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SUSPENSIONS FOR USE AS FUEL FOR ELECTROCHEMICAL FUEL CELLS

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to suspension fuel compositions for usc in
electrochemical fuel cells, a method of producing electricity with the suspension fuel
compositions, and a fuel tell using the suspension fuel compositions to generate electricity.

A fuel cell is a device that converts the energy of a chemical reaction into electricity.
Among the advantages that fue] cells have over other sources of electrical energy are high
efficiency and environmental friendlincss. Although fuel cells are increasingly gaining
acceptance as electrical power sources, there are technical difficulties that provent the
widespread use of fuel cells in many applications, especially mobile and portable -
applications.

A fuel cell produces electricity by bringing a fuel into contact with a catalytic anode
while bringing an oxidant into contact with a catalytic cathode. When in contact with the
anode, the fuel is oxidized at catalytic centers to produce electrons. The electrons travel
from the anode to the cathode through an cleetrical circuit comnecting the electrodes.
Simultaneously, the oxidant is catalytically reduced at the cathode, consuming the electrons
generated at the anode. Mass balance and charge balance are preserved by the
corresponding production of ions at either the cathode or the anode and the diffusion of
these ions to the other electrode through an electrolyte with which the electrodes are in
contact.

A common type of fiel cell uscs hydrogen as a fuel and oxygen as an oxidant.
Specifically, hydrogen is oxidized at the anode, releasing protons and clectrons as shown in
equation 1:

() Hy;—>2H +2¢
The protons pass through the electrolyte towards the cathode. The electrons trave] from the
anode, through an electrical load and to the cathode. At the cathode, the oxygen is reduced,
combining with electrons and protons produced from the hydrogen to form water as shown
in equation 2:
(2)  Op+4H +4e — 2H,0
Although tuel cells using hydrogen as a fuel are simple, clean and efficient, the

extreme flammability of hydrogen and the bulky high-pressure tanks nccessary for storage
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and transport of hydrogen mean that hydrogen powered fuel cells are inappropriate for many
applications.

In general, storage, handling and transport of liquids are simpler than for gases.
Thus, liquid fuels have been proposed for use in fuel cells. Methods have been developed
for converting liquid fuels such as methanol into hydrogen, in sifu. These methods are not
simple, requiring a fue] pre-processing stage and a complex fuel regulation system.

Fuel cells that directly oxidize liquid fuels arc the solution to this problem. Because
the fuel is directly fed into the fuel coll, direct liquid-feed fuel cells are comparatively
simple. Most commonly, methanol has been used as the fuel in these types of cells, as it is
cheap, available from diverse sources and has a high specific energy (5020 Ampere hours
per liter).

In direct-feed methano! fuel cells, the methanol is catalytically oxidized at the anode,
producing electrons, protons and carbon monoxide, as shown in equation 3:

(3) CHsOH-»CO+4H'+4¢
Carbon monoxide tightly binds to the catalylic sites on the anode. The number of available
sites for further oxidation is reduced, reducing power output. One solution to this problem
is to use anode catalysts, such as platinum/ruthenium alloys, which are less susceptible to
CO adsorption,. Another solution is to introduce the fuel into the cell as an “anolyte”, a
mixture of methanol with an aqueous liquid electrolyte. The methanol reacts with water at
the anode to produce carbon dioxide and hydrogen jons, as shown in equation 4:
(4) CH;OH+H,0— 6H +COy+6e

In fuel cells that use anolytes, the composition of the anolyte is an important design
consideration. The anolyte must have both a high electrical conductivity and high ionic
mobility at the optimalAfuel concentration. Acidic solutions are most commonly used.
Unfortunately, acidic anolytes are most efficient at relatively high temperatures,
temperatures at which the acidity can passivate or destroy the anode. Anolytes with a pH
close to 7 are anode-friendly, but have an electrical conductivity that is too low for efficient
electricity generation. Conscquently, most prior art direct methanol fuel cells use solid
polymer electrolyte (SPE) membranes.

In.a coll using a SPE membrane, the cathode is exposed to oxygen in the air and is
separated from the anode by a proton exchange membrane that acts both as an electrolyte

and as a physical barrier preventing leakage from the anode compartment wherein the liquid
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anolyte is contained. One membrane commonly used as a fuel cell solid electrolyte is a
perfluorocarbon material sold by E. I. DuPont de Nemours (Wilmington, DE) under the
trademark "Nafion". Fuel cells using SPE membranes have a higher power density and
longer operating lifetimes than other anolyte-based fuel cells.

