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CERIUM-MODIFIED DOPED STRONTIUM
TITANATE COMPOSITIONS FOR SOLID
OXIDE FUEL CELL ANODES AND
ELECTRODES FOR OTHER
ELECTROCHEMICAL DEVICES

REFERENCES TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/377,527, filed May 3, 2002, which is
hereby incorporated by reference herein in its entirety.

GOVERNMENT RIGHTS

This invention was made with Government support under
Contract Number DE-AC0676RI1.O1830 awarded by the U.S.
Department of Energy. The Government has certain rights in
the invention.

BACKGROUND OF THE INVENTION

The present invention relates to novel oxide electrode
materials comprising cerium-modified doped strontium titan-
ate and methods for making and using same. Oxide electrode
materials in accordance with the invention find advantageous
use in solid oxide electrolyte electrochemical devices such as,
for example, solid oxide fuel cells, electrolyzers, electro-
chemical sensors and the like.

As abackground to the invention, electrochemical devices
based on solid oxide electrolytes have received, and continue
to receive, significant attention. For example, electrochemi-
cal fuel cell devices are believed to have significant potential
for use as power sources. In addition, electrolyzers have
received significant attention for the production of hydrogen
from water.

Fuel cell devices are known and used for the direct produc-
tion of electricity from standard fuel materials including fos-
sil fuels, hydrogen, and the like by converting chemical
energy of a fuel into electrical energy. Fuel cells typically
include a porous anode, a porous cathode, and a solid or liquid
electrolyte therebetween. In operation, gaseous fuel materials
are contacted, typically as a continuous stream, with the
anode (also referred to as the “fuel electrode™) of the fuel cell
system, while an oxidizing gas, for example air or oxygen, is
allowed to pass in contact with the cathode (also referred to as
the “air electrode”) of the system. Electrical energy is pro-
duced by electrochemical combination of the fuel with the
oxidant. Because the fuel cells convert the chemical energy of
the fuel directly into electricity without the intermediate ther-
mal and mechanical energy step, their efficiency is substan-
tially higher than that of conventional methods of power
generation.

Solid oxide fuel cells (SOFCs) employing a dense ceramic
electrolyte are currently considered as one of the most attrac-
tive technologies for electric power generation. In a typical
SOFC, a solid electrolyte separates the porous metal-based
anode from a porous metal or ceramic cathode. Due to its
mechanical, electrical, chemical and thermal characteristics,
yttria-stabilized zirconium oxide (YSZ) is currently the elec-
trolyte material most commonly employed. At present, the
anode in a typical SOFC is made of nickel-YSZ cermet, and
the cathode is typically made of doped lanthanum mangan-
ites, lanthanum ferrites or lanthanum cobaltites. In such a fuel
cell, an example of which is shown schematically in FIG. 1,
the fuel flowing to the anode reacts with oxide ions to produce
electrons and water. The oxygen reacts with the electrons on
the cathode surface to form oxide ions that migrate through
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the electrolyte to the anode. The electrons flow from the
anode through an external circuit and then to the cathode. The
movement of oxygen ions through the electrolyte maintains
overall electrical charge balance, and the flow of electrons in
the external circuit provides useful power.

Because each individual electrochemical cell made of a
single anode, a single electrolyte, and a single cathode gen-
erates an open circuit voltage of about one volt and each cell
is subject to electrode activation polarization losses, electrical
resistance losses, and ion mobility resistant losses which
reduce its output to even lower voltages at a useful current, a
fuel cell assembly comprising a plurality of fuel cell units
electrically connected to each other to produce the desired
voltage or current is required to generate commercially useful
quantities of power.

Limited by the conductivity of YSZ, SOFCs typically oper-
ate at high temperatures, such as, for example, 650-1000° C.
This allows flexibility in fuel choice and results in suitable
fuel-to-electricity and thermal efficiencies; however, high
temperatures impose stringent requirements on the materials
selection for other components of the fuel cell or fuel cell
assembly.

The material used as an SOFC anode must possess a high
electronic or preferably mixed ionic and electronic conduc-
tivity. It must also exhibit sufficient catalytic activity towards
the reaction proceeding on the electrode surface to minimize
polarization losses. Also necessary are adequate porosity for
gas transport, and good chemical and mechanical compatibil-
ity with the electrolyte and interconnect. In addition, the
anode must be thermally stable, i.e., stable over a wide range
of temperatures. Another desirable feature is that an anode
should be stable over a rather wide range of oxygen partial
pressures (pO,), such as, for example, in the low oxygen
partial pressure prevalent in the fuel gas inlet as well as in the
more oxidizing conditions (high oxygen partial pressure) at
the fuel outlet. Furthermore, if the SOFC is to operate on
unreformed hydrocarbons, the anode should also possess a
high catalytic activity for hydrocarbon oxidation without car-
bon deposition. When combined with fabrication consider-
ations, these requirements make the development of suitable
new anode materials a challenging task.

As stated above, for SOFCs with a YSZ electrolyte, a
nickel-YSZ cermet is currently the favored anode material.
Properties of nickel-based composite anodes have been pro-
foundly investigated, and their reliability and robustness for
stationary power applications has been established over a
long-term operation on clean pre-reformed fuel (hydrogen).
However, additional constraints must be placed on the anode
material in order to economically bring SOFC technology
into more advanced designs including, for example, power
sources for motor vehicles and auxiliary power units, and
other applications that involve intermittent power demands,
intermittent usage and nonusage, and thus repeated heating
and cooling cycles. In particular, for applications requiring
frequent thermal cycling, anode stability in oxidizing condi-
tions at high temperatures is necessary. In this regard, during
system heat-up and cool-down, an anode that is tolerant of
oxidizing environments withstands thermal cycling without
the need for protecting the anode by hermetic sealing or
flowing of an inert or reducing gas.

Due to the high nickel content of Ni-Y SZ (typically around
40 vol % nickel) or other nickel-based composite materials,
and the ease with which nickel is oxidized into nickel oxide in
oxidizing atmospheres, conventional nickel-based anodes
suffer structural damage when cycled without a protective
atmosphere. In this regard, a state-of-the-art Ni-YSZ anode
maintains suitable functionality only until the anode is con-
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tacted with air, whereupon functionality is lost, and the anode
is irreversibly damaged. It is believed that upon contact with
air nickel is oxidized into nickel oxide, which is much larger
than Ni. Because it is larger, the increase in size during the
oxidation process causes the fuel cell structure to fracture,
with various layers being pushed up and aside, thus causing
fractures in the stack. This also causes the nickel anode to
delaminate from YSZ due to the different thermal expansion
of NiO and YSZ.

In addition, when exposed to hydrocarbon fuel at a steam-
to-carbon ratio lower than 2-3, a nickel-based anode pro-
motes carbon deposition on its surface, which is believed to
block electrocatalytically active sites, causing the adverse
loss of anode activity. Carbon has also been shown to
mechanically destroy the functionality of the anode, and thus
of the fuel cell as a whole.

Another requirement of steady operation of a fuel cell
having a nickel-based anode is removal of sulfur-bearing
impurities from the fuel, such as, for example, removal of
H,S, which is frequently present in hydrocarbon fuels. Even
H,S levels as low as 1-2 parts per million (ppm) detrimentally
affectthe SOFC performance by forming nickel sulfide scales
on the anode, which is eventually followed by disintegration
of'the anode. While Ni-Y'SZ anode is satisfactory for conven-
tional SOFCs operating under carefully controlled conditions
as described above, advanced SOFC designs require the
development of anode materials having improved properties,
such as, for example, tolerance of highly oxidizing environ-
ments and/or the capability of utilizing hydrocarbon fuels
without carbon deposition and/or resistance to sulfur fouling.

In view of the above background, it is apparent that there is
a continuing need for further developments in the field of
SOFC technology. In particular, there is a need for further
advancement in the development of alternative anode mate-
rials having suitable properties for use in advanced SOFC
designs. There is also a need for further advancement in the
development of other alternative electrochemical devices,
such as, for example, electrolyzers, electrochemical sensors
and the like. The present invention addresses these needs, and
further provides related advantages.

SUMMARY OF THE INVENTION

Accordingly, it is one object of this invention to provide
novel oxide electrode materials suitable for use in solid oxide
fuel cells and other electrochemical devices with solid oxide
electrolytes.

It is another object of this invention to provide electro-
chemical devices with solid oxide electrolytes and their
assemblies that include electrode materials provided by the
present invention.

It is another object of the invention to provide novel meth-
ods for making and using oxide electrodes.

These and other objects are achieved by the present inven-
tion, which provides cerium-modified doped strontium titan-
ate materials suitable for use in solid oxide fuel cells and other
electrochemical devices.

The present invention also provides solid oxide fuel cells,
solid oxide fuel cell assemblies and other electrochemical
devices that include cerium-modified doped strontium titan-
ate materials provided by the present invention.

The present invention also provides novel methods for
making and using the cerium-modified doped strontium titan-
ate materials.

Further forms, embodiments, objects, features, and aspects
of the present invention shall become apparent from the
description contained herein.
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4
BRIEF DESCRIPTION OF THE FIGURES

Although the characteristic features of this invention will
be particularly pointed out in the claims, the invention itself,
and the manner in which it may be made and used, may be
better understood by referring to the following description
taken in connection with the accompanying figures forming a
part hereof.

