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DESCRIPTION

SINGLE WALL CARBON NANOTUBE BASED AIR CATHODES

CROSS-REFERENCE TO RELATED APPLICATION
The present application claims the benefit of U.S. Provisional Application Serial No.
61/174,122, filed April 30, 2009, which is hereby incorporated by reference herein in its

entirety, including any figures, tables, or drawings.

BACKGROUND OF INVENTION

Metal-air batteries are potentially the least expensive primary batteries available,
typically have a very high energy density and are environmentally benign. They have the
highest gravimetric and volumetric energy density of any primary battery system.
Recharging of these batteries is relatively ineffective. Developmental rechargeable metal-air
batteries have a life of only a few hundred cycles and an efficiency of only about 50%.
However, metal-air batteries can be refueled, often referred to as a metal-air fuel cell when
configured for refueling, where the consumed metal is mechanically replaced and the spent
metal oxide can be reduced to the metal in a separate device. The term metal-air fuel cell is
also used in reference to an electro-chemical system where the metal is used as a co-reactant
to assist the reformation of an alternate fuel, for example hydrogen, a hydrocarbon, or an
alcohol. As such a “metal” economy where vehicles and portable equipment and devices can
be powered by these metal-air batteries or metal-air fuel cells has been envisioned.

Research is ongoing for electric vehicles using metal-air batteries, especially zinc-air
batteries as zinc is inexpensive and readily mass produced. These batteries have specific
energies up to 370 W-h/kg whose terminal voltage does not drop until 80-85% depletion of
the metal. Such batteries have very long shelf lives when sealed to exclude oxygen but
having very high self-discharge rates when exposed to air. Small zinc-air batteries are
commonly used for hearing aids, and a line of very thin zinc-air batteries are being introduced
in mid-2009 for use as low cost long-life primary batteries for consumer electronic devices.

The anodes of metal-air batteries are commonly metals in a particulate form mixed
with an electrolyte, such as a hydroxide, in the form of a paste that release electrons upon
oxidation. The air electrodes are typically made of porous carbon structures on metal meshes

that are covered with oxygen reduction catalysts forming hydroxide by the reduction of
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oxygen and its subsequent reaction with water. Where the metal is zinc, the reaction has a
potential to produce a maximum of 1.65 V, which is typically reduced to 1.35 to 1.4 V by
limiting the air flow into the cell.

Air cathodes used in polymer electrolyte membrane (PEM) fuel cells typically contain
metals, in particular precious metals such as platinum. These cathodes can work well, but
they are typically very expensive. Improvements in metal-air batteries and fuel cells are
generally tied to improvements in the air cathodes.

Nearly all air cathodes are a typically sheet-like members having opposite surfaces
exposed to the atmosphere and to the aqueous electrolyte of the cell. The air cathode must be
permeable to air or another source of oxygen, but must be substantially hydrophobic so that
aqueous electrolyte will not seep or leak through it and has an electrically conductive element
connected to external circuitry. The construction of conventional air cathodes is described by
Bidault ef al, "Review of gas diffusion cathodes for alkaline fuel cells" Journal of Power
Sources, 187 (2009) 39-48. Generally they comprise a thick film, having multiple layers of
nanoscale metal catalyst impregnated active carbon that are mixed with
polytetrafluoroethylene (PTFE) particles affixed to an electrically conducting backing layer.
They achieve a high areal oxygen reduction capability because of a large three phase
interface between the meandering hydrophobic PTFE particles and the electrolyte wetted
carbon supported catalyst.

These conventional air cathodes often display several shortcomings. As few of the
pathways are purely hydrophobic, containing a mixture of hydrophilic catalyst and carbon,
pores constructed to provide pathways for gas phase oxygen penetration to the catal yst
particles can flood with electrolyte. Flooding greatly slows the diffusion of oxygen to the
catalyst surfaces. Prevention of flooding requires that the pressure and humidity of the
oxygen source be carefully controlled. A second shortcoming is a kinetic barrier to diffusion
of the hydroxide ions because of the tortuous pathway for ion diffusion through the
hydrophilic portion of the cathode that generates current limiting impedance. The metal
catalysts are often a precious metal, such as platinum, which renders the cathode relatively
expensive. A major fraction of the precious metal used in fuel cells, hence its cost, lies in the
cathode.

