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(57) ABSTRACT

A carbon-based foam composite including a carbon-based
foam and a solid state hydrogen storage material, methods for
making the carbon-based foam composite, and methods for
using the carbon-based foam composite. Representative car-
bon-based foams include cryogels, aerogels, and xerogels.
Representative solid state hydrogen storage materials include
metal hydrides and chemical hydrides.
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CARBON-BASED FOAM NANOCOMPOSITE
HYDROGEN STORAGE MATERIAL

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-

sional Application No. 60/740,960, filed Nov. 30, 2003,
expressly incorporated herein by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

[0002] It 1s well recognized that hydrogen fuel generated
from renewable power would be a desirable option to contin-
ued use of fossil fuels. Hydrogen powered fuel cells are
developing rapidly, are more eflicient than internal combus-
tion engines, and have only water as an emission. Unfortu-
nately, hydrogen storage systems suitable for automotive and
other small-scale industrial or residential applications remain
clusive. Solid state hydrogen materials such as metal hydrides
or chemical hydride are some of the best potential materials
tor solving this problem. Uniortunately these maternials have
their own problems including poor reversibility, unacceptable
reaction kinetics, and 1nadequate thermal conductivity. A cur-
sory review of known hydrides reveals that materials with a
high hydrogen content react at thermodynamically difficult
temperatures and/or pressures whereas those with reasonable
re/dehydrogenation contain little hydrogen. Hydride-based
storage materials have been mixed with maternials such as
expanded graphite, porous aluminum foams, and porous sili-
con. While the exact mechanism that causes these materials to
be of benefit 1s not always clear, the results have clearly
demonstrated improvements to the reaction kinetics or ther-
modynamics of the hydriding or dehydriding reaction.
[0003] Despite the advances 1n hydrogen storage materials
noted above, a need exists for improved hydrogen storage
materials and methods for making these materials. The
present invention seeks to fulfill these needs and provides
turther related advantages.

SUMMARY OF THE INVENTION

[0004] The present invention provides compositions and
methods for storing hydrogen.

[0005] Inone aspect, the present invention provides a com-
posite comprising a carbon-based foam and a solid state
hydrogen storage material. In one embodiment, the carbon-
based foam 1s a carbon cryogel. In another embodiment, the
carbon-based foam 1s a carbon aerogel. In another embodi-
ment, the carbon-based foam 1s a carbon xerogel. The solid
state hydrogen storage material 1s a hydrogen storage mate-
rial. The solid state hydrogen storage material can be a metal
hydride or a chemical hydride. In one embodiment, the metal
hydride 1s magnesium hydride. In one embodiment, the
chemical hydride 1s ammonia borane. In one embodiment, the
composite further comprises a catalyst that 1s effective 1n
lowering the temperature required for release of hydrogen
from the composite, for increasing the amount of hydrogen
released from the composite at a particular temperature, or for
increasing or controlling the rate at which hydrogen 1is
released from the composite. In one embodiment, the com-
posite Turther comprises surfaces that have been modified to
include sultur groups. The carbon-based foam has a surface
area of from about 20 m*/g to about 3000 m~/g.

[0006] In another aspect, a method for making a carbon
cryogel 1s provided. In one embodiment, the method includes
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preparing a sol by mixing a catalyst and at least two compo-
nents capable of forming an organic sol-gel 1n water; gelling
the sol by heating at a temperature and for a time suificient to
provide a gel; drying the gel to provide a polymer foam;
pyrolyzing the polymer foam to provide a carbon-based
foam; and contacting the carbon-based foam with a solid state
hydrogen storage material in a form that allows the solid state
hydrogen storage material to infiltrate the carbon-based foam
to provide a carbon-based foam composite. In one embodi-
ment, the components capable of forming a sol-gel comprise
resorcinol and formaldehyde. In one embodiment, the molar
ratio of resorcinol to catalyst 1s from about 10 to about 2000.
In one embodiment, gelling the sol comprises heating at a
temperature and for a period of time suilicient to convert the
sol to a crosslinked gel. In one embodiment, gelling the sol
comprises heating at about 90° C. for from about 1 to about 7
days. In the method, drying the gel comprises freeze drying,
supercritically drying, or evaporation drying the gel. In one
embodiment, pyrolyzing the polymer foam comprises heat-
ing at a temperature and for a time suificient to provide a
carbon-based foam. In one embodiment, pyrolyzing the poly-
mer foam comprises heating at about 1050° C. for about 4
hours 1 a substantially oxygen-iree environment. In one
embodiment, the carbon-based foam 1s further heated at a
temperature and for a time suificient to provide an activated
carbon-based foam. In one embodiment, heating at a tem-
perature and for a time sufficient to provide an activated
carbon-based foam comprises heating at about 900° C. under
carbon dioxide.

[0007] Inoneembodiment, the solid state hydrogen storage
material for infiltrating the foam i1s in liquid form. In one
embodiment, the solid state hydrogen storage material 1s a
metal hydride, and 1n another embodiment, the solid state
hydrogen storage material 1s a chemical hydride.

[0008] In another aspect of the mvention, a method for
hydrogen storage 1s provided. In one embodiment, the
method comprises contacting a vessel containing a hydrogen
storage material with hydrogen, wherein the hydrogen stor-

age material comprises a carbon-based foam composite of the
invention.

[0009] In another aspect, the mnvention provides a gas stor-
age vessel. The gas storage vessel comprises a vessel and a
carbon-based foam composite of the invention.

[0010] In another aspect of the nvention, a method for
charging a carbon-based foam composite with a solid state
hydrogen storage material 1s provided. In one embodiment,
the method comprises contacting a carbon-based foam com-
posite that has discharged an amount of hydrogen with a solid
state hydrogen storage material. In one embodiment, the solid
state hydrogen storage material 1s 1n a liquid.

