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(57) ABSTRACT

A fuel cell comprises a plurality of sub-cells, each sub-cell
including a first electrode 1n fluid communication with a
source of oxygen gas, a second electrode 1n fluid communi-
cation with a source of a fuel gas, and a solid electrolyte
between the first electrode and the second electrode. The
sub-cells are connected with each other with an interconnect.
The iterconnect includes a first layer in contact with the first
clectrode of each cell, and a second layer 1n contact with the
second electrode of each cell. The first layer includes a (La,
Mn)Sr-titanate based perovskite represented by the empirical
tormula of La Sr.,_,11,_,Mn O,. In one embodiment, the
second layer includes a (Nb,Y )Sr-titanate perovskite repre-
sented by the empirical formula of Sr;_; 5, o 51.6)Y . Nb, 11
(1-1nO In another embodiment, the interconnect has a thick-
ness of between about 10 um and about 100 um, and the
second layer of the iterconnect includes a (La)Sr-titanate
based perovskite represented by the empirical formula of

St .5, 110,
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CERAMIC INTERCONNECT FOR FUEL
CELL STACKS

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/063,643, filed on Feb. 5, 2008 and
U.S. Provisional Application No. 61/009,003, filed on Dec.
21, 2007. The entire teachings of the above applications are
incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] A fuel cell 1s a device that generates electricity by a
chemical reaction. Among various fuel cells, solid oxide tuel
cells use a hard, ceramic compound of metal (e.g., calctum or
zircontum) oxide as an electrolyte. Typically, i the solid
oxide fuel cells, an oxygen gas, such as O,, 1s reduced to
oxygen ions (O*7) at the cathode, and a fuel gas, such as
hydrogen gas (H,) gas, 1s oxidized with the oxygen 1ons to
form water at the anode.

[0003] Interconnects are one of the critical 1ssues limiting
commercialization of solid oxide fuel cells. Currently, most
companies and researchers working with planar cells are
using coated metal interconnects. While metal interconnects
are relatively easy to fabricate and process, they generally
suifer from high power degradation rates (e.g. 10%/1,000 h)
partly due to formation of metal oxides, such as Cr,O;, at an
interconnect-anode/cathode 1interface during operation.
Ceramic 1nterconnects based on lanthanum chromites (La-
CrO,) have lower degradation rates than metal interconnects
partly due to relatively high thermodynamic stability and low
Cr vapor pressure of LaCrO, compared to Cr,O, formed on
interfaces of the metal interconnects and electrode. However,
lanthanum chromites generally are difficult to fully density
and require high temperatures, such as at or above about
1,600° C., for smtering. Although certain doped lanthanum
chromites, such as strontium-doped and calcium-doped lan-
thanum chromites, can be sintered at lower temperatures, they
tend to be either unstable or reactive with an electrolyte (e.g.,
a zirconia electrolyte) and/or an anode.

[0004] Therefore, there 1s a need for development of new
interconnects for solid oxide fuel cells, addressing one or
more of the alorementioned problems.

SUMMARY OF THE INVENTION

[0005] The mnvention 1s directed to a fuel cell, such as a
solid oxide fuel cell (SOFC), that includes a plurality of
sub-cells and to a method of preparing the fuel cell. Each
sub-cell includes a first electrode in fluid communication with
a source of oxygen gas, a second electrode 1n fluid commu-
nication with a source of a fuel gas, and a solid electrolyte
between the first electrode and the second electrode. The fuel
cell turther includes an interconnect between the sub-cells.
The mterconnect includes a first layer 1n contact with the first
clectrode of each sub-cell, and a second layer in contact with
the second electrode of each sub-cell. The first layer includes
a (La,Mn)Sr-titanate based pertovskite represented by the
empirical formula of La Sr,_ 11, ;Mn O,, wherein X 1s
equal to or greater than zero, and equal to or less than 0.6; y 1s
equal to or greater than 0.2, and equal to or less than 0.8; and
b 1s equal to or greater than 2.5, and equal to or less than 3.5.
In one embodiment, the second layer includes a (Nb,Y )Sr-
titanate based pertovskite represented by the empirical for-
mula of Sr.,_) 5. o speam Y Nb 1110, wherein each of k
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and z independently 1s equal to or greater than zero, and equal
to or less than 0.2; d 1s equal to or greater than 2.5 and equal
to or less than 3.5; and 0 1s equal to or greater than zero, and
equal to or less than 0.03. In another embodiment, the inter-
connect has a thickness of between about 10 um and about
100 um, and the second layer of the interconnect includes a
(Sr)La-titanate based perovskite represented by the empirical
tormula of Sr, _, .5 La, 110, wherein z 1s equal to or greater
than zero, and equal to or less than 0.4; d 1s equal to or greater
than 2.5, and equal to or less than 3.5; and 0 1s equal to or
greater than zero, and equal to or less than 0.03.

[0006] Intheinvention, the first layer of (La,Mn)Sr-titanate
based perovskite, which 1s 1n contact with the first electrode
exposed to an oxygen source, can provide relatively high
sinterability (e.g., sinterability to over 93% of theoretical
density at a temperature lower than about 1,500° C.), stability
in the oxidizing atmosphere and/or electrical conductivity.
The second layer of (Nb,Y )Sr-titanate based perovskite and/
or (La)Sr-titanate based perovskite, which 1s 1in contact with
the second electrode exposed to a fuel source, can provide
high electrical conductivity and stability in the reducing
atmosphere. The (La,Mn)Sr-titanate based perovskite and the
(Nb,Y)Sr-titanate based perovskite materials have similar
thermal expansion coellicients with each other. For example,
Lag ,Sr, <11, ,Mn, (O, has an average thermal expansion
coefficient of 11.9x107° K~ at 30° C.-1,000° C. in air, and
Sty 26 Y o 03 1105 has an average thermal expansion coetlicient
of 11-12x107° K1 at25°C.-1,000° C. in air. Thus, both of the
first layer of (La,Mn)Sr-titanate based perovskite and the
second layer of (Nb,Y)Sr-titanate based perovskite can be
co-sintered at the same time, minimizing process steps.

