(19 DANMARK (10 DK/EP 2973807 T3

(12) Oversaettelse af
europaeisk patentskrift

Patent-og
Varamaerkestyrelsen

51)  IntCl.: HO1M 4/86 (2006.01) HO1M 4/88 (2006.01) HO1M 4/90 (2006.01)
HO1M 8124 (2016.01)

(45) Overseettelsen bekendtgjort den: 2018-01-02

(80) Dato for Den Europaeiske Patentmyndigheds
bekendtgarelse om meddelelse af patentet: 2017-11-29

(86) Europeeisk ansggning nr.: 14712168.5

(86) Europeeisk indleveringsdag: 2014-03-07

(87) Den europaeiske ansggnings publiceringsdag: 2016-01-20
(86) International ansggning nr.: US2014022059

(87) Internationalt publikationsnr.: WO2014150060

(30) Prioritet: ~ 2013-03-15 US 201313837068

(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

(73) Patenthaver: LG Fuel Cell Systems Inc., 6065 Strip Avenue NW, North Canton OH 44720, USA
(72) Opfinder: GOETTLER, Richard W., 4030 Dan Rd, Medina, OH 44256, USA
LEE, Shung-lk, 6574 Forestwood St. NW, Canton, OH 44718, USA
LIU, Zhien, 7484 Amethyst Cir. NW, Canal Fulton, OH 44614, USA
(74) Fuldmaegtig i Danmark: NORDIC PATENT SERVICE A/S, Bredgade 30, 1260 Kebenhavn K, Danmark
(54) Benaevnelse: SAMMENS/ZETNING TIL ANODE | BRENDSELSCELLE
(56) Fremdragne publikationer:
EP-A2- 1 441 406

US-A1-2011 091 794
US-A1- 2012 321 983



DK/EP 2973807 T3



DK/EP 2973807 T3

DESCRIPTION

[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.

[0004] Document EP 1441 406 A2 discloses a fuel cell comprising an anode having a
La(Sr)Cr(Mn)O3 perovskite as main component and including nickel. US 2011/091794 A1

discloses a fuel electrode comprising a perovskite represented by A1 4A'xB4.,B'yO3, wherein A
can be La and A' Sr; B can Ti, and can be substituted by Ni (= B'). US 2012/321983 A1

discloses a fuel cell comprising a cathode, an electrolyte, an anode, wherein the anode can be
made of Lay_xSryMn,Crq.yO3. It refers to a Ruddlesden-Popper phase only in combination with

a cathode.

SUMMARY

[0005] Example compositions for anodes of fuels cells, such as, e.g., solid oxide fuels cells,
are described. For example, a composition including a Ni metal phase constitution dispersed in
a Mn-based Ruddlesden-Popper (R-P) phase constitution is used to form an anode for use in
an electrochemical cell. When employed in a solid oxide fuel cell, an anode of such a
composition may display relatively high durability in despite the relatively low oxygen partial
pressure operating environment of the fuel side of the cell, e.g., due to the inherent
thermodynamics of MnOx compounds and the size of the Mn cations. Moreover, the presence
of Ni metal phase constitution dispersed within the R-P phase constitution may act as a fuel
oxidizing catalyst in combination with the catalytic activity of the R-P phase constitution.

[0006] In one example, the disclosure is directed to a fuel cell comprising a cathode; an
electrolyte; and an reduced anode separated from the cathode by the electrolyte, wherein the
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reduced anode includes a Ni metal phase constitution dispersed in a (La1.xSry)n+1MnnO3n+1
compound having a Mn-based Ruddlesden-Popper (R-P) phase constitution, wherein n is
equal to or greater than one, and wherein the anode, cathode, and electrolyte are configured
to form an electrochemical cell.

[0007] In another example, the disclosure is directed to a method of making a fuel cell, the
method comprising forming an electrolyte on adjacent an anode, wherein the electrolyte
separates the anode from a cathode, wherein the anode includes a Ni metal phase constitution
dispersed in a (LaqxSry)n+1MnyO3n+9 compound having a Mn-based Ruddlesden-Popper (R-
P) phase constitution, wherein n is equal to or greater than one , and wherein the anode,
cathode, and electrolyte are configured to form an electrochemical cell.

