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HYDROGEN GENERATOR 

[0001] This application claims the bene?t of Us. Provi 
sional Application No. 60/470,319, ?led May 14, 2003. 
[0002] This invention Was made With Government support 
under DAAH01-00-C-R178 awarded by the Us. Army Avia 
tion and Missile Command. The Government has certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 

[0003] 1. Field of the Invention 
[0004] The present invention relates generally to the gen 
eration of hydrogen gas, such as for use in a fuel cell. 

[0005] 2. Background of the Related Art 
[0006] A fuel cell is an energy conversion device that e?i 
ciently converts the stored chemical energy of a fuel into 
electrical energy. A proton exchange membrane (PEM) fuel 
cell is a particular type of fuel cell that generates electricity 
through tWo electrochemical reactions that occur at the pro 
ton exchange membrane/catalyst interfaces at relatively loW 
temperatures (typically<80o C.). A necessary step in the 
operation of such fuel cells is the electrochemical oxidation 
of a fuel, typically hydrogen gas, to produce Water. Therefore, 
?nding a convenient source of hydrogen is necessary for the 
operation of a fuel cell. 

[0007] The hydrides of some of the lighter metallic ele 
ments have been considered as a source of hydrogen for a fuel 
cell because they possess high concentrations of hydrogen 
that can be released by hydrolysis. Table 1 lists a number of 
hydrides of elements from the ?rst and second groups of the 
periodic table that are useful for hydrogen generation, 
although the list is not meant to be exhaustive of all hydrides 
suitable for use in a hydrogen generator. The hydrides in 
Table 1 are divided into groups of salt-like hydrides and 
covalent hydrides. Table 1 provides the hydrogen content of 
each of the neat compounds as Well as the hydrogen content of 
each of the compounds With su?icient Water to hydrolyZe the 
neat compound to hydrogen and oxide products, and With 
suf?cient Water to hydrolyZe the neat compound to hydrogen 
and hydroxide products. 

TABLE 1 

Hydrogen Content of Metal Hydrides 

With Double 
Compound Neat stoichiometric H2O stoichiometric H2O 

Salt-like Hydrides 

LiH 12.68 11.89 7.76 
NaH 4.20 6.11 4.80 
KH 2.51 4.10 3.47 
RbH 1.17 2.11 1.93 
CsH 0.75 1.41 1.33 
MgH2 7.66 9.09 6.47 
CaH2 4.79 6.71 5.16 
Covalent Hydrides 

LiBH4 18.51 13.95 8.59 
Na BH4 10.66 10.92 7.34 
K BH4 7.47 8.96 6.40 
Mg (BH4)2 11.94 12.79 8.14 
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TABLE 1-continued 

Hydrogen Content of Metal Hydrides 

Wt % H2 

With Double 

Compound Neat stoichiometric H2O stoichiometric H2O 

Ca (EH4)2 11.56 11.37 7.54 

LiAlH4 10.62 10.90 7.33 

NaAlH4 7.47 8.96 6.40 

KAlH4 5.75 7.60 5.67 

Li3AlH6 11.23 11.21 7.47 

Na3A1H6 5.93 7.75 5.76 

[0008] The hydrides of the salt-like group continue to react 
and generate Water as long as Water is present. In some cases, 
the reaction products may form a “blocking layer” that sloWs 
or stops the reaction by blocking access of the Water to the 
hydride. HoWever, by breaking up or dispersing the blocking 
layer, the Water can again contact the hydride and the reaction 
immediately returns to its initial rate. By contrast, some of the 
covalent hydrides react With Water only to a limited extent, 
forming metastable solutions. Fortunately, the decomposition 
of these hydrides can be accelerated With catalysts so that, in 
the presence of catalysts, these covalent hydrides react simi 
larly to the salt-like hydrides. 

[0009] Some examples of hydrolysis reactions of light 
metal hydrides are shoWn in Table 2. The hydrogen yields 
shoWn in Table 2 are based upon the total mass of the hydrides 
and the Water required for hydrolysis but do not take into 
account the mass of the hydrogen generator container. When 
considering the hydrogen yield from a complete hydrogen 
generator system, the mass of the container must also be taken 
into account. HoWever, the container for a hydrogen genera 
tor that operates at loW pressure can be quite light and there 
fore, the yields from a light Weight hydrogen generator may 
approach the yields shoWn in Table 2. Table 2 provides the 
hydrogen yield for the stoichiometric amounts of reactants 
and the hydrogen yield from the reaction With tWice the 
stoichiometric amount of Water supplied. 

[0010] The reactions shoWn in Table 2 include tWo or three 
hydrolysis possibilities for each of four metal hydrides. The 
?rst set of reactions shoW the ideal case, Where the product is 
hydrogen and a metal oxide (e.g., MBOZ). These reactions 
generally occur only at elevated temperatures. The second set 
of reactions shoW the reaction producing a metal hydroxide 
(e.g., MB(OH)4) although extra Water beyond the amount 
listed in the ?rst column is generally required to achieve 
complete hydrolysis, even to the hydroxide. The third set of 
reactions shoW the expected result from the hydrolysis of 
these compounds to the stable hydroxide hydrates as the 
products. The hydroxide hydrate is often the thermodynami 
cally favored product. The effect of this thermodynamics is 
readily apparent from the comparison, for example, of Equa 
tion 10 With Equation 4. (See Table 2). 
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TABLE 2 
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Hydrogen Yield from the Hydrolysis of Metal Hydrides 

Hydrogen Yield 
Reaction (wt %) 

Equation Stoichiometric Double 
No. Water Water 

Reaction to Oxide 

LiBH4 + 2 H2O —> LiBo2 + 4 H2 1 13.95 8.59 
2LiH+H2O—>Li2O+2H2 2 11.89 7.76 
NaBH4 + 2 H2O —> NaBO2 + 4 H2 3 10.92 7.34 
LiAlH4 + 2 H2O —> LiAlo2 + 4 H2 4 10.90 7.33 
Reaction to Hydroxide 

LiBH4 + 4 H2O —> LiB(OH)4 + 4 H2 5 8.59 4.86 
LiH + H2O —> LiOH + H2 6 7.76 4.58 

NaBH4 + 4 H2O —> NaB(OH)4 + 4 H2 7 7.34 4.43 
LiAlH4 + 4 H2O —> LiAl(OH)4 + 4 H2 8 7.33 4.43 
Reaction to Hydrate Complex 

