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FUEL CELL SYSTEM WITH ELECTROKINETIC PUMP

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Patent Application No. 10/827,788, titled
“Fuel Cell System With Electrokinetic Pump,” filed on April 19, 2004, which is related to
International Application No. PCT/US03/32895 filed on October 17, 2003, which is a
continuation-in-part of U.S. Patent Application No. 10/322,083, filed December 17, 2002,
which is a continuation-in-part of U.S. Patent Application No. 10/273,723, filed October 18,
2002; the entire disclosure of each of these applications is hereby incorporated by reference

herein for all purposes.

BACKGROUND

The present invention is directed to fuel cells, and more particularly to a fuel cell
system employing at least one electrokinetic pump for moving fuel.

There are many different types of fuel cells currently in operation. Some fuel cells
operate using gasses and some operate using liquids. The present invention is directed to
liquid fuel cells. There are many varieties of liquid fuel cells, including methanol reacting
fuel cells. The popularity of methanol results from the fact that it has a very high proton
density. However, many other liquid fuels have been suggested, ranging from formic acid to
sugar' water. The present invention is applicable to liquid fuel cells in general.

One mode of fuel cell operation is the direct catalytic conversion method. Methanol
based fuel cells employing this method are known as DMFC, or direct methanol fuel cells.
The methanol is delivered directly to a membrane-electrode assembly (“MEA”) with
appropriate catalytic materials to extract protons from the fuel directly. The protons are
transferred across the membrane to a catalytic electrode where the protons are converted to
water by reaction with an oxidant, typically oxygen.

Another mode of fuel cell operation involves thermocatalytic degradation of a liquid
fuel to generate hydrogen gas. The hydrogen gas is then sent to a membrane-electrode
assembly where the hydrogen is catalytically decomposed. The protons pass through the
membrane and are oxidized to water on a second catalytic electrode. In both methods, the
electrons are transported from one side of a membrane-electrode assembly to the other side of

the membrane-electrode assembly through an electrical circuit where the displacement current
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is used to power electrical devices.

One major problem with fuel cells has been the lack of an adequate solution for
delivery of liquid fuel. Initially, efforts were made to develop passive delivery systems, such
as systems employing capillary forces, diffusion, etc., but these delivery systems did not
provide enough fuel to meet the electricity generation requirements of current demanding
applications such as portable electronics. Currently, fuel delivery is often done by a
diaphragm pump using a microfabricated diaphragm and check valves and a piezo electric
stack for actuation. This type of pump has several drawbacks.

Typically, the pump operates at very high voltages, requiring specialized electronic
circuitry for operation. Additionally, existing pumps typically operate in a half-rectified
mode having only a 50% duty cycle, thereby leading to pulsation in the delivery of the fuel.
Moreover, the volume displacement per cycle is typically very small leading to inefficiency
in pumping. To mitigate this problem, pump developers tend to operate the pumps at a very
high frequency which removes fine control of the pump, makes the pump subject to reduced
performance if bubbles are present, and often generates a buzzing sound. This also hinders
the use of the device with a feedback control loop based upon the power output of the cell
and/or the power requirements of the device. Therefore, there exists a need for an improved
fuel cell pump.

Generally, existing systems simply pump a mixture of fuel from a reservoir through a
chamber that contains the membrane-electrode assembly. One problem with this approach is
that a significant portion of the fuel traverses the chamber without ever coming into contact
with a catalyst in the membrane-electrode assembly. The depletion of the fuel occurs only at
the membrane-electrode assembly. Without an active mechanism for transport of the fuel
perpendicular to the surface of the membrane-electrode assembly, the only means for fuel to
reach the membrane-electrode assembly is diffusion. This translates directly into an
inefficiency of the overall fuel delivery system, because liquids are being transported through
the system without effective energy conversion.

An additional problem is that fuel is expended as it traverses the length of the
chamber, lowering the overall concentration as a function of location along the length of the
membrane-electrode assembly. As fuel comes into contact with the membrane-electrode
assembly, the fuel is converted into electrical current. With only diffusion to replenish fuel

in the boundary layer of the flow, a gradient concentration distribution is established across
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the face of the membrane-electrode assembly, making the performance in some regions of the
cell less efficient than others. There is therefore a need for improved fuel delivery within the

fuel cell.

SUMMARY

Accordingly, the present invention is directed to a fuel cell system comprising a fuel
cell having a membrane-electrode assembly; a fuel reservoir containing a liquid fuel; a
conduit coupling the fuel reservoir to the fuel cell; and an electrokinetic fuel pump coupled to
the conduit, the electrokinetic pump comprising a plurality of electrodes. The electrokinetic
fuel pump moves fuel from the fuel reservoir through the conduit to the fuel cell. The
electrokinetic fuel pump electrodes do not deleteriously affect the performance of the
membrane-electrode assembly. The electrokinetic fuel pump electrodes can comprise
capacitative carbon electrodes.

The fuel cell system can also have a mixing chamber coupled tc the conduit and a
high temperature fuel reformer. Optionally, the fuel cell system has a mixing chamber and
an electrokinetic mixing pump coupled to the conduit. The electrokinetic mixing pump can
be an oscillatory pump and can have a plurality of check valves.

Optionally, the fuel cell system has a plurality of electrokinetic stirring pumps
positioned inside of the fuel cell for stirring the fuel in the fuel cell. Optionally, the fuel cell
system has a current monitor for monitoring the current produced by the fuel cell.
Optionally, the fuel cell system has a femperature sensor for sensing the temperature of the
fuel cell. A controller can control the flow rate of the electrokinetic fuel pump and/or the
electrokinetic stirring pumps based upon the current detected by the current monitor and/or
the temperature sensed by the temperature sensor.

The fuel cell system can also have an electrokinetic recirculation pump for pumping
reaction products generated at a cathode of the membrane-electrode assembly to an anode of
the membrane-electrode assembly. Optionally, the fuel cell system has a concentration
sensor coupled to a controller that controls the flow rate of the electrokinetic recirculation
pump based on a concentration sensed by the concentration sensor.

