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ABSTRACT
T'he present invention relates to a gas gencrating apparatus comprising a housing, a
melal hydride and a liquid reactant comprising water. Predetcrmincd amounts of metal
hydride and liquid reactant are containcd in tfuel capsules and are separatcd by a membrane.

The membranes can be ruptured by a moving element so that the metal hydride and the liquid

reactant can react {o produce hydrogen gas.
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HYDROGEN GENERATING CARTRIDGES

BACKGROUND OF THE INVENTION

[0001] Fuel cells arc devices that directly convert chemical energy of reaclants, /.., fuel and
oxidant, into dircet current (DC) electricity. For an increasing number of applications, fuel
cclls are more efficient than conventional power generation, such as combustion of fossil
fuel, as well as portable power storage, such as lithium-ior battenes.

{0002] In general, fuel cell technology includes a variety of diffcrent fucl] cclls, such as alkah
fuel cells, polymer electrolyte fuel cells, phosphoric acid fuel cells, molten carbonate fuel
cells, solid oxide fuel cells and enzymc fuel cells. Today’s more important fuel cells can be
divided into several general categorics, namely (i) fuel cells utilizing compressed hydrogen
(H3) as fuel; (ii) proton exchange membranc (PEM) fucl cells that use alcohols, ¢.g.,
methanol (CH3OH), metal hydrides, ¢.g., sodium borohydride (NaBH,), hydrocarbons, or
other fuels reformed into hydrogen fuel; (iii) PEM [ucl cclls that can consume non-hydrogen
fuel directly or dircct oxidation fuel cells; and (iv) solid oxide fuel cells (SOFC) that directly
convert hydrocarbon fuels to electricity at high temperature.

[0003] Compressed hydrogen is gencrally kept under high pressure and is therefore difficult
to handle. Furthermore, large storage tanks are typically required and cannot bc made
sufficiently small for consumer electronic devices. Conventional rcformat fuel cells require
reformers and other vaporization and auxiliary systems to convert [uels to hydrogen to react
with oxidant in the fuel cell. Rcecent advances make reformer or reformat fuel cells promising

for consumer cleetronic devices. The most common direct oxidation fuel cells are direct

methanol fuel cclls or DMFC. Other direct oxidation fuel cells include direct ethanol fuel
cells and direct tetramethyl orthocarbonate fuel cells. DMTC, where methanol 18 reacted
dircetly with oxidant in the fuel cell, is the simplest and potentially smallest fuel cell and also
has promising power application for consumer electronic devices. SOFC convert
hydrocarbon fuels, such as butane, at high heat to produce electricity. SOFC requires
relatively high temperature in the range of 1000°C for the fucl cell reaction to occur,

[0004] The chemical reactions that produce electricity are different for each type of fuel cell.
For DMFC, the chemical-electrical reaction at each electrode and the overall reaction for a
direct mecthanol fuel cell arc described as follows:

[0005) Half-reuction at the anode:
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CH30H + H;0 = CO; + 6H" + 6¢°

10006] Half-reaction atl the cathode:
1.50, + 6H' + 6¢ — 3110

[0007] The overall [ucl cell reaction:
CH,OH + 1.50; — CO; + 2H;0

[0008] Due to the migration of the hydrogen ions (H™) through the PEM from the anode to
the cathode and due to the inability of the free electrons (&7) 10 pass through the PEM, the
clectrons flow through an external circuit, thercby producing an electrical curtent through the
external circuil. The external circuit may be used to power many useful consumer electronic
devices, such as mobile or cell phones, calculators, personal digital assistants, laplop
computers, and power 100ls, among others.

[0009] DMFC is discussed in U.S. Patenl Nos. 5,992,008 and 5,945,231, Generally, the
PEM is madc from a polymer, such as Nafion” available from DuPont, which is a
perfluorinated sulfonic acid polymer having a thickncss in the range of about 0.05 mm to
about 0.50 mm, or other suitable membranes. The anode is typically madc from a Tetlomzed
carbon papcr support with a thin laycr of catalyst, such as platinum-rythenium, deposited
thereon, The cathodc is typically a gas diffusion electrode in which platinum particles are
bonded to one side of the membrane.

[00010] Chemical metal hydride fuels are promising due to their relatively higher
energy density, Le., armount of hydrogen per mass or volume of fuel. In a chcmical metal

hydride fuel cell, sodium borohydride 1s reformed and reacts as follows:

NaBH, + 2H,;0 — (hcat or catalyst) — 4(H;) + (NaBO;)

00011} Half-reaction at the anode:
H, — 2H" + 2¢

[0001 2) Half-reaction at the cathode:
2(2H" + 2¢) + 0, — 2110
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[00013] Sintable catalysts for this reaction include platinum, ruthenium, and othcr
mctals. The hydrogen [uel produced from reforming sodium borohydride is reacted in the
fuel cell with an oxidant, such as O, to create electricity (or a flow of electrons) and water
byproduct, Sodium borate (NaBO;) byproduct 1s also produced by the reforming process. A
sodium borohydride fuel cell is discussed in U_S. Patent No. 4,261,956.

