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There are provided an electrocatalyst having an excellent
poisoning resistance to carbon monoxide for use in solid polymer
electrolyte fuel cells, an electrode, a membrane-electrode
assembly, and a solid polymer electrolyte fuel cell, using said
electrocatalyst. The electrocataiyst is comprised of a cubic
platinum-ruthenium solid solution alloy and a hexagonal
ruthenium supported together on a conductive carbon carrier.
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FP06-0030-0

LITLE OF THE INVENTION

Electrocatalyst, and electrodes, membrane-electrode

assembly and solid polymer electrolyte fuel cells, using said
electrocatalyst

The present invention relates to an electrocatalyst
having a good poisoning resistance to carbon monoxide, and also
relates to an electrode and a membrane-electrode assembly each
using said electrocatalyst, and further relates to a solid
polymer electrolyte fuel cell using the same.

2. D€ . ON G ne F C A

Since solid polymer electrolyte fuel cells have a high
output power density and work at low temperatures and also
scarcely evolve an exhaust gas containing harmful substances;
they are expected as a propulsion power source for
transportation means to replace internal combustion engines.

In the fuel cells a fuel gas such as hydrogen or methanol
gas 1s fed to a fuel electrode (anode) and air or an
oxygen-containing gas is fed to an oxidizer-electrode(cathode).
The fuel is oxidized at the anode to produce protons and the
oxygen 1is reduced at the cathode to form water, thereby
generating electricity, as shown in the following formulas.

Anode reaction (in the case of hydrogen):

H, — 2H + 2e°

Cathode reaction:
1/20, + 2H' + 2e” — H,0
Total reaction (in the case of hydrogen):




10

15

20

25

30

35

CA 02269643 1999-04-22

H, + 1/20, = H,0

At the anode and cathode, electrocatalysts are used for
accelerating the respective electrode reactions. As the
electrocatalysts, there have hitherto been used platinumalone:
a combination of platinum with at least one selected from
palladium, rhodium, iridium, ruthenium, osmium and gold; a
combination of platinum with at least one selected from base
metals such as tin, tungsten, chromium, manganese, iron, cobalt,
nickel, copper and the like. The electrocatalysts have been
used in the form of powder of elementary metal or alloy which
are optionally supported on conductive carbon particles.

Generally in the fuel cells (reformed gas fuel cells),
there are used hydrogen-enriched gases which are obtained by
previously reforming fuels such as alcohols and hydrocarbons
by means of a reformer. However, in the electrodes of
proton-conductive electrolyte fuel cells which work or operate
at low temperatures, impurities such as carbon monoxide and
carbon dioxide contained in fuel gasses poison platinum
contained in the electrocatalyst to increase polarization and
lower the output power of the cell. As a solution of this
problem, it is reported to use platinum as an alloy of platinum
with ruthenium, iridium, rhodium or the like (D. W. Mckee and
A. J. Scarpellio Jr., J.Electrochem. Tech.,6(1969)p.101). It
1s also disclosed that a catalyst comprising a platinum-
ruthenium alloy with an atomic ratio of the platinum to the
ruthenium being about 1:1 supported on conductive carbon
particles, has a high poisoning resistance (Japanese Pre-
examination Patent Publication (kokal) Nos. 6-260207 and 9-
35723).

Meanwhile, with regard to direct methanol fuel cells in
which methanol is directly fed to the anode in generation of
electricity, it is disclosed that a catalyst comprising
platinum and ruthenium each in the form of an elementary metal,
supported together on conductive carbon particles (W097/21256),

or a catalyst comprising platinum and ruthenium which are
supported together on conductive carbon particles,
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respectively, in the form of an elementary metal and oxides
(Japanese Pre-examination Patent Publication (kokai) No. 3-
22361) show higher performance than the platinum-ruthenium
alloy catalyst.

However, the conventional platinum-ruthenium binary
anode catalyst is not sufficient in performance and therefore
has been required to improve the performance. Especially, the
alloy anode catalyst is low, as an anode catalyst used in
reformed gas fuel cells, in poisoning resistance to carbon
monoxide, so that it has a defect of a large anode-polarization.
The alloy anode catalyst is also required, as an anode catalyst
used in direct methanol fuel cells, to considerably lower the
anode polarization.

SUMMARY OF THE INVENTION
Accordingly, an object of the present invention is to

provide an electrocatalyst having an excellent poisoning
resistance to carbon monoxide for use in solid polymer
electrolyte fuel cells, and to provide an electrode, a
membrane-electrode assembly, and a solid polymer electrolyte
fuel cell using said electrocatalyst.

The present inventors studied earnestly in order to
satisfy the above requirements raised in the prior art, and have
found that in platinum-ruthenium binary catalysts, a catalyst
comprising a cubic platinum-ruthenium solid solution alloy and
a hexagonal ruthenium supported together on a conductive carbon
carrier accomplishes the above object. Thus, the present
invention has completed.

Specifically, the present invention provides an

electrocatalyst for use in solid polymer electrolyte fuel cells,
comprising a cubic platinum-ruthenium solid solution alloy and
a hexagonal ruthenium supported together on a conductive carbon
carrier.

The present invention also provides an electrode f£or use
in solid polymer electrolyte fuel cells, comprising a water
repellent-treated support substrate of a conductive and porous
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carbon and a catalyst layer containing said electrocatalyst of
this invention and polymer electrolyte particles and formed on
one side surface of said support substrate.

