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Magnetic composites exhibit distinct flux properties due to
gradient interfaces. The composites can be used to improve fuel cells
and batteries and effect transport and separation of different chemical
species. Devices utilizing the composites include a separator, an
electrode (804) for channeling flux of magnetic species, an electrode
(804) for effecting electrolysis of magnetic species, a system for

‘channeling electrolyte species, a system for separating particles with

different magnetic susceptibilities, improved fuel cells, batteries, and
oxygen concentrators. Some composites can be used to make a
separator for distinguishing between two species of materials and a flux

»._~§switch to regulate the flow of a chemical species. Some composites can

control chemical species transport and distribution. Other composites

"enable ambient pressure fuel cells having enhanced performance and
Neduced weight. Some other composites enable rechargeable batteries

that have longer secondary cycle life and improved output power.
Still other composites, disposed on the surface of electrodes, prevent
passivation of those electrodes and enable direct reformation of liqui
fuels. Methods involving these composites provide distinct ways for
these composites to be utilized.
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GRADIENT INTERFACE COMPOSITES AND METHODS THEREFOR

BACKGROUND OF THE INVENTION
Part of the work performed during the development of this
invention utilized U.S. government funds under grants No. CHE92-
96013 and No. CHE93-20611 from the National Science Foundation,
Chemistry Division, Analytical and Surface Science. The

government may have certain rights in this invention.

1. Field of the Invention

This invention relates generally to a method for forming and
exploiting gradients at the interfaces between components of a
composite material, as well as to the composite material itself,
and devices which incorporate the material. In particular, the
invention relates to a method for forming and exploiting magnetic
gradients at the interfaces between components of a "magnetic
composite material and the magnetic composite material itself as
well as devices which incorporate the composite material such as
electrochemical systems and separators including fuel cells,
batteries, and separations resulting in enhanced and modified
flux and performance in those systems. The invention also
relates to apparatus, methods of making, and methods of using
magnetic composite materials and interface gradients for the
separation of transition metals, both light and heavy, from other
species and from each other. The invention further relates to
compositions, apparatus, methods of making, and methods of using
magnetic composite materials in electrolytic applications, and
in particular, in fuel cells. The invention yet further relates
to compositions, apparatus, methods of making, and methods of

using magnetic composite materials in electrolytic applications
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to prevent electrode passivation, particularly in fuel cell

applications for the direct reformation of fuels; and to

apparatus and methods for modifying the outcome of electrolyses
involving free radical products and intermediates.

As used herein, the term "fuel" includes mixtures of one or

more fuels, either liquid or gaseous, with other fuel or non-fuel
components, including fuel mixtures of one or more fuels with

air. As used herein, the term "fuel mixturen refers to a mixture

of a fuel with one or more different fuel, or non-fuel,

components.

Background of the Related Art

In the detailed description of preferred embodiments, it
will be shown that interfacial gradients in properly prepared
composite materials can be exploited to enhance flux in many

types of electrochemical Systems such as fuel cells, batteries,

membrane sensors, filters and flux switches. Such interfacial

gradients may also be exploited in separators involving
chromatographic separations and nonelectrochemical separations
including, but not limited to, separations of light and heavy
transition metals and transition metal complexes. The heavy
transition metals include the lanthanides and the actinides which
have atomic numbers 58-71 and 90-103, respectively. First,
however, the following discussion provides a brief overview of
the current understanding of magnetic properties in composites.
In particular, the discussion below summarizes the thermodynamic,
kinetic and mass transport properties of bulk magnetic materials.

These bulk properties of molecules in magnetic fields are fairly

well understood.
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Rudimentary Magnetic Concepts

Paramagnetic molecules have unpaired electrons and are
attracted into a magnetic field; diamagnetic species, with all
electrons paired, are slightly repelled by the field. Radicals
and oxygen are paramagnetic; most organic molecules are
diamagnetic; and most metal ions and transition metal complexes
are either para- or diamagnetic. How strongly a molecule or
species in a solution or fluid responds to a magnetic field is
parameterized by the molar magnetic susceptibility, g,
(cm®/mole). For diamagnetic species, Jx, is between (-1 to -
500)x10° cm’/mole, and temperature independent. For paramagnetic
species, yx, ranges from 0 to +0.01 cm’/mole, and, once corrected
for its usually small diamagnetic component, varies inversely
with temperature (Curie’s Law).

While ions are monopoles and will either move with or
against an electric field, depending on the sign of the ion,
paramagnetic species are dipoles and will always be drawn into
(aligned in) a magnetic field, independent of thevdirection of
the magnetic vector. These dipoles will experience a -net
magnetic force if a field gradient exists. Because
electrochemistry tends to involve single electron transfer
events, the majority of electrochemical reactions should result
in a net change in the magnetic susceptibility of species near
the electrode.

Magnetic field effects on chemical systems can be broken
down into three types: thermodynamic, Kkinetic, and mass
transport.‘ Macroscopic, thermodynamic effects are negligiblé,
although local magnetic field effects may not be. Kinetically,

both reaction rates and product distributions can be altered.
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Transport effects can lead to flux enhancements of several-fold.

Quantum mechanical effects are also possible, especially on very

short length scales, below 10 nm. The following summarizes what

has been done with homogeneous fields applied to solutions and

cells with external laboratory magnets.

Thermodynamics
A magnetic field applied homogeneously by placing a solution
between the poles of a laboratory magnet will have a neqgligible

nonexponential effect on the free energy of reaction. Ag, =

0.5Ax,B* J/mole, where AG, is the change of the free energy of

reaction due to the magnetic field, Ay, is the difference in

magnetic susceptibility of the products and reactants, and B is

the magnetic induction in gauss. For the conversion of a

diamagnetic species into a paramagnetic species, Ay, < 0.01
cm’/mole. In a 1 Tesla (T) (1 Tesla = 10 kGauss) applied field,
|AG,| < 0.05 J/mole. Even in the strongest laboratory fields of
10T, the effect is negligible compared to typical free energies

of reaction (-~ kJ/mole). These are macroscopic arguments for

systems where the magnet is placed external to the cell and a
uniform field is applied to the solution. Microscopically, it
may be possible to argue that local fields in composites are
substéntial, and molecules in composites within a short distance
of the source of the magnetic field experience strong local
fields. For example, for a magnetic wire or cylinder, the
magnetic field falls off over a distance, x, as x'. The field
experienced by a molecule 1 nm from the magnet is roughly 10
times larger than the field experienced at 1 cm. This argument

is crude, but qualitatively illustrates the potential advantage
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of a microstructural magnetic composite. (As an example, in the
magnetic/Nafion (DuPont) composites, a larger fraction of the
redox species are probably transported through the 1.5 nm zone
at the interface between the Nafion and the magnetic particles.)
These redox species must therefore experience large magnetic

fields in close proximity to the interface.

Kinetics

Reaction rates, k, are parameterized by a pre-exponential
factor, A, and a free energy of activation, AG} k = A exp[-
AG*/RT]. An externally applied, homogeneous magnetic field will
have little effect on AG*, but can alter A. Nonadiabatic systems
are susceptible to field effects. Magnetic fields alter the rate
of free radical singlet-triplet interconversions by lifting the
degeneracy of triplet states (affecting AG*); rates can be
altered by a factor of three in simple solvents. Because
magnetic coupling occurs through both electronic nuclear
hyperfine interactions and spin-orbit interactionsﬁ rates can be
nonmonotonic functions of the applied field strength.
Photochemical and electrochemical luminescent rates can be
altered by applied fields. For singlet-triplet interconversions,
magnetic fields alter product distributions when they cause the
rate of interconversion to be comparable to the rate at which
free radicals escape solvent cages. These effects are largest
in highly viscous media, such as polymer films and micellar
environments. Larger effects should be observed as the
dimensionality of the system decreases. For coordination
complexes, photochemical and homogeneous electron transfer rates

are altered by magnetic fields. Spin-orbit coupling is higher in
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transition metal complexes than organic radicals because of

higher nuclear charge and partially unquenched orbital angular
momentum of the d-or f-shell electrons. The rate of homogeneous

electron transfer between Co(NH;)¢** and Ru(NH,),™* is below that

expected for diffusion controlled reactions; in a 7T magnetic

field, the rate is suppressed two to three-fold. Tt has been

argued that Ay, (and AG,) is set by the magnetic Susceptibility

of the products, reactants, and activated complex, and a highly

paramagnetic activated complex accounts for the field effect.
For reversible electron transfer at electrodes in magnetic

fields, no significant effect is expected. For quasireversible

electron transfer with paramagnetic and diamagnetic species,
electron transfer rates and transfer coefficients (a) are
unchanged by magnetic fields applied parallel to electrodes.

Magnetic fields applied perpendicular to electrodes in flow cells

generate potential differences, which just superimpose on the

applied electrode potentials. Potentials of 0.25V have been
reported. Reversing the applied magnetic field reverses the sign
of the potential difference. This effect does not change

standard rate constants, only the applied potential.

Mass Transport

Magnetically driven mass transport effects have been studied
in electrochemical cells placed between the poles of large
magnets. Effects vary depending on the orientation of the
electrode, the relative orientation of the magnetic field and the
electrode; forced or natural convection, and the relative
concentrations of the redox species and electrolyte. Three cases

are illustrated in Figures 1, 2 and 3.
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For a charged species moving by natural or fofced convection
parallel to an electrode and perpendicular to a magnetic field
which is also parallel to the electrode, a Lorentz force is
generated which moves the charged particle toward the electrode

(Figure 1). This magnetohydrodynamic effect is characterized by
F =q(E + Vv X B) @

where F, E, v, and B are vectors representing the Lorentz force
on the charged species, the electric field, the velocity of the
moving species, and the magnetic field, respectively; and g is
the charge on the species. For flow cells and vertical
electrodes, flux enhancements of a few-fold and reductions in the
overpotential of a few tenths volts have been found in the
presence of the magnetic field. Also, embedded in Equation 1 is
the Hall effect; when a charged species moves through a
perpendicular magnetic field, a potential is generated. This
potential superimposes on the applied potential and causes
migration in low electrolyte concentrations.

When the electrode and magnetic field are parallel to the
earth, thermal motion leads to vortical motion at the electrode
surface unless the field (B) and the current density (j) are
spatially invariant and mutually perpendicular (see Figure 2).

This is parameterized as:
F, = c¢'[j x B] @

In Equation (2) F, is the vector of magnetic force per volume and

c is the speed of light. 1In general, these forces are smaller
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than Lorentz forces; flux enhancements of a few-fold and

potential shifts of 10 to 20 mV are observed. Flux enhancements

of paramagnetic and diamagnetic species are similar, nbut
paramagnetic electrolytes enhance the flux of diamagnetic gzn?*
two-fold. Vortices suppress thermal motion and eddy diffusion.

The final confiquration, shown in Figure 3, is for the
magnetic field perpendicular to the electrode surface,

and,

therefore, parallel to the electric field. Various, and

sometimes inconsistent, results are reported for several
configurations: for vertical electrodes in quiescent solution,
flux enhancements of < 1000%; for electrodes parallel to the
earth with forced convection, flux retardations of 10%; and for
electrodes parallel to the earth and no forced convection, both

enhancements and no enhancements are reported.

The above summarizes the thermodynanmic, kinetic, and mass
transport effects for systems where the magnetic field is applied
uniformly across a cell with an external magnet. None of these
macroscopic effects predict or address properties dependent on
the magnetic susceptibility of the redox species. Quantum
mechanical effects may also be important, especially on short

length scales.

Fuel Cells

Since the incomplete reduction of OoXygen limits the
efficiency of H,/0, solid polymer electrolyte fuel cells, the
cathode must be pressurized about five-fold over the anode.

Proton exchange membrane (PEM) fuel cell design is one which
employs hydrogen as an anode feed and oxXygen in air as a cathode

feed. These fuels are decomposed electrolytically (to yield
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water) at electrodes typically modified with a noble metal
catalyst. The hydrogen and oxygen are separated from each other
by a proton exchange membrane (such as Nafion) to prevent thermal
decomposition of the fuels at the noble metal catalyst. The

reactions at the cathode can be summarized as follows:

Cathode 0, + 4H* + 4e = 2H0 E°_ , = 1.23V
Anode 2H* + 2e = H, © node = 0.00V
Net Reaction 0, + 2H, = 2H,0 E°_ 1.23v

However, the fuel <cell is typically run under non-
equilibrium conditions, and, as such, is subject to kinetic
limitations. These limitations are usually associated with the
reaction at the cathode.

0, + 4H* + 4e = 2H,0 E° = 1.23V
2 2 cathode

As the reaction at the cathode becomes increasingly
kinetically 1limited, the cell voltage drops, and a second
reaction path, the two electron/two proton reduction of oxygen
to peroxide, becomes increasingly favored. This consumes oxygen

in two electron steps with lower thermodynamic potential.
0, + 2H" + 2e = H,0, E°Ho0, = 0.68V

The standard free energy of this reaction is 30% of the free
energy available from the four electron reduction of oxygen to
water. The decrease in current associated with the decreased
number of electrons transferred and the decreased cell potential
couple to yield substantially lower fuel cell power output.

One approach to enhance the efficiency of the cathodic
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reaction is to increase the concentration (pressure) of the feeds
to the cathode - protons and OXygen - so as to enhance the flux
(i.e., the reaction rate at the cathode in moles/cm’s?) at the
cathode. The proton flux is readily maintained at a sufficiently
high value by the proton exchange membrane (usually Nafion) so
as to meet the demand set by the cathode reaction. Normally, the
method of enhancing the flux and biasing the reaction to favor
the formation of water is to pressurize the air feed to the
cathode. Pressures of 5-10 atmospheres are typical.

The need to pressurize air to the cathode in PEM fuel cells
has been a major obstacle in the development of a cost effective
fuel cell as a replacement for the internal combustion engine,
€.g. in a vehicle. 1In particular, pressurization of the cathode
requires compressors. In transportation applications, power from
the fuel cell is needed to run the compressor. This results in
approximately 15% reduction in the power output of the total fuel
cell system.

By developing a passive pressurization method for a fuel
cell, the mechanical pumps could be eliminated from the fuel cell
system. This has numerous advantages. The weight of a fuel cell
would be decreased almost 40% by eliminating mechanical pumps.
With the elimination of the parasitic loss of running the pumps,
and improving cathode performance, the fuel cells would provide
a higher energy and power density. Any potential shift at the
electrode surface driven by the magnetic components can be
exploited to enhance the voltage output of the fuel cell, and to
overcome the poor kinetics of the cathode. Eliminating the pumps
also eliminates the only moving parts of the fuel cell, and

thereby, the likelihood of fuel cell failure is drastically
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reduced.

In current fuel cell design, the cathode is pressurized to
approximately five times the pressure of the anode. This
pressurization constrains the design of the fuel cell to be
sufficiently rigid as to support this pressure. In a
magnetically based, passive pressurization scheme, the need for
the rigid structure is eliminated. This has two major
advantages. First, the weight and bulk of the fuel cell is
decreased. Second, the fuel cell is now a flexible device. The
flexibility can be exploited in various ways, including placing
fuel cells into unusual geometries and structures, thereby
exploiting space in structures and devices which might otherwise
be lost. Also, the flexible nature of the fuel cell allows a
single structure to be divided readily into several smaller
cells, which can be connected into different parallel and serial
configurations to provide variable voltage and current outputs.
Such a division is more complicated in the more rigid structures
of a pressurized fuel éell because the encasing walls limit

access to the fuel cell electrodes.

Electrode Passivation
At present, many fuel cell designs are focused on hydrogen
as fuel, due in part to the favorable kinetics for hydrogen at
the anode. However, hydrogen has the disadvantage of being
difficult and somewhat dangerous to store. This disadvantage is
particularly apparent in portable fuel cell applications (e.g.
vehicular and portable device applications, such as laptop

computers). For vehicular fuel cell applications a liquid fuel,
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such as methanol, is generally preferred. In prior art fuel
cells employing methanol as fuel, methanol is reformed thermally
over a copper zinc or other catalyst to form hydrogen (and carbon
dioxide), which is fed to the anode on demand.

Direct reformation of liquid fuels (€.g. methanol, ethanol)
at the anode, although much preferred, is not efficient using
prior art fuel cells. This is so because, in prior art fuel
cells, a passivating layer rapidly forms on the surface of the
anode due to reaction of the anode surface with intermediates of
the electrolysis, i.e., the electrode is rendered passive, and
as a result further reaction stops or is significantly impeded.

Despite extensive investigations over the past several
decades, little progress has been made in developing direct
reformation of a fuel at the electrode(s) of a fuel cell. This
is particularly true in the case of direct reformation at ambient
temperatures. This lack of progress is a direct consequence of
the lack of resolution of the problem of electrode passivation.
To date, almost all efforts to resolve this problem have focused
on chemical techniques and methods, as opposed to the
physical/magnetic approach adopted under the present invention.

Data presented below demonstrate that electrodes modified
with a magnetic composite are either not passivated or passivated
less than unmodified electrodes, i.e. such modified electrodes
resist passivation; whereas unmodified electrodes are rapidly
passivated, during oxidation of a liquid fuel. According to the
present invention, the direct reformation of liquid fuel in fuel
cell applications is possible. The present invention may also
be broadly applicable to the prevention of passivation in the

case of all electrolyses which proceed via either a free radical
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mechanism, or a multi-electron transfer process.

SUMMARY OF THE INVENTION

It is therefore an object of the invention to provide an
improved electrode.

Another object of the invention is to provide a coating on

10 an electrode to enhance the flux of magnetic species to the
electrode.

Another object of the invention is to provide a separator
to separate magnetic species from each other dependent upon
magnetic susceptibility.

15 Another object of the invention is to provide a method for
making a coating for an electrode to improve the flux of magnetic
species to the electrode.

Another object of the invention is to provide a method for
coating a surface of a device with a magnetic compésite material

20 responsive to an external magnetic field.

Another object of the invention is to provide a method for
coating a surface of a device with a magnetic composite material
having a plurality of boundary regions with magnetic gradients
having paths to the coated surface when an external magnetic

25 field is applied to the coated surface.

Another object of the invention is to provide an improved
fuel cell.

Another object of the invention is to provide an improved

cathode in a fuel cell.
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Another object of the invention is to provide an improved

battery.

Another object of the invention is to provide an improved

flux switch.

Another object of the invention is to provide an improved
fuel cell cathode with passive oxygen pressurization.

Another object of the invention is to provide an improved
separator for separating paramagnetic species from diamagnetic

species.

Another object of the invention is to provide an improved

electrolytic cell.

Another object of the invention is to provide an improved
electrolytic cell for an electrolyzable gas.

Another object of the invention is to provide an improved
graded density composite for controlling chemical species
transport.

Another object of the invention is to provide an improved
electrode for direct reformation of liquid or gaseous fuels.

Another object of the invention is to provide an improved
electrode which does not passivate or which resists formation of
a passivating layer on the electrode surface.

Another object of the invention is to provide an
electrochemical cell having improved power generation and/or
synthetic capability.

Another object of the invention is to provide an
electrochemical cell having an electrode which is not passivated
by electrolysis intermediates.

Another object of the invention is to provide an improved

fuel cell having an electrode which resists passivation by
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electrolysis intermediates and which permits the direct
reformation of a liquid or gaseous fuel.

Another object of the invention is to provide a magnetic
composite material or composition for coating the surface of an

5 electrode, wherein tﬁe electrode does not passivate or form a
passivating layer on the electrode surface.

Another object of the in§ention is to provide a method for
coating the surface of an electrode, wherein the electrode does
not passivate or form a passivating layer on the eiectrode

10 surface. |

Another object of the invention is to provide a method for
coating the surface of an electrode, wherein the electrode
allows direct reformation of a liquid or gaseous fuel.

Another object of the invention is to provide a method for

15 preventing an electrode from forming a passivating layer on the
electrode surface.

Another object of the invention is to provide a method which
enables direct reformation of a liquid or gaseous fuel at the
electrode surface of a fuel cell. |

20 Another object of the invention is to provide a method for
direct reformation of a liquid or gaseous fuel at the surface of
an electrode wherein the surface of the electrode is not
passivated.

one advantage of the invention is that it can enhance the

25 flux of paramagnetic species to an electrode.

Another advantage of the invention is that it can enhance

the flux of oxygen to the cathode in a fuel cell, equivalent to

passive pressurization.

Another advantage of the invention is that it can separate
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paramagnetic, diamagnetic, and nonmagnetic chemical species from

a mixture.

Another advantage of the invention is that it can separate

chemical species according to chemical, viscosity, and magnetic

properties.

Another advantage of the invention is that it can take
advantage of magnetic field gradients in magnetic composites.
Another advantage of the invention is that it can be

designed to work with internal or external magnetic fields, or

both.

Another advantage of the invention is that it avoids the
formation of a passivating layer on the surface of an electrode.

Another advantage of the invention is that it permits the
direct reformation of a liquid or gaseous fluid at the surface
of a fuel cell electrode.

Another advantage of the invention is that it establishes
magnetic fields at the surface of an electrode.

Another advantage of the invention is that it stabiliizes
tree radicals generated during the electrolysis process.

One feature of the invention is that it includes a
magnetically modified electrode.

Another feature of the invention is that it includes a
process for coating a surface of a device with a magnetic
composite material responsive to an external magnetic field,
wherein the coating imparts increased electrochemical efficiehcy,
and or increased flux, at said surface.

Anothér feature of the invention is that it includes
magnetic composites made from ion exchange polymers and non-

permanent magnet microbeads with magnetic properties which are
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susceptible to externally applied magnetic fields.

Another feature of the invention is that it includes
magnetic composites made from ion exchange polymers and organo-Fe
(superparamagnetic or ferrofluid) or other permanent magnetic and
nonpermanent magnetic or ferromagnetic or ferrimagnetic material
microbeads which exhibit magnetic field gradients.

Another feature of the invention is that it includes
magnetic composites comprising particles containing platinum,
wherein the platinum serves as a catalyst and/or an electron
conductor.

Another feature of the invention is that it includes an
improved electrode having a magnetic composite disposed thereon,
wherein the electrode is not passivated by intermediates of
electrolysis.

Another feature of the invention is that it includes a
magnetic composite composition for coating a surface of an
electrode, wherein the formation of a passivating layer at the
surface of the electrode is avoided.

Another feature of the invention is that it includes a
magnetic composite composition for coating the surface of an
electrode which does not passivate or form a passivating layer
on the electrode surface and permits the direct reformation of
fuels by the electrode.

Another feature of the invention is that it includes
magnetic composites, comprising carbon particles associated with
a catalyst, in combination with an ion exchange polymer, and
magnetic microbeads, which enable the direct reformation of
liquid or gaseous fuels at the surface of a fuel cell electrode,

without the formation of a passivating layer at the surface of
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the electrode.

Another feature of the invention is that it includes

magnetic composites, comprising carbon particles associated with

a catalyst,

in combination with an ion exchange polymer, and

magnetic microbeads, which enable the stabilization of free

radicals generated during the electrolysis process, wherein the

formation of a passivating layer at the surface of the electrode

is avoided.

Another feature of the invention is that it includes an

electrochemical cell having at least one electrode with a

magnetic composite material disposed on the surface thereof,
wherein the electrochemical cell provides enhanced power

generation and/or synthetic capability.

These and other objects, advantages and features are

accomplished by a separator arranged between a first rzgion
containing a first type of particle and a second type oI parricle
and a second region, comprising: a first material having a first
magnetism; a second material having a second magnetism; a
plurality of boundaries providing a path between the first region
and the second region, each of the plurality of boundaries having
a magnetic gradient within the path, the path having an average
width of approximately one nanometer (nm) to approximately
several micrometers (um), wherein the first type of particles
have a first magnetic susceptibility and the second type of
particles have a second magnetic susceptibility, wherein the
first and the second magnetic susceptibilities are sufficiently
different that the first type of particles pass into the second

region while most of the second type of particles remain in tae

first region.
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These and otherlobjects, advantages and features are also
accomplished by the provision of a cell, comprising: an
electrolyte including a first type of particles; a first
electrode arranged in the electrolyte; and a second electrode
arranged in the electrolyte wherein the first type of particies
transform into a second type of particles once the first type of
particles reach the second electrode, the second electrode having
a surface with a coating which includes: a first material having
a first magnetism; a second material having a second magnetism;
a plurality of boundaries providing a path between the
electrolyte and the surface of the second electrode, each of the
plurality of boundaries having a magnetic gradient within the
path, the path having an average width of approximately one
nanometer to approximately several micrometers, wherein the first
type of particles have a first magnetic susceptibility and the
second type of particles have a
second magnetic susceptibility, and the first and the second
magnetic susceptibilities are different.

These and other objects, advantages and featﬁres are also
accomplished by the provision of a methbd of coating a surface
with a magnetic composite material, comprising the steps of:
preparing a casting mixture comprising magnetic microbeads and
an ion exchange polymer; casting the casting mixture on the
surface; and drying the casting mixture to yield a magnetic
composite coating on the surface.

These and other objects, advantages and features are also
accomplished by the provision of a method of coating a surface
of a device with a magnetic composite material, comprising the

steps of: mixing a first component comprising at least about 1%
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by weight of magnetic microbeads in a first solvent with a second

component comprising at least about 2% by weight of an ion

exchange polymer in a second solvent to vield a mixed suspension

Oor casting mixture; applying the mixed suspension to the surface,

the surface being arranged in an external magnetic field of at
least about 0.5 Tesla and being oriented approximately 90° with

respect to the normal of the electrode surface; and evaporating

the first solvent and the second solvent to yield a surface
coating having a plurality of boundary regions with nagnetic
gradients having paths to the coated surface.

These and other objects, advantages and features are also
accomplished by the provision of a method of making an electrode
with a surface coated with a magnetic composite with a plurality
of boundary regions with magnetic gradients having paths ‘o the
surface of the electrode, comprising the steps of: mixing a first
component which includes a suspension of at least approximately
1 percent by weight of inert polymer coated magnetic microbeads
containing between approximately 10 percent and approximately 90
percent magnetizable material having diameters at least 0.5 um
in a first solvent witﬁ a second component of at least
approximately 2 percent by weight of an ion exchange polymer in
a second solvent to yield a mixed suspension; applying the mixed
suspension to the surface of the electrode, the electrode being
arranged in a magnetic field of at least approximately 0.05 Tesla
and being oriented approximately 90 degrees with respect to the
normal of the electrode surface; and evaporating the first
solvent and the second solvent to vield the electrode with a

surface coated with the magnetic composite having a plurality of

boundary regions with magnetic gradients having paths to the
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surface of the electrode.

These and other objects, advantages and features are further
accomplished by a method of making an electrode with a surface
coated with é composite with a plurality of boundary regions with
magnetic gradients having paths to the surface of the electrocde
when an external magnetic field is turned on, comprising the
steps of: mixing a first component which includes a suspension
of at least 5 percent by weight of inert polymer coated
microbeads containing between 10 percent and 90 percent
magnetizable non-permanent magnetic material having diameters at
least 0.5 vum in a first solvent with a second component
comprising at least 5 percent by weight of an icn exchange
polymer in a second solvent to yield a casting mixture or mixed
suspension; applying the mixed suspension to the surface of the
electrode; evaporating the first solvent and the second solvent
to yield the electrode with a surface coated with the composite
having a plurality of boundary regions with magnetic gradients
having paths to the surface of the electrode when an external
magnet is turned on. |

These and other objects, advantages and features are also
accomplished by a method of forming a graded density layer,
comprising the steps of: formulating a series of casting
mixtures, each of the series of casting mixtures comprising a
polymeric material and a solvent, wherein the series of casting
mixtures have a range of concentrations of the polymeric
material; applying to a surface a film of one of the series of
casting ﬁixtures and evaporating the solvent; and, further
applying to the surface a film of another of the series of

casting mixtures and evaporating the solvent, to yield a coating
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of the graded density layer on the surface.

These and other_objects, advantages and features are also
accomplished by an electrode for channeling flux of magnetic
species comprising: a conductor; a composite of a first material
having a first magnetism and a second material having a second

magnetism in surface contact with the conductor, wherein the

composite comprises a plurality of boundaries providing pathways
between the first material and the second material, wherein the
pathways channel the flux of the magnetic species through the
pathways to the conductor.

