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DESCRIPTION

Description

TECHNICAL FIELD

[0001] The present disclosure relates to electrodes and devices comprising the electrodes.

BACKGROUND ART

[0002] In the context of solid oxide fuel and electrolyzer cells, operating temperatures greater
than 700°C are desirable for the more facile kinetics of the gas reactants and lower resistance
of the ionic membrane. High operating temperatures also allow internal reformation of
hydrocarbon fuels, which can reduce the system size significantly compared to systems with
external reforming. However, the high operating temperatures can reduce electrode
performance. D. PEREZ-COLL ET AL: "Optimization of the interface polarization of the
La2NiO4-based cathode working with the Ce1-xSmxO2-[delta] electrolyte system", Journal of
Power Sources, vol. 178, no 1., pages 151-162 relates to a composite cathode including
LnyNiO4 and Sm doped ceria, Ceq,Sm,0,5 KEQIN HUANG ET AL: "Increasing Power

Density of LSGM-Based Solid Oxide Fuel Cells Using New Anode Materials”, JOURNAL OF
THE ELECTROCHEMICAL SOCIETY, vol. 148, no. 7, page A788 addresses issues of the
reaction between electrolyte of a doped lanthanum gallium oxide (LSGM) and composite
anode formed of CeO5 and NiO.

[0003] A need exists for an improved electrode material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Embodiments are illustrated by way of example and are not limited in the
accompanying figures.

FIGs. 1 to 8 include graphs of XRD patterns for various Samples described in the Examples.
FIG. 9 includes a photograph of an SOFC button cell described in the Examples.

FIG. 10 includes a graph of performance characteristics of the SOFC button cell of FIG. 9.
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[0005] Skilled artisans appreciate that elements in the figures are illustrated for simplicity and
clarity and have not necessarily been drawn to scale. For example, the dimensions of some of
the elements in the figures may be exaggerated relative to other elements to help to improve
understanding of embodiments of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT(S)

[0006] The following description in combination with the figures is provided to assist in
understanding the teachings disclosed herein. The following discussion will focus on specific
implementations and embodiments of the teachings. This focus is provided to assist in
describing the teachings and should not be interpreted as a limitation on the scope or
applicability of the teachings. However, other embodiments can be used based on the
teachings as disclosed in this application.

[0007] The terms "comprises,” "comprising,” "includes," "including,” "has,” "having”" or any
other variation thereof, are intended to cover a non-exclusive inclusion. For example, a
method, article, or apparatus that comprises a list of features is not necessarily limited only to
those features but may include other features not expressly listed or inherent to such method,
article, or apparatus. Further, unless expressly stated to the contrary, "or" refers to an
inclusive-or and not to an exclusive-or. For example, a condition A or B is satisfied by any one
of the following: A is true (or present) and B is false (or not present), Ais false (or not present)
and B is true (or present), and both A and B are true (or present).

[0008] Also, the use of "a" or "an" is employed to describe elements and components
described herein. This is done merely for convenience and to give a general sense of the
scope of the invention. This description should be read to include one, at least one, or the
singular as also including the plural, or vice versa, unless it is clear that it is meant otherwise.
For example, when a single item is described herein, more than one item may be used in place
of a single item. Similarly, where more than one item is described herein, a single item may be
substituted for that more than one item.

[0009] Unless otherwise stated, the term "vol%," when used herein to describe the composition
of a layer, refers to a percentage of the total volume of the solids, e.g., excluding porosity, of
the layer. Further, unless otherwise stated, the term "mol%," when used herein to describe a
dopant concentration, refers to a percentage of the total amount, in moles, of cations in a given
compound. Furthermore, the oxygen stoichiometry in any of the formulas provided below may
vary slightly and, thus, is considered to include a delta (excess or deficiency), referred to as
"d", of +/- 0.3. In particular, a doped ceria (CeABO(,_q)) can have oxygen understoichiometry

(oxygen deficiency) where d is a deficiency of at most 0.29, at most 0.27, or at most 0.25; and
an LnoMOy. 4 can have oxygen overstoichiometry (oxygen excess) where d is an excess of at

most 0.34, at most 0.32, or at most 0.3. For example, Lag4oCeqgO> would include, e.g.,
Lag 40Ceq 002.q, Where d is at at most 0.25, and LasNiOy4.q would include, e.g., LaoNiOg4q4,
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where d is at most 0.3.

[0010] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. The materials, methods, and examples are illustrative only and not intended to be
limiting. To the extent not described herein, many details regarding specific materials and
processing acts are conventional and may be found in textbooks and other sources within the
electrochemical arts.