[00014] Despite the potential benefits of higher energy density, chemical metal hydride
fuels have not achieved the desired enctgy density for use with portable electronic devices
including the amount of hydrogen that can be relcased from the fuel. Hence, there remains a

need to reduce the energy density and maximize the releasc of hydrogen in chemical metal
hydride fuels.

SUMMARY OF THE INVENTION
[0015] The present invention increascs the amount of hydrogen produced or released [rom

metal hydridc fuels.

[0016] The present invention also decreases the volume of a hydrogen generating cariridge.

BRIEF DESCRIPTION OF THE DRAWING

[0017] In the accompanying drawings, which forms a part of the spceification, and is to be
read in conjunction therewith and in which like reference numerals are used to indicate like
patis:

[0018] Fig. 1 is a cross-sectional view of an apparatus usable with the release of hydrogen

from metal hydride fuels;

[0019] Fig. 2 is a cross-sectional vicw of another apparatus usable with the present invention;
[0020] Fig. 3 is a cross-sectional view of the apparatus ol Fig. 2 along line 3-3;

[0020.1] Fig. 4 shows the hydrogen pressurce of a fixture over ume in the First Examplc;
[0020.2] Fig. 5 shows the mass of hydrogen generated in a fixture over time in the First
Example;

[0020.3] Fig. 6 shows the ratc of mass generation over time in the First Example;
[0020.4] Fig. 7 shows the fucl cell run time and the instantaneous device run in the First
Example;

[0020.5] Fig. 8 shows the hydrogen pressure over time in the Second Example;

[0020.6] Fig. Y shows the hydrogen mass over time in the Second Example;

- 3.
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[0020.7] Fig. 10 shows the mass generation ratc over time in the Second Example; and

[0020.8] Fig. 11 shows the fuel cell run time and the instantancous device run in the Second

Example.

DETAILED DESCRIPTION OF THE INVENTION

[0021] As illustrated in the accompanying drawing and discussed in detail below, the present
invention is direcled to mcthods and compositions capable of maximizing the release of
hydrogen from chemical hydride fuels, such as sodium borohydride (NaBH,), and watcr. The
present invention is also directed to an apparatus that maximizes the release of hydrogen tuels
from a rcaction of chemical hydride fucls and water.

[0022] Suitable known hydrogen generating apparatus using metal hydnde fucls are

disclosed in U.S. patent no. 7,674,540; U.S. patent no.7,329,470; U.S. patent no. 7,481,858;
and U.S. patent no, 7,727,293,

[0023] Suitable chemical metal hydridc fuels include, but are not limited to, hydndes ol
elements of Groups 1A-IVA of the Periodic Table of Elements and mixtures thereof, such as
alkaline or alkali meta) hydrides, or mixtures thereof, Other compounds, such as alkall
metal-aluminum hydrides (alanatcs) and alkali metal borohydrides may also be employed.
More specific examples of metal hydrides include, but are not limited to, lithium hydride,
lithium aluminum hydride, lithium borohydride, sodium hydride, sodium borohydride,
potassium hydridc, potassium borohydride, magnesium hydnde, calcium hydrnide, and salts
and/or derivatives thereof. The prelerred hydrides are sodium borohydride, magnesium
borohydride, lithium botohydride, and potassium borohydride. Preferably, the hydrogen-
hearing {uel comprises the solid form of NaBH4 or Mg(BHy),. Insolid form, NaBH, does not
hydrolyze in the absence of water and therefore improves shelf life of the carindge.

Howecver, the aqueous form of hydrogen-hearing fuel, such as aqueous NaBH,, can also be
utilized in the present invention. When an aqucous form of NaBH, is ulilizcd, the chamber
containing the aqueous NaBH, also includes a stabilizer. Exemplary stabilizers can include,
but are not limited to, metals and metal hydroxides, such as alkali metal hydroxides.
Examples of such stabilizers arc described in U.S. Patent No. 6,683,025, Preferably, the
stabilizer 1s NaOH.

[0024] The solid form of the hydrogen-bearing fuel is preferred over the aqueous torm. In
peneral, solid fucls are more advantagcous than liquid [uels, because the aqueous fuels

contain proportionally less encrgy than the solid fuels and the liquid fuels are less stable than

-4 .
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the solid fuels. Accordingly, the most preferred fuel for the present invention is solid sodium
borohydride in pelleted, granular, powdered or agglomerated powder form.
[0025] According to the present invention, a liquid reactant reacts with the chemical metal
hydride fuel in the presence of an optional catalyst to generate hydrogen. Preterably, suitable
liguid reactants include, but are not limited to, watcr, alcohols, and/or dilute acids. The most
common liquid reactant is water, As indicated above and in the formulation below, water
may react with a hydrogen-bearing fuel, such as NaBH, in the presence of an optional
catalyst, acids and additives to generate hydrogen.