[0008] The Ni metal phase constitution dispersed in a (La{_xSrx)n+1Mn,O3n+1 compound are
formed from the reduction of a (La1xSry)(MnyNiq1_y)O3 perovskite phase present during the

initial processing of the anode under high oxygen partial pressure (air) firing conditions.

[0009] 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.

BRIEF DESCRIPTION OF DRAWINGS

[0010] The description herein makes reference to the accompanying drawings wherein like
reference numerals refer to like parts throughout the several views.

FIG. 1 is a schematic diagram illustrating an example fuel cell system in accordance with an
embodiment of the present disclosure.

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.

FIGS. 3-5 are plots illustrating properties of experimental examples in accordance with
embodiments of the present disclosure.

[0011] 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
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[0012] As described above, examples of the present disclosure relates to example
compositions for anodes of fuels cells, such as, e.g., solid oxide fuels cells. For example, a
composition including a Ni metal phase constitution dispersed in a Mn-based R-P phase
constitution is used to form an anode for use in an electrochemical cell. When employed in a
solid oxide fuel cell, an anode of such a composition may display relatively high durability in
despite the relatively low oxygen partial pressure operating environment of the fuel side of the
cell, e.g., due to thermodynamic equilibrium characteristics of MnOx compounds, and the size
of the Mn cations are acceptable for the formation of the R-P phase. Moreover, the presence
of Ni metal constitution dispersed within the R-P phase constitution may act as a fuel oxidizing
catalyst in combination with the catalytic activity of the R-P phase constitution.

[0013] A variety of compositions may be used to form the various components of a solid oxide
fuel cell including anodes and cathodes. In some examples, cathodes formed of nickelate
based R-P compounds may exhibit desirable electronic and catalytic properties. For example,
it has been shown that nickelate based R-P compounds of the general formula Rep+1NinO3n+1

where Re is an element of La, Pr, Nd or Sm or combinations thereof may be used to form
SOFC cathodes. Such compounds may have desirable mixed ionic and electronic conductivity
properties that result in low cathode polarization resistances (e.g., relatively low area specific
resistance, ASR). However, such nickelate-based R-P compounds may not be suitable in all
cases as an anode material, e.g., as the low oxygen partial pressure of the fuel side in a fuel
cell may result in phase decomposition of the anode material.

[0014] Despite the limitations surrounding the use of nickelate R-P compounds, it has been
determined that Mn-based nickelate R-P compounds may be suitable to form an anode of a
fuel cell despite the low oxygen partial pressure of the fuel side in a fuel cell. For example,
based on the thermodynamic equilibrium of MnOx compounds and the size of the Mn cations,
Mn-based R-P compounds may be favored to exist under the low oxygen partial pressure of
the fuel side in a fuel cell, and such an anode material may not be susceptible to the phase
decomposition occurring for anodes formed from nickelate based R-P compounds. Whereas
the nickel content of a nickelate R-P will be fully reduced to metallic nickel under the SOFC fuel

environment, manganese content of oxide phase will tend to be reduced to Mn?* and thus
available to maintain a stable oxide phase under fuel environments. Accordingly, Mn-based R-
P compounds (e.g., of the formula (La{xSrx)+1Mn,O3n+1), may be a suitable material for a
ceramic anode, e.g., as an alternative to Ni-YSZ cermet based anodes, due to favorable mixed
ionic and electronic conductivity and microstructure retention under redox cycles and overall
durability of the ceramic. The order ("n" value) of the Mn-based R-P phase will most commonly
be the lower ordered compounds (n=1 or 2) that require lower average valence states for the
Mn, as under the low partial pressure conditions of the fuel environment, the valence state of

Mn will tend towards Mn2*.

[0015] One challenge in realizing a phase stable Mn-based R-P compound for an active
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anode (functioning in low oxygen partial pressure) is that it must first be processed in an air
environment during the formation of the SOFC article, thus requiring a change in the Mn
valence state and therefore affecting the stoichiometry and phase stability of the original oxide
compound. In one example, an intermediate oxide phase is utilized that is stable under the
standard air-firing conditions of SOFC, and that upon reduction generates a correct
stoichiometric Mn-based R-P compound that is phase stable under the SOFC fuel environment
based on achievement of suitable Mn valence states and A-to-B site ratios as the degree of A-
site doping by cations such as Sr can influence the valence state of the Mn on the B-site. The
option to achieve the Mn-based R-P phase under the fuel environment of the SOFC is to start
with an air-stable, Mn and Ni mixed B-site perovskites, such as, €.9., (La1.xSrx)(Mn4_,Niy)O3

anode formulation during air firing. Upon reduction, these compounds change to a Ni metal
phase plus (La{1xSry)n+1MnaO3n+1, Which is a R-P compound that is most generally favored to

exist under low oxygen partial pressure where Mn valence trends toward 2+. As an additional
benefit, a Ni phase is produced during reduction that contributes catalytic properties in addition
to the Mn-based R-P phase.