[0007] In another embodiment, the present invention 1is
directed to a method of forming a fuel cell that includes a
plurality of sub-cells. The method includes connecting each
of the sub-cells with an interconnect. Each sub-cell includes
a first electrode 1 flmd communication with a source of
oxygen gas, a second electrode 1n fluid communication with
a source of a fuel gas, and a solid electrolyte between the first
clectrode and the second electrode. The interconnect includes
a first layer that includes a (LLa,Mn)Sr-titanate-based perovs-
kite represented by the empirical formula of La, Sry,_ 11, _
©Mn, O, wherein x 1s equal to or greater than zero and equal
to or less than 0.6, y 1s equal to or greater than 0.2 and equal
to or less than 0.8, and b 1s equal to or greater than 2.5 and
equal to or less than 3.5. The first layer 1s 1n contact with the
first electrode of each sub-cell. The interconnect also includes
a second layer that includes a (Nb,Y )Sr-titanate-based per-
ovskite represented by the empirical formula ot Sr,_, 5, ¢
si=3)Y Nb; 11, _;,0O,, wherein each of k and z independently
1s equal to or greater than zero and equal to or less than 0.2, d
1s equal to or greater than 2.5 and equal to or less than 3.5, and
0 1s equal to or greater than zero and equal to or less than 0.03.
The second layer 1s 1n contact with the second electrode of
each sub-cell. In one embodiment, the method includes form-
ing at least one component of each sub-cell. In another
embodiment, the method includes forming at least one of the
clectrodes of each sub-cell, and forming the interconnect. In
yet another embodiment, at least one of the electrodes of each
sub-cell 1s formed independently from the formation of the
interconnect, and at least one of the electrodes of each sub-
cell 1s formed together with the formation of the interconnect.
In one embodiment, the first electrode of a first sub-cell of the
plurality of sub-cells 1s formed together with the first and the
second layers of the interconnect, and the formation of the
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first electrode, the first layer and the second layer includes
disposing a second-layer material of the interconnect over the
second electrode of a first sub-cell, disposing a first-layer
material of the mterconnect over the second-layer material,
disposing a first-electrode material of a second sub-cell over
the first-layer, of the interconnect, and heating the materials
such that the first-layer and second-layer materials of the
interconnect form the first and second layers of the intercon-

nect, respectively, and that the first-electrode material forms
the first electrode.

[0008] In another embodiment, the present invention 1is
directed to a method of forming a fuel cell that includes a
plurality of sub-cells, comprising the step of connecting each
of the sub-cells with an interconnect having a thickness of
between about 10 um and about 100 um. Each sub-cell
includes a first electrode in fluid communication with a
source of oxygen gas, a second electrode 1n fluid communi-
cation with a source of a fuel gas, and a solid electrolyte
between the first electrode and the second electrode. The
interconnect includes a first layer that includes a (La,Mn)Sr-
titanate-based perovskite represented by the empirical for-
mula of La Sr,_Ti,_MnO,, wherein x 1s equal to or
greater than zero and equal to or less than 0.6, y 1s equal to or
greater than 0.2 and equal to or less than 0.8, and b 1s equal to
or greater than 2.5 and equal to or less than 3.3. The first layer
1s 1n contact with the first electrode of each sub-cell. The
interconnect also includes a second layer that includes a (LLa)
Sr-titanate based perovskite represented by the empirical for-
mulaotSr,__ s La 110, wherein z1s equal to or greater than
zero and equal to or less than 0.4, d 1s equal to or greater than
2.5 and equal to or less than 3.5, and 0 1s equal to or greater
than zero and equal to or less than 0.05. The second layer 1s in
contact with the second electrode of each sub-cell. In one
embodiment, the method includes forming at least one com-
ponent of each sub-cell. In another embodiment, the method
includes forming at least one of the electrodes of each sub-
cell, and forming the interconnect. In yet another embodi-
ment, at least one of the electrodes of each sub-cell 1s formed
independently from the formation of the interconnect, and at
least one of the electrodes of each sub-cell 1s formed together
with the formation of the interconnect. In one embodiment,
the first electrode of a first sub-cell of the plurality of sub-cells
1s Tormed together with the first and the second layers of the
interconnect, and the formation of the first electrode, the first
layer and the second layer includes disposing a second-layer
material of the interconnect over the second electrode of a
first sub-cell, disposing a first-layer material of the intercon-
nect over the second-layer matenial, disposing a first-elec-
trode material of a second sub-cell over the first-layer of the
interconnect, and heating the materials such that the first-
layer and second-layer maternals of the interconnect form the

first and second layers of the interconnect, respectively, and
that the first-electrode material forms the first electrode.

[0009] This mvention has many advantages. Bi-layer
ceramic interconnects of the mvention meet all the major
requirements for solid oxide tuel cell (SOFC) stack intercon-
nects. (La,Mn)Sr-titanate based perovskite 1s stable and its
clectrical conductivity 1s high 1n an oxidizing atmosphere,
and therefore this material can be used on the air side 1n the
bi-layer ceramic interconnect. (Nb,Y )Sr-titanate based per-
ovskite and (La)Sr-titanate based perovskite 1s stable and 1ts
clectrical conductivity 1s high in a reducing atmosphere, and
therefore this material can be used on the fuel side in the
bi-layer ceramic interconnect. These materials also have the
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advantage that, containing no chromium, they do nothave the
problems associated with lanthanum chromites (LaCrO,).
The present invention can be used in a solid oxide fuel cell
(SOFC) system, particularly in planar SOFC stacks. SOFCs
offer the potential of high efliciency electricity generation,
with low emissions and low noise operation. They are also
seen as offering a favorable combination of electrical effi-
ciency, co-generation etficiency and fuel processing simplic-
ity. One example of a use for SOFCs 1s in a home or other
building. The SOFC can use the same fuel as used to heat the
home, such as natural gas. The SOFC system can run for
extended periods of time to generate electricity to power the
home and 1f excess amounts are generated, the excess can be
sold to the electric grid. Also, the heat generated in the SOFC
system can be used to provide hot water for the home. SOFCs
can be particularly useful in areas where electric service 1s
unreliable or non-existent.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 1s a schematic cross-sectional view of one
embodiment of the invention.

