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(US) ' ’ ’ contains nanoparticles or nanoparticle clusters of a metal
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FL.OOR ’ thereon. The hydrogen storage material may comprise a
L.LOS ANGELES, CA 90025 (US) thermal spray deposit formed on a fly ash particle. A third
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(21) Appl. No.: 10/263,618 a hydriogen storage ‘material‘ therei‘n. The cointainer may
comprise a microparticle having an internal void (e.g., a fly
(22) Filed: Oct. 2, 2002 ash cenosphere or glass microsphere) containing a hydrogen
storage material that has been permeated therein. Alterna-
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SOILD-STATE HYDROGEN STORAGE SYSTEMS

BACKGROUND
0001] 1. Field

0002] Embodiments of the invention relate to the field of
hydrogen storage.

0003] 2. Background

0004] The widespread use of fossil fuels for energy and
for powering mternal combustion engine vehicles has cre-
ated significant air quality problems in much of the indus-
trialized world. Air pollution 1n turn 1s related to numerous
health and environmental problems. A variety of alternative
energy sources, such as nuclear, solar, geothermal and wind
power have been proposed to reduce dependence on fossil
fuels. However, drawbacks exist for each of these alternative
€Nergy SOUICES.

[0005] One of the most promising fossil fuel alternatives
1s hydrogen. Hydrogen can be combined with oxygen via
combustion, or through fuel cell mediated oxidation/reduc-
fion reactions, to produce heat, or electrical power. After
many years of development, hydrogen-based fuel cells are a
viable source of energy and currently offer a number of
advantages over petroleum-based 1nternal combustion
engines, and the like. Often hydrogen-based fuel cells are
more elficient, operate with less friction, operate at lower
temperatures, are less polluting, do not emit carbon dioxide
(a suspected greenhouse gas), are quieter, etc. As a fuel,
hydrogen offers a number of advantages including being
abundant, affordable, clean, renewable, and having favor-
able energy density. The primary product of this reaction—
water—is non-polluting and can be recycled to regenerate
hydrogen and oxygen.

0006] Unfortunately, existing approaches for storing, dis-
tributing, and recovering hydrogen are extremely limiting,
and are a significant impediment to the widespread utiliza-
tion of hydrogen fuel, and the realization of the associated
advantages. To 1llustrate some of the problems, consider one
of the more prevalent approaches based on pressurized tanks
or cylinders to store gaseous or liquefied hydrogen.

[0007] This approach involves producing hydrogen gas,
liquetying or pressurizing the hydrogen into a pressurized
cylinder, shipping the cylinders to the point of use, and
releasing the hydrogen from the cylinders. Due to hydro-
gen’s flammability characteristics (e.g., flammability over a
wide range of concentrations in air, and low spark tempera-
tures), the storage, distribution, and use of hydrogen in such
tanks 1s highly regulated and controlled. In order to provide
improved safety, and due to the high pressures involved, the
tanks are often heavy, contain specialized explosion-proot
components, and are correspondingly expensive. Neverthe-
less, even with these precautions, there is still a significant
risk that hydrogen may be released, and explode, during
loading, unloading, or distribution. Such risks render the
approach generally unfavorable for powering motorized
vehicles. Accordingly, the costs and dangers associated with
these prior art techniques for storing and distributing hydro-
gen are prohibitive, and limait the utilization of hydrogen as

fuel.

|0008] Thus, the potential for using hydrogen as a fuel is
oreat, but there are significant and limiting problems with
conventional approaches for storing, distributing, and recov-
ering hydrogen.
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BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0009] The novel features believed characteristic of the
invention are set forth in the appended claims. The present
invention 1s illustrated by way of example, and not by way
of limitation, m the figures of the accompanying drawings
and 1n which like reference numerals refer to similar ele-
ments. The 1invention itself, however, as well as a preferred
mode of use, will best be understood by reference to the
following detailed description of an illustrative embodiment
when read 1n conjunction with the accompanying drawings:

[0010] FIG. 1 shows a hydrogen storage composition
containing a hydrogen storage nanomaterial that includes a
hydrogen storage nanoparticle, according to embodiments of
the 1nvention.

[0011] FIG. 2 shows a method for forming a hydrogen
storage nanomaterial by a gas phase condensation process,
according to embodiments of the invention.

10012] FIG. 3 shows a plasma spray system in which
embodiments of the mmvention may be implemented.

[0013] FIG. 4 shows a hydrogen storage composition
containing a hydrogen storage material deposit on a support,
according to embodiments of the invention.

10014] FIG. 5 shows a method for depositing a hydrogen
storage material on a substrate according to embodiments of
the 1nvention.

[0015] FIG. 6 shows a hydrogen storage composition
containing a hydrogen permeable container having a hydro-
ogen storage material contained therein, according to embodi-
ments of the ivention.

10016] FIG. 7 shows a train distribution system for hydro-
ogen that contains a track connecting a hydrogen source to a
hydrogen destination and a train on the track that contains a
raill car having a hydrogen storage material or hydrogen
storing material container therein, according to embodi-
ments of the mvention.

10017] FIG. 8 shows a rail car having a container for a
hydrogen storage or storing material therein, according to
embodiments of the invention.

DETAILED DESCRIPTION

[0018] Described herein are new and useful materials for
hydrogen storage. To aid 1n the understanding of the present
invention, the following description provides specific details
of presently preferred embodiments of the invention. It will
be apparent, however, to one skilled in the art, that the
present invention may be practiced without some of these
specific details. As one example, numerous other hydrogen
storage materials known 1n the arts may replace the speciiic
hydrogen storage material disclosed herein. As another
example, different techniques known in the arts may be used
to form nanomaterials, substrates having hydrogen storage
material deposits, and micro-sized containers having hydro-
ogen storage materials therein. Where the discussion refers to
well-known structures and devices, block diagrams are used,
in part, to demonstrate the broad applicability of the present
invention to a wide range of such structures and devices.

[0019] The utility of hydrogen as a fuel depends to a large
extent on storage and transportation of the hydrogen. Solid-
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state metal hydride materials for storing hydrogen are
known 1n the arts. The metal hydride materials are inherently
sater than tanks of compressed gas or cryogenic liquid. This
1s particularly true for on-board storage of hydrogen in a
hydrogen-powered vehicle. However, a number of signifi-
cant problems with solid-state hydrogen storage materials
remain. One problem 1s loss of hydrogen to the metal
hydride subsurface (within the bulk interior of the metal
hydrides). The hydrogen within the interior 1s surrounded on
all sides by metal atoms that form tight bonds to the
hydrogen. These tight bonds need to be broken 1n order to
recover the hydrogen. More energy 1s needed to break these
bonds, resulting 1n higher temperatures for recovery of
hydrogen from the metal hydride. Additionally, the recovery
of hydrogen 1s typically incomplete due to some portion of
the hydrogen remaining bound within the bulk interior of the
metal hydride.

[0020] The present iventors have discovered various
hydrogen storage materials that largely overcome these prior
art problems and significantly advance the art of hydrogen
storage. The following sections of the detailed description of
the invention disclose the following materials for hydrogen
storage:

(0021

10022] II. Particle Supports Having Hydrogen Storage
Material Deposits

[0023] III. Hydrogen Permeable Containers Having
Hydrogen Storage Material Contained Therein

10024]

0025] The invention of embodiments encompasses a
hydrogen storage nanomaterial. The hydrogen storage nano-
material may contain a metal that 1s capable of forming a
metal hydride by combining with hydrogen. The nanoma-
terial may comprise discrete particles or clusters of particles
(c.g., aggregates or agglomerates) having a substantial pro-
portion of the metal atoms exposed at the surface. In one
aspect the nanoparticles may have less than one thousand, or
less than five thousand total metal atoms. The invention of
other embodiments encompasses a method for making the
hydrogen storage nanomaterial. The nanomaterial may be
formed by gas phase synthesis. Exemplary gas phase syn-
thesis processes include gas phase condensation process and
cgas phase thermal decomposition. Exemplary gas phase
condensation processes include thermal spray processes
(c.g., plasma spray processes). As an example, the nanoma-
tertal may be formed by condensing a hydrogen storage
material atomized within a thermal or plasma spray. Hydro-
gen may be combined with the hydrogen storage material
during the nanomaterial formation process, or subsequently,
to form a hydrogen storing material. The hydrogen storing
nanomaterials may be stored 1n cassettes, tanks, cylinders,
rail cars, or other storage systems. The invention of other
embodiments encompasses recovering hydrogen from the
nanomaterials, for example by heating, in order to supply
hydrogen to a hydrogen utilization system such as a fuel cell,
a hydrogen powered vehicle, or others known 1n the art.

10026] FIG. 1 shows a hydrogen storage composition 100
containing a hydrogen storage nanomaterial 110 that
includes a hydrogen storage nanoparticle 120, according to
embodiments of the mvention. As used heremn the term

nanomaterial will be used to refer to a material having a

I. Hydrogen Storage Nanomaterials

I. Hydrogen Storage Nanomaterials
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feature size 1n the range of approximately 1-100 nanometers
(nm, one-billionth of a meter). As a non-limiting illustration,
one nanometer spans approximately 3-5 atoms (depending
on their size) aligned in a row. The typical feature size of
interest will be the diameter of the nanoparticle 120. This
nanoparticle will typically have a diameter 1n the range of
approximately 1-100 nanometers. A small nanoparticle hav-
ing a diameter of approximately 1 nm may contain approxi-
mately 10 atoms, whereas a large nanoparticle having a
diameter of approximately 100 nm may contain approxi-
mately 100,000,000 atoms. In one embodiment of the 1nven-
tion, a significant proportion of the nanoparticles may con-
tain not more than approximately 1000 atoms, or not more
than approximately 5000 atoms, to provide materials with a
relatively high ratio of exposed surface atoms to interior
bulk atoms. Of course, the nanomaterial may contain numer-
ous particles, and a person skilled 1n the art will appreciate
that some particles may be formed smaller, or larger, than
this range. For example, some particles may be approxi-
mately 0.1 nm and other particles may be approximately
1000 nm. Accordingly, an average sized nanoparticle may be
considered to have a size in the range of approximately
1-100 nanometers. Within this size range the nanoparticles
have hydrogen storage properties intermediate between
those of single atoms and bulk hydrogen storage materials.
The present mventors contemplate exploiting this charac-
teristic 1n order to provide hydrogen storage materials with
unexpectedly superior properties. The use of nanomaterials
1s not simply another step 1n miniaturization but a different
paradigm enfirely. Investigations by the inventors indicate
that nanoparticles give unexpected results 1 hydrogen
rECOVEry.

[0027] The hydrogen storage nanomaterial may contain
discrete nanoparticles or a cluster of particles. The cluster of
nanoparticles may be an aggregate or agglomerate depend-
ing on how tightly the cluster 1s held together. The cluster
may contain virtually any number of nanoparticles, from
tens to many thousands. The cluster may have a generally
open structure, due to the gaps between the nanoparticles,
which may allow hydrogen to access the nanoparticles
making up the cluster. A high percentage of the atoms of the
material are exposed at the surface of the nanoparticles, and
the overall nanomaterial has hydrogen storage characteris-
tics that resemble those of the nanoparticles.

[0028] The present inventors have recognized that metal
hydride nanoparticles and clusters behave differently than
metal hydride microparticles and bulk metal hydride mate-
rials. The nanoparticles have a large surface area to weight
ratio and a relatively large percentage of the total atoms that
make up the particles are exposed at the surface. As an
example, the surface area to weight ration may be approxi-
mately 200 m~/g, or even higher. Hydrogen that combines
with the exposed surface atoms may be less surrounded and
less tightly bound than hydrogen that combines with interior
bulk atoms, of which there are fewer percentage than in
traditional bulk metal hydrides. The hydrogen at the surface
may be removed or recovered more easily, at lower tem-
peratures, and more fully, compared to hydrogen bound
within the interior of a macroscopic chunk of the hydrogen
storage material. Additionally, the diffusion of hydrogen
within the bulk of a metal hydride 1s believed to be slow and
may additionally limit recovery. The present inventors have
also found that this yields unexpectedly superior results such
as lower hydrogen recovery temperatures and more com-
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plete hydrogen recovery. Prior to the developments of the
present 1nventors the use of nanomaterials for hydrogen
storage and the corresponding improvements in hydrogen
recovery have been unrecognized and unappreciated.

