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DIRECT HYDROCARBON REFORMING IN PROTONIC
CERAMIC FUEL CELLS BY ELECTROLYTE STEAM PERMEATION

Field of the Invention

This application relates generally to a process that uses solid state ambipolar
diffusion of protons and oxygen ion vacancies in protonic ceramic membranes to reform
hydrocarbon fuels, called “steam permeation reforming”, and more specifically to a
protonic ceramic fuel cell that utilizes steam permeation reforming of hydrocarbon fuels

to produce electric power.

Backeround of the Invention

One of the advantages of fuel cells is that they can, in principle, convert the
chemical energy of fuels directly into electrical energy at high efficiencies. In practice,
however, some of the energy is always “lost” itreversibly as heat and unused fuel. Since
the electric power is the most valuable output, one of the most important characteristics
of a fuel cell design is the percentage of the available energy of the fuel that is converted
into electricity. ~ High electrical conversion efficiency requires that both the
thermodynamic efficiency and fuel utilization be high. Thermodynamic efficiency is an
intrinsic property of the energy conversion device, and depends on the reaction steps by
which fuels undergo oxidation. In general, fuel cells have the advantage of higher
thermodynamic efficiency than conventional heat engines. Fuel utilization determines
how much of the fuel entering the device is actually converted into carbon dioxide and
water vapor. Most fuel cells designed to operate directly on hydrocarbon fuels suffer
from poor fuel utilization. Currently, diesel-electric generators are available that convert
about 40% of the heat content of diesel fuel into electricity. Gas turbine/electric
generators have a practical upper limit of about 50%. Thus, fuel cells designed to
operate directly on hydrocarbon fuels must exceed 50% net electrical efficiency in order
to be commercially viable for distributed electric power generation in direct competition
with centralized utilities.

Fuel cells have been proposed for many applications including stationary electric
power generation and electrical vehicular power plants to replace internal combustion
engines. Hydrogen is often used as the fuel and is supplied to the fuel cell’s anode.
Oxygen (typically as air) is the cell’s oxidant and is supplied to the cell’s cathode.

Hydrogen used in the fuel cell can be derived from the reformation of natural gas
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(methane), propane, methanol, ethanol or other hydrocarbon fuels. Complete
convers;.;ion of hydrocarbon fuels to carbon dioxide and hydrogen requires a 2-step

process. First, the fuel is steam reformed by reaction with water vapor (steam) to produce

carbon monoxide and hydrogen. This reaction is given below for methane, but may be

generalized for any hydrocarbon.
CH,(g)+H,0(g) > CO(g) +3H,(g) (1.1)

Next, the carbon monoxide is reacted with additional steam by the “water gas
shift” reaction,

CO(g)+ H,0(g) > CO,(g) + H,(g) (1.2)

These reactions are accomplished heterogeneously at catalytically active surfaces
within a chemical reactor. The chemical reactor provides the necessary thermal energy
throughout the catalyst to yield a reformate gas comprising hydrogen, carbon dioxide,
carbon monoxide, and water vapor, depending on the chemical equilibrium. One such
reformer is described in U.S. Pat. No. 4,650,727 to Vanderborgh.

In certain fuel cells operating directly on hydrocarbon fuels at elevated
temperatures, it is not necessary to convert the fuel into hydrogen beforehand. The
reforming and shift reactions are carried out in the cell, at or near the anode. Steam is’
injected into the gaseous fuel stream entering the cell. Only two water moleculeg are
actually required for each carbon in the fue! in order to complete the reactions, but
typically a higher steam to carbon ratio is used to enhance the production of the desired
reaction product, hydrogen. High temperature fuel cells operating directly on
hydrocarbon fuels are plagued by the propensity of hydrocarbons to pyrolize
spontaneously on the catalyst into atomic carbon and hydrogen. This process, called
“coking”, occurs when there is insufficient steam in the immediate vicinity of any
hydrocarbons adsorbed on the surface of the catalyst to complete the hydrocarbon
reforming reaction before pyrolysis occurs. These carbon deposits foul, and eventually
destroy, the cell.

Recently, certain fuel cells based on oxide ion conducting electrolyte ceramic
membranes have been developed that oxidize hydrocarbon fuels directly at the anode,
without the need to supply externally injected steam. That is, dry hydrocarbon fuels at
the anode react with oxygen ions passing through the electrolyte to produce carbon
dioxide and water vapor directly. These fizel cells have the advantage of higher

thermodynamic efficiency and greater simplicity than other intermediate and high
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temperature fuel cells, but still suffer from the problems of coking and poor fuel

utilization

Summary of the Invention
The present invention describes a process that makes it possible to use dry

hydrocarbon fuels in a fuel cell and a process of utilizing the fuel cell to convert the
chemical energy of the fuels directly into electrical energy. The present invention is a
fuel cell that directly reforms hydrocarbon fuels at the anode using a process of steam
permeation reforming. The fuel cell of the present invention comprises a metallic or
mixed conducting anode, a metallic or mixed conducting cathode, a dense, proton-
conducting ceramic electrolyte (i.e. without open porosity) between the anode and the
cathode, and an external load connecting the anode and the cathode. The fuel cell also
includes systems for bringing gaseous hydrocarbon fuels into direct contact with the
anode (also referred to as the fuel side) and for bringing oxygen into contact with the
cathode (also referred to as the air side).

Water vapor in the fuel cell passes through the ceramic electrolyte membrane
from the air side to the fuel side by the process of steam permeation. This process uses
the partial pressure gradient (or chemical activity gradient) of water vapor that exists
between the air side and the fuel side to transport water molecules from the higher partial
pressure at the air side to the lower partial pressure at the fuel side. The water vapor
partial pressure is generally lower at the fuel side than at the air side because the water
vapor partial pressure at the air side is always greater than or equal to the ambient
relative humidity, whereas, any water vapor that appears at the fuel side is rapidly
consumed in reactions with hydrocarbon molecules and carbon monoxide, reducing the
water vapor partial pressure to a low level. |

The mechanism of steam permeation is by solid state ambipolar diffusion, or

counter-diffusion of oxygen ion vacancies (¥,") and protons attached to oxygen sites
(OH}) in the ceramic electrolyte. This is strictly a solid-state phenomenon involving

only transport of ions. Ambipolar diffusion is possible without any net current flow
because oxygen ion vacancies and protons on oxygen sites both carry positive charge.
Protons can move in one direction while oxygen ion vacancies — one oxygen ion vacancy

for every two protons - move in the oppoéite direction without any net charge transport.