Further, the present invention provides a membrane-
electrode assembly for use in solid polymer electrolyte fuel
cells, comprising a solid polymer electrolyte membrane, a
catalyst layer containing said electrocatalyst and polymer
electrolyte particles, and a conductive and porous support
substrate; |

sald catalyst layer and salid support substrate having
been formed in this order on both of the side surfaces of said
solid polymer electrolyte membrane, wherein one set of the
catalyst layer and the support substrate on one side of the solid
polymer electrolyte membrane forms anode and another set of the
catalyst layer and the support substrate on the other side of
the solid polymer electrolyte membrane forms cathode,

wherein at least one of said catalyst layers contains the
electrocatalyst of the present invention.

Still further, the present invention provides a solid
polymer electrolyte fuel cell, comprising said membrane-
electrode assembly, an anode gas-distribution plate formed on
the support substrate of the anode, and a cathode gas-
distribution plate formed on the support substrate of the
cathode of said membrane-electrode assembly.

The electrocatalyst of the present invention for use in
solid polymer electrolyte fuel cells has an excellent poisoning
resistance to carbon monoxide. Thus, it reduces necessity for
removing carbon monoxide in a fuel reformer connected to a fuel
cell and the fuel reformer can be simplified and small-sized.

In addition to such technical advantages, a large economical
advantage 1s obtained as a propulsion power source for
transportation means.
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In the accompanying drawing, Fig. 1 is a X-raydiffraction
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graph of the electrocatalyst prepared in Example 2.

The electrocatalyst of the present invention is comprised
of a platinum (Pt)-ruthenium (Ru) cubic solid solution alloy
(hereinafter, referred to as "the present alloy") and a
hexagonal ruthenium supported together on a conductive carbon.
This electrocatalyst shows, when measured by the powder X-ray
diffraction using CuK @ -ray (hereinafter, referred toas "XRD"),
the (111) diffraction peak (maln diffraction peak) of the
present alloy at 2 0=39.9° to 40.7°, the (220) diffraction peak
of the present alloyat 26=67.8° to68.7*, the (101) diffraction
peak (main diffraction peak) of the hexagonal ruthenium at 2
0 =43.70° to 43.97°and the (110) diffraction peak of the
hexagonal ruthenium at 26 =68.90° to 69.35°. The
electrocatalyst of the present invention preferably has a peak
intensity ratio of the (111) diffraction peak of the present
alloy to the (101) diffraction peak of the hexagonal ruthenium
being in the range of 1:5 to 5:1. When the peak intensity ratio
is too small, the hydrogen-oxidizing activity of the anode
catalyst may be lowered. When the peak intensity ratio is too
large, the poisoning resistance of the anode catalyst to carbon
monoxide may be lowered.

Incidentally, when Pt alone is supported on a conductive
carbon carrier, the face-centered cubic Pt exhibits the (111)
diffraction peak at 20=39.2* and the (220) diffraction peak
at 28 =67.5°. The formation of the present alloy of platinum
with ruthenium reduces the crystal lattice constant. On the
other hand, when Ru alone is supported on a conductive carbon
carrier, the hexagonal Ru exhibits the (101) diffraction peak
and (110) diffraction peak at 26=43.9* and 20=69.30°,
respectively. When these diffraction peaks are overlapped,
the existence of each peak can be confirmed and each of their
relative intensities can be measured by the peak separation
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method.

It can be confirmed by an analytical electron microscope
which is a combination of a transmission electron microscope
with an energy dispersive X-ray analyzer that the present alloy
and the hexagonal ruthenium are together supported on a
conductive carbon carrier in the electrocatalyst of the present
invention. The compositional ratio of Pt to Ru constituting
jndividual metal particles on the conductive carbon carrier
powder conforms substantially to the atomic ratio of Pt to Ru
contained in the whole catalyst. The simple mixture of a
catalyst comprising Pt alone supported on a conductive carbon
carrier and a catalyst comprising a hexagonal Ru alone supported
on a conductive carbon carrier, exhibits non-uniform
composition between these metal particles by observation with
an electron microscope. The merely physically mixed catalyst
exhibits poor poisoning resistance to carbon monoxide when used
as an anode catalyst.

The diameter of crystallites of the present alloy and that
of crystallites of the hexagonal ruthenium measured by XRD are
preferably 10 to 100 A, and more preferably 10 to 80 A. When
the crystallite diameter is too small, the catalytic activity
per surface area of metal may be lowered. When the crystallite

diameter is too large, the surface area of the alloy may be
decreased to lower the catalytic activity per unit weight of

metal.

The total amount of Pt and Ru supported on a conductive
carbon carrier is preferably 10 to 80 ¥ by weight, and more
preferably 20 to 60 ¥ by weight, based on the welght of the
electrocatalyst.

If the total amount of Pt and Ru is smaller than 10 % by
weight, a good dispersion of the alloy on the carrier and a large

surface area of the alloy can be obtained, but the catalytic
activity per unit weight of the catalyst may be lJowered and
therefore a large amount of catalyst may be required to obtain
a desired output power density. If the total amount of Pt and
Ru is larger than 80 % by weight, the catalytic activity per
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unit weight of catalyst may be increased and therefore only a
small amount of catalyst may be sufficient to obtain a desired
output power density, but a bad dispersion of the alloy on the
carrier and a small surface area of alloy may be obtained.

The conductive carbon used as the carrier of the
electrocatalyst of the present invention includes the
conventional carbon power such as carbon black, acetylene black
and graphite. The specific surface area of conductive carbon
is preferably 40 to 2,000 m*/g, and more preferably 100 to 1,300
m’/g although not limited thereto.

In order to support ametal in the state of good dispersion
on a carrier, it is preferred that the specific surface area
of conductive carbon is as large as possible. However, with
an increase in the specific surface area, a degree of
graphitization of conductive carbon lowers and thus the
conductivity lowers. Further, a conductive carbon having a
large specific surface area and a low degree ot graphitization
is liable to undergo oxidation and corrosion, so that it lacks
in stability as the carrier. '

The degree of graphitization of conductive carbon can be
evaluated from the crystallite diameter of graphite (002) and
the interlattice distance of graphite c (002) measured by XRD.

