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the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
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the United States Government or any agency thereof. The
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Executive Summary

Fuel cells, particularly those utilizing a proton-exchange membrane (“PEM’ fuel cells),
offer a realistic opportunity for the replacement of combustion-type, energy production
technologies in many facets of the United States economy. As is well known, combustion
technologies contribute significantly to the degradation of the environment through the release of
atmospheric pollutants, including uncombusted hydrocarbon particulate, carbon monoxide,
oxides of nitrogen and sulfur and greenhouse gases, such as carbon dioxide. PEM fuel cells,
operating on hydrogen or a hydrogen-rich gas, produce electricity with little or no atmospheric
pollution. These fiel cells electrochemically convert hydrogen and the oxygen in air directly
into electricity without combustion. The only by-products of the reaction are heat and pure
water. While the principle of fuel cell operation was discovered over a century ago, practical fiel
cells are a relatively recent phenomenon, dating back to the United States space program.

For the United States to embark on the path toward a “hydrogen economy”, there are
many obstacles to be overcome with respect to hydrogen production, distribution and storage.
Other Department of Energy-funded programs are in progress to address these complex and
difficult issues. However, assuming that reliable hydrogen supplies can be made available in a
cost-effective manner, the mechanism for converting the hydrogen to useful energy will be the
fbel cell. For example, PEM fbel cells are currently being evaluated by the auto industry for zero
emission vehicles (“ZEV’S”) to replace the internal combustion engine and by utilities as a
means to establish a distributed power generation system.*

The basic component parts of a PEM fbel cell stack or battery are: (1) a proton-exchange
membrane; (2) catalyzed electrodes; (3) bipolar plates; (4) gaskets; and (5) endplates. Currently,
PEM fiel cells are not economically viable alternatives to standard combustion technologies. A
recent study by Arthur Little and Associates for the Department quantified the cost dilemma
posed by PEM fiel cell technology. Even in mass production, the basic components of the PEM
fhel cell alone would cost over US$240 per kilowatt. To be cost-competitive with the internal
combustion engine, the cost per kilowatt must be reduced to about US$50 per kilowatt for
vehicle applications. See, Appendix 1.

The present investigation was begun in order to determine whether significant cost
reductions could be achieved with respect to the hardware components of the PEM fuel cell
stack. The project was performed with the financial assistance of the United States Department
of Energy/Energy-Related Inventions Program under Grant No. DE-FGO1-97EE1 5679, whose
financial and marketing support have been greatly appreciated.

Electrode Design

The initial phase of the project focused upon potential cost reduction with respect to the
catalyzed fuel cell electrodes used in PEM fbel cells. Fuel cell electrodes are comprised of a
platinum catalyst and a substrate for catalytic support. It has been known for several years that
the portion of the catalyst which is most directly adjacent to the membrane is responsible for the
majority of power produced by the cell (a “front-loaded catalyst’’)z. State-of-the-art PEM fiel
cell electrodes require distribution of- the catalyst throughout the body of the electrode and front-
loading is not normally employed. If all of the catalyst could be front-loaded onto a different



type of electrode substrate, however, the amount of precious metal catalyst required for each cell
could be substantially reduced. Since platinum sells on the open market for about US$400 per
ounce, any reduction in the amount of platinum needed for PEM fiel cells can lead to significant
cost savings when fuel cells reach the mass production stage of development.

The electrode substrate which was utilized in this project was a commercially available,
flexible graphitic material commonly known as “grafoil” (Alfa-Aesar Product No. 10832). The
platinum catalyst was front-loaded onto the substrate by means of sputtering. Sputtering is a
well-established commercial technique for depositing thin layers of a material onto a surface.
Sputtered material has excellent adherence to the substrate, which is of crucial importance for
extended operation of an electrode in the electrochemical environment of a fuel cell.

Different sputtering techniques were tested over the course of the project. High surface
area catalytic structures were fabricated using an extremely low catalyst loading of less than 0.15
mg/cm2 of platinum. By comparison, typical state-of-the-art carbon cloth fkel cell electrodes use
platinum loadings of 0.35 to 0.4 mg/cmz. Despite a -60Y0 reduction in the catalyst loading in
the graphite electrode, the data indicates that the current generated at a given voltage was only
reduced by-500A. Consequently, there was a significant increase in the activity of the
platinum catalyst per unit weight. For example, the inventor’s sputtered graphite electrode
produced 0.6 volts at 200ma/cm2 and a carbon cloth electrode (purchased from BCS Technology
of Bryan, Texas) produced 400ma/cmz at the same voltage and under similar operating
conditions. In principle, therefore, if the catalytic wu%acearea of the sputtered graphite electrode
could be doubled, its performance would approach that of the carbon cloth electrode but with just
one-half to two-thirds(or less) the precious metal content. Utiortunately, the inventor was
unable to achieve the necessay doubling of the catalytic roughness factor during the course of
this investigation. While numerous sputtering techniques were employed which resulted in very
unique, front-loaded catalytic microstructure, none of the microstructure was capable of
supplying the same amount of current per unit area of electrode surface as the high platinum
loading carbon cloth electrodes. However, continued work with platinum and.lorplatinum alloy
microstructure is clearly justified. If extremely rough, high surface area catalytic
microstructure can be fabricated, a significant reduction in precious metal loadings could be
achieved, using front-loaded graphite electrodes, without a reduction in overall fiel cell
performance.

Bipolar Plates and Gasket Assemblies

Until recently, the state-of-the-art PEM bipolar plate was made from graphite, into which
flow-field channels were machined. Flow-fields allow the reactant gases (e.g., hydrogen and
air) to enter the catalyzed fiel cell electrodes. Flow-fields also allow venting of the oxygen-
depleted air supply and of the product water produced by the electrochemical reaction. Graphite
is an excellent material for use in PEM fbel cells because it is extremely non-corrosive in the
electrochemical cell environment. However, machined graphite plates are ve~ expensive to
manufacture and they are bulky. Recent research for an alternative to machined graphite bipolar
plates has focused primarily on substituting other materials for graphite. For example, treated
titanium plates, stainless steel plates and carbon/polymer composite plates have been developed.
While the main advantage to carbotipolymer plates is that they can be molded rather than
machined, the metal plates often have other advantages over machined graphite plates. Metal



plates can be lighter weight. In addition, they usually have higher “cell stacking density” (i.e., the
number of cells that can be stacked together per lineal inch).

The second phase of the investigation was begun in order to determine whether flexible
graphite sheet could be combined with a unitized gasket to make a cost-effective PEM bipolar
plate and gasket assembly (a “PGA”). The PGA was used primarily for establishing baseline
data for the carbon cloth electrodes referred to above. The PGA’s combine the benefits of
machined graphite bipolar plates (excellent corrosion resistance and low material costs) with the
benefits of metal plates (light-weight, high cell stacking density and low mass production costs).
The PGA’s are comprised of inexpensive and light-weight materials. The plate portion is made
of flexible graphite. A flow-field maybe stamped or embossed into one-surface of the flexible
graphite, the graphite surface may be lefi unprocessed, or a carbon cloth flow-field maybe added
as discussed below. The costs formerly associated with machining are thereby eliminated in any
case. Internal manifolds can be cut from the plate, also by routine stamping processes.

At least one of the flow-fields for the plate is carbon cloth. The cloth allows for an
ample flow of gas to reach the fuel cell electrodes. The carbon cloth also serves as a “spring”
type electrical contact in the connection of individual PEM fiel cells in the stack. The
graphite/carbon cloth structure of the plate component of the PGA provides a low-resistance
electronic pathway for the electricity generated by the fbel cells in a stacked series arrangement.

Unitized plates and gaskets are uncommon in PEM fiel cell architecture. Normally, a
fluoroelastomer gasket (e.g., teflon or Viton) is placed on either side of the bipolar plate without
bonding. The structure of the PGA’s, however, does not allow for the use of the normal type of
gasket. Instead, a rigid/compressible gasket is employed. The rigid/compressible gasket seals
the adjacent fiel cells but allows the reactant gases (and product water) to enter and exit either
the fbel flow-field side or the oxidant flow-field side of the plate via the manifolds. The gasket
must be bonded to the plate to pefiorrn these fimctions. Consequently, the plate and gasket
comprise a unitized assembly. For stack cooling purposes, the graphite can be extended beyond
the edges of the gasket to comprise a “cooling fin” for each cell. Adjacent fins are separated by
an electronic insulator to prevent short circuits. The PEM’s membrane and electrode assembly is
inserted into adjacent PGA’s and sealed, thereby completing an individual fuel cell and further
simpli&ing stack construction.