LiH + 2 H2O —> LiOH'H2O + H2 9 4.58 2.52 
2 LiAlH4 + 10 H2O —> LiAl2(OH)7'H2O + 10 6.30 3.70 
LiOH'H2O + 8 H2 
NaBH4 + 6 H2O —> NaBO2°4 H2O + 4 H2 11 5.49 3.15 

[0011] Each of the reactions shown in Table 2 has both [0014] The hydrolysis of lithium hydride (LiH) also has a 
advantages and disadvantages as a source of hydrogen. The 
hydrolysis of lithium borohydride (LiBH4) to an oxide, as 
shown in Equation 1, produces the highest yield of hydrogen 
of any of the reactions shown, but only proceeds at high 
temperature. The hydrolysis of NaBH4 produces nearly as 
much hydrogen (Equation 3), but uses a less costly starting 
material. At lower temperature, the hydrolysis reaction of 
NaBH4 as shown in Equation 7 dominates, but one of the 
reaction products, NaB(OH)4, is very basic. Since the BH4_ 
ion is normally stable towards hydrolysis at high pH, the rate 
of hydrolysis and the resultant hydrogen generation is 
reduced by several orders of magnitude in a high pH system. 
[0012] However, in Us. Pat. No. 6,534,033 and Us. Patent 
Application Pub. No. US 2003/0009942, Amendola, et a1. 
disclosed that a ruthenium catalyst catalyzes the decomposi 
tion of BH4_ to hydrogen and borate even in a high pH system 
having added NaOH. Amendola disclosed that an aqueous 
solution of NaBH4 pumped over a catalyst bed produced a 
controlled hydrogen gas ?ow. The disclosed catalyst was 5% 
Ru on an unspeci?ed ion exchange resin. The generation of 
gas was stopped by stopping the ?ow of the aqueous solution 
and restarted by restoring the ?ow. 
[0013] In Us. Patent Application Publication No. 2003/ 
0014917, Rusta-Sallehy, et a1. disclosed a system to generate 
hydrogen by using a chemical hydride in solution and con 
tacting the solution with a catalyst to generate hydrogen. The 
disclosed process required that the borohydride be present as 
a solution and also required a pump. Both Rusta-Sallehy and 
Amendola disclosed systems that used sodium borohydride 
solutions to generate hydrogen but both have several signi? 
cant limitations. The solutions required a substantial excess 
of vater that decreased the mass yield of hydrogen. The pro 
cesses also required pumps, which add to the weight and 
complexity of the systems. In addition, the aqueous solution 
is not completely stable. Even under basic conditions, the 
borohydride gradually hydrolyzes, thereby limiting the shelf 
life of the chemical hydride solution. 

high yield if it proceeds to completion as shown in Table 2, but 
the stability of lithium hydroxide hydrate makes it the stable 
end product, with a lower hydrogen yield, as shown in Equa 
tion 9. As reported in Proc. 39”’ Power Sources Conf, 184 
187 (2000), Breault and Rolfe have shown that when this 
reaction is carried out in a water starved mode, the reaction 
proceeds to a mixture of Li2O and LiOH, with a hydrogen 
yield of over 8 wt %. However, this water-starved condition 
was achieved by injecting water throughout the mass of 
hydride in a slow, controlled manner using a complex 
mechanical control system, thereby substantially reducing 
the wt % yield of hydrogen from the generator system. 
[0015] Storing sodium borohydride as a solution for use as 
a hydrogen source has been disclosed by Tsang in Us. Patent 
Application Pub. 2003/0228505. Tsang disclosed metering 
an aqueous sodium borohydride solution over a ruthenium 
supported catalyst to generate hydrogen. To overcome the 
limitations of both reactivity and stability, Tsang disclosed 
storing the sodium borohydride prior to use in a solution 
having 5-40 wt % alkali hydroxide or alkaline metal hydrox 
ide. At these very highpH levels, Tsang disclosed that sodium 
borohydride may be stored in solution for at least 6 to 12 
months since the high pH renders the borohydride essentially 
non-reactive even in the presence of catalyst. 

[0016] Tsang further disclosed mixing the high pH solution 
with water just before passing the solution over the supported 
catalyst in the hydrogen generator. Mixing with water 
brought the concentration of the high pH borohydride solu 
tion into the “reactive” range, which Tsang disclosed is less 
than about 10 wt % strong base. While Tsang disclosed the 
desirability of having high concentrations of borohydride in 
the solution passing over the supported catalyst, the ?nal 
mixed solution was disclosed as being between 5 and 15 wt 
%. Tsang noted that the maximum solubility of sodium boro 
hydride in water at room temperature is about 5 5 wt %. Tsang 
further disclosed that the best mode practice was to meter the 
two solutions with two different pumps and mix the solutions 
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just upstream of the supported catalyst. The system and meth 
ods disclosed by Tsang do not address or solve the problems 
of making a light Weight hydrogen generator because the tWo 
required pumps and the hydroxide necessary for storing the 
borohydride solution add signi?cant Weight to the disclosed 
hydrogen generator. 
[0017] Weight is a characteristic of electrochemical cells 
generally, and fuel cells in particular, that limit their use. 
Therefore, signi?cant efforts have been directed at providing 
lightWeight components for electrochemical cells and elec 
trochemical cell systems, such as fuel cell systems. Accord 
ingly, there is a need for a lightWeight generator of hydrogen 
gas for fueling fuel cells. It Would be desirable to provide a 
hydrogen generator that is lightWeight and portable, and 
adaptable for a variety of uses, including but not limited to 
PEM fuel cells. It Would be further desirable to provide a 
hydrogen generator and related method that e?iciently pro 
duces high quality hydrogen gas. It Would be further desirable 
to have a hydrogen generator that can be accurately and easily 
controlled. 

