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FUEL CELL SYSTEM INCLUDING MULTILAYER INTERCONNECT

[0001] This invention was made with Government support under Assistance
Agreement No. DE-FE0000303 awarded by Department of Energy. The

Government has certain rights in this invention.

TECHNICAL FIELD

[0002] The disclosure generally relates to fuel cells, such as solid oxide fuel cells.

BACKGROUND

[0003] Fuel cells, fuel cell systems and interconnects for fuel cells and fuel cell
systems remain an area of interest. Some existing systems have various
shortcomings, drawbacks, and disadvantages relative to certain applications.
Accordingly, there remains a need for further contributions in this area of

technology.

SUMMARY

[0004] Example compositions and configuration for active layers of fuels cells,
such as, e.g., solid oxide fuels cells (SOFCs), are described. In one example, the
disclosure is directed to a fuel cell comprising a first electrochemical cell including
a first anode and a first cathode; a second electrochemical cell including a second
anode and a second cathode; and an interconnect configured to conduct a flow of
electrons from the first anode to the second cathode, wherein the interconnect
comprises a first portion and a second portion, wherein the first portion is closer to
the anode than the second portion, and the second portion is closer to the cathode
than the first portion, wherein the first portion comprises one or more of doped
ceria, doped lanthanum chromite, and doped yttrium chromite, and wherein the
second portion comprises one or more of a Co-Mn spinel and a ABO; perovskite.
[0005] In one example, the disclosure relates to a fuel cell comprising a first
electrochemical cell including a first anode and a first cathode; a second
electrochemical cell including a second anode and a second cathode; and an

interconnect configured to conduct a flow of electrons from the first anode to the
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second cathode, wherein the interconnect comprises a first portion and a second
portion, wherein the first portion is closer to the anode than the second portion, and
the second portion is closer to the cathode than the first portion, wherein the first
portion comprises one or more of doped ceria, doped lanthanum chromite, and
doped yttrium chromite, and wherein the second portion comprises one or more of
a Co-Mn spinel and a ABOs perovskite.

[0006] In another example, the disclosure relates to a method for manufacturing a
fuel cell, the method comprising forming a fuél cell structure, the structure
comprising: a first electrochemical cell including a first anode and a first cathode; a
second electrochemical cell including a second anode and a second cathode; and an
interconnect configured to conduct a flow of electrons from the first anode to the
second cathode, wherein the interconnect comprises a first portion and a second
portion, wherein the first portion is closer to the anode than the second portion, and
the second portion is closer to the cathode than the first portion, wherein the first
portion comprises one or more of doped ceria, doped lanthanum chromite, and
doped yttrium chromite, and wherein the second portion comprises one or more of
a Co-Mn spinel and a ABO; perovskite.

[0007] In another example, the disclosure relates to a method comprising
controlling operation of a fuel cell to generate electricity, wherein the fuel cell
comprises a first electrochemical cell including a first anode and a first cathode; a
second electrochemical cell including a second anode and a second cathode; and an
interconnect configured to conduct a flow of electrons from the first anode to the
second cathode, wherein the interconnect comprises a first portion and a second
portion, wherein the first portion is closer to the anode than the second portion, and
the second portion is closer to the cathode than the first portion,

wherein the first portion comprises one or more of doped ceria, doped lanthanum
chromite, and doped yttrium chromite, and wherein the second portion comprises
one or more of a Co-Mn spinel and a ABO3 perovskite.

[0008] The details of one or more embodiments of the disclosure are set forth in
the accompanying drawings and the description below. Other features, objects,
and advantages of the disclosure will be apparent from the description and

drawings, and from the claims.
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BRIEF DESCRIPTION OF DRAWINGS

[0009] The description herein makes reference to the accompanying drawings
wherein like reference numerals refer to like parts throughout the several views.
[0010] FIG. 1 is a schematic diagram illustrating an example fuel cell system in
accordance with an embodiment of the present disclosure.

[0011] FIG. 2 is a schematic diagram illustrating an example cross section of a fuel
cell system in accordance with an embodiment of the present disclosure.

[0012] FIG. 3 is a schematic diagram illustrating a cross section of an example bi-
layer interconnect.

[0013] FIGS. 4 and 5 are plots illustrating one or more aspects of the disclosure.
[0014] Referring to the drawings, some aspects of a non-limiting example of a fuel
cell system in accordance with an embodiment of the present disclosure is
schematically depicted. In the drawing, various features, components and
interrelationships therebetween of aspects of an embodiment of the present
disclosure are depicted. However, the present disclosure is not limited to the
particular embodiments presented and the components, features and
interrelationships therebetween as are illustrated in the drawings and described

herein.

