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ORGANIC FUEL CELLS AND FUEL CELL CONDUCTING SHEETS

TECHNICAL FIELD
The invention generally relates to organic fuel cells, with passive
organic fuel cells using a formic acid fuel solution being an example, as well as

organic fuel cell conducting sheets.

BACKGROUND ART

Fuel cells are electrochemical cells in which a free energy change
resulting from a fuel oxidation reaction is converted into electrical energy.
Applications for fuel cells include battery replacement, mini and
microelectronics, car engines, power plants, and many others. One advantage
of fuel cells is that they are substantially pollution-free.

In hydrogen fuel cells, hydrogen gas is oxidized to form water,
with a useful electrical current produced as a byproduct of the oxidation
reaction. A solid polymer membrane electrolyte layer can be used to separate
the hydrogen fuel from the oxygen. The anode and cathode are arranged on
opposite faces of the membrane. Electron flow between the anode and cathode
layers of the membrane electrode assembly can be exploited to provide
electrical power. Hydrogen fuel cells are impractical for many applications,
however, because of difficulties related to storing and handling hydrogen gas as
well as other reasons.

Organic fuel cells can prove useful in many applications as an
alternative to hydrogen fuel cells. In an organic fuel cell, an organic fuel such
as methanol is oxidized to carbon dioxide at an anode, while air or oxygen is
simultaneously reduced to water at a cathode. One advantage over hydrogen
fuel cells is that organic/air fuel cells can be operated with a liquid organic fuel.
This eliminates problems associated with hydrogen gas handling and storage.

Some organic fuel cells, called “indirect”, require initial conversion of the
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organic fuel to hydrogen gas by a reformer. The required reformer increases
cell size, cost and complexity. Other types of organic fuel cells, called "direct,"
eliminate these disadvantages by directly oxidizing the organic fuel without
conversion to hydrogen gas. To date direct organic fuel cell development has
focused on the use of methanol and other alcohols as fuel.

Conventional direct methanol fuel cells have numerous
unresolved problems associated with them. For example, methanol and other
alcohols have high osmotic and diffusion crossover rates across polymer
membrane electrode assemblies. Fuel that crosses over avoids reaction at the
anode, cannot be exploited for electrical energy, and thereby limits cell
efficiency. Crossover also leads to poisoning of the cathode as fuel crosses
over the polymer membrane and blocks reaction sites when it adsorbs onto the
cathode catalyst. Efficiency of the cell is thereby further reduced. A proposed
solution to this problem has been to provide additional catalyst. The relatively
high cost of catalyst particles makes this a costly alternative.

Because of high crossover, methanol and other alcohol fuel cells
typically operate with a low fuel concentration of not more than 8%. These
relatively low concentrations create additional problems. A supply of ultra-pure
water in addition to a water managément system that includes at least a sensor,
a pump and a filter can be required. This adds cost and complexity, and
substantially limits the usefulness of the cells for applications where size and
weight become critical such as miniature and microelectronics applications.

Other problems also remain unresolved in the fuel cell arts. For
example, so-called passive fuel cells differ from active cells in that passive
cells generally have a fixed amount of fuel, whereas active cells have fuel fed
to them. Because passive cells are often lower in weight, smaller in size, and
otherwise simpler than active cells, they are often favored for mini and
microelectronics applications. The efficiency of passive cells can be limited,
however, by the circulation of fuel to the anode. If stored fuel cannot be

effectively communicated to the anode, it cannot react. Circulation pumps
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have been proposed to circulate liquid fuel in a passive cell. Such pumps,
however, render moot some of the advantages of the passive cell.

Many passive cells, with miniature passive cells being a
particular example, require an elevated temperature to produce the level of
power density required for many applications. This can be a problem, in that
energy must be provided to elevate the temperature. Such cells have proven
difficult to use in many near ambient temperature applications, such as battery
replacement in miniature and microelectronics devices.

Still other problems in the art relate to methods for making fuel
cells and fuel cell assemblies. For example, for miniature and microelectronics
applications, fuel cell assemblies that are relatively large, bulky, and/or heavy
pose problems. The use of fasteners such as bolts and the like to hold the
portions of a cell together, for instance, tend to add size and weight to small
scale fuel cells.

These and other problems remain unresolved in the art.

DISCLOSURE OF INVENTION
An embodiment of the present invention is directed to a passive direct
organic fuel cell that includes an anode, an anode enclosure communicating
with the anode and containing an organic fuel solution, a cathode
communicating with an oxygen source and electrically connected to the anode,
and an electrolyte separating the anode and the cathode. The anode, cathode
and the electrolyte are operative to oxidize the organic fuel solution at the
anode and reduce oxygen at the cathode to generate power having a density of

at least 15 mW/cm?® when operating at room temperature.

Another aspect of the invention is directed to a passive direct
organic fuel cell that includes an anode, an anode enclosure communicating
with the anode and containing an organic fuel solution that is at least 1.8 M
formic acid, a cathode communicating with an oxygen source and electrically
connected to said anode, and an electrolyte sandwiched between the anode and

the cathode. The anode, cathode, and electrolyte are operative to generate
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power having a power density of at least 10 mW/cm? when operating at room
temperature.

An additional embodiment of the present invention is directed to
an organic fuel cell that includes an anode enclosure that is configured to
promote circulation of a liquid organic fuel solution contained therein.
Preferably, the anode enclosure includes a gas remover. Still another aspect of
the present invention is directed to a method for making an organic fuel cell
assembly. An exemplary method for making a fuel cell assembly includes the
steps of: providing a membrane electrode assembly including a solid polymer
electrolyte sandwiched between an anode and a cathode, hot pressing an anode
current collector to the anode of the membrane electrode assembly to define a
first perimeter surface, and hot pressing a cathode current collector to the
cathode of said membrane electrode assembly to define a second perimeter
surface. The method further includes the steps of sealing the first and second
perimeter surfaces with at least one sealant. A preferred sealant is resistive to
formic acid. An anode enclosure can also be attached to the assembly using an
adhesive that is resistive to formic acid.