Optionally, a plurality of heat conducting posts or heat conducting fins are positioned
inside of the fuel cell. Optionally, the fuel cell system has a plurality of heat conducting fins

in thermal contact with an outer surface of the fuel cell.
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The fuel cell can be formed as a cylinder having a center channel with fuel being
deliveredl to the fuel cell along the center channel. Alternatively, the fuel cell can be formed
as a cylinder having an outer circumferential channel with fuel delivered to the fuel cell along
the outer circumferential channel.

The present invention is also directed to a method for generating electricity
comprising pumping fuel from a fuel reservoir into a fuel cell with an electrokinetic fuel
pump; and
passing the fuel through a membrane-electrode assembly in the fuel cell to generate an
electric current. Optionally, the current produced by the fuel cell is monitored and the rate of
pumping fuel from the fuel reservoir is controlled based upon the current produced by the
fuel cell. Optionally, the fuel in the fuel cell is stirred with a plurality of stirring
electrokinetic pumps. Optionally, reaction products generated at a cathode of the membrane-
electrode assembly are pumped to an anode of the membrane-electrode assembly by an

electrokinetic recirculation pump.

THE DRAWINGS

A better understanding of the present invention will be had with reference to the
accompanying drawings in which:

Fig. 1 is a schematic diagram of a fuel cell system according to a first embodiment of
the present invention;

Fig. 2 is a schematic diagram of a fuel cell system according to a second embodiment
of the present invention employing two electrokinetic pumps;

Fig. 3A is a front elevation view of a first embodiment of a high flow rate
electrokinetic pump usable with the present invention;

Fig. 3B is a top cross-sectional view of the pump of Figure 3A along line IIIB-IIIB;

Fig. 3C illustrates an enlarged detail view of the pump of Figure 3A in region IIIC
identified in Fig. 3B;

Fig. 4 is a schematic diagram of an electrokinetic pump usable with the present
invention;

Fig. 5 is a schematic diagram of an electrokinetic pump with two check valves usable
with the present invention;

Fig. 6 is a schematic diagram of an electrokinetic pump with four check valve usable
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with the present invention;

Fig. 7 is a schematic diagram of a fuel cell system according to a third embodiment of
the present invention employing a plurality of stirring pumps;

Fig. 8A is a top view of a first embodiment of electrokinetic stirring pumps usable in
connection with the present invention,

Fig. 8B is a sectional view through Fig. 8A along line VIIIB-VIIIB;

Fig. 9A is a top view of a second embodiment of electrokinetic stirring pumps usable
in connection with the present invention;

Fig. 9B is a cross-sectional view of the electrokinetic stirring pump of Fig. 9A along
line IXB-IXB;

Fig 9C is a cross-sectional view of the electrokinetic stirring pump of Fig. 9A along
line IXC-IXC;

Fig. 10 is a cross-sectional view of an electrokinetic stirring pump assembly usable
with the present invention employing three electrode layers;

Fig. 11 is a schematic diagram of a fuel cell system according to a fourth embodiment
of the present invention containing an electrokinetic recirculation pump for moving water
from the cathode to the anode;

Fig. 12A is a schematic diagram of a fuel cell system according to a fifth embodiment
of the present invention whereby the fuel cell system is formed as a cylinder;

Fig. 12B is a cross-sectional view of the fuel cell system of FIG. 12A taken along line
XIIB-XIIB; and

Fig. 13 is a schematic diagram of a fuel cell system having a plurality of fuel cells in

series.

DESCRIPTION

An overview of a fuel system 100 according to a first embodiment of the present
invention is shown in FIG. 1. Fuel is pumped from a fuel reservoir 102 by an electrokinetic
fuel pump 104 through a conduit 106 to a fuel cell 108. The fuel cell 108 has a membrane-
electrode assembly (“MEA”) 110 which converts the fuel into reaction products and
electricity.

Optionally, depending on the type of fuel and fuel cell being used in the system, the
fuel can be pumped through a mixing chamber 112 prior to being pumped to the fuel cell
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108. Optionally, depending on the type of fuel and fuel cell being used in the system, the
fuel can also be pumped through a high temperature fuel reformer 114 prior to being pumped
into the fuel cell 108. The mixing chamber 112 may be coupled to one or more diluent
reservoirs (not shown) and diluents may be pumped to the mixing chamber 112 using one or
more additional electrokinetic pumps (not shown).

Fig. 2 is a schematic diagram of a fuel cell system 120 according to a second
embodiment of the present invention employing two electrokinetic pumps. An electrokinetic
fuel pump 122 moves fuel frqm a fuel reservoir 124 through a conduit 126. Optionally, the
conduit 126 splits into two segments 128, 130, each segment terminating in an opposite side
of a mixing chamber 132. The electrokinetic fuel pump 122 delivers fuel at a rate
appropriate for the power generation capability of the fuel cell. About one-half of the flow is
delivered to each side of the mixing chamber 132. An electrokinetic mixing pump 134
operates in an oscillatory mode to deliver the fuel mixture from the mixing chamber 132 to a
fuel cell 136 having a membrane-electrode assembly 138. Optionally, a return conduit 139
returns unused fuel to the mixing chamber 132.

Typically, the membrane-electrode assembly of a fuel cell contains a catalyst to
facilitate conversion of the fuel, proton exchange elements to carry protons from an anode to
a cathode, and conductors to carry current generated by the cell. For hydrogen fuel cells, the
catalyst is usually platinum on both the anode and cathode. However, the conversion of
liquid fuels, such as methanol, usually requires a mixed catalyst at the anode, such as a
platinum/ruthenium mixture. The exchange element is most frequently selected from the
family of sulfonated perfluorocarbon membranes, such as Nafion by DuPont. The catalyst is
typically supported on a porous carbon support, which also acts as the conducting collector
plate at the anode and cathode, or on the porous proton exchange membrane.

Currently, the only acceptable micropumps commercially available for use in portable
fuel cell systems are piezoelectric actuated diaphragm pumps using microchip valves. The
present invention proposes using electrokinetic pumps to move the fuel within the fuel cell
system. Prior known electrokinetic pumps are unacceptable in fuel cell systems because of
material incompatibility issues. Specifically, prior art electrokinetic pumps use metal
electrodes which provide positive metal ions in solution that have detrimental effects on the
membrane-electrode assembly. Also, prior art electrokinetic pumps utilize ionic solutions for

support of the double layer. The ionic solutions can have a negative effect on the catalytic
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activity of fuel cell systems. Therefore, a different design, employing specifically selected
materials compatible with the catalysts used in a fuel cell must be selected.