SUMMARY OF THE INVENTION 

[0018] The present invention provides hydrogen generators 
and methods for controlling hydrogen generation. The 
present invention further provides compositions for storing 
hydrogen for later release and methods of making the blended 
composition. The rate of hydrogen generation may be 
actively controlled by varying the rate that Water is added to 
the hydrogen-containing composition or passively controlled 
by modifying the hydrogen-containing composition so that 
an expected hydrogen generation rate is initiated upon adding 
all the Water at one time. 
[0019] One embodiment of a passively controlled hydro 
gen generator comprises a reaction chamber for containing a 
hydrogen-containing composition comprising a hydride and 
a catalyst. The hydrogen-containing composition has a set 
catalyst concentration to provide the expected or set rate of 
hydrogen gas generation desired upon adding an aqueous 
solution into the reaction chamber. Means are coupled, pref 
erably detachably coupled, to an inlet port of the reaction 
chamber for adding the aqueous solution all at once into the 
reaction chamber. 
[0020] The passively controlled hydrogen generator 
includes an outlet port from the reaction chamber for pro 
duced hydrogen to exit the generator. Both the inlet port and 
the outlet port of the reaction chamber may comprise ?uid 
control devices such as, for example, a check valve, a ball 
valve, a gate valve, a globe valve, a needle valve or combina 
tions thereof. These control devices may further comprise one 
or more pneumatic or electric actuators and the hydrogen 
generator may further include a controller in electric or pneu 
matic communication With one or more of these actuators for 
controlling the open or closed position of the ?uid control 
devices. 
[0021] Generally, any hydride or combinations of hydrides 
that produce hydrogen upon contacting Water at temperatures 
that are desired Within the hydrogen generator are useful for 
the present invention. Salt-like and covalent hydrides of light 
metals, especially those metals found in Groups I and II and 
even in Group III of the Periodic Table, are useful and include, 
for example, hydrides of lithium, sodium, potassium, 
rubidium, cesium, magnesium, beryllium, calcium, alumi 
num or combinations thereof. Preferred hydrides include, for 
example, borohydrides, alanates, or combinations thereof. 
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[0022] Useful catalysts for the hydrogen-containing com 
position include one of more of the transition metals found in 
Groups IB-VIII of the Periodic Table. The catalyst may com 
prise one or more of the precious metals and/or may include 
cobalt, nickel, tungsten carbide or combinations thereof. 
Ruthenium, ruthenium chloride and combinations thereof is a 
preferred catalyst. The catalyst form may be selected from 
poWders, blacks, salts of the active metal, oxides, mixed 
oxides, organometallic compounds or combinations thereof. 
For those catalysts having a form of an active metal, an oxide, 
mixed oxides or combinations thereof, the hydrogen genera 
tor may further comprise a support for supporting the catalyst 
on a surface of the support. 

[0023] Catalyst concentrations in the hydrogen-containing 
composition may range Widely. For some applications, the set 
catalyst concentration may range betWeen about 0.1 Wt % and 
about 20 Wt % active metals based on the total amount of 
hydride and the active element or elements in the catalyst. 
Preferably the set catalyst concentration may range from 
betWeen about 0.1 Wt % and about 15 Wt % and more prefer 
ably, betWeen about 0.3 Wt % and about 7 Wt %. 
[0024] The hydrogen-containing composition may take the 
form of one or more pellets or the form of pellets, granules, 
poWder, tablets or combinations thereof. The hydrogen-con 
taining compositions may further comprise a Wicking agent 
such as a hydrophilic organic material. The Wicking agent 
may further be selected from cellulose ?bers, polyester, poly 
acrylamide or combinations thereof. The hydrogen-contain 
ing composition may comprise at least 0.5 Wt % Wicking 
agent. 
[0025] The aqueous solution comprises at least 51% Water. 
The aqueous solution may further comprise an antifoam 
agent such as a surfactant, a glycol, a polyol or combinations 
thereof and may further comprise an acid, such as mineral 
acids, carboxylic acids, sulfonic acids, phosphoric acids or 
combinations thereof. Even though an antifoam agent may be 
a component of the aqueous solution, the hydrogen generator 
may further comprise a ?uid separation device for removing 
liquid from generated hydrogen gas, Wherein the hydrogen 
gas ?oWs through the ?uid separation device to the outlet port. 
[0026] In some embodiments, the hydrogen-containing 
composition is supported on a porous substrate, such as a 
foam. The foam may be metal such as, for example, alumi 
num, nickel, copper, titanium, silver, or stainless steel or may 
also be made of carbon. The surface of the substrate may be 
treated to increase a hydrophilic nature of the surface and 
further, pores of the porous substrate may be used to hold the 
hydrogen-containing composition. 
[0027] In another embodiment of a passively controlled 
hydrogen generator, the hydrogen generator comprises a 
reaction chamber for containing a porous substrate, Wherein 
the porous substrate supports a mixture comprising a hydride 
and a catalyst, the mixture having a set catalyst concentration 
to provide an expected rate of hydrogen gas generation upon 
adding an aqueous solution into the reaction chamber. Pre 
ferred hydrides include those of a light metal selected from 
lithium, sodium, potassium, rubidium, cesium, magnesium, 
beryllium, calcium, aluminum or combinations thereof. Any 
of the hydrides and catalysts discussed above are suitable for 
use With a porous substrate in a passively controlled hydrogen 
generator. 
[0028] The porous substrate may be made of a metal or of 
carbon. A preferred porous substrate is a foam made, for 
example, of aluminum, nickel, copper, titanium, silver, stain 
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less steel or carbon. The surface of the substrate may be 
treated to increase a hydrophilic nature of the surface. At least 
a portion of the catalyst may be blended With the hydride and 
placed in the pores of the porous substrate. Furthermore, at 
least a portion of the catalyst may be applied to a surface of the 
porous substrate. Any catalyst applied to the surface of the 
porous substrate contributes to the overall mixture of catalyst 
and hydride. 
[0029] Another embodiment of the present invention 
includes an actively controlled hydrogen generator compris 
ing a reaction chamber for holding a hydrogen-containing 
composition comprising a hydride and a reservoir comprising 
an outlet port in ?uid communication With a reaction chamber 
inlet. The hydrogen generator further comprises means for 
adjusting a ?oW rate of an aqueous solution from the reservoir 
into the reaction chamber to control a hydrogen gas genera 
tion rate. In addition to the inlet port, the reaction chamber 
further comprises an outlet port for the produced hydrogen to 
exit the hydrogen generator. 
[0030] The outlet port and the inlet port may further com 
prise a ?rst and a second ?uid control device for controlling 
?oW through the outlet and inlet ports respectively. These 
?uid control devices may be a check valve, a gate valve, a ball 
valve, a needle valve, or combinations thereof. Furthermore, 
the ?uid control devices may include one or more actuators 
and the hydrogen generator may further comprise a controller 
in communication With the one or more actuators via electric 
or pneumatic means. 