The PGA’s allow a cell stacking density of 20 cells per lineal inch, which is about 50%
higher than metal bipolar plates and 250% higher than machined graphite or carbonlpolymer
plates. The PGA’s are extremely light-weight. The most costly materials used in the fabrication
of a PGA are the carbon cloth and flexible graphhe, which are relatively inexpensive,
commercially-available materials. Because the PGA’s are fabricated by routinized stamping,
cutting and joining steps, production costs can also be minimized. PGA’s thereby combine the
best features of machined graphite bipolar plates with the best features of metal and/or
carbordpolymer plates in a cost-effective manner. In mass production, PGA’s could only cost
pennies a copy to manufacture.
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Electrode Commercialization

Several United States patents have been issued in recent months for the sputtered graphite
electrodes. See, United States Patent Nos. 5,869,201,5,869,202 and 5,885,729;
see also, Appendix 2. There are currently two obstacles to commercialization of these electrodes.
First, the surface area roughness of the catalytic microstructure must either (i) be doubled so that
the current generated by the front-loaded electrodes per unit area is comparable to high platinum
loading carbon cloth electrodes or (ii) a catalyst must be developed that is more active for the
oxygen reduction portion of the fiel cell reaction. Recent work by Dr. Watanabe in Japan
indicates that a sputtered platirnurdnickel catalyst may be considerably more active in oxygen
reduction than platinumalone. Further work will be necessary, however, in order to determine
whether comparable power levels can be achieved under either proposed approach.

Second, a thinner graphite precursor material is necessary. The graphite sheet used for
the test electrodes is initially 0.25mm thick. It is then processed to reduce the thickness to ca.
40-50 microns, at which point the graphite is rendered sufficiently gas-permeable for PEM fiel
cell operation. Unfortunately, as it turned out processing increases the complexity and costs of
manufacture dramatically. Reduction in the thickness of the graphite precursor material will
probably be essential to commercialization of this unique variety of fiel cell electrodes.

Bipolar Separator Plate Commercialization “

A United States patent application is currently pending for the PGA. The PGA perfoims
all of the essential functions of the bipolar plate and gasket in a PEM fiel cell at a fraction of the
cost of other plates. We have approached the Institute for Gas Technology (IGT) with a version
of the PGA designed for pressurized fuel cell stack operation. While the IGT fiel cell group was
very impressed with the technology, IGT is committed to non-pressurized fiel cell stacks using
its own molded carbon/polymer technology. We have also met with the automotive fbel cell
group at Argonne National Laboratory to discuss possible independent testing of the PGA to
confirm our data. lwgonne has a fiel cell testing program, but it is limited to large preimrized
fuel cell stacks. Discussions are currently in progress with H Power of Canada to design PGA’s
for their fhel cell stacks. The inventor met representatives of H Power of Canada at a fiel cell
cotierence held in Montreal, Canada in July, 1999. The inventor presented his PGA’s at the
cofierence exhibition of new fuel cell technologies.

Commercialization may be delayed, however, by virtue of a recent agreement between
Ballard Power Systems and UCAR. Under this agreement, UCAR has agreed that it will not sell
flexible graphite ( UCAR’S product is commonly known as “Grtioil”) to any fhel cell
manufacturers except Ballard. Consequently, another source for flexible graphite will have to be
identified by the inventor before fbrther commercialization efforts can be undertaken.

Future commercialization efforts will focus on presenting the invention at fbel cell
cotierences, publishing reports in scientific journals, approaching other fiel cell testing groups
and seeking additional finding for development.
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I.

State-of-the-Art Proton Exchange Membrane
Fuel Ceil Electrodes

Inthe1ate1980’s, scientists at Los Alamos National Laboratories (``LAND'')
developed the first practical fiel cell electrode for use with proton exchange membranes
(“PEM’s”). The LANL electrode structure consists of catalyzed carbon particles in a sintered .
fluoroelastomer binder (the “catalytic carbon/teflon layer”) which is affixed to a carbon cloth
backing. The catalyst is platinum. By impregnating the catalytic carbonlteflon layer with a “
liquid ionomer, such as a liquid form of Nafion, LKNL was able to extend the three-phase
electrochemical reaction boundary and thereby achieve relatively high power densities with this
particular electrode structure. The three-phase boundary is the junction where the membrane,
the catalyzed electrode and the reactant gases meet. By increasing the stiace are% i.e., the
roughness, of the three-phase boundary, the power per unit area of the fhel cell’s membrane and
electrode assembly (“MEA”) can be increased si~lcantly; as LANL found.3

In order to achieve the desired higher roughness factors per unit are% LANL extended the
three-phase boundary into the body of the electode. This interior extension of the three-phase
boundary served to increase the effective surface area of the catalyst available for the
electrochemical reaction. The LANL-type of fuel cell electrode is available cormnercialIy from .
such companies as E-Tek of Natrick, Massachusetts and BCS Technology of Bryan, Texas.

A second important aspect of the LANL work was the discovery that, by sputtering a thin “
layer of platinum onto,the surface of the electrode as a front-loaded catalyst, additional power.,
could be produced per unit area of electrode surface.2 LANL did not pursue sputtering any
tier, however. LANL reported that its sputtered catalyst layer was insufficient to produce
reasonable power densities in and of itself.

In addition to catalytic surface are% the power density of a PEM fuel cell is also affected
by the internal temperature of the cell, the pressures of the reactant gases and cell water
management. The power generated by the cell increases significantly with temperature up to
about 50°C without external humidification of the cell. Temperatures of up to 80°C can be
employed with external humidification. In addition, pressurization of the reactant gases can
double the current produced at a given voltage. Water managementis extremely important for
proper cell operation because (1) too little water will dry out the membrane (thereby inhibiting
the ion transfer across the membrane and so reducing power) and (2) too much water can flood
the electrode (thereby inhibiting gas flow to the catalyst surface and so reducing power). These
three operating parameters, i.e., cell temperature, gas pressures and water management, act like
the proverbial “three-legged stool”. When one parameter is changed, the other parameters must
also be adjusted to maintain optimum power conditions.

Finally, the power density of the PEM fbel celI is dependent on the type of proton
exchange membrane utilized. AIthough a wide variety of membranes have been described in the
literature, few are commercially available. The Nafion series of membranes has been made
commercially available by Du Pent and these membranes were used in the project. Nafion
membranes come in varying thicknesses from 50 microns to 175 microns.
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II.
Project Objectives

The principal project objective was to increase the surface area of a front-loaded catalyst
layer at the three-phase boundary of the PEM fiel cell’s membrane and electrode assembly by
(i) transforming the normal two dimensional nature of the electrode/membrane juncture into a
three dimensional interface and (ii) employing catalytic microstructure. If the front-loaded
catalyst layer could be made sufficiently rough through these techniques, then, even with low
platinum loadings, power characteristics similar to high platinum loading state-of-the-art fhel cell
electrodes would be achievable.

III.
Electrode Structure

The electrode structure employed in the first phase of the project is radically different
from the LANL design. The basic LANL electrode structure consists of catalyzed carbon
particles in a sintered fluoroelastomer binder, which is then compressed into a carbon cloth
backing. The three-phase boundary of electrochemical reaction is extended into a third spatial
dimension by impregnating the catalytic binder layer with a liquid ionomer. The electrodes are
then hot-pressed to the membrane and sandwiched between bipolar plates to complete the basic
fbel cell unit. In subsequent years, refinements have been made to the basic LANL structure.
Despite these refinements, the basic state-of-the-art PEMFC electrode continues to employ a

,, relatively thick catalytic binder layer. The rationale for employing a thick catalytic binder layer
is that more catalyst can be made available for the electrochemical fiel cell reaction by extending
the three-phase boundary into the third spatial dimension formed by the catalytic binder layer.
Increasing the available catalytic stiace is particularly important on the oxidant side of the
electrochemical reaction because of oxygen’s or air’s much lower electrochemical activity.
Typically, the amount of catalyst incorporated into the catalytic binder layer will be about 0.35-
0.4mg/cm2 using the LANL electrode structure.

If all of the catalyst is front-loaded, however, the thick catalytic binder layer is rendered
completely unnecessary. The front-loaded catalytic layer is not significantly extended into a
third spatial dimension. Consequently, a much more simplified electrode structure is possible.
All that is theoretically necessary is a gas-permeable, electronically conductive substrate onto
which the front-loaded catalytic layer is then deposited. The catalyst layer and the gas-
perrneable, electronically conductive substrate comprise the PEM fuel cell electrode. When two
fiel cell electrodes are hot-pressed or otherwise affixed to the proton exchange membrane a
membrane and electrode assembly or (“MEA”) is fabricated.

A. The Modified Electrode Structure

One of the principal structural drawbacks to the use of proton exchange membranes is the
fact that they expand with water uptake and contract as they dry out. The expansion/contraction
of the membrane is a normal part of the PEM fhel cell’s operation. The expansion/contraction is
quite significant and can actually result in the delamination of the hot-pressed electrode from the

(

(

I

,

$

8

I

.,

,

i

\
,

. . . -,, ~,<,



membrane under some circumstances. It was found during the course of this work that an
inexpensive graphitic material, commercially known as “grafoil” could be successfidly hot-
pressed to the proton exchange membrane. The grafoil used in the project is 10 roils (0.25mm)
thick and is sold by Alfa/Aesar as their product number 10832. At its “as-received” thickness,
the grafoil is not gas-permeable and it can delaminate from the membrane. However, the bulk of
the grafoil material can be stripped away using a rotary press after the grafoil has been hot-
pressed to the proton exchange membrane. By stripping away the majority of the grafoil, an
extremely thin (ea. 40-50 microns), gas-permeable, electronically conductive substrate results.
The substrate is affixed to the membrane and does not delaminate. The substrate is thin enough
that it may, to some degree, expand and contract with the membrane, thereby preventing
delamination.

