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ABSTRACT 

The present invention relates to a composition and method 
for storage and controlled release of hydrogen. In particular, 
the present invention relates to the use of borohydride based 
Solutions as a hydrogen storage source and a catalyst system 
to release hydrogen therefrom. 
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SYSTEM FOR HYDROGEN GENERATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of nonprovi 
sional patent application Ser. No. 09/999.226, filed Oct. 26, 
2001 entitled System for Hydrogen Generation which, in 
turn, is a divisional application Ser. No. 09/479.362, now 
U.S. Pat. No. 6,534,033, filed on Jan. 7, 2000, entitled 
System for Hydrogen Generation. 

FIELD OF THE INVENTION 

0002 The present invention relates to a system for gen 
erating hydrogen gas. In particular, the present invention 
relates to a hydrogen generation system including a stabi 
lized metal hydride Solution and a catalyst system. 

BACKGROUND OF THE INVENTION 

0003 Hydrogen is a “clean fuel because it can be 
reacted with oxygen in hydrogen-consuming devices. Such 
as a fuel cell or combustion engine, to produce energy and 
water. Virtually no other reaction byproducts are produced in 
the exhaust. As a result, the use of hydrogen as a fuel 
effectively solves many environmental problems associated 
with the use of petroleum based fuels. Safe and efficient 
storage of hydrogen gas is, therefore, essential for many 
applications that can use hydrogen. In particular, minimizing 
Volume and weight of the hydrogen storage systems are 
important factors in mobile applications. 
0004 Several methods of storing hydrogen currently 
exist but are either inadequate or impractical for wide-spread 
consumer applications. For example, hydrogen can be stored 
in liquid form at very low temperatures. Cryogenic storage, 
however, only provides a volume density of 70 grams of 
hydrogen per liter, which is clearly insufficient for consumer 
applications. In addition, the energy consumed in liquefying 
hydrogen gas is about 60% of the energy available from the 
resulting hydrogen. Finally, liquid hydrogen is not safe or 
practical for most consumer applications. 

0005. An alternative is to store hydrogen under high 
pressure in cylinders. However, a 100 pound steel cylinder 
can only store about one pound of hydrogen at about 2200 
psi, which translates into 1% by weight of hydrogen storage. 
More expensive composite cylinders with special compres 
sors can store hydrogen at higher pressures of about 4.500 
psi to achieve a more favorable storage ratio of about 4% by 
weight. Although even higher pressures are possible, safety 
factors and the high amount of energy consumed in achiev 
ing Such high pressures have compelled a search for alter 
native hydrogen storage technologies that are both safe and 
efficient. 

0006 Other methods of hydrogen storage include the use 
of chemical compounds that either (i) chemically react with 
water or other species to generate hydrogen or (ii) reversibly 
adsorb and then release the hydrogen. However, these meth 
ods and compounds suffer from many deficiencies, which 
make them unsuitable for use in consumer applications. 
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These deficiencies include, high cost, poor safety, poor 
hydrogen storage capacities, decreased reversibility, poor 
hydrogen generation capacities, poor control of hydrogen 
generation, and high system complexities. 

0007. In view of the above, there is a need for safer, more 
effective methods of storing and recovering hydrogen. In 
addition, there is a need to meet the above requirements 
while minimizing overall system Volume and weight. It is, 
therefore, an object of the present invention to provide safer 
and more efficient methods for storing and generating hydro 
gen. These and other objects of the invention will become 
more apparent from the detailed description and examples 
that follow 

SUMMARY OF THE INVENTION 

0008. The present invention provides a supported hydro 
gen generation catalyst having molecules of a hydrogen 
generation catalyst bound to, entrapped within, and/or 
coated onto a substrate. Also provided is a process for 
making these catalysts, which includes: (A) contacting a 
Substrate with a solution having a transition metal ion; and 
(B) contacting the resulting Substrate of (A) with a reducing 
agent. 

0009. In another embodiment, the present invention also 
provides a process for producing a Supported hydrogen 
generation catalyst by electrochemical plating. This process 
includes: placing a conductive Substrate in a solution having 
a transition metalion; and applying a voltage to the Substrate 
to thereby electrochemically plate a transition metal coating 
onto the Substrate. Preferably, a varying Voltage is applied to 
obtain a transition metal black coating. 
0010. In still another embodiment, the present invention 
provides a process for producing a Supported hydrogen 
generation catalyst by chemical vapor deposition. This pro 
cess includes: evaporating a transition metal complex com 
prising a transition metal ion and a chemical vapor deposi 
tion complexing compound; recondensing the transition 
metal complex onto a Substrate; and applying a reducing 
agent to the transition metal complex that is deposited on the 
substrate. 

0011. The present invention also provides a hydrogen 
generation system, which includes a stabilized metal hydride 
Solution and a hydrogen generation catalyst System. The 
stabilized metal hydride solution has a metal hydride, a 
stabilizing agent, and water. The hydrogen generation cata 
lyst system includes a hydrogen generation catalyst. Pref 
erably, the catalyst system further includes a containment 
system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 Further objects and advantages of the present 
invention will be more fully appreciated from a reading of 
the detailed description when considered with the accom 
panying drawings wherein: 
0013 FIG. 1 shows a graph of hydrogen generation rates 
versus concentration of sodium borohydride utilizing a 
Supported catalyst according to the present invention; 
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0014 FIG. 2 shows a graph of the volume of hydrogen 
generated versus time for several different reaction tempera 
tures utilizing a ruthenium Supported catalyst according to 
the present invention; 
0015 FIGS. 3A, 3B, and 3C show a scanning electron 
micrograph and two X-ray Scan micrographs of a hydrogen 
generation catalyst having ruthenium Supported on an ion 
exchange resin, according to the present invention; 

0016 FIGS. 4A, 4B, and 4C show a scanning electron 
micrograph and two X-ray Scan micrographs of a hydrogen 
generation catalyst having ruthenium Supported on the fibers 
of a standard nylon rope, according to the present invention; 
0017 FIG. 5 shows a graph of hydrogen generation rate 
versus time for a ruthenium Supported hydrogen generation 
catalyst according to the present invention; 

0018 FIG. 6 shows a graph of the total amount of 
hydrogen produced versus time for a ruthenium Supported 
hydrogen generation catalyst according to the present inven 
tion; 

0.019 FIG. 7 shows a graph of hydrogen generation 
versus time for four different Supported catalysts according 
to the present invention: a ruthenium Supported catalyst; a 
rhodium Supported catalyst; a platinum Supported catalyst; 
and a cobalt Supported catalyst; 

0020 FIGS. 8A and 8B show illustrations of one embodi 
ment of the present invention that has no moving parts; 

0021 FIG. 9 shows an illustration of another embodi 
ment of the present invention that has a mechanical pump; 

0022 FIG. 10 shows a photograph of the embodiment 
illustrated in FIG. 8 in combination with a prototype series 
hybrid engine; and 

0023 FIGS. 11A and 11B is an illustration of another 
embodiment for the reaction chamber of the present inven 
tion. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0024. The present invention provides a novel hydrogen 
generation catalyst and hydrogen generation system utiliz 
ing the catalyst. The hydrogen generation system includes (i) 
a stabilized metal hydride solution and (ii) a catalyst system. 
The hydrogen generation systems of the present invention 
efficiently and safely provide hydrogen gas while avoiding 
many of the problems associated with prior methods of 
hydrogen generation. Furthermore, overall weight and Vol 
ume are minimized in the hydrogen generation systems of 
the present invention. 