10

15

20

25

30

WO 03/099710 PCT/US03/02800
4
This is a unique characteristic of a class of ceramic materials having extrinsic (and/or
intrinsic) oxygen ion vacancy defects that interact at the surface with water vapor to

become “protonated” by the reversible reaction (in Krdger-Vink notation),
H,0(g)+V, +0y < 20H, (1.3)
In reaction (1.3), the symbol, <>, is used to denote reversibility. The symbol, ¥;*, refers

to a vacancy in the oxygen sub-lattice. Since the missing oxygen ion carries two negative
charges, in order to compensate for the charge imbalance, the resulting vacancy

possesses the equivalent of two positive charges, as denoted by the two superscript dots.

The symbol, O, refers to a neutral oxygen ion on a normal oxygen site in the oxygen

sub-lattice. The symbol, OH ;, refers to a neutral oxygen ion on a site in the oxygen sub-

lattice, shared by a proton with a single positive charge, denoted by the superscript dot.
Reaction 1.3 occurs reversibly at the solid/vapor interface region between the
solid electrolyte and the surrounding gas. With reference to Fig. 1, the effect of steam
permeation by ambipolar diffusion is shown. For clarity, only the oxygen ion sub-lattice
of the ceramic electrolyte membrane is shown. Oxygen ion vacancies 110 at the surface
of the ceramic electrolyte 112 on the air side 114 are annihilated by reaction with water
vapor 116 to produce two protons on oxygen sites 111 according to reaction (1.3). The
reverse of reaction (1.3) occurs at the fuel side 118, creating oxygen ion vacancies and
water vapor. The water vapor is consumed by reaction with any hydrocarbon molecules
120 and carbon monoxide 122 présent. This results in a concentration gradient in oxygen

lon vacancies and a reverse concentration gradient in protons attached to oxygen sites
(OH;) across the electrolyte. Oxygen ion vacancies diffuse through the ceramic

electrolyte membrane from the fuel side to the air side through the stationary oxygen ion
sub-lattice, by the conventional mechanism of vacancy transport in ionic solids. Protons
diffuse from the air side to the fuel side by hopping between oxygen ions. Oxygen atoms
are added to the oxygen ion sub-lattice at the air side at exactly the same rate they are
removed from the fuel side. (Otherwise, the thickness of the ceramic membrane would
change with time.) Although net transport of oxygen atoms from the air side to the fuel
side does take place, it is the entire oxygen sub-lattice that moves from the air side to the
fuel side, so that there is no net motion of individual oxygen ions with respect to the
mobile oxygen ion vacancies, which would otherwise transport charge. The effect is

shown schematically in Fig, 1.
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In the process of steam permeation reforming, water vapor that appears at the fuel
side by steam permeation through the electrolyte is consumed in reactions with the
hydrocarbon molecules to produce hydrogen and carbon monoxide (CO) by reaction
(1.1) and hydrogen and carbon dioxide (CO,) by reaction (1.2). Since the partial
pressure gradient of water vapor across the protonic ceramic membrane determines the
steam permeation rate, the appearance of water vapor at the fuel side for reaction with
the hydrocarbon fuels is self-regulating, so that only as much water vapor as is required
for the reforming of hydrocarbons is delivered. That is, any excess water vapor that
appears at the fuel side dynamically reduces the water vapor partial pressure gradient,
and thus, reduces the flux of water molecules through the membrane. Also, in this
process, the water vapor available at the fuel side by permeation reduces or eliminates
the propensity of hydrocarbons at the anode to pyrolyze into carbon residue (i.e., coking)
since an absorbed layer of water vapor is always present on the surface of the catalyst
whenever a gaseous hydrocarbon molecule arrives. Also, steam permeation occurs
independently of whether or not the cell is delivering current to an external load, so
coking is obviated even at open circuit.

For the process of steam permeation, no electrodes are necessary. Protons diffuse
from the air side to the fuel side due to only the concentration gradient of protons and
oxygen ion vacancies. When electrodes are attached to the ceramic -electrolyte
membrane, protons are free to simultaneously migrate back from the fuel side to the air
side whenever the fuel cell is delivering electric power to an external load. In this sense,
protons traveling from the air side to the fuel side constitute the steam permeation flux,
while protons traveling from the fuel side to the air side constitute the Faradaic flux.
Other than normal charged particle interactions, these two fluxes are totally independent.

Hydrogen produced at the fuel side by the reaction of steam with hydrocarbons
by reaction (1.1) or with carbon monoxide by reaction (1.2) is adsorbed on the surface,
and enters the anode by electrochemical oxidation to produce electrons and hydrogen
ions. The electrons flow through an external load, and the hydrogen ions (protons)
traverse the electrolyte by hopping from oxygen site to oxygen site, by the so-called
Grotthuss mechanism. It is these protons that carry the Faradaic current through the
ceramic membrane when the fuel cell is operating under load. These protons are
electrochemically combined at the cathode with oxygen (typically from air) and electrons

coming from the external load to produce water vapor and electric power. For example,
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four molecules of H,O are produced at the cathode for every methane molecule
consumed at the anode (assuming the carbon is completely oxidized to COz). Under
steady state conditions, two of these water molecules permeate back to the fuel side for
subsequent reforming, and the remaining two water molecules are expelled from the cell
as exhaust. Since dry hydrocarbon fuels are supplied directly to the fuel cell, high
thermodynamic efficiency is obtained. Since any hydrogen produced at the anode is
transported to the air side when current is flowing through the external circuit, reaction
equilibrium is shifted strongly toward CO; production when the fuel cell is operating
under load. Since CO, is the only exhaust gas produced at the anode, high fuel utilization
is possible with this design.