DETAILED DESCRIPTION

[0015] As described above, examples of the present disclosure relates to fuel cells
employing one or more interconnects that comprise a first portion and a second
portion, where the first portion is closer to the anode than the second portion, and
the second portion is closer to the cathode than the first portion, wherein the first
portion comprises one or more of doped ceria, doped lanthanum chromite, and
doped yttrium chromite, and wherein the second portion comprises one or more of
a Co-Mn spinel and a ABOs perovskite. As the interconnect includes more than
one portions or layers of differing composition, the interconnect may be referred to
as a “bilayer” interconnect. Examples are not limited to two layers and may
include configurations that include more than two layers each with differing

compositions.
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[0016] Anode, electrolyte, and cathode are three components of a solid oxide fuel
cell. When configured in a stack with multiple fuel cells, the anode of one cell is
connected with cathode of adjacent cell by interconnect. In such cases, the
interconnect serves at least two functions: 1) separate fuel and air gas, and 2)
transport electrons from anode to cathode. Since an interconnect may be exposed
to fuel on one side and air (or other oxidant) on the other side, it may be desirable
for the interconnect material to be stable at both low and high pQO,. In some
examples, a ceramic interconnect may be formed a doped lanthanum chromites.
However, under normal fuel cell stack operating conditions, such as high steam
conditions, chromite may have stability issue. Moreover, it may be difficult to
densify chromite at normal fuel cell processing temperature and constrained firing
due to chromite sinterability as well as Cr vapor phase formation in air,

[0017] Ceramic interconnects exhibit relatively good long term stability during
normal fuel cell operating conditions, e.g., compared to metallic interconnect, and
may be lower cost compared to precious metal or precious metal cermet. In some
SOFCs, all active layers (anode, electrolyte, primary interconnect which connects
adjacent two cells, cathode, and current collector) are screen printed on inert
porous ceramic tubes. Firing of these layers is constrained in x-y plane and the
shrinkage is only occurred in z (thickness) direction. In this kind of cell
technology, fully densification of some layers is challenge. In order to have a
reliable fuel cell system, it may be desirable for some layers, such as electrolyte
and interconnect, to be dense and substantially gas impermeable to separate fuel
gas and air. Doped lanthanum chromite is one ceramic interconnect for planar solid
oxide fuel cell design. However, when such a material is applied to some designs,
substantially gas impermeable doped lanthanum chromite cannot be achieved at
normal fuel cell processing conditions (about 1300-1400 degrees Celsius sintering
temperature in air) due to chromite low sinterability and Cr vapor phase formation
in air.

[0018] In accordance with one or more examples of the disclosure, an interconnect
having at least two layers or portions having different compositions may be
employed. In some examples, bilayer ceramic interconnect configurations allows

the composition of the interconnect on the fuel side to be independent and different
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from the composition of the interconnect on the air side. Using such a design, the
compositions of the interconnect portions on the fuel side and air side may be
selected to meet the desirable design requirements, such as, e.g., thermal expansion
coefficient (CTE) match and chemical compatibility with anode and cathode side
materials, long term stability under fuel cell operating, and/or the densification to
separate fuel and air. Using such a interconnect configuration, a bilayer ceramic
interconnect can be sintered to be dense, gas impermeable, at normal fuel cell
processing conditions. In some examples, materials for bilayer ceramic
interconnect on the air side include Co-Mn spinel or LSM perovskite. On fuel side,
the interconnect layer may include doped ceria or composites with other high
conductive perovskites.

[0019] FIG. 1 is a schematic diagram illustrating an example fuel cell system 10 in
accordance with an embodiment of the present disclosure. As shown in FIG. 1,
fuel cell system 10 includes a plurality of electrochemical cells 12 (or “individual
fuel cells™) formed on substrate 14. Electrochemical cells 12 are coupled together
in series by interconnects 16. As will be described below, one or more of the
plurality of electrochemical cells 12 may include a bi-layer interconnect formed of
the example compositions described herein. Fuel cell system 10 is a segmented-in-
series arrangement deposited on a flat porous ceramic tube, although it will be
understood that the present disclosure is equally applicable to segmented-in-series
arrangements on other substrates, such on a circular porous ceramic tube. In
various embodiments, fuel cell system 10 may be an integrated planar fuel cell
system or a tubular fuel cell system.