The grafoil substrate is rendered gas-permeable by virtue of micropores and mesopores
which are exposed as the material is thinned to the 50 micron level. In contrast to the
“hydrophobic” gas pores created by sintered teflon in the LANL electrode design, there is no
teflon in this electrode. Since this electrode has no hydrophobic teflon, its pores are essentially
hydrophilic and allow for the ready passage of both reactant gases and water into and out of the
electrode.

B. Deposition of the Front-Loaded Catalvtic Laver

With an appropriate substrate for the fiel cell electrode having been identified, the next
task was to find a means to deposit an adherent catalyst layer onto the grafoil substrate.
Sputtering was selected as the means to deposit an extremely thin catalyst layer onto the
substrate. Sputtering allows for precisely controlled and repeatable catalyst depositions. In
addition, it is a well-developed commercial technique that is also used in semi-conductor
fabrication processes.

C. Catalvzed Electrode Structure

Thus, the basic electrode structure is a radically simple one. A very thin catalyst layer is
sputtered onto a grafoil substrate. Two catalyzed substrates are then hot-pressed to opposite sides
of a proton exchange membrane. The hot-pressing step is performed at about 275°F. The hot-
pressed assembly is then run through a rotary press, which strips away the bulk of the substrate
material. What is left are very thin, catalyzed electrodes comprised of gas-permeable grafoil hot-
pressed to a proton exchange membrane. Together these components comprise an MEA for a
PEM fuel cell.

IV.
Increasing The Surface Area of the Three-Phase Boundary

In a fuel cell, as previously stated, the three-phase boundary is the juncture of the
electrolyte, the solid electronic conductor (i.e., the fiel cell electrode) and the reactant gas.
Proton exchange membranes are essentially two dimensional materials. Because the two
dimensional surface area is quite limited, the membrane itself presents an inherent obstacle to
increasing the real geometric surface area of the three-phase boundary. Consequently, one of the
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major technical tasks was to increase the real geometric surface area of the three-phase
boundary.

A. Roupheninp the Substrate Surface

In order to increase the real geometric stiace area of the three-phase boundary, the
grafoil substrate was roughened to create shallow channels. The shallow channels provided a
significant increase in the real geometric stiace area available for front-loaded catalyst
deposition. Because the proton exchange membrane, when hot-pressed, will be plasticized, the
membrane can be compressed into the shallow channels of the grafoil substrate.

A wide variety of methods of substrate roughening were tried during the course of the
investigation. Some methods resulted in channels which were too shallow. Other methods
resulted in channels which were too deep. If the channels were too deep, the membrane, despite
being plasticized in the hot press, could not be compressed filly into the channel bed.

It was finally determined that roughening with 320 grit sandpaper was the most effective
means to fabricate the shallow channels needed to increase the real geometric surface area of the
three-phase boundary. The channels were formed by hand-sanding the substrate ten times in one
direction and then five times in a direction which was perpendicular to the initial direction. This
technique resulted in MEA’s which had the desired increase in real geometric surface area and
which further allowed the membrane to be compressed completely into the substrate channel
beds. Unlike the LANL electrode composition (discussed above), no liquid Nafion was needed
to extend the three-phase boundary. The three-phase boundary was extended by virtue of hot-
pressing the membrane itself into the shallow channels of the electrode surface.

In this way, the two dimensional nature of the proton exchange membrane was modified
and the membrane assumed a three dimensional structure at the interface with the fiel cell
electrodes.

B. Increasing the Roughness of the Front-Loaded Catalvst

It has long been recognized that catalysis is a surface phenomenon. Therefore, as the
roughness of the catalytic surface increases, power per unit area of the fiel cell also increases.
Even with an electrode substrate that has been pre-roughened, however, such as the grafoil
substrate used in the project, there are inherent limitations of available catalyst deposition sites
on the surface of the electrode when the catalyst is entirely front-loaded. Because the number of
catalyst deposition sites are limited, increasing the amount of platinum catalyst beyond a certain
point actually results in less power being generated because the catalyst layer begins to thicken
and roughness is thereby decreased.

Different catalyst deposition techniques were tested in an attempt to identi& a method
which would create an extremely rough catalytic surface on the limited number of catalyst
depostion sites available.

)

!

~

t

I

I

—.-— .-. . ~ . .,. ,... .,“. ,. . . . , . . . . . . . . . . . . >.. . . . . . . . . . . . . . . . . . . . .L . . . . . . . . . . . . . . . . ‘ . . .-!. ..,:. ,.. <.- T .,: .? ,. .?>.. . . ,,. :.. .— I--7-y



(1) Electroplating

The first technique that the inventor employed was to electroplate the electrode using
established methods from the literature. The electroplating chemical bath was designed to
produce “platinum black” on the pre-roughened electrode surface. Platinum black is an
extremely powdery form of platinum with a very high roughness factor. Indeed, because of its
roughness, the platinum visually appears to be black rather than its normal silver-gray color.

The inventor successfully electroplated platinum in its platinum black form onto the pre-
roughened graphite substrate. Unfortunately, the platinum black thus formed was not very
adherent to the graphite substrate and could be easily rubbed off. Adherence of the catalyst to
the electrode is obviously crucial for fhel cell performance. Consequently, while the
electroplated platinum black had the desired high roughness factor, its lack of adherence to the
surface of the electrode eliminated it as a candidate for a front-loaded fuel cell catalyst.

(2) Co-sputtering

A second technique that was employed during the course of the project was co-sputtering.
In co-sputtering, a relatively thick layer of the platinum catalyst and a base metal are
simultaneously sputtered onto the graphite surface of the electrode. The thickness of the co-
sputtered catalyst layer was approximately 1000 angstroms. At a tlickness of 2000 angstroms,
the available catalyst deposition sites were overloaded and roughness was actually reduced.
However, this was intentionally done. .

To restore the catalytic roughness, the electrode was immersed in nitric acid. The nitric
acid dissolved the base metal, which was copper, leaving platinum microstructure on the
graphite surface. Neither the platinum nor the graphite were affected by nitric acid. The
platinum microstructure were very adherent to the graphite substrate. A scanning electron
microscope and auger analysis confirmed that platinum microstructure had been successfully
formed on the surface and that the base metal had been dissolved.

R was hypothesized that the platinum microstructure thus formed would have an
increased roughness factor because of the rough edges produced by the dissolution of “thebase
metal and because of the “height” of the microstructure, being about 2000 angstroms. Many
different percentages of base metal and platinum were tried using this technique, which had the
effect of varying the size and shape of the platinum microstructure. While the fiel cell
electrodes with platinum microstructure did produce some power, their power density fell short
of that produced by platinum sputtering alone.

(3) Platinum sputtering

From a power density standpoint, the most successfid technique proved to be room
temperature sputtering. Much time and effort was spent in an attempt to quanti~ the optimum
thickness for the front-loaded catalytic layer when the layer was formed by room temperature
sputtering. It was finally determined that a platinum thickness of 600 angstroms produced the
maximum catalytic roughness and the highest power densities with the graphite electrodes used
in the project. For comparison purposes, it should be noted that 600 angstroms of platinum is
less than 0.15 mg/cm2 or only about 35-40V0 of the platinum loading that is normally



employed in state-of-the-art carbon cloth fiel cell electrodes. The sputtering technique is
described in more detail in Appendix 3. Power density results using this type of low-platinum-
Ioading sputtered platinum electrode are discussed in more detail below.

(4) Platinum black sputtering

In an attempt to improve upon the results obtained with the sputtered platinum electrode,
the inventor and the inventor’s contractor (BP Vacuum Analysis of Evanston, Illinois) developed
a unique sputtering technique, This technique enabled the inventor to sputter platinum black
directly onto the electrode surface. Interestingly, unlike the standard electroplating method for
depositing platinum black, the sputtered platinum black was quite adherent to the graphite
electrode surface. The technique is described in more detail in Appendix 4.

The platinum black catalytic layer was approximately the same Wlckness as the low-
platinum-loading sputtered electrode. It was hypothesized that since the platinum black had a
higher roughness factor than the room temperature sputtered platinum, the power density of the
fuel cell would increase. Unfortunately, the hypothesis proved to be incorrect.