In various embodiments, the proton-conducting ceramic electrolyte can have a
protonic conductivity of at least about 5 millisiemens per centimeter at a temperature of
700° Celsius. The electrolyte is non-conducting with respect to electrons, with an ionic
transference number greater than about 0.8, and has a thickness less than about 1
millimeter. In one embodiment, the proton-conducting ceramic electrolyte is a
perovskite ceramic and particularly, consists of oxides of barium, cerium and yttrium
having a nominal stoichiometry of BaCe oY 0.10 295+5 . (0 in the moleculaf formula
refers to the mole fraction of vacant oxygen sites in the lattice, which may vary from
§=0.05, where all possible oxygen ion vacancies are filled, to 8=0, where all possible
oxygen ion vacancies are empty.)

In a further embodiment, the metallic anode is stable at elevated temperatures ina
reducing atmosphere and catalytically active with respect to the steam reforming and
water gas shift reactions of hydrocarbon fuels. For example, the anode can be a platinum
or nickel/nickel alloy anode less than about 20 microns in thickness applied to one side
of the electrolyte, and capable of operating at temperatures less than about 850° Celsius.

In a further embodiment, the metallic cathode is stable against oxidation and
corrosion in moist, oxidizing atmospheres at elevated temperatures. For example, the
cathode can be a platinum, high nickel alloy, or mixed protonic/electronic conducting
ceramic cathode less than about 20 microns in thickness applied to the opposing side of
the electrolyte, and capable of operating at temperatures less than about 850° Celsius.

In a further embodiment, a thin electrolyte layer of protonic ceramic is deposited

on a porous supporting anode substrate. For example, the anode support can be a mixture

PCT/US03/02800
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of nickel, nickel oxide and metal oxides with a thickness less than about 1 millimeter. A
thin cathode layer is deposited on the opposing side of the thin electrolyte.

In a further embodiment, a thin electrolyte layer of protonic ceramic is deposited
on a porous supporting cathode substrate. For example, the cathode can be a mixture of
metals and metal oxides with a thickness of less than about 1 millimeter. A thin anode
layer is deposited on the opposing side of the electrolyte.

The present invention also describes a process of using the above-described fuel
cell for producing electrical energy by converting the chemical energy of the fuel into
electrical energy through electrochemical oxidation.

These and other objects, features, and advantages of the invention will become

apparent from the following best mode description, the drawings and the claims.

Brief Description of the Drawings
The figures that follow depict a preferred embodiment of the invention, and may

depict various alternative embodiments. The invention is not limited to the embodiment
or embodiments depicted herein since even further various alternative embodiments will
be readily apparent to those skilled in the art.

Fig. 1 graphically illustrates the mechanism of steam permeation reforming;

Fig. 2 depicts a protonic ceramic fuel cell according to the present invention,
including a representation of a water vapor gradient from the air side to the fuel side;

Fig. 3 graphically depicts the flux of steam permeation and the effect that
temperature has on steam permeation through the electrolyte, based on the equilibrium
constant for the reversible reaction (1.3) (Based on the reaction equilibrium constant
determined by K. D. Kreuer, Solid State Ionics, 86-88, 1996);

Fig. 4 graphically depicts the voltage vs. current characteristic curves at various
temperatures between 650 °C and 850 °C for a protonic ceramic fuel cell operated on dry
methane;

Fig. 5 graphically depicts the area specific resistance comparison of a protonic
ceramic fuel cell operating on either pure hydrogen or dry methane fuel as function of
temperature in the range from 650 °C to 850 °C

Fig. 6 graphically depicts the open circuit voltage comparison of a protonic
ceramic fuel cell operating on either pure hydrogen or dry methane fuel as function of

temperature in the range from 650 °C to 850 °C.
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Detailed Description of the Invention

This invention comprises a fuel cell that utilizes steam permeation reforming.
The following describes a preferred embodiment of the invention, and various alternative
embodiments. It should be readily apparent to those skilled in the art, however, that
various other alternative embodiments are encompassed without departing from the spirit
or scope of the invention.

As shown in Fig. 2, the fuel cell comprises an anode 210, a proton-conducting
ceramic electrolyte 214, an interface region 212 between the gas phase in the vicinity of
the anode 210 and some portion of the first surface of the ceramic electrolyte membrane
214, a cathode 218, an interface region 216 between the gas phase in the vicinity of the
cathode 218 and some portion of the second surface of the ceramic electrolyte 214, and
an external load 220 connecting the anode and the cathode. The fuel cell also includes a
system 222 for bringing gaseous hydrocarbon fuels into contact with the anode 210 and
the second surface 212 of the ceramic electrolyte membrane 214, and a system 224 for
bringing oxygen into contact with the cathode 218 and water vapor into contact with the
first surface 216 of the ceramic electrolyte membrane 214. ‘

The proton-conducting electrolyte membrane 214 is a dense, sintered ceramic,
which is impervious to gaseous diffusion, so that direct mixing of fuel from the anode
side and oxidant gases from the cathode side cannot occur. Ideally, protons and oxygen
ion vacancies are the only charged mobile species in the electrolyte ceramic at the
operating temperature. In practice, however, some electronic conductivity is inevitable.
The ratio of the ionic conductivity to the total conductivity, including electronic
conductivity, is called the transference number. A transference number as close to unity
as possible is desired, but practical devices may have a transference number as low as
about 0.8.

The anode 210 and the cathode 218 serve multiple simultaneous functions. First,
they must have sufficient porosity to permit gaseous water molecules to diffuse freely
between the gas phase and the surfaces of the ceramic electrolyte. Second, they must
have sufficient electronic conductivity to collect the current generated by the fuel cell
and drive the external load, without contributing undue parasitic resistance. This means
that each electrode must maintain a continuous electrical path throughout the electrode
structure, while making good electrical contact with current collecting components

between the electrodes and the external load and maintaining strong mechanical contact
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with the respective ceramic electrolyte surfaces. The electrodes are metals, metallic
alloys, metallic and oxide composites, mixed conducting oxides or semiconductors. In
particular, the anode can be selected from a metallic platinum, a nickel/nickel alloy, and
a mixture of nickel oxide and oxide ceramic, and can be capable of operating at
temperatures less than about 850 ° C. The cathode can be selected from a platinum, a
nickel alloy, and a mixed protonic/electronic conducting ceramic cathode less than about
20 microns in thickness, and be capable of operating at temperatures less then about 850°
C.

