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ELECTRODE COMPRISING HEAVILY-DOPED CERIA
TECHNICAL FIELD

The present disclosure relates to electrodes and devices comprising the electrodes.
BACKGROUND ART

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 signiticantly compared to systems with
external reforming. However, the high operating teraperatures can reduce electrode
performance. A need exists tor an improved electrode material.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FiGs. 1 to 8 include graphs of XRD patterns {or various Samples described in the
Examples.

FiQ. 9 includes a photograph of an SOFC button cell deseribed in the Examples.

FiG. 10 inchades a graph of performance characteristics of the SOFC button cell of
FIG. 9.

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)

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 focas 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.

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
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inclusive-or and not to an exclasive-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}, A is false {or not
present) and B is troe (or present}, and both A and B are true {(or present).

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 ong, or the
singular as also including the phural, 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.

Unless otherwise stated, the term “vol%,” when ased herein to describe the
composition of a layer, refers o 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 +/- 0.5. In particular, a doped ceria (CeABGp.q)) can have
oxygen understoichiometry {oxygen deficiency) where d is a deficiency of at most 0.29, at
most (.27, or at most 0.25; and an Ln; MOy, 4 can have oxygen overstoichiometry (oxygen
excess) where d is an excess of at most .34, at most (.32, or at most 0.3. For example,

Lag s0Ceq 500, would incluode, e.g., Lags0Ce04002.4, where d is at at most 0.25, and LasNiOuyq
would include, e.g., La:NiQOy,y, where d is at most (1.3.

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
lirniting. 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
clectrochemical arts.

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,MO, 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

b3
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with existing composite electrode materials. The concepts are better understood in view of
the embodiments described below that iHuastrate and do not limit the scope of the present
invention

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

LnyMOs 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 Ln,MQOy 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
LinMQy family of materials provides the additional advantage of mixed ionic electronic
conductivity.

However, the LnoMOy family of materials can be reactive with common high
temperature electrolytes. Moreover, LnyMQO, materials have a high coefficient of thermal
expansion (referred to herein as “CTE”), reducing mechanical stability in a multilayer
architecture.

A rare earth-doped ceria can form a composite with the Ln,MOy materials to form a
composite electrode with a reduced CTE. However, a lightly-doped ceria can react with
Ly MOy when in intimate contact at elevated temperatures. As used herein, the term “lightly-
doped” refers to a dopant concentration of less than 40 mol%.

Applicants have discovered that an LnoMOQy:ceria composite including a heavily-
doped ceria, especially near the sclubility limit of ceria, surprisingly does not exhibit the
same reactivity as the lightly-doped ceria. The solability imit is the amount of rare earth
oxide that can be incorporated into the ceria latuice while maintaining its {luorite structure.
Further, diffusional transport of the lanthanide element from the Ln,MOy into the ceria is
suppressed since the dopant concentration is ¢lose to the solubility limit of Ln in ceria.

As discussed above, the Ln of the LnyMO, phase includes at least one lanthanide. In
an embodiment, the Lo of the Ln,MGOy phase includes at least one Janthanide 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 inclode an alkaline earth metal. In a particular embodiment, the alkaline earth metal can



10

WO 2017/205660 PCT/US2017/034534

include at least one alkaline earth selected from the group consisting of Sr, Ca, Ba, or any
combination thereof to increase hole conductivity.

Further, as discussed above, the M of the Ln;MQOy phase includes a 3d transition
metal. In an embodiment, the M of the Ln, MOy phase includes at least one 3d transition
metal selected from the group consisting of Ni, Cu, Co, Fe, Mn or any combination thereof.

The heavily-doped ceria phase can include a ceria and at least one dopant such that
the total dopant concentration is at least 40 mol% and no greater than the solubtlity Hmit of
ceria. In an embodiment, the heavily-doped ceria can have the general formaula:

CeqxyphAsBy0O, where A is at least one rare earth dopant, B is at least one alkaline
earth dopant, x 18 at Jeast 0.2, v is in a range of { to 0.2, and x+y is at least 0.4 and no greater
than the solubility limit of ceria.

