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(7) ABSTRACT

The invention addressed two critical issues in fuel process-
ing for fuel cell application, i.e. catalyst cost and operating
stability. The existing state-of-the-art fuel reforming catalyst
uses Rh and platinum supported over refractory oxide which
add significant cost to the fuel cell system. Supported metals
agglomerate under elevated temperature during reforming
and decrease the catalyst activity. The catalyst is a perovs-
kite oxide or a Ruddlesden-Popper type oxide containing
rare-carth elements, catalytically active first row transition
metal elements, and stabilizing elements, such that the
catalyst is a single phase in high temperature oxidizing
conditions and maintains a primarily perovskite or Ruddles-
den-Popper structure under high temperature reducing con-
ditions. The catalyst can also contain alkaline earth dopants,
which enhance the catalytic activity of the catalyst, but do
not compromise the stability of the perovskite structure.
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AUTOTHERMAL REFORMING CATALYST WITH
PEROVSKITE TYPE STRUCTURE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part of
U.S. patent application Ser. No. 10/423,461, which is based
upon U.S. Prov. Pat. Appl. No. 60/376,491, both of which
are hereby incorporated by reference.

GOVERNMENT RIGHTS

[0002] The United States Government has rights in this
invention pursuant to Contract No. W-31-109-ENG-38
between the U.S. Department of Energy (DOE) and The
University of Chicago representing Argonne National Labo-
ratory.

FIELD OF THE INVENTION

[0003] This invention relates to an improved autothermal
reformer. More specifically this invention relates to an
improved autothermal reforming catalyst for the reforming
of hydrocarbon fuels. Still more specifically this invention
relates to an improved autothermal reforming catalyst for the
reforming of diesel fuels.

BACKGROUND

[0004] Fuel cell-powered vehicles are being developed by
the domestic and foreign automotive industry as a more
fuel-efficient and less polluting alternative to the current
internal combustion engines. Fuel cells, which produce
energy through an electrochemical reaction, operate on
hydrogen and oxygen gas. Currently, there is no infrastruc-
ture for wide-scale, high-volume production and distribution
of hydrogen gas for transportation applications. Further-
more, storing pure hydrogen gas on-board a vehicle is not
yet accepted by the general public; and the hydrogen storage
methods currently available do not have sufficient capacity.
An on-board “fuel processor”, which generates hydrogen
from the liquid gasoline already used to fuel vehicles, is the
most acceptable way to provide hydrogen for a fuel cell-
powered vehicle.

[0005] Fuel processor technology is based mainly on
large-scale industrial reactors that convert hydrocarbons into
hydrogen and carbon oxides (synthesis gas) for the produc-
tion of ammonia, methanol, and other commercially impor-
tant chemicals or feedstock. These large-scale industrial
reactors are operated continuously in a well-controlled,
steady state manner. In contrast, fuel cells are often
employed in small-scale, intermittent use applications, so
the fuel processor for a fuel cell needs to be compact and
respond quickly to changes in operating conditions. See U.S.
Pat. No. 5,248,566 issued Sep. 28, 1993 to Kumar et al., the
disclosure of which is incorporated by reference, for a
general discussion of the use of a fuel cell in a vehicle.
Autothermal reformers have the advantages of conservation
of thermal energy and being compact, an important consid-
eration for small passenger vehicles. Autothermal reformers
operate at high temperatures (500-1000° C.) and use steam
and air, or an oxygen containing gas, to convert the hydro-
carbon fuel into hydrogen-rich gas. Like most other fuel
processors, autothermal reformers rely on catalysts to obtain
the highest concentrations of hydrogen in the shortest
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amount of time. To function well, autothermal reforming
catalysts must adsorb and dissociate the hydrocarbon mol-
ecule and the water molecule. Thus, it is highly desirable to
provide a catalyst that is active for the autothermal reform-
ing of liquid fuels, such as diesel fuel via its ability to adsorb
and dissociate both water and hydrocarbon molecules. It is
also desirable to provide an autothermal reforming catalyst
that does not contain expensive or rare precious metals so
that fuel cell-powered vehicles can be affordable for the
general public.

[0006] Passenger and heavy duty vehicles are becoming
an attractive application for fuel cell systems. Replacing the
internal combustion engine with a fuel cell system is a goal
of a Department of Energy program and is an active R&D
area for many automotive companies. A related, but different
application is an “auxiliary power unit” (APU) for heavy
duty and perhaps light duty vehicles. Such APUs would
generate electricity with a fuel cell for all the electric
auxiliaries of the vehicle which otherwise need to be pow-
ered by the engine. Examples include, but are not limited to,
the water and fuel pumps, electronic devices and displays,
living quarter power supply, and on-board air conditioner.
Thus the engine can be shut off in stop-and-go traffic or
during overnight parking at truck stops and campgrounds
without interrupting the on-board electric power supply.

[0007] To operate the fuel cell, the hydrocarbon fuels,
such as gasoline and diesel, must be first reformed into a gas
mixture containing hydrogen and carbon oxides. Such a
mixture is also known as reformate. The reforming process
is generally carried out inside of a catalytic reactor, also
known as reformer. The catalytic reactions inside of the
reformer break down the chemical bonds of the hydrocarbon
fuel and form H,, CO, CO,, simultaneously. There are
several methods of catalytic reforming including partial
oxidation (POX), steam reforming (SR), and autothermal
reforming (ATR). ATR is generally considered the most
efficient reforming process. The chemical reactions occur-
ring in the autothermal reactors are facilitated by a catalyst
that typically consist of a small amount of noble metals, such
as Rh and Pt, resting on a substrate of alumina or ceria. Since
the material costs of the noble metals are usually substan-
tially higher than the other components in the catalyst, the
amount of noble metal usage usually dominates the total cost
of the catalyst. Therefore, to bring down the total cost of a
fuel cell system, it is highly desirable to reduce or eliminate
the noble metal usage in the catalytic reformer.

[0008] Since heavy duty vehicles operate on diesel fuel,
the operators of these vehicles prefer that the APU operate
on the same fuel. However, diesel fuel is difficult to convert
to a hydrogen-rich gas for the fuel cells. Diesel fuel is a
mixture of many different hydrocarbon species including
paraffins, olefins, cycloparaffins, mono- and multi-ring aro-
matic compounds. The aromatic compounds are particularly
difficult to reform into a hydrogen-rich reformate. They form
carbonaceous deposits (coke) easily through the interaction
with the catalyst surface and reduce the catalytic efficiency
by blocking the passage between gas phase molecules and
the active site. It is therefore desirable to have a catalyst with
minimum propensity to form carbon deposits on the surface.

