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CERAMIC MATERIALS FOR GAS
SEPARATION AND OXYGEN STORAGE

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims the benefit of U.S. Provi-
sional Application 61/407,580, filed 28 Oct. 2010, the entire
contents of which are hereby incorporated by reference,
except where inconsistent with the present application.

FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

This invention was made with Government support under
grant no. DMR-0706610 awarded by the National Science
Foundation. The United States Government has certain
rights in this invention.

BACKGROUND

The present invention relates to the selective storage and
release of oxygen and gas separation by ceramic materials.
In particular, the present invention relates to methods of
elevated temperature air separation, oxygen storage, or any
process related to temperature or oxygen partial-pressure
dependent absorption and desorption of oxygen with
ceramic materials.

Recently ceramic materials have been increasingly
researched due to their reversible oxygen storage/release
capacities (OSC) at elevated-temperatures. New ceramic
materials for elevated-temperature air separation are strong
candidates to compete with cryogenic distillation for com-
mercial air separation and are also being researched for
components to improve automotive exhaust catalysts, solar
water splitting, hydrogen-oxygen fuel cells, various non-
aerobic oxidation processes, and assorted high-temperature
production processes that require high-purity oxygen (e.g.
steel, copper, plastics, glass, etc.). Elevated temperature air
separation methods have been projected to have 20-30% less
capital and operation cost, while being significantly more
energy efficient, than conventional air separation methods.
The development of improved oxygen storage or carrier
materials is also critical to the success of new energy related
technologies such as “oxy-fuel” and “chemical looping”
combustion systems for “clean coal” energy production,
automotive pollution reduction, hydrogen-oxygen fuel cells,
solar water splitting, and to improve the efficiency and cost
of various production processes (e.g. steel, copper, plastics),
and the production of synthesis gas (H,, CO) by partial
oxidation of methane.

Ideal materials have large values of OSC (typically mea-
sured in moles of oxygen per weight of material) and their
absorption/desorption of oxygen occurs over a narrow tem-
perature range at near atmospheric conditions. Additional
properties, such as oxygen partial pressure dependence of
absorption/desorption, exothermic absorption and endother-
mic reduction, stability/recoverability in strong reducing
conditions (e.g. CO and H, atmospheres at high-tempera-
tures), are also desired and being researched for various
applications. Commercially, fluorite Ce,_ Zr O, composi-
tions have been the recent ceramic OSC materials of choice
for air separation, which function around 500° C. and have
OSCs of ~400-500 umol-O/g in oxygen atmospheres or as
high as 1500 umol-O/g with 20% H, reversible reduction.
Recent studies with Ce;_,Cr, O, have further boosted the
OSC of the fluorite structure to as high as 2500 pmol-0/g in
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air and hydrogen atmospheres but require considerably
higher reduction temperatures (550-700° C.) and contain
poisonous Cr®*. Currently, RBaCo,0,, s (R=Y, Dy, Ho, Er,
Tm, Yb, and Lu) and YBaCo, ,Al,O,,s have the best
reported OSC at low-temperature, which have storage up to
~2700 pmol-O/g and completely desorb at ~400-425° C. in
O,. The ease of reversible phase transitions between the
hexagonal P6;mc YBaCo,O, and orthorhombic Pbc2,
YBaCo,Oyq , phases (which is a mixture of tetrahedrally and
octahedrally coordinated cobalt) is responsible for its oxy-
gen storage behavior.

RMnO; (R=rare earths) and their competing hexagonal
and perovskite crystal structures have been studied for over
fifty years. Conventionally, the formation of the perovskite
phase versus the hexagonal phase is governed primarily by
the size of the rare-earth ion in RMnO, (with constant Mn**
size). During high-temperature solid state synthesis in air,
the perovskite phase forms easily with larger rare-earth
elements (e.g. La, Pr, Nd, Sm, Gd, Tb, and Dy), while
smaller size rare-earths (e.g. Ho, Er, Tm, Yb, Lu, and Y)
favor the hexagonal phase. It has been observed that the
perovskite phase is stable for a tolerance factor,

(k-0
T V2 (Mr-0)

in the range of 0.855=t=1 (calculated at room temperature
using Shannon’s ionic size values), where the perovskite
structure is increasingly distorted as it approaches this lower
limit and results in the transition to the hexagonal phase at
1<0.855. Recently, Zhou et al. suggested that the relative
large difference in density between the perovskite and hex-
agonal phases can have a large impact on the formation of
the perovskite versus the hexagonal near the lower limit of
the tolerance factor. Regardless, DyMnQO; and YMnO; have
tolerance factors of 0.857 and 0.854, respectively, and will
tend to form the perovskite and hexagonal phases, respec-
tively, under normal solid state reaction synthesis. Thus the
average (R—O) bond length of substituted samples causes
Dy,_.Y.MnO; to be on the cusp of this phase transition and,
as further discussed herein, results in a mixed state under
synthesis in air.