The present invention employs electrokinetic pumps to move fuel and reaction
products within a fuel cell. The electrokinetic pumps usable in fuel cells include those pumps
that use capacitive carbon electrodes to provide the electron to ion conversion in the current
loop that serves to provide flow through the pump. Electrokinetic pumps are small, silent,
low-power consumption devices suitable for providing a sufficient quantity of fuel to a fuel
cell. Moreover, electrokinetic pumps operate on low-voltage that can be provided by
normally existing power circuitry in any electronics device.

Figs. 3A, 3B, and 3C show an electrokinetic pump 140 usable with the present
invention. This electrokinetic pump is usable, for example, as the electrokinetic fuel pump
104 in the first embodiment of the fuel cell system described above, or the electrokinetic fuel
pump 122 in the second embodiment of the fuel cell system described above.

With reference to Figs. 3A, 3B and 3C, a pump 140 according to the present
invention has a porous dielectric material 142 sandwiched between two capacitive electrodes
144a and 144b having a voltage drop therebetween. The electrodes 144a and 144b preferably
directly contact the porous dielectric material 142 so that the voltage drop across the porous
dielectric material preferably is at least 10% of the voltage drop between the electrodes, more
preferably at least 50% of the voltage drop between the electrodes, and most preferably at
least 85% of the voltage drop between the electrodes. This configuration maximizes the
potential across the pump material 142 so that a lower total applied voltage is required for a
given flow rate. It is advantageous for the pump 140 to have a low drive voltage so that it is
suitable for integration into compact systems or for close coupling to sensitive electronic
devices. Further, sandwich structures with the electrodes 144a and 144b in intimate contact
with the porous dielectric material 142 prevent the flexure of the porous dielectric material
when the pump 140 is configured to pump through the face of the porous dielectric material.

Pump flexure reduces the amount of pump fluid pumped in a cycle.

Preferably electrical leads 148 are placed in contact with outside surfaces of the
electrodes 144a and 144b. The porous dielectric material 142, electrodes 144a and 144b and
the leads 148 can be sandwiched between supports 150, each having a hole 152 so that the
pump fluid can flow through the porous dielectric material 142 and the electrodes 144a and

144b. The supports 150 help to maintain the planarity of the pump 140. Maintaining the
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planarity of the pump 140 helps to maintain a uniform current flux on the electrodes 144a and
144b.

The pump 140 is preferably laminated using a bonding material 156 so that the pump
and its lamination forms an integrated assembly that can be in the form of a chip-like
assembly as described in U.S. patent application entitled Laminated Flow Device invented by
Phillip H. Paul, David W. Neyer, and Jason E. Rehm, filed on July 17, 2002, serial no
10/198,223, and incorporated herein by reference. Alternatively, the pump 140 can be
placed on an etched chip, for example, or incorporated into a flow system by any other
means known in the art.

The length of time for which the pump is capable of pumping in one direction is
limited by the physical properties of the electrodes, which are porous carbon materials that
act as supercapacitors in operation. Therefore, the electrodes should be sized to dispense the
volume of fluid that will be carried in the reservoir. The size of this electrode is determined
by dividing the integrated current required to dispense the volume (product of the dispensed
volume and the current per unit volume) by the amount of charge that the electrode can hold
per unit volume before inducing electrochemical degradation of the fuel.

Preferably, fuel cell systems according to the present invention employ electrokinetic
pumps operating in an oscillatory mode. In this mode of operation, a voltage is applied to the
pump, moving the fluid in one direction for a period of time determined by the capacitance of
the electrodes, the fluid being drawn through the pump by the potential that is established at
the surface of the electrodes. Ions are drawn from a double layer in the electrode to support
the current draw until the potential at the electrode exceeds the potential necessary to drive
Faradaic processes. Preferably, the potential across the pump is reversed prior to the point at
which this potential is exceeded to avoid unwanted electrochemical conversion through
Faradaic processes. Generally, the pump generates electroosmotic flow through the pump by
sloshing the ions back and forth between the electrodes as the potential is switched. The
switching of the potential can take the form of a square wave, a smoothing varying wave, a
saw tooth wave form, etc. Preferably, in order to maintain a uniform flow of fuel, the form
is a square wave.

FIG. 4 is a schematic diagram of an electrokinetic pump 160 that can be used in an
oscillating mode in the present invention. The electrokinetic pump of FIG. 4 can be used, for

example, as the electrokinetic mixing pump 134 in the second embodiment described above.
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As shown in FIG. 4, the pump 160, contains a porous dielectric material 162 having a
positive zeta potential and a porous dielectric material 164 having a negative zeta potential.
Three electrodes are used in the pump 160. An inner electrode 166 is located between the
two porous dielectric materials 162, 164 adjacent to an inside face of each porous dielectric
material. Two outer electrodes 168, 170 are located on or adjacent to an outside face of each
of the porous dielectric materials. Electrodes 166, 168 and 170 are connected to an external
power supply 172 via leads 174, 176 and 178, respectively. In this embodiment, the
electrodes 168 and 170 preferably are held at ground and the driving voltage from power
supply 172 is applied to the center electrode 166.

It is also possible to have multi-element pumps having a plurality of sheets of porous
dielectric materials and a plurality of electrodes, one electrode being located between every
two adjacent sheets. The value of the zeta potential of each sheet of porous dielectric
material has a sign opposite to that of any adjacent sheet of porous dielectric material. Two
or more pumps can be connected in parallel for increased flow rates, or in series for
increased pressures, €.g. as described in U.S. Patent Number 6,719,535, by Rakestraw et
al., the entire contents of which are hereby incorporated by reference herein.

FIG. 5 is a schematic diagram of an electrokinetic pump 180 of the same type as the
electrokinetic pump 160, but having two check valves 182, 184 usable with the present
invention. When a negative voltage is applied to the inner electrode 166 of the pump 180,
the junction of the two check valves is pressurized, the first check valve 182 is closed and the
second check valve 184 is opened, and liquid flows out from the pump 180. When a positive
voltage is applied to the middle electrode 166, check valve 184 is closed, preventing liquid
flow toward the fuel cell, and check valve 182 is opened, allowing flow around the pump
180. The second half of the pump cycle, when a positive voltage is applied to the second
electrode 166, can be used for electrode regeneration if the charge per half-cycle is balanced.