[0011] FIG. 2 1s a schematic diagram of a fuel cell of the
invention in a planar, stacked design.

[0012] FIG. 3 1s a schematic diagram of a fuel cell of the
invention 1n a tubular design.

[0013] FIG. 4 1s a scanning electron microscopic (SEM)

image ol an interconnect of the invention made of La, ,Sr,
611, ,Mn, (O,_5and Sr, .Y, 0: 110,_4 layers.

DETAILED DESCRIPTION OF THE INVENTION

[0014] The foregoing will be apparent from the following
more particular description of example embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawing 1s notnecessarily
to scale, emphasis instead being placed upon illustrating
embodiments of the present invention.

[0015] FIG. 1 shows fuel cell 10 of the mvention. Fuel cell
10 includes a plurality of sub-cells 12. Each sub-cell 12
includes first electrode 14 and second electrode 16. Typically,
first and second electrodes 14 and 16 are porous. In fuel cell
10, first electrode 14 at least in part defines a plurality of first
gas channels 18 in fluid communication with a source of
oxygen gas, such as air. Second electrode 16 at least 1n part
defines a plurality of second gas channels 20 1n fluid commu-
nication with a fuel gas source, such as H, gas or a natural gas
which can be converted into H,, gas 1n s1tu at second electrode

16.

[0016] Although, in FIG. 1, first electrodes 14 and second
clectrodes 16 define a plurality of gas channels 18 and 20,
other types of gas channels, such as a microstructured channel
(e.g., grooved channel) at each of the electrodes or as a sepa-
rate layer 1n fluid communication with the electrode, can also
be used inthe invention. For example, referring to FIG. 2, first
gas channel 18 1s defined at least 1n part by first electrode 14
and by at least 1in part by interconnect 24, and second gas
channel 20 1s defined at least 1n part by second electrode 16
and by at least 1n part by interconnect 24.

[0017] Any suitable cathode materials known 1n the art can
be used for first electrode 14. In one embodiment, first elec-
trode 14 includes a La-manganate (e.g, La, __MnQO,, where a
1s equal to or greater than zero, and equal to or less than 0.1)
or La-ferrite based material. Typically, the La-manganate or
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La-ferrite based materials are doped with one or more suit-
able dopants, such as Sr, Ca, Ba, Mg, N1, Co or Fe. Examples
of doped La-manganate based materials include LaSr-man-
ganates (LSM) (e.g., La,_,Sr,MnO,, where k 1s equal to or
greater than 0.1, and equal to or less than 0.3, (La+Sr)/Mn 1s
in a range ol between about 1.0 and about 0.95 (molar ratio))
and LaCa-manganates (e.g., La,_,Ca,MnQO,, k 1s equal to or
greater than 0.1, and equal to or less than 0.3, (La+Ca)/Mn 1s
in a range ol between about 1.0 and about 0.95 (molar ratio)).
Examples of doped La-ferrite based materials include LaS-
rCo-ferrite (LSCF) (e.g. La,__Sr_Co,_Fe O;, where each of
g and j independently 1s equal to or greater than 0.1, and equal
to or less than 0.4, (La+Sr)/(Fe+Co) 1s 1n a range of between
about 1.0 and about 0.95 (molar rati0)). In one specific
embodiment, first electrode 14 includes at least one of a
LaSr-manganate (LSM) (e.g., La, _,Sr,MnQO,) and a LaSrCo-
territe (LSCF). Common examples include (La, qSry5)s
0sMnO, _ , (0 1s equal to or greater than zero, and equal to or

less than 0.05) and La, 4Sr, .Co, ,Fe, {O;.

[0018] Any suitable anode matenials known in the art can be
used for second electrode 16. In one embodiment, second
clectrode 16 includes anickel (N1) cermet. As used herein, the
phrase “Ni1 cermet” means a ceramic metal composite that
includes Ni, such as about 20 wt %-70 wt % of Ni. Examples
of Ni cermets are materials that include N1 and yttria-stabi-
lized zirconia (YSZ), such as ZrO,, containing about 15 wt %
of Y,0;, and matenials that include N1 and Y-zirconia or
Sc-zirconia. An additional example of anode matenals

include Cu-cerium oxide. Specific examples of Ni cermet
include 67 wt % N1 and 33 wt % YSZ, and 33 wt % N1 and 67

wt % YSZ.

[0019] Typically, the thickness of each of first and second
clectrodes 14 and 16 1s independently 1s in a range of between
about 0.5 mm and about 2 mm. Specifically, the thickness of
cach of first and second electrodes 14 and 16 1s, indepen-
dently, 1n a range of between about 1 mm and about 2 mm.

[0020] Solid electrolyte 22 1s between first electrode 14 and
second electrode 16. Any suitable solid electrolytes known 1n

the art can be used in the invention. Examples include ZrO,
based matenials, such as Sc,O,-doped ZrO,, Y,O,-doped

Zr0,, andYb,O;-doped Zr0O,; CeO, based materials, such as
Sm,O;-doped CeO,, Gd,O;-doped CeO,,Y ,0O,-doped CeO,
and CaO-doped CeO,; Ln-gallate based materials (Ln=a lan-
thanide, such as La, Pr, Nd or Sm), such as LaGaO, doped
with Ca, Sr, Ba, Mg, Co, N1, Fe or a mixture thereof (e.g.,
Lag g515 ,Gag sMg .05, Lag §51, ,Ga, (Mg 1500 0503,
La, o1, Ga, (Mg, ,O5, LaSrGaO,, LaSrGa, 0, or La, oA,
1Ga, where A=Sr, Ca or Ba); and mixtures thereof. Other
examples include doped yttrium-zirconate (e.g., YZr,0-),
doped gadolintum-titanate (e.g., Gd,T1,0.) and brownmil-
lerites (e.g., Ba,In,O, or Ba,In,O:). In a specific embodi-
ment, electrolyte 22 includes ZrO., doped with 8 mol %Y ,O,
(1.e., 8 mol % Y ,O,-doped Zr0O,.)