10029] The nanomaterials may be formed by a variety of
ogas phase synthesis processes. Exemplary gas phase syn-
thesis processes mnclude but are not limited to gas phase
condensation and gas phase thermal decomposition or
pyrolysis. In a gas phase condensation process, a precursor
material 1s melted, atomized, perhaps vaporized, condensed,
and solidified to form a hydrogen storage nanomaterial.
Exemplary gas phase condensation processes mnclude among
others vapor condensation processes, chemical vapor con-
densation, physical vapor deposition (PVD), thermal evapo-
ration, thermal spray processes, plasma spray condensation,
clectrospray condensation, etc. The concepts will largely be
1llustrated through a thermal spray process, and 1n particular
through a plasma spray process, although those having an
ordinary level of skill 1n the art and the benefit of the present
disclosure will appreciate that other gas phase synthesis
processes known 1n the arts may also be used.

[0030] The inventors presently favor thermal spray pro-
cesses for the good control over purity, size, shape, and
crystallinity that they provide. Examples of thermal spraying
processes that are known 1n the arts include but are not
limited to plasma spraying, flame spraying (e.g., a high
velocity oxygen-fuel spraying), arc spraying (e.g., arc wire
spraying), and others (e.g., detonation gun spraying). It will
be appreciated by those having an ordinary level of skill in
the art and the benefit of the present disclosure that other
techniques commonly used 1n the nanoparticle synthesis arts
may also be used to form the hydrogen storage nanomate-
rials described herein, including among others sonochemical
processing, cavitation processing, microemulsion process-
ing, and high-energy ball milling.

10031] FIG. 2 shows a method for forming a hydrogen

storage nanomaterial by a gas phase condensation process,
according to embodiments of the invention. After initiating
at block 201, a hydrogen storage material 1s melted at block
210. For example, in a thermal spray process, a hydrogen
storage material may be added to a source of heat (e.g., a
plasma torch or arc) and heated to above its melting point.
Next, the melted material 1s atomized at block 220. In the
case of a thermal spray process the convective force of the
spray, an additional compressed gas, vaporization of the
material, or some combination may provide the atomization.
Then, at block 230, the atomized material 1s condensed to
form a nanomaterial. This may include combining finely
divided particles to form less finely divided particles having
on average a size 1n the range of approximately 1-100
nanometers and aggregating or agglomerating nanoparticles
to form clusters. The method terminates at block 240.

10032] FIG. 3 shows a plasma spray system 300 in which
embodiments of the invention may be implemented. The
plasma spray system includes a plasma gas source 310, a
torch 320, a spray cooling chamber 330, a hydrogen storage
material source 340, and a collision gas source 350. A
plasma spray 335 and a hydrogen storage material 360 are
formed 1n the system. Plasma spray processes provide a
number of advantages including low levels of contamina-
tion, ease of operation and control, compact equipment with
a small footprint areca, and fast process cycles with short
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preheating times, rapid start up, and widespread use 1n the
industry. A jet or flame of plasma from the torch 320 may be
used to heat a hydrogen storage material from the source 340
and propel the heated material as the spray 335 that may be
condensed and solidified to form a hydrogen storage nano-
material 360.

[0033] The plasma gas source 310 is coupled with the
torch 320. The plasma gas source may be a pressurized gas
cylinder or other container. A plasma gas may be added to
the torch 320 from its source 310 1n order to form a plasma.
Plasmas are well-known collections of charged particles
containing substantially equal numbers of positive 1ons and
clectrons and exhibiting some characteristics of gases but
differing from gases 1n being good conductors of electricity
and 1n being affected by magnetic fields. Plasmas are often
formed when atoms of a gas are excited to sufficiently high
energy levels that they loose hold of their electrons and
become 1onised. A plasma may be formed by striking a
direct current electric arc between a cathode and anode and
flowing a gas through a nozzle to form the flame or jet of
plasma. A magnetic field, gas injection, or radio-frequency
generator may be used to stabilize the arc. The plasma
provides a clean, and contaminant free source of heat for
forming hydrogen storage nanomaterials. In addition to
being clean, the plasma heat i1s intense, directional, and
localized. The temperature of the plasma 1s often in the range
of approximately 7,000-20,000° C. This range of tempera-
ture 1s higher than the boiling point temperatures of most
materials.

[0034] Commonly used plasma gases include argon, nitro-
ogen, helium, and hydrogen. Nitrogen and argon are com-
monly used primary gases. Argon 1s often desired as the
primary gas because 1t 1s 1nert, not very corrosive to torch
hardware, and readily forms plasmas. Nitrogen 1s also
widely used and tends to be somewhat less costly. Nitrogen
and argon are occasionally used by themselves. More com-
monly, nitrogen, argon, or a mixture of nitrogen and argon
are mixed with one or more secondary gases. Commonly
used secondary gasses are helium and hydrogen. The addi-
tion of helium may help impart good heat transfer charac-
teristics. The addition of hydrogen 1n small quantities may
help to act as an anti-oxidant and alter the plasma voltage
and energy. The hydrogen 1s commonly employed in low
concentration.

[0035] In some embodiments of the invention, the inven-
tors contemplate including sufficient amounts of hydrogen in
the plasma gas to reactively stabilize the nanomaterials.
Without stabilizing the nanoparticles with hydrogen they
may be unstable, highly reactive, and even pyrophoric.
When removed from the chamber and exposed to air, for
example, the particles may oxidize, or 1gnite spontaneously.
This may be hazardous and may damage the nanoparticles.
This may be avoided by providing a sufficient concentration
of hydrogen, either 1n the gas used to generate the plasma or
in the carrier gas, to combine with a significant proportion
of the metal of the nanoparticles and form corresponding
metal hydride. An msufficient amount of hydrogen would
convert an insignificant stoichiometric proportion of the
metal into metal hydride where a sufficient amount of
hydrogen would convert a significant stoichiometric propor-
tion of the metal into metal hydride. Substantially all of the
metal may be converted into metal hydride, although this 1s
not required, and it 1s sufficient to convert a subset that
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renders the material non-pyrophoric and non-hazardous
when exposed to air. In various embodiments of the iven-
fion, enough hydrogen is provided to combine with in the
range of approximately 50-100%, 75-100%, or 90-100% ot
the hydrogen storage material (e.g., convert these percent-
ages of a metal into its metal hydride). In embodiments of
the 1nvention enough hydrogen is provided to combine with
and stabilize at least a majority of the hydrogen storage
material. Another advantage of mcluding hydrogen 1s that
the nanomaterial becomes charged with hydrogen and 1is
ready for use as a hydrogen storing material.

[0036] The hydrogen storage material source 340 is
coupled with the torch 320. The source 340 contains a
hydrogen storage material. The hydrogen storage material
may comprise a metal that 1s capable of combining with
hydrogen to form a metal hydride. The term metal will be
used to include pure metals (e.g., lithium, magnesium, etc.),
mixtures or alloys of multiple metals (e.g., a sodium-
aluminum alloy, a magnesium-nickel alloy, etc.), and mix-
tures or alloys of a metal and one or more non-metals. As an
example of the later, sodium borohydride 1s a metal hydride
containing sodium and boron, which 1s a metalloid. Another
example 1s a metal containing silicon, which may combine
with hydrogen to form silicon hydride (SiH,).

[0037] The plasma spray system may be used for spraying
different hydrogen storage materials. Examples of suitable
metals that are capable of combining with hydrogen to from
metal hydrnide hydrogen storing materials include, among
others, alkali metals (e.g., lithium, sodium, etc.), alkaline
carth metals (e.g., beryllium, magnesium, calcium, etc.),
transition element metals (e.g., titanium, nickel, palladium,
etc.), boron, aluminum, lanthanum or actinum series metals,
and combinations thereof. The combinations may include
one of these metals as an alloy or mixture with one or more
other metals or non-metals. Specific metal hydrogen storage
materials known 1n the arts include among others lithium,
sodium, magnesium, magnesium-nickel alloy (e.g., Mg,Ni),
palladium, calcium, calcium-nickel alloy (e.g., CaNiy), lan-
thanum-nickel alloy (LaNis), iron-titanium alloy (Fe'T1), and
titantum-chromium alloy (e.g., TiCr,g). These alloys may
respectively be used to form hydrogen storing materials
lithium hydride (LiH), sodium hydride (NaH), magnesium
hydride (MgH,), magnesium-nickel hydride (Mg,NiH,),
palladium hydride (PdH, ), calcium hydride (CaH,), cal-
cium-nickel hydride (CaNisH,), lanthanum-nickel hydride
(LaNisHy), iron-titanium hydride (FeTiH), and titanium-
chromium hydride (TiCr, sH, -). Other suitable hydrogen
storage compositions are doped and undoped sodium-alu-
minum alloys as described i U.S. Pat. No. 6,106,801 to
Bogdanovic and copending U.S. Provisional Patent Appli-
cation No. 60/395,013, entitled “Improved Methods For
Hydrogen Storage Using Doped Alanate Compositions”, by
Craig M. Jensen and Scott D. Redmond, filed on Jul. 10,
2002. The U.S. Provisional Patent Application No. 60/395,
013 1s hereby entirely incorporated by reference. Of course
many other hydrides are known in the arts (e.g., sodium
magnesium hydride, sodiumborohydride (NaBH,), lithium
aluminum hydride, and lithiumborohydride (LiBH,), potas-
sium-rhenium hydride (K,ReH,), etc.).

|0038] The metal hydrogen storage material of some
embodiments may include multiple different metal elements.
The alloy may have different, often better, hydrogen storage
and recovery characteristics compared to the pure metals.
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For example, 1t 1s known that the hydrogen recovery tem-
perature of a Mg,Ni metal is approximately 50° C. less than
that of a pure magnesium metal. This may be due 1n part to
both nickel and magnesium surrounding the holes that are
occupied by hydrogen in the metal hydride, which may
change the binding energy, and due in part to the modifica-
tion of the lattice structure of pure magnesium. Other metals
such as scandium or copper may also be used. One potential
drawback 1s increased weight of the metal and decreased
hydrogen storage expressed as a weight percentage for the
metal hydride. Accordingly, depending upon the hydrogen
storage weight percentage goals of the particular implemen-
tation, such relatively heavy metals may be added in low
concentration, or not at all. As another option, aluminum or
another relatively low weight metal that has low affinity for
hydrogen compared to magnesium may be used. For
example, a magnesium-aluminum metal hydrogen storage
material may be used. The aluminium may compete with
hydrogen for the valence electrons of the magnesium, may
help reduce the binding energy, may decrease the hydrogen
recovery temperature, and without significantly decreasing
the hydrogen storage weight percentage.

[0039] The hydrogen storage material may contain other
components, such as dopants, catalysts, additives, and the
like which modity, typically improve, its performance as a
hydrogen storage material. As one example, the present
inventors contemplate adding a small amount, for example
a few weight percent, of one or more catalytically active
transition metals that help catalyse either the addition or
recovery of hydrogen to the material. Non-limiting
examples of suitable ftransition metal catalysts include
nickel, 1ron, vanadium, and palladium. Other transition
metals may potentially also work. The dopants discussed in
U.S. Provisional Patent Application No. 60/395,013 may
also work. Without wishing to be bound by theory, these
catalysts may help break hydrogen-hydrogen bonds to allow

single hydrogen atoms to diffuse within a metal and form
hydride.