[0016] 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. As will
be described below, one or more of the plurality of electrochemical cells 12 may include an
anode formed of the example compositions described herein. Electrochemical cells 12 are
coupled together in series by interconnects 16. 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.

[0017] 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, e.g., configured
to prevent or reduce interaction between electrochemical cell 12 layers 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.
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[0018] 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 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.

[0019] 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, and extends in direction 32 from anode conductive layer 22 through
electrolyte layer 26, then in direction 36 from one electrochemical cell 12 to the next adjacent
electrochemical cell 12, and then in direction 32 again toward cathode conductive layer 30, to
which interconnect 16 is electrically coupled. In particular, at least a portion of interconnect 16
is embedded within an extended portion of electrolyte layer 26, wherein the extended portion
of electrolyte layer 26 is a portion of electrolyte layer 26 that extends beyond anode 24 and
cathode 28, e.g., in direction 32, and is not sandwiched between anode 24 and cathode 28.

[0020] 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 oxidizing and reducing 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.

[0021] For segmented-in-series cells, fuel cell components may be formed by depositing thin
films on a porous ceramic substrate, e.g., substrate 14. In one form, the films are deposited via
a screen printing process, including the interconnect. In other embodiments, other process
may be employed to deposit or otherwise form the thin films onto the substrate. The thickness
of interconnect layer may be 5 to 30 microns, but can also be much thicker, e.g., 100 microns.

[0022] Interconnect 16 may be formed of a precious metal including Ag, Pd, Au and/or Pt
and/or alloys thereof, although other materials may be employed without departing from the
scope of the present disclosure. For example, in other embodiments, it is alternatively
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contemplated that other materials may be employed, including precious metal alloys, such as
Ag-Pd, Ag-Au, Ag-Pt, Au-Pd, Au-Pt, Pt-Pd, Ag-Au-Pd, Ag-Au-Pt, Ag-Au-Pd-Pt and/or binary,
ternary, quaternary alloys in the Pt-Pd-Au-Ag family, inclusive of alloys having minor non-
precious metal additions, cermets composed of a precious metal, precious metal alloy, and an
inert ceramic phase, such as alumina, or ceramic phase with minimum ionic conductivity which
will not create significant parasitics, such as YSZ (yttria stabilized zirconia, also known as yttria
doped zirconia, yttria doping is 3-8 mol%, preferably 3-5 mol%), ScSZ (scandia stabilized
zirconia, scandia doping is 4-10 mol%, preferably 4-6 mol%), doped ceria, and/or conductive
ceramics, such as conductive perovskites with A or B-site substitutions or doping to achieve
adequate phase stability and/or sufficient conductivity as an interconnect, e.g., including at
least one of doped strontium titanate (such as LaySri4TiO3.5 x=0.1 to 0.3), LSCM (La4.

xSrxCriyMnyO3, x=0.1 to 0.3 and y=0.25 to 0.75), doped yttrium chromites (such as Yj.
xCayCrO3.5, x=0.1-0.3) and/or other doped lanthanum chromites (such as La{_,CayCrOss,
where x=0.15-0.3), and conductive ceramics, such as doped strontium titanate, doped yttrium
chromites, LSCM (La1.,xSryCri.yMnyO3), and other doped lanthanum chromites. In one
example, interconnect 16 may be formed of y(PdxPt1-x)-(1-y)YSZ. Where x is from 0 to 1 in
weight ratio, preferably x is in the range of 0 to 0.5 for lower hydrogen flux. Y is from 0.35 to
0.80 in volume ratio, preferably y is in the range of 0.4 to 0.6.