Many metalé, such as nickel and platinum, besides being good electronic
conductors, are also good protonic conductors, making them good mixed
electronic/protonic conductors. Many mixed conducting ceramic oxides may also be
used as electrodes. Finally, the electrode surfaces must be catalytically active with
respect to the electrochemical reactions that must take place. Nickel is an ideal anode
material because it is a good catalyst for many reactions involving hydrocarbon
molecules. Platinum is also a very good anode metal, and various alloys exist with
optimized reaction-specific catalytic properties. Pure nickel is unsuitable for use as a
cathode metal because it readily oxidizes in air at elevated temperatures. Platinum makes
the best cathode metal, but due to its high cost, oxidation resistant nickel and chromium
alloys may be used. Also, many mixed-conducting oxide ceramic materials may be used.

The fuel cell may be constructed as 1) electrolyte-supported, where a thin anode
and a thin cathode are applied to a relatively thick structural electrolyte layer, 2) anode-
supported, where a thin membrane of electrolyte material is applied to a relatively thick
structural anode layer, and a thin cathode is applied to the first surface of the electrolyte,
3) cathode-supported, where a thin membrane of electrolyte material is applied to a
relatively thick structural cathode layer, and a thin anode is applied to the second surface
of the electrolyte, and 4) sandwiched electrolyte, where a thin layer of electrolyte is
sandwiched between relatively thick layers of the anode on the first surface and the
cathode on the second surface.

Some portion of the electrolyte membrane 214 on the air side of the fuel cell must
be in direct contact with the gas phase of the cathode chamber 222 so that water vapor
molecules in the air are free to diffuse to the surface of the ceramic. Some portion of the
electrolyte membrane 214 on the fuel side of the fuel cell must be in direct contact with

the gas phase of the anode chamber 220 so that water vapor molecules produced at the
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surface of the ceramic in the vicinity of the anode are free to diffuse into the fuel gas or
diffuse along the surface of the anode to come into contact with the fuel gas molecules.
In operation, water vapor passes through the electrolyte 214 from the interface with the
air side 216 to the interface with the fuel side 212 by ambipolar diffusion, also called
steam permeation, without conducting current, whenever a water vapor concentration
gradient exists across the electrolyte 214. The present invention also describes a process
of using the above-described fuel cell for producing electrical energy by converting the
chemical energy of hydrocarbon fuels directly into electrical energy through known
processes, including but not limited to electrochemical oxidation.

Certain chemical and electrochemical reactions take place in the fuel cell of the
present invention. Hydrogen gas and/or adsorbed hydrogen atoms are produced from
gaseous hydrocarbons by steam reforming (1.1) and water gas shift (1.2) reactions at the
anode at elevated temperatures in the presence of suitable catalysts. At open circuit
(when the cell is not delivering current to the external load), these reactions proceed by
steam permeation until all hydrocarbons and carbon monoxide in the vicinity of the
anode are consumed. Since water vapor is no longer consumed in reactions with
hydrocarbons or carbon monoxide, further steam permeation causes the water vapor
partial pressure to rise on the fuel side. Once the water vapor partial pressure is
equilibrated with the air side, the concentration gradient disappears, and further steam
permeation ceases. Thus, steam permeation is naturally self-regulating, delivering only
as much water vapor to the fuel side as required by the gases present.

For each mole of methane converted completely to CO,, eight moles of hydrogen
atoms are generated. When the fuel cell is delivering current to the external load,

hydrogen is oxidized at the anode by the reaction,

2H,, —2H], +2¢ (1.4)
and oxygen is reduced at the cathode by the reaction, t

2H! +10,(g)+2¢' - H,0,, 1.5)

The subscript, i,a, refers to interstitial hydrogen ions in the anode and i,c, refers
to interstitial hydrogen ions in the cathode The net cell reaction is responsible for the
electromotive force that causes the electrons to do work on the external load.

The overall reaction at the anode, using methane as typical of hydrocarbon fuels,

(shown in Fig. 2) is,



10

15

20

25

30

WO 03/099710 PCT/US03/02800
11

CH,(g)+2H,0,, — CO,(g)+8H,, +8¢ (1.6)

Carbon dioxide is the only gaseous product. It is inert in the fuel cell, and exits
the cell as exhaust.

The overall reaction at the cathode is,

8H; +8e' +20,(g)—>2H,0,, +2H,0(g) (1.7)

C ads

Four water molecules are produced for each methane molecule consumed at the
anode. Two of these molecules pass out of the air side of the cell as exhaust gas, while
the remaining two water molecules permeate back through the electrolyte to the fuel side.

With reference to Fig. 2, the present invention, like most fuel cells, has a metallic
anode 210 that can be made of any metallic material and, preferably, is selected from the
transition metals of the periodic Table of Elements, either as an individual element or
combination of elements. These selected elements can also be alloyed with other
elements of said Table of Elements. These selected elements may also be used as oxides
and mixtures of metals and oxicies. The present invention also has a metallic cathode 218
that can also be made of any metallic material, and, preferably, is selected from the
alloys such as those containing palladium, platinum, nickel, chromium, cobalt, selenium,
tellurium and other selected elements. The metallic cathode may also contain metallic
oxides and mixed conducting metallic oxides.

The present invention further includes a proton-conducting ceramic electrolyte
214 that is placed between the anode and the cathode. The electrolyte, while conducting
protons through the electrolyte, also provides insulation with respect to the electrons so
that a short circuit between the anode and the cathode does not occur.