For hydrocarbon fuel cells, such as direct methanol fuel cells, methanol cross over
from the anode to the cathode is a major issue. Power generation efficiency of the direct

methanol fuel cell significantly decreases when methanol or methanol oxidation products
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reach the cathode side of the cell. Proton exchange membranes, such as Nafion®
membranes, are currently used in many fuel cell to significantly reduce, rather than to
prevent, the methanol cross over from anode to cathode while maintaining the proton
conduction, as reviewed by Arico ef al, in "DMFCs: from fundamental aspects of technology
development" Fuel Cells 1, (2001) 133-161. In Pt-containing conventional air cathodes, the
nanoscale metal particles are subject to migration, agglomeration and particle growth by
Oswald ripening. Since agglomeration and particle growth reduce the surface area of the
catalytic sites, the efficiency of the cathode degrades over time. Precious metal catalysts are
also subject to poisoning by carbon monoxide, which can form during fuel oxidation, or from
impurities in the oxygen source and/or fuel.

Hence an air cathode that avoids precious metals, is thin, resists flooding, has little or
no hydroxide ion diffusion barrier, and is not poisoned by CO would constitute a significant

improvement in technologies that employ them.

BRIEF SUMMARY

Embodiments of the invention are directed to air cathodes for metal-air batteries or
fuel cells where a porous membrane with at least one hydrophobic surface has a conductive
catalytic film comprising single walled carbon nanotubes (SWNTs) contacting the
hydrophobic surface of the porous membrane. The SWNTs of the conductive catalytic film
displays intimate electrical contact between the SWNTs and in many embodiments display
intimate physical contact between the SWNTs throughout the film. The hydrophobic surface
can be made of a polymer, ceramic, or glass. As needed, the hydrophilic surface can be
treated to form the hydrophobic surface. The hydrophobic polymer can be
polytetrafluoroethylene, polyvinylidene fluoride, polyethylene, polypropylene, any
polyamide, any polysulfone, or a polyolefin with perfluoroalkyl side chains. In some
embodiments of the invention, the porous membrane with a hydrophobic surface has a non-
planer topography and the conductive catalytic film conforms to the non-planer topography
of the hydrophobic surface.

In some embodiments of the invention, the SWNTs can be charge transfer doped, for
example by a graphite intercalant, or substitutionally doped where, for example, carbons
atoms of the nanotube can be replaced with boron or nitrogen atoms. In other embodiments
of the invention, fullerenes or fullerene derivatives can be included in the conductive catalytic

film. In other embodiments of the invention the conductive catalytic films can also include
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metal particles, metal alloy particles, metal oxides particles, conductive carbon fibers having
micron scale diameters, or any combination thereof. In another embodiment of the invention,
the conductive catalytic films can include conjugated polymers, for example a sticky foot
polymer. For example, in one embodiment of the invention a sticky foot polymer has
pendant substituents that can either increase or decrease the hydrophobicity of the SWNTs of
the conductive catalytic film. The conductive catalytic film can be 10 to 20,000 nm in
thickness.

Other embodiments of the invention are directed to metal-air batteries having an air
cathode of any of the above embodiments and an anode containing a metal. The metal can be
titanium, zinc, aluminum, magnesium or lithium. Other embodiments are directed to a fuel
cell having an air cathode of any of the above embodiments and an anode where fuel is
oxidized. The fuel can be hydrogen, a hydrocarbon or an alcohol.