[0023] 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), Laq{x

SryMnyCrq.yO3 and/or Mn-based R-P phases of the general formula a (La1.xSry)n+1MnyOzn41

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,O3 and/or

a spinel such as NiAIxO4, MgAlxOy4, MgCroOy, NiCroQOy4. 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
(La1xSrx)n+1MnpO3zn+1

[0024] 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 4ScSZ, 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
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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 02 as an oxidant, but allows diffusion of oxygen ions or protons.

[0025] Cathode layer 28 may be formed at least one of of LSM (La1.xSryMnO3, where x=0.1
to 0.3), La1xSrxFeOgs,(such as where x=0.3), La1.xSrxCoyFe.,O3 (such as LaggSro4Cop.2
FepgO3) and/or Pri4SryMnO3 (such as PrggSrgoMnQO3), although other materials may be
employed without departing from the scope of the present invention. For example, it is
alternatively considered that Ruddlesden-Popper nickelates and La{yCaMnO3 (such as

Lag gCapoMnO3) materials may be employed.

[0026] Cathode conductive layer 30 may be an electrode conductive layer formed of a
conductive ceramic, for example, at least one of LaNixFe1.xO3 (such as, e.g., LaNig.gFeg403),
LaqxSryMnQO3 (such as Lag 759rp.25sMnQ3), and/or Prqi4SryCoO3, such as PrggSrg2Co0s3. 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.

[0027] In accordance with one or more examples of the present disclosure, anode 24 may
include a Mn-based nickelate R-P phase composition. In particular, anode 24 includes a Ni
phase constitution and a (La{.xSry)n+1MnnO3n+1 compound having a Mn-based R-P phase
constitution, wherein n is equal to or greater than zero. As noted above, based on MnOx
thermodynamics and the size of the Mn cations, Mn-based R-P compounds may be favored to
exist under the low oxygen partial pressure of the fuel side in a fuel cell. An example range of

oxygen partial pressures throughout the operation of a solid oxide fuel cell are from 10°17 atm
(stack outlet fuel composition) to 1020 atm representative of an anode protection gas mixture
of Ho/No containing some H,O as a result of parasitic currents. Such an anode material may
not be susceptible to the phase decomposition occurring for anodes formed from La-based
nickelate R-P compounds, while still exhibiting desirable electronic and catalytic properties.
Further, the presence of Ni phase constitution dispersed within the R-P phase constitution may
act as a fuel oxidizing catalyst in combination with the catalytic activity of the R-P phase
constitution.

[0028] The nickelate R-P composition of anode 24 may be formed using any suitable
technique. In some examples, to form the Mn-based nickelate R-P composition of anode 24,
the initial starting powder is a Mn and Ni mixed B-site perovskites, such as, e.g., (LaqxSry)

(MnyNiqy)O3 may be utilized during air firing in the initial processing step of applying the anode
precursor within the fuel cell structure. In some case, mixed B-site perovskites of the general
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formula (Laq-xSrx)(MnyNiy )O3 may be used. Upon reduction in a fuel environment, these
compounds change to a (La{1_xSry)n+1MnrO3n+1, Where n is equal to or greater than one, which
is a R-P compound plus residual Ni metal phase. As noted herein, the finely dispersed Ni
phase may act as a fuel oxidizing catalyst in combination with the catalytic activity of the Mn-
based R-P phase. Both the Mn-based R-P phase and Ni phases may contribute to the
electronic conductivity needed for an active anode.

[0029] Various other A-site and B-site cations may be included in the initial perovskite starting
powder, for instance Ca and Pr for the A-site and various B-site dopants such as Cu and Co
that may be minimally retained in the R-P structure on reduction, but which may most
preferentially be alloyed with the Ni alloy phase. Additional Ni content can be incorporated into
the resulting anode by the addition of NiO with the (Laq.xSryx)(MnyNiy_)O3 powder within the

processing of the anode into the fuel cell structure.