0025 I. The Stabilized Metal Hydride Solution 
0026. The stabilized metal hydride solutions of the 
present invention include (i) a metal hydride, (ii) at least one 
stabilizing agent, and (iii) a solvent. The term "solution, as 
used herein, includes a liquid in which all the components 
are dissolved and/or a slurry in which Some of the compo 
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nents are dissolved and some of the components are undis 
solved solids. The term “about,” as used herein, means plus 
or minus 10% of the stated value. 

0027 Complex metal hydrides have been found to be 
useful in the hydrogen generation systems of the present 
invention. These complex metal hydrides have the general 
chemical formula MBH M is an alkali metal selected from 
Group 1 (formerly Group IA) of the periodic table, examples 
of which include lithium, Sodium or potassium. M may, in 
Some cases, also be ammonium or organic groups. B is an 
element selected from group 13 (formerly Group IIIA) of the 
periodic table, examples of which include boron, aluminum, 
and gallium. H is hydrogen. Examples of metal hydrides to 
be used in accordance with the present invention include, but 
are not limited to, NaBH. LiBH, KBH, NHBH, 
(CH), NH, NaAlH. LiAlH, KAIH, NaGaH LiGaH, 
KGaH, and mixtures thereof. Without wanting to be limited 
by any one theory, it is believed that metal hydrides, 
especially borohydrides, are most stable in water, i.e., the 
metal hydrides do not readily decompose when in contact 
with water. The following borohydrides are preferred: 
sodium borohydride (NaBH), lithium borohydride 
(LiBH), potassium borohydride (KBH), ammonium boro 
hydride (NHBH), tetramethyl ammonium borohydride 
((CH)NHBH), quaternary borohydrides, and mixtures 
thereof. 

0028 Hydrogen gas (H,) and borate (BO ) are gener 
ated by reacting borohydride with water, as illustrated by 
chemical reaction (1) below. 

0029. However, this chemical reaction occurs very 
slowly unless a catalyst is used. The resulting borate is 
non-toxic and environmentally safe. In addition, borate can 
be regenerated into borohydride. It is important to note that 
all of the hydrogen atoms present in borohydride and water 
are converted to hydrogen gas, and that half of the hydrogen 
atoms in the hydrogen gas produced by reaction (1) actually 
comes from the water. It is believed that the borohydride is 
capable of reducing protonic hydrogen in water to produce 
hydrogen gas while the borohydride is simultaneously oxi 
dized to borate and hydrogen gas. 

0030) A theoretical hydrogen conversion ratio can be 
calculated from reaction (1). For example, if lithium boro 
hydride is used, the total weight of the reactants is 58 
grams/mole: one mole of lithium borohydride weighs 22 
grams, and the two moles of water weighs 36 grams (2x18 
grams/mole). Since 8 hydrogen atoms are produced, the 
theoretical hydrogen conversion ratio is 13.8% by weight of 
hydrogen (8+58x100). 

0031. The maximum solubilities of various borohydrides 
are as follows: NaBH about 35% by weight of the stabi 
lized metal hydride solution: LiBH about 7% by weight 
of the stabilized metal hydride solution; KBH about 19% 
by weight of the stabilized metal hydride solution. Weight 
percentages in excess of the maximum solubilities for each 
listed borohydride will result in a slurry, i.e., a liquid mixture 
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having insoluble components. As is well known in the art, 
mixing or stirring means are typically used to help dissolve 
the solid components of a slurry with additional water. For 
example, in the above calculation 22 grams of lithium 
borohydride in 36 grams of water provides a 37.9% by 
weight solution of lithium borohydride (22+58x100). Since 
the 37.9% by weight solution of lithium borohydride 
exceeds its maximum solubility, this fuel mixture is a slurry. 

0032 Since two water molecules are consumed for each 
borohydride molecule according to reaction (1), the concen 
tration of all the remaining components (the cation, the 
borate, and the borohydride) will increase as the reaction 
continues. Therefore, twice as many water molecules as 
borohydride molecules are needed to Sustain a constant rate 
of reaction. This excess water can be provided to the reaction 
in two ways: (i) charging the initial metal hydride Solution 
with excess water, i.e., starting with a dilute solution, or (ii) 
adding more water from a separate source during or after the 
reaction. The second alternative is preferred to minimize the 
initial starting weight of water plus borohydride. Adding 
water from a separate Source during or after the reaction is 
viable because the main byproduct of hydrogen oxidation in 
a hydrogen-consuming device is water. A hydrogen-consum 
ing device, as used herein, means a device that uses hydro 
gen as a fuel, e.g., a fuel cell, combustion engine, or a gas 
turbine. Thus, water generated from the hydrogen-consum 
ing device can be added to the borohydride Solution. ASSum 
ing that water is recycled from the fuel cell or engine, 8 
weight units of hydrogen (4 from water and 4 from boro 
hydride) can come from 22 weight units of lithium borohy 
dride. The resulting theoretical hydrogen conversion ratio is 
36.36% by weight of hydrogen per unit of borohydride 
(8+22x100). Therefore, the hydrogen generation system can 
include a slurry tank to store the borohydride and an adjacent 
mixing tank to add additional water obtained from the 
exhaust of the hydrogen consuming device, thereby allow 
ing complete reaction of the borohydride while preventing 
the borohydride Solution from drying out, i.e., preventing the 
components of the borohydride Solution from precipitating 
out of Solution. 

0033. The metal hydride solutions of the present inven 
tion include at least one stabilizing agent, since aqueous 
borohydride solutions slowly decompose unless stabilized. 
A stabilizing agent, as used herein, is any component which 
retards, impedes, or prevents the reaction of metal hydride 
with water. Typically, effective stabilizing agents maintain 
metal hydride solutions at a room temperature (25°C.) pH 
of greater than about 7, preferably greater than about 11, 
more preferably greater than about 13, and most preferably 
greater than about 14. 

0034. Useful stabilizing agents include the corresponding 
hydroxide of the cation part of the metal hydride salt. For 
example, if sodium borohydride is used as the metal hydride 
salt, the corresponding stabilizing agent would be sodium 
hydroxide. Hydroxide concentrations in stabilized metal 
hydride solutions of the present invention are greater than 
about 0.1 molar, preferably greater than about 0.5 molar, and 
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more preferably greater than about 1 molar or about 4% by 
weight. Typically, metal hydride solutions are stabilized by 
dissolving a hydroxide in water prior to adding the borohy 
dride salt. Examples of useful hydroxide salts include, but 
are not limited to, sodium hydroxide, lithium hydroxide, 
potassium hydroxide, and mixtures thereof. Sodium hydrox 
ide is preferred because of its high solubility in water of 
about 44% by weight. Although other hydroxides are suit 
able, the solubility differences between various metal 
hydrides and various hydroxide salts must be taken into 
account since Such solubility difference can be substantial. 
For example, adding too much lithium hydroxide to a 
concentrated solution of sodium borohydride would result in 
precipitation of lithium borohydride. 

