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TITLE

Doped Scandia Stabilized Zirconia Electrolyte Compositions

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims benefit of U.S. Provisional Application Serial
Numbers 61/728,270 filed November 20, 2012 and 61/792,699 filed March 15, 2013, which

are incorporated herein by reference in their entirety.
FIELD

[0002] The present invention is generally directed to fuel cell components, and to

solid oxide fuel cell electrolyte materials in particular.
BACKGROUND OF THE INVENTION

[0003] Fuel cells are electrochemical devices which can convert chemical energy
stored in fuels to electrical energy with high efficiencies. They comprise an
electrolyte between electrodes. Solid oxide fuel cells (SOFCs) are characterized by

the use of a solid oxide as the electrolyte.

[0004] In solid oxide fuel cell (SOFC) system, an oxidizing flow is passed through
the cathode side of the fuel cell while a fuel flow is passed through the anode side of
the fuel cell. The oxidizing flow is typically air, while the fuel flow can be a
hydrocarbon fuel, such as methane, natural gas, pentane, ethanol, or methanol. The
fuel cell, operating at a typical temperature between 650°C and 950°C, enables the
transport of negatively charged oxygen ions from the cathode flow stream to the
anode flow stream, where the ion combines with either free hydrogen or hydrogen in a
hydrocarbon molecule to form water vapor and/or with carbon monoxide to form
carbon dioxide. The excess electrons from the negatively charged ion are routed back
to the cathode side of the fuel cell through an electrical circuit completed between

anode and cathode, resulting in an electrical current flow through the circuit.

[0005] In recent years considerable interest has been shown towards the

development of SOFC electrolyte compositions of high ionic conductivity. Doped
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cerium oxide, lanthanum gallate and zirconium oxide are the most suitable candidates.
However, in order to achieve sufficient ionic conductivity high operation temperature
is often required, deteriorating the life of the fuel cell components and requiring the
use of expensive materials in the fuel cell stack, such as chromium alloy
interconnects. Therefore, it is highly desirable to lower the operation temperature of
SOFCs and one important step to achieve this is the development of an electrolyte
composition with higher ionic conductivity than yttria-stabilized zirconia (YSZ), the

state of the art SOFC electrolyte material.

[0006] Doping zirconia with aliovalent dopants stabilizes the high temperature cubic
fluorite phase at room temperature leading to an increase in oxygen vacancy
concentration, oxygen mobility and ionic conductivity. Complex studies have
demonstrated a correlation between the dopant and host ionic radii and the existence
of a critical dopant cation radius that can ensure maximum conductivity. It has been
suggested that a good evaluation of the relative ion mismatch between dopant and host
would be to compare the cubic lattice parameter of the host oxide and the pseudocubic
lattice parameter of the dopant oxide, a smaller size mismatch being preferred for

obtaining high ionic conductivity.

[0007] Numerous attempts to find the appropriate dopant for stabilizing the cubic
phase have been made (Y, Yb, Ce, Bi, etc). Among these, scandia stabilized zirconia
shows the highest ionic conductivity with Sc’* concentration of 11 mole% (2-3 higher
than YSZ at 800°C) due to a lower activation energy than YSZ. The complex phase
diagram in the Sc,03-ZrO, system is still under debate, with several phases identified
in the dopant rich segment of the phase diagram, as monoclinic, tetragonal and
rhombohedral intermediate phases appear at low temperatures. One example is the
distorted thombohedral B phase (Sc,Zr;0;7), that undergoes a rhombohedral-cubic
phase transition around 600-700°C and induces a steep decrease in conductivity in this
temperature region. This transition is not favorable from the point of view of thermal
expansion mismatch and may be related to order-disorder transition of oxygen

vacancies.
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[0008] Co-doping in zirconia systems may produce cheaper, stable compositions
with enhanced ionic conductivity. Co-dopants in the scandia zirconia system include
Ce, Y, Yb and Ti, the former (1 mole% CeQO,) being the most successful to date in
stabilizing the cubic phase at room temperature and very high conductivity values
have been measured by Lee er al, 135 mS/cm at 800°C in air (SSI 176 (1-2) 33-3
(2005)). However, concerns about long term stability, especially at the interface with

the fuel electrode, due to Ce’* presence, have been reported.

[0009] In general, CaO or MgO are used for improving the toughness of zirconia

ceramics by stabilizing the tetragonal phase at room temperature.

[0010] However, previous studies for doping zirconia with alkaline earth metal
cations alone have been unsuccessful in improving the conductivity because of a high
tendency of defect association and a lower thermodynamic stability of cubic fluorite

7Zr0,-Ca0 and ZrO,-MgO solid solutions.
SUMMARY OF THE INVENTION

[0011] A solid oxide fuel cell (SOFC) electrolyte composition includes zirconia
stabilized with scandia, and at least one of magnesia, zinc oxide, indium oxide, and

gallium oxide, and optionally ceria.

[0012] Another embodiment of the invention provides an electrolyte composition for
a solid oxide fuel cell that includes zirconia stabilized with scandia and indium oxide,
in which scandia and indium oxide are present in total amount that is greater than or
equal to 10 mol% and less than or equal to 13 mol%. Another embodiment of the
invention provides zirconia stabilized with scandia, indium oxide, and ceria, in which
scandia, indium oxide, and ceria are present in a total amount that is greater than or

equal to 8 mol% and less than or equal to 14 mol%, such as 11 mol%.
BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGs. 1A - 1D are ternary phase diagrams illustrating embodiment series of

magnesia doped scandia stabilized zirconia compositions.
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[0014] FIGs. 2A - 2D are plots showing x-ray diffraction patterns for compositions

in embodiment series of magnesia doped scandia stabilized zirconia compositions.

[0015] FIG. 3 is a ternary phase diagram illustrating the structures of compositions in

embodiment series of magnesia doped scandia stabilized zirconia compositions.

[0016] FIGs. 4A and 4B are back scattered electron images from sample
compositions in embodiment series of magnesia doped scandia stabilized zirconia

compositions.

[0017] FIG. 5A is a graph showing D.C. conductivity versus atomic percent of
magnesium ions at 850°C for embodiment series of magnesia doped scandia

stabilized zirconia compositions.

[0018] FIGs. 5B - 5G are graphs showing electrical impedance spectroscopy results
for sample compositions in embodiment series of magnesia doped scandia stabilized

zirconia compositions.

[0019] FIG. 6A is a graph showing D.C. conductivity versus atomic percent of
scandium ions at 850°C for embodiment series of magnesia doped scandia stabilized

zirconia compositions.

[0020] FIG. 6B is a graph showing D.C. conductivity versus oxygen stoichiometry at
850°C for embodiment series of magnesia doped scandia stabilized zirconia

compositions.

[0021] FIG. 6C is a ternary phase diagram showing D.C. conductivity results at
850°C for embodiment series of magnesia doped scandia stabilized zirconia

compositions.

[0022] FIG. 7A is a ternary phase diagram of two embodiment series of yttria and

magnesia doped scandia stabilized zirconia compositions.
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[0023] FIGs. 7B and 7C are plots showing x-ray diffraction patterns for
compositions in two embodiment series of yttria and magnesia doped scandia

stabilized zirconia compositions.

[0024] FIG. 8A is a graph showing D.C. conductivity versus atomic percentage of
yttrium ions at 850°C for two embodiment series of yttria and magnesia doped

scandia stabilized zirconia compositions.

[0025] FIGs. 8B - 8E are graphs showing electrical impedance spectroscopy results
for sample compositions in an embodiment series of yttria and magnesia doped

scandia stabilized zirconia compositions.

[0026] FIGs. 9A - 9D are graphs showing electrical impedance spectroscopy results
for sample compositions in two embodiment series of yttria and magnesia doped

scandia stabilized zirconia compositions.

[0027] FIG. 10A is a graph showing D.C. conductivity versus atomic percentage of
scandium ions at 850°C for embodiment series of magnesia doped scandia stabilized
zirconia compositions and yttria and magnesia doped scandia stabilized zirconia

compositions.

[0028] FIG. 10B is a graph showing D.C. conductivity versus oxygen stoichiometry
at 850°C for embodiment series of magnesia doped scandia stabilized zirconia

compositions and yttria and magnesia doped scandia stabilized zirconia compositions.

[0029] FIG. 11A is a plot showing x-ray diffraction patterns for sample compositions

in an embodiment series of zinc oxide doped scandia stabilized zirconia compositions.

[0030] FIG. 11B is an expanded view of the x-ray diffraction patterns of FIG. 11A
for angles within the range of 28 = 25-50.

[0031] FIG. 11C is an expanded view of the x-ray diffraction patterns of FIG. 11A
for angles within the range of 26 = 80-88.
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[0032] FIG. 12A is a graph comparing D.C. conductivities at 850°C of an
embodiment series of magnesia doped scandia stabilized zirconia compositions and a

similar series of zinc oxide doped scandia stabilized zirconia compositions.

[0033] FIG. 12B is a plot showing x-ray diffraction patterns for an embodiment

series of indium oxide doped scandia stabilized zirconia compositions.

[0034] FIG. 12C is a graph showing D.C. conductivity versus mole percent of
indium oxide at 850°C for an embodiment series of indium oxide doped scandia

stabilized zirconia compositions.

[0035] FIG. 13A is plot showing electron diffraction spectroscopy patterns for an
embodiment series of indium oxide and magnesia doped scandia stabilized zirconia
compositions and an embodiment series of indium oxide doped scandia stabilized

zirconia compositions.

[0036] FIG. 13B is a plot showing x-ray diffraction patterns for sample compositions
in embodiment series of scandia stabilized zirconia compositions doped with varying

amounts of indium oxide and magnesia.

[0037] FIGs. 14A - 14D are graphs showing electrical impedance spectroscopy
results for sample compositions in embodiment series of scandia stabilized zirconia
compositions doped with varying amounts of yttria, magnesia, indium oxide, and/or

zinc oxide.

[0038] FIG. 15 is a ternary phase diagram of embodiment series of scandia
stabilized zirconia compositions doped with varying amounts of yttria and gallium

oxide.

[0039] FIG. 16A is a plot showing x-ray diffraction patterns for sample compositions
in embodiment series of scandia stabilized zirconia compositions doped with varying

amounts of yttria and gallium oxide.