These and other objects, advantages and features are further
accomplished by an electrode for effecting electrolysis of
magnetic species comprising: a conductor; and magnetic means in
surface contact with the conductor for enhancing the flux of the
magnetic species in an electrolyte solution to the conductor and
thereby effecting electrolysis of the magnetic species.

These and other objects, advantages and features are further
accomplished by an electrode for effecting electrolysis of
magnetic species comprising: a conductor; and means in surface
contact with the conductor for enhancing the flux of the magnetic
species to the conductor and thereby effecting electrolysis of
the magnetic species.

These and other objects, advantages and features are yet
further accomplished by an electrode for electrolysis of magnetic
species comprising: a conductor; a magnetic composite material
in surface contact with the conductor, the magnetic composite
material having a plurality of transport pathways through the

magnetic composite material to enhance the passage of the

magnetic species to the conductor and thereby effecting
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electrolysis of the magnetic species.

These and other objects, advantages and features are also
accomplished by a system, comprising: a first electrolyte speéies
with a first magnetic susceptibility; a second electrolyte
species with a second magnetic susceptibility; and a means for
channeling the first electrolyte species with a first magnetic
susceptibility preferentially over the second electrolyte species
with a second magnetic susceptibility, wherein the means
comprises a first material having a first magnetism forming a
composite with a second material having a second magnetism.

These and other objects, advantages and features are also
accomplished by a system for separating first particles and
second particles with different magnetic susceptibilities
comprising: a first magnetic material with a first magnetism; and
a second magnetic material with a second magnetism working in
conjunction with the first magnetic material to produce magnetic
gradients, wherein the magnetic gradients separate the first
particles from the second particles.

These and other objects, advantages and -features are
accomplished by a composite material for controlling chemical
species transport comprising: an ion exchanger; and a graded
density layer, wherein the ion exchanger is sorbed into the
graded density layer.

These and other objects, advantages and features are further
accomplished by a magnetic composite material for controlling
magnetic chemical species transport according to magnetic
susceptibility comprising: an ion exchanger; a polymer coated
magnetic microbead material; and a graded density layer, wherein

the ion exchanger and the polymer coated magnetic microbead
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material are sorbed into the graded density layer.
These and other objects, advantages and features are further
accomplished by a composite material for controlling chemical

species viscous transport comprising: an ion exchanger; a graded

viscosity layer, wherein the ion exchanger is sorbed into the

graded viscosity layer.

These and other objects, advantages and features are further
accomplished by a magnetic composite material for controlling
magnetic chemical species transport and distribution comprising:

an ion exchanger; a polymer coated magnetic microbead material;

and a graded density layer, wherein the ion exchanger and the

polymer coated magnetic microbead material are sorbed intc the
graded density layer forming a gradient in the density of the
polymer coated magnetic microbead material substantially
perpendicular to a density gradient in the graded density layer.

These and other objects, advantages and features are further
accomplished by a magnetic composite material for contrclling
magnetic chemical species transport and distributior ccmprising:
an ion exchanger; a polymer coated magnetic microbead material;
and a graded density layer, wherein the ion exchanger and the
polymer coated magnetic microbead material are sorbed into the
graded density layer forming a gradient in the density of the
polymer coated magnetic microbead material substantially parailel
to a density gradient in the graded density layer.

These and other objects, advantages and features are also
éccomplished by an ion exchange composite with graded transport
and chemical properties controlling chemical species transport

comprising: an ion exchanger; and a staircase-like graded density

layer having a first side and a second side, wherein the ion
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exchanger is one of sorbed into the graded density layer and
cocast on the graded density layer and the staircase-like graded
density layer and the ion exchanger are contained within the
first side and the second side, wherein the first side is in
closer proximity to the source of the chemical species and the
second side is more distal to the source of the chemical species,
and wherein the staircase-like graded density layer has lower
density toward the first side and higher density toward thne
second side, substantially increasing in density in a direction
from the first side toward the second side.

These and other objects, advantages and features are also
accomplished by an ion exchange composite with graded transport
and chemical properties controlling chemical species transport
comprising: an ion exchanger; and a staircase-like graded density
layer having a first side and a second side, wherein the ion
exchanger is one of sorbed into the graded density layer and
cocast on the graded density layer, and the ion exchanger and the
stair case-like graded density layer are contained within the
first side and the second side, wherein the firét side is in
closer proximity to the source of the chemical species and the
second side is more distal to the source of the chemical species,
and wherein the staircase-like graded density layer has higher
density toward the first side and lower density toward the second
side, substantially decreasing in density in a direction from the
first side toward the second side.

These and other objects, advantages and features are further
accomplished by a flux switch to regulate the flow of a redox
species comprising: an electrode; a coating on the electrode,

wherein the coating is formed from a composite comprising: a
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magnetic microbead material with aligned surface magnetic field;

an ion exchange polymer; and an electro-active polymer in which

a first redox form is paramagnetic and a second redox forﬁ is
diamagnetic, wherein the flux switch is actuated by electrolyzing
the electro-active polymer from the first redox form ordered in
the magnetic field established by the coating to the second redox
form disordered in the magnetic field.

These and other objects, advantages and features are also
accomplished by a flux switch to regulate the flow of a chemical
species comprising: an electrode; and a coating on the electrode,
wherein the coating is formed from a composite comprising: a

non-permanent magnetic microbead material; an ion exchange
polymer; and a polymer with magnetic material contained therein
in which a first form is paramagnetic and a second form is
diamagnetic, wherein the flux switch is actuated by reversibly
converting from the paramagnetic form to the diamagnetic form
when an externally applied magnetic field is turned on or cff.

These and other objects, advantages and features are further
accomplished by a magnetic composite comprising particles
containing platinum, wherein the platinum serves as a catalyst
and/or an electron conductor.

These and other objects, advantages and features are further
accomplished by a magnetic composite material or composition for
preventing or impeding electrode passivation, comprising: an ion
exchange polymer; magnetic microbeads; and carbon particles in
association with a catalyst, wherein the magnetic composite
material is disposed on the surface of the electrode and prevents

passivation of the electrode surface.

These and other objects, advantages and features are further
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accomplished by a magnetic composite material disposed on the
surface of an electrode for preventing electrode passivation and
enabling direct reformation of a fuel at the surface of a fuel
cell electrode, comprising: an ion exchange polymer; magnetic
microbeads; and/or carbon particles in association with a
catalyst, wherein the magnetic composite material prevents
passivation of the electrode surface and enables direct
reformation of the fuel at the electrode surface.

These and other objecfs, advantages and features are also
accomplished by the provision of a method of making an electrode
with a surface coated with a magnetic composite, comprising thé
steps of: forming a casting mixture comprising an ion exchange
polymer, magnetic microbeads, and/or carbon particies in
association with a catalyst, and at least one solvent; casting
the casting mixture on the surface of the electrode; and
evaporating the solvent, to yield an electrode having a surface
coated with the magnetic cpmposite, wherein the magnetic
composite prevents passivation of the electrode surface.

These and other objects, advantages and feafures are also
accomplished by the provision of a method of making an electrcde
with a surface coated with a magnetic composite, comprising the
steps of: forming a casting mixture comprising an ion exchange
polymer, magnetic microbeads, carbon particles in association
with a catalyst, and at least one solvent; casting the casting
mixture on the surface of the electrode; before the solvent
evaporates, arranging the electrode in an external magnetic field
to orient the magnetic particles and form an ordered structure
on the surface of the electrode; and evaporating the solvent, to

yield an electrode having a surface coated with the magnetic
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composite, wherein the magnetic composite prevents passivation

of the electrode surface.

These and other objects, advantages and features are also
accomplished by the provision of a method for direct reformation

of a liquid or gaseous fuel at the surface of a magnetically

modified electrode of a fuel cell, comprising the step of:

delivering the fuel directly to the surface of the electrode, the
surface of the electrode having a magnetic composite coating

disposed thereon which prevents passivation of the surface of the

electrode and enables direct reformation of the fuel at the

surface of the magnetically modified electrode.

These and other objects, advantages and features are also
accomplished by the provision of a fuel cell, comprising: at
least one electrode having a magnetic composite disposed on the

surface of the at least one electrode; and delivering means for

delivering a fluid (liquid or gaseous) fuel to the at least one
surface of the electrode, wherein the fuel is oxidized (reformed)
directly at the at least one anode, and the magnetic composite
prevents passivation of the at least one electrode.

These and other objects, advantages and features are also
accomplished by the provision of a fuel cell, comprising: an
anode having a magnetic composite disposed on the surface of the
anode; and delivering means for delivering fuel to the surface
of the anode, wherein the fuel is reformed directly at the anode,
and the magnetic composite prevents passivation of the anode
surface.

The above and other objects, advantages and features of the
invention will become more apparent from the <following

description thereof taken in conjunction with the accompanying
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drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows the influence of electrode orientation and
solvent motion on magnetohydrodynamic fluid motion for one
geometry.

Figure 2 shows the influence of electrode orientation and
solvent motion on magnetohydrodynamic fluid motion for a second
geometry.

Figure 3 shows the influence of electrode orientation and
solvent motion on magnetohydrodynamic fluid motion fcr a third
geometry.

Figures 4A and 4B show plots of «m values for neutron-track
etched polycarbonate/Nafion composites versus functions of pore
diameter, d.

Figures SA and 5B show the surface diffusion model assuming
no limitations to the transport rate in the radial direction.

Figures 6A and 6B show the surface diffusion model including
radial migration.

Figures 7A and 7B show xm values of hydroquinone through
polystyrene/Nafion composites for ratios of surface area of the
microbeads to volume of Nafion.

Figure 8A shows an analysis of fractal diffusion along the

surface of the microbeads in polystyrene Microbead/Nafion

composites.

Figure 8B shows flux measurements by cyclic voltammetry for
two electrodes bearing surface modifications of Nafion plus 15%
by volume of non-coated particles of iron(III) oxide, or Nafion

alone. Voltammogram 1 is for the electrode bearing a simple film
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of Nafion coated on the surface of the electrode. Voltammogram
2 is for an electrode bearing the composite comprising Nafion and
15% non-coated particles of iron(III) oxide.

Figure 9 shows the relative flux of redox species on the y-
axis, where the maximum cyclic voltammetric current for a
composite with magnetic microbeads is normalized by the maximum
cyclic voltammetric current for a Nafion film contairing no
magnetic material, with the ratio giving the flux enhancement.

Figure 10 shows km values for Ru(NH;)(f+ as a function of
volume fraction of microbeads in magnetic and nonmagnetic

composites.

Figure 11 shows flux increases with magnetic content of
miérobeads for Ru(NH,)/ .

Figures 12A, 12B, and 12C show cyclic voltammetric results
for the reversible species Ru(NH;)* and Ru(bpy),”" and for the
quasireversible species hydroquinone.

Figure 13 shows a plot of the flux for seven redox species
that is used for predicting a roughly five-fold flux enhancement
of oxygen through a 15% magnetic Nafion composite over Nafion.

Figure 14 shows a plot of the flux of Ru(NH;),'” in magnetic
bead/Nafion composites increasing as the fraction of magnetic
beads increases.

Figure 14A shows a plot of the paramagnetic effective
moments of lanthanide metals and compounds as a function of the
number of f-shell electrons.

Figure 14B shows a plot of the paramagnetic effective
moments of actinide metals and compounds as a function of the

number of f-shell electrons.

Figure 14C shows a plot of the magnetic moments of d-shell
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transition metals as a function of the number of d-shell
electrons.
~Figure 14D shows a series of Vats separated by magnetic
separators used to separate mixtures to increase constituent
purity according to the instant invention.

Figure 15A shows a simplified representation used to
describe how mégnetic microboundaries influence a standard
electrochemical process.

Figure 15B shows a simplified representation of embodiments
of the invention placed in an externally applied magnetic ileld
provided by an electromagnet to alter the magnetic properties oI
those embodiments, where the field may be turned on or off, or
it may be oscillated.

Figure 16 shows a simplified diagram of a separator with no
electrode or conductive substrate which separates a mixture of
particles between a first solution and a second soluticn.

Figure 16A shows a series of vats separated by magnetic
separators used to separate mixtures to increase constituent
purity similar to Figure 14D, but which uses a ligand to form
complexes that aid in the separation according to the present
invention.

Figure 16B shows a series of vats separated by magnetic
separators used to separate mixtures to increase constituent
purity similar to Figure 14D, but which uses a ligand associated
with the magnetic separators to form complexes that aid in the
separation according to the present invention.

Figuré 16C shows a series of vats separated by nagnetic
separators used to separate mixtures that combines separation

similar to Figure 14D with separation using a ligand to form
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complexes that aid in the separation according to the present
invention. Figure 16D shows two vats separated by a magnetic
separator used to separate mixtures that combines separation
similar to Figure 14D with separation using a ligand to form
complexes that aid in the separation along with particle
precipitation. Figure 16E shows fuel cells 1220 in arrangements.

Figure 17 is a short summary of steps involved in a method
of making an electrode according to two embodiments of the
invention.

Figures 18A and 18B show a flux switch 800 to regulate the
flow of a redox species according to yet another embodiment of
the invention.

Figure 19 shows a dual sensor 900 for distinguisning between
a first species (particles A) and a second species (particles B).

Figure 20 shows a cell 201 according to another embodiment
of the invention. An embodiment of the chromatographicvtechnique
is shown in Figure 20A. Figdre 20B shows rough magnetic field
lines in the iron wire. Figure 20C shows a method £for the
technique of Figure 20A.

Figure 21 shows cyclic voltammetric data for oxygen
reduction using an electrode having both magnetic microbeads and
platinized carbon particles incorporated into the electrode
interface (curve No. 4), as compared with corresponding data for
three other electrode surface modifications (curve No.s 1-3).

Figure 22 shows a plot of kD'C" (y=-axis) while the carbon
mass percent (as platinized carbon) in the composite was varied
over the range of 10% to 50%, where kD'*C" is a parameter
proportional to the peak cyclic voltammetric current. The

platinum content of carbon is 10, 20, 30 or 40%. Each point
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represents a single experiment.

Figures 23A and 23B show cyclic voltammetric data for
ethanol oxidation (6mM ethanol in 0.1 M Na,S0,) using a platinum
electrode bearing a surface composite comprising Nafion and
either non-magnetic microbeads (Figure 23A) or magnetic
microbeads (Figure 23B) (25% beads, 75% Nafion, by volume).
Cyclic voltammograms were recorded at scan rates of 500, 200,
100, 50, and 20 mV/s. The electrode was cycled 100 times between
-700 and 900 mV before the data was recorded.

Figure 24A, 24B, and 24C show cyclic voltammetric data for
ethanol oxidation (7mM ethanol in 0.1 M Na,SO,) using a platinum
electrode bearing a surface composite comprising non-magnetic
microbeads and Nafion (25% pbeads, 75% Nafion, by volume), and
using a platinum electrode bearing a surface composite comprising
magnetic microbeads and Nafion (25% beads, 75% WNaficn, oV
volume). Cyclic voltammograms were recorded at a scan rate of
500 Mv/s (Figure 24A), 100 mvV/s (Figure 24B), and 20 mV/s (Figure
24C). In each case, the electrode was cycled 100 times between -
700 and 900 mV before the data was recorded. |

Figure 25 . shows cyclic voltammetric data for ethanol
oxidation (6.852 mM ethanol in 0.1003 M Na,30;) using a bare
platinum electrode. Cyclic voltammograms were recorded at scan
rates of 500, 200, 100, 50, and 20 mV/s. The electrode was
cycled 100 times petween -700 and 900 mV before the data was
recorded.

Figures 26A and 26B show cyclic voltammetric data for
ethanol oxidation (6.852 mM ethanol in 0.1003 M Na,S0,) using a
platinum electrode bearing a surface composite comprising

platinized carbon (pt-C), Nafion, and either non-magnetic
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microbeads (Figure 26a) Or magnetic microbeads (Figure 26B), (113
beads, 26% Pt-C, and 75% Nafion, by volume). Cyclic

voltammograms were recorded at scan rates of 500, 200, 100 50,

and 20 mV/s. The electrode was cycled 100 times between =700 and

900 mV before the data was recorded.

Figures 27A and 27B show cyclic voltammetric data for

ethanol oxidation (6.852 mM ethanol in 0.1003 M Na,S0,) using a
platinum electrode bearing a surface composite comprising Pt- -C,
Nafion, and either magnetic microbeads (Figure 277A) or non-

magnetic microbeads (Figure 27B), (11% beads, 76% Pt-C, and 13%

Nafion, by volume). Cyclic voltammograms were reccrded at scan

rates of 500, 200, 100, 50, and 20 mv/s. The electrode was

cycled 100 times between =700 and 900 mV before the data was

recorded.

Figure 28A shows cyclic voltammetric data for ethanol

oxidation (6 mM ethanol in 0.1 M Na,S0,) using a bare platinum
electrode, and using platinum electrodes bearing surface

composites comprising Pt-C, Nafion, and either magnetic
microbeads or non-magnetic microbeads, (11% beads, 26% Pt-C, and
63% Nafion, by volume). Cyclic voltammograms were recorded at a
Scan rate of 500 mv/s. The electrode was cycled 100 times
between =700 and 900 mv before the data was recorded.

Figure 28B shows cyclic voltammetric data for ethanol
oxidation, as for Figure 28A, recorded at a scan rate of 100
mV/s.

Figure 28C shows cyclic voltammetric data for ethanol
oxidation, &s for Figure 28A, recorded at a scap rate of 20 mv/s.

Figure 29A shows cyclic voltammetric data for ethanol

oxidation (6 mM ethanol in 0.1 M Na,SO,) using a bare platinum
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electrode, and using platinum electrodes bearing surface
composites comprising Pt-C, Nafion, and either magnetic
microbeads or non-magnetic microbeads, (11% beads, 76% Pt-C, and
13% Nafion, by volume). Cyclic voltammograms were recorded at a
scan rate of 500 mV/s. The electrode was cycled 100 times
petween -700 and 900 mV before the data was recorded.

Figure 29B shows cyclic voltammetric data for ethanol
oxidation, as for Figure 293, recorded at a scan rate of 100
mvV/s.

Figure 29C shows cyclic voltammetric data for ethanol

oxidation, as for Figure 293, recorded at a scan rate of 20 mV/s.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Interfacial Gradients in General

1t has Dbeen found that interfacial gradients of
concentration, charge, dielectric constant, and potential tend
to establish strong, interfacial forces which decay over a
microstructural distance (1 to 100 nm). (For example, for an
applied potential of 10 mV to 100 mV past the pofential of zero
charge at an electrode in 0.1 M aqueous electrolyte, the
interfacial potential gradient (lelectric fieldj) is 10° V/cm to
10° V/cm, but it decays over a distance of about 1 nm.) In a
homogeneous matrix, with few interfaces, interfacial gradients
have a negligible effect on pulk material properties. However,

in a microstructured matrix where the ratio of surface area to

~volume is high, interfacial gradients can have a large effect on,

or even dictate the properties of a composite. Models
appropriate to the description of bulk materials have been found

to be unsatisfactory when applied to these composites. Moreover,
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such composites provide an opportunity to désign matrices to

perform functions and exhibit properties not found in homcgeneous

materials, as will be discussed.
The effects of gradients, associated with the interfaces

between the ion exchanger and its support matrix, to enhance the

transport of ions and molecules have been studied in ion exchange
polymer composites. The composites were formed by sorbing ion
exchange polymers into high surface area substrates with well-
established geometries. The flux of solutes through the
composites was determined voltammetrically. When the solute flux

through the ion exchange portion of the composites and the flux
through simple films of the ion exchanger were compared, flux

enhancements were observed for the composites. These

enhancements were often greater than an order of magnitude.

Consistently, the ratio of surface area of the substrate to tkh

volume of sorbed ion exchanger (SA/Vol) has been the critical
factor in quantifying the flux enhancements. The flux enhancement
characteristics were found to be dominated by the interface
between the ion exchanger and the support. Several interfacial
gradients have so far been identified as important: concentration
gradients, leading to surface diffusion; electric potential
gradients, leading to migration; and magnetic field gradients,

leading to flux enhancements and electric potential shifts at

electrodes.

Forming Composites

Composites were made by intimately mixing two or more
components to form a heterogeneous matrix as will be discussed

in more detail below. While composites retain some




10

15

20

25

WO 96/41391 ' PCT/US96/10509

37
characteristics of their components, properties distinct from
those of the starting materials have been demonstrated that make

composites of special interest.

Results of Prior Studies

The impact of microstructure on transport and selectivity
in ion exchange polymers and their composites has been found to
be significant. Novel characteristics arose not from the
individual components of the composites, but from gradients
established at the interfaces between the components. 1Ion
exchange polymers with inherent microstructure, such as Nafion,
exhibit superior transport, selectivity, and stability
characteristics compared to polymers with no inherent
microstructure, such as poly(styrene sulfonate). When ion
exchange polymers were supported on inert substrates with
microstructural (5 to 100 nm) features similar in léngth scale
to the microstructural features of the ion exchanger (=.g., 5 nm
micelles in Nafion), the structure of the ion exchanger was
disrupted in an ordered manner. The relationship between the
flux characteristics of the composites and the microstructure
imposed by the substrates has yielded information about how
microstructure contributes to the properties of ion exchangers.
This relationship allows the specification of design paradigms
for tailoring composites with specific transport and selectivity

characteristics.

Surface Diffusion

The first composites studied in this regard were formed by

sorbing Nafion into the collinear cylindrical pores of neutron
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track etched polycarbonate membranes. The ion exchange polymer,

Nafion is a perfluorinated, sulfonic acid polymer with the

following structure:

-(CF,CF,)s = CF(CF,)-

OCF,CF,0CF,CF,S0,

The SOy groups adsorb on the inert substrates to iorm a

loosely packed monolayer of perfluorinated alkyl chains,

OCF,CF,0CF,CF,S0;, shown above in boldface. This creates a unique

interfacial zone approximately 1 to 2 nm thick along the edge
formed between the ion exchange polymer and the inert substrate.
In systems with high ratio of surface area to volume, a large
fraction of the molecules and ions which passed through these
composites actually moved through this interfacial zone. That
is, it was found that the molecules and ions have higher flux in
this thin interfacial zone, where the interfacial fields were
strongest. In a given membrane, all pores had approximately the
same diameter, d, ranging between 15 and 600 nm. The £luy of
electro-active species through the composites was determined by
rotating disk voltammetry. 1In rotating disk voltammetry, the
product «m (cm’/s) parameterizes the flux of a redox species
through the Nafion portion of the composites, where x is the
partition coefficient of the species into the Nafion and «m
(cm’/s) is its mass transport coefficient. Simple Nafizn films
cast directly onto the electrode were also studied. The
resulting plots of xm as a function of log (d) are shown in
Figure 4A. As indicated in Figure 4A, as the pore diameter

decreased towards 30 nm, the flux through the Nafion portion
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increased as much as 3600% over the simple films. These studies
showed that the interface between Nafion and a support matrix was
pivotal in determining the flux characteristics of the
composites.

The flux enhancement model proposed here depends on the
interface formed between the Nafion and the polycarbonate
providing a facile transport pathway to the electrode for the
redox species. Bulk Nafion located in the center of the pore had
a smaller transport coefficient (m) than the support matrix wall,
but provided a volume to extract redox species from the center
of the pore to feed the wall transport zone. The critical
parameter for flux enhancement was found to be (for a cylindrical
cross section path) the ratio of the surface area of the wall
providing facile transport (mdi), where A is the layer thickness,
to the volume of Nafion feeding the interface (nd*i/4), i.e.,
4/d. Plots of km versus 1/d are shown in Figure 4B. Nots that
the plots are linear in Figure 4B for d > 30 nm, and with the
exception of dopamine, the intercepts as d » o (1/d > 0)
correspond to km for bulk Nafion. l

Predictive models of how interfaces and their associated
concentration, field, etc. gradients dictate interface properties
and function are provided below and further aid in the design of
new composites tailored for specific applications. A simple
surface diffusion model assuming no limitations to the transport
rate in the radial direction is outlined. Figures 5A and 5B show
the simple model where transport in the radial direction is not
rate limiting. 1In the model, J,, is the total flux through the
composites, Jy, is the flux through an empty pore, and Z,. and

J,u are the fluxes in the bulk (center) of the pore and along the



10

15

20

25

WO 96/41391 PCT/US96/10509

40
surface of the pore, respectively. To analyze the flux, as in
Figure 4B, J,, and Juwar Must be normalized to the cross sectional

area of the pore used to determine km, the product of the

effective extraction and transport coefficients. From the final

equation, the plot in Figure 4B can be interpreted tc have the

slope and intercept shown in Figures 5A and 5B. If &, the

thickness of the interfacial zone, is taken as 1.5 nm, the values

cited for «,,m,, and Kouxy,, @re found. The diffusion coefficients
of each species in solution are also listed for comparison. In

general, «,m., ~ (10 to 10%) Xkyumu ~ (1 to 10)xD.,.. In other

words, for an interfacial zone thickness, &6, of 1.5 nm, Caiyy 1S

Up to one order of magnitude higher than D_ , and cne <*» two

orders of magnitude higher than K bty -

The interfacial transport zone occurs because of the
irreversible exchange of Nafion sulfonic acid groups to
polycarbonate surface sites to form a monolayer of inactive
sulfonic acid groups. The side chains linking the sulfonic acid
sites to the Nafion backbone form a loosely packed monolayer
along the pore wall which facilitates the flux through the
transport zone compared to transport through the tortuous
environment of bulk Nafion. Given the length of the chains, a
& value of about 1.5 nm is consistent with «,m., (and km/D, )
decreasing as transport is more hindered.with increasing diameter
of the redox species; i.e., k,,m,.,, decreases as HQ (0.6 nm) >
Ru(NH;),'* (0.8 nm)> DOP*(0.8 nm)> FerN"(1 nm). Discrimination
between these species has also been observed based on molecular
shape in the neutron track-etched composites. For example, disk
shaped molecules exhibit higher flux than comparably sized

spherical molecules.
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Radial Migration

The pore walls have a surface charge density of -0.2 uC/cm?,
For a 30 nm pore diameter composite, the corresponding charge is
0.5% of the total charge in the pore, and will have negligible
effect on the number of cations extracted from the solution to
move into the pore. However, the surface charge establishes a
potential gradient (electric field) from the pore to the wall
which tends to move positively charged ions radially outward from
the center of the pore to the wall. An issue is whether this
radial, interfacial potential gradient can be coupled to the
concentration gradient along the wall to enhance solute flux to
the electrode, as illustrated in Figures 6A and 6B.

The model was tested by varying the concentration of the
electrolyte, nitric acid, from 0.50 to 0.01 M, for fixed dopamine
concentration (2 mM). Flux was determined by rotating disk
voltammetry at 400 rpm for the bare electrode and at infinite
rotation rate for the modified electrodes (See Table 1). The
electrolyte concentration did not dramatically affect the flux

for the bare electrode, the 30 nm membrane containing no Nafion,

and the Nafion film.

Table 1: Flux (nmol/cm’s’) for
Dopamine Oxidation at Various [H']

’ 1u% F1 s
[H™ ) soim Flux ux pite Flux
unmodified 30 nm ux 30 nm
Fum
l/
0.50 M 38.6 54.8 4.2 2.4
0.10 M 36.7 57.5 4.3 10.5
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0.01 M 44.6 73.1 - 39.0

However, for the 30 nm Nafion composite a fifty-fold decrease in
electrolyte concentration led to > 1600% increase in flux.
Coupling of radial flux, driven by the interfacial potential
gradient, to surface diffusion generates the enhancement. No
enhancements were observed for a similar study of neutral
hydroquinone. It should be noted that only charged species move
by migration; dopamine is charged, while hydroquinone is not.
Since the selectivity coefficient for dopamine over protons
is about 500 in Nafion, decreasing the electrolyte concentration
fifty-fold only decreases the dopamine concentration by 10%. The
dramatic effect produced by varying the proton concentration
means that the protons, not the dopamine, compensate the wall
charge to establish the interfacial potential gradient and
enhance the radial flux of dopamine. This is possible because
the dopamine, a cationic amine, is heavily ion paired to the
sulfonic acid sites. With a dielectric constant of 20,
substantial ion pairing can be anticipated in Nafion. Ion
pairing may explain why the flux of cationic amines is lower than
neutral hydroquinone as can be seen with reference to Figures 4A
and 4B which show «m values for neutron-track etched
polycarbonate/Nafion composites. Figure 4A shows xm versus
log(d), where d is the pore diameter. «m increases above the
values for bulk Nafion as d approaches 30 nm. The concentrations
are 2 mM redox species and 0.1 M electrolyte for RuN+ - Ruthenium
(I1I) hexamine ({J), H,Q - Hydroguinone (A,v), DOP+ - Dopamine (C),

and FerN+ - Trimethylaminomethyl ferrocene (). The electrolyte
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is H,S0, in all cases except for DOP+ and H,Q(v). Lines represent
ro model and are only intended to indicate the trend in the data.
Figure 4B shows km versus d', where 4d' is the surface area of
the pore/volume of Nafion in the pore. As illustrated in Figures
6A and 6B, the slopes in Figure 4B are indicative of the suriace
flux, and the intercept corresponds to the flux in bulk Nafion.
Note, all the redox species except hydroquinone are charged
amines, and all have lower flux than hydroquinone.