0035) Other non-hydroxide stabilizing agents include 
those that can raise the overpotential of the metal hydride 
Solution to produce hydrogen. These non-hydroxide stabi 
lizing agents are preferably used in combination with 
hydroxide salts. Nonlimiting examples of non-hydroxide 
stabilizing agents include compounds containing the softer 
metals on the right side of the periodic chart. Nonlimiting 
examples of these non-hydroxide stabilizing agents include 
compounds containing lead, tin, cadmium, zinc, gallium, 
mercury, and combinations thereof. Compounds containing 
gallium and Zinc are preferred, because these compounds are 
stable and soluble in the basic medium. For example, zinc 
and gallium form soluble Zincates and gallates, respectively, 
which are not readily reduced by borohydride. 

0036 Compounds containing some of the non-metals on 
the right side of the periodic chart are also useful in 
stabilizing metal hydride Solutions. Nonlimiting examples of 
these non-hydroxide stabilizing agents include compounds 
containing Sulfur, such as Sodium Sulfide, thiourea, carbon 
disulfide, and mixtures thereof 

0037 II. The Catalyst System 

0038. The hydrogen generation systems of the present 
invention also have a catalyst system, which includes a 
hydrogen generation catalyst. The hydrogen generation cata 
lysts used herein activate the reaction of the metal hydride 
with water to produce hydrogen gas. Preferably, these cata 
lyst systems also include a containment system for the 
catalyst. Containment system, as used herein, includes any 
physical, chemical, electrical, and/or magnetic means for 
separating the hydrogen generation catalyst from the reacted 
metal hydride Solution, e.g., mixture of BO - and BH -. 

0039) Preferably, the catalyst facilitates both aspects of 
the reaction of the metal hydride and water: (i) the avail 
ability of a hydrogen site and (ii) the ability to assist in the 
hydrolysis mechanism, i.e., reaction with hydrogenatoms of 
water molecules. Metal hydride Solutions are complex sys 
tems having multi-step reduction mechanisms. For example, 
borohydride has 4 hydrogens and an 8-electron reduction 
mechanism. Thus, once a single hydrogen atom is removed 
from a borohydride molecule, the remaining moiety is 
unstable and will react with water to release the remaining 
hydrogen atoms. Catalysts that are useful according to the 
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present invention include, but are not limited to, transitions 
metals, transition metal borides, alloys of these materials, 
and mixtures thereof. 

0040 Transition metal catalysts useful in the catalyst 
systems of the present invention are described in U.S. Pat. 
No. 5,804.329, issued to Amendola, which is incorporated 
herein by reference. Transition metal catalysts, as used 
herein, are catalysts containing Group IB to Group VIIIB 
metals of the periodic table or compounds made from these 
metals. Representative examples of these metals include, but 
are not limited to, transition metals represented by the 
copper group, Zinc group, Scandium group, titanium group. 
Vanadium group, chromium group, manganese group, iron 
group, cobalt group, and nickel group. Transition metal 
elements or compounds catalyze chemical reaction (1) and 
aid in the hydrolysis of water by adsorbing hydrogen on their 
surface in the form of atomic H, i.e., hydride H or protonic 
hydrogen H. Examples of useful transition metal elements 
and compounds include, but are not limited to, ruthenium, 
iron, cobalt, nickel, copper, manganese, rhodium, rhenium, 
platinum, palladium, chromium, silver, osmium, iridium, 
borides thereof, alloys thereof, and mixtures thereof. Ruthe 
nium and rhodium are preferred. 

0041. The catalysts used in the catalyst systems of the 
present invention preferably have high surface areas. High 
Surface area, as used herein, means that the catalyst particles 
have Small average particles sizes, i.e., have an average 
diameter of less than about 100 microns, preferably less than 
about 50 microns, and more preferably less than about 25 
microns. The chemical reaction of borohydride and water in 
the presence of the catalyst follows Zero order kinetics at all 
concentrations of borohydride measured, i.e., Volume of 
hydrogen gas generated is linear with time. It is, therefore, 
believed that the reaction rate depends primarily on the 
Surface area of the catalyst. 

0042. One method of obtaining catalyst particles with 
high Surface areas is to use catalysts with Small average 
particle sizes. Although catalyst with Small average particle 
sizes are preferred, Small particles can be swept away by the 
liquid metal hydride solution if they are small enough to pass 
through the containment system. Such deficiencies can be 
avoided by forming large aggregates of the Small catalyst 
particles. Large aggregate catalyst particles, as used herein, 
are masses or bodies formed from any Small catalyst par 
ticles by well-known powder metallurgical methods, such as 
sintering. These metallurgical methods can also be used in 
making various convenient shapes. It is believed that these 
large aggregate catalyst particles maintain high Surface areas 
because they are very porous. 

0.043 Alternatively, the hydrogen generation catalysts 
can be formed into fine wires or a mesh of fine wires. These 
fine wires have a diameter of less than about 0.5 mm, 
preferably less than about 0.2 mm, and more preferably less 
than about 20 microns. In this embodiment, the fine wires of 
catalysts do no require a containment system, since the fine 
wires of catalyst will provide a sufficient surface area for 
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reaction with the metal hydride solution without the draw 
back of being swept away by the liquid metal hydride 
Solution. 

0044 Preferably, the catalyst systems also include a 
containment system for the catalyst. The containment sys 
tem employs any physical, chemical, electrical, and/or mag 
netic means to separate the hydrogen generation catalyst 
from the reacted metal hydride solution. As would be 
evident to one skilled in the art, the need for a particular 
containment system will depend on the particular applica 
tion of the system for hydrogen generation. For example, if 
an uncontrolled Supply of hydrogen is needed and no reuse 
of the system is desired, no containment system is needed. 
The stabilized metal hydride solution and the hydrogen 
generation catalyst can be separately packaged and com 
bined when hydrogen is needed. Even this system can be 
reusable, if the hydrogen generation catalyst can be later 
separated to allow regeneration of the reacted metal hydride 
solution. If a reusable and controllable system is desired, a 
containment system can be used to produce hydrogen when 
needed, as described below. 

0045. In its simplest form, the containment system is a 
liquid and gas permeable-mesh that-traps or holds particu 
late catalysts, while allowing liquids and gases to pass freely 
through the containment system. In this embodiment the 
catalyst particles are larger than the spaces provided by the 
containment system. For example, metal hydride Solution 
can flow into the containment system to react with the 
catalyst, while oxidized metal hydride, hydrogen gas, and 
unreacted metal hydride can easily pass out of the contain 
ment system. Alternatively, the containment system contain 
ing the catalyst can be lowered into the metal hydride 
Solution when hydrogen is needed. 
0046. In this embodiment, the containment system is a 
porous or mesh material, which is preferably stable in the 
metal hydride solution. Porous or mesh materials can be 
formed into any configuration known in the art, which would 
keep the catalyst particles in a confined area while allowing 
entry and egress of liquids and gases. For example, a pouch 
or tea bag configuration can be used to encapsulate the 
catalyst particles, while allowing metal hydride Solution and 
hydrogen gas to flow freely therethrough. Alternatively, the 
catalyst particles can be encapsulated in a removable tube or 
cylinder, wherein the ends of the cylinder are covered with 
the porous or mesh material. Porous or mesh material that 
are useful herein include ceramics, plastics, polymers, non 
wovens, wovens, textiles, fabrics, carbons, carbon-fibers, 
ion exchange resins, metals, alloys, wires, meshes, and 
combinations thereof. Typically, the porous or mesh material 
is in the form of a sheet. Nonlimiting examples of porous or 
mesh material include nylon Screens and stainless Steel 
SCCS. 