[0009] Operating the reformer at a higher reaction tem-
perature will minimize the coke formation over the catalyst
surface. However, higher reaction temperature results in



US 2004/0204315 Al

catalyst structural change which could also lead to the loss
of the catalyst activity. Even at temperatures in the range of
700-800° C., which are typical for ATR reactors, the afore-
mentioned catalyst can loose 50% of their activity over a
1000 hour period. This deactivation is caused by the small
noble metal particles consolidating into larger ones, result-
ing in a decrease of active catalytic surface area, and by
some loss of noble metal by evaporation. Furthermore,
higher operating temperature could also lead to the deterio-
ration of the catalyst support, such as the reduction of
surface area and loss of porosity. The deactivation becomes
more severe at higher temperatures.

[0010] Another challenge in diesel fuel reforming is sulfur
poisoning of the catalyst. There is generally a significantly
higher level of sulfur content in heavy hydrocarbon fuels,
such as diesel Sulfur interacts with most metallic catalysts
by chemically absorbing on the metal surface and blocking
the access of reactant to the active sites. It is desirable to
have a reforming catalyst that is tolerant to the presence of
sulfur in the hydrocarbon fuels.

[0011] It has been previously established that certain per-
ovskites function surprisingly well at autothermal reforming
catalysts. Perovskite oxides have the general formula ABO,.
The A cation is bigger than the B cation in accordance with
Goldschmidt’s empirical relationship

0.75<(r p+16)/V2(rp+15)<1.0

[0012] where r, is the radius of the A cation, ry is the
radius of the B cation, and rg is the radius of the oxygen
anion. The perovskite structure will tolerate partial substi-
tution for both the A and B cations, which allows the
properties of the compounds to be modified. There are many
perovskite related structures: the Ruddlesden-Popper struc-
ture ((AO)-(ABO,),, n=1,2, .. .)is a perovskite layered with
a rock salt, the tungsten bronze structure (A, BO,) is a
defective perovskite with A-site vacancies, and the Brown-
Millerite structure (A,B,0;) is defective perovskite with
oxygen vacancies. The perovskite oxides, and the related
structures, with La, Y, rare earths, and/or alkaline earths on
the A site and transition metals on the B site have in many
cases been found to be good electronic and/or good ionic
conductors.

[0013] More specifically it has been found that mixed
oxides of La with Cr or Al of the general formula LaCrO;,
or LaAlOj; are stable in both air and in hydrogen-rich gas at
elevated temperature. When doped with certain other ele-
ments, these perovskites are good catalysts for oxidizing and
steam-reforming hydrocarbons. For example, a material of
the general composition LaAl, oNi, ; O, 5 was found to yield
12 moles of hydrogen per mole of iso-octane when iso-
octane is mixed with a substoichiometric amount of air and
some steam and then passed over the catalyst. There are,
however, certain disadvantages associated with these cata-
lysts. First of all, it was found that these catalysts produce
lower hydrogen yield and poor efficiency during reforming
of diesel like fuel as the result of high catalytic light-off
temperature and low hydrocarbon conversion. It is also
known that Ni containing catalysts are intolerant to the low
sulfur content in the fuel and coke is readily formed during
the reforming reaction.

[0014] Ttis therefore desirable to have a reforming catalyst
that is stable under high operating temperature and provides
overall lower costs.
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SUMMARY OF THE INVENTION

[0015] The cost of the two-phase catalysts containing
noble metals may limit the widespread potential use of fuel
cell systems. To find less expensive alternatives for catalysts,
perovskites and related structures were investigated, in part
because some of them have “mixed” conductivity. Mixed
conductors can transport oxide ions, which can be important
for the partial oxidation of hydrocarbons, and are also
electronic conductors. Electronic conductivity is typically
found only in metals and may be important for the dehy-
drogenation of hydrocarbon and water molecules. Surpris-
ingly and unexpectedly, it has been discovered that certain
perovskites can autothermally reform hydrocarbons.

[0016] This invention relates to a reforming catalyst. More
specifically, this invention relates to a catalyst for autother-
mal reforming of hydrocarbon fuels, such as diesel, to
produce a high percentage yield of hydrogen suitable for
supplying a fuel cell. In one embodiment, the present
invention relates to perovskite-related structures for use in
hydrocarbon reformers. More specifically, doping a small
amount of Ru or Rh into chromite or aluminite type of
perovskites provides an improved catalyst. For example, the
catalysts of the present invention can be composed of
lanthanum chromite, LaCrO; or lanthanum aluminite,
LaAlO,, perovskite materials with both A-site (La) or B-site
(Cr or Al) being partially exchanged with other metal ions.
Metal exchange ions are, for example, Sr, Ru or Rh to form
various catalyst compounds, such as but not limited to,
La, Sr,Cr; JRu 05,  La, Sr.Cr; Rh,O;, La SrAl;.
yRu O; or La, Sr,Al, [Rh O;, where the preferred value
for x is between 0.05 to 0.5 and the preferred value for y is
between 0.01 to 0.2. Catalysts in accordance with the
principles of the present invention have demonstrated high
selectivity of converting diesel-like hydrocarbon to hydro-
gen and carbon oxides under high fuel feed rate and a
relatively low reforming temperature range of 600 to 700° C.
The catalysts of the present invention have shown excellent
ATR reforming efficiency under a wide range of oxygen-to-
carbon ratio (O,/C) and steam-to-carbon ratio (H,0/C), as
well as superior steam reforming efficiency when air is
absent from the feed. The catalysts have also demonstrated
good stability of the catalytic activity under high operating
temperature and exhibited little or no carbon formation of
the catalyst surface. In another embodiment, the present
invention comprises an “auxiliary power unit” (APU) for
heavy duty and possible light duty vehicles.

DESCRIPTION OF THE FIGURES

[0017] The invention includes certain features and a com-
bination of parts hereinafter fully described, illustrated in the
accompanying figures, and particularly pointed out in the
appended claims, it being understood that various changes in
the details may be made without departing from the spirit, or
sacrificing any of the advantages of the present invention.