[0031] Generally, any hydride or combinations of hydrides 
that produce hydrogen upon contacting Water at temperatures 
that are desired Within the hydrogen generator are useful for 
the present invention. Salt-like and covalent hydrides of light 
metals, especially those metals found in Groups I and II and 
even in Group III of the Periodic Table, are useful and include, 
for example, hydrides of lithium, sodium, potassium, 
rubidium, cesium, magnesium, beryllium, calcium, alumi 
num or combinations thereof. Preferred hydrides include, for 
example, borohydrides, alanates, or combinations thereof. 
The hydride may be either a salt-like hydride or a covalent 
hydride or combinations thereof. 

[0032] The hydrogen-containing composition may further 
comprise a catalyst that may be blended or otherWise mixed 
With the hydride. The catalyst may be one or more transition 
metals. Catalysts suitable for the passively controlled hydro 
gen generator discussed above, both in type and form, are 
useful for the actively controlled embodiments of the present 
invention. The catalyst concentration in the hydrogen-con 
taining composition may range betWeen about 5 Wt % and 
about 20 Wt % active element or elements of the catalyst and 
preferably, betWeen about 6 Wt % and about 12 Wt % active 
element or elements of the catalyst. Wicking agents may be 
added to the hydrogen-containing composition as discussed 
above. The aqueous solution suitable for the passively con 
trolled hydrogen generator is equally useful for the actively 
controlled hydrogen generator. Furthermore, the porous sub 
strate suitable for supporting the hydrogen-containing com 
position of the passively controlled hydrogen generator is 
suitable for use With the actively controlled hydrogen genera 
tor. 

[0033] The actively controlled hydrogen generator may 
further comprise a ?uid separation device for removing liquid 
from generated hydrogen gas, Wherein the hydrogen gas 
?oWs through the ?uid separation device to the outlet port. 
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[0034] In one embodiment, the means for adjusting a ?oW 
rate of the aqueous solution into the reaction chamber com 
prises a plunger slideably disposed Within the reservoir for 
pressuriZing the aqueous solution and may further comprise a 
gas source in ?uid communication With a gas side of the 
plunger. The gas source may be an electrolyZer in ?uid com 
munication With the gas side of the plunger. A controller may 
be utiliZed for adjusting an electrical current ?oWing from a 
poWer source to the electrolyZer in response to a hydrogen 
generation demand. 
[0035] The hydrogen generator may further comprise a 
Water chamber for containing the aqueous solution reservoir 
Which may be, for example, an in?atable bladder. The means 
for adjusting a ?oW rate of the aqueous solution may then 
comprise a gas source in ?uid communication With an interior 
of the Water chamber. The gas source may be an electrolyZer 
for controllably generating the gas for delivery to the interior 
of the Water chamber. The means for adjusting a ?oW rate of 
the aqueous solution may further comprise a controller for 
adjusting an electrical current ?oWing from a poWer source to 
the electrolyZer. The electrolyZer may obtain electrolyZer 
Water either from the interior of the Water chamber or the 
interior of the in?atable bladder. 

[0036] The present invention further comprises a method 
for a hydrogen-containing composition, comprising dissolv 
ing a hydride and a catalyst in a solvent, evaporating the 
solvent, and recovering the hydrogen-containing composi 
tion as a solid. The hydride may be a covalent hydride. The 
covalent hydride maybe ofa light metal selected, for example, 
from lithium, sodium, potassium, rubidium, cesium, magne 
sium, beryllium, calcium, aluminum or combinations 
thereof. Preferred hydrides include a borohydride, an alanate, 
or combinations thereof. 

[0037] The catalyst may be one or more transition metals, 
such as one or more precious metals or ruthenium, ruthenium 
chloride or combinations thereof. Preferred catalysts include 
cobalt acetylacetonate, nickel acetylacetonate, ruthenium 
acetylacetonate, platinum acetylacetonate or combinations 
thereof because of their solubility in an organic solvent. 

[0038] The solvent is non-reactive With the hydride and is 
typically organic. Preferable solvents include, for example, 
tetrahydrofuran, ethylene glycol ethers, anhydrous ammonia, 
substituted amines, pyridine or combinations thereof. 
[0039] Another method for a hydrogen-containing compo 
sition of the present invention includes dissolving a hydride in 
a solvent to form a solution, suspending a catalyst throughout 
the solution, evaporating the solvent, and recovering the 
hydrogen-containing composition as a solid. Preferably, the 
catalyst is in a form of a poWder. The hydride may be a 
covalent hydride and is typically selected from hydrides of 
light metal selected from lithium, sodium, potassium, 
rubidium, cesium, magnesium, beryllium, calcium, alumi 
num or combinations thereof. 

[0040] The catalyst may be selected from one or more 
transition metals. Preferred catalysts include ruthenium, 
ruthenium chloride, or combinations thereof. Preferred sol 
vents include, for example, tetrahydrofuran, ethylene glycol 
ethers, anhydrous ammonia, substituted amines, pyridine or 
combinations thereof. 

[0041] The foregoing and other objects, features and 
advantages of the invention Will be apparent from the folloW 
ing more particular description of a preferred embodiment of 
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the invention, as illustrated in the accompanying drawings 
Wherein like reference numbers represent like parts of the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0042] So that the above recited features and advantages of 
the present invention can be understood in detail, a more 
particular description of the invention, brie?y summarized 
above, may be had by reference to the embodiments thereof 
that are illustrated in the appended draWings. It is to be noted, 
hoWever, that the appended draWings illustrate only typical 
embodiments of this invention and are therefore not to be 
considered limiting of its scope, for the invention may admit 
to other equally effective embodiments. 
[0043] FIG. 1 is a schematic of a passively controlled 
hydrogen generator. 
[0044] FIG. 2 is a cross-sectional vieW of an actively con 
trolled hydrogen generator. 
[0045] FIG. 3 is a cross-sectional vieW of an actively con 
trolled hydrogen generator having an electrolyZer mounted 
on a bladder. 

[0046] FIG. 4 is a schematic draWing of a hydrogen gen 
erator utiliZing a hydrogen-fed electrochemical liquid pump. 
[0047] FIGS. 5A-B are draWings of a bottom vieW and a 
cross-sectional vieW of a hydrogen generator. 
[0048] FIG. 6 is a cross-sectional vieW of a containment 
system for a hydrogen generator. 
[0049] FIG. 7 is a schematic of an apparatus for quantita 
tively measuring the rate of hydrolysis of catalyzed hydride 
compositions. 
[0050] FIG. 8 is a graph of the rate of hydrogen evolution 
for NiCl2 catalyZed NaBH4 pellets as a function of catalyst 
content. 