FIG. 6 is a schematic diagram of an electrokinetic pump 200 having four check valves
202, 204, 206, 208 usable with the present invention in an oscillating mode. Configurations
with four check valves give unidirectional flow and utilize the pump on both halves of the
pump cycle. The pump 200 has two separate inlets 210, 212. There are two separate flow
paths 214 and 216 within the pump 200 leading to two separate outlets 218, 220. The pump
illustrated in FIG. 6 is an indirect pump, having a flexible impermeable barrier 222

physically separating the fluid 230 in the pump 200 from a fluid in the first flow path 214 and
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from a fluid in a second external fluid flow path 216. When the fluid in the pump 200 is
pumped, the fluid causes the flexible barrier 222 to flex and pump the fluid in the first and
second flow paths 214, 216.

In the first half of the pump cycle, fluid is pumped through fluid inlet 210 and the
check valve 202 of the first flow path 214, while fluid is pumped through check valve 208
and out of fluid outlet 220 of the second flow path 216. In the next half of the pump cycle,
fluid is pumped in through fluid inlet 212 and check valve 206 of the second external flow
path 216, while fluid is pumped though the check valve 208 and out of fluid outlet 218 of the
first flow path 214. The external fluids can be the same or different fluids. The flow paths
214, 216 can be combined before the check valves 202 and 206 or after the check valves 204
and 208 or both. This allows the pump to use an electrolyte and electrodes that can have
deleterious effects on the fuel or the membrane-electrode assembly, because the electrolyte
and the electrodes are never in contact with the fuel or the membrane-electrode assembly.

Electrokinetic pumps can utilize capacitive electrodes. The capacitive electrodes can
be made from a variety of different materials. Metal oxides, such as ruthenium oxide or
metal halides such as silver chloride, act as a pseudo-capacitive system in which the
electrochemistry at the electrodes reversibly converts electrode material into ionic species that
can carry current. However, these electrodes are not acceptable for use in electrokinetic
pump-driven fuel delivery designs where the pump contacts fuel that contacts the membrane-
electrode assembly because of the detrimental effects of the metal ions on the catalyst.
However, these electrodes can be used in indirect pump designs where the electrodes do not
directly contact the fuel.

Another type of capacitive electrode is a porous carbon electrode. This electrode
material can store ions in a double layer at the electrode-electrolyte interface. As a result of
the high surface areas for this material, the carbon electrode can store on the order of 100
Farads of charge per gram of material.

In many cases, the operation of electrokinetic pumps leads to electrochemistry at the
fuel-electrode interface. The electrochemical products that result must be compatible with the
fuel cell assembly. Preferably, the products, whether in a gaseous or liquid state, are
chemicals that can be consumed by the cell membrane-electrode assembly as fuel. For fuel
cells, the production of gaseous products in the fuel cell chamber is not a significant issue, as

it can be in other applications, provided that the gaseous products are not catalyst poisons.
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Because the membrane-electrode assembly produces gas, the system, including the pumps,
must be designed to handle the gaseous products.

The fuel mixture cannot poison the catalyst in the fuel cell assembly. Thus, any
chemical added to the fuel to enhance the electroosmotic flow of the fuel mixture through an
electrokinetic pump must be carefully selected. Generally, it is preferable to avoid addition
of any chemicals that dissolve to form metal ions (positively charged). It is generally
believed that the addition of negatively charged ions is acceptable.

Additives that enable the operation of the system include formic acid and carbonic
acid. Formic acid and carbonic acid are also found in the fuel cell mixture once the system is
operating. Formic acid is an intermediate in the catalytic oxidation of methanol, a process
that occurs at the membrane-electrode assembly of a direct methanol fuel cell and the
methanol reformer. Any formic acid formed at an electrokinetic pump electrode is consumed
upon delivery to the membrane-electrode assembly. Carbonic acid is formed when the
carbon dioxide, also generated at the membrane-electrode assembly, dissolves in water. The
addition of carbonic acid to the fuel stream beforehand as a means of enhancing
electroosmotic flow or by electrochemical processes occurring at the electrokinetic pump
electrodes leads to more rapid gas generation at the membrane-electrode assembly. This
should not pose a problem for the fuel cell.

A preferred double layer capacitive material for the electrode is carbon having a very
large ratio of microscopic surface area to geometric surface area. A monolithic carbon
aerogel with a bimodal pore distribution is preferred. It is desirable that the larger pores are
suitable for flow through operation and that the smaller pores are in the nanoporous regime
such that the material has very high capacitance. Another form that is usable is carbon paper
impregnated with carbon aerogel. Other carbon materials that can be used include carbon
aerogel, e.g., monolithic carbon aerogel foam, woven carbon cloth, carbon fibers (e.g.,
pyrolized polyacrylonitrile fibers and pyrolized cellulose fibers), carbon nonotubes, carbon
black, a polymer having carbon particles dispersed therein, and frits of carbon particles. It is
also possible to use other conductive materials having a high microscopic surface area, for
example, sintered metals, nanoporous metals, such as nanoporous gold, perforated plates,
porous frits, porous membranes, deLevi brushes, and metals that have been treated to
increase their surface area, for example by surfacing roughening, surface etching or

platinization.



10

15

20

25

30

WO 2005/103490 PCT/US2005/012762
12

The electrokinetic pump elements are generally referred to as porous dielectric
materials. Suitable dielectric materials are known to those skilled in the art, and can be
organic, such as a porous polymer membrane or a phase-separated material. Suitable
dielectric materials can also be inorganic, such as a porous sintered ceramic, a porous
inorganic oxide, such as silica, alumina or titania, membrane or aerogel, packed silica beads,
micromachined, stamped, or embossed arrays, phase-separated porous glasses such as Vycor,
and phase-separated ceramics.

Preferably, the pores in the porous dielectric materials have a diameter of about 50 to
about 500 nanometers, so that the conduit has a high stall pressure, but does not have
substantial double-layer overlay. Other preferred features for the porous dielectric materials
are a high zeta potential and a narrow pore size distribution. Particular examples of porous
dielectric materials are the high purity alumina membrane sold under the tradename Anopore,
and porous polyvinylidene fluoride membranes, for example those sold under the name
Durapore, which can have a pore size of about 100 to about 200 nanometers, and which can
be modified to be hydrophilic and have a zeta potential of about —30 to about —60 millivolts.