Still an additional aspect of the invention is directed to a method
for modifying a fuel cell carbon cloth. The method generally includes
chemically modifying the surface of the carbon cloth to cause the contact angle
between water and the carbon cloth to be less than 120°. Also, a direct organic
fuel cell of the invention may include a carbon cloth with a modified surface
that causes the contact angle between the cloth and water to be less than 120°.
In another aspect of the present invention, a passive organic fuel cell includes a
replaceable fuel cartridge useful to load a liquid organic fuel solution into the
fuel cell.

Valuable benefits and advantages are achieved through practice
of embodiments of the present invention, as will be appreciated through

consideration of the detailed description that follows.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exploded view of an exemplary fuel cell of the
invention;

FIG. 2 is a data plot illustrating performance of an exemplary fuel
cell of the invention using various concentrations of formic acid fuel solution;

FIG. 3 is a data plot illustrating the performance of an exemplary
fuel cell of the invention using various catalysts and 1.8 M formic acid fuel
solution;

FIG. 4 is a data piot illustrating the performance of an exemplary
fuel cell of the invention using various catalyst loadings;

FIG. 5 is a data plot of the polarization curves of an exemplary
fuel cell of the invention using various formic acid concentrations;

FIG. 6 is a data plot illustrating the results of FIG. 5 in terms of
power density;

FIG. 7 is a data plot.illustrating the effects of formic acid
concentration on the open cell potential of an exemplary fuel cell of the
invention;

FIG. 8 is a data plot illustrating the time-based results of constant
cell voltage tests for an exemplary fuel cell of the invention;

FIG. 9 is a cross section of a portion of the exemplary fuel cell of
FIG. 1 viewed generally along the line 9-9 of that FIG. in the direction
indicated;

FIG. 10 is a cross section of a portion of the exemplary fuel cell
of FIG. 1 viewed generally along the line 10-10 of that FIG. in the direction
indicated;

FIG. 11 is a flowchart illustrating the steps of one exemplary
method for making a fuel cell assembly of the invention;

FIG. 12 is schematic illustration, partly in phantom, of a fuel cell
assembly of the invention useful to illustrate the steps of the method of FIG.
11; and
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FIG. 13 is a schematic cross section of a portion of an exemplary

fuel cell of the invention that includes a replaceable fuel cartridge.

BEST MODE OF CARRYING OUT THE INVENTION

The present invention is directed to fuel cells, such as passive
direct organic fuel cells, to fuel cell assemblies, to methods for making fuel
cells and fuel cell assemblies, and to fuel cell conducting sheets and methods
for making conducting sheets. Various embodiments of the present invention
are believed to be particularly beneficial when practiced with passive direct
organic fuel cells containing a formic acid fuel, aithough other organic fuel
solutions are also contemplated. Before discussing various exemplary
embodiments of the present invention, it will be appreciated that description of
one embodiment can relate to other embodiments as well. For instance, when
describing a method for making a fuel cell, it will be appreciated that
description can likewise be made of a fuel cell.

It will also be appreciated that although numerical values will be
presented herein to describe the invention in units such as temperature,
molarity, concentration, length, weight, and the like, the present invention is
not limited to the precise numerical values given. Those skilled in the art will
appreciate that values reasonably close to those presented will likewise provide
benefits and advantages of the invention. Accordingly, numerical limits
included in the description and claims of the invention should not be
interpreted as precise values that limit the invention.

One aspect of the present invention is directed to a passive direct
organic fuel cell operative to oxidize an organic fuel solution to provide a
useful electric current. Formic acid is a preferred organic fuel solution,
although other organics such as methanol and other alcohols, formaldehyde and
other aldehydes, ketones, di- and tri-methoxy methane and other oxygenates
are also contemplated for practice of the invention. Preferred fuels include
those that have low or no crossover across the polymer electrolyte membrane,

as is discussed in detail in the ‘385 application.
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FIG. 1 is an exploded view of an exemplary fuel cell assembly 10
of the invention. It includes an anode 12 and a cathode 14, with a solid
polymer electrolyte 16 sandwiched therebetween. A preferred solid polymer
electrolyte membrane 16 is a copolymer of tetrafluoroethylene and
perfluorovinylether sulfonic acid, with an example being the membrane 16
available under the NAFION trade name from DuPont Chemical Co.,
Delaware. Other membrane materials can also be used, with examples
including membranes of modified perfluorinated sulfonic acid polymer,
polyhydrocarbon sulfonic acid, membranes containing other acidic ligands and
composites of two or more kinds of proton exchange membranes.

The anode 12, cathode 14 and solid polymer electrolyte 16 can
comprise a unitary membrane electrode assembly (MEA). For example, an
MEA can be formed when the anode 12 and cathode 14 are painted or
otherwise deposited as a liquid “ink™ or slurry form onto opposite surfaces of
the membrane 16. Each of the anode 12 and the cathode 14 can include a
catalyst layer with an example being fine Pt particles either supported or
unsupported and directly applied to opposite sides of the NAFION membrane.
When the catalyst ink dries, solid catalyst particles adhere to the membrane 16
to form the anode 12 and the cathode 14.

A cathode current collector 18 covers a surface 20 of the cathode
14. A plurality of slots 22 through a portion of the cathode current collector 18
provides access to the cathode 20. An insulator 24 covers a portion of the
cathode current collector 18. In operation, the cathode 14 of the exemplary cell
remains open to the atmosphere, although other cell configurations are
contemplated in which oxygen can be supplied through other means. An anode
current collector 26 covers a surface of the anode 12. Like the cathode current
collector 18, the anode current collector 26 has a plurality of slots 28 that
provide access to the anode 12 and increase the operative surface area.

A conducting sheet 29 can be sandwiched between the current
collector 26 and the anode 12 to facilitate distribution of charge. Although not

illustrated, a conducting sheet 29 can also be provided between the cathode
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current collector 18 and the cathode 14. The conducting sheet 29 can be gold
mesh, carbon cloth, or the like. The conducting sheet 29 can also provide some
mass transfer functionality to facilitate transfer of fuel to the anode 12. For
example, a carbon cloth that has been modified to change its surface
interactions with water is believed to offer useful benefits and advantages for
operation of some cells of the invention. The anode 12 and the anode current
collector 26 are attached to an anode enclosure 30 that includes a cover plate 34
and defines a chamber 32. When the fuel cell 10 is assembled, the chamber 32
is operative to contain an organic fuel solution. A fill passage 36 allows for
communicating fluids to and from the chamber 32. The fill passage 36 can be
sealed to provide a self-contained fuel cell that can be useful, for instance, as a
miniature power source for small or microelectronics devices and like
applications.