U.S. Patent Application Publication No. 2009/0206297 to
Karppinen, et al. discloses an oxygen excess type metal
oxide expressed with the following formula (1) and exhib-
iting high speed reversible oxygen diffusibility whereby a
large amount of excess oxygen is diffused at a high speed
and reversibly in a low temperature region:

A;BC,D, 07,5 M

where

A: one or more trivalent rare earth ions and Ca

B: one or more alkaline earth metals

C, D: one or more oxygen tetra-coordinated cations
among which at least one is a transition metal, where j>0,
k>0, and, independently, m=0, n=0, and j+k+m+n=6, and
0<d<1.5. The metal oxide has high oxygen diftusibility and
large oxygen non-stoichiometry at a low temperature region
(500° C. or less, in particular 400° C. or less) and a ceramic
is disclosed for oxygen storage and/or an oxygen selective
membrane comprised of the metal oxide. The Karppinen, et
al. metal oxide has a high 2:1 ratio of expensive and
poisonous Co (where C=Co) to the less expensive trivalent
rare earth ions and alkaline earth metals. In addition, the
compounds disclosed contain B=Ba that is highly reactive
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with CO, and water vapor present in air and easily decom-
pose when heated just above their optimal OSC temperature.
The Karppinen, et al. metal oxide has the disadvantages of
being expensive and not thermodynamically stable or safe.

One disadvantage of currently used materials for oxygen
storage or air separation is that they depend on the creation
of oxygen ion vacancies or interstitial sites at high-tempera-
tures in order to store the oxygen. Currently, the majority of
materials for air separation use high-pressure (zeolites) or
low-temperature (cryogenic distillation) methods consum-
ing large amounts of energy. However, roughly over 80% of
commercially produced oxygen is used in high-temperature
industrial productions process and many developing appli-
cations of OSC materials operate at high-temperatures as
well. For any of these current and potential systems, the
redirection of the large amounts of waste heat generated
from all these methods to ceramic OSC materials for onsite
air separation, would undoubtedly have potential net energy,
economic, and waste advantages versus conventional meth-
ods. The majority of new ceramic OSC materials for such
applications rely on the creation of oxygen ion vacancies or
interstitial sites at high-temperatures; however, this is a poor
mechanism for currently known materials due to the high-
temperatures (up to 1000° C.) and large temperature gradi-
ents (~300-800° C.) required for moderate oxygen storage
capacities (less than 500 pmol-O/g).

Therefore, there remains a need for a method for the
selective storage and release of oxygen that does not require
extreme temperatures or large temperature gradients so as to
reduce cost and energy consumption, as well as a method
that is able to increase the amount of oxygen that is able to
be stored.

SUMMARY

In a first aspect, the present invention is a rare-earth
manganese oxide, comprising M1, optionally M2, Mn and
0. M1 is selected from the group consisting of In, Sc, Y, Dy,
Ho, Er, Tm, Yb and Lu. M2 is different from M1, and M2
is selected from the group consisting of Bi, In, Sc, Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and L.u. Mn and
O are present in an atomic ratio of 1:z, and z is at least 3.15.

In a second aspect, the present invention is a rare-earth
manganese oxide, comprising M1, M2, Mn and O. M1 is
selected from the group consisting of In, Sc, Y, Dy, Ho, Er,
Tm, Yb and Lu. M2 is different from M1, and M2 is selected
from the group consisting of Bi, In, Sc, Y, La, Ce, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu. M1 and M2 are
present in an atomic ratio of x:1-x, and x=0.1 to 0.9.

In a third aspect, the present invention is a rare-earth
manganese oxide, comprising (i) Mn, having a formal
oxidation state between 2 and 3, or between 3 and 4, (ii) O,
and (iii) at least one element selected from the group
consisting of Bi, In, Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb and Lu. The rare-earth manganese oxide
has an average temperature of maximum oxygen absorption
upon heating and cooling, T,,,,.,, of at most 400° C., and a
temperature of maximum oxygen desorption, T of at
most 400° C.

In a fourth aspect, the present invention is an oxygen
conducting membrane, comprising (1) a rare-earth manga-
nese oxide, and (2) a support material. The membrane has
first and second opposing surfaces, the membrane is not
permeable to nitrogen gas, the rare-earth manganese oxide
forms a contiguous structure exposed on both the first and
second opposing surfaces, and the rare-earth manganese
oxide has an average temperature of maximum oxygen
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absorption upon heating and cooling, T,,,,. 4, of at most 400°
C., and a temperature of maximum oxygen desorption,
T,exns Of at most 400° C.

In a fifth aspect, the present invention is an oxygen
conducting membrane, comprising (1) a manganese oxide,
and (2) a support material. The membrane has first and
second opposing surfaces, and the membrane is not perme-
able to nitrogen gas. The manganese oxide forms a contigu-
ous structure exposed on both the first and second opposing
surfaces, and the support material comprises at least one
member selected from the group consisting of an organic
polymer, a silicone rubber and glass.

In a sixth aspect, the present invention is a method of
preparing oxygen, comprising separating oxygen from a
mixture of gases containing the oxygen, by conducting the
oxygen through the manganese oxide, or absorbing and
releasing the oxygen from the manganese oxide.