Other embodiments of the invention are directed to a method of preparing an air
cathode. The air cathode is constructed by depositing a suspension containing SWNTs as a
uniform film on a hydrophobic surface of a porous membrane, such that the film conforms to
the topography of the hydrophobic surface, and washing the film with a solvent such that
intimate electrical contact between SWNTs is achieved. The SWNTs can be deposited by
filtration through the porous membrane to leave the film on the membrane. A conductor,
such as a metal, can be attached to a portion of the film to permit connection of the air
cathode to an external circuit. In some embodiments of the invention the suspension can
include, separately or in combination, fullerenes or fullerene derivatives, metal particles,
metal alloy particles, metal oxides particles, electroactive polymer, or conductive carbon
fibers having micron scale diameters. In other embodiments of the invention the SWNT film
can be modified by having fullerenes, metal particles, metal alloy particles, metal oxides
particles, electroactive polymer, or any combination thereof subsequently deposited on the

film.

BRIEF DESCRIPTION OF DRAWINGS
Figure 1 shows cross sections of patterned membranes covered with SWNT films
where the surface comprises a) 10 pm pillars and b) 30 pm pillars according to embodiments
of the invention.
Figure 2 shows the top and side views of a cell for testing the oxygen reduction

capacity of the air cathodes in accordance with embodiments of the invention.
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Figure 3 shows chrono-amperometry on an air cathode in accordance with
embodiments of the subject invention.

Figure 4 shows current density versus applied potential at the pH indicated in
accordance with embodiments of the invention.

Figure 5 show two terminal cell currents and potentials under increasing loads for the
air cathodes in metal-air batteries for metal anodes comprising a) Al with an NaCl electrolyte,
b) Mg with an NaCl electrolyte, ¢) Zn with an NaOH electrolyte and d) Zn with a H,SO4

electrolyte as indicated in accordance with embodiments of the subject invention.

DETAILED DISCLOSURE

Embodiments of the invention are directed to SWNT comprising air (oxygen
reduction cathodes, which are gas diffusion cathodes where the gas contains some oxygen)
that can be used in metal-air batteries and fuel cells. In one embodiment of the invention, the
air cathode comprising SWNTSs has high oxygen reduction capability and is not poisoned by
carbon monoxide. Embodiments of the invention are directed to films of the SWNTs that
have a maximized triple phase interface of the air cathode for a maximized oxygen reduction
rate in a metal-air battery or fuel cell that include the novel air cathode. Other embodiments
of the invention are directed to formation of an air cathode with a large three phase interface
that permits the achievement of very high oxygen reduction rates by a filtration method
where the filtration membrane and the filtrate comprise the air cathode. Other embodiments
of the invention are directed to metal-air batteries or fuel cells comprising air cathodes
comprising SWNTs.

In one embodiment of the invention an air cathode comprises a membrane with a
plurality of pores and a conductive catalytic film of SWNTs in physical contact to one face of
the membrane. The membrane has at least one surface that resists wetting by water to resist
flow of an aqueous solution, for example an electrolyte solution, or other hydrophilic fluid
through the pores of the membrane unless a pressure differential, or other potential difference
that can encourage a flow of a fluid through the pores, is applied to the membrane. The
membrane allows air or other oxygen containing gas to flow through the pores to the SWNT
film on a single face of the membrane but resists the flow of an electrolyte solution through
the membrane from the face having the SWNT film. In embodiments of the invention the
porous membrane can be constructed of a hydrophobic polymer, for example,

tetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), polyethylene, polypropylene,
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polyester or polyamide. In other embodiments of the invention, the porous membrane can be
a polymer generally considered hydrophilic where the surface has been treated to achieve a
hydrophobic surface. In other embodiments of the invention, the membrane can be a porous
glass or ceramic that can be inherently resistant to wetting or can be treated to generate a
hydrophobic surface. For example a sintered glass membrane can be surface treated with a
silane coupling agent to render the surface hydrophobic and poorly wettable by an aqueous
solution.

The film comprises a plurality of SWNTs that are oriented with their long axis
approximately parallel to the local surface of the membrane but with the nanotubes randomly
oriented within the local plane of the film, such that there is intimate electrical contact,
generally with intimate physical contact, between nanotubes over the entire surface of the
film. In this manner the electrical conductivity over the entire film can be high for a very thin
film, for example of about 20 nm to about 200 nm in thickness. Embodiments of the
invention having thin SWNT films are advantageous due to the relatively high cost of
SWNTs, however, thicker films, for example even 1 to 100 pm, can be used.