[0020] Each electrochemical cell 12 includes an oxidant side 18 and a fuel side 20.
The oxidant is generally air, but could also be pure oxygen (O,) or other oxidants,
e.g., including dilute air for fuel cell systems having air recycle loops, and is
supplied to electrochemical cells 12 from oxidant side 18. Substrate 14 may be
specifically engineered porosity, e.g., the porous ceramic material is stable at fuel
cell operation conditions and chemically compatible with other fuel cell materials.
In other embodiments, substrate 14 may be a surface-modified material, e.g., a
porous ceramic material having a coating or other surface modification, ¢.g.,

configured to prevent or reduce interaction between electrochemical cell 12 layers
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and substrate 14. A fuel, such as a reformed hydrocarbon fuel, e.g., synthesis gas,
is supplied to electrochemical cells 12 from fuel side 20 via channels (not shown)
in porous substrate 14. Although air and synthesis gas reformed from a
hydrocarbon fuel may be employed in some examples, it will be understood that
electrochemical cells using other oxidants and fuels may be employed without
departing from the scope of the present disclosure, e.g., pure hydrogen and pure
oxygen. In addition, although fuel is supplied to electrochemical cells 12 via
substrate 14, it will be understood that in other embodiments, the oxidant may be
supplied to the electrochemical cells via a porous substrate.

[0021] FIG. 2 is a schematic diagram illustrating an example cross section of fuel
cell system 10 in accordance with an embodiment of the present disclosure. Fuel
cell system 10 may be formed of a plurality of layers screen printed onto substrate
(or porous anode barrier layer) 14. This may include a process whereby a woven
mesh has openings through which the fuel cell layers are deposited onto substrate
14. The openings of the screen determine the length and width of the printed
layers. Screen mesh, wire diameter, ink solids loading and ink rheology may
determine the thickness of the printed layers. Fuel cell system 10 layers include an
anode conductive layer 22, an anode layer 24, an electrolyte layer 26, a cathode
layer 28 and a cathode conductive layer 30. In one form, electrolyte layer 26 may
be a single layer or may be formed of any number of sub-layers. It will be
understood that FIG. 2 is not necessarily to scale. For example, vertical dimensions
are exaggerated for purposes of clarity of illustration.

[0022] In each electrochemical cell 12, anode conductive layer 22 conducts free
electrons away from anode 24 and conducts the electrons to cathode conductive
layer 30 via interconnect 16. Cathode conductive layer 30 conducts the electrons
to cathode 28. Interconnect 16 is embedded in electrolyte layer 26, and is
electrically coupled to anode conductive layer 22 via second portion 52 (also
referred to as 2™ CIC) and to cathode conductive layer 30 via first poﬁion 50 (also
referred to as 1% CIC).

[0023] Interconnects 16 for solid oxide fuel cells (SOFC) are preferably
electrically conductive in order to transport electrons from one electrochemical cell

to another; mechanically and chemically stable under both oxi.dizing and reducing
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environments during fuel cell operation; and nonporous, in order to prevent diffusion of
the fuel and/or oxidant through the interconnect. If the interconnect is porous, fuel may
diffuse to the oxidant side and burn, resulting in local hot spots that may result in a
reduction of fuel cell life, e.g., due to degradation of materials and mechanical failure,
as well as reduced efficiency of the fuel cell system. Similarly, the oxidant may diffuse
to the fuel side, resulting in burning of the fuel. Severe interconnect leakage may
significantly reduce the fuel utilization and performance of the fuel cell, or cause
catastrophic failure of fuel cells or stacks.

[0024] In accordance with one or more examples of the disclosure, interconnect 16 may
include two or more layers of different compositions, e.g., first CIC portion 50 and
second CIC portion 52. The composition of the interconnect layer nearest cathode 28
and cathode conductive layer 30 (i.e., first CIC portion 50 in FIG. 2) may be tailored to
have properties suitable for the oxidant side, such as, a material that is stable and
compatible with cathode side materials under air stream, high pO,. Conversely, the
composition of the interconnect layer nearest anode 24 and anode conductive layer 22
(i.e., second CIC portion 52 in FIG. 2) may be tailored to have properties suitable for
the fuel side, such as, a material that stable and compatible with anode side materials
under fuel environment, low pO,. With the configuration shown in FIG. 2 of
interconnect 16, interconnect 16 may allow for current flow through the thickness of the
interconnect film. This may be desirable in case in which interconnect is formed of
ceramic materials, e.g., as compared to precious metal or cermet, due to the
comparatively lower conductivity. Such a configuration may be designed to reduce
ohmic resistance from bi-layer interconnect 16.