[0051] FIG. 9 is a graph indicating the hydrolysis rate of 
mixed lithium and sodium borohydride pellets (total 
salt:103.1 mmol) containing 2.60 Wt % Ru on Alumina. 
[0052] FIG. 10 is a graph indicating hydrolysis rates for 
mixtures of LiBH4 and NaBH4 pellets containing different 
concentrations of Ru on Alumina in 5/8 inch tube. 
[0053] FIG. 11 is a graph indicating the in?uence of50 ppm 
“C-2245” antifoamAgent (New London) on the hydrolysis of 
25 mole % LiBH4 and 75 mole % NaBH4. 
[0054] FIG. 12 is a graph indicating the reproducibility of 
hydrolysis rates obtained for 5.14 Wt % Ru on Alumina in 82 
mmol borohydride (2.839 g) present as 20 mole % LiBH4 and 
80 mole % NaBH4. 
[0055] FIG. 13 is a graph indicating the variation in the rate 
of hydrogen evolution With catalyst content (Ru on Alumina) 
for 113.4 mmol borohydride (3.926 g) as 20 mole % LiBH4 
and 80 mole % NaBH4. 
[0056] FIG. 14 is a graph indicating the hydrogen evolution 
rate With continuous drop-Wise addition of 50 ppm C-2245 
antifoam solution using a syringe pump (20.3 mL solution/ 
hour) to deliver it to 161 mmol of sodium borohydride in the 
form of pellets, crushed granules, or free poWder. 
[0057] FIG. 15 is a graph indicating the reproducibility of 
?ve hydrolysis runs for 178 mmol sodium borohydride (6.733 
g) With 8.17 Wt % ruthenium chloride (550 mg) and for 
delivery of antifoam solution at 0.374 mL/min for 60 min at 
an ambient temperature of 21 ° C. and 5 Wt % Wicking mate 
rial. 
[0058] FIG. 16 is a graph indicating the reproducibility of 
?ve hydrolysis runs for 178 mmol sodium borohydride at 150 
C. 
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[0059] FIG. 17 is a graph indicating the reproducibility of 
hydrogen gas generation using a polyetherimide (PEI) packet 
generator. 
[0060] FIG. 18 is a graph demonstrating that the rate of 
hydrogen generation can be prolonged by reducing the rate of 
delivery for the aqueous hydrolysis solution after an initial 
reaction initiation period. 
[0061] FIG. 19 is a graph indicating the temperature depen 
dence for averaged rates of hydrolysis for 178 mmol sodium 
borohydride With 8.17 Wt % ruthenium chloride catalyst. 
[0062] FIG. 20 is a graph demonstrating that frequent 
changes in the rate of addition of the antifoam solution result 
in rapid responses of hydrogen generation rate When the 
solution is combined With borohydride pellets. 

DETAILED DESCRIPTION 

[0063] The present invention provides a hydrogen genera 
tor and methods for controlling hydrogen generation. The 
present invention further provides compositions for storing 
hydrogen for later release and methods of making the blended 
composition. The rate of hydrogen generation may be con 
trolled by either varying the rate that Water is added to the 
composition or by modifying the composition so that an 
expected hydrogen generation rate is initiated upon adding all 
the Water at one time. 

[0064] As shoWn in Table 1 and Table 2 above, the hydrides 
of many of the light metals appearing in the ?rst, second and 
third groups of the periodic table contain a signi?cant amount 
of hydrogen on a Weight percent basis and release their hydro 
gen by a hydrolysis reaction upon the addition of Water. The 
hydrolysis reactions that proceed to an oxide and hydrogen, 
see Table 2, provide the highest hydrogen yield but are not 
useful for generating hydrogen in a lightWeight hydrogen 
generator that operates at ambient conditions because these 
reactions proceed only at high temperatures. Therefore, the 
most useful reactions for a lightWeight hydrogen generator 
that operates at ambient conditions are those reactions that 
proceed to hydrogen and a hydroxide. Both the salt-like 
hydrides and the covalent hydrides are useful compounds for 
hydrogen production because both proceed to yield the 
hydroxide and hydrogen. 
[0065] The salt-like hydrides, e.g., LiH, NaH, MgH2, are 
generally not soluble in any normal molecular solvent under 
near ambient conditions and many are only stable as solids, 
decomposing When heated rather than melting congruently. 
These compounds react spontaneously With Water to produce 
hydrogen and continue to react as long as there is contact 
betWeen the Water and the salt-like hydride. In some cases the 
reaction products may form a blocking layer that sloWs or 
stops the reaction, but breaking up or dispersing the blocking 
layer immediately returns the reaction to its initial rate as the 
Water can again contact the unreacted hydride. Methods for 
controlling the hydrogen production from the salt-like com 
pounds generally include controlling the rate of Water addi 
tion. 
[0066] The covalent hydrides shoWn in Table 1 are com 
prised of a covalently bonded hydride anion, e.g., BH4_, 
AlH4_, and a simple cation, e. g., Na", Li". These compounds 
are frequently soluble in high dielectric solvents, although 
some decomposition may occur. For example, NaBH4 
promptly reacts With Water at neutral or acidic pH but is 
kinetically quite sloW at alkaline pH. When NaBH4 is added 
to neutral pH Water, the reaction proceeds but, because the 
product is alkaline, the reaction sloWs to a near stop as the pH 
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of the Water rises and a metastable solution is formed. In fact, 
a basic solution of NaBH4 is stable for months at temperatures 
beloW 5° C. 
[0067] Some of the covalent hydrides, such as LiAlH4, 
react very similarly to the salt-like hydrides and react With 
Water in a hydrolysis reaction as long as Water remains in 
contact With the hydrides. Others covalent hydrides react 
similarly to NaBH4 and KBH4 and only react With Water to a 
limited extent, forming metastable solutions. However, in the 
presence of catalysts, these metastable solutions continue to 
react and generate hydrogen. 
[0068] Using a catalyst to drive the hydration reaction of 
the covalent hydrides to completion by forming hydrates and 
hydrogen is advantageous because the Weight percent of 
hydrogen available in the covalent hydrates is generally 
higher than that available in the salt-like hydrides, as shoWn in 
Table 1. Therefore, the covalent hydrides are preferred as a 
hydrogen source in some embodiments of a hydrogen gen 
erator because of their higher hydrogen content as a Weight 
percent of the total mass of the generator. 
[0069] Generally, any hydride or combinations of hydrides 
that produce hydrogen upon contacting Water at temperatures 
that are desired Within the hydrogen generator are useful for 
the present invention. Salt-like and covalent hydrides of light 
metals are useful and include, for example, hydrides of 
lithium, sodium, potassium, rubidium, cesium, magnesium, 
beryllium, calcium, aluminum or combinations thereof. 
[0070] Examples of catalysts that are useful for the decom 
position of covalent hydrides such as borohydrides include 
precious metals such as ruthenium, platinum, palladium, 
gold, silver, iridium, rhodium and osmium. Other transition 
metals are also useful catalysts, such as cobalt and nickel, and 
one or more of the transition metals (Groups lB-Vlll of the 
Periodic Table) may be selected as a useful catalyst. 
Examples of other useful catalysts include metallic com 
pounds such as tungsten carbide. All of these examples of 
catalytic materials are useful in a variety of forms, including 
poWders, blacks, salts of the active metal, oxides, mixed 
oxides, compounds formed by chelation, organometallic 
compounds, supported metals, and supported oxides. Sup 
ported catalysts include those having an active metal that is 
supported on the surface of an inactive or slightly active 
support, such as Al2O3, carbon, SiO2, etc. Catalysts may also 
be used in the form of a solid solution With an expensive active 
metal diluted With a less expensive but inactive one. Whether 
blended With a hydride or applied to the surface of a substrate, 
all of these forms of catalyst are useful in accordance With the 
present invention. 
[0071] As shoWn above in Table 2, the hydrolysis reaction 
of the borohydride ion may proceed to the hydroxide or to 
complex hydrates. The hydrate NaBO2.2H2O is the stable 
form of sodium borate above 54° C., but beloW this tempera 
ture, the stable form is the tetrahydride, NaBO2.4H2O. The 
sodium borate produced by the reaction is basic, so in the 
absence of a catalyst the reaction is self-limiting. 
[0072] Ruthenium is an effective catalyst for the hydrolysis 
of BH4_, most likely in a reduced form as shoWn in equation 
12: 