A practical disadvantage of SPE membrane fuel cells arises from the tendency of
high concentrations of methanol to dissolve the membrane and to diffuse through it. Asa
resull, a significant proportion of methanol supplied to the cell is not utilized for generation
of electricity, but either is lost through evaporation or is oxidized directly at the cathode,
generating heat instead of electricity.

The problem of membrane penetration by the fuel is overcome by using anolytes
with a low (at most 3%) methanol content. The low mcth‘anol content limits the efficiency
of the fuel cell when measured in terms of electrical output as a function of volume of fuel
consumed and raises issues of fuel transportation, dead weight and waste disposal. Further
limiting the use of low methanol content anolyte-based liquid feed fuel cells, especially for
mobile and portable applications, is the expense and complexity of necessary peripheral
equipment for fuel cjrculation, replenishment, heating and degassing.

Finally, despite having a high specific energy, methanol is rather unreactive at room
ternperature, which limits the specific power output of a methanol fuel cell to about 15
milliwatts per square centimeter.

Other organic compounds, notably higher alcohols, hydrocarbons and acetates, have
been proposed as fuels for fuel cells. See, for example, O. Savadogo and X. Yang, “The
electrooxidation of some acetals for direct hydrocarbons fuel cell applications”, [ird
International Symposium on Electrocatalysis, Slovenia, 1999, p. 57, and C. Lamy et al,
“Direct anodic oxidation of methanol, ethanol and higher alcohols and hydrocarbons in PEM
fuel cells”, Llird International Symposium on Electrocatalysis, Slovenia, 1999, p. 95. Most
of these candidates have shown very little promise, because of low electrochemical activity,
high cost, and, in some cases, toxicity.

Tnorganic water-soluble reducing agents, such as metal hydrides, hydrazine and
hydrazine derivatives also have been proposed as fuels for fuel cells. See, for example, S.
Lel, “The characterization of an alkaline fuel cell that uses hydrogen storage alloys”, Journal
of the Electrochemical Society vol. 149 no. 5 pp. A603-A606 (2002), J. O’M. Bockris and S.
Srinivasan, Fuel Cells: Their Electrochemistry, McGraw-Hill, New York, 1969, pp. 589-
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593, and N. V. Korvin, Hydrazine, Khimiya, Moscow, 1980 (in Russian), pp. 205-224.

Such compounds have high specific energies and are highly reactive.

One such compound is NaBH,. In water, NaBHy dissociates to Na™ and BH,". In a

neutral solution, BHy is oxidized at the anode according to equation 5:
(5)  BHy +2H;0 — BO; +8H' + 8¢

The greatest disadvantage of hydrogen-containing inorganic compounds as fuel is
their decomposition in acid and neutral solutions. For example, BHy™ decomposes according
to equation 6:

(6) BH; +2H,0 — BOy +4H,.
In a basic solution, BHy is oxidized at the anode according to cquation 7:
(7)  BHy +80H — BOy + 610 + 8¢’
The corresponding reduction of gaseous oxygen at the cathode proceeds according to
equation 8: - )
(8) 0Oy +2H,0+4e — 40H
Mass balance and charge balance are preserved by diffusion of hydroxyl ions from the
cathode to the anode via the electrolyte.

Although BHy" is stable in basic solutions, it decomposes on contact with a catalyst
such as is present on the anode of a fuel cell, in accordance withbaqualiun 6, even when there
is no electrical load on the fuel cell. Although the hydrogen gas produced by this reaction
also can be oxidized at the anmode, in accordance with equation 1, the half-reaction
represented by equation 7 is much more efficient, energetically, than the half-reaction
represented by the combination of equations 1 and 6. In addition, the catalytic
decomposition of BH, at the anode tends to shorten the anode’s service life.

This problem was addressed in PCT .Application No. W0/02/054506, which is
incorporated by reference for all purposes as if fully set forth herein, by adding an alcohol
such as methanol to the basic NaBH, solution. In addition to serving as a fuel in its own
right, such an alcohol inhibits decomposition of hydride species such as BHy” at the anode.
Tt is belicved that the alcohol inhibits decomposition of hydride species at the anode by at
least one of two mechanisms. The first mechanism is that adsorption of alcohol molecules
to the anode catalytic sites sterically obstructs access of the hydride species to the catalytic

sites. The second mechanism is that alcohol molecules solvate the hydride species.
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Intuitively, it would be expected that capacity (measured in Ampere hours) of a fuel

cell that runs on hydride fuel would be a linear finction of the hydride concentration. For
example, the solubility of NaBH, in 3M KOH is 1.25 moles per liter, and the solubility of
NaBH, in 3M NaOH is 4 moles per liter, so the capacity of a fuel cell that runs on 3M
NaOH saturated with NaBH, would be expected to be four times that of a fuel cell that runs
on 3M KOH saturated with NaBH,. Experimentally, this is not the casc.