[0011] In another aspect, the mvention provides a method
for charging a carbon-based foam composite with hydrogen.
In one embodiment, the method comprises contacting a
hydrogen storage vessel containing a carbon-based foam
composite with a source of hydrogen. In this embodiment, the
carbon-based foam composite 1s a composite that has been at
least partially depleted of hydrogen, and the source of hydro-
gen has a pressure sulficient to cause the hydrogen to infiltrate
the carbon-based foam composite to provide a hydrogen-
enriched carbon-based foam composite.

[0012] Inanother aspect, a device for charging a hydrogen-
depleted composite with hydrogen 1s provided.

[0013] In another aspect of the mmvention, a method for
discharging hydrogen stored in a composite 1s provided.
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[0014] In another aspect, the present mnvention provides a
system comprising a hydrogen storage vessel containing a
composite of the invention and a fuel cell capable of convert-
ing hydrogen into energy. In the system, the vessel 1s 1n
gaseous communication with the fuel cell for providing
hydrogen released from the composite to the fuel cell. In one
embodiment, the fuel cell 1s 1n thermal communication with
the composite such that heat from the fuel cell 1s directed to
the composite for releasing hydrogen.

[0015] In another aspect, the invention provides a method
for lowering the temperature required for releasing hydrogen
from a solid state hydrogen storage material. In the method, a
carbon-based foam 1s contacted with a solid state hydrogen
storage maternal having a first hydrogen release temperature
to provide a composite having a second hydrogen release
temperature. The second hydrogen release temperature 1s
lower than the first hydrogen release temperature. In one
embodiment, the solid state hydrogen storage material com-
prises a metal hydride. In another embodiment, the solid state
hydrogen storage material comprises a chemical hydride.

DESCRIPTION OF THE DRAWINGS

[0016] The foregoing aspects and many of the attendant
advantages of this invention will become more readily appre-
ciated as the same become better understood by reference to
the following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

[0017] FIG.1A1saschematic illustration of an unmodified
carbon cryogel useful 1n making the carbon-based foam com-
posite of the invention;

[0018] FIG. 1B 1s a schematic illustration of a representa-
tive carbon-based foam composite of the invention (carbon
cryogel loaded with magnestum hydride particles);

[0019] FIG. 2 1s a graph comparing pore volume and pore
diameter of an unmodified carbon cryogel usetul 1n making
the composite of the invention and a representative composite
of the invention (carbon cryogel loaded with magnesium
hydride);

[0020] FIGS. 3A-3D are graphs illustrating nitrogen
adsorption 1sotherms and pore size distributions for RF cryo-
gels having R/W constant at 0.005 and R/C 50 (FIG. 3A
(mitrogen adsorption) and FIG. 3B (pore size distribution))

and R/C 300 (FIG. 3C (nitrogen adsorption) and FIG. 3D
(pore size distribution));

[0021] FIG. 4 is a graph comparing surface area (m~/g).
pore size (nm), and pore volume (10xcm’/g) of RF cryogels
as a function of R/C with R/W molar constant at 0.005;

[0022] FIG.51isa graph comparing pore volume (cm’/g) as
a Tunction of pore size between 2-4 nm for activated (dashed
line) and unactivated (solid line) carbon cryogels having R/C
50;

[0023] FIG. 6 1s a schematic 1llustration of a fuel cell sys-

tem comprising a fuel cell that 1s supplied with hydrogen from
a vessel including the composite of the invention;

[0024] FIG. 7 1s a graph comparing the thermal decompo-
sition of a carbon cryogel, magnesium hydride (powder), and
a representative composite of the invention (carbon cryogel
loaded with magnesium hydride); illustrating significant
mass loss for the composite at a temperature of about 100° C.,
below that for magnesium hydride;

[0025] FIG. 8A 1s a transmission electron microscope
(TEM) 1mage (175000x) of an unmodified carbon cryogel
usetul in making the composite of the imvention;
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[0026] FIG. 8B 1s a transmission electron microscope
(TEM) image (175000x) of a representative composite of the
invention (carbon cryogel loaded with magnesium hydride);
[0027] FIG. 91s a graph comparing hydrogen release from
ammonia borane (AB) and a representative composite of the
invention (carbon cryogel loaded with ammoma borane);
illustrating that release of hydrogen occurs as a function of
temperature and that the carbon cryogel loaded with ammo-
nia borane releases hydrogen at a temperature lower than
ammonia borane;

[0028] FIG. 10 compares differential scanning calorimetry
graphs for ammonia borane (AB) and a representative com-
posite of the invention (carbon cryogel loaded with ammonia
borane); illustrating an endotherm followed abruptly by an
exotherm at about 110-120° C. for ammonia borane (AB) and
a broad endotherm at a lower temperature followed by an
exotherm at around the same temperature as for ammonia
borane for the representative composite of the invention; and
[0029] FIG. 11 1sa graph comparing the formation of bora-
zine from ammonia borane (AB) and a representative com-
posite of the invention (carbon cryogel loaded with ammonia
borane); illustrating that while ammonia borane releases
borazine 1n a significant quantity, the representative compos-
ite of the 1nvention does not.

DETAILED DESCRIPTION OF THE INVENTION

[0030] In one aspect, the present invention provides a com-
posite comprising a carbon-based foam and a solid state
hydrogen storage material. The carbon-based foam compos-
ite 1s capable of storing large quantities of hydrogen 1n small
volumes and at low weights. As used herein, the term “car-
bon-based foam” refers to a class of materials, which can be
derived from the sol-gel process, characterized as an inter-
connected porous, high surface area carbon material. Carbon-
based foams are distinguished from other carbon materials
such as, for example, expanded graphite, 1n that the foams are
highly porous materials having a network of extended, inter-
connected pores.