FIG. 1 depicts a general schematic diagram showing the
function of a solid oxide fuel cell.

FIG. 2 is a schematic diagram of an embodiment of a fuel
cell in accordance with the invention.

FIG. 3 is a schematic diagram of an embodiment of an
electrochemical device of the invention.

FIG. 4 is a plot showing X-ray diffraction patterns of
La, ,Sr, sTiO;, Lag 5581, 451105, and La, ,Sr, ;TiO; pow-
ders calcined in air.

FIG. 5 is a plot showing X-ray diffraction patterns of
Lag 5551, 51105 and cerium-modified La, 5551, ¢ TiO; pow-
ders (y=20 at. %) calcined in air at 1600° C.

FIG. 6 depicts a side sectional view of the configuration of
a three-electrode cell as described in the Examples for use in
anode polarization studies.

FIG. 7 depicts a side sectional view showing a two-elec-
trode cell geometry for the studies described in the Examples.

FIG. 8 is a plot showing the effect of oxygen partial pres-
sure (pO,) on electrical conductivity of cerium-modified
Lag 5551, 651105 (y=0to 80 at. %) sintered in air. T=1000° C.

FIG. 9 is a plot showing the electrical conductivity of
La,Sr, Ti0; (x=0.1-0.4) sintered in hydrogen while heating
to 1000° C. in 4% hydrogen in argon buffered with CO,,
which corresponds to pO,=10"'% atm at 1000° C.

FIG. 10 is a plot showing the electrical conductivity of
Lag, 5Sr, ;TiO; (sintered in hydrogen) in 4% hydrogen in
argon buffered with CO, (pO,<107*) at 500° C. after repeated
oxidation-reduction cycles (exposure to air and returning to
p0,=107*° atm).

FIG. 11 is a plot showing the linear thermal expansion,
AL/L,, of La,Sr, 4TiO; (x=0.1-0.4) and cerium-modified
Lag 5551, 651105 (y=0 to 80 at. %) sintered in air, NiO-YSZ
(dotted line), and YSZ (solid line) measured in stagnant air
with a ramping rate of 2° C./min.

FIG. 12 is a plot showing the effect of oxygen partial
pressure (pO,) on relative expansion (AL/L,) of Lay
Sr; 4110, (x=0.1-0.4) and cerium-modified La, ;551 ¢
TiO; (y=0 to 80 at. %) sintered in air. T=1000° C. Measure-
ments started in air and finished at pO,=10""% atm.

FIG. 13 is a plot showing the effect of reduction-oxidation
cycling on relative expansion of La, ,Sr, ;TiO; sintered in
hydrogen and heated to 1000° C. in 4% hydrogen in argon.
Area I corresponds to pO,=107"® atm, area II corresponds to
pO,=0.21 atm.

FIG. 14 depicts a complex impedance spectrum obtained
on a La, ,Sr, ;TiO; electrode at T=850° C. in H,/H,O=
97/3 vs. Pt/air. Frequencies are marked.

FIG. 15 is a plot showing I-V curves obtained for
Lag 5551, 651105 (1), Lag 5551, 65 Ti05+5 w t% Ni (2) and
Ni-YSZ cermet anodes (3) at T=850° C., H,/H,0=97/3, and
a flow rate of 100 cm*/min.

FIG. 16 depicts a complex impedance spectrum obtained
ona cerium-modified La, ;5Sr, sTi0; (y=20 at. %) electrode
at T=850° C. in H,/H,0=97/3 vs. Pt/air. Frequencies are
marked.

FIG. 17 is a plot showing the effect of temperature on the
area specific polarization resistance of the cerium-modified
Lag 5551, 651105 (y=20 at. %) anode in H,/H,0=97/3 vs.
Pt/air.
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FIG. 18 is a plot showing the variation of the terminal
voltage (1, 3) and power density (2, 4) for 160 um electrolyte-
supported cells with doped cobaltite-based cathodes and
cerium-modified La, 5551, sTiO; (y=20 at. %) (1,2) or Ni-
YSZ (3,4) anodes as a function of the current density. T=800°
C. Fuel is H,/H,0=97/3, an oxidant is air.

FIG. 19 is a plot showing the variation of the terminal
voltage (1, 3, 5) and power densities (2, 4, 6) of the 160 pm
electrolyte-supported cell with doped ferrite cathode and
cerium-modified Lag ;5Sr, 451105 (y=20 at. %) anode as a
function of the current density at T=800° C. Fuel is H, (1, 2),
CH, (3, 4) and CO (5, 6) at fuel/N,/H,0=48.5/48.5/3. An
oxidant is air.

FIG. 20 is a plot showing the performance of the 160 um
electrolyte-supported cell with doped ferrite cathode and
cerium-modified La, 5551, (s Ti0; (y=15 at. %) anode at
T=800° C. in wet hydrogen or wet hydrogen with added H,S.
Cell is either loaded (V=0.5 Volt) or left at the open-circuit
voltage (OCV). Balance gas is nitrogen, oxidant is air.

FIG. 21 depicts complex impedance spectra obtained on a
cerium-modified La, 5581, csTiO; (y=20 at. %) electrode at
T=750° C. vs. Pt/air in H,/H,O/N,=77/3/20 (triangles, 1) and
in H,/H,O/N,=77/3/20 with 6 ppm H,S (diamonds, 2). Fre-
quencies are marked.

FIG. 22 is a plot showing Arrhenius plots for the area
specific  polarization resistance of cerium-modified
Lag 5551, 651105 (y=20 at. %) anodes consisted of the attri-
tion milled and as-calcined powders in H,/H,0=97/3 vs.
Pt/air.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

For the purpose of promoting an understanding of the
principles of the invention, reference will now be made to
preferred embodiments and specific language will be used to
describe the same. It will nevertheless be understood that no
limitation of the scope of the invention is thereby intended.
Any alterations and further modifications in the described
embodiments, and any further applications of the principles
of the invention as described herein are contemplated as
would normally occur to one skilled in the art to which the
invention relates.

The present invention provides novel compositions that
find advantageous use in making oxide electrode materials for
solid oxide electrochemical devices such as, for example,
electrodes for electrolyzers, electrodes for electrochemical
sensors and anodes for solid oxide fuel cells. The invention
also provides novel methods for making electrodes for elec-
trochemical devices and electrochemical devices and assem-
blies having electrodes comprising inventive compositions.
The invention is described herein primarily by reference to
solid oxide fuel cell (SOFC) technology, and a variety of
examples are provided herein showing advantageous features
and characteristics of the invention in relation to SOFC tech-
nology; however, it is not intended that the invention be
limited to use in connection with SOFC devices.

It is well known to a person of ordinary skill in the relevant
field that a SOFC can have a wide variety of configurations,
including, for example and without limitation, a planar (also
referred to as “flat plate”) configuration, a tubular configura-
tion and a corrugated configuration. It is to be understood that
SOFC anode materials provided by the present invention can
be advantageously used in a wide variety of SOFC configu-
rations, and such are within the scope of the invention.

In one aspect, the invention provides a cerium-modified
doped strontium titanate composition for use as an anode
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material for a SOFC. The cerium-modified doped strontium
titanate anode composition comprises a perovskite crystal
structure that includes at least an A-site dopant, and which is
modified by the incorporation of cerium therein to provide a
cerium-modified doped strontium titanate. The term
“dopant” as used herein refers to a substance that is included
in the chemical structure of the strontium titanate perovskite.
As used herein, the term “cerium-modified” is intended to
mean that the doped strontium titanate composition has
cerium included therein in some form. While it is notintended
that the invention be limited by any theory whereby it
achieves its advantageous result, it is believed that the cerium
is incorporated into the composition either (1) as a B-site
dopant, wherein cerium atoms replace titanium atoms in the
“B-site” of the perovskite crystal structure, (2) as cerium
oxide or compounds of cerium oxide in a separate phase,
thereby forming a composite including a cerium oxide phase
and a perovskite structure phase, or (3) as a combination of (1)
and (2), in which some of the cerium enters the perovskite
crystal structure as a B-site dopant and some of the cerium
forms a separate phase as a cerium oxide or compounds of
cerium oxide phase. Based upon the results of performed
laboratory work, it is believed that item (3) above best
describes the manner in which cerium is incorporated into the
doped strontium titanate; however, it is not intended that the
invention be limited by this theory. For purposes of describing
the present invention, the term “cerium-modified doped
strontium titanate” is intended to encompass doped strontium
titanate compositions modified by the addition of cerium
irrespective of the location of the cerium in the composition.

For purposes of describing the invention, the amount of
cerium included in an inventive composition is described in
terms of atomic percent (at. %), which is designated herein by
the variable “y”. The term “atomic percent” as used herein
refers to the atomic ratio of cerium in the composition to
titanium atoms present in the composition. As described in
the Examples, inventive compositions can be made by gly-
cine/nitrate combustion method, or can alternatively be made
using other methods as would occur to a person of ordinary
skill in the art, such as, for example, the Pechini method. The
present invention also contemplates the modification of a
doped or undoped strontium titanate with a mixture of cerium
and one or more transition metals, such as, for example,
nickel, cobalt, copper, chromium or iron.