[0021] TTypically, the thickness of solid electrolyte 22 1s1n a
range ol between about 5 um and about 20 um, such as
between about 5 um and about 10 um. Alternatively, the
thickness of solid electrolyte 22 1s thicker than about 100 um
(e.g., between about 100 um and about 500 100 um). In this
embodiment employing solid electrolyte 22 having a thick-
ness greater than about 100 um, solid electrolyte 22 can
provide structural support for fuel cell 10.

[0022] Fuel cell 10 further includes interconnect 24
between sub-cells 12. Interconnect 24 includes first layer 26
in contact with first electrode 14, and second layer 28 1n
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contact with second electrode 16. First layer 26 includes a
(La,Mn)Sr-titanate based perovskite represented by the
empirical formula of La Sr,_ . 11,_,Mn O,, wherein x 1s
equal to or greater than zero, and equal to or less than 0.6; y 1s
equal to or greater than 0.2, and equal to or less than 0.8; and
b 1s equal to or greater than 2.5, and equal to or less than 3.5.
In one specific embodiment, the (La,Mn)Sr-titanate based
perovskite 1s represented by the empirical formula of La,
aSry 611, _\Mn O,, wherein values of x and b are as
described above. Specific examples of suitable (La,Mn)Sr-
titanate based perovskites include La, ,Sr, [ 110,, La, ,Sr,
611, Mn, ,O,, La, ,Sr, 11, Mn, ,Ob and La, ,Sr, 11,
aMn,, cO,. In another specific embodiment, a La, ,Sr, 11, _
oMn O, material 1s employed, and the material has an
clectrical conductivity of between about 20 S/cm and about
25 S/cminair (e.g. about 22.6 S/cm) at about 810° C., and has
an average density equal to or greater than 95% theoretical

density.

[0023] Second layer 28 includes a (Nb,Y )Sr-titanate based
perovskite represented by the empirical formula of Srj, _, 5, _
0.5k+k)Y Nb; 11, ;10,4 or a (La)Sr-titanate based perovskite
represented by the empirical formula ot Sr,__ 5 La Ti0O,,
wherein each of k and z independently 1s equal to or greater
than zero, and equal to or less than 0.4; and d 1s equal to or
greater than 2.5, and equal to or less than 3.5 (e.g., equal to or
greater than 2.9, and equal to or less than 3.2); and 0 1s equal
to or greater than zero, and equal to or less than 0.05. Specific
examples of the (Nb,Y )Sr-titanate based perovskite include
Sty o6 Y o 021105, 5, and Sty 50511, 6oNby 5,05, s (Wherein 0 1s
equal to or greater than zero, and equal to or less than 0.05).
A specific example of the (La)Sr-titanate based perovskites
includes Sr, -La, 131105, 5 (Wherein 0 1s equal to or greater
than zero, and equal to or less than 0.05). In a further specific
embodiment, a St oY 02 11055 OF Sty 605 115 661ND 61055
matenal 1s employed, and has an average density equal to or
greater than 95% theoretical density. In another further spe-
cific embodiment, the Srjg.Y,0:1105,.s and Sryo05115
ooNb, ,,0;.s materials have an electrical conductivity of
about 82 S/cm and 10 S/cm, respectively, 1n a reducing envi-

ronment (oxygen partial pressure of 107"~ atm) at about 800°
C

[0024] As used herein, “perovskite” has the perovskite
structure known in the art. The perovskite structure 1s adopted
by many oxides that have the chemical formula of ABO,. The
general crystal structure 1s a primitive cube with the A-cation
in the center of a unit cell, the B-cation at the corners of the
unit cell, and the anion (i.e., O°") at the centers of each edge
of the unit cell. The 1dealized structure 1s a primitive cube, but
differences 1n ratio between the A and B cations can cause a
number of different so-called distortions, of which tilting 1s
the most common one. As used herein, the term “perovskite,”
with or without other terms in combination therewith (e.g.,
“(La,Mn)Sr-titanate based perovskite, “”(Nb,Y )Sr-titanate
based perovskite,” and “(La)Sr-titanate based perovskite™)
also 1ncludes such distortions. Also, as used herein, the term
“(La,Mn)Sr-titanate based perovskite” means a La- and/or
Mn-substituted SrT10, (Sr-titanate) having the perovskite
structure. In one example, La-substituted, Sr-titanate based
perovskites have the perovskite structure of Sr110, wherein a
portion of the Sr atoms of SrT10, are substituted with La
atoms. In another example, Mn-substituted, Sr-titanate based
perovskites have the perovskite structure of Sr110, wherein a
portion of the T1 atoms of Sr110, are substituted with Mn
atoms. In yet another example, La- and Mn-substituted, Sr-
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titanate based perovskites have the perovskite structure of
Sr110, wherein a portion of the Sr atoms of SrT10, are sub-
stituted with La atoms, and a portion of the T1 atoms of SrT10,
are substituted with Mn atoms. Also, as used herein, the term
“(Nb,Y)Sr-titanate based perovskite” means a Nb- and/or
Y-substituted, SrT10, (Sr-titanate) having the perovskite
structure. In one example, Y-substituted, Sr-titanate based
perovskites have the perovskite structure of Sr110, wherein a
portion of the Sr atoms of Sr110, are substituted with Y
atoms. In another example, Nb-substituted, Sr-titanate based
perovskites have the perovskite structure of Sr110, wherein a
portion of the T1 atoms of SrT10; are substituted with Nb
atoms. In yet another example, Nb- and Y-substituted, Sr-
titanate based perovskites have the perovskite structure of
Sr110; wherein a portion of the Sr atoms of SrT10; are sub-
stituted with Y atoms, and a portion of the T1 atoms of SrT10,

are substituted with Nb atoms. Also, as used herein, the term
“(La)Sr-titanate based perovskite” means La-substituted
Sr110, (Sr-titanate) having the perovskite structure, wherein
a portion of the Sr atoms of SrT10, are substituted with La
atoms. Generally, 1n the (La,Mn)Sr-titanate based perovs-
kites, La and Sr atoms occupy the A-cation sites, while T1 and
Mn atoms occupy the B-cation sites. Generally, 1n the (Nb,
Y )Sr-titanate based perovskites, Sr and Y atoms occupy the
A-cation sites, while T1 and Nb atoms occupy the B-cation
sites. Generally, 1in the (La)Sr-titanate based perovskite, Sr
and La atoms occupy the A-cation sites, while T1 atoms
occupy the B-cation sites.