Apparently, the increase in catalytic roughness had a detrimental side effect. The
sputtered platinum black particles did not have very good particle/particle and particle/electrode
electrical contact. Consequently, there was increased internal electronic resistance at the
catalytic layer and the power density levels of this particular structure, although promising
theoretically, failed to meet those of the sputtered platinum electrode.

v.
Experimental Conditions and Test Results

The membrane and electrode assemblies (MEA’s) used in the project were fabricated by
hot-pressing the low-platinum-loading sputtered graphite electrodes into a proton exchange
membrane. The test electrodes were generally 3 cmz in area. The proton exchange membranes
used were commercially available membranes manufactured by Du Pent. The membranes are
known as the Nafion series of perfluorinated membranes. The primary Nafion membrane used in
the testing program was Nafion 117.

A single cell test station was constructed. The single cell unit utilized gold-plated copper
endplates. Metal fiits were attached to the endplates. These Iiits permitted the flow of reactant
gases into and out of the electrodes of the MEA’s. Teflon gaskets were used to seal the test cell.
The membrane overlapped the gaskets, resulting in a gas-tight seal. Neat hydrogen was the fhel.
Dry, tank-compressed air was generally employed as the oxidant, although oxygen was used in
some tests. The test cell was normally run without external humidification. The air pressures
were varied between 15psig and 60psig. Electrochemical activity increased with higher air
pressures, as was expected. Hydrogen pressures were generally maintained at 10 to 15psig and
no variance in electrochemical activity was detected at higher pressures, which again is
consistent with the literature.

PEM fiel cells produce more power when heated because heat enhances the–,,,
electrochemical activity of the platinum. With no external humidification, electrochemical



“ activity increases up to about 50°C. Since the small test MEA’s were incapable of generating
much heat, the test station was provided with a separate heating unit by which internal cell
temperature could be regulated. Temperature was measured with a thermocouple.

The anode and cathode of the test cell were in pressure contact with the endplates and
were wired to resistors of known value and to a voltmeter. The voltage across a resistor was then
determined. The current ,at a given voltage and resistance was then calculated using Ohm’s Law:
ViR.=1.

As a control measure, pre-fabricated MEA’s were purchased from BCS Technology of
Bryan, Texas. Like the inventor’s test MEA’s, these BCS ME.4’s were also 3 cmz in active area.
Using the test cell hardware, the BCS MEA’s were capable of producing 0.6V across a
0.5 ohm resistor, or 1.2A. The current per square centimeter was, therefore, 400 milliamps at
0.6V for these MEA’s. Power density was 240mW per square centimeter. The BCS MEA’s
utilize 0.4mg of platinum per square centimeter of active electrode area.

Typical test results for the inventor’s MEA’s are shown in Appendix 5. Sputtered
platinum has a density of roughly one-half of the pure metal due to the particulate nature of
sputtering. For the pure metal, a thickness of about 1000 angstroms yields 0.2 milligrams per
square centimeter of the metal. So, the density of 600 angstroms of the sputtered metal is about
0.1 to 0.15 milligrams per square centimeter. Appendix 5 shows an increase in both voltage and
current as the thickness of the front-loaded platinum catalyst layer is increased to the 600
angstrom level. Unfortunately, beyond 600 angstroms, no significant increase in voltage or
current was noted. Apparently at that thickness, the roughness of the sputtered catalyst is at its
maximum and fi.u-thercatalyst deposition does not serve to enhance the catalyst’s electrochemical
petiormance. The inventor’s simplified electrode structure was capable of producing 0.6V
across a 1 ohm resistor, or 0.6A, as shown in Appendix 5. The current per square centimeter
was, therefore, 200 milliamps at 0.6V. The power density was 120mW per square centimeter, or
one half the power density of the BCS MEA. See, Appendix 5, which is based on a 10 cmz
electrode. Power per unit weight of catalyst, however, was higher with the inventor’s electrodes
than with the BCS electrodes:

(1) Power density of the BCS electrodes= 240mW/cm’
Divided by 0.4mg/cmz of catalyst

Equals 600mW/mg of catalyst

(2) Power density of the inventor’s electrodes= 120mW/cmz
Divided by O.15mg/cmz of catalyst

Equals 800mW/mg of catalyst

Given these test results, it is apparent that a sputtered, front-loaded electrode could be a
viable alternative to the conventional electrode design if the power per unit area could be
doubled. In principle, the reduction in the amount of platinum catalyst required per watt of
power generated, coupled with the simplicity of a sputtered graphite electrode structure, could
result in significant cost savings on a mass production basis.

Further work will be necessary to determine whether these potential cost savings can, in
fact be realized with a front-loaded electrode structure. It would appear that one or more of the
following improvements must be made to the inventor’s front-loaded electrode design in order to
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realize the benefits of reduced platinum catalyst loadings: (1) the stiace area of the three-phase
boundtuy interface must be increased further; (2) the roughness of the sputtered catalyst must be
maintained even when over 1000 angstroms of the catalyst is front-loaded onto the electrode;
and/or (3) a sputtered catalyst that is more active than platinum alone must be identified. With
respect to the last point, it is important to note that recent work by Professor Watanabe of Japan
indicates that a co-sputtered nickel/platinum catalyst layer, in the ration of 60 atomicO/Oplatinum
to 40 atomic% nickel, maybe fm more electrochemically active in the reduction of oxygen in a
fiel cell than platinum alone:

The primary electrochemical limitation in fiel cell power generation is the slow reactivity
of the catalytic reduction of oxygen on pure platinum. Indeed, when compared with the catalytic
oxidation of hydrogen, the reduction of oxygen on platinum is several orders of magnitude
slower. Dr. Watanabe’s work indicates that a co-sputtered nickel/platinum catalyst layer is
several times more active than platinum alone for oxygen reduction. According to this study, a
600 angstrom layer of nickel/platinum catalyst reduced the oxygen overpotential of the test fiel
cell by 150 millivolts. Interestingly, the 600 angstrom thickness of the Watanabe catalyst is
identical to the preferred platinum catalyst thickness identified in this project. See, Appendix 5.
A 150 millivolt improvement in the power output produced by front-loaded fiel cell electrodes
would yield a power performance comparable to the conventional electrodes discussed above.
Thus, an improvement in the electrochemical activity of the air or oxygen side sputtered catalytic
layer could result in further increases in power density with front-loaded electrodes with little
increase, or perhaps an actual decrease, in the total amount of platinum catalyst utilized per watt
of power generated.

VI. .
Conclusion

While the present work has resulted in several encouraging signs that a front-loaded
catalyst type of electrode structure could eventually replace the more conventional PEM
electrode structure, fbrther work is obviously necessary on the prototype. While significant
power was generated by the inventor’s electrodes, the power density must be doubled for .
simplified, front-loaded electrodes to be considered as an alternative to the conventional PEM
electrode structure.

Moreover, an alternative graphite or carbon substrate must be identified. WhiIe the
inventor could successfi.dly reduce the thickness of the graphite substrate in a stripping process to
40 to 50 microns, this proved to be both a labor-intensive task and less effective as larger
substrate areas (e.g., beyond 10 square centimeters) were attempted. The identification of an
alternate substrate, having the gas-permeability characteristics and the electronic conductivity of
the graphite substrate but not requiring a stripping step, will also be necessary for the fiture
commercialization of front-loaded PEM electrodes.
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I.

State-of-the-Art Bipolar Plates for Proton-Exchange
Membrane Fuel Cells

Fuel cells capture the imagination because they offer the promise of generating electrical
power in a clean, highly efllcient manner without the undesirable atmospheric pollution that is
associated with twentieth century combustion technologies. Proton-exchange membrane fhel
cells (“PEMFC’S) are beginning to make their appearance in prototype vehicles such as the
Daimler-Chrysler Ne-Car series. PEMFC’S will also soon be used as part of a distributed power
generation strategy, designed to run on steam-reformed natural gas. PEMFC’S for portable
power and uninterruptible power supplies are also being developed. However, for the
commercialization of PEMFC’S to proceed beyond the demonstration stage and into the mass
marketplace, the costs of the principal components of the fuel cell stack must be reduced
substantially from current levels.

In order to reduce final product costs, one must either reduce the material costs of the
component parts or reduce the cost of manufacturing or, preferably, both. The most expensive
component part of a PEMFC, according to a recent Arthur D. Little study, will be the bipolar
separator plate. See, Appendix 1. The bipolar plate is estimated to cost roughly four to five times
as much as the rest of the components of the fiel cell (i.e., membrane, electrodes and catalyst)
combined. In dollar terms, according to the study, the bipolar plates would cost about$194/kW
and the rest of the fiel cell stack would cost about $40/kW. In the second phase of this project,
the inventor designed and fabricated a much simplified bipolar separator plate for use with his
fuel cell.

The bipolar plate is the backbone of the fuel cell stack. The bipolar plate performs
several critical functions in the operation of the PEMFC: (1) it prevents cross-mixing of the fiel
(usually hydrogen or a reformed hydrogen-rich gas) with the oxidant gas (usually air); (2) it
provides a low-resistance pathway for the electricity generated by the electrochemical reaction in
a bipolar electronic configuratio~ and (3) it allows the fuel and oxidant gases to be readily
distributed to the appropriate fiel cell electrode (either fbel or oxidant) via the cell manifolds and
flow-fields of the plate. In addition, for larger fiel cell stacks, a means should be provided in the
bipolar plate structure to cool the stack while in operation. Traditionally, the bipolar plate has
been made from a block of graphite, into which flow-field channels have been machined. One of
the principal reasons for the choice of this material for the plate is that graphite is very non-
corrosive in the electrochemical environment of the fhel cell. Unfortunately, because of the
machining costs, bipolar plates fabricated in this manner are extremely expensive on a per
kilowatt basis.