[0040] Any of these or other hydrogen storage materials
may be introduced 1nto the hot plasma at a particular desired
spray rate and heated. In some embodiments of the invention
the hydrogen storage material may be added as a powder or
other finely divided form. The powder or other finely
divided hydrogen storage material may be mtroduced from
a powder port, hopper, or feeder. The port, hopper, or feeder
may have a distributor to deliver the powder 1nto the plasma
flame or jet. In the case of the metal hydrogen storage
material being an alloy and containing a plurality of different
clements, a single powder of the alloy may be used, or else
a plurality of powders for each of the different elements may
be used. As an example, to form a nanoparticle of a
magnesium-nickel alloy, either a powder of a magnesium-
nickel alloy, or separate powders of magnesium and nickel
may be introduced into the plasma. It 1s contemplated that
the former approach of adding a powder of a preformed
alloy may provide nanoparticles of relatively more homo-
geneous or uniform composition. In the latter case of adding
separate powders, the powders may be combined 1n amounts
appropriate to give an alloy with the desired stoichiometry
or relative proportion of the different elements. The separate
powders may be introduced thorough a hydrogen storage
material source that includes multiple tandem powder ports,
operating 1n combination or partnership, to provide a desired
stoichiometry for the hydrogen storage nanomaterial.
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[0041] Alternatively, rather than a powder, the hydrogen
storage material may be introduced into the plasma in the
form of a wire, rod, cylinder, blocks, or other form. A bulk
hydrogen storage material from the source and having one of
these forms may be introduced directly into the plasma
flame, jet, or arc. Alternatively, the hydrogen storage mate-
rial source may include two electrically conductive wires,
rods, cylinder, blocks, or other forms of bulk hydrogen
storage material that may be heated and melted by an electric
arc formed between them. For example magnesium-nickel
alloy wires, or a magnesium wire and a nickel wire, may be
melted with an electric arc formed between them. Fluids
(c.g., gases, liquids, or slurries) are also suitable forms of
hydrogen storage material. As an example, gasecous disilane
(S1,H,) may be added to the plasma, potentially in combi-
nation with a powdered metal.

[0042] The hydrogen storage material added to the plasma
1s heated to a temperature greater than its melting point
temperature, so that it becomes molten, and may be heated
o a temperature greater than its boiling point, so that at least
a portion of the material vaporizes. To 1llustrate non-limiting
examples of the range of temperatures that may be
employed, the melting point temperatures of lithium, mag-
nesium, and palladium are respectively approximately 180°
C.,650° C., and 1555° C., and the boiling point temperatures
of these metals are respectively approximately 1342° C.,
1090° C., and 2963° C. The vaporization may lead to further
dividing or atomization of the hydrogen storage material. At
the boiling point the individual atoms, or at least small
ogroups ol atoms, of the hydrogen storage material attain
suificient kinetic energy to break free of the bulk material as
individual atoms. As previously discussed, the temperature
of the plasma may be greater than approximately 7000° C.,
or even higher, so that the material may be heated to a
controlled temperature by controlling system parameters.
Whether the material 1s heated to the boiling point and
vaporized may depend upon the initial temperature of the
plasma, how much the plasma 1s cooled before introduction
of the material, how much and how fast the plasma 1s cooled
after introduction of the material, and other factors.

[0043] A number of operating parameters may be modified
depending upon the particular material and 1ts characteris-
fics. Exemplary parameters include but are not limited to
material feed rate, method of introduction of material into
the plasma, power mput and distribution, spatial configura-
fion, gas flow rate, type and characteristics of quench gas,
rate of quench gas flow, temperature variation, atmospheric
pressure or vacuum, etc. It will be appreciated that plasma
spray systems and their operation are well known 1n the art.
Based on the present disclosure a person having an ordinary
level of skill in the art may without undue experimentation
adapt the operation of these systems to spray the materials
disclosed herein and others that will be apparent. Moreover,
it will be appreciated that such an effort, even if 1t happens
to be time consuming, would nevertheless be a routine
undertaking for those of ordinary skill in the art having the
benefit of this specification.

10044] The torch 320 is coupled with the spray cooling
chamber 330. The heated hydrogen storage material within
the plasma torch may be melted, atomized, and formed into
the spray 335 within the chamber 330. The spray may
contain atomized species (+), as well as nanoparticles (0), and
clusters (*) produced by condensation of the atomized
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species. The atomized species may represent finely divided
hydrogen storage material having a size that 1s not greater
than that of a nanoparticle, or even individual hydrogen
storage material atoms formed for example by vaporization.
The finely divided hydrogen storage material may have an
average molten droplet size that 1s not greater than approxi-
mately 100 nm, which may be significantly larger than the
size of the powder that may be added to the plasma. As an
example, the powder added to the plasma may have an
average particle size greater than 10 microns. More com-
monly the average molten droplet size within the spray will
be significantly smaller than 100 nm in order to allow for
some condensation of these molten droplets during the
cooling and solidification process. The nanoparticles and
clusters may begin to appear after condensation of atomized
material.

[0045] The high velocity flow provided by the plasma
torch may help to atomize the molten hydrogen storage
material. The material may also be atomized by vaporizing
the hydrogen storage material with the heat of the plasma
torch. Optionally, a compressed gas may be used to help
finely divide or atomize the molten hydrogen storage mate-
rial into a fine spray. The compressed gas may contact and
shear the molten material into the atomized spray. The
compressed gas may include an inert gas, for example
nitrogen, argon, helium, other noble gases, or some combi-
nation thereof. A portion of the plasma gas, which may be
pressurized gas from a source, may be diverted and used as
the compressed gas. Alternatively, another 1nert gas such as
nitrogen or argon may be used 1n a compressed form from
a compressor or high pressure cylinder. An amount of
hydrogen may be added to the compressed gas to convert
some of the metal to a metal hydride. The molten metal as
well as nanomaterials formed therefrom are reactive and
readily combine with hydrogen to form metal hydrides.
Alternatively, the hydrogen may be provided with the
plasma gas, with the collision gas, after cooling and solidi-
fication of the particles, or some combination. Of course the
metal may also be converted to metal hydrides after the
nanomaterials have been removed from the plasma spray
system, although i1t may be desirable to avoid or control
contact of the particles with oxygen.

[0046] The spray 335 may be cooled within the spray
cooling chamber 330 so the spray condenses to form the
hydrogen storage nanomaterials 360. The cooling process
may be carried out at normal atmospheric pressure and
temperature often 1n a substantially inert atmosphere. The
atmosphere may contain an amount of hydrogen to help
convert the nanomaterials into hydrides. Alternatively, the
process may be carried out in a vacuum with or without
active cooling. If active cooling i1s desired, the cooling
chamber may contain a cooling system, for example a
cryogenic system incorporating a refrigerant, or tubes car-
rying cooling water.

[0047] The material within the spray may condense to
form larger nanoparticles and/or clusters. Condensation
refers to the conversion of a finely divided or atomized
thermal spray into a less finely divided solid nanomaterial.
Atoms or small particles may condense to form multiple
atom structures or larger particles, and multiple particles
may condense to form clusters. On cooling, the atoms and
small particles may condense to form nanoparticles clusters
of various sizes by aggregation and/or agglomeration. The
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nanoparticles may be condensed so that each nanoparticle
contains between approximately 10-1000, or 10-5000 atoms
in order to provide a relatively high ratio of surface exposed
atoms to interior bulk atoms compared to bulk materials.
Larger particles having approximately 100,000,000 atoms
are still more effective compared to bulk materials. To
further 1illustrate the concept, at least conceptually, the
condensation may be similar to the soot formation process in
conventional combustion flames. As the distance from the
hot center of the flame 1ncreases, the flame combustion gases
begin to cool and condense to form soot particles that can be
seen 1n the rising smoke. A roughly analogous condensation
process may occur 1n plasma flames.

|0048] The condensation process may at least conceptu-
ally mvolve two phases. During an initial phase, single or
small groups of metal atoms dominate the vapour and the
principal mechanism of cluster growth 1s condensation or
combination of either the single metal atoms or single metal
atoms with existing aggregates. Within this phase, individual
atoms may begin to nucleate 1nto clusters. This often occurs
slowly. At some point, the rate of addition of atoms to
existing aggregates surpasses the rate of new aggregate
nucleation, due 1n part to the larger reaction cross section of
the existing aggregates, and the clusters may continue to
orow 1n siZze. The second phase begins when relatively few
individual atoms and small clusters remain and the principal
mechanism for particle growth 1s due to combination of
multiple atom aggregates with one another. The particles
rapidly increase 1n size during this phase. The condensation
process may be operated so that a typical or average-sized
nanoparticle has a desired size. A majority of these nano-
particles may be spherecoidal giving a large surface area to
mass ratio. The small size, sphercoidal shape, purity of
composition, may help allow nearly complete recovery of
hydrogen. As desired, the nanoparticles may be employed as
compositions of their natural particle size distribution, or a
particular subset particle size distribution, or range may be
isolated by using conventional solid particle separation
techniques.

[0049] Inthe particular system illustrated, the collision gas
source 350 1s coupled with the spray cooling chamber 330,
although this 1s not required. A collision gas may be pro-
vided from 1its source 350 into the spray 335. The collision
cgas will be used herein to refer to a gas that collides with and
contacts the spray. The collision gas may have a lower
temperature than the spray and may be used to cool the spray
(c.g., as a quench gas). The collision gas may contain inert
gases such as nitrogen, argon, helium, other noble gases, or
some combination thereof. The collision gas may also help
to slow the momentum of the spray, and perhaps cause the
nanomaterials to gravity settle within the chamber. In
embodiments of the invention, the collision gas may contain
an amount of hydrogen to combine with the spray of the
hydrogen storage material to form a hydrogen storing mate-
rial. In other embodiments of the invention the spray may
cool naturally.

[0050] The solidified and cooled hydrogen storage nano-
material may be collected. In various embodiments of the
invention, the nanomaterial may be filtered out for example
with an electrostatic filter, settled in the bottom of a chamber
(e.g., the spray chamber or a larger settling chamber) due to
oravity settling, or otherwise collected. In embodiments of
the invention, the collected material may be added to a
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powder port, hopper, or feeder, and loaded 1nto cassettes or
other containers that pass by on a conveyor belt.

[0051] Alternatively, rather than a plasma spray process,
another suitable thermal spray process 1s a flame spraying
process 1n which an oxygen fuel gas flame 1s uses to heat and
often melt a coating material and a gas flow, for example
from a compressed gas or from the convective effects of the
flame, may be used for propelling the coating material to the
support. An example of a flame spraying process 1s an
HVOF (high wvelocity oxygen-fuel) spraying process
wherein the coating material, for example in the form of a
powder, 1s 1njected 1nto a high velocity jet, formed by the
combustion of oxygen and fuel, that heats the coating
material and propels i1t toward the support. Yet another
suitable thermal spray process 1s an arc spraying process in
which an arc between two consumable electrodes of coating
materials is used as a heat source and a gas flow (e.g., a
compressed gas) is used to extract divided portions of the
coating material and propel the portions to the support. An
example of an arc spraying process 1S an arc wire spraying
process wherein two electrically conducting wires are
brought together to form an electric arc and molten material
formed 1n the arc 1s projected by a compressed gas stream
towards the support to form a spray deposit. Of course, these
thermal spray processes may be combined and modified.

[0052] Plasma spray systems and other types of thermal
spray systems are commerclally available from numerous
sources. As an example, new and used plasma, HVOF,
oxy/fuel combustion, and dual wire arc thermal spray equip-
ment 15 commercially available from PLASMATEC Inc. of
Montreal, Canada. PLASMATEC also provides metal pow-
ders and wires for use in thermal spray systems. More
information 1s currently available online from the website:
www.plasmatec.com. Arc spray, detonation, flame spray,
HVOEF, and plasma spray systems are also commercially
available from A-Flame Corporation of Cincinnati, Ohio. In
particular, A-Flame offers a plasma spray system including,
a DS-2 Control Console, DXR80 Power Supply, AMP-3
Powder Feeder, A9-Gun, Complete 9 MB Style 80 kw Gun,
Model 90 Water Chiller, and AFH-50 Hose & Connection
Kit along with installation and training. More information 1s
currently available online from the website: www.allame-
.com. Of course the inventors have no special preference for
these vendors and thermal spray systems may also be
obtained from other vendors, as desired.