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. Ina
more particular embodiment, the rare earth dopant A includes at least one of La, Gd, Nd, or
Sm. In a further embodiment, x-+y is at least 0.4, or greater than 0.4, or at least (.41, or at
least 0.42, or at least .43, or at least 0.44, or at least 0.45, or at least .46, or at least 0.47. 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+y increases up to 0.4, See, for example, Figure 11 of Perez-Coll,
et al., “Optimization of the interface polarization of the LayNiOy-based cathode working with
the Cey_Sm, (O, selectrolyte system.” However, Applicant has discovered that, contrary to
Perez-Coll et al., as x+vy 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 Ln,MO, is reduced. That being said, the benefits of increasing the dopant
concentration begin to deteriorate beyond the solubility Himit of ceria. In further
embodiments, X+y is no greater than the solubility Hmit. In a particular embodiment, x+y i3
no greater than 0.5,

In an embodiment, the alkaline earth dopant B includes at least one dopant selected
from the group consisting of Sr, Ca, Ba, or any combination thereof. In a further
embodiment, y can be 0, meaning that the heavily-doped ceria phase does not include an
alkaline earth dopant B. In other embodiments, y is at least 0.01, or at least 0.05, or at least
(.1, in other embodiments, y is at most .24, or at most (.22, or at most 0.2,

As mentioned previously, a lightly-doped ceria phase can be reactive with an Ln; MOy

phase. Such a reaction can cause diffusion of the La into the hghtly-doped ceria, leading to a
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reduction or even a complete removal of the La from the LnyMO4 phase. In addition, such a
reaction can lead to the presence of a metal oxide (MO) and/or a free rare earth oxide
(RE,G5), 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 embodiment, less than § vol% of free RE,O5 rare earth oxide s 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
ditfraction having a detection limit of 5 vol%.

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
inclhuding 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 stahility is increased and, thus, the volume percent of the ceria phase can be
increased withowt increasing the likelihood of rare earth ditfusion.

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 30 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 Imagel to view and measure the porosity by
contrast.

In an embodiment, the functional layer of the electrode has the functional layer has a
thickness of at least 3 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.

The electrode described herein can be made by providing starter materials, mixing the
starter materials, and sintering the mixture. In an embodiment, the starter materials include
an Ln, MO, material, where Ln 15 at Jeast one lanthanide optionally doped with a metal and M

is at least one 3d wransition metal, and a ceria material comprising doped ceria having the
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general formula Ce(1..nABOh, 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 010 (.2, and x+v is at least 0.4 and no
greater than the solubility limit of ceria.

In an embodiment, a binder system can be added to the Lu;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 Ln,MOy phase and
a ceria phase. The sintering temperature can be greater than the operating temperature. For
example, the sintering temperature can be at least 1000°C, or at least 1100°C, or at least
1200°C, or at least 1300°C. In an embodiment, the sintering temperature can be no greater
than 18060°C, or no greater than 1700°C, or no greater than 1600°C.

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

In an embodiment, the electrochemical device inclading the electrode deseribed
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 2 combination thereof.

In a particular embodiment, the electrolyte material inclodes a stabilized zirconia.

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

CeriopnAByOn, where A is at Jeast one rare earth dopant, B is at least one alkaline
carth dopant, x is at least .03, y is in a range of O to (.1, and x+y i3 greater than 8.05 and less
than 0.25. In a particular embodiment, A is La, Gd, Nd, Sm, Dy, Br, Y, ¥b, Ho, or any
combination thereof. In a particular embodiment, B is Sr, Ca, Ba, or any combination
thereof.

The electrolyte layer can have a thickness of at most 800 microns, or af most 600
microns, or at most 400 microns, or at most 200 microns, or at most 30 microns. Further, the
clectrolyte layer can have a thickness of at least 1 micron, at least 3 microns, or at least 5
HCrons.