[0025] Anode conductive layer 22 may be an electrode conductive layer formed of a
nickel cermet, such as such as Ni-YSZ (e.g., where yttria doping in zirconia is 3-8
mol%,), Ni-ScSZ (e.g., where scandia doping is 4-10 mol%, preferably including a
second doping for example 1 mol% ceria for phase stability for 10 mol% scandia-ZrO;)
and/or Ni-doped ceria (such as Gd or Sm doping), doped lanthanum chromite (such as
Ca doping on A site and Zn doping on B site), doped strontium titanate (such as La
doping on A site and Mn doping on B site) , La;.x SryMn,Crj.,03 and/or Mn-based R-P

phases of the general formula a (La;xStx)n+1MnnOspeg
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Alternatively, it is considered that other materials for anode conductive layer 22
may be employed such as cermets based in part or whole on precious metal.
Precious metals in the cermet may include, for example, Pt, Pd, Au, Ag, and/or
alloys thereof. The ceramic phase may include, for example, an inactive non-
electrically conductive phase, including, for example, YSZ, ScSZ and/or one or
more other inactive phases, e.g., having desired coefficients of thermal expansion
(CTE) in order to control the CTE of the layer to match the CTE of the substrate
and electrolyte. In some embodiments, the ceramic phase may include AL,O;
and/or a spinel such as NiAL,O4, MgAl,O4, MgCr,;04, and NiCr,04. In other
embodiments, the ceramic phase may be electrically conductive, e.g., doped
lanthanum chromite, doped strontium titanate and/or one or more forms of
LaSrMnCrO and/or R-P phases of the general formula (Laj xSry)p+1Mn,O3p41
[0026] Electrolyte layer 26 may be made from a ceramic material. In one form, a
proton and/or oxygen ion conducting ceramic, may be employed. In one form,
electrolyte layer 26 is formed of YSZ, such as 3YSZ and/or 8YSZ. In other
embodiments, electrolyte layer 26 may be formed of ScSZ, such as 4S¢SZ, 6ScSz
and/or 10Sc1CeSZ in addition to or in place of YSZ. In other embodiments, other
materials may be employed. For example, it is alternatively considered that
electrolyte layer 26 may be made of doped ceria and/or doped lanthanum gallate.
In any event, electrolyte layer 26 is substantially impervious to diffusion
therethrough of the fluids used by fuel cell 10, e.g., synthesis gas or pure hydrogen
as fuel, as well as, e.g., air or O2 as an oxidant, but allows diffusion of oxygen ions
or protons.

[0027] Cathode layer 28 may be formed at least one of LSM (La;.x StyMnOs,
where x=0.1 to 0.3), La; \SrxFeOs (such as where x=0.3), La,4Sr,Co,Fe;.,O3 (such
as LageSr.4Coo2 Feos03) and/or Pry«SrxMnO; (such as PrggSro,MnOs), although
other materials may be employed without departing from the scope of the present
invention. For example, it is altematively considered that Ruddlesden-Popper
nickelates and La; ,Ca,MnQ; (such as Lag sCay,MnO;) materials rhay be
employed.

[0028] Cathode conductive layer 30 may be an electrode conductive layer formed

of a conductive ceramic, for example, at least one of LaNi,Fe; O3 (such as, e.g.,
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LaNig¢Feo403), La;xSrxMnO; (such as Lag 75Srp2sMn0O3), and/or Pr;.4SrxCoOs,
such as Pr;sSrp2Co0s. In other embodiments, cathode conductive layer 30 may be
formed of other materials, e.g., a precious metal cermet, although other materials
may be employed without departing from the scope of the present invention. The
precious metals in the precious metal cermet may include, for example, Pt, Pd, Au,
Ag and/or alloys thereof. The ceramic phase may include, for example, YSZ, ScSZ
and Al,Os, or other non-conductive ceramic materials as desired to control thermal
expansion.

[0029] Any suitable technique may be employed to form electrochemical cell 12 of
FIGS. 1 and 2. In the example of FIG. 2, anode conductive layer 22 may be
printed directly onto substrate 14, as is a portion of electrolyte 26. Anode layer 24
may be printed onto anode conductive layer 22. Portions of electrolyte layer 26
may be printed onto anode layer 24, and portions of electrolyte layer 26 are printed
onto anode conductive layer 22 and onto substrate 14. Cathode layer 28 is printed
on top of electrolyte layer 26. Portions of cathode conductive layer 30 are printed
onto cathode layer 28 and onto electrolyte layer 26. Cathode layer 28 is spaced
apart from anode layer 24 the local thickness of electrolyte layer 26.

[0030] Anode layer 24 includes anode gaps separate anode layer 24 into a plurality
of individual anodes, one for each electrochemical cell 12. Similarly, cathode
layer 28 includes gaps that separate cathode layer 28 into a corresponding plurality
of individual cathodes, one for each electrochemical cell 12. Each individual
anode and the corresponding cathode that is spaced apart with the portion of
electrolyte layer 26 disposed therebetween to form an electrochemical cell 12.
[0031] Similarly, anode conductive layer 22 and cathode conductive layer 30 have
respective gaps separating anode conductive layer 22 and cathode conductive layer
30 into a plurality of respective anode conductor films and cathode conductor
films. The terms, “anode conductive layer” and “anode conductor film” may be
used interchangeably, in as much as the latter is formed from one or more layers of
the former; and the terms, “cathode conductive layer” and “cathode conductor
film” may be used interchangeably, in as much as the latter is formed from one or

more layers of the former.
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[0032] In some examples, anode conductive layer 22 has a thickness of
approximately 5-15 microns, although other values may be employed without
departing from the scope of the present disclosure. For example, it is considered
that in other embodiments, the anode conductive layer may have a thickness in the
range of approximately 5-50 microns. In yet other embodiments, different
thicknesses may be used, e.g., depending upon the particular material and
application.