[0031] In one embodiment, the carbon-based foam 1s
formed by a sol-gel process. The sol-gel process involves
forming a solid porous network by a polymerization reaction
that provides a solid sol-gel from an 1mtial liquid sol. The
initial sol typically includes two organic compounds and a
catalyst 1in a liquid. The two organic compounds react, aided
by the catalyst, to form a polymer network that 1s the sol-gel.
The sol-gel process first provides a colloidal suspension (the
liquid sol) that 1s then polymerized to form the solid sol-gel.
[0032] Thecarbon-based foam is an imterconnected micro-/
meso-porous material that can be at least partially filled with
a solid state hydrogen storage compound. As used herein, the
term “‘solid state hydrogen storage material” refers to a class
of materials characterized by an ability to store hydrogen in a
solid form that can then release gaseous hydrogen. It will be
appreciated that, although these hydrogen storage materials
do not necessarily store hydrogen as molecular (diatomic)
hydrogen, the hydrogen storage materials do release molecu-
lar (diatomic) hydrogen. As described below, the hydrogen
storage materials can be hydrides (e.g., metal and chemical
hydrides). As also further described below, certain depleted
hydrogen storage matenals (1.e., hydrogen depleted metal
hydride storage materials) can be recharged by treatment with
molecular hydrogen.

[0033] In one embodiment, the carbon-based foam 1s a
carbon cryogel. As used herein, the term “cryogel” refers to a
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class of carbon-based foams formed by a process that
includes freeze-drying a sol-gel. Representative cryogels
have a total pore volume of from about 1.0 to about 1.5 cm’/g;
a total pore volume (single point nitrogen adsorption) of from
about 1.2 to about 1.4 cm’/g; and a variety of maximum pore
s1ze distributions, a maximum pore size distribution of less
than about 5 nm; a maximum pore size distribution of from
about 0.5 nm to about 2.0 nm, from about 5 nm to about 10
nm, from about 10 nm to about 20 nm, from about 20 nm to
about 50 nm, or greater than about 50 nm.

[0034] In one embodiment, the carbon-based foam 1s a
carbon acrogel. As used herein, the term “aerogel™ refers to
carbon-based foams formed by a process that includes drying
a sol-gel with supercritical carbon dioxide.

[0035] In one embodiment, the carbon-based foam 1s a
carbon xerogel. As used herein, the term “xerogel” refers to
carbon-based foams formed by a process that includes drying
a sol-gel by evaporation.

[0036] The carbon-based foams useful in making the car-
bon-based foam composites of the mvention have a surface
area of from about 20 m~/g to about 3000 m*/g.

[0037] The solid state hydrogen storage material 1s loaded
into the pores of a carbon-based foam to provide the compos-
ite of the invention. Loading into the pores of the foam can be
accomplished by any method that will allow the solid state
hydrogen storage material to properly infiltrate the foam.
Because the foam 1s highly porous, a large amount of solid
state hydrogen storage material can be loaded 1nto the foam.
The goal of loading the solid state hydrogen storage material
into a high surface area form, such as a carbon-based foam, 1s
to provide a solid framework on which to support solid state
hydrogen storage materials in a maximum surface area. Solid
state hydrogen storage materials themselves generally have a
powder form and thus cannot easily be manipulated 1n the
solid state. By coating the surface of a foam with the solid
state hydrogen storage material, a more structured and higher
surface area composite 1s formed. The resulting composite
has a high storage capacity due to the large surface area. Such
composites are more easily incorporated into practical
devices. For example, 1n a hydrogen gas storage device, the
difference between having a vessel filled with a solid state
hydrogen gas storage material in powdered form versus a
solid state hydrogen storage material loaded into a carbon-
based foam 1s not only that the foam has a higher surface area
and thus provides for an increased amount of hydrogen to be
stored and released, but also that a solid block of the foam
material 1s more readily handled than the formless powder.
The carbon-based foam makes a solid state hydrogen storage
material more efficient and more portable.

[0038] The solid state hydrogen storage material can be any
compound able to store hydrogen. Unless otherwise indi-
cated, as used herein, the term “hydrogen” refers to molecular
(diatomic) hydrogen (1.e., H,). In one embodiment, the solid
state hydrogen storage material 1s a metal hydnide. For metal
hydrides, hydride formation occurs at the metal center with
the absorption of hydrogen at the surface by chemisorption.
In one embodiment, the metal hydride 1s magnesium hydride
(MgH.,), as described 1n Example 1. In another embodiment,
the solid state hydrogen storage material 1s a chemical
hydride. These materials are generally Lewis acid/base com-
plexes and the most common are boron and aluminum con-
taining compounds, commonly referred to as borates and
alanates. The structure of these matenials 1s generally a tet-
ragonal anion [AlIH,]™ or [BH,]™ bound to a cation, usually
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[.1* or Na®*. These compounds release hydrogen at varying
temperatures and contain as much as 20 weight percent
hydrogen. In one embodiment, the chemical hydride 1s
ammonia borane (AB), as described in Example 2. MgH., and
AB are representative examples of hydrogen storage materi-
als. There are an abundance of gas storage materials that may
be inserted into a carbon-based foam. Suitable metal hydrides
for insertion 1nto a carbon-based foam for hydrogen absorp-
tion include Mg,FeH; Na,AlH; NaAlIH,; MnN1.H.; TiCr,
sH, -; Mg,NiH,; PdH, .; CaNiH.; TiFeH; MgH,; LaNi.
sAl, (H.; and LaN1i,AlH.. Suitable chemical hydrides for

insertion nto a carbon-based foam include LiAIH,, LiBH,,
NaAlH,, and NaBH,.