The pumps described herein can be manufactured by a number of means. The
simplest pumps can be manufactured by stacking the various elements together in an
appropriate order and clamping them. Alternatively, lamination methods such as those
disclosed in U.S. Patent Application No. 10/198,223, U.S. Patent Publication 2004-0011648,
and PCT Application PCT/US03/22306, the entire contents of which are incorporated herein

by reference, can be used.

Fig. 7 is a schematic diagram of a fuel cell system 300 according to a third
embodiment of the present invention. As shown in Fig. 7, a fuel stored in a fuel reservoir
302 is pumped by an electrokinetic fuel pump 304, through a delivery conduit 306 to a fuel
cell 308. The fuel cell 308 includes a membrane-electrode assembly 310 and a reservoir 312.

One or more electrokinetic stirring pumps 314 operating in an oscillatory mode are
positioned in the reservoir 312 to stir the fuel mixture inside the reservoir. The fuel cell 308
also has at least one permeable membrane 316 allowing any gas generated as a by-product of
the fuel to electricity conversion to escape.

The delivery conduit 306 can be a single conduit or a conduit that is subdivided into a
delivery manifold to allow for a uniform distribution across the area of the fuel cell assembly

308 depending upon the physical size of the fuel cell required. The fuel is delivered at a rate
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suitable for the power demands based upon the energy available from the fuel and the
conversion efficiency of the system. For example, using methanol as a fuel, the energy
available is —698.2 kJ/mol. A typical overall efficiency of a direct methanol fuel cell system
is 22%. Typically, therefore, one can expect 1 W*h/cm® of methanol from a direct methanol
fuel cell system.

Optionally, the fuel cell system has a current monitor 318 that detects the current
produced by the fuel cell. The current monitor 318 can be used to provide feedback to a
controller 319 for control of the flow rate of the first electrokinetic pump 304. Additionally,
one or more fuel concentration monitors 320 can be located inside the reservoir 312. The
concentration monitors 320 can be used to provide feedback to the controller 319 for control
of the flow rate of the electrokinetic stirring pumps 314.

The current monitor 318 and the concentration monitor 320 can be used together to
measure both the flow rate of the fuel into the reservoir 312 and the degree of mixing. These
signals can be used as feedback to the controller 319 for controlling the electrokinetic fuel
pump 304 and the electrokinetic stirring pumps 314 to provide optimal fuel mixtures near the
membrane-electrode assembly. In operation, as fuel is consumed or delivered at a higher
rate, a large concentration gradient is formed across the reservoir 312 and more mixing is
desirable. The multiple monitor feedback loop addresses this need.

Figs. 8A and 8B show an electrokinetic stirring pump assembly 322 usable with the
present invention. The electrokinetic stirring pump assembly 322 comprises a support
material 324 with openings 326 for liquid circulation and gas removal. The pump assembly
322 comprises a plurality of pumps 328. A plurality of electrical leads 330 connects an AC
power source 332 to the electrodes 334, 336 of the pumps 328 so that the pumps can be
operated in an oscillatory mode. Pump elements 338 are sandwiched between the electrodes.

The pumps 328 can be connected as shown so that alternating pumps are operated out
of phase. The electrical leads 328 can be assembled in the support material 324 by
appropriate means to avoid any contact with the fuel. In operation, the fuel is alternately
sloshed in opposite directions by simultaneously switching the polarity of the potential applied
to all of the stirring pumps 328 in the pump assembly 322. Alternatively, all of the pumps
328 can be operated synchronously (i.e., in-phase) to reduce the number of leads required.
The area dedicated to the pumps can be approximately equal to the area dedicated to the

openings in the pump assembly.



10

15

20

25

30

WO 2005/103490 PCT/US2005/012762
14

The electrokinetic stirring pumps 328 are built into the reservoir such that liquid can
pass between the pumps with little resistance through the openings 326 in the electrokinetic
pump assembly 322. In crder to maintain a consistent flow of fluid in the direction toward
the pump, it is desirable that half of the pumps 328 should be pumping in each direction at
any time. As shown in Fig. 7, the pumps 328 move the fluid from a delivery side of the
reservoir 312 to the membrane-electrode assembly side of the reservoir and vice versa. The
net effect is simply a low resistance mass transport. This reduces the pressure-generation
requirements of the pumps significantly, which in turn has additional benefits. The
electrokinetic stirring pumps can use much larger average pore sizes relative to the design for
an electrokinetic fuel pump. Since pumps with larger pores can operate with much lower
electrolyte concentrations, the operating current is reduced. This also allows for operation at
lower voltages.

The openings 326 also provide a path for the removal of any gas generated at a
membrane-electrode assembly anode during oxidation of the fuel. For example, during the
oxidation of methanol with the anode of a direct methanol fuel cell, for each molecule of
methanol that is consumed, a molecule of carbon dioxide is generated and must be removed
from the reservoir, typically in gaseous form after a bubble is generated. When the
electrokinetic stirring pumps are operated in a reciprocating mode, the flow pattern serves
two purposes. First, the flow carries gas bubbles through the openings in the electrokinetic
pump mounting layer so that the gas can be released through the gas permeable membranes
316. Second, the position of the electrokinetic stirring pumps inside the reservoir 312 in
relatively close proximity to the membrane-electrode assembly 314 and in a manner that
provides a sweeping flow across the membrane-electrode assembly, assists in the removal of
gas from the membrane-electrode assembly surface as it is formed. Removal of the gas from
the membrane-electrode assembly exposes the membrane-electrode assembly surface thereby
increasing the performance of the system over existing fuel cell assemblies.