[0033] Similarly, anode layer 24 may have a thickness of approximately 5-20
microns, although other values may be employed without departing from the scope
of the present invention. For example, it is considered that in other embodiments,
the anode layer may have a thickness in the range of approximately 5-40 microns.
In yet other embodiments, different thicknesses may be used, e.g., depending upon
the particular anode material and application.

[0034] Electrolyte layer 26 may have a thickness of approximately S-15 microns
with individual sub-layer thicknesses of approximately 5 microns minimum,
although other thickness values may be employed without departing from the
scope of the present invention. For example, it is cohsidered that in other
embodiments, the electrolyte layer may have a thickness in the range of
approximately 5-40 microns. In yet other embodiments, different thicknesses may
be used, ¢.g., depending upon the particular materials and application.

[0035] Cathode layer 28 has a thickness of approximately 10-20 microns, although
other values may be employed without departing from the scope of the present
invention. For example, it is considered that in other embodiments, the cathode
layer may have a thickness in the range of approximately 10-50 microns. In yet
other embodiments, different thicknesses may be used, e.g., depending upon the
particular cathode material and application.

[0036] Cathode conductive layer 30 has a thickness of approximately 5-100
microns, although other values may be employed without departing from the scope
of the present invention. For example, it is considered that in other embodiments,
the cathode conductive layer may have a thickness less than or greater than the

range of approximately 5-100 microns. In yet other embodiments, different
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thicknesses may be used, e.g., depending upon the particular cathode conductive
layer material and application.

[0037] Although not shown in FIG. 2, in some examples, fuel cell system 10 may
include one or more chemical barrier layers between interconnect 16 and adjacent
components to reduce or prevent diffusion between the interconnect and adjacent
components, ¢.g., an anode and/or an anode conductor film and/or cathode and/or
cathode conductor film, may adversely affect the performance of certain fuel cell
systems. In various embodiments, such a chemical barrier layer may be configured
to prevent or reduce material migration or diffusion at the interface between the
interconnect and an anode, and/or between the interconnect and an anode
conductor film, and/or between the interconnect and a cathode, and/or between the
interconnect and a cathode conductor film which may improve the long term
durability of the interconnect. For example, without a chemical barrier, material
migration (diffusion) may take place at the interface between an interconnect
formed of a precious metal cermet, and an anode conductor film and/or anode
formed of a Ni-based cermet. The material migration may take place in both
directions, e.g., Ni migrating from the anode conductive layer/conductor film
and/or anode into the interconnect, and precious metal migrating from the
interconnect into the conductive layer/conductor film and/or anode. The material
migration may result in increased porosity at or near the interface between the
interconnect and the anode conductor film and/or anode, and may result in the
enrichment of one or more non or low-electronic conducting phases at the
interface, yielding a higher area specific resistance (ASR), and hence resulting in
reduced fuel cell performance. Material migration between the interconnect and
the cathode and/or between the interconnect and the cathode conductor film may
also or alternatively result in deleterious effects on fuel cell performance. Such a
chemical barrier layer may be formed of one or both of two classes of materials;
cermet and/or conductive ceramic.

[0038] FIG. 3 is a schematic diagram illustrating an example cross section of bi-
layer interconnect 16. Interconnect 16 includes first portion 50 nearest the oxidant
side 18 (and cathode and cathode conductive layer) and second portion 52 nearest

the fuel side 20 (and anode and anode conductive layer). As described herein, first
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and second portions 50, 52 may be formed of different compositions. Second
portion 52 may be formed of a material that is stable and compatible with anode
side materials under fuel environment, low pO,. First portion 50 may be formed of
a material that is stable and compatible with cathode side materials under air
stream, high pO,. In some examples, low pO; refers to fuel side from about 107
atm (outlet fuel) to about 10! atm (inlet fuel, depending the fuel type used), and
high pO; refers to cathode side from about 0.1 atm (dilute air) to 0.21 atm (air).
[0039] The term “stable” may refer to keeping the phase stable without
decomposition. For example, most perovskites, such as LSM and LNF, will
decompose into other phases when pO; is lower than about 107" atm. Due to such
decomposition, LSM, and the like, may only be used on the air side in some
instances. Conversely, a composition such as StTiOj is stable under such low pO;
conditions. The term “compatible” may refer to a selected interconnect
composition not having chemical reactions with other fuel cell materials to form
undesired new phases. For example, LSM composition has a range, (La;.
«Stx)yMnO3, x in the range of 0.1 to 0.5, y in the range of 0.9 to 1.2. If LSM has
stoichiometric composition (y=1) or A site (La/Sr position) rich (y>1), the LSM
tends to interact with electrolyte at higher sintering temperature to form an
insulating phase, La;Zr,0-.