While not limiting the invention, the active form of ruthenium 
in the hydrolysis reaction is most likely the reduced form 
because the use of reduced ruthenium produces an immediate 
and vigorous reaction, With no further increase in rate. HoW 
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ever, catalysts containing oxidiZed ruthenium species, such as 
ruthenium chloride, shoW an initial reaction that accelerates 
With time. The acceleration occurs as the ruthenium chloride 
is reduced, thereby providing the reduced ruthenium as a 
catalyst for the reaction. 
[0073] The present invention provides methods for forming 
hydrogen-containing compositions comprising at least one 
hydride and further comprising catalyst. The catalyst may be 
mixed With one or more hydrides for use in hydrogen genera 
tors. Preferably the hydrides and catalyst form a blend. A 
blend is a mixture of components that are thoroughly mixed 
and intermingled. One method of forming a blend of the 
catalyst and hydride includes grinding the hydride together 
With the catalyst to form granules or a ?ne poWder. The blend 
may be packaged for use as granules or a poWder or altema 
tively, the poWder may be pressed into pellets, tablets, or 
granules. Mixtures in any form are, hoWever, also suitable for 
use in a hydrogen generator. 
[0074] Another method for producing a catalyst-hydride 
blend includes dissolving the catalyst and the hydride in a 
solvent to produce a solution and then evaporating the solvent 
to produce the catalyst-hydride blend. Examples of hydrides 
that may be used in this method include, but are not limited to, 
sodium borohydride, potassium borohydride, lithium boro 
hydride and combinations thereof. Blended hydride compo 
sitions have properties that are a combination of the proper 
ties of the tWo pure materials. For example, lithium 
borohydride (LiBH4) has a formula Weight that is 42% less 
than that of NaBH4 but produces the same volume of hydro 
gen per mole of reactant. Even When the amount of Water 
required to stoichiometrically hydrolyZe it to LiB(OH)4 is 
included, the combined mass is nearly 14% less. This Weight 
advantage can be realiZed in a lightWeight hydrogen genera 
tor either by using the lithium salt in place of the sodium salt 
or by using blends of LiBH4 and NaBH4 
[0075] The solvent used in this method for producing a 
catalyst-hydride blend is preferably selected from solvents 
that are non-reactive With the hydride and that also solvate the 
catalyst or catalyst precursor, Whichever is used. A catalyst 
precursor, such as RuCl3, transforms into a catalyst, such as 
reduced ruthenium, in the presence of Water and the hydride. 
Many of the useful solvents are organic and include, but are 
not limited to, tetrahydrofuran (THF), ethylene glycol ethers, 
anhydrous ammonia, substituted amines, pyridine and com 
binations thereof. The hydrides are dissolved in the solvent in 
concentrations up to and including their saturation level and 
preferably, at their saturation level. Catalyst concentrations 
range betWeen about 0.1 Wt % and about 20 Wt % active metal 
based on the total amount of hydride and the active element or 
elements in the catalyst. Preferred concentration may range 
betWeen about 0.3 Wt % and about 12 Wt % or more prefer 
ably, betWeen about 0.4 Wt % and about 9 Wt %. 

[0076] Although any of the catalysts previously mentioned 
may be used in this solvent method for producing a catalyst 
hydride blend, catalysts in the form of organic complexes of 
catalytically active metals are preferred because these mate 
rials are highly soluble in organic solvents. Examples of such 
materials include cobalt acetylacetonate, nickel acetylaceto 
nate, ruthenium acetylacetonate, platinum acetylacetonate 
and combinations thereof. 