The novel air cathodes according to embodiments of the invention that comprise
SWNT film on a hydrophobic membrane solve a number of technical problems common to
metal-air batteries and fuel cells. The novel air cathodes resist the flooding of the pores of
the membrane, which hinders oxygen diffusion in some state of the art metal-air batteries. In
some embodiments of the invention, because very thin SWNT films are used, the ion
diffusion barrier is minimized relative to state of the art systems employing air cathodes. No
precious metal catalyst is required in the SWNT/hydrophobic membrane based air cathodes.
Generally, the quantity of the precious metal needed is high and the thin SWNT films of the
present invention require much less of an expensive material, which can be used for
significantly longer periods of time. Poisoning of cathode, particularly by CO in fuel cells,
does not occur for the novel air cathodes. The fuel used in many fuel cells can reduce the
activity of a typical air cathode, but is inert to the novel air cathodes of the present invention.
For example, a methanol fuel cell requires a proton exchange membrane to function when a
traditional precious metal based air cathode is used as even 1% methanol can drastically
reduce the activity of the cathode. The traditional precious metal catalyst can migrate or
undergo Oswald ripening that result in deactivation of the air cathode, neither of which

occurs with the SWNT comprising air cathodes according to embodiments of the invention.
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For some embodiments of the invention directed to metal-air batteries,
electrochemical dissolution of the metallic electrode that makes contact with the nanotube
film is avoided by placing the metal electrode against a seal which forms a boundary to an
electrolyte solution. In a cell that is filled with electrolyte, the SWNT film of the air cathode
is wetted throughout including the membrane surface. Because of the hydrophobicity of the
membrane electrolyte solution does not penetrate into its open pore structure. The side of the
membrane opposite the SWNT film is contacted by a gas phase medium containing oxygen
or another oxidizer. In many embodiments, the gas phase medium is air. Oxygen diffuses
through the pores of the membrane to the three phase interface where the oxidizing gas, the
solid SWNT film and the liquid electrolyte are present. At this three phase interface, oxygen
dissolves into the surface layer of electrolyte solution wetting the SWNTs and is reduced
upon contact with the SWNT film cathode by the electrons provided from the external circuit
through the SWNT film. The reduced oxygen forms hydroxide by reaction with water in an
aqueous electrolyte solution and diffuses through the electrolyte solution to combine with
metal ions of a metal anode of a metal-air battery. In embodiments of the invention directed
to hydrogen, methanol or microbial fuel cells, reduced oxygen species combines with protons
that are present in the electrolyte as a result of reaction at the anode.

The air cathode can be fabricated by the deposition of a SWNT thin film on a porous
hydrophobic membrane used as a filtration membrane for the process of making a SWNT
film as taught in Rinzler et al., US Patent 7,261,852, which is herein incorporated in its
entirety by reference. When the pores of the hydrophobic membrane are small, for example
about 0.1 to about 0.22 pum, the SWNTs are deposited on a single surface of the membrane
when a suspension of the SWNTs is forced through the membrane by a pressure differential
formed by the application of a pressure, for example a gas pressure on the SWNT side of the
membrane, reduction of the pressure on the side of the membrane opposite the SWNTs, or a
combination of both. Subsequently, surfactants used to from a dispersion of SWNTs can be
washed from the SWNTs as desired or needed such that surfactant does not aid in the
diffusion of electrolyte solution into the pores of the membrane under operational conditions.
The SWNT film and hydrophobic membrane is then dried to leave a continuous highly
electrically conducting film supported on the hydrophobic membrane. In embodiments of the
invention a metal can be deposited by any of various techniques, such as evaporation or
clectrolytic deposition, on a specific portion of the SWNT film, for example in one edge of

the nanotube film, to make sufficient electrical contact to the SWNTs that readily allows
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connection of the air cathode to an external circuit. In some embodiments of the invention
long carbon fibers can be dispersed such that the carbon fibers extend across the major
fraction of the membrane surface lying on top of, or intertwined with, the deposited
nanotubes, which can further improve the electrical conductance of the nanotube films.