0047. In another embodiment, separately packaged metal 
hydride Solution and hydrogen generation catalyst can be 
combined when hydrogen is needed. Upon completion of 
the reaction, a containment system can then remove the 
catalyst by any known separation, technique, Such as cen 
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trifugation, precipitation, filtration, electrophoresis, and 
electromagnetism. For example, metallic hydrogen genera 
tion catalysts can be separated by employing a containment 
system that has a magnetic element. Nonlimiting examples 
of metallic hydrogen generation catalysts include iron, 
cobalt, nickel, and borides thereof. Alternatively, the mixture 
of catalyst and reacted metal hydride can be flushed out and 
later separated by a commercial processing center, which 
would recover the catalyst and regenerate the metal hydride 
Solution. 

0.048. In another embodiment, a contained high surface 
area catalyst can be obtained by attaching or binding the 
transition metal catalysts to a suitable substrate. The term 
“contained high Surface area catalyst, as used herein, means 
that the catalyst is inherently maintained in a containment 
system and not free to migrate by itself, e.g., is attached to 
a substrate. In this embodiment, the metal hydride solution 
can pass over and/or through the Substrate to react with the 
bound catalyst. Thus, hydrogen production can be controlled 
by either contacting or separating the bound catalyst from 
the metal hydride solution. If the substrate is in particulate 
form, a further containment system, as described above, is 
preferred to encapsulate the Supported catalyst. For example, 
high Surface area transition metal particles can be dispersed 
onto a solution cast film. Many Substrates (e.g., ion 
exchange resins and plastics) can be dissolved into a solvent 
to form a solution or dispersion. The transition metal par 
ticles are then added. A solution cast film can be obtained by 
evaporating the solvent. The transition metal can be added in 
its salt or metal form and reduction steps can be taken if 
appropriate, as discussed below. 

0049. In a further example, a contained high surface area 
catalyst can be obtain by binding or entrapping a transition 
metal catalyst onto and/or within a porous or nonporous 
Substrate by chemical means. By porous is meant that the 
material is liquid and gas permeable. Generally, this process 
includes (i) dispersing a solution having a transition metal 
ion onto and/or within a Substrate by contacting the Solution 
with the Substrate, and (ii) reducing the dispersed transition 
metal ions to the neutral Valence state of the transition metal, 
i.e., metallic form. Without wanting to be limited by any one 
theory, it is believed that this unique process binds and/or 
entraps transition metal catalyst at a molecule level onto 
and/or within the substrate. These steps can also be repeated 
to obtain layers of transition metal molecules bound onto 
and/or entrapped within the substrate. High surface area for 
Substrate bound catalysts, as used herein, means that a 
porous Substrate has an effective surface area of greater than 
about 10 m/g or and a nonporous substrate has an average 
diameter of less than about 50 microns. Nonlimiting 
examples of porous Substrates include ceramics and ionic 
exchange resins. Nonlimiting examples of nonporous Sub 
strates includes, metals, wires, metallic meshes, fibers and 
fibrous materials, such as ropes. FIG. 1 is a graph of 
hydrogen gas generation rate (liters/sec-gram catalystx10) 
vs. concentration of sodium borohydride (% by weight) at 
25° C. and at various concentrations of sodium hydroxide, 
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using IRA 400 exchange resin beads containing 5% ruthe 
nium by weight and having a particle size of about 35 mesh. 

0050 Transition metal ion, as used herein, means an 
anion, a cation, an anion complex or a cation complex of a 
transition metal that is described above. Transition metal 
ions can be obtained from dissolving salts of transition 
metals, which are readily available from commercial manu 
facturers, such as Alpha Company and Aldrich Company. 
The transition metal salts may be dissolved in any solvent, 
typically water. The reducing agent can be any material or 
compound that is capable of reducing the transition metal 
ion to its neutral Valence state. Nonlimiting examples of 
reducing agents include hydrazine, hydrogen gas, glucose 
hydroxylamine, carbon monoxide, dithionite, Sulfur dioxide, 
borohydride, alcohols and mixtures thereof. Typically, most 
transition metals that catalyze metal hydrides, such as boro 
hydride, can also be reduced by the same metal hydrides. For 
example, borohydride is a suitable reducing agent. 

0051. Nonlimiting examples of suitable substrates 
include ceramics, plastics, polymers, glass, fibers, ropes, 
nonwovens, wovens, textiles, fabrics, the many forms of 
carbon and carbon-fibers, ion exchange resins, metals, 
alloys, wires, meshes, and combinations thereof. Nonlimit 
ing examples of ceramic Substrates with various pore sizes 
include metal oxides, Zeolites, pervoskites, phosphates, 
metal wires, metal meshes, and mixtures thereof. Specific 
examples of suitable substrates include, but are not limited 
to Zirconium dioxides, titanium oxides, magnesium oxides, 
calcium oxides, Zeolites, cationic exchange resins, anionic 
exchange resins, fibrous materials, nonwovens, wovens, 
KEVLAR fibers, and combinations thereof. Since metal 
hydride solutions can have a high pH. Substrates that do not 
dissolve or react with caustics are preferred. Also preferred 
are porous Substrates with effective surface areas of greater 
than about 50 m/g or nonporous substrates with an average 
diameter of less than about 50 microns. 

0.052 When the substrate is in the form of beads, it is 
preferable to have the beads in a containment system, as 
described above, wherein the average diameter of the beads 
is greater than the spaces of the containment system. Fur 
thermore, if the Substrate has a Surface treatment, Such 
treatments can be removed by appropriate methods, such as 
by boiling or applying a solvent. For example, Substrates 
treated with wax can be boiled. Alternatively, the wax can be 
removed by using acetone. Similarly, the starch on textiles 
can be removed by boiling in water. 
0053. The substrates, except for the ion exchange resins 
described below, can be treated with the catalyst in the 
following manner. The Substrate is first soaked in a solution 
containing the transition metal salt, e.g., ruthenium trichlo 
ride. Solutions having concentrations close to Saturation are 
preferred. This step disperses the transition metal salt into 
and/or onto the substrate. The treated substrate is then dried, 
typically with heat. Optionally, the treated substrate can be 
filtered before being dried. Note that the treated substrate is 
not rinsed. It is believed that the drying step promotes 
absorption of the transition metal ions onto and/or within the 
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substrate by removing the solvent. The dry, treated substrate 
is then Subjected to a solution containing a reducing agent, 
Such as Sodium borohydride, at a concentration Sufficient to 
provide complete reduction, e.g., 5% by weight of sodium 
borohydride. Although this step can be conducted at room 
temperature, it is preferred to reduce the absorbed transition 
metal ions at an elevated temperature, e.g., greater than 
about 30°C., to increase the reduction rate. It is believed that 
the reduction step converts transition metal ions into its 
neutral Valence State, i.e., the metallic state. After rinsing 
with water, the substrate is ready for use as a catalyst in the 
reaction of the metal hydride and water to produce hydrogen 
gas. The method can be repeated to obtain a desired loading 
of transition metal onto and/or within the substrate. 