In a seventh aspect, the present invention is a method of
catalyzing a reaction with oxygen, comprising catalyzing the
reaction with the manganese oxide.

In an eighth aspect, the present invention is a method
generating electricity, comprising burning a carbon-contain-
ing fuel with oxygen, in a generator or power plant, wherein
the oxygen is prepared by using the manganese oxide.

DEFINITIONS

The terms “rare-earth”, “rare-earth element”, and “rare-
earth metal” include Bi, In, Sc, Y, La, Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.

The formal oxidation state of manganese, Mn, in a
manganese oxide, for example a rare-earth manganese
oxide, may be determined by: (a) multiplying the relative
amount of each element other than manganese and oxygen
by the most common oxidation of that element in an oxide,
(b) multiplying the relative amount of oxygen by 2, (¢)
subtracting the first value (a) from the second value (b), and
then dividing by the relative amount of manganese. The
most common oxidation state in an oxide of Bi, In, Sc, Y, La,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu is 3; and
the most common oxidation state in an oxide of Ce and Th
is 4. In the case of transition metals which have two or three
common oxidation states in an oxide, the most common
oxidation state in an oxide is the largest common oxidation
state in an oxide; example values include 2 for Cu and Ni,
3 for Co and Fe, 4 for Ti, 5 for V and Nb, 6 for Mo and W,
and 7 for Re. The following is an exemplary calculation for
Dy, Y, ,MnO; 55 a=[(3%0.3)+(3x0.7)]=3; b=2x3.25=6.5;
¢=6.5-3=3.5; formal oxidation state of Mn =3.5/1=3.5.

The average temperature of maximum oxygen absorption
upon heating and cooling, T,, ..., is the temperature where
the first derivative of oxygen content as a function of
temperature is a maximum, as measured by thermogravi-
metric analysis in pure O, with heating and cooling rates of
0.1° C./minute. The manganese oxides may have an average
temperature of maximum oxygen absorption upon heating
and cooling, T,, .., of at most 400° C., of at most 300° C.,
or of at most 250° C.

The temperature of maximum oxygen desorption, T,,,.»
is the temperature where the first derivative of oxygen
content as a function of temperature is a minimum, as
measured by thermogravimetric analysis in pure O, with
heating and cooling rates of 0.1° C./minute. The manganese
oxides may have a temperature of maximum oxygen des-
orption, T,,,., of at most 400° C., of at most 300° C., or of
at most 250° C.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a, 15, 1¢ and 1d are X-ray diffraction patterns of
the ceramic material;

FIGS. 2a, 2b, 2¢, 2d and 2e are graphs of oxygen
absorption/desorption of the ceramic material;

FIG. 3 is a graph of oxygen content versus temperature
with TGA annealing and reduction of the ceramic material;

FIG. 4a and FIG. 4b are graphs of TGA oxygen content
versus temperature for the ceramic material with heating
(4a) and cooling (4b);

FIG. 5 is a graph showing relevant temperatures for the
ceramic material;

FIG. 6 is a graph of TGA reduction in 21% O, of
high-pressure annealed ceramic material to stable 3.0 oxy-
gen content;

FIG. 7 is a graph of TGA of the ceramic material
switching between Ar and O, at various isotherms;

FIG. 8 is a graph showing phase mapping of the ceramic
material;

FIG. 9a and FIG. 954 are graphs of TGA (9a) and dilatom-
etry (9b) measurements for DyMnO; in 21% O,;

FIG. 10a and FIG. 105 are graphs of (10a) TEC values for
P6, cm and Hex, phases and (1056) chemical expansion (CE)
parameter during the Hex,-P6; cm phase transition for
Dy, _ Y. MnO_;

FIG. 11 is a dilatometry measurement of perovskite
DyMnO, in 21% O,;

FIGS. 12A, 12B, 12C, 12D, 12E and 12F are XRD
patterns of DyMnOj;, 4 with $=-0.037, 0.0, 0.18, 0.21, 0.24,
and 0.35, arrows indicate the increase and decrease of peak
intensity for hexagonal phases;

FIG. 13 is a graph of TGA reduction in 21% O, of
high-pressure annealed DyMnO,,; to stable 3.0 oxygen
content;

FIG. 14 is a graph of XRD comparison of DyMnO; 4
samples: P65 cm (8=0), nearly single phase Hex, (6=0.24),
and mixed phase of Hex, and Hex, (8=0.35);

FIG. 15 is a graph of NPD pattern for DyMnO, 65
(SEPD), plus signs are observed data and the line below is
the difference between experimental data and best fit calcu-
lated from the Rietveld refinement method;

FIG. 16A and FIG. 16B are best-fit Rietveld refinement
patterns using high resolution synchrotron X-ray data with a
wavelength of 0.40225 A (11 BM-B), observed (plus signs)
and calculated (solid line) intensities are displayed together
with their difference (solid line at the bottom of each panel),
lower and upper tick marks indicate the locations of Bragg
reflections for the parent P6; cm and superstructure R3
phases, respectively; and

FIGS. 17A, 17B, 17C and 17D show TGA annealing:
(17A) in air of DyMnO, 4 after initial synthesis in argon and
subsequent reduction in H, to Dy,0; and MnO; (17B) in
oxygen of YMnO,, , after initial synthesis in air and reduc-
tion in H, after anneal at 190 atm. of oxygen; (17C) in air for
perovskite La, sSr, sFe, sCoy 505,4; and (17D) in O, for
perovskite LaMnO; 5 _.