Vapor Phase Electrochemistry/Microstructure in Two—dimensions

One way to alter microstructure is to reduce the conduction
matrix from three to two-dimensions. A two-dimensional system
is made by sulfonating the nonionic, polymeric insulator between
the electrodes of a microelectrode assembly. Conduction across
the surface cannot be studied in either an electrolyte solution
or a pure solvent as the liquid provides a conductive path
between the electrodes. However, by supporting the
microelectrode assembly in an evacuated flask, and injecting
hydrogen or hydrogen chloride and a small amount (uL’s) of water,
conduction can be studied by electrolyzing the éas. In these
lower dimensional systems, the role of the ion exchange site and
its concentration, as well as the role of water in ionic
conduction can be studied. Preliminary studies were performed
to study conduction through solvent layers adsorbed from the
vapor phase across the nonionic surface of a microelectrode
assembly. Electrolysis of gas phase solvents required the
solvent to adsorb at greater than monolayer coverage to bridge
the gap between the electrodes. Solvents with high
autoprotolysis and acidity constants sustain higher currents than

solvents less able to generate ions. These studies provided
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information about gas phase electrochemical detection and systems

as well as atmospheric corrosion.

Composites Formed with Polymerized Microspheres

To test the generality of flux enhancement by interfacial

forces, composites of Nafion and polymerized polystyrene

microbeads or microspheres were formed; diameters of 0.11 to 1.5
pm were used. Figures 7A and 7B show km of hydroquinone through
polystyrene microbead/Nafion composites versus ratios of surface
area of the microbeads to volume of Nafion. In particular,
values of Km found for various ratios of bead surface area for
transport to volume of Nafion for extraction (SA/Vol) are shown
for three different bead diameters. As for the neutron track
etched composites, linear plots were found, at least for the
larger sizes, with intercepts comparable to bulk Nafion. Of
these sizes, 0.37 um beads exhibited the largest flux enhancement
(600%). (Note: the terms "beads" and "microbeads" are used
synonymously herein). Fiqure 7A shows results for composites
formed with single size beads, where the ratio of surface area
to volume was varied by varying the volume fraction of beads in
the composites. Positive slopes are shown consistent with flux
enhancement by surface diffusion along the surface of the beads.
The intercepts are consistent with transport through bulk Nafion.

The fraction of microbeads or microspheres in the composite
can be varied and different sizes mixed to allow a continuous
range of SA/Vol. In particular, Figure 7B shows results for
composites for a range of SA/Vol with 50% total fraction of
Nafion bf volume in the film. xm increases as SA/Vol increases

to about 3.5x10° cm’, analogous to 1.3x10* cm' found for the

neutron track etched composites (Figure 43a). Scanning electron
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micrographs of the 50% Nafion, single bead size composites showed
packing of the 0.11 um beads was different and may account for
the lower xm values found for d! > 3.5x10° cm', where 0.11 um
beads were used. Figure 7B shows results for composites formed
with 50% Nafion by volume. The ratio of surface area to volume
was varied by making composites with beads of the same size and
with beads of two different sizes. Flux increases as the ratio
of surface area to volume increases to 3.5x10° cm!; at the
highest ratio, the composite contains 0.11 um beads.

From the scanning electron micrographs, composites cf beads
larger than 0.11 um exhibit the self-similarity typical of
fractal materials. When ln(km) for these beads is plotted versus
log(d), where d is the bead diameter, a linear plot with a slope
of -0.733 was obtained; «m versus d”™ is shown in Figure 8x. For
diffusion on a fractal of finitely ramified structure (e.g., the
Sierpinski gasket), this is the power dependence expected for
diffusion in a two-dimensional system. Thus, microbead composites
exhibit transport typical of fractal diffusion along the
microbead surface. This system confirms that surface diffusion
provides a mechanism of flux enhancement. It also introduces the
concept of fractal transport processes and the importance of

surface dimensionality in ion exchange composites.

Poly(4-Vinylpyridine) Composites Formed

on Neutron Track Etched Membranes

To investigate surface diffusion in other ion exchangers,
composites were formed of protonated poly(4-vinylpyridine) (PVP)
and neutron track etched membranes. Flux enhancements in these
composites also increased as the ratio of surface area of the

pores to volume of PVP decreased. This result is consistent with
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the results found for Nafion composites, where facile surface

transport enhanced flux.

Thermal Processing of Nafion

While commercial Nafion is heat (or hot) cast, & process

that yields inverted micelles, the vast majority of academic
studies of Nafion have been performed on cold cast Nafion which

produces normal micelles. A study of the mechanical properties

of Nafion hot cast from organic solvents has been reported.

Attempts have been made to hot cast Nafion films with microwave

heating. In the highly ionic casting solution, the glass
transition temperature of Nafion (105°C) should be reached as the
water evaporates. Plots of flux as a function of the time
microwaved have a break at approximately 15 minutes. The flux
changed by no more than a factor of three with a decrease in the

flux of hydroquinone, and from preliminary studies, an increase
in the flux of Ru(NH,)*. This may indicate different transport
mechanisms for the two species in the film. Microwaved, cold

cast and commercial hot cast films have been compared.

Magnetic, Demagnetized, and Nonmagnetic Composites

Polystyrene-coated, 1 to 2 Hm Fe/Fe oxide (nonpermanent
magnetic material) or organo-Fe (superparamagnetic or ferrofluid
Or permanent magnetic) microbeads are available (Bangs Labs,
Polyscience, or Delco-Remy) as a 1% suspension in water, and
Nafion (C.G. Processing) is available as a 5% suspension in
alcohol /water. Other inert or active polymer coatings besides
polystyrene, as well as non-polymeric materials may also be used
as encapsulating materials for the microbeads or magnetic

particles. Examples of such encapsulating materials may include,
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for example: various polymers, silanes, thiols, silica, glass,
etc. On the other hand, in some situations a polymeric or other
coating material on the. microbeads or magnetic particles may be
completely eliminated, as described below. This discussion holds
for superparamagnetic or ferrofluid or permanent magnetic or
nonpermanent magnetic or ferromagnetic or ferrimagnetic material
microbeads in general. This discussion also holds for other
magnets and other magnetic materials which include, but are not
limited to, superconductors, and magnetic materials based on rare
earth metals such as cobalt, copper, iron, samarium, cerium,
aluminum and nickel, and other assorted metal oxides, and
magnetic materials based on neodymium, e.g., magnequench, which
contains iron and boron in addition to neodymium.

Under certain circumstances, some microbeads or magnetic
particles for use in carrying out the invention may require
coating with, e.g. a polymeric material. For example, in aqueous
environments a coating of an inert material may serve to inhibit
or prevent oxidation of the microbead material. In other
circumstances the application of a coating to the micrcbead
material is not required (see, for example, the section below on
Iron Oxide Microbead Composites).

Magnetic composites incorporating organo-Fe material
microbeads are formed by casting appropriate volumes of each
suspension onto an electrode centered inside a cylindrical magnet
(5 cm inside diameter, 6.4 cm outside diameter, 3.2 cm height;
8 1lb pull). Once the solvents evaporate and the magnet is
removed, the oriented beads are trapped in the Nafion, stacked
in pillars normal to the electrode surface. To minimize

interbead repulsion, pillars form by stacking the north end of
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one bead to the south end of another; to minimize interpillar
repulsion, the pillars arrange in a roughly hexagonal array.
These aligned composites were formed with microbead fractions of
< 15%.

Aligned composites were compared to other composites:
unaligned composites - formed as above but with Fe/Fe oxide
microbeads and without the magnet; nonmagnetic composites -
formed with 1.5 pum nonmagnetic polystyrene beads; simple Nafion
films; and demagnetized composites - aligned composites that were
demagnetized. Demagnetized composites had the piliarad
étructure, but it is not clear if they were fully demagnetized.
Nonmagnetic composites had a coral-like structure (i.e., they do
not form pillars). Note, composites may be formed wherein at
least one component is reversibly changeable between a
paramagnetic form and a diamagnetic form with, for example, a

temperature variation and with or without the presence of an

externally applied magnetic field.

Iron Oxide Microbead Composites

Magnetic composites comprising particles of various
materials, such as, for example iron oxides, encapsulated or
coated with a polymeric or other inert material may be used to
modify the interface of electrode surfaces to provide systems or
devices with new and improved characteristics. Such systems and
devices 1lend themselves to a broad range of useful and
commercially valuable applications including, but not limited to,
the separation of transition metal species from other species,

and improved fuel cells and batteries.

Composites formulated for the purpose of surface

‘modification of electrodes may also comprise non-coated (naked

or uncoated) particles of materials such as iron oxides. The
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preferred iron oxides, under the invention, are iron(III) oxide
(Fe,0;,) and magnetite (Fe;0,). Electrodes with surface
modifications employing composites which comprise non-coated
iron(III) oxide or non-coated magnetite provide flux enhancements
comparable in magnitude to those produced by coated
(encapsulated) magnetic particles. 1Indeed, from a theoretical
standpoint, uncoated (i.e. non-coated) magnetic particles are
expected to yield higher flux enhancements than similarly sized
coated magnetic particles; the coating on encapsulated particles
increases the distance between the source of the magnetic field
and the reactant molecules and/or ions, and thus the effect of
the decaying magnetic field is diminished.

These results, showing flux enhancements with composites
comprising non-coated magnetic particles, suggest that a large
variety of magnetic materials may be readily incorporated into
composites without the need for coating or other specialized
preparatory step(s). In this regard, it should be noted that the
use of non-coated particles eliminates much of the cost (perhaps
in the region of 50%) of the cost of manufacturing magnetic
composites. At the same time, these results indicate that other
magnetic materials, with stronger fields than iron-based magnets,
may be similarly incorporated into composites to produce even

larger effects.

Iron oxides such as aged Fe,0, are chemically inert and
insoluble in most solvents, suggesting that composites comprising
iron oxides exhibit sufficient durability for many commercial
applicatiéns.

Composites comprising non-coated magnetic particles are

formed in a manner similar to that reported herein for the
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formation of composites comprising encapsulated (coated) magnetic

particles. The difference is that non-coated magnetic materials,

such as those described below, are used in place of the coated

(encapsulated) magnetic microbeads or particles. In the case of
particles of iron (III) oxide, material that has "aged" to some
extent is preferred over freshly prepared iron (III) cxide.
Apparently, the surface of slightly aged iron oxide materials
have a surface behavior similar to "that observed for

polyethylene, a fairly inert material. Newly prepared iron oxide

appears to be more susceptible to reaction with solution species

than aged material.

Composites were formed with 15% by volume iron(III} oxide

(Fe,0;) (Aldrich Chemical Co.) and Nafion. The composites are

formed by casting the Nafion and the magnetic material {here,
uncoated iron oxide particles with diameters of a few microns)
onto the electrode surface. An external magnetic field, such as
that provided by an external cylindrical magnet, may be
positioned around the electrode at this stage. When an external
magnet is used, the casting mixture dries as a film which
includes pillared magnetic structures on the surface of the
electrode, as described in more detail elsewhere herein. The
external magnet, if any, is removed.

Other percentages of iron(III) oxide and Nafion, as well as
other iron oxides (e.g., Fe,0,) and other magnetic materials may
also be used in forming such composites, provided that the
magnetic material is chemically inert in the proposed environment
in which it is to be used. For example, under the invention,
magnetic composites may be formed comprising from 85% to 0.01%

by weight of magnetic material, and from 15% to 99.99% of an ion
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exchange polymer. The magnetic material component in the casting
mixture which is used to make-up the composite may be in the form
of magnetic particles, beads or microbeads of iron oxides (e.g.
Fe,0;, Fe;0,), and may be coated or non-coated (encapsulated or
non-encapsulated). Depending on the application, the composite
may optionally further comprise carbon particles, or other
electron conductors, in association with a catalyst. The amount
of electron conductor, e.g. carbon particles, in association with
a catalyst in the composite, according to the invention, may
range from 0% to about 80% by weight (or mass). An exampie OI
carbon particles in association with a catalyst according to the
invention is carbon particles in association with platinum (i.e.
platinized carbon).

An electrode with surface modifications including a
composite comprising 15% by volume of non-coated iron(III) oxide,
and prepared as described above, was placed in a solution of
ruthenium (III) hexamine (a paramagnetic species with one
unpaired electron) as redox probe, and the flux was measured by
cyclic voltammetry. An electrode bearing a film'of Nafion only
was used for comparative purposes. The results are presented in
Figure 8B, in which two voltammograms are shown. Voltammcgram
1 is for the electrode bearing a simple film of Nafion coated on
the surface of the electrode. Voltammogram 2 is for an electrode
bearing the composite comprising Nafion and 15% non-coated
particles of iron(III) oxide. It can be seen from Figure 8B that
the current at approximately -350 mV is about 3 times as large
in voltammogram 2 as compared to voltammogram 1. Also, the peak
potential differences are smaller in the case of voltammogram 2,

suggesting some impact on the rate of the reaction. Similar
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narrowing of the peak splitting has been observed for all of the
magnetic materials we have tested (both coated and non-coated).
Composites comprising magnetic materials of the type described
above may prove useful in facilitating or catalyzing a broad

range of surface chemical reactions, both electrochemical and

otherwise.

Other Composites

Similar effects to composites formed with Nafion have been
observed using a different polymer and a solvent other than
water. One such system is poly(styrene sulfonate) (PSS) in
acetonitrile solvent. The electrolyte is tetraalkylammonium
tetrafluoroborate which is different than the inorganic
electrolytes that were used in water. Redox probes that have
also been used in this system, include Fe(bpy),”* and Fe(bpy).**.
Some additional redox species that have been used as probes with
these PSS composites (magnets on electrodes) include
Fe(II)(bpy),’*, Fe(III)(bpy);**, Co(II)(bpy);"", and Co(III) (bpy)~.

Magnetic Composites

Electrochemical Studies of Magnetic Composites

A composite was equilibrated in a solution of 1 mM electro-
active species and 0.1 M electrolyte. The mass transport-limited
current for the electrolysis of the redox species through the
composite (i,.,) was then determined by steady-state rotating disk
voltammetry at several different rotation rates (w). A plot of
i,.."' versus o' yielded a slope characteristic of transport in

solution, and an intercept characteristic of transport through

the composite as:
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i 0.62c*D* Kmec*

meas

In Equation (3), n is the number of electrons, F is the Faraday
constant, A is the electrode area, c¢* and D, are the
concentration and diffusion coefficient of the redox species in
solution, respectively, v is the kinematic viscosity, £ is the
composite thickness, « is the partition coefficient of the redox
species, m is the mass transport rate of the redox species in the
composite, and € is the porosity of the composite. The partition
coefficient, k, is the ratio of the equilibrium concentration in
the ion exchange portion of the composite to the solution
concentration, in the absence of electrolysis. Equation (3) is
appropriate for rate-limiting transport perpendicular to the
electrode. This is ensured by choosing £ and D' ' v' large
compared to the microstructural dimensions of the composite, and
is verified by the slope. Then, the composite can be treated as
homogeneous with an effective km, and microstructural effects can
be ascertained with rotating disk studies. Cyclic voltammetry
yielded quantitative information for scan rates, Vv, sufficient
to contain the transport length within the composite. For a

reversible couple, the peak current, Sy is given by equation

(4):

I = 0.4463(nF)"*[v/RT)'" , @

where R is the gas constant and T is the temperature. When both
rotating disk and cyclic voltammetry data are obtainable, x~ and

m are separable because of their different power dependencies in

Equations (3) and (4).
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The flux of redox species through magnetic composites is
enhanced in proportion to the absolute value of the difference
in the magnetic susceptibilities of the products and reactants
of the electrolysis. From cyclic voltammetry, the AE, observed
for reversible species, whether paramagnetic or diamagnetic, was
little changed, but E,s was shifted, where E,s is the average of

the anodic and cathodic peak potentials, and is a rough measure

of the free energy of the electron transfer reaction. For a
quasireversible, diamagnetic species which passed through a
radical intermediate, dramatic changes in AE, were found. The
shifts and peak splittings were consistent with the stabilization

and the concentration of the paramagnetic species. Results are

summarized below.

Flux Enhancements for Paramagnetic Species

Values of km found by rotating disk voltammetry for
diamagnetic hydroquinone and Ru(bpy),®*, and paramagnetic
Ru(NH;)** using Nafion films, nonmagnetic polystyrene microbead
composites, and magnetic microbead composites are summarized in
Table 2. Both bead composites contained 15% beads of 1 to 2 um
diameter; all modifying layers were 3.6 to 3.8 um thick.

Table 2: «xm (10° cm’/s) for Various Magnetic/Nonmagnetic

Species and Films

Km Km Km
Nafion Nonmagneuc Magnen.
film

________—%
Hydroquinone 0.925 1.02 2.21

Ru(bpy).’* 0.290 0.668 0.869

Ru(NH,),** 0.570 1.01 3.80
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Table 2A shows cyclic voltammetric results for other
species. These results are summarized in Figure 9.

In these examples, as in general, when flux of redox species
through the magnetic composite was compared to flux through
either Nafion films or composites formed with nonmagnetic beads,
the flux was enhanced. In general, we find the flux enhancement
is not dependent on whether the electrolysis is converting a
diamagnetic to a paramagnetic species or a paramagnetic to a
diamagnetic species, but that the enhancement increases as the
absolute value of the difference in the molar magnetic
susceptibilities of the product and reactant.

To further investigate paramagnetic Ru(NH;)s’", xm values
were found for magnetic and nonmagnetic composites made with
various fractions of beads. Results are shown in Figure 10.
First, in Figure 10 the flux of Ru(Nﬁgﬁ“'increésed strongly with
the fraction of magnetic beads, but not with the fraction of
nonmagnetic beads. Second, since the enhancement is not linear
with the magnetic bead fraction, the enhancement was not due to
either a simple concentration increase of the paramagnetic
species about each bead or a simple increase in surface diffusion
associated with more pillars at higher bead concentration. (Data
are equally well linearized with correlation coefficient > 0.99
as either ln[xm] versus percent beads, Or Kkm Versus volume of
Nafion/surface area of the beads. Plots of both showed
intercepts comparable to xm for simple Nafion films.) Third,
substantially higher flux was achieved with the magnetic beads
than with the same fraction of nonmagnetic beads.

In another series of experiments, composites were formed
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with magnetic microbeads of similar size, but containing
different amounts of magnetic material. Iﬁ these studies, as
magnetic content increased, the values of «m and km'’ increased.
The magnetic content was measured with a Guoy balance and is
characterized by yx,. (see Figure 11).

Magnetohydrodynamic models neither account for the
discrimination between paramagnetic and diamagnetic species by
the magnetic composites, nor do they predict the shape of the

curve shown in Figure 10. Magnetohydrodynamics predicts an

effect proportional to the charge on the redox probes. No such

dependence is found here.

Electrochemical flux of various redox species from solution
through either composites or films to the electrode surface was

determined by cyclic and steady-state rotating disk voltammetry.
Electrochemical flux of species through the composites is
parameterized by ¥ and m, where t is the extraction coefficient
of the redox species from solution into the composite, and m
(cm*/s) is its effective diffusion coefficient. For steady-state
rotating disk voltammetry, the parameterization is «m (determined
from the intercept of a Koutecky-Levich plot); and for cyclic
voltammetry, the parameterization is «m'? (extracted from the
slope of peak current versus the square root of the scan rate (20
to 200 mV/s). All measurements were made in solutions containing
1 to 2 mM redox species at a 0.45 cm’ glassy carbon electrode.
The electrolyte was 0.1 M HNO,, except for the reduction of
Co(bpy),’~ (0.2 M Na.SO,) and for the oxidation of Co(bpy),”” and
reduction of Co(bpy)f‘ (0.1 M sodium acetate/acetic acid buffer
at pH = 4.5). Anionic ferricyanide was not detected

electrochemically through the anionic Nafion films and
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composites, consistent with defect-free layersﬁ All potentials
were recorded versus SCE (SCE is a standard calomel reference
electrode; it has a standard potential of -0.24 V with respect
to the reduction potential of hydrogen ions to hydrogen molecule
at unit activity).

First, «m values were determined for the oxidation of
paramagnetic Ru(NH,),* to diamagnetic Ru(NH,),* through magnetic
and nonmagnetic composites as the bead fraction was increased.
|Ax,] = 1,880-10° cm’/moles. From Figure 10, «m for the
nonmagnetic composites varies little with bead fraction, while
xm for the magnetic composites increases superlinearly by several
fold.

Second, «m'? values were determined for various redox
reactions for magnetic composites, nonmagnetic composites, and
Nafion films. Exclusive of any magnetic field effects,
electrochemical flux through Nafion can be altered by the size,
charge, and hydrophobicity of the transported species,
interaction and binding with the exchange sites, and
intercalation into the hydrated and perfluorinated zones of the
Nafion. To minimize effects not related to interactions between
the redox moieties and the magnetic beads, km'? values for the
magnetic and nonmagnetic composites are normalized by km'? for
the Nafion films. The normalized xm'? values are plotted in
Figure 9 with error bars versus |Ax,| for the various redox
reactions. Figure 9 illustrates the relative flux of redox
species on the y-axis, where the maximum cyclic voltammetric
current for a composite with magnetic microbeads is normalized
by the maximum cyclic voltammetric current for a Nafion film

containing no magnetic material. The ratio 1is the flux
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enhancement. On the =x-axis is the absolute value of the
difference in the molar magnetic susceptibilities of the products
and reactants of the electrolysis, |Ay,|. The composites contain
15% magnetic microbeads and 85% Nafion by volume. The redox
species are numbered as follows, where the reactant products are
listed sequentially: (1) hydroquinone to benzoquinone; (2)

I4

Cr(bpy);™ to Cr(bpy),""; (3) Ru(bpy),*" to Ru(bpy);*; (4) Ru(NH;)¢*
to Ru(NH;)@*; (5) Co(bpy);s”* to Co(bpy);*; (6) Co(bpy),”* to
Co(bpy);*; and (7) Co(bpy);** to Co(bpy);**. All redox species are
1 mM to 2 mM. Film thicknesses are 3.6 up to 3.8 um. For the

nonmagnetic composites, the normalized «m'> values are

independent of |Ay,|. This suggests the normalization is
effective in minimizing steric and electrostatic differences in
the interactions of the various redox species with Nafion. For
the magnetic composites, normalized km'? increases monotonically
with |Ax,|, with the largest enhancements approéching 3000%.
The logarithmic increase of electrochemical flux in Figure
9 with |Ay,| is consistent with a free energy effect of a few
kJ/mole. Effects of this magnitude have not been generated in
uniform, macroscopic magnetic fields. Strong, nonuniform
magnetic fields established over short distances (a few
nanometers) at the interface between Nafion and magnetic
microbeads could produce local effects of this magnitude.
Magnetic concepts appropriate to uniform macroscopic magnetic
fields and to molecular magnetic interactions are not applicable
to this system, and instead, a microscopic parameterization is
necessary. Establishing sufficiently strong and nonuniform local

magnetic fields at interfaces in microstructured systems makes

it possible to orchestrate chemical effects in micro-environments
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which cannot otherwise be achieved with uniform fields applied
by large external magnets.

- Cyclic Voltammetric Peak Splittings for Quasireversible
Species

Peak splittings in cyclic voltammetry are used to determined
heterogeneous electron transfer rates. Figures 12A and 12B show
cyclic voltammetric results for the reversible species Ru(NH;)*
and Ru(bpy),’*, respectively. Cyclic voltammograms at 100 mV/s
are shown for Ru(NH,),’* (Figure 12A) and Ru(bpy);* (Figure 12B)
for magnetic composites, Nafion films, and the bare electrode.
Cyclic voltammetric results are shown for the reduction of
paramagnetic Ru(NH;),/* in Figure 12A. The concentration of the
redox species is 1 mM, and the electrolyte is 0.1 M HNO;; the
reference is an SCE; and the films are 3.6 um thick. For both
species, when E,; is compared for the magnetic composite and the
Nafion films, the shift in E,; is to positive potentials. The
electron transfer kinetics for Ru(NH,)’* are fairly strong with
k* > 0.2 cm/s. Note that the peak splittings for the magnetic
composites and Nafion film are similar, consistent with the
resistance of the two layers being similar. Similar peak
splittings are also observed for Ru(bpy);"*, as shown in Figure
12B. Therefore, when compared to the Nafion films, the magnetic
composites have little effect on the rate of electron transfer
ofvreversible species.

In particular, Figure 12C shows cyclic voltammograms at 100
mV/s for 1 mM hydroquinone in 0.1 M HNO, for magnetic composites,
nonmagnetic composites, Nafion films, and the bare electrode. The

films are 3.6 um thick. It is observed in the voltammogram of
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Figure 12C that the peak splitting is almost doubled for the

magnetic composite compared to the Nafion film. The question

arises as to whether the enhanced peak splitting is consistent

with the stabilization of the paramagnetic semiquinone

intermediate in the two electron/two proton oxidation. In Figure

12C, voltammograms are shown at 0.1 V/s for hydroquinone, a

diamagnetic species that undergoes quasireversible, two

electron/two proton oxidation to diamagnetic benzoquinone while

passing through a radical, semiquinone intermediate. The

voltammograms for the Nafion film and the nonmagnetic composifes

are fairly similar, with Am% values of 218 and 282 mv,
respectively. For the magnetic composite, AE, = 432 mV, or twice
that of the Nafion film. From the results for the reversible
couples above, this is not due to a higher resistance in the
magnetic composites. The asymmetry in the peak shifts compared
to the other three systems shown in Figure 12C also argues
against a resistance effect. (Note that the interpretation of the
kinetics can be complicated by the proton concentration.
However, there is no reason to think the concentration is
drastically different in the magnetic and nonmagnetic
composites.) The peak shift may be due to the stabilization of
the paramagnetic semiquinone intermediate.

While the hydroquinone electrolysis is too complex to
interpret cleanly, it does raise the interesting questiorn of
whether quasireversible electron transfer rates can be influenced
by an applied magnetic field. Reversible rates will not be
affected, but it is not clear what would happen with

quasireversible rates. There are many quasireversible electron

transfer species uncomplicated by homogeneous kinetics and
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disproportionation reactions which can be used to better resolve
this question. If the kinetics of quasireversible processes can
be influenced by magnetic fields, numerous technological systems
could be improved. Oxygen reduction by two and four electrons
are examples of a system where quasireversible kinetics may be

susceptible to alteration by an applied magnetic field gradient.

Cvclic Voltammetric Peak Shifts

When magnetic composites and Nafion films were compared,
voltammograms taken at 0.1 V/s for the reversible species
exhibited no change in AE,. However, the peak potential for

reduction, ES, for Ru(NH,),”* was shifted 14 mV positive.

Similarly, the oxidation potential peak, E*, for Ru(bpy);~ was
shifted 64 mV positive. Shifts of E,; while AE, is unchanged are
consistent with one species being held more tightly in the
composites, and thereby, having a lower diffusion coefficient.
In general, a shift in potential of approximately +35 mV is
observed for all reversible redox species, whether the electron
transfer process converts the redox species from diamagnetic to
paramagnetic or.paramagnetic to diamagnetic. Larger potential
shifts are observed with less reversible electron transfer
processes. Shifts as large as 100 mV have been observed. (Note
that for the film thicknesses used herein (- 3.6 um) and a scan
rate of 0.1 V/s, m < 10® cm’/s is needed for the diffusion length
to be confined within the film during the sweep. Since m is not
known in these systems, it is not clear whether the voltammetric
results also probe behavior at the composite/solution interface.)