When an electrical load (not shown) is electrically connected
between the anode current collector 26 and the cathode current collector 18,
electro-oxidation of an organic fuel occurs at the anode 12 and electro-
reduction of an oxidizer occurs at the cathode 20. The occurrence of different
reactions at the anode 12 and cathode 20 gives rise to a voltage difference
between' the two electrodes. Electrons generated by electro-oxidation at the
anode 12 are conducted through the anode current collector 26, through the
electrical linkage to the electrical load, to the cathode current collector 18, and
are ultimately captured at the cathode 20. Hydrogen ions or protons generated
at the anode 12 are transported across the membrane electrolyte 16 to the
cathode 20. A flow of current is thereby sustained by a flow of ions through
the membrane electrolyte 16 and electrons through the electrical linkage (not
shown) between the cathode collector 18 and the anode collector 26 that results
in an electrical current that can be utilized to power an electrical device, for
instance.

Passive direct formic acid fuel cells of the present invention
provide many advantages and benefits. For example, fuel cells of the invention

can provide compact and self-contained power sources that are useful for a
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wide variety of applications where batteries have traditionally been used. No
pumps or water management systems are required, and oxygen can be supplied
from air.

In order to further illustrate various aspects of the present
invention, description of an exemplary fuel cell and its performance will be
made. An exemplary passive fuel cell was constructed generally consistent
with the fuel cell illustrated in FIG. 1. For convenience, element numbers from
that FIG. will be used where appropriate to describe the exemplary cell.

An anode catalyst paint was prepared by mixing 12 mg of
Johnson Mathey Hispec 6000 PtRuBl, 10% (wt) of NAFION solution
(NAFION is a trade name of a fluorocarbon polymer material available from
Solution Technology Inc.), and 120 mg Millipore water. This mixture was then
sonicated for 10 minutes in an ice slurry bath. A cathode catalyst paint was
prepared by mixing 12 mg of Johnson Mathey Hispec 1000 platinum black,
10% (wt) of the NAFION solution and 120 mg Millipore water. This mixture
was then sonicated for 10 minutes in an ice slurry bath. It is noted that many
different anode and cathode catalysts are contemplated for practice with the
present invention. Exemplary anode catalysts are discussed in the 385
application.

It has also been discovered that using a NAFION binder
concentration of below 25% in the anode catalyst provides valuable advantages
and benefits for fuel cell performance. In addition to acting as a binder for the
catalyst materials, the NAFION or other copolymer of tetrafluoroethylene and
perfluorovinylether sulfonic acid also enhances proton conductivity of the
catalyst layer. These benefits must be balanced with the disadvantageous
blocking of fuel delivery that the NAFION binder causes. Using a NAFION or
other copolymer of tetrafluoroethylene and perfluorovinylether sulfonic acid
based binder concentration of less than 25% (wt), and preferably greater than
5% (wt), has been discovered to result in optimal performance of the catalyst
layer. As an alternative, it has also been discovered that use of a

polytetrafluorethylene (PTFE) binder, with TEFLON (trade name of Dupont
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Chemical, Delaware) being a widely available commercial example, can also
provide benefits over the NAFION binder. It is believed that PTFE based
binders do not block the organic fuel delivery to the extent that NAFION does.

The exemplary catalyst materials were painted onto opposite
surfaces of a polymer electrolyte membrane 16 to form the anode 12 and
cathode 14. A NAFION 117 membrane from Solution Technology Inc. was
used. The membrane was conditioned in the following sequence: 1) placed in
a 5% hydrogen peroxide solution for one hour; 2) boiled in Millipore water for
one hour; 3) place in a 5% of sulfuric acid for one hour; and 4) boiled in a
Millipore water for one hour.

A 3.5 cm x 3.5 cm size portion of the conditioned NAFION
membrane 16 was placed on a vacuum table under a heating lamp. The
temperature of the vacuum table was fixed between 70° and 80° C. Several
different anodes 12 were investigated. A 1 cm® active area anode 12 was
fabricated by painting anode catalyst of either platinum black or.platinum
ruthenium black (HiSPEC™ 6000 from Johnson Matthey) at a loading of 4-12
mg/cm’® onto the NAFION membrane 16. The final anode 12 contained 10%
(wt) NAFION, and was dried for 10 minutes on the vacuum table. The
membrane 16 was then flipped on the vacuum table and a 1 cm x 1 cm area
painted on to the opposite surface using 12 mg/cm? of Johnson Mathey Hispec
1000 catalyst to form the cathode 14. The resulting membrane 16 with its
painted on anode 12 and cathode 14 form an MEA.

An air breathing miniature sized formic acid fuel cell was then
constructed generally as in FIG. 1. Both the anode and cathode current
collectors 26 and 18, respectively, were tantalium foils electrochemically
coated with a 5 micron thick layer of gold. It has been discovered that a
coating such as gold that is resistive to formic acid is beneficial for cell
performance. Preferably it is provided in a thickness of at least 0.1 nm, and
more preferably between 1 and 5 microns. A TEFLON anode enclosure 30
includes the chamber 32, and the TEFLON cover plate 34 closes the chamber

so that it can contain a formic acid fuel solution. The chamber 32 has

10
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dimensions of 1 cm (width) x 1.4 cm (height) x 0.56 cm (depth). Through the
top wall of the enclosure 30, one hundred 0.010" passages 40 were drilled to
define a gas remover 38, which will be discussed in detail herein below. A
TEFLON cathode insulator 24 was provided, and the assembly clamped
together using stainless steel holders and bolts (not shown).

The first exemplary fuel cell was tested using formic acid
solutions of varying concentrations and cell performance measured using a fuel
cell station from the Fuel Cell Technology Inc. Double distilled 88% formic
acid (GFS) was diluted with Millipore water to prepare formic acid fuel
solutions of desired concentration. The formic acid fuel solution was injected
into the chamber 32 through the port 36 using a syringe. The cathode 14 was
opened to air for supply of oxygen. No conducting sheet 29 was used with the
cathode 12 for this series of tests.