[0030] There is the potential to in-situ form a Mn plus Ni mixed B-site R-P compound during
initial anode firing by mixing of (La4.4Srx)MnO3 and R-P nickelate, (La1.xSrx)n+1NinO3n+1, by
selecting the correct molar ratios of A-site and B-site cations in the two powders and the
correct molar ratio of the two powders. Upon reduction a Mn-based R-P phase constitution in
addition to a dispersed Ni phase can result. For example:

2(LaqxSry)(Mn)O3 + (Laq.xSry)oNiOg4 — (LaqxSry)4(MnoNi)O1g (air) Ni +
2(Laq-xSrx)oMnQy4 (reduced)

[0031] Where higher ordered (e.g., n=2,3) Mn-based R-P phases may be able to be formed in
air because of the higher required B-site valence state in such compounds, and where these
compounds could be mixed with NiO such that there could be an in-situ reaction during anode
processing forming a mixed Ni and Mn B-site higher ordered R-P compound stable in air. With
careful selection of chemistry and stoichiometry, upon reduction a Mn-based R-P phase
constitution in addition to a dispersed Ni phase can result. Alternatively, the mixed Ni and Mn
B-site higher ordered R-P compound could be the actual starting composition of the powder
rather than formed in-situ. For example:

Ex. 1/3 NiO + 4/3 (LaqxSry)3Mn207 — (Laq«Sry)a(Mns g7Nig 33)0 19 (air) Ni +
(La1-xSry)3Mny04 (reduced)

[0032] Other combinations of starting compounds are possible with the end objective of
achieving a Mn-based R-P phase constitution in addition to a dispersed Ni phase upon anode
reduction. Limitations on processing routes may exist based on the inability to achieve stable
mixed B-site Mn-Ni R-P phases stable in air, but these examples are illustrative as potential
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routes to forming the desired anode phases.

[0033] The composition of anode 24 may be such that substantially all of anode 24 is formed
of a (La1.xSry)n+1MnO34+1 compound having a Mn-based R-P phase constitution in addition to

Ni phase dispersed in the (La{ySry)n+1Mn O3n+4 compound. For example, anode 24 may
include at least 80 wt% of the (La{_xSry)n+1Mn O3n+1 compound having a Mn-based R-P phase
constitution, such as, e.g., at least 82 wt% (La{4xSry)n+1MnO3n+¢4 compound having a Mn-
based Ruddlesden-Popper (R-P) phase constitution. An example is (Lag 755r¢.25)(Mng 5Nig 503
which upon reduction leads to 83.1% (Lag.755rg.25)2MnO4 and 16.9% Ni.

[0034] The nickel phase may be present along with the (La1xSrx)n+1MnrO3n+1 compound in
an amount that allows for the Ni to act as a fuel oxidizing catalyst in combination with the
catalytic activity of the R-P phase constitution. For example, anode 24 may include
approximately 5 to approximately 18 percent by weight, As an example, (Lag755rg.25)

(Mng 5Nig.5)O3 which upon reduction leads to 83.1% (Lag 755rg 25)2MnO4 and 16.9% Ni at one
end of the range (n=1 order) and (Lag.75Srg 25)(Mng 75Nig 25)O3 which upon reduction leads to
93.2% (Lag 755r0.25)4Mn304 and 6.8% Ni (for n=3 order), and at higher order R-P compounds

the Ni content would be less. The prior examples are indicative of Ni contents that could be
achieve from dissolution from the perovskite phase upon reduction, but additional Ni content
may be achieved by including NiO content along with the (Laq.xSrx)(MnyNis_y)O3 during the

initial processing of the anode.

[0035] Although it may be desirable to achieve phase pure B-site mixed perovskite or R-P
phases during the initial air-sintering of the anode and likewise upon reduction to achieve only
the desired R-P phase plus Ni constitution, it is realized that some secondary phases from
incomplete reactions during powder synthesis or in-situ formulation may result and that some
minor phases other than the R-P and Ni phases may occur upon reduction because of
incomplete phase decomposition, however, the presence of minor amounts of these phases
may still provide for favorable performance and durability of the solid oxide fuel cell.

[0036] In cases in which the anode composition is formed via the reduction of Mn and Ni
mixed B-site perovskites, the amount of Ni phase dispersed in the Mn-based R-P may depend
on the composition of the Mn and Ni mixed B-site perovskites. In particular, the ratio of the Mn
to Ni content on the B-site of the perovskite composition will dictate the nature of the resulting
Mn-based R-P compound. As an example, the below table illustrate theoretical composition
resulting from the reduction of Mn and Ni mixed B-site perovskites.