[0011] An electrode can include a composite functional layer including a heavily-doped ceria
that is suitable for operating temperatures of greater than 700°C. As used herein, the term
"heavily-doped" refers to a dopant concentration of at least 40 mol%. In an embodiment, the
electrode can include a first phase comprising the heavily-doped ceria and a second phase
including an Ln,MOy4 phase, where Ln is at least one lanthanide optionally doped with a metal

and M is at least one 3d transition metal, without the reactivity problems encountered with
existing composite electrode materials. The concepts are better understood in view of the
embodiments described below that illustrate and do not limit the scope of the present invention

[0012] High temperature electrochemical cells can include a number of requirements for high
performance. ldeally, the materials should withstand processing temperatures of at least
1000°C without decomposing or forming resistive phases and maintain a stable composition
and crystal structure at operating conditions. In addition, the functional layers should retain
porosity and facile electron transfer reaction kinetics.

[0013] LnoMO,4 materials can generally provide high electrode performance, where Ln is any
of the lanthanide elements and M is a 3d transition metal. In particular, the LnoMO,4 family of

materials can offer a wider operating temperature range (e.g., 700°C to 900°C) as compared
to other materials only suitable for either higher or lower temperatures. The LnoMO4 family of

materials provides the additional advantage of mixed ionic electronic conductivity.

[0014] However, the Lno,MO, family of materials can be reactive with common high
temperature electrolytes. Moreover, LnoMO,4 materials have a high coefficient of thermal

expansion (referred to herein as "CTE"), reducing mechanical stability in a multilayer
architecture.

[0015] A rare earth-doped ceria can form a composite with the LnoMO, materials to form a

composite electrode with a reduced CTE. However, a lightly-doped ceria can react with
LnoMO4 when in intimate contact at elevated temperatures. As used herein, the term "lightly-

doped"” refers to a dopant concentration of less than 40 mol%.

[0016] Applicants have discovered that an LnoMOg:ceria composite including a heavily-doped

ceria, especially near the solubility limit of ceria, surprisingly does not exhibit the same
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reactivity as the lightly-doped ceria. The solubility limit is the amount of rare earth oxide that
can be incorporated into the ceria lattice while maintaining its fluorite structure. Further,
diffusional transport of the lanthanide element from the LnoMO, into the ceria is suppressed

since the dopant concentration is close to the solubility limit of Ln in ceria.

[0017] As discussed above, the Ln of the LnoMO4 phase includes at least one lanthanide. In
an embodiment, the Ln of the LnoMO4 phase includes at least one lanthanide selected from

the group consisting of La, Sm, Er, Pr, Nd, Gd, Dy, or any combination thereof. Further, the at
least one lanthanide or combination thereof can be doped with a metal. The metal dopant can
include an alkaline earth metal. In a particular embodiment, the alkaline earth metal can
include at least one alkaline earth selected from the group consisting of Sr, Ca, Ba, or any
combination thereof to increase hole conductivity.

[0018] Further, as discussed above, the M of the LnoMO4 phase includes a 3d transition metal.
In an embodiment, the M of the LnoMO4 phase includes at least one 3d transition metal

selected from the group consisting of Ni, Cu, Co, Fe, Mn or any combination thereof.

[0019] The heavily-doped ceria phase includes a ceria and at least one dopant such that the
total dopant concentration is at least 40 mol% and no greater than the solubility limit of ceria.
The heavily-doped ceria has the general formula:

Ce(1x)AxO2, where A is at least one rare earth dopant, x is greater than 0.4 and no greater

than the solubility limit of ceria.

[0020] In an embodiment, the rare earth dopant A includes at least one dopant selected from
the group consisting of La, Gd, Nd, Sm, Dy, Er, Y, Yb, Ho, or any combination thereof. In a
more particular embodiment, the rare earth dopant A includes at least one of La, Gd, Nd, or
Sm. It would be expected that the use of heavily-doped ceria for cathode functional layers
would lead to lower ionic conductivity. In addition, current literature indicates that electrode
performance decreases as x increases up to 0.4. See, for example, Figure 11 of Perez-Coll, et
al., "Optimization of the interface polarization of the LayNiO4-based cathode working with the

Ce1.xSm, 0, 5 electrolyte system." However, Applicant has discovered that, contrary to Perez-

Coll et al., as x increases to 40 mol% or greater, even up to the solubility limit of ceria, the
more thermodynamically stable the phase is and the diffusion of the lanthanide element from
LnoMOy is reduced. That being said, the benefits of increasing the dopant concentration begin

to deteriorate beyond the solubility limit of ceria.