[0077] In the solvent method of producing a catalyst-hy 
dride blend, the step of evaporating the solvent may include 
using a rotary evaporator to remove the solvent. Using a 
rotary evaporator is useful for making small batches of a 
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catalyst-hydride blend for laboratory use, but is not preferred 
for larger batches because there is a risk of producing non 
uniform mixtures of the catalyst and hydride. Flash drying or 
spray drying is preferred for the step of drying the solvent for 
production of larger batches. In ?ash drying, the solvent is 
heated to a temperature far above its boiling point but kept as 
a liquid under pressure. When the pres sure is released, imme 
diate vaporization occurs resulting in the formation of a ?ne, 
uniform poWder that is the catalyst-hydride blend. In spray 
drying a mist of the solution is sprayed into a stream of heated 
air Where the solvent evaporates and the solids are collected. 
Alternate methods of evaporating the solvent are also useful 
as knoWn to those having ordinary skill in the art. Such 
alternate methods include, for example, drying the solution 
on a heated roll. The blend may be packaged for use as a 
poWder or alternatively, the poWder may be pressed into pel 
lets, tablets, or granules. 
[0078] The present invention further provides a method 
useful for producing a catalyst-hydride blend of non-soluble 
catalysts With a soluble hydride. The method includes dis 
solving the hydride in a solution to form a saturated hydride 
solution as discussed above and dispersing or suspending a 
catalyst in the form of a ?ne poWder throughout the solution. 
Any of the catalysts discussed previously may be dispersed as 
a ?ne poWder throughout the solution. One preferred catalyst 
useful in this method is ruthenium, Which may be used in 
forms such as ruthenium black, ruthenium on a support, 
ruthenium chloride and combinations thereof. As before, the 
hydrides are dissolved in the solvent in concentrations up to 
and including their saturation level and preferably, at their 
saturation level. Catalyst concentrations range betWeen about 
0.1 Wt % and about 20 Wt % active metal based on the total 
amount of hydride and the active element or elements in the 
catalyst. Preferred concentration may range betWeen about 
0.3 Wt % and about 12 Wt % or more preferably, betWeen 
about 0.4 Wt % and about 9 Wt %. 

[0079] The method further includes the step of evaporating 
the solution containing the dispersed catalyst poWder by 
knoWn drying means, such as spray drying, drying the solu 
tion on a heated roll, ?ash drying or drying in a rotary evapo 
rator. After the solvent has been evaporated, each of the dry 
particles is coated relatively evenly With a coating of the 
hydride. The blend may be packaged for use as a poWder or 
alternatively, the poWder may be pressed into pellets, tablets, 
or granules. 

[0080] The methods of the present invention that provide 
blends or mixtures of a covalent hydride and a catalyst are 
useful because the resulting blends or mixtures react With 
Water to generate hydrogen in the same manner as do the 
salt-like hydrides; i.e., the mixed composition continues to 
produce hydrogen as long as Water is available for reaction. 
Therefore, When a covalent hydride is mixed With a catalyst, 
the rate of the hydration reaction that produces hydrogen can 
be controlled by the rate of Water addition. It should be noted 
that some covalent hydrides, such as LiAlH4, do produce 
hydrogen as long as Water is available for reaction Without 
being mixed With a catalyst. 
[0081] The amount of catalyst added to the catalyst-hydride 
blend or mixture is important because the concentration of 
catalyst in the blend or mixture can control the hydration 
reaction rate and therefore, the rate of hydrogen generation. 
For example, if only a small amount of catalyst is added to the 
blend or mixture, then the diffusion rate of the hydride to the 
catalyst controls the rate of reaction, not the rate of Water 
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addition. With diffusion rate controlling the rate of reaction, 
the hydration reaction can be gradual, Which results in a 
gradual release of hydrogen. 
[0082] The hydration reaction of a hydride cannot proceed 
if Water is unable to reach the hydride. When pellets of some 
hydrides, such as LiH, react With Water, a layer of insoluble 
reaction products is formed that blocks further contact of the 
Water With the hydride. The blockage can sloW doWn or stop 
the reaction. Adding a Wicking agent Within the pellets or 
granules of the hydrogen-containing composition that con 
tains the hydride improves the Water distribution through the 
pellet or granule and ensures that the hydration reaction 
quickly proceeds to completion. Both salt-like hydrides and 
covalent hydrides bene?t from an effective dispersion of 
Water throughout the hydride. Useful Wicking materials 
include, for example, cellulose ?bers like paper and cotton, 
modi?ed polyester materials having a surface treatment to 
enhance Water transport along the surface Without absorption 
into the ?ber, and polyacrylamide, the active component of 
disposable diapers. The Wicking agents may be added to the 
hydrogen-containing composition in any effective amount, 
preferably in amounts betWeen about 0.5 Wt % and about 15 
Wt % and most preferably, betWeen about 1 Wt % and about 2 
Wt %. It should be noted, hoWever, that variations in the 
quantity of Wicking material added to the hydro gen-contain 
ing composition do not seem to be signi?cant; i.e., a small 
amount of Wicking material is essentially as effective as a 
large amount of Wicking material. 
[0083] The present invention further provides supporting 
composites that include catalysts, metal hydrides and/or 
Wicking agents disposed in and/ or on foams or other porous 
structures. One embodiment of the present invention includes 
?lling the pores of a porous substrate, such as a foam, With a 
hydrogen-containing composition. Foams can be useful for 
conducting heat out of the reaction mass, for keeping the 
hydrogen-containing composition as a solid mass, for sup 
porting the catalyst, and, With proper surface treatment, for 
delivering Water into the core of the reaction mass. A Wide 
variety of foams or other porous substrates, both metallic and 
nonmetallic, may be used. 
[0084] In one embodiment, the hydrogen-containing com 
position is disposed on a porous foam having good thermal 
conductivity to help dissipate the heat of reaction. Some 
examples of suitable foams include aluminum, nickel, cop 
per, titanium, silver, stainless steel, and carbon. 
[0085] For example, nickel foam can be rendered much 
more hydrophilic than the original metal surface by oxidiZing 
the surface of nickel foam. The hydrophilic surface aids the 
distribution of Water throughout the mass of the hydrogen 
containing composition that is contained Within the pores of 
the foam. Optionally, either separately or in combination With 
a hydrophilic surface treatment, Wicking materials may be 
added to the hydrogen-containing composition before ?lling 
the pores of the foam, such as by assembling the hydride With 
a hydrophilic binder or blending the hydride With a Wicking 
agent or other hydrophilic material. In any of these variations 
or their combination, or other methods knoWn to those having 
ordinary skill in the art, the objective is to provide means for 
distributing the Water throughout the reaction mass to pro 
duce a smooth, even hydrolysis reaction. 
[0086] The catalyst can be blended or mixed With the 
hydride before placing the hydrogen-containing composition 
into the pores of the porous material or the catalyst may be 
applied to the surface of the porous material prior to loading 
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the hydride. When su?icient catalyst is blended With the 
hydride, the hydration reaction is best controlled through the 
rate of Water addition as a hydrogen generator having active 
hydrogen generation control. Alternatively, the catalyst may 
be applied to the surface of the foam or other porous material 
to reduce the degree of intimate contact and thereby limit the 
hydration reaction to the rate of diffusion of the hydride to the 
catalyst as for a hydrogen generator having passive hydrogen 
generation control. The catalyst can be applied to the porous 
material by a variety of means including, for example, paint 
ing a solution or suspension onto the surface of the substrate 
and by plating a metallic catalyst onto a conductive support. 
Optionally, a smaller amount of catalyst may also be blended 
With the hydride packed into the pores of the porous substrate 
With or Without applying additional catalyst to the surface of 
the porous substrate to control the hydration reaction by the 
rate of diffusion of the hydride to the catalyst. 