FIG. 2 shows the results of tests using different concentrations of
formic acid fuel solutions with an anode 12 loading of 12 mg of Johnson
Mathey Hispec 6000 catalyst. The data of FIG. 2 result from running the
exemplary cell at a fixed cell potential at room temperature until the cell ran
out of fuel, with 0.6 cc of fuel solution initially loaded. Tests were run at room
temperature. For these tests, no carbon cloth was used on the anode or cathode.
The voltage of the exemplary passive cell was set constant at 0.26 V.

At 2 M formic acid the power density increased initially as the
operation time increased. However, when it reached the maximum power
density after a short while, its power density output dropped. After 2 hours of
operation, its power output at 0.26 V went down to zero when all of the fuel
was used. Between the fuel concentration of 5 and 8.8 M, the power densities
initially increased until they reached the steady state. The results illustrated by
FIG. 2 suggest that the operation time of fuel cells of the invention is
proportional to the fuel concentration. As the fuel concentration increased, the
cell operational time at 0.26V increased. At the fuel concentration of 8.8 M,
the miniature fuel cell generated between 10 to 11 mW/cm® of power density

up to 4 hours.

11
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FIG. 3 shows the exemplary fuel cell performance using 1.8 M
formic acid fuel solution and either a platinum black or a platinum ruthenium
(PtRu) anode catalyst at room temperature. As used herein, “room
temperature” is intended to refer to temperatures of 17-25°C. In either case an
open cell potential of nearly 800 mV is observed. The potential goes down as
current is drawn from the cell. At low cell potential, PtB1 catalyst gave a little
more current density than the PtRuBl1 anode catalyst while the opposite is true
at the high current densities. FIG. 4 illustrates the effect of different anode
catalyst loadings on performance at room temperature.

FIG. 5 shows the effect of the different formic acid concentration
on the exemplary cell polarization curve profile over a concentration range
between 1.8 to 13.2 M formic acid at room temperature. For these tests, no
conducting sheet was used on the anode or cathode. Above a cell potential of
200 mV, the current densities slightly decreased as the formic acid
concentration increased from 1.8 to 8.8 M.. Below 200 mV, the current
densities were very similar. FIG. 5 shows 113 mA/cm® as the maximum
current density at room temperature. At 13.2 M formic acid, the current
density decreased sharply over the entire cell potential range.

In FIG. 6, the results from FIG. 5 have been plotted in terms of
power density for the different formic acid concentration. Because the plots
twist, the maximum power density occurs at two different current density
points: it is measured at 16.6 mW/cm? at the formic acid concentration of 1.8
and 44 M. The high operational concentration range for the passive air
breathing formic acid fuel cells of the invention offer many advantages and
benefits.

FIG. 7 shows the effects of the different formic acid
concentrations on the apparent open cell potential (OCP) of the exemplary
passive fuel cell. Tests were performed at room temperature. At formic acid
concentration of 1.8 M, a maximum OCP of 0.76 V was observed. As the
formic acid concentration increased from 1.8 to 13.2 M, the OCP of the cell

decreased. FIG. 7 also shows the high frequency cell resistance. The cell
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resistance ‘was not influenced much by the formic acid concentration change -
from 1.8 to 8.8 M, while the OCP of the cell decreased by 93 mV for the same
concentration change. As the formic acid concentration increased from 8.8 to
13.2 M, the cell resistance increased significantly while the OCP of the cell
dropped.

FIG. 8 illustrates the exemplary fuel cell’s performance with
respect to time under certain conditions. Two tests were performed, each at
room temperature and each using 0.7 cc of 5 M formic acid fuel solution. The
constant cell voltage tests were conducted at 0.26 and 0.46 V. For this test, no
conducting sheet was used on the anode or cathode. The power density output
at 0.46 V was 6 mW/m’ for 7 hrs, and was 10 mW/m? at 0.26 V for 3 hrs.

In an additional series of tests with the exemplary fuel cell, the
performance of the cell was investigated using different conducting sheets 29
(FIG. 1). In a first experiment a conducting sheet 29 of a 1 cm X 1 cm pieces of
ALPHA AESAR #40931 gold mesh on both sides of the MEA (between the
cathode and anode current collectors 18 and 26 and the respective anodes and
cathodes 12 and 14). The gold foil conducting sheet substantially increased the
maximum power to 33 mW/cm? and the maximum current to 250 mA/cm>.

In an additional series of tests the effects of different carbon cloth
conducting sheets 29 were investigated. Carbon cloth conducting sheets 29 are
believed to be of potential utility for purposes of mass transfer in addition to
conducting electric charge. A first test was run without any carbon cloth, a
second using ETEK type A plain carbon cloth (plain carbon cloth), a third
using a ETEK ELAT V2 carbon cloth with a single side Teflon layer (Teflon
carbon cloth), and a fourth using oxygen plasma treated carbon cloth (modified
carbon cloth). The exemplary cell with the “no carbon cloth” and with the
“modified carbon cloth” generated the most current density over the entire cell
potential range. The miniature cell with the plain carbon cloth and the Teflon
carbon cloth generated a lower current density than that cell with the modified
carbon cloth or no carbon cloth. It is believed that any increase in collection of

current and transfer of formic acid to the anode that these two types of carbon
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cloth offer are outweighed by the tendency of CO, gas to adhere to the cloth
and block the anode.

The cell running with modified carbon cloth and with no carbon
cloth generated consistent current densities at low potentials, but the modified
carbon cloth provided the highest current densities at high concentrations.
Modified carbon cloth therefore appears to offer valuable advantages
associated with running at high fuel concentrations. It is believed that when
properly modified, the carbon cloth achieves a balance between two competing
mechanisms: effective transfer of organic fuel such as formic acid to the
anode, and resistance of transfer of water from the membrane. If the carbon
cloth is modified to be too hydrophilic, dehydration of the membrane can cause
the cell to shut down. If the carbon cloth is not hydrophilic enough, on the
other hand, transfer of formic acid to the anode is not substantial. The

preferred modified carbon cloth of the invention has been modified to allow for

‘a formic acid fuel cell using a fluorocarbon based solid polymer electrolyte.to

operate at formic acid fuel concentrations of 13 M or more.