The above discussion further shows that interfacial

gradients other than concentration and electric potential, e.q.,
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magnetic gradients, can be exploited effectively in

microstructured matrices. In composites formed with magnetic

materials, locally strong (and nonuniform) magnetic fields could

alter transport and kinetics. The influence of the magnetic

field on species in composites may be substantial because the
species are concentrated in a micro-environment, where the
distance between the field source and chemical species is not
large compared to the field decay length. Magnetic composites
were made by casting films of polystyrene coated magnetic beads

and the perfluorinated, cation exchange polymer, Nafion, onto an

electrode. Approximately 1 um diameter magnetic beads were

aligned by an external magnet as the casting solvents evaporated.
Once the solvents evaporated and the external magnet was removed,
the beads were trapped in the Nafion, stacked as magnetic pilliars
perpendicular to the electrode surface.

Prelimiﬁary voltammetric studies comparing the magnetic
composites to simple Nafion films (i.e. containing 0% magnetic
microbeads) yielded several interesting results. First, flux of
redox species through magnetic microbead composites is enhanced
compared to flux through both simple Nafion films (i.e. Nafion
alone) and composites formed with nonmagnetic microbeads.‘
Second, for species which underwent reversible electron transfer
(i.e., Ru(NH;)* and Ru(bpy);®*), the cyclic voltammetric peak
potential difference (AE,) was unaffected, but the average of the
peak potentials (E,;) shifted consistent with the stabilization
of the paramagnetic species. Third, hydroquinone oxidation was
quasirevérsible and proceeded through paramagnetic semiquinbne.
For hydroquinone at 0.1 V/s, voltammograms for the magnetic

composites exhibited a 40 mV positive shift of E,; and a AE, twice
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that of Nafion. The potential shifts and flux enhancements, while
consistent with concentration and stabilization of the
paramagnetic form of the redox couples, are as yet unexplained..

Electrochemical flux of ions and molecules through magnetic
composites formed of Nafion ion exchange and polystyrene coated
Fe/Fe oxide particles has been observed to be as much as twenty-
fold higher than the flux through simple Nafion films. Flux
enhancements have been observed with increasing difference in the
magnetic susceptibility of the halves of the redox reaction.

A passive, magnetic composite may be used to enhance the
flux of oxygen at the cathode in a fuel cell. Oxygen has two
unpaired electrons, and is therefore susceptible to this magnetic
field in the same way as described in the experiments above. If
oxygen is consistent with the observations made thus far for
other ions and molecules, the electrochemical flux of oxygen to
a magnetically modified cathode can be enhanced by approximately
500% as compared to a nonmagnetically modified cathode (Figure
13). Such an enhancement would be comparable to that achieved by
pressurization to 5 atmospheres at the cathode.

Based on the above discussion, it is possible to predict a
roughly five-fold flux enhancement of oxygen through a 15%
magnetic/Nafion composite over Nafion. This is understood by
considering the fluxes through magnetic/Nafion composites and
Nafion films of the seven redox species listed in the upper left
hand corner of Figure 13. These are the same species as listed
in Figure 9. The fluxes were determined by cyclic voltammetry.
The flux ratio for magnetic composites to Nafion films is the y-
axis and the absolute value of the difference in the molar

magnetic susceptibilities (|Ax.|) of products and reactants of
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the electrolysis reaction is the x-axis of Figure 13. (The
larger the value of Ax., the more susceptible a species is to
interaction with a magnetic field.) From Figure 13, thehflux

increases exponentially as |Ay,| increases. For the most extreme

case, the flux is increased about twenty-fold. For the reduction

of oxygen to water, |Ay,| ~ 3500-10% cm’/mole. This point on the

X-axis is extrapolated to therefore suggest that the flux
enhancement for oxygen in the magnetic composite will approach
five-fold.

Experiments have been conducted with Nafion composites of
up to 15% Fe/Fe oxide particles or beads. Figure 14 shows a
curve of the increase in flux based on the percentage of magnetic
beads. The dotted line on Figure 14 is the projected effect on
flux of higher bead concentrations.

For paramagnetic species, the flux through the magnetic
composites increases as the fraction of magnetic beads increases.

In Figure 14, the flux of Ru(NH;)¢* through magnetic bead/Nafion

composites (®) increases as the fraction of magnetic beads in the
composite is increased to 15%. Larger enhancements may be
possible with higher bead fraction composites or composites
formed with magnetic beads containing more magnetic material.
Compared to a simple Nafion film (m)W thé flux is 4.4 fold
larger. Ru(NH,;)* is less paramagnetic than oxygen. For
comparison, composites formed with nonmagnetic polystyrene beads
(0) were examined; these exhibited no flux enhancement as the
bead fraction increased. The line shown on the plot is generated
as a logarithmic fit to the data for the magnetic composites.
It illustrates the flux enhancement that might be found for

composites formed with a higher fraction of magnetic beads. The
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extrapolation suggests that at 30% magnetic beads, the flux
through the magnetic composites of Ru(NH,),* might approach
twenty times its value in simple Nafion films. As oxygen is more
paramagnetic than Ru(NH;),* even larger enhancements might be

anticipated for oxygen.

Oxygen Susceptibility to Magnetic Composites and Magnetic

Concepts

Paramagnetic molecules have unpaired electrons and are drawn
into (aligned by) a magnetic field (i.e., a torque will be
produced; if a magnetic field gradient exists, magnetic dipoles
will experience a net force). Radicals and oxygen are
paramagnetic. Diamagnetic species, with all electrons paired,
are slightly repelled by the field; most organic molecules are
diamagnetic. (Metal ions and transition metal complexes are
either paramagnetic or diamagnetic.) How strongly a molecular
or chemical species responds to a magnetic field is parameterized
by the molar magnetic susceptibility, x,. (cnﬁ/mole). For
diamagnetic species, yx, is between (-1 to -500)+10° cm’/mole, and
is temperature independent. For paramagnetic species, J, ranges
from 0 to +0.01 cm’/mole, and, once corrected for its usually
small diamagnetic component, varies inversely with temperature
(Curie’s Law). While ions are monopoles and will either move
with or against an electric field, depending on the sign of the
potential gradient (electric field), paramagnetic species are
dipoles and will always be drawn into (aligned in) a magnetic
field, independent of the direction of the magnetic vector. A
net force on a magnetic dipole will exist if there is a magnetic

field gradient. The magnetic susceptibilities of 0,, H.0 and H.O.
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are summarized in Table 3.

Table 3: Molar Magnetic Susceptibilities, X

| Species Temperature (°K) Xn (10%cm’/mole)
5 o, 293 3449
H,0 293 -13
H,0, - ~18
10 Magnetic field effects were observed in electrochemical
systems. Because electrochemistry tends to involve single

electron transfer events, the majority of electrochemical

reactions should result in a net change in the magnetic

susceptibility of species near the electrode. Little has been
15 reported, however, in electrochemistry on magnetic fields. What

has been reported relates to magnetohydrodynamics.

Magnetohydrodynamics describes the motion of the charged species
(i.e., an ion) perpendicular to the applied magnetic field and
parallel to the applied electric field (Lorentz force). In the
20 composites described herein, the magnetic field, the direction
of motion, and the electric field were all normal ‘to the
electrode. Because magnetohydrodynamics (see Figures 1-3) does
not predict a motion dependence on the magnetic susceptibility
of the moving species and requires that all the field and motion
25 vectors are perpendicular (i.e., for magnetic effects), the
effects described here are unlikely to be macroscopic

magnetohydrodynamic effects.

Graded Density Composites

The following protocol is used to form density layers on

30 electrodes with the density layers parallel to the electrode
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surface or other surface: Solutions of Ficoll (a commercially
available copolymer of sucrose and epichlorhydrin used to make
macroscopic graded density columns for separations of biological
cells by their buoyancy) are made in water at concentrations
varying from a few percent to 50% by weight. The viscosity of the
solution is a monotonic function of the weight percent polymer.
Small volumes of polymer solution (5 to 100 ul) are pipetted onto
an electrode surface and the electrode spun at 400 rpm for two
minutes; this creates a single polymer layer. By repeating this
process with polymer solutions of different concentrations, a
graded interface, with density and viscosity varied as a function
of the composition of the casting solution or casting mixture,
can be created. The thickness of each step in the staircase
structure depends on the number of layers cast of a given
concentration, and can range from 200 nm to several micrometers.

A similar structure with graded layers of ion exchange sites
in ion exchange polymers can be formed by either (1) spin casting
or coating a mixture of density gradient polymer and ion exchange
polymer'on the electrode or other surfaces as described above;
(2) forming a density graded layer of density gradient polymer
first, and then adsorbing the ion exchange polymer into the
matrix; or (3) spin casting or coating layers of ion exchange
polymer on surfaces from solutions of different concentrations.
It should be possible to cast such layers, and then peel them off
surfaces to form free standing films. Such films would have
ﬁtility in controlling solvent transport across electrochemical
cells, including fuel cells.

A protocol is proposed to form density gradient layers on

electrodes with the density layers perpendicular to the electrode
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surface or other surface. Electrodes and surfaces can be
envisioned in which more than one gradient is established on the
surface for purposes of separating molecules in more than one
spatial and temporal coordinate and by more than one property.
One example is to form composites with a magnetic gradient in one
coordinate and a density gradient in another coordinate. These

materials could be formed by creating a magnetic gradient
perpendicular to the electrode surface by placing magnetic beads
on an electrode or surface and allowing the composite to be cast
in a nonuniform field, where the external magnet is aligned so
the beads are on the surface but not in columns perpendicular to
the surface. A density layer could be cast (as opposed to spun
cast or coated) by pipetting small volumes of different
concentrations of density gradient polymer and/or ion exchange
polymer and allowing the solvents to evaporate, thereby building
up a graded layer parallel to the electrode surface. Once the
entire layer is cast, the external magnet can be removed if the
magnetic material is Superparamagnetic, and left in place if the
magnetic material is paramagnetic.

These would be fairly sophisticated composites, and complex
to understand, but unusual flux enhancements and separations
should be possible in several dimensions. It should be possible
to design even more complex structures than these. For example,
embodiments may combine two effects such as magnetic field
gradient effects with density gradient effects to make a more
sophisticated separator to perform multiple separations of
similar materials. This would be an example of an apparatus and
method for separating similar things in a mix which involves a

graded matrix instead of separate chambers (such as for lighter
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transition metals and heavier transition metals or other species

as discussed below).

Modified Ion Exchangers

The surface of the magnetic microbeads have ion exchange
groups on them which would allow ready chemical modification,
e.g., coating with a magnetically oriented liquid crystal for a
local flux switch. Embodiments of such modified structures may
have use in the quest to build microstructured devices and

machines.

Separation of Lanthanides and Actinides

Lanthanides and actinides are the heaviest transition metals
having atomic numbers in the ranges 58-71 and 90-103,
respectively. The lanthanides and actinides include metals such
as plutonium, uranium, and thorium. Various isotopes of these
transition metals are radioactive, and either are used as the
fissionable material in nuclear reactors or are generated by
nuclear decay processes.

Some of the isotopes of lanthanides and actinides (e.q.,
327AC, mTh, 235U, 235U’ Z“Pa, 237Npl Z“Pu, 242Pu’ mPu, 138Pu’ 3”Am, Z“Am,
*cm, *Cm, >*Bk, and **Cf) have significant (long) half-lives, and
pose a significant environmental remediation problem, especially
when the radiocactive materials are present in a complex matrix
of waste sludge or mine tailings. A most extreme example is the
storage vats at Hanford, Washington. Thus, separation of
lanthanides and actinides is important. Note, separation here
means separation of ions and metals rather than isotopes.

The environmental problems could at least be simplified if
the heavier transition metals could be removed selectively from

the matrix. Even if the separation process simultaneously
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removes metal species other than the lanthanides and the
actinides, the separation would still be advantageous. The
separation does not have to be specific, only selective, to be
useful. For example, removing the heavier transition metals from
the waste sludge greatly reduces the level of radioactive hazard
in the remaining sludge. The separated radioactive material

would be concentrated and much reduced in volume, and, therefore,

easier to contain.

Radioactive isotopes are also employed in various imaging

processes, especially for medical diagnosis. These processes

typically use isotopes with half-lives of a few days or hours.

Therefore, isotopes must be generated either on-site or elsewhere

to be shipped and used rapidly. If longer half-life isotopes
could be used, some of these constraints might be simplified.
Also, better images could be obtained with higher concentrations
and stronger emitters of radiocactive material. Currently, higher
concentrations are not used because the detoxification protocol
involves isotope decay in the body, rather than a removal
process. Therefore, if a method for removing the heavy

transition metals from the body could be developed, the range
with respect to the type and concentration of isotopes could be

expanded.

Difficulty of Separating Lanthanides and Actinides

All of the prior discussion of Figures 10 to 14 apply to the

lighter transition metals which have been studied. However, the

notions concerning magnetism discussed so far in relation to
Figures 10 to 14 (which directly support these notions) may also
apply to the heavier transition metals as well. The heavier

transition metals (lanthanides and actinides) are expected to
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have similar properties to the lighter transition metals, only
more exaggerated.

The lanthanides and actinides have high nuclear mass, and
the differences in the chemistries of these heavier transition
metals in either row of the periodic chart is established by the
number of electrons in the fourth and fifth f-shells,
respectively. However, the f-shell electrons are shielded by the
fifth (lanthanide) and sixth (actinide) s- and p-shell electrons,
and the chemistries of the metals in each row of heavier
transition metals are not highly differentiated.

Although traditional methods for separating metals and metal
ions are based on selectively plating the metal ions, or using
various chromatographic methods, these methods have not been very
successful with lanthanides and actinides. Plating methods are
not successful because the reduction potentials of the
lanthanides and actinides are all within 200 millivolts of each
other. For the lanthanides, the three electron reduction of the
trivalent cation to the metal occurs at -2.3 = 0.1 Volts versus
NHE (normal hydrogen electrode - a reference electrode defined
to the thermodynamic scale of 0 Volts for proton reduction as is
well-known in the art) for all the members of the series.

Separations can be achieved by various methods, based on,
amongst other things, charge, mobilities, and complex formation
with chelating agents. Chromatographic separations can be
driven, amongst other things, by charge and mobilities. For
heavier transition metals such as lanthanides and actinides,
charge-based chromatographic separations will not work because
these transition metals all have similar charge and similar

reduction potentials, which means that they will have similar
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charge even after they are all reduced. The same redox potential

means that you cannot selectively reduce or oxidize only some of

the species.

Because the lanthanides and actinides form similarly sized

ions, the mobilities are all very similar, and species,

therefore, cannot be well-separated by mobility.

Nonchromatographicseparationnmthodsinvolvingchelatingnethods

will also be difficult. For example, as the f-shell electrons

are shielded by the s- and p—-electrons of the next principal

shell, the binding constants of the ions of either series with

various chelating agents are very similar, resulting in species

not being well-separated by chelation. Therefore, another

separation technique for these series, such as magnetic

separation, is required.

Magnetic Separations of Lanthanides and Actinides

The response of a molecule or ion to a magnetic field is
measured by its molar magnetic susceptibility (yx,) or
equivalently, by its magnetic moment, u. As the number of
unpaired electrons in the species increases, u increases. The
lanthanides and actinides have f-shell electrons, which can

contain between 0 and 14 electrons. Therefore, the maximum

number of unpaired electrons in the f-shell is 7. The properties
of the lighter transition metals in the main body of the periodic
table are such that they have only d-shell electrons, which can
number as many as 10 with a maximum number of five unpaired
electrons. Inherently, therefore, lanthanides and actinides can
have highér numbers of unpaired electrons than the transition

metals with only d-shell electrons. Thus, lanthanides and

actinides can have higher magnetic moments than transition metals
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from the main body of the periodic table. The higher magnetic
moments arise from unpaired electrons and, to some extent,
nuclear magnetic moments. The higher magnetic moments, as well
as the greater range in oxidation states (prior discussion of
paramagnetic and diamagnetic redox species is applicable here)
and should allow lanthanides and actinides to be separated from
the lighter transition metals. In some cases, this separation
may require an additional oxidation and/or chelation step.

In particular, if a separation yields a mixture of heavier
transition metals and transition metals from the main part of the
periodic table (lighter transition metals), a change in oxidation
state, achieved by either adding an oxidant or reductant or by
electrolysis at an electrode, will change not only the charges
(and number of electrons in the d- (for main transition metals)
and f-shells (for heavier transition metals)) on the metal ions
or their complexes, but it can also change the number of unpaired
electrons in the heavier and main transition metals. Because the
main transition metals have only 10 d-shell electrons and the
heavier transition metals have 14 f-shell electrons; ions, metals
and complexes which have at least a few electrons in either the
d- or f-shells are likely to have different numbers of unpaired
electrons when electrons are added or removed. This will allow
the main transition metals to be separated from the heavier
transition metals in a large number of cases.

Plots of magnetic moments for the lanthanides, actinides,
and lighter transition metals are appended in Figures 14A, 14B,
and 14C, respectively, for representative metal ion complexes.
Figures 14A and 14B were taken, respectively, from pp. 329 and

369 of “Advanced Inorganic Chemistry” by F. A. Cotton and G.
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Wilkinson, Third Edition, Interscience Publishers, Ny, 1972, the

contents of which are incorporated herein by reference. Dpata for

Figure 14C were taken from Pp. 38-239 of “The Magnetic Properties

of Transition Metal Complexes” by B. N. Figgis and J. Lewis in

“Progress in Chemistry,” vol. 6, F.A. Cotton, ed., Interscience

Publishers, NY, 1964 and from F. H. Burstall and R. S. Nyholm,
J. Chem. Soc., 1952, pp. 3570~3579, both of which are
incorporated herein by reference. An examination of Figures 14a-
C shows that the magnetic moments of the heavier transition
metals are higher than those of the lighter metals. Clearly,
however, there is some overlap of magnetic moments between the

two categories of transition metals. For example, Cr(III), UF,,

UF;, and Pr,0, have similar magnetic moments, as do Cr(II) and

PuF,. The magnetically-based separation would, therefore, not

distinguish very well between these species, and they may be
grouped together before and after the separation step.

However, additional separation steps involving chelation or
electrolysis before a subsequent separation Step would certainly
remove the lighter transition metals from the heavier ones.
Nevertheless, the separation of uranium from plutonium species
might be more difficult, because the method may not be
sufficiently selective. Additional tuning of the method might
improve the separation, or repetitive separations might help.
Even without additional improvements, it is at least possible to
Separate trivalent and tetravalent uranium and plutonium species
from species such as iron, for example.

One possible way to separate some heavier transition metal
species is to use the fact that they can form gaseous species and

that certain separations lend themselves to the gas phase. For
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example, separation of the gas UF; (uranium hexafluoride) or
various isotopes thereof may be accomplished using such a
separation technique. Previously, isotopes of uranium were
separated by making UF, and allowing the gases to diffuse down
extremely long tubes. Because of the slight differences in mass,
the lighter isotopes got to the end of the tubes first.

It should be noted that temperature could have a very great
effect on what drives magnetic separations in general and, in
particular, what drives magnetic separations of heavier
transition metals. Operation at lower temperature can be a real
advantage because magnetic susceptibility (moment) of molecular
species increases as reciprocal temperature. Dropping
temperature from room temperature to just above freezing
increases the magnetic moments about 10% (see the discussion
about Curie Temperature above). Perhaps this temperature
sensitivity may be exploited with thermal gradients to drive
magnetic separations of heavy transition metals and other
magnetic species.

It is also possible to build a sensor based on the
temperature sensitivity, including a sensor for hot (radioactive)
heavier transition metals. A differentiation of some of the
various radioactive species in a mix may be realizable from (1)
flux enhancement and (2) temperature increases. Perhaps a
combination of flux enhancement and temperature-based magnetic
separation could be made with parallel or perpendicular magnetic

and thermal gradients.

Achieving Separations

Separations can be thought of in several steps:
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1. Species are separated because they have different
degrees of interaction with Some external agent or force (here,

magnetic compdsites and magnetic fields).

2. If one interaction enhances separations, but it does

not achieve complete separation, the process should be
repeated to improve separation efficiency (here, it may be
necessary to set up a sequence of separation vats and magnetic

composite separators).

3. If, after several iterations, separation has been

partially successful, but several species are still mixed

together, try another Separation process on this mixture which
has already been refined by the first process (here, this could

be a, for example, a chelation process to bind either the lighter

or heavy transition metals, e.qg., to selectively precipitate one

set or the other, or a plating process might be used, or a change
in oxidation states followed by another separation step, based

on either magnetic properties or some other properties).

For the present invention, the principles described herein
may be applied in conjunction with the use of magnetic composites
to separate lanthanides and actinides from other metal ions and
to separate lanthanides and actinides into smaller groups based
on their magnetic moments. The behavior and formation of one
class of magnetic composites has been previously outlined above.

Based on the previously demonstrated behavior of these
composites with the lighter transition metal complexes, it should

be possible to separate the heavy transition metal jions or
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complexes formed by chelation thereof with organic or inorganic
ligands. It may be ions, metals, or metal complexes (charged and
uncharged) which <can be separated, although ions and
organometallic complexes are most likely.

The efficiency of the separation will be prescribed, at
least in part, by the magnetic moment of the species separated.
In an electrochemically-based process, the efficiency may be
dictated by the difference in the magnetic moments of the
oxidized and the reduced forms of the species. Two basic

separation processes are outlined:

Electrochemical processes in which a magnetic composite
controls access of the species in the solution to the

electrode.

. Magnetochromatographic processes in which a magnetic
composite is used as a separation membrane between two
vats, where one vat has the mixture to be separated,
and the species to be separated passes through the
separator to a second vat, where the selectively passed

or separated species are collected.

Either of the above processes are possible processes for
achieving the separation. Other chromatographic processes, where
the carrier is a gas, liquid, solid, or plasma and the stationary
phase is any magnetically modified microstructured material, also
possibly 5 gas, liquid/suspension, solid, or plasma, afe
feasible. Here, the roles of the carrier and the stationary

phase are not differentiated and may be interchanged.
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Single step separations are possible either
chromatographically or electrochemically. However, in a

multistep process, as will most likely be needed, several
chambers or vats are set up in sequence as illustrated in Figure

14D so that the most mobile species will be concentrated in the

last vat. Here, the magnetic separator may be either simply

chromatographic or it may be a magnetically modified porous
electrode that allows flow through the electrode. 1In Figure 14D

which will be discussed in detail below, the sSeparator lets

species A pass through the Separator with twice the efficiency
of species B. After three separation steps, the concentration
of species A is enhanced 8:1 ([2/11%:1) compared to species B,
where species A and B were in equal concentrations initially.
The efficiencies of magnetic separators will depend on the
magnetic properties of the species being separated as discussed
above and should be at least as good as the situation just
illustrated. Note that the initial, relative concentrations of
the species in the initial mixture, like species A and B, will
also play a role.

It may be necessary to add ligands before or after the
magneﬁic separation. Ligands added before separation may change
selectivity through a separation membrane, probably for reasons
other than magnetic properties. For example, if binding is
tavored for the lighter transition metal species and they can be
bound to form negatively charged lighter transition metal
complexes, these complexes would be excluded from the composites
if a positively charged ion exchange polymer, or equivalent

positively charged material, were used as the binder to form the

—

composite.




10

15

20

25

WO 96/41391 PCT/US96/10509

79

It is also possible to increase the magnetic moment of some
transition metal complexes if ligands are used which force the
metal center to switch from a low to a high spin electron
configuration. Lower magnetic moments can be achieved if the
ligands force the metal center into the low spin configuration.
Cobalt is the most common example of a species capable of forming
low and high spin complexes. However, not all metals have low
and high spin configurations.

Ligands may be added after the separation, where the
selective binding to a ligand would allow the chemistries of the
lanthanides and the actinides to be distinguishable from the
lighter transition metal species. For example, if large binding
constants allow the actinides and the lanthanides to form
complexes with large ligands, the lanthanides and actinides might
be precipitated selectively from the mixture. Other separation
processes are also possible. Magnetic separations involving
ligands may be applied to lanthanides and actinides as will be
discussed in detail below (seé discussion involving Figures 164,
16B, and 16C below).

Applications of the Invention

General Applications

Figure 15A shows a simplified representation which will be
used to describe how magnetic microboundaries 10a, 10b, and 10c¢
influence a standard electrochemical process. Here, a substrate
20 with a surface 24 serves as a conductor and hence can
electrically conduct 1like a metal, a semiconductor or a
superconductor. Substrate 20 is maintained at a first potential
Vl. Two different phases of materials 30a and 30b have two

different magnetic fields, i.e., are in two different magnetic
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phases, phase 1 and phase 2 and are applied to surface 24 of
Substrate 20. Since materials 30a and 30b have different
magnetic fields, boundary regions or béundaries 33 have magnetic
gradients. Boundary regions 33 are not necessarily sharp or
straight, but the magnetic field of material 30a smoothly changes
into the nmagnetic field of material 30b according to
electromagnetic boundary conditions. Therefore, width t
represents an average width of boundaries 33. Width t should be
approximately between a few nanometers to a few micrometers and
preferably between one nanometer and approximately 0.5 um.
Boundary regions 33 are Separated from each other by varying
distances and S represents the average of these distances. The
effect of varying distances s will be described below.

Particles M have a magnetic susceptibility y, and are in an
electrolyte 40 which is at a potential V2 due to an electrode 50.
This makes a potential difference of V between electrolyte 40 and
substrate 20 (substrate 20 can effectively act as a second
electrode). Boundary regioné 33 are paths through which
particles M can pass. Particles M are then either driven
electrically or via a concentration gradient toward substrate 20.
Once particles M reach substrate 20, they either acquire or lose
electrons, thereby turning into particles N with magnetic
susceptibility y,. The absolute value of the difference between
the magnetic susceptibilities of phase 1 and phase'z is a measure
of the magnitude of the magnetic gradient in region 33 and will
be referred to as the magnetic gradient of boundary region 33,
It will be shown below that the flux of particles M increases

approximately exponentially with respect to increasing the

magnetic gradient of boundary region 33 with materials 30a and
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30b when compared to the flux without materials 30a and 30b.
This increase in flux can be greater than 35-fold or 3500%,
resulting in significant improvements in efficiency of many
electrochemical processes.

Specific examples of electrochemical systems where magnets
might improve an electrochemical cell or process include:
chloralkali processing, electrofluoridation, corrosion
inhibition, solar and photocells of various types, and
acceleration of electrochemical reactions at the electrode and
in the composite matrix. Potential shifts of E;; are always
observed and suggest an energy difference is generated by the
magnetic fields and gradients in the composites; generically,
this could improve performance of all electrochemical energy
devices, including fuel cells, batteries, solar and photocells.
Other applications include, sensors, including dual sensors for
paramagnetic species; optical sensors; flux switching; and
controlled release of materials by control of a magnetic field,
including release of drugs and biomaterials, or in medical
dosing. There may also be applications in imaging and resonance
imaging technologies.

Boundaries 33 do not have to be equally spaced and do not
have to have equal widths or thicknesses t. Materials 30a and
30b can be liquid, solid, gas or plasma. The only restriction
is that a boundary 33 must exist, i.e., materials 30a and 30b
must have two different magnetic fields to create the magnetic
gradient within the width t. The magnetic gradient of region 33
can be increased by (1) increasing the magnetic content of the
microbeads; (2) increasing the magnetic microbead fraction in the

composite; (3) increasing the magnetic strength of the beads by
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improving the magnetic material in the beads; and (4) enhancing
the field in the magnetic microbeads by means of an external
magnet. In general, the flux of particles M and N is correlated
with magnetic susceptibility properties, Xo and x.. The above
phenomena can be used to improve pérformance of fuel cells and
batteries.