[0040] FIG. 16B is an expanded view of the x-ray diffraction patterns of FIG. 16A
for angles within the range of 28 = 82-85.
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[0041] FIG. 17A is a graph showing D.C. conductivity versus atomic percentage of
yttrium and gallium ions at 850°C for embodiment series of scandia stabilized

zirconia compositions doped with varying amounts of yttria and gallium oxide.

[0042] FIG. 17B is a graph showing D.C. conductivity versus atomic percentage of
scandium ions at 850°C for embodiment series of scandia stabilized zirconia

compositions doped with varying amounts of yttria and gallium oxide.

[0043] FIG. 18 is a graph showing D.C. conductivity versus atomic percentage of
gallium ions at 850°C for an embodiment series of scandia stabilized zirconia

compositions doped with yttria, gallium oxide, and magnesia.

[0044] FIG. 19A is a graph showing D.C. conductivities as a function of scandium
content for sample compositions of various series of scandia stabilized zirconia doped

with indium oxide and ceria at 850°C.

[0045] FIG. 19B is a graph showing D.C. conductivities as a function of indium
content for sample compositions of various series of scandia stabilized zirconia doped

with indium oxide and ceria at 850°C.

[0046] FIG. 19C is a graph showing D.C. conductivities as a function of the ratio of
scandium to indium for sample compositions of various series of scandia stabilized

zirconia doped with indium oxide and ceria at 850°C.

[0047] FIG. 20A is a graph showing D.C. conductivity as a function of scandium
content at 850°C for embodiment series of scandia stabilized zirconia compositions

with various dopant combinations.

[0048] FIG. 20B is a graph showing D.C. conductivity as a function of oxygen
stoichiometry at 850°C for embodiment series of scandia stabilized zirconia

compositions with various dopant combinations.

[0049] FIG. 21 is a ternary phase diagram showing sample high conductivity
compositions of two embodiment series of scandia stabilized zirconia compositions

doped with magnesia.
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DETAILED DESCRIPTION OF THE EMBODIMENTS

[0050] The various embodiments provide compositions of an electrolyte for a SOFC
which includes a doped scandia stabilized zirconia. In an embodiment, zirconia is co-

doped with scandium and aliovalent atoms and is made by co-precipitation.

[0051] As both phase composition and conductivity may be very much dependant on
the synthesis conditions, numerous studies have focused on developing technologies
for synthesis and sintering. Solid state synthesis is known to lead to phase
inhomogeneity due to the slow kinetics for cation migration, therefore high sintering
temperatures may be required for phase formation. Alternative techniques such as co-
precipitation, combustion and sol-gel may prove to be more successful in achieving

compositional homogeneity and high extent of densification.

[0052] In the various embodiments, powder may be obtained using co-precipitation,
which includes dissolving stoichiometric amounts of scandium, and at least one of
magnesium oxide or carbonate, zinc oxide, indium oxide and/or gallium oxide (and
optionally yttrium oxide in addition to the above oxides depending on the
composition) in hot HNO; followed by mixing with and aqueous solution in which
zirconium acetylacetonate or other Zr precursor compound has been dissolved. The
mixture may be stirred under heating on a hot plate then cooled down to room
temperature and precipitated with ammonia until pH=9. The formed precipitate may
be filtrated, dried and calcined at 1200°C for 5 hours. The resulting powder may be
crushed, ball milled and pressed into pellets and bars to be sintered to dense bodies at
1500-1550°C for 7 hours. The sintered product may be characterised using X-ray
diffraction, particle size analysis, SEM, TEM and conductivity measurements. To
obtain an accurate value of the ionic conductivity at high temperatures, the bulk and
grain boundary contributions to the total resistance of the sample may be separated

out.

[0053] In preparing these new electrolyte compositions, a parent electrolyte material
may have a molar ratio of zirconia (ZrO,): scandia (Sc,03) that is around 89:11, such

as 87-91:13-9. In an embodiment, zirconia may be doped with magnesia (MgO), or
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other ionic oxide with an aliovalent cation (e.g., Mg2+), up to 11% mole percent (mol
%), while keeping the atomic percent of either Sc or Zr constant. In other
embodiments, zirconia may be doped with a combination of one or more of magnesia,
yttria, zinc oxide, and/or indium oxide. In other embodiments, zirconia may be doped

with a combination of one or more of magnesia, yttria, and gallium oxide.

[0054] In an embodiment, magnesia may be used as a dopant that replaces scandia in
scandia stabilized zirconia. Four example series of compositions are discussed in

further detail below.

[0055] One example series of compositions (“A-series’”’) may be prepared based on
the composition of 11 mol% Sc,0;, and may have a formula of Zrg g9>Sco. 108
Mg,O19005x A ternary phase diagram showing the compositions of this example A-
series is illustrated in FIG. 1A. In the A-series compositions, Sc’* ions may be
replaced by Mg”" ions in a 1:1 ratio, thereby lowering scandium and oxygen content
of the composition, while keeping zirconia content constant. The x values in the
above formula that may be used to form the A-series are: 0, 0.009, 0.018, 0.027 and

0.036, thereby creating the following compositions:
AQ: Zr6.8025C0.19801.90

Al: Zrg 3025¢0.189M€0.00901.90

A2: 710 30205¢0.180Mg0.01801 80

A3: 7Zr6.8025C0.171Mg0.02701 89

Ad: Zr0.3025¢0.162M€0.03601.58

[0056] In this example series, at x = 0, no Sc* ions are replaced, and therefore the
atomic percent of Sc>*ions is equal to the atomic percent in the parent material (i.e.,
19.8%). At the highest x value tested (x = 0.36), the atomic percent of scandium ions

becomes the lowest (i.e., 16.2%).
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[0057] Another example series of compositions (“B-series”) may be prepared based
on the composition of 11 mol% Sc,O;. A formula for the B-series compositions may
be Zro.3004x5C0.198.2xMgx01.90. FIG. 1B is a ternary phase diagram showing the
compositions of the B-series. In this example series, two Sc’* ions may be replaced
by one Zr*" and one Mg>" ion, thereby lowering scandium content while keeping the
oxygen content and stoichiometry constant at 1.90. The x values that may be used to
form this B-series are: 0, 0.009, 0.0135, 0.018 0.027 and 0.036, thereby creating the

following compositions:

BO: Zrg 8025¢0.19801.90

B1: Zro5115¢0.18Mg0.00901.90
B1.5: Zr8155¢0.171Mg0.013501.90
B2: 71 $05¢0.162M&0.01801.90
B3: 710 8205€0.144Mg0.02701.90
B4: Zr0 8385¢0.126M€0.03601.90

[0058] In this example series, at x = 0, no Sc* ions are replaced, and therefore the
atomic percent of Sc>*ions is equal to the atomic percent in the parent material (i.e.,
19.8%). At the highest x value tested (x = 0.036), the atomic percent of scandium
ions is the lowest (i.e., 12.6%). A ternary phase diagram showing the compositions of

this example B-series is illustrated in FIG. 1B.

[0059] Other example series of compositions (“G-series” and “H-series’”) may
maintain constant scandia content and increase magnesia levels by replacing Zr ions
with Mg ions, thereby lowering the levels of zirconium and oxygen. The example G-
series of compositions may be prepared based on a parent composition with 5.3 mol%
Sc,03, and may have a formula of Zry9.,Sco1Mg,O1.95x. A ternary phase diagram
showing the compositions in this example G-series is illustrated in FIG. 1C. The x
values that may be used to form the G-series compositions are: 0, 0.025, 0.05, 0.075

and 0.10, thereby creating the following compositions:

10
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GO: Zry9S5¢¢.101 95
G1: Zro8755¢0.1M80.02501.925
G2: Zro855¢0.1Mg0.0501.90
G3: Zr0,8255€0.1Mg0.07501.875
G4: Zr)80S¢0.1Mg0.1001 35

[0060] Atx =0, no Mg2+ ions are added, and therefore the atomic percent of Sc**
ions is equal to the atomic percent in the parent material (i.e., 10.0%). At the highest

x value (x = 0.10), the atomic percent of zirconium ions is the lowest (i.e., 80.0%).

[0061] Another example series of compositions (“H-series’””) may be prepared based
on a parent composition of 8.1 mol% Sc,0O;. The H-series compositions may have a
formula Zry g5..S¢y.1:MgyO1.925x. A ternary phase diagram showing the example H-
series compositions is illustrated in FIG. 1D. The x values that may be used to form
the H-series compositions are: 0, 0.025, 0.05, 0.075 and 0.10, thereby creating the

following compositions:
HO: Zr( 855¢0.1501.925

H1: 714 $555¢0.15Mg0.02501.90
H2: Zr6.805¢0.15Mg0.0501.875
H3: Zr4.7755¢0.15Mg0.07501 .85
H4: Zr(755¢0,1sMg0.1001 825

[0062] X-ray diffraction patterns may determine the stable phase at room
temperature for each magnesia doped scandia stabilized zirconia composition. The
phases at room temperature for compositions in the example A-, B-, G-, and H-series

of compositions are shown in Table 1 below:

Composition Phases Present Spacegroup

A0, BO Rhombohedral R-3C

11
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Al Rhombohedral R-3C
A2 Cubic Fm-3m
A3 Cubic Fm-3m
A4 Cubic Fm-3m
Bl Tetragonal P42 nmc
B1-5 Tetragonal P42 nmc
B2 Tetragonal P42 nmc
B3 Tetragonal P42 nmc
B4 Tetragonal P42 nmc
GO Tetragonal + monoclinic | P42 nmc +
Gl Tetragonal + monoclinic | P42 nmc +
G2 Tetragonal + monoclinic | P42 nmc +
G3 Tetragonal + monoclinic | P42 nmc +
G4 Tetragonal + monoclinic | P42 nmc +
HO Tetragonal P42 nmc
H1 Tetragonal P42 nmc
H2 Cubic Fm-3m
H3 Cubic Fm-3m
H4 Tetragonal P42 nmc

Previous studies of the parent composition AQ, BO of the A and B-series, 11 mol%

Sc,03, have found it to have a rhombohedral structure at room temperature. At the

lowest level of doping in the A-series of compositions (x = 0.09), the structure may

remain thombohedral, while at all other doping levels the cubic fluorite structure may

be stable. For the example B-series, all compositions may have a tetragonal fluorite

structure. Figure 2A illustrates an x-ray diffraction patterns for the example B-Series

compositions.