[0021] As mentioned previously, a lightly-doped ceria phase can be reactive with an LnoMO,4

phase. Such a reaction can cause diffusion of the Ln into the lightly-doped ceria, leading to a
reduction or even a complete removal of the Ln from the LnoMO4 phase. In addition, such a

reaction can lead to the presence of a metal oxide (MO) and/or a free rare earth oxide
(RExO3), which were not initially present in the electrode, particularly when M is Ni. However, in

the composite electrode described herein, the reactivity is reduced or avoided such that, in an
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embodiment, less than 5 vol% of free RE;Og3 rare earth oxide is detectable in the functional

layer of the electrode. In an embodiment, less than 5 vol% of MO metal oxide is detectable in
the functional layer of the electrode. The detection method is x-ray diffraction having a
detection limit of 5 vol%.

[0022] In an embodiment, the ceria phase can be present in the functional layer of the
electrode in an amount of at least 40 vol%, or at least 45 vol%, or at least 50 vol%, or at least
55 vol%, or at least 60 vol%, or at least 65 vol%, or at least 70 vol%, or at least 75 vol%, based
on a total volume of the functional layer minus the volume occupied by porosity. For a lightly-
doped ceria phase, increasing the volume percent of the ceria phase would increase the
likelihood of rare earth diffusion. Thus, higher performance for composite electrodes including
a lightly-doped ceria phase would be exhibited at lower concentrations of the ceria phase. On
the other hand, as the heavily-doped ceria is near the solubility limit of ceria, the
thermodynamic stability is increased and, thus, the volume percent of the ceria phase can be
increased without increasing the likelihood of rare earth diffusion.

[0023] In an embodiment, the functional layer of the electrode has a porosity of at least 10
vol%, or at least 15 vol%, or at least 18 vol%, based on a total volume of the functional layer.
Further, in an embodiment, the functional layer of the electrode has a porosity of at most 60
vol%, or at most 50 vol%, or at most 40 vol%, or at most 35 vol%, based on a total volume of
the functional layer. The porosity is determined by image analysis of the cross section of the
layer using an image analysis tool such as ImageJ to view and measure the porosity by
contrast.

[0024] In an embodiment, the functional layer of the electrode has the functional layer has a
thickness of at least 5 micron, or at least 10 microns, or at least 12 microns, or at least 15
microns, or at least 20 microns. Further, in an embodiment, the functional layer of the
electrode has a thickness of at most 100 microns, at most 90 microns, at most 80 microns, or
at most 70 microns.

[0025] The electrode described herein is made by providing starter materials, mixing the
starter materials, and sintering the mixture. The starter materials include an Lno,MO4 material,

where Ln is at least one lanthanide optionally doped with a metal and M is at least one 3d
transition metal, and a ceria material comprising doped ceria having the general formula Ce 4.

xy)AxByO2, where A'is at least one rare earth dopant, B is at least one alkaline earth dopant, x

is at least 0.2, y is in a range of 0 to 0.2, and x+y is at least 0.4 and no greater than the
solubility limit of ceria.

[0026] In an embodiment, a binder system can be added to the Lno,MO4 material and the ceria

material to form a slurry. In an embodiment, the binder system can include at least one
polymer. The slurry can be deposited by a ceramic forming technique such as spraying, tape
casting or screen printing and then sintered to form an electrode having an LnoMO4 phase and

a ceria phase. The sintering temperature can be greater than the operating temperature. For
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example, the sintering temperature can be at least 1000°C, or at least 1 100°C, or at least
1200°C, or at least 1300°C. In an embodiment, the sintering temperature can be no greater
than 1800°C, or no greater than 1700°C, or no greater than 1600°C.

[0027] The electrode described herein can be utilized as a component in a variety of devices
including electrochemical devices, sensor devices, and the like.

[0028] In an embodiment, the electrochemical device including the electrode described herein
comprises an electrolyte layer, an optional barrier layer, and an anode layer. The electrolyte
layer can comprise at least one electrolyte material selected from the group consisting of ceria,
zirconia, lanthanum gallate, or a combination thereof.

[0029] In a particular embodiment, the electrolyte material includes a stabilized zirconia.

[0030] In a particular embodiment, the electrolyte layer includes a doped ceria having the
general formula:

Ce(1xyyAxByO2, where A is at least one rare earth dopant, B is at least one alkaline earth
dopant, x is at least 0.05, y is in a range of 0 to 0.1, and x+y is greater than 0.05 and less than
0.25. In a particular embodiment, A is La, Gd, Nd, Sm, Dy, Er, Y, Yb, Ho, or any combination
thereof. In a particular embodiment, B is Sr, Ca, Ba, or any combination thereof.

[0031] The electrolyte layer can have a thickness of at most 800 microns, or at most 600
microns, or at most 400 microns, or at most 200 microns, or at most 50 microns. Further, the
electrolyte layer can have a thickness of at least 1 micron, at least 3 microns, or at least 5
microns.