With respect to the possible incorporation of some or all of
the cerium into the perovskite structure as a B-site dopant, the
perovskite crystal structure of an A-site and B-site-doped
perovskite is represented by the general formula:

ASrTi, B0,

(referred to herein as “Formula 17), where each of x and z is
avalue between zero and one. In Formula 1, A caninclude, for
example, an A-site dopant selected from the group consisting
of lanthanum, scandium, yttrium and combinations thereof.
To the extent that cerium is present as a B-site dopant in an
inventive composition, B comprises cerium, a combination of
cerium with any one or more of nickel, cobalt, copper, chro-
mium or iron or a combination of cerium with one or more
other dopants. A person of ordinary skill in the art will appre-
ciate that, in a composition in which the B-site dopant is
cerium, the perovskite structure of the composition can be
represented by the formula:

A8, Ti;_Ce0;

(referred to herein as “Formula 2). A person of ordinary skill
in the art will also understand that the relative amounts of A



US 7,670,711 B2

7

and B as dopants in a strontium titanate perovskite structure is
limited by the “solubility” of the dopants in the crystal struc-
ture. In certain embodiments, ‘“x” in Formula 1 and Formula
2 is a nonzero valueup to about 0.4 and each of “z” in Formula
1 and “y” in Formula 2 is a value up to about 0.8. One or both
of the A-site dopant and the B-site dopant in a doped stron-
tium titanate perovskite composition can be a mixture of a
plurality of suitable dopant materials. For example, where the
perovskite composition includes a mixture of two A-site
dopants and a mixture of two B-site dopants, the composition
comprises a perovskite crystal structure that can be repre-
sented by the general formula:

A A" STy Ty o BLB0,

(referred to herein as “Formula 3”), where A' and A" are
different A-site dopants in the composition and B'and B" are
different B-site dopants in the composition. In this formula,
the sum of x' and x" is a value between zero and 1 and the sum
of'z' and z" is a value between zero and one. It is of course not
intended that the invention be limited to compositions having
one or two A-site and/or B-site dopants. Rather, Formula 3 is
provided as a non-limiting example of a composition includ-
ing multiple A-site and B-site dopants.

With respect to the formation of a separate phase including
some or all of the cerium, a composition including at least an
oxide phase and a perovskite structure phase is contemplated.
Inamulti-phase composite composition, an oxide phase com-
prising cerium oxide or compound and possibly other oxides
is present, in addition to the perovskite crystal structure. It is,
of course, not intended that the invention be limited to the
location of the cerium in the compositions, and it is contem-
plated that the cerium may be present in an inventive compo-
sition as a B-site dopant, as a separate oxide phase or as a
combination thereof, as stated above.

In one embodiment of the invention, wherein a cerium-
modified doped strontium titanate material is formed using a
mixture of cerium and one or more transition metals, at least
about 5% of the mixture is cerium. In another embodiment, at
least about 25% of the mixture is cerium. In yet another
embodiment, at least about 50% of the mixture is cerium. In
still another embodiment, at least about 75% of the mixture is
cerium. Cerium-modified doped strontium titanate composi-
tions of a wide variety of formulas in accordance with the
invention can be made by providing a mixture, preferably a
homogenous mixture, of cerium and one or more transition
metals or other dopants for making a strontium titanate com-
position as described herein.

In one preferred embodiment of the invention, a cerium-
modified doped strontium titanate composition is provided in
which the cerium content is at least about 2 atomic percent (at.
%). In another embodiment, the cerium content is from about
2 to about 50 at. %. In still another embodiment, the cerium
content is at least about 5 at. %. One preferred composition in
accordance with the invention is a cerium-modified lantha-
num-doped strontium titanate. In one embodiment, lantha-
num dopant is present in the perovskite crystal structure in an
amount up to about 40 at. % (wherein “at. %” for lanthanum,
or other A-site dopant, is defined as the atomic ratio of lan-
thanum in the composition to strontium atoms present in the
composition) and cerium is present in an amount up to about
80 at. %. In another embodiment of the invention, lanthanum
is present in an amount up to about 40 at. % and cerium is
present in an amount up to about 50 at. %. In another embodi-
ment, lanthanum is present in an amount from about 10 at. %
to about 40 at. % and cerium is present in an amount from
about 10 at. % to about 20 at. %. In yet another embodiment,
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lanthanum is present in an amount of about 35 at. % and
cerium is present in an amount up to about 80 at. %. In still
another embodiment, lanthanum is present in an amount of
about 35 at. % and cerium is present in an amount of about 10
at. %. In yet another embodiment, lanthanum is present in an
amount of about 35 at. % and cerium is present in an amount
of'about 20 at. %. Scandium and yttrium can also be used as
the A-site dopant, either alone or together with lanthanum.

In a further embodiment of the invention, a cerium-modi-
fied strontium titanate composition is provided that has ther-
mal expansion characteristics that correspond to thermal
expansion characteristics of a preselected solid oxide electro-
lyte material, such as, for example, a doped zirconia, a doped
ceria, a doped lanthanum gallate or a doped bismuth oxide. In
one embodiment, a cerium-modified strontium titanate com-
position is provided that has a coefficient of thermal expan-
sion of from about 8x107° to about 13x107°K~". In another
embodiment, a cerium-modified strontium titanate composi-
tion is provided that has a coefficient of thermal expansion of
from about 9x107° to about 11.5x107% K~*. In yet another
embodiment, a cerium-modified strontium titanate composi-
tion is provided that has a coefficient of thermal expansion of
from about 9.5x107% to about 11x107¢ K~*.

In another embodiment of the invention, a cerium-modi-
fied strontium titanate composition is provided that has a
polarization resistance at 850° C. of no greater than about 10
Qcm?. In another embodiment, a composition is provided
that has a polarization resistance at 850° C. of no greater than
about 5 Qcm?. In another embodiment, the composition has a
polarization resistance at 700° C. of no greater than about 10
Qcm?. In another embodiment, the composition has a polar-
ization resistance at 700° C. of no greater than about 5 Qcm?.
In a preferred embodiment, the composition exhibits a polar-
ization resistance at 850° C. of about 0.2 Qcm?® and a polar-
ization resistance at 700° C. of about 1.3 Qcm? in wet hydro-
gen versus Pt/air.

In another embodiment, a cerium-modified strontium
titanate composition is provided that is characterized in that
performance of the composition as an anode material for a
solid oxide fuel cell does not vary more than about 5% for at
least 200 hours under at least one condition selected from the
group consisting of (1) a plurality of intermittent oxidation-
reduction cycles, (2) a plurality of thermal cycles, (3) inter-
mittent exposure to hydrogen sulfide, and (4) exposure to
gaseous hydrocarbons. In another embodiment, performance
of'the composition as an anode material for a solid oxide fuel
cell does not vary more than about 2% for at least 200 hours
under at least one of these conditions. In still another embodi-
ment, performance of the composition as an anode material
for a solid oxide fuel cell does not vary more than about 1%
for at least 200 hours under at least one of these conditions.
For purposes of determining variations in performance as an
anode material for a solid oxide fuel cell, it is understood that
performance measurements are taken under like conditions.
Thus, for purposes of determining a composition’s ability to
withstand oxidation-reduction cycles, thermal cycles, hydro-
gen sulfide exposure, exposure to gaseous hydrocarbons and
the like, it is understood that performance measurements are
taken under like conditions before and after periods of such
cycles or exposure.

A cerium-modified doped strontium titanate material can
be made in accordance with the invention by glycine/nitrate
combustion method from a combination of ingredients, as is
well within the purview of a person of ordinary skill in the art.
For example, when making a cerium-modified lanthanum-
doped strontium titanate material, nitrates of Sr, Ce, LLa, and a
Ti-containing compound can be mixed in predetermined pro-
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portions with, for example, glycine and combusted to produce
a powder comprising the cerium-modified lanthanum-doped
strontium titanate. As an alternative to the glycine/nitrate
combustion method, it is also contemplated that inventive
compositions can be made using a “solid state reaction
method” from starting materials in oxide or salt form at high
temperature. As another example, inventive compositions can
be made using the Pechini method, as described in U.S. Pat.
No. 3,330,697. In this method, oxides and nitrates are com-
plexed in an aqueous solution with citric acid and heated with
ethylene glycol. It is, of course, understood that these meth-
ods are provided solely as examples of ways to make inven-
tive compositions, and it is not intended that the invention be
limited thereby. A person of ordinary skill in the art will also
appreciate that, to the extent that cerium is present in the
material as an oxide phase, the oxide phase can be prepared
separately from a doped or undoped strontium titanate mate-
rial, and then mixed in a finely-divided form with the stron-
tium titanate material. In this respect, it is preferred that the
materials are well mixed to provide a mixture having a high
degree of chemical homogeneity.