[0053] Of course, it will be apparent to those having an
ordinary level of skill in the art and the benefit of the present
disclosure that numerous other techniques may be used to
form the hydrogen storage nanomaterials. Other gas phase
condensation processes that are suitable include, among
others, laser vaporization and condensation of a solid mate-
rial, and such physical vapor deposition techniques as ther-
mal evaporation, sputtering, and molecular beam epitaxy.
Virtually any metal capable of forming metal hydrides with
hydrogen may be ablated, for example with a laser or
focused 1on beam, 1in order to form nanomaterials and
nanoparticles. U.S. Pat. No. 6,368,406 to Deevi et al.
describes a process of making intermetallic nanoparticles of
alloys such as iron aluminides (e.g., FeAl, Fe,Al) nickel
aluminide (e.g., NiAl), titanium aluminide (e.g., TiAl) and
other intermetallic compounds such as brass and 1ron-cobalt-
vanadium alloys. Starting materials such as metal alloys for
these alloys are subjected to laser energy suflicient to
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vaporize the starting materials. The laser energy used was
the second harmonic of a Nd-YAG laser operated at 532
nanometers with 15-40 mlJ/pulse. The vaporized materials
are then condensed to form the intermetallic nanoparticles.
This approach may be used to form particles having diam-
cters that are less than approximately 100 nanometers. This
approach 1s suitable for forming hydrogen storage nanopar-
ticles, according to embodiments of the invention.

[0054] Gas phase thermal decomposition processes may
also be used. In a gas phase thermal decomposition process
a precursor material 1s decomposed, condensed, and solidi-
fied to form a nanomaterial. An exemplary gas phase thermal
decomposition may include decomposing a liquid precursor
material, such as Fe(CO)s to form a particle containing a
metal that 1s capable of combining with hydrogen to form a
metal hydride (in this case iron). The gas phase thermal
decomposition may be performed 1n a furnace, or with the
energy provided by a laser. Experiments by the inventors
indicate that Pulsed Laser Vaporization (PLV) may be used
to form hydrogen storage nanomaterials. PLV 1s a laser
vaporization technique known 1n the arts for forming nano-
particles and thin coatings on support. PLV mvolves 1rradi-
ating a precursor material with a laser 1n order to evaporate
the material, and then condensing the vapor to form the
nanoparticles. Thermal spray processes may be desired over
PLV when forming laree quantities of nanomaterials.

[0055] The present inventors have generated high nucle-
arity ligated metal clusters or cores containing tens to
hundreds of metal atoms by thermally decomposing organo-
metallic precursor materials with PLV. A high nuclearity
metal cluster containing up to several hundred metal atoms
in a close packed cluster or core within a sheath of hydride
and/or carbonyl ligands may be formed by using PLV to
thermally decompose a corresponding metal-hydride-carbo-
nyl precursor material. For example, 1n one set of experi-
ments, the ruthenium cluster [RuKHy(CO)E]” ~19 in which x
1s an 1nteger 1n the range of approximately 8-400 and 1s often
a multiple of 4, was formed by using PLV to thermally
decompose the organo-ruthenium precursor [ Ru,(CO),.H,|.
The hydrogen and carbonyl groups typically, under the
conditions used, form a ligand sheath around the metal
cluster in which vy and z are both integer values 1n the range
of approximately 12-400, and are often of a similar magni-
tude, or at least the same order of magnitude, as that of x.
Often, the ligand number to metal ratio decreases with
orowth of metal core size mnasmuch as the CO ligands are
primarily positioned at the surface. Some hydrides may be
positioned 1n the metal lattice. Also, the need for stabilisa-
tion from ligands of the metal atoms 1s reduced for larger
metal cores. The ratio of surface metals to ligands comes
down to approximately 1:1 when decreasing the metal to
surface ratio on 1ncreasing the core size. A pulsed ultraviolet
nitrogen laser beam at 337-nanometers and with a laser
power density of approximately 106 Watts/cm2 may be
used, although this 1s not required. The pulsed laser may be
operated with a laser pulse width in the range of approxi-
mately 300 picoseconds to 3 nanoseconds, and the laser
energy may be 1n the range of approximately 10 uJ to 10 mJ.
Of course the method 1s not limited to ruthenium and may
also be used on other metals. Non-limiting examples of other
metals include iron (Fe), osmium (Os), iridium (Ir), rhodium
(Rh), and combinations thereof. Exemplary organo-metallic
precursors for these metals may have the formula [M_H. -
(CO), |, where M represents one of these metal atoms, X is
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an integer 1n the range of approximately 1-5, y 1s often either
2 or 4, and z 1s often either 12 or 13, of course other
organo-metallic precursors are suitable and many different
combinations have been tested.

[0056] II. Particle Supports Having Hydrogen Storage
Material Deposits

[0057] The i1nvention of embodiments encompasses
hydrogen storage system comprising a support, for example
a microparticle or nanoparticle, having a hydrogen storage
material deposited thereon. One exemplary support and
deposit comprise a ily ash particle having a thermal spray
deposit formed thereon of a metal that 1s capable of com-
bining with hydrogen to form a metal hydride (e.g., lithium).
The 1nvention of other embodiments encompasses a method
for forming the hydrogen storage system by depositing the
hydrogen storage material on the support by thermally
spraying the deposit on the support. In one aspect, the
support may be introduced 1nto a thermal or plasma spray of
hydrogen storage material so that the spray deposits on the
support. The invention of other embodiments encompasses
recovering hydrogen from the hydrogen storage material
deposit by heating the deposit. The recovered hydrogen may
be provided to a hydrogen utilization system, such as a fuel
cell, a hydrogen powered vehicle, or others known 1n the art.

[0058] FIG. 4 shows a hydrogen storage composition 100
containing a hydrogen storage material deposit 420 on a
support 410, according to embodiments of the invention.
The hydrogen storage material deposit may comprise a
deposit containing a metal that 1s capable of forming a metal
hydride by combining with hydrogen. One advantage of
depositing the material on the support 1s improved disper-
sion and utilization of the hydrogen storage material. By
coating the support with the deposit a higher percentage of
the metal of the deposit may be exposed at the surface
instead of concealed within the mnterior bulk where 1t may be
less useful for storing hydrogen.

[0059] The support may represent any particle or other
minute substrate to which the deposit may be applied. In
some embodiments of the invention the support may com-
prises a micro-sized particle. As used herein, the term
micro-sized particle will be used to refer to a particle having
a size ranging from less than approximately 1 millimeter
(mm, one-thousandth of a meter) to more than approxi-
mately 1 micrometer (um, one-millionth of a meter). A
micrometer 1s also known as a micron. Desirably, the
support provides a high surface area, 1s 1nert, and 1s suili-
ciently cost effective for the particular implementation. In
various embodiments of the invention, the support may
comprise glass materials, glass beads, glass microspheres,
hollow glass microspheres, oxides of silicon (e.g., silica),
glass ceramics, ceramic materials, ceramic microspheres,
hollow ceramic microspheres, oxides of aluminum (e.g.,
alumina), pozzolan particles, fly ash particles, fly ash par-
ficles having a substantial internal void, mesoporous mate-
rials (e.g., MCM-41, MSU-3/KIT-1, JDF-20, cloverite, VPI-
5, AMM Faujasite, DAF-1, MAPO-36, beta, STA-1, ZSM-
5/TS-1, DAF-4), zeolites, metal oxide materials, iron oxide
particles, carbon nanostructures, carbon nanotubes, polymer
materials, polymer beads, polystyrene microspheres, hollow
polymer microspheres, etc. These supports are commercially
available from numerous sources. Many supports for plati-
num and other catalysts 1n the chemical processing indus-
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fries may potentially be used. As used herein the term sphere
may be used to refer to a sphere as well as a spheroid that
does not necessarily have a perfectly spherical shape. Of
course the supports may also have rod, sheet, or potentially
any other regular or irregular shape. The support may be
crushed, ground, or otherwise formed 1nto particles.

[0060] Pozzolan materials offer one suitable support for
deposition of hydrogen storage materials. As used herein,
the term pozzolan material will be used to refer to a finely
divided siliceous or siliceous and aluminous material. Poz-
zolans are often used 1n cement manufacture although as
used herein a material may be pozzolan regardless of its
cementitious properties. Non-limiting examples of poz-
zolans 1nclude silica fume, volcanic ash, calcined clays,
amorphous silica, and fly ash. Pozzolans may be naturally
occurring, as 1n the case of volcanic ash, or man made as 1n
the case of coal fly ash that 1s produced as a byproduct of
coal combustion. As discussed, these pozzolans are often
used 1 cement manufacture among other uses and are
commercilally available from numerous sources.

[0061] Fly ash has a number of properties that make it a
suitable support for a hydrogen storage material. As 1s well
known, coal fly ash contains residual particles of soot or ash
that remain after combustion of pulverized coal fuel and that
1s often separated from the flue gases 1n the stacks of power
plants by separators such as electrostatic precipitators, FGD
devices, or bag houses. Fly ash 1s produced 1mn enormous
quantities worldwide as a byproduct of pulverized coal
combustion, 1s cheap, abundant, and available from numer-
ous sources Including from power plants. One suitable
source of fly ash 1s Ameren Corporation of St. Louis, Mo.
The practitioner may consult the American Coal Ash Asso-
ciation (ACAA) for assistance in locating fly ash suppliers
and other information related to the use of coal combustion
by-products such as coal fly ash.

[0062] Fly ash has the appearance of a finely divided
powder with a light to dark gray or brown color. The size,
shape, appearance, and composition of fly ash particles is
quite variable and depends upon the source and uniformity
of the coal, the degree of pulverization prior to combustion,
and the type of collection system used. Although the par-
ticular characteristics are quite variable, and depend upon
these numerous factors, the particles are often generally
spheroidal (not necessarily perfectly spherical), have a size
that 1s often 1n the range of approximately 0.5-250 microme-
ters (um, one-millionth of a meter). The small size and
sphereoidal nature of fly ash particles gives them a large
surface arca for hydrogen storage, per unit volume. Of
course the mmvention 1s not limited to sphereoidal particles
and particles having other shapes (e.g., cubes, rods, sheets,
etc.) may also be used. As an option, conventional separation
techniques may be used to remove fly ash particles that are
cither larger, or smaller, than a particular desired particle
size distribution. Such separations may be desired 1n order
to obtain more uniform particles for ease of processing,
packing, or otherwise. Fly ash particles commonly have a

melting point temperature that 1s greater than approximately
1000° C.

[0063] The particles of fly ash often contain a complex
mixture of primarily i1norganic constituents whose nature
and proportions depend to a large extent upon the coal from
which the fly ash was formed and upon the conditions of
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combustion. Common constituents of fly ash include but are
not limited to silicon dioxide (Si0O,), aluminum oxide
(Al,O;), ron oxide (Fe,0;), calcium oxide (Ca0), magne-
sium oxide (MgO), potassium oxide (K,0), sodium oxide
(Na,O), alkali sulfates. These constituents often take the
form of an amorphous glass due to rapid cooling of the fly
ash post combustion. Two common forms of fly ash are
Class-C and Class-F fly ashes. Class F fly ash often has
quartz, mullite, hematite, and magnetite spinel as crystalline
phases within the glass. One exemplary high iron Class F fly
ash from Eastern Canadian bituminous coal contains
approximately 58% glass, 9.6% quartz, 20.4% mullite, 4.5%
magnetite spinel, 5.4% hematite, and trace amounts of other
components. Class C fly ash may contain these components
as well as anhydrite, alkali sulfates, dicalcium silicate,
tricalcium aluminate, lime, melilite, meritwinite, periclase,
and sodalite. One exemplary low-calctum Class C fly ash
from western Canadian subbituminous coal contains
approximately 80% glass, 14% mullite, 6% quartz, and trace
amounts of other components.