The electrolyte layer can have a porosity of at most 10 vol%, or at most & vol%, or at
most & 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 €xist,

such as at least 0.01 vol%, or at least .05 vol%, or at least 0.1 vol%.
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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
inclades doped ceria having the general formula:

CeeyAxByOs, where A is at least one rare earth dopant, B is at Jeast one alkaline
earth dopant, x is at jeast 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, BEr, Y, Yb, Ho, Pr, or any combination thereof. In a particular embodiment, B is Sr, Ca,
Ba, or any combination thereof.

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 jeast 1 vol%, or at least 2 vol%, or at
least 3 vol%, based on a total volume of the barrier layer.

In an embodiment, the barrier layer has a thickness less than the electrolyte layer and
the functional layer.

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.

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.

Many different aspects and embodiments are possible. Some of those aspects and
embodiments arg described below. After reading this specification, skilled artisans will
appreciate that those aspects and embodiments are only illustrative and do not limit the scope
of the present invention. Embodiments may be in accordance with any one or more of the
items as embodiments below.

Embodiment 1. Aun electrode comprising:

a functional layer comprising an Ln2MQ4 phase, where Ln is at least one
lanthanide optionally doped with a metal and M is at least one 3d transition metal;

the functional layer further comprising a ceria phase comprising doped ceria
having the general formula Ce(1-x-v)}AxBy02, where A is at least one rare earth dopant, B is
at least one alkaline earth dopant, x is greater than 0.2, vy is in a range of 0 10 0.2, and x+v is
greater than 6.4 and no greater than the solubility limit of ceria.

Embodiment 2. An electrode comprising:
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a functional layer comprising an Ln2MO4 phase, where Lin is at least one
lanthanide optionally doped with a metal and M is at least one 3d transition metal;
the functional layer further comprising a ceria phase comprising doped ceria
having the general formula Ce(1-x-y)}AxBy0O2, 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 t0 0.2, and x+y is at
least 0.4 and no greater than the solubility Limit of ceria.
wherein at least one lanthanide of the Ln2MO4 phase is the same as at least one
rare earth dopant of the ceria phase.
Embodiment 3. An electrode comprising:
a functional layer comprising an Ln2MO4 phase, where Ln is at least one
lanthanide optionally doped with a metal and M is at least one 3d transition metal;
the functional layer further comprising a ceria phase coraprising doped ceria
having the general formula Ce(1-x-y)}AxByO2, where A is at least one rare earth dopant, B is
at least one alkaline earth dopant, x is atleast 0.2, v is in a range of 0 to 0.2, and x+y is at
least 0.4 and no greater than the solubility himit of ceria.
wherein the ceria phase is present in the functional layer in an amount of at least
40 vol% based on a total volume of the functional layer absent any porosity.
Embodiment 4. A method of forming an electrode, comprising:
providing an Ln2MO4 material, where Ln is at least one lanthanide optionally
doped with a metal and M is at least one 3d transition metal;
providing a ceria material comprising doped ceria having the general formula
Ce(l-x-y}AxBy02, 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 arange of 0 to 0.2, and x+y is at least 0.4 and no greater than
the solubility limit of ceria;
mixing the Ln2MO4 material and the ceria material to form a mixture; and
sintering the mixture at a temperature that is at least 1000 °C and greater than the
operating temperature to form a functional layer of the oxygen electrode having an Ln2MQO4
phase and a ceria phase.
Embodiment 5. The method of embodiment 4, wherein the sintering temperatuare is at
least 1100°C, or at least 1200°C, or at least 1300°C.
Embodiment 6. The electrode or method of any one of the preceding embodiments,
wherein the lanthanide of the Ln2MO4 phase includes at least one of La, Sm, Er, Pr, Nd, Gd,

Dy or any combination thereof.



10

—
W

WO 2017/205660 PCT/US2017/034534

Embodiment 7. The electrode or method of any one of the preceding embodiments,
wherein the lanthanide of the Ln2MO4 phase is doped with an alkaline earth metal.

Embodiment 8. The electrode or method of any one of the preceding embodiments,
wherein the lanthanide of the Ln2MO4 phase is doped with an alkaline earth metal including
at jeast one of Sr, Ca, Ba, or any combination thereof.