[0063] X-ray analysis of the magnesium free GO sample showed both tetragonal and

monoclinic fluorite phases to be present, consistent with findings by Ruh ez al. (Ruh

1977), in their study. FIG. 2B illustrates x-ray diffraction (XRD) patterns for G-series

compositions, which show that increasing the magnesia content across the G-Series

leads to a reduction in the amount of monoclinic phase present. For example, FIG.

2C, which is a close up view of the low angle region in FIG. 2B illustrates x-ray

diffraction patterns for G-series compositions, which show relative peak heights of the

monoclinic reflections reduce with increasing magnesia content.

12
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[0064] With respect to the H-series of compositions, additions of MgO with between
2.5 and 7.5 at.% magnesium stabilize the cubic phase. When the magnesium content is
increased to 2.5 at.% the structure may remain tetragonal, but when the magnesium
content is further increased to 5.0 and 7.5 at.%, the cubic structure may be stabilized.
A further increase in magnesium content to 10 at.% tetragonal structure may become
stable. This is shown in FIG. 2D which is an XRD pattern series for the H-series
compositions. A ternary phase diagram showing as fired phases for the B-, G- and H-

series compositions is illustrated in FIG. 3.

[0065] FIGs. 4A and 4B are back scattered electron (BSE) images from samples B2
and H2 respectively, taken using a scanning electron microscope (SEM). As shown
by the data, sample G2 may have a much finer grain structure, which is consistent
with the presence of tetragonal and monoclinic zirconia. In contrast sample H2 may

have a much coarser microstructure, typical of cubic zirconia.

[0066] FIG. 5A illustrates the variation of example D.C. conductivity measurements
with magnesia content (measured atomic percent of magnesium) at 850°C for the B, G
and H-Series of compositions. Peak conductivity may be measured at or above 200

mS/cm, such as 200-210 mS/cm for the B1.5 composition (Zrg 3155¢0.171Mg0.013501.90)-

[0067] Regarding the G-series of compositions, conductivity may remain less than
100 m/Scm across the entire range of compositions. These relatively low
conductivities may be consistent with XRD results that show the presence of
unwanted low conductivity monoclinic phases at room temperature. These low results
may also indicate that G-series levels of magnesia and scandia are likely insufficient
to stabilize the more conductive cubic phase of zirconia at 850°C. In contrast, the
example H-series of compositions may show conductivities above 150 mS/cm, such as
150-199 mS/cm at compositions with 5.0 at.% magnesium or less. The conductivity
may increase approximately linearly with magnesia content to a peak value of 199
mS/cm for the H2 sample, (5.0 at.% magnesium). A further increase to 7.5 at.%

magnesium may lead to a large drop in conductivity to 79 mS/cm.

13
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[0068] FIG. 5B illustrates electrical impedance spectroscopy (EIS) measurements
showing bulk conductivity for the sample G2 and H2 compositions with 5 at.%
magnesium. FIG. 5C illustrates EIS measurements showing conductivity across the
grain boundary of the sample G2 and H2 compositions. At 400°C the low scandia G2
sample may have a higher bulk conductivity but lower grain boundary conductivity
than the higher scandia H2 sample. As temperature increases the bulk and grain
boundary component of the conductivity may increase faster for the higher scandia
sample, leading to the far superior conductivity at 850°C. Without wishing to be
bound by a particular theory, the large grain boundary resistance of the G-series phase

may be the result of the presence of the lower conductivity monoclinic phase.

[0069] When the magnesium content of the H-series of compositions is increased
from 5 at.% to 7.5 at.% or higher, a large decrease in conductivity may be observed.
FIG. 5D illustrates EIS measurements showing total conductivity for H2 and H3
samples, which have 5 at.% and 7.5 at.% magnesium, respectively. FIG. 5E illustrates
EIS measurements showing conductivity across the grain boundary for H2 and H3.
FIG. 5F illustrates EIS measurements showing bulk conductivity for H2 and H3
samples, while FIG. 5G illustrates bulk resistivity measurements for the H2 and H3
samples. It may be observed from these measurements that H2 and H3 samples may
have very similar bulk conductivities, while H3 may have a much lower grain
boundary conductivity. Thus, 1-6 atomic percent MgO, such as 1.3 - 5 atomic percent

are preferred.

[0070] FIG. 6A illustrates the variation of D.C. conductivity measurements with
scandia content (measured as atomic percent of scandia) at 850°C for the B, G and H-
Series of compositions. FIG. 6B illustrates the variation of D.C. conductivity
measurements with oxygen stoichiometry at 850°C for the B, G and H-Series of
compositions. FIG. 6C illustrates the D.C. conductivity results at 850°C are
presented on a ternary composition diagram. These plots indicate that peak values of
conductivity may be achieved at scandia contents between 15 and 19 at.%, magnesia
contents less than 5 at.% (e.g., 2-5 at.%), and oxygen stoichiometries between 1.875

and 1.9.

14



WO 2014/081716 PCT/US2013/070783

[0071] In order to further decrease the level of scandia, two additional series of

compositions based on the B1.5 and B3 compositions may be developed.

[0072] In another embodiment, scandia stabilized zirconia compositions may be co-
doped with magnesia and yttria. An example series of compositions (“E-series’”) may
be prepared based on a parent composition of 10.7 mol% Sc,0O;. The E-series may
have a formula Zr g155¢C0.171.x Y xMg0.013501.90. In this series of compositions, one Y3
ion replaces one scandium ion, while zirconium, magnesium and oxygen levels
remain constant. The x values that may be used to form the E-series compositions
were: 0, 0.018, 0.036, 0.054, and 0.072, thereby creating the following E-series

compositions:

EO: ZI'().815SC().171Mg0.013501.90. (Same as BlS)

El: Zro8155¢0.153 Y 0.01sMg0.013501.90
B2 Zro8155€0.135Y0.036Mg0.013501.90
E3: Zro8155¢0.117Y 0.054M0.013501.90
E4:  Zr8155€0.099Y 0.072Mg0.013501.90

At x =0, no scandium ions are replaced, and the atomic percent of scandium is equal
to the parent composition (i.e., 17.1%). At the highest x value, x = 0.072, atomic

percent of scandium is lowest of the series (i.e., 9.9%).

[0073] Another example series of compositions (“F-series”) may be prepared based
on a parent composition of 7.9 mol% Sc,0;. The F-series may have a formula
714.8:905C) 144x Y xMg0.02701.99. The x values that may be used to prepare the F-series
compositions are: 0, 0.018, 0.036, 0.054, and 0.072, thereby creating the following

compositions:
FOI Zl‘o.gzgsCo.144Mg0.02701.90 (Same as B3)

F1: 710 8205¢0.126 Y 0.018M€0.02701.90
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F2: Zr0.8295€0.108 Y 0.036Mg0.02701.90
F3:  Zry$295€0.09Y0.054Mg0.02701.90
Fd:  Zr0.8205€0.072Y0.072Mg0.02701.90

[0074] In this series of compositions, like in the E-series, one Y**ion replaces one
scandium ion, while zirconium, magnesium and oxygen levels remain constant. At x
= 0, no scandium ions are replaced, and the atomic percent of scandium is equal to the
parent composition (i.e., 14.4%). At the highest x value, x = 0.072, atomic percent of
scandium is lowest of the series (i.e., 7.2%). A ternary phase diagram of the example

E- and F-series compositions is illustrated in FIG. 7A (yttria not shown).

[0075] The XRD patterns of the example in the E-series and F-series compositions
are shown in FIGs. 7B and 7C, respectively. The E-series of compositions may be
tetragonal at yttrium contents of 5.4 at.% or less and may be cubic at 7.2 at.%. The F-
series compositions may remain tetragonal. At 5.4 at.% and 7.2 at.% yttrium, the F-
series samples may also have small amounts of monoclinic phase. Table 2 shows the

room temperature phases of example compositions EQ through E4, and FO through F4.

Composition Phases Present Spacegroup
EO (B1-5) Tetragonal P42 nmc
El Tetragonal P42 nmc
E2 Tetragonal P42 nmc
E3 Tetragonal P42 nmc
E4 Cubic Fm3m
FO Tetragonal P42 nmc
F1 Tetragonal

F2 Tetragonal P42 nmc
F3 Tetragonal + monoclinic | P42 nmc
F4 Tetragonal + monoclinic | P42 nmc

[0076] FIG. 8A illustrates the variation in D.C. conductivity with yttria content
measured for the E and F series of compositions at 850°C. As the data show, an

approximately linear decrease in conductivity may occur with increasing content. The
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highest conductivity for a yttria-containing sample may be 199 mS/cm for E1, which

has 1.8 at.% yttrium.

[0077] FIG. 8B illustrates EIS measurements showing total conductivity for the E-
series compositions E1, E3 and E4. FIG. 8C illustrates EIS measurements showing
bulk conductivity for E1, E3 and E4. FIG. 8D illustrates EIS measurements showing
conductivity across the grain boundary plane for E1, E3 and E4. FIG. 8E illustrates
bulk resistivity values at 400°C for E1, E3 and E4.

[0078] FIG. 9A illustrates EIS measurements showing total conductivity for the
samples E1 and F1, each of which have 1.8 at.% yttrium. FIG. 9B illustrates EIS
measurements showing bulk conductivity for E1 and F1. FIG. 9C illustrates EIS
measurements showing conductivity across the grain boundary plane for E and F1.

FIG. 9D illustrates bulk resistivity values at 400°C for E1 and F1.

[0079] FIG. 10A illustrates D.C. conductivity at 850°C versus scandia content for
series A, B, G and H (ZrO,-Sc,03-Mg0O), and E and F (ZrO,-S¢,05-Y,03;-MgO) at
850°C. Further, FIG. 10 B illustrates D.C. conductivity at 850°C versus oxygen
stoichiometry for each of these series. The conditions for high conductivity in the
yttria containing samples are consistent with those found for the yttria free samples.
The highest values of conductivity may be found for scandium contents between 15

and 19 at.% magnesium contents less than 5 at.% and oxygen stoichiometries between

1.875 and 1.9.

[0080] In another embodiment, scandia stabilized zirconia compositions that are
similar to the B-series compositions may be doped with either zinc oxide (ZnO) or

indium oxide (In,0O;), instead of or in addition to magnesia.