Carriers preferably used in the electrocatalyst of the
present invention include a conductive carbon having a graphite

(002) crystallite diameter of 6 A or more and a graphite ¢ (002)
interlattice distance of 3.7 A or less.

Now, a process for preparing the electrocatalyst of the
present invention will be described below.

The electrocatalyst is prepared by (1) the step of
supporting Pt on a conductive carbon carrier, (2) the step of
supporting Ru on the Pt-supported conductive carbon, and (3)
the step of simultaneously forming the present alloy and the
hexagonal ruthenium.

An example of this preparation process is as follows:
In the step of (1), 30 to 50 % by weight, based on the
weight of the catalyst, of Pt is supported on conductive carbon
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in the state of a good dispersion in which the crystallite
diameter of Pt (111) is 20 A or less. As amethod for supporting
Pt on conductive carbon, the conventionally known methods can
be used. For example, there can be used a method including the
steps of adding an aqueous solution of chloroplatinic acid,
sodium thiosulfate and hydrogen peroxide to an agueous slurry
of a conductive carbon (Japanese Patent Publication (kokoku)
No. 59-5012). Also, can be used a method including the steps
of adding an aqueous ammine solution of platinum hydroxide to
an aqueous slurry of conductive carbon, which has been acidified
with acetic acid, and then reducing with formic acid (Japanese
Pre-examination Patent Publication (kokai) No. 60-7941).

In the step of (2), Ru 1s supported in the state of an
insoluble Ru compound or metallic Ru on the Pt-supported
conductive carbon obtained in the step of (1) so that the amount
of Ru supported is 10 to 50 + by weight and the atomic ratio
Oof Pt/Ru contained in the catalyst ranges from 1/4 to 3/2. As
a method for supporting Ru on the Pt-supported conductive carbon .
conventionally known methods can be also used. For example,
there can be used a method including the steps of adding a
solution of a Ru compound to an aqueous slurry of the Pt-
supported conductive carbon, adjusting the pH so as to deposit
ruthenium hydroxide on the Pt-supported conductive carbon, and
reducing the ruthenium hydroxide with a reducing agent such as
formic acid or hydrazine to fix the same (Japanese Pre-
examination Patent Publication (kokai) No. 63-48760). 1In the
Pt and Ru-supported conductive carbon thus obtained, the Pt and
Ru are not substantially alloyed.

In the step of (3), the Pt and Ru-supported conductive
carbon obtained in the step of (2) is heat-treated to form the
present alloy and the hexagonal Ru. In this heat-treatment,

that the present alloy is formed of substantially all the Pt
and a part of the Ru and that the remaining Ru is present in
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the hexagonal Ru. The condlition of the heat-treatment is more
preferably at 600 to 900C in a stream containing 5 to 50 % by
volume of hydrogen (the remainder: nitrogen) for 30 minutes to
2 hours.

The catalyst of the present invention can be used as the
anode catalyst or cathode catalyst, and.preferably'the anode
catalyst, for a solid polymer electrolyte fuel cell.
Electrode '

The electrode (anode or cathode) for use in solid polymer
electrolyte fuel cells according to the present invention is
comprised of a support substrate of a water-repellent-treated
conductive and porous carbon and a catalyst layer containing
said electrocatalyst of the present invention and polymer
electrolyte particles, said catalyst layer being formed on one
side surface of the support substrate.

Usable support substrates of a conductive and porous
carbon include, for example, carbon paper and carbon cloth.

For performing the water repellent-treatment of a support
substrate, which forms a gas~-diffusion layer, is generally used
a water-repellent resin such as polytetrafluoroethylene,
fluoroethyiene—propylene copolymer and
fluoroalkoxypolyethylene. It is alternatively possible to
form a carbon powder layer comprised of conductive carbon powder
and a water-repellent resin prior to forming the catalyst layer
on one side surface of the support substrate. In that case,
the carbon powder layer and the support substrate form a
gas-diffusion layer.

The polymer electrolyte normally used includes
proton-conductive polymers having a cation exchange group such
as a sulfonic acid group or a carboxylic acid group in side chains.
Specific examples of the polymers include perfluoro polymers
having sulfonic acid groups, hereinafter referred to as
perfluoro sulfonic acid polymer, such as

tetrafluoroethylne-perfluorovinylether copolymers having
sulfonic acid groups shown by the following general formula:
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—{CF 2CF y Yu—{CF7CF

l—(OCFz(IZF),O (CF3) ,SO3H
CF;

wherein m and n are each an integer, x 1s an integer of 0 to
3 and y 1s an integer of 1 to 5.

Among them, preferred is perfluoro sulfonic acid polymer
which 1s commercially available from Aldrich Co. as a solution
under the trade name of Nafion.

Conductive carbon powder used includes the same

conductilive carbon powder as exemplified as the carrier in the
electrocatalyst of the present invention.

As methods for producing the electrode of the present
invention for use 1n solid polymer electrolyte fuel cells, the
conventlonally known methods can be used, without any
limitation.

For example, first, a support substrate is immersed in
an aqueous solution of a water-repellent resin and dried at 60
to 100C, followed by calcining at 250 to 350C for water
repellent-treatment. Subsequently, a slurry or paste
containing conductive carbon powder and a water-repellent resin
1s prepared, and then coated on one side surface of the water
repellent-treated support substrate to a carbon powder layer
in which the conductive carbon powder and the water-repellent
resin have been mixed. Further, said electrocatalyst is mixed
with polymer electrolyte particles or a solution of polymer
electrolyte previously prepared to forma slurry or paste. Then,
the slurry or paste is coated on the above conductive carbon
layer and air dried, followed by further drying at 60 to 100
C for forming a catalyst layer containing said electrocatalyst
and polymer electrolyte particles. As an alternative method
for forming the catalyst layer containing said electrocatalyst
and polymeric electrolyte particles on the carbon powder layer,
there 1s a method in which a slurry or paste is prepared from
sald electrocatalyst and a water-repellent resin and coated on

10




10

15

20

25

30

35

CA 02269643 1999-04-22

the carbon powder layer, followed by immersing in or coating
a soclution of a polymer electrolyte which solution is previously
prepared. Subsequently, the product coated is air driedat room
temperature and further dried at 60 to 100TC.