0054) This method to obtain a contained high surface area 
catalyst can also be adapted to utilize chemical vapor 
deposition technology (CVD) by forming a transition metal 
complex that can be evaporated, i.e., boiled or Sublimed, in 
a vacuum. The transition metal complex includes a transition 
metal ion, as described above, and a chemical vapor depo 
sition complexing compound. Since the Substrate is cold, the 
transition metal complex will recondense onto the Substrate. 
Any Suitable Substrate, as described above, can be used. Any 
Suitable chemical vapor deposition complexing compound 
that is known in the art can also be used. A nonlimiting 
example of a useful chemical vapor deposition complexing 
compound is acetyl acetenate ("AcAc') or 2, 4 pentane 
dione. Nonlimiting examples of transition metal complexes 
useful in CVD include Ru(AcAc), Co(AcAc), and isopro 
poxide. The transition metal complex that is deposited on the 
substrate can then be reduced by any of the above described 
reducing agents. 

0.055 Alternatively, this method can be adapted to utilize 
electroplating techniques, i.e., electroplating a conductive 
Substrate in a solution having a transition metal ion. Useful 
transition metal ions are described above. The transition 
metal can be electroplated onto a conductive Substrate. Such 
as nickel or stainless steel fine wire, Screens comprising Such 
fine wires, or metallic sheets. Typically, such fine wires can 
have an average diameter of less than about 20 microns, 
preferably less than about 10 microns, and more preferably 
less than about 2 microns. 

0056. In one preferred mode of electrochemical plating, 
a rough coating is obtained instead of the typical Smooth or 
“bright coatings.” Without wanting to be limited by any one 
theory, it is believed that these rough coatings have a high 
Surface area. These rough coatings are often black in color, 
and are typically referred to in the art of electrochemical 
plating by the element name followed by the word “black.” 
e.g., platinum black or ruthenium black. Most of the tran 
sition metals described above can be coated as “transition 
metal blacks.” The exact conditions may vary between the 
elements, but the common parameter is application of a 
varying Voltage during the plating process. “Varying Volt 
age' means that the Voltage is changed, alternated, stepped 
up, or stepped down in a cyclic or noncyclic manner. For 
example, a DC voltage can be turned on or off over time. 
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Alternatively, the current can be periodically reversed, or the 
Voltage may be switched from a lower to higher Voltage and 
then back to the lower Voltage. It is also common to 
Superimpose an AC signal onto a DC source. 

0057 While most of these substrates simply absorb the 
Solution of transition metal salts, ion exchange resins offer 
Some Surprising and interesting characteristics. Ion 
exchange resins are porous polymeric materials having 
active groups at the end of the polymer chains. Typically, 
polymers used in ion exchange resins include, but are not 
limited to, polystyrene, epoxy amines, epoxy polyamines, 
phenolics, and acrylics. Ion exchange resins are classified 
into anionic exchange resins and cationic exchange resins. 
These resins are commercially available as beads, typically 
having particle sizes from about 20 mesh to about 100 mesh. 
The resins are also available as sheets and can be fabricated 
into any shape desired. 

0058 Anionic exchange resins attract anions because the 
active groups at the ends of the polymers have positive 
charges. Nonlimiting examples of positively charged active 
groups include a quaternary ammonium, tertiary amine, 
trimethyl benzyl ammonium, and/or dimethyl ethanol ben 
Zyl ammonium. Commercial anionic exchange resins are 
typically supplied in the CI or OH' form, i.e., easily 
replaceable chloride ions or hydroxide ions are bound to the 
active groups having positive charges. Commercially avail 
able anionic exchange resins include, but are not limited to, 
A-26, A-36, IRA400 and IRA-900, manufactured by Rohm 
& Haas, Inc., located in Philadelphia, Pa.; Dowex 1, DoweX 
2, DoweX 21 K, DoweX 550A, Dowex MSA-1, and DoweX 
MSA-2, manufactured by Dow Corporation; Duolite A-101 
D, Duolite A-102 D, and Duolite A-30 B; and Ionac A-540, 
Ionac A-550, and Ionac A-300. 

0059 Cationic exchange resins attract cations because 
the active groups at the ends of the polymers have negative 
charges. Nonlimiting examples of negatively charged active 
groups include Sulfonic acid, carboxylic acid, phosphonic 
acid, and/or aliphatic acid. Commercial cationic exchange 
resins are typically supplied in the Na" or H form, i.e., 
easily replaceable sodium or hydrogen ions are bound to the 
active groups having negative charges. Commercially avail 
able cationic exchange resins include, but are not limited to, 
Nafion resins, manufactured by Dupont Corp., located in 
Wilmington, Del.: IRA-120 and Amberlyst 15 manufactured 
by Rohm & Haas, Inc., located in Philadelphia, Pa.; DoweX 
22, DoweX 50, Dowex 88, Dowex MPC-1, and DoweX 
HCR-W2 and Dowex CCR-1, manufactured by Dow Cor 
poration: Duolite C-3, Duolite ES-63, and Duolite ES-80; 
and Ionac 240. 

0060 Anionic exchange resin beads are treated with the 
catalyst in the following manner. A transition metal salt is 
dissolved in an acid having the corresponding anion that can 
form an anionic complex of the transition metal. For 
example, ruthenium trichloride can be dissolved in hydro 
chloric acid to form chlororuthenic acid, wherein the ruthe 
nium is contained in an anionic complex, i.e., RuCla. 
Typically, the anionic complex of a transition metal is 
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characterized by the chemical formula M'X', 
wherein M is a transition metal, y is the valence of the 
transition metal, and X is an anion with a single negative 
charge. The concentration of the transition metal Solution 
can be varied accordingly, but a concentration close to 
saturation is preferred. The acidic solution containing the 
anionic transition metal complex can then be exchanged 
onto the anionic exchange resin beads by contacting the 
anionic exchange resin beads with the anionic transition 
metal Solution. Typically, this is done either by soaking the 
beads in the solution or dropwise adding the solution onto 
the beads. Without wanting to be limited by any one theory, 
it is believed that the anion associated with the active group 
of the resin is exchanged with the anionic transition metal 
complex. Exchange, as used herein, means that the ion 
associated with the active groups of the ion exchange resin, 
e.g., the chloride, is substituted with the ion of the transition 
metal. As a result, a very strong chemical (ionic) bond is 
formed between the anionic transition metal complex and 
the active group of the ion exchange resin at each active 
group site. 

0061. Upon exposure to a reducing agent, such as sodium 
borohydride, the anionic transition metal complex is reduced 
at the exchange site to its neutral Valence state, i.e., the 
metallic state. The result is a distribution of transition metal 
catalyst molecules in and/or on the resin. The process may 
be repeated to obtain higher metal content if desired, 
because the reduction step restores the anion at the posi 
tively charged active groups of the exchange resin. It is 
believed that the restored anion associated with the active 
group is either the anion that had been formerly associated 
with the transition metal, e.g., chloride from the RuCl, 
or the reducing agent. After rinsing with water, the treated 
anionic exchange resin beads are ready for use as a catalyst 
in the reaction of the metal hydride and water to produce 
hydrogen gas. 