[0039] Carbon-based foams for storing gas can be opti-
mized to achieve the desired level of storage. For example,
different storage materials can be used, different loading
techniques to insert the storage materials 1n to foams can be
used, the type of catalyst can be varied to thermodynamically
match the hydride, and the geometry and surface character-
1stics of the foam can be varied. In order to customize the gas
storage properties of a carbon-based foam, the foam can
further include a transition metal catalyst. Suitable catalysts
include nickel, certum, and zirconium catalysts. Catalysts can
be added during the sol-gel formation process and are then
incorporated into the carbon-based foam that 1s formed
through the sol-gel and drying process, as described in
Example 3. Alternatively, catalysts can be incorporated into
the carbon-based foam after gel formation by rinsing the gel
with a solution including the catalyst. Catalysts can also be
introduced into the carbon-based foam at the same time as, or
aiter, introduction of the solid state hydrogen storage mate-
rial.

[0040] The surface chemistry of carbon-based foams can
be modified to further alter the gas storage properties of the
foam. Example 4 describes the addition of sulfur functional
groups to the surface of a carbon cryogel.

[0041] The composites of the invention are directed to
hydrogen storage in the solid state for release as gaseous
hydrogen. A solid state hydrogen storage material 1s a metal
hydride (e.g., MgH.,) or a chemical hydride (e.g., AB) that 1s
capable of producing hydrogen gas.

[0042] The present invention advances the nanocomposite
concept by providing a composite gas storage material that
includes a gas storage phase loaded 1nto the pores of a meso-
porous high surface area foam (a representative foam, a car-
bon cryogel, 1s illustrated schematically in FIG. 1B). The
open, vet cohesive, cryogel allows for excellent heat and mass
transier while providing ample space for hydride loading.

[0043] Carbon cryogels can be tuned by modifying the
sol-gel parameters to produce arange ol meso to microporous
percolated carbon networks. Pore size can be manipulated
from <2 nmup to >1350 nm by changing only the catalyst ratio
or percent reactants 1n the sol, as well as application of post-
pyrolysis activation.

[0044] The carbon cryogel can be optionally activated by
heating at elevated temperature 1n a carbon dioxide atmo-
sphere. Activation substantially increases micropore volume
and provides carbon cryogels having high pore volume, high
surface area, and low pore sizes. Activated carbon cryogels
have surface areas as high as about 2500 m*/g whereas non-
activated carbon cryogels typically have surface areas
between about 500 m*/g to about 1000 m*/g. Monolith den-
sity has been manipulated from as low as about 0.05 g/cm” to
about 1 g/cm”. The range of properties achievable with car-
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bon cryogels makes them 1deal for addition and manipulation
of hydrogen storage materials 1n their pores. By utilizing this
flexibility, the physical structure of carbon cryogels can be
designed for hydride loading and both chemical and metal
hydrides can be successiully deposited inside the pores of a
cryogel.

[0045] FIG. 2 shows the pore size distribution for both a
plain cryogel and an 1dentically prepared and MgH,, loaded
cryogel. The pore size distribution shows a significant peak at
4.5 nm and broader hump centered at about 90 nm. After
loading with MgH.,, both of these teatures change. The large
pores between 80 nm-110 nm nearly disappear, indicating,
that pores of this size are almost completely filled with larger
particles of MgH,. The smaller pores, however, reduce in
volume as a result of MgH,, on the pore walls. As a result, the
pore volume reduces from 0.17 cm>/g to 0.13 cm”/g at around
4.5 nm. The inset of FIG. 2 shows an expanded view of the
pore size distribution under 10 nm. In this range the peak
shifts slightly to the left while maintaining essentially the
same shape, thus indicating that pores 1n this size range are
statistically reduced 1n size, by about 0.5 nm, due to the
presence of MgH.,,.

[0046] Only afraction of the total pore volume of the foam
1s typically filled. The single point desorption total pore vol-
ume of a MgH,, impregnated cryogel is 0.62 cm”/g. The single
point desorption total pore volume for the unmodified cryogel
is 0.98 cm’/g. Approximately one third of the total pore
volume 1s consumed, leaving an abundance of pore volume
for additional hydrogen storage material. If near total pore
filling were achieved, the percent weight hydrogen storage
capacity of the composite would reach about 4.7 weight per-
cent storage or 60% of the theoretical maximum MgH,, stor-
age capacity.

[0047] The carbon cryogel network possesses a cohesive,
yet porous, interconnected network that provides excellent
heat flow. Any practical hydride powder based hydrogen stor-
age device will require a heat conduction network. A nano-
composite cryogel-based approach easily fulfills that require-
ment and can easily be applied to other hydride systems. Not
only does the cryogel composite system exhibit a reduction in
dehydrogenation temperature for MgH,, but 1ts monolithic
and conductive nature represents a significant contribution to
system level heat management 1ssues surrounding storage of
hydrogen 1n hydride powder beds.

[0048] Inanotheraspect of the invention, methods for mak-
ing a carbon-based foam are provided. The carbon-based
foam can be made by the following representative multi-step
sequence:

[0049] (1) preparing a sol by mixing at least two compo-
nents capable of forming an organic sol-gel and a catalyst in
water,

[0050] (2) gelling the sol by heating at a temperature and for
a time suificient to provide a gel;

[0051] (3) drying the gel to provide a polymer foam:;
[0052] (4) pyrolyzing the polymer foam to provide a car-
bon-based foam; and

[0053] (5) contacting the carbon-based foam with a solid
state hydrogen storage material 1n a form that allows the solid
state hydrogen storage material to infiltrate the carbon-based
foam to provide a carbon-based foam composite.

[0054] The carbon-based composites of the invention are
obtainable by the method described above.

[0055] Carbon-based foams can be formed with the above
steps and variations thereof. Processes for making each of the
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carbon-based foams can include steps (1) and (2), even
though the reactants can be tailored based on the desired
product (e.g., the amounts and types of the ingredients will
alfect the overall end structure 1n terms of porosity and sur-
face area). Drying the gel will determine the type of polymer
foam and, ultimately, the carbon-based foam formed. Freeze
drying provides a carbon cryogel, supercritical carbon diox-
ide drying provides a carbon aerogel, and evaporative drying
provides a carbon xerogel.