The ceramic electrolyte can be any high temperature ceramic electrolyte that
conducts protons while also providing insulation with respect to electrons to prevent a
short circuit between the anode and the cathode. For the present invention, it is preferred
that the ceramic have an ionic transference number greater than about 0.8, more
preferably greater than about 0.9, and more preferably greater than about 0.99. The
ceramic chosen for use with the fuel cell should also be capable of being doped with
aliovalent cations to create extrinsic oxygen ion vacancies. Many suitable polycrystalline

ceramics also have intrinsic and extrinsic oxygen ion vacancies.



10

15

20

25

30

WO 03/099710 PCT/US03/02800
12
Preferred proton-conducting ceramic electrolytes of the present invention have a
thickness of less than about 1 millimeter, more preferably less than about 0.2 millimeter,
and more preferably less than about 0.05 millimeter.
The preferred ceramic electrolyte can be any perovskite ceramic. The more
preferred ceramic electrolyte is a polycrystalline, perovskite ceramic with a nominal

stoichiometry of BaCe oY 0.102.9s+5. This formulation is referred to as BCY10.
The concentration and mobility of protonic defects, OH,, determines the

protonic conductivity of the ceramic. For the present invention, a protonic conductivity
above at least about 5 millisiemens per centimeter at a temperature of 700° Celsius is
preferred. Even more preferred is a protonic conductivity of at least about 10
millisiemens per centimeter at a temperature of 700° Celsius, and even more preferred is
a protonic conductivity of at least about 25 millisiemens per centimeter at a temperature
of 700° Celsius. When only protons diffuse through the material, an electrical current
results because the protons carry a positive charge. But, when both protons and oxygen
ion vacancies diffuse through the material simultaneously in opposite directions, no net
current flows since protons and oxygen ion vacancies are both positively charged. This
mechanism is referred to as ambipolar diffusion, and gives rise to the motion of protons
and oxygen ion vacancies under the influence of concentration gradients. Ambipolar
diffusion ensures local electroneutrality. Since local electroneutrality is assured, the
protonation reaction (1.3) is independent of any electrical potential gradients.

It can be seen from Fig. 3 that a large OH, concentration gradient can exist

across the electrolyte with only an order of magnitude difference in steam partial
pressure. Thus, for a fuel cell constructed according to the present invention where the
steam partial pressure at the fuel side is much lower than at the air side, protonation will
occur mostly at the first surface of the ceramic exposed to air where the partial pressure
of water vapor is determined by the relative humidity or the saturated water vapor
pressure in the vicinity of the cathode at the cell operating temperature.

As noted above, the phenomenon of steam permeation occurs in a protonic
ceramic electrolyte independently of any electrodes, but when electrodes are present, the
electrodes must be sufficiently porous to allow water vapor to freely pass from the gas
phases to the surfaces of the ceramic electrolyte membrane. Steam permeation occurs in

a protonic ceramic electrolyte whenever there is a concentration gradient (or partial
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pressure gradient) in water vapor across the electrolyte. The partial pressure of water
vapor at the cathode of the fuel cell is typically high due to production of water vapor in
the reaction occurring at the cathode (1.7). The water vapor partial pressure is typically
low at the anode, due to the consumption of water vapor in the hydrocarbon reforming
reactions occurring at the anode and any water shift reactions that may also occur. Thus,
a water vapor gradient is created, as shown in Fig. 1. Water molecules diffuse through
the electrolyte from the air side to the fuel side, while oxygen ion vacancies diffuse from
the fuel side to the air side. The flux of water molecules through the electrolyte is
proportional to the concentration gradient and is self-regulating to deliver only as much
water vapor as the hydrocarbon reforming and water shift reactions require. Any surplus
water vapor at the anode will rapidly increase the partial pressure of the water vapor at
the fuel side, thereby decreasing the water vapor partial pressure gradient across the
electrolyte, and reducing the flux of water molecules across the electrolyte.

Oxygen ion vacancies in the electrolyte are created by dehydration (reverse of
reaction 1.3) and, thus, have their highest concentration close to the fuel side of the
ceramic electrolyte membrane. The rate at which water molecules can diffuse through
the electrolyte is determined by the mobility of oxygen ion vacancies, which must
diffuse from the fuel side to the air side, where the vacancies are annihilated by the
protonation by reaction (1.3). It should be understood that the mobility of the oxygen ion
vacancies is lower than that of the protons that diffuse through the electrolyte, so that the
steam permeation flux is controlled by the oxygen jon mobility, and not the proton
mobility.

Fig. 3 graphically depicts the flux of steam permeation and the effect that
temperature has on steam permeation through the electrolyte. X in the graphic is the
degree of protonation with X=1 representing the protonation saturation limit of the
electrolyte material. Fig. 3 shows that negligible steam permeation occurs below about
450° Celsius and increases rapidly once the system reaches about 500° Celsius. Fig. 3
also shows that, as the protonation approaches saturation, the change in the flux is less
rapid. Fig. 3 further shows that the maximum steam permeation occurs at or about 700 -

750° Celsius. These factors bear on the design and operating conditions of the fuel cell.
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EXAMPLES

A series of experiments were performed that involved measuring the current and
voltage of single cells as a function of temperature and elapsed time with various
hydrocarbon fuels. The cells were typically operated at temperatures ranging from 600
°C to 850 °C. Numerous cells were tested with different electrolyte thicknesses and
electrode metals, but otherwise nearly identical construction. In all of the experiments,
the cells consisted of an anode, a cathode, and a 23 millimeter diameter 10% yttrium-
doped barium cerate, BCY10, ceramic electrolyte disc. The electrolyte thickness ranged
from 0.2 millimeters to 1.0 millimeter. All of the cells tested were of the electrolyte-
supported type.