0062 Catalyst treatment of cationic exchange resin beads 
require a slightly different procedure, because the affinity of 
the cation transition metal complexes for the cationic 
exchange resins is much weaker than the affinity of anion 
transition metal complexes for the anionic exchange resins. 
Despite this additional complication, cationic exchange res 
ins are particularly useful because they can typically with 
stand harsher environments, especially higher temperatures. 

0063 Although transition metals are formally written in 
their cationic valence state, e.g. Ru", transition metals form 
anionic complexes in the presence of common complexing 
ions, such as chloride. Such anionic transition metal com 
plexes would have little or no attraction for a cation 
exchange resin bead having negatively charged active 
groups. This can be avoided by using transition metal salts 
having non-complexing anions. Non-complexing anions, as 
used herein, refers to ions that are typically very large and 
contain a central atom that is fully coordinated, thereby 
leaving little activity for further complexing with the tran 
sition metal. Nonlimiting examples of non-complexing 
anions of this type include perchlorate (CIO), hexaflouro 
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phosphate (PF), and tetrafluoroborate (BF), and mixtures 
thereof. Transition metal salts having non-complexing 
anions can be obtained via a precipitation reaction with a 
transition metal salt and an equimolar amount of a com 
pound having a non-complexing anion. The compound 
having the non-complexing anion is chosen so that the anion 
from the transition metal salt precipitates out with the cation 
associated with the non-complexing anion. For example, a 
solution of ruthenium trichloride can be reacted with an 
equimolar amount of silver perchlorate Solution. The chlo 
ride will precipitate out of solution as silver chloride and 
leave ruthenium perchlorate in solution. Since perchlorate 
ions can not complex like chloride ions, only the ruthenium 
will be hydrated in the cationic form, i.e., RuyxH2O", 
wherein X refers to the number of water molecules. It is 
believed that the hydrated ruthenium typically has a chemi 
cal formula Ruy6H.O. 
0064. The pH of the solution containing both transition 
metal ion and non-complexing ion should be adjusted to as 
close to 7 as possible without precipitation of ruthenium as 
a hydrated oxide, before contacting the cationic exchange 
resin beads. Preferably, the solution containing the transition 
metal ion and the non-complexing ion has a pH of greater 
than or equal to about 2, more preferably greater than or 
equal to about 4, most preferably greater than or equal to 
about 7. This pH adjustment prevents hydrogen cations, H+, 
from competing for cationic sites, i.e., associate with the 
negatively charged active groups, of the cationic exchange 
resin. For example, if a 1 Molar solution of ruthenium is 
used and the pH is 2, ruthenium ions will outnumber 
hydrogen ions by a factor of 100. Although the ratio of 
ruthenium ions to hydrogen ions at pH 2 is sufficient, the 
ratio would be even better at pH's closer to 7. Without 
wanting to be limited by any one theory, it is believed that 
upon contacting the cationic exchange resin beads with the 
transition metal salt solutions, the positively charged tran 
sition metal ions exchange with the positive ions initially 
associated with the negatively charged active groups of the 
cationic exchange resin. 
0065. To insure high displacements of the transition 
metal ions without using excessive quantities of transition 
metal salt Solutions, the exchange can be performed by 
contacting the cationic exchange beads with transition metal 
salt solutions in a tube or column. This method can also be 
used to treat the previously-described anionic exchange 
resins. The tube or column is usually mounted vertically and 
filled with cationic exchange beads. The solution containing 
transition metal ions and non-complexing ions is allowed to 
pass through the column of beads. Typically, more dilute 
Solutions are used first and then progressively more concen 
trated solutions can be used thereafter, thereby allowing the 
use of the concentrated solutions from the end of prior 
batches at the beginning of Subsequent batches. Large quan 
tities of catalyst treated cationic resin beads can be produced 
by utilizing a continuous counter-current system that allows 
virtually complete utilization of ruthenium and complete 
saturation of the beads. A continuous counter-current system 
means contacting the more dilute ruthenium solution with 
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the less treated beads and the more concentrated ruthenium 
Solution with the more treated beads. After exchanging the 
transition metals onto and/or into the beads, the cationic 
exchange resins are rinsed with deionized water and then 
reacted with a solution containing a reducing agent, such as 
sodium borohydride, to reduce the ruthenium to its neutral 
Valence state. Higher transition metal content can be 
obtained by repeating the exchange and/or reduction steps, 
because the reduction step restores cations at the negatively 
charged active groups of the exchange resin. It is believed 
that the restored cation associated with the active group is 
provided by the reducing agent, i.e., sodium from the 
sodium borohydride. After rinsing with water, the treated 
cationic exchange resin beads are ready for use as a catalyst 
in the reaction of the metal hydride and water to produce 
hydrogen gas. 

0.066 III. Controlled Hydrogen Generation 
0067 Since the metal hydride solutions of the present 
invention are stabilized, hydrogen will not be generated in 
any appreciable rate unless the stabilized solution contacts 
the catalyst. Upon removal of the catalyst, no hydrogen 
generation occurs. As a result, hydrogen generation can be 
easily controlled by either contacting with, or separating the 
catalyst from, the stabilized metal hydride solutions. 

0068 The reaction of metal hydride with water is not 
only dependent on the Surface area of the catalyst but is also 
dependent on temperature. FIG. 2 plots hydrogen generated 
(liters) versus time (seconds) at various temperatures for a 
hydrogen generation system, wherein the catalyst system 
includes a 5% by weight of Ru on IRA 400 exchange resin 
and the metal hydride solution includes 20% by weight 
sodium borohydride, 10% by weight sodium hydroxide, and 
the remainder water. A variety of water sources can be used, 
e.g., sea water. As illustrated by FIG. 2, higher rates of 
hydrogen gas production occur as the reaction temperatures 
increase. Since the rate of hydrogen generation is fairly 
constant even for decreasing concentrations of borohydride, 
as illustrated by FIG. 1, the hydrogen generation rate is fairly 
constant at a given temperature until the metal hydride 
concentration in Solution is almost exhausted. As can be 
recognized by one of ordinary skill in the art, the desired rate 
of reaction can be obtained by controlling the temperature of 
the reaction, choosing a particular catalyst, and changing the 
concentration of the Stabilizing agent. 