Embodiment 9. The electrode or method of any one of the preceding embodiments,
wherein the 3d transition metal of the Ln2M(O4 phase includes at least one of Ni, Cu, Co, Fe,
Mn or any combination thereof.

Embodiment 1¢. The electrode or method of any one of the preceding embodiments,
wherein A is La, Gd, Nd, Sm, Dy, Er, Y, Yb, Ho, or any combination thereof.

Embodiment 11. The electrode or method of any one of the preceding embodiments,
wherein x+y is at least 0.41, or at least 0.42, or at least .43, or at least 0.44, or at least .43,
or at least .46, or at least 0.47.

Embodiment 12. The electrode or method of any one of the preceding embodiments,
wherein x4y is at most 0.5.

Embodiment 13. 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.

Embodiment 14. The electrode or method of any one of the preceding embodiments,
wherein less than S vol% of 3d transition metal oxide is detectable in the functonal layer.

Embodiment 15. 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 40 vol%, or
at least 45 vol%, or at least 5G 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
NS porosity.

Embodiment 16. 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 jeast 15 vol%, or at jeast
18 vol%, based on a total volume of the functional layer.

Embodiment 17. The electrode or method of any one of the preceding embodiments,
wherein the functional layer has an porosity of at most 60 vol%, or at most 30 vol%, or at
most 40 vol%, or at most 35 vol%, based on a total volume of the funcional layer.

Embodiment 18. 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 1( microns, or at

least 12 microns, or at least 15 microns, or at least 20 mucrons.
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Embodiment 19. 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.

Embodiment 20. The electrode or method of any one of the preceding embodiments,
wherein the functional layer includes the LnyMO, phase in an initial composition.

Embodiment 21. An electrochemical device comprising the electrode of any one of
the preceding embodiments.

Embodiment 22. The electrochemical device of emmbodimnent 21, wherein the
electrochemical device is an SOFC, an SOEC, or a reversible SOFC-SCEC.

Embodiment 23. The electrochemical device of any one of embodiments 21 and 22,
further comprising an electrolyte layer.

FEmbodiment 24. The electrochemical device of embodiment 23, 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.

Embodiment 25. The electrochemical device of any one of embodiments 23 and 24,
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.

Embodiment 26. The electrochemical device of any one of embodiments 23 to 25,
wherein the electrolyte layer comprises at least one of cena, zircoma, lanthanum gallate ora
combination thereof.

Embodiment 27. The electrochemical device of embodiment 26, wherein the
electrolyte layer includes a doped ceria having the general formula Ce{l-x-y)AxBy(2, 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 G to 0.1, and x+y is greater than G and less than 0.25.

Embodiment 28. The electrochemical device of embodiment 26, wherein the
electrolyte layer includes a stabilized zirconia.

Embodiment 29. The electrochemical device of embodiment 28, further comprising a
barrier layer disposed between the functional layer and the electrolyte layer.

Embodiment 30. The electrochemical device of embodiment 29, wherein the barrier
layer includes doped ceria having the general formula Ce(1-x-y)AxBy0O2, where A is at least
one rare earth dopant, B is at least one alkaline carth dopant, x is at least .03, y is in a range
of 0to 0.2, and x-+y is greater than 0.05 and no greater than the solubility limit of ceria.

Embodiment 31. The electrochemical device of embodiment 30, wherein A is La,

Gd, Nd, Sm, Dy, Er, Y, Yb, Ho, Pr, or any combination thereof.
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Embodiment 32. The electrochemical device of any one of embodiments 29 o 31,
wherein the barrier layer has a porosity of at most 15 vol%, or at most 12 vol%, or at most 10
voi%.

Embodiment 33. The electrochemical device of any one of embodiments 29 to 32,
wherein the barrier layer has a thickness less than the electrolyte layer and the functional
layer.

Embodiment 34. The electrochemical device of any one of embodiments 22 to 33,
wherein the electrochemical device is a solid oxide fuel cell and the electrode is an oxygen
electrode.