The search for less expensive materials and less costly fabrication methods has resulted in
a number of novel PEMFC bipolar plate designs, which are described in the literature. Titanium
“platelets” with stamped flow-fields have been suggested by H Power 1. H Power has also
devised a unique system of alternating plastic or ceramic platelets, sandwiched between
conductive microscreen platelets. Titanium plates with a foamed metal flow-field are being
developed by Lynntech3. Dr. Mahlon Wilson has fabricated bipolar plates using a combination
of stainless steel (for the plate itself) and stainless steel wire mesh (for the flow-fields and
cooling channels)4.
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With regard to graphite-based plates, Dr. Leonard Marianowski, et. al., of the Institute of
Gas Technology has made bipolar plates that are molded from a mixture of graphite powders,
carbon cloth and a resinous bindef. The IGT plates have several unique features: the “ridge and
channel” flow-field configuration can be impressed into the plates during the molding process;
the plate includes gas flow “conduits” into the electrode are% thereby eliminating the need for a
separate gasket; product water, produced on the oxidant side of the electrochemical reaction, can
be used to internally hurnidi~ the proton-exchange membrane with an appropriate pressure
differential; and cooling channels are also molded into the plate. The IGT plates could, more
properly, be called bipolar “plate and gasket assemblies” because a separate gasket is not needed
in this design. Oak Ridge National Laboratories is also pursuing development of a molded
carbon fiber and phenolic resin bipolar separator plate.c

Ballard Power Systems has patented a bipolar plate laminate, comprised of two thh
7. Flow-fields are stamped, or otherwise impressed into thegraphite sheets with a metal insert

soft graphite sheet, thereby eliminating the costs associated with machining. The metal plate is ~
shielded by the graphite from the oxidizing environment of the fuel cell. The metal plate
performs a gas separation function, and may possibly also be used to cool the individual cells in
the fuel cell stack.

All of these PEMFC bipolar plates offer advantages over machined plates, especially with
respect to mass-production capability and the potential for lower costs. Depending on the
application intended for the fiel cell stack, one variety of bipolar plate maybe preferable to
another. For example, for stationary applications where the size and weight of the fhel cell stack
are not significant engineering issues, the IGT molded bipolar plate would appear to offer a very
good combination of low cost/mass-production capability. Because of the cooling channels ~. I

located between the faces of each plate, only about 8 cells can be stacked per lineal inch of the
t%elcell stack. However, IGT indicates that its molded bipolar plates can be produced for about
US$10 per kilowatt8, which is a remarkable achievement given the assumed cost of PEMFC . ‘
bipolar plates in the Arthur D. Little study. IGT is in the process of making its plates
commercially available.

For portable and vehicular applications where size and weight are important engineering
issues to be addressed, the Ballard Power Systems laminated bipolar plate appears to provide a
very good alternative. The Ballard laminated bipolar plate allows for increased “cell stacking
density” because the graphite and metal sheet construction permits extremely thin bipolar plates
to be fabricated. The laminated plates should also prove to be very light-weight given this
structure. A separate gasket will be required with the plates. Unlike IGT, however, Ballard may
or may not keep its plates proprietary, since it has not yet announced whether it will make them
commercially available to other fuel cell manufacturers.

II.
Plate and Gasket Assembly Design

:
An investigation was begun in order to determine whether an extremely thin, light-

weight and inexpensive unitized bipolar “plate and gasket assembly” (a “PGA”) could be
fabricated from commercially available precursor materials for PEMFC’S. Because of its
corrosion-resistant and electronic characteristics, graphite was chosen as the substrate material
for the plate portion of the PGA. The graphite product used in the PGA’s was a thin graphite

i
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sheet sold by Alfa Aesar of Ward Hill, Massachusetts as its product number 10832. The as-
received graphite sheet is 10 roils (0.25 mm) thick. The material is extremely flexible. It can be
cut to size using stamping equipment and internal manifolds can be stamped into the plate during
the same processing step. The number of internal manifolds incorporated into the graphite
substrate depends on whether the fuel cell stack will use pressurized air (or oxygen) as the
oxidant. There will normally be two fuel internal manifolds: fuel/in and fuel/out. If pressurized
oxidant is used there maybe one or two additional manifolds: oxidant/in and oxidantiout. See,
Appendix 6. On the other hand, if a blower and plenum design is used, with the PEMFC stack
being operated in a convection mode, one or both of the internal oxidant manifolds maybe
eliminated.

While the softness and flexibility of the graphite substrate makes stamping extremely
easy, it does create a fhrther complication in the PGA design. The PEMFC bipolar plate must be
somewhat rigid in order to provide internal support for the membrane and electrode assemblies
(“MEA’s”) of the fuel cell stack. Ballard has dealt with this particular problem by incorporating
a metal sheet into the laminated graphite plate. The metal sheet provides an “endoskeleton” for
the otherwise flexible graphiteg. “

A second approach, and the one taken here, is to employ an “exoskeleton” structure for
the graphite substrate. An PGA exoskeleton can be formed by using a rigid gasket material, such
as polycarbonate or polypropylene, which is then bonded to both sides of the flexible graphite
substrate. A four manifold rigid gasket is shown in Appendix 7. In order to permit the flow of
the reactant gases (e.g., hydrogen and air) from the manifolds into the electrodes of the MEA,
“port channels” are scored or stamped into the interior legs of the gasket. The oxidant port
channels may be top to bottom in one gasket, as in Figure 3, and the fuel port channels may then

,, be left to right in the second gasket on the opposite side of the graphite substrate.,,
In order to provide a gas-tight seal with the membrane portion of the MEA, a

compressible gasket material is applied to the surface of the rigid gasket, making the gasket a
“rigid/compressible gasket”. When the PGA’s and the MEA’s are compressed between
endplates in the stack, the rigid/compressible gasket both seals the individual cells and allows
distribution of the reactant gases through the port channels to the appropriate I%elcell electrode,
either fiel or oxidant. In this particular design the electrode seating area is about 25cmz,
although much larger PGA’s are possible with longer exoskeletal rigid/compressible gaskets, A
conceptual design of longer rigid/compressible gaskets with cooling fins and a non-conductive
screen separator is shown in Appendix 8.

The next problem presented by PEMFC bipolar plate design is the flow-fields. Flow-
fields are located in the “electrode seating area” of the PGA. See, Appendix 6. The flow-fields
serve the crucial functions of(1) allowing the reactant gases to reach and to enter the fiel cell
electrodes and (2) allowing removal of depleted reactant gases and product water, which is
formed by the electrochemical reaction between the fuel and the oxidant. At least one of the
flow-fields in the PGA design is carbon cloth. See, Appendix 6. Carbon cloth is the selected
material because it is gas permeable, electronically conductive and non-corrosive. Carbon cloth
further allows the reactant gases to reach all areas of the fiel cell electrodes through the weave of
the cloth. It also provides a compressible electronic contact juncture between the fhel cell
electrodes and the graphite substrate of the PGA. The second flow-field maybe carbon cloth, an
imprinted pattern in the graphite substrate or, in some cases, unimprinted graphite. The carbon
cloth flow-field(s) is then tacked to the graphite substrate. Compressible gasket material is
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. applied at the edges or comers of the carbon cloth and one of the MEA’s is fitted into the
electrode seating are% resulting in an “MEA/PGA assembly”. A PEMPC stack is comprised of
multiple MEAJPGA assemblies stacked between endplates. See, Appendix 9.

As multiple MEA/PGA assemblies are stacked, a final design problem is presented. The
fuel cell stack generates waste heat. Excessive heat can dry out the membrane and adversely
effect fuel cell performance. Consequently, some provision must be made for the remowd of
waste heat from the stack. In the conceptual design, the graphite substrate is extended beyond
the edges of the rigid/compressible gasket to form a cooling fin. Adjacent fins are separated by
an electronically insulating material, such as anodized ahuninum scree~ to prevent short circuits.
The fins of each individual cell can then be either air or liquid cooled. An additional cooling
method would use process gas and evaporative cooling. By removing the oxidantiout manifold
(see Appendix 8), the depIeted air and product water are vented to the cooling fin area. This
architecture would allow cooling of each individual cell in the stack by means of thermal transfer
along the pkme of the graphite substrate, process gas cooling and also evaporative cooling using
the product water from the cell.

m.
Experimental Two-cell Unit Test

In order to test the viability of this extremely simplified and inherently inexpensive PGA
design, a two-cell PEMFC unit was constructed. The MEA’s were purchased from BCS
Technology of Bryan, Texas. Each MEA had an active electrode area of 22cm2. The membrane
was Nafion 115. The membrane had the same exterior dimensions as the PGA, i.e., 3 1/4 inches
by 3 1/4 inches. Manifold slots were cut in the membrane to correspond to the manifold slots in “
the PGA. The endplates were gold-plated copper and polycarbonate insulators. .
Rigid/compressible gaskets were affixed to both endplates. At the oxidant endplate, a piece of
carbon cloth was affixed to that plate. No carbon cloth was employed at the fiel side endplate.