In the above production method, the catalyst layer can
be formed directly on the water repellent-treated support
substrate without forming the carbon powder layer. In this case,
a water-repellent resin 1is preferably added to the catalyst
lavyer.

The coating methods used include, for example, spray
coating, filtration, roll-coating and printing.

The thickness of the support substrate 1s generally 50
to 400 um or less, and preferably 150 to 350 4m, and the
thickness of the carbon powder layer is generally 100 4m oOr
less, and preferably 70 um or less. The thickness of the
catalyst layer is generally 5 to 120 4m, and preferably 10 to
70 Lm.

The thus produced electrode of the present invention can
be used as an anode and a cathode, and preferably an anode.
Alternatively, the electrode of the present invention and
another electrode, for example, an electrode using a Pt
alone-supported conductive carbon catalyst can be used as an

anode and a cathode, respectively.

electrolyte fuel cells

The membrane-electrode assembly of the present invention

is comprised of a catalyst layer containing an electrocatalyst
and polymer electrolyte particles and a conductive and porous
support substrate, in this order, formed on each of both side
surfaces of a solid polymer electrolyte membrane. Each
catalyst layer formed on both said side surfaces or the catalyst
layer formed on said one side surface is the catalyst layer used
in the electrode of the present invention. Accordingly, the
membrane-electrode assembly may be a structure in which the
electrode of the present invention has formed on both side

surfaces of a solid polymer electrolyte membrane or may be a

11
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structure in which the electrode of the present invention has
formed on one side surface of a solid polymer electrolyte
membrane while an electrode except for the electrode of the
present invention has been formed on the other side surface of
the solid polymer electrolyte membrane.

The solid polymer electrolyte membrane used herein is
generally a membrane made of a polymer resin having a cation
exchange group such as a sulfonic acid group or a carboxylic
acid group in the side chain. Examples of the polymer for the
electrolyte membrane is as exemplified above. Among them,
preferred is perfluoro sulfonic acid polymer which is
commerclally available from E.I. Du Pont de Nemourx and Company
ds a membrane under the trade name of Nafion 112, 115 and 117:
and from Asahi Kasei K.K. as a membrane under the trade name
of Aciplex EW900.

As methods for producing the membrane-electrode assembly
of the present invention, the conventionally known methods can
be used, without particular limitation.

For example, in the case of forming the electrode of the
present invention only on one side surface of the solid polymer
electrolyte membrane, the side of the catalyst layer of the
electrode according to the present invention is superimposed

on the surface of the solid polymer electrolyte membrane and
then adhered under pressure to produce said member. 1In the case

of forming the electrode of the present invention on both side
surfaces of the solid polymer electrolyte membrane, the

electrode of the present invention is superimposed on each of
both side surfaces of the solid polymer electrolyte membrane,
as aforementioned, and then adhered under pressure. In the case
of forming the electrode of the present invention on one side
surface of the solid polymer electrolyte membrane and forming

another electrode except for the electrode of the present
invention on the other side surface, the electrode of the

present invention is superimposed on one side surface of the
solid polymer electrolyte membrane and another electrode except
for the electrode of the present invention is superimposed on

12




10

15

20

25

30

35

CA 02269643 1999-04-22

the other side surface, as aforementioned, and then adhered
under pressure.

As an alternative production method of the membrane-
electrode assembly of the present invention, there can be
enumerated, for example, a method in which a catalyst layer
containing the catalyst of the present invention and polymer
electrolyte particles is formed on one side surface or both side
surfaces of a solid polymer electrolyte membrane is formed and
the water repellent-treated support substrate 1s superimposed
on the catalyst layer or each of the catalyst layers, followed
by adhering under pressure. Optionally, the carbon layer
containing conductive carbon powder and a water-repellent resin
may be previously formed on the surface of the support substrate
to be superimposed.

As methods for forming the catalyst layer containing said
electrocatalyst and a polmer electrolyte particle, there can
be enumerated, for example, a method in which a slurry or paste
is prepared by mixing the catalyst and polymer electrolyte
particles and optionally further adding a pore-forming agent
thereto, and coated on one side surface or both side surfaces
of the solid polymer electrolyte membrane, followed by air

C. In the case of using a pore-forming agent, the catalyst
layer is formed and then either the pore-forming agent contained
in the layer is dissolved in a solvent such as water or the
pore-forming agent is calcined and decomposed at 150 to 250
C for removal. The coating methods used include, for example,
screen-printing, doctor blade-coating and roll coater-coating
but are particularly limited thereto.
The pore-forming agents used include, for example, ammonium
carbonate and polyvinyl alcohol.