[0064] A fraction of fly ash particles, sometimes referred
to as cenospheres, contain an internal void. These fly ash
particles are often sphereoidal (not necessarily a perfect
sphere) and have one or more internal voids, gas bubbles, or
air pockets. The gas bubbles may get trapped or frozen 1n the
molten fly ash material as 1t solidifies and cause the overall
particle to have a lower density. Cenospheres with large
volds or gas bubbles have a density that i1s less than
approximately 1 g/cm” (the fraction of such particles is
usually around 1-20%) whereas cenospheric particles with
smaller voids or bubbles have a density that i1s less than
approximately 2 g/cm” (the fraction of such particles is
usually in the range of approximately 10-90%). As used
herein, a cenosphere or fly ash particle with a density not
greater than approximately 2 g/cm” may be referred to as a
fly ash particle having a substantial internal void. A particle
of the same type of material without an internal void would
have a density of approximately 3 g/cm”, or higher. As a
result of the lower density, cenospheres have lower weight
at the same external surface areca compared to non-cenos-
phere fly ash particles, which may be desired 1n order to
reduce the weight of the hydrogen storage material. In some
embodiments of the mvention, cenospheres may be sepa-
rated for further use, or the proportion of cenospheres 1n the
fly ash increased, by removing non-cenosphere particles
from the fly ash. The separation may be based on the density
difference, for example by floating cenospheres on the
surface of water and settling non-cenospheres by gravity, or
by other known separation technologies. One suitable
approach for separating cenospheres by floatation 1s dis-
closed 1n U.S. Pat. No. 5,227,0477. In some embodiments of
the 1nvention the cenospheres, as well as other particles 1n
ogeneral, may be broken prior to coating, for example by
crushing or grinding, 1in order to expose the internal surface
arcas and use them as supports for a hydrogen storage
material.

[0065] Fly ash particles are often associated with coal,
although soots or ashes resulting from the combustion of
other finely divided or pulverized carbonaceous fuel par-
ticles or droplets such as peat, petroleum tars, and the like
may also be suitable. U.S. Pat. No. 4,431,520 discloses
carbonaceous combustion particles and cenospheres pro-
duced by the combustion of heavy liquid hydrocarbons and
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oils. Additionally, other coal combustion byproducts, such
as crushed or ground boiler slag or bottom ash particles, may
also potentially be used.

[0066] MCM (Mobile Crystalline Material)-41 is one
example of a mesoporous molecular sieve that may provide
a suitable support and substrate for deposition of a hydrogen
storage material deposit. MCM-41 1s an amorphous silica or
alumosilicate structure with arrays of non-intersecting hex-
agonal honeycomb-like channels or pores. Deposits may be
formed within these channels or pores 1n order to provide
improved surface area. In addition, the openness of the
material reduces the weight per surface area, which may be
desired 1n order to reduce the weight of the hydrogen storage
material.

[0067] Many other supports may also be used. In general,
the support should provide a high surface areca to weight
ratio, be relatively nert, and be stable under deposition and
hydrogen recovery conditions. Supports for platinum and
other catalysts are suitable. Examples of such supports
include but are not limited to powdered activated carbon (C),
oxides of aluminum (e.g., alumina, Al,O5), oxides of silica
(e.g., silica, Si10,), silica-alumina, carbon black (C), oxides
of titanium titania (e.g., titania, TiO,), oxides of zirconia
(e.g., zirconia Zr(O,), calcium carbonate (CaCO,), and
barium sulphate (BaSO,). These supports are commercially
available from numerous sources.

[0068] A hydrogen storage material may be deposited on
a support. Suitable deposition processes include gas phase
condensation process and physical deposition processes
(c.g., sputtering, thermal evaporation, etc. The inventors
presently favor thermal spray processes, for example plasma
spray processes or arc spray processes. In such processes the
hydrogen storage material 1s spray deposited on the support.
The spray deposit may be a single thin flattened sprayed
particle also known as a “splat”, or a deposited layer. The
spray deposit may take the form of a discrete crystallite on
the support surface. Commonly, the material 1s formed
directly on the exterior surface of the particle although one
or more additional materials may be disposed in between the
hydrogen storage material and the particle, as desired.

[0069] FIG. 5 shows a method 500 for depositing a

hydrogen storage material on a substrate according to
embodiments of the invention. After initiating at block 501,
a hydrogen storage material may be melted at block 510.
Initially, a hydrogen storage material may be added to a
thermal spray system at a particular desired spray rate. Often
the material may be added in powdered or other finely
divided form, although this is not required. Other forms that
are suitable include wires, rods, blocks, and other forms
known 1n the arts. The material added to the thermal spray
system may be heated to a high temperature above its
melting point wherein 1t may melt.

[0070] Next, the melted material 1s atomized at block 520.
A compressed gas may be used to divide or atomize the
molten material into nanoparticles, small groups of atoms, or
individual atoms, although this 1s not required. If the mate-
rial 1s heated to 1ts boiling point temperature, vaporization
may further assist with atomizing the material. Fine atomi-
zation of the melted material may be desired when depos-
iting very small nanometer-scale deposits.

[0071] Then, the support 1s introduced into the atomized
material at block 530. The melted material may be propelled
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as a spray toward a support positioned for impact with the
thermal spray. As a first example, the support may be added
as a powder 1nto the spray. The powder may be added at a
particular predetermined distance from the plasma flame or
jet. As another example, the support may be added as a
powder carried by a collision gas such as that discussed in
regards to F1G. 3. The collision gas may carry the support
into the spray. As yet another option, the support may be
thermally sprayed into the previously discussed thermal
spray. Two thermal sprays may be formed simultaneously on
a collision course, for example by using two plasma torches
directing their sprays towards one another and separated by
a predetermined distance. Support particles may condense
from a first of the sprays and metal from a second of the
sprays may condense on the support particles. Of course, the
condensing support and metal sprays may also form an
aggregate of metal and support condensing species.

[0072] The material is deposited on the support at block
540. Amolten droplet of the spray, or a condensation product
(e.g., a nanoparticle formed from a combination of atomized
material, or a cluster of nanoparticles) may strike the sub-
strate and deposit thereon. The surface coverage of the
thermal spray deposits and other characteristics may depend
on various system parameters such as type of hydrogen
storage material, collision gas velocity, spray distance, col-
lision gas temperature, amount of support per thermal spray
amount, etc. The amount of material deposited on the
support, for example the number of spray deposits, or the
thickness of the layer, may be adjusted or controlled based
on the relative amounts of hydrogen storage material and
support that are added to the system. As an example, the
number of deposits per fly ash particle may be increased,
approximately doubled, by doubling the amount of hydro-
ogen storage material added to the thermal spray system per
fixed amount of fly ash particles. As desired, deposits may
be sprayed onto the support until a substantially continuous
coating or layer 1s obtained 1n order to provide a high surface
arca for hydrogen storage per unit volume. Of course, the
substantially confinuous coating may contaln some gaps
where splats have not occurred. The coating will typically
have a thickness that 1s not greater than approximately 10
nanometers. Of course, some regions may have a larger
thickness, for example where splats overlap. Often a thin
enveloping coating or layer having a thickness not greater
than several molecular dimensions, for example a thickness
not greater than approximately 2 nanometers, may be
desired 1n order to effectively use hydrogen storage material
and a reduced loss of hydrogen to the sub-surface.

[0073] As previously discussed, one of the significant
problems encountered with many hydrogen storage materi-
als, such as metal hydrides, 1s an effective loss of hydrogen
to the material sub-surface. Accordingly, providing a larger
proportion of the hydrogen storage material at the surface
allows easier, lower temperature, and more complete hydro-
ogen recovery. Additionally, the thinner coatings often reduce
costs of the hydrogen storage composition, inasmuch as
many hydrogen storage materials (e.g., magnesium, nickel,
etc.) are costly. The high surface area and large percentage
of metal exposed at the surface may additionally speed up
hydrogen charging times, which may otherwise be slow due
to slow diffusion of hydrogen through the internal lattice
structure of the bulk metal. Accordingly, the hydrogen
storage material deposit may alleviate many of the prior art
problems associated with bulk hydrogen storage materials.
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[0074] III. Hydrogen Permeable Containers Having
Hydrogen Storage Material Contained Therein

[0075] Embodiments of the invention encompass a hydro-
gen permeable container having a hydrogen storage material
(or hydrogen storing material) contained therein. FIG. 6
shows a hydrogen storage composition 600 containing a
hydrogen permeable container 610 having a hydrogen stor-
age material contained therein, according to embodiments of
the 1nvention. In some embodiments, the containers may
have a hydrogen storage material that has been permeated
into an 1nterior void thereof. In other embodiments, the
containers may have an enclosing layer that has been formed
over the hydrogen storage material.

[0076] A. Containers Having Hydrogen Storage Material
Permeated Therein

[0077] Embodiments of the invention encompass a hydro-
ogen permeable container having a hydrogen storage material
that has been permeated into an interior void thereof. In
some embodiments, the container includes a microparticle
having an internal void that has been 1impregnated with a
hydrogen storage material by permeating the material into
the void. The hydrogen storage material may comprise a
metal that 1s capable of combining with hydrogen to form a
metal hydride. As an example, lithium or lithium hydrnde
may be contained within an internal void defined within a
hollow microsphere (e.g., a fly ash particle having a sub-
stantial internal void). The invention of this embodiment
also encompasses a method of forming a hydrogen storing
material within the micro-sized hydrogen permeable con-
tainer by permeating the material into the container. The
container may have walls that are suificiently permeable, at
least when heated, to allow the material to permeate across
the walls and into the void. The material may include a
substantially small and light metal such as lithrum, beryl-
lium, boron, sodium, magnesium, aluminum, or a combina-
fion thereol. As an example, lithium may be permeated into
the void of a heated fly ash particle. Hydrogen may be
permeated 1nto the interior void of the container and may be
combined with the hydrogen storage material (e.g., the
lithium) to form a hydrogen storing material (e.g., lithium
hydride). That is, one example of forming a hydrogen
storing material within the container includes permeating a
hydrogen storage material through the hydrogen permeable
container and 1nto the mterior void and permeating hydrogen
through the container and combining the hydrogen with the
hydrogen storage material. Other embodiments encompass
recovering hydrogen from the container by heating the
material within the container and permeating thermally
recovered hydrogen from the container.

[0078] A number of hydrogen permeable containers are
suitable including microparticles having one or more inter-
nal voids. Exemplary microparticles having one or more
internal voids include glass microspheres that are conven-
tionally used for hydrogen storage, fly ash particles that have
a substantial internal void (or voids) which cause them to
have low density (e.g., a cenosphere), hollow polymeric
microspheres, and hollow metal microspheres. Glass micro-
spheres are commercially available hollow glass spheres
having walls that are permeable to hydrogen when appro-
priately heated. In traditional use the glass microspheres
may be charged with hydrogen by heating them 1n a high
pressure hydrogen ambient 1in order to cause the hydrogen to
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permeate mto the interior. Once filled, the spheres may be
cooled to lock the hydrogen 1nside. Subsequently, hydrogen
may be recovered by reheating the spheres and allowing the
hydrogen contained therein to permeate out of the hollow
interior. Glass microspheres are commercially available
from numerous sources. Suitable hollow microspheres
include the 3M™ Zeeospheres™ Ceramic Microspheres
available from 3M Specialty Materials, of St. Paul, Minn.
The Zeeospheres™ are hollow microspheres available 1n
silica-alumina ceramic and alkali alumino silicate ceramic
compositions. The microspheres are available 1 different
sizes 1n the range of approximately 1-200 microns. Other
suitable hollow glass microspheres include hollow glass
beads, at diameters in the range of approximately 2-20

microns, available from Polysciences, Inc., of Warrington,
Pa.

[0079] Fly ash particles having substantial internal voids
have been discussed above and are also commercially avail-
able. Extracted fly ash cenospheres are commercially avail-
able from Trelleborg Fillite Ltd a subsidiaries of Trelleborg
AB of Sweden. Hydrogen storage materials may be added to
the 1nternal voids of these fly ash particles or glass micro-
spheres by heating the materials and permeating the hydro-
ogen storage materials 1to their internal voids.

[0080] Hollow organic or polymeric microspheres are also
suitable. Suitable hollow polymeric microspheres include
hollow phenolic beads having a size 1n the range of approxi-
mately 5-127 microns that are available from Polysciences,
Inc. of Warrington, Pa. Other suitable hollow polymeric
microspheres include thermoplastic hollow microspheres
that are available from Pierce & Stevens Corporation (a
subsidiary of Sovereign Specialty Chemicals, Inc.), of Buf-
falo, N.Y. In particular, DUALITE® microspheres comprise
a thermoplastic hollow microsphere coated with calcium
carbonate, and MICROPEARL® microspheres are not
coated with the calcium carbonate. The microspheres come
in sizes ranging from approximately 40-150 microns and
have heat resistance to approximately 175° C. Hollow metal
microspheres may also be used. A method and apparatus for

producing hollow metal microspheres and microspheroids
are discussed 1n U.S. Pat. No. 4,415,512.