The PGA employed in this particular test was the simplest version of the various PGA
embodiments discussed above. This PGA had carbon cloth on the oxidant side and smooth
graphite on the fhel side.

The oxidant was pressurized air. The air was able to enter and exit the oxidant-side fbel
cell electrode via the manifolds and port channels and tiough the weave of the carbon cloth
flow-field. Depleted air and product water from the electrochemical reaction were ejected from
the oxidant side by means of a slow air bleed on the oxidant side. The fiel, which in this test
was neat hydrogen, was able to enter the fiel-side electrode because the interface between the
smooth graphite and the rough carbon cloth of the fiel cell electrode does not forma gas seal. A
four slot PGA was utilized and a cooling fin was not included because the heat from the
electrochemical reaction could be beneficially employed to heat the two-cell unit. Neither the
hydrogen nor the air were externally humidified. The membrfie was kept sufficiently moist by
the product water from the reaction alone.

The anode and cathode of the fiel cell were attached to resistors of known value and the
voltage across each resistor was recorded by computer. Current values were computed using
Ohm’s law and V/I curves were then plotted. Since the purpose of the test was to confirm the
performance of the PGA, no attempt was made to optimize the petiormance of the two-cell
PEMFC. The results, as shown in Appendix 10, are well within the range of anticipated cell



performance given the moderate operating conditions of this test, i.e., hydrogen and air at 30psig
and internal cell temperature at less than 50°C and given the MEA employed in the test.
Consequently, PGA’s area potential candidate to replace machined graphite bipolar plates in
mass-produced PEMFC’S.

Iv.
Costs and Commercialization

It is generally accepted in the industry that for PEMFC’S to achieve significant market
penetration the cost for the fuel cell stack should not exceed about US$50 per kilowatt. PGA’s
have an inherently low cost structure. The principal material costs are flexible graphite sheet
(about US$4.50 per square meter) and carbon cloth (about US$25.00 per square meter). The
gasket costs are nominal. A PGA having an electrode seating area of 100 cm2 requires about
200 cm2 of flexible graphite and about 200 cm2 of carbon cloth (for two carbon cloth flow-fields .
per PGA). About fifly PGA’s can be fabricated per square meter of flexible graphite and carbon
cloth. Assuming the other Arthur D. Little cost estimates are accurate, the commercial
breakpoint of US$50 per kilowatt may well be achievable with PGA’s.10

In addition to a low cost structure, PGA’s also are light-weight and permit an increase in
cell stacking density to about 20 cells per lineal inch, or about 2.5 inches for fifty cells. These
benefits will principally be of importance for portable and vehicular applications.

In short, while obstacles to commercialization still remain]l, PGA’s represent a cost-
effective bipolar separator plate option available to PEMFC manufacturers, which should enable .
reduction of overall fbel cell stack costs to the target commercialization price level for the mass
market of US$50 per kilowatt.

Funding for this project12was provided by the United States Department of Energy, .
Office of Industrial Technologies, under Grant No. DE-FG01-97EE15679, whose support is
gratefully acknowledged.
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12. Patent applications are pending with respect to the PGA’s described in this article.



DOEIBCI14881-22
Distribution Category UC-122

Improving Reservoir Conformance Using GeHed Polymer Systems

Final Report
SeFtember 25, 1992 to July 31, 1996

By
D. W. Green

G. Paul Willhite
C. Buller

S. MCCOOI
S. Vossoughi
M. Michnick

October 1997

Work Performed Under Contract No. DE-AC22-92BC14881

Prepared for
BDM-Oklahoma/

U.S. Department of Energy
Assistant Secretary for Fossil Energy

Jerry Casteel, Project Manager
National Petroleum Technology Office

P.O. BoX 3628
Tulsa, OK 74101

Prepared by:
The University of Kansas Center for Research, Inc

Energy Research Center
Lawrence, KS 66045-2223



Figure 1. Estimate of
PEMFC Stack

Component Costs ($/kW)
Department of Energy:

A.D. Little





Iwlfllmmlfllmmlllll
USO05716664A

United States Patent [lgI [lKI Patent Number: 5,716,664

Marchetti [45] Date of Patent: Feb. 10, 1998

[54]
.

P61$

[21]

[22]

[63]

[51]
[52]
[58]

[56]

METHODOFMA~G A HYDROPHILIC,
GRAPHITEELECTRODEMEMBRANE
ASSEMBLY

Invento~ George A. Marchetti. 5726 S. Grand
Ave..WesternSprings.Ill. 60558

Appl. No.: 667~21

File& JutL 19, 19%

Related U.S. Application Data

Continuationof Ser.No.586,626,Dec.22, 1995.

m cl.6......................................................HOIM4/88
Us. c1................................................427/l15; 429142
Field of Search .................................. 429J30.33,40.

429142.W, 427/115;502/101; 2631448

Refemncea Cited

01’HERPUBLICATIONS

Ye.Siyu;ViJ%.AshokK. and Dao.IA H..A New Fuel Cell
ElectrocatalystBased on Highly Porous CarbonizedPoly-
acrylonitrile Foam with Very Low Platinum Loading. J.
Electrochem. Sot. vol. 143. No. 1. Jan.. 1996 pp. L7-L9.

Uchida. Makotq Aoyatna. Yako; E&. Nobuo; and Ohta.
AU&&New Preparation Method for Polymm-Electrolyte
Fuel Cell.J. Electrochenr. Sot., vol. 142.No. 2. Feb.. 1995.
pp. 463468.

Wfion. M.S.. Springer.TX.. Zadowzinski.T.A.. Gottes-
foekl. S.. Recent Achievements in Poker Electrolyte Fuel
CeU (PEFC) Reseaxh at Lx Akmws National Labomtory
Jul.30.1991. IJHJR-91-1708. DE91013683.LOS/ihtllOS
National Laboratory.LOSAlamos.New Mexico 87545.

PrJ”nraryl?tzzm”ner+nthony Skapars
Attorney Agent, or Firm-Jmd M. Xalis

U.S. PATENTDOCUMENTS [5q ABSTRACT

4,044,193 811977
4,610,938 9/1986
4,876,115 10/1989
5211,984 5/1993
5&l,777 811993
5~72,017 12/1993
5$47,911 8/1996
5~61,000 10/1996
5$63,109 10/1996
5,620,807 411997

Petrowet al. ................... ........ 429140
Appleby.................................... 429142
Raimick................................. 427/115
Wdson.................................... 427/115
Wflson...................................... 429/33
Swathhajanet al. ................. 429/42X
Grot ......... ............................ 429142X
Dirvenet al. ........... ................. 429142
RiSSe ........................ ..........429142X
Mussellet al. ............ ....... .. 429142X

The present invention includes a gas-permeable.
hydrophilic.graphitefuel cell electrodefor use in conjrtnc-
tion with an ionomer membrane. The fuel cell electrode
includes a roughened.interstitialgraphitesurfaceenclosing
rnicropores.upon which is depositeda catalystfor contact-

.ing an ionomer membrane. The graphite electrode has a
thickness of about 40 microns.

6 Claims, 2 DrawingSheets

lo——-
<12- : 20 “

7—

4
Y97



ACRONYMS AND ABBREVIATIONS

ACHRE Advisory Cornrn.ittee on Human Radiation Experiments

Al? ~ activity fraction

AMAD Activity median aerodynamic diameter

CEDR Comprehensive Epidemiologica.1DataResource

CR concentration ratios

DNA deoxyribonucleic acid

DRMIA Dosimetry Registry of theMayak IndustrialAssociation

EPA EnvironmentalProtectionAgency

EPR electron paramagneticresonance

FISH fluorescence in situhybridization

GI?A glycophorin-A

HEHF Hanford EnvironmentalHealthFoundation

ICD-9 InternationalClassification of Diseases-9thRevision clinical
Modification

ICRP InternationalCommission on Radiological Protection

LANL Los Alarnos NationalLaboratory

NHRTR National HumanRadiobiology Tksue Repository
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NIST National Instituteof StandardandTechnology

OSTI Office of Scientific andTechnical Information

PHA phytohemagglutinin

PNNL Pacific NorthwestNationalLaboratory

RBc red blood cells

REs reticuloendothelialsystem

RNA ribonucleic acid

USTUR United StatesTransuraniumandUraniumRegistries

Uw University of Washington

Wsu WashingtonStateUniversity

Www World Wide Web
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3
uncommon.In order for ionomer membrane fuel cells to
achievecommercialviability.the amountof costly,precious
metal catalyst per unit area must be substantiallyreduce-d
from those levels.