[0056] Pyrolyzing the polymer foam provides the carbon-
based foam. Pyrolyzation uses high temperature and an oxy-
gen-free environment to reduce the polymer foam (includes
carbon and other atoms such as hydrogen and oxygen) to a
carbon-based foam (substantially carbon). For example, a
polymer foam becomes a carbon-based foam aifter pyrolysis
because excess (1.e., non-carbon) atoms of the polymer foam
are removed by the pyrolysis.

[0057] A carbon-based foam can be optionally be “acti-
vated” by a high temperature treatment that creates additional
surface area by forming micropores.

[0058] It will be appreciated that the polymer foam pre-
pared as described above may also be useful as a solid state
hydrogen storage material to provide a useful composite. In
fact, other porous (open foam), high surface area matenals
that can incorporate solid state hydrogen storage materials
and that are stable to conditions for hydrogen release from the
materials may also be suitable as useful composites.

[0059] In one embodiment, the carbon-based foam 1s made
from a phenolic compound (e.g., resorcinol (R)), formalde-
hyde (F), water (W), and a catalyst (C).

[0060] Phenolic compounds can be reacted with formalde-
hyde 1n the presence of a basic catalyst to provide a polymeric
gel (crosslinked gel). Suitable phenolic compounds include a
polyhydroxy benzene, such as a dihydroxy or trihydroxy
benzene. Representative polyhydroxy benzenes include
resorcinol (1.e., 1,3-dihydroxy benzene), catechol, hydro-
quinone, and phloroglucinol. Mixtures of two or more poly-
hydroxy benzenes can also be used. Phenol (monohydroxy
benzene) can also be used. A typical catalyst for the resorci-
nol/formaldehyde reaction 1s sodium carbonate. The catalyst
can be any compound that facilitates the polymerization of
the sol to form a sol-gel.

[0061] Theratios of these materials (e.g., R/C and R/W), as
well as the processing parameters, determine the ultimate
structure and properties of the carbon-based foam. R/C is the
molar ratio of resorcinol to catalyst used 1n making the car-
bon-based foams; R/W 1s the weight ratio of resorcinol to
water used 1n making the carbon-based foam.

[0062] For carbon-based cryogels having R/'W=0.25 a sur-
face area (2400 to 2600 m*/g), total pore volume (1.0 to 1.5
cm’/g).

[0063] Inone embodiment, the carbon-based foams have a
density of from about 0.20 to about 1.0 g/cm’, a surface area
of from about 1500 to about 2000 m*/g, and a total pore
volume of from about 1.0 to about 1.5 cm™/g.

[0064] In one embodiment, carbon-based foams are made
from components having R/C of from about 10 to about 500.

In one embodiment, R/C 1s from about 50 to about 500. In one
embodiment, R/C 1s from about 50 to about 300.

[0065] In one embodiment, carbon-based foams are fabri-
cated from components having R/W of from about 0.01 to
about 2.0. In one embodiment, R/W 1s from about 0.1 to about

1.0. In one embodiment, R/W 1s about 0.25.
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[0066] The preparation and characteristics of the polymer
foams, carbon-based foams, activated carbon-based foams,
and carbon-based foam composites are described below.

[0067] Polymer Foams. Polymer foams can be prepared by
freeze drying sol-gels. Relatively little volume loss occurred
on drying. Nitrogen sorption (1.e., adsorption and desorption)
1sotherms and pore size distribution of RF carbon cryogels
with R/C ratios of 50 and 300, respectively, are illustrated in
FIGS. 3A-3D. Nitrogen sorption isotherms and pore size
distributions for representative RF carbon-based foams
(cryogels) having R/W constant at 0.005 and R/C 50 are
shown 1n FIG. 3A (nitrogen sorption) and FIG. 3B (pore size
distribution), having R/W constant at 0.005 and R/C 300 are
shown 1n FIG. 3C (nitrogen sorption) and FIG. 3D (pore size
distribution).

[0068] As shown in the these figures, a change 1n R/C from
50 to 300 results 1n a change 1n average pore size from about
4 nm to about 16 nm. Pore size, surface area, and pore volume
as a function of R/C with R/W molar constant at 0.05 1s shown

FIG. 4. The surface area of the RF cryogel decreases from 780
m~/g to 439 m*/g as R/C increases from 50 to 300. The pore

volume increases from 0.68 cm”/g for R/C 50 to 1.47 cm’/g
for R/C 300.

[0069] The material property changes can be explained by
a phase separation that varies on a scale dependent on the
amount of crosslinking that occurs as the matenal gels during

the polymer foam formation process. If significant amounts
of catalyst are available (low R/C), the result 1s a highly
crosslinked polymer network that 1s relatively uniform. The
phase separation between the polymer and the solvent occurs
at the nanoscale level and results 1n a more microporous
material with high surface area. The overall pore volume 1s
reduced because, although micropores increase the surface
area, micropores are relatively small in volume. Alternatively,
if only small quantities of catalyst are available, then the
reaction occurs more slowly with less crosslinking. This
allows the material to phase separate on a larger scale result-
ing 1n more meso- and macropores and a correspondingly

lower surface area. Thus, R/C 1s a variable 1n controlling
surface area and micropore size.

[0070] The observed mechanical strength of RF sol-gels
and cryogels varies noticeably with the sol composition. An
increase in R/W results 1n an increased hardness of both RF
sol-gels and carbon-based foams, while an increase i R/C
reduces the hardness of the resultant RF sol-gels and carbon-
based foams. Such change in mechanical strength can be
ascribed to the strength of the gel network. An increased R/'W
was observed to result 1n a significantly reduced gelation
time. For example, at a constant R/C of 75, the gelation time
reduces from 10,000 minutes for R/W o1 0.01 to 10 minutes
for R/W of 1.00. This fast hydrolysis and condensation reac-
tion results 1n a dense structured gel network.