Mn fraction (y) on B-site 0.5 0.67 0.75
Theoretical resulting Mn R-P (Laq- (Laq- (Laq.
compound on reduction xSy )oMNO3 {4 Sry)3Mn07 {4Sry)4Mn301g
Order of R-P phase 1 2 3
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[0037] The perovskite composition does not necessarily need to be at 0.5. 0.67 and 0.75.
Values for the Mn fraction on the B-site different from 0.5. 0.67 and 0.75 would be expected to
yield combinations of different ordered R-P compositions,. The relative levels of free metallic Ni
in the reduced anode would be greatest for perovskite Mn volume fractions at about 0.5. As
there could be some remaining solubility of Ni within the ceramic phase upon reduction, the
resulting R-P phase may have some mixed Mn and Ni on the B-site, there could be some
remaining perovskite phase present and the final metallic Ni phase would thus be less than
theoretical phases along with any residual perovskite phases.

[0038] In some examples, the composition of anode 24 may include one or more additives,
elements, or compounds other than Ni phase dispersed in the (La{.xSry)n+1MnnO3zn+1
compound having a Mn-based R-P phase constitution. In one example, the Ni plus (La4.
xSr)n+1MnpOsn+q Mn-based R-P phases may be composited with an ionic phase such as
8YSZ, or ytiria stabilized zirconias (YSZ) of 3-8 mole percent yttria, scandia stabilized zirconia
(ScSZ) of 4-10 mole percent scandia and may include minor additional stabilizers such as 1
mole percent Ce or 0.5-1 mole percent alumina, and may include doped ceria where the
dopant is one or more of Gd, Y, Sm and/or Pr. In such an embodiment, the starting mixture for
the anode consists of the (La.xSrx)(MnyNiq.y)O3, the ionic phase and could include additional
NiO content as desired to impact polarization resistance and bulk electronic conductivity of the
reduced anode. In one example, anode 24 may consist essentially of Ni and the the (Laj.

Srn+1MnpOsnsq compound having a Mn-based R-P phase constitution, where the

additionally 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 anode 24 to function as described herein.

[0039] As noted above, anode conductive layer 22 may be an electrode conductive layer
formed of a nickel cermet. Since in some examples, predominately ceramic-based anodes,
including those described herein, may provide for a relatively low polarization ASR, however
the electronic conductivity in some instances may be insufficient. Accordingly, anode
conductive layer 22 may be a Ni-based cermet composition to account for the low electronic
conductivity of anode 24.

[0040] 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 in a direction 32 by the local thickness of electrolyte layer
26.

[0041] Anode layer 24 includes anode gaps 34, which extend in a direction 36. Cathode layer
28 includes cathode gaps 38, which also extend in direction 36. In the example of FIG. 2,
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direction 36 is substantially perpendicular to direction 32, although the present disclosure is not
so limited. Gaps 34 separate anode layer 24 into a plurality of individual anodes 40, one for
each electrochemical cell 12. Gaps 38 separate cathode layer 28 into a corresponding plurality
of cathodes 42. Each anode 40 and the corresponding cathode 42 that is spaced apart in
direction 32 therefrom, in conjunction with the portion of electrolyte layer 26 disposed
therebetween, form an electrochemical cell 12.

[0042] Similarly, anode conductive layer 22 and cathode conductive layer 30 have respective
gaps 44 and 46 separating anode conductive layer 22 and cathode conductive layer 30 into a
plurality of respective anode conductor films 48 and cathode conductor films 50. 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.

[0043] In some examples, anode conductive layer 22 has a thickness, i.e., as measured in
direction 32, 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.

[0044] Similarly, anode layer 24 may have a thickness, i.e., as measured in direction 32, 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.

[0045] Electrolyte layer 26 may have a thickness of approximately 5-15 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
considered 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,
e.g., depending upon the particular materials and application.

[0046] Cathode layer 28 has a thickness, i.e., as measured in direction 32, 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.

[0047] Cathode conductive layer 30 has a thickness, i.e., as measured in direction 32, of
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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 thicknesses may be used,
e.g., depending upon the particular cathode conductive layer material and application.

[0048] 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, e.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 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.

EXAMPLES

[0049] Various experiments were carried out to evaluate one or more aspects of example
anode compositions in accordance with the disclosure. However, examples of the disclosure
are not limited to the experimental anode compositions.