In the thus produced membrane-electrode assembly of the
present invention, one of the electrodes is an anode while the

other of the electrodes is a cathode. Also in the
membrane-electrode assembly in which the electrode of the
present invention has been formed on both side surfaces of the

13
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solid polymer electrolyte membrane, one of the electrodes is
an anode while the other of the electrodes is a cathode. In

the membrane-electrode assembly in which the electrode of the
present invention has been formed on one side surface of the
solid polymer electrolyte membrane and another electrode except
for the electrode of the present invention has been formed on
the other side surface, the electrode of the present invention
can be used as an anode or a cathode depending on the functions
of another electrode except for the electrode of the present
invention. 1In this case, 1t 1s preferred that, for example,
an electrode having a Pt alone-supported conductive carbon
catalyst is used as a cathode while the electrode of the present
invention is used as an anode.
01id polvmer ele . s - z

The solid polymer electrolyte fuel cell of the present
invention is comprised of an anode gas-distribution plate and
a cathode gas-distribution plate respectively located on each
support substrate (a gas-diffusion layer) of an anode and a
cathode of the membrane-electrode assembly of the present

invention. The anode gas-distribution plate and the cathode
gas-distribution plate each serve also as a current collector.

The gas-distribution plates used include those
conventionally used. For example, there can be used a gas-
distribution plate, which is also served as a current collector,
comprising grooves having a desired depth for gas-distribution
formed on the desired portion of one side surface of a gas-
impermeable dense carbon plate, and a gasket for gas-sealing
formed on the circumferences of the grooves. The gasket for
gas-seallng used includes a packing made of a fluoroplastic,

such as a polytetrafluoroethylene sheet and an O-ring made of
vinylidene fluoride/hexafluoropropylene copolymer.

In order to manufacture the fuel cell of the present
invention as a single cell, two gas-distribution plates are
prepared, the surface having grooves of each of the gas-
distribution plates is fitted to each gas-diffusion layer of
the anode and cathode of the membrane-electrolyte assembly so

14
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that the surface having grooves comes into contact with the
gas-diffusion layer, and then the gas-distribution plates

present in both sides of the resulting assembly is put and fixed
between two metal plates, such as stainless steel plates, each
having a gas feed inlet and a gas discharge outlet. A stacked
cell can be manufactured by forming a reaction-gas flowing path

on both side surfaces (one allowing the anode gas to pass and

the other allowing the cathode gas to pass) of a separator-
bipolar plate, composed of gas-impermeable dense carbon
substances, and then connecting adjacent unit cells to each
other in series. Further, a coolingtube can be embedded in
every several cells to remove a heat of reaction caused by the
cell reaction and to recover the heat.

In order to operate the fuel cell of the present invention,
while heated steam is passed into the gas feed inlet of each
electrode of the anode and cathode to moisten the electrolyte
membrane, air or oxygen is supplied to the cathode and a reformed
gas (a hydrogen-enriched gas produced by reforming a fuel such
as alcohol or hydrocarbon) is supplied to the anode.

Since the fuel cell of the present invention is excellent
in poisoning resistance to carbon monoxide, the fuel cell has
a characteristic capable of keeping a high direct-current
electromotive force.

For example, a solid polymer electrolyte fuel cell using
a conventional electrocatalyst in an anode may provide a high
terminal voltage of 0.5 to 0.6 V at a current density of 500
to 1,000 mA/cm’ when air is supplied to the cathode and a hydrogen
gas free of carbon monoxide is supplied to the anode containing
an electrocatalyst comprised of, for example, a Pt alone-
supported conductive carbon. However, when a hydrogen gas such
as a reformed gas contains carbon monoxide in a concentration
of several ten ppm, there is observed a drop of 100 mV or more
in terminal voltage at a current density of, for example, 500

mA/cm’. On the contrary, in a solid polymer electrolyte fuel
cell using the electrocatalyst of the present invention in an

anode, a drop 1n terminal voltage is only several ten mV even
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when the concentration of carbon monoxide contained in a
reformed gas exceeds several ten ppm, and in some cases, 100
ppm, and a high output power density is kept.

EXAMPLES
The present invention will be explained with reference

to working examples without particularly limiting thereto. 1In
working examples and comparative examples, "%" represents "%
by weight” unless otherwise stated.

Example 1

(1) Preparation of Pt-supported carbon powder

50 g of an acetylene black having a BET specific surface
area of 250 m’/g (trade name: C-250, produced by DENKI KAGAKU
KOGYO K'.K. ) were charged into 1 liter of delionized water to form
a slurry. Then, 100ml of glacial acetic acid were added thereto,
and the slurry was heated with stirring and stirred at 95 C
for one hour. After cooling, the slurry was filtered and the
resulting residue was washed with deionized water until the pH
of the water after washing reached 7. The washed carbon
obtained was charged into 2 liters of deionized water to form
a slurry. To the slurry, 14 ml of glacial acetic acid was added
and then 500 ml of an agueous ammine solution of a platinum
hydroxide containing 33 g as Pt was dropwise added over one hour
with stirring. Subsequently, the slurry liquid was heated and
330 ml of an aqueous solution containing 9.4 ml of 99% formic
acid was dropwise added thereto at 95 C over 30 minutes. After
the end of the adding, the slurry liquid was stirred for
additional 30 minutes. Thereafter, the slurry liquid was
cooled to room temperature and filtered, followed by washing
the resulting residue with delonized water. The thus obtained
cake was dried in a vacuum dryer at 95 T for 16 hours and then

pulverized in nitrogen atmosphere to obtain 40%Pt-supported
carbon powder.
(2) Preparation of Pt- and Ru-supported carbon catalyst