[0071] Carbon-Based Foams. Carbon-based foams were
prepared by pyrolyzing polymer foams. Pyrolysis decom-
poses organic materials by heating 1n an oxygen-iree envi-
ronment. Pyrolysis of polymer foams occurs 1n a substantially
oxygen-iree environment at a temperature high enough to
reduce the polymer foam to a foam that 1s primarily carbon. A
typical pyrolysis will occur 1n nitrogen gas at 1050° C. for 4
hours. Some residual remnants of the non-carbon elements of
the polymer foam may remain. The conversion of RF polymer
foams to carbon-based foams 1s typically accompanied by a
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volume loss. The estimated volume loss 1s typically between
about 60 to about 80 percent. The weight loss during pyrolysis
1s typically about 50 percent.

[0072] Carbon-based foams can be optionally activated by
heating at elevated temperature 1n a carbon dioxide atmo-
sphere (e.g., 900° C. under carbon dioxide) to provide an
activated carbon-based foam. Activation substantially
increases micropore volume and provides carbon foams hav-
ing high pore volume, high surface area, and low pore sizes.
Subsequent activation of the carbon foams results in an
increase in pore volume, particularly in the microporous
range, as 1llustrated 1n an activated carbon cryogel in FIG. 5.
Activation occurs by the following reaction:

[0073] The representative carbon cryogel depicted in FIG.
5 was activated for 10 minutes, so the increase 1n micropore
volume 1s attributed to a relatively small number of new
micropores that were exposed as surtace carbon material was
removed. The activation process can eventually reach a point
where so much material 1s removed that the micropores begin
to increase 1 diameter, thereby reducing the overall surfaces
available for adsorption and diminishing the effectiveness of
pores. It should be noted that FIG. 5 does not present the
entire pore size distribution and this particular sample also
has a significant mesoporous peak at about 55 nm. The meso-
porous peak was reduced 1n volume (by about 24) after acti-
vation.

[0074] In one embodiment, carbon cryogels are fabricated
having activation of from about 5 to about 90%. In one
embodiment, activation 1s from about 25 to about 75%. In one
embodiment, activation 1s from about 60 to about 80%. As
used herein, “% activation” 1s defined as the difference
between the original and final material weights divided by the
original material weight.

[0075] Carbon-Based Foam Composites. A carbon-based
foam composite 1s formed by loading a hydrogen storage
compound 1nto the pores of a carbon-based foam. This 1s
typically done by soaking the foam in a mixture of the gas
storage compound in a suitable solvent that will not dissolve
the foam. The gas storage compound may actually be solvated
in the solvent to provide a solution or 1t may be a heteroge-
neous mixture. Typical hydrogen storage compound/solvent
systems 1nclude MgH,/t-butanol and ammonia borane/THF.
Warming of the solvent may facilitate the solvation of the
hydrogen storage compound. Once the cryogel has soaked in
the solution for a suificient time to allow the hydrogen storage
compound 1n the solution to infiltrate and fill the foam pores,
the foam 1s removed from the solution and freeze dried or
vacuum dried. Upon freeze drying, the hydrogen storage
compound 1s solidified 1n the pores of the foam, resulting 1n a
carbon-based foam hydrogen storage composite.

[0076] Hydrogen Storage. Carbon-based foams are i1deal
for hydrogen storage. A purpose of the composites of the
invention 1s to provide a storage mechanism for hydrogen. By
storing hydrogen 1n the solid state, the amount of hydrogen
able to be stored on a per unit volume basis 1s increased.
Hydrogen 1s not stored mn a composite 1n the gaseous,
diatomic form, but 1s 1mnstead 1n the form of a hydride com-
plex, either chemical or metal. When making a composite for
hydrogen storage, a carbon-based foam 1s first formed and
then the solid state hydrogen storage matenial 1s infiltrated
into the foam. The porous nature of the carbon-based foam
provides many benefits for gas storage when compared to the
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powdered form of the solid state hydrogen storage material,
including providing a large surface area and improved heat
conduction. Because the release of hydrogen from a metal
hydride 1s generally a reversible process, as long as the core of
the solid state hydrogen storage material (1.e., the metal cen-
ter) still remains 1n the foam, hydrogen can then be added
back into a depleted composite (1.e., recharging) and the
hydride reformed.

[0077] In another aspect, the present mnvention provides a
method for hydrogen storage. In the method, a vessel con-
taining a hydrogen storage material comprising a carbon-
based foam composite 1s contacted with hydrogen. The com-
posites of the invention can be used for hydrogen storage by
placing the composite 1 a vessel and contacting that vessel to
a hydrogen source. Any depleted solid state hydrogen storage
material (capable of accepting hydrogen) can take up the
hydrogen and form a hydride for solid state storage of hydro-
gen. Upon heating, the hydride releases the hydrogen.
[0078] In another aspect, the present invention provides a
gas storage vessel. The gas storage vessel comprises a vessel
and a composite of the imnvention. The vessel 1s sealable to
retain the hydrogen. Various inlet and outlet ports are optional
for directing hydrogen released from the composite or to
provide hydrogen for enriching depleted solid state hydrogen
storage material with hydrogen.

[0079] In another aspect, the present invention provides a
method for charging a carbon-based composite with a solid
state hydrogen storage material. In the method, a carbon-
based foam composite that has discharged an amount of
hydrogen 1s contacted with a liquid that includes a solid state
hydrogen storage material. In certain embodiments, a
depleted solid state hydrogen storage material will not be able
to be enriched (“recharged”) with hydrogen once 1t has dis-
charged hydrogen from the solid state. In this case, the
depleted composite can be further contacted with solid state
hydrogen storage material by soaking the carbon-based foam
in a liquid containing a solid state hydrogen storage material.
This may, but need not, be a process 1dentical to the original
formation of the composite.