[0081] In an example series of compositions (“B-Zn series”), which may be based on
the B1.5 sample composition discussed above, zinc ions may replace magnesium ions.
The B-Zn series may have a formula of Zrj gy,x5Co 1952xZN,01.99. X values that may
be used to prepare this B-Zn series of compositions are: 0, 0.0135 (corresponding to

B1.5) and 0.027 (corresponding to B3), thereby creating the following compositions:
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B1.5Zn: 719 3155C0.171Z10,013501 90
B3Zn: 710 829059C0 14421 02700190

[0082] Specifically, in this series, two Sc’* ions may be replaced by one Zn** and
one Zr'* ion. The oxygen stoichiometry remains constant as Sc’* is replaced by these
ions. XRD patterns for sample compositions in this B-Zn series of compositions are
illustrated in FIGs. 11A-11C, where FIGs 11B and 11C are close ups of low and high
angle regions of FIG. 11A.

[0083] The conductivities at 850°C of the B-Zn series compositions, compared to
corresponding B-series compositions and the parent composition with 11 mol%

Sc,03, are provided in Table 3 below:

-1
Cgsoc (mScm )
B-Zn series B- series
IISC203 140 140
B1.5 127 199, 232
B3 105 159

[0084] FIG. 12A illustrates D.C. conductivity at 850°C versus ZnO content
(measured as atomic percent of zinc) for the B-Zn series of compositions, overlaid

onto a plot of D.C. conductivity at 850°C versus magnesium content for B1.5 and B3.

[0085] In another example series of compositions, indium oxide may be used as a
co-dopant with scandia. Similar to the A-series of compositions in which Mg** is a
co-dopant that replaces Scs+, in an In,O; co-doped composition the In** ions may
replace Sc>* ions in a 1:1 ratio, with the oxygen content remaining fixed. This series
may be based on a parent composition of 11 mol% Sc,0s, and may have a formula of:

710 3025C0.198-x1N,01 99 Wwhere 0 <x <0.198, such as 0.018 <x <0.18.

[0086] Sample compositions of this embodiment may have 0-11 mol% Sc,0;, such
as 1-9 mol% Sc,0s3, and 0-11 mol% In,Os;, such as 2-10 mol% In,O5, with a total

doping range (i.e., sum of Sc,0O; and In,O3; mole percentages) of 11 mol%. In one
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example, the composition may have 9 mol% Sc,0;3and 2 mol% In,03, and therefore

have a formula of Zr0.802800.1621n0.03601.90.

[0087] FIG. 12B illustrates XRD patterns for this series, in which sample
compositions have discreet integer indium oxide contents varying from O to 11 mol%
and discreet integer scandia contents varying from 11 to 0 mol%. FIG. 12C
illustrates the variation in D.C. conductivity of these sample compositions as a
function of discrete integer indium oxide content (measured as mole percent of In,05),
where indium oxide content varies from 0 to 11 mol%. As shown by the data plot,
D.C. conductivity of the samples may be a value between 80 mS/cm and 220 mS/cm.
As also shown by the data plot, a peak D.C. conductivity level of at least 215 mS/cm,
such as between 215 and 220 mS/cm, may be achieved at about 3 mol % In,O;, which
corresponds to a sample formula of around Zr g)>SCg 14410005401 99. Thus, this series
may be described as having a formula Zr_.,Sc,In,Og4 in which 0.018 <w <0.18, in
which 0.018 <y <0.18, and in which 1.8 <d <2. In an embodiment, scandium ion
concentration (w) may be characterized by w =0.198 - y. In another embodiment,

indium ion concentration (y) may be characterized by y = 0.054.

[0088] In another embodiment, scandia stabilized zirconia compositions that are
similar to the H-series compositions may be doped with indium oxide (In,O;) in
addition to magnesia. In an example series of compositions (“H-In series”), which
may be based on the H2 sample composition discussed above, Sc’* ions may be
replaced by Mg”" ions in a 1:1 ratio, thereby lowering scandium and oxygen content of
the composition while keeping zirconia and indium content constant. The H-In series
may have a formula of Zr Scg 15.4Ing0sMgx05.4, in which 0 <x <0.05. The formula
for the H-In series may also be written as Zry §S¢o 15.xIn005MgxOq4, in which 1.8 <d <2
and 0 <x <0.05. At x =0, no magnesia is present and a sample composition has a
formula Zry §Scy 15Ing 0sO54. At x =0.05, a sample composition has a formula

Zfo.SSCO.101110.05Mg0.0502-d-

[0089] Another set of examples involves variants of the E1 sample composition,

discussed above. In one example composition, zinc oxide may replace magnesia as a
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dopant, producing a composition “E1-Zn” that may have a formula
Z14.8155C0 153 Y 0.018Z1N0,013501 .90, In another example, In,O; may be used as a co-dopant

that replaces yttria, producing a composition “E1-In” that may have a formula

710 3155C0.1531n0,018Mg0.013501 90

[0090] FIG. 13A illustrates energy-dispersive x-ray (EDX) spectroscopy analysis of
the sample compositions E1-In and 9S¢,0;-2In,05. FIG. 13B illustrates x-ray
diffraction (XRD) patterns for these compositions, with an expanded view region for
angles of 26 = 80- 88°. At 850°C, the D.C. conductivity of E1-In at 850°C may be
around 195 mS/cm, while the D.C. conductivity of 9S¢,03-2In,0; may be around 170
mS/cm. Thus, these compositions have a conductivity of at least 170, such as 180-

195 mS/cm.

[0091] FIG. 14A shows bulk impedance values of the E1 sample composition with
the El variants E1-Zn and E1-In at 400°C. FIG. 14B shows bulk conductivity
measurements for E1, E1-Zn and E1-In. FIG. 14C shows the total conductivity
measurements for E1, E1-Zn and E1-In, and FIG. 14D shows the conductivity across

the grain boundary plane for E1, E1-Zn and E1-In.

[0092] In further embodiments, scandia stabilized zirconia may be co-doped with
gallium oxide and yttria. Without wishing to be bound to a particular theory, the
combination of the smaller radius Ga>* ion and the larger radius Y>* may lead to less

distortion of the crystal structure.

[0093] An example series of compositions (“I-series””) may be created with a formula
Z1050185C0.1752 Y 0.02.xGaxO1 0. In this series of compositions, one Ga* ion replaces one
Y>*ion, while zirconium, scandium and oxygen levels remain constant. The x values
that may be used to form the I-series compositions are: 0, 0.005, 0.01, 0.015 and 0.02,

thereby creating the following compositions:
10: Z16,8025€0.178 Y 0.0201.90

I1: 719 3025¢0.171 Y 0.015G20,00s01.90
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12: Zro8025€0.171Y0.01Gag.0101.90
I3: 719 8025¢0.171 Y 0.005G20.01501.90
I4: Zro802S¢0.171Ga0.0201.90

[0094] Atx =0, no yttrium ions are replaced, and no gallium ions are present. At the

highest x value, x = 0.02, all yttrium ions are replaced by gallium ions.

[0095] Another example series of compositions (“J-series””) may be prepared with a
formula Zrj 30>SCo.133 Y 0.01.xG2,0; 99. In the J-series, one Ga™ ion replaces one Y**ion,
while zirconium, scandium and oxygen levels remain constant. The x values that may
be used to form the J-series compositions are: 0, 0.0025, 0.005, 0.0075, thereby

creating the following compositions:

JO: Z19.8025¢C0.188 Y 0.0101.90

JI: Z19.8025C0.188 Y 0.0075G20,002501 90
J2: Zro8025¢0.188 Y 0.005Ga0.00s01.90
J3: Z19.8025C0.188 Y 0.0025G20,007501 .90

[0096] At x =0, no yttrium ions are replaced, and no gallium ions are present. At the
highest x value, x = 0.0075, the composition contains 2.5 at.% Y>* and 7.5 at.% Ga’*

ions.

[0097] Another example series of compositions (“K-series””) may be prepared with a
formula Zry g9185¢C0.1682 Y 0.03-xG2xO1 99. In this series of compositions, one Ga’* ion
replaces one Y°" ion, while zirconium, scandium and oxygen levels remain constant.
An x value that may be used to form an example K-series composition is 0.015, which
may create a K2 sample composition having a formula Zrg g9185¢0.1682 Y 0.015G20.01501.90.

At this x value, the atomic percentages of Y°*ions and Ga®" ions are equal.

[0098] Another example series of compositions (“L-series”) may be prepared with a

. . .. It .
formula Zrg g9185¢0.1582 Y 0.04.x0ax01.00. In this series of compositions, one Ga™" ion
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It . . . . . .
replaces one Y~ ion, while zirconium, scandium and oxygen levels remain constant.
An x value that may be used to form an example L-series composition is 0.02, which
may create a L2 sample composition having a formula Zrg g9185¢0.1582 Y 0.02G20.0201 90.

At this x value, the atomic percentages of Y°*ions and Ga®" ions are equal.

[0099] FIG. 15 is a ternary phase diagram showing the example I-, J-, K- and L-
series of compositions. FIG. 16A illustrates XRD patterns for sample compositions in
these series, 12, J2, K2, and L2. FIG. 16B is an expansion of the XRD patterns over
the range of 20 = 82 - 85°. FIG. 17A illustrates the variation in D.C conductivity with
total gallium oxide and yttria content (measured as atomic percent of gallium or
yttrium) for the I, J, K and L series of compositions at 850°C. FIG. 17B illustrates the
variation in D.C. conductivity with scandium content (measured as atomic percent of
scandium). As the data show, the K-series composition, which has 0.015 at.% Y3
ions and 0.015 at.% Ga ** ions, has the highest conductivity, such as above 200

mS/cm, for example 221 mS/cm.

[00100] D.C. conductivities of sample compositions 12, I3, J2, J3, K2 and L2 at
850°C are provided in Table 4 below:

Composition Casoc
12 132
13 126
J2 118
J3 129
K2 221
L3 106

[00101] Another example series of compositions (“M-series”) may be prepared with
a formula Zr( g155¢0.15Y 0.00xGaxMg0 01501 9. In this series of compositions, one Ga™*
ion replaces one Y" ion, while zirconium, scandium, magnesium and oxygen levels
remain constant. The x values that may be used to prepare the M-series are 0, 0.01

and 0.02, thereby creating the following compositions:
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MO:  Zro5155€0.15Y 0.00Mg0.01501.9
M1:  Zry5155¢€0.15Y 0.01Ga,01Mg0.01501.9
M2: Ziro8155¢0.15Ga0.02Mg0.01501.9

At x =0, no yttrium ions are replaced, and no gallium is present, and at x= 0.02, all

yttrium ions are replaced with gallium ions.