X(BH,), + 2H,0 > X(BO); + 4H;
Where X includes, bul is not limited to, Na, Mg, Li, K and all alkaline metals, and y is an
Integer.
[0026] The reactant also includes optional additives that reduce or increase the pH of the
solution, The pH of the reactant can be used to determine the speed at which hydrogen is
produced. For example, additives that reduce the pH of the reactant result in a higher rate of
hydrogen generation. Such additives include, but arc not limited to, acids, such as
hydrochloric acid (HC), nitric acid (HNOs), ucclic acid (HC;H302), sulfuric acid (T1:504),
citric acid (HiCsHs07), carbonic acid (H2COs), phosphoric acid (H3PO4) and oxalic acid
(H2C20,), among others. Conversely, additives that raise the pH, i.¢., basic compounds, can
lower the reaction rate to the point where almost no hydrogen evolves. The solution of the
present invention can have any pH valuc less than 7, such as a pH ol from about (.01 to about
6 and, preferably, from about 0.1 {0 about 3.0. The effects of lowering the pH are discussed
below.
[0027] In some exemplary cmbodiments, the reactant optionally includes a catalyst that can
initiate and/or facilitatc the production of hydrogen gas by increasing the rale at which the
reactant rcacts with the fuel component. This optional catalyst can have any shape or si7e,
and can be in any state (liquid, solid or vapor). For cxample, the catalyst can be small
enough 10 form a powder, ot il can be as large as the reaction chamber. In some exemplary
cmbodiments, the catalyst forms a catalyst bed. The catalyst can be locatcd inside the
reaction chamber or proximate to the rcaction chamber, as fong as at least one of either the
reactant or the fuel component comes into contact with the catalyst.
[0028] The catalyst of the present invention may include one or morc transitional meltals
from Group VIIIB of the Periodic Table of Elements. For example, the catalyst may include
transitional metals such as iron (Fc), ¢obalt (Co), nickel (Ni), ruthenium (Ru), thodium (Rbh),

- 5.
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platinum (Pt), palladium (P’d), osmium (Os) and iridium (Ir). Additionally, transitional
metals in Group IB, i.e., copper (Cu), silver (Ag) and gold (Au), and in Group 1B, ie., zinc
(Zn), cadmivm (Cd) and mcreury (FIg), may also be uscd in the catalyst of the present
invention. The catalyst may also include other transitional metals including, but not himitcd
to, scandium (Sc), titanium (Ti), vanadium (V), chromium (Cr) and manganese (Mn).
Transition metal catalysts useful in the present invention are described in U.S, Patent No.
5,804,329.
[0029] Somc of the catalysts of the present invention can gencrically be defined by the
following formula:

M. X,
[0030] wherein M is the cation of the transition mctal, X is the anion, and “a” and “b” are
integers from 1 to 6 as needed to balance the charges of the transition metal complex.
[0031] Suitable cations of the transitional metals include, but are not limited to, iron (1)
(Fe*"), iron (TII) (Fe™), cobalt (Coz“'), nickel (1T) (Ni**), nickel (IIT) (Ni'™), ruthenium (I1I)
(Ru*"), ruthenium (I1V) (Ru*?), tuthenium (V) (Ru™*), ruthenium (V1) (Ru®"), tuthenium (VIi1)
Ru®), thodium (1) (Rh™), rhodium (1V) (Rh*"), rhodium (VI) (Rh™), palladium (Pd™"),
osmium (1) (Os™), osmium (1V) (Os*"), osmium (V) (Os™*), osmium (VI) (Os"*), osmium
(V1) (0s®), iridium (I1I) (Ir'"), iridium (IV) (I*), iridium (V1) (Ir*), platinum (11) (Pt),
platinum (11 (Pt*"), platinum (1V) (Pt*), platinum (VI) (P("), copper (1) (Cu™), copper (1)
(Cu®), silver (1) (Ag*), silver (11) (Ag™), gold (1) (Au®), gold (IIT) (Au™), zinc (Zu*"),
cadmium (Cd*"), mercury (I) (Fg"), mercury (11) (Hg2+), and the like.
[0032) Suitable anions include, but are not limited to, hydride (H), fluoride (F), chloride (CT
), bromide (Br), iodide (I'), oxide (0”), sulfide (™), nitride (N*), phosphide (P*),
hypochlorite (CIQ), chlorite (Cl07), chlorate (C1057), perchlorate (C1Q4), sullile (SO:5),
sulfate (SO4°), hydrogen sulfate (HSOy), hydroxide (OH), cyanide (CN'), thiocyanate (SCN
), cyanate (OCN’), peroxide (05*), manganate (MnQy 2), permanganate (MnQ,'), dichromate
(Cr,077), carbonate (CO3*), hydrogen carbonate (HCO;y"), phosphate (P042'), hydrogen
phosphate (HPOy'), dihydrogen phosphate (H2POy), aluminate (A1;04%), arsenatc (AsO4™),
nitratc (NQ4), acetate (CH3;COQ’), oxalate (C;047), and the like.
[0033] A preferred catalyst of the present inventian is CoCls.
10034] [n some exemplary embodiments, an optional additive may be included in the reactant
and/or in the reaction chamber. This optional additive is any composilion that is capable of