83 g of the 40%Pt-supported carbon powder obtained in the
(1) were charged into 2.7 liters of deionized water to form a
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slurry. To the slurry, 340 ml of an aqueous solution containing
delonized water and a ruthenium chloride containing 17 g as Ru
was dropwise added over 15 minutes with stirring. Then, to the
slurry liquid, a 2.5 % aqueous solution of sodium hydrogen
carbonate was added over one hour to adjust the pH of the liquid
to 7 and heated at 50C, followed by maintaining at this
temperature for 30 minutes. Next, to the liquid, 500 ml of an
aqueous solution containing deionized water and 12.6 g of
hydrazine hydrate were dropwise added over 30 minutes.
Thereafter, the liquid was cooled to room temperature and
filtered, followed by washing with deionized water. The thus
obtalned cake was dried in a vacuum dryer at 95 T for 16 hours
and then pulverized in nitrogen atmosphere. The resulting
powder was then heated in a stream containing 10 % by volume
of hydrogen (the remainder: nitrogen) at 850 T for one hour
to prepare a 33%Pt- and 17%Ru-supported carbon catalyst (A-
1). The measurement of the catalyst by XRD showed that the (111)
diffraction peak of the present alloy was present at 26 =39 _8°
and the (101) diffraction peak of the hexagonal ruthenium was
present at 20 =43.95°. Thus, the peak intensity ratio of the
diffraction peak of the former to the diffraction peak of the
later was 2:1. The crystallite diameter of the present alloy
and that of the hexagonal ruthénium were 50 A and 85 A,
respectively. Further, the measurement of the catalyst by the
X-ray photoelectron spectroscopy showed that the peak of Ru 34
5/2 was present at about 280 eV to presume that Ru was in the
metallic state.
Example 2
(1) Preparation of Pt-supported carbon powder
33%¥Pt-supported carbon powder was obtained in the same
manner as (1) in Example 1, except that 50 g of acetylene black
were replaced with 67 g of a ketchen black having a BET specific
surface area of 1,300 m‘/g (trade name: EC-DJ600, produced by
Mitsubishi Kagaku K.K.).
(2) Preparation of Pt- and Ru-supported carbon catalyst
25%Pt-and 35%Ru-supported carbon catalyst (A-2) was
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obtalned in the same manner as (2) in Example 1, except that
83 g of 403%Pt-supported carbon powder were replaced with 60 g
of the 33%Pt-supported carbon powder obtained in the (1) and
the ruthenium chloride contalning 17 g as Ru was replaced with
a ruthenium chloride containing 40 g as Ru.

The measurement of the catalyst by XRD gave the results
as shown in Fig. 1, in which multiple peaks were present at 2

0=38" to 44 . These peaks were analyzed by peak separation
method to f£find that the (100) diffraction peak of the hexagonal
ruthenium was present at 20 =38.32°, the (111) diffraction peak
of the present alloy at 260 =39.94°, the (002) diffraction peak
of the hexagonal ruthenium at 260 =42.10", and the (101)
diffraction peak of the hexagonal ruthenium at 260 =43.94° .
Thus, the peak intensity ratio of the (111) diffraction peak
at 260 =39.94° of the present alloy to the (101) diffraction peak
at 260 =43.94"of the hexagonal ruthenium was 1:2.5. The
crystallite diameter of the present alloy and that of the
hexagonal ruthenium were 46 A and 72 A, respectively.

Example 3
(1) Preparation of Pt-supported carbon powder

Carbon black (trade name: Vulcan-XC-72R, produced by
Cabot Co.) was heat-treated in vacuum to prepare a partially
graphitized carbon black having a BET specific surface area of
120 m*/g. Next, 22%Pt-supported carbon powder was obtained in
the same manner as (1) in Example 1, except that 50 g of acetylene
black were replaced with 70.2 g of the partially graphitized
carbon black and the aqueous ammine solution of a platinum
hydroxide containing 33 g as Pt was replace with an aqueous
ammine solution of a platinum hydroxide containing 19.8 g as
Pt.
(2) Preparation of Pt- and Ru-supported carbon catalyst

20%¥Pt- and 10%Ru-supported carbon catalyst (A-3) was
obtained in the same manner as (2) in Example 1, except that
83 g of the 40%Pt-supported carbon powder were replaced with
90 g of the 223%Pt-supported carbon powder obtained in the (1)
and the ruthenium chloride containing 17 g as Ru was replaced
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with a ruthenium chloride containing 10 g as Ru. The
measurement of the catalyst by XRD showed that the (111)
diffraction peak of the present alloy was present at 26 =39.93°
and the (101) diffraction peak of the hexagonal ruthenium was
present at 260 =43.95" . Thus, the peak intensity ratio of the
diffraction peak of the former to the diffraction peak of the
later was 3:1. The crystallite diameter of the present alloy

and that of the hexagonal ruthenium were 45 A and 83 A,
respectively.
Example 4
(1) Preparation of Pt-supported carbon powder
25%Pt-supported carbon powder was obtained in the same
manner as (1) in Example 1, except that 50 g of acetylene black
were replaced with 60 g of a carbon black (trade name: CE-D,
produced by Mitsubishi Kagaku K.K.) having a BET specific
surface area of 850 m’/g and the agqueous ammine solution of a
platinum hydroxide containing 33 g as Pt was replace with an
agqueous ammine solution of a platinum hydroxide containing 20
g as Pt.
(2) Preparation of Pt- and Ru-supported carbon catalyst
20%Pt- and 20%Ru-supported carbon catalyst (A-4) was
obtained in the same manner as (2) in Example 1, except that

83 g of the 40%Pt-suppor1;ed carbon powder were replaced with
80 g of the 25%Pt-supported carbon powder obtained in the (1)

and the ruthenium chloride containing 17 g as Ru was replaced
with a ruthenium chloride containing 20 g as Ru. The
measurement of the catalyst by XRD showed that the (111)
diffraction peak of the present alloy was present at 20 =40.02°
and the (10'1) diffraction peak of the hexagonal ruthenium was

present at 20=43.96°. Thus, the peak intensity ratio of the
diffraction peak of the former to the diffraction peak of the
later was 1:1.5. The crystallite diameter of the present alloy
and that of the hexagonal ruthenium were 31 A and 79 A,
respectiveLy.