[0040] As described herein, second portion 52 may be formed of one or more of
doped ceria, doped lanthanum chromite, and doped yttrium chromite. Example
anode side materials suitable for forming second portion 52 include:

[0041] 1. Doped ceria such as (RxCe1x)O2, 0 <x < 0.5, R is rare earth metal, such
as Gd, Sm, Y, Pr, Nd, and Yb.

[0042] 2. Co-doped ceria such as (RyM,Ce;.x.y)O2, R is rare earth metal, 0 < x <
0.5, M is transition metals, 0 <y < 0.1, such as Mn, Fe, Co, Ni, Cu, Al, and the
like.

[0043] 3. Doped ceria with modifier such as w(RxMyCe1.x.y)O2- (1-w)N, R is rare
earth metal, 0 < x < 0.5, M is transition metals, 0 <y < 0.1, N is alkali metal, or

alkaline earth metal, 0 <w < 0.1, such as Li, Na, K, Mg, Ca, Sr, and the like.

12



WO 2014/150233 PCT/US2014/022653

[0044] 4. Doped ceria-perovskite composite. In some examples, the perovskite can |
be doped SrTiOs, or (Sr1xAx)(Tii yMy)O3, A is alkaline metal or rare earth metal,
such as Ca, Sr, Y, La. M is transition metal, such as Mn, Cr, Co, Ni, Cu, Zn, and V.
[0045] 5. Doped lanthanum or yttrium chromite, such as (La; xAx)(Cr,M,)0;, A
is alkaline earth metal (0< x<0.3), such as Ca, Sr. M is transition metal, such as
Mn, Ti, Co, Fe, Ni, Cu, Zn , V, and the like.

[0046] Each of the above example materials may be stable and compatible with
anode side materials under fuel environment, low pO, conditions. In one example,
second portion 52 may consist essentially of one or more of doped ceria, doped
lanthanum chromite, and doped yttrium chromite, where any additional material in
present only in an amount that does not alter one or more properties of the material
in a manner that does not allow second portion 52 to function as described herein.
[0047] Conversely, first portion 50 may be formed of one or more of a Co-Mn
spinel and a ABOj3 perovskite. Example cathode side materials for first layer 50
may include:

[0048] 1. (Mn,Co);0, spinel

[0049] 2. (Mn,Co, A);O, spinel, A is transition metal, such as Cu, Cé, Cr, Al and
the like.

[0050] 3. ABOs; perovskite, such as LSM, LNF, PSM, LSC, LSCF, R-P nickelate,
and the like.

[0051] 4. (Mn,Co,Ax);04-ABO; composite, A is transition metal, 0 < x <0.1 such
as (Mn,Co,Ax)304 - LNF, (Mn,Co,Ax)304 — LSM.

[0052] 5. (Mn,Co,Ax);04 - doped ceria composite, A is transition metal, 0 < x <
0.1.

[0053] Each of the above example materials for first portion 50 may be stable and
compatible with cathode side materials under air stream, high pO, conditions. In
one example, first portion 50 may consist essentially of one or more of a Co-Mn
spinel and a ABO; perovskite, where any additional material in present only in an
amount that does not alter one or more properties of the material in a manner that
does not allow first portion 50 to function as described herein.

[0054] First portion 50 and second portion 52 may have any suitable thicknesses.

In some examples, the first portion defines a first thickness and the second portion
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defines a second thickness, wherein the first thickness of first portion may be
thinner or thicker than, or same as, second portion, depending on the materials
used, to control the pO; at the interface of the first and second portions in desired
range. For example, to keep high electronic conductivity and phase stability of
interconnect 16, the pO; at the interface of the two portions of the interconnect
prefers to be in the range of 107" to 10"* atm. To achieve this target, one layer of
the bilayer interconnect may be designed to be thicker than another to control
oxygen flux since oxygen flux is related to both material property (oxygen
permeability) and material thickness.

[0055] In some examples, second portion 52 defines a thickness in the range of
about 5 to 100 microns, preferably in the range of about 10-20 microns. In some
examples, the thickness of the first portion 50 is in the range of 5 to about 50

microns, preferably in the range of about 10-20 microns.