substantially preventing the [reezing of or reducing the freezing point of the rcactant and/or

-0 -
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the fuel component. In some exemplary cmbodiments, the additive can be an alcohol-based
composition, such as an anti-freezing agent. Preferably, the additive of the present invention
is methanol (CH;0H). Other suitable anti-freezing agents include, but are not limited to,
ethanol (CI13CII;OH) and n-propanol (such as 1-propanot (CH;CH,CH20OH) or 2-propanct
(CH;:CHOHCHS)). Higher alcohols are also usable, but are less preferred due to their lower
solubility in water. Such higher alcohols include butanol (CH3;CH,CH,CH,OH), pentanol
(CH;CH;CH,CH;CH;0H) and hexanol (CH-_xCHgCH;gCHzCl-lgCHzOH). Howeyver, as stated
above, any additive capable of reducing the treezing point of the reactant and/or the fuel
component may be used. Additives to increasc or decrease the vapor point or boiling point

can also be used.

[0035] In the discussion betow, sodium borohydride is used for illusiration purpose only.
The present invention cun be applied to any fucl capable of releasing hydrogen, including the
mectal hydride fuels described above. The stoichiometric equation describing the reaction of

sodium borohydride and water 1s as follows:

1 mole of NaBH4 + 2 moles of H,O — 4 moles of (I113) + 1 molc of NaBO,

{catalyst)

[0036] This cquation can be converted to a mass balance cquation, so that for one gram of

NaBH, an idcal amount of hydrogen fuel can be obtained, as follows:

1 gram of NaBI1; + 0.952 gram of H20 — 0.213 gram of (112) + 1.74 grams of NaBQO,

(calulysl)

[0037] The stoichiometric-to-mass conversition can be obtained by looking up the mass of
each mole of the compounds in the stoichiometric equation and normalizing to 1 gram of
sodium borohydride. The total mass on the left hand side of the equation should be the same
as the total mass of the right hand side of Lthc cquation, as required by the conservalion of
mass principle. This is certainly true for the above mass balance equation, save for rounding
uncettainty, 1t can also be seen that the ideal weight (or mass) ratio of solid sodium
borohydride to water is 1:0.952 or ¢lose to 1:1.

[0038] Hence, to maximize the relcase of hydrogen in sodium borohydride, suitable release
methods should approach 0.213 gram of hydrogen for ‘]*.0 gram of sodium borohydride or for

0.952 gram of walcr. Examples were conducted to ascerlain the efficiency of the sodium
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borohydride and water reaclion, Fitst, a liquid reactant was prepared using watcr, as the main
reactant, cobalt chloride as the catalyst, and methanol as the anti-freezing substance tn
accordance to the following:

Dastilled 11,0 14.58 grams

CH;OH : 2.06 grams
CoCl, 0.686 gram
Total : 17.326 prams

[0039] This prepared liquid rcactant has a pH of about 5.4.

[0040] In the two examples described helow, first a small amount of the solid sodium
borohydride is added to a much larger amount of prepared liquid reactant, and 1n the sccond
example a small amount of prepared liquid reactant is added to a larger amounl of sohd

sodium borohydride. In these examplcs, the smaller amounts of reactant or fucl are fully

reacted.