Comparative Example 1
The 40%Pt-supported carbon powder obtained in the (1) of
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Example 1 was prepared as the catalyst (C-1) of Comparative
Example 1.

Comparative Example 2

In accordance with the method described in D. W. Mackee and A.
J. Scarpellio,Jr., J.Electrochem.'Tech., 6(1969) p.101, 50 g
of a carbon black having a BET specific surface area of 230 m*/qg
(trade name: Vulcan-XC-72R, produced by Cabot Co. ) were charged
into 1.5 liters of deionized water to form a slurry. Next, to
the slurry, 330 ml of an aqueous solution of a chloroplatinic
acid (H,PtCl,) containing 33 g as Pt and 170 ml of an agueous

solution of a rutheniumchloride containing 17 g as Ruwere added.

Then, the slurry was heated at 80 to 95 C in vacuum to evaporate
to dryness. The thus obtained cake was pulverized and then
reduced in a stream of 100 § (% by volume) hydrogen at 125

C for 3 hours to prepare 333Pt- and 17%Ru-supported carbon
catalyst (C-2). The measurement of the catalyst by XRD showed
that the (111) diffraction peak in broad width of the Pt-Ru alloy
was present at 20=39.8" The crystallite diameter of the alloy
was 27 A. No peaks originating from hexagonal ruthenium were
detected in the vicinity of 20=44° and that of 260 =69° .

Comparative Example 3

In accordance with the method described in Japanese
Pre-examination Patent Publication (kokai) No. 3-22361, 33 q
of sodium hydrogensulfite was charged into 1 liter of an agueous
solution of a chloroplatinic acid containing 3.3 g as Pt and
then an aqueous solution of 30% hydrogen peroxide was added
thereto. Next, an aqueous solution of sodium hydroxide was
added to adjust the pH of the liquid. While stirring the
resulting colloidal solution by means of ultrasonic wave, 200
ml of an aqueous solution of a ruthenium chloride containing
1.7 g as Ru was dropwise added thereto. Subsequently, 5.0 g
of the same acetylene black as used in the (1) of Example 1 was
added to the liquid, followed by stirring for 16 hours to form
a sluz.:ry. The slurry was filtered and the thus obtained cake
was washed with water, dried, pulverized and then heat-treated
1n nitrogen stream at 300 T for one hour to prepare a 33%Pt-

20




10

15

20

25

30

35

CA 02269643 1999-04-22

and 17¥Ru-supported carbon catalyst (C-3). The measurement of
the catalyst by XRD showed that the diffraction peaks

originating from Pt (111) and Pt (220) were present at 260 =39.5°
and 20 =67.5", respectively. From the values, it was presumed
that Pt and Ru were not substantially alloyed and Pt was present

singly. Ru was not detected as metal and also as RuO,. The
crystallite diameter of the Pt was 20 A. Further, the

measurement of the catalyst by the X-ray photoelectron
spectroscopy showed that the peak of Ru 3d 5/2 was present at
about 281 to 283 eV to presume that Ru was in the form of an

amorphous oxide comprised of RuO, , RuO, or a mixture thereof.
Example o5

A carbon paper measuring 0.18 x 60 x 60 mm (trade name:
TGP-H-060, produced by TORAY K.K.) was immersed into a 5% PTFE
(polytetrafluoroethylene) dispersion obtained by diluting 30
g of PTFE dispersion(trade name: Teflon 30-J, produced by Mitsui
Fluorochemical K.K.) with 360 ml of deionized water.
Subsequently, the carbon paper was filtered and then sucked,
and the carbon paper thus dried was calcined at 350 T for 30
minutes to prepare a water-repellent carbon paper containing
PTFE in an amount of 5 %.

57.6 mg of the catalyst (A-1) (the total weight of Pt and
Ru contained in the catalyst: 28.8 mg) 0.49 g of the 5% PTFE
dispersion and 30 ml of deionlzed water were mixed and dispersed
by means of an ultrasonic dispersion apparatus to form a uniform
slurry.

Using a handy spray gun, the slurry was coated on the whole
one side surface of the water-repellent carbon paper obtained
in the above. Next, the carbon paper coated was dried at room
temperature and then calcined at 280 C for 30 minutes to prepare
a catalyst layer comprised of the catalyst and PTFE. A liquid
obtained by diluting 1.0 ml of a 5% Nafion solution (produced
by Aldrich Co.) with 0.7 ml of deionized water was coated on
the whole surface of said catalyst layer and air dried at room
temperature for one hour, followed by further drying at 80 C

for one hour to prepare an electrode (AE-1) having a catalyst
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layer containing 0.8 mg/cm’ of Pt+Ru, 0.7 mg/cm’® of the polymeric
electrolyte and 0.7 mg/cm’ of water-repellent resin.

=P . Ceoli{lL®

Electrodes (AE-2), (AE-3) and (AE-4) of Examples were
prepared in the same manner as in Example 5 using the catalysts

(A-2), (A-3) and (A-4), respectively. Likewise, electrodes
(CE-1), (CE-2) and (CE-3) of Comparative Examples were prepared
1n the same manner as in Example 5 using the catalysts (C-1),.
(C-2) and (C-3), respectively.

The catalyst layer of the electrode (AE-1) obtained in
Example 5 was superimposed on a perfluoro sulfonic acid polymer
membrane proton-exchanged measuring 0.1 x 80 x 80 mm (trade
name: Nafion 112, produced by E.I.du Pont de Numours and Co.)
and further the electrode (CE-1) was superimposed on the polymer
membrane so that the catalyst layer of the electrode was
contacted with the polymer membrane. Thereafter, the
resulting assembly was heated and pressed at 130 C under a
pressure of 100 kg/cm’ using a hot-press for 10 minutes to
produce a membrane-electrode assembly (MAE-1) using the
electrode (AE-1) as an anode and the electrode (CE-1) as a
cathode.