FIG. 18 are graphs of TGA oxygen content versus tem-
perature for the ceramic materials DyMnO,, YMnO,, and
HoMnO,, with heating and cooling in oxygen.

DETAILED DESCRIPTION

The present invention provides a new system of ceramic
materials for elevated temperature air separation methods,
oxygen storage, or any process related to temperature or
oxygen partial-pressure dependent absorption and desorp-
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tion of oxygen. These processes are, but not limited to,
Thermal Swing Absorption (TSA) and Ceramic Autothermal
Recovery (CAR) methods.

The materials of the present invention behave like an
“oxygen sponge.” Just as a sponge can absorb and release
water under different pressures, the materials of the present
invention can absorb and release oxygen when exposed to
different temperatures or gasses. This property can be used
to separate the major components of the air in the atmo-
sphere, oxygen and nitrogen, by storing the oxygen in the
ceramic materials, leaving nitrogen in the atmosphere. The
oxygen that is absorbed and stored in the material is pref-
erably oxygen ions, O®". The ceramic materials are able to
selectively absorb and release oxygen with near 100%
selectivity and not absorb other gases. This is a key property
that makes the materials excellent OSC materials.

The present invention provides for a ceramic material
system that is represented by the formula

ABC,D, 03,6

where

A: one or more trivalent rare earth ions and tetravalent
rare earth elements,

B: one or more alkaline earth metals and Pb, Bi, In and Sc,

C, D: one or more oxygen bi-pyramidally-coordinated
cations among which at least one is a transition metal or
post-transition metal, where j>0, k=0, and, independently,
mz0, n=0, and j+k=1, m+n=1, and 0<8=0.5. In other words,
C and D can be any transition metal or post-transition metal,
for example, groups 3 through 12 on the periodic table (Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Rf, Db, Sg,
Bh, Hs, and Cn) and Ga, In, Sn, T1 and Pb. The metal oxide
has high oxygen diffusibility and large oxygen nonstoichi-
ometry at a low temperature region of 400° C. or less and a
ceramic is disclosed for oxygen storage and/or an oxygen
selective membrane comprised of the metal oxide.

A and B can be chosen from the following ions: 3+ ions:
Y, La, Pr, Nd, Sm, FEu, Gd, Tb, Ho, Dy, Er, Tm, Yb, Lu, Bi,
In and Sc; 4+ ions: Th and Ce; and 2+ ions: Ca, Sr, Ba and
Pb.

Alternatively, the ceramic materials are manganese
oxides, for example rare-earth manganese oxide, containing
M1, optionally M2, Mn and O. M1 is selected from Sc, Y,
Dy, Ho, Er, Tm, Yb and Lu; M2 is different from M1, and
M2 is selected from Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb and Lu. In some compositions, Mn and
O are present in an atomic ratio of 1:z, and z is at least 3.1.
In some compositions M1 and M2 are present in an atomic
ratio of x:1-x, and x=0 to 1. In some compositions Mn has
a formal oxidation state between 3 and 4. Preferably, the
manganese oxide has an average temperature of maximum
oxygen absorption upon heating and cooling, T,,,.4, of at
most 400° C., and a temperature of maximum oxygen
desorption, T, ., of at most 400° C.

It is also possible to substitute other metals for Mn in the
ceramic manganese oxides. For example, 10 atomic %, or 15
atomic % of the Mn could be substituted with Co, Ni, Fe, Cu,
Ru, Rh and/or In.

The value of z, which corresponds to the atomic ratio of
oxygen per manganese, may be at least 3.2, or at least 3.24,
or 3.1 to 3.4. It is also possible to remove oxygen, and have
a value of z which is less than 3, for example where z is at
most 2.9, or at most 2.8, such as 2.88 to 2.80. Preferably, the
manganese oxide has an average temperature of maximum
oxygen absorption upon heating and cooling, T,,,.4, of at
most 400° C. (including at most 300° C., and at most 250°
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C.), and a temperature of maximum oxygen desorption,
T, 0f at most 400° C. (including at most 300° C., and at
most 250° C.).

The hexagonal DyMnO, and YMnO;, (materials with no
excess oxygen (0=0)) are previously known compounds
with known crystal structures. The ceramic material system
is a new material having a new crystal structure with excess
oxygen (as indicated by >0, these excess oxygen ions
belong to the crystal structure. Their inclusion in crystal
structure as O~ jons is compensated by oxygenation of Mn
ions from 3+ to 3+29, such that the overall charge neutrality
is preserved). In the example below, Dy, .Y MnO,,, is
synthesized, wherein based on the above formula, A=Dy,
B=Y, and C and D=Mn, and Osx=<1.