[0018] FIG. 1 is a schematic diagram of the general
process of diesel reforming for solid oxide fuel cell;

[0019] FIG. 2 illustrates the general structure of an unit
cell in ABO; perovskite;

[0020] FIG. 3q illustrates a graph of hydrogen yield of
dodecane during ATR reforming at different H,O/C ratio
(0,/C=0.5) over LaCrg osRug 505; and FIG. 3b illustrates a
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graph of hydrogen yield of dodecane during ATR reforming
at different O,/C ratio (H,0/C=1) over LaCr, osRug 505;

[0021] FIG. 4a illustrates a graph of reforming efficiency
of dodecane during ATR reforming at different H,O/C ratio
(0,/C=0.5) over LaCr, osRu, 505; and FIG. 4b illustrates a
graph of reforming efficiency of dodecane during ATR
reforming at different O,/C ratio (H,O/C=1) over
LaCr, osRu; 45033

[0022] FIG. 5 shows the comparison of hydrogen yield
(bar) and the COx selectivity, obtained at 0,/C=0.42 and
H,0/C=1.1, of the catalysts LaCr,gsRu,,s05; and
LaAl Rug o505 from the current invention with the Rh
supported by ceria and gadolinia (Rh/CGO) from the prior
art;

[0023] FIG. 6 shows the comparison of hydrogen yield at
various H,0/C(0,/C=0.5) of the catalysts
La_ Sty ,CrgosRu 0505 (LaSrCrRu) and
La_ Sty ,Crg osRhg o505 (LaSrCrRh) from the current inven-
tion with the catalysts Lag gSry,Cro oNig ;05 (LaSrCrNi)
and La, ¢Sr, ,CrO; (LaSrCr) from the prior art;

[0024] FIG. 7 shows the comparison of reforming effi-
ciency at various H,O0/C(0,/C=0.5) of the catalysts
La_ Sty ,CrgosRu 0505 (LaSrCrRu) and
La_ Sty ,Crg osRhg o505 (LaSrCrRh) from the current inven-
tion with the catalysts Lag gSry,Cro oNig ;05 (LaSrCrNi)
and La, ¢Sr, ,CrO; (LaSrCr) from the prior art; and

[0025] FIG. 8 shows the comparison of COx selectivity at
various H,0/C(0,/C=0.5) of the catalysts
La_ Sty ,CrgosRu 0505 (LaSrCrRu) and
La_ Sty ,Crg osRhg o505 (LaSrCrRh) from the current inven-
tion with the catalysts Lag Sty ,Crg osNig ;05 (LaSrCrNi)
and La, ¢Sr, ,CrO; (LaSrCr) from the prior art.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT

[0026] Tt is desirable to develop a compact fuel processor
that produces a high fraction of hydrogen and is self-
sustaining. Steam reforming produces a product gas, which
has a high fraction of hydrogen and contains mostly hydro-
gen and carbon monoxide. A major drawback of steam
reforming is that it requires heat input (by burning part of the
fuel) because it is an endothermic process; and the low rate
of heat transfer makes rapid response difficult. Partial oxi-
dation is an exothermic self-sustaining process. However,
higher reactor temperatures (>1000° C.) and lower hydrogen
to carbon fractions than steam reforming are drawbacks
associated with partial oxidation reforming. Autothermal
reforming uses heat from partial oxidation to drive endot-
hermic steam reforming in a concurrent process. A proper
balance of oxygen (or air), fuel and steam, depending on the
composition of the fuel, produces a self-sustaining reaction
that yields a high fraction of hydrogen. FIG. 1 shows a
schematic diagram of an ATR reformer coupled with a
downstream solid oxide fuel cell stack. The compressed air
from the pump is mixed with the diesel fuel and the steam
before entering the ATR reactor in which the hydrocarbon
fuel is converted into hydrogen rich reformate. The refor-
mate was then fed into the anode of the solid oxide fuel cell
stack. The electricity is generated through the electrochemi-
cal reactions between the oxygen in the cathode and H,/CO
in the anode. The exhaust of the fuel cell contains water and
carbon dioxide as the product of the electro-oxidation reac-
tions.
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[0027] A major difficulty for an APU has been to find a
catalyst that is active for both steam reforming (SR) and
partial oxidation (POX) reactions and is coke resistant. If a
catalyst has high activity for POX and low activity for SR,
the hydrogen yield will be low. Similarly, if a catalyst has
high activity for SR and low activity for POX, heat input will
be required to sustain the reaction. The difficulty of con-
verting hydrocarbons such as dodecane (one of the main
components in diesel) to hydrogen is the fact that the
oxidation of hydrogen formed during the reforming is often
more facile than the formation of H, by breaking down the
C—H bond in the hydrocarbons. It has been discovered that
certain catalysts can effectively adsorb and dissociate both
hydrocarbon molecules and water molecules, and these
catalyst compounds facilitate the selective oxidation of the
carbon chain using the oxygen from either the water mol-
ecule or the oxygen-containing feed gas. Thus, the catalyst
in a preferred embodiment is bifunctional.

[0028] Perovskites are known as excellent electron and
oxide ion conductors at elevated temperature. It has been
found that certain perovskites exhibit good catalytic activi-
ties towards SR and POX reactions. Shown in FIG. 2 is a
lattice structure of an unit cell in a perovskite with the
chemical composition of ABO,. Simple two-cation rare
earth-transition metal perovskites, such as LnCoO, and
LnNiO,, are active catalysts, but are not stable under high
temperatures and low oxygen partial pressures like those
found in a fuel reformer. X-ray diffraction has shown that
they completely break down and do not retain any perovs-
kite structure. Retaining the perovskite structure is desirable
because it can be an oxygen ion conductor and supply
oxygen to the dehydrogenated hydrocarbon to form carbon
monoxide and carbon dioxide and to inhibit the formation of
coke. Perovskites such as LnAlO;, LnCrO; LaMnOj,
LnFeO,, and LaGaO, are not very active catalysts, but they
are stable in the high-temperature, reducing environment of
the autothermal reformer. By using a mixture of stable and
catalytically active elements on the B site of the perovskite,
the perovskite structure is retained and there is good cata-
Iytic activity. In addition to using stable elements on the
B-site which have the correct valence, the transition metal-
containing perovskites can be stabilized by incorporating
elements on the B-site which have higher valences. In
reducing atmospheres, these higher valence elements stabi-
lize the lower valence of the transition metals formed in
reducing atmospheres. Elements like titanium, molybde-
num, tungsten, vanadium, niobium, and the like can serve
this purpose.

