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HYDROGEN STORAGE MATERIALS AND HYDROGEN FUEL CELLS

TECHNICAL FIELD
[0001] The inventive subject matter generally relates to hydrogen storage, and more
particularly relates to hydrogen storage materials which can be used in conjunction

with fuel cells.

BACKGROUND

[0002] Hydrogen is a relatively environmentally-friendly, abundant fuel source
that, when reacted with oxygen, produces energy and water Hydrogen has been
traditionally used as fuel for rockets, but has also been used as fuel for automobiles.
In such cases, noncombustive technologies such as fuel cells have been used to extract
energy from hydrogen. In particular, the fuel cells have been designed to host a
reverse electrolysis process to generate electricity and water. Recently, fuel cells have
been employed as replacements for batteries in portable, hand-held devices.

[0003] Although hydrogen fuel sources have many technical advantages over other
fuel sources, storing hydrogen has presented a challenge. For example, in some cases,
hydrogen is stored as a compressed gas in a storage tank, but such tanks may only be
capable of holding up to about 10% of hydrogen by weight. In other cases, hydrogen
is extracted from liquid hydrocarbons with CO (carbon monoxide) as an undesirable
byproduct. Moreover, hydrogen gas is a relatively flammable material, and safety
may become an issue if a storage container in which the hydrogen is stored becomes
damaged.

[0004] Recently, other storage options, such as solid state hydrogen storage, have
been investigated. For example, metal hydrides have been discovered as viable solid
state hydrogen storage materials. However, metal hydrides typically absorb atomic
hydrogen by forming covalent sigma bonds, and as a result, the hydrogen may be
relatively difficult to remove. For example, high temperatures (e.g., > 600° C) may
be used to release the hydrogen. Other hydrides, such as aluminum hydrides with

alkali metals such as sodium, potassium, and lithium, may desorb hydrogen at
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practical temperatures and pressures for mobile consumer applications (e.g., at
temperatures below about 200° C and at pressures about 1 atm), but have low weight
percentage of hydrogen adsorption. Still other hydrides may produce effective
hydrogen storage materials capable of storing about 7% hydrogen by weight at
practical temperatures and pressures; however, when these materials are subjected to a
temperature in a range of between about 50-150 °C, they may only release about 5%
hydrogen by weight. Alternatively, a relatively large amount of pressure may be
needed to cause a release from the material of more than 5% hydrogen by weight.

[0005] Accordingly, it is desirable to have a hydrogen storage material that can
remain stable at room temperature (e.g., between about 20-25 °C) and at pressures of
about 1 atm. It is also desirable for the hydrogen storage material to adsorb and
desorb hydrogen at temperatures that are below about 200° C and at pressures less
than about 1 atm. Moreover, it is desirable for the hydrogen storage to be capable of
releasing more than 6.5% hydrogen by weight at such temperatures and pressures.
Furthermore, other desirable features and characteristics of the inventive subject
matter will become apparent from the subsequent detailed description of the inventive
subject matter and the appended claims, taken in conjunction with the accompanying

drawings and this background of the inventive subject matter.

BRIEF SUMMARY

[0006] In an embodiment, by way of example only, hydrogen storage materials are
provided that may be capable of a hydrogenated state and dehydrogenated state. The
hydrogen storage material comprises a solid state material comprising a plurality of
hydrogen storage molecular units. Each hydrogen storage molecular unit comprises
of two transition metal atoms bonded to two elements from period 2 of the periodic
table, wherein the hydrogen storage material includes at least 6.5% molecular
hydrogen by weight when in the hydrogenated state and is stable at temperatures
below about 200°C.