[0025] In a specific embodiment, first layer 26 includes
La, ,Sr, (11, ,Mn, (O, ., and second layer 28 includes Sr,
86 Y o 52 1105, 5. In another specific embodiment, first layer 26
includes La, ,Sr, (11, .Mn, sO,,, and second layer 28
includes Srj 995115 66Nbg 5,05.5. In yet another specific
embodiment, first layer 26 includes La, ,Sr, (11, ,Mn, O, «
and second layer 28 includes Sr, -La, ;31105 ,5. In these
embodiments, specifically, first electrode 14 includes (La,
28I 5)o 0sMNO; .4 or Laj Sry ,Co, ,Fe, <05, and second
clectrode 16 includes 67 wt % Niand 33 wt % YSZ. In these
embodiments, more specifically, first electrode 14 includes

(Lag Srg 5 )0 0:MnO;5 ., or Lag Sty ,Co, .Fe, s05; second
electrode 16 includes 67 wt % N1 and 33 wt % YSZ; and

clectrolyte 22 includes 8 mol % Y ,O;-doped ZrO.,.

[0026] Typically, the thickness of each of first layer 26 and
second layer 28 15 1n a range ol between about 5 um and about
1000 um. Specifically, the thickness of each of first layer 26
and second layer 28 1s 1n a range of between about 10 um and
about 1000 um. In one specific embodiment, the thickness of
second layer 28 1s about 0.005 to about 0.5 of the total thick-
ness of interconnect 24.

[0027] Interconnect 24 can be in any shape, such as a planar
shape (see FIG. 1) or a microstructured (e.g., grooved) shape
(see FIG. 2). In one specific embodiment, at least one inter-
connect 24 of tuel cell 10 15 substantially planar.

[0028] Inoneembodiment, the thickness of interconnect 24
1s 1n a range of between about 10 um and about 1,000 um.
Alternatively, the thickness of interconnect 24 1s 1n a range of
between about 0.005 mm and about 2.0 mm. In one specific
embodiment, the thickness of interconnect 24 1s 1n a range of
10 um and about 500 um. In another embodiment, the thick-
ness of mterconnect 24 1s 1n a range of 10 um and about 200
um. In yet another embodiment, the thickness of interconnect
24 15 between about 10 um and about 100 um. In yet another
embodiment, the thickness of interconnect 24 1s between
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about 10 um and about 75 um. In yet another embodiment, the
thickness of interconnect 24 1s between about 15 um and
about 65 um.

[0029] In one specific embodiment, first electrode 14 and/
or second electrode 16 has a thickness of between about 0.5
mm and about 2 mm thick; and interconnect 24 has a thick-
ness of between about 10 um and about 200 um, specifically
between about 10 um and about 200 um, and more specifi-
cally between about 10 um and about 100 um.

[0030] In another specific embodiment, second layer 28
includes a SrLa-titanate based perovskite described above;
and interconnect 24 has a thickness of between about 10 um
and about 100 um, specifically between about 10 um and
about 75 um, and more specifically between about 15 um and
about 65 um.

[0031] Inyetanother specific embodiment, at least one cell
12 includes porous first and second electrodes 14 and 16, each
of which 1s between about 0.5 mm and about 2 mm thick;
solid electrolyte 22 has a thickness of between about 5 um and
about 20 um; and 1nterconnect 24 1s substantially planar and
has a thickness of between about 10 um and about 200 um.

[0032] Inyetanother specific embodiment, interconnect 24
1s substantially planar; first layer 26 of interconnect 24
includes Lag 451, 611, _,Mn O, (e.g., x=0, 0.2, 0.4 or 0.6);
and each of first and second electrodes 14 and 16 1s porous.

[0 033] Inyetanother specific embodiment, interconnect 24
1s substantially planar; first layer 26 of interconnect 24
includes Lag 451, 11, _,Mn O, (e.g., x=0, 0.2, 0.4 or 0.6);
and each of first and Second clectrodes 14 and 16 1S POrous;
and first electrode 14 includes a La-manganate or La-ferrite
based material described above, such as La,_,Sr,MnO, or
La,__ Sr CoFe, O; (wherem values of each of k, q and ;
independently are as described above).

[0 034] Invyetanother specific embodiment, interconnect 24
1s substantially planar; first layer 26 of interconnect 24
includes Lag 4Sr, 611, _,Mn, O, (e.g., x=0, 0.2, 0.4 or 0.6);
and each of first and second clectrodes 14 and 16 1s porous;
and first electrode 14 includes a La-manganate or La-ferrite
based material (e.g., La, _,Sr;MnO, or La,__Sr_Co Fe,_O,,
values of each of k, g and  independently are as described
above), and second electrode 16 includes a N1 cermet (e.g., 67
wt % N1 and 33 wt % YSZ). In one aspect of this specific
embodiment, electrolyte 22 includes 8 mol % Y ,O;-doped
710,

[0035] Fuel cell 10 of the invention can include any suitable
number of a plurality of sub-cells 12. In one embodiment, fuel
cell 10 of the mvention 1ncludes at least 30-50 sub-cells 12.
Sub-cells 12 of fuel cell 10 can be connected 1n series or 1n
parallel.