Embodiment 35. The electrochemical device of embodiment 34, wherein the fuel
electrode comprises a Ni- Y8 anode electrode.

Embodiment 36. The electrochemical device of any one of embodiments 22 to 33,
wherein the electrocheraical device is a solid oxide electrolyzer cell and the electrode is an
ancde electrode.

~
I
i

Embodiment 37. A sensor device comprising the electrode of any one of
embodiments 1 to 20.

Embodiment 38. The sensor device of embodiment 37, wherein the sensor device is
an amperometric sensor.

Embodiment 39. The sensor device of embodiment 37, wherein the sensor device is a
potentiometric sensor.

Examples

Example 1: Coefficient of Thermal Expansion

The CTE of various samples were measured.

For Sample 1, SDC:LNO mixtures were mixed poly(ethylene glycol) 400 and
poly{vinyl alcobol) 205 as a binder system to form a slurry. Hach sample was prepared with
(.6 g of the shurry pressed at room temperature in a 6 mm diameter cylinder. Afler 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 o 100°C. The CTE of LNG-5DC 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 SmgCep s and LNO as La)NiOy.
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Table 1
LNG ENO-5DC LNG-SBC LNO-5BC | LNOG-SDC | 8DC
64:36 vol% | 54:46 vol% | 44:56 vel% | 34:66 vol%
CTE 141+01 | 134202 13,41 0.1 126£02 21201 12.6 £ 0.1
{ppro/K;

LDC40, where the initial composition included LIDC40 as Lag40Ce0 6002 and LNO as

Saraple 2 was prepared identically to Sample 1 except SDC was replaced with

La;Ni3,. The results for Sample 2 are provided in Table 2.

Table 2
LNO LNO- LNG- LNG- EMNG- LbC48
LDC48 LDC48 LDC48 EDC40
S4:46 vel% | 44:56 vel% | 34:66 vel% | 2377 vol%
CTE 41+0.1 | 127202 12.3+£0.1 12.1 201 121 201 11.3
{ppro/K;

Advantageously, the use of heavily-doped ceria lowers the CTE of the LNG 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 Ditfraction

Sample 3 included SDC-LNO compositions at 46:54 vol% SDC:LNO, 56:44 vol%
SBCLNG, and 66:34 vol% SDC:LNG, each after annealing at 1306°C for 5 hrs. The initial

composition for Sample 3 inchided a lightly-doped SBC phase (Smi2Ces 5000, and an LNO

phase (La;NiQy). 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 amnount of La

incorporated in the ceria lattice could be estimated, by measuring lattice parameters from

XRD patterns, as Smg;Lag3Ce;3570: 5. Because of the adsorption of La:(; in the ceria

lattice, LNO is LayO; depleted, which leads to its decomposition and the formation of NiO.
Sample 4 included LDC30-LNG compositions at 77:23 vol% LDC30:LNG, 66:34
vol% LDC3G:LNG, and 100:0 vol% LDC30:LNG, each after annealing at 1300°C for S hrs.

The initial composition for Sample 4 included LDC30 as Lag3pCeq700: and LNO as LaNiOy.

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

12 -
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single-phase ceria, were split. This was not desirable as it indicated significant diffusion of
Lay(s from the LNG phase into the LDC lattice, meaning that the LNO phase is decomposed.

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 30 mol%, the
peaks of doped ceria are not split, as it can be seen below in the case of 40 mol% (Sample 3
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.

Sample 5 included LDC40-LNO compositions at 77:23 vol% LDC40:LNG, 66:34
vol% LDC40:ENG, and 100:0 vol% LDC40: LN, each after annealing at 1300°C for S hrs.
The initial composition for Sample 5 included LDC40 as Lag40Cep 6003 and LNG as LasNiQO,.
The XRD patterns for Sample 5 are provided in the graph of FIG. 3, showing there is no split
peak.

Sample 6 is similar to Sample 5 except that it included LDC40-LNQO compositions at
77:23 vol% LDCARLNG, 66:34 vol% LDCAGILNG, 56:44 vol%e LDC40:LNG, and 46:54
vol% LDCAOLNGO. Like Sample 5, the initial composition for Sample 6 included LDC40 as
LagaoCeo e and ENO as LaMNiQy. The XRD patterns for Sample § 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 NiQ.