[0007] In another embodiment, by way of example only, a hydrogen fuel cell is
provided. The hydrogen fuel cell a substrate and a hydrogen storage material

disposed on the substrate, the hydrogen storage material comprising a plurality of
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hydrogen storage molecular units, each hydrogen storage molecular unit comprising a
transition metal bonded to one or more elements from period 2 of the periodic table,
wherein the hydrogen storage material includes at least 6.5% molecular hydrogen by
weight when in a hydrogenated state and is stable at temperatures below about 200°C

and at pressures of about 1 atm and below.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0008] The inventive subject matter will hereinafter be described in conjunction
with the following drawing figures, wherein like numerals denote like elements, also
hydrogen is shown in magenta, boron in grey, nitrogen in blue, carbon in golden,
oxygen in red and titanium in cyan, and
[0009] FIG. 1 is a hydrogen storage molecular unit in a dehydrogenated state,
according to an embodiment;
[0010] FIG. 2 is a hydrogen storage molecular unit in a hydrogenated state,
according to an embodiment;
[0011] FIG. 3 is a slanted view of a two-dimensional hydrogen storage material,
according to an embodiment;
[0012] FIG. 4 is a top view of a two-dimensional hydrogen storage material,
according to an embodiment;
[0013] FIG. 5 is a side view of a two-dimensional hydrogen storage material in a
hydrogenated state, according to an embodiment;
[0014] FIG. 6 is a top view of a two-dimensional hydrogen storage material in a
hydrogenated state, according to an embodiment;
[0015] FIG. 7 is a unit cell of a dehydrogenated three-dimensional hydrogen storage
material with Zn4O;3, according to an embodiment;
[0016] FIG. 8 is an assembled plurality of unit cells forming a dehydrogenated
three-dimensional hydrogen storage material with Zn4O;3, according to an
embodiment;
[0017] FIG. 9 is a unit cell of a hydrogenated three-dimensional hydrogen storage
material with ZnsO3, according to an embodiment; and
[0018] FIG. 10 is an assembled plurality of unit cells forming a hydrogenated three-
dimensional hydrogen storage material with Zn4O,3, according to an embodiment; and

[0019] FIG. 11 is a cross-sectional view of a portion of a hydrogen fuel cell.
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DETAILED DESCRIPTION

[0020] The following detailed description of the inventive subject matter is merely
exemplary in nature and is not intended to limit the inventive subject matter or the
application and uses of the inventive subject matter. Furthermore, there is no
intention to be bound by any theory presented in the preceding background of the
inventive subject matter or the following detailed description of the inventive subject
matter.

[0021] Novel materials have been discovered that may be capable of storing
hydrogen in a solid state. The hydrogen storage materials may be in a two- or three-
dimensional structural form that is capable of maintaining stability when exposed to
temperatures that are below about 200° C and to pressures of about 1 atm or less. In
an exemplary embodiment, the hydrogen storage material may be capable of
adsorbing hydrogen to form a hydrogenated material or desorbing hydrogen to form a
dehydrogenated material. In another embodiment, the hydrogen storage material may
include at least about 6.5% molecular hydrogen (H,) by weight, in a hydrogenated
state, at temperatures that are below about 200° C and at pressures of about 1 atm or
less. In another embodiment, the hydrogen storage material may include at least
about 8.0% H, by weight, in a hydrogenated state under the aforementioned
temperature and pressure conditions.

[0022] The hydrogen storage material may comprise a hydrogen storage molecular
unit that includes one transition metal and one or more elements from the second
period of the periodic table. The transition metal has one or more empty 3d orbitals
that are susceptible to forming bonds with other elements. The affinity of the
transition metal to hydrogen, can be tuned by attaching the transition metal to one or
more eclements from the second period of the periodic table. This allows
hybridizations which lead to d-orbital-semi-dative bonding of the transition metal
with electrons disposed in a ¢ orbital formed between two hydrogen atoms of a H;
molecule. Selection of the particular one or more elements may depend on whether
the hydrogen storage material is used to form a two-dimensional structure or a three-
dimensional, whether the structure has a plurality of unit cells that are substantially
identical in make up, and/or what particular elements make up the structures into

which the hydrogen storage material may be incorporated. For example, the
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transition metal may be titanium (Ti) and the one or more elements may be nitrogen
(N), nitrogen and boron (B), or nitrogen and carbon (C).