D.C. conductivity results of the M-series compositions at 850°C are provided in Table

5 below:

Composition Casoec
MO 179
M1 154
M2 162

[00102] FIG. 18 is a graph illustrating the D.C. conductivity for the M-series
compositions with varying gallium oxide content (measured as atomic percent

gallium).

[00103] Another example series of compositions (“N-series”’) may be created with a
formula Zrg 8155¢0.13Y 0.04xGaxMg0.01501.90. In this series of compositions, one Ga’*ion
replaces one Y* ion, while zirconium, scandium, magnesium and oxygen levels
remain constant. The x values that may used to make the N-series are 0, 0.01, 0.02,

0.03, and 0.04, thereby creating the following compositions:
NO:  Zry.8155¢0.13Y 0.04M80.01501.90

N1: Zro155¢0.13Y 0.03G20.01Mg0.01501.90

N2: Zr8155¢0.13Y 0.02G20.02Mg0.01501.90

N3: Zro8155¢0.13Y 0.01G20.03Mg0.01501.90

N4:  Zry5155¢0.13Ga0,04ME001501 90
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[00104] Atx =0, no yttrium ions are replaced, and no gallium is present, and at x=

0.04, all yttrium ions are replaced with gallium ions.

[00105] In further embodiments, scandia stabilized zirconia may be co-doped with
indium oxide and ceria. An example series of compositions (“O-series”) may be
created with a formula Zirg ggoScq 132-xCe€0 000N, 054, where O < x <0.164. This series
may also be written as Zirg g00SCo.182-xC€0.000INx04, where 1.8 <d <2 and 0 <x <0.164.
In this series of compositions, In* ions replace Sc* ionsinal:1 ratio, while
zirconium, cerium, and oxygen levels remain constant. A parent dopant material for
the O-series of compositions may be 105¢,05-1Ce0O,. Sample compositions may be
created by replacing Sc,O5; with up to 9 mol% In,O; (e.g., 9S¢,03-11n,05-1CeO; to
1S¢,03-9In,05-1Ce0,).

[00106] Other example compositions may be created with total dopant amounts
lower than 11 mol%. For example, one series of compositions may be created with at
least 8 mol %, such as 9 mol% of total dopant, and a formula
71.8435C0.0926-xC€0.000IN0.05564x02-9, Where 0 <x <0.0741. The formula for this series
may also be written as 7 8435C0.0926-xC€0.000IN0.0556:x0g, Where 1.8 <d <2 and 0 <x <
0.0741. In this series of compositions, In** ions replace Sc* ionsina 1:1 ratio, while
zirconium, cerium, and oxygen levels remain constant. A parent dopant material may
comprise 5S¢,05-3In,05-1Ce0,. Sample compositions may be created by replacing
Sc,03 with up to 4 mol% In,0O; (e.g., 5S¢,03-3In,03-1Ce0; to 1S¢,05-7In,03-1Ce0,).
In another example, a series of compositions (“P-series”) may be created with 10 mol
% of total dopant, and a formula Zrg g>5S¢¢.110.xC€0.009IN0.055:x02-9, Where 0 < x <
0.0917. The formula for the P-series may also be written as

710 8755C0.110-xC€0.009IN0 0554xO4, Where 1.8 <d <2 and 0 <x <0.0917. In this series of
compositions, In** ions replace Sc* ions in a 1:1 ratio, while zirconium, cerium, and
oxygen levels remain constant. A parent dopant material may be 65¢,05-3In,0;-
1Ce0,. Sample compositions may be created by replacing Sc,Oz with up to 5 mol%
In, 05 (e.g., 65¢,03-31n,0;3-1Ce0; to 1S¢,05-8In,03-1Ce0,). Some x values that may
used to make the P-series are 0 and 0.018, thereby creating the following

compositions:
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PO: 710 8255¢0.110C€0.000110,05501 .92
P1: 710.8255C0,092C€0.000I00 973 O1.92

[00107] Atx =0, no additional scandium ions are replaced, and the amount of

indium present is the same as in the parent dopant material.

[00108] Other embodiment compositions may be created with total dopant amounts
that are higher than 11 mol%, such as up to 14 mol%. For example, one series of
compositions (“Q-series’’) may be created with 11.5 mol% of total dopant, and a
formula Zrg 3015¢o 10.xC€0.000IN0.091:x02-q, Where 0 < x <0.082. The formula for the Q-
series may also be written as Zirg g15¢o 10-xC€0.0001N0.0914x0g, Where 1.8 <d <2 and 0 <
x < 0.082. In this series of compositions, In>* ions replace Sc’* ions in a 1:1 ratio,
while zirconium, cerium, and oxygen levels remain constant. A parent dopant
material may be 5.55¢,0;-5In,05-1CeO,, Sample compositions may be created by
replacing Sc,0O; with up to 4.5 mol% In,03 (€.g., 5.55¢,03-5In,03-1Ce0; to 1S¢,05-
9.5In,05-1Ce0,). Some x values that may used to make the Q-series are O and 0.010,

thereby creating the following compositions:
QO: 710.3015¢0.10C€0.000IN0.09101 01
Ql: 710 8255€0,001C€0.00IN0 100191

[00109] Atx =0, no additional scandium ions are replaced, and the amount of

indium present is the same as in the parent dopant material.

[00110] In another example, a series of compositions (“R-series’”’) may be created
with 12 mol % of total dopant, and a formula Zr 7935¢¢.110.xC€0.000IN0.0904xO02-4, Where 0
<x <0.09. The formula for the R-series may also be written as

710 7935C0.110-xC€0.000IN0 090404, Where 1.8 <d <2 and 0 <x <0.09. In this series of
compositions, In** ions replace Sc* ions in a 1:1 ratio, while zirconium, cerium, and
oxygen levels remain constant. A parent dopant material may be 65¢,05-5In,03-
1Ce0,. Sample compositions may be created by replacing Sc,Oz with up to 5 mol%

In, O3 (e.g., 65¢,03-5In,03-1Ce0; to 1S5¢,03-10In,05-1Ce0,). Some x values that
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may used to make the R-series are 0, 0.009, and 0.018, thereby creating the following

compositions:

RO: Z19.7935¢0.110C€0.000I00.090 O1.90
RI: 719.7935C0.101Ce0.000IN0,099 O1.90
R2: 719.7935C0,092C€0,000IN0,10801 90

[00111] At x=0, no additional scandium ions are replaced, and the amount of indium

present is the same as in the parent dopant material.

[00112] In another embodiment, a related series of compositions (R’-series) also
having a total of 12 mol% dopant may be created with scandia stabilized zirconia that
is co-doped only with indium, and lacks cerium or ceria. The R’-series may have a
formula Zrg 736SC0 143-x01N0.0714xO02.9, Where 0 <x <0.125. The formula for the R’-series
may also be written as Zir 7365Co 143.xIN0.071:xOg, Where 1.8 <d <2 and 0 <x <0.125.
In this series of compositions, In’" ions replace Sc’* ions in a 1:1 ratio, while
zirconium and oxygen levels remain constant. A parent dopant material may be
8S¢,05-4In,03. Sample compositions may be created by replacing Sc,O3 with up to 7
mol% In,O; (e.g., 85¢,03-4In,05 to 15¢,05-11In,05). Some x values that may used

to make the R-series are 0 and 0.036, thereby creating the following compositions:
R’0:  Zrg.7365¢0.1431n0,07101.89
R’1: Zrg.7365C0.107IN0,10701.89

[00113] At x=0, no additional scandium ions are replaced, and the amount of indium
present is the same as in the parent dopant material. At x = 0.036, the amounts of

indium and scandium are equal in the dopant material.

[00114] In another example, a series of compositions (“S-series”) having 13 mol %
of total dopant may be created using scandia stabilized zirconia co-doped with indium
oxide and ceria. The S-series may have a formula Zr 7775¢¢ 107xC€0.000I00.1074x02-45

where 0 < x <0.089. The formula for the S-series may also be written as
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7107775¢0.107xC€0.000IN0 107:xOg, Where 1.8 <d <2 and 0 <x <0.089. In this series of
compositions, In** ions replace Sc* ions in a 1:1 ratio, while zirconium, cerium, and
oxygen levels remain constant. A parent dopant material may be 6Sc,03-6In,0;-
1Ce0,. Sample compositions may be created by replacing Sc,Oz with up to 5 mol%
In,O5 (e.g., 65¢,03-6In,0;3-1Ce0; to 15¢,05-111n,05-1Ce0,). Some x values that

may used to make the S-series are 0 and 0.018, thereby creating the following

compositions:
SO: 719 7775¢0.107C€0.000100,090 O1 87
S1: 710.7935¢0.101Ce0.000I00.099 O1 87

[00115] In another embodiment, a related series of compositions (S’-series) also
having a total of 13 mol% dopant may be created with scandia stabilized zirconia that
is co-doped only with indium. The S’-series may have a formula

Z19.7705¢C0.142-xINg 088+x02.4, Wwhere 0 < x <0.125. The formula for the S’-series may
also be written as Zrg 7709Co, 142-x1Ng 033:xOq, Where 1.8 <d <2 and 0 <x <0.125. In
this series of compositions, In>* ions replace Sc* ions in a 1:1 ratio, while zirconium
and oxygen levels remain constant. A parent dopant material may be 8Sc,0;-5In,05;.
Sample compositions may be created by replacing Sc,Oz with up to 7 mol% In,0;

(e.g., 880203-5111203 to 180203-12111203).