The present invention provides for a method of making
the ceramic materials by synthesizing hexagonal P6; cm
material, and oxygenating the material in partial-pressures
of oxygen at low elevated temperatures (200-300° C.). This
is also further described in the example below.

Unlike other oxygen storage materials, which depend on
the creation of oxygen ion vacancies at high-temperatures,
this system relies on a reversible phase transition between
0=0 and 0=0.25-0.5 phases at lower temperatures of
approximately 300° C. They exhibit large changes of oxygen
content over both a narrow temperature range and a small
difference of oxygen pressure near atmospheric conditions.
These attributes of this system allow use of inexpensive
processes to incorporate and extract large quantities of
oxygen.

An oxygen conducting membrane may be prepared from
the manganese oxides, in combination with a support mate-
rial. Because the oxygen absorption and conduction occur at
temperatures much lower than in the perovskite materials, a
much larger variety of support materials may be used.
Possible support materials include materials which decom-
pose when exposed to air at a temperature of 500° C., 400°
C. or even 300° C., or which have a glass transition
temperature or a melting point of at most 500° C., at most
400° C. or at most 300° C. Specific examples include
organic polymers, silicone rubbers, glass, graphite, carbon
black, aluminum, copper, iron, nickel, steel, zinc, tin, lead
and alloys thereof. The manganese oxide forms a contiguous
structure exposed on both opposing surfaces of the mem-
brane. It may also be desirable for the support material to
form a contiguous structure exposed on both opposing
surfaces of the membrane, especially in the case of an
electrically conductive support (see, for example, Thoro-
good et al., U.S. Pat. No. 5,240,480).

The present invention provides for a method of storing
oxygen, including the steps of exposing the ceramic system
to oxygen, containing gas, selectively absorbing the oxygen
in the system, and storing the oxygen. It has been discovered
that these hexagonal materials have unusually large oxygen
absorption at approximately 200-300° C. in oxygen atmo-
spheres (storage, excess oxygen preserved on cooling to
room temperature). The following steps are involved in the
process of oxygen storage: oxygen molecules 2 present in a
gas (for example air) reach the surface of the material where
they are split to oxygen ions, the oxygen ions then diffuse
through the crystal lattice of material and congregate near
ions of the system such as manganese to form newly
discovered crystal structures (6>0).

These drastic uptakes of oxygen were observed to com-
pletely desorb when materials transitioned back to the
stoichiometric P65 cm state (8=0) during increased heating
of the system to 275-375° C. or changing to lower oxygen
partial-pressures (release) surrounding the system. The steps
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involved in the process of oxygen release occur in reverse
order: oxygen ions diffuse towards the material surface,
oxygen ions recombine on the surface to form molecular O,,
which can be extracted and used. Therefore, the present
invention also provides for a method of releasing oxygen,
including the step of releasing the oxygen absorbed in the
ceramic system.

For example, these materials can be used with known
processes for air separation with OSC materials such as TSA
and CAR. Thermal Swing Absorption (TSA) relies on
temperature dependent oxygen absorption/desorption of its
“oxygen carrier”. In this method, multiple beds of sorbent
cycle in between two chambers that are at different tem-
peratures. This creates oxygen rich and oxygen deficient
atmospheres in each chamber. More recently, a method was
patented in 2000 by Lin et al. (U.S. Pat. No. 6,059,858) for
perovskite materials, which combines TSA and PSA (Pres-
sure Swing Absorption) techniques in a process named
Ceramic Autothermal Recovery (CAR). Again, multiple
beds filled with sorbent are cycled through two chambers
with a temperature gradient; however, in this method the
chambers are also at different oxygen partial-pressures.
Again, this creates two chambers that are oxygen rich and
deficient. Sorbents designed for CAR also have endothermic
reduction and exothermic absorption; therefore, the process
operates autothermally, needing little or no heat added once
operational.

The present invention provides for a method of separating
gaseous or molecular O, from at least a second gas, by
exposing the ceramic system to the gaseous or molecular O,
and second gas, absorbing the gaseous or molecular O, into
the system, and separating the gaseous or molecular O, from
the second gas. This method can be performed with any
number of gasses present, and allows for separation of
gaseous or molecular O, from the other gasses. Preferably,
the second gas is nitrogen in separating oxygen from air.
Other second gasses include hydrogen, He, Ne, Ar, Kr, Xe,
Rn, N,, CO, CO,, CH,.

In the example below, polycrystalline samples of
Dy _Y o MnO;, s were synthesized by solid state reaction
with appropriate amounts of Dy,0;, Y,0; and MnO, (all
with >99.99% purity). For all samples, reactants were thor-
oughly mixed in an agate mortar, and fired in air in the
temperature range of 800-1200° C. with intermediate grind-
ings followed by pressing samples into high-density pellets.
All steps of the synthesis were monitored with X-ray powder
diffraction measurements. Samples were fired several times
until single phase perovskite was obtained, except for
YMnO,, which forms hexagonal structure under these con-
ditions (FIG. 1: X-ray diffraction patterns for DyMnO; (a)
and YMnO; (b)). Similar to YMnO; the HoMnO; and
ErMnO; form hexagonal phases in air. Hexagonal phases
were acquired from perovskite samples by firing under
ultra-high-purity Argon (99.999%) with a hydroxyl purifier
(measured oxygen partial-pressures of 5 to 10 ppm) in a
temperature range of 1200-1400° C. (FIG. 1: X-ray diffrac-
tion pattern for DyMnOj; (c)). Hexagonal samples were then
oxygenated at ambient pressure or under 250-350 bars of
oxygen pressure at 200-400° C. followed by cooling at
0.1°/min to room temperature in order to achieve the largest
oxygen content possible (FIG. 1: X-ray diffraction pattern
for DyMnO; ;5 (d)).