FIRST EXAMPLE
[0041] A 0.1 gram dose of solid sodium borohydride solid reactant was added to 17.6 ml
(17.326 grams) of the prepared liquid rcactant. The weight ratio between sodium
horohydride to liquid reactant is about 1:173 and to water is about 1:146. The calculations
hereafter use the weight ratios between the solid sodium borohydride and the total liquid
reactant, instead of the ratios between the solid sodium borohydride and water, because the
hydrogen generating apparatus or cartridge also has (o carry the catalysts, acids and anti-
freezing agents.
[0042] In this examplc, the volume of liquid was chosen 10 ensure that all of the uvailable
sodium borohydride is reacted, and the chosen volume is more than the volume required by
the stoichiometric/mass balance equations discussed above. The reactants were placed in a
fixture having a volume of 87.4 ml. Hence, the volume available for the hydrogen is
substantially the difference between the volume of the fixture and the velumes of the
reactants, or about 69.8 ml, After the sodium borohydride was added to and rcacted with the
prepared liquid rcactant, the internal pressure of the fixture was mcasured using a pressurc
transducer. The measured pressure is shown in Fig. 4.
|0043| 'T'he maximum pressure within the fixture of 43.8 psi was rcached within one mnule
after the reaction started. A similar curve showing the mass of hydrogen generated versus

time, shown in Fig. 5, also shows that most of the mass was generated within the first minute.

_R -



CA 02611019 2014-02-04

WO 2006/135895

PCT/US2006/023024

[0044] Mass is calculated from the pressurc curve using the ideal gas cquation, as shown
below:
PV =mRyT

wherein, P = pressure

V = volume

m = mass of hydrogen -

Ry = hydrogen gas constant = universal gas constant + molecular weight of H;
T = absolute temperature

[0045] The ratc of mass generalion versus time is the derivative of the mass versus time

curve, and is shown in Fig, 6.

[0046] This shows that most of the hydrogen mass is produced early aftcr the reaction had
started. Since the produced hydrogen is used by the fuel cells to power electrical cquipment,
another useful gauge 1s to ascertain the amount of hydrogen fuel available to power the fuel
cells after a reaction between the reactants. The above three plots show that the hydrogen is
produced quickly aftcr the initial reaction and the reaction also substantially stops relatively
quickly afterward. Quick production of hydrogen reduces the nced to store or pressurize the
produced hydrogen until the fucl cell can consume the fuel. The abilily 10 stop the reaction
quickly also reduces the pressure build up, particularly after the system shuts down.
Additionally, when smaller doses of fuel are used, the size of the rcaction chamber can also

be reduced.

[0047] In one example, assuming a convenient {ucl cell consumption rate, the fuel cell run
time and by exicnsion the electronic device run time from the above reaction 1s shown in Fig.
7.

[0048] The run timc curve indicates that at one minute alicr the reaction staried, the fuel cell
or device run time is about 6 minutes, At two minutes aller the reaction, the fuel cell or
device run time is about 4.8 minutes; at three minutes after the reaction, the fuel cell or
device run time is ubout 3.6 minutes. This curve can be thought of as a type of fuel gauge

showing the remaining hydrogen fucl. In this examplc, after approximalely six minutes

-0
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anothcer reaction 1s needed to provide the fuel cell or electronic device with continuous fuel.
[0049] The volume or tass of the liquid reactant can be reduced, so long as the pressure
curve, the mass generation ratc curve and/or the run time curve do not change significantly in
accordance (o the disclosure of the present invention. Altematively, the pressure gencration
rate, the mass generation tatc and run time can be balanced against the necd for reduction in
volume, In other words, the pressare genceation rate, the mass generation rate and run time
can be decreased Lo  poinl where volume of the hydrogen generating apparatus 1s minimized.
In accordunce to one embodiment of the present invention, ¢cnergy density can be maximized

without attaining the highest possible reaction efficiency.

SECOND EXAMPLE
[0050] In contrast 10 the first example, a dose of the prepared liquid reactant was added to a
larger dose of the solid sodium borohydride. A (.31 gram dose of the prepared liquid
reaclant was apphed onto 2 grams of sodium borohydride. The amounts were chosen 10
allow direct contact of all the prepared liquid reactant to the sodium borohydride. A larger
amount of sodium borohydride is not necessary, because the liquid cannot physically contact
more of the solid rcactant. The resulls reported below are limited to the present formulation
and other [ormulations may have improved or bettcr results and utility. The pressure, mass,
mass generation ratc and run time curves were generated similar to the procedures described
above, and arc shown in Figs, 8-11.
[0051] These graphs show that {or the second example, it 100k approximately 70 minutes,
which is considerably longer than in the first embodiment, to reach thc maximum pressure of
about 19.1 psi, which is a considerably lower pressurc than in the first examplc. The rate of
mass generation remains significant after 20 minutes and also after 40 minutcs. Significantly,
the run time is only about 0.2 minutes immcdiately after the reaction started, and the total run
time js less than about half a minute after the imitial reaction. The results show that adding a
small amount of liquid reactant to sodium borohydride releascs only a small amount of
hydrogen, and to properly power a fuel cell or electronic device the hquid reactant needs to
be added continuously or continually.
[0052] Another result derived from these two cxamples shows that for the first example, the
maximum attained pressure of 43.8 psi correlalcs 10 a total generated hydrogen of aboul
(.01737 gram for 0.1 gram of sodium borohydride base oh the ideal gas equation. In other

words, 0.1737 gram of hydrogen is produced for 1.0 gram of sodium borohydride, or about

.10 -
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81.5% of the ideal releascd hydrogen from the above mass balance equation. For the sccond
cxample, the maximum attained pressure of 19.1 psi corrclates to about 0.00759 gram of
hydrogen for ).31 gram of prepared liquid reactant or water based on the 1deal gas equation.
Hence, bascd on the above mass balance equation, (0.31 gram of water should 1deally provide
0.069 gram of hydrogen. The 0.00759 gram of hydrogen produced in the sccond example
reaches only about 11% efticiency.