A detailed description of one of the experiments, that is typical of many other
experiments performed is as follows: A disc of BCY10 protonic ceramic electrolyte was
prepared by the traditional powder compaction and sintering method, using powder
obtained from Praxair Specialty Ceramics. The disc was fired at 1440 °C for 8 hours to
99% of theoretical density. The fired disc was ground on each face with a 220 grit
diamond wheel to a thickness of 200 microns, and the diameter of the disc was left
unground at about 23 mm. The cathode and anode surfaces of the disc were painted with
a coating of porous, thick film platinum (Englehard A6101), and sintered for one hour at
1000 °C. The completed membrane-electrode assembly, MEA, consisted of the ceramic
electrolyte with a platinum cathode and anode, manufactured to be as flat as possible.

The cell was constructed by sandwiching the MEA between two 17 diameter by
3/16” thick nickel alloy discs, that had been lapped flat and parallel on both faces. Two
1/16” diameter by 14 long stainless steel tubes extended radially from the edge of each
disc, like a “lollipop.” The anode disc had a spiral groove milled into its top surface.
High purity hydrogen or methane gas was introduced into the anode through one of the
stainless steel tubes that connected to the spiral channel via a transverse hole in the
center of the anode disc surface. The fuel flowed through the spiral channel formed by
the spiral groove in the anode disc and the anode surface of the MEA, and exited the cell
through a second transverse hole at the end of the channel near the periphery of the
anode disc, and out through a second stainless steel tube, serving as the exhaust port.
The total length of the spiral channel beneath the MEA anode was about 10 inches, so
that methane flowing through the channel had a long residence time in the cell for

reaction. Both the fuel inlet and exhaust tubes had a ceramic sleeve insert that extended
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the length of the tube to prevent coking of methane on the walls of the stainless steel tube
external to the the cell. Since steam for reforming is only present in the immediate
vicinity of the anode surface of the MEA, it was necessary to prevent coking of
hydrocarbons in the tubes outside the cell that would, otherwise, plug up the tubes.

A wire mesh was placed between the cathode surface of the MEA and the
cathode disc to serve the dual function of cathode current collection and air distribution.
The screen was made from 20 mesh 316 stainless steel, 22.3 mm in diameter. Finally, the
cathode disc was placed on top of this air distribution screen. A series of radial channels
were milled into the bottom surface of the cathode disc to promote air flow, and a
transverse center hole interconnected to one of the stainless steel tubes. Low pressure
compressed room air was provided to the cathode disc through this tube from a simple
aquarium diaphragm pump. The second stainless steel tube in the cathode disc served
only as a secondary electrical connection for 4-terminal measurements.

The completed cell, consisting of a cathode disc, air distribution screen, MEA,
and anode disc, was rigidly held together in a clamping fixture. The clamping fixture
consisted of a 1 ¥4 square by 3/16” thick stainless steel base plate and a matching 1/16”
thick stainless steel top plate. Four 10-32 by 1” long machine screws insulated by
ceramic sleeves passed through the top plate and screwed into the base plate at the four
corners, aligning the circular cell components in the center between these corner sCrews.
By carefully applying torque to each of the screws it was possible to seal the spiral anode
channel without damaging the delicate MEA. A small amount of fuel leakage was
inevitable, and the slightly higher gas pressure within the cell channel with respect to
ambient pressure prevented air from infiltrating the anode channel. The lap seal between
the MEA and the anode disc provided the necessary compliance for the thermal cycling
required for the experiment.

The cell assembly was inserted into a 2” diameter alumina ceramic process tube
in a horizontal electric tube furnace. The four stainless steel tubes, two extending from
the cathode disc and two extending from the anode disc, plus a type-K thermocouple
mounted directly below the cell fixture, extended out of the furnace process tube through
an endcap assembly to support and electrically isolate the stainless steel tubes and
thermocouple coming out of the furnace. The anode fuel supply tube was connected
directly to either reagent grade compressed hydrogen or methane using clear vinyl

tubing. The fuel pressure was typically about 5 pounds per square inch. The anode

PCT/US03/02800



10

15

20

25

30

WO 03/099710 PCT/US03/02800
16

exhaust tube was connected through a separate piece of vinyl tubing to a water bubbler,
to observe the fuel flow rate through the cell, or connected to a gas sample collection
bag, so that the exhaust gas could be analyzed for reaction products.

For determining current density, the active surface area of the cell was estimated
to be 4.0 + 0.2 cm®. Electrical contacts were made to the anode and cathode discs via the
stainless steel tubes in a 4-terminal configuration. The cell voltage and current were
measured with a programmable dc electronic load manufactured by Chroma ATE Inc.
(model 63103 with a model 6312 load module). This instrument was controlled over a
general purpose interface bus, GPIB, from a LabView program running on a desk-top
computer. With this experimental set-up, it was possible to automatically acquire
temperature and current vs. voltage data for the device under test, as required.

Under computer control, a series of current vs. voltage characteristic curves was
obtained between 650 °C and 850 °C and back to 650 °C with the furnace programmed to
make each transit in 12 hours (about 16.7 °C/hour). The increasing and decreasing
temperature scans were repeated continuously throughout the duration of the test. The
cell was initially operated for about 75 hours on pure hydrogen, then switched over to
pure methane for several additional 24 hour cycles. Two types of data were obtained as a
function of temperature and elapsed time; traditional current-voltage (I-V) characteristic
curves, and area specific resistance, ASR. ASR values were obtained about every minute
by determining the slope of the I-V curve at a constant current of 50 mA/cm? The
logarythm of the ASR was plotted as a function of reciprocal temperature in a
conventional Arrhenius plot to give information about the activation energies of
controlling kinetic processes in the cell at different temperatures and to observe slight
variations in cell performance with elapsed time.

Figs. 4, 5 and 6 depict the results of the experiments with hydrogen and methane
in this experiment. Fig. 4 graphically depicts the current versus voltage (I-V)
characteristics as a function of temperature between 650 °C and 850 °C of the cell
operating on dry methane. It can be seen that the curves are typical of a well-performing
fuel cell. The I-V curves are nearly straight over the entire range from open circuit to
short circuit, indicating that it is the ohmic resistance of the electrolyte that is
determining the cell performance rather than some other mechanism. As expected, the
slope of each curve gets steeper as the temperature drops, because the protonic

conductivity of the electrolyte membrane decreases exponentially with temperature.
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Below 650 °C, cell performance decreased rapidly due to poor catalytic activity of the
platinum anode to reforming methane at those temperatures. The maximum power
density obtained with this cell was about 60 mW/cm® at a current density of 150
mA/cm?.