Figure 1 shows, schematically, a fuel cell 10 that consists of an electrolyte chamber
12 that is bounded on either side by a cathode 14 and an anode 16 and that contains an
electrolyte. Cathode 14 and anode 16 arc shown connected by an electrical load 20 and by
an ammeter 22 for measuring the clectrical current drawn by electrical Joad 20. On the other
side of anode 16 from electrolyte chamber 12 is.a fuel chamber 18 that contains a fuel
solution. The oxidant is atmospheric oxygen that reaches cathode 14 on the other side of
cathode 14 from electrolyte chamber 12. In the specific fuel cell 10 used in the eXperiments
reported herein, the volume of electrolyte chamber 12 was 2 em’, the volume of fuel
chamber 18 was 15 em’, and the area of each electrodes 14 and 16 was 4 em?. Cathode 14
was made by screen-printing 20% platinum on activated carbon on waterproof paper.
Anode 16 was made by screen-printing 20% platinum and 10% ruthenium on activated
carbon on hydrophilic carbon paper. t

The capacity of fuel cell 10 was measured using different concentrations of NaBH,
in a 3.3M aqueous NaOH fuel solution in fucl chamber 18 and using a 6M aqueous KOH
electrolyte in electrolyte chamber 12. my, the effective mass of NaBH; used, was

determined as a function of initiat NaBH, concentration using Faraday’s law:
) my=——

where C is the measured capacity in Ampere hours, F=26.8 Ampere hours per mole is
Faraday’s constant, M=38 g/mole is the molecular weight of NaBHj, and #=8 is the number
of electrons released per BHs™ anion in equation 7. The results are plotted in Figure 2. mp
increases with increasing initial NaBH, concentration, but not linearly. The higher the
initial NaBH, concentration, the less cfficiently the NaBH. is used. Furthermore, when the
NaBH; content of the fuel solution exceeded about 50 grams per liter, there was intensive
fiiel decomposition at anode 16: This, in turn, led to active gas liberation and foam

formation, anode process pulsation and gradual destruction of anode 16. Tncreased initial
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concentration of NaBH, also promoted crossover of NaBH, through anode 16 via the
electrolyte to cathode 14.

There is thus a widely recognized need for, and it would be highly advantageous
to have, a fuel composition for fuel cells that allows a hydride fuel to be used to its full
capacity.

It should be noted that the discussion of the background to the invention herein
is included to explain the context of the invention. This is not to be taken as an
admission or a suggestion that any of the material referred to was published, known or
part of the common general knowledge in Australia as at the priority date of any of the

claims.

SUMMARY OF THE INVENTION

According to an aspect of the present invention there is provided a fuel

composition including:

(a)  asolvent;

(b)  afirst portion of a first fuel, dissolved in said solvent, a concentration of
said first portion of said first fuel being a saturated concentration thereof,
said first fuel being selected from the group consisting of Na;S;0s,
Na;HPO;, Na;HPO;, K;S;0;, K;HPOs;, K,HPO;, NaCOOH and
KCOOH; and

()  asecond portion of said first fuel, suspended in said solvent.

According to another aspect of the present invention there is provided a fuel

composition including:

(a) a solvent,

(b)  afirst portion of a first fuel, dissolved in said solvent, a concentration of
said first portion of said first fuel being a saturated concentration thereof;

(¢)  asecond portion of said first fuel, suspended in said solvent; and

(d)  anadditive for controlling a solubility of said first fuel in said solvent.

WASASKIAWatert Speci2003281717.doc
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According to yet another aspect of the present invention there is provided a fuel
composition including:

(@)  asolvent;

(b)  afirst portion of a first fuel, dissolved in said solvent, a concentration of

said first portion of said first fuel being a saturated concentration thereof;

(¢)  asecond portion of said first fuel, suspended in said solvent; and

(d)  anadditive for inhibiting decomposition of said first fuel at an anode of a

fuel cell.

The present invention is a fuel composition for fuel cells in which a first fuel is
stored in two forms. A first portion of the first fuel is stored in solution in a solvent. A
second portion of the first fuel is stored in suspension in the solvent. The effective
concentration of the first fuel is the concentration of the first fuel in solution, and this
concentration is kept low enough to preclude undesirable side effects such as
decomposition of the first fuel at the anode and destruction of the anode. As the
dissolved first fuel is used up, it is replaced by dissolution of the suspended first fuel.
The effective mass of the first fuel is close to the total mass of the two portions of the
first fuel.