[0032] The electrolyte layer can have a porosity of at most 10 vol%, or at most 8 vol%, or at
most 6 vol%, or at most 4 vol%, based on a total volume of the electrolyte layer. Further, while
the electrolyte may be completely dense, it is possible that some porosity can exist, such as at
least 0.01 vol%, or at least 0.05 vol%, or at least 0.1 vol%.

[0033] In an embodiment, the electrochemical device includes a barrier layer disposed
between the electrode and the electrolyte layer. In a particular embodiment, the barrier layer
includes doped ceria having the general formula:

Ce(1xy)AxByOo, where A is at least one rare earth dopant, B is at least one alkaline earth

dopant, x is at least 0.05, y is in a range of 0 to 0.2, and x+y is greater than 0.05 and no
greater than the solubility limit of ceria. In a particular embodiment, A is La, Gd, Nd, Sm, Dy, Er,
Y, Yb, Ho, Pr, or any combination thereof. In a particular embodiment, B is Sr, Ca, Ba, or any
combination thereof.

[0034] In an embodiment, the barrier layer has a porosity of at most 15 vol%, or at most 12
vol%, or at most 10 vol%, based on a total volume of the barrier layer. In an embodiment, the
barrier layer has a porosity of at least 0.5 vol%, or at least 1 vol%, or at least 2 vol%, or at least
3 vol%, based on a total volume of the barrier layer.
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[0035] In an embodiment, the barrier layer has a thickness less than the electrolyte layer and
the functional layer.

[0036] In a particular embodiment, the electrochemical device includes a solid oxide fuel cell
(also referred to as "SOFC"), a solid oxide electrolyzer cell (also referred to as "SOEC"), or a
reversible SOFC-SOEC. In a particular embodiment, electrode can be an oxygen electrode.

[0037] Moreover, the device can be a sensor device comprising the electrode described
herein. In a particular embodiment, the sensor device is an amperometric sensor. In another
embodiment, the sensor device is a potentiometric sensor.

[0038] Many different aspects and embodiments are possible. Some of those aspects and
embodiments are described below. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only illustrative. Embodiments may be in
accordance with any one or more of the items as embodiments below.

[0039] Embodiment 1. An electrode as defined in claim 1.
[0040] Embodiment 2. An electrode as defined in claim 2.
[0041] Embodiment 3. A method as defined in claim 3.

[0042] Embodiment 4. The method of embodiment 3, wherein the sintering temperature is at
least 1100°C, or at least 1200°C, or at least 1300°C.

[0043] Embodiment 5. The electrode or method of any one of the preceding embodiments,
wherein the lanthanide of the LnoMO, phase includes at least one of La, Sm, Er, Pr, Nd, Gd,

Dy or any combination thereof.

[0044] Embodiment 6. The electrode or method of any one of the preceding embodiments,
wherein the lanthanide of the LnoMO,4 phase is doped with an alkaline earth metal.

[0045] Embodiment 7. The electrode or method of any one of the preceding embodiments,
wherein the lanthanide of the LnoMO,4 phase is doped with an alkaline earth metal including at

least one of Sr, Ca, Ba, or any combination thereof.

[0046] Embodiment 8. The electrode or method of any one of the preceding embodiments,
wherein the 3d transition metal of the LnoMO,4 phase includes at least one of Ni, Cu, Co, Fe,

Mn or any combination thereof.

[0047] Embodiment 9. The electrode or method of any one of the preceding embodiments,
wherein Ais La, Gd, Nd, Sm, Dy, Er, Y, Yb, Ho, or any combination thereof.
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[0048] Embodiment 10. The electrode or method of any one of the preceding embodiments,
wherein x is at least 0.41, or at least 0.42, or at least 0.43, or at least 0.44, or at least 0.45, or
at least 0.46, or at least 0.47.

[0049] Embodiment 11. The electrode or method of any one of the preceding embodiments,
wherein x is at most 0.5.

[0050] Embodiment 12. The electrode or method of any one of the preceding embodiments,
wherein less than 5 vol% free rare earth oxide is detectable in the functional layer.

[0051] Embodiment 13. The electrode or method of any one of the preceding embodiments,
wherein less than 5 vol% of 3d transition metal oxide is detectable in the functional layer.

[0052] Embodiment 14. The electrode or method of any one of the preceding embodiments,
wherein the ceria phase is present in the functional layer in an amount of at least 45 vol%, or at
least 50 vol%, or at least 55 vol%, or at least 60 vol%, or at least 65 vol%, or at least 70 vol%,
or at least 75 vol%, based on a total volume of the functional layer minus porosity.