As can be appreciated by one skilled in the art, the utility of any air cathode for any
material is improved as the effective size of the three phase interface increases.
Embodiments of the invention include a modified porous membrane, where the membrane’s
surface is patterned to have a topography of protrusions and/or pits. Deposition of the SWNT
film on the patterned porous membrane is carried out such that the SWNT film contacts the
membrane and conforms to the topography of the contacted membrane surface. Because the
nanotubes are drawn to the entire accessible surface of the membrane via the hydrodynamic
drag forces of the permeating suspension during SWNT film fabrication, the film assembles
on all surfaces of the patterned face of the membrane, which significantly increases the
contact area between the SWNT film and the membrane and increases the size of the three
phase interface.

Membrane patterning can be accomplished by several methods. For example, for
membrane materials formed by casting a liquid polymer dope (e.g. PVDF, Nylon,
polysulfone), where the liquid dope has a membrane polymer dissolved in a mixture of a
solvent, optional co—solvents and a non—solvent, the liquid dope is cast and doctor bladed
onto a flat substrate surface where it hardens to form the porous membrane. Phase
segregation between the evaporating solvent and non—solvent constituents of the dope forms
the porosity in the membrane as these constituents are driven off in an environment having a
controlled temperature and pressure. In one embodiment of the invention, the liquid dope is
cast onto a substrate template that has a large area array of protrusions and/or pits, which can
be fabricated on the substrate template by conventional micro-machining techniques. In
various embodiments of the invention the large area array of protrusions and/or pits can be
formed on the porous membrane by, for example: conventional micro-machining techniques;
laser ablation, with or without employment of an array of microlenses to permit simultaneous
parallel feature formation; photolithography followed by chemical etching; or masking and
reactive ion etching.

For example, the surface of a porous membrane can be patterned as an array of micro-
machined square pillars as illustrated in cross section in Figure la, where the square pillars

are arrayed in a checker board pattern. The pillars can be very small in dimensions although
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the pillar dimensions are generally large relative to the pore size such that the pattern can be
formed without affecting the porosity of the membrane or loss of mechanical integrity of the
porous membrane. For example a porous membrane where pores are 0.22 pm micro-
machined as in Figure 1a with 10 um x 10 pm pillars that extend 10 um from a base surface
allows the deposition of a SWNT film that continuously conforms to all faces of the pillars.
The additional surface area contributed by the side-walls of the pillars in the membrane
results in an increase of surface area that is greater than the flat membrane surface before
micromachining by a factor of three. Such a micro-machining has the potential to increase
the current density of the air cathode by an equivalent factor of three. For example, by
extending the height of the 10 um x 10 pm pillars on the membrane to 40 um as illustrated in
cross-section in Figure 1b increases the surface area over which the SWNT films can
conform by a factor of nine relative to the planar surface micro-machined to result in the
topography. Again the current density can increase by approximately the same factor of nine.

As can be appreciated by one skilled in the art, other regular, random or quasi-regular,
where a portion of a regular pattern is irregularly patterned or at a gross dimension the pattern
is regular but at a smaller dimension it is irregular, topographies can be employed according
to embodiments of the invention. Topological patterns of the membrane should be designed
with consideration of the effect of the design on the flow rates of a fluid used to deposit the
SWNT films through the various portions of the membrane, as significantly different flow
can result in a non-uniform distribution of the SWNTSs over portions of the film, which can be
detrimental to the functioning of the air cathode. Design of an optimized patterned surface
can consider physical limits relative to the expected surface area gained from patterning, and
various combinations of modeling and experimentation would generally be necessary to
identify the optimized pattern for a given membrane material.