[0053] Hence, it has been demonstrated that the efficiency of adding solid sodium
borohydride to a larger amount of water is significantly better than adding watcr 10 a larger
amount of solid sodium borohydride, 81.5%:11% or about 7.4:1.

(0054] In accordance with another aspeet of the present invention, the weights and volumes
of rcactants carried in a hydrogen generating apparatus arc minimized to increasc the density
of released hydrogen per amount of reactants carried in the hydrogen generating apparalus.
This is accomplished by reducing the weight ratio of solid sodium borohydride to liquid
reactant closer 10 the ideal ratio of 1:0.952. Thc weight ratio can be reduced when the pH of
the liquid reaciant is more acidic.

[0055] In accordance with another aspect of the prescnt invention, when two liquid reactants
having different pH valucs are reacted with the same amount of sodium borohydride, the
rcaction with the lower pH liquid reactant should be faster than the reaction with the higher
pH liquid rcactant, when other factors are substantially the same.

[0056] 1t has been discovered that il the liquid reactant is neutral, i.e., water at pH ol 7, the
reaction between sodium borohydride and water can take up to ane week to fully complete.
When the pH of the fiquid reactant is reduced to about 5.4, the reaction can take up to about
20 minutes 1o fully complete. When the pH of the liquid rcactant has a pH of about 1.5, the
reaction can take less than about 1 minute to substantially or fully completc.

(00571 Additionally, when the pH is brought down to lower than 1.0, the efficiency of

hydrogen released from the reaction is also improved as shown in the cxamples below.

THIRD EXAMPLE
[0058] Tn this example, the liquid reactant is prepared as follows:
Distilled H>QO : 7.25 grams
CH;OH : 1.00 gram
Co(l; : .34 gram

H>SOq : 0.90 gram  (90-92% conccatration)
Total : 0.49 grams

- 1] -
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[0059] This prepared liquid reactant has a measurcd pH of about 0,15, The prepared liquid
has a volume of about 9.18 ml (or cc) based on known specific gravitics of the liquids. Doses
of 1 ml (1.03 grams), ().75 mi (.78 gram) and 0.5 ml (0.52 gram) of the prepared liquid
reactant were preparcd and mixed with 0.1 gram of sodium borohydride in a mixing chamber

with a volume of about 70 ml. The tollowing results wete obtaincd.

ald® o — & -

NaBH, Liquid Max H, produccd | Efficiency
Reactant FCSSUre ideal=0.0213

(.1 gram | 1.03 él:;lliis 55 psi 0.0223§"ig,ram

0.1 gram | 0.78 gram 55 pSi 00.02233 gram ~100%
0.1 gram | 052 gram 50 psi 0.02018 gram

- T -

[0060] The results in the above table suggest that more hydrogen than the hydrogen storcd in
the sodium horohydride and water was released. This can be caused by possiblc
experimental uncertainty from the measuring equipment or the lab equipment. Also, other
compounds in the additives, namely methanol and sulfuric acid, may contribute hydrogen
during the reaction to boost the total hydrogen output.

[0061] As shown, when the pH is reduced to less than 1.5 or more preferably in the range of
ahout ().15, the optimal weight ratio of sodium borohydride to liquid reactant for efficient
hydrogen production is between 1:5.2 and 1:7.8 (when compared to the ideal hydrogen
production). These ratios are significantly closer to the ideal ratio of 1:0.92 than the ratio of
1:173 shown in the first example.

[0062] Additionally, in the third example the same results can be obtained by adding the

solid reactant to the liquid reactant or vice versa.

[0063] As stated above, density of recoverable or reicasable hydrogen per volume of
reactants carricd in the cartridge or hydrogen generating apparatus is an important factor in
cartridge design. Thus, reduction in volume of teactants while maintaiming the high
hydrogen production etficiency is desirable, i.e,, maximizing cncrgy density.

[0064] Hence, it has been shown that lowering the pH of the liquid reactant can increase the
density of releasable hydrogen per volume of reactants, while maintaining high cfficicncy of
hydrogen production.