An additional aspect of the invention is directed a modified
carbon cloth having an advantageous balance of hydrophobic/hydrophilic
teridencies, as well as to a method for modifying the carbon cloth. The method
includes a step of modifying the surface of the carbon conductor sheet to make
it hydrophilic. Specifically, the surface is modified to add hydrophilic ligands
such as one or more of CO, OH and/or COOH groups. Methods for modifying
the carbon cloth can include boiling in an acid solution, adding a
functionalizing agent, or exposing to an oxygen plasma.

To further illustrate this aspect of the present invention,
advantageous modification of ETEK Plain Type A carbon cloth was
accomplished through exposure to oxygen plasma. The carbon cloth was
loaded into a Uniaxis 790 Series Reactive Ion Etcher, and the etching chamber
pumped down to a pressure of 20 mTorr. The carbon cloth was then subjected
to oxygen plasma formed by an oxygen gas flow of 10 sccm and a RF power

bias of 100 W. The samples were subjected to the plasma for 3 minutes. The
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chamber was then purged with pure nitrogen for 3 minutes. The chamber was -
vented and then the samples were removed and tested for increased hydrophilic
behavior by dropping small drop of distilled water on each side. The water was
immediately absorbed by the carbon cloth, which indicated that sufficient
modification of the cloth had occurred. In contrast, the water beads up on the
plain carbon cloth and the Teflon coated carbon cloth.

In order to further describe this aspect of the present invention,
measurements were made of the contact angle between carbon cloth samples
that were modified through a method of the invention and un-modified carbon
cloth samples. The water drop had a contact angle of 135° with plain carbon
cloth (ETEK Plain Type A Carbon Cloth) and 155° on the Teflon coated sided
carbon cloth (ETEK ELAT V2 single sided Carbon Cloth). In contrast, the carbon
cloth modified through the method of the invention showed a contact angle of
near zero. It is believed that modifications that result in contact angles of less
than 120°, and more preferably near zero, provide useful benefits and
advantages.

Another aspect of the present invention is directed to direct
organic fuel cells that include an anode chamber configured to promote
circulation of liquid fuel contained therein through movement of gas through
the solution. Referring again by way of example to FIG. 1, when an organic
fuel is oxidized on the anode 12, reaction products can include gases such as
CO;, and/or CO. Theses gases form bubbles on the surface of the anode 12. It
has been discovered that the anode chamber 32 can be configured to exploit
this gas to provide circulation of the fuel solution held in the chamber 32. For
example, it has been discovered that an anode chamber 32 that includes the gas
remover shown generally at 38 is useful to cause the gas to flow through the
fuel solution held in the chamber 32 sufficiently to provide useful circulation of
the solution.

As best shown by the cross sections of indicated portions of the
fuel cell of FIG. 1 that are shown in FIGS. 9 and 10, the gas remover 38

includes a plurality of passages 40 that communicate between the chamber 32
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and the atmosphere external to the chamber 32. The cross section of FIG. 10
illustrates a portion of the fuel cell 10 in an assembled form. Gas bubbles 42
formed on the anode 12 (FIG. 1) will travel through the fuel solution held in the
chamber 32 to the passages 40, through which they can then exit the chamber
32 in the direction of the arrow. As gas bubbles 42 are formed, the pressure in
the chamber 32 increases and creates a pressure differential across the passages
40. The driving force of the pressure differential directs the gas bubbles 42 out
of the chamber 32.

The passages 40 are configured to substantially prevent passage
of the fuel solution while allowing gas to pass therethrough. It has been
discovered that providing passages 40 in a generally tubular shape and with a
length to diameter ratio of at least 0.5 is beneficial to prevent liquid flow, as is
use of a hydrophobic surface on the interior surface of the passages 40.
Preferably, the passages 40 have a diameter of no more than 1/32”, and more
preferably no more than 0.01”, and a length of at least.0.125 in. At least about
five passages 40 are preferably provided, and more preferably they are
provided in a ratio of about twenty passages 40 of no more than 1/32” diameter
per cm’ of useful anode area. An exemplary hydrophobic construction material
for the passages 40 includes the fluorocarbon-based polymer commercially
available from 3M Corporation, Minneapolis Minnesota under their registered
trademark KEL-F. It is contemplated that the passages 40 can be provided in
more than one wall of the anode enclosure 30.

In order to promote circulation of the fuel solution, the gas
remover 38 is preferably configured to cause the gas bubbles 42 to travel some
minimum distance through the chamber 32. For example, the passages 40 are
preferably placed a distance A of at least 0.1 inches from the anode current
collector 26. Also, it has been discovered that providing a passage entrance 44
that is separated by a distance from the wall 46 of the anode enclosure 30 is
also useful to promote useful circulation of the fuel solution. A distance of at

least 0.01 in. is preferred.
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Through the gas remover 38 of the invention, substantial savings
in cost, size, weight, and complexity of the fuel cell can be achieved, as well as
increases in cell efficiency. Although the fuel cell 10 of the invention will
prove beneficial when used with a wide variety of organic fuel solutions, it has
shown particularly beneficial results when used with formic acid fuel solutions.
In particular, when used with formic acid fuel solutions having a formic acid
concentration of at least 1.8 M circulation of the fuel solution results to an
extent that no external circulation pump or other mechanical circulation device
is required. Higher fuel concentrations are generally favored due to increased
CO, production. Formic. acid is beneficial because a fluorocarbon solid
polymer electrolyte is substantially impervious to its crossover, production of
toxic CO can be avoided when it is oxidized, as well as for additional reasons.
Also, it will be appreciated that gas removers of the invention will be of
particular utility in passive fuel cells in which no circulation is provided by
mechanical means.

Another aspect of the present invention is directed to methods for
making fuel cells and fuel.cell assemblies. FIG. 11 is a flowchart illustrating
one exemplary method 100 of the present invention. A membrane electrode
assembly is prepared (block 102) by pdinting a cathode catalyst ink on one
surface of a solid polymer electrolyte (block 104) and by painting an anode
catalyst ink on an opposite second surface of the solid polymer electrolyte
(block 106). The painting can be done over the entire surface, but more
preferably is done over only a portion of the surface that will be exposed to
reactants.