Temperature and oxygen partial-pressure dependence of
reversible oxygen storage capacities (OSC) were demon-
strated by thermogravimetric analysis (FIG. 2 reversible
oxygen absorption/desorption of a typical perovskite mate-
rial considered for application Sr,FeCoO;_g (a, as evidenced
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by the data below in the Example), reversible oxygen
absorption/desorption of the hexagonal material (b, as func-
tion of temperature) and (c, as a function of oxygen pres-
sure), best available oxygen absorption/desorption material
from literature: T. Motohashi, S. Kodota, Mater. Sci. Eng. B
148 (2008) 196 (d) and (e)). Hexagonal manganites have
been largely believed to remain stoichiometric in oxygen
content at elevated-temperatures; however, the thermogra-
vimetric measurements of oxygen annealed hexagonal
samples indicated unusually large oxygen absorption over a
narrow temperature range ~200-300° C., which return to
stoichiometric behavior above 275-375° C. in O, atmo-
sphere. In addition to temperature dependence, the oxygen
content of Dy, .Y MnO,, , was also found to be sensitive to
changes in partial pressures of oxygen in these temperature
ranges. The hexagonal P6; cm phase of this system was
found to have considerable stability at high-temperature in
partial pressures of oxygen and to be recoverable from a
reduced state with negative values of 0 obtained from
reduction in hydrogen at 400° C.

The ceramic system of the present invention can be used
for elevated temperature gas separation and oxygen storage
methods, which include, but are not limited to, oxygen and
nitrogen production and components for oxy-fuel “clean
coal” power plants, automotive exhaust catalysts, H,—O,
fuel cells, solar water splitting methods, and steel, copper,
and plastic production and any other various industrial
production processes which require high-purity oxygen and
have large amounts of waste heat. The ceramic system can
replace cryogenic distillation or pressure swing absorption
for commercial air separation.

The ceramic system of the present invention has several
advantages over the prior art. This system of materials has
been shown to have comparable OSC with current commer-
cial ceramic materials while operating at lower temperatures
and has a smaller necessary temperature gradient for oxygen
absorption/desorption. This system can also have faster
oxygen absorption/desorption rates. In addition it is made of
inexpensive and abundant elements.

The invention is further described in detail by reference to
the following experimental examples. These examples are
provided for the purpose of illustration only, and are not
intended to be limiting unless otherwise specified. Thus, the
invention should in no way be construed as being limited to
the following examples, but rather, should be construed to
encompass any and all variations which become evident as
a result of the teaching provided herein.

EXAMPLES
Example 1
Experimental Techniques

Synthesis was done by solid state reaction, which is
further detailed in the following section. X-ray powder
diffraction (XRD) measurements were made with a Rigaku
D/MAX powder diffractometer in the 26=20-70° range with
CuKa radiation. Thermogravimetric analysis (TGA) mea-
surements were made with Cahn TG171 and Cahn Ther-
Max700 thermobalances in several different partial-pres-
sures of oxygen and hydrogen (balanced with argon) up to
1400° C. at heating and cooling rates of 0.1-1.0°/min. TGA
samples were approximately 1 g and were measured with a
5 pg precision. Dilatometry measurements were made with
a Linseis Differential Dilatometer .75 and samples were
measured with a 1 pm precision.

20

40

45

50

55

10

Results and Discussion

Synthesis and Stability

Polycrystalline samples of hexagonal Dy, .Y MnO,, 4
were synthesized by solid state reaction with appropriate
amounts of Dy,0;, Y,0;, and MnO, (all with >99.99%
purity). For all samples, reactants were thoroughly mixed in
an agate mortar, and fired in air in the temperature range of
800-1300° C. with intermediate grindings followed by
pressing samples into high-density pellets at approximately
1 kbar. All steps of the synthesis were monitored with XRD
measurements and compared to previous diffraction mea-
surements in the literature of hexagonal P6; cm and per-
ovskite Pnma phases of DyMnO; and YMnO; (FIG. 1).
Dy, .Y MnO, 4 samples which formed the perovskite or a
mixed phase in air instead of the single phase hexagonal
structure (x=0, 0.1 0.3, 0.5, 0.7), were then fired under
ultra-high-purity argon (99.999%) at 1300 and 1400° C.
Dy, .Y, MnO,,, samples (x=0 and 0.1) were then subse-
quently fired under ultra-high-purity argon with a hydroxyl
purifier (oxygen partial pressures of 5-10 ppm) at 1400° C.
All samples achieved the hexagonal P6, cm structure after
these conditions.