[0053] Embodiment 15. The electrode or method of any one of the preceding embodiments,
wherein the functional layer has a porosity of at least 10 vol%, or at least 15 vol%, or at least
18 vol%, based on a total volume of the functional layer.

[0054] Embodiment 16. The electrode or method of any one of the preceding embodiments,
wherein the functional layer has a porosity of at most 60 vol%, or at most 50 vol%, or at most
40 vol%, or at most 35 vol%, based on a total volume of the functional layer.

[0055] Embodiment 17. The electrode or method of any one of the preceding embodiments,
wherein the functional layer has a thickness of at least 5 micron, or at least 10 microns, or at
least 12 microns, or at least 15 microns, or at least 20 microns.

[0056] Embodiment 18. The electrode or method of any one of the preceding embodiments,
wherein the functional layer has a thickness of at most 100 microns, at most 90 microns, at

most 80 microns, or at most 70 microns.

[0057] Embodiment 19. The electrode or method of any one of the preceding embodiments,
wherein the functional layer includes the Lno,MO4 phase in an initial composition.

[0058] Embodiment 20. An electrochemical device comprising the electrode of any one of the
preceding embodiments.

[0059] Embodiment 21. The electrochemical device of embodiment 20, wherein the
electrochemical device is an SOFC, an SOEC, or a reversible SOFC-SOEC.

[0060] Embodiment 22. The electrochemical device of any one of embodiments 20 and 21,
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further comprising an electrolyte layer.

[0061] Embodiment 23. The electrochemical device of embodiment 22, wherein the electrolyte
layer has a thickness of at most 800 microns, or at most 600 microns, or at most 400 microns,
or at most 200 microns, or at most 50 microns.

[0062] Embodiment 24. The electrochemical device of any one of embodiments 22 and 23,
wherein the electrolyte layer has a porosity of at most 10 vol%, or at most 8 vol%, or at most 6
vol%, or at most 4 vol%, based on a total volume of the electrolyte layer.

[0063] Embodiment 25. The electrochemical device of any one of embodiments 22 to 24,
wherein the electrolyte layer comprises at least one of ceria, zirconia, lanthanum gallate or a
combination thereof.

[0064] Embodiment 26. The electrochemical device of embodiment 25, wherein the electrolyte
layer includes a doped ceria having the general formula Ce(1.4.y)AxByOo, where Ais at least

one rare earth dopant, B is at least one alkaline earth dopant, x is at least 0.05, y is in a range
of 0 to 0.1, and x+y is greater than 0 and less than 0.25.

[0065] Embodiment 27. The electrochemical device of embodiment 25, wherein the electrolyte
layer includes a stabilized zirconia.

[0066] Embodiment 28. The electrochemical device of embodiment 27, further comprising a
barrier layer disposed between the functional layer and the electrolyte layer.

[0067] Embodiment 29. The electrochemical device of embodiment 28, wherein the barrier
layer includes doped ceria having the general formula Ce(1.yyAxByO», where A is at least one

rare earth dopant, B is at least one alkaline earth dopant, x is at least 0.05, y is in a range of O
to 0.2, and x+y is greater than 0.05 and no greater than the solubility limit of ceria.

[0068] Embodiment 30. The electrochemical device of embodiment 29, wherein Ais La, Gd,
Nd, Sm, Dy, Er, Y, Yb, Ho, Pr, or any combination thereof.

[0069] Embodiment 31. The electrochemical device of any one of embodiments 28 to 30,
wherein the barrier layer has a porosity of at most 15 vol%, or at most 12 vol%, or at most 10
vol%.

[0070] Embodiment 32. The electrochemical device of any one of embodiments 28 to 31,
wherein the barrier layer has a thickness less than the electrolyte layer and the functional
layer.

[0071] Embodiment 33. The electrochemical device of any one of embodiments 21 to 32,
wherein the electrochemical device is a solid oxide fuel cell and the electrode is an oxygen
electrode.
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[0072] Embodiment 34. The electrochemical device of embodiment 33, wherein the fuel
electrode comprises a Ni-YSZ anode electrode.

[0073] Embodiment 35. The electrochemical device of any one of embodiments 21 to 32,
wherein the electrochemical device is a solid oxide electrolyzer cell and the electrode is an
anode electrode.

[0074] Embodiment 36. A sensor device comprising the electrode of any one of embodiments
1to 19.

[0075] Embodiment 37. The sensor device of embodiment 36, wherein the sensor device is an
amperometric sensor.

[0076] Embodiment 38. The sensor device of embodiment 36, wherein the sensor device is a
potentiometric sensor.

Examples

Example 1: Coefficient of Thermal Expansion

[0077] The CTE of various samples were measured.