[0023] An embodiment of a hydrogen storage molecular unit in a dehydrogenated
state and a hydrogenated state is shown in FIGs. 1 and 2. Referring to FIG. 1, the
hydrogen storage molecular unit includes two titanium atoms bonded to each other
and each bonded to the same two nitrogen atoms. Each nitrogen atom is also bonded
to a boron atom. The total binding energy of the dehydrogenated hydrogen storage
molecular unit may be about -55¢V, indicating that it can have a stable structure at
temperatures that are below about 200° C and at pressures of about 1 atm or less, and
more particularly at temperatures of between about 20-25 © C. Referring to FIG. 2,
after hydrogen adsorption occurs, the bond between the two central titanium atoms
break and each adsorbs four molecules of hydrogen to yield a total adsorption of eight
molecules of hydrogen. As a result, the hydrogen storage molecular unit may include
more than 10% by weight hydrogen.

[0024] In another embodiment, the hydrogen storage material may be used to form
two-dimensional hydrogen storage materials. The two-dimensional hydrogen storage
materials may include a plurality of unit cells that are substantially identical,
according to an exemplary embodiment. Each unit cell may comprise a hydrogen
storage molecular unit, where each is a molecule of titanium bonded to nitrogen, and
boron. Slanted and top views of a unit cell of the two-dimensional hydrogen storage
material in a dehydrogenated state are shown in FIG. 3 and 4, according to an
embodiment.

[0025] The unit cell includes a plurality of hydrogen storage molecular units where
two titanium atoms are bonded to each other and to the same two nitrogen atoms.
Each nitrogen atom is, in turn, bonded to a boron atom. This dehydrogenated unit cell
has a total binding energy of about -100eV, which indicates a stable structure at room
temperature (e.g., about 20-25 °C) and at 1 atm.  When the two-dimensional
hydrogen storage material is fully hydrogenated, adsorption energy of each hydrogen
molecule is about -0.3 eV. It will be appreciated that adsorption energy of each
hydrogen molecule may preferably be in a range of between about -0.2 to -0.6¢eV.

Binding energies falling within the aforementioned range may indicate that the
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material can release hydrogen at or slightly above (e.g. +10 °C) room temperature and
at 1 atm pressure.

[0026] Side and top views of a two-dimensional hydrogen storage material in a
hydrogenated state are shown in FIG. 5 and 6. After hydrogenation, each titanium
atom adsorbs four molecules of hydrogen to yield a total adsorption of eight
molecules of hydrogen. As a result, the two-dimensional hydrogen storage material
may include at least about 10.88% weight percentage of adsorbed hydrogen.

[0027] As mentioned briefly above, the hydrogen storage material alternatively may
be a three-dimensional structure. In an exemplary embodiment, the hydrogen storage
material may be a porous crystalline structure. The porous crystalline structure may
comprise a plurality of unit cells that are arranged in a repeating polyhedral structure.
Each unit cell may include a core unit linked to each other by one or more linker
units. In one embodiment, each core unit forms a vertex of the polyhedral structure of
the hydrogen storage material.

[0028] For example, the hydrogen storage material may have a cubic structure. In
this regard, each unit cell may include six vertices that are linked together, such that
the bond angles between the linked vertices may be about 90 degrees. In these cases,
the core units may be molecules that are capable of forming a framework having such
bond angles when linked together by the linker units. In an embodiment, the cubic
framework core molecules may be molecules, such as Zn4Oi3, capable of forming
metal organic frameworks. In still another embodiment, the cubic framework core
molecules may be molecules, such as CuQOs capable of forming Cu-based
frameworks, molecules, such as Mn atoms, capable of forming Mn-based
frameworks, molecules, such as FeOg, forming Fe-based frameworks, molecules, such
as AgeNg, forming Ag-based frameworks, or molecules such as BgHg, forming B-
based frameworks.

[0029] Each linker unit may comprise a hydrogen storage molecular unit, in an
embodiment. As mentioned briefly above, the selection of the particular elements
included in the hydrogen storage molecular unit may depend on the particular
clements that make up the core units of the hydrogen storage molecular unit. For
instance, in an example in which the core units are incorporated into a ZnsO;3 metal