Considerable effort was devoted to synthesizing Dy-rich,
homogenous hexagonal samples. The hexagonal DyMnO,
phase has been previously achieved by epitaxially stabilized
crystal growth with thin-films, thermal decomposition with
polynuclear coordination compound precursors, quenching
methods from 1600° C. in air or 1250° C. in argon for 3 days
with sol-gel methods. This work confirmed that synthesis in
argon at high-temperature tends to favor the formation of the
hexagonal phase, while synthesis in oxygen tends to favor
the perovskite phase.

FIG. 8 is a mapping of the phases that were measured with
XRD after several synthesis steps, which clearly shows that
increasing reducing conditions are needed to form the hex-
agonal phase as the average ionic radius of the R-site
increases. The oxygen content dependence of the tolerance
factor, which was previously studied for substituted
SrMnO;, is most likely responsible for this behavior. The
formation of oxygen vacancies in RMnO,, , (6<0) causes a
change in oxidation state in some of the Mn>* cations to
Mn>*, resulting in a net Mn®*?®* cation, which increases
the (Mn—O) bond length with decreasing 8. TGA measure-
ments in oxygen (FIGS. 4A and 4B) show the reduced
oxygen contents after synthesis of single phase hexagonal
samples in argon. The resulting larger (Mn—O) bond
lengths of these samples decrease their tolerance factor
below the lower limit of 0.855 and results in the perovskite
phase undergoing a phase transition to the hexagonal phase.
Using Shannon room temperature values, the minimum
necessary value of 3 ranges from -0.023 to —0.0027 to have
t=0.855. It was observed, however, that samples with the
corresponding d values did not transform completely to the
hexagonal phase (TABLE 1). Previous in situ measurements
with Ca and La substituted SrMnO; have shown that both
(Ca,Sr,La—0) and (Mn—O) bond lengths increase with
temperature in a manner which increases the value of the
tolerance factor. Therefore, the transition from the per-
ovskite phase to the hexagonal phase most likely occurs in
various oxygen pressures at d which is a function of tem-
perature, which occurs for DyMnO, , ., for example, in ~10
ppm O, at 1400° C. as observed here or in air at 1600° C.
as previously reported. The combination of previous in situ
measurements with similar manganites and XRD measure-
ments of various oxygen contents after progressive
increased reducing conditions strongly support this conclu-
sion.
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TABLE 1

Hexagonal-Perovskite transition d-values: from condition t(d4,,) = 0.855,
9,5, are observed values from TGA, and values of t are calculated with
Shannon values.

X dheo. [ t Bopsy
0 ~0.0230 ~0.037(0) 0.852(8)
0.1 ~0.0201 ~0.049(3) 0.847(0)
03 ~0.0143 ~0.015(1) 0.854(9)
0.5 ~0.0085 ~0.020(9) 0.853(1)
0.7 ~0.0027 ~0.017(1) 0.852(7)

Several other factors can also affect this transition. It can
be enhanced by the difficultly of maintaining the twelvefold
coordination of R required for the perovskite in a high-
temperature, oxygen deficient atmosphere; thus, an eightfold
coordination with hexagonal symmetry results. As men-
tioned in the introduction, the relative large difference in
density between the perovskite and hexagonal phases plays
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Thermogravimetric Measurements of OSC

After initial synthesis of the hexagonal phase, all samples
were annealed in TGA up to 500° C. with 0.1-1° C./min
heating and cooling in various partial-pressures of oxygen
and hydrogen to measure OSC values and to demonstrate
temperature and oxygen-partial pressure dependence of oxy-
gen content. The oxygen content after initial synthesis of
DyMnO,, , and YMnO, ,  were determined with TGA by the
difference in weight between oxygenated samples and their
respective reduction products, Dy,0;, Y,O;, and MnO
(verified by XRD), obtained by first annealing at 1° C./min-
ute in O, and followed by slow reduction at 0.1° C./minute
in 42% H,/Ar as shown for DyMnOj;, 5 in FIG. 3. DyMnOj,
and YMnO; were observed to reduce to stable stoichiomet-
ric P6, cm phase in oxygen above 375 and 275° C., respec-
tively. Using this information, stable weights of all samples
above 400° C. in O, in TGA were normalized to 8=0.
TABLE 2 is a compilation of OSC values achieved by the
following assorted methods.

TABLE 2

OSC (umol-O/g) of Dy, _, Y, MnO;,s; isotherms in AR—O, were done near
“transition temp.” on FIG. 5 and reduction in H-, were conducted at 400° C. (*calculated values).