Fig. 5 graphically depicts the direct comparison of Arrhenius plots of the area
specific resistance, ASR, for the cell operating on either pure hydrogen or dry methane
between 650 °C and 850 °C. The curve for the cell operating on hydrogen is nearly
straight over the entire temperature range, indicating that a single activation mechanism
was responsible, with an activation energy of about 0.55 electron volts (eV). The curve
for methane demonstrates a stable region of operation between about 700 °C and 775 °C
where the slope of the Arrhenius curve is a straight line. The activation energy of the
cell, as determined by the slope of the curve between 700 °C and 750 °C, was about 1.35
eV. This is about 0.8 eV greater than the activation energy for the same cell operated on
pure hydrogen, and demonstrates that the rate-determining process for the cell was steam
permeation, and not proton transport, since the cell running on hydrogen does not depend
on steam permeation to operate, while the cell running on methane does. The Arrhenius
plot of ASR for the methane cell exhibits other features not observed in the hydrogen
cell: a steep rise in slope below 670 °C, where reforming efficiency drops off, a
discontinuity in the slope at about 800 °C, and a decrease in slope above 800 °C, where
the slope appears to more closely match that of the hydrogen cell.

Fig. 6 graphically depicts the direct comparison of open circuit voltage, Vo, for
the cell operated on either pure hydrogen or methane. The plot of the V. for methane
exhibits a peak at about 750 °C, which is the point of maximum catalytic activity of the
platinum anode with respect to methane reforming. No such peak occurred in the cell
operating on pure hydrogen, which clearly demonstrates that the cell performance was
determined by methane reforming and not some other mechanism by which hydrogen
might be produced away from the anode.

Since protons are the primary current carrying species in the electrolyte, it is clear
that methane is the source of the hydrogen consumed. Hydrogen might be produced by
pyrolysis of methane into carbon, but if this were the case, far more carbon would have
been deposited in the spiral anode channel in the elapsed time than the total volume
available. Subsequent visual inspection of the anode disc after completion of the test

showed no sign of carbon deposits. Also, the open circuit voltage versus temperature
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curves for the cell operating on methane would have matched that of the cell operating
on hydrogen. Furthermore, chemical analysis of the exhaust gas collected during the test
contained a mixture of carbon monoxide, carbon dioxide and unused hydrogen and
methane, showing that hydrocarbon reforming had occurred. The high open circuit
voltages in the experiment demonstrates clearly that methane is being reformed at the
anode by reactions (1.1) and (1.2) in an efficient manner.

Other cells have been operated on a variety of hydrocarbon fuels including,
methane, methanol, propane, ethanol, lamp oil (liquid paraffin), kerosene, diesel fuel,
and pure carbon monoxide with similar results.

The principles, preferred embodiments and modes of operation of the present
invention have been described in the foregoing specification. The invention, which is
intended to be protected herein should not, however, be construed as limited to the
particular forms disclosed, as these are to be regarded as illustrative rather than
restrictive. Variations and changes may be made by those skilled in the art without
departing from the spirit of the present invention. Accordingly, the foregoing best mode
of carrying out the invention should be considered exemplary in nature and not as
Jimiting to the scope and spirit of the invention as set forth in the appended claims.

The present application incorporates by reference in its entirety U.S. Provisional
Application No. 60/382,970, filed May 22, 2002 and the U.S. Patent Application entitled
“DIRECT HYDROCARBON REFORMING IN PROTONIC CERAMIC FUEL CELLS
BY ELECTROLYTE STEAM PERMEATION” filed January 27, 2003, serial number

unknown.
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I claim:

1. A process for converting a combination of hydrocarbon fuel and water
vapor into hydrogen, carbon monoxide and carbon dioxide, using water molecules that
diffuse through a membrane by steam permeation reforming, comprising:

(a) providing a ceramic membrane comprising an oxide ceramic having
intrinsic and extrinsic oxygen ion vacancies, and having first and second surfaces;

wherein the oxide ceramic capable of reacting with gaseous water molecules at the first
surface by the reversible reaction, H,0(g)+V;" + 0, < 20H o ; and the oxide ceramic

capable of producing gaseous water molecules at the second surface by the reversible
reaction, 20H, < H,0(g)+Vy +0p;

(b) contacting water vapor with the first surface;

(c) contacting a hydrocarbon fuel with the second surface;

whereby solid state ambipolar diffusion of oxygen ion vacancies and protons
across the membrane occurs; and the ambipolar diffusion produces a net diffusion flux of
water molecules through the membrane from the first surface to the second surface; and,

whereby reaction of the water molecules with hydrocarbon molecules at the
second surface produces hydrogen, carbon monoxide, and carbon dioxide;

whereby the chemical activity of water molecules at the first surface is
maintained greater than or equal to the chemical activity of water molecules at the
second surface.

2. A fuel cell comprising:

a ceramic membrane comprising a proton-conducting ceramic electrolyte having
a first surface and a second surface;

a cathode selected from the group of metals, metallic alloys, metallic and oxide
composites, and mixed conducting oxides; the cathode being in direct contact with at
least a portion of the first surface of the ceramic electrolyte membrane and
simultaneously in contact with oxygen gas; an anode selected from the group of metals,
metallic alloys, metallic and oxide composites, and mixed conducting oxides; the anode
being in direct contact with at least a portion of the second surface of the ceramic
electrolyte membrane and simultaneously in contact with a‘hydrocarbon fuel;

an external load connecting the anode and the cathode;

PCT/US03/02800



10

15

20

25

30

WO 03/099710

20
wherein water molecules diffuse through the ceramic electrolyte membrane from
the first surface to the second surface by solid state ambipolar diffusion whenever a
water vapor concentration gradient exists across the ceramic electrolyte membrane.
3. The fuel cell, as claimed in Claim 2, wherein water vapor permeates

through the proton-conducting ceramic electrolyte membrane from the first surface to the

second surface by ambipolar diffusion of oxygen ion vacancies (7,") and protonic

defects (OH,).