Sample 7 included LDC48-LNG compositions at 77:23 vol% LDC4A8 NG, 66:34
vol% LDC48:LNQO, and 100:0 vol% LDC48:LNQO, each after annealing at 1300°C for 5 hrs.
The initial composition of Sample 7 includes LDC48 as Lag 43Ce45:(3; and LNQO as La,NiQy.
The XRD patterns are provided in the graph of FIG. 5.

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

Samaple 8 included NDC43-NNO compositions at 60:40 vol% NDC43:NNO and
80:20 vol% NDC43:NNG, each after annealing at 1300°C for 5 hrs. The initial composition
of Sample 8 included NDC43 as Nd43Ce 570, and NNO as Nd,Ni(3,. The X-ray diffraction
results are provided in the graph of FIG. 6, and show the stability of NNQO even in low NNO
volume fractions, using a composite having a heavily-doped ceria phase.

Sample 9 included LDC40-L.SNO compositions at 50:50 vol% LDC40:LSNG, 60:40
vol% LDC4A0:LSNG, 70:30 vol% LDC40:LANG, and 80:20 vol% LDC40:LSNG, each after
annealing at 1300°C for 5 hirs. The initial composition of Sample 9 included LDCA40 as

Lag40CeoanO: and LANO as La; pSr9:NiOy. The X-ray diffraction patterns are provided in the

13-
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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.

Sample 10 included LDC48-NNG compositions at 50:50 vol% LDC48:NNQG, 6(:40
vol% LDC48:NNO, and 80:20 vol% LDC43:NNQG, each after annealing at 1300°C for 5 hrs.
The initial composition for Sample 10 included LDC48 as Lap 43Ce5:0s and NNO as
Nd;NiG4. 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, asing a composite having a heavily-
doped ceria phase with a different rare earth dopant.

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 maxtures.

Table 3

Crystal Material Molar | Density (g/ml)
structure weight

{g/mol)
orthorhombic | Nd,NiOy4 411.75 7.4
tetragonal LapyNi(y 400.5 711
FCC Ndg.43Ce0.5500 173.89 6.82
FCC Lag30Ceo 700, 171.76 6.74
FCC Lag.4Ceos00h 171.63 6.59
FCC LagasCens50O 171.54 6.438
tetragonal La) gSrpMNiGy 3290.25 6.92

Example 3: SOFC Button Cell

A solid oxide fuel cell was prepared using a Ni-YSZ anode, YSZ electrolyte, SDC
barrier layer, and LNO-LDC480 cathode functional layer. The thickness of the LNG-L.DC40
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
Y87 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 3iim and its porosity was about 3%. An SEM image of the multilayer fuel
cell is provided in FIG. § and the performance characteristics of the SOFC button cell

demonstrating high performance are provided in the graph of FIG. 9.
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Note that not all of the activities described above in the general description or the
examples are required, that a portion of a specific activity may not be required, and that one
or more further activities may be performed in addition to those described. Still further, the
order in which activities are listed is not necessarily the order in which they are performed.

Benefits, other advantages, and solutions to problems have been described above with
regard to specific embaodiments. However, the benefits, advantages, solutions to problems,
and any feature(s) that may cause any benefit, advantage, or solution to occur or become
more pronounced are not to be construed as a critical, required, or essential feature of any or
all the claims.

The specification and illustrations of the embodiments described herein are intended
to provide a general understanding of the structure of the various emibodiments. The
specification and iHustrations are not intended to serve as an exhaustive and comprehensive
description of all of the elements and features of apparatus and systems that use the structures
or methods described herein. Separate embodiments may also be provided in combination in
a single embodiment, and conversely, various features that are, for brevity, described in the
context of a single embodiment, may also be provided separately or in any subcombination.
Further, reference to values stated in ranges includes each and every value within that range.
Many other embodiments may be apparent to skilled artisans only after reading this
specification. Other embodiments may be used and derived from the disclosure, such that a
stractural substitution, logical substitution, or another change may be made without departing
from the scope of the disclosure. Accordingly, the disclosure is to be regarded as illustrative

rather than restrictive.