[0050] Three different Mn+Ni B-site perovskite powders where obtained from TransTech, Inc.
(Adamstown, MD). In particular, the first example powder obtained was (Lagg75Sr ¢.125)

(MngsNi g 5)O3, which was designed to form (Lag g755r ¢.125)oMnQO4 n=1 ordered R-P phase

constitution plus Ni metal phase constitution on reduction. After reduction, the composition was
analyzed via X-ray diffraction. The X-ray diffraction showed some R-P phase, perovskite
phase, metallic Ni phase and some free Las0O3. Based on the LayO3 content, it was determined

that the example composition was not favorable for the desired phase generation.
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[0051] The second example powder obtained for evaluation was (Lagg7Sr ¢.33)0.97(Mng g7Ni
0.33)03, which was designed to form (Lagg7Sr 0.33)2.91Mn20O7 n=2 ordered R-P phase
constitution (with slight A-site deficiency) plus Ni metal phase constitution on reduction. After
reduction, the composition was analyzed via X-ray diffraction. The X-ray diffraction showed the
R-P phase and Ni metal phase. FIG. 3 is a plot illustrating electrical conductivity measurements
taken for (Lagg7Sr 0.33)0.07(Mnge7Ni 933)O3 in both air and a low oxygen partial pressure

(1x107" atm) . As illustrated, the electrical conductivity measurements showed conductivity in
low pO» fuel of 3-4 S/cm at typical fuel cell operating temperatures.

[0052] The third example powder obtained for evaluation was (LagasSr ¢.55)0.07(Mng sNi
0.5)03, which was designed to form (Lag 455r o 55)1.04MnO4 n=1 ordered R-P phase constitution
(with slight A-site deficiency) plus Ni metal phase constitution on reduction. After reduction, the
composition was analyzed via X-ray diffraction. The X-ray diffraction showed the R-P phase,
likely some minor residual perovskite phase, and Ni metal phase. FIG. 4 is a plot illustrating the
results of the X-ray diffraction analysis of the reduced third example composition. As shown,
the results indicate that Ni metal phase is present in the reduced composition (other lines are
for R-P phase and there is very minor MnO present).

[0053] Three individual electrochemical fuel cells were fabricated using the second and third
example powder compositions to form anodes for the cells. For these cells the cathode was an
LSM+YSZ composite, the cathode current collector was 100% LSM of the same composition of
the LSM in the cathode, the anode current collector was a NiPd alloy cermet with YSZ and
MgAl,Q4 ceramic phases.. In particular, the active anodes for each of the three cells were as

follows:

(La0_45Sr 0_55)0_97(Mn0‘5Ni 0_5)03 (referred to as B2:LSM N50).

(Lage7Sro33)oo7(Mngg7Ni  033)03 plus 10Sc1CeSZ  ionic phase (referred to as
B1:LSMN67+10Sc)

(LagssSr  055)0.97(MngsNi 9503 plus 10Sc1CeSZ ionic phase (referred to as
A2:LSMN50+10Sc).

[0054] FIG. 5 is a plot illustrating measured voltage versus current density for each of the
three cells fabricated for evaluation. As shown, best performing cell was included

B1:LSMN67+10Sc as the active anode with ASR in the 0.6 ohm-cm? range. Even though the
ASR value is higher than traditional Ni-YSZ based anodes, the performance expects to be
further improved through optimizing composition and microstructure. These result showed
improved performance when compositing the Mn-based R-P and Ni phases with an ionic
phase
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[0055] \Various embodiments of the invention have been described. These and other
embodiments are within the scope of the following claims.
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PATENTKRAV
1. Brazndselscelle, der omfatter:

en katode;

en elektrolyt og

en reduceret anode adskilt fra katoden af elektrolytten, hvor den reducerede anode
indbefatter en Ni-metalfasesammensatning dispergeret i en (La;-Sr)psiMn,Osn+-forbindelse
med en Mn-baseret Ruddlesden-Popper- (R-P) fasesammensatning, hvor n er lig med eller
storre end én, og hvor anoden. katoden og elektrolytten er konfigureret til at danne en

elektrokemisk celle.

2. Bracndselscelle ifslge krav 1, hvor Ni-metalfasesammensainingen dispergeret i (Lay
St Mn, O34 -forbindelsen med en Mn-baseret R-P-fasesammensatning, hvor n er starre
end eller lig med 1, dannes via en reduktion af en Mn- og Ni-blandet B-stedsforbindelse med
en perovskitstruktur eller Ruddlesden-Popper-forbindelse, der er til stede efter et trin med

behandling af en udgangsanode.