[0056] EXAMPLES

[0057] Various experiments were carried out to evaluate one or more aspects of
example anode compositions in accordance with the disclosure. Howevei‘,
examples of the disclosure are not limited to the experimental anode compositions.
[0058] Bilayer ceramic interconnect using LSM (air side)/GDC (fuel side) or
LSM(air side)/Zn-doped Lag 7Cag3CrOs (fuel side) materials set was evaluated in
subscale cells (5 cells connected in series by bilayer ceramic interconnect) of IP-
SOFC design. The ASR contribution from bilayer ceramic interconnect is - 0.1
ohm-cm? under reformate fuel and 900 degrees Celsius with reasonable good
stability. FIG. 4 is a plot illustrating the durability of 5-cell test article with bilayer
ceramic interconnect at about 900 degrees Celsius and reformate fuel.

[0059] Examples of the disclosure may include doped ceria or doped ceria
composite, or doped ceria cermet as the fuel side layer for bilayer ceramic
interconnect. Doped ceria may be a candidate of electrolyte materials and its long
stability with anode side materials has been demonstrated. Its electronic
conductivity increases quickly with decreasing pO,. Measurements show GDC's
conductivity at low pO, is about 2 S/cm. If a doped GDC layer is 10 microns and

the current flow through the interconnect film, then the ASR contribution from
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GDC layer was determined to be only about 0.0005 ohm-cm?. (Mn,Co);04 or
(Mn,Co)304 composite may be employed as the air side layer of bilayer ceramic
interconnect. This material may be used as coating of metallic interconnect to
prevent oxidation of metallic interconnect when operating at high temperatures in
air. Long term durability of the material in air was demonstrated.

[0060] FIG. 5 is a plot of the electrical conductivity of MnCo,04 samples sintered
at 1200 degrees Celsius and 1300 degrees Celsius as a function of temperature
(from reference: Eun Jeong Yi, Mi Young Yoon, Ji-Woong Moon, and Hae Jin
Hwang, Fabrication of a MnCo0204/gadolinia-doped Ceria (GDC) Dual-phase
Composite Membrane for Oxygen Separation, J of the Korean Ceramic Society,
47[21199-204, 2010). FIG. 5 shows that the electrical conductivity of MnCo,04
spinel may be from about 10 S/cm at 600 degrees Celsius to about 30 S/cm at 900
degrees Celsius in air, which is much higher than GDC materials and lower ASR
contribution is expected. (Mn,Co)304 spinel can be densified from about 1200-
1300 degrees Celsius within the temperature range for fuel cell processing. By
forming the composite, sintering temperature can be adjusted if needed. To ensure
higher conductivity of each layer, the pO; distribution through thickness
(especially at the interface of the two layers) of bilayer ceramic interconnect can be
controlled through individual layer thickness or controlling oxygen permeation
flux through each layer by doping or forming composite. This technical approach
has been demonstrated by Eun Jeong et al. (Eun Jeong Yi, Mi Young Yoon, Ji-
Woong Moon, and Hae Jin Hwang, Fabrication of a MnCo0204/gadolinia-doped
Ceria (GDC) Dual-phase Composite Membrane for Oxygen Separation, J of the
Korean Ceramic Society, 47[2]1199-204, 2010).

[0061] Various embodiments of the invention have been described. These and

other embodiments are within the scope of the following claims.
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CLAIMS:

1. A fuel cell comprising:

a first electrochemical cell including a first anode and a first cathode;

a second electrochemical cell including a second anode and a second cathode;
and

a ceramic interconnect configured to conduct a flow of electrons from the first
anode to the second cathode, wherein the interconnect comprises a first ceramic layer
and a second ceramic layer adjacent to the first ceramic layer, wherein the first ceramic
layer is closer to the first anode than the second ceramic layer, and the second ceramic
layer is closer to the second cathode than the first ceramic layer, wherein the first
ceramic layer and second ceramic layer separate fuel gas on an anode side of the fuel
cell from oxidant gas on a cathode side of the fuel cell,

wherein the first ceramic layer comprises one or more of doped ceria, doped
lanthanum chromite, and doped yttrium chromite,

wherein the second ceramic layer comprises one or more of a Co-Mn spinel and
a ABO; perovskite, and

wherein the first ceramic layer and the second ceramic layer are adjacent to each
other along an interface, wherein the first ceramic layer defines a first thickness and the
second ceramic layer defines a second thickness, wherein the first thickness and second
thickness control the pO; at the interface of the first and second ceramic layers in a

range of 1.01325¢ to 1.01325¢” pascal.

2. The fuel cell of claim 1, wherein the first ceramic layer comprises doped ceria

having the chemical formula (RyCe;.x)O,, where R is a rare earth metal, 0 <x <0.5.
3. The fuel cell of claim 1, wherein the first ceramic layer comprises doped ceria

having the chemical formula (R My Cejx.y)O,, where R is a rare earth metal, M is a

transition metal, 0 <x <0.5 and 0 <y <0.1.
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4, The fuel cell of claim 1, wherein the first ceramic layer comprises doped ceria
having the chemical formula w(Rx My Cejxy)O; — (1-w)N, where R is a rare earth
metal, M is a transition metal, N is an alkali metal or alkaline earth metal, 0 <x <0.5,0

<y<0.1,and 0 <w <0.1.