[0036] A fuel cell of the invention can be a planar stacked
tuel cell, as shown 1n FIG. 2. Alternatively, as shown 1n FIG.
3, a fuel cell of the invention can be a tubular fuel cell. Fuel
cells shown 1n FIGS. 2 and 3 independently have the charac-
teristics, including specific variables, as described for fuel
cell 10 shown in FIG. 1 (Tor clarity, details of cell components
are not depicted 1n FIGS. 2 and 3). Typically, 1n the planar
design, as shown 1n FIG. 2, the components are assembled 1n
flat stacks, with air and fuel flowing through channels built
into the interconnect. Typically, 1n the tubular design, as
shown in FI1G. 3, the components are assembled 1n the form of
a hollow tube, with the cell constructed in layers around a
tubular cathode; air flows through the 1nside of the tube and
tuel tflows around the exterior.
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[0037] The mvention also includes a method of forming
tuel cells as described above. The method includes forming a
plurality of sub-cells 12 as described above, and connecting,
cach sub-cell 12 with interconnect 24. Fabrication of sub-
cells 12 and interconnect 24 can employ any suitable tech-
niques known 1n the art. For example, planar stacked fuel cells
of the mnvention can be fabricated by particulate processes or
deposition processes. Tubular fuel cells of the invention can
be fabricated by having the cell components in the form of
thin layers on a porous cylindrical tube, such as calcia-stabi-
lized zirconia.

[0038] TTypically, a suitable particulate process, such as
tape casting or tape calendering, involves compaction of pow-
ders, such as ceramic powders, into fuel cell components
(e.g., electrodes, electrolytes and 1nterconnects) and densifi-
cation at elevated temperatures. For example, suitable powder
materials for electrolytes, electrodes or interconnects of the
invention, are made by solid state reaction of constituent
oxides. Suitable high surface area powders can be precipi-
tated from nitrate and other solutions as a gel product, which
are dried, calcined and comminuted to give crystalline par-
ticles. The deposition processes can involve formation of cell
components on a support by a suitable chemaical or physical
process. Examples of the deposition include chemaical vapor
deposition, plasma spraying and spray pyrolysis.

[0039] In one specific embodiment, interconnect 24 1s pre-
pared by laminating a first-layer material of interconnect 24,
and a second-layer material of interconnect 24, side by side at
a temperature 1n a range of between about 50° C. and about
80° C. with a loading of between about 5 and about 30 tons,
and co-sintered at a temperature 1n a range of 1,300° C. and
about 1,500° C. for a time period suilicient to form 1ntercon-
nect layers having a high theoretical density (e.g., greater than
about 90% theoretical density, or greater than about 93%
theoretical density), to thereby form first layer 26 and second
layer 28, respectively.

[0040] Alternatively, interconnect 24 1s prepared by
sequentially forming first layer 26 and then second layer 28
(or forming second layer 28 and then firstlayer 26). Typically,
cach of the first and second slurries can be sintered at a
temperature in a range of 1,300° C. and about 1,500° C. For
example, the first slurry of La, ,Sr, (11, ,Mn, (Ob 1s sintered
at about 1300° C. 1n air, and the second slurry of Sr, 4.Y,
08T10 , or Sry, 66115 5oNb, 5, O ;15 sintered at about 1400° C.
1n air.

[0041] In the invention, sub-cells 12 are connected via
interconnect 24. In one embodiment, at least one of the elec-
trodes of each sub-cell 12 i1s formed independently from
interconnect 24. Formation of electrodes 14 and 16 of each
sub-cell 12 can be done using any suitable method known 1n
the art, as described above. In one specific embodiment: 1) a
second-layer material of interconnect 24 1s disposed over
second electrode 16 of a first sub-cell; 11) a first-layer material
ol interconnect 24 1s disposed over the second-layer material,
and 111) first electrode 14 of a second sub-cell 1s then disposed
over the first-layer material of interconnect 24. In another
specific embodiment: 1) a first-layer material of interconnect
24 15 disposed over first electrode 14 of a second sub-cell; 1)
a second-layer material of interconnect 24 1s disposed over
the first-layer material of interconnect 24; and 111) second
clectrode 16 of a first sub-cell 1s disposed over the second-
layer material. In these specific embodiments, sintering the
first-layer and second-layer materials forms first layer 26 and
second layer 28 of interconnect 24, respectively.
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[0042] Alternatively, one or more electrodes of sub-cells 12
(e.g., electrode 14 or 16, or electrodes 14 and 16) are formed
together with formation of interconnect 24. In one specific
embodiment, 1) a second-layer material of interconnect 24 1s
disposed over a second-electrode material of a first sub-cell;
11) a first-layer material of interconnect 24 1s then disposed
over the second-layer material; 1) a first-electrode material
ol a second sub-cell 1s disposed over the first-layer of inter-
connect 24; and 1v) heating the matenals such that the first-
layer and second-layer materials of interconnect 24 form first
layer 26 and second layer 28 of interconnect 24, respectively,
and that the first-electrode and second-electrode materials
form first electrode 14 and second electrode 16, respectively.
[0043] In another specific embodiment: 1) a second-layer
material of interconnect 24 1s disposed over second electrode
16 of a first sub-cell; 11) a first-layer material of interconnect
24 1s disposed over the second-layer material; 111) disposing a
first-electrode material of a second sub-cell over the first-
layer of interconnect 24, and 1v) heating the materials such
that the first-layer and second-layer materials of the intercon-
nect form first layer 26 and second layer 28 of interconnect
24, respectively, and that the first-electrode material forms
first electrode 14.

[0044] The fuel cells of the invention, such as SOFCs, can
be portable. Also, the fuel cells of the mvention, such as
SOFCs, can be employed as a source of electricity 1n homes,
for example, to generate hot water.