0069. Several methods are available to contact the stabi 
lized metal hydride solution and the catalyst system. When 
hydrogen is required, the Solution can be pumped to a 
chamber containing the catalyst, or the catalyst can be 
moved into a tank containing the Solution. The metal hydride 
Solution can be pumped either in batches or continuously. 
The instantaneous demand for hydrogen can be met with a 
Small buffer tank that always holds some hydrogen gas. The 
hydrogen gas can be immediately supplied upon demanded 
from this tank. The resultant pressure drop can trigger the 
system to produce more hydrogen gas to keep a constant 
Supply of hydrogen available to the hydrogen consuming 
device. 
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0070). As illustrated by FIGS. 8A and 8B, one embodi 
ment of the present invention 10 has no moving parts and 
uses pressure equalization to move NaBH Solution from a 
reservoir 30 through a tube 50 connecting the bottom of the 
reservoir into a reaction chamber 70 having a hydrogen 
generation catalyst system 80. The reservoir is filled through 
a re-sealable air tight opening 20, and the pressure in the 
reservoir 30 and reaction chamber 70 can be equalized 
through connecting tube 65 and control valve 60. When the 
NaBH solution level in the reaction chamber reaches the 
level of the hydrogen generation catalyst system 80, hydro 
gen is generated. The hydrogen generation catalyst system 
80 includes a tube made out of stainless steel screen, which 
contains the hydrogen generation catalyst. While hydrogen 
is being generated, pressure differences will force NaBH 
Solution away from the catalyst tube and stop hydrogen 
generation, as shown in FIG. 8B. When a sufficient amount 
of hydrogen has been consumed through control valve 90. 
the pressure drop once again allows NaBH Solution to 
contact the catalyst, as shown in FIG. 8A. This compact, 
self-regulating design requires no external power source. 

0071. As illustrated by FIG. 9, another embodiment of 
the present invention 100 includes a reservoir 120 that is 
filled with NaBH solution 140 via a re-sealable airtight 
opening 110. The reservoir also has a head space 130, which 
acts as a storage buffer for hydrogen gas, and a control valve 
210 through which hydrogen can be vented as needed. The 
bottom of the reservoir is connected via tube 160 to a 
reaction chamber 180 having a hydrogen generation catalyst 
system 170, which includes a tube made out of stainless steel 
screen containing the hydrogen generation catalyst. The top 
of the reaction chamber 180 is connected to an upper portion 
of reservoir 120 via tube 200. Hydrogen gas 190 is generated 
when a mechanical pump 150 in tube 160 meters NaBH 
Solution 140 through hydrogen generation catalyst system 
170. This design has very rapid response to hydrogen 
requirement. The pump 150 runs the borohydride solution 
over the catalyst and pressure builds up. Above a certain 
pressure in head space 130, the pump 150 can reverse 
direction to drain the catalyst chamber and thereby stop 
hydrogen production. The pump 150 then shuts off. When 
the hydrogen pressure drops below a certain predetermined 
point in head space 130, the pump 150 turns back on in the 
forward direction to refill reaction chamber 180, generate 
additional hydrogen gas and replenish hydrogen pressures. 
FIG. 10 is a photograph of the embodiment in FIG. 9 
connected to a prototype series hybrid engine. The hydrogen 
generator is located at the bottom, left side of the cart. The 
engine includes a 3 kW internal combustion engine that has 
been converted from gasoline to run on hydrogen, and a 1 
kW alternator. A standard automotive (discharge) battery, an 
electric motor, a wheel drive, and lights served as a load. 
Depending on the state of charge of the battery, the engine 
required between 5 and 12 liters of hydrogen per minute to 
U. 

0072 FIGS. 11A and 11B illustrate another embodiment 
of the catalyst chamber 300. In this embodiment a flexible 
piece of stainless steel tubing 330 is used as the catalyst 
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chamber 300, which is attached via a pump (not shown) to 
a reservoir (not shown) containing fresh metal hydride 
solution at one end 310 and a waste reservoir (not shown) for 
the reacted metal hydride solution at the other end 320. Both 
ends can be further covered by a suitable mesh, as described 
above. FIG. 11A is a top view of a coiled length of flexible 
stainless steel tubing, and FIG. 11B is a side view of the 
same tubing. Any appropriate length of tubing can be used, 
and the tubing can be coiled, for example into 5 coils 340, 
to maximize use of space. The full length of the tubing can 
be filled with a catalyst system, as described above. Tran 
sition metal Supported beads, resins, ribbons, and/or even 
rope can be used. Alternatively, transition metal formed into 
wires, mesh, or particles (assuming that a containment 
system, as described above, is used for the particles) can be 
used. A pump, not shown, can be used to control hydrogen 
production by controlling flow of metal hydride solution into 
the flexible tubing. The waste reservoir can also store 
hydrogen, or the hydrogen can be vented off from the waste 
reservoir to a separate hydrogen storage tank. 

EXAMPLES 

0073. The following examples further describe and dem 
onstrate embodiments within the scope of the present inven 
tion. The examples are given solely for the illustration 
purposes and are not to be construed as limitations of the 
present invention, as many variations thereof are possible 
without departing from the spirit and scope of the invention. 

Example 1 
Preparation of Catalysts Systems with Anionic 

Exchange Resin Substrates 
0074. One gram of ruthenium trichloride was dissolved in 
20 ml of 10% hydrochloric acid to form chlororuthenic acid. 
The ruthenium is, therefore, contained in an anionic com 
plex of RuCla. This solution containing the anionic 
transition metal complex was exchanged by soaking onto 
Rohm & Haas IRA-400 anionic resin beads having a mesh 
size of about 30. Other anionic resins, such as Rohm & Haas 
A-26, can also be used in a similar manner. Since the resin 
beads are usually supplied in the Cl form, the chloride ion 
was easily replaced. The exchange coefficient for this type of 
complex was very high. It is, therefore, believed that almost 
all the available exchange sites, i.e., positively charged 
active groups, were ionically bound with RuCl), as 
evidenced by a marked change in color from transparent 
yellow-orange to dark red. The resin beads were then rinsed 
with water to remove excess acid and ruthenium salts. This 
rinsing did not remove any bound ruthenium. Anionic resin 
beads can absorb between 1.5 to 2 milli-equivalents of 
ruthenium per gram of resin beads. Since the molecular 
weight of ruthenium is 101 g/mole, the resin beads were 
weighed to determine the increase in weight. The exchanged 
resin beads were loaded with about 5% by weight of 
ruthenium after about 3 to 4 treatments. Higher loadings are 
possible if excess chloride is not present to compete for sites 
on the resin bead. This may be accomplished by using less 
hydrochloric acid initially or by raising the pH to about 2 to 
3. 
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0075. The exchanged resin beads were then treated with 
a reducing agent Solution containing 20% by weight of 
sodium borohydride, 10% by weight of sodium hydroxide, 
and 70% by weight of water. The dark red resin beads turned 
black as the ruthenium complex was reduced to ruthenium 
metal. The resin beads were ready for use after rinsing with 
water. Typically, the resin beads treated with catalyst can be 
placed into a chamber made from a fine screen or other 
material that allows both borohydride fuel and hydrogen gas 
to pass freely through the chamber while preventing the 
Small beads from leaving. 
0076 FIG. 3A provides a micrograph from a scanning 
electron microscope (SEM) of a ruthenium treated resin 
bead. The SEM used is model SR-50 manufactured by ISI 
Corporation. FIGS. 3B and 3C are X-ray scans of the same 
ruthenium treated bead obtained from a UTW Micro Z 
detector manufactured by Evex Analytical Company. The 
detector is able to detect X-ray radiation at a particular 
frequency level for a particular element or compound. FIG. 
3B is an X-ray area scan showing the distribution of ruthe 
nium (blue regions) in the resin bead, and FIG. 3C is an 
X-ray area scan showing the distribution of carbon (yellow 
regions) in the resin bead and also in the conductive carbon 
tape. A comparison of FIGS. 3B and 3C show that a 
significant amount of ruthenium was deposited on and 
throughout the resin bead. This result is expected,—since 
the functional groups of the resin bead attracts the ruthenium 
ion. FIGS. 4A-4C provide an SEM micrograph and X-ray 
scans of the fibers of a standard nylon rope that was treated 
with ruthenium, as described above. A comparison of FIGS. 
4B and 4C show that ruthenium did not permeate throughout 
the fiber, but rather only coated the surface of the fibers. This 
shows that for the nylon fibers, straight diffusion coating 
resulted. 