[0029] The preferred form of the present invention is
directed to catalyst formulations containing Ru as the lower
cost ingredient to replace Rh and Pt which therefore reduces
the overall system cost. The active catalytic ingredient in the
current invention is also imbedded inside of the perovskite
framework to minimize the metal agglomeration and to
retain the catalytic activity during reforming. This formation
can be the catalyst of choice for the fuel reforming compo-
nent in the fuel cell system for both transportation and
stationary power generation applications. The catalyst
embodiments disclosed are also good steam reforming cata-
lysts which may be used in place of hydrogen generation in
the current industrial practice, such as Kellogg process.
These embodiments can be a good alternative for use with
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fuel cells to operate auxiliary equipment on diesel trucks and
other stationary sources where diesel fuel is readily avail-
able.

[0030] One of the key aspects needed for moving toward
a hydrogen economy is practical autothermal reformer cata-
lysts for conversion of gasoline and diesel fuels to hydrogen
rich reformate. Catalyst compounds such as mixed oxides of
La with Cr or Al (LaCrO, or LaAlO;), when doped with
elements like Ni, have demonstrated improved stability in
both air and hydrogen-rich gas at elevated temperatures.
These catalysts, however, when tested on diesel fuels, pro-
duced low hydrogen yields and poor hydrocarbon conver-
sions. It is believed that this was due to the higher tempera-
tures required to reform diesel fuel. Prior work in this area
has specifically avoided use of noble metals due to their
higher cost, their tendency to agglomerate at high tempera-
tures, and their tendency to lead to higher coke formation.
Certain embodiments of the present invention can employ
the addition of metals in small amounts as dopants to the
perovskite structure. The perovskite structure is believed to
lock these noble metals into the lattice structure, leading to
unexpectedly superior stability and performance. The pre-
ferred embodiments of the invention replace the small
fraction (10% to 30%) of the A-site(La) with strontium ion
(Sr) and the small fraction (1% to 20%) of the B-site (Cr or
Al) with ruthenium (Ru) or rhodium (Rh) metal ions and the
like. These catalysts have demonstrated high selectivity of
converting simulated diesel fuel to hydrogen at high fuel
feed rates and excellent autothermal reforming efficiency
under a wide range of oxygen-to-carbon and steam-to-
carbon ratios. They have also demonstrated high steam
reforming efficiency and good catalytic stability at high
operating temperatures, exhibiting very little tendency for
coke formation.

[0031] The embodiments of present invention comprise a
new group of catalysts for reforming, preferably diesel
reforming. More specifically, ATR reforming efficiency is
improved significantly by doping a small amount of Ru or
Rh into chromite or aluminite type of perovskites. The
catalysts of the present invention have demonstrated high
selectivity of converting hydrocarbons like diesel to hydro-
gen and carbon oxides under high fuel feed rate and rela-
tively low reforming temperature range of 600 to 700° C. In
comparison with benchmark catalysts prepared with the
existing techniques, the new catalysts also showed excellent
ATR reforming efficiency under wide range of oxygen-to-
carbon ratio (O,/C) and steam-to-carbon ratio (H,0/C), as
well as superior steam reforming efficiency when air is
absent from the feed. The catalysts also have demonstrated
good stability of the catalytic activity under high operating
temperature and exhibited little or no carbon formation on
the catalyst surface.

[0032] The new catalysts are comprised of lanthanum
chromite, LaCrO3 or lanthanum aluminite, L.aAlO3 perovs-
kite materials with both A-site (La) or B-site (Cr or Al) being
completely exchanged or partially exchanged with other
metal ions to form La, A Cr, B, O;or La, A Al,_ B O;
respectively. For example, La can be partially or completely
exchanged by A=Gd, Pr where x=about 0.1 to 1. Alterna-
tively, La can also be partially exchanged by A=Sr where
x=0.05 to 0.5. The preferred value for x is about 0.1 to 0.2
when A=Sr. Similarly, the Cr or Al can be partially
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exchanged by B=Ru, Rh where y=about 0.01 to 0.2. The
preferred value for y is about 0.05 to 0.1.

[0033] There are several advantages of using A- and B-site
substituted (or doped) chromite or aluminite as the catalysts
for diesel reforming. For example, both Ru and Rh are
known to be active in reforming hydrocarbons to H, rich
reformate. However, they tend to agglomerate and vaporize
at high reaction temperature in the conventional oxide
supported catalysts as was mentioned previously, especially
in the case of Ru which volatizes into gas phase in the form
of ruthenium oxide. By doping Ru and Rh into perovskite,
the metal ions are mono-atomically embedded into the oxide
framework which is more stable to prevent migration of
metal under the elevated temperature. While not being
limited by theory, it is believed that the volatility and
diffusion of Ru or Rh when anchored into the lanthanum
chromite or lanthanum aluminite structure will be deter-
mined by metal-oxygen bond strength and not by metal-
metal bonding. Being able to use Ru in ATR catalyst is
especially attractive because of its relatively low cost com-
pared with other precious metals. Another advantage of
doping Ru and Rh in perovskite is to improve the synergistic
effect between them and the transition metal during the
catalytic reaction. Transition metal perovskite such as
chromite, for example, is known for its catalytic oxidation
activity. Incorporating catalytic metal with strong steam
reforming activity such as Ru will improve the coupling of
the active site and thermal management for both POX and
SR reactions, hence increasing the overall reforming effi-
ciency. Transition metal perovskite also provides a low
acidity catalytic support which induces less coke formation
during heavy hydrocarbon reforming. Through A-site and
B-site substitution, metals with a high basic property, such
as those in alkaline earth group and lanthanum group can be
effectively incorporated inside of perovskite. Since Ru and
Rh are imbedded inside of the perovskite framework in ionic
form instead of metallic state in the conventional supported
catalyst, the chance of poisoning through the adsorption of
sulfur on the surface of the metal crystallite is therefore
decreased.