Preferably, the diameter of each pump 328 is larger than the distance between the
pump and the membrane-clectrode assembly. Also preferably, the distance between the
pumps and the plane of the fuel entrance is less than about three times the diameter of the
pump, more preferably two times the diameter of the pump, and even more preferably, about
the diameter of the pump. More effective mixing of the fuel is obtained by using a manifold

that distributes the fuel to the various electrokinetic stirring pumps.
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Figs. 9A, 9B, and 9C show a second embodiment of an electrokinetic stirring pump
assembly 340 usable with the present invention. The electrokinetic stirring pump assembly
340 does not use dedicated separate electrical connections to each pump. Additionally, the
electrokinetic stirring pump assembly 340 does not require support material between the
pumps. As shown in Figs. 9A, 9B, and 9C, a porous electrode material 342 contains
openings 344 allowing for liquid circulation and gas removal. Two electrode layers 346 and
348 sandwich a pump layer 350. The two electrode layers 346, 348 are made of high surface
area porous carbon electrode materials. The pump layer 350 comprises two oppositely
charged types of pumping materials 352, 354 arranged in an alternating fashion as shown in
Figs. 9B and 9C.

The assembly of the pumps can be accomplished by lamination. The lamination area
should be the minimum amount required fo give the structure acceptable mechanical integrity,
allowing the remaining area to act as a pump. One method for forming the holes for gas
removal is punching them after the layers are laminated, although it is possible to make the
wholes prior to assembly of the layers. In the design shown, when a positive potential is
applied between the electrodes, half of the pump moves fluid toward the membrane-electrode
assembly and half of the pump moves fluid away from the membrane-electrode assembly.
The flow direction changes in both pumping regions as the applied potential is reversed.

Fig. 10 shows a cross-sectional view of a third embodiment of an electrokinetic
stirring pump assembly 360 usable with the present invention. As shown in Fig. 10, the
pump assembly 360 has three electrode layers 362, 364, 366. Optionally, the electrode
layers are made of high surface area porous carbon electrode materials. A first pump
material layer 368 is sandwiched between two of the three electrode layers 362, 364. A
second oppositely charged pump material layer 370 is sandwiched between two of three
electrode layers 364, 366. The outer electrodes 362, 366 can be held at a potential chosen
based upon the fuel cell configuration, while the middle electrode 364 can be varied as
required for electrokinetic pump operation.

The electrokinetic pump with supporting power supply and the membrane-electrode
assembly with electrical load each represent a current-carrying circuit. These circuits can be
in electrical communication when elements of these circuits are in liquid communication. It
will be appreciated that, under such conditionsz stray current can be drawn between these

circuits. Stray current can result in a loss of electrical power and hence reduce the efficiency
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of the fuel cell. Stray current can also result in overcharging of a capacitive electrode leading
to gas generation and degradation of the liquid.

The embodiment shown in Figure 10 and variations thereon allow for a relaxed set of
design conditions for placement of the pump relative to the membrane-electrode assembly
such that there is reduced or no parasitic current flow from the pump assembly to the
membrane-electrode assembly. One option to guard against parasitic cufrent flow is to set
the potential of the outer electrodes 362, 366 to the potential of the anode in the fuel cell
assembly. Alternatively, one can avoid such stray current by electrically isolating the
electrokinetic pump and the membrane-electrode assembly circuits. |

Methods of isolating electrical circuits are well known in the arts of electrical
engineering. For example, one approach is to power the electrokinetic pump from a battery,
making no electrical connection other than connection through the liquid between the
electrokinetic pump circuit (including power supply and supporting circuit electronics) and
the membrane-electrode assembly circuit. Alternatively, one can power the electrokinetic
pump with an isolated power supply (for example, a capacitatively or inductively coupled
power supply or voltage converter), making no electrical connection other than connection
through the liquid between the electrokinetic pump circuit (including power supply and
supporting control electronics) and the membrane-electrode assembly circuit.

Control and data transfer to/from an isolated electrokinetic pump controller can be
accomplished using well established means, including, but not limited to, radio frequency,
capacitive, inductive, or optical data links. Because the membrane-electrode assembly is
intended for power generation and because the electrokinetic pump tends to draw little power,
it is preferable, but not necessary to isolate (or ‘float’) the electrokinetic pump circuit from
the membrane-electrode assembly circuit and from the membrane-electrode assembly load.

Fig. 11 shows a fuel cell system 380 according to a fourth embodiment of the present
invention. Fuel stored in a fuel reservoir 382 is pumped by an electrokinetic fuel pump 384,
through a delivery conduit 386 to a fuel cell 388. The fuel cell 388 includes a membrane-
electrode assembly 390 and a reservoir 392. One or more electrokinetic stirring pumps 394
operating in an oscillatory mode are positioned in the reservoir 392 to stir the fuel mixture
inside the reservoir. The fuel cell has at least one permeable membrane 396 allowing any gas
generated as a by-product of the fuel to electricity conversion to escape.

As shown in Fig. 11 a recirculation electrokinetic pump 398 moves reaction products,
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such as water, from one side of the membrane-electrode assembly to the other. Optionally,
the fuel cell system may include a condensation region to convert gaseous products to liquids
that can be pumped by the electrokinetic recirculation pump 398. Optionally, in a feedback
mode of operation, the flow rate for the recirculation pump is based upon the current
generated by the fuel cell taking into account the efficiency of the system. Alternatively, the
signal from a fuel concentration monitor 400, such as a methanol concentration monitor, in
conjunction with a fluid level sensor 402 can be used by a processor 404 to determine the
amount of water needed. The processor can adjust the flow rate of the recirculation pump
398 accordingly.

By the nature of its operation, the stirring pumps not only mix fuel in the reservoir,
but serve to transport heat away from the membrane-electrode assembly 390. In fuel cells
where excess heat is generated by the membrane-electrode assembly, the heat often needs to
be carried away from the fuel cell. In order to accomplish this, heat transferring elements
can be added to the system, the additional elements having substantially higher thermal
conductivity than the fuel mixture. The heat transferring elements assist in the transfer of heat
from the fuel to the outside of the fuel cell.

As shown in Fig. 11, a post 404 and/or fins 406 can be added to the inside of the fuel
cell reservoir 392 as heat transferring elements. It is preferable that the heat transferring
elements chosen, such as fins, be oriented in a manner that does not impede the mixing of
fuel coming into the reservoir 392. Preferably, the heat transferring elements chosen
establish patterns that enhance fuel mixing. The heat transferring elements must be
compatible with the fuel cell components. For example, one might select alumina which has
a thermal conductivity significantly higher than that of a water/fuel mixture. Additional
components such as fins 408 can be added to the outside of the fuel cell. Optionally, a
temperature sensor 410 can be placed in the reservoir 392 to be used in conjunction with the
fuel concentration monitor 400 to allow both temperature and fuel concentration to be used
by the controller in determining flow rates for the electrokinetic fuel pump 384, and the
stirring pumps 394.