A cerium-modified doped strontium titanate material made
or selected in accordance with the invention can be formed
into a solid oxide fuel cell anode or an electrode for other
types of electrochemical devices. A doped strontium titanate
solid oxide fuel cell anode can be made in accordance with
one aspect of the invention by providing an electrolyte sub-
strate and applying to the electrolyte substrate an anode layer
comprising a composition selected in accordance with the
invention. A fuel cell made in such a manner is referred to as
an “electrolyte-supported” cell. The cell also includes a cath-
ode layer positioned in contact with the electrolyte layer
opposite the anode layer. The cathode layer can be applied to
the electrolyte layer either before or after the anode layer is
applied. It is also recognized that the cathode layer can pro-
vide the support substrate in some manufacturing protocols
for making fuel cells according to some designs. In such a
protocol, electrolyte layer is applied to a cathode substrate,
and then an anode layer is applied to the electrolyte/cathode
component adjacent the electrolyte layer. Such an embodi-
ment is referred to herein as a “cathode-supported cell.” In
other embodiments, particularly in methods for making fuel
cells having a tubular construction, a porous inert substrate
can be provided upon which each of the cathode, electrolyte
and anode layers is sequentially applied.

When the cerium-modified doped strontium titanate mate-
rial is made by the glycine/nitrate combustion method, the
SOFC anode is made by calcining the cerium-modified doped
strontium titanate material to provide a calcined material and
mixing the calcined product with a binder to provide an anode
ink. In one embodiment, the calcined material is ground
before it is mixed with the binder. For example, the calcined
material can be ground to an average particle size of up to
about 2 microns. Alternatively, an average particle size of up
to about 0.5 microns is used. The grinding can be accom-
plished by attrition milling. In one embodiment, the grinding
is achieved by powder milling the calcined mixture with
media at about 500 to about 600 rpm in a 3-roll mill to an
average particle size of no greater than about 0.5 microns to
provide an intermediate product; drying the intermediate
product; and passing the intermediate product through a
screen to provide the ground product. The screen can have a
mesh size of, for example, from about 200 to about 400 mesh.
In a preferred method, the screen has a mesh size of about 325
mesh. The anode ink is then applied to a solid oxide electro-
lyte component and sintered to provide a SOFC anode. As
stated above, a cathode layer can be applied to the opposite

20

25

30

35

40

45

50

55

60

65

10

side of the solid oxide electrolyte either before of after appli-
cation and sintering of the anode ink. The fuel cell thus has a
three-layer configuration as shown schematically in FIG. 2, in
which fuel cell 100 includes electrolyte layer 110, anode layer
120 and cathode layer 130.

A wide variety of binders can be selected for use in accor-
dance with the invention to make an anode ink, many of which
are available commercially. In one embodiment of the inven-
tion, the binder is a screen-printing binder, such as, for
example, BX-18, which is commercially available from Ferro
Corporation. When a screen-printing binder is used, the
anode ink can be conveniently applied to a solid oxide elec-
trolyte component by a screen printing process. Screen print-
ing processes, and equipment that can be used therefore, are
well known in the art. It is, of course, not intended that the
invention be limited to screen-printing applications. In other
embodiments, the anode ink can be applied to a solid oxide
electrolyte component by painting, spraying, dip coating,
spattering or sedimentation. In addition, the anode ink can be
provided in a variety of alternative forms, including, for
example, as slurries, liquid suspensions, pastes and others.

Sintering the anode ink can be performed in air, in an inert
gas or in a reducing environment. In one embodiment, the
sintering is performed at a temperature of from about 850° C.
to about 1300° C. In one aspect of the present invention, the
sintering the anode ink is carried out in a reducing environ-
ment. Itis well within the purview of a person of ordinary skill
in the art to select and use a wide variety of reducing gases to
provide the reducing environment. In one embodiment, the
reducing environment comprises hydrogen or an inert gas and
hydrogen. Ifthe reducing environment comprises an inert gas
and hydrogen, the hydrogen preferably has a concentration of
from about 2 to about 100 vol %. In one embodiment, the inert
gas comprises argon. It is of course not intended that the
invention be limited to these exemplary gases, and it is well
within the purview of a person of ordinary skill in the art to
select other gases suitable for providing the reducing atmo-
sphere.

In one embodiment, a layer of cerium-modified doped
strontium titanate material in a fuel cell in accordance with
the invention has a thickness of at least 3 microns. In another
embodiment, the layer of cerium-modified doped strontium
titanate material has a thickness of at least about 5 microns. In
yet another embodiment, the layer of cerium-modified doped
strontium titanate material has a thickness of at least about 10
microns. When forming an electrolyte-supported, cathode-
supported or inert material-supported cell, the layer of
cerium-modified doped strontium titanate material can
advantageously have a thickness of from about 10 to about 50
microns.

In alternative embodiments of the invention, a doped stron-
tium titanate solid oxide fuel cell can be made by first pro-
viding an anode substrate and then applying an electrolyte
layer to the anode substrate. A fuel cell made in such a manner
is referred to as an “anode-supported” cell. As one example, a
fuel cell can be formed from the cerium-modified doped
strontium titanate material prepared or selected in accordance
with the invention by forming a “free-standing” anode from
the material, applying a solid oxide layer to the anode sub-
strate and then applying a cathode layer to the solid oxide
layer, such as, for example, by screen printing or other depo-
sition technique to provide an anode-electrolyte-cathode fuel
cell. In one embodiment, the material is ground before form-
ing the anode. For example, the material is ground in one
embodiment to an average particle size of about 2 microns or
less. In another embodiment, the material is ground to an
average particle size of about 0.5 microns or less. In other
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embodiments, larger particle sizes, or mixtures of relatively
fine and relatively course particles are used.

In this manner of making an electrochemical cell, an anode
substrate is independently formed, for example, by tape cast-
ing, tape calendering or other method that would occur to a
person of ordinary skill in the art, and an electrolyte layer is
applied to the anode substrate, such as, for example, by paint-
ing, spraying, dip coating, sputtering or sedimentation. With
respect to anode-supported cell embodiments, in one embodi-
ment, the anode layer has a thickness of at least about 50
microns. In yet another embodiment, the anode layer has a
thickness of from about 50 microns to about I mm. The
electrolyte layer can have a wide variety of thicknesses, rang-
ing, for example, from about 1 micron to about 500 microns.
In one preferred embodiment, the electrolyte layer has a
thickness of from about 1 to about 20 microns.

In one aspect of the invention, therefore, there is provided
an integral solid oxide fuel cell for electrochemically reacting
a fuel gas with an oxidant gas at an elevated temperature to
produce a DC output voltage. The solid oxide fuel cell
includes a layer of ceramic ion conducting electrolyte defin-
ing first and second opposing surfaces; a conductive anode
layer in contact with the first surface of the electrolyte layer;
and a conductive cathode layer in contact with the second
surface of the electrolyte layer. The anode layer comprises a
cerium-modified doped strontium titanate anode material
selected in accordance with the present invention. In one
embodiment, the cerium-modified doped strontium titanate
anode material forms essentially the entire anode layer.

In other embodiments, the anode can include a combina-
tion of an inventive cerium-modified doped strontium titanate
anode material and another material, such as, for example, an
additional conducting material or the like. In one embodi-
ment, the respective materials are formed into discreet sub-
layers to form the anode layer. For example, the anode can be
formed by placing a sublayer of cerium-modified doped
strontium titanate anode material adjacent a solid oxide elec-
trolyte and then forming a second sublayer of a second mate-
rial over the cerium-modified doped strontium titanate anode
material. Alternatively, the anode can be formed by applying
the second material adjacent the solid oxide electrolyte and
then applying the cerium-modified doped strontium titanate
anode material thereover. In another embodiment, the anode
layer comprises a substantially homogenous mixture of a
cerium-modified doped strontium titanate material made or
selected in accordance with the invention and a finely-divided
form of another material, such as, for example, a conductive
material.

In one embodiment, the cerium-modified doped strontium
titanate material comprises at least about 75% of the anode,
measured by thickness, by volume percent or by mass per-
cent. In another embodiment, the cerium-modified doped
strontium titanate material comprises at least about 50% of
the anode. In yet another embodiment, the cerium-modified
doped strontium titanate material comprises at least about
25% of the anode. In certain preferred embodiments, the
cerium-modified doped strontium titanate material is in direct
contact with the electrolyte.

In one embodiment of the invention, the cerium-modified
doped strontium titanate has thermal expansion characteris-
tics that correspond to thermal expansion characteristics of
the electrolyte layer. In another embodiment, the cerium-
modified doped strontium titanate has a coefficient of thermal
expansion of from about 8x107° to about 13x107° K~*.

The fuel cell having an anode comprising a cerium-modi-
fied doped strontium titanate material selected in accordance
with the invention can have a wide variety of configurations,
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including, for example and without limitation, a planar fuel
cell, atubular fuel cell or a corrugated fuel cell. As a person of
ordinary skill in the art will appreciate, with respect to planar
SOFC designs, multiple electrochemical cells are typically
positioned adjacent one another in series to form a stack. For
example, planar solid oxide fuel cell stacks typically com-
prise a plurality of stacked cathode-electrode-anode-inter-
connect repeat units with an electrical interconnect between
the cathode and the anode of adjacent cells. The fuel cell
assembly also includes ducts or manifolding to conduct the
fuel and oxidant into and out of the stack. Channels for gas
flow, either in a cross-flow or a co-flow or a counterflow
configuration, are usually incorporated into the cathode,
anode and/or interconnect. Further information pertaining to
various configurations that can advantageously be used in
connection with the present invention is provided in copend-
ing U.S. patent application filed Apr. 26, 2002 entitled
MULTI-LAYER SEAL FOR ELECTROCHEMICAL
DEVICES, which is hereby incorporated herein by reference
in its entirety.