[0081] A variety of hydrogen storage materials are suit-
able. Any metal that 1s capable of combining with hydrogen
to form a metal hydride may potentially be used. Exemplary
metals have been discussed above and 1include among others
alkali metals, alkaline earth metals, boron, aluminum, mag-
nesium-nickel alloy, undoped sodium-aluminum alloy,
doped alanate compositions, and others that have been
mentioned. The hydrogen storage material may be added to
the void by permeating the material across the walls of the
fly ash particle or glass microsphere 1nto the interior void. As
used herein, the term permeate and the like will be used to
refer to a material diffusing through or penetrating the walls
of the tly ash perticle, glass microsphere, or other container.
Diffusion 1s a well-known process. The rate of diffusion
increases with increasing temperature and decreases with
increasing size of the diffusing species (e.g., atoms of a
hydrogen storage material). In some embodiments of the
invention, substantially small or light metals may be favored
over heavier metals due to the increased rates of diffusion or
permeation of these materials through the container and into
the void and due to the relatively high hydrogen storage
welght percentages for their hydrides. Accordingly, a sub-
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stantially light metal may be selected from the group
lithium, beryllium, boron, sodium, magnesium, aluminum,
or a combination thereof. The weight of these metals 1s in
increasing order from lithium to aluminum. As one metric
for the size of the metals, the calculated atomic radii 1s
approximately as follows: 167 for lithium, 112 for beryl-
lium, 8’7 for boron, 190 for sodium, 145 for magnesium, and
118 for aluminum. Of course, heavier metals may also be
used, or may be used 1n combination with the lighter metals,
as desired.

[0082] The container may be contacted with a hydrogen
storage material at a temperature that 1s sufficiently high to
allow the material to permeate the walls and enter the
container. In general, the higher the temperature the higher
the diffusion and permeation of the hydrogen storage mate-
rial across the container walls. The temperature should be
lower than the melting point temperature of the structural
material of the container to avoid deforming the container.
Often a relatively rapid rate of permeation may be obtained
at a temperature just below the melting point of the con-
tainer. Desirably, the hydrogen storage material 1s 1n liquid
or vapor state 1 order to provide good contact with the
container. Accordingly 1n embodiments of the invention, the
hydrogen permeable micro-sized container may be con-
tacted with a liquid or vapor of a hydrogen storage material
that has been heated to a temperature that 1s greater than the
melting point temperature of the hydrogen storage material
and that 1s less than the melting point temperature of the
structural material of the container 1n order to permeate the
material into the mternal void thereof.

[0083] As one illustrative example, consider permeating
sodium into the mternal void of a fly ash particle. Sodium
has a relatively small size and weight. This allows for high
percentages by weight hydrogen storage 1in sodium hydride
and allows sodium to diffuse and permeate materials rela-
tively rapidly. Sodium has a melting point of approximately
97° C. and a boiling point of approximately 883° C. Fly ash
particles often have a melting point temperature that 1s
greater than approximately 1000° C. Since the boiling point
of sodium is lower than approximately 1000° C., the fly ash
particles may be filled by exposure to sodium vapor. The
melting and boiling points of other metals are widely
available and known 1in the arts. The sodium may be heated
to its boiling point at around 883° C. and vaporized. The fly
ash particles may be contacted with vaporized sodium. As an
example, the fly ash particles may be supported in a packed
bed and vaporized sodium, at a temperature greater than
approximately 883° C. and lower than the melting point
temperature of the fly ash particles, may be passed through
the bed. The sodium will contact the walls of the fly ash
particles, begin to permeate the walls of the fly ash particles,
and enter the interior void. The time needed to fill the
interior voids of the fly ash particles to the desired extent
with sodium may depend largely upon the temperature of the
sodium vapor, the thickness of the fly ash particle walls (i.e.,
the diffusion length), the fly ash material, and other param-
cters. In general, higher temperatures may be used to
increase the permeation rate. The flow of vaporized sodium
may be continued until the voids of the fly ash particles have
filled to a desired extent. After at least partially filling the
interior voids with sodium, the flow of sodium vapor may be
stopped. The microparticle may be cooled to trap the sodium
inside the interior void. The sodium within the interior may
solidify to form solid sodium metal within the interior. The
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solid sodium may exist as a solid deposit on the interior
walls, a crystallite within the interior, or a conglomerate of
sodium metal within the interior. The sodium may provide
additional strength and integrity to the fly ash particle.

[0084] As another illustrative example, consider permeat-
ing lithrum into the internal void of a fly ash particle.
Lithium has a relatively small size and weight. This allows
for high percentages by weight hydrogen storage in lithium
hydride and allows lithium to diffuse and permeate materials
relatively rapidly. Lithium has a melting point of approxi-
mately 180° C. and a boiling point of approximately 1347°
C. If the fly ash particle has a melting point temperature that
is not much greater than 1000° C. the lithium may be heated
to a temperature of approximately 500-950° C. At this
temperature the lithrum will exist as a liquid. Fly ash
particles may be added to the liquid. The lithrum will contact
the walls of the fly ash particles, begin to permeate the walls
of the fly ash particles, and enter the interior void. Often, the
permeation will continue until the void has been substan-
tially filled with lithrum, although this 1s not required. After
at least partially filling the mnterior void with lithium, the fly
ash particles may be removed from the liquid lithium.
Filtering, centrifugation, or other approaches known 1n the
arts may be used. The fly ash particles may be cooled to trap
the lithium inside the interior void. The lithrum within the
interior may solidify to form solid lithium metal within the
interior. The solid lithium may exist as a solid deposit on the
interior walls, a crystallite within the interior, or a conglom-
erate of lithium metal within the mterior. The lithium may
provide additional strength and integrity to the fly ash
particle. Of course, 1t will be appreciated that some fly ash
particles, depending upon how they are formed, may have a
melting point temperature that 1s greater than the boiling
point temperature of lithium. Such {ly ash particles may be
f1lled by permeation resulting from contact with either liquid
or vapor lithium.

|0085] As desired, hydrogen storage materials remaining
on the outside of the microparticles may be removed. One
method of removal involves contacting the particles with a
heated liquid or gas having a temperature greater than the
melting point temperature of the hydrogen storage material
so that the external material 1s stripped away with the flow.
Alternatively, if the boiling point temperature of the hydro-
oen storage material 1s less than the melting point tempera-
ture of the microparticle, another method for removing the
exterior hydrogen storage material may involve rapidly
heating the container to above the boiling point temperature
of the hydrogen storage material in order to vaporize the
hydrogen storage material. The vapor may be swept away
with an 1nert carrier gas, such as nitrogen, argon, or others
known 1n the arts. The microparticle may be cooled before
significant back-permeation of the hydrogen storage mate-
rial out of the interior void. Alternatively, the hydrogen
storage material may be left on the outside walls of the
microparticle 1 order to provide additional hydrogen stor-
age capacity.

[0086] The hydrogen storage material permeated into the
interior void of a hydrogen permeable container or micro-
particle may be charged with hydrogen by permeating
hydrogen across the walls of the container or microparticle
and combining the hydrogen with the hydrogen storage
material. For example, the lithium filled fly ash particles
may be charged with hydrogen by exposing them to hydro-
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oen at elevated temperature and pressure. Often, the tem-
perature will be high enough to achieve a sufficiently high
permeation rate of hydrogen, but not so high that the
hydrogen storage material will permeate out of the interior
void. For glass microspheres, conventional charging tem-
peratures, or lower, may be used. Relatively lower tempera-
tures may be used for relatively longer periods of time or
relatively higher temperatures may be used 1f a rapid charg-
ing rate 1s desired. The amount of time needed to charge the
particles 1s not a limitation of the invention. In embodiments
of the invention a temperature 1n the range of approximately
100-400° C. may be used. At this range of temperature the
container may become sufficiently permeable to hydrogen
that the material therein may be converted to hydride. The
pressure of hydrogen may be one atmosphere, or higher, but
not so high that the pressure would damage the fly ash
particles. The hydrogen may contact the walls of the fly ash
particles, permeate the walls, enter the interior void, and
combine with the hydrogen storage material contained
therein. As an example, the hydrogen may combine with
lithium to form lithium hydride (LiH) which contains
approximately 13% by weight hydrogen.

|0087] As desired, a catalyst may be formed on the exte-
rior of the fly ash particles to catalyze charging and/or
de-charging the cenospheres with hydrogen. Suitable cata-
lysts 1include hydrogenation and dehydrogenation catalysts
commonly used 1n the arts including the dopants commonly
used 1 metal hydride hydrogen storage materials to increase
hydrogen recovery kinetics or reduce hydrogen recovery
temperature. In embodiments of the 1nvention an aluminum-
zirconium catalyst may be deposited on the cenosphere
exterior with a plasma spray or other spray process. Other
catalysts are disclosed the copending U.S. Provisional Patent
Application No. 60/395,013, entitled “Improved Methods
For Hydrogen Storage Using Doped Alanate Compositions”
by Craig M. Jensen and Scott D. Redmond and filed on Jul.
10, 2002.

[0088] Hydrogen may be recovered from the container by
heating the hydrogen storing material within the container
and permeating the thermally freed hydrogen out of the
container. The hydrogen storage material may be heated to
a temperature sufficient to recover hydrogen, or suflicient to
provide the desired hydrogen permeability, whichever 1s
orecater. As an example, lithium hydride may be heated
within an interior void of a fly ash particle in order to free
hydrogen from the hydride and permeate the hydrogen out
of the fly ash particle. The presence of the lithium within the
fly ash particles may help to reduce the pressure within the
interior void during hydrogen recovery. This may help
reduce the susceptibility of the particles to cracking and may
help avoid many of the prior art structural and mechanical
problems that have been encountered 1n using glass micro-
spheres for hydrogen storage.

[0089] B. Containers Having an Enclosing Layer Formed
Over a Hydrogen Storage Material

[0090] In alternate embodiments of the invention, a micro-
sized hydrogen permeable container having a hydrogen
storage material contained therein may include a hydrogen
permeable enclosing layer formed or coated over a hydrogen
storage (or storing) material. The hydrogen storage material
may comprise a particle containing a metal that 1s capable of
combining with hydrogen to form a metal hydride. The
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enclosing layer may encapsulate or surround the particle and
contain a protective material such as an oxide of a metal, an
oxide of silicon (e.g., silica), an oxide of aluminum (e.g.,
alumina), a nitride of a metal, boron nitride, titanium nitride,
hydrogen permeable membrane materials, or related mate-
rials. The enclosing layer may be sufficiently permeable to
hydrogen, at least when heated, to allow thermally recovered
hydrogen to permeate out of the container for collection. The
invention of embodiments encompasses a method of form-
ing a hydrogen storing material within the micro-sized
hydrogen permeable container by enclosing a particle con-
taining a hydrogen storage material with a layer that is
permeable to hydrogen at least when heated. The particle
may be formed, for example by condensation of a thermal
spray, and then the enclosing layer may be formed over the
surface of the particle, for example by condensing the
protective material over the surface of the particle.

[0091] Initially, a particle of a hydrogen storage material
may be formed. A gas phase condensation process, thermal
spray process, or plasma spray process may be used to form
the particle. Such approaches offer a number of advantages
as previously discussed. If a small particle 1s desired, these
approaches may be used to form nanoparticles and micro-
particles. Such particles have a large percentage of their
material at the surface instead of concealed within the bulk
and may allow easier, lower temperature, and more complete
hydrogen recovery. Other approaches that are suitable for
forming the particles include sonochemical processing, cavi-
tation processing, microemulsion processing, mechanical
crushing and grinding, high-energy ball milling, and other
nanoparticle synthesis techniques. The particle of embodi-
ments may comprise the hydrogen storage nanoparticle 120
shown in F1G. 1. Greater than micro-sized chunks of a metal
may be crushed and ground 1n a ball grinding apparatus in
order to form micro-sized particles. The size of the hydrogen
storage particle 1s not a limitation of embodiments and
particles larger than the micro-sized range may be used,
although the 1nventors presently favor micro-sized or
smaller particles. The particle of embodiments may com-
prise a microparticle support with a hydrogen storage mate-
rial deposited thereon, such as shown in FIG. 4. As desired,
the hydrogen storage material of the particles may be
converted to a hydrogen storage material. The particles may
be exposed to hydrogen to cause their hydrogen storage
material to combine with hydrogen. This may help to
stabilize the particles.