4. The fuel cell, as claimed in Claim 2, wherein water vapor that appears at
the second surface by steam permeation through the ceramic electrolyte membrane is
consumed in reactions with the hydrocarbon fuel to produce hydrogen, carbon monoxide
(CO), and carbon dioxide (COy).

5. The fuel cell, as claimed in Claim 4, wherein the hydrogen produced at
the second surface by the reaction of steam with the hydrocarbon fuel is
electrochemically oxidized in the fuel cell to produce electric power.

6. The fuel cell, as claimed in Claim 2, wherein the partial pressure of water
vapor at the first surface is greater than or equal to the partial pressure of water vapor at
the second surface.

7. The fuel cell, as claimed in Claim 2, wherein the concentration gradient of
water vapor determines steam permeation flux, whereby appearance of water vapor at the
second surface for reaction with the hydrocarbon fuels is self-regulating, so that only as
much water vapor as is required for reforming of hydrocarbons at the second surface is
delivered.

8. The fuel cell, as claimed in Claim 2, wherein the cathode has sufficient
porosity so as to permit water vapor to move freely towards the first surface of the
ceramic electrolyte membrane.

9. The fuel cell, as claimed in Claim 2, wherein the anode has sufficient
porosity so as to permit water vapor to move freely away from the second surface of the
ceramic electrolyte membrane.

10.  The fuel cell, as claimed in Claim 2, wherein water vapor available at the
second surface by permeation reduces or eliminates the propensity of hydrocarbons at the

anode to pyrolyze into carbon residue.
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11.  The fuel cell, as claimed in Claim 2, wherein the proton-conducting
ceramic electrolyte has a protonic conductivity of at least about 5 millisiemens per
centimeter at a temperature of 700° C.

12.  The fuel cell, as claimed in Claim 2, wherein the proton-conducting
ceramic electrolyte is non-conducting with respect to electrons with an ionic transference
number greater than about 0.8.

13.  The fuel cell, as claimed in Claim 2, wherein the proton-conducting

ceramic electrolyte has intrinsic and extrinsic oxygen ion vacancies capable of reacting
with water vapor to produce interstitial protonic defects (OH ).

14.  The fuel cell, as claimed in Claim 2, wherein the proton-conducting
ceramic electrolyte is a perovskite ceramic.

15.  The fuel cell, as claimed in Claim 2, wherein the proton-conducting
ceramic electrolyte is a perovskite ceramic having a nominal stoichiometry of
BaCegoYo0.102.95+5, Where O represents the degree of protonation.

16.  The fuel cell, as claimed in Claim 2, wherein the proton-conducting
ceramic electrolyte has a thickness less than about 1 millimeter.

17.  The fuel cell, as claimed in Claim 2, further comprising a fuel chamber
simultaneously contacting the anode and the second surface, and an air chamber
simultaneously contacting the cathode and the first surface.

18. The fuel cell, as claimed in Claim 2 wherein the anode is stable at
elevated temperatures in a reducing atmosphere and catalytically active with respect to
the steam reforming reaction of hydrocarbon fuels.

19.  The fuel cell, as claims in Claim 2, wherein the anode is selected from the
group consisting of a metallic platinum, a nickel/nickel alloy, and a mixture of nickel
oxide and oxide ceramic applied to the second surface of the ceramic electrolyte, and is
capable of operating at temperatures less than about 850 °C.

20.  The fuel cell, as claimed in Claim 2, wherein the cathode is stable against
oxidation and corrosion in moist, oxidizing atmospheres at temperatures less than about

850 °C.
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10

15

20

25

30

WO 03/099710 PCT/US03/02800

22

21.  The fuel cell, as claimed in Claim 2, wherein the cathode is selected from
the group consisting of a platinum, a nickel alloy, and a mixed protonic/electronic
conducting ceramic cathode less than about 20 microns in thickness applied to the first
surface of the ceramic electrolyte, and is capable of operating at temperatures less then
about 850° C.

22. A process for generating electricity, comprising:

a. contacting a hydrocarbon fuel source with the anode of a fuel cell
and contacting oxygen and water vapor with the cathode of a fuel cell, the fuel cell
comprising:

an anode selected from the group consisting of a metallic anode and a

mixed conducting anode;

a cathode selected from the group consisting of a metallic cathode and a

mixed conducting cathode;

a proton-conducting ceramic electrolyte between the anode and the

cathode;

an external load connecting the anode and the cathode; and

wherein water vapor passes through the electrolyte from the cathode side

to the anode side by steam permeation when a water vapor concentration gradient

exists;

b. converting chemical energy in the form of protons with high
electrochemical potential into electrical energy by electrochemical oxidation.

23.  The process, as claimed in Claim 22, wherein the process is carried out at
a temperature of between about 600 °C and about 850 °C.

24.  The process, as claimed in Claim 22, wherein the fuel cell produces at
least about 10 milliamperes per squared centimeter at 700 millivolts.

25. The process, as claimed in Claim 22, wherein the proton-conducting
ceramic electrolyte has a protonic conductivity of at least about 5 millisiemens per
centimeter at a temperature of 700 °C.

26.  The process, as claimed in Claim 22, wherein the proton-conducting
ceramic electrolyte is non-conducting with respect to electrons with an ionic transference

number greater than about 0.8.
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27.  The process, as claimed in Claim 22, wherein the proton-conducting
ceramic electrolyte has intrinsic and extrinsic oxygen ion vacancies capable of reacting

with water vapor to produce interstitial protonic defects (OH ).

28.  The process, as claimed in Claim 22, wherein the proton-conducting

5  ceramic electrolyte is a perovskite ceramic.
29.  The process, as claimed in Claim 22, wherein the proton-conducting
ceramic electrolyte is a perovskite ceramic having a nominal stoichiometry of

BaCe0Y0.102.95+5, where  represents the degree of protonation.
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