[00116] FIGs. 19A - 19C are graphs illustrating the variation in D.C. conductivity for
sample compositions of the O-series, P-series, Q-series, R-series, and S-series. FIG.
19A shows D.C. conductivity of sample compositions in these series as a function of
discrete integer scandium content (measured as at.% Sc3+), where scandium content
varies from 7.2 to 18.2 at.%. FIG. 19B shows the variation in D.C. conductivity of
the sample compositions as a function of indium content (measured as at.% In>"),
where indium content varies from 0 to 10.9 at.%. FIG. 19C shows the variation in
D.C. conductivity of the sample compositions as a function of the ratio of scandium
content to indium content (excluding an O-series sample in which dopant composition

had 0 % indium oxide).
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[00117] As shown by the data plots, D.C. conductivity of the samples may be a
value between 80 mS/cm and 220 mS/cm. As also shown by the data plot, a peak
D.C. conductivity level of at least 215 mS/cm, such as between 215 and 220 mS/cm,
may be achieved in the O-series in a sample with around 16.3 at.% scandium, and
around 1.8 at% indium, which has a sample formula of around
710.8095C0.163C€0.000IN0,018019. The amounts of scandium and indium at the peak D.C.
conductivity level correspond to a dopant material of 9 mol% Sc,0Os, 1 mol% In,03,
and 1 mol% CeQO.,. . Thus, the O-series this series may be described as having a
formula Zr_.y.,Sc,Ce,In,Oq4 in which 0.072 <w < 0.182, in which 0 <y <0.1098, in
which 0.008 <z <0.1, and in which 1.8 <d <2. In an embodiment, scandium ion
concentration (w) may be characterized by w = 0.182 - y, and cerium ion
concentration (z) may be characterized by z = 0.009. In another embodiment, indium

ion concentration (y) may be characterized by y = 0.018.

[00118] FIGs. 20A and 20B are graphs illustrating summaries of the D.C.
conductivity results for various example series of scandia stabilized zirconia
compositions that may have the properties discussed above. FIG. 20A shows D.C.
conductivity of sample compositions in these series as a function of discrete integer
scandium content (measured as at.% Sc3+). FIG. 20B shows D.C. conductivity of the

sample compositions in these series as a function of oxygen stoichiometry.

[00119] FIG. 21 is a ternary phase diagram showing sample high conductivity
compositions of embodiment B- and H-series scandia stabilized zirconia that is doped

with magnesia.

[00120] As demonstrated in the various example series of scandia stabilized zirconia
compositions, the B- and H-series compositions may have high relative conductivities.
For example, a sample B1.5 composition may have a D.C. conductivity of 232
mS/cm. In another example, sample H2 and H1 compositions may have D.C.

conductivities of 199mS/cm and 171mS/cm, respectively.

[00121] In another example, a sample K2 composition may have a relatively high

conductivity of 145mS/cm. In another example, a sample L2 composition may also
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have a relatively high conductivity of 145 mS/cm. In another example, compositions

doped In,O; may have relatively high conductivities around 195mS/cm.

[00122] The compositions above may be used for a solid oxide fuel cell electrolyte.
The electrolyte may be plate shaped with an anode electrode on one side (e.g., a nickel
and stabilized zirconia and/or doped ceria cermet) and a cathode electrode (e.g.,
lanthanum strontium manganate) on the opposite side. The fuel cell comprising the
electrolyte, anode and cathode electrodes may be located in a fuel cell stack. The term
“fuel cell stack,” as used herein, means a plurality of stacked fuel cells separated by
interconnects which may share common air and fuel inlet and exhaust passages,
manifolds or risers. The “fuel cell stack,” as used herein, includes a distinct electrical
entity which contains two end plates which are connected to power conditioning
equipment and the power (i.e., electricity) output of the stack. Thus, in some
configurations, the electrical power output from such a distinct electrical entity may
be separately controlled from other stacks. The term “fuel cell stack™ as used herein,
also includes a part of the distinct electrical entity. For example, the stacks may share
the same end plates. In this case, the stacks jointly comprise a distinct electrical
entity, such as a column. In this case, the electrical power output from both stacks

cannot be separately controlled.

[00123] The formulas that represent the compositions above are not intended to limit
the scope of the invention to particular atomic or mole percentages, but are provided
to facilitate disclosure of the various series of related compositions. For example, the
representation of oxygen as “O, 4 or “O4” provides for a variable amount of oxygen
that may depend, for example, on the total amount of doping, valence of cations in the
composition, etc. Example amounts of oxygen that may be present in series of
compositions discussed above include, without limitation: 1.92 at% oxygen in the P-
series; 1.91 at% oxygen in the Q-series, 1.90 at% oxygen in the R-series; 1.89 at%

oxygen in the R’-series; and 1.87 at% oxygen in the S-series.

[00124] The foregoing description of the invention has been presented for purposes

of illustration and description. It is not intended to be exhaustive or to limit the
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invention to the precise form disclosed, and modifications and variations are possible
in light of the above teachings or may be acquired from practice of the invention. The
description was chosen in order to explain the principles of the invention and its
practical application. It is intended that the scope of the invention be defined by the

claims appended hereto, and their equivalents.
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CLAIMS:

1. An electrolyte composition for a solid oxide fuel cell, comprising zirconia
stabilized with scandia, and at least one of magnesia, zinc oxide, indium oxide, and

gallium oxide.

2. The electrolyte composition of claim 1, wherein at least one magnesia, zinc oxide,

indium oxide, and gallium oxide comprises indium oxide.

3. The electrolyte composition of claim 1, wherein the zirconia stabilized with
scandia and at least one of magnesia, zinc oxide, indium oxide, and gallium oxide is

further stabilized with ceria.

4. The electrolyte composition of claim 1, wherein the scandia and the at least one of
magnesia, zinc oxide, indium oxide, and gallium oxide are present in a total amount

that is greater than or equal to 8 mol% and less than or equal to 14 mol%.

5. The electrolyte composition of claim 4, wherein:

the at least one of magnesia, zinc oxide, indium oxide and gallium oxide
comprises indium oxide; and

the scandia and indium oxide are present in a total amount that is greater than

or equal to 11 mol% and less than or equal to 13 mol%.

6. The electrolyte composition of claim 3, wherein:

the at least one of magnesia, zinc oxide, indium oxide and gallium oxide
comprises indium oxide; and

the scandia, indium oxide and ceria are present in a total amount that is greater

than 8 mol% and less than 14 mol%.
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7. The electrolyte composition of claim 6, wherein the scandia, indium oxide and
ceria are present in a total amount that is greater than or equal to 9 mol% and less than

or equal to 13 mol%.

8. The electrolyte composition of claim 7, wherein the scandia, indium oxide and
ceria are present in a total amount that is greater than or equal to 11 mol% and less

than or equal to 13 mol%.

9. The electrolyte composition of claim 8, wherein the scandia, indium oxide and

ceria are present in a total amount of around 11 mol%.
10. The electrolyte composition of claim 5, wherein the electrolyte composition is
characterized by a formula Zr,_,,.ySc,In,Oq4, wherein 0.018 <w < 0.18, wherein 0.018

<y <0.18, and wherein 1.8 <d <2.

11. The electrolyte composition of claim 10, wherein 0.017 <w < 0.143, and

wherein 0.071 <y <0.123.

12. The electrolyte composition of claim 11, wherein scandium content is

characterized by w = 0.198 - y.

13. The electrolyte composition of claim 11, wherein indium content is characterized

by y = 0.054.
14. The electrolyte composition of claim 6, wherein the electrolyte composition is
characterized by a formula Zr,_,,.,.,Sc,/Ce,In,Oq4, wherein 0 <w <0.182, wherein 0 <y

<0.164, wherein 0.008 <z <0.01, and wherein 1.8 <d <2.

15. The electrolyte composition of claim 14, wherein 0 < w < 0.164.
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16. The electrolyte composition of claim 14, wherein 0.072 <w <0.182, and wherein 0

<y<0.1098.

17. The electrolyte composition of claim 14, wherein by w = 0.182 — y, wherein y =

0.018, and wherein z = 0.009.

18. The electrolyte composition of claim 14, wherein w = 0.164 - y, and wherein z =

0.009.

19. The electrolyte composition of claim 1, wherein the at least one of magnesia, zinc
oxide, indium oxide and gallium oxide comprises indium oxide, and wherein the

electrolyte has a DC conductivity of at least 215 mS/cm.

20. An electrolyte composition for a solid oxide fuel cell, comprising zirconia

stabilized with scandia, ceria, and indium oxide.

21. The electrolyte composition of claim 20, wherein zirconia is present in an amount
of about 87-91 mol%, and wherein scandia, ceria, and indium oxide are present in a

total amount of about 9-13 mol%.

22. The electrolyte composition of claim 21, wherein zirconia is present in an amount
of about 89 mol%, wherein ceria is present in an amount of about 1 mol%, and

wherein scandia and indium oxide are present in a total amount of about 10 mol%.

23. The method of claim 22, wherein the total amount of about 10 mol% scandia and

indium oxide comprises 1-9 mol% scandia and 1-9 mol% indium oxide.
24. A method of making an electrolyte composition for a solid oxide fuel cell,

comprising forming the zirconia electrolyte stabilized with scandia, and at least one of

magnesia, zinc oxide, indium oxide, and gallium oxide using co-precipitation.
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25. The method of claim 24, wherein forming a zirconia electrolyte stabilized with
scandia, and at least one of magnesia, zinc oxide, indium oxide, and gallium oxide

comprises forming a zirconia electrolyte stabilized with scandia and indium oxide.
26. The method of claim 24, wherein the zirconia electrolyte stabilized with scandia,

and at least one of magnesia, zinc oxide, indium oxide, and gallium oxide is further

stabilized with ceria.