215



WO 2017/205660 PCT/US2017/034534

WHAT IS CLAIMED IS:
1. An electrode comprising:

a functional layer comprising an Ln; MO, phase, where Ln is at least one lanthanide
optionally doped with a metal and M is at least one 3d ransition metal;

the fanctional layer turther comprising a ceria phase comprising doped ceria having
the general fornuila CeqopABO:, where A is at least one rare earth dopant, B is at least
one alkaline earth dopant, x is greater than 0.2, v is in a range of § to 0.2, and x+vy is greater
than 0.4 and no greater than the solubility limit of ceria.
2. An electrode comprising:

a functional layer comprising an LnoMOy phase, where Ln is at least one lanthanide
optionally doped with a metal and M is at least one 3d ransition metal;

the functional layer further comprising a ceria phase comprising doped ceria having
the general formula Ce(nAB,On, where A is at least one rare earth dopant, B is at least
one alkaline earth dopant, x is at least 0.2, y 1s in a range of 0 to (1.2, and x4y is at least 0.4
and no greater than the solubility limit of ceria.

wherein the ceria phase is present in the functional layer in an amount of at least 40
vol% based on a total volume of the functional layer absent any porosity.
3. A method of forming an electrode, comprising:

providing an LioMQy material, where Ln is at least one lanthanide optionally doped
with a metal and M is at least one 3d transition metal;

providing a ceria material comprising doped ceria having the general formula
Ce1 0 AByOn, where A is at least one rare earth dopant, B is at least one alkaline earth
dopant, X is at least .2, y is in arange of 0 t0 (.2, and x+¥ is at least 0.4 and no greater than
the solubility limit of ceria;

mixing the Lo, MOy material and the ceria material to form a mixture; and

sintering the mixture at a temperature that is at least 1000 °C and greater than the
operating temperature to form a functional layer of the oxygen electrode having an LnyMOy
phase and a ceria phase.
4. The electrode or method of any one of the preceding claims, wherein the lanthanide of the
Ln; MO, phase is doped with an alkaline earth metal.
5. The electrode or method of any one of the preceding claims, wherein the 3d transition
metal of the Ln,MOy phase inclades at jeast one of Ni, Cu, Co, Fe, Mn or any combination

thereof.
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6. The electrode or method of any one of the preceding clairas, wherein x+v is at least (.41,
or at least 0.42, or at least .43, or at least 0.44, or at least (.45, or at least .46, or at least
.47,

7. The electrode or method of any one of the preceding claims, wherein x+y is at most (0.5,
§. The electrode or method of any one of the preceding claims, wherein less than 5 vol% of
3d transition metal oxide is detectable in the functional layer.

9. The electrode or method of any one of the preceding claims, wherein the ceria phase is
present in the functional layer 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 mings porosity.

10. An electrochemical device comprising the electrode of any one of the preceding claims.
11, The electrochemical device of claim 10, wherein the device comprises an electrolyte
layer and the electrolyte layer comprises at least one of ceria, zirconia, lanthanum gallate or a
combination thereot.

12. The electrochemical device of claim 11, wherein the electrolyte layer includes a doped
ceria having the general formula Ce..nAxBy0», where A is at least one rare earth dopant, B
is at least one alkaline earth dopant, x is at least 0.053, yisinarange of 0 t0 0.1, and x+v is
greater than O and less than 0.25.

13. The electrochemical device of claim 11, wherein the electrolyte layer comprises a
stahilized zirconia and the device further comprises a barrier layer disposed between the
functional layer and the electrolyte layer.

14. The electrochemical device of ¢laim 13, wherein the barrier layer includes doped ceria
having the general formula Ce( «,AB,O», 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 § t0 0.2, and x+y is greater
than 0.05 and no greater than the solubility limit of ceria.

13, A sensor device comprising the electrode of any one of claims 1 10 9.
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