[0065] Fig. 1 shows an exemplary hydrogen generaling apparatus 127. Apparatus or
cartridge 127 includcs a portion of solid [ucl component 107 held in a chamber adjacent a

chamber filled with a liquid fuel component 122, Either fuel component may be any fuel
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component described herein, such as using sodium horohydride for solid fuel component 107
and waler, catalyst and additives as liquid fuel component 122. Solid [uel component 107
and hqud {ucl component 122 are separated by a thin frangible membrane 104. A rod 103 Js
In contact with solid fuel component 107, extends through a fucl conduit 113, and out of
apparatus 127 through a cap 105. Rod 103 can move toward solid fucl component 107 a
small amountl when impacted by a sufficient force. O-ring 102 cushions the impact and seals
the aperture. When rod 103 is struck, rod 103 pushces solid fucl component through frangible
membrane 104 into liquid fuel component 122, A void 109 may also be provided below
liquid fuel component 122 and scparated therefrom by a flexible membrane 108, such as a
thin sheet of rubber or urethane. Void 109 allows the greater volume of liquid fuel
component 122 due to the addition of solid fuel component 1{)7 to expand adequately. As
fuel components 107, 122 react, fuel gas is produced. The fucl travels through fuel conduit
113 and out to a fuel reservoir (not shown) to replenish the fuel gas therewithin. Apparates
127 further includes a base portion 111.

[0066]) Other suitable gas gencrating apparatus usable with the fuels described herein are
discussed in U.S. publication 2008/0206113 and U.S. patent 7,896,934, which wete filed on
the same day as the provisional application entitled “Fuels for Hydrogen Producing
Cartridges,” having scrial number 60/689,572, also filed on June 13, 2008, which issued as
U.S. paicnt no. 8,636,961, 'I'he present application claims priority ta the *572 provisional
application.

[0067] Other suilable gas generating apparatus include those described in commonly owned
lInited States patent application publication number 2005/0074643, and U.5. patent nos.
7.481 858 and 8,002,853

|0068] Anothcr suitable gas generating apparatus is illustrated in Figs, 2 and 3. As shown,
gas penerating apparatus 200 has housing 202, which is penerally cylindrical. However,
housing 202 can have any shape. Housing 202 is connected to sealing end cap 204 on one
end and to end cap 206 at the other end, as shown. End cap 206 defines flow channel 208 to
allow the hydrogen gas produced within apparatus 200 to flow to a fuel cell (not shown).
Channcl 208 is tluidly connected to a shut-off valve 210 to control the flow of hydrogen out

of the apparatus. When valve 210 is turned off, apparatus 200 is scaled. Any shut-off valve

can be used. Suitable shut-off valves includc those described in commonly ownéd United
States patent application publication numbers 2005/0022883 and 2005/0116190, and 1n
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commonly owned U.S. patent no. 7,762,278, U.S, publication nos. 2006/0071088 and
2008/0233457.

[0069] Within housing 202 is disposed f{uel carricr 212, which in a preterred embodiment is
fixed relative to housing 202. Fucl carnier 212, as shown 1n Fig. 3, has a profilc of a cross
with onc of the tour orthogonal segments carrying a plurality of fuel cupsules or ampoules
214. Fuel carrier 212 can have any shape or protile, as long as fuel carricr 212 has openings
to allow the produced hydrogen gas to flow toward cnd cap 206 and channel 208, and to
allow the produced gas to exert pressure on antomatic shut-off mechamsm 216, as descnibed
below. Such opcnings can be spaces 218 between the orthogonal segments of the cross
profile shown in Fig. 3. Also, as illustrated, fuel capsules 214 are carried by only one of the
four orthogonal segments, However, fuel capsules 214 can by carried by any portion of the
fuel carrier 212 and can be carried by all the segments ot fuel camer 212.

[0070] Each fuel capsule 214 comprises a solid fuel component 107 and a liquid fuel
component 122 separated by membrane 104, similar to those in gas generating apparatus 127
shown in Fig. 1. Once membranc 104 is torn or otherwise rupturcd, the solid and liquid
fuels/reactants arc mixed to produce hydrogen, as described above. The amounts of hqud
and solid fucls arc pre-measured or pre-determined o maximize the hydrogen produccd, also
as described above.

[0071] Fuel catrier 212 also includes coil spring 220. One end of coil spring 220 is located in
pocket 222 of shut-oft mechanism 216, and coil spring 220 ¢xtends to connect to membrincs
104 in all fuel capsules 214. As asscmbled, coil spring 220) is pre-loaded, so that it has a
tendency to coil into pocket 222 As the spring coils, it ruptures membranes 104 and the fuel
capsules 214 sequentially by hooks or similar devices, until the coiling action is stopped or
when the spring [ully recoils into pocket 222.

