediate,
carbon monoxide. As also previously stated, it is known that
water plays a key role in the removal of such poisoning
species, but, unfortunately, platinum does not adsorb water
species well at potentials where fuel electrodes operate in
direct oxidation fuel cells. As a result, platinum is a poor
catalyst for direct oxidation fuel cells and the steady-state
activity for fuel oxidation is poor.

Platinum-ruthenium is presently the state-of-the-art cata-
lyst for direct oxidation of methanol, the ruthenium adsorb-
ing water species at potentials where methanol is adsorbing
on the platinum, thereby facilitating the CO removal reac-
tion. The combination of platinum and ruthenium adjacent
metal sites forms an active site on the catalyst’s surface
where methanol can be oxidized in a non-poisoning way. As
previously stated, a high pair site density is a prerequisite if
appreciable rates of methanol oxidation are to be observed.
Consequently, a single phase alloy crystal structure is desir-
able because the density of pair sites will be maximized on
the alloy surface. The activity of the pair site, however, is the
most important parameter and the elements that constitute
the pair site are also critical. The catalytic activity of each
pair site is controlled, at least in part, by the strength of
adsorption of both the reactants, that is, methanol on plati-
num and water on the adjacent metal site. FIG. 1 shows the
correlations found between the metal-oxygen bond strength
and catalytic performance for methanol oxidation. FIG. 1
plots the strength of various metal-oxygen bonds as a
function of group number across the periods of transition
elements in the Periodic Table. The best known catalysts for
methanol oxidation are platinum-ruthenium, platinum-tin,
platinum-molybdenum, and platinum-rhenium. FIG. 1
shows that all of these elements possess metal-oxygen bond
strengths in the range of 500-650 kJ/MOL. From this data,
it can be seen that an optimum strength of binding of oxygen
to these metals is a prerequisite to high methanol oxidation
activity. FIG. 1 also shows that osmium also lies in the range
of 500-650 kJ/MOL of metal-oxygen bond strengths.

It is known that osmium adsorbs water at the most
negative potential of all the noble metals, albeit still in the
range of interest for fuel electrodes in direct oxidation fuel
cells. Based on this data, it would appear that osmium is a
primary candidate for alloying with platinum to produce a
good methanol oxidation catalyst. Indeed, platinum-osmium
binary catalysts have been reported to show enhanced activ-
ity for methanol oxidation relative to platinum. However, the
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maximum solubility of osmium in platinum is 20 atomic %.
Thus, although a pair site of platinum-osmium may be
intrinsically more active than platinum-ruthenium, the lim-
ited solubility limits the pair site density to values smaller
than that found in platinum-ruthenium.

Ruthenium, by comparison, possesses significant solubil-
ity of up to 60 atomic % in platinum. Thus, in the platinum-
ruthenium binary system, the ideal ratio of 50 atomic %
platinum to 50 atomic % ruthenium can be realized.

We have determined that, by alloying both osmium and
ruthenium into the face centered cubic unit cell structure of
platinum, the pair density of active sites can be increased.
FIG. 2 shows the ternary platinum-ruthenium-osmium sys-
tem that results when the platinum-ruthenium and platinum-
osmium binary systems are combined. Also shown in FIG.
2 is the catalytically active face centered cubic unit cell
region of platinum-ruthenium-osmium compositions of our
invention. All of the platinum-ruthenium-osmium composi-
tions within the highlighted region shown in FIG. 2 possess
the required single phase crystal structure of this invention.
A platinum-ruthenium-osmium catalyst that is ruthenium
and/or osmium rich, that is, outside of the highlighted
region, possesses a hexagonal crystal structure and, thus, is
not catalytically active for the applications of the catalyst
composition of this invention.

In accordance with a particularly preferred embodiment
of this invention, we have found that the composition
platinum (65)-ruthenium (25)-osmium (10) (numbers in
parenthesis are atomic percentages) to be a superior metha-
nol oxidation catalyst to platinum-ruthenium. Despite the
pair density being lower for the ternary alloy, there is a
synergistic increase in activity of these pair sites which more
than compensates for the decrease in pair site density. The
combination of ruthenium and osmium substituted into the
structure of platinum appears to modify the dynamic of
methanol and water adsorption on the catalyst in a favorable
manner. This may be due to electronic effects associated
with alloying these components with platinum. Such effects
may also modify the binding strength of adsorbed interme-
diates of methanol oxidation such as carbon monoxide,
making carbon monoxide easier to remove on the ternary
alloy. Thus, the single phase platinum-ruthenium-osmium
ternary alloy catalyst compositions of this invention provide
enhanced steady-state activity for methanol oxidation rela-
tive to binary platinum-ruthenium alloys.