3. Brandselscelle ifolge krav 2, hvor den Mn- og Ni-blandede B-stedsforbindelse omfatter

en (La Sry)(Mn . Ni)Os-forbindelse.

4, Braendselscelle ifolge krav 2, hvor den Mn- og Ni-blandede B-stedsforbindelse omfatter
en (LajSron+1(NijuMny)nOsne1-Ruddlesden-Popper-forbindelse.

5. Braendselscelle ifolge krav 1, hvor den reducerede anode indbefatter mellem ca. 82 og
ca. 95 vaegt-% af (La«SryeiMn Osge-forbindelsen med den  Mn-baserede R-P-

fasesammensatning og mellem 5-18 vaegt-% af Ni-mctalfasesammensatningen.

6. Brandselscelle ifolge krav I, hvor den reducerede anode endvidere indbefatter en
jonisk fase, der indbefatter vttrium- ogleller scandiumstabiliseret zirconiumoxid eller
oxidstabiliseret ceroxid af sjeldne jordarter dispergeret i Ni-metalfasen og den Mn-baserede R-
P-fase al’ (La;St)niiMn,Osny, hivor den ioniske fase er til stede i en mangde af 35

vagtprocent til 65 vegtprocent.

7. Brandselscelle ifolge krav 1, hvor anoden i alt vasentligt bestdr af Ni-
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metalfasesammensatningen dispergeret i (LajxSry)n:1MnyOsqsi-forbindelsen med den Mn-

baserede R-P-fasesammensatning.

8. Fremgangsméde til dannelse af en braendselscelle, hvilken brendselscelle indbefatter:

en katode;

en elektrolyt og

en reduceret anode adskilt fra katoden af elektrolytten; hvilken fremgangsméde
omfatter:

dannelse af en udgangsanode i et luftmiljo, hvor udgangsanoden omfatter en Mn- og
Ni-blandet B-stedsforbindelse med en perovskitstruktur eller en Ruddlesden-Popper-
forbindelse, ndr den dannes i starten; og

reduktion af den Mn- og Ni-blandede B-stedsforbindelse med en perovskitstruktur eller
en Ruddlesden-Popper-forbindelse i et brazndselsmilje for at danne en reduceret anode;

hvor udgangsanodens sammensztning er siledes, at den reducerede anode indbefatter
en Ni-metalfasesammensatning dispergeret i en (LajxStx)nsiMnOzns1-forbindelse med en Mn-
baseret Ruddlesden-Popper- (R-P) fasesammensatning, hvor n er lig med eller storre end ¢n,

og hvor anoden, katoden og elektrolytten er konfigureret til at danne en elektrokemisk celle.

9. Fremgangsmade ifelge krav 8, hvor den Mn- og Ni-blandede B-stedsforbindelse

omfatter en (La;.xSrx)(Mn; xNix)Os-forbindelse.

10.  Fremgangsmade ifolge krav 8, hvor den Mn- og Ni-blandede B-stedsforbindelse

omfatter en (La;xStn 1 (NijMny),Osp+1-Ruddlesden-Popper-forbindelse.

11.  Fremgangsmade ifalge krav 8, hvor den reducerede anode indbefatter mellem 82 og 95
vaegt-% af (LaxStyntiMn,Ospei-forbindelsen med den Mn-baserede R-P-fasesammensatning

og mellem 5-18 veegl-% af Ni-metalfasen.

12.  Fremgangsmade ifelge krav 8, der endvidere omfatter tilsztning af en ionisk fase, der
indbefatter yttrium- og/eller scandiumstabiliseret zirconiumoxid eller oxidstabiliseret ceroxid
af sjeldne jordarter til Ni-metalfasen og den Mn-baserede R-P-fase af (LajxStx)ntiMnyOsne,
hvor den reducerede anode indbefatter den ioniske fase i en mangde af 35 vaegtprocent til 65

vagtprocent.
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[F8]

13, Fremgangsmade ifolge krav 8, hvor den reducerede anode 1 alt vasentligt bestar af Ni-
metalfasesammensetningen og (LayxSto)nnMnyOsne-forbindelsen med den Mn-baserede R-P-

fasesammensatning.

14. Fremgangsméde ifolge krav 8, der endvidere omfatter dannelse af et anodeledende lag
stedende op til anoden, hvor det anodeledende lag omfatter et cermet, hvor metalfasen i

cermettet omfatter Ni.
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