[0080] In another aspect, the present invention provides a
method for charging a carbon-based foam composite with
hydrogen. In the method a hydrogen storage vessel contain-
ing a carbon-based foam composite 1s contacted with to a
source of hydrogen. The carbon-based foam composite 1s at
least partially hydrogen depleted. The hydrogen source has a
pressure suilicient to cause the gas to infiltrate the carbon-
based foam composite to provide a hydrogen-enriched car-
bon-based foam composite.

[0081] In another aspect, the present invention provides a
device for charging a hydrogen-depleted carbon-based foam
composite with hydrogen. The device comprises a carbon-
based foam composite and a means for filling the carbon-
based foam composite with hydrogen.

[0082] In another aspect, the present mnvention provides a
method for discharging hydrogen stored 1n a carbon-based
foam composite. In the method, a hydrogen storage vessel
containing a carbon-based foam composite 1s connected to a
system (e.g., Tuel cell) 1n need of hydrogen.

[0083] In another aspect, the present mnvention provides a
system that includes a hydrogen storage vessel and a fuel cell
capable of converting hydrogen into energy. The hydrogen
storage vessel 15 a vessel that contains a composite of the
invention. In the system, the fuel cell 1s 1n gaseous commu-
nication with the vessel. FIG. 6 illustrates a representative
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system. Referring to FIG. 6, fuel cell 10 1s 1n gaseous com-
munication with storage vessel 20 through connector 30. Heat
from fuel cell 10 can be returned to storage vessel 20 through
heat conductor 40 for causing the release of hydrogen from
the composite within the storage vessel.

[0084] In another aspect, the present invention provides a
method for lowering the temperature required for releasing
hydrogen from a solid state hydrogen storage material. In the
method, a carbon-based foam 1s contacted with a solid state
hydrogen storage material having a first hydrogen release
temperature to provide a composite having a second hydro-
gen release temperature, wherein the second hydrogen
release temperature 1s lower than the first hydrogen release
temperature. In one embodiment, the solid state hydrogen
storage material comprises a metal hydride. In one embodi-
ment, the solid state hydrogen storage material comprises a
chemical hydride.

[0085] The following examples are provided for the pur-
pose of i1llustrating, not limiting, the mnvention.

EXAMPLES

Example 1

The Preparation of a Representative Magnesium
Hydrnde Carbon Cryogel Composite

[0086] The chemicals utilized 1n this example are as fol-
lows: resorcinol {99+%, Sigma-Aldrich, C.H,(OH), }, form-
aldehyde solution {37% —stabilized with methanol
(C,H;OH), Fisher Scientific, COH, }, sodium carbonate {99.
5%, Sigma-Aldrich, NaCO, }, trifluoroacetic acid {99%, Ald-
rich, C,HF;0,}, tert-butyl-alcohol (t-butanol) {99.8%, J. T.
Baker, (CH,),;COH}, and magnesium hydride {MgH.,}.
These were used as received without further treatment. Car-
bon cryogels with resorcinol:catalyst ratio (R/C) held at 50:1
or 200:1, the weight percent solids at 5% (R/W) were fabri-
cated using the method described in Pekala, R W., Journal of
Materials Science 24(9):3221-7, 1989, as modified by the
method described 1n Tamon, H., Ishizaka, H., Yamamoto, T.,
Suzuki T., 379(12): 2049-35, 1999. The molar ratio of resor-
cinol to formaldehyde was maintained at 1:2 for all sols. The
sols were prepared by admixing resorcinol and formaldehyde
in stirred deionized water then adding catalyst at room tem-
perature. The resulting sols were sealed 1n glass ampoules and
gelled at 90° C. for 7 days. The resulting RF sol-gels under-
went solvent exchange to replace water with trifluoroacetic
acid (pH: 1.9) followed by t-butanol by rinsing 3 times 1n
fresh t-butanol for 24 hours each time followed by subsequent
freeze drying for 3 days. The resulting RF cryogels were
pyrolyzed at 1050° C. 1n N, for 4 hours.

[0087] Thecarboncryogel MgH, composite was formed by
inserting MgH, 1nto the pores of the cryogel by the following
method. A dry carbon cryogel was weighed and then soaked
in fresh warm t-butanol for 2 days to wet the surface. The
wetted cryogel was then placed 1n a dispersion of warm
t-butanol and MgH,, (in excess) supported above a stir bar to
maintain the dispersion. The resulting carbon cryogel-MgH,
composite was removed, excess MgH, powder was rinsed
from the surface of the cryogel with warm t-butanol. The
composite was frozen at —10° C. for 8 hours and then placed
in the freeze drier for 3 days. The sample was weighed again.
Samples were analyzed by means of transmission electron
microscopy (IEM), and nitrogen sorption 1sotherms. Hydro-
gen storage analysis using a Sievert’s apparatus (as described

in Hsu, Y. S., Pemg, T. P., Journal of Alloys and Compounds
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227(1): 180-185, 1993) was performed as follows. The
samples were loaded 1nto a glass slip inside a stainless steel
tube and evacuated at room temperature for 90 minutes and
then evacuated at 110° C. for 40 minutes. From that point the
reaction vessel temperature was increased at 1° C./min while
pressure changes were monitored and recorded every 10 min-
utes up to 230° C. and then every 1 minute until the test was
complete.