[0034] The Ru and Rh doped chromite and aluminite
catalysts used in this study were prepared through a well
known glycine-nitrate self-combustion method. Briefly, the
appropriate portion of the solution of metal nitrate salts and
glycine is first mixed, followed by the vaporization of water
above the boiling point. After the water is evaporated, the
mixture starts to form foam which ignites spontaneously to
form solid powder. The powder was further calcined at
elevated temperature in dry air to remove residual water and
organics and then the fines in the powder were converted
into micro-crystallite. The calcined powder was further
pelletized into the catalyst pellets and tested in an ATR diesel
reforming micro-reactor. The micro-reactor used for this test
consists of a preheater and reactor bed where the catalyst
pellets are packed in a plug-flow configuration. The reac-
tants for the reforming reaction include water, air, and diesel
surrogate fuel which are preheated and mixed before enter-
ing the catalyst bed with the equivalent gas hourly space
velocity in the range of 50,000 to 100,000 hr™*. During the
test, a varying ratio is used of the number of moles of oxygen
in the feed over the number of mole of carbon in the fuel,
0,/C and the ratio of the number of moles of water in the
feed over the number of moles of carbon in the fuel, H,O/C.
The reactor is surrounded by a heater in which the tempera-



US 2004/0204315 Al

ture is set at a constant value during the experiment. The
reformate effluent from the catalytic reaction is analyzed
through the gas chromatography (GC). The moisture in the
sample is first reduced by an ice trap followed by the
filtration through a Drierite column. This arrangement
allows the probing of not only the key reformate compo-
nents (H,, CO, CO,, CH,, N,) but also light residual
hydrocarbons (C,H,, C,Hg, CsHg, C5Hg, etc. . . . ) with high
accuracy and without the interference of the steam. The
mass flow of hydrogen thus analyzed will be used to
calculate the hydrogen yield which is defined as the number
of moles of H, produced per one mole of fuel in the input.
Alternatively, the reforming efficiency can be calculated
which equals the total heat of combustion for the H, and CO
generated over the heat of combustion of the fuel input. To
estimate the degree of fuel conversion, a COX selectivity is
also calculated which is defined as moles of carbon oxide
(CO+CO0,) formed over the mole of carbons in the fuel.

[0035] The current invention is directed to the use of
perovskite and perovskite-like material as the catalyst for
reforming hydrocarbons to hydrogen rich reformate. The
perovskite and perovskite-like materials of preferred
embodiments have the composition of:

[0036] (A, ANB, B0, [perovskite]; or

[0037] (A,,A,'0) (A, A, B, B O,,.), [Ruddlesden-
Popper]

[0038] where A=La, Y, Pr, Gd,
[0039] A'=Na, K, Ca, Sr, Ba, Ag, Ce;

[0040] B=Ni, Co, Cu, Zn, Fe, Ga, Al, Cr, Mn, Ti, V,
Mo, W, Zr, Nb, Sn;

[0041] B'=Ru, Rh; and

[0042] x=0to 1

[0043] y=0to 0.5

[0044] z=0to 0.5.

[0045] Various mixtures of the above are also within the
scope of the present invention. In a preferred embodiment,
the invention comprises the perovskite or Ruddlesden-Pop-
per structure above, wherein:

[0046] A=La,Y, Pr, Gd;
[0047] A'=Ca, Sr, Ba, Ce;

[0048] B=Ni, Cu, Zn, Ga, Al, Cr, Ti, V, Mo, W, Zr,
Nb, Sn;

[0049] B'=Ru, Rh; and further wherein:

[0050] x=0 to 0.5

[0051] y=0to 0.2

[0052]
[0053]

[0054] In another embodiment of the present invention,
the catalyst preparation can include the introduction of
precious metal nitrates to the glycine nitrate process.

z=0 to 0.2.

including mixtures thereof.
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[0055] The catalyst invention described above can be
prepared by any known method, such as self-combustion,
coprecipitation, sol-gel, or mechanically mixing oxides or
precursors of oxides of the different elements, all of which
may optionally be followed by calcinations. The catalyst
may optionally undergo other processes, such as physical
treatment, ie., milling or chemical treatments, which
increase the surface area of the catalyst. The catalyst or the
precursors for the catalyst may be optionally formed by
itself into any useful shape or configuration or applied to a
substrate, which provides mechanical strength and/or ther-
mal shock resistance and which has any useful shape or
configuration, including but not limited to granules, pellets,
tablets, extrudates, foams, or honeycomb-type monoliths.
After synthesis or after shaping, the catalyst may optionally
undergo a final thermal activation under low oxygen partial
pressure.

[0056] The present invention also relates to a method of
forming hydrogen-rich gas from hydrocarbon fuel by mixing
the hydrocarbon with steam and air, or oxygen, and passing
it over the catalyst embodiments described herein at tem-
peratures between about 400° C. and about 900° C. for a
time sufficient to generate the hydrogen rich gas. With an
efficient catalyst, the only reaction products in the gas are
hydrogen, carbon monoxide, carbon dioxide, and methane.
The relative amounts of the three reactants control the
reactor temperature, which in turn, will affect the relative
amounts of the four products due to thermodynamic con-
siderations. Higher temperatures will yield more hydrogen
and carbon monoxide (which is desirable because it can be
used in a downstream water-gas shift reactor to generate
even more hydrogen), however, higher temperatures will
undesirably increase fuel processor startup time. For an
adiabatic reactor, higher temperature can only be achieved
with higher oxygen-to-carbon ratio in the feed which tends
to reduce the overall reforming efficiency.

[0057] In another embodiment any of the catalysts
described herein, or the precursors for the catalysts, can be
formed by itself into any useful shape or configuration or
applied to a substrate, which provides mechanical strength
and/or thermal shock resistance and which has any useful
shape or configuration, including but not limited to granules,
pellets, tablets, extrudates, foams, or honeycomb-type
monoliths.

[0058] Another embodiment provides a process using any
of the catalysts described above for the production of
hydrogen-containing gas by the autothermal reforming of a
mixture of steam, air or oXygen-containing gas, and hydro-
carbon fuel, such as natural gas, gasoline, diesel, gas or
liquid rich in alkanes, gas or liquid containing aromatics,
and gas or liquid containing alkanes and branched alkanes,
at temperatures between about 400° C. and about 900° C.

EXAMPLES

[0059] The following non-limiting examples illustrate
autothermal reforming catalysts in accordance with the
principles of the present invention. Table I summarizes the
hydrogen yield, reforming efficiency, and selectivity to
carbon oxides in autothermal reforming reaction for the
catalysts of Examples 1-12.
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TABLE 1
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Reforming Characteristics of Examples 1-11.