With respect to tubular SOFC designs, conventional tubu-
lar SOFCs typically include an interior ceramic air electrode,
or cathode, in the form of a porous tube made of doped
lanthanum manganite. Some tubular SOFC designs also
include a porous support tube on the interior of the cathode,
which provides structural support for the tubular fuel cell, and
also provides a substrate upon which other layers of the cell
can be deposited during cell fabrication. The outer surface of
the air electrode is mostly covered by a solid electrolyte
material, typically made of YSZ. The outer surface of the
solid electrolyte is covered by a cermet fuel electrode, or
anode. In use of a tubular SOFC device, air or oxygen is
caused to flow through the center of the tube and a gaseous
fuel is caused to contact the anode on the outside of the tube.

It is, of course, understood that there are many design
possibilities for fuel cells within these and other categories.
Examples of different configurations are provided, for
example, in U.S. Pat. No. 5,993,986 to Wallin et al., U.S. Pat.
No. 6,106,967 to Virkar et al., U.S. Pat. No. 5,238,754 to
Yasuo et al., U.S. Pat. No. 4,997,726 to Akiyama et al., U.S.
Pat. No. 4,761,349 to McPheeters et al., U.S. Pat. No. 5,827,
620 to Kendall, U.S. Pat. No. 6,248,468 to Ruka et al., U.S.
Pat. No. 5,258,240 to Di Croce et al., U.S. Pat. No. 5,932,146
to Kuo et al. and U.S. Pat. No. 4,849,254 to Spengler et al.,
each of which is hereby incorporated by reference herein. It
is, of course, not intended that the invention be limited to
these exemplary configurations. The present invention con-
templates the use of inventive anode materials in all such fuel
cell configurations now known or later developed, without
limitation to particulars of the design. In a preferred embodi-
ment, the fuel cell is a planar fuel cell. In one aspect of the
invention, depicted schematically in FIG. 3, an inventive fuel
cell is incorporated in a fuel cell assembly 200 that includes a
plurality of solid oxide fuel cells 240,250, 260,270, 280, 290.
The individual cells are separated by seals 245, 255, 265, 275,
285, 295 and potentially one or more additional structures
(not shown), such as, for example, conductive interconnects,
gas flow components and the like. One embodiment of the
invention is a solid oxide fuel cell assembly for electrochemi-
cally reacting a fuel gas with a flowing oxidant gas at an
elevated temperature to produce a DC output voltage, the
assembly including a plurality of integral fuel cell units 240,
250,260, 270, 280, 290, wherein each unit comprises a layer
of ceramic ion conducting electrolyte disposed between and
in contact with a conductive anode layer and a conductive
cathode layer as described above, and wherein at least one
unit includes a conductive anode layer comprising an inven-
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tive anode material as described herein. The assembly also
preferably includes a system for passing a gaseous fuel in
contact with said anode layers and passing an oxidizing gas in
contact with said cathode layers (not shown); and a system for
utilizing electrical energy produced by said fuel cells (not
shown).

Reference will now be made to specific examples illustrat-
ing various preferred embodiments of the invention as
described above. It is to be understood, however, that the
examples are provided to illustrate preferred embodiments
and that no limitation to the scope of the invention is intended
thereby.

EXAMPLE ONE
General Experimental Set-Up

For use in the experiments reported herein, cerium-modi-
fied doped strontium titanate powders were prepared from
mixed nitrate solutions by a glycine/nitrate combustion pro-
cess using a stoichiometric fuel/oxidant ratio, and powder
calcination at 1000-1400° C. (i.e., for about 2 hours). After
that phase compositions were analyzed by a X-ray powder
diffraction method. A single-phase cubic perovskite structure
similar to undoped SrTiO; was confirmed for all powders
without cerium, FIG. 4. For those powders where x was close
to the solubility limit, second perovskite structure with
orthorhombic symmetry was also determined. No phase
change was observed after annealing all the compositions at
1650° C. either in air or in 2% hydrogen in argon.

For the cerium-modified powders, a phase other than a
perovskite structure was observed, mostly a cubic fluorite-
like CeO,, FIG. 5, which amount increased as the atomic
percent of cerium added increased. Modification with cerium
was also accompanied by an increase in the cell parameters of
the perovskite-type structure from 3.910t0 3.917, which indi-
cates possible cerium incorporation into the perovskite struc-
ture. The cell parameters of the second phase were also
changed in respect to pure CeO, (FIG. 5) indicating ceria
doping with another oxide or, most likely, a mixture of La and
Sr oxides. At y>0.5, the presence of a SrCeQj; perovskite and
Sr,TiO, spinel was also detected. At the same time, TEM,
backscatter SEM, EDS and EDX analyses performed on the
anodes sintered at 1000° C. did not reveal any other than a
perovskite phase.

After that the powders were attrition milled to reduce the
average particle size to less than 0.5 um. The attrition milling
procedure included powder milling with media for 5 minutes
at 550 rpm, sampling and checking the particle size. If the
average particle size was larger than desired, the powder was
attrition milled until the desired particle size was reached.
After that, the powder was removed from the mill, dried, and
passed through a 325 mesh screen. Electrode inks were pre-
pared by mixing the powder with a commercial binder in a
3-roll mill. Electrode inks were used to construct test cells as
discussed in greater detail below.

Two types of cells were constructed and employed in the
methods described herein, one having a two-electrode con-
figuration, and another having a three-electrode configura-
tion. In the three-electrode configuration, as depicted in FI1G.
6, the potential is measured between the doped titanate elec-
trode 20 and a non-polarizable reference electrode 22, to
determine the specific anode polarization loss, i.e., anode
overpotential, by two complimentary techniques—DC cur-
rent interrupt and AC impedance spectroscopy. Three-elec-
trode cells were based on a dense 3 mm-thick 8 mole %
Y,0;-stabilized ZrO, (Tosoh) cylindrical pellet 24 isostati-
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cally pressed and sintered at 1400° C. in air. Each pellet had
a 1 mm diameter bore 26 in the center on one side with
platinum point reference electrode 22 placed into it. A plati-
num paste auxiliary electrode 28 was screen-printed in a
circular pattern on the same side of pellet 24. Anode ink 20
was screen-printed symmetrically on the opposite side of the
YSZ pellet and sintered at 850-1200° C. in air.

The two-electrode configuration, as depicted in FIG. 7, was
used to assess the performance of fuel cells with anodes
comprising the various anode compositions as described
below. In the two-electrode configuration, the anode 30 and a
strontium-doped lanthanum ferrite cathode or strontium-
doped lanthanum cobaltite cathode 32 were symmetrically
screen-printed on the opposite sides of the dense 160 um-
thick 8 mole % Y,O;-stabilized ZrO, (DKK, sintered at
1400° C.) electrolyte disc 34 and sintered in air to form the
10-20 um-thick porous layers. To prevent the electrolyte 34
from iron or cobalt diffusion on the cathode side at elevated
sintering temperatures (typically 950-1200° C. for the present
examples unless specified otherwise) and improve the bond-
ing to the electrolyte 34, a 2-5 um barrier layer of 10 mole %
samaria-doped ceria (not shown) was deposited on the YSZ
electrolyte 34 prior to the cathode 32 and fired at 1200° C.
Platinum paste grids (not shown) were deposited onto the
each electrode 30, 32 to ensure proper current collection by
spring-loaded four-terminal Pt current collecting wires 36,
37, 38, 39. None of the Pt layers were pre-sintered; their
sintering was carried out in the experimental setup.

Each cell was mounted between two vertical alumina tubes
40, 41 and isolated from the environment by sealing with gold
rings 42, 43. The cell apparatus also included an electric
furnace and a potentiostat. After the device was heated to
850-900° C. in air, hydrogen was introduced into the anode
compartment to reduce the anode. The opposite side of the
cell was supplied with air. The proximity (typically around 10
mV) of the electrode potential at zero current, i.e., open-
circuit potential, to the thermodynamic potential expected
under the experimental conditions was treated as an indica-
tion of good sealing in the set-up.

Experiments were performed at atmospheric pressure in
the temperature range 550-900° C. The temperature was
monitored by two thermocouples placed at the opposite sides
of the YSZ disc. A mixture of hydrogen and nitrogen or
methane and nitrogen saturated with water at room tempera-
ture (pH,O of about 3 kPa) prior to the reactor inlet was used
as a fuel gas. The hydrogen partial pressure, pH,, was varied
from 2 to 97 kPa, the methane partial pressure, pCH,,, and the
carbon monoxide partial pressure, pCO, was varied from 2 to
50 kPa. The gas flow was measured with mass flow control-
lers. The flow rate was varied from 20 to 200 cm>/min. Hydro-
gen sulfide was added to the fuel gas from a 190 ppm mixture
with nitrogen in certain experiments.

Electrochemical measurements were carried out using a
Solartron 1280 frequency response analyzer in combination
with a Solartron 1286 electrochemical interface over a fre-
quency range from 10 pHz to 100 kHz. Complex impedance
spectra and current-overpotential curves were acquired while
altering the temperature, fuel gas partial pressures, and a gas
flow rate. The electrode polarization resistance, R ,, related to
the anode processes was determined either as the difference
between the low-frequency and high-frequency intercepts on
the X-axis on impedance spectra, or a slope of the current-
overpotential curve. Since both methods resulted in almost
identical values, no further distinction in methods used was
made.