A patterned membrane can also be formed by a process involving deposition and
fusion of porous hydrophobic particles onto a porous membrane where, for example, fusing
can be performed by a vapor phase solvent exposure or a controlled step of fusing the
particles and membrane by heating under pressure. Again one can manipulate the porous
particle sizes, their concentration and manner of deposition, such that the relative dimension
of the particles and the spacing between the particles not only maximize the assembled
SWNT film’s surface area but optimizes the flow of a SWNT dispersion into the spacing to

maintain a desired conductivity and connectivity of the SWNT film.
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In some embodiments of the invention the SWNT film includes one or more second
particulate materials that boost the oxygen reduction capacity of the SWNT film. The second
material can be co-deposited with the SWNTs or it can be deposited onto a previously
deposited SWNT surface to form the second material comprising film. Second materials for
air cathodes according to embodiments of the invention include metals, metal alloys and
metal oxides particles, for example Fe, Co, Ni, Ru, Pt, Pt-Ru alloys, MosRuySe, alloys,
MoyRu,Te, alloys, NiyxMo,Te, alloys, MnOy, NiOy, CoOy, RuOy. Use of these catalysts
associated with the SWNT films increases the current. In another embodiment of the
invention, fullerenes (Ceo, Cyg, or larger) or fullerene derivatives, such as [6,6]-phenyl-Cq;-
butyric acid methyl ester, can be deposited onto a SWNT film from solvent or by thermal
evaporation techniques followed by a heat treatment to promote distribution of the fullerenes
into the SWNT film. In another embodiment of the invention, a plurality of a small molecule
polycyclic aromatic compound, such as pyrene, benzopyrene, anthracene, chrysene,
coronene, naphthacene, pentacene, perylene or their derivatives, such as those containing
pyridinic nitrogen, quinones and pyrone, can be deposited separately or in combination on a
deposited SWNT film to increase the film’s oxygen reduction activity upon chemical and/or
electrochemical treatment. The SWNT film provides the electrode through which
electrochemically activated catalytic sites are formed.

In another embodiment of the invention, so called “sticky foot” polymers, as
described in PCT Patent Application publication WO2008046010 and incorporated herein by
reference, is included with the SWNT film to assemble conjugated and/or electrically
conducting polymers within the air cathode. Such sticky foot polymers promote attachment
as, to a first approximation, a monolayer to the surface of the SWNTs with a high binding
energy. The conjugated polymer backbone provides additional binding sites to which oxygen
reducing centers can be attached. Such sticky foot polymers can be functionalized, for
example, with a variety of ligands that have a high binding affinity for organometallic
reduction catalysts and/or metal nanoparticles. Exemplary ligands include thiols, terpyridyl,
bipyridyl,  salen,  N-heterocyclic =~ carbenes,  cyclopentadienyl,  cyclooctadiene,
bis(diphenylphosphino)alkylenes, and porphryns. The ligand can be bound to a metal center
or metal nanoparticle before or after adsorption of the sticky polymer to the SWNT film. In
other embodiments of the invention, the sticky foot polymers may be functionalized with
other oxygen reduction enhancing moieties to be included with the SWNT film. These

moieties include: fullerenes, such as Cep, C79; other carbon nanoparticles, such as nanohorns
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and graphene sheets; and conjugated polymers and oligomers. In other embodiments of the
invention, sticky foot polymers may be functionalized to modify the hydrophobicity of the
SWNT films to adjust the films surface properties to improve properties of the film, for
example, ion transport and gas diffusion. Functionalized sticky foot polymers, for example
can have pendant substituents such as perfluoroalkyl chains, ethylene oxide chains, alkyl
chains, siloxane chains or combinations thereof to increase or decrease the hydrophobicity of

the SWNT film’s surface.