Following preparation of the membrane electrode assembly,
cathode and anode collectors are hot pressed onto the assembly (blocks 108,
110). The current collectors are hot pressed at an elevated temperature that is
preferably at least as great as the glass transition temperature of the solid
polymer electrolyte. ~ When using a preferred fluorocarbon electrolyte
membrane such as that commercially available under the NAFION trademark

from DuPont Chemicals, Delaware, hot pressing is carried out at a temperature

17



WO 2005/029609 PCT/US2004/029542

10

15

20

25

30

that is preferably at least 135°C. Temperatures of this magnitude cause
bonding to occur between the current collectors and the membrane due to the
melting of some of the membrane. Hot pressing can be carried out for a period
of time required to achieve a good attachment, with an exemplary period being
a few minutes.

The resulting membrane electrode assembly and hot pressed
current collectors are then sealed about their perimeters with a bonding
material. This step can be best described through consideration of FIG. 13 that
shows a solid polymer electrolyte membrane 202 with an anode shown in
phantom as element 204 having been painted onto a portion of one surface, and
a cathode shown in phantom as element 206 having been painted onto a portion
of the opposite surface. A cathode current collector 208 has been hot pressed
over the cathode 206, and an anode current collector 210 hot pressed over the
anode 204. In this configuration, a perimeter surface 212 is defined about the
perimeter of the assembly. Put another way, the perimeter surface 212 is
defined by the four sides of the assembled components that are not facing one
another.

Referring now to the flowchart of FIG. 11 in addition to the
schematic of FIG. 12, the method 100 further includes a step of applying a
sealant to at least a portion of the surface 212 (block 112). The portion covered
preferably includes at least the region 214 proximate the interface between the
surface of the polymer electrolyte membrane with the anode 204 and the anode
current collector 210. Because this interface is near the anode surface 204, it
has the potential of leaking fuel solution. Following application of the sealant,
the assembly is cured at an elevated temperature that is below the glass
transition temperature of the polymer electrolyte (block 114). An exemplary
step of curing includes a temperature of 75°C for a time period of 24 hrs.

A number of sealants are practical for use with the present
invention. Because formic acid fuel solutions are contemplated for use in fuel
cells made through steps of the invention, sealants that are resistive to formic

acid are of particular interest in practice of the invention. Several sealants were
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investigated for their suitability for use with formic acid fuel solutions with
concentrations in the range that are believed to be useful with the present
invention. Of these, silicon and epoxy sealants were found to be particularly
useful. For example, silicon sealant available under the trade name RTV and
RTV Clear Silicon Sealant from the General Electric Co. and epoxy available
under the trade name Thermally conductive Epoxy Resin 50-3185 with catalyst
105 from Epoxies Etc (Cranston, RI) did not fail through extended use, and
expanded during wetting to increase sealing behavior.

In a subsequent step of the method 100, an anode enclosure is
attached to the anode current collector using an adhesive (block 116). It will be
appreciated that the adhesive acts as a sealant in this step. It will also be
appreciated that many sealants have adhesive functionality. Accordingly, as
used herein the terms “adhesive” and “sealant” will be understood to overlap-
some “sealants” may function as adhesives and some “adhesives” may function
as sealants. An adhesive resistant to formic acid, such as a silicon or epoxy
sealant, is preferred for this step. After attaching, the assembly is once again
cured at an elevated temperature that is below the glass transition temperature
of the polymer membrane (block 118). An exemplary curing step includes
exposure to a temperature of 75° for a period of 24 hrs. Potentially, the curing
steps of blocks 118 and 114 could be combined for cost and time savings.
Also, it can prove useful to treat the bonding surface of the anode enclosure
before attaching to the current collector. Treatment can include, for instance,
etching with a chemical agent to increase surface roughness.

An additional aspect of the invention may include a fuel cell such
as the cell 10 shown in FIG. 1 that has one or more of its various components
including the anode enclosure 30, cathode enclosure 24, electrolyte 16, and end
plate 34 all held together using a sealant such as a silicone or an epoxy. The
sealant is provided on interfacing of the various component surfaces to serve
the dual purposes of sealing the cell from leakage in addition to being an
adhesive that holds it together. Preferably, the sealant is a polymer that is

resistive to formic acid, with preferred examples including the silicones and
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epoxies described herein above. A fuel cell assembled using adhesives may
provide cost and other advantages over those of the prior art.

FIG. 13 illustrates a portion of an exemplary fuel cell of the
invention that includes still an additional aspect of the invention. The portion
of the fuel cell shown in FIG. 13 is generally consistent with portions of the
fuel cell 10 shown in FIGS. 1 and 9-10. An anode chamber 332 is generally
defined by an anode enclosure 330 and its cover plate 334. An anode current
collector 326 and a solid polymer electrolyte membrane 316 communicate with
the chamber 332. Although not illustrated, a cathode, a cathode current
collector, and other elements may be present on the opposite side of the
membrane 316 from the anode current collector 326. A gas remover shown
generally at 338 includes a plurality of passages 340 for removing gas from the
chamber 332.

The exemplary fuel cell embodiment of FIG. 13 includes a
replaceable fuel cartridge 350. The replaceable. cartridge 350 includes a fuel
reservoir 352 for holding a supply of liquid organic fuel, such as a formic acid
fuel solution. The replaceable cartridge 350 may be constructed of any suitable
material, with an example being a PTFE such as TEFLON. The anode
enclosure 330 is provided with a loading passage communicating with the
chamber 332, with the loading tube 354 of FIG. 13 being an exemplary loading
passage. The loading tube 354 is configured to mate with the replaceable
cartridge 350. Preferably the loading tube 352 includes a sealing means such
as a check valve 356. The check valve 356 is configured to provide one-way
flow whereby flow is allowed into the chamber 332 from the cartridge reservoir
352 but reverse flow out of the chamber 332 is prevented. Other sealing means
and configurations are also contemplated.

The replaceable cartridge 350 includes a recessed valve 358 that
is located at the terminal end of a loading port 360. An exemplary loading port
360 comprises a generally tapered cavity configured to receive the loading tube
356 and guide it into engagement with the recessed valve 358. The valve 358

may comprise a spring loaded or like configured valve that opens when the
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filling tube 356 engages it. Configurations like the exemplary recessed valve
358 and loading port 360 may be desirable to reduce the chances of exposure of
a fuel solution to user contact during loading.