organic framework, the core molecules may be linked together by two N,Ti, linker
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units through a single C atom. FIG. 7 is a unit cell of a dehydrogenated three-
dimensional hydrogen storage material with Zn4O,3, according to an embodiment, and
FIG. 8 is an assembled plurality of unit cells forming a dehydrogenated three-
dimensional hydrogen storage material with Zn,O,3, according to an embodiment. In
an embodiment, the N,Ti, linker units may be bonded to carbon atoms that make up
part of the Zn4O;3 metal organic framework. In this case, when the three-dimensional
structure is hydrogenated, as shown in FIG. 9 and 10 in phantom, the linker units may
be capable of adsorbing at least about 6.5% by weight hydrogen, and in some
embodiments at least about 6.84% by weight hydrogen. In other embodiments, the
core molecules may also be hydrogenated and may increase the weight percent of
adsorbed hydrogen contained by the three-dimensional structure. For example, in the
case of a metal organic framework including Zn4O,; core molecules, the additional
adsorbed hydrogen molecules may make up greater than about 7.0% by weight of the
three-dimensional structure.

[0030] It will be appreciated that for any of the two-, or three-dimensional
structural forms mentioned above, hydrogen may be desorbed by supplying a suitable
amount of energy to the hydrogen storage material. For each of these materials the
adsorption energy per molecular hydrogen preferably may not exceed 0.5 eV.
Consequently, hydrogen may release from these materials when they are heated to a
temperature above about 200 °C.

[0031] The above described structures may be synthesized using any one of
numerous conventional methods. In an exemplary embodiment, the hydrogen storage
molecular unit may be initially synthesized and subsequently incorporated into a
selected two-dimensional, or three-dimensional structure. For example, if the
hydrogen storage molecular unit comprises TiB,, TiB, can be synthesized by mixing
TiO, and B4C into an aqueous slurry and drying the aqueous slurry for about 8-10
hours at about 100°C. In another embodiment in which the hydrogen storage
molecular unit comprises TiN, TiCls may be reacted with NaN; at a temperature
between about 350-380°C for about 8-10 hours. If the hydrogen storage molecular
unit comprises TiNB, TiB, and TiN may be reacted. Alternatively ammonia (NH3)
may be reacted with boric acid (B(OH) 3) to form a BN network, and Ti may be
introduced into the BN network to form TiNB.
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[0032] In embodiments in which the hydrogen storage molecular unit is used as
linker units to form two- or three-dimensional structures, the prepared hydrogen
storage molecular unit may be mixed with materials that may make up a desired
framework. For example, to incorporate the hydrogen storage molecular unit made up
of TiN into a Zn40O;3 metal organic framework, TiN may be mixed with zinc nitrate
hexahydrate and N,N-diethylformamide and heated at about 100°C.

[0033] The hydrogen storage material may be incorporated into a fuel cell. FIG. 11
is a cross-sectional view of a portion of a hydrogen fuel cell 100, according to an
exemplary embodiment. The fuel cell 100 may include a substrate 102 and a layer
104 disposed thereover. In an embodiment, the layer 104 may comprise the hydrogen
storage material. The layer 104 may be formed using any conventional manner. For
example, the layer 104 may be formed from the above-mentioned synthesized
material and may be deposited via chemical vapor deposition. The substrate 102 may
comprise a material that is different than the layer 104. In an embodiment, the
substrate 102 material may be selected based on ability to passive the hydrogen
storage material. Alternatively, the hydrogen storage material may be formed into a
component to thereby form an energy storage device.

[0034] A hydrogen storage material that is a stable structure at temperatures below
about 200° C and pressures of about 1 atm or less has now been provided. The
hydrogen storage material may also be a stable structure when exposed to
temperatures between about 20-25° C and to pressures of about 1 atm or less. The
hydrogen storage material may include a hydrogen storage molecular unit that may be
used to form two-, or three-dimensional solid state structures. Moreover, the
hydrogen storage material may be capable of adsorbing at least about 6.5% molecular
hydrogen, by weight.