FIG. 3 shows the x-ray diffraction patterns of platinum
catalyst ink, platinum(50%)/ruthenium(50%) catalyst ink
and platinum(65%)/ruthenium (25%)/osmium(10%) cata-
lyst ink. Comparing the x-ray diffraction peaks of alloys
with those of platinum, it is clear that all of the alloys’ x-ray
diffraction peaks shift slightly to higher angles, and no extra
peaks associated with possible second phases are observed.
This result indicates that both alloys are single phase and the
lattice parameters are smaller than pure platinum, which is
due to the alloying of small atoms of ruthenium and/or
osmium into platinum. These inks were used in rotating disk
electrode studies (FIG. 4) and as anode catalysts in full test
liquid-feed direct methanol fuel cells (FIG. 5).

FIG. 4 shows the polarization curves of rotating
electrocatalyst-ink electrodes with different catalyst inks. In
each case, the catalyst ink was painted on a glassy carbon
rotating disk electrode and the electrode was then baked in
an oven at 120° C. for one hour. The electrolyte was 2M
MeOH (methanol) in 0.5M H,SO, (sulfuric acid) at room
temperature, 25° C. The current of the steady-state polar-
ization curves acquired galvanostatically were normalized to
the active area estimated from hydrogen desorption charges
measured prior to tests in the methanol-containing solution.
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FIG. 4 shows that the platinum-ruthenium-osmium ternary
catalyst undergoes less polarization for the same current
applied than both platinum-ruthenium and platinum. This
demonstrates that the ternary catalyst composition of this
invention provides superior steady-state activity for metha-
nol oxidation compared to platinum-ruthenium catalysts.

Full liquid feed-direct methanol fuel cell tests were per-
formed with different anode catalysts—platinum, platinum
(50%)/ruthenium(50%), and platinum(65%)/ruthenium
(25%)/0osmium(10%). For all experiments, the anode
catalyst loading was 6 mg/cm?. For all tests, the cathode was
platinum catalyst with 6 mg/cm? loading. The electrolyte
was Nafion 117. The fuel was 0.5M methanol at O psig back
pressure (ambient pressure) and the oxidant was dry oxygen.
The cell temperature was maintained at 90° C. In order to
eliminate mass transfer limitations in the experiments, high
stoichiometric fuel and oxygen flow rates, and 10 psig
oxygen back pressure were used to collect the data shown in
FIG. 5. Examining the current-voltage curves of fuel cells
with different anode catalysts in FIG. 5, it is clear that
platinum(65%)/ruthenium(25%)/osmium(10%) is a better
catalyst than platinum(50%)/ruthenium (50%).

While in the foregoing specification this invention has
been described in relation to certain preferred embodiments
thereof, and many details have been set forth for purpose of
illustration, it will be apparent to those skilled in the art that
the invention is susceptible to additional embodiments and
that certain of the details described herein can be varied
considerably without departing from the basic principles of
the invention.

We claim:

1. A catalyst composition for use in electrochemical
reactor devices comprising: platinum (Pt), ruthenium (Ru),
and osmium (Os) and having a single phase crystal structure
comprising a face centered cubic unit cell.

2. A catalyst composition in accordance with claim 1,
wherein, in atomic percentages, the amount of said platinum
is greater than 40% and less than 100% of said catalyst
composition, said ruthenium is greater than 0% and less than
60% of said catalyst composition, and said osmium is
greater than 0% and less than 20% of said catalyst compo-
sition.

3. A catalyst composition in accordance with claim 2,
wherein, in atomic percentages, said platinum comprises
about 65% of said catalyst composition, said ruthenium
comprises about 25% of said catalyst composition, and said
osmium comprises about 10% of said catalyst composition.

4. In a direct oxidation fuel cell having an anode, a
cathode and an electrolyte disposed between said anode and
said cathode, the improvement comprising:

said anode comprising a catalyst composition comprising
platinum (Pt), ruthenium (Ru), and osmium (Os), said
catalyst composition having a single phase crystal
structure comprising a face centered cubic unit cell.

5. A direct oxidation fuel cell in accordance with claim 4,
wherein, in atomic percentages, the amount of said platinum
is greater than 40% and less than 100% of said catalyst
composition, said ruthenium is greater than 0% and less than
60% of said catalyst composition, and said osmium is
greater than 0% and less than 20% of said catalyst compo-
sition.

6. A direct oxidation fuel cell in accordance with claim 5,
wherein, in atomic percentages, said platinum comprises
about 65% of said catalyst composition, said ruthenium
comprises about 25% of said catalyst composition, and said
osmium comprises about 10% of said catalyst composition.
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