5. The fuel cell of claim 1, wherein the first ceramic layer comprises a doped ceria-

perovskite composite material.

6. The fuel cell of claim 5, wherein the perovskite comprises SrTiOs; or (Sr;.
Ax)(Ti1,My)Os, where A is an alkaline metal or rare earth metal, and M is a transition

metal.

7. The fuel cell of claim 5, wherein the perovskite comprises doped lanthanum
chromite having the chemical formula (La;xAx)(CriyM,)Os3, where A is an alkaline

metal, M is a transition metal, and 0 <x <0.3,

8. The fuel cell of claim 1, wherein the first ceramic layer comprises doped
lanthanum chromite having the chemical formula (La;xAx)(CriyM,)O3, where A is an

alkaline metal, M is a transition metal, and 0 <x <0.3, 0 <y <0.5.

9. The fuel cell of claim 1, wherein the second ceramic layer comprises a (Mn, Co,

A)30y4 spinel, where A is a transition metal.

10. The fuel cell of claim 1, wherein the second ceramic layer comprises the ABO;
perovskite, wherein the ABO; perovskite comprises one or more of LSM ((La;.
St)MnOs), LNF (La(Nij.yFey)O3, PSM ((Pr;«Srx)MnOs), LSC ((La;xSrx)Co0Os), LSCF
((La;«Sry)(Coi.yFey)03), and R-P nickelate, such as Pr;NiOs.
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11. The fuel cell of claim 1, wherein the second ceramic layer comprises a (Mn, Co,
A,)304 spinel - ABO; perovskite composite, where A is a transition metal, and 0 < x <

0.1.

12.  The fuel cell of claim 11, wherein the composite comprises one or more of (Mn,

Co, Ay)304 — LNF and (Mn, Co, Ax)3;04 —LSM.

13.  The fuel cell of claim 1, wherein the second ceramic layer comprises a (Mn, Co,

A,)304 spinel — ionic phase composite, where A is a transition metal, and 0 <x <0.1.

14. The fuel cell of claim 13, wherein the ionic phase comprises one or more of

doped ceria, Y or Sc stabilized zirconia.

15.  The fuel cell of claim 1, wherein the first ceramic layer defines a first thickness
and the second ceramic layer defines a second thickness, wherein the first thickness is in
the range of about 5 to about 100 micrometers, and the second thickness is in the range

of about 5 to about 50 micrometers.

16.  The fuel cell of claim 1, wherein the second ceramic layer comprises a (Mn,

Co);304 spinel.

17.  The fuel cell of claim 1, wherein the first ceramic layer consists essentially of

the one or more of doped ceria, doped lanthanum chromite, and doped yttrium chromite.

18.  The fuel cell of claim 1, wherein the second ceramic layer consists essentially of

the one or more of a Co-Mn spinel and a ABO; perovskite.

19.  The fuel cell of claim 1, wherein the first ceramic layer consists essentially of

the one or more of doped ceria, doped lanthanum chromite, and doped yttrium chromite,
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and wherein the second ceramic layer consists essentially of the one or more of a Co-

Mn spinel and a ABO; perovskite.

20. A method for manufacturing a fuel cell, the method comprising forming a fuel
cell structure, the structure comprising:

a first electrochemical cell including a first anode and a first cathode;

a second electrochemical cell including a second anode and a second cathode;
and

a ceramic interconnect configured to conduct a flow of electrons from the first
anode to the second cathode, wherein the interconnect comprises a first ceramic layer
and a second ceramic layer adjacent to the first ceramic layer, wherein the first ceramic
layer is closer to the anode than the second ceramic layer, and the second ceramic layer
is closer to the cathode than the first ceramic layer, wherein the first ceramic layer and
second ceramic layer separate fuel gas on an anode side of the fuel cell from oxidant gas
on the cathode side of the fuel cell,

wherein the first ceramic layer comprises one or more of doped ceria, doped
lanthanum chromite, and doped yttrium chromite,

wherein the second ceramic layer comprises one or more of a Co-Mn spinel and
a ABO; perovskite, and

wherein the first ceramic layer and the second ceramic layer are adjacent to each
other along an interface, wherein the first ceramic layer defines a first thickness and the
second ceramic layer defines a second thickness, wherein the first thickness and second
thickness control the pO, at the interface of the first and second ceramic layers in a

range of 1.01325¢7 to 1.01325¢” pascal.
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