[ ]
AN _ ) - ANC OMDZE = D CAMYL -

The membrane-electrode assemblies (MAE-2), (MAE-3) and
(MAE-4) of Examples were produced in the same manner as in
Example 9 except for using the Electrodes (ME-2), (ME-3) and
(ME-4) as an anode, respectively. Likewise, the membrane-
electrode assemblies (MCE-1), (MCE-2) and (MCE-3) of
Comparative Examples were produced in the same manner as in
Example 9 except for using the Electrodes (CE-1), (CE-2) and
(CE-3) as an anode, respectively.

. . OF XAMD.Jl € ® - €

A lllcll

Grooves for gas-distribution were formed at a pitch of
2 mm on a square portion 60x60 mm of one side surface of a dense
carbon plate, and an O-ring made of vinylidene fluoride-
hexafluoropropylene copolymer (trade name: Byton, produced by

E.I. du Pont Numours and Co.) was fitted to the circumferences

22




10

15

20

25

30

CA 02269643 1999-04-22

of said grooves to produce two gas-distribution plates for
serving also as a current collector plate. Then, the surface
having grooves of each of the gas-distribution plates was fitted
to each gas-diffusion layer of the anode and cathode of the
membrane-electrode assembly (MAE-1) as produced above so that
the surface having grooves was contacted with the gas-diffusion
layer, and then the gas-distribution plates present in both
sides of the resulting assembly were inserted and fixed between
two stainless steel plates each having a gas feed inlet and a
gas discharge outlet, followed by fastenling several terminal
ends of each stainless steel plate with bolts to produce a solid
polymer electrolyte fuel cell as an single cell having an
effective electrode area of 36 cm’.

The single cell was heated to 70 C and, while supplying
heated steam from a bubbling humidifier, heated at 80 C to the
gas feed inlet of each electrode of the anode and the cathode
of the single cell, hydrogen gas was supplied to the anode at
120 ml/min through the humidifier and oxygen gas was supplied
to the cathode at 120ml/min. At this time, the terminal voltage
(V1) in the steady state of a current density being 500 mA/cm’
was 605 mV.

Next, the hydrogen gas was replaced with a mixed gas of
hydrogen and a carbon monoxide in a concentration of 30 ppm,
and the mixed gas was supplied for 5 hours. At this time, the
terminal voltage (V2) at a current density of 500 mA/cm’ was
532 mV. From the difference: V1-V2, the polarization due to
the carbon monoxide having a concentration of 30 ppmwas 73 mV.
Polarizatlon was measured in the same manner as above, except
for replacing MAE-1 as the membrane-electrode assembly with

MAEF -2, MAE-3, MAE-4, MCE-1, MCE-2 or MCE-3. The results were
shown in Table 1.
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r__[ Table IJ
Anode catalyst Membrane- Polarization
| . electrode {mV)
assembly 1in |
; single cell

.

A-1(present alloy:Ru=2:1)
A-2(present alloy:Ru=1:2.5)
A-3(present alloy:Ru=3:1)
A-4(present alloy:Ru=1:1.5)
C-1(Pt alone)

C-2(Pt-Ru alloy)

iC-B(Pt + amorphous RuO,)

Note: The value in parenthesis in each of Examples (A-1 to A-4)

represents the peak intensity ratio of the diffraction peak of
the present alloy to that of the hexagonal ruthenium measured
by XRD. The metal in parenthesis in each of Comparative
Examples (C-1 to C-3) represents the status of the metallic
elements supported.

Table 1 showed that the single cell produced by using the
anode containing the electrocatalyst of the present invention
was extremely low in polarization and had an excellent poisoning

resistance to carbon monoxide.
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wWhat is claimed is:

1. An electrocatalyst for use 1n solid polymer electrolyte
fuel cells, comprising a cubic platinum-ruthenium solid
solution alloy and a hexagonal ruthenium supported together on
a conductive carbon carrler. '

2. The electrocatalyst according to claim 1, wherein said
cubic solid solution alloy and said hexagonal ruthenium each
have a crystallite diameter of 10 to 100 A.

3. The electrocatalyst according to claim 1, wherein the
total amount of said cubic solid solution alloy and said
hexagonal ruthenium supported ranges from 10 to 80 % by weight

based on the electrocatalyst.

4 . The electrocatalyst according to claim 1, which is used
for an anode of said solid polymer electrolyte fuel cell.

5. An electrode for use in solid polymer electrolyte fuel
cells, comprising a water repellent-treated support substrate
of a conductive and porous carbon and a catalyst layer
containing said electrocatalyst of this invention and polymer
electrolyte particles and formed on one side surface of said
support layer. .

6. The electrode according to claim 5, which is an anode of

the solid polymer electrolyte fuel cell.

7. A membrane-electrode assembly for use in solid polymer
electrolyte fuel cells, comprising a solid polymer electrolyte
membrane, a catalyst layer containing an electrocatalyst and
polymer electrolyte particles, and a conductive and porous
support substrate;

said catalyst layer and said support substrate having
been formed in this order on both side surfaces of said solid
polymer electrolyte membrane, wherein one set of the catalyst
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layer and the support substrate on one side of the solid polymer
electrolyte membrane forms anode and another set of the catalyst
layer and the support substrate on the other side of the solid
polymer electrolyte membrane forms cathode,

wherein at least one of said catalyst layers contains the
electrocatalyst as defined in claim 5.
8. A solid polymer electrolyte fuel cell, comprising said
membrane-electrode assembly, an anode gas-distribution plate
located to the support substrate of the anode, and a cathode
gas-distribution plate located to the support substrate of the
cathode of said membrane-electrode assembly as defined 1n claim
7.
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