[0078] For Sample 1, SDC:LNO mixtures were mixed poly(ethylene glycol) 400 and poly(vinyl
alcohol) 205 as a binder system to form a slurry. Each sample was prepared with 0.6 g of the
slurry pressed at room temperature in a 6 mm diameter cylinder. After sintering, they were
heated up to 1200°C and back down to room temperature at 2°C/min to measure the CTE.
The CTE reported in Table 1 is the value over the cooling down cycle in the range of 1200°C to
100°C. The CTE of LNO-SDC mixtures described in Table 1 is low enough to be used for
SOFC cathodes with YSZ as the electrolyte. For Sample 1, the initial composition included SDC
as Smg oCeq gO5 and LNO as LasNiOg,.

Table 1
LNO LNO-SDC i{LNO-SDC :iLNO-SDC :LNO-SDC iSDC
64:36 vol% i54:46 vol% i44:56 vol% 34:66 vol%
CTE 141+ i13.4+0.2 13.4+ 0.1 126102 121 +01 126+
(ppm/K) 0.1 0.1

[0079] Sample 2 was prepared identically to Sample 1 except SDC was replaced with LDCA40,
where the initial composition included LDC40 as Lag49CeggpO2 and LNO as LasNiOy4. The

results for Sample 2 are provided in Table 2.
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Table 2
LNO LNO-LDC40;LNO- LNO- LNO- LDC40
54:46 vol% {LDC40 LDC40 LDC40
44:56 vol% {34:66 vol% {23:77 vol%
CTE 141+ §12.7+£0.2 12.3+ 0.1 12.1 £ 0.1 12.1+£0.1 1.3
(ppm/K) (0.1

[0080] Advantageously, the use of heavily-doped ceria lowers the CTE of the LNO phase,
similar to Sample 1. However, unlike Sample 1, the CTE values for heavily-doped ceria in
Sample 2 follow here the rule of mixture, which further indicates that the phases for Sample 2
are thermodynamically stable.

Example 2: X-ray Diffraction

[0081] Sample 3 included SDC-LNO compositions at 46:54 vol% SDC:LNO, 56:44 vol%
SDC:LNO, and 66:34 vol% SDC:LNO, each after annealing at 1300°C for 5 hrs. The initial
composition for Sample 3 included a lightly-doped SDC phase (Smg»CepsO5), and an LNO

phase (LaoNiO4). The X-ray diffraction (XRD) patterns for Sample 3 are provided in the graph

of FIG. 1. In the case of the 66:34 vol% SDC:LNO mixture, the amount of La incorporated in
the ceria lattice could be estimated, by measuring lattice parameters from XRD patterns, as
Smgolag 23Ceq 5705.5. Because of the adsorption of La,O3 in the ceria lattice, LNO is Lay;O3

depleted, which leads to its decomposition and the formation of NiO.

[0082] Sample 4 included LDC30-LNO compositions at 77:23 vol% LDC30:LNO, 66:34 vol%
LDC30:LNO, and 100:0 vol% LDC30:LNO, each after annealing at 1300°C for 5 hrs. The initial
composition for Sample 4 included LDC30 as Lag 30Ceq 7002 and LNO as LasNiO4. The XRD

patterns for Sample 4 are provided in the graph of FIG. 2, and shows that the peaks (more
specifically (111) and (200)) of the lightly-doped ceria, which had been introduced as single-
phase ceria, were split. This was not desirable as it indicated significant diffusion of La,O3 from

the LNO phase into the LDC lattice, meaning that the LNO phase is decomposed.

[0083] However, when LDC (lanthanum-doped ceria) was introduced with a concentration of
dopant at or above 40 vol%, and below the solubility limit of ceria, around 50 mol%, the peaks
of doped ceria are not split, as it can be seen below in the case of 40 mol% (Sample 5 and 6
below), and 48 mol% (Sample 7 below). The closer the dopant concentration was to the
solubility limit, the results were more desirable, as the XRD patterns indicated the composite
was more thermodynamically stable.

[0084] Sample 5 included LDC40-LNO compositions at 77:23 vol% LDC40:LNO, 66:34 vol%
LDC40:LNO, and 100:0 vol% LDC40:LNO, each after annealing at 1300°C for 5 hrs. The initial
composition for Sample 5 included LDC40 as Lag 490CeggpO2 and LNO as LasNiO4. The XRD
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patterns for Sample 5 are provided in the graph of FIG. 3, showing there is no split peak.