By their nature, electrokinetic pumps can be manufactured in many different shapes
and sizes. Therefore, an electrokinetic pump can be integrated into a fuel cell cartridge so
that the electrokinetic pump is replaced with the fuel cell cartridge. Figs. 12A and 12B show

a fuel cell assembly 500 according to a fifth embodiment of the present intention. As shown
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in Fig. 12A, the fuel cell assembly 500 is shaped as a cylinder. An electrokinetic fuel pump
502 pumps fuel through a conduit 504 through a center of the assembly 500. Stirring pumps
506 and a membrane-electrode assembly 508 are both rolled together in the assembly 500.
Additionally, a recirculation pump 510 moves reaction products from one side of the
membrane-electrode assembly 508 to the other side of the membrane-electrode assembly.

With the cylindrical design shown in Figs. 12A and 12B, it is desirable to insure that
the fuel is distributed along the length of the cylinder. The electrokinetic fuel pump can be
placed in the center of the pump assembly and pump fluid along its length into the mixing
reservoir. Alternatively, the electrokinetic pump can be located outside of the cylinder and
the fuel distributed using a distribution tube 512. The distribution tube 512 can be a tube
with occasional openings, such as a perforated tube or a porous membrane material.

Optionally, the orientation of the fuel cell system shown in Figs. 12A and 12B is
reversed, with the fuel being pumped through a distribution tube located outside of the fuel
cell. Optionally, the pump can be folded onto itself rather than rolled to produce a more
compact device.

Optionally, as shown in Fig. 13, a plurality of fuel cells can be used in series to
produce a voltage that is the sum of the voltages produced by the individual fuel cells. A
single fuel reservoir 600 can be coupled to a single electrokinetic fuel pump 602. The
electrokinetic fuel pump 602 pumps the fuel through a conduit 604. The conduit 604 splits
into three branches 606, 608, 610 and delivers fuel to three separate fuel cells 612, 614, 616.

Each fuel cell has a separate membrane-electrode assembly 618 and a separate electrokinetic
stirring pump assembly 620. The reaction products from all three fuel cells 612, 614, 616
are collected from a first side of each membrane-electrode assembly 618 in a single conduit
622 and pumped by a single recirculation pump 624 back to the other side of each of the
membrane-electrode assemblies 618.

For improved performance of the overall system and to allow for surges in the power
demand, an energy storage device can be incorporated. Suitable energy storage devices
include capacitors, super capacitors, and rechargeable batteries. Although not illustrated, this
approach is known in the art as a means to provide smooth power as required. See, for
example, Jarvis, Atwater and Cygan, J. Power Sources 79, pp. 60-63 (1999), the entire
contents of which are hereby incorporated herein by reference.

One skilled in the art will recognize that the electrokinetic fuel pumps described



10

15

20

WO 2005/103490 PCT/US2005/012762
19

herein are usable in fuel cell systems utilizing fuel cells with many different conversion
mechanisms. Therefore, the term “membrane-electrode assembly” is understood to include
other fuel cell conversion mechanisms known by those skilled in the art. Additionally, the
electrokinetic stirring pumps described herein may be used in fuel cell systems utilizing a
prior art pump, such as a piezoelectric pump, as a fuel delivery system. Additionally, the
electrokinetic fuel pump described herein may be used in fuel cell systems employing prior
art pumps as stirring pumps.

Although the present invention has been described in considerable detail with
reference to certain preferred versions thereof, other versions are possible. Therefore, the
spirit and scope of the appended claims should not be limited to the description of the
preferred versions described herein. All features disclosed in the specification, including the
claims, abstract and drawings, and all the steps in any method or process disclosed, can be
combined in any combination except combinations where at least some of such features
and/or steps are mutually exclusive. Each feature disclosed in the specification, including the
claims, abstract, and drawings can be replaced by alternative features serving the same,
equivalent or similar purpose, unless expressly stated otherwise. Thus, unless expressly
stated otherwise, each feature disclosed is a one example only of a generic series of
equivalent or similar features.

Any element in a claim that does not explicitly state “means” for performing a
specified function or “step” for performing a specified function, should not be interpreted as
a “means” or “step” clause as specified in 35 U.S.C. § 112. As used herein, the term
“coupled” means operatively connected to and does not require that “coupled” objects are in

direct physical contact with each other.
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What is claimed is:
1. A fuel cell system comprising:
a) a fuel cell comprising a membrane-electrode assembly;
b) a fuel reservoir containing a liquid fuel;
C) a conduit coupling the fuel reservoir to the fuel cell; and
d) an electrokinetic fuel pump coupled to the conduit, the electrokinetic fuel

pump comprising a plurality of electrodes;
wherein the electrokinetic fuel pump moves fuel from the fuel reservoir through the
conduit to the fuel cell; and
wherein the electrokinetic fuel pump electrodes do not deleteriously affect the

performance of the membrane-electrode assembly.

2. The fuel cell system of claim 1 wherein the electrokinetic fuel pump electrodes further

comprise capacitive carbon electrodes.

3. The fuel cell system of any one of claims 1 and 2 further comprising:
a) a mixing chamber coupled to the conduit; and
b) a high temperature fuel reformer;
wherein the electrokinetic fuel pump moves fuel from the reservoir through the

conduit, the mixing chamber, and the high temperature fuel reformer to the fuel cell.

4. The fuel cell system of any one of claims 1 to 3 wherein the fuel cell produces a
current; and wherein the fuel cell system further comprises:
a current monitor for monitoring the current produced by the fuel cell; and
a controller coupled to the current monitor and to the electrokinetic fuel pump, the
controller controlling the flow rate of the electrokinetic fuel pump based upon the current

detected by the current monitor.