For other experimental procedures, powders were isostati-
cally pressed into bars and sintered in air under empirically
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determined conditions, 1600-1650° C. for 8 hours, to obtain
the maximum density of the samples. Also, some samples
were sintered at 1650° C. for 8 hours under reducing condi-
tions (i.e., 2% hydrogen in argon). Sintered bars were cut to
produce dilatometry and electrical conductivity specimens.
Depending on the sample composition, 75-92% of the theo-
retical density were attained. Conductivity specimens were
wrapped with four platinum wires (referred to herein as “Pt
wires”), which were held in place by small notches cut on the
sample surfaces. The electrical conductivity was measured by
a standard AC four-probe conductivity technique in oxidizing
and reducing atmospheres. Reducing atmospheres were pro-
vided using a hydrogen/carbon dioxide buffered gas system.
Thermal expansion and chemical expansion characteristics,
i.e., dimensional changes due to changes in the ambient pO,,
were studied in a Unitherm 1161 dilatometer as a function of
temperature and oxygen partial pressure. Dimensional
changes were monitored in the pO, range 1-107*® atm at
1000° C. and 1-1072? atm at 800° C.

EXAMPLE TWO

Properties of Doped Strontium Titanates with and
without Cerium Modification

Electrical Characteristics

The electrical conductivity, o, of La,Sr, ;TiO; samples
(both cerium-modified and unmodified) was determined as a
function of the temperature, the gas environment, dopant
amount, cerium amount and sintering conditions, FIGS. 8-10.
All these factors were established to affect the electrical char-
acteristics of La,Sr, yTiO; samples (both cerium-modified
and unmodified). It was also observed that the initial conduc-
tivity of La,Sr, ,TiO; samples (both cerium-modified and
unmodified) was strongly dependent on the pO, during
sample sintering, i.e., the degree of reduction.

FIG. 8 shows the oxygen partial pressure effect on electri-
cal conductivity of cerium-modified La,Sr, ,TiO; samples
sintered in air (various samples have various atomic ratios of
cerium to pre-modification titanium. Atomic ratios are pro-
vided in terms of atomic percent, or “y”. For this experiment,
“y” ranged from O to 80 atomic percent, which is also repre-
sented by the values 0-0.8, respectively). It is seen that for all
compositions, the electrical conductivity, o, increases with
lowering pO?. It increased with an A-site dopant amount x
increase (not shown) and is only slightly affected by varying
y when y<0.5. Higher cerium amounts (0.5<y<0.8) decrease
conductivity compared to that with y=0, most likely due to
formation of an excess of a lower-conducting ceria second
phase.

For the samples sintered in a reducing environment at the
same temperature of 1650° C., an electrical conductivity on
the order of 400-5,000 S/cm was exhibited at room tempera-
ture both in air and in hydrogen. Such conductivity values are
comparable with those of metals. When La,Sr, ,TiO;
samples were heated in 4% hydrogen in argon, the electrical
conductivity decreased with increasing temperature and pO?,
indicating a positive temperature coefficient of resistance (a
metallic-type behavior), FIG. 9. Under the experimental con-
ditions typical for those of SOFC anode operation, e.g.,
T=700-1000° C., 107°<p0,<1072° atm, the titanates sin-
tered in hydrogen exhibited a conductivity of 100-500 S/cm.

While the electrical conductivity of La,Sr, TiO; sintered
in air was completely reversible after reduction-oxidation
cycling at 1000° C., that of the specimens sintered in hydro-
gen decreased irreversibly after the oxidation. As an example,
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the conductivity of La, ;Sr, ,TiO; sintered in hydrogen at
1650° C. after 14 reduction-oxidation cycles is shown in FIG.
10. The first point on FIG. 10 corresponds to the conductivity
of a fully reduced sample heated in hydrogen to 500° C. The
second point corresponds to conductivity measured at
p0O,=107% atm after overnight oxidation followed by reduc-
tion at 500° C. The following conductivity values were mea-
sured after brief (10-45 min) oxidations of La, 5Sr, ,TiO;
followed by a return to the reducing conditions (pO,=107°
atm). Even after 14 redox cycles at 500° C., the conductivity
of the pre-reduced La, ;Sr,, ,TiO; is still impressively high
for the oxide material, ca. 300 S/cm and is sufficient for the
material to be advantageously used as an electrode.

Thermal and Chemical Expansion

The thermal expansion behavior of La,Sr, ;TiO; (x=0.1-
0.4) and cerium-modified La, ;5Sr, (sTiO; (y=0-0.8) sin-
tered in air is shown in FIGS. 11-12. For comparison, the
thermal expansion of 8 mole % yttria-doped zirconia and a
NiO-YSZ cermet are plotted as well. It is seen that, compared
to a conventional nickel-based anode, the lanthanum-doped
strontium titanates offer a better thermal expansion match to
YSZ with the cerium-modified materials being the most
favorable. The average thermal expansion coefficients (TEC)
calculated in the temperature range 50-1000° C. were
between 11-12x107% K~! for La-doped SrTiO, and 9.5-10x
107! K~! for Ce-modified La,Sr, ,TiO;.

It is essential for the SOFC stack integrity that an anode
material does not expand or contract significantly when
exposed to a wide variation in pO,. Therefore, the effect of
oxygen partial pressure on the dimensional stability of
La,Sr; ;,Ti0; (x=0.1-0.4) at T=1000° C. was studied. As
given in FIG. 12, for ceritum-modified La,Sr, , TiO; sintered
in air, the measurements began in air and finished at pO,=
107'% It is seen that a relative expansion, AL/L,, less
than 0.1% was observed for all of the cerium-modified
La,Sr,_4Ti0; compositions with the only exception of y=0.8.
An expansion of less than 0.1% is believed to be acceptable
for the materials used in SOFCs.

For La,Sr, ,TiO, compositions sintered in hydrogen the
measurements were performed in the inverse order, from
p0O,=107'® to the air. It was observed that rapid thermal
cycling of a La,Sr, ,TiO; specimen, which can be consid-
ered as a simulation of rapid thermal cycling of an SOFC
system where the anode is not protected by supplying a reduc-
ing gas during heat-up and cool-down, did not affect the
sample dimensions. As an example, FIG. 13 shows that a
La, 4Sr, 1105 sample sintered in a reducing environment
was heated to 1000° C. in 4% hydrogen in argon. After that, it
was exposed to air while being rapidly cooled to 250° C. and
heated up to 1000° C. (simulating an unprotected thermal
cycle). When the temperature reached 1000° C., the
Lag, 4Sr, 1105 sample was again exposed to 4% hydrogen in
argon (simulating SOFC operation). As seen in FIG. 13,
AL/L, at 1000° C. after two redox cycles was unchanged
compared to that before the redox cycling. The only dimen-
sional changes observed were those associated with thermal
expansion.

Electrocatalytic Properties

A typical complex impedance spectrum obtained on a lan-
thanum doped strontium titanate anode in wet hydrogen at
850° C. at the open-circuit potential is illustrated in FIG. 14.
All impedance spectra given herein are corrected for the
ohmic drop in the YSZ electrolyte pellet between the working
electrode and the reference electrode and, therefore, moved to
the origin. The ohmic drop was defined from the high-fre-
quency intercept on the X-axis and was typically around 3 Q.
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As seen in FIG. 14, the polarization resistance of the
La, ,Sr, sTiO; anode at 850° C. in wet hydrogen is 44 Qcm?.
This steady state value was achieved in about 3 hours after the
anode exposure to the wet hydrogen and is almost four times
higher than the initial one obtained almost instantaneously
after turning the fuel gas on. A similar trend was observed for
the La, 5551, ¢sTiO; anode and the corresponding steady
state value is given in Table 1. Even higher polarization resis-
tance values were obtained on the doped strontium titanate
anodes of the formula La Sr, ,TiO; (A=La, Y; x=0.1-0.3)
under the identical experimental conditions. Such high polar-
ization resistances attest to the poor electrocatalytic activity
of A-site doped strontium titanates towards hydrogen, possi-
bly due to weak hydrogen chemisorption.

FIG. 15 illustrates the effect of a catalyst addition to the
lanthanum doped titanate electrode with respect its activity
for the fuel oxidation. Curve 1 corresponds to the
Lag 5551, 45 1105 anode obtained in wet hydrogen at 850° C.
Curve 3 is a standard Ni-YSZ cermet anode under the similar
conditions. It is seen that Ni-YSZ anode exhibits almost three
orders of magnitude greater performance hydrogen oxidation
than Lag;5Sr, 45110;. Curve 2 corresponds to a
Lag 5551, 451105 anode with 5 wt % Ni added (by impregna-
tion with nickel nitrate followed, at first, by calcination in air
and then reduction of NiO to Ni in hydrogen). It is seen that
only 5 wt % of nickel significantly improve the
Lag 5551, 45 1105 anode performance. The polarization resis-
tance value of Ni

La, 5551, 45110, anode is listed in Table 1. Thus, infiltra-
tion of nickel nitrate solution into the sintered porous oxide
anode followed by reduction or physical mixing of La Sr,
TiO; with an appropriate catalyst for the fuel oxidation (e.g.,
metal nickel or others) results in remarkable improvement in
the ceramic anode performance.