[0072] Shut-off mechanism 216 has flcxing arm or arms 224. Arm 224 defines slot 223, and
fuel carrier 212 has extension 225 which carries pin 2254. Pin 223a is received in slot 223, so
that when shut-off mechanism 216 18 moved toward end cap 204, arm 224 is flexed
downward, When shut-off mechanism 216 moves away from end cap 204, arm 224 is flexed
upward. When arm 224 is sufficiently flexed downward toward the coils of spring 22() 1n
pockel 222, it touches or contacts the spring to arrest the colling action,

|0073] Shut-off mcchanism 216 is spaced from end cap 204 by spacing 226, which is tilled
with a gas or a compressed gas, such as air, nitrogen or hydrogen. The gas 227 in spacing

226 acts like a gas spring. When hydrogen is produced faster than it can be consumed or
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when valve 21{) is closed, the inlernal pressure inside housing 202 increases. This pressure
acts on shut-off mechanism 216 tcnding to push it toward end cap 204 against gas spring 227.
When this internal pressure exceeds a predetermined threshold, arm 224 presses on coil
spring 220 to stop the coiling action and the rupturing of membrane 104. Hence, the
production of hydrogen stops. When valve 210 is opened, the hydrogen gas is transferred or
produced from housing 202, thereby reducing the internal pressure in gas generating
apparatus 200). As the internal pressure is decreased, gas spring 227 pushes shut-otf
mechanism away from cud cap 204 and arm 224 is moved away from coil spring 220 10
allow the coiling action to resume.

10074] In this embodiment, shut-off mechanism 216 automatically stops the production of
gas by stopping the reactions causcd by the rupturing of additional mcmbranes 104, when the
internal pressure of gas gencraling apparatus 200 reaches a predetermined threshold. When
the internal pressure drops below this threshold, the shut-off mechanism automatically allows
the production of gas o resume by continuing the rupturing of membranes 104 of unrcacted
fuel capsules 214.

[0075] Gas spring 227 can be replaced by other springs, such as helical springs, compressed
foams or other springs. Advantageously, gas gencrating apparatus 200 contains only two
moving parts, i.e., shut-off mechanism 216 and coil spring 220). Also, when gas generating
apparatus 200 is first assembled or before the first usc, the gas generating apparatus 200 can
be charged with a pressurized gas, such as hydtogen, to activate shut-off mechanism 216 to
prevent coil spring 220 from recoiling until a user opens valve 210 for the first time.

Additionally, pocket 222 can be formed separately from shut-off mechanism 216, so that this

pocket remains stationary when the shut-otf mechanism movcs.

[0076] Other cmbodiments of the present invention will be apparent to those skilled in the art
from consideration of the prescnt specification and practice of the present invention disclosed
herein. While embodiments of the invention have been described in the detailed description,
the scope of the claims should not be limitcd by the preferred embodiments set forth i the
examples, but should be given the broadest interpretation consistent with the description as a

whole.
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1. A gas gencrating apparatus comprising
a housing,

a metal hydride; and

a ltquid reactant compnsing water,

a plurality of fuel capsules, wherein each fuel capsule comprises a pre-determined amount
of the metal hydride and a pre-determined amount of the liquid rcactant separated by a
membrane,

wherein the membranes are ruptured by a moving elemcnt so that the metal hydride and

the liquid reactant can react to produce hydrogen gas.

2. The gas generating apparatus of clain 1 further comprising an automatic shut-off
mechanism, 8aid shut-off mcchanism is responsive 10 an internal pressure of the gas generating
apparatus, such that when the internal pressure reaches beyond a predetermined threshold

pressure the shut-off mechanism stops the moving clement from moving.

3. The gas generating apparatus of claim 2 wherein the shut-off mechanism 1s supported by
a support spring, such that thc support spring acts on the shut-off mechanism (o balance the

internal pressure.

4. The gas generating apparatus of claim 3, wherein.the support spring provides the

predetermined threshold pressure.

3. The gas generaling apparatus of claim 1, wherein the moving element compriscs a coil
spring.
6. The gas generating apparatus of claim 5, wherein the coil spring comptriscs a hook to

rupture the membrane.,

- 16 -
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7. The gas generating apparatus of claim 6, wherein the coil spring is pre-loadcd, such that

as the ¢oil spring moves the hook rupturcs the membrane.

8. The gas generating apparatus of claim 2, wherein when the internal pressure exceeds the

predetermined threshold pressure, the shut-off mcechanism moves in a first direction to stop the

moving element.
9. The gas generating apparatus of claim 2, wherein when the internal pressure 18 below the

predetermined threshold pressure, the shut-off mechanism moves in a sccond direction to allow

the moving element to movec.

10.  The pas generating apparatus of claim 1, wherein the plurality of fuel capsules are

stationary relative to the housing.

-17 -
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