Preferably, the solvent is a polar solvent such as water. Preferably, the
concentration of dissolved first fuel is the saturated concentration of the first fuel in the
solvent. During the course of the operation of a fuel cell, as the dissolved first fuel is
consumed, the suspended first fuel replaces the dissolved first fuel in solution and so
maintains the dissolved portion of the first fuel at its saturated concentration.

Preferably, the first fuel is a salt whose anion is a product of a reduction half-
reaction, in the solvent, that has a standard reduction potential more negative than the
standard reduction potential of a hydrogen electrode in the solvent. For example, BHy,

the anion of NaBHa, is the anion produced in the reduction half-reaction (in water)

WISSASKIAPatent Speci2003281717.doc
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(10) HBOs+5H,0+8¢—>BH4+80H
which has a standard reduction potential of —1.24 volts.

Preferably the first fuel is a hydride such as LiATH,, NaBH,, LiBH,, (CH3);NHBH;,
NaAlH,;, NaCNBH;, CaHy, LiH, NaH or KH. Most preferably, the first fuel is NaBHj.
Other preferred first fuels include Na;S;0s, Na2HPO3, NaHPO,, K3S,05, K HPO;,
K,;HPO,, NaCOOH and’ KCOOH, which, like the hydrides, are salts whose anions have
standard reduction potentials in water that are more negative than the standard reduction

potential of a hydrogen electrode in water. For solvents generally, the preferred fuels for any

specific solvent include salts whose anions have standard reduction potentials in that solvent

that are more negative than the standard reduction potential of a hydrogen electrode in that
solvent. Preferably, the first fuel constitutes between about 0.1% and about 80% of the fuel”
composition by weight. Most preferably, the first fuel constitutes between about 5% and
about 25% of the fuel composition by weight. '

Optionally, the fuel composition of the present invention also includes an alcohol,
for example methanol, ethanol, propanol, butanol, pentanol, hexanol, ethylene glycol or
glycerol. Preferably, the alcohol constitutes between about 0.1% and about 50% of the fuel
composition by weight. Most preferably, the alcohol constitutes between about 1% and

about 25% of the fuel composition by weight. The alcohol serves four functions:

1. The alcohol is a second fuel that is oxidized along with the first fuel at the
anode of the fuel cell.
2. The alcohol controls the solubility of the first fuel in the solvent, to ensure

that the saturated concentration of the first fuel is not too high.

3. As in WO0/02/054506 with respect to NaBHs, the alcohol inhibits the
decomposition of the first fuel at the anode of the fuel cell.

4, The alcohol stabilizes the suspension by being present, in the solution of the
first fuel in the solvent, in a proportion that makes the density of the solution substantially
equal to the density of the suspended portion of the first fuel, so that the suspended portion
of the first fuel neither precipitates nor floats, but remains suspended.

The scope of the present invention also includes the use of any suitable additive for
any of these four purposes, but alcohols are the preferred additives.

Preferably, the fuel composition of the present invention includes an additive for

stabilizing the dissolved portion of the first fuel in the solvent. Preferably, this additive is an

-10-
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alkali such as LiOH, NaOH or KOH, or a basic salt. Preferably, this additive is present in
the solvent in a concentration between about 0.1 mole/liter and about 12 mole/liter. Most
preferably, this additive is present in the solvent in a concentration between about 0.2
mole/liter and about 5 mole/liter.

Osborg, in US 4,081,252, teaches a fuel composition, for combustion rather than for
use in a fuel cell, that, sifilar to the present invention, includes a “hydrogen carrier” such as
hydrazine, a hydrazine derivative or an inorganic borohydride, that, according to the abstract
of the patent, may be dissolved or suspended in a base fuel. All the examples presented by
Osborg, however, are of hydrogen carriers that are dissolved in the base fuel. There is no
indication in Osborg of any utility to both dissolving and suspending a hydrogen carrier in
the base fuel.

The scope of the present invention also includes a fuel cell that is fueled by the fuel
composition of the present invention, as well as a method of generating electricity using

such a fuel cell.

BRIEF DESCRIPTION OF THE DRAWINGS

The inventioﬁ is herein described, by way of example only, with reference to the
accompanying drawings, wherein: )

FIG. 1 is a schematic diagram of a fucl cell;

FIG. 2 is a plot of the cffective mass of NaBH; vs. initial NaBH; concentration in a
series of prior art fuel compositions;

FIG. 3 shows plots of electrical currents and capacities of the fuel cell of FIG. 1, for

a fuel composition of the present invention vs. a prior art fuel composition.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of a fuel composition which can be used to generate

electricity in a fuel cell. Specifically, the present invention allows a hydride fuel to be used
efficiently by a fuel cell.