0,/C =0.50, H,0/C = 3.0

0,/C=042, HO/IC=1.0

H, yield Reforming CO, H, yield Reforming CO,
(mol-H,/ Efficiency Selectivity (mol-H,/ Efficiency Selectivity
Catalyst Sample mol-fuel) (%) (%) mol-fuel) (%) (%)
Example 1 1aCrg osRug 0505 226 0.0 98.5 203 87.1 98.0
Example 2 Rh/CGO 22.7 77.4 97.8 19.6 78.7 93.4
Example 3 TLaAly osRug 0505 23.1 79.6 98.6 19.9 81.6 94.7
Example 4 Lag ¢SroCro 05RUg 0505 220 79.8 96.9 202 83.5 94.7
Example 5 Lag ¢S 2Alp 0sRUg 0505 211 73.6 96.9 18.7 79.6 94.1
Example 6 Lag ¢Sty ,CrOs5 102 415 715 9.1 40.1 64.8
Example 7 Lag ¢Srg ,Cro oNig 1005 9.0 35.6 717 92 385 67.8
Example 8 Lag ¢St ,Cro 0sRhg 0505 224 0.6 96.2 17.0 724 85.3
Example 9 Lag oCep1Croo0sRUg 0505 19.8 70.1 942 175 73.8 90.1
Example  Gdg ¢St0-Cro.05RUg 0505 20.3 711 94.4 189 748 90.5
10
Example  Pry Srg,CrgosRug 0505 21.5 70.7 92.8 18.7 725 88.7
11
Example  Ru/fy-Al,O4 11.4 382 62.3 7.3 224 39.9
12
Example 1 oxide (CGO) powder, followed by the calcination in dry air

[0060] A LaCryqsRu, o505 catalyst was made by fully
dissolving 17.9 gram of La(NO,);.6H,O, 15.8 gram of
Cr(NO,);.9H,0, 0.66 gram of Ru(NO)NO,); and 12 gram
of glycine with the deionized water in a high temperature
quartz beaker. After evaporating the water over a hot-plate,
the mixture ignited and generated about 10 gram of
LaCr Rug o0, powder. The powder was placed in a
ceramic dish and calcined at 800° C. in dry air for about 1
hour. Subsequently, the powder was pressed and palletized
to 20/40 mesh size catalyst pellet. About 0.9 gram of the
catalyst sample thus prepared was packed into the reactor
zone of the diesel reforming micro-reactor. To ensure uni-
form packing depth and density, the catalyst was first mixed
with low surface a-alumina ceramic chips before being
loaded into the reactor. During the catalytic reaction, the
surrounding heater for the catalyst bed was set at 725° C.
The mixture of air, steam and fuel was fed through the
preheater at the constant feed rate of 2.75x107> g-fuel/g-
catalyst-sec. High purity dodecane (>98%) was used as the
surrogate fuel for the study. The hydrogen rich reformate
generated from the reactor was analyzed by a gas chroma-
tography detector. All key reformate components (H,, CO,
CO,, CH,, N,) and residual hydrocarbons (C,H,, C,H,
C;H,, C;Hg, ete. . . .) were analyzed and calculated. Shown
in FIGS. 3a and 3b are the hydrogen yields obtained through
the ATR reaction with different oxygen-to-carbon ratio,
0,/C, and steam-to-carbon ratio, H20/C in the input mix-
ture. Shown in FIGS. 4a and 4b are the corresponding
reforming efficiencies which count up both H, and CO as
fuel for solid oxide fuel cells. The hydrogen yield and
reforming efficiency at two input condition O,/C=0.42H,0/
C=1.0 and 0,/C=0.5H,0/C=3.0 are also listed in Table I,
together with the COX selectivities under the corresponding
reforming reaction conditions.

Example 2

[0061] A Rh catalyst support on the cerium oxide and
gadolinium oxide (Rh/CGO) was made by titrating the
solution of Rh nitrate over the cerium oxide and gadolinium

at 700° C. CGO was obtained as the commercial product
from Praxair. The Rh nitrate solution was prepared by
dissolving appropriate amount of salt into the deionized
water so that the final Rh loading on the catalyst is about 0.5
wt. %. The catalyst powder was subsequently pelletized and
tested under ATR condition similar to that discussed in
Example 1. To compare the catalytic activity, the hydrogen
yield and reforming efficiency at two input condition O,/C=
0.42H,0/C=1.0 and O,/C=0.5H,0/C=3.0 are also listed in
Table I, together with the COX selectivity of the reforming
reaction. This example is used as the reference for the
comparison with the perovskite catalysts.

Example 3

[0062] A LaAl,qsRu, 505 catalyst was made by fully
dissolving 19.9 gram of La(NO,);.6H,0O, 16.4 gram of
Al(NO,);.9H,0, 15.7 gram of diluted Ru(NO)(NO,), solu-
tion with Ru content of 1.53 wt. % and 14 gram of glycine
with the deionized water in a high temperature quartz
beaker. After evaporating the water over a hot-plate, the
mixture ignited and generated about 10 gram of
LaAl Ru, 505 powder. The powder was placed in a
0.95

ceramic dish and calcined at 800° C. in dry air for about 1
hour. The catalyst powder was subsequently pelletized and
tested according to the same steps in Example 1. The
hydrogen yield and reforming efficiency at two input con-
dition 0,/C=0.42H,0/C=1.0 and 0,/C=0.5H,0/C=3.0 are
also listed in Table I, together with the CO,_ selectivity of the
reforming reaction. Shown in FIG. 5 are the comparison of
the reforming efficiencies (bar chart) and CO, selectivities
(line chart) between the catalyst materials from Example 1
and Example 3 according to present invention with the
reference catalyst from Example 2.

Example 4

[0063] A LaygSry,CryosRug 505 catalyst was made by
fully dissolving 15.0 gram of La(NO;);.6H,0, 1.83 gram of
St(NO,),, 16.4 gram of Cr(NO;);.9H,0, 0.68 gram of
Ru(NO)(NO,); and 12 gram of glycine with the deionized



US 2004/0204315 Al

water in a high temperature quartz beaker. After evaporating
the water over a hot-plate, the mixture ignited and generated
about 10 gram of La, ¢Sty ,Crg o5Rig o505 powder. The pow-
der was placed in a ceramic dish and calcined at 800° C. in
dry air for about 1 hour. The catalyst powder was subse-
quently pelletized and tested according to the same steps in
Example 1. The hydrogen yield and reforming efficiency at
two input condition O,/C=0.42H,0/C=1.0 and O,/C=
0.5H,0/C=3.0 are also listed in Table I, together with the
COX selectivity of the reforming reaction.

Example 5

[0064] A La,  Sr,,Al,osRu, (505 catalyst was made by
fully dissolving 16.7 gram of La(NO;);.6H,0, 2.04 gram of
St(NO,),, 17.2 gram of AI(NO,),.9H,0, 15.9 gram of
diluted Ru(NO)(NO,); solution with Ru content of 1.53 wt.
% and 14 gram of glycine with the deionized water in a high
temperature quartz beaker. After evaporating the water over
a hot-plate, the mixture ignited and generated about 10 gram
of La, ¢Sr, ,Al, osRu, 1505 powder. The powder was placed
in a ceramic dish and calcined at 800° C. in dry air for about
1 hour. The catalyst powder was subsequently pelletized and
tested according to the same steps in Example 1. The
hydrogen yield and reforming efficiency at two input con-
dition 0,/C=0.42H,0/C=1.0 and 0,/C=0.5H,0/C=3.0 are
also listed in Table I, together with the CO, selectivity of the
reforming reaction.