TABLE 1

Area specific polarization resistances, R, of the lanthanum doped
strontium titanates (including unmodified, cerium-modified and
transition metal-modified samples) obtained at 850° C. in
H,/H,0 = 97/3 vs. Pt/air. The sintering temperature of
anodes on YSZ is 1000° C.

} R,
Composition Qcm?
Lag 3581 651103 52
Lag 481661103 44
(5 wt. % Ni)-Lag 4810 ¢TiO3 1.0
Nickel-modified Lag 35810 65 TiO3 (20 at. %) 48
Cobalt-modified Lag 3551, 5 TiO5 (20 at. %) 39
Copper-modified Lag 3551 651105 (20 at. %) 60
Chromium-modified Lag 3551 651103 (20 at. %) 47
Iron-modified Lag 35514 651105 (20 at. %) 21
Cerium-modified Lag, 3581 45T105 (5 at. %) 1.5
Cerium-modified Lag 35510 65 1103 (10 at. %) 0.4
Cerium-modified Lag 35510 65 1103 (15 at. %) 0.3
Cerium-modified Lag 35514 65 1103 (20 at. %) 0.2
Cerium-modified Lag 35814 65Ti05 (50 at. %) 3.6

Itis also seen in Table 1 that cerium modification dramati-
cally increases the electrocatalytic activity of the lanthanum-
doped titanate towards hydrogen, and a polarization resis-
tance of 0.2 Qcm? for a cerium-modified La, St 4sTiO,
(y=20 at. %) anode is obtained at 850° C. This value is
comparable to that of the standard Ni-YSZ and surpasses
other oxide-based anodes developed to date. A typical com-
plex impedance spectrum obtained on a cerium-modified
Lag 5551, 45 1105 (y=20 at. %) anode in wet hydrogen is given
in FIG. 16.
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Temperature effect on the area specific polarization resis-
tance of a cerium-modified La, ;5Sr, csTiO; (y=20 at. %)
sample in wet hydrogen at the equilibrium electrode potential
is summarized in an Arrhenius type plot in FIG. 17. Decreas-
ing temperature from 850 to 700° C. results in concomitant
increasing the R, to 1.3 Qcm?. Such a value of the polariza-
tion resistance for the ceramic material is acceptable for use in
a variety of electrochemical devices. It is important that no
degradation in cerium-modified Lag, 5581, 451105 (y=10-20
at. %) anode performance with time (over 100 hours tested)
was observed.

Effect of the cerium amount on the lanthanum-doped titan-
ate anode properties was studied and the results are given in
Table 1. It is seen that 10-20 at. % of the cerium was seen to
be optimum in these experiments.

EXAMPLE THREE

properties of Lanthanum-Doped Strontium Titanates
Including Transition metals as B-Site Dopants

Another set of experiments was directed to modifying
La,Sr, , TiO; with various transition metals, Ni, Co, Fe, Cr,
and Cu, to produce transition metal-modified La,Sr, , TiO;,
where x=0.1-0.4.

20 at % nickel-modified, copper-modified, iron-modified,
chromium-modified and cobalt-modified lanthanum-doped
strontium titanate powders, La Sr,  TiO;, where x=0.1-0.4,
were prepared by glycine/nitrate combustion methods as
described above. After calcination at 1200° C. for 2 h, pow-
ders were attrition milled to reduce the average particle size to
less than 0.5 um, and electrode inks were prepared by mixing
the powder with a commercial binder in a 3-roll mill as
described above. As determined by X-ray powder diffraction,
all metal-modified La, 5581, 51105 (with metal added at 20
at. % and where the metal is Ni, Cu, Fe, Cr and Co, respec-
tively) showed a single-phase cubic perovskite structure simi-
lar to undoped SrTiO;.

As seen in Table 1, B-site doping of the La Sr, TiO,
perovskite with various transition metals affects the anode
performance. The polarization resistance values range from
21 to 60 Qcm?. Thus, depending on the transition-metal
choice it is possible to improve the La,_ Sr, TiO; anode per-
formance, at least, by a factor of two (e.g., in case of Fe).

EXAMPLE FOUR

Performances of Solid Oxide Fuel Cells with
Cerium-Modified Lanthanum-Doped Strontium
Titanate Anodes

FIG. 18 presents performances of 160 um-thick electro-
lyte-supported cells with doped ferrite cathode and either
cerium-modified La, 581, ;s TiO; (y=20at. %) (curves 1 and
3), or standard Ni-YSZ cermet anodes (curves 2 and 4) at 800°
C. It is seen that at 0.7 Volt the cell with the cerium-modified
Lag 5551, 651105 (y=20 at. %) anode generates a power den-
sity of 350 mW/cm?. All other factors being equal, the cell
with the Ni-YSZ anode generates 220 mW/cm?. Thus, the
cerium-modified La, 5581, csTi0; (y=20 at. %) anode is
shown here to exhibit performance in hydrogen comparable
to or exceeding that of state-of-the-art Ni-based cermet. No
degradation in performance of cells with cerium-modified
Lag 5551, 651105 (y=10-20 at. %) anodes was traced over the
maximum tested time of 200 hours.
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Effect of Alternative Fuels on Anode Performance

FIG. 19 illustrates performance of the electrolyte-sup-
ported cell with the cerium-modified La, 55Sr, 45 T10; (y=20
at. %) anode at 800° C. in three different fuels—hydrogen,
methane and carbon monoxide. It is seen that the activity of
the cerium-modified modified La, 55Sr, 45 Ti0; (y=20 at. %)
decreases from hydrogen to CH, and CO. While it is not
intended that the present invention be limited by any theory
whereby it achieves its advantageous result, it is contem-
plated that the ability of the cell to produce electrical energy
from methane and carbon monoxide fuels is due to either
direct electrochemical oxidation of methane and carbon mon-
oxide, or steam reforming of methane and the gas-shift reac-
tion to hydrogen followed by electrochemical oxidation of
hydrogen. It is most notable that after expositing the cerium-
modified doped strontium titanate anodes to such high car-
bon-to-water ratios for over 48 hours, no carbon deposition
was detected using an optical microscope, and no perfor-
mance degradation was detected. This is in stark contrast to
the nickel-based anodes.

Effect of Oxidation-Reduction Cycles on Anode Perfor-
mance

Effect of the oxidation-reduction tolerance of the cerium-
modified La, 551, ;sTiO; anode was studied at 800-850° C.
After obtaining cell current-voltage characteristics in wet
hydrogen, the fuel was turned off and the anode was blown
with air for 0.5-12 hours. Anode oxidation was monitored by
a cell potential drop to 0 Volt vs. air. When the hydrogen fuel
was fed to the anode, the cell voltage increased to about 1.1
Volt indicating the reducing environment and anode reduc-
tion. After that another current-voltage curve was obtained.
Comparing two curves (before and after the oxidation-reduc-
tion cycles) did not reveal any deterioration in cell perfor-
mance. Thus, the cerium-modified doped titanate-based
anode did not undergo any chemical and microstructural
changes upon reduction-oxidation cycling. It is important to
note that less than 0.06% relative expansion is observed for
cerium-modified La, ,Sr, (TiO, (y=20 at. %) upon exposing
to a highly reducing atmosphere (pO,=10"'°kPa) at 1000° C.
These characteristics make the subject materials excellent
candidates use in an SOFC stack assembly. Furthermore, the
average thermal expansion coefficients of 9.5x107° K=* cal-
culated in the temperature range 100-1000° C. are favorably
in a good match with that of YSZ (10x107% K~'), which
alleviates potential problems associated with anode sintering
on'YSZ and frequent thermal cycling.

Effect of Hydrogen Sulfide on Anode Performance

Cerium-modified La, 555t 4sTiO; anode endurance to
sulfur was verified by both a full cell (FIG. 20) and a half-cell
(FIG. 21) test. As given in FIG. 20, 12 ppm hydrogen sulfide
was introduced into the fuel gas, while drawing a current at
V=0.5 Volts. As seen, no sulfur poisoning occurred after 30
hours of cell operating in this fuel gas. After that the hydrogen
sulfide amount was increased to 26 ppm, and the cell was left,
at first, also at V=0.5 Volt and then at the open-circuit voltage
to total time in H,S-containing atmosphere of over 70 hours.
During that time the anode was exposed to 190 ppm H,S in
nitrogen (with no hydrogen added) for about 10 minutes.
When hydrogen again was supplied to the anode, the cell
performance returned to the initial value. Thus, it is seen that
the cerium-modified La, 5551, 4sTiO; anode is tolerant (at
least, for the time tested) to the presence of up to 190 ppm H,S
in the fuel gas. Additionally, FIG. 21 illustrates the impedance
spectra of the cerium-modified La, ;5Sr, sTiO; anode
obtained in wet hydrogen before and during H,S added. As
seen, both spectra coincide indicating no poisoning the anode
with sulfur.
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EXAMPLE FIVE

Prophetic Example

Anode Compositions Including a Combination of
Cerium and One or More Transition Metals as B-Site
Dopant

Alternative anode material compositions are made as
described herein by modification of La, 55Sr, 451105 with a
mixture comprising a combination of cerium and one or more
transition metals, including Ni, Co, Fe, Cr, and Cu, to produce
cerium-modified and transition-metal-modified La Sr, .
TiO;. Modified lanthanum-doped strontium titanate powders
(x=0.1-0.4) are prepared by glycine/nitrate combustion
method, as described above. After powder calcination at
1200° C. for 2 h, powders are attrition milled to reduce the
average particle size to less than 0.5 um., and electrode inks
are prepared by mixing the powder with a commercial binder
in a 3-roll mill as described above. In one example, the mix-
ture includes at least about S mole % cerium and up to 95 mole
% of one or more transition metals.