[0088] A nanocomposite (carbon cryogel with R/C: 200
and R/W: 0.03 loaded with magnesium hydride) was tested
for hydrogen decomposition temperature. The carbon cryo-
gel after MgH, 1insertion contained approximately 15%
hydrogen storage alloy. Based on the theoretical hydrogen
storage capacity of MgH,, of 7.6 wt %, the theoretical hydro-
gen storage capacity of the composite would be 1.14 wt %.
FIG. 7 shows the results of the hydrogen desorption test run
on the sample. The sample experienced peak hydrogen des-
orption rate at 330° C. As can be seen 1n FIG. 7, bulk MgH,
desorbs the majority of its hydrogen content at temperatures
well above 400° C. The commingling of MgH ., with nanopo-
rous carbon has reduced the decomposition temperature of
the hydrogen storage alloy to 100° C. below 1ts normal level.
[0089] TEM 1images shown in FIG. 8 indicate the difference
in morphology between a carbon cryogel (FIG. 8A) and an
MgH, loaded carbon cryogel (FIG. 8B). Both images were
taken at 175000x. A diffraction pattern was taken after the
high magnification TEM beam was used to dehydrogenate the
MgH, loaded cryogel. This process resulted 1n a diffraction
pattern that revealed an interatomic spacing of 0.30 nm con-

sistent with an HCP Mg crystal.

Example 2

The Preparation of a Representative Ammonia
Borane Carbon Cryogel Composite

[0090] Ammonia borane (AB) AB was added to THF until
saturation and then loaded into a carbon cryogel to achieve a
3 7% by weight AB composite material. AB shows a signifi-
cant reduction 1in decomposition temperature. FIG. 9 shows
the decomposition peak for bulk AB at about 100° C. While
the AB carbon cryogel composite demonstrates the same
peak hydrogen release temperature, the hydrogen release
begins at a much lower temperature of 50° C., indicating a
significant change 1n the reaction. This 1s supported by FIG.
10 which shows a change in the thermodynamics as demon-
strated by differential scanning calorimetry (DSC) (heating
rate of 1° C./min). FIG. 10 shows an endothermic reaction
starting at the same temperature that hydrogen release begins.
FIG. 11 also shows a change 1n the reaction byproducts. AB
when dehydrogenated 1n bulk will release large quantities of
borazine. This 1s not the case for the AB carbon cryogel
composite material as can be seen by the absence of the
borazine release peak shown 1n FIG. 11 as compared to the
straight AB. Thus the carbon Cryogel AB composite has dem-
onstrated favorable changes 1n the reaction chemistry over

that of only AB.

Example 3
Metal Catalyst Addition to Carbon-Based Foams

[0091] Carbon-based foams are doped with transition metal
catalysts including Ni, Ce, and Zr catalysts. Two sets of sols
with R/C:50 and R/C:300 were made and then further sepa-
rated into four, to which nickel acetate and Ce/Zr acetate were
added 1n small quantities. The nickel acetate was added to
cach batch at 2.5% of the weight of resorcinol and the equal
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molar combination of Ce/Zr acetate was added at 3.1% of the
weight of resorcinol. The carbon-based foams were then pro-
cessed according to the standard route (as described above) to
create carbon-based cryogels, but were not activated in CO.,.
The cryogels were characterized by TEM and XRD revealing
the presence of the catalysts 1n the cryogel lattice.

Example 4
Surface Functionalization of Carbon-Based Foams

[0092] Inorder to change the surface chemistry of a carbon
cryogel, sulfur functional groups were added to the surface.
This was achieved while the cryogel was still 1n the carbon-
based foam stage of processing. A carbon-based foam was
placed 1n a solution of ethanol with 40 mM 3-thiopheno-
cabozaldehyde/2 mM phthaloyl dichloride and soaked at 50°
C. for two days with the solution changed out once over that
period. After the soak was complete, the foam was processed
as described above and pyrolyzed at 1050° C. This resulted 1n
sulfur on the surface of the carbon foam as detected by NMR.

1. A composite, comprising a sulfur-functionalized car-
bon-based foam and a solid state hydrogen storage material.

2. The composite of claim 1, wherein the carbon-based
foam 1s a cryogel.

3. The composite of claim 1, wherein the solid state hydro-
gen storage material comprises a metal hydride.

4. The composite of claim 3, wherein the metal hydride 1s
magnesium hydride.

5. The composite of claim 1, wherein the solid state hydro-
gen storage material comprises a chemical hydride.

6. The composite of claim 5, wherein the chemical hydride
1s ammonia borane.

7. (canceled)

8. The composite of claim 1 further comprising a transition
metal catalyst.

9. (canceled)

10. The composite of claim 1, wherein the surface area of
the carbon-based foam ranges from 20 m~/g to 3000 m*/g.

11-25. (canceled)

26. The composite of claim 10, wherein the surface area of
the carbon-based foam ranges from 1500 m*/g to 2000 m*/g.

277. The composite of claim 10, wherein the surface area of
the carbon-based foam ranges from 2400 m~/g to 2600 m*/g.

28. The composite of claim 1, wherein the carbon-based
foam 1s an aerogel.

29. The composite of claim 1, wherein the carbon-based
foam 1s a xerogel.

30. The composite of claim 3, wherein the metal hydride 1s
Mg, FeH,, NajAlH., NaAlH,, MnNi.H., TiCr, (H, -,
Mg,NiH,, PdH, ., CaNi-H., TiFeH, MgH,, LaNi..Al, :H.
or LaN1,AlH..

31. The composite of claim 35, wherein the chemical
hydride 1s L1AIH,, LiBH,, NaAlH, or NaBH,.

32. The composite of claim 8, wherein the transition metal
catalyst 1s N1, Ce or Zr.

33. The composite of claim 1, wherein the carbon-based
foam comprises a total pore volume of from 1.0to 1.5 cm’/g.

34. The composite of claim 1, wherein the carbon-based
foam comprises a density of from 0.20to 1.0 g/cm’, a surface
area of from 1500 to 2000 m*/g and a total pore volume of
from 1.0to 1.5 cm’/g.
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