A secondapproachto extendingthe threephase boundary
of an ionomermembranefuel cell has been to use a laser to
create tiny cavities in the membrane itself. “l%eseavities
serve to make the membrane a three-dimensionalsurface
and therebyincreaseits overall surfacearea. Highplatinum
loadingsappearto be requiredin this designaswell.in order
to take advantageof the increasedsurfaceareaand to extend
the three-phaseboundaryinto the cavities.

A third approachhas been to extend the three-boundary
into the body of a pre-catalyzed.hydrophobicelectrodeby
using liquid Nation@.The liquid Nafion@flows into the
body of the electrode. tlmeby extending the three-phase
boundaqy.The electrodeitself containsvery smallquantities
of platinum catalyst.The low catalyst loading is possl%le
becausethe electrodeservesas an eletionically conductive
supportfor the catalys~Unfortunately,becausethe elemode
is hydrophobic.itsperformancesuffersbecauseof electronic
resistancewithin the electrode and humidificationdifficul-
ties.

Thus. stateof-the-art fuel cell electrodes. when used in
conjunctionwith an ionomer membrane.have three princi-
pal deficiencies.FirsL the electrodesrely upon a pressure
contact bewcen carbon particles in a Teflon@binder for
electricalconductivity.Even with a graphite cloth backing.
time is significantelectronicresistancewithinthe electrode
becauseof this type of bindingreliance. Second.maintain-
ing humidificationof the membraneis diflicultandrequires
an elaboratesubsystemThirc4the most successfidfuel cell
designsto date. usingan ionomermembrane.haverequired
highlevelsofplathmmcatalystloadingsfor effectiveopera-
tion,

SUMMARYOF THE JNVENTION

The present invention includes a gas-permeable.
hydrophilic,graphitefuel cell eleclrodcfor use in conjunc-
tion with an ionomer membrane. The fuel cell elcdmde
includesa first graphiteportion.terminatingin afirst surface
for contactingfuel or oxidant The electrcxiealsoincludesa
secondgraphiteportion enclosingmicropores,adjacentand
integralto the firstportion.The secondpoition terminatesin
a secondpre-roughenedsurfaw. opposingthe first surface.
for contactingfuel or oxidan~The fuel cell eleclrode also
includes a catalyst that is deposited onto the second pre
roughenedsurfaceto forma catalyzedgraphite surface.

The present inventionalso includes a fuel cell assembly.
The assemblyincludes a fuel side current collector.a fuel
side electrode, an ionomer membrane contacting the fuel
si& electrode.an oxidantside electrode.and an oxidantside
currentcollector.The oxidantside electrodeis substantially
identicalto the fiel side electro& and opposesthe fuel side
electrode,also contactingthe ionomer membrane.

The present invention further includes a method for
making a hydrophilicfuel cell electrodewith an interstitial
surfaceand an ionomermembrane conformedto adhere to
the interstitial surface. The method reforms the ionomer
membrane from a flat material into a three-dimensional
material. thereby extendingthe three-phaseboundary.The
method includes hot-pressing a pre-roughened graphite
main bodyto an ionomermembranesurfaceunderpressure.
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The me~rane is forced into shallow chaunel~ of the 65

preroughened interstitialgraphite surface, adheringto the
surfaceand is moldedinto the surface.

4
The present invention further includes a method for

making a hydrophilic. graphite fuel cell eleclrode. The
methodincludesprovidinga graphitemainbody.The graph-
ite mainbodyis free ofparticlesofTeflon@and cimbon.The
graphitehas a densityabout one-half that of pure graphite.
The graphite is roughened and thinned to a thickness of
about 40 microns. The graphite main body has a first
substantiallysmoothsurfaceand an opposingsecondrough-
ened surfaceenclosingmicropores and mesopores.

BRIEF DEXRIFTION OF THE DR4WlNGS

The inventionmay be better understoodffom the follow-
ing detailed desmiptionwhen read with reference to the
drawingsin which:

FIG. 1 shows a schematic cross-sectionalview of the
eleticdes of the present invention installed in a hydrogen
fuel celk and

FIG. 2 shows a schematic cross-sectionalview of the
layers of the electrodeof the present invention.

DEI’AILEDDEXIUPTION OF THE
PWFERRED EMBODIMENTS

The fuel cell electrodeof the present inventionincludesa
mainbodythatis madeentiely of graphite.The graphitehas
a densityof about one-half that of pure gmphite.The main
body of the fuel cell electrodeincludes a first substantially
smooth surface and an opposing roughened surface that
enclosesmicroporesand mcsopres. The roughenedsurface
of the graphite main body is roughened with an abrasive
materiaLsuch as sandpaper.to increase its surface area. A
catalystis depositedupon the roughened surface to forma
catalyzedgraphitesurface.

Each of two graphite electro&s is hot-pressed to an
ionomer membrane at each of the roughened surfaces to
form a bonded electroddmembrane assembly comprising
the two electrodesand the ionomer membrane sandwiched
between the two electrodes.

Once assembled. the bonded assembly is placed in a
folded sheet of plasticand is pressed in a rotary press three
or four times. The non-catalyxedportions of each of the
graphite electrodesimestripped off by this pressing step.
leavingonly a thin layer of catalyzedgraphiteon eitherside
of the ionomermembrane.Each of thesetin layers serveas
one of either the fuel or oxidant electrode.respectively.

Followingthis strippingprocess step. the graphitemain
bodiesof the electrodesare approximately40 micronsthick
Microporesand mesopore-senclosedin the roughened sur-
face of each electrodepermit the reactant gasesandhumidi-
fication to reach the catalyst layer and the ionomer layer.

NeitherTeflon@nor c~bon particlesform anypart of the
fuel cell electrodesin the assemblyof the presentinvention.
In one embodiment.the graphite in the main body of each
electrode is obtained from a graphite precnrsion material.
manufacturedby Johnsonand Matthey.ProductNo. 10832.
The graphitepnmrsion material. as received.has a &nsity
which is one-half that of pure graphite and is 0.254 mm
thick The as-receivedmaterialis neither gas-permeablenor
appreciablyhydrophilic.

Jn one embodiment.the graphite precursion materiti is
roughenedon onesideusing320 grit. emerycloth sandpaper
made by the 3M Company of Minneapolis. Minn. The
graphite is hand-sanded in one direction 10 times. The
graphiteis thenrotated90° and san&d 5 times in the rotated
direction. Waste from the sanding is removed from the
graphitewith a damp tissue.The purpose of the sandingis
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if any.visibleholesremain,to form an electrodewith a first
,, si& and a secondside.The smoothsurfaceof the electrode

is then shipped off with tape. The electrodeis pressed one
final time with a Teflon@surfaceon an internal side of the
eleztmde and sandpaperon an external side. It is contem-
plated that the electrode may be mass-producedby using
high-speed.rotaxypresses with rollers that have been pre-
roughenedto simulatethe effectof the sandpapergri~

The processed graphite eleclrode is approximately 75
micronsthick and is very flexible.The electroderesembles
a piece of paper with respectto its thicknessand flexibility.
The electrodeincludesthe smoothsurfacethat is relatively
smoothand permitsgas flowthroughmicroporescreatedby
the processing.The electrodealso includes the roughened
surfacewith microporesand mesoporesin the graphite.

The electrodepermits excellentgas flowlkomthe rough-
ened surfaceof the electrodeto the smooth surfacevia the
microporesand mesoporesin the processedmaterial. It has
been found that since sinteredhydrophobicTefion@is not
used to create the gas channels,humidifiedhydrogen gas
readily suppliesall of the moisture necessary to maintain
hydration of the membrane. even at elevated internal fuel
cell temperatures.Additionally.the internalelectronicresis-
tance of the graphite electrodeof this process embodiment
is extremelylow. being approximately0.2 ohms from the
smooth surface of the elecmxie to the current collection
points on the roughenedsurfaceof the electrode.

The present invention is a radical departure ffom prior
attemptsto create a fuel cell electrodewhich is compatible
with an ionomer membrane. Instead of a hydrophobic
electrode. the present invention includes a hydrophilic
electrode. which allows continuoushumidification of the
membrane.Jnsteadof trappingwater within the membrane,
as currentstate-of-the-artelectrodesdo. the hydrophilicfuel
cell electrodeallowshumidificationto be continuallyresup
plied with the fuel and/oroxidant.The membraneis thereby
continuouslyhydrated. and the intractable water manage
ment problem heretofore associated with ionomer mem-
brane fuel cells is eliminated.

Jn addition, since the electrodeis comprisedentirely of
graphite.the electricalconductivityof the electrodeis very
good. Furthermore. since the catalyst is deposited onto a
roughened surface of the electrode. which forms a high-
surfacearea.structuralandelectronicsuppcut the amountof
catalystloadingcanbe significantlyreducedwhencompared
to the high catalystloading fuel cells discussedabove.

The high catalyst loading fuel cells use unsuppoti
platinum black to catalyzethe reaction and to conduct the
electriccurrentgenerated.By usingthe graphiteelectrodeof
the present inventionfor catalystsupportand for electronic
conductivity,the catalystloading can b reduced since the
electrode,not the platinum,is chieflyrelied upon for elec-
trical conductivity.