[0085] Sample 6 is similar to Sample 5 except that it included LDC40-LNO compositions at
77:23 vol% LDC40:LNO, 66:34 vol% LDC40:LNO, 56:44 vol% LDC40:LNO, and 46:54 vol%
LDC40:LNO. Like Sample 5, the initial composition for Sample 6 included LDC40 as
Lag 40Cep 5002 and LNO as LasNiO4. The XRD patterns for Sample 6 are provided in the graph
of FIG. 4, and are measured at a scale sufficient to show there was no extra peak indicating
any decomposition of LNO or formation of NiO.

[0086] Sample 7 included LDC48-LNO compositions at 77:23 vol% LDC48:LNO, 66:34 vol%
LDC48:LNO, and 100:0 vol% LDC48:LNO, each after annealing at 1300°C for 5 hrs. The initial
composition of Sample 7 includes LDC48 as LagagCeq 500, and LNO as LasNiO4. The XRD

patterns are provided in the graph of FIG. 5.

[0087] Samples 8, 9 and 10 below showed the stability of NNO and LSNO phases in the
presence of a heavily-doped ceria phase.

[0088] Sample 8 included NDC43-NNO compositions at 60:40 vol% NDC43:NNO and 80:20
vol% NDC43:NNO, each after annealing at 1300°C for 5 hrs. The initial composition of Sample
8 included NDC43 as Ndg43Ceq 5702 and NNO as NdsNiO4. The X-ray diffraction results are
provided in the graph of FIG. 6, and show the stability of NNO even in low NNO volume
fractions, using a composite having a heavily-doped ceria phase.

[0089] Sample 9 included LDC40-LSNO compositions at 50:50 vol% LDC40:LSNO, 60:40 vol%
LDC40:LSNO, 70:30 vol% LDC40:LSNO, and 80:20 vol% LDC40:LSNO, each after annealing
at 1300°C for 5 hrs. The initial composition of Sample 9 included LDC40 as Lag 40Ceq 002 and
LSNO as Laq gSrgoNiOy4. The X-ray diffraction patterns are provided in the graph of FIG. 7, and

show the stability of LSNO, even in low LSNO volume fractions, using a composite having a
heavily-doped ceria phase.

[0090] Sample 10 included LDC48-NNO compositions at 50:50 vol% LDC48:NNO, 60:40 vol%
LDC48:NNO, and 80:20 vol% LDC48:NNO, each after annealing at 1300°C for 5 hrs. The initial
composition for Sample 10 included LDC48 as Lag 45Ceq 5002 and NNO as NdoNiO4. The X-ray

diffraction patterns are provided in the graph of FIG. 8, and show the stability of NNO, even in
low NNO volume fractions, using a composite having a heavily-doped ceria phase with a
different rare earth dopant.

[0091] For each of Samples 3 to 10, the densities listed in Table 3 were calculated based on
XRD patterns of the single phase materials, and used in the calculations for the vol% of the
different mixtures.

Table 3
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Crystal structure jMaterial Molar weight (g/mol) jDensity (g/ml)
orthorhombic NdoNiOy4 411.75 7.4
tetragonal LasNiOy4 400.5 711
FCC Ndg 43Cep 550, {173.89 6.82
FCC Lag 30Ceq 700> {171.76 6.74
FCC Lag 40Ce0 002 {171.63 6.59
FCC Lag 48Ce0 500, {171.54 6.48
tetragonal Laq gSrgoNiO4  1390.25 6.92

Example 3: SOFC Button Cell

[0092] A solid oxide fuel cell was prepared using a Ni-YSZ anode, YSZ electrolyte, SDC barrier
layer, and LNO-LDC40 cathode functional layer. The thickness of the LNO-LDC40 cathode
functional layer was about 20 to 30um. The porosity of the cathode functional layer was about
15%. In addition, a substantially dense SDC barrier layer was placed between the YSZ
electrolyte and the functional layer to avoid the formation of any insulating phase between the
electrolyte and the cathode functional layer. The thickness of the SDC barrier layer was about
3um and its porosity was about 3%. An SEM image of the multilayer fuel cell is provided in FIG.
8 and the performance characteristics of the SOFC button cell demonstrating high
performance are provided in the graph of FIG. 9.
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PATENTKRAV
1. Elektrode omfattende:

et funktionslag omfattende en Ln2MOs-fase, hvor Ln er i det mindste en
lanthanid, der eventuelt er doteret med et metal, og M er i det mindste et 3d-

overgangsmetal;

funktionslaget yderligere omfattende en ceriumfase omfattende doteret
cerium med den generelle formel Ceq-xAxO2, hvor A er i det mindste et sjeeldent
jorddoteringsstof, x er starre end 0,4 og ikke starre end ceriums

opleselighedsgreense.
2. Elektrode omfattende:

et funktionslag omfattende en Ln2MOs-fase, hvor Ln er i det mindste en
lanthanid, der eventuelt er doteret med et metal, og M er i det mindste et 3d-

overgangsmetal;

funktionslaget yderligere omfattende en ceriumfase omfattende doteret
cerium med den generelle formel Ceq-xAxO2, hvor A er i det mindste et sjeeldent
jorddoteringsstof, x er i det mindste 0,4 og ikke starre end ceriums

opleselighedsgreense,

hvor ceriumfasen er til stede i funktionslaget i en meengde pa i det mindste
40 volumenprocent baseret pa en samlet maengde af funktionslaget uden eventuel

porgsitet.