The replaceable cartridge 350 is useful to load fuel solution into
the chamber 332 after depletion of existing fuel. It will be appreciate that the
fill tube 356 may extend for any practical distance, so that a passive fuel cell of
the invention may be within the body of an electronic device and yet remain
accessible for re-fueling.

It will be appreciated that various embodiments of the invention,
including passive direct organic fuel cells, show great promise for use in power
applications. Many advantages are offered over direct methanol fuel cells and
other organic fuel cells of the prior art. These advantages can be of particular
utility in mini- or micro-electronic device applications. A few exemplary
applications for use of formic acid fuel cells of the invention include
replacements for portable batteries, power supplies for portable and micro-
electronic devices such as sensors, radios, cell phones, other communication
devices, control devices, and the like. It will be appreciated that because of the
relatively low potential of a single formic acid fuel cell, these and other
applications can include a plurality of fuel cells of the invention such as the
fuel cell 10 in series.

It is intended that the specific embodiments and configurations
herein disclosed are illustrative of the preferred and best modes for practicing
the invention, and should not be interpreted as limitations on the scope of the

invention as defined by the appended claims.
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CLAIMS:

1. A passive direct organic fuel cell (10) comprising:

an anode (12, 326);

an anode enclosure (30, 330) communicating with said anode and
containing an organic fuel solution;

a cathode (14) communicating with an oxygen source;

an electrolyte (16, 316) sandwiched between said anode and said
cathode; and,

wherein said anode, said cathode, and said electrolyte are operative to
oxidize said organic fuel solution at said anode and reduce oxygen at said
cathode to generate power having a power density of at least 15 mW/cm? when
operating at room temperature.

2. A passive direct organic fuel cell as defined by claim 1 wherein
said fuel solution contains at least 4.4 M formic acid.

3. A passive direct organic fuel cell as defined by claim 1 wherein
said cathode communicates with air, and wherein oxygen is supplied to said
cathode for reaction with said formic acid fuel solution from the air.

4. A passive direct organic fuel cell as defined by claim 1 wherein
said anode enclosure has a gas remover configured to allow passage of CO,
from said enclosure while substantially preventing passage of said organic fuel
solution, said gas remover positioned to promote circulation of said organic
fuel solution as gas travels therethrough.

5. A passive direct organic fuel cell as defined by claim 4 wherein
said anode enclosure includes a wall, and wherein said gas remover comprises
a plurality of generally tubular passages through said wall having a diameter of
less than 1/32”, a length to diameter ratio of at least 0.5, and wherein said
plurality of passages are provided in a ratio of at least 20 per cm® of active
anode area.

6. A passive direct organic fuel cell as defined by claim 4 wherein
said anode enclosure includes a wall, said anode is generally planar, and

wherein said gas remover comprises a plurality of generally tubular passages

22



WO 2005/029609 PCT/US2004/029542

10

15

20

25

30

through said wall, said passages spaced from the plane of said anode by at least
0.01”.

7. A passive direct organic fuel cell as defined by claim 1 and
further including an anode current collector overlying said anode, a conducting
sheet sandwiched between said anode and said anode current collector.

8. A passive direct organic fuel cell as defined by claim 7 wherein
said conducting sheet comprises one or both of a gold mesh or a modified
carbon cloth, said modified carbon cloth having a modified surface that results
in a contact angle with water of less than 120°.

9. A passive direct organic fuel cell as defined by claim 7 and
further including a layer on said anode current collector, said layer being
resistive to formic acid and at least 0.1 micron thick.

10. A passive direct organic fuel cell as defined by claim 9 wherein
said layer contains one or more of gold or silver and has a thickness between 1
and 5 microns.

11. A passive direct organic fuel cell as defined by claim 1 wherein
said electrolyte comprises a solid polymer electrolyte that is substantially
impervious to said organic fuel solution.

12. A passive direct organic fuel cell as defined by claim 1 wherein
said anode includes a catalyst layer containing less than 25% (wt) of a binder
made of a copolymer of tetrafluoroethylene and perfluorovinylether sulfonic
acid.

13. A passive direct organic fuel cell as defined by claim 1 wherein
said anode includes a catalyst layer containing a PTFE binder.

14. A passive direct organic fuel cell as defined by claim 1 wherein a
polymer sealant is adjacent to said anode enclosure, said polymer sealant
holding said anode enclosure in place on the fuel cell and sealing said anode
enclosure against leakage of said organic fuel solution, said polymer sealant
being one or more of a silicone or an epoxy.

15. A passive direct organic fuel cell as defined by claim 1 and

further including a replaceable fuel cartridge (350), said anode enclosure
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having a loading passage for connecting with said replaceable fuel cartridge,
said loading passage communicating with said chamber.

16. A passive direct organic fuel cell as defined by claim 15 wherein
said loading passage comprises a fill tube (354) extending from said anode
enclosure and has a valve (356), and wherein said replaceable fuel cartridge has
a recessed valve for cooperating with said fill tube.

17. A passive direct organic fuel cell comprising:

an anode (12, 326);

an anode enclosure (30, 330) communicating with said anode and
containing an organic fuel solution that is at least 1.8 M formic acid;

a cathode (14) communicating with an oxygen source;

a solid polymer electrolyte (16, 316) sandwiched between said anode
and said cathode that is substantially impervious to said organic fuel solution;
and,

wherein said anode, said cathode, and said electrolyte are operative to
generate power having a power density of at least 10 mW/cm? when operating
at room temperature.

18. A passive direct organic fuel cell as defined by claim 17 wherein
said fuel solution is at least 4.4 M formic acid and said power density is at least
14 mW/em?.

19. A passive direct organic fuel cell as defined by' claim 17 wherein
said fuel solution is at least 8.8 M, and wherein said anode, said cathode, and
said electrolyte are operative to generate a power density of at least 10 mW/cm®
at a constant voltage of 0.26 V when operating at room temperature for a
period of at least 3 hours with no more than 0.6 cc of said fuel solution.

20. A passive direct organic fuel cell as defined by claim 17 wherein
said anode enclosure has a gas remover configured to allow passage of CO,
from said enclosure while substantially preventing passage of said organic fuel
solution, said gas remover positioned to promote circulation of said organic

fuel solution as gas travels therethrough.
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21. A passive direct organic fuel cell as defined by claim 17 wherein
said anode enclosure, said anode and said electrolyte are held together by a
polymer sealant that is resistive to formic acid.