EXEMPLIFICATION

Example

Bi-layer Interconnect of La, ,Sr, 11, .Mn, (O5_g
(“LSTM”) and Sr, 4 Y 02 1105_5 (“YST)

[0045] A small amount of (La,Mn)Sr-titanate, La, ,Sr,
611, JMn, (O;_g (LSTM), powder (2.0 grams) was added on
the top of (Nb, Y )Sr-titanate, Sty 44Y o 52 1105_5 (YST), pow-
der (1.0 gram). The LSTM/Y ST powders were die-pressed
together using a steel die with a diameter of 1.125 inches at a
load 01 10,000 1bs. The La, ,Sr, (11, .Mn, O;_s powder was
binderized before die-pressing with 0.5 wt % polyethylene
glycol (PEG-400) and 0.7 wt % polyvinyl alcohol (PVA
21205) 1 order to increase the strength of the green body for
handling. The die-pressed LSTM/YST powders with a bi-
layer structure were then co-sintered pressurelessly at 1350°
C. for one hour 1n air. The LSTM/YST bi-layer structure was
cross sectioned, mounted in an epoxy, and polished for SEM
(scanning electron microscope) examination. FIG. 4 shows

an SEM result of the fabricated LSTM/Y ST bi-layer struc-
ture. As shown in FIG. 4, both LSTM and YST materials were
bonded very well to each other, and had a very high density.
The total thickness of the LSTM-YST bi-layer structure was
about 1.20 mm; the thickness of LSTM layer was about 0.72
mm, and the thickness o1 YST layer was about 0.48 mm. The
relative densities of the LSTM layer and the YST layer were
about 98% and about 94%, respectively.

FEQUIVALENT

[0046] While this mvention has been particularly shown
and described with references to example embodiments
thereolf, 1t will be understood by those skilled 1n the art that
various changes 1n form and details may be made therein
without departing from the scope of the mvention encom-
passed by the appended claims.
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What 1s claimed 1s:
1. A fuel cell, comprising:

a) a plurality of sub-cells, each sub-cell including

1) a {irst electrode 1n fluid communication with a source
of oxygen gas,

11) a second electrode 1n fluild communication with a
source of a fuel gas, and

111) a solid electrolyte between the first electrode and the
second electrode; and

b) an interconnect between the sub-cells, the interconnect
including
1) a first layer that includes a (La,Mn)Sr-titanate based
perovskite represented by the empirical formula of
La,Sr.,_, 11,_,Mn O,, wherein
X 1s equal to or greater than zero and equal to or less
than 0.6,

y 1s equal to or greater than 0.2 and equal to or less
than 0.8, and

b 1s equal to or greater than 2.5 and equal to or less
than 3.5,

wherein the first layer 1s 1n contact with the first elec-
trode of each sub-cell, and

11) a second layer that includes a (Nb, Y )Sr-titanate based
perovskite represented by the empirical formula of
STy _1.5z0.5k25) L NPz 11 1O Wherein
cach of k and z independently 1s equal to or greater

than zero and equal to or less than 0.2,

d 1s equal to or greater than 2.5 and equal to or less
than 3.5, and

0 1s equal to or greater than zero and equal to or less
than 0.05,

wherein the second layer 1s in contact with the second
clectrode of each sub-cell.

2. The tuel cell of claim 1, wherein the (La,Mn)Sr-titanate
based perovskite 1s represented by the empirical formula of
Lag 451, 611, _\Mn, O,

3. The fuel cell of claim 1, wherein each of the first and
second electrodes 1s porous.

4. The fuel cell of claim 3, wherein the interconnect 1s
substantially planar.

5. The fuel cell of claim 4, wherein the solid electrolyte
includes at least one material selected from the group con-
s1sting of ZrO, based matenal, CeO, based material and lan-
thanide-gallate based material.

6. The fuel cell of claim 4, wherein the first electrode
includes at least one of a lanthanum strontium manganate
(LSM) based material and a lanthanum strontium cobalt fer-

rite (LSCF) based material.

7. The fuel cell of claim 4, wherein the second electrode
includes a N1 cermet.

8. The fuel cell of claim 4, wherein the thickness of each of
the first and second electrodes of at least one of the cells 1s 1n
a range ol between about 0.5 mm and about 2 mm.

9. The fuel cell of claim 8, wherein the thickness of the
interconnect 1s 1n a range of between about 5 um and about
1,000 pm.

10. The fuel cell of claim 9, wherein the thickness of the
interconnect 1s 1n a range of between about 10 um and about
500 pm.

11. The fuel cell of claim 10, wherein the thickness of the

interconnect 1s 1n a range of between about 10 um and about
200 pm.
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12. The fuel cell of claim 11, wherein the thickness of the
interconnect 1s 1n a range of between about 10 um and about
100 um.

13. A fuel cell, comprising:
a) a plurality of sub-cells, each sub-cell including

1) a first electrode 1n fluid communication with a source
of oxygen gas,

1) a second electrode 1n fluild communication with a
source of a fuel gas, and

111) a solid electrolyte between the first electrode and the
second electrode; and

b) an interconnect between the sub-cells and having a
thickness of between about 10 um and about 100 um, the
interconnect including,

1) a first layer that includes a (La,Mn)Sr-titanate based
perovskite represented by the empirical formula of
LaSr.,_,,11,_MnO,, wherein
X 1s equal to or greater than zero and equal to or less

than 0.6,

y 1s equal to or greater than 0.2 and equal to or less
than 0.8, and

b 1s equal to or greater than 2.5 and equal to or less
than 3.5,

wherein the first layer i1s in contact with the first elec-
trode of each sub-cell; and

1) a second layer that includes a (La)Sr-titanate based
perovskite represented by the empirical formula of
Sty _.sl0a, 110, wherein

7 1s equal to or greater than zero and equal to or less
than 0.4,

d 1s equal to or greater than 2.5 and equal to or less
than 3.5, and

0 1s equal to or greater than zero and equal to or less
than 0.03,

wherein the second layer 1s in contact with the second
electrode of each sub-cell.