0077. The resulting supported hydrogen generation cata 
lysts were tested for hydrogen generation in a stabilized 
borohydride Solution. One test compared hydrogen genera 
tion at various concentrations of sodium borohydride. The 
results are illustrated in FIG. 1, which is a graph of hydrogen 
gas generation rate (liters/sec-gram catalyst)x10) vs. con 
centration of sodium borohydride (% by weight) at 25°C. at 
various concentrations of NaOH, using about 0.25 grams of 
Rohm & Haas IRA400 exchange resin beads with 5% 
ruthenium by weight. A second test compared hydrogen 
generation at different reaction temperatures. The results are 
illustrated in FIG. 2, which is a graph of hydrogen genera 
tion (liters) versus time (seconds) at different temperatures 
for a hydrogen generation system, wherein the catalyst 
system includes about 0.25 grams of a 5% by weight Ru on 
Rohm & Haas IRA-400 exchange resin, and wherein the 
metal hydride solution includes 20% by weight sodium 
borohydride, 10% by weight sodium hydroxide, and 70% by 
weight water. A third test was conducted to determine the 
rate of hydrogen gas generation using 0.5 grams of 5% by 
weight ruthenium on Rohm & Haas IRA-400 anionic 
exchange resin beads and a stabilized metal hydride Solution 
having 20% by weight sodium borohydride, 5% by weight 
sodium hydroxide, and the remainder water. The results are 
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provided in FIG. 5, which is a graph of hydrogen generation 
rate (liters/min.) vs. time (seconds), and FIG. 6, which is a 
graph of total hydrogen generated (liter) vs. time seconds. 
0078 Example 1 was repeated to produce Rohm & Haas 
IRA-400 anionic exchange resin beads loaded with 5% by 
weight of ruthenium, platinum, and cobalt, respectively. The 
four different anionic exchange resin catalysts (i.e., ruthe 
nium, rhodium, platinum, and cobalt) were tested for hydro 
gen generation. The results are illustrated in FIG. 7, which 
shows a plot of hydrogen Volume (liters) vs. time (seconds) 
for the reaction of 0.25 grams of 5% by weight loading on 
Rohm & Haas IRA-400 anionic resin beads of each respec 
tive catalyst with a stabilized metal hydride solution con 
taining 20% by weight of sodium borohydride, 10% by 
weight of sodium hydroxide, and 70% by weight water. As 
can be seen from FIG. 7, the anionic exchange resins with 
ruthenium provided the best hydrogen generations rates with 
the rest of the catalysts performing in the following order: 
rhodium>platinum>cobalt. 

Example 2 
Preparation of Catalysts Systems with Ceramic 

and/or Carbon Substrates 

0079 Zirconium dioxide, ZrO, 8 mesh chips from Alfa 
Aesar, located in Massachusetts, were soaked in a solution 
of ruthenium trichloride at a concentration of about 5% by 
weight. Without wanting to be limited by any one theory, it 
is believed that the ruthenium trichloride was absorbed by 
the porous zirconium dioxide bead. The beads were then 
filtered but not rinsed, and placed in a drying oven at 110° 
C. until dry. The ruthenium trichloride absorbed onto and/or 
within the beads were then reduced with a solution including 
20% by weight of sodium borohydride, 10% by weight of 
sodium hydroxide, and 70% by weight of water. The beads 
were heated in the solution for about 30 minutes at 65° C. 
After rinsing with water, the beads were ready for use in the 
hydrogen systems of the present invention. Almost all other 
porous Substrates, such as ceramic and carbon Substrates, 
can be converted in a similar manner. 

0080) If other catalysts are desired, such as cobalt or 
nickel, the corresponding chlorides of each catalyst can be 
used instead of the ruthenium trichloride, as described above 
in Examples 1 and 2. A combination of catalysts is also 
possible. This can be achieved in one of two ways. One 
method is to simply premix the transition metal salts, e.g., 
cobalt chloride and ruthenium chloride. The solution of the 
mixed transition metal salts is then used as described above 
in Examples 1 and 2. The other method is to sequentially add 
and then reduce each catalyst individually, as described 
above, onto the same Substrate. Such sequential addition and 
reduction provides layered absorption of the catalysts onto 
and/or into the substrate. 

Example 3 
Preparation of Catalyst Systems with Cationic 

Exchange Resin Substrates 
0081. As described earlier with cationic resins, ruthenium 
trichloride was reacted with silver perchlorate solution in a 
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1:3 molar ratio of Ru: Ag to obtain 0.5 grams of elemental 
ruthenium. Precipitation of silver chloride was observed. 
After filtering out the precipitate, sodium hydroxide was 
dropwise added to the remaining Solution of ruthenium 
perchlorate to adjust the pH to about 7. A vertical column 
was packed with 10 grams of Rohm & Haas IRA-120 cation 
exchange resin beads. The ruthenium perchlorate Solution 
was repeatedly poured down the column until the Solution 
no longer had a reddish color, thereby obtaining cationic 
exchange beads with 5% by weight of ruthenium (0.5 grams 
of ruthenium for 10 grams of resin beads). After exchanging 
the ruthenium onto and/or into the beads, they were rinsed 
with deionized water and reacted with a solution of sodium 

borohydride as the reducing agent. The dark red resin beads 
turned black as the ruthenium complex was reduced to 
ruthenium metal. After rinsing with water, the resin beads 
were ready for use in the hydrogen systems of the present 
invention. 

Example 4 

Preparation of Catalyst Systems by Electrochemical 
Plating 

0082) A nickel substrate was placed in a solution of 0.01 
M. ruthenium trichloride, 0.01 HC1, and 0.1 M KC1. Other 
conductive Substrates, such as gold and stainless Steel can 
also be used. The substrate was then used as the cathode 

while the voltage was varied from about 0.5 volts versus 
standard Calomel Electrode (SCE) to about -1.5 volts SCE 
with a sweep rate of about 50 millivolts per second, thereby 
providing a cycle time of about 40 seconds. The current was 
applied for about one hour. The resulting coating on the 
Substrate was black and dull in appearance. The current can 
be supplied for as long as necessary to obtain the desired 
thickness. The resulting ruthenium black coated Substrates 
can be used in the hydrogen generation systems of the 
present invention. 

1-13. (canceled) 
14. A method of generating hydrogen comprising the 

steps of 

providing a solution capable of generating hydrogen; 

providing a catalyst that, upon contract between said 
catalyst and said solution, accelerates hydrogen gen 
eration from said solution and transforms said solution 
in a spent Solution; 

regulating contract of said solution of said catalyst; and 

introducing said spent Solution into said solution. 