Example 6

[0065] A Lag ¢Sry,CrO; catalyst was made by fully dis-
solving 15.5 gram of La(NO,),;.6H,,, 1.85 gram of
St(NO,),, 17.5 gram of Cr(NO;);.9H,O and 12 gram of
glycine with the deionized water in a high temperature
quartz beaker. After evaporating the water over a hot-plate,
the mixture ignited and generated about 10 gram of
La_Sr,,CrO; powder. The powder was placed in a ceramic
dish and calcined at 800° C. in dry air for about 1 hour. The
catalyst powder was subsequently pelletized and tested
according to the same steps in Example 1. The hydrogen
yield and reforming efficiency at two input condition O,/C=
0.42H,0/C=1.0 and O,/C=0.5H,0/C=3.0 are also listed in
Table I, together with the CO,, selectivity of the reforming
reaction. This example is used as the reference for the
comparison with the perovskite catalysts containing Ru and
Rh

Example 7

[0066] A TLa,gSr,,CryoNiy 05 catalyst was made by
fully dissolving 15.1 gram of La(NO;);.6H,0, 1.85 gram of
St(NO,),, 15.7 gram of Cr(NO,);.9H,,, 1.27 gram of
Ni(NO,),.6H,O and 16 gram of glycine with the deionized
water in a high temperature quartz beaker. After evaporating
the water over a hot-plate, the mixture ignited and generated
about 10 gram of La, ¢Sr, ,Cry oNi, ;O5 powder. The pow-
der was placed in a ceramic dish and calcined at 800° C. in
dry air for about 1 hour. The catalyst powder was subse-
quently pelletized and tested according to the same steps in
Example 1. The hydrogen yield and reforming efficiency at
two input condition 0O,/C=0.42H,0/C=1.0 and O,/C=
0.5H,0/C=3.0 are also listed in Table I, together with the
COX selectivity of the reforming reaction. This example is
used as another reference for the comparison with the
perovskite catalysts containing Ru and Rh
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Example 8

[0067] A LaygSry,CryosRhg 0505 catalyst was made by
fully dissolving 15.0 gram of La(NO;);.6H,0, 1.83 gram of
St(NO,),, 16.4 gram of Cr(NO,);.9H,0, 0.70 gram of
Rh(NO,);.2H,0 and 12 gram of glycine with the deionized
water in a high temperature quartz beaker. After evaporating
the water over a hot-plate, the mixture ignited and generated
about 10 gram of Lag ¢Sry,CryosRhy sO5 powder. The
powder was placed in a ceramic dish and calcined at 800° C.
in dry air for about 1 hour. The catalyst powder was
subsequently pelletized and tested according to the same
steps in Example 1. The hydrogen yield and reforming
efficiency at two input condition O,/C=0.42H,0/C=1.0 and
0,/C=0.5H,0/C=3.0 are also listed in Table I, together with
the COX selectivity of the reforming reaction. Shown in
FIG. 5, 6, 7 and 8 are the comparisons of hydrogen yield,
reforming efficiency, and COx selectivity between the per-
ovskite materials in Examples 4 and 8 according to the
present invention with the reference materials in Example 6
and 7 taken from the prior art.

Example 9

[0068] A Lag Ce, CryosRu, 0505 catalyst was made by
fully dissolving 16.1 gram of La(NO;);.6H,0, 1.80 gram of
Ce(NO,);.6H,0, 15.7 gram of Cr(NO,),.9H,0, 0.66 gram
of Ru(NO)(NO,); and 12 gram of glycine with the deionized
water in a high temperature quartz beaker. After evaporating
the water over a hot-plate, the mixture ignited and generated
about 10 gram of La, ,Ce,. 1Cr0.95Ru0.500; powder. The
powder was placed in a ceramic dish and calcined at 800° C.
in dry air for about 1 hour. The catalyst powder was
subsequently pelletized and tested according to the same
steps in Example 1. The hydrogen yield and reforming
efficiency at two input condition O,/C=0.42H,0/C=1.0 and
0,/C=0.5H,0/C=3.0 are also listed in Table I, together with
the CO, selectivity of the reforming reaction.

Example 10

[0069] A Gd,gSr,,CryosRu, o505 catalyst was made by
fully dissolving 14.7 gram of GA(NO,);.6H,0, 1.72 gram of
St(NO,),, 155 gram of Cr(NO;);.9H,0, 0.64 gram of
Ru(NO)(NO )5 and 12 gram of glycine with the deionized
water in a high temperature quartz beaker. After evaporating
the water over a hot-plate, the mixture ignited and generated
about 10 gram of Gd, ¢Sty ;CryosRuy o505 powder. The
powder was placed in a ceramic dish and calcined at 800° C.
in dry air for about 1 hour. The catalyst powder was
subsequently pelletized and tested according to the same
steps in Example 1. The hydrogen yield and reforming
efficiency at two input condition O,/C=0.42H,0/C=1.0 and
0,/C=0.5H,0/C=3.0 are also listed in Table I, together with
the CO, selectivity of the reforming reaction.

Example 11

[0070] A PrygSry,CryosRu, o505 catalyst was made by
fully dissolving 15.0 gram of Pr(NO,);.6H,0, 1.82 gram of
St(NO,),, 163 gram of Cr(NO;);.9H,0, 0.68 gram of
Ru(NO)(NO ), and 12 gram of glycine with the deionized
water in a high temperature quartz beaker. After evaporating
the water over a hot-plate, the mixture ignited and generated
about 10 gram of Pry¢Sr, ,CrqosRu, o5O5 powder. The
powder was placed in a ceramic dish and calcined at 800° C.
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in dry air for about 1 hour. The catalyst powder was
subsequently pelletized and tested according to the same
steps in Example 1. The hydrogen yield and reforming
efficiency at two input condition O,/C=0.42H,0/C=1.0 and
0,/C=0.5H,0/C=3.0 are also listed in Table I, together with
the CO, selectivity of the reforming reaction.