METHODS AND MATERIALS

Figure 2 illustrates a cross section of a metal electrode contacted SWNT film on a
porous membrane and a cell that was used to test the electrochemical performance of the air
cathode. The air cathode has a SWNT film 101, a contact electrode 102 and an underlying
porous hydrophobic membrane 103. The cell body 104 was fabricated from solid PTFE. An
opening through the cell sidewall 106 accesses the volume 105 for electrolyte in the cell. An
O-ring 107 surrounds the sidewall opening 106 in the cell and forms a leak frce scal against
the SWNT film 101 when the membrane 103 supporting the SWNT film 101 and electrode
102 are pressed up against the O-ring 107 by the gas flow cover 108, which was fabricated
from plexiglass. In a permanent cell the O-ring 107 could be replaced with a crimp seal,
epoxy cement, adhesive or curing sealant. The gas flow cover 108 was secured to the cell
body by four screws (not shown) placed through four holes 109 in the gas flow cover 108.
The gas flow cover 108 has a gas inlet fitting 110, a through hole 111 to the gas chamber 112,
followed by a through hole 113 to the gas outlet fitting 114. The cell body 104 is symmetric
having a second sidewall opening 115 with a second O-ring 116. In a metal-air battery
configuration, a metal foil 117 was placed across the second sidewall hole 115 in the cell
sealing against the O-ring 116 by pressure from the blank cover 118. The blank cover 118
was secured to the cell body by four screws (not shown) that go through four holes in the
blank cover (two indicated). An electrolyte gas purge tube 120 (and fitting) goes through a
top cover 123. A platinum flag counter electrode 121 represents (and connecting wire) and a
Ag/AgCl reference electrode 122 was used for the three terminal chronoamperometric
measurements.

Figure 3 shows the result of a three terminal chrono-amperometry measurement of an
air cathode using a cell with the structure illustrated in Figure 2. The air cathode comprised a

120 nm thick SWNT film deposited on a Nylon membrane with 0.22 pm pores with Pd
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sputtered on a portion of the air cathode isolated from the electrolyte to make an external
electrical connection. Measurements were made using a 0.1 M pH 13 phosphate buffer with
the potential held at -0.4 V versus a Ag/AgCl reference electrode while the membrane side of
the air cathode assembly was exposed to the gasses indicated in Figure 3. The graph shows
the rapid, stable and reversible working of the air cathode as it was cycled through exposure
to N, air, pure O, and back to N,. Similar experiments where the air cathode was exposed to
air, then carbon monoxide (50-100%) for a period of minutes and then again exposed to air
showed no degradation in the current due to CO exposure (data not shown).

The plots in Figure 4 illustrate the current densities attained by the air cathode
described above for different electrolyte pH levels with air as the O, source. The pH 1
electrolyte was a 1 M sulfuric acid solution, the pH 7 electrolyte was a 0.1 M phosphate
buffer and the pH 13 electrolyte was also a 0.1 M phosphate buffer. The connected data
points reflect the steady state current density attained at each applied potential in three
terminal measurements versus an Ag/AgCl reference electrode.

The performance of an air cathode according to an embodiment of the invention in
metal-air battery cells was tested for the metals aluminum, magnesium, and zinc with a
variety of electrolytes. The terminals of the cell being tested were connected to a variable
resistor through an ammeter to measure the cell potential and the current under different
loads. Figures 5a - d show the results of these measurements.

All patents, patent applications, provisional applications, and publications referred to
or cited herein are incorporated by reference in their entirety, including all figures and tables,
to the extent they are not inconsistent with the explicit teachings of this specification.

It should be understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of

this application.
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CLAIMS

1. An air cathode for a metal-air battery or a fuel cell comprising:
a porous membrane having at least one hydrophobic surface; and
a conductive catalytic film comprising single walled carbon nanotubes
(SWNTs) having intimate electrical contact between said SWNTs, wherein said film contacts

said hydrophobic surface of said porous membrane.

2. The air cathode of claim 1, wherein said porous membrane comprises a

hydrophobic polymer, ceramic, or glass.

3. The air cathode of claim 2, wherein said hydrophobic polymer comprises
polytetrafluoroethylene, polyvinylidene fluoride, polyethylene, polypropylene, any

polyamide, any polysulfone, or a polyolefin with perfluoroalkyl side chains.