22. A passive direct organic fuel cell as defined by claim 17 wherein
said anode enclosure includes a fill passage for connection to a replaceable fuel
cartridge.

23. A passive direct organic fuel cell as defined by claim 17 and
further including a replaceable fuel cartridge made of a PTFE and containing a
liquid organic fuel solution, said replaceable fuel cartridge having a recessed
valve.

24. A direct organic fuel cell comprising:

an anode enclosure (30, 330) having a chamber, a liquid organic fuel
solution contained in said chamber;

an anode (12, 326) communicating with said chamber;

a cathode (14) electrically connected to said anode;

an electrolyte (16, 316) sandwiched between said anode and said
cathode; and,

said anode enclosure configured to promote circulation of said liquid
organic fuel solution through movement of gas through said organic fuel
solution.

25. A direct organic fuel cell as defined by claim 24 and wherein said
anode enclosure includes a gas remover configured to selectively allow passage
of gas from said anode chamber while preventing passage of said liquid fuel
solution.

26. A direct organic fuel cell as defined by claim 25 wherein said
anode enclosure includes a wall, and wherein said gas remover comprises a
plurality of passages through said wall and communicating with said chamber.

27. A direct organic fuel cell as defined by claim 26 wherein each of
said plurality of passages is tubular and has an inside diameter of less than

1/32”.
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28. A direct organic fuel cell as defined by claim 26 wherein each of
said plurality of passages has an inside width of less than 0.01”.

29. A direct organic fuel cell as defined by claim 26 wherein said
plurality of passages are provided in a ratio of at least 20 passages per cm® of
useful anode surface area.

30. A direct organic fuel cell as defined by claim 26 wherein said
plurality of passages include at least 100 passages.

31. A direct organic fuel cell as defined by claim 26 wherein each of
said plurality of passages has a hydrophobic interior surface.

32. A direct organic fuel cell as defined by claim 26 wherein each of
said passages has a length to width ratio of at least 0.5.

33. A direct organic fuel cell as defined by claim 26 wherein said
anode enclosure includes an interior surface, and wherein each of said passages
extends beyond said interior surface by a distance of at least 0.01”.

34. A direct organic fuel cell as defined by claim 25 wherein said
anode is generally planar, and wherein said gas remover is spaced from the
plane of said anode by a distance of at least 0.01 in.

35. A direct organic fuel cell as defined by claim 25 wherein said
anode enclosure has a loading passage, and wherein the direct organic fuel cell
further includes a replaceable fuel cartridge (350) having a fill port (360) for
cooperating with said loading passage.

36. A method for making an organic fuel cell assembly comprising
the steps of:

providing a membrane electrode assembly including a solid polymer
electrolyte sandwiched between an anode and a cathode;

hot pressing an anode current collector over said anode to define a first
perimeter surface;

hot pressing a cathode current collector over said cathode to define a
second perimeter surface;

sealing said first and second perimeter surfaces with at least one sealant;

and
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attaching an anode enclosure to one of said membrane electrode
assembly or said anode current collector using an adhesive that is resistive to
formic acid.

37. A method for making an organic fuel cell assembly as defined by
claim 36 and further including the step of providing a plurality of passages in
said anode enclosure configured to selectively allow gas to exit said anode
enclosure while substantially preventing passage of an organic fuel solution.

38. A method for making an organic fuel cell assembly as defined by
claim 36 wherein said solid polymer electrolyte has a glass transition
temperature, and wherein the steps of hot pressing said cathode current
collector and said anode current collector to said membrane electrode assembly
are carried out at a temperature greater than said solid polymer electrolyte glass
transition temperature.

39. A method for making an organic fuel cell assembly as defined by
claim 36 wherein said solid polymer electrolyte has a glass transition
temperature, and further including the step of curing said membrane electrode
assembly with said hot pressed cathode current collector and said hot pressed
anode current collector at a temperature below said glass transition temperature
after the step of sealing said first and second perimeter surfaces.

40. A method for making an organic fuel cell assembly as defined by
claim 36 wherein said sealant comprises one or more of an epoxy or a silicone.

41. A method for making an organic fuel cell assembly as defined by
claim 36 wherein said sealant is resistant to formic acid.

42. A method for modifying a fuel cell carbon cloth comprising the
steps of:

chemically modifying the surface of the carbon cloth to cause the
contact angle between water and the carbon cloth to be less than 120°.

43. A method for modifying fuel cell carbon cloth as defined by
claim 42 wherein the step of chemically modifying the surface of the carbon
cloth includes subjecting the carbon cloth to an oxygen plasma at less than

atmospheric pressure.
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44. A method for modifying fuel cell carbon cloth as defined by
claim 42 wherein the step of chemically modifying the surface of the carbon
cloth includes modifying the surface of the carbon cloth to include CO and
COOH groups in an amount sufficient to cause the carbon cloth to support
oxidation of at least 13 M formic acid fuel solution in the fuel cell.

45. A method for modifying fuel cell carbon cloth as defined by
claim 42 wherein the step of chemically modifying the surface includes
chemically modifying the surface to include hydrophilic ligands.

46. A method for modifying fuel cell carbon cloth as defined by
claim 45 wherein said hydrophilic ligands include one or more of CO, OH, and
COOH groups.

47. A method for modifying fuel cell carbon cloth as defined by
claim 42 wherein the step of chemically modifying the surface includes
chemically modifying the surface to cause the contact angle between water and
the carbon cloth to be 0°.

48. A direct organic fuel cell comprising:

an anode (12, 326);

an anode enclosure (30, 330) communicating with said anode and

containing an organic fuel solution;

a cathode (14) communicating with an oxygen source;

an electrolyte (16, 316) sandwiched between said anode and said
cathode; and,

carbon cloth on one or both of said anode and said cathode, said carbon
cloth having a modified surface that results in a contact angle of less than 120°
with water.

49. A direct organic fuel cell as defined by claim 48 wherein said
contact angle is 0°.

50. A direct organic fuel cell as defined by claim 48 wherein said

carbon cloth modified surface includes a plurality of CO and COOH groups.
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