Example 12

[0071] A Ru catalyst support on gamma alumina (Ru/y-
AL,0,, with the y-Al,Osurface area of —185 m*/g and pellet
size of 20/40 mesh) was made by titrating a solution of Ru
nitrosyl nitrate solution over y-Al,O; pellet, followed by the
high temperature reduction in hydrogen at 500° C. for one
hour. The Ru nitrosyl nitrate solution was obtained from
Aldrich Chemical containing 1.53 wt. % Ru. Appropriate
amount of the solution was used so that the final Ru loading
on the catalyst is about 4.0 wt. %. The catalyst powder was
subsequently tested under ATR condition similar to that
discussed in Example 1. To compare the catalytic activity,
the hydrogen yield and reforming efficiency at two input
condition 0,/C=0.42H,0/C=1.0 and O,/C=0.5H,0/C=3.0
are also listed in Table I, together with the CO_ selectivity of
the reforming reaction. This example is used as the reference
for the comparison with the perovskite catalysts.

[0072] As will be understood by one skilled in the art, for
any and all purposes, particularly in terms of providing a
written description, all ranges disclosed herein also encom-
pass any and all possible subranges and combinations of
subranges thereof. Any listed range can be easily recognized
as sufficiently describing and enabling the same range being
broken down into at least equal halves, thirds, quarters,
fifths, tenths, etc. As a non-limiting example, each range
discussed herein can be readily broken down into a lower
third, middle third and upper third, etc. As will also be
understood by one skilled in the art all language such as “up
to,”at least,”“greater than,”less than,”“more than” and the
like include the number recited and refer to ranges which can
be subsequently broken down into subranges as discussed
above. In the same manner, all ratios disclosed herein also
include all subratios falling within the broader ratio.

[0073] One skilled in the art will also readily recognize
that where members are grouped together in a common
manner, such as in a Markush group, the present invention
encompasses not only the entire group listed as a whole, but
each member of the group individually and all possible
subgroups of the main group. Accordingly, for all purposes,
the present invention encompasses not only the main group,
but also the main group absent one or more of the group
members. The present invention also envisages the explicit
exclusion of one or more of any of the group members in the
claimed invention.

[0074] While preferred embodiments have been illustrated
and described, it should be understood that changes and
modifications can be made therein in accordance with ordi-
nary skill in the art without departing from the invention in
its broader aspects as defined in the specification.

1. A catalyst composition comprising:

a perovskite structure having the formula selected from
the group consisting of (A; A )B; B,)0;.; and

a Ruddlesden Popper structure having the formula (A, _
zA,0) (A1 AB, (B;05.0).
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wherein A is selected from the group consisting of La, Y,
Pr, Gd;

A is selected from the group consisting of Na, K, Ca,
Sr, Ba, Ag, and Ce;

B is selected from the group consisting of Ni, Co, Cu,
Zn, Fe, Ga, Al, Cr, Mn, Ti, V, Mo, W, Zr, Nb, and Sn;

B'is selected from the group consisting of Ru, Rh; and

x is about 0 to about 1, y is about O to about 0.5; and
z is about 0 to about 0.5.

2. The catalyst composition of claim 1, wherein A is
selected from the group consisting of La, Y, Pr, Gd, and
mixtures thereof; A' is selected from the group consisting of
Ca, Sr, Ba, Ce and mixtures thereof; B is selected from the
group consisting of Ni, Cu, Zn, Ga, Al, Cr, Ti, V, Mo, W, Zr,
Nb, Sn, and mixtures thereof; B' is selected from the group
consisting of Ru, Rh, and mixtures thereof; and further
wherein x is about O to about 0.5;

y is about O to about 0.2; and z is about 0 to about 0.2.

3. The catalyst of claim 1, wherein the A is selected from
the group consisting of Gd, Pr, and mixtures thereof and
further wherein x is about 0.05 to about 0.5.

4. The catalyst of claim 1, wherein A comprises Sr and
further wherein x is about 0.1 to about 0.2

5. The catalyst of claim 1, wherein y is about 0.05.

6. The catalyst composition of claim 1 comprising
Pro 5516 5Crg.05RUg 0505

7. The catalyst composition of claim 1 comprising
Gdy 5515 ,Crg 65RUG 0505

8. The catalyst composition of claim 1 comprising
Lag oCeq 1 Cro 05RU 6503.

9. The catalyst composition of claim 1 comprising
Lag 5516.2Cro.05sRUg 0503.

10. The catalyst composition of claim 1 comprising
La, ¢S4 ,Cro oNig 1505.

11. The catalyst composition of claim 1 comprising
Lag ¢Sry ,CrO5

12. The catalyst composition of claim 1 comprising
Lag 6510 2Alg 0sRU 9503.

13. The catalyst composition of claim 1 comprising
La, ¢Sr4 ,Cr 05RUG 5003

14. The catalyst composition of claim 1 comprising
LaAl, osRug 505

15. The catalyst composition of claim 1 comprising
LaCrg osRug 503.

16. A catalyst comprising:

La, ,A.C; B0,

wherein A is selected from the group consisting of Gd, Pr,
Sr, and mixtures thereof;

B is selected from the group consisting of Ru, Rh;
further wherein x is about 0.05 to about 1; and

y is about 0.01 to about 0.2.

17. The catalyst of claim 16, wherein the A is selected
from the group consisting of Gd, Pr, and mixtures thereof
and further wherein x is about 0.05 to about 0.5.

18. The catalyst of claim 16, wherein A comprises Sr and
further wherein x is about 0.1 to about 0.2

19. The catalyst of claim 16, wherein y is about 0.05.



US 2004/0204315 Al

20. A method of producing a catalyst comprising the steps
of:

dissolving La(NO,); in water to form a solution;
dissolving Cr(NO;), in the solution,
dissolving Ru(NO)(NO,), in the solution; and

evaporating the solution to form foam which ignites to
form the catalyst;

wherein the catalyst comprises La, (A, C, B 05 and fur-
ther wherein A is selected from the group consisting of
Gd, Pr, Sr, and mixtures thercof, B is selected from the
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group consisting of Ru, Rh; and wherein x is about 0.05
to about 1, and y is about 0.01 to about 0.2.
21. The method of claim 20, further comprising the step
of calcinating the catalyst at about 800° C. for about 1 hour.
22. The method of claim 20, wherein the A is selected
from the group consisting of Gd, Pr, and mixtures thereof
and further wherein x is about 0.05 to about 0.5.
23. The method of claim 20, wherein A comprises Sr and
further wherein x is about 0.1 to about 0.2.
24. The method of claim 20, wherein y is about 0.05.

#* #* #* #* #*