[0035] While at least one exemplary embodiment has been presented in the
foregoing detailed description of the inventive subject matter, it should be appreciated
that a vast number of variations exist. It should also be appreciated that the exemplary
embodiment or exemplary embodiments are only examples, and are not intended to
limit the scope, applicability, or configuration of the inventive subject matter in any
way. Rather, the foregoing detailed description will provide those skilled in the art

with a convenient road map for implementing an exemplary embodiment of the
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inventive subject matter, it being understood that various changes may be made in the
function and arrangement of elements described in an exemplary embodiment without
departing from the scope of the inventive subject matter as set forth in the appended

claims and their legal equivalents.
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CLAIMS

What is claimed is:

1. A hydrogen storage material capable of a hydrogenated state and
dehydrogenated state, the hydrogen storage material comprising a plurality of
hydrogen storage molecular units, each hydrogen storage molecular unit comprising:

a transition metal; and

an element from period 2 of the periodic table bonded to the transition metal,
wherein the hydrogen storage material includes at least 6.5% molecular hydrogen by
weight when in the hydrogenated state and is stable at temperatures below about

200°C and at pressures of about 1 atm and below.

2. The hydrogen storage material of claim 1, wherein the transition metal
comprises titanium and the element from period 2 of the periodic table comprises an

element selected from the group consisting of boron, carbon, and nitrogen.

3. The hydrogen storage material of claim 1, wherein:
the hydrogen storage material forms a two-dimensional structure including a
plurality of unit cells; and

cach unit cell includes a plurality of the hydrogen storage molecular units.

4. The hydrogen storage material of claim 3, wherein:

cach of the hydrogen storage molecular units includes two titanium atoms
bonded to two nitrogen atoms; and

a boron atom bonds a nitrogen atom of a first hydrogen storage molecular unit

to a nitrogen atom of a second hydrogen storage molecular unit.

5. The hydrogen storage material of claim 1, wherein the hydrogen
storage material forms a three-dimensional polyhedral structure including a plurality
of vertices and a plurality of linker units linking at least a first vertex to a second
vertex, each vertex comprising a first core unit and each linker unit comprising the

hydrogen storage molecular unit.

11
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6. The hydrogen storage material of claim 5, wherein each core unit of

the plurality of vertices forms a metal-organic framework.

7. The hydrogen storage material of claim 5, wherein each core unit of

the plurality of vertices forms a zeolite framework.

8. The hydrogen storage material of claim 7, wherein each core unit

comprises ZngOy3.

9. The hydrogen storage material of claim 8, wherein each linker unit

comprises N, Ti,.

10. A hydrogen fuel cell comprising:

a substrate; and

a hydrogen storage material disposed on the substrate, the hydrogen storage
material comprising a plurality of hydrogen storage molecular units, each hydrogen
storage molecular unit comprising a transition metal bonded to one or more elements
from period 2 of the periodic table, wherein the hydrogen storage material includes at
least 6.5% molecular hydrogen by weight when in a hydrogenated state and is stable

at temperatures below about 200°C and at pressures of about 1 atm and below.

11. The hydrogen fuel cell of claim 10, wherein the substrate and the
hydrogen storage material comprise different materials and the material of the

substrate is capable of passivating the hydrogen storage material.

12. The hydrogen storage material of claim 10, wherein the transition
metal comprises titanium and the element from period 2 of the periodic table
comprises an element selected from the group consisting of boron, carbon, and

nitrogen.

13. The hydrogen storage material of claim 10, wherein:

12
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the hydrogen storage material forms a two-dimensional structure including a
plurality of unit cells; and

cach unit cell includes a plurality of the hydrogen storage molecular units.

14. The hydrogen storage material of claim 13, wherein:

cach of the hydrogen storage molecular units includes two titanium atoms
bonded to two nitrogen atoms; and

a boron atom bonds a nitrogen atom of a first hydrogen storage molecular unit

to a nitrogen atom of a second hydrogen storage molecular unit.

15. The hydrogen storage material of claim 10, wherein the hydrogen
storage material forms a three-dimensional polyhedral structure including a plurality
of vertices and a plurality of linker units linking at least a first vertex to a second
vertex, each vertex comprising a first core unit and each linker unit comprising the

hydrogen storage molecular unit.

16. The hydrogen storage material of claim 15, wherein each core unit of

the plurality of vertices forms a metal-organic framework.

17. The hydrogen storage material of claim 15, wherein each core unit of

the plurality of vertices forms a zeolite framework.

18. The hydrogen storage material of claim 17, wherein each core unit

comprises ZngOy3.

19. The hydrogen storage material of claim 18, wherein each linker unit

comprises N, Ti,.

13
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