[10092] After forming the hydrogen storage or hydrogen
storing particles, the particles may be enclosed with a layer
that 1s permeable to hydrogen, at least when heated. The
particles may be coated or covered with an enclosing layer
containing a protective material such as an oxide of a metal,
an oxide of silicon (e.g., S10,), an oxide of aluminum (e.g.,
Al,QO,), diamond, a nitride of a metal, boron nitride, titanium
nitride, etc. Other suitable materials include materials com-
monly used for hydrogen permeable membranes for hydro-
ogen separation. An example hydrogen-permeable metal
membrane 1s disclosed 1in U.S. Pat. No. 6,152,995 to Edlund.
An example hydrogen purification membrane containing
vanadium alloyed with at least 1-20 atomic percent nickel
and/or 1-20 atomic percent cobalt and/or 1-20 atomic per-
cent palladium 1s disclosed 1n U.S. Pat. No. 6,395,405 to
Buxbaum. One exemplary hydrogen purification membrane
disclosed comprises a metallic substrate having a coating,
the coating comprising palladium and a surface species
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present as discontinuous surface deposits, the surface spe-
cies selected from the group consisting of alkali metal
cations, alkaline earth elements and alkaline earth cations.
ZnS film membranes on glass supports have also been used
as hydrogen separation membranes and introduce an n-type
semiconductor character that may favor chemisorption of
hydrogen. Other hydrogen permeable membranes abound 1n
the literature. Non-limiting examples of such membranes
include palladium membranes, tantalum membranes, palla-
dium-coated ceramic support, perovskite materials, hydro-
gen permeable silicalite-1 molecular sieve materials, and
other hydrogen permeable materials. These hydrogen sepa-
ration membrane materials may allow forming a hydrogen
selective layer that 1s substantially more permeable to hydro-
ogen than to oxygen, nitrogen, and other primary components
of air. Any of these materials may potentially be used to
enclose the hydrogen storage material.

[0093] The layer may envelop or encapsulate the particle
as an outer protective shell surrounding the outer surface of
the particle. The enclosing layer may provide mechanical
and/or chemical protection to the particle. As an example,
the enclosing layer may prevent or at least reduce reaction
of a metal hydrogen storage material when the particle is
exposed to air or moisture. A range of thickness for the
enclosing layer may be appropriate depending upon the
particular amount of protection desired for the particle, and
the particular hydrogen permeability desired for the layer. In
ogeneral, thicker layers may provide greater protection and
lower permeability to hydrogen compared to thinner layers.
The enclosing layer should be sufficiently permeable to
hydrogen, at least when appropriately heated, to allow
recovery of hydrogen from the particle and/or charging the
particle with hydrogen.

10094] In one aspect the enclosing layer may comprise a
catalyst that increases the kinetics of hydrogen charging
and/or recovery. The catalyst may comprise aluminum,
zirconium, titanium, or some combination as part of the
enclosing layer deposited for example with a thermal spray
process. Other catalysts are disclosed 1n copending U.S.
Provisional Patent Application No. 60/395,013, entitled
“Improved Methods For Hydrogen Storage Using Doped

Alanate Compositions” by Craig M. Jensen and Scott D.
Redmond and filed on Jul. 10, 2002.

10095] Different approaches may be used to form the
enclosing layer over the particle. The present inventors
contemplate forming the enclosing layer by condensing a
thermal spray (e.g., a plasma spray). In some embodiments
of the invention, a hydrogen storage particle formed by any
particle formation approach known in the arts may be
introduced 1nto a thermal spray containing a protective
material to allow the spray to condense on the exterior of the
particle and form the enclosing layer. As an example, the
particle may be introduced into the thermal spray with the
use of a collision gas or may be directly adding the spray
from a powder port or hopper. In other embodiments of the
invention, a particle containing a hydrogen storage material
having a relatively high condensation temperature may be
formed 1mitially by cooling a thermal spray and then the
particle may be enclosed in the layer of a protective material
having a lower condensation temperature by further cooling
the thermal spray to cause the protective material to con-
dense on the exterior of the particle and form the enclosing
layer.
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[0096] Of course it is not required to form the enclosing
layer by condensing a thermal spray. Other deposition
processes known 1n the arts may be used. Many chemical
vapor deposition (CVD) and physical vapor deposition
(PVD) processes known in the arts may be used. CVD
involves depositing a layer on a surface through a chemical
reaction occurring 1n a gas over the surface. CVD processes
for depositing silicon dioxide, doped silicon dioxide (e.g.,
phosphosilicate glass, borophosphosilicate glass, etc.) are
commonly used in the semiconductor processing arts. PVD
involves depositing a material from a source to the surface
of the particle without changing the chemical composition of
the material. Commonly used physical vapor depositions
include among others sputtering and thermal evaporation.
PVD may be used to deposit materials such as silica,
alumina, glass, boron nitride, and others.

[0097]

rials

0098] A. Cassettes

IV. Storage Systems for Hydrogen Storage Mate-

0099] According to some embodiments of the invention a
hydrogen storage material or composition as described
herein may be added to a cassette. The cassette will refer to
a container for a hydrogen storage material that allows for
improved handling of the hydrogen storage material during
distribution and that may be loaded and unloaded into a
hydrogen recovery system. Exemplary cassettes that may be
used to contain the hydrogen storage materials disclosed
herein include those Disclosed 1n copending U.S. patent
application Ser. No. , entitled “Hydrogen Storage,
Distribution, And Recovery System”™ by Scott D. Redmond
and filed on Sep. 10, 2002. The U.S. patent application Ser.

No. 1s hereby entirely incorporated by reference.
0100] B. Rail Cars
0101] FIG. 7 shows a train distribution system for hydro-

oen 700 that contains a track 720 connecting a hydrogen
source 710 to a hydrogen destination 760 and a train 730 on
the track that contains a rail car 740 having a hydrogen
storage material or hydrogen storing material container 750
therem, according to embodiments of the imvention. The
train and the rail car containing the material may move along
the track between the source and the destination 1n order to
distribute hydrogen from the source to the destination.

[0102] The hydrogen source may be a source of hydrogen
that may be used to charge material 1n containers with
hydrogen. For example, the hydrogen source may contain a
hydrogen generation plant (e.g., a reformer or electrolyzer)
that may be used to generate hydrogen used to charge a spent
or depleted hydrogen storage material within the container.
The hydrogen source may also comprise a pressurized vessel
containing hydrogen. Alternatively, the hydrogen source
may be a source of containers having fully charged hydrogen
storing material such as metal hydride. In this aspect, the
hydrogen source may represent any conventional ware-
house, or train loading station where these containers may be
introduced into the rail car.

[0103] The rail car 740 contains the container 750 and
may contain any desired number of other containers. One or
a plurality of hydrogen storage material containers may fit
snugly within a standard sized rail car so that they utilize
most of the available storage space within the rail car. The
container 750 contains a hydrogen storage material or
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hydrogen storing material, depending upon whether the
material 1s charged with hydrogen. The material may be one
of the materials disclosed herein, although this 1s not
required. As an example, the material may include a hydro-
gen storage or storing composition containing a hydrogen
storage nanomaterial, a micro-sized support having a hydro-
ogen storage deposit, or a micro-sized hydrogen permeable
container having a hydrogen storage material therein. Alter-
natively, the train car may contain other hydrogen storage or
storing materials known 1n the arts. Other materials that are
suitable 1nclude but are not limited to other metal hydrides,
carbon nanostructures, glass microspheres, and other solid-
state materials for hydrogen storage that are known 1n the
arts. These materials may be in a hydrogen-charged or
hydrogen-uncharged state, depending upon whether they are
coming from the hydrogen source or returning from the
hydrogen destination. As desired, the rail car may be lined
with a material compatible with hydrogen and the hydrogen
storage material, although this 1s not required.

10104] In any event, the train receives the hydrogen and
may move along the track to the hydrogen destination. The
frain comprises a connected line of a plurality of rail cars
cither with, or without, a locomotive. It 1s appreciated that
in an alternate embodiment (not shown) the rail car 740 may
be propelled along the track individually by a self-contained
motor, 1nstead of as a part of the train 730. The track may be
of any desired length and may contain a line of rails athxed
to ties laid on a roadbed. The track allows the rail car to
convey hydrogen from proximate the source 710 to proxi-
mate the destination 760. Hydrogen may be added to or
removed from the container in situ in the rail car. Examples
of hydrogen destinations include but are not limited to
pressurized vessels for storing hydrogen, buffer tanks, cas-
sette charging stations, hydrogen powered power plants, fuel
cells, and other hydrogen utilization systems. Once at the
destination, the hydrogen may be recovered from the car by
heating or other techniques known 1n the arts.

10105] FIG. 8 shows a rail car 810 having a container 820
for a hydrogen storage or storing material therein, according
to embodiments of the invention. The rail car and the
container comprise a new and useful hydrogen storage,
distribution, and recovery system of the present inventors.
The container 820 has a hydrogen storage or storing material
850 contained therein, a pressure relief valve 822 to relieve
an excessively high pressure within the container, an 1nstru-
mentation and control line 824 to connect a plurality of
measurement devices 826A-C to an information and control
system 8860, a hydrogen collection and distribution system
832 to collect hydrogen recovered from the material 850 for
removal from the container and to distribute hydrogen that
1s added to the container to the material 850, and a thermal
fluid distribution system 838 to distribute a thermal fluid to
different portions of the material 850.

[0106] Hydrogen may be exchanged between the con-
tainer 820 and an appropriately connected hydrogen source/
destination 870. The container has a hydrogen port 834 that
may be connected with a hydrogen conveyance system 837
of the rail car. The hydrogen port may include piping
connected with the hydrogen collection and distribution
system that ends 1n an interface 836 that may be connected
with a corresponding interface of the hydrogen conveyance
system 837 of the rail car. The hydrogen conveyance system
of the rail car may include piping that may be connected
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with both the hydrogen port 834 at the interface 836 and
piping of the hydrogen source/destination 870 at the inter-
face 835. In the illustrated embodiment, the connections of
the container and the hydrogen source/destination to the rail
car are made with flanges at the interfaces, although this is
not required. Other connectors known 1n the arts may also be
used.

[0107] The illustrated container 820 has the internal

hydrogen collection and distribution system 832 coupled
with the hydrogen port 834 to facilitate collection and
distribution of hydrogen, although this system 1s not
required. In particular, hydrogen may be recovered from the
material, often by heating the material, and removed from
the container to a connected hydrogen destination 870, and
hydrogen may be added to the container from a connected
hydrogen source 870 and combined with the material within
the container to form a hydrogen storing material (e.g., a
metal hydride or a hydrogen filled glass microsphere). The
hydrogen collection and distribution system may include
conventional piping, along with any desired flow regulation
devices (e.g., valves, flow control valves, check valves, flow
controllers, etc.), and metering devices (e.g., flow meters,
pressure meters, temperature meters, etc.). The flow regu-
lation and metering devices may be 1nside the container, or
outside the container. The flow of hydrogen may be regu-
lated under manual and/or automatic control. The hydrogen
collection and distribution system may help to collect hydro-
ogen from the material during recovery and distribute hydro-
ogen to the material during charging. The system may include
a manifold containing an array of piping, tubing, ducts, gaps,
or other void space that i1s dispersed through different
volumes of material within the car and having vents for flow
of hydrogen. The vent of one embodiment includes openings
in a pipe covered by a fabric, wire mesh, porous ceramic
material, or other screening device sutficient to allow tlow of
hydrogen gas while blocking flow of the material 850 from
the container. The system may also include a generally

porous medium or packing in which the material 850 1s
distributed.