Theoretical
cooling rate  1.0° C/min  0.1° C./min  0.1° C/min Isotherm Max. Isotherm
atmosphere 0, 0, 250 bars O, Ar—0O, Ar—0,/0, - with H, reduction
X 0.0 812 926 1327 770 1884* +455
0.1 729 1138 1388 — 1937* +499%
0.3 444 1200 1397 1149 2055* +596%*
0.5 637 1169 1625 1091 2187* +705
0.7 133 849 1542 493 2337* +829%
0.9 176 952 1694 — 2501* +972%
1.0 53 666 1338 95 2606* +1051
35

a significant role in this transition. The crystal strain of the
perovskite phase by Jahn-Teller distortions may also desta-
bilize the structure to favor the hexagonal phase. In any case,
the reducing conditions needed for production of bulk
polycrystalline samples of DyMnO; and Dy, ; Y, sMnO; by
standard firing methods were very near to decomposition to
simple oxides and many attempts were needed to find the
most favorable temperature and length of the firings.
Increased substitution of Y in DyMnO; considerably eases
the necessary reducing conditions to synthesize the hexago-
nal phase.

The stability of hexagonal Dy, .Y MnO;,, compounds
was also tested by firing samples at high-temperatures,
1100-1400° C., in oxygen. As reducing conditions favor the
hexagonal phase, atmospheres that allow samples to remain
near stoichiometric in oxygen content (or yield excess
oxygen content, >0) at high-temperature promotes the
perovskite phase over the hexagonal, due to the smaller size
of the Mn®*?* cation in oxygen versus argon. Dy rich
samples (x=0, 0.1) began slight decomposition back to the
perovskite at 1100° C. and completely transformed back to
the perovskite at 1400° C. The remaining samples (x=0.7,
0.5, 0.3, 0.1, 0) remained hexagonal with no signs of
decomposition back to the perovskite up to 1400° C. These
results are in agreement with the presented tolerance factor
arguments and can also explain why small rare-earth man-
ganites (R=Y, Ho, Er, Tm, Yb, and Lu) have been observed
to transition to the perovskite phase under high-pressure
oxygen, while smaller A-site cations (R=Sc and In) will not
transform to perovskite under similar conditions.

40

45

50

55

60

65

The TGA data on heating of DyMnO, 4 in air (FIG. 17A)
clearly shows the reversible absorption (around 250-300°
C.) and desorption (above 320° C.) of excess oxygen in a
narrow temperature range. On cooling absorption occurs
around 280° C. The resulting OSC values measured by the
difference in oxygen content between the stoichiometric
phase observed above 400° C. (8=0) and the oxygen content
around 200° C. (6=0.01-0.29) yielded values of 54-1200
umol-O/g for Dy, Y MnO,,, compounds. Similar TGA
measurements for YMnO;, , (FIG. 17B) in oxygen showed
smaller amounts of oxygen absorption (around 180-240° C.)
and desorption (above 260° C.) occurring at lower tempera-
tures. As a comparison, FIGS. 17C-17D show typical TGA
traces for perovskite materials La, sSr, sFe, sCo, 505, and
LaMnO, 4. FIG. 18 shows exemplary oxygen adsorption
and desorption on heating and reversible adsorption on
cooling in oxygen atmosphere of hexagonal YMnO; and
DyMnOj;. These materials show large oxygen non-stoichi-
ometry up to 8=-0.50, indicating possibly very large OSC.
However, reaching these values require a wide temperature
gradients exceeding 700° C., unlike the hexagonal com-
pounds where 3=0.30-0.40 can be achieved after high oxy-
gen pressure anneal over narrow temperature ranges less
than 100° C.

Samples (x=0.1, 0.3, 0.5) were able to attain the highest
oxygen contents while having smaller molar weights result-
ing in OSC values up to 2000 umol-O/g in air after pro-
longed annealings. XRD data of these phases for
Dy, .Y, MnO,,, indicate the formation of super structures
at 0=0.25 (Hex,) and 6=0.40 (Hex;), which are currently
studied with neutron powder diffraction measurements.
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Dy, .Y, MnO,,, materials showed also oxygen content
dependence on oxygen partial pressure at constant tempera-
tures. Cycling between O, and Ar atmospheres for periods of
12 hours at temperatures as low as 300° C. yielded OSC
values of 95-1149 pmol-O/g. While the values reported here
do not surpass the best observed OSC in the literature, the
Dy, .Y, MnO,,, system does have several advantages for
application over other candidate materials. Dy, | Y MnO, 4
system has the lowest reported absorption/desorption
cycling temperatures, being approximately 100° C. lower
than the lowest reported temperatures of YBaCo,_ Al O,, ¢
while showing far superior thermodynamical stability. Addi-
tionally, from a hazardous waste and cost standpoints,
mass-production of manganese oxides is much preferable to
that of cobalt or chromium oxides. Finally, unlike the
majority of other OSC materials, which depend on the
creation of oxygen ion vacancies at high temperatures, the
hexagonal Dy, .Y MnO,_; (similar to YBaCo, Al O, )
relies on reversible phase changes due to oxygen filling/
discharge of the interstitial sites at much lower temperatures.

Temperature dependence of oxygen content of Dy, .Y, -
MnO,,, was measured in TGA with heating and cooling
rates of 0.1 and 1.0° C./minute under high-purity oxygen.
The resulting TG curves (0.1° C./min, FIGS. 4A and 4B)
clearly show the reversible absorption and desorption of
oxygen below 400