34



PCT/US2013/070783

WO 2014/081716

1/39

A-Tetles

wr

= g
1853 ST

e

o
3

oo}

oo

.08

i

£
oo

FIG. 1A

A-Series
B-Seriss
&

&

¥/
¢

X
X,

.04

TS

AN A A Eaat e

Q.80

2

FIG. 1B



WO 2014/081716 PCT/US2013/070783

0.00
PN 800 $ A-Series
Y oeN & B-Berles
aos o L ‘3&\ & G-Series
08,
&

A-Darias
B-Setles

G-Sarigs
H-Seriss

e W A

%

FIG. 1D
2/39



WO 2014/081716 PCT/US2013/070783

3 / 39
LN 5
— (9p]
K} (an] (an]
N : <
W) Aysusyu| sane|sy (o]
= )
. L.
—c?
- s|
=
] >
—_— j— 8 o
] o~N
S o
T =] =1°
S =
S X
X ® 5
o © =
B P ~
o “ i
- (o]
‘ ‘ 2

fiisusju| aane|ay



Retative intensiby

WO 2014/081716

PCT/US2013/070783

4/39

it MgO

12,5384 M0

y

N

isats MgO

7.556% MO

A

L)
e"“- \'-3 e ‘,
; . ;ﬁ\f"f} dm’“\yﬂm'\wlk ‘c\‘-\ ‘
;1 ‘ e ‘}*\.-’Rb. M.‘\m( {3{3
A NN, W L W & A o
XW\W\%.W\.-\&J d J\%\
e,

10aty MgO

2

LA

10

3

g % z o
H i 3 $ o »
Lo Wb el E
g
k]
a4
3
}
f ’ ¥
% et o \"\uﬁﬁw@w“w ’ \‘«
f & bt s G3
. F bt J\\\.“«.J \""\vw ?«(1
£
‘ Y o
‘% ,,f’/ R \w
J VA, Aot oo - G4
B2 a8 2 at &2 93 4 s 8% 8
2 {7

FIG. 2B



WO 2014/081716 PCT/US2013/070783

Retutive Intensity

B 2% ¥ O2%2 ®» X M O OB 3 38
26 )



Fetative Intensity

WO 2014/081716

6/39

Oat¥ Mgl

f
i

i
T

PCT/US2013/070783

A J

2.5at% Mgty

oo

Sath Mgl

A
£
il &
L 3
; z\ j §1
£
e 3 N i N

Relative infensity

.

7 50ty Mg| |
- 1T
10a% MgO! | E
A g ;&_ L A LY

14

0 Y 86

FIG. 2D

§

it \

i i

Y i

EEERN %

_— N e N
sik

{ 3 «

H iy

/ i\ FA
..»...-,“««-m-w““‘” M"h ,‘“}‘“'\wv.“ﬁ)f \WAWM-\?A\\«\V
81 3 83 84 e a8 57

%

O

H1

H2

H3

H4



WO 2014/081716 PCT/US2013/070783

7/39
& Cubic
# Rhombohedral
0.0¢ & Tetragonal
& T+M
+ Monoclinic

Q.00



WO 2014/081716 PCT/US2013/070783

RNEREGEES
SOMPG 155RY

FIG. 4A

COMPO 150KV Teir WY 12 Fem

FIG. 4B

8/39



WO 2014/081716 PCT/US2013/070783

9/39

" S
0
s

-

e 3

sanghenne 1 HLES

e B

Conmucivity Som’y

a0 L
RERTad oy

e e A e A~ o

0% 2% 4 0% B0% {0% $248%

gl Content {atlq

FIG. 5A



WO 2014/081716 PCT/US2013/070783

o 32

N
1.0B-02 + T
R

Conductivity {5.om')

10E-03 NN
LN \\\\
\\:_ &&
1004 - \\K
™

\
1DE-D8 “w

1.0E-06 : :

10007 ()

FIG. 5B

-~
coueee {32
e HE

LW

Conduclivity (S.om )
P
1§11
2
L#]

FIG. 5C

10/39



WO 2014/081716 PCT/US2013/070783

1 REH0
i
e MT
O <
OB oo MY
N
E qomaz b
o
2
T OOEAY
".‘:—:
-
e
5 OLOR04
TN
Nt
{ QE03

1 0Es00Q
e MR
a0t b
1.0E01 3
S o802
&
b
&
T OLOEN3
g
S 1RELd F
&
&
VORGSR
1L0E06 t
08 1 12 14 18 1.8

FIG. 5E

11/39



WO 2014/081716 PCT/US2013/070783

N T
3 ae0 b .
1080 PP

Conductivity {8 .cmfi}
e
Fa]
¥
,{;1

FIG. 5F

-5ON0G

¥ HR
40008 $
400°C

§

PRGEK I S BB g
"g: B RS
o L I ®, &
& E A -,
<% 20000 & B & 'as_,n o
2 -3 . k :

N \\\“ ® &
] ® § - .

-10Q00

3 i » : . £ s §
g 200G 45000 SO000 SO 100000

2 (em)

FIG. 5G

12/39



PCT/US2013/070783

WO 2014/081716

n
[

3
e e
e £z
o > R L4

§, wrag) Glesnpoay

S

FIG. 6A

{

55 243
> s
“ £

LAIGE Mesonpney

2
£

“zh

73
%

3

)

i

FIG. 6B

Cueygen stolohiamsy

13/39



WO 2014/081716 PCT/US2013/070783

& >175 mS.cm’

# 150-175 mS.em’
o 125-150 mS.om’
& 1004125 mS.cm’

0.00

0os.) O & 75-100 mS.cm’
S & 50-75mS.cm’

o ot0 /i X0 ® 2550 mS.cm’
%9 VVVVV ¢ Unmeasured

0.25

— g + e >
0.7% £.80 .85 .80 .95 1.00
10,

FIG. 6C

14/39



WO 2014/081716

R B 0.00

PCT/US2013/070783
E-Series
.20
F-Series

rrrrrr

FALO N

FIG. 7A

15/39



PCT/US2013/070783

WO 2014/081716

£l

g4

e g,

23]
$a4
i
1
W 1
\\\ ».\.i\h \ H
“ o 2
", o £ e,
s y ~. ™
i , ™ :
! } ;
m ,M
W\ §
i {
\ H
el e #
o
ﬂ»..unnh.tf.t.} ...&\\«ﬂﬁ..-.\.mw{ o ‘.,\\4\,\ et e
.. <o, it i sl

K %
w 3 . « ).S
; , p 3
3 k4
i % 4
| !
%
% b3
{ 3
Y
{ i
Bassasayss wasw s
; 3 H
< w o »
\\.ﬂ‘ b \\WV errnd
3 5
i :
e L «{M i
o iu .1% oo
wwwwww i e ARy ARSI
1
i
P
T p—— i
s o — I
y
P P o ”
o bt i pach el
o [ 4 k4 &
& = ¥ 4 ¥
7 3 % 7 &
% % 5 = &
£2 s 1341 W b

APBuBy SruoY

yer
B

8%

8%

o
we

o
o«

B

FAR A

FIG. 7B

16/39



Refsive intensity

WO 2014/081716

PCT/US2013/070783

26 8

FIG. 7C

17/39

&,
.\f \\\
P g
o kS AR
N ‘,»-'"' \"N-w\-gﬂmw-’" \,“' FO( B 3 )
o WA
Atk ¥y e e
oAtk YO | | 9 - -
3 1 33 .E‘“ i & &
R ERUI § Y I TN, N AN
Y
N
& Y o\
1.8at% Y{:‘Qgg 4 I Ty d S‘R\ e S \m‘*“ﬁv‘www
& §
i A b & H i ™
3 FARN AN
& X &£
3.65t% YO 1 3 T NN
Rath Yihg T S e [ .
W UL N W Y »....,w,»»\»»,,},..s“a&w ! ;&\E
LY
X ¢ e F,"e 3 5,
&4l Y e A*%,,\ __“..f S,
| ; S e
N LV T S - AN
,f RN 4
s ).l‘ kY ¥ \
T Ral Yy F, \\ o «
; o N . =
A Jg!\ £ _f{_\‘\_‘_ & J‘\«‘ st \"‘\me\».«\ F‘;

2B



WO 2014/081716 PCT/US2013/070783

250
y &
225 ¢
; e E-Series
200 ¢ . >
s FLSEres
~ e | T
g 175 ok
..\-:i‘ - \\\
9150 N e
& ) ~ \‘\'\.
2 408 L T -
5 100 |
= S *
G 1% .
25 r

{} 3 i N N i . .
0 2 3 4 5 8 7 8
YO ¢ Content {atlt)

FIG. 8A

18/39



PCT/US2013/070783

WO 2014/081716

Ll
B3 i W

%

RRES .

gy

1HEQ0

£ % L3
& = &
3l i) 3l
& 3 &

{ iy o} AAalsrepunsy

L]

©

o

08

FIG. 8B

o 4T

i1t 1

-

3

o
3 = 3 woog W
g & 9 & & 8 2z
i i 1 1 i it 163
ut bt & 2 bt €3 £

£ i wh ARAROBHUGTS

0

73

o

fex]

FIG. 8C

19/39



WO 2014/081716 PCT/US2013/070783

Z* {em’)

T -, r Il I
1.0801 e 3
o -
N e
g 1oe02
{‘3
T 10R03
Z 10ED4 | ey
O \‘\\'\?
{0808 | A
10808 : :
08 : t2 14 18 {8
00T )
X
-20000 T
& E1 |
& E3 e &2
) [ SRR
A5000 b oa o E4 400°C S A
i » A
&%
10000 &
N
b E \
5000 - “W\\HA , A :
: ; e SN
\\.- AR \\\-\\\ M\\®
5] § I . 1 2 1 A j .
4] 5004 10000 15000 20000 25000 30000 35000 40000

Z' (Ciem™)

FIG. 8E

20/39



WO 2014/081716

21/39

PCT/US2013/070783

1.0E-01

B
i
i
7

18E-02

Conductivity {S.ont’)

TR
TR,
TR

e B
e Y

12 1.4 18

10T K Y

FIG. 9A

10540

amh
111
[l
i3]

5
",

e,
oo
g
v
(o)

Conductivily

.3

.

g
<

-1

FIG. 9B



WO 2014/081716 PCT/US2013/070783

105400
s E1
RREE e
£ yoE02 ¢ N
@ 3\\\“\ Oen
= 10803 - ™,
S
Z 18804 + e
S \\}
10E05 - »
10E08 ' ~ r »
08 1 12 14 18 18
1000 K
FIG. 9C
220000 -
8- E1
e B @
-16000 - 400°C
i s
o §
(]
o)
N

i i 1

5060 10000 15000 20000 25000 30000 35000 40000

Z (g’zcmz)

FIG. 9D
22/39



PCT/US2013/070783

WO 2014/081716

P
&~
3w
=
x
L 2
4 Z
A ¢ A
" “z
A4 % &
A i
-
ey 7
o Bt i
7 7
TR . B
- g
= o
: o %
4 oz P
= OE 3 % 55 S oo i &
(57 h — e
w2
s L
= e
T O a
2 " &7
x~d a’b 4]
B = — s
* L "
RPN
=
. 4
[SRRS -
i oo
W
5 5
b 55 4 e P
[ s
4
“ ’
=
2 = o A
rer o 350 o I “z o gy ve
- = s i v .. <z =y
o A s s < <y “ ot 2] 32

£, 30 GY Apamoabey £, HOBT AUAORPUD Y

FIG. 10B
23/39



WO 2014/081716

Ralative Intensity

PCT/US2013/070783
. 0at% ZnO
1.35at% ZnO |
J[ & J\. JL g { JL.A
2.7at% ZnO i
.JL )% g 14 A ' J‘LJL
10 D 53 70 28
28 {9
FIG. 11A

24/39



WO 2014/081716

Rel Int,

PCT/US2013/070783

25/39

1.35at% ZnO

2.7at% ZnO

Rel. Int.