Figure 15B shows apparatus 80 which corresponds to any of
the above discussed embodiments as well as the embodiments shown

in Figure 16 or thereafter. The implementation of some of the

embodiments of the invention requires the presence of a magnetic

field such as that produced by electomagnet 70, while other

embodiments may not require electromagnet 70. Apparatus 80
corresponds to, for example, some embodiments of the magnetically
modified electrode, the fuel cell, the battery, the membrane
sensor, the dual sensor, and the flux switch. Electromagnet 70
can be any source of a magnetic field. Electromagnet 70 can also
be used in the above discussed methods of forming the magnetic
composite materials that require the presence of an externally
applied magnetic field. Electromagnet 70 can be controlled by
controller 72 to produce a constant or oscillating magnetic field
with power supplied by power supply 74.

An external magnetic field such as could be applied by
electromagnet 70 may be useful in various embodiments of the
invention. Switches and further enhancements might be possible
in cases where the external field is concentrated in the magnetic
microbeads or particles. For example, flux switches might be
useful, especially as actuated by an external magnet or
electromagnet 70 in such applications as: (1) release of

materials in medical applications; (2) recollection of hot
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isotopes in medical imaging applications as explained above; (3)
microreactors and separators as a means of mixing - perhaps to
control a micronuclear reactor or a heat source driven by hot
materials; and (4) make a re-usable system for cleaning and
collecting heavier transition metals in hot storage tanks.

For this last idea, once something is contaminated with a
hot (radioactive) material, it becomes radioactive itself, and
is handled as waste to be stored or cleaned. Since cleaning is
a complex issue that is not completely presently understood and
since there is a major emphasis on controlling the amount of
contact with hot materials, an alternative embodiment might be
small heavy transition metal “scrubbers” having located therein
magnetic separators, flux switches, and/or other examples of
structures described herein. These scrubbers would be jettisoned
or dispensed into a radioactive tank (or other environment),
allowed to collect the heavy transition metals (radioactive or
not), then recollected and allowed to release their contents by
turning on/off their flux switches. One way the scrubbers could
be caused to release their magnetically held materials would be
to increase the temperature because magnetic effects are reduced
at higher temperatures. The switches would then be reset and the
scrubbers repositioned or redispensed to scrub again. There
would be no new waste and the scrubbers would provide a
collector/cleaner/concentrator.

The scrubbers could be exposed to the species to be
collected or the species could be distributed amongst the
scrubbers by flowing the species over, through, past, or amongst
the scrubbers. Moreover, the scrubbers could be contained in a

container, released externally to collect the species to be
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collected, then be recollected within the container for releasing
the collected species, and then be recycled or re-used to collect
more of the species. It should be understood that the scrubbers
of this type need not be restricted to heavier transition metal
applications or storage tanks. For instance, the scrubbers may
be employed to “scrub” or remove uranium ions and salts from mine
tailings.

Figure 16 shows another simplified diagram showing a second
manifestation of the above described phenomenon and hence a
second broad area of application. Namely, Figure 16 shows a

separator 60 disposed between a first solution 62a and a second

solution 62b. Here, there is no electrode or conductive

substrate 20. Solution 62a has at least two different types of
éarticles M, and M, with two different magnetic susceptibilities
Xm and ., respectively. Once particles M, or M, drift into an
area near any one of boundaries 33, they are accelerated through
the boundaries 33 by the magnetic gradient therein. Here, Ymi 1S
greater than y,,, which causes the flux of particles M, through
Separator 60 to be greater than the flux of particles M, through
separator 60. This difference in flux can again be greater than
3500%, and may will tend to cancel out or override any difference
in acceleration due to different masses of parficles M, and M,.
Consequently, if the above process is allowed to proceed long
enough, most of the particles M, will have passed through
Separator 60 before particles M,, thereby making first solution
62a primarily made up of particles M, and second solution 62b
primarily made up of particles M,. Note, separation of particles

M, and M, may require some special tailoring of the separator 60
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and also depends on how much time is allowed for particles M, and
M, to separate. In an infinite amount of time, both particles M,
and M, may cross separator 60. Particle size may also have a
bearing on the ultimate separation of particles M, and M, by
separator 60.

The above discussion with respect to Figure 16 involves two
types of particles, M, and M,, but the discussion also holds for
any number of particles. Consider, for example, solution 62a
having particles M,, M,, M; and M, with susceptibilities Xmit Xm2r
Xm; @nd y,,, respectively. If x., > X., > X.; > X.., then M, would
pass more easily through separator 60, followed by M,, M, and M,.
The greater the difference between magnetic susceptibilities, the
better the separation. Multistep chamber separations employing
various separators like separator 60 with similar or different
properties may also be envisioned as will be discussed below.

The above phenomenon can be used to improve performance of
fuel cells and batteries. Other applications include separation
technology in general, chromatographic processes - including
separation of higher transition metal species (lanthanides and
actinides), and photography.

To more particularly illustrate the relevant ideas for the
magnetic separation of lanthanides and actinides as previously
discussed, further consideration of Figure 14D is appropriate.
Figure 14D shows a system 950 having a series of vats, i.e., vat
1, vat 2, vat 3, and vat 4 (although any number of vats are
possible). Between each of vats 1-4 are magnetic separators with
magnetic separator 960 between vat 1 and vat 2, magnetic
separator 970 between vat 2 and vat 3, and magnetic separator 980

between vat 3 and vat 4. Magnetic separators 1-4 may be of the
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same type or each a different type. Any one of magnetic
separators 960, 970, or 980 may also be a membrane, a porous
electrode, or a magnetically modified electrode. A combination
of a porous electrode or a magnetically modified electrode with
other types of magnetic separators may be possible.

Species or particles A and B are initially in a mixed state
or mixture 990A in vat 1 in Figure 14D in equal or unequal
concentrations. The idea is to separate species or particles A
from species or particle B by using the selectivity of the
combination of vats 1-4 and magnetic separators 960, 970, and 980
(in some circumstances a single magnetic separator like magnetic
separators 960, 970, or 980 and two vats like vats 1-4 may
suffice for separating species). The properties of magnetic
separators 960, 970, and 980 are such that species or particles
A preferentially and selectively pass therethrough. Over time,
or by virtue of this selectivity, the concentration of species
or particles A increases in vat 4 as the separation proceeds from
vat 1 having mixture 990A therein to vat 2 having mixture 990B
therein, and then from vat 2 to vat 3 having mixture 990C
therein, and then finally from vat 3 to vat 4 having mixture 990D
therein. Mixtures 990A, 990B, 990C, and 990D of species or
particles A and B become more pure in species or particles A as
the separation proceeds from vat 1 to vat 4 with vat 4 having
mixture 990D of species or particles A and B most pure in species
or particles A.

| It is possible that vat 4 may contain species or particles
A alone (allowing for other impurities) in mixture 990D and no
species or particles B. It is also possible that as the

concentration of species or particles A is maximized relative to
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the concentration of species or particles B in mixture 990D in
vat 4, simultaneously the converse may be occurring in mixture
990A in vat 1 as species or particles B are left behind by
spegies or particles A, although this is not required. A
variation of how the accumulation of species or particles B in
mixture 990A in vat 1 occurs is to have preferential transport
of species or particles B from any and all of vats 2-4 toward vat
1. For example, both mixture 990A in vat 1 and mixture 990D in
vat 4 may include species or particles A and B initially in some
initial concentrations. Due to the properties of magnetic
separators 960, 970, and 980 and over a period of time, the
concentration of species or particles A increases in mixture 990D
in vat 4 while the concentration of species or particles B
increases in mixture 990A in vat 1 over their respective initial
concentrations. The net transport of species or particles A and
B is towards vat 4 from vats 1-3 and towards vat 1 from vats 2-4,
respectively. ,

Figures 16A, 16B, and 16C illustrate possible uses of
ligands in the selectivity of a separation. Liganas 995 may be
involved to aid in the selectivity of the separation, whether
ligands 995 are used in mixtures 990A-D or with any component
thereof, i.e., species or particles A or B, or they are bound to
or used in some way in magnetic separators 960, 970, or 980.
Figure 16A depicts ligands being used to preferentially aid in
the transport of species or particles A from mixture 990A in vat
1 to mixture 990D in vat 4. In vat 1, ligands 995 form complexes
996 with species or particle A. Complexes 996 are preferentially
transported through magnetic separators 960, 970, and 980. Once

complexes 996 reach vat 4, a decoupling of ligands 995 and
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species or particles A may or may not occur (it is shown to occur
in Figure 16A). Of course, an alternative embodiment (not shown)
would be to have ligands 995 form complexes with species or
particles B instead, such complexes preventing species or

particles B from being transported from vat 1 having mixture 990a

ultimately to vat 4 having mixture 990D while species or

particles A are so transported.

Another alternative embodiment is shown in Figure 16B,
wherein ligands 997 are associated with magnetic separators 960,
970, and 980 to form complexes 998 with either of species or
particle A and B so as to allow only one of these species or
particles to be transported from vat 1 to vat 4. Figure 16B
illustrates complexes 998 formed with species or particles A that
allow transport of species or particles A through magnetic
separators 960, 970, and 980. It is understood that any of
magnetic separators 960, 970, or 980 may instead have éssociated
ligands 997 form complexes 998 with species or particles B that
prevent species or particles B from passing therethrough while
the passage of particles A is not so prevented.

Figure 16C shows another embodiment wherein lighter
transition metals C and heavy transition metals D such as the
heavy transition metal lanthanides and actinides are separated
from a mixture 990E in vat 1 that includes other species or
particles E. This separation through magnetic separator 960A
leaves mixture 990F in vat 2. Once this first separation occurs,
heavy transition metals D are then separated from lighter
transition metals C with the use of ligands 999A forming
complexes 1000 with either lighter transition metals C or heavy

transition metals D (complexes 1000 with heavy transition metals
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D are shown in Figure 16C). 1In Figure 16C complexes 1000 pass
through magnetic separator 970A more easily than the lighter

transition metals D, this separation leaving mixture 990G in vat

3. In Figure 16C magnetic separators 960A and 970A are shown

separating vat 1 from vat 2 and vat 2 from vat 3, respectively.

Figure 16D shows an alternative embodiment without magnetic
separator 970A or vat 3 having mixture 990G. In this embodiment
starting from mixture 990E in vat 1, magnetic separator 960A
separates lighter transition metals C and heavier transition
metals D from other species or particles E leaving mixture 990F
in vat 2. 1In vat 2 ligands 999C form complexes 1000A only with
heavy transition metals D. Complexes 1000A facilitate the
precipitation of heavy transition metals D as precipitate 1001
as shown in Fiqgure 16D. In this way heavy transition metals D
are separated from lighter transition metals C. Note that in
facilitating the precipitation of heavy transition metals D as
precipitate 1001, complexes 1000A may or may not precipitate
along with heavy transition metals D (i.e., compleges 1000A may
or may not separate into ligands 999C and heavier transition
metals D while the precipitation is occurring). It is to be
understood that other ligands that are different from ligands
999A or 999C may be used in addition to ligands 999A or 999C to
form complexes with lighter transition metals C to aid in the
separation of lighter transition metals C from heavier transition
metals D, although this is not shown in either Figures 16C or
16D.

All of the embodiments discussed above in relation to
Figures 14D, 16A, 16B, 16C, and 16D correspond to the embodiments

shown in Figures 16 and 19 and discussed herein which were also
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included in the parent application, i.e., copending U.s.
application Ser. No. 08/294,797 filed Aug. 25, 1994,

Additional variations of the illustrations involving
different configurations of vats, magnetic separators, mixtures,
and/or ligands or chelating agents may be envisioned by those
skilled in the art. These variations include the use of
different magnetic separators between any of the vats, different
ligands within each vat forming complexes with particular species
or types of species therein, different ligands associated with
any of the magnetic separators that form complexes with
particular species or types of species, or other vectors or
separators in 2 or 3 dimensions, or any other variations that
would occur to those skilled in the art.

More complex systems than those illustrated in Figures 16A-
16D may be envisioned to separate materials, e.qg., combined
density gradients, thermal gradients, magnetic composite
gradients, etc. (with or without vectorial transport), but not
limited thereto. For example, complex matrices may be employed
if there exists a mixture having iron species and heavier
transition metals therein. In these matrices, by separating
according to size and weight, it may be possible to better
separate these materials from other materials. After the initial
separation, separation of iron from the heavier transition metals
would be enhanced in the matrices by specifically adding charge
and change of charge with the use of electrolysis. Iron is more
readily electrolyzed than the heavier transition metals, so
despite béing collected in the initial separation with the

heavier transition metals, it can be removed by electrolysis to

either plate out, or change its number of unpaired electrons so




10

15

20

25

WO 96/41391 PCT/US96/10509

91
as to change its magnetic moment, whereby it could be separated
out on the next step.

In the above discussion with respect to Figures 15 and 16,
the greater the number of boundary regions 33 per unit area
(i.e., the smaller S), the greater the effects due to the
presence of boundary regions 33 macroscopically manifest
themselves. S can vary from fractions of a micrometer to
hundreds of micrometers. In quantum systems with smaller
structures, S is further reduced to less than approximately 10
nm.

Design paradigms are summarized below to aid in tailoring

composites for specific transport and selectivity functions:

. Forces and gradients associated with interfaces,
which are of no consequence in bulk materials,
 can contribute to and even dominate the transport

processes in composites.

. Increasing the microstructure of composites can

enhance the influence of interfacial gradients.

. The closer a molecule or ion is placed to the
interface, the stronger the effect of the
interfacial field on the chemical moiety.
Systems should be designed to concentrate

molecules and ions near interfaces.

. The ratio of surface area for transport to volume

for extraction parameterizes surface transport.
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Fields in a microstructural environment can be

nonuniform, but locally strong.

Strong but short range electrostatic and magnetic
fields are better exploited in microstructured
environments than in systems with externally

applied, homogeneous fields.

. Vectorial transport is plumbed into

10 microstructured matrices by coupling two or more
field or concentration interfacial gradients, the
result being advantageous compared to homogeneous

matrices; the largest effects will occur when the

gradients are either perpendicular or parallel to

15 each other.

Control of surface dimensionality (fractality) is

critical in optimizing surface transport in
composites.

20

Several advantages are inherent in ion exchange composites
over simple films. First, composites offer properties not
available in simple films. Second, composites are readily formed
by spontaneous sorption of the ion exchanger on the substrate.

25 Third, while surfaces dominate many characteristics of monolayers
and composites, three-dimensional composites are more robust than
two-dimensional monolayers. Fourth, interfaces influence a large

fraction of the material in the composite because of the high

ratio of surface area to volume. Fifth, composites offer passive
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means of enhancing flux; external inputs of energy, such as
stirring and applied electric and magnetic fields, are not
required. Sixth, local field gradients can be exploited in
composites because the fields and molecular species are
concentrated in a micro-environment where both the decay length
for the field and the microstructural feature length are
comparable. In some of the composites, the field may be
exploited more effectively than by applying an homogeneous field

to a cell with an external source.

Specific Examples
Fuel Cells

It would be very beneficial to achieve high efficiency
compressor/expander power recovery technology. One way to
improve the efficiency of the compressor/expander would be to
reduce the pressure requirement. If a passive preséurization
process could be provided within a fuel cell itself, at no cost
to the power output of the fuel cell, power production from
present day fuel cells would be increased by appro%imately 20%.

Magnetically modified cathodes may reduce the need for
pressurization as oxygen is paramagnetic. The field may also
alter oxygen kinetics as discussed below. Potential shifts of
+35 mV to +100 mV represent a 5% to 15% improvement in cell
efficiency and comparable savings in weight and volume. Also,
in fuel cells, as hydrated protons cross the cell, the cathode
floods and the anode dehydrates. Water transport may be
throttled by composite separators of graded density and

hydration.

In addition to the probability of enhancing flux at a
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magnetically modified electrode, oxygen reduction kinetics in the
case of fuel cells may be altered. The kinetics for oxygen
reduction are outlined here:

H,0,

H e H e 11 2H".e
0, = HOy () = H,0p,4, = 20H'(ads) = 2H,0
Para 2c Para.le Para.1¢/OH

There is a difficulty with the oxygen reduction kinetics that

arises, in large part, because H,0, (peroxide) desorbes as

peroxide in solution, and does not dissociate on the catalyst

surface to form 20H. Peroxide is not paramagnetic, but HO, and

OH are paramagnetic. However, the presence of a magnetic field

will tend to stabilize the HO,, slowing the formation of

peroxide. Once adsorbed peroxide is formed, the magnetic field
will shift the equilibria in a direction that favors the
formation of 20H. This should drive a larger fraction of the
reacting molecules toward the formation of water, where the full
potential of oxygen reduction can be realized as discussed above
in regard to E’amode fOr water formation and E°q05 - For these

reasons, oxygen will be susceptible to the enhancements that have

been observed from other similar paramagnetic species as

discussed above.

It may also be important to make a fuel cell with little or
no thermal signature, especially in an environment, where, for
instance, a minimal thermal signature would be beneficial. Fuel
cells are operated at temperatures approaching 100° C to improve
kinetic efficiency. While this temperature is much lower than
the temperatures of other refuelable power sources such as
internal combustion engines (about 400° C), 100° C is still

hotter than the human body (about 37° C) or ambient temperature.
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However, if kinetic efficiency is improved by a magnetically
modified cathode, then fuel cell operating temperatures can be
lowered toward ambient temperature without substantial effect on
power output. Also, magnetic effects will be larger at lower
temperatures. A fuel cell mounted on highly thermal conductive
materials, like materials used on the Space Shuttle, might be a
way to maintain its temperature closer to body or ambient
temperature. Note that although a reduced thermal signature and
a reduced operating temperature may be desirable for a fuel cell,
there may be an optimal operating temperature for the fuel cell
based on performance enhancements, and the method of reducing the
thermal signature may have to be accommodating thereof.

The following summarizes some of the salient advantages and
features of an ambient pressure PEM fuel cell in operation

according to the instant invention:

. Reduces the weight of the fuel cell system by removing

the compressor pumps;

. Reduces the size of the fuel cell system by removing
compressor pumps and reduces the size of the fuel cell

stack required to reach the same output power;

. Allows the production of fuel cells that are 3/8 inches

thick and as flexible as a plastic transparency;

. Increases the efficiency of the fuel cell system by

20%;
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Increases the voltage - may be driven by a positive
shift in the cathode potential or improved kinetics
associated with shorter lifetimes of H,0, adsorbed on

the electrode surface with the reaction equilibria

shifted toward formation of OH;

Reduces the likelihood of system failure by removing

all mechanical parts, i.e., removing mechanical pumps;

Lowers operating temperature - reduces the thermal
signature by improving the performance at lower
operating temperatures; fuel cells are normally run at
higher temperatures to improve the oxygen reduction
kinetics, but if kinetic enhancement occurs, then the
fuel cell operating temperature can be lowered without
a net performance reduction; magnetic effects are
larger at lower temperatures which may increase the
flux of oxygen even greater and, therefore, make up for
performance deficits associated with lower fuel cell

operating temperature;

Is scalable - can be used with the same effect on any

size fuel cell stack; and

Increases the mean time between failures (MTBF) of the

power system by removing mechanical pumps.

It is important to recall that the above advantages and

benefits are achieved while eliminating the need for compressor
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pumps. Also, if the potential shift or kinetic enhancement are
not realized to their fully anticipated degree, then the fuel
cell will still operate more efficiently with the flux
enhancement that is produced. The minimum result will be a fuel
cell that operates at the same performance level of current fuel
cells without the added weight of the compressor pumps and the
15% parasitic power loss associated with running the pumps.

In a PEM fuel cell (or in any other apparatus requiring an
electrode described herein or otherwise) it may also be
beneficial to tailor the electrode-magnetic composite interface
for electrical conductivity. For example, the direct coating of
the magnetic beads of the composite with platinum or any other
conductor, or semiconductor, or superconductor may significantly
increase electrical conductivity of the interface over a random
mixing of magnetic beads with fixed quantities of carbon and
platinum (or any other conductor, or semiconductor, or
superconductor (e.g. carbon) and catalyst (e.g. platinum),
hereinafter referred to simply as electron conductor plus
catalyst). It would then be possible to test and evaluate oxygen
reduction at magnetically and electrically modified electrodes
made with platinum-coated magnetic microbeads mixed with carbon.

Platinum coating of the beads could be accomplished by
sputtering platinum on the beads or by any means known in the
art. The oxygen reduction results of the directly coated bead
system may be compared to oxygen reduction at electrodes made by
mixing carbon and platinum powder with magnetic beads, and a
determination made as to whether platinum-coated beads offer
significant enhancement over the simple mixture. To optimize the

magnetic bead fraction and platinum content, the point at which
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increasing the platinum content does not significantly increase

oxygen reduction would be determined, as well as the point at

which increasing the magnetic bead content (fraction) does not

increase flux or becomes unstable. All the above results would

be compared to similar results obtained for platinum electrode-

magnetic composite interfaces.

Carbon Particle/Catalyst Magnetic Composites

There now follows a description of an embodiment of the
invention which includes the incorporation of carbon particles
in association with a catalyst in the cathode interface, and the

effects thereof on enhancement of oxygen reduction. An example

of a catalyst which may be used in this context is platinum.
However, other catalysts that can be employed include palladium,
ruthenium, and rhodium, as well as other transition metals
including cobalt and nickel. Other species could also catalyze
the reaction such as porphyrins.

It is knoWn that power generation by hydrogen oxygen fuel
cells is limited by poor kinetics for oxXygen reduction at the
cathode. Usually, the oxygen feed is pressurized to shift the
reduction of oxygen toward product formation, water. As
discussed above, the incorporation of magnetic material into the
cathode of a fuel cell represents a means of passive
pressurization of oxygen, because oXygen 1is paramagnetic
(susceptible to a magnetic field) and is moved into the cathode
interface by the presence of the magnetic material. In a
refinement of the invention, platinized carbon particles, as well
as magnetic particles or microbeads, may be incorporated into the

cathode interface, as described in more detail below.

Studies of oxygen reduction have shown that the cyclic
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voltammetric current is enhanced in the presence of magnetic
microbeads incorporated at the cathode interface. The current
at the magnetically modified electrodes is about five times as
large as the current at electrodes modified with only an ion
exchange polymer such as Nafion. Enhancements increase with
volume fraction of magnetic beads. The oxygen enhancement is
observed when carbon containing a platinum catalyst is included
along with the magnetic beads and the Nafion.

Thus, according to one embodiment of the invention, a
cathode interface for oxygen reduction may be optimized by
incorporating a magnetic composite material comprising magnetic
particles or microbeads, an ion exchange polymer (e.g. Nafion),
and platinized carbon particles, into the cathode interface.
This may impact the performance of fuel cells in two ways. First,
the cathode is pressurized to increase the concentration of
oxygen in the cathode interface. This increases reactant
concentration which, by Le Chatelier’s principle, should shift
the reduction toward products. In an ambient air feed this also
helps to displace the nitrogen gas which builds up in the cathode
as the oxygen is depleted from air and the unreactive nitrogen
is left behind. Second, one of the loss mechanisms for the
oxygen reduction is partial reduction to peroxide (H.0,), which
then desorbes from the electrode surface before completing its

reduction to water. The scheme is as shown below.

H,0,
H.e H e 14 H e
0, = HO 4, = HiOyuy ™ 20H ., = 2H0
Pana.2¢ Pana. lc Para.le/OH
The H,0, includes both H;0. (absorbed) and H.0, (solution). The

loss of peroxide to solution may be diminished through the
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paramagnetic properties of the species on either side of H,0,
(adsorbed) in the reaction scheme. If magnetic fields stabilize
HO, and drive the adsorbed peroxide to dissociate on the surface
to form 2 adsorbed paramagnetic HO'’s, then the lifetime of
adsorbed H,0, will be decreased and so should the loss through
desorption to H,0, (solution). The net effect is therefore an
increase in the final step in the reaction scheme, i.e. reduction
to water. Cyclic voltammetric results for oxygen reduction using
an electrode having both magnetic microbeads and platinized
carbon particles incorporated into the electrode interface are
discussed hereinbelow with reference to Figure 21.

PEM Fuel Cell Design

Another revolutionary aspect of an ambient pressure PEM fuel
cell is the opportunities that it opens up in packaging design.
Currently, PEM fuel cells must be encased within a rigid
structure in order to contain the pressure applied to the cathode
side of the fuel cell. But, the ambient pressure fuel cell
increases the flux of oxygen without an external pressurization
requirement. This means that the rigid outer encasement is no
longer needed.

PEM fuel cells are inherently amenable to being flexible.
The cell itself consists of an anode and cathode separated by an
ion exchanger (usually, but not restricted to, Nafion). A fuel
cell with a magnetically modified cathode as discussed above
which draws air into the cathode from the atmosphere without
compression could be formed with an outside covering similar to
the poroug vegetable bags made of polyethylene or similér
polyalkene or other polymer comprised of a hydrocarbon material.

Or the fuel cell could be confined to different geometries and
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volumes, and may be flattened again for use or can be used in the
confined geometry. Or the nonpressurized cell could have thin
plastic outer surfaces and would be approximately as flexible as
an overhead transparency.

The cell would be thin and flexible, about the size of an
8.5 X 11 inch piece of paper. While consuming a very small
volume of fuel, this would provide more than enough power to run
laptop or notebook computers with or without color displays.

Laptops and notebooks are currently designed to run on

- approximately 30 Watts. The fuel cell could be used to run a

wide variety of portable electronic devices, such as voice and
message communications, GPS devices, navigation systems, cameras,
etc. A fuel cell with no mechanical pumps, able to sustain good
cathode performance could replace batteries in many systems where
small, light-weight, flexible, adaptive power sources are needed.

Another possible embodiment of fuel cells could involve
forming an array of fuel cells. For example with reference to
Figure 16E, in a single sheet 1210 of fuel cells 1220, one of the
advantages is that single sheet 1210 can contain.several fuel
cells 1220 thereon. By configquring fuel cells 1220 in different
serial 1200A and parallel 1200B arrangements (see Figure 16E),
fuel cell sheet 1210 can be used to meet a wide variety of
different power demands. For example, single fuel cell sheet
1210 can substitute for a wide range of different battefies. If
single sheet 1210 were divided into, for example, 9 small cells
of 1 Volt and 25 Amps each, the cells can be connected in
different ways. If the nine cells are connected in series, the
system will produce 9 Volts and 25 Amps; 1if the cells are

connected in parallel, they will produce 1 Volt and 225 Amps; and
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if the cells are connected as a series connection of three sets

of three cells in parallel, they will produce 3 Volts and 75
Amps.,

Oxygen Concentrators

Another possible application of magnetically modified
electrodes or cathodes involving flux enhancement of oxygen
relates to the more general problem of concentrating oxygen from
the air. The concentration of oXygen in this case amounts to
separating oxygen from nitrogen. This problem may be solved
using the magnetically modified electrode or cathode technique
or other vseparation techniques discussed above and herein.
Currently, the separation of oxygen from air

is done

cryogenically which is a costly undertaking. In a magnetic

membrane system where the membrane is placed between ambient (

20% oxygen in air) air and an inner vat (or volume), and the

Oxygen is immediately swept from the inner vat, a concentration

gradient of oxygen is established across the membrane, and oxygen

is preferentially drawn into the inner volume from the ambient

air.

Membrane Sensors

Membrane sensors for the paramagnetic gases 0,, NO,, and NO
(recently identified as a neurotransmitter) could be based on
magnetic composites where enhanced flux would reduce response
times and amplify signals. Sensors for other analytes, where
oxygen is an interferant, could distinguish between species by
using dual sensors, identical except one sensor incorporates a
magnetic field. Examples of these sensors could be optical,

gravimetric, or electrochemical, including amperometric and
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voltammetric. In sensors, the measured signal is proportional to
the total concentration of all species present to which the
sensor responds. The presence of a magnetic component in the
sensor will enhance sensitivity to paramagnetic species. Through
a linear combination of the signal from two sensors, similar in
all respects except one contains a magnetic component, and the
sensitivity of the magnetic sensor to paramagnetic species
(determined by calibration), it is possible to determine the
concentration of the paramagnetic species. In a system where the
sensors are only sensitive to one paramagnetic and one
diamagnetic species, it is ©possible to determine the
concentration of both species.