4. The air cathode of claim 1, wherein said SWNTs are doped by a charge

transfer or substitutional dopant.

5. The air cathode of claim 4, wherein said dopant comprises a graphite
intercalate.

6. The air cathode of claim 4, wherein the substitutional dopant is boron or
nitrogen.

7. The air cathode of claim 1, wherein said film further comprises fullerenes or

fullerene derivatives.

8. The air cathode of claim 1, wherein said film further comprises metal

particles, metal alloy particles, metal oxides particles or any combination thereof.

9. The air cathode of claim 1, wherein said film further comprises a conjugated

polymer.
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10.  The air cathode of claim 9, wherein said conjugated polymer comprises a
sticky foot polymer.
11, The air cathode of claim 10, wherein said sticky foot polymer further

comprises a pendant substituents, wherein said pendant substituent modifies the

hydrophobicity of said SWNT.

12. The air cathode of claim 1, wherein said porous membrane has a non-planer

topography and wherein said film conforms to said topography.

13. The air cathode of claim 12, wherein said topography is regular, quasi-regular
or random.

14, The air cathode of claim 1, wherein said SWNTs are in intimate physical
contact.

15.  The air cathode of claim 1, wherein said conductive and catalytic film is 10 to

20,000 nm in thickness.

16.  The air cathode of claim 1, further comprising a means for electrically

connecting an external circuit to a portion of said fiim.

17.  The air cathode of claim 1, further comprising conductive carbon fibers having

micron scale diameters.

18. A metal-air battery comprising:
an air cathode comprising a porous membrane having at least one
hydrophobic surface and a conductive catalytic film comprising single walled carbon
nanotube SWNTs having intimate electrical contact between said SWNTSs, wherein said film
contacts said hydrophobic surface of said porous membrane; and

a metal comprising anode.
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19. The metal-air battery of claim 18, wherein said metal comprises titanium, zinc,

aluminum, magnesium or lithium.

20. A fuel cell comprising:
an air cathode comprising a porous membrane having at least one
hydrophobic surface and a conductive catalytic film comprising single walled carbon
nanotubes (SWNTs) having intimate electrical contact between said SWNTSs, wherein said
film contacts said hydrophobic surface of said porous membrane; and

an anode where fuel is oxidized.

21.  The fuel cell of claim 20, wherein said fuel comprises hydrogen, a

hydrocarbon or an alcohol.

22. A method of preparing an air cathode comprising the steps of:
providing a porous membrane having at least one hydrophobic surface;
depositing a suspension comprising a plurality of SWNTs by filtration
through said porous membrane, wherein a uniform film of SWNTs conforms to the
topography of said hydrophobic surface; and
washing said film with a solvent wherein intimate electrical contact

between SWNTs results in a conductive catalytic film.

23.  The method of claim 22, further comprising a step of attaching a conductor to

a portion of said film.

24.  The method of claim 22, further comprising a step of depositing fullerenes,
metal particles, metal alloy particles, metal oxides particles, electroactive polymer, or any

combination thereof on said film,

25.  The method of claim 22, wherein said suspension further comprises fullerenes

or fullerene derivatives, metal particles, metal alloy particles, metal oxides particles,
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electroactive polymer, conductive carbon fibers having micron scale diameters or any

combination thereof.

26. A method of forming a porous membrane having a non-planer topography

comprising the steps of:

providing a liquid polymer dope comprising a polymer, at least one solvent
and at least one non-solvent;

casting and leveling said liquid polymer dope onto a solid surface;

evaporating said solvents and non-solvents, wherein phase separation occurs
between said polymer during evaporation, wherein a porous membrane having pits and/or
protrusions form on at least one porous membrane surface; and

removing said membrane from said solid surface.

27. The method of claim 26, wherein said membrane surface with pits and/or
protrusions is the surface opposite said solid surface from which solvents and non-solvents

evaporate.

28. The method of claim 26, wherein said solid surface comprises a template
comprising protrusions and/or pits and wherein one of said at least one membrane surface is

the surface adjacent to said solid surface.