14. The fuel cell of claim 13, wherein the (La,Mn)Sr-
titanate-based perovskite 1s represented by the empirical for-
mula of Lag ,Sr, ¢11,_,,Mn, O,

15. The fuel cell of claim 13, wherein each of the first and
second electrodes 1s porous.

16. The fuel cell of claim 15, wherein the interconnect 1s
substantially planar.

17. The fuel cell of claim 16, wherein the solid electrolyte
includes at least one material selected from the group con-
sisting of ZrO, based matenial, CeO,, based material and lan-
thamide-gallate based material.

18. The fuel cell of claim 16, wherein the first electrode
includes at least one of a lanthanum strontium manganate

(LSM) based material and a lanthanum strontium cobalt fer-
rite (LSCF) based material.

19. The fuel cell of claim 16, wherein the second electrode
includes a N1 cermet.

20. The fuel cell of claim 16, wherein the thickness of each
of the first and second electrodes of at least one of the cells 1s
in a range ol between about 0.5 mm and about 2 mm.

21. The fuel cell of claim 20, wherein the thickness of the
interconnect 1s 1n a range of between about 10 um and about
75 um.

22. The fuel cell of claim 21, wherein the thickness of the
interconnect 1s 1n a range of between about 15 um and about

65 um.
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23. A method of forming a fuel cell that includes a plurality
of sub-cells, comprising the step of connecting each of the
sub-cells with an interconnect, wherein each sub-cell
includes:

1) a first electrode 1 fluid communication with a source of

oxXygen gas,

11) a second electrode 1n fluid communication with a source

of a fuel gas, and
111) a solid electrolyte between the first electrode and the
second electrode, and

wherein the interconnect includes

1) a first layer that includes a (La,Mn)Sr-titanate-based

perovskite represented by the empirical formula of

LaSr,_, T1,_,Mn O,, wherein

X 1s equal to or greater than zero and equal to or less than
0.6,

y 1s equal to or greater than 0.2 and equal to or less than
0.8, and

b 1s equal to or greater than 2.4 and equal to or less than
3.3,

wherein the first layer 1s in contact with the first elec-

trode of each sub-cell, and

1) a second layer that includes a (Nb,Y )Sr-titanate-based

perovskite represented by the empirical formula of Sr, _

1.52-0.5k=5) Y Nb, T1,_;,0, wherein

cach of k and z independently 1s equal to or greater than
zero and equal to or less than 0.2,

d 1s equal to or greater than 2.5 and equal to or less than
3.5, and

0 1s equal to or greater than zero and equal to or less than
0.05,

wherein the second layer 1s in contact with the second

clectrode of each sub-cell.

24. The method of claim 23, further including forming at
least one component of each sub-cell.

25. The method of claim 24, further including forming at
least one of the electrodes of each sub-cell, and forming the
interconnect.

26. The method of claim 25, wherein at least one of the
clectrodes of each sub-cell 1s formed independently from the
formation of the interconnect.

27. The method of claim 25, wherein at least one of the
clectrodes of each sub-cell 1s formed together with the for-
mation of the interconnect.

28. The method of claim 26, wherein the first electrode of
a first sub-cell of the plurality of sub-cells 1s formed together
with the first and the second layers of the interconnect, and
wherein the formation of the first electrode, the first layer and
the second layer includes:

1) disposing a second-layer material of the interconnect

over the second electrode of a first sub-cell;

1) disposing a first-layer material of the interconnect over

the second-layer material;

111) disposing a first-electrode material of a second sub-cell

over the first-layer of the interconnect; and

1v) heating the materials such that the first-layer and sec-

ond-layer materials of the interconnect form the firstand
second layers of the interconnect, respectively, and that
the first-electrode material forms the first electrode.

29. A method of forming a fuel cell that includes a plurality
of sub-cells, comprising the step of connecting each of the
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sub-cells with an interconnect having a thickness of between
about 10 um and about 100 um, wherein each sub-cell

includes:
1) a first electrode 1n fluid communication with a source of

oxXygen gas,

11) a second electrode 1n fluid communication with a source
of a fuel gas, and

111) a solid electrolyte between the first electrode and the
second electrode, and

wherein the interconnect includes

1) a first layer that includes a (La,Mn)Sr-titanate-based
perovskite represented by the empirical formula of
La Sr._,,11,_,Mn O,, wherein
X 1s equal to or greater than zero and equal to or less than

0.6,

y 15 equal to or greater than 0.2 and equal to or less than
0.8, and

b 1s equal to or greater than 2.5 and equal to or less than
3.5,

wherein the first layer 1s 1n contact with the first elec-

trode of each sub-cell, and

11) a second layer that includes a (La)Sr-titanate based

perovskite represented by the empirical formula ot Sr, _

z+=La_T10 , wherein

7 1s equal to or greater than zero and equal to or less than
0.4,

d 1s equal to or greater than 2.5 and equal to or less than
3.5, and

0 1s equal to or greater than zero and equal to or less than
0.05,

wherein the second layer 1s 1n contact with the second

clectrode of each sub-cell.

30. The method of claim 29, further including forming at
least one component of each sub-cell.

31. The method of claim 30, further including forming at
least one of the electrodes of each sub-cell, and forming the
interconnect.

32. The method of claim 31, wherein at least one of the
clectrodes of each sub-cell 1s formed independently from the
formation of the interconnect.

33. The method of claim 31, wherein at least one of the
clectrodes of each sub-cell 1s formed together with the for-
mation of the interconnect.

34. The method of claim 33, wherein the first electrode of
a first sub-cell of the plurality of sub-cells 1s formed together

with the first and the second layers of the interconnect, and
wherein the formation of the first electrode, the first layer and

the second layer includes:

1) disposing a second-layer material of the interconnect
over the second electrode of a first sub-cell;

11) disposing a first-layer material of the interconnect over
the second-layer material;

111) disposing a first-electrode material of a second sub-cell
over the first-layer of the interconnect; and

1v) heating the materials such that the first-layer and sec-
ond-layer materials of the interconnect form the first and

second layers of the interconnect, respectively, and that
the first-electrode material forms the first electrode.
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