Flux Switches

As nanostructured and microstructured materials and machines
develop into a technology centered on dynamics in micro-
environments, flux switches will be needed. Externally applied
magnetic fields can actuate flux switches using electrodes coated
with composites made of paramagnetic polymers and Fe/Fe oxide or
Fe particles or other non-permanent magnetic material, or
internal magnetic fields can actuate flux switches using
electrodes coated with composites made of electro-active polymers
or liquid crystals, where one redox form is diamagnetic and the
other is paramagnetic, and organo-Fe or other superparamagnetic
or ferrofluid materials or permanent magnetic or aligned surface
magnetic field material. Also, an external magnet can be used to
orient paramagnetic polymers and liquid crystals in a composite
containing paramagnetic magnetic beads. Enhanced orientation may
be possible with magnetic beads containing superparamagnetic or

ferrofluid materials.
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As discussed above, flux switches may be important

components of the small scrubber embodiment of the invention

described above. They may be important for delivery of drugs,

biomaterials or medical dosing in a living organism, where an

external or internal magnetic field may turn on/off a flux switch

to enable delivery of drugs or biomaterials. Flux switches may

also be important in imaging applications as already discussed.
As an extension of the concept of passive oxygen

pressurization of fuel cell cathodes, the more general problem

of concentration of oxygen from the air may be similarly solved.
Currently, this is done cryogenically which is a costly

undertaking. Essentially, the process of oxXygen concentration

according to one embodiment of the invention involves the
separation of 0, from N, using the magnetically modified electrode
and separation techniques described above. |
Batteries

Batteries with increased current densities and power, as
well as decreased charge and discharge times may be made with
magnetic bead composites. The improvements would be driven by
flux enhancement, transport enhancement, electron kinetic
effects, or by capitalizing on a potential shift. The required
mass of microbeads would little affect specific power. Since
magnetic fields can suppress dendrite formation, secondary
battery cycle life may be extended. (Note that suppression of
dendrite formation may also be important in plating dense films
of lanthanides and actinides.)

The main mechanism of failure for rechargeable batteries is

the formation of dendrites. Dendrites are conducting deposits

that build-up between the two electrodes in the battery during
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cycling which will eventually short out the cell. It has been
shown in tests that an externally applied magnetic field can
suppress dendrite formation.

Therefore, an improved battery may include magnetically
modified or coated electrodes that prevent or suppress dendrite
formation. The magnetic coatings may be on the electrodes or
elsewhere in the battery structure. As discussed above, a
magnetic field can be established directly at the electrode
surface by modifying the electrode surface with a composite of
ion exchanger (polymeric separator) and magnetic particles,
eliminating the need for a large external electromagnet to
provide the necessary magnetic field (although in certain
circumstances an externally applied magnetic field may be
desirable or useful). Modifying the electrode produces a
negligible increase in cell weight (< 1%). Also, the flux of
ions and molecules through these composites is enhanced
substantially compared to the flux through the separator alone.

Using magnetic composites in rechargeable baftery systems,
three potential and significant improvements in battery

performance are anticipated:

1. Cycle life will be enhanced because of the suppression
of dendrite formation by the magnetic field at the

surface of the electrodes;

2. Recharge time will be decreased (recharge rate

increased) by as much as ten-fold due to the flux

enhancements; and
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3. Transient power output will be higher by as much as

ten-fold and the discharge of power will be more rapid

due to the flux enhancements.

The charging time is decreased and the transient power is
increased to the extent that the motion of ions and molecules in
the cell limits performance. A ten-fold (and possibly higher in
Some cases) enhancement in ion and molecule motion has already
been demonstrated in the magnetic composites.

In a protracted use situation, the cycle life of a battery
will be important. Cycle life will be enhanced by establishing
a magnetic field at the electrode surface. As cycle life has not
been tested with the composites of the type already discussed,

it is not yet clear how much it would be improved. However,

a
few-fold improvement in cycle life is likely.
The technological advantages that will be seen include:
1. A negligible increase in size and weight (< 1%),
approximately 5-6 lbs;
2. The simplicity of modifying and the compatibility
with existing battery technology; and
3. An insignificant cost of materials to change current

battery technology (a few cents per battery).

The electrode modification should be useful in a wide

variety of battery types, including zinc and copper batteries.
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In these battery types an externally applied magnetic field has
demonstrated suppression of zinc and copper deposit dendrite
formation.

To demonstrate the suppression of dendrite formation, an
electrode must first be modified with a magnetic composite. Once
the electrode is available, dendrite formation suppression is
tested with the electrode in solution. Such tests provide a
ready method for examining the feasibility of magnetic composites
in a wide variety of battery systems.

Tests are then performed to test the magnetic composites in
a two electrode battery system. The fraction of the magnetic
particles needed is optimized and the depth of the separator that
should contain magnetic particles is determined. Then an
evaluation of cycle life, charging time, discharging time, power
transients, weight change, size change, and cost is made for
comparison with a system containing no magnetic particles. Once
a cell is constructed using magnetically modified electrodes that
shows improvements in cycle life, charging time, and power
transients, the long term stability of the cell is'an issue that
must also be evaluated.

The process just described can be used to create a battery
that is light-weight, more efficient, and a longer lasting power
source than conventional batteries with unmodified electrodes.
This, coupled with a greatly increased power output, will allow
the operation of apparatus requiring battery power for extended
periods of time. Also, more equipment may be operated with this
battery at one time than with a conventional battery.

Methods of Making the Electrode

Figure 17 is a short summary of steps involved in a method
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of making an electrode according to two embodiments of the
invention. 1In one embodiment, the method is a method of making
an electrode with a surface coated with a magnetic composite with
a plurality of boundary regions with magnetic gradients having
paths to the surface of the electrode according to one embodiment
of the invention. 1In particular step 702 involves mixing a first
component which includes a suspension of at least approximately
1 percent by weight of inert polymer coated magnetic microbeads
containing between approximately 10 percent and approximately 90
percent magnetizable material having diameters at least about 0.5
pum in a first solvent with a second component comprising at least
approximately 2 percent by weight of an ion exchange polymer in
a second solvent to yield a mixed suspension. Step 708 then
involves applying the mixed suspension to the surface of the
electrode. The electrode is arranged in a magnetic field of at
least approximately 0.05 Tesla, wherein the magnetic field has
a component oriented approximately along the normal of the
electrode surface and preferably is entirely oriented
approximately along the normal of the electrode surface. Step
714 then involves evaporating the first solvent and the second
solvent to yield the electrode with a surface coated with the
magnetic composite having a plurality of boundary regions with
magnetic gradients having paths to the surface of the electrode.

Step 702 can include mixing the first component which
includes a suspension of between approximately 2 percent and
‘approximately 10 percent by weight of inert polymer coated
magnetic microbeads with the second component. Alternatively,
step 702 can include mixing the first component which includes

inert polymer coated magnetic microbeads containing between 50
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percent and 90 percent magnetizable material with the second
component. Alternatively, step 702 can include mixing the first
component which includes inert polymer coated magnetic microbeads
containing 90 percent magnetizable material with the second
component.

In addition, step 702 can include mixing a first component
which includes a suspension of at least approximately 5 percent
by weight of inert polymer coated magnetic microbeads containing
between approximately 10 percent and approximately 90 percent
magnetizable material having diameters ranging between
approximately 0.5 um and approximately 12 um with a second
component. Alternatively, step 702 can include mixing a first
component which includes a suspension of at least approximately
5 percent by weight of inert polymer coated magnetic microbeads
containing between approximately 10 percent and approximately 90
percent magnetizable material having diameters ranging between
approximately 0.1 um and approximately 2 um with a second
component.

Mixing step 702 can also involve mixing a first component
which includes a suspension of at least approximately 5 percent
by weight of inert polymer coated magnetic microbeads containing
between approximately 10 percent and approximately 90 percent
magnetizable material having diameters at least 0.5 uym in a first
solvent with a second component comprising at least approximately
5 percent by weight of Nafion in a second solvent to yield the
mixed suspension.

Step 702 can involve mixing a first component which includes
a suspension of at least approximately 5 percent by weight of

inert polymer coated magnetic microbeads containing between
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approximately 10 percent and approximately 90 percent organo-Fe
material having diameters at least 0.5 pm in a first solvent with
a second component comprising at least approximately 5 perdént

by weight of an ion exchange polymer in a second solvent to yield

the mixed suspension.

Step 708 can include applying approximately between 2
percent and approximately 75 percent by volume of the mixed

suspension to the surface of the electrode. Alternatively; step

708 can include applying between 25 percent and 60 percent by
volume of the mixed suspension to the surface of the electrode.

In yet another approach step 708 can involve applying the mixed

suspension to the surface of the electrode, the electrode being

arranged in a magnetic field between approximately 0.05 Tesla and
approximately 2 Tesla and preferably the magnetic field is
approximately 2 Tesla.

An alternative embodiment involving steps 702’ through 714’
(also shown in Figure 17) involves the use of an external
magnetic field. That is, again the method of making an electrode
with a surface coated with a composite with a plurality of
boundary regions with magnetic gradients having paths to the
surface of the electrode when the external magnetic field is
turned on. The steps 702 through 714 are then modified into
steps 702’ through 714’ as follows. Step 702’ involves mixing
a first component which includes a suspension of at least 5
percent by weight of inert polymer coated microbeads containing
between 10 percent and 90 percent magnetizable non-permanent
magnetic material having diameters at least 0.5 pm in a first
solvent with a second component comprising at least 5 percent of

an ion exchange polymer in a second solvent to yield a mixed
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suspension. Step 708’ then involves applying the mixed
suspension to the surface of the electrode. Step 714’ involves
evaporating the first solvent and the second solvent to yield the
electrode with a surface coated with the composite having a
plurality of boundary regions with magnetic gradients having
paths to the surface of the electrode when the external magnet
is turned on.

A method for making a composite comprising carbon particles
in association with a catalyst, such as platinum, and which is
tailored to enhancing oxygen reduction current at an electrode,
is outlined below. In general, this protocol is similar to that
outlined above with reference to Figure 17, with the exception
that carbon particles with some degree of loading of a catalyst,
for example, platinum, are included in the casting mixture.
Briefly, the procedure is as follows:

Step 1) A casting mixture is formed comprising the
following components:

i. a suspension of an ion exchange polymer, such as
Nafion,

ii. magnetic particles or microbeads, which may be
coated to render them inert,

iii. carbon particles in association with a catalyst,
typically platinum. Other examples of catalysts were provided
above.

iv. at least one casting solvent

Depending, among other factors, on the particular
application or intended use, magnetic composites may be formed
according to the procedure outlined above wherein the composite

comprises from about 85% to about 0.01% by weight of magnetic
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material, and from about 15% to about 99.99% by weight of an ion
exchange polymer. The magnetic material component in the casting
mixture which is used to make-up the composite may be in the form
of magnetic particles, beads or microbeads of iron oxides (e.q.
Fe,0;, Fe;0,) or of other magnetic materials, and may be coated
Or non-coated (encapsulated or non-encapsulated).

The amount of catalyst present in association with the
carbon particles may be varied over a fairly broad range,
according to, among other things, other parameters associated
with formulation of the casting mixture, for example the
percentages of Nafion, carbon particles, and magnetic microbeads
present in the casting mixture. The amount of catalyst present
in association with the catbon particles may range, for example,
from about 5% (by weight) to about 99.99% (by weight) of the
combined weight of the carbon particles plus catalyst. In the
case of platinum comprising the catalyst in association with the
carbon particles, the platinum may be present primarily or solely
on the surface of the carbon particles. (Alternatively, platinum
can be used as catalyst and conductor instead of the carbon. The
amount of the carbon particles in association with a catalyst
component of a magnetic composite may range from 0.01% to about
80% by weight (or mass) of the total weight of the magnetic
composite.

Another variable in formulating the casting mixture and in
the method of making the electrode is the size and type of the
carbon particles. Preferably, the carbon particles are in the
range of 15 um to 70 um. It should also be noted that, according
to another embodiment of the invention, particles containing

platinum could be used as a component of the magnetic composite,
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either in Iieu of, or in addition to, the carbon particles in
association with a catalyst component. Such particles containing
platinum may lack a carbon constituent, or may be composed
predominantly or solely of platinum (i.e. up to 100% platinum).
In the latter case the particles composed predominantly or solely
of platinum may function as a catalyst and/or as electron
conductors, and may serve a dual role as both catalyst and
electron conductors. The particles a containing platinum
component of the composite may comprise as little as about 0.1%
of platinum by weight. The particles containing platinum
component of the composite may also consist essentially of
platinum with trace amounts of other materials, such as carbon
(e.g. 99.99% platinum and 0.01% carbon). Thus there may be a
continuum between carbon particles in association with a
catalyst, wherein the catalyst 1is platinum, and particles
containing platinum, wherein the particles containing platinum
comprise carbon. (Increasing the platinum content of a composite
would likely result in increased cost of materials used in its
manufacture.)

Step 2) The casting mixture is thoroughly agitated, for
example by sonication or stirring with a mechanical stirring
device, and an aliquot is transferred to the electrode surface.
The electrode serves as a current collector. At this stage,
before the casting solvent(s) evaporate, the electrode may be
placed in a magnetic field. Such a magnetic field orients the
hagnetic particles and gives rise to an ordered structure. (There
is some evidence that an external magnetic field is unnecessary.)

Step 3) The external magnet, if any, is removed leaving

behind a magnetic composite on the current collector.
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Step 4) The modified electrode may now be placed in a
matrix, e.g. in solution, where oxygen is fed to the current
collector through the magnetic composite from the solution or
other matrix.

Figures 18A and 18B show a flux switch 800 to regulate the
flow of a redox species according to yet another embodiment of
the invention. In particular, Figures 18A and 18B show an
electrode 804 and a coating 808 on the electrode 804. Coating
808 is formed from a composite which includes magnetic microbead
material 812 with an aligned surface magnetic field; an ion
exchange polymer 816; and an electro-active polymer 820 in which
a first redox form is paramagnetic and a second redox form is
diamagnetic, wherein the flux switch is actuated by electrolyzing
the electro-active polymer from the first redox form ordered in
the magnetic field established by the coating to the second redox
form disordered in the magnetic field.

Microbead material 812 can include organo-Fe material. The
redox species can be more readily electrolyzed than the electro-
active polymer. Electro-active polymer 820 can be an
electro-active 1liquid crystal with chemical properties
susceptible to said magnetic field or an electro-active liquid
crystal with viscosity susceptible to said magnetic field.
Electro-active polymer 820 includes an electro-active liquid
crystal with phase susceptibility to said magnetic field.
Electro-active polymer 812 can include poly(vinyl ferrocenium).

In addition, magnetic particles or microbeads can comprise
organo~Fe material.

Figure 19 shows a dual sensor 900 for distinguishing between

a first species (particles A) and a second species (particles B).




10

15

20

. 25

WO 96/41391 PCT/US96/10509

115

The dual sensor includes a first membrane sensor 906 which
preferentially passes the first species over the second species;
and a second membrane sensor 912, which preferentially enhances
the concentration of the second species over the first species,
thereby enabling the measurement of at least the first species.
The first and second species can be in any state such as liquid,
gaseous, solid and plasma.

In one embodiment of the dual sensor, the first species can

include a paramagnetic species and the second species can include

-a diamagnetic species. In this case, the first membrane sensor

906 is a magnetically modified membrane sensor, and the second
membrane sensor 912 is an unmodified membrane sensor. The
magnetically modified membrane sensor preferentially enhances the
concentration of and allows the detection of the paramagnetic
species over the diamagnetic species and the unmodified membrane
sensor enhances the concentration of and allows the detection of
the diamagnetic species and the paramagnetic species, enabling
the measurement of the concentration of at least the paramagnetic
species. More particularly, the paramagnetic species can be one
of 0,, NO,, and NO. The diamagnetic species can be CO,.

In another embodiment, the first species can include a
paramagnetic species and the second species can include a
nonmagnetic species. In this case, the first membrane sensor 906
is a magnetically modified membrane sensor, and the second
membrane sensor includes an unmodified membrane sensor. The
magnetically modified membrane sensor preferentially enhances the
concentration of and allows the detection of the paramagnetic
species over the nonmagnetic species and the unmodified membrane

sensor enhances the concentration of and allows the detection of
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the nonmagnetic species and the paramagnetic species, thereby
enabling the measurement of the concentration of at least the
paramagnetic species. More particularly, the paramagnetic

species can be one of 0,, NO,, and NO.

In yet another embodiment, the first species can include a
diamagnetic species and the second species can include a second
diamagnetic species. 1In this case, first membrane sensor 906 is
a magnetically modified membrane sensor, and second membrane
sensor 912 is a differently magnetically modified membrane
sensor. The maénetically modified membrane sensor preferentially
enhances the concentration of and allows the detection of the
first diamagnetic species over the second diamagnetic species and
the differently magnetically modified membrane sensor enhances
the concentration of and allows the detection of the second
paramagnetic species and the diamagnetic species, enabling the
measurement of the concentration of at least the first
diamagnetic species. The first diamagnetic species can include

CO,.

In yet another embodiment, the first species can be a first
paramagnetic species and the second species can be a second
paramagnetic species. In this case, first membrane sensor 906
is a magnetically modified membrane sensor, and second membrane
sensor 912 is a differently magnetically modified membrane
sensor, wherein the magnetically modified membrane sensor
preferentially enhances the concentration of and allows the
detection of the first paramagnetic species over the second
paramagnetic species and the differently magnetically modified
membrane sensor enhances the concentration of and allows the

detection of the second paramagnetic species and the first
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paramagnetic species, enabling the measurement of the
concentration of at least the first paramagnetic species. Again,
the first paramagnetic species can be one of 0,, NO,, and NO.

In yet another embodiment of the invention, the first
species can be a diamagnetic species and the second species can
be a nonmagnetic species. In this case, first membrane sensor
906 is a magnetically modified membrane sensor, and second
membrane sensor 912 is an unmodified membrane sensor, wherein the
magnetically modified membrane sensor preferentially enhances the
concentration of and allows the detection of the diamagnetic
species over the nonmagnetic species and the unmodified membrane
sensor enhances the concentration of and allows the detection of
the nonmagnetic species and the diamagnetic species, enabling the
measurement of the concentration of at least the diamagnetic
species.

Figure 20 shows a cell 201 according to another embodiment
of the invention. In particular, Figure 20 shows an electrolyte
205 including a first type of particles. A first electrode 210
and a second electrode 215 are arranged in electrolyte 205. The
first type of particles transform into a second type of particles
once said first type of particles reach said second electrode
215. Second electrode 215 has a surface with a coating 225
fabricated according to the above methods. Coating 225 includes
a first material 230 having a first magnetism, and a second
material 234 having a second magnetism, thereby creating a
plurality of boundaries (33 of Figure 15A) providing a path
between electrolyte 205 and said surface of second electrode 215.
Each of said plurality of boundaries having a magnetic gradient

within said path, said path having an average width of
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approximately one nanometer to approximately’several micrometers,
wherein said first type of particles have a first magnetic
susceptibility and said second type of particles have a second

magnetic susceptibility and the first and said second magnetic

susceptibilities are different. Coating 225 operates in the

manner described with respect to Figure 16.

First material 230 in coating 225 can include a paramagnetic
species and second material 234 can include a diamagnetic
species. Alternatively, first material 230 can include a
paramagnetic species having a first magnetic susceptibility and
second material 234 can include a paramagnetic species having a
second magnetic susceptibility, wherein said first magnetic
susceptibility is  different from said second magnetic
susceptibility. 1In yet another approach, first material 230 can
include a diamagnetic species having a first magnetic
susceptibility while second material 234 includes a diamagnetic
species having a second magnetic susceptibility, and said first
magnetic susceptibility is different from said second magnetic
susceptibility. In another approach, first material 230 could
alternatively include a paramagnetic species having a first
magnetic susceptibility and second material 234 comprises a
nonmagnetic species. In another approach, first material 230 can
include a diamagnetic species having a first magnetic

susceptibility and second material 234 can include a nonmagnetic

species. Electrolyte 205 can be an electrolyzable gas such as

O, or can include a chlor-alkali.

Chromatographic Flux Enhancement by Nonuniform Magnetic Fields
Using a chromatographic approach, as discussed above, flux

may be enhanced by nonuniform magnetic fields. This is a
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separation or chromatographic application (magnetochromatography)
and it involves no electrochemistry. The basis of the invention
follows.

The basic methodology comprises taking an iron (or other
magnetizable material) wire and coating it to make it chemically
inert. The iron wire is threaded inside a capillary. The
capillary is filled with a polymer, or gel, or other material
through which molecules and/or ions can move. Alternatively, the
polymer or other material can be dip coated or cast directly on
the surface of the inert coating; this eliminates the need for
the capillary. The ions and/or molecules to be separated are
introduced into one end of the capillary. A gradient is
established along the length of the tube to cause motion of the
molecules and/or ions through the tube. The gradient could be,
for example, a concentration or a potential gradient. (There are
a whole range of gradients used in chromatography that can be
directly drafted into this system. Besides concentration and
potential gradients, these include gradients of density,
viscosity, pressure, temperature, ion exchaﬁge capacity,
characteristic dimensions of the microstructured substrate
(stationary phase) polarity and dielectric constant, as well as
forced flow and convection, and time dependency (temporal
gradients and pulses)). The capillary is placed inside a
magnetic field. A circular magnet could be used, but other
geometries are possible. The magnetic field will be concentrated
inside the iron wire, and as the field decays into the polymer
or gel surrounding the wire, a nonuniform magnetic field will be
established. Moieties moving through the gel will be drawn

toward the wire and swept down the tube by the concentration
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gradient and surface diffusion processes.

Variations in specific embodiments are possible. A wire is
discussed above, but any shape including beads will work. The
wire can be any magnétizable material such as iron or iron
oxides, as well as permanent magnets and superconductors.

The coating on the wire to make it chemically inert could
include polymers, silanes, thiols, silica, glass, etc. In some
Systems, the choice of wire, solvent and substrate may create a
system where the "wire" is already inert and no coating is
needed.

The polymer or gel in the capillary can be one of the ion
exchange polymers already discussed (Nafion and poly(styrene
sulfonate)) or other material, probably having a viscosity higher
than that of bulk solvent. Other examples could involve
separation materials commonly used in chromatography - including
acrylamide polymers, acrylate polymers, Dow-Ex (Trademark of Dow-
Corning Corporation) materials, or maybe just sucrose or glycerol
(glycerin) in solvent.

Ions and/or molecules can be introduced from any phase (gas,
liquid, solid, or plasma), although liquid is the most obvious.
Molecules can be introduced continuously for a continuous
separation or in single shots or in a series of shots. The
nonmagnetic gradient is needed to pull molecules that move into
the surface zone rapidly down the tube so more molecules can be
drawn in by the magnetic field.

The concentration of the field inside a magnetizable wire
or other structure by the external magnet can be controlled with
pulsed fields, reversed fields, DC fields, and graded fields as

only some examples of what can be done to control the separation
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and transport direction (vector) of the materials. A combination
of different magnetizable materials inside the gel -- either
parallel or crossed, might provide some interesting mechanisms
for vectoring molecules or ions and separating them according to
differences in their susceptibilities. Note, the combination of
vectors provides a mechanism for separations of all types.

Note also that the switching possibilities here are
significant. By using an external electromagnet in this system,
it should be possible to turn the effect on and off. If
superconductors are used, the switching can be done by turning
the field on and off by temperature changes.

All the existing separation methodologies of chromatography
and separation science can be brought to bear here. Separations
are driven by various gradients and flows. These include
diffusion, migration, fluid £flow, .size exclusion, thermal
programming, electrophoresis, electro-osmosis, etc. |

An embodiment of the above discussed chromatographic
technique is shown in Figure 20A. Figure 20A shows apparatus
1100 comprising capillary 1110, magnets 1120, ir;n wire 1130,
polymer gel 1140, solvent 1150, and species 1160. Figure 20B
shows rough magnetic field lines that may be concentrated in iron
wire 1130. Species 1160 is to be separated from other species
introduced through one end of capillary 1110. Species 1160 is
fed into one end of capillary or tube 1110 containing solvent
1150 and caused to move through capillary or tube 1110 driven by
a gradient (concentration, potential, or other gradient) and is
subsequently passed through or is swept down capillary 1110 or
through polymer gel 1140 therein, wherein movement of species

1160 is influenced by its own magnetic properties (magnetic



10

15

20

- 25

WO 96/41391 PCT/US96/10509

122

susceptibility) and the magnetic field concentrated in iron wire
1130 by magnets 1120. Thereafter, species 1160 is collected
after passing through the other end of capillary or tube 1110 and
separated from other species not passing through capillary 1110.

A method comprising steps for this chromatographic process
may be described in Figure 20C as follows. In step 1170 an iron
wire is coated to make it chemically inert. The iron wire is
then threaded inside a capillary or tube in step 1172A. A
capillary is filled with a polymer, gel, or other material (which
may be Viscous) through which molecules and/or ions can move in
step 1172B. Alternatively, the inert wire is dip coated or cast
with a polymer, gel, or other material (may be viscous) directly
in step 1173. The inert wire is placed inside a magnetic field
in step 1176 with or without the capillary, depending on the
previous alternative steps. A gradient is established along the
length of the tube to carry the mobile species (including species
to be separated) down the tube in Step 1178. Species with the
highest magnetic susceptibilities (including the species to be
separated) are pulled into the interface between the inert
coating and the polymer, gel, or other material (viscous matrix),
the facile transport zone of the interface which enhances the
flux of the magnetically susceptible species in step 1180. 1In
step 1180, species move through the interface between polymer or
other materials and the inert coating through which molecules
and/or ions can move and are swept down the tube by the gradient
and surface diffusion processes according to the magnetic
properties of the species, the magnetic field concentrated in the
iron wire, and the magnetic gradient established in the system

from the iron wire and the external field.
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Another method that could be followed for the apparatus
involves: placing an iron wire (or other material) into a heat
shrink material in step 1310, perhaps teflon; heat shrinking the
heat shrink material in step 1320; dip coating with a layer of
Nafion or PSS; drying the dip-coated layer, perhaps in a vacuum
desiccator in step 1330; capping the ends of the coated wire and
sliding the coated wire into tubing, perhaps spaghetti tubing in
step 1340; placing one end of the tubing in a solution that
contains the species to be separated in step 1350; placing the
other end of the tubing into a solution that does not contain the
species to be separated (this sets up a concentration gradient
down the length of the tubing) in step 1360; placing the entire
system in a magnetic field that is oriented radially with respect
to the iron Wire, perhaps in a hollow cylindrical magnet in step
1370. This process will enhance the separation of paramagnetic
species. Note that the wire may be made of material other than
iron, such as permanent magnets. The wire may also be in
different geometries than a typical wire, such as a plate, disk,
or any other shape or volume.

Figure 21 shows cyclic voltammetric results for oxygen
reduction using an electrode having both magnetic particles or
microbeads and platinized carbon particles incorporated into the
electrode interface, as described above. Oxygen reduction was
compared for electrodes having four different types of surface
modifications, as detailed below. In the experiment, the
éolution was saturated with oxygen, and then the potential
applied to the electrode was scanned at 500 mV/s from a potential
where no oxygen reduction occurs (+800 mV) to a potential where

all the oxygen in the vicinity of the electrode surface is
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electrolyzed (-200 mv). Curve number 1 of Figure 21 shows data

for a simple film of Nafion on the electrode surface (i.e. 100%

Nafion). Slightly higher currents are observed for films

containing 43% Nafion and 572 platinized carbon (curve No. 2) and

33% Nafion, 11% nonmagnetic polystyrene beads, and 56% platinized
carbon (curve No. 3) (all percentages by volume). Curve No. 4

shows data for a film of 32% Nafion, 113 magnetic polystyrene

beads, and 57% platinized carbon (all percentages by volume).
Note that for the magnetic composite the current for oxygen
reduction (at about 250 mv vs SCE (a reference electrode)) is
significantly higher. The concentration of platinum of the

Platinized carbon was 403 by weight in each case. These results

are not optimized, but indicate that the incorporation of
magnetic particles and platinized carbon into the electrode
interface significantly enhances the oxygen flux under transient
voltammetric conditions.