[0108] Often, the material 850 will be heated to recover
hydrogen. This may be accomplished 1n numerous ways
including by using electrically resistive heaters (e.g., heating,
coils), thermal fluids, contact heaters, etc. In the illustrated
embodiment, the container includes the thermal fluid distri-
bution system 838 to heat the material 850 to recover
hydrogen for delivery to the hydrogen destination 870,
although this 1s not required. The distribution system may be
used to distribute a thermal fluid, either a heating fluid, or a
cooling fluid, or both a heating fluid and a cooling fluid, to
the material. The thermal fluid may be a hot gas (e.g., steam,
hot air, etc.), a hot liquid (e.g., hot water, hot oil, etc.), a cold
gas (e.g., cold refrigeratant gas, cold air, etc.), a cold liquid
(e.g., cold refrigerant liquid, cold water, etc.). The distributor
may 1nclude an array or coil of pipes dispersed within the
hydrogen storage material to convey the fluid.

[0109] Thermal fluid may be exchanged between the ther-
mal fluid source 880, the container 820, and the thermal fluid

destination 890 1n order to heat and/or cool the material 850
within the container. The container has a thermal fluid inlet
port 840, and a thermal fluid outlet port 844 that may be
connected with corresponding ports of a thermal fluid con-
veyance system 843, 847 of the rail car at interfaces 842,
846. The mlet and outlet ports may include piping connected



US 2004/0065171 Al

with the thermal fluid distribution system 838 that ends 1n an
interface 842, 1n this case a flange, which connects to the
thermal fluid conveyance system of the rail car. The thermal
fluid conveyance system 843, 847 may include piping that
may be connected with the inlet and outlet ports of the
container at the interfaces 842, 846 and the thermal fluid
source and destinations at the interfaces 841 and 8435,
respectively. The illustrated connections are through flanges,
although this 1s not required.

[0110] In the particular illustration a single distributor 838
may be used for distributing both heating fluids and cooling
fluids. If heating the material 1s desired, for example 1n order
to recover hydrogen, hot water from a hot water source 880,
such as the outlet of the heating side of a heat exchanger,
may be pumped through the inlet port 840, and resulting
cooled water may be pumped through the outlet port 844 to
a destination 890, such as the inlet of the heating side of the
heat exchanger. The heat supplied by the heat exchanger
may come from the train boiler, furnace, exhaust, or any
other desired source. If cooling the material 1s desired, for
example to slow hydrogen recovery or to remove heat
during charging with hydrogen, cold water from a cold water
source 880, such as the outlet of the cooling side of a heat
exchanger, may be pumped through the inlet port 840, and
resulting heated water may be pumped through the outlet
port 844 to a destination 890, such as the inlet of the cooling,
side of the heat exchanger. Of course 1 other embodiments
of the invention separate fluid distributors may be used for
heating tfluids and cooling fluids.

[0111] The container includes the instrumentation and
control line 824 and the plurality of measurement devices
826A-C. The 1llustrated container includes two temperature
measurement devices 826A and 826C at different locations
and a pressure measurement device 826C, although this 1s
not required. Any conventional temperature and pressure
measurement devices known 1n the arts may be used. Signals
containing information associated with temperature, pres-
sure, or other conditions within the container may be con-
veyed between the container and an appropriately connected
information and control system 860. The mformation and
control system may reside in the container, the rail car, the
frain, or at any other desired location. In the illustrated
embodiment, the container has a signal port 828 that may be
connected with a signaling medium 831 of the rail car.
Conventional wiring or lines used for mstrumentation may
be used for the line 824 and the signaling medium. The
signal port and the signaling medium may meet at a con-
ventional electrical connection mnterface 830. The signaling,
medium may convey the signals, for example representing
temperature and pressure within the container, to an external
information and control system 860. The information and
control system may be located 1n the engineers main control
panel of the train, although this 1s not required. In alternate
embodiments of the invention, the connection may be a
wireless connection. The container may have a wireless
communication device, a telemetry device, or the like to
wirelessly communicate information to the information and
control system.

[0112] In the illustrated embodiment, the container 820 is
connected to the information and control system 860, the
hydrogen source/destination 870, the thermal fluid source
880, and the thermal fluid destination 890 through signaling
medium 831, hydrogen tflow conveyance system 837, and
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thermal fluid conveyance system 843, 847 of the rail car,
although this 1s not required 1n other embodiments of the
invention. Those having an ordinary level of skill in the art
and the benefit of the present disclosure will appreciate that,
in alternate embodiments of the invention, the container may
be directly connected to the information and control system,
the hydrogen source/destination, thermal fluid source, and
the thermal fluid destination. For example, the rail car may
have openings 1n 1ts housing that allow piping and electrical
lines to pass through to form these connections.

[0113] Thus, improved hydrogen storage materials have
been described. Although described with reference to spe-
cific embodiments 1t should be remembered that various
modifications and changes may be made to the techniques
described herein without departing from the broader spirit
and scope of the invention. With respect to the above
description then, 1t 1s to be realized that the parts of the
invention are to include variations in size, materials, shape,
form, function and manner of operation, assembly and use,
as are deemed readily apparent to one of ordinary skill 1n the
art, and all equivalent relationships to those 1llustrated 1n the
drawings and described 1n the specification are intended to
be encompassed by the present invention. The specification
and drawings are accordingly to be regarded 1n an 1llustra-
tive rather than a restrictive sense and the invention mea-
sured only 1n terms of the claims, which follow.

What 1s claimed 1s:

1. A composition comprising a hydrogen storage nano-
material containing nanoparticles having an average size in
the range of 1-100 nanometers.

2. The composition of claim 1, wherein the nanoparticles
comprise a metal that 1s capable of combining with hydro-
gen to form a metal hydride.

3. The composition of claim 2, wherein the nanomaterial
comprises cluster of nanoparticles condensed together from
a plasma spray.

4. The composition of claim 3, wherein the hydrogen
storage material further comprises hydrogen.

5. The composition of claim 4, wherein the composition
1s contained within a cassette.

6. The composition of claim 1, wherein the composition
1s contained within a rail car.

7. A method comprising forming a hydrogen storage
nanomaterial by condensing an atomized hydrogen storage
material.

8. The method of claim 7, wherein forming comprises
condensing a thermal spray containing a molten metal that
1s capable of combining with hydrogen to form a metal
hydride.

9. The method of claim 7, wherein forming comprises: (1)
melting a metal that 1s capable of combining with hydrogen
to form a metal hydride; (i1) spraying the melted metal; and
(i11) condensing the sprayed metal to form a nanomaterial
containing nanoparticles that have an average size that 1s 1n
the range of 1-100 nanometers.

10. The method of claim 7, wherein forming comprises:
(1) melting a metal that is capable of combining with
hydrogen to form a metal hydride by heating the metal to a
temperature not less than its melting point temperature 1n a
plasma; (i1) atomizing and spraying the melted metal by
contacting the melted metal with a flow of a compressed gas;
and (i11) condensing the sprayed metal to form a nanoma-
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terial containing nanoparticles that have an average size that
1s 1n the range of 1-100 nanometers by cooling the sprayed
metal.

11. The method of claim 7, wherein forming further
comprises forming a hydrogen storing nanomaterial by
combining hydrogen with the hydrogen storage material
during condensation.

12. The method of claim 7, whereimn forming further
comprises forming a hydrogen storing nanomaterial by
combining hydrogen with a majority of the hydrogen storage
material during condensation.

13. A composition comprising a micro-sized support
having a hydrogen storage material deposited thereon.

14. The composition of claim 13, wherein the hydrogen
storage material comprises a metal that 1s capable of com-
bining with hydrogen to form a metal hydride.

15. The composition of claim 13, wherein: (1) the hydro-
ogen storage material deposited on the support comprises a
thermal spray deposit; and (ii) the hydrogen storage material
comprises a metal that 1s capable of combining with hydro-
ogen to form a metal hydride.

16. The composition of claim 15, wherein: (1) the thermal
spray deposit comprises a plasma spray deposit; and (i1) the
support comprises a particle selected from the group con-
sisting of a glass particle, a ceramic particle, a zeolite
particle, a mesoporous molecular sieve particle, a pozzolan
particle, and an activated carbon particle.

17. The composition of claim 15, wherein: (1) the thermal
spray deposit comprises a plasma spray deposit; and (i1) the
support comprises a fly ash particle having a substantial
internal void.

18. A method comprising: (i) melting a hydrogen storage
material by heating the material to a temperature not less
than its melting point temperature; (ii) atomizing and spray-
ing the melted material by contacting the melted material
with a flow of a gas; (ii1) introducing a micro-sized support
into the spray of the melted material; and (iv) depositing a
portion of the spray on the support.

19. The method of claim 18, wherein introducing the
support 1nto the spray comprises adding a microparticle to a
collision gas for the spray.

20. The method of claim 19: (1) wherein the hydrogen
storage material comprises a metal that 1s capable of com-
bining with hydrogen to form a metal hydride; and (i1)
further comprising combining a majority of the metal with
hydrogen from the gas to form metal hydride.

21. A composition comprising a micro-sized hydrogen
permeable container having a hydrogen storage material
contained therein.

22. The composition of claim 21, wherein: (1) the con-
tainer comprises a microparticle having a substantial internal
void; and (i1) the hydrogen storage material comprises a
metal that 1s capable of combining with hydrogen to form a
metal hydride.

23. The composition of claim 22, wherein the metal
comprises a metal that 1s selected from the group consisting
of lithium, beryllium, boron, sodium, magnesium, alumi-
num, or a combination thereof.
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24. The composition of claim 23, wherein the micropar-
ticle 1s sufliciently permeable to the metal to allow the metal
to permeate into the void.

25. The composition of claim 21, further comprising
hydrogen combined with the metal.

26. The composition of claim 21, wherein: (i) the con-
tainer comprises a container selected from the group con-
sisting of a glass microsphere and a fly ash particle having
a substantial internal void; and (i1) the hydrogen storage
material comprises a metal that 1s capable of combining with
hydrogen to form a metal hydride.

27. The composition of claim 26, wherein a majority of
the hydrogen storage material comprises a metal that is
selected from the group consisting of lithium, beryllium,
boron, sodium, magnesium, aluminum, or a combination
thereof!

28. The composition of claim 21, wherein the container
comprises an enclosing layer over a hydrogen storage mate-
rial containing a metal that 1s capable of combining with
hydrogen to form a metal hydride.

29. The composition of claim 28, wherein the enclosing
layer 1s permeable to hydrogen when heated.

30. The composition of claim 21, wherein the container
comprises an enclosing layer containing a protective mate-
rial, selected from the group consisting of silica, alumina,
boron nitride, or a combination thereof, formed over a
particle containing a metal hydrogen storage material that 1s
capable of combining with hydrogen to form a metal
hydride, the protective material.

31. A method comprising forming a hydrogen storage
material within a micro-sized hydrogen permeable container
by permeating the hydrogen storage material 1nto the con-
tainer.

32. The method of claim 31, wherein forming comprises
permeating a metal selected from the group consisting of
lithium, beryllium, boron, sodium, magnesium, aluminum,
or a combination thereof, into a substantial internal void of
a particle.

33. The method of claim 31, wherein forming comprises
permeating lithium into a substantial internal void of a fly
ash particle.

34. A composition comprising a micro-sized hydrogen
permeable container containing a hydrogen storage material
formed therein by the method of claim 31.

35. A method comprising forming a hydrogen storage
material within a micro-sized hydrogen permeable container
by enclosing a particle containing a hydrogen storage mate-
rial with a layer that 1s permeable to hydrogen when heated.

36. The method of claam 35, wherein enclosing the
particle comprises condensing a thermal spray containing
the material over a surface of the particle.

37. The method of claim 36, further comprising condens-
ing the particle from the thermal spray before said enclosing.

38. A composition comprising a micro-sized hydrogen
permeable container containing a hydrogen storage material
formed therein by the method of claim 35.
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