The principles and operation of a fuel composition for fuel cells according to the
present invention may be better understood with reference to the drawings and the

accompanying description.

11-
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Returning now to the drawings, Figure 1, in addition to illustrating a prior art fuel

cell, also serves to illustrate a fuel cell of the present invention, with a fuel composition of
the present invention substituted for the prior art fuel solution in fuel chamber 18.

A fuel composition of the present invention was prepared by preparing a saturated
solution of NaBH, in 3M aqueous KOH and adding solid powdered NaBH, and agitating
with a magnetic stirrer to crcate a suspension of NaBHy in the NaBHg-saturated KOH
solution. The mean NaBH; particle size was about 10 microns, and 90% of the NaBH,
particles were smaller than 100 microns. The suspension was stabilized by the addition of
10% glycerol by volume to act as a dispersant. The 10% glycerol dispersant, by giving the
NaBH;-saturated KOH solution a density of 1.12 glem?, also keeps the NaBH; particles
uniformly dispersed in suspension. The glycerol dispersant also keeps the NaBO, reaction”
product in suspension, thereby preventing the reaction product from reducing the catalyst
activity in anode 16 and also preventing the reaction product from reducing the fuel
utilization efficiency. The initial ratio of suspended NaBHa to dissolved NaBHj, was 1:1.
The electrical current produced by fuel cell 10, as well as the corresponding capacity
(integrated current), werc measured with fuel cell 10 fueled by this fuel composition vs. a
solution of NaBH, in 3M aqueous NaOH. The concentration of dissolved NaBH; both in
the fuel composition of the present invention and in the prior art fuel solution, was 1.25M,
which is the saturation concentration of NaBH; in 3M aqueous KOH. Load 20 was fixcd at
0.5 volts. Figure 3 shows the measured electrical currents, in milliamperes (left ordinate),
and capacities, in milliampere hours (right ordinate), as functions of time, in hours. The
curves labeled “a” are for the prior art fuel solution. The curves labeled “b” are for the fuel
composition of the present invention, The fuel composition of the present invention
provides steadier electrical current and higher capacity than the prior art fuel solution.

While the invention has been described with respect to a limited number of
embodiments, it will be appreciated that many variations, modifications and other

applications of the invention may be made.

-12-
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A fuel composition including:

(a) a solvent;

(b)  afirst portion of a first fuel, dissolved in said solvent, a concentration of
said first portion of said first fuel being a saturated concentration
thereof, said first fuel being selected from the group consisting of
N2,S,0;, Na;HPO3, Na,HPO;, K;S,0;, K;HPO3, K;HPO,, NaCOOH
and KCOOH; and

(c) a second portion of said first fuel, suspended in said solvent.

2. The fuel composition of claim 1, wherein said solvent is a polar solvent.
3. The fuel composition of claim 1 or 2, wherein said polar solvent is water.
4. The fuel composition of any one of claims 1 to 3, wherein said second portion

of said first fuel is between about 0.1% of the fuel composition and about 80% of the

fuel composition by weight.
5. The fuel composition of claim 4, wherein said second portion of said first fuel
is between about 5% of the fuel composition and about 25% of the fuel composition by

weight.

6. The fuel composition of any one of claims 1 to §, further including:

(d) a second fuel, dissolved in said solvent.

7. The fuel composition of claim 6, wherein said second fuel is an alcohol.

8. The fuel composition of any one of claims 1 to 7, further including:

(d) an additive for controlling a solubility of said first fuel in said solvent.

9. The fuel composition of claim 8, wherein said additive is an alcohol.

WAIFQ\2287211728721 SPECIE 230708.d3
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The fuel composition of any one of claims 1 to 9, further including an additive

for inhibiting decomposition of said first fuel at an anode of a fuel cell.

1.

13.

16.

17.

The fuel composition of claim 10, wherein said additive is an alcohol.

The fuel composition of any one of claims 1 to 11, further including:

(d)  anadditive for stabilizing said first portion of said first fuel in said
solvent.

The fuel composition of claim 12, wherein said additive is an alkali.

The fuel composition of claim 12, wherein said additive is a basic salt.

The fuel composition of any one of claims 1 to 14, further including:

(d) an additive for stabilizing said suspension.
The fuel composition of claim 15, wherein said additive is an alcohol.

The fuel composition of claim 15 or 16, whercin said additive is present in a

proportion sufficient to give said solution of said first portion of said first fuel in said

solvent a density substantially equal to a density of said second portion of said first

fuel.

18.

A fuel cell comprising the fuel composition of claim 1.
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