The data presented above further substantiate the claim that
a magnetically modified interface has a significant impact in
This enhancement can
be driven by three mechanisms. First, the flux of oxygen may be
increased by the magnetic fields. Second, the magnetic fields may
impact the oxygen reduction kinetics. Third, the magnetic columns
or particles may serve to better distribute the platinized carbon
throughout the composite and so enhance current collection
efficiency, either by distributing the catalyst/carbon electron
conductor more uniformly throughout the interface and/or
increasing the surface area where oxygen is adsorbed and awaiting

reduction.

In Figure 22, kD'C', a parameter proportional to the peak
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cyclic voltammetric current, is plotted on the y-axis, while the
carbon mass percent (or % by weight) in the composite was varied
over the range of 10% to 50% (i.e. from 10g to 50g of carbon
particles in association with a catalyst per 100g of composite).
The magnetic bead fraction was held constant at 10% (mass percent
or % by weight) in these studies. The remaining fraction of the
composite is Nafion. The platinum concentration of the platinized
carbon was 10, 20, 30 or 40% by weight. Each point represents
a single experiment. The flux enhancement is greater for 30% and
40% platinum on carbon than for 20% or 10%. Essentially, at the
higher concentrations of platinum, additional catalyst does not
enhance the flux.

The comparisons of the different film composites in Figure
21 clearly indicate that the flux is higher in a magnetic
environment, but the results do not definitively identify the
flux enhancement as due to a magnetic effect. The structure of
the magnetic composites is different from the structure of the
nonmagnetic composites. The results do not rule out increased
surface area as the only source of the flux enhancement.

Table 4 shows measured values of the parameter kDY’C for a
variety of different experiments. In the experiments, an
electrode used was modified with Nafion, Nafion and nonmagnetic
beads, or Nafion and magnetic beads. The relative peak current
is a measure of the enhancement in the oxygen reduction signal,
and is listed as kDY’C where k is the extraction parameter, D is
the diffusion coefficient of O, in the film, and C is the
concentration of the Oxygen in solution. The parameter kD'°C is
determined from the slope of a plot of the peak currents versus

square root of scan rate. The slope is renormalized by the
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electrode area, Faraday’s constant (96485 coulombs/mole of
electrons) and number of electrons transferred (approximated as
4). The experiments in Table 4 are grouped by the dates they
were performed. Since there is no good way to determine the
OXygen content at the time these studies were performed, it is
best to compare the results for a given day, and hence it is best

to compare results within a given group. The Nafion film and

bare electrode data can serve as a rough estimate of the oxygen
content. 1In the group marked A, no carbon is included in the
interface, and there is no evidence that the magnetic particles
enhance the reduction of oxygen. In the rest of the samples,
carbon is included in the matfix on the electrode. 1In general,
the results indicate that when carbon is included on the
electrode, the electrolysis current is enhanced in the presence
of the magnets. Also, it should be noted that these enhancements

are larger when the magnetic content is increased.

Electrode Surface Modification to Prevent Passivation and Enable

Direct Reformation of Fuels

A major constraint to fuel cell development and design is
the problem of electrode passivation, which results from the
reaction of electrolytic intermediates with the electrode
surface, and effectively terminates or drastically impedes the
electrolytic process. The available evidence indicates that

electrode passivation (which occurs rapidly) is directly

responsible for the failure of prior art fuel cells to utilize

the process of direct reformation. Direct reformation is a
process wherein a fuel, such as a liquid alcohol fuel (e.qg.
methanol, ethanol) or a hydrocarbon fuel (e.g. propane) is

delivered directly to an electrode (the anode), where it is
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oxidized (reformed) directly. During direct reformation, in a
fuel cell or other setting, a liquid or gaseous fuel may be
transported from a suitable source of fuel or fuel storage device
and delivered to the appropriate electrode(s) via one or more
delivering means, which may include various suction and
pressurization devices, 1including various types of pumps.
Devices for moving and/or delivering liquids and gases, including
fuels, including pumping devices, are well known in the art.

Studies of ethanol oxidation show that the cyclic
voltammetric current is enhanced in the case of electrodes
modified with a coating of magnetic composites comprising
magnetic microbeads and carbon particles in association with a
catalyst, as compared with bare (i.e uncoated) electrodes or
electrodes modified with a coating of a composite which lacks
either magnetic microbeads or carbon particles in association
with a catalyst. In a preferred embodiment of the invention, the
carbon particles 1in association with a catalyst comprise
particles of carbon in association with platinum, i.e. a form of
platinized carbon (Pt-C). The cyclic voltammetric data on
ethanol oxidation are presented in Figures 23 through 29, and
collectively indicate not only the feasibility for the prevention
of electrode passivation, but also the parameters for the direct
reformation of ethanol at the surface of a magnetically modified
electrode.

Magnetic modification of electrodes may be achieved by
methods similar to those described above on modification of
electrodes with a magnetic composite in the context of
enhancement of the electrochemical reduction of oxygen. For

example, a casting mixture may be formulated to include:
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1. A suspension of an ion exchange polymer, such as Nafion;

2. Magnetic microbeads or particles, which may be

encapsulated or coated with an encapsulating material, or non-

encapsulated; and

3. At least one suitable solvent or a solvent mixture to

serve as a vehicle or carrier for components 1 through 3.
Depending on a number of factors, including the particular

application or intended use of the magnetic composite material,

the casting mixture may further include carbon particles in

association with a catalyst, and/or particles containing

platinum.

The casting mixture is agitated by, for example, sonication
or stirring, and an aliquot of the casting mixture is deposited
on the surface of a bare or uncoated electrode. The electrode
serves as a current collector.

Before the solvent, solvent mixture or carrier has
evaporated, the electrode may be arranged in an external magnetic
field in order to orient the magnetic particles and form an
ordered structure on the surface of the electrode (as described
in greater detail elsewhere herein). (There is, however, some
evidence that the presence of an external magnetic field may be
optional.)

After the solvent or carrier has evaporated, the external
magnet, if any, is removed to vield a coating of a magnetic
composite in surface contact with the magnetically modified
electrode. The thickness of the coating or film of the magnetic
composite én the electrode surface depends on various parametefs

of the process of electrode modification, such as the volume of

casting mixture cast per unit area of electrode surface. 1In
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general, the thickness of the magnetic composite coating is in
the range of 0.5 to 100 um. A preferred range for the thickness
of the magnetic composite coating is from 2 to 25 um.

The nature and relative amounts of the various components
comprising the casting mixture, and therefore the composition of
the composite coating or film on the electrode surface, may vary.
In general, the composite coating comprises between about 0.01%
and about 85% of beads or microbeads, such as magnetic microbeads
comprising oxides of iron; and from about 15% to about 99.99% of
an ion exchange polymer, by weight. A magnetic composite coating
may, optionally, further comprise from 0% to about 80% by weight
of carbon particles in association with a catalyst, and/or
particles containing platinum. Typically the catalyst comprises
platinum, and the catalyst may be loaded on the surface of the
carbon particles. Variables related to the carbon particles in
association with a catalyst component include the nature and
degree of loading of the catalyst on the surface of the carbon
particles, and the size and type of the carbon particles. The
particles containing platinum may lack carbon or may include
carbon, and may be comprised predominantly of platinum, or the
particles containing platinum may consist essentially of platinum
(i.e. having about 95% to about 100% platinum, by weight, of the
particles containing platinum).

A preferred type of carbon particle comprising a composite
material is Vulcan XC-72. A catalyst, in association with carbon
particles, that can be employed in practicing the invention may
include platinum, palladium, ruthenium, or rhodium, as well as
other transition metals including cobalt and nickel. The amount

of catalyst in association with the carbon particles may range
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from about 5% or less to about 99.99%, by weight; a more
preferred rénge is from about 10% to about 50% by weight. A
preferred catalyst which may be used in combination with carbon
particles is platinum. 1In a more preferred embodiment of the
invention, the platinum is disposed on the surface of the carbon
particles.

A preferred ion exchange polymer comprising a composite
coating or film, under the invention, comprises Nafion. The
magnetic microbead component of a magnetic composite may comprise
beads of magnetic material, such as iron(III) oxide or magnetite,
which may or may not be coated with an encapsulating material.
The encapsulating material which may be used to encapsulate or
coat the magnetic microbeads may be an inert material.

In one

embodiment of the invention an encapsulating material comprises
polystyrene. The percentage by weight of magnetic or
magnetizable material comprising the magnetic microbead component
of the magnetic composite is normally between 2% and 90%. The
size of the magnetic particles, beads or microbeads comprising
the magnetic composite material range in diameter from about 0.1
micrometer to about 50 pm; and more preferably the magnetic
microbeads are in the range of from 1 to 10 pm in diameter.

The range of encapsulating materials which may be used to
coat or encapsulate magnetic microbeads under the invention may
include, for example: various polymers, silanes, thiols, silica,
glass, etc.

The solvent, solvent mixture or carrier component of the
casting mixture may comprise any suitable solvent, or combination

of two or more solvents, which will suitably dissolve and/or

suspend the other components of the casting mixture and allow for
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the distribution of the casting mixture on the surface of the
electrode.

The surfaces of platinum electrodes were modified by coating
their surface with a number of different composites comprising
an ion exchange polymer, magnetic microbeads, and carbon
particles in association with a catalyst. For comparative
purposes, composites were also prepared comprising an ion
exchange polymer in combination with non-magnetic microbeads,
with or without carbon particles in association with a catalyst.
Once the composite material coating the modified electrode is
dry, the electrode may be placed in a solution or other matrix
containing a fuel, such as ethanol.

Unmodified (bare) platinum electrodes and the variously
modified electrodes were then studied in the context of ethanol
oxidation by cyclic voltammetry. The electrodes were removed
from the external magnetic field before making voltammetric
measurements.

In a first series of experiments, electrodes modified with
a surface coating or film of the ion exchange polymer Nafion and
non-magnetic (polystyrene) beads (diameter = 1 to 3 um) were
compared with electrodes modified with a surface coating or film
of the ion exchange polymer Nafion and magnetic beads (diameter
= 1 to 3 um). In each case, the composite coating or film
consisted of 25% beads and 75% Nafion, by volume. Films or
composite coatings were cast on a polished platinum disk
electrode, having an area of 0.46 cm'. The films were then
dried in a vacuum desiccator for 1 hour. The electrodes were
placed in a solution of ethanol, with 0.1 M Na,S0, as the

electrolyte, in 18 megaohm Milli-Q water. The solution was not
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purged, but rather was at ambient conditions. After soaking in

the solution for 1 hour, each electrode was cycled 100 scans at
a scan rate of 500 mV/s between -700 and 900 mV before data was
recorded. This repeated cycling was performed in order to allow,
or induce, passivation in an electrode which is susceptible to
passivation, or which can be passivated by repeated cycling.
Cyclic voltammograms were then recorded at scan rates of 500,
200, 100, 50, and 20 mV/s for both the electrode bearing the
magnetic film and for that bearing the non-magnetic film. The

results of the first series of experiments are shown in Figures

23A, 23B, and 24A-C.

Figures 23A and 23B show cyclic voltammetric data for

ethanol oxidation (6mM ethanol in 0.1 M Na,S0,) using a platinum
electrode bearing a surface composite comprising Nafion and
either non-magnetic microbeads (23A) or magnetic microbeads (23B)
(25% beads, 75% Nafion, by volume).

Cyclic voltammograms were

recorded a£ scan rates of 500, 200, 100, 50, and 20 mv/s. Figure
24A, 24B, and 24C show cyclic voltammetric data for ethanol
oxidation (7mM ethanol in 0.1 M Na,S0,) using a platinum electrode
bearing a surface composite comprising non-magnetic microbeads
and Nafion (25% beads, 75% Nafion, by volume), and using a
platinum electrode bearing a surface composite comprising
magnetic microbeads and Nafion (25% beads, 75% Nafion, by
volume). Cyclic voltammograms were recorded at a scan rate of
500 mV/s (Figure 24A), 100 mV/s (Fiqure 24B), and 20 mV/s (Figure
24C).

When the voltammetry of ethanol electrolysis using the

differently modified electrodes is compared, little or no

difference is discernible in the case of the magnetic composite
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coating as compared with the non-magnetic coating in the absence
of platinized carbon. With the exception of the 500 mV/s scan
rate, the cyclic voltammograms for the magnetic and non-magnetic
films overlaid one another. 1In Figure 24A, which shows data for
the 500 mV/s scan rate, the peak between -600 and -200 mV is much
larger for the non-magnetic film as compared with the magnetic
film, while the respective second peaks almost overlay one
another. In Figures 24B and 24C, there is no distinguishable
difference between the magnetic and non-magnetic films.

In a second series of experiments concerning the voltammetry
of ethanol electrolysis, electrode surfaces were modified with
a composite comprising carbon particles in association with a
platinum catalyst. Thus, electrodes having a coating or film
comprising platinized carbon particles, Nafion, and magnetic
beads were compared with electrodes having a coating comprising
platinized carbon particles, Nafion and non-magnetic
(polystyrene) beads, and with uncoated (bare) electrodes. The
experimental details were otherwise generally as ogtlined above
for the first series of experiments, with the exceptions
described below.

Four different composites were formulated to coat the
electrodes used in the second series of experiments, and are
designated as Films 6 through 9. The carbon particles in
association with a catalyst used in these films was in the form
of Vulcan XC-72 (E-Tek, Natick, MA) containing 20% platinum, by
weight. This component of the composite coating or film is
referred t6 as Pt-C. The percentage, by weight, of beads in the
different composite formulations used to form each film was kept

constant at 11%. Films 6 and 9 contain non-magnetic,
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polystyrene, beads, while films 7 and 8 contain magnetic beads.

The composition, by weight, of each of the four films is as

follows:

Film 6: 26

oo

Pt-C; 63

o\

Nafion; 11

o\

polystyrene beads

\C

Film 7: 26% Pt-C; 63% Nafion; 11

o

magnetic beads

o

Film 8: 76% Pt-C; 13% Nafion; 11

o\

magnetic beads

\O

Film 8: 76% Pt-C; 13% Nafion; 11

o\°

polystyrene beads

Cyclic voltammograms were taken, at a range of scan rates, for
electrodes coated with one of films 6 through 9, and for a bare
(uncoated) electrode. The results are presented in Figures 25
through 29.

Figure 25 shows cyclic voltammetric data for ethanol
oxidation (6.852 mM ethanol in 0.1003 M Na,SO,) using the bare
(uncoated) platinum electrode, recorded at scan rates of 500,
200, 100, 50, and 20 mV/s. Figures 26A and 26B show cyclic
voltammetric data for ethanol electrolysis (6.852 mM ethanol in
0.1003 M Na,SO,) using platinum electrodes bearing the surface
composites designated Films 6 and 7, respectively. Voltammograms
were recorded at scan rates of 500, 200, 100, 50, and 20 mV/s.
Figures 27A and 27B show cyclic voltammetric data for ethanol
electrolysis (6.852 mM ethanol in 0.1003 M Na,SO,) using platinum
electrodes bearing the surface composites designated Films 8 and
9, respectively. Voltammograms were again recorded at scan rates
of 500, 200, 100, 50, and 20 nmv/s.

Figure 28A shows cyclic voltammetric data for ethanol
oxidation (6 mM ethanol in 0.1 M Na,SO,) using a bare platinum
electrode, and wusing platinum electrodes bearing surface
composites designated as Film 6 (non-magnetic) or Film 7

(magnetic). The voltammograms were recorded at a scan rate of 500
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mV/s. It can be seen that at this scan rate the bare electrode
and the electrode coated with non-magnetic Film 6 have
approximately the same current. In contrast, the elecffode
coated with the magnetic Film 7 shows current at about twice the
value recorded for the electrode coated with the non-magnetic
film.

The oxidation of ethanol is a multielectron process, with
numerous intermediates; the steps occur over a range of
potentials and the potential is pH dependent. However, the peak
at about =100 mV observed for the magnetic composite film
corresponds to ethanol oxidation (see Fig. 28A). Figures 28B
and 28C also show cyclic voltammetric data for ethanol oxidation
(6 mM ethanol in 0.1 M Na,SO,) using a bare platinum electrode,
and using platinum electrodes bearing surface composites
designated as Film 6 (non-magnetic) or Film 7 (magnetic), as for
Figure 28A but at scan rates of 100 mV/s and 20 mV/s,
respectively. Enhanced current for magnetic Film 7, as compared
with non-magnetic Film 6, can also be seen in Figures 28B and
28C. The effect is particularly well illustrated in Figure 28C
(20 mV/s scan rate) in which case the oxidation wave is very
obvious for the electrode coated with the magnetic composite film
at -300 mV, but is completely absent for both the bare electrode
and the electrode coated with the non-magnetic composite.

Further evidence that the magnetic modification of the
electrode prevents passivation is seen at +100 mV on the return
sweep.\The electrode coated with the magnetic composite exhibits
a simple reverse wave. In contrast, both the bare electrode and
that modified with the non-magnetic composite both exhibit a wave

that first swings to negative current and then swings to positive
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current. The latter type of wave is consistent with the
stripping of a passivation layer from the surface of the
electrode, thereby allowing a chemical species that would
otherwise (i.e. in the absence of a passivation layer) have been
electrolyzed at lower potential (but was prevented from so doing
by the passivation layer) to undergo electrolysis once the
passivation layer is stripped from the electrode.

There is some evidence that the electrolysis of ethanol at
a magnetically modified electrode is chemically reversible, és
indicated by the backwave at -400 mV vs SCE. The fact that the
best resolved voltammograms were obtained at low scan rates is
a good indication that electrodes magnetically modified with
composite coatings, according to the present invention, will
perform well in commercially valuable electrochemical processes,
such as in steady state fuel cell applications. An electrode
which resists, or is less susceptible to, passivation will
provide higher power output for longer periods, as compared with
an electrode which is more susceptible to passivation.

Figure 29A shows cyclic voltammetric data for ethanol
oxidation (6 mM ethanol in 0.1 M Na,S0,) using a bare platinum
electrode, and using platinum electrodes bearing surface
composites designated as Film 8 (magnetic) or Film 9 (non-

magnetic). The voltammograms were recorded at a scan rate of 500

mV/s. Figures 29 B and 29 C show cyclic voltammetric data for

~ ethanol oxidation (6 mM ethanol in 0.1 M Na,S0;) using a bare

platinum electrode, and using platinum electrodes bearing surface
composites designated as Film 9 (non-magnetic) or Film 8
(magnetic), as for Figure 29A but at scan rates of 100 mV/s and

20 mV/s, respectively. Again, it can be seen that the electrode
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coated with the magnetic film (Film 8) has much higher current
than the electrode bearing the non-magnetic film (Film 9). 1In
the case of Film 9, it can be seen from Figure 29A-C that the
elecﬁrode coated with this non-magnetic film has a larger current
than the bare electrode, due to the relatively high % of
platinized carbon in the film (cf. Film 6, Figure 28A).
Referring to Figure 29C, the voltammetric trace for the magnetic
film has more peaks, as compared with those for the non-magnetic
film and for the bare electrode. This may be due to the
stabilization of intermediates of ethanol oxidation by the
magnetic field associated with the magnetic particles in the
film.

Taken as a whole, the data are consistent with magnetic
modification of electrodes, according to the invention, for the
prevention of passivation of electrodes. Compositions,
apparatus, and methods of the invention also allow for the direct
reformation of a liquid fuel, such as ethanol, at the surface of
a magnetically modified electrode. Such compositions, apparatus,
and methods are advantageous in a range of applications related
to the development of electrochemical processes which proceed by
either a free radical mechanism or a multielectron transfer
process, and in fuel cell applications.

Numerous and additional modifications, improvements, and
variations of the present invention are possible in light of the
above teachings. It is therefore to be understood that the
invention may be practiced otherwise than as specifically
disclbsed, and that the scope of the invention is defined by the

appended claims rather than by the embodiments presented above.
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Table 4
Mass Percent Oxrep9
Oxygen Report
Mass Percent of kD2C
Electrode Nafion Bead Carbon mol(cm¢,s)12
Modification % % % E-09
Nafion Film L15 |
Poly Non Magnetic  85.17 14.83 415 |
Poly Magnetic 91.48 8.52 265 |
|
Nafion Film 313 |
Poly Non Magnetic  85.17 14.83 393 |
Poly Magnetic 91.48 8.52 331 | A
I
Poly Non Magnetic  39.67 60.63 738 |
Poly Magnetic 52.43 47.57 490 |
Poly Magnetic 5243 47.57 489 |
l
Nafion Film 1.60 |
Poly Non Magnetic  75.65 24.35 240 |
Poly Magnetic 70.14 29.86 228 |
Nafion Film 3.08 |
Poly Non Magnetic  52.47 16.89 30.64 127 |
Poly Magnetic 48.63 20.70 30.67 338 |
. } F Groups
Nafion/Carbon 92.08 7.92 ca 3.14
Poly Non Magnetic  61.58 29.58 8.84 ca 454 |
Poly Magnetic 5493 34.52 10.55 ca 443 |
Nafion Film
Poly Non Magnetic  61.54 29.56 8.90 ca 5.36
Poly Magnetic 56.54 43.46 ca 2.84

Poly Magnetic 55.21 34.25 10.53 ca 6.12
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Table 4 (continued)

Mass Percent Oxrep9

Oxygen Report

Mass Percent of kD12C

Electrode Nafion Bead Carbon mol(cm?.s)12
Modification % % % E-09
Nafion Film 2.39
Nafion/Carbon 68.71 31.29 6.65
Poly Non Magnetic  52.38 17.08 30.54 9.97
Poly Magnetic 48.61 21.11 30.29 20.2
Bare 1.68
Nafion Film A 1.08
Poly Non Magnetic  52.38 17.08 30.54 10.2
Poly Magnetic 48.61 21.11 30.29 14.7
Bare 1.62
Nafion Film 0.53
Poly Non Magnetic  76.30 12.91 10.79 6.47
Poly Magnetic 73.45 16.10 10.45 7.79
Bare 1.34
Nafion Film 1.73
Poly Non Magnetic  76.30 12.91 10.79 17.7
Poly Magnetic 73.44 16.10 10.46 ' 16.6
Nafion Film 1.06
Poly Non Magnetic  76.30 12.91 10.79 3.56
Poly Magnetic 73.44 16.10 10.46 4.68
Bangs Magnetic 77.21 13.21 9.58 1.22
Nafion Film 3.28
Poly Non Magnetic  76.30 12.91 10.79 3.92
Poly Magnetic 73.44 16.10 10.46 7.27
Bangs Magnetic ~ 71.55 18.30 10.15 9.35
Nafion Film 3.58
Poly Non Magnetic  76.30 12.91 10.79 523
Poly Magnetic 73.44 16.10 10.46 6.86

PerSeptive Magnetic 70.29 19.73 9.98 8.46
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WHAT IS CLAIMED 1IS:

1. A device comprising:

an electrode having a surface; and

a magnetic composite material disposed on said surface, said
magnetic composite comprising from 15% to 99.99% by weight of an
ion exchange polymer and from 0.01% to 85% by weight of magnetic

microbeads, wherein said magnetic composite prevents passivation

of said surface of said electrode.

2. The device of claim 1, wherein said magnetic composite

further comprises an electron conductor in association with a

catalyst.

3. The device of claim 2, wherein said electron conductor
in assbciation with a catalyst comprises carbon particles in
association with platinum, and said ion exchange polymer
comprises Nafion.

4. A fuel cell comprising:

at least one electrode having a magnetic composite material
in surface contact with said at least one electrode, said
magnetic composite material comprises from 0.01% to 85% by weight
of magnetic microbeads, from 15% to 99.99% ion exchange polymer,
and up to 80% by weight of carbon particles in association with

a catalyst, wherein said magnetic composite material prevents

passivation of said electrode.
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5. The fuel cell of claim 4, further comprising a source
of fuel for said fuel cell, wherein said at least one electrode
comprises an anode, and said magnetic composite material in
surface contact with said anode enables direct reformation of
said fuel at the surface of said anode and the surface of said

anode resists passivation.

6. A method of making an electrode having a surface
coating of a magnetic composite, wherein the electrode resists
passivation, comprising the steps of:

providing an uncoated electrode;

casting a casting mixture onto the surface of the electrode,
said casting mixture comprising from 15% to 99.99% of ion
exchange polymer, magnetic microbeads, and a solvent; and

evaporating the solvent from the surface of the electrode,
to yield an electrode having a surface coating of the magnetic
composite, said surface coating in the range of from 0.5 to 100

pm in thickness, wherein the electrode resists passivation.

7. The method of claim 6, wherein said providing an
uncoated electrode step comprises providing an uncoated anode of
a fuel cell, said fuel cell oxidizing a fuel; and wherein said
evaporating the solvent from the surface of the electrode step

comprises evaporating the solvent from the surface of the anode

to yield an anode having a surface coating of the magnetic

composite, wherein the anode resists passivation and is capable

of direct reformation of the fuel.
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8. A magnetic composite material for coating a surface of
an electrode for preventing electrode passivation, comprising:

between about 0.01% and 85% of magnetic microbeads, and from

about 15% to about 99.99% of ion exchange polymer, by weight.

9. The composite of claim 8, further comprising a

catalyst.

10. The composite of claim 8, further comprising particles

containing platinum.

11. A method for direct reformation of a fuel at the
surface of a magnetically modified electrode of a fuel cell,
comprising the steps of:

providing the fuel cell, wherein the fuel cell has at least
one magnetically modified electrode, the magnetically modified
electrode having a surface coating of a magnetic composite
material, the magnetic composite material comprising magnetic
particles, an ion exchange polymer, and catalyst; and

delivering the fuel to the magnetically modified electrode,
wherein the fuel is reformed directly at the electrode, and the
surface coating of the magnetic composite material prevents

passivation of the electrode.

12. The method of claim 11, wherein said delivering step

comprises delivering one of a liquid fuel, a gaseous fuel, and

a fuel mixture to the magnetically modified electrode.
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13. A fuel cell for direct reformation of a fuel,
comprising: at least one magnetically modified electrode, said
at least one magnetically modified electrode having a magnetic
composite disposed thereon; and delivering means for delivering
a fuel to the at least one magnetically modified electrode,
wherein the fuel 1is reformed directly at the at least one
magnetically modified electrode, and the magnetic composite
prevents passivation of the at least one magnetically modified

electrode.

14. The fuel cell of claim 13, wherein the at least one
magnetically modified electrode comprises an anode, said anode
having a surface, said surface having a film disposed thereon,
said film comprising a magnetic composite material, said magnetic
composite material comprising magnetic microbeads, an ion

exchange polymer, and a catalyst.

15. The fuel cell of claim 14, wherein said magnetic
composite comprises carbon particles in association with a
catalyst, said magnetic microbeads comprise iron(III) oxide or

magnetite, and said ion exchange polymer comprises Nafion.

16. A device comprising:
an electrode having a surface; and
a magnetic composite material disposed on said surface, said

magnetic composite comprising carbon particles in association

with a catalyst.
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17. The device of claim 16, wherein said magnetic composite

material further comprises particles comprising iron(III) oxide

or magnetite.

18. The device of claim 17, wherein said particles

comprising iron(III) oxide or magnetite comprise non-coated

iron(III) oxide, and said catalyst comprises platinum, said

platinum comprising from about 10% to about 40% by weight of said

carbon particles in association with a catalyst.

19. A fuel cell having two electrodes and a flux of
magnetic species between said two electrodes, wherein one of said

two electrodes comprises:

a conductor; and

a magnetic composite material in surface contact with said
conductor, said magnetic composite material comprises iron(III)
oxide or magnetite, said iron(III) oxide or magnetite is
encapsulated in a coating material or is non-coated, and said
magnetic composite material has a plurality of transport pathways
therethrough, said plurality of transport pathways to enhance the
passage of said magnetic species to said conductor, thereby

increasing the kinetic efficiency of the electrolysis of said

magnetic species.

20. A method of modifying an electrode having a surface,
comprising:
casting a casting mixture onto the surface of the electrode,

said casting mixture comprising magnetic material, said magnetic
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material comprising iron(III) oxide particles or magnetite

particles, or other magnetizable material.

21. The method of claim 20, further comprising the step of

5 arranging the electrode in an external magnetic field.

22. An electrode, comprising:
a conductor; and
a magnetic composite in surface contact with said conductor,

10 said magnetic composite comprising iron(III) oxide or magnetite.