5. The fuel cell system of any one of claims 1 to 3 further comprising a plurality of
electrokinetic stirring pumps positioned inside of the fuel cell for stirring the fuel in the fuel

cell.
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6. The fuel cell system of claim 5 wherein the fuel cell produces a current; and wherein
the fuel cell system further comprises:
a current monitor for monitoring the current produced by the fuel cell;
a controller coupled to the current monitor, the electrokiiietic fuel pump, and to the
plurality of electrokinetic stirring pumps;
wherein the controller controls the flow rate of the electrokinetic fuel pump and the
flow rate of the electrokinetic stirring pumps based upon the current detected by the current

monitor.

7. The fuel cell system of claim 5 further comprising:
a temperature sensor for sensing a temperature of the fuel cell;
a controller coupled to the temperature sensor and to the plurality of electrokinetic
stirring pumps;
wherein the controller controls the flow rate of the plurality of electrokinetic stirring

pumps based upon the temperature sensed by the temperature sensor.

8. The fuel cell system of claim 5 further comprising:
a current monitor for monitoring the current produced by the fuel cell;
a temperature sensor for sensing the temperature of the fuel cell; and
a controller coupled to the current monitor, the temperature sensor, the electrokinetic
fuel pump, and the plurality of electrokinetic stirring pumps;
wherein the controller controls the flow rate of at least one of the electrokinetic fuel
pump and the plurality of electrokinetic stirring pumps based upon a current sensed by the

current monitor and a temperature sensed by the temperature sensor.

9. The fuel cell system of any one of claims 1 to 8 wherein the fuel cell further

comprises at least one gas permeable membrane.

10. The fuel cell system of any one of claims 1 to 9 wherein the fuel cell further
comprises
a membrane-electrode assembly having an anode and a cathode; and

an electrokinetic recirculation pump for pumping reaction products generated at the
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cathode to the anode.

11. The fuel cell system of claim 10 further comprising:
a concentration sensor to detect fuel concentration at the anode; and
a controller coupled to the concentration sensor and the electrokinetic recirculation
pump;
wherein the controller controls the flow rate of the electrokinetic recirculation pump

based on a concentration sensed by the concentration sensor.

12. The fuel cell system of claim 11 further comprising a condenser for condensing

reaction products generated at the cathode.

13. The fuel cell system of any one of claims 1 to 12 further comprising a plurality of heat

conducting posts inside of the fuel cell.

14. The fuel cell system of any one of claims 1 to 13 further comprising a plurality of

heat conducting fins inside of the fuel cell.

15. The fuel cell system of any one of claims 1 to 14 further comprising a plurality of

heat conducting fins in thermal contact with an outer surface of the fuel cell.

16. The fuel cell system of any one of claims 1 to 15 wherein the fuel cell is formed as a
cylinder having a center channel; and wherein the fuel is delivered to the fuel cell along the

center channel.

17. The fuel cell system of any one of claims 1 to 16 wherein the fuel is delivered to the

fuel cell using a fuel distribution manifold.

18. The fuel cell system of any one of claims 1 to 15 wherein the fuel cell is formed as a
cylinder having an outer circumferential channel; and the fuel is delivered to the fuel cell

along the outer circumferential channel.
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19. The fuel cell system of claim 1 further comprising:

a mixing chamber coupled to the conduit; and

an electrokinetic mixing pump coupled to the conduit, the electrokinetic mixing pump

comprising a plurality of electrodes and being adapted for mixing the fuel; and

wherein the electrokinetic fuel pump moves the fuel from the fuel reservoir through a
first portion of the conduit to the mixing chamber;

the electrokinetic mixing pump moves the fuel from the mixing chamber through a
second portion of the conduit to the fuel cell; and

the electrokinetic mixing pump electrodes do not deleteriously affect the performance

of the membrane-electrode assembly.

20. The fuel cell system of claim 19 wherein the electrokinetic mixing pump operates in

an oscillatory mode.

21. The fuel cell system of claim 20 wherein the electrokinetic mixing pump further

comprises a plurality of check valves.

22. The fuel cell system of claim 1 wherein:
the membrane-electrode assembly further comprises an anode;
the fuel cell further comprises:
a reservoir; and
a plurality of electrokinetic stirring pumps positioned inside the fuel cell for
stirring the fuel inside the fuel cell, each electrokinetic stirring pump further comprising two
outer electrodes and an inner electrode positioned between the two outer electrodes; and
the electrokinetic stirring pump electrodes do not deleteriously affect the performance

of the membrane-electrode assembly.
23. The fuel cell system of claim 22 wherein the electric potential of the outer electrodes
of the each of the plurality of electrokinetic stirring pumps is equal to the electric potential of

the anode of the membrane-electrode assembly.

24. The fuel cell system of any one of claims 22 and 23 wherein the plurality of
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electrokinetic stirring pumps are powered by a battery.

25. The fuel cell system of any one of claims 22 and 23 wherein the plurality of

electrokinetic stirring pumps are powered by an isolated power supply.

26. A fuel cell system cbmprising:
a) a fuel cell having a membrane-electrode assembly and a reservoir;
b) a fuel delivery system providing fuel to the fuel cell; and
c) a plurality of electrokinetic stirring pumps positioned inside of the reservoir

for stirring the fuel in the fuel cell.

27. A fuel cell system comprising:
a) a plurality of fuel cells electrically connected together;
b) a fuel reservoir containing a liquid fuel,
¢) a conduit coupling each of the fuel cells to the fuel reservoir; and
d) an electrokinetic fuel pump coupled to the conduit, the electrokinetic fuel pump
comprising a plurality of electrodes;
wherein the electrokinetic fuel pump moves the fuel from the fuel reservoir through
the conduit to the plurality of fuel cells; and
the electrokinetic fuel pump electrodes do not deleteriously affect the performance of

the membrane-electrode assembly.

28. A method for generating electricity comprising:
pumping fuel from a fuel reservoir to a fuel cell with an electrokinetic fuel pump;
passing the fuel through a membrane-electrode assembly in the fuel cell to generate an

electric current,

29. The method of claim 28 further comprising:
monitoring the current produced by the fuel cell; and
controlling the rate of pumping fuel from the fuel reservoir based upon the current

produced by the fuel cell.
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30. The method of any one of claims 28 and 29 further comprising stirring the fuel in the

fuel cell with electrokinetic stirring pumps.

31. The method of any one of claims 28 to 30 further comprising pumping reaction
5 products generated at a cathode of the membrane-electrode assembly to the anode of the

membrane-electrode assembly with an electrokinetic recirculation pump.
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