1 {

5 40 45 50
26 {(*)
FIG. 11B
1.35at% ZnO
fﬂ!\&
2.7at% Zn0O
. {‘;ﬂ
/)
Mﬁr \\"""‘*"'"““'f \\""’"m
30 82 84 86 88
26 (°)

FIG. 11C



WO 2014/081716 PCT/US2013/070783

325
~ 020 S e
"‘:E @ 20
015 |
S¢t0 -
o
o
3
0 0.05

0.00 ‘

00% 058% 10% 15% 20% 258% 30%
MgO or ZnQ Content {at%)

FIG. 12A

26/39



WO 2014/081716 PCT/US2013/070783

27/39
' i) :
115605 i J et - .a
10Sc,0,-1In,0; 1 | ] & l w
95¢,0,-2In,0, é [ .
85¢,0,-3In,0
2¥3 2¥3 |t . . ;...J
¥ 175¢,0,-4In,0, & { I P
g .
é 65C203'5|n203 j - N."“_i i _jE;w‘_,;
g 55C203'6|n203 i H i \!é‘,,"‘;
4S¢,0,4-7In,0; ) § .
25¢,0,-9In,0, i iy . i
1S¢,0,-10In,0, : L .
11In,0, I |
& B 34 38 & “O it E
]
&
g ®
g * .
g 15Q A &
= & )
£l
xR
w
>
£ 100 &
b &
=3
="
-3
2
L S
{‘\. ki ¥ 1 v
g 1 2 3 3 g 8 7 8 3 0 13

1,0, content {molYy

FIG. 12C



WO 2014/081716 PCT/US2013/070783

28/39
| EDX § ~8SeZin
; —E1in
2 C‘ [
F Sc
£
=
Z In
= §
& 8
1 zl ; -&W
MWL
(AN
5 1 2 3 4 5 8

X-ray Energy {keV}

FIG. 13A



WO 2014/081716 PCT/US2013/070783

88

86

84
20 (°)

82

<
ﬁ |

Jul |y

80

El-In

b
|
90
FIG. 13B

A
95¢,0,.2In,0,
|
70

26 (%)

30

10

Gisusju| aAnejey

29/39



WO 2014/081716

PCT/US2013/070783

30/39

-20000

~15000 -

§\\\ \\\\\\ E‘i‘Y‘MQ \\.\

& E1-Y.Zn o

& E1-dn My g & N
LS R
SN
g

o
&L
T

i

2 {Oem’y

i

|GG

FIG. 14A

10E-03

1.0E-04

Conductivity {S.oni)

10E-05

10E-08

«~®E1Y Mg
oo B2 Y 20
G \\\\ ki
Bulk i E 1l Mg

1 L

0.8

1 1.2 14 16
1000T (Y

P
o

FIG. 14B




WO 2014/081716

PCT/US2013/070783

1 0RO
E yosaz
©3
ey
2
E 10803
g
=
£ 10804
g
S

s B YR

wr

it
£
;:
a
o

FIG. 14C

Congduetivity (5.0m"

<
2"5 ]
<2
pa )

o)
¥
&
%

o Y

}e)
3

e B

2

eadpons Bl hig
(0)
gb

g8

32 1.4 1.8 &

FIG. 14D

31/39




WO 2014/081716 PCT/US2013/070783

0.00

e 025 ¢ 118c203
# J-Series
& |-Series

i g 0,20 ¥ K-Series
o E # L[-Series

0.05

FIG. 15

32/39



o

PCT/US2013/070783

33/39

o
\\\\\\\\ " :,,w st g
\\\\\\\\\\\ S 5 " pon . %
» et et L : m
pedd
R
R tais |+ ] e
o
Fom
¢
H
H
:
— . it preeer:

®
Loreersreot 10
Shippreeiiipsy,

e

i

uy

20 )
FIG. 16A

3 o
s it b

rrtiay

s

“““ - 4 3

& i

K2
L2

N N
— —_—

WO 2014/081716

AJBUGRI SA1BIOH

FIG. 16B




WO 2014/081716

PCT/US2013/070783

b b N P
b o b o
2 & & &

ductivity (mS.cri’

Long
1
e/

o~

- J-Series
s Y SETICS
~w | -Series

A s s —1
EUUUUNARIRRRRSSREEE AR 3

GalY

FIG. 17A

Conductivity (mS.cmi’)
o
£

- 1180203
s b3Eries
S B T
e K-Sorhes
~a--§ -Geries

& K
$ &

17 18

Seys Content {at¥}

FIG.17B
34/39



WO 2014/081716 PCT/US2013/070783

200

N

)

Py
a‘\j
[

_/

¢
s
o
&
/
{
-3

125 |
o b
75 |
50
25
g ; :

0 0.5 3 1.5 2

Ga Content {at¥e)

Conductivity (mS.cm

FIG. 18

35/39



WO 2014/081716 PCT/US2013/070783
250
—_ __x..&\Q\\
£ 200 \ .
%) W 8
£ xx‘k\%x
O |
S 150
0
==}
®
> n
S 100 & ~s& O-series
S - ~—4— P-series
'§ -8 Q-series
8 50 ~&~ R-series
~&-~S-series
O T T T T T 1 T T T T 1 T T
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Sc content (at%)
FIG. 19A
250
—_— ‘--‘“\i\\\
£ 200
o 150 $
(=3
0
==}
®
21001
2 .
i & O-series
-g —§— P-series
5 507 ~8-Q-series
© ~ofe R-5Er €S
—& 5-series
0 1 1 i 1 i i T i i 1 i i
0 1 2 3 5 6 7 8 9 10 11 12 13 14

In content (at%)

FIG. 19B
36/39



WO 2014/081716 PCT/US2013/070783

250

200 |

150 A

Conductivity at 850°C (mS cm )

100 - ¢

e O-series \\\
—~g— P-series
50 -~ Q-series
—— R-series
~§- S=series

0 ‘
0.1 ! N
Sclln
FIG. 19C

37/39



PCT/US2013/070783

S

e BB

TarsnmnmanananaXi

%
Doped

S

Y

~

g
e

EREe ST
in
13 L3

-

f=

LR
bt

e DY

S

sstessk {

g

Exs:

S04

FIG. 20A

WO 2014/081716

wy o =l

e P <

e “n i

{, ungh Saenpuas

it o B Ay

oo By it

w0t

g I

33Y

s

Bt i e
(S w 7%
P+ 5 el

i, wag) SarEnpes

W

O Stoichinmety
38/39

FIG. 20B



WO 2014/081716 PCT/US2013/070783

0.0,

B1.5

232 mS.cm?t /. -
H2 T
199mS.cm™1 wr

H1
172 mS.cm1

d%ii?)
g

7 /
0.8 ZN)Z 0.9
FIG. 21

39/39



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2013/070783

A. CLASSIFICATION OF SUBJECT MATTER
HO1IM 8/12(2006.01)i, HO1M 8/02(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOIM 8/12; C21D 1/26; C04B 35/51; HOIM 8/02; HOIM 4/90; HO1M 8/10; HO1IM 8/00; C04B 35/48

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: electrolyte, solid oxide fuel cell, zirconia, scandia, magnesia

C. DOCUMENTS CONSIDERED TO BE RELEVANT

See abstract, paragraphs [0028], [0031].

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X JP 2007-026874 A (TOHO GAS CO., LTD.) 1 February 2007 1,4,24
See abstract, claims 1-2, paragraphs [0062]-[0065].

Y 3,26

A 2,5-23,25

Y US 2008-0254336 Al (BATAWI, E. E. et al.) 16 October 2008 3,26
See abstract, claims 1, 14.

A 1-2,4-25

X US 2005-0214616 Al (KUMAR, B. et al.) 29 September 2005 1,24
See abstract, claims 1-2, paragraph [0012].

A 2-23,25-26

A US 2007-0141422 A1l (BROWN, N. E. et al.) 21 June 2007 1-26
See abstract, claims 1-3.

A US 2008-0075984 Al (BADDING, M. E. et al.) 27 March 2008 1-26

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive

step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination

being obvious to a person skilled in the art
"&" document member of the same patent family

Date of the actual completion of the international search

07 March 2014 (07.03.2014)

Date of mailing of the international search report

10 March 2014 (10.03.2014)

Name and mailing address of the [ISA/KR

Korean Intellectual Property Office

N 189 Cheongsa-ro, Seo-gu, Daejeon Metropolitan City,
* 302-701, Republic of Korea

Facsimile No. +82-42-472-7140

Authorized officer

SHIN, Ju Cheol

Telephone No. +82-42-481-8656

S

QQ &%O\“

’//

v
1///
- /4;7
e
LA
///

%§\\

§ Rl \\*\i§\;\\\\\\\*§
3 I N

S ATHEN
O S R

{

™

Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2013/070783

Patent document Publication Patent family Publication

cited in search report date member(s) date

JP 2007-026874 A 01/02/2007 None

US 2008-0254336 Al 16/10/2008 CN 101682068 A 24/03/2010
WO 2008-127652 Al 23/10/2008

US 2005-0214616 Al 29/09/2005 US 7618731 B2 17/11/2009

US 2007-0141422 Al 21/06/2007 AT 458284 T 15/03/2010
DE 602006012363 D1 01/04/2010
DK 1961067 T3 17/05/2010
EP 1961067 Al 27/08/2008
EP 1961067 Bl 17/02/2010
JP 2009-520320 A 21/05/2009
US 2007-0141444 Al 21/06/2007
WO 2007-078734 Al 12/07/2007

US 2008-0075984 Al 27/03/2008 D E602007013783 D1 19/05/2011
EP 2067204 Al 10/06/2009
EP 2067204 Bl 06/04/2011
JP 2010-505235 A 18/02/2010
US 7820332 B2 26/10/2010
WO 2008-039318 Al 03/04/2008

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - wo-search-report
	Page 77 - wo-search-report