3. Fremgangsmade til dannelse af en elektrode, hvilken fremgangsmade

omfatter:

tilvejebringelse af et Ln2MOs-materiale, hvor Ln er i det mindste en lanthanid,
der eventuelt er doteret med et metal, og M er i det mindste et 3d-overgangsmetal;

tilvejebringelse af et ceriummateriale omfattende doteret cerium med den
generelle formel Cep-xy»AxOz2, hvor A er i det mindste et sjeeldent jorddoteringsstof, x
er starre end 0,4 og ikke starre end ceriums oplaselighedsgraense;
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blanding af Ln2MOas-materialet og ceriummaterialet til dannelse af en

blanding; og

sintring af blandingen ved en temperatur, der er i det mindste 1000 °C il
dannelse af et funktionslag af oxygenelektroden med en Ln2MOas-fase og en

ceriumfase.

4. Elektrode eller fremgangsmade ifalge et hvilket som helst af de foregaende
krav, hvor Ln2MQOs-fasens lanthanid er doteret med et alkalisk jordmetal.

5. Elektrode eller fremgangsmade ifalge et hvilket som helst af de foregaende
krav, hvor Lna2MOs-fasens 3d-overgangsmetal indbefatter i det mindste en/et af Ni,

Cu, Co, Fe, Mn eller en hvilken som helst kombination deraf.

6. Elektrode eller fremgangsmade ifalge et hvilket som helst af de foregaende
krav, hvor x er i det mindste 0,41, eller i det mindste 0,42, eller i det mindste 0,43,
eller i det mindste 0,44, eller i det mindste 0,45, eller i det mindste 0,46, eller i det
mindste 0,47.

7. Elektrode eller fremgangsmade ifalge et hvilket som helst af de foregaende
krav, hvor x er hgjst 0,5.

8. Elektrode eller fremgangsmade ifalge et hvilket som helst af de foregaende
krav, hvor mindre end 5 volumenprocent af 3d-overgangsmetaloxiden kan detekteres
i funktionslaget.

9. Elektrode eller fremgangsmade ifalge et hvilket som helst af de foregaende
krav, hvor ceriumfasen er til stede i funktionslaget i en maengde pa i det mindste

40 volumenprocent, eller i det mindste 45 volumenprocent, eller i det mindste

50 volumenprocent, eller i det mindste 55 volumenprocent, eller i det mindste

60 volumenprocent, eller i det mindste 65 volumenprocent, eller i det mindste

70 volumenprocent, eller i det mindste 75 volumenprocent, baseret pa en samlet

maengde af funktionslaget minus porgsitet.

10. Elekirokemisk anordning omfattende elektroden ifglge et hvilket som helst af
de foregaende krav.
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11. Elektrokemisk anordning ifelge krav 10, hvor anordningen omfatter et
elektrolytlag, og elekirolytlaget omfatter i det mindste en/et af cerium, zirkonoxid,

lanthangallat eller en kombination deraf.

12. Elektrokemisk anordning ifelge krav 11, hvor elektrolytlaget indbefatter et
doteret cerium med den generelle formel Ce-xy)AxByO2, hvor A er i det mindste et
sjeeldent jorddoteringstof, B er i det mindste et alkalisk jorddoteringsstof, x er i det
mindste 0,05, y er i intervallet O til 0,1, og x+y er starre end 0 og mindre end 0,25.

13. Elektrokemisk anordning ifelge krav 11, hvor elektrolytlaget omfatter en
stabiliseret zirkonoxid, og anordningen yderligere omfatter et barrierelag, der er

anbragt mellem funktionslaget og elektrolytlaget.

14. Elektrokemisk anordning ifelge krav 13, hvor barrierelaget indbefatter doteret
cerium med den generelle formel CenxyAxByO2, hvor A er i det mindste et sjeeldent
jorddoteringstof, B er i det mindste et alkalisk jorddoteringsstof, x er i det mindste
0,05, y eriintervallet 0 til 0,2, og x+y er starre end 0,05 og ikke starre end ceriums

opleselighedsgreense.

15. Sensoranordning omfattende elektroden ifglge et hvilket som helst af krav 1
til 9.
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Performance at 800C,
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