[0087] In another embodiment of the present invention, the 
?nely ground hydride is dispersed in an inert organic liquid to 
provide a ?uid mixture. By dispersing a hydride throughout a 
saturated solution of the same or a different hydride, ?uid 
mixtures can be produced having extremely high concentra 
tions of the hydrides. Water may be mixed With or mixed into 
the dispersion to evolve hydrogen. A catalyst may also be 
placed in solution as disclosed above With the dispersed 
hydride. 
[0088] A variety of solvents are useful for dissolving 
hydrides in loW to moderate concentrations and for dispersing 
additional hydride to provide a ?uid mixture. Examples of 
such solvents include tetrahydrofuran (THF), ethylene glycol 
ethers, iso-propanol, monoethanolamine, ethylenediamine, 
ethylamine, other mono- and di-substituted amines, dimeth 
ylformamide (DMF), dimethylacetamide, dimethylsulfoxide 
(DMSO), and pyridine for sodium borohydride, diethyl ether 
for lithium borohydride, and diethyl ether, THF and other 
ethers for lithium aluminum hydride. 
[0089] If the hydride reacts promptly With the Water, such 
as LiAlH4 or LiBH4, stirring Water into the dispersion leads to 
an immediate and quantitative release of hydrogen. If the 
supporting solvent is hydrophobic, the reaction is relatively 
sloW in the absence of mixing. 
[0090] The present invention further provides embodi 
ments of a hydrogen generator having passive control of the 
rate of hydrogen generation from a metal hydride. Control 
ling the hydrogen generation rate through the rate of diffusion 
of the hydride to the Water is passive control. Therefore, 
setting factors that affect the diffusion rate provides a hydro 
gen generator that generates an expected and desired amount 
of hydrogen. 
[0091] It is typical for all or most of the Water to be added to 
the hydrogen-containing composition all at once in a pas 
sively controlled hydrogen generator. For example, the Water 
addition may be batch or semi-batch, although it may also be 
continuous. The rate of reaction is passively controlled at a 
rate determined by factors that include the amount of Water 
added, the amount of catalyst used, the catalyst activity, the 
amount of hydride used and the form of the hydrogen-con 
taining composition contained Within the hydrogen genera 
tor, e.g., pellets, granules, tablets or poWder With or Without 
Wicking agents. Since the hydride reacts by diffusing to the 
catalyst, the rate of hydrogen generation can be reduced by 
providing less catalyst available for reaction. The passive 
hydrogen generator provides a very simple system that lends 
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itself to applications Where size and Weight of the hydrogen 
generator system are critical factors. 
[0092] Catalyst concentrations in the hydrogen-containing 
composition for a passively controlled hydrogen generator 
may range Widely. For some applications, the set catalyst 
concentration may range betWeen about 0.1 Wt % and about 
20 Wt % active metal based on the total amount of hydride and 
the active element or elements in the catalyst. Preferably the 
set catalyst concentration may range from betWeen about 0.1 
Wt % and about 15 Wt % and more preferably, betWeen about 
0.3 Wt % and about 7 Wt %. 
[0093] The exact shape of a hydrogen generator based on 
passive control is quite ?exible making it possible to tailor the 
form of the device to the application. A Wide range of mate 
rials can be used to fabricate the generators, With the speci?c 
materials mentioned herein only serving as examples. For 
example, the hydrogen generator may be formed of an alka 
line resistant polymer, metal, carbon, graphite or combina 
tions thereof. Examples of con?gurations of the hydrogen 
generator include tubular, box-like or bag-like containers. 
[0094] Some embodiments of a passively controlled hydro 
gen generator of the present invention include a reaction 
chamber for containing the hydro gen-containing composi 
tion to be mixed With Water, a ?uid separation device that 
prevents entrained liquid from exiting the reaction chamber 
With the generated hydrogen, and a means for adding Water or 
an aqueous solution to the hydride. The ?uid separation 
device is preferably made of a material that resists Wetting 
under extremely alkaline conditions to permit the hydrogen to 
escape. Liquid free hydrogen gas can be produced even from 
the alkaline borohydride solution by using an oleophobic 
barrier such as PREVENTS, manufactured by W. L. Gore & 
Associates, Inc., NeWark, Del. 
[0095] The hydrogen generator may further include a con 
duit, passage or other means to deliver the hydrogen to a fuel 
cell. In one preferred embodiment, the means for adding the 
Water to the reactor can be removed after the Water addition to 
reduce the Weight of the generator While it is operating. The 
hydrogen-containing composition can be in any form includ 
ing, for example, poWders, granules, pellets and tablets. Pel 
lets are a preferred form because they simplify handling When 
loading the generator. 
[0096] The means for adding Water or aqueous solution to 
the reaction chamber includes means that provide Water from 
a pressurized Water system, means that provide Water from a 
gravity feed system and means that provide for pouring Water 
into the reaction chamber. Pressurized Water systems include, 
for example, pumps, syringes, and gas pressurized Water sys 
tems. Gravity feed systems include bags, tanks or other ves 
sels of Water that are positioned above the reaction chamber. 
[0097] In a passively controlled hydrogen generator, the 
total amount of Water added is betWeen 100% and about 
400% of the stoichiometric amount required to produce a 
desired amount of hydrogen. Preferably, the amount of Water 
added is betWeen about 125% and about 250% of stoichio 
metric amount. 

[0098] In a preferred embodiment, an antifoam agent is 
added to the Water to make an aqueous solution that is added 
to the hydride, because the generation of hydrogen during the 
hydration reaction typically creates foaming. By adding an 
antifoam agent to the reactant Water, the size and Weight of the 
hydrogen generator can be minimized because less volume is 
required for disengagement of the gas from the liquid/ solids. 
Polyglycol anti-foam agents offer e?icient distribution in 




