The improvedhy&ophilicfuel cell electrodesaccording
to the present inventionare shownin a fuel cell 2 illustrated
in FIG. 1. The fuel cell 2 is centeredaround an electrolyte
matrix 4 which is an ionomer membrane. The, ionomer
membrane4 in the prefemedembodimentis a solidpolymer
electrolytemanufacturedby DuFont under the brand name
Nafion@with a thicknessof 0.175 mm The membrane4 is
locatedbetweena pair of electrodes.anode6 and cathode8.

The Nafion@membraneis preferablycleanedby conven-
tional methods prior to installation and use. In one
embodiment, the membrane is cleaned with an aqueous
solutionof hy&ogenperoxi&. about5 percentby weight.to
removeorganicimpurities.The membraneis then soakedin
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8
a solution of 0.5 molar sulfuric acid to remove metal
impuritiesand is rinsedin distilledwater to removeremaini-
ng sulfuricacid.This methodof cleaningis describedin the
J. EiechoAnalydcal Chen 251No. 2. Sep. 23.1988 atpage
275.

A gas-permeablecurrent collectoris connectedto anode
6 by a pressure contac~ The current collector must be
composedof a materialwhich does not structurallydeterio-
rate or lose electricalconductivityin the fhel cell environ-
men~ Materials such as stainless steel. titanium. nickel or
graphite can be used.The currentcollector7 is preferablya
gas-permeable frit made of sintered material. A second
gas-permeable.currentcollector9 is connectedto cathode8.
The fuel cell 2 is activatedwhen current collectors7 and 9
are connectedto an electrical load 11completing an elec-
trical circuit Electical load 11may be any electricaldevice.
such as a light bulb or motor.

The anode 6 is placedbetweenthe ionomer membrane4
and the gas or fuel manifold 10 which contains fuel 12. In
this embodiment.the fuel 12 is hydrogengas. at a pressure
of one atmosphere.‘he interfacebetweenfuel manifold 10
and anode 6 allowsthe flow of fuel 12 to the anode 6. The
cathode8 is placed betweenthe electrolytematrix4 and the
oxidant manifold 14 through which oxidant 16 flows at a
pressure of about4 atmosphems.The interface betweenthe
oxidant manifold 14 and the cathode 8 alIows the flow of
oxidant 16 to cathode8. In this embodiment.the oxidant16
is compressed breathable air. Surface 18 of anode 6 in
contact with electrolyte membrane 4 contains a catrdyst
material. This material is typically a metal and. in the
preferred embodiment.the catalyst is platinum. Similarly.
surface20 of the cathode8 contactselectrolytematrix4 and
also contains a platinum catalyst layer according to the
preferredembodiment.The hy&ogengasmaybe humidified
bypassing it througha water chamber21 beforeit entwsthe
hydrogen manifold. Water in the water chamber can be
heated with a high resistanceelectricalcoil 22.

Hydrogen gas 12 from manifold 10 diffuses through
anode 6 towards electrolytemembrane4. AS the hy&ogen
gas 12 is adsorbedby the catalyst18. the bondsbetweenthe
hydrogen molecules are broken by the oxi&tion reaction.
producinghydrogenions and free eleckons. The hydrogen
ions then diffuse through the electrolyte membrane 4 to
interface 20 locatedproximate to catho& 8. The electrons
preferentiallyfiowfrom anode6 to current collector7 since
electrolytemembrane4 is an electronicinsulator.The elec-
trons thus flow towards cathode 8 by means of cmrent
collector 9. creating a cmrent and generating a voltage to
drive electric load 11. This voltage is equivalent to the
potential differencebetween anode 6 and catho& 8. In the
preferred embodiment.this potential differenceis approxi-
mately 1 volt at open circuit. Voltage will vary with the
current drawnthroughthe load. Of course.this voltagemay
be increasedto any desitedvoltage by puttingmultiplefuel
cells in series. High-voltagefuel cell batteries can be fab-
ricated in this manner using the invention as a principal
component.The electronsmove through currentcollector9
and diffusethroughcathode8 where upon. arrival. they axe
recombined with the oxidant and the hydrogen ions.
Simultaneously.oxidant16diffusesthroughcathode8 andis
adsorbed by the catalyst20 to react with the hydrogenions
and arrivingelectronsin a reductionreaction to form water.

Electrodes 6 and 8 are similar.Anode 6. which is con-
nected to current collector7 according to the invention. is
shown in FIG. 2. This figure is not drawn to scale in order
to clearlyillustratesurface18,whichis the catrdystinterface
to electrolytemembrane4. The anode6 is in directphysical
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bondingthe graphitemainbody to an ionomermembrane
so that the toughened catalyzedgraphite surface is in
contactwith the membraneto form an electrodq and

strippinggraphitefromthe graphitemainbody so that the
remaining graphite main body is about 40 microns
thick

2,The methodof claim1 whereinthe catalystis platinum
3. The methodof claim 1 whereinthe graphiteis stripped

from the graphitemain body by treatmentin a rotay press.
4. A method for reducing catalystrequirement in a fuel

cell electrodeby conforminga flat surfaw of an ionomm
membrane component of the electrode to an interstitial
surface of a graphite main body of the electrode. thereby
increasingsurface area of the membranecomprising

providinga graphitemain body whereinthe graphitehas
a density about one-half that of pure graphite and
whereinthe graphitemain body has a smooth surface
and a roughenedintemtitialsurfacq

12
applyinga catalystto the roughenedinterstitialsurfaceto

form a catalyzedgraphite smfacq

hot-pressingandmoldingthe ionomermembraneontothe

5
roughened interstitial surfaceof the graphitq

bondingthe graphitemainbodyto theionomermembrane
so that the toughenedcatalyzedgraphite surfaceis in
contact with the membraneto form an electrode;and

10
strippingawaythe majorityof the graphiteof the graphite

main body so that the remaining graphitemain body is
about 40 microns thick

5.The methodof elaim4 whereinthe catalystis platinum
6. The methodof claim4 whereinthe graphiteis stripped

15 by treatment in a rotary press.

*****





RF SPUTTER DEPOSTION OF PT CATALYST ON GRAPHITIC
FUEL CELL ELECTRODES

Pt catalyst was deposited on graphitic electrodes under different conditions and
for different lengths. The process was similar under all circumstances. A graphitic
electrode was placed on a platform inside a high vacuum chamber with base pressures of
2 X 106 torr. A small amount of Ar was flowed through the chamber, enough to bring
the system pressure up to 40 mtorr. An RF discharge was then initiated and the material
(usually pure Pt) was deposited onto the substrate from a 2 in. target. RF power at the
target was kept at 50W.

The thickness of the film was determined by the amount of time the material was
sputtered. The rate of film deposition was determined by producing Pt film standards on
glass slides under identical conditions. The film thickness was found using a diamond
stylus Sloan profilometer. Rates were determined for two different substrate – target
distances, 2 in. and 4 in. Deposition rates under these conditions were 7 Angstroms/min.
and 1.75 Angstroms/min., respectively. This ensured a relatively slow deposition rate,
encouraging a rough microstructure and consequently high surface area.

ROOM TEMPERATURE Pt DEPOSITIONS

Pt was deposited onto graphitic substrates maintained at room temperature (23”C).
Ar pressure was 40 mtorr and the RF power was 50W. The substrate was 2 inches from
the target, giving a deposition rate of 7 Angstroms/min. Deposition times for these
samples ranged from 30 min. to 300 min. Resulting in film thicknesses ranging from 210
Angstroms to 2100 Angstroms.

The two figures show powers and voltages of operating fuel cells with different Pt
catalyst loadings. Pt loadings in excess of 500 Angstroms gave power values of around
3,5 Watts (0.6 V and 0.6 amps through a 1 ohm load). Higher Pt loadings did not
increase the performance significantly.
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ROOM TEMPERATURE Pt/Cu ALLOYS

Pt/Cu alloys were deposited onto graphitic substrates by using an RF target made
of alternating strips of Pt and Cu. Ar pressure was 40 mtorr and RF power was 50W.
Substrate-target distances were 2 inches resulting in 7 Angstroms/min. deposition rates.
The resulting film stoichiometry and uniformity were verified with Auger and ESCA
analysis.

LIQUID NITROGEN TEMPERATURE Pt DEPOSITIONS

Pure platinum was deposited from a 2 inch Pt target onto graphitic substrates
placed 4 inches below the target. Deposition rates were found to be about 1.25 A/rein.
The temperature of the substrates were cooled with liquid nitrogen. The substrate
temperature was maintained at –1 80° C. A screen heat shield was placed above the
substrate to protect the substrate from heat caused by the sputtering process. Also, it
serve”dto decrease the energy of the impinging Pt particles, inducing colloidal formation.
The resulting Pt film was intended to be a stack of Pt colloidal spheres. Surface area of
the platinum would then be extremely high.
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