23. A device, comprising:
an electrode having a surface; and
at least one pillared magnetic structure on said surface,
15 wherein said at least one pillared magnetic structure comprises
microscopic pillars formed by casting particles comprising
iron(III) oxide or magnetite on said surface and arranging said

electrode in an external magnetic field.

20 24. A fuel cell, comprising:
a first electrode having a surface with at least one
pillared magnetic structure formed thereon; and
a second electrode, wherein a flux of oxygen is established
between said first electrode and said second electrode, wherein
25 said at least one pillared magnetic structure comprises
microscopic pillars formed by casting particles of iron(III)

oxide in a magnetic field.

25. An ambient pressure fuel cell, comprising:
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a first electrode having a surface with at least one
Pillared magnetic structure formed thereon;

a second electrode; and

a fuel source, having an established transport direction for

constituents thereof, disposed between said first electrode and

said second electrode.

26. The fuel cell as claimed in claim 25, wherein said at
least one pillared magnetic structure comprises microscopic
pillars formed by casting a casting mixture on said surface of
said first electrode in an external magnetic field, said casting
mixture comprising an ion exchange polymer, a magnetic material,

and carbon particles coated with a catalyst.

27. A method of modifying an electrode having a surface,
comprising:

casting a casting mixture on the surface of the electrode,
said casting mixture comprising an ion exchange polymer, a
magnetic material, and carbon particles with a platinum catalyst

coated thereon; and

after said casting step, arranging the electrode in an

external magnetic field.

28. A fuel cell, comprising:
a first electrode having a surface, said surface having a
magnetic structure thereon, said magnetic structure including

magnetic material, an ion exchange polymer, and carbon particles

coated with a catalyst; and
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a second electrode, wherein a flux of oxygen is established

between said first electrode and said second electrode.

29. The fuel cell as claimed in claim 28, wherein said
5 magnetic structure comprises a pillared magnetic structure, and

said catalyst comprises platinum.

30. A composition, comprising:
magnetic particles;
10 carbon particles with an associated catalyst; and

an ion exchange polymer.

31. A separator arranged between a first region containing
a transition metal particle and another particle and a second
15 region, comprising:
a first material having a first magnetism;
a second material having a second magnetism;
a plurality of boundaries providing a path between said
first region and said second region, each of said plurality of
20 boundaries having a magnetic gradient within said path, said path
having an average width of approximately one nanometer to
approximately several micrometers, wherein said transition metal
particle has a first magnetic susceptibility and said another
particle has a second magnetic susceptibility, wherein said first
25 and said second magnetic susceptibilities are sufficiently
different that said transition metal particle passes into said

second region while most of said another particle remains in said

first region.
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32. The separator as claimed in claim 31, wherein said
separator has a ligand associated therewith that forms complexes

to aid in the passage of said transition metal particle into said

second region.

33. A composite material for controiling chemical species

transport comprising:

an ion exchanger;

a graded density layer, wherein said ion exchanger is sorbed
into said graded density layer; and

a ligand associated with said composite material to aid in

the transport of said chemical species.

34. An electrode, comprising:

a first conductor; and
a magnetic composite in surface contact with said first
conductor, said magnetic composite comprising:

an ion exchange polymer; and

a plurality of magnetic beads having a surface coating
of one of a second conductor, a semiconductor, and a

superconductor.

35. A method for separating a species from a mixture,
comprising the steps of:
placing said mixture in a first vat;

forming a complex comprising said species and a selectivity

enhancing material;

selectively passing said complex through a magnetic

separator disposed between said first vat and a second vat; and
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collecting said complex selectively passed through said

magnetic separator in said second vat.

36. The method as claimed in claim 35, wherein said

selectivity enhancing material is a ligand.

37. A battery, comprising:

an electrolyte;

a first electrode disposed in said electrolyte;

a second electrode disposed in said electrolyte; and

a housing having an inner wall, said inner wall has a
magnetic coating disposed thereon and a magnetic field associated

therewith suppresses electrode material dendrite formation.

38. A battery, comprising:
an electrolyte;

a magnetically modified first electrode disposed in said
electrolyte, wherein said first electrode has a magnetic field
associated therewith that enables said battery to have a shorter

discharge time; and

a second electrode disposed in said electrolyte.

39. The battery as claimed in claim 38, wherein said first
electrode enhances the flux of a constituent of said electrolyte,
and said battery has extended secondary battery cycle life due

to the suppression of dendrite formation.

40. A fuel cell, comprising:

a magnetically modified first electrode; and
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a second electrode, wherein a flux of oxygen is established

between said first electrode and said second electrode, and

wherein said first electrode enhances the kinetic efficiency of

the reduction of oxygen to water, wherein said fuel cell has a

5 thermal signature below 100 °C.

41. A fuel cell, comprising:

a magnetically modified first electrode; and

a second electrode, wherein a flux of oxygen is established
10 between said first electrode and said second electrode, and

wherein said fuel cell has a thermal signature below 100 °C.

42. The fuel cell as claimed in claim 41, wherein said fuel
cell has an outside covering comprised of a gas porous or

15 permeable hydrocarbon material.

43. The fuel cell as claimed in claim 41, wherein said fuel

cell is flexible.

20 44. A method of using a fuel cell, comprising the steps of:

confining the fuel cell in a geometry;

exposing the fuel cell to air; and

electrically connecting to said fuel cell one of a device
requiring power and a device requiring recharging.

25

45. A system for plating a surface with a dense film of

lanthanides or actinides, comprising:

an electrolyte comprising lanthanides or actinides;
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a magnetically modified first electrode disposed in said
electrolyte; and
a second electrode disposed in said electrolyte, wherein
said magnetically modified electrode suppresses dendrite

formation during the plating of said surface with said dense

film.

46. A separator arranged between a first region containing
a first type of particle and a second type of particle and a
second region, comprising:

a poly(styrene sulfonate) ion exchange polymer having a
first magnetism;

a second material having a second magnetism;

a plurality of boundaries providing a path between said
first region and said second region, each of said plurality of
boundaries having a magnetic gradient within said path, said path
having an average width of approximately one nanometer to
approximately several micrometers, wherein said first type of
particles have a first magnetic susceptibility and said second
type of particles have a second magnetic susceptibility, wherein
said first and said second magnetic susceptibilities are
sufficiently different that said first type of particles pass
into said second region while most of said second type of

particles remain in said first region.

47. A system for concentrating oxygen from a mixture
comprising oxygen and nitrogen, comprising:

a magnetic separator; and
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a pathway for said oxygen to pass through said magnetic
separator concentrating said oxygen due to magnetic effects of

said magnetic separator.
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Figure 1




PCT/US96/10509

WO 96/41391

2/53

Z ©@4nbiy




T e -



PCT/US96/10509

WO 96/41391

4S5

vy 94nbi4

(wu/p) 607 .
1ng : 009 001 0§ (0] Gl 0
v )
—v
18
| Tz
R V4
A
191
ONN

(s/,u35_01) wi

ano_,mQ



PCT/US96/10509

WO 96/41391

gy °4nbi4

(p=wu) p/1
0% 0S 001

009

! 0

00°0

0C°¢

o¥'9

09°6

08°¢C|

0091

Am\NEomloC w

ONN

n_Eooﬂmn_



PCT/US96/10509

WO 96/41391

g6 @4nbi4

VS @4nbi4

8jDU0QgJDoA|0d

| |

\\\\\\\\\\\

9poJ}jo9ala



PCT/US96/10509

WO 96/41391

g9 @4nbiy

V9 @4nbiy

8}]buog4poAjod

N T U N

8poJ4}os|d



PCT/US96/10509

WO 96/41391

v/, @inbl4

Wi} UolypN adndo|sppbeq wn/geQV [sppbeq wng/Q L O|sppeq wny| |0 O

(wo/|) UolDN |OA/SPPag Dady 90DJINS (995 /Z~wd)w>y

90+30°1 S0+30°8
| ! ! ! ! | I

G0+30°'9 GO+30v G0+30°2 00+30°0

(>
V)
o

O
I <l
l

sebpjusossq ppoag bBulkubA ypm xnj4

00+30°0

£L0—30°S ’
90—30°1|
90—3G"1

90—-30°¢



PCT/US96/10509

WO 96/41391

g, 24nby4

Wi} UOIDN

%001 ©

S8ZIS pPPay 7 }O SOUNPONY

9z|s pbaq s|buiso

7)<

(wo/|) uolpbN |OA/SpPeg Daly 89DLING (o8s/Z~wWo)wx
G+300°G SO0+300°Vv

| I | |

G0+300°¢ SO0+300'C GO+300°'t 00+30°0

\V4

I I I

! 0

£0—3G

1ol

4 90-31
4 90—-3G°1

-4 90-3¢

sw|i} ppaq ausaulysAjod /uolipN

90—-3G°¢

%06



PCT/US96/10509

WO 96/41391

RS

¢0+39

v8 aunbi4

¢£66 =4

8—30L" | =4doousjul

€¢/’0—~ Snippd ppaq
CO+3v CO+3¢ c0+3Z

l | 1

Ol—-3¥6 ¢=ados

28s /Z~wo )
co0+31 (00s/ )

00+30°0

. -1 £0—30°S

-1 90—30°1

- 90—3G6°1

90—-30°¢

S90DJUNS pbag |DP}oDA{ UO XN|4



PCT/US96/10509

WO 96/41391

g8 e4nbi4
(39S sA A) 3

¢0- ¥ 0- G0-—

90—

¢£0c¢®4 %Gl + UOlDN :Z
UOIJDN :|

CONH WL VH(II)NY Ww\apsodwon\29

¥0—300°¢—

¥0—300°C—

¥0—300' I -

00+300°0

¥0—300"1

¥0—300°¢

¥0—3400°¢

¥0—300°¥

¥0—300°S

¥0—300°9



PCT/US96/10509

WO 96/41391

12 53

6 94nbi{
Am_oE\m Wo)g 01X _Exd_

0000l 00GSZ 0005 00SZ 0]
L N L O N Bt s s sy e e ¥ O RN A
o
o o
o ° MO l :
WN T
14 T
G4 m |
(001
¢ <L 1
tos H
foroo1

cotoZN\_Ev_\m:mano

_
ow\

_Ev_



PCT/US96/10509

WO 96/41391

oo
0
N

0l 84nbi{

«UOIYPN o 8Sd spg BoAm
(A/AN)%4sppeg
0091 00'¥lL 00°Zt 000l 00°'8 00°9

! 1 ] | | |

00'¥ 00°Z 000

(s/zwo)w -

00+300°0 |
- £0-300°G
- 90-300°1
- 90-30G"1
- 90-300°C
- 90-306°2
_ 90-300°¢

—~ 90—306°¢

90—300°Y



PCT/US96/10509

WO 96/41391

IB[5%

N\Fov_o
al &

I1 @4nbi4

ppo8aq x
0G°¢ 00°¢ 061 001 0G0 0
0 S s S R S N N R N N S N A R R R e W e ] 00°0

100"
- mm +o0°¢
v - -

B * 100°¢

T 1oov

8 00°S

Am\NEovmo_ X g N



PCT/US96/10509

WO 96/41391

15/S3

G0

¢0

VZl ©4nbiq

(A)3
1’0 1'0— ¢0-

S'0—

L0—

1‘4‘\

¢0—300°1L—
— ¥0—300'9—-
- ¥0—300°9—
- ¥0—300'v—
- ¥0—300°¢—
— 00+300°0
-+ 70—300°¢
- ¥0—300'¥
- 70—300°9
- 70—300°8

¢£0—300°1

(W)I



PCT/US96/10509

WO 96/41391

16]S3

Gl

g1

gzl e4inbiy
30S 'sa (A)3
171

6°0

L0

G0
¢0—300°'1L -

~ ¥0—300°8—
- ¥0—300°9-
- ¥0—-300'v—
- ¥0—300°C—
— 00+300°0
—v0—300°¢C
—v0—300°v
¢0—300°9

(V)



PCT/US96/10509

WO 96/41391

)53

JZ 1 ©84nbyi4
30S sA (A)3

¢'0-

9°0 ¥0 ¢'0 0°0
1

¥0—-300'v—

~70—300°¢—

~¥0—300°C—

-¥0—300° | —

-00+300°0

~¥0—300°1

~¥0—300°¢

¥0—300°'¢

(w)



PCT/US96/10509

WO 96/41391

/3 [$3

¢l e4nbiy

Am_oE\ml wo)g 01X _Exﬁ

00001 00S/ 0006 0052 0
_ — I 00°1
S |
4 LV
Gt
Adqy(11)09,/Adgy( F00°0l
ai(11)02 /Adqy(ji1)oo L oN /6D LW
/ >Qpa=@oo\xagﬁ: 0D 9 $oN/ Xn|4
q i Adqi(1)00/Adqy(l1)o0 — g
vHO)NY /VH(I1)nY %
Adai(ii)ny /Adqi())ny ¢
Adqi(11)40 /Adqy(111)40 Z
0/0ZH |
00°001




PCT/US96/10509

WO 96/41391

19[S

vl @4nbi4

% Sppag }O aWnN|OA

00°0¢ 00°0¢ 0001l 00’

I l |

0

00°0
— 00°¢
— 00°v
- 00°9
— 00°8
— 00°01
— 00°¢C!

sajlsodwon
sppeg/uolypN Ul YHNY jo xnj4

(s/,wo)g01

001,

X Q1



PCT/US96/10509

WO 96/41391

Q0 |43

V¥l eianbiy

NOILYYNOIINOD NOI 378v80¥d

cl” 11701

i*mwx f.-f %m%m%u\m%m*v*m%mxﬂmox

| I I I | | | l | I I I

+7 O
+g V
+Z +
VIINW O

SNOI JAINVHLNVT

mW@zCo< ANINOLNTASNVYL
17740 S3IAN1S OJILANOVYW

ol
juswiop

oljaubop
Zl ®Alde443



PCT/US96/10509

WO 96/41391

21 fsq

g1 e4nbiy
SuouJjos|d } Jo usquinp
YL €T 21 1T OT 6 8 L 9 ¢ % ¢

|

+9 O
+v v
+¢ +

V1IN O
SNOI 3JAINVHINVT

Suo| 8plulOY

S3ANILOV WNINOLNTASNVYL

40 S3IANLS JILINOVA

0
|
4
¢
"
S
9
L
8
6
Ol
JUsWwIop
L ol}jaubp
¢l ®AHO34L]



PCT/US96/10509

WO 96/41391

(1ny v

(099 &
(IDy g
ococ 0
(Drx ()24 @
)0 x
(hyey x
(mmy v
-+ o
(n)+) ¢

22/5%

Q/

O¥ L 84nbiy
Suodloele p jo usquunN

~ .

—

SN
X3

S|PJS uoljIsubu] ||BYS—p
JO sjuswiop oljeubpp

0

b

[

¢

"

S

9

L

8

6 (‘wa)

oL Stuswop
oljoubop

Ll

A



PCT/US96/10509

WO 96/41391

LY

av | e4nbif
}seing Jdoind oand PaxIN
¥ iPBA ¢ 1PA ¢ {PA I 4PA
v
vV v v v v
g v v v
. g
v v q v
v v v v y v 8
v g g v v 8
V.V v . q
aoee \\ g v
SINIXIN 2066 046
\; o4nyxXIpN  Jojpupdag 4066 096
0gé oljsubop 8ANIXIN Jojpindsg
Jojpapdeg ol}oUbDK
olyaub o JNIXIN

0G6




PCT/US96/10509

WO 96/41391

X4/5%

VGl @inbi4

vz N re re
/
/ Uy
aypJisgns @
~ N~ 7
S >
ee Z 9sbyd | ®esbyd
co—T ~ee /
/ / \ /
]
omm R q0¢ otk PO% «— q0¢

Wi ()

CA

0G



PCT/US96/10509

RS /5%

WO 96/41391

g5 s4nbiy

YL
Alddng
Jamod

LmEMMtoo \\NMHHHHHHHHHHHHHHH///
0/ +mcmoch:bmﬁml\\\\a////HHHHHHHHHHHHHHHH\\\

08 snipipddy




PCT/US96/10509

WO 96/41391

9] eunbiy

0 Q)
@ @ O
e } |t » <}
& azo’| o ﬂ
> | D
Oy
CC—T NG T
Q@\A , ST a / 4 / /
pd¢ | q0¢ | PO% nwm
0 Q)
Wy
Yy Q)
PZ9




PCT/US96/10509

WO 96/41391

V9l @aunbiq

.—w®L3Au_ ’ L@L_\._n_ m\_Jn_ U@X_E
VDA CIDA ZIDA LIDA
G66 q
07%: 966 966 , 966 g XITdWOD
X3I1dWOD
( X3TdW0D X3TdWO0D 66 ‘\m/a
/ V) — (V) m (¥ — 8
© @ 20
g
¥ O, <
®] Q)Y O ®
966 966 \
966 966 X3ITdWO0D X31dWOD mmm g
X37dW0D X3T1dN0D 966 7) 8 . S$66-7) 966
ado66 X371dWOD
FANLXIN \. |
086 0.6 096 \.
4OLVYVdAS 2066  HOLVYVL3S 4066 YOLVYVdIS Y066

JILANOV  JUNLXIN  DJILINOVA

JINLXIN JILINOVA JAINLXIN



PCT/US96/10509

WO 96/41391

2% /$3

g9l 84nbjy

Jseund deind | aingd paxIn
VIDA CIDA ZIDA L IDA
ve. /66
0 T ANVOIN 866
L66—( o L66
266 X3T1dWO0D
L66 anNvoll 866
XITdNOD X31dN0D aNyOnn q
v N
- |8 I
g q v
g g
@— v
@ /66 o] 8 g
@ g g Vv
866 vV q \4
g vV
266
£56  y37am02
086 0/6 096 ‘\\

d01vdvd3s 2066 dOLVHVd3S 8066 dO1VvVdvdas V066
OQILANOVA  JUNLIXIN  JILINOVI JaN1LXIN OILINOVA JINLXIN



PCT/US96/10509

WO 96/41391

091 8i4nbi4

jseung aind
CIDA ZIDA
000}
000! X31dNOD 000}
X31dWNOD X3TdWOD
@\2 @)
@ 9
@ O o @) [
0o @ (@ @
. @ o@ @
o~ @
‘¥ 0001 O a4 5
X3TdWOD 3
g ooot @
V66 X31dWOD
ANVOIT V666
A aNvoll
\\ VO/6 V096
9066  HOLVYVdIS 4066 4O1ViVd3Is
FUNLXIN  DILINOVAN  JHNLXIA  DILINOVA

paxIN
L DA

3066
JINLXIN



PCT/US96/10509

WO 96/41391

g9l 8J4nbiy

1S34Nd 434nd
¢ 1VA ¢ 1VA
0666
STTOILNVd O WOUT ANVO[T
Q3LVdIDINd
SI101LdvVd a @90 ° O
V000! © @
XIdN0O( g o 4
@ 3 © d
@ V000! o
X3TdNOD
@ o
ommm\mu
1001 aNVOI
31V1IdID3d h_omm\\\,
JUNLXIN
4OLVNVIS
IILIANOVA

d3xIn
I L1VA

3066
JANLXIN



WO 96/41391

PCT/US96/10509

31159

negative
- electrode

A

1200A

12\20 1210
positive
electrode
O,

SERIAL ARRANGEMENT, COULD
BE 9 VOLT 25 AMP SETUP

1220 1210

positive
electrode

negative
electrode

e

1200B

®

@

PARALLEL ARRANGEMENT, COULD
BE 3 VOLT 75 AMP SETUP

Figure 16E



PCT/US96/10509

WO 96/41391

$2/<3

Q3INNILNOD 91| eunbi4

dN13S dAV SZZ ‘170A | 38
ATN0D ‘LNINIONVHYY IJAILVNYILIV 80021

g

@+

8poJ}os|d
aAllisod

—¢ ¢ == ' @

| _ apoJjos|a

aAlypbau

OLcl



PCT/US96/10509

WO 96/41391

Ll ®4inbiy

Vi

JUSA|OS puooBSs
Sy} pub
jusA|os ysul} a8y}
Bulypaodpaj]

won\

o2oDJJINs
opoujoa|e o}

uofsuadsns paxiw
oy} bBulfjddy

\NON\
c¢0L

uoljn|os puooes D
Uiim uolnjos
Isdl} o Buixip




PCT/US96/10509

WO 96/41391

V8l 84nbiy

Plal4
OljsubBDpy
|IDUIB]X ]
el
X «
T < )
™
Buiypboy
808
v08
8po.ujoas|a

008 t\



PCT/US96/10509

WO 96/41391

ggl eianbiy

(vslL "Bi4 jo sypuysqgns)
Q ©8poJjos|s

v@ 8

PIal}
oljeubow 8opyuns

A\

oo
N
\N)

\g] paubiip ypm |pusipw

ppaqoJoiw o|jaubpp 4 QQQ/

00 000
00000
Zl8 00000

00000
00000

918 — >/ R

Jdawjod sBupbyoxe 1
uof/m sjisodwos ojaubBpp Q08

Buijpoo
008 \ 0ze

S|p§sAid pinbi|/iewA|od
oijpubpwpind uo uswAjod sAlODOIIO8|]




PCT/US96/10509

WO 96/41391

36/53

006

61 9inbi4

10SUBS Josuag
suDJIqUIB subJquusiy
puooeg s414
906
/216 ﬁ/
®
® ®@ ®
© ||© @ @
) @ €)
® @@@ @
® ® o
) @
@ @ || ®




PCT/US96/10509

WO 96/41391

0Z 84nbiy

ss|oj4nd sajolpind
BuIypoo Jo adA} Jo adA}
. puooas }Sa14
\ /
-
—0 O | coz
@% «— ojAjoa408]0
—~—
(A O’IV
W) AN
0l¢
epoujosje | L +| eposos)e
puooses }sat}
l\ q0¢
T bog —
_—_ww Gc¢ co
vee

0¢<c



PCT/US96/10509

WO 96/41391

pajpipdag aq o}
091 ] ss8loadg
Buiuipjuoo

psa4{ wou4y

Y0z mém_.._

091 | ssioads pajpbipdes
}08||00 0} ssloadg

jauBDW |DOLIPUIAD

40 UOJ}d8s ssou)

ou bBujuipjuoos

AllDiiu] Muis of

e - |
! o, T <

00:1\

JO uoJjoas ssoun



PCT/US96/10509

WO 96/41391

o0
V)
—
G’l
)

g0¢ 84nbi4

pajpipdag aq o} 091 | ssaiosds pajpbibdss
091 | saidadg 108|002 0} sajoadg

Buiuipjuoo
pea{ wouy }ouBDp [DOLIPUAD

JO uoJ}08s SSO0U)
o
O

_—
0zZ11

ou bBujuipjuoo
Alipijiug yuis o)

O
O
O

O

oL o _\O5 )

.OO/

/om:

\% i \\\\\\\\\\\\\\\\\\\\\\\\

om\_ — ov_ _ \ saloads
051l sa|oads , 01l
0zLL”

9J4IM . UOJ| Ul
pajpbijusdouo) saul }ouBDW |DOlIPUIAD

plet{ ybnoy 4O UOl}08sS SS04)
oo:\

oGl
jusajos



PCT/US96/10509

WO 96/41391

AN [$3

00Z ©84nbi4

ssjoads s|qudesosng jo XNn|4{ seoupbyuj

wJOOm_> pup OCZOOU 4o uj C®®>>+®n_ mo-uqutL_ ay| ojul

Seilliqudeosns oyeubow yseybiy ypm ssioeds Bujng
_

s8|oadsS s|ilqop AJiD) O}

°qnl 8uyy 4o yibusy sy Lo,

UMOp {usippiy D ys||qp}s3
|

uoidoeliq |pipoy
U} ul pjal4 oysubpp
WIoJIUNUON D ysiiqpis3y o} jaubBppy /mm:
[DUJBIX3 UD 8apisul aJip pPaijipon 20D|d

90DjJd8iuUl 8y} jo suoz jiodsupu) sjop4 By} ‘XI4JDW o811t

~
. [89 40 JdWA|O04 SNOOSIA

SAIM UoJ| pIsuj Ypm Adojidoy Buiyyiy

—~8Z2/L1 1

9y} ojuo A|yoeuiq |Dl4BLDN “

SNOJSIA JaylQ 40 Jswijod D Aio(1do5 D BpisU]
Buiyspy 4o Buyboy dig oJIM P84po6) Buipbaiy]

\
S/ {aul I 9pw oy
84IM uUod| upb bHulpbon ~0/11

N\VZLL



PCT/US96/10509

WO 96/41391

aINES!

LZ 84nBy4

3OS "sA AW /3
00% 007
! |

0] 00c-

Z ON ‘O4}—— ¢

— ONW v #
— ON ¢ #
— 24 Z#
— 4 | #

S/AW 00§ — ©po4}os|3
tWnuUybld PaljipoN wijl{—>21y|
wn g uo uoljonpeay uabAxp

1 ¥ ¥ 1 T 1 T

H————+—— ¢0+300°¢-

¢0+300°¢-

P 3
LI B N B B

¢0+300° 1 -

bl
LI S M e

IN

| S
| R

00+300°0

¢0+300°1

et
Tt

£0+300°¢

pn /|

£0+300°¢

s Tt b b
| JSLINLIRC AN SR R S NN R AN A S B S B R B S e |

¢0+300°v

¢£0+300°S

¢£0+200°'9



o

PCT/US96/10509

0¢

2 94nby{

ojlsodwo) ey} ul jusouad SSDW UOGUDA
0 SL 0l

4/0?/53
gy o0
QAL 1 |

X
X

WO 96/41391

&

X

&

X
\%

tdZz0¥ X
1dzZ0¢ v
1dZ%0¢ -,
idz01L &

-00°01

-00°0¢

-00°0¢

-00°0¥

-00°06G

-00°09



WO 96/41391 ' PCT/US96/10509

25% non-magnetic polystyrene in Nafion
6 mM Ethanol 0. 1M Na2So4
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25% magnetic microbeads in Nafion

6 mM Ethanol O 1M Na2So4
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Magnetic versus non-magnetic beads in
7mM ETOH with 0.1M Na2S04 @ 500mV/s
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Magnetic versus non-magnetic beads in 2
7mM ETOH with 0.1M Na2S04 @ 20mV/s |
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Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box Il Observations where unity of invention is lacking (Continuation of item 2 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

Please See Extra Sheet.

1.

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment
of any additional fee.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
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No protest accompanied the payment of additional search fees.
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BOX 1. OBSERVATIONS WHERE UNITY OF INVENTION WAS LACKING
This ISA found multiple inventions as follows:

1. Claims 1-10 and 30, drawn to an electrode, fuel cell
the magnetic composition.

1. Claims 4-5 and 11-15, drawn to a method of reformation of a fuel and the fuel cell.

II. Claims 16-19, drawn to an electrode having a magnetic composition and fuel cell using the magnetic composite.
IV. Claim 19, drawn to a fuel cell having a magnetically coated electrode and pathways for ligand transport.

V. Claims 20-21, drawn to a method of modifying an electrode requiring only the magnetic material.

V1. Claims 23-26 and 28-29, drawn to an electrode with a pilared magnetic structure, a fuel cell utilizing the electrode
and an ambient pressure fuel cell.

VII. Claim 27, drawn to a method of modify
carbon with catalyst are required.

VII. Claim 31, 32, and 46, drawn to a separator.
IX. Claim 33, drawn to a composite material with ion
X. Claim 34, drawn to an electrode havin
semiconductor or superconductor.:

XI. Claim 35, 36, drawn to a method of scparating a species.

XIl. Claim 37, drawn to a battery having a housing innerwall with a magnetic coating.
XIII. Claims 38 and 39, drawn to a battery having a first electrode magnetically modified.
XIV. Claims 40-43, drawn to a fuel cell with magnetically modified first electrode.

XV. Claim 44, drawn to a method of using a fuel cell.

XV1. Claim 45, drawn to a system fro plating a surface.

XVII. Claim 47, drawn to a system for concentrating oxygen.

containing the electrode, methode of making the electrode and

ing an electrode in which a magnetic material, ion exchange polymer and

exchanger, graded density layer and ligand.
£ magnetic beads having a surface coated with a second conductor,

The special technical features of each group are as listed abowi

¢ and provide distinctness to each listed group of claims
indicating that they are to differcnt inventions.
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