EXAMPLE SIX

Processing Anode Material Powders by Attrition
Milling

The present inventors have also established that the initial
powder processing of an anode material after calcining
affects the anode performance. Up to a 4-fold increase in
performance was achieved by using attrition milling to
modify the particle size distribution (i.e., break up agglom-
erates and reduce average particle size), and, possibly, to
achieve greater dispersion and homogenization of the cerium-
containing phase, as shown in FIG. 22. At 700° C. in wet
hydrogen a polarization resistance of 1.3 Qcm?® was obtained.

While the invention has been illustrated and described in
detail in the drawings and foregoing description, the same is
to be considered as illustrative and not restrictive in character,
it being understood that only selected embodiments have
been shown and described and that all changes, equivalents,
and modifications that come within the spirit of the invention
described herein or defined by the following claims are
desired to be protected. Any experiments, experimental
examples, or experimental results provided herein are
intended to be illustrative of the present invention and should
not be considered limiting or restrictive with regard to the
invention scope. Further, any theory, mechanism of opera-
tion, or finding stated herein is meant to further enhance
understanding of the present invention and is not intended to
limit the present invention in any way to such theory, mecha-
nism or finding. All publications, patents, and patent applica-
tions cited in this specification are herein incorporated by
reference as if each individual publication, patent, or patent
application were specifically and individually indicated to be
incorporated by reference and set forth in its entirety herein.

What is claimed is:

1. An electrode for an electrochemical device, the electrode
comprising a cerium-modified doped strontium titanate
material, the material including an A-site dopant selected
from the group consisting of lanthanum, scandium, yttrium
and combinations thereof; and wherein cerium is present in
the cerium-modified doped strontium titanate material in an
amount of at least about 2 atomic percent.

2. The electrode in accordance with claim 1 wherein the
electrochemical device is selected from the group consisting



US 7,670,711 B2

21

of a solid oxide fuel cell, an electrolyzer, an electrochemical
pump and an electrochemical sensor.

3. The electrode in accordance with claim 1 wherein the
cerium is present in the cerium-modified doped strontium
titanate material in an amount of from about 2 atomic percent
to about 50 atomic percent.

4. The electrode in accordance with claim 1 wherein the
cerium is present in the cerium-modified doped strontium
titanate material in an amount of at least about 5 atomic
percent.

5. The electrode in accordance with claim 1 wherein the
A-site dopant comprises lanthanum.

6. The electrode in accordance with claim 1 wherein the
A-site dopant is present in the cerium-modified doped stron-
tium titanate material in an amount up to about 40 atomic
percent; and wherein cerium is present in the cerium-modi-
fied doped strontium titanate material in an amount up to
about 50 atomic percent.

7. The electrode in accordance with claim 1 wherein the
A-site dopant comprises lanthanum; and wherein lanthanum
is present in the cerium-modified doped strontium titanate
material in an amount of from about 10 atomic percent to
about 40 atomic percent.

8. The electrode in accordance with claim 7 wherein lan-
thanum is present in the cerium-modified doped strontium
titanate material in an amount of from about 10 atomic per-
cent to about 40 atomic percent and cerium is present in the
cerium-modified doped strontium titanate material in an
amount of from about 10 atomic percent to about 20 atomic
percent.

9. The electrode in accordance with claim 8 wherein lan-
thanum is present in the cerium-modified doped strontium
titanate material in an amount of about 35 atomic percent.

10. The electrode in accordance with claim 9 wherein
cerium is present in the cerium-modified doped strontium
titanate material in an amount of about 10 atomic percent.

11. The electrode in accordance with claim 9 wherein
cerium is present in the cerium-modified doped strontium
titanate material in an amount of about 20 atomic percent.

12. The electrode in accordance with claim 1 wherein
lanthanum is present in the cerium-modified doped strontium
titanate material in an amount of from about 10 atomic per-
cent to about 40 atomic percent and cerium is present in the
cerium-modified doped strontium titanate material in an
amount of up to about 80 atomic percent.

13. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material further
includes at least one member selected from the group con-
sisting of nickel, cobalt, copper, chromium and iron.

14. The electrode in accordance with claim 1 wherein the
doped strontium titanate has thermal expansion characteris-
tics that correspond to thermal expansion characteristics of a
preselected solid oxide material.

15. The electrode in accordance with claim 14 wherein the
preselected solid oxide material is selected from the group
consisting of a doped zirconia, a doped ceria, a doped lantha-
num gallate and a doped bismuth oxide.

16. The electrode in accordance with claim 1 wherein the
doped strontium titanate has a coefficient of thermal expan-
sion of from about 8x107° to about 13x10~°K~".

17. The electrode in accordance with claim 1 wherein said
electrode exhibits a polarization resistance of about 0.2 Qcm?
at 850° C.

18. The electrode in accordance with claim 1 wherein said
electrode exhibits a polarization resistance of about 1.3 Qcm?
at 700° C.
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19. The electrode in accordance with claim 1 wherein
performance characteristics of the electrode do not vary more
than about 5% for at least 200 hours under at least one con-
dition selected from the group consisting of (1) a plurality of
oxidation-reduction cycles, (2) a plurality of intermittent
thermal cycles, (3) exposure to hydrogen sulfide and (4) expo-
sure to gaseous carbon.

20. The electrode in accordance with claim 1 wherein
performance characteristics of the electrode do not vary more
than 2% for at least 200 hours under at least one condition
selected from the group consisting of (1) a plurality of oxi-
dation-reduction cycles, (2) a plurality of intermittent thermal
cycles, (3) exposure to hydrogen sulfide and (4) exposure to
gaseous carbon.

21. The electrode in accordance with claim 1 wherein
performance characteristics of the electrode do not vary more
than 1% for at least 200 hours under at least one condition
selected from the group consisting of (1) a plurality of oxi-
dation-reduction cycles, (2) a plurality of intermittent thermal
cycles, (3) exposure to hydrogen sulfide and (4) exposure to
gaseous carbon.

22. The electrode in accordance with claim 1 wherein
performance characteristics of the electrode do not vary more
than 0.5% for at least 200 hours under at least one of the
conditions.

23. The electrode in accordance with claim 1 wherein said
cerium-modified doped strontium titanate material is in con-
tact with a ceramic ion conducting electrolyte.

24. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material is in con-
tact with an electrolyte layer.

25. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of at least 3 microns.

26. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of at least about 5 microns.

27. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of at least about 10 microns.

28. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of at least about 40 microns.

29. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of from about 10 to about 50
microns.

30. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of at least about 50 microns.

31. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
a layer having a thickness of from about 50 microns to about
1 mm.

32. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
essentially the entire electrode.

33. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
at least about 25% of electrode.

34. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
at least about 50% of electrode.

35. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material comprises
at least about 75% of electrode.
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36. The electrode in accordance with claim 1 wherein the
electrode comprises a substantially homogenous mixture of a
cerium-modified doped strontium titanate material and a
finely-divided form of a second material.

37. The electrode in accordance with claim 1 wherein the
A-site dopant comprises scandium.

38. The electrode in accordance with claim 1 wherein the
A-site dopant comprises yttrium.

39. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material further
comprises nickel.

40. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material further
comprises cobalt.

41. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material further
comprises copper.

42. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material further
comprises chromium.

43. The electrode in accordance with claim 1 wherein the
cerium-modified doped strontium titanate material further
comprises iron.

44. An anode for a solid oxide fuel cell, the anode com-
prising a cerium-modified doped strontium titanate material,
the material including an A-site dopant selected from the
group consisting of lanthanum, scandium, yttrium and com-
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binations thereof; and wherein cerium is present in the
cerium-modified doped strontium titanate material in an
amount of at least about 2 atomic percent.

45. The anode in accordance with claim 44, wherein the
cerium is present in the cerium-modified doped strontium
titanate material in an amount of from about 2 atomic percent
to about 50 atomic percent.

46. The anode in accordance with claim 44 wherein the
A-site dopant comprises lanthanum.

47. The anode in accordance with claim 44 wherein the
A-site dopant is present in the cerium-modified doped stron-
tium titanate material in an amount up to about 40 atomic
percent; and wherein cerium is present in the cerium-modi-
fied doped strontium titanate material in an amount up to
about 50 atomic percent.

48. The anode in accordance with claim 44 wherein the
cerium is present in the cerium-modified doped strontium
titanate material in an amount of at least about 5 atomic
percent.

49. The anode in accordance with claim 44 wherein the
cerium-modified doped strontium titanate material further
includes at least one member selected from the group con-
sisting of nickel, cobalt, copper, chromium and iron.

50. The anode in accordance with claim 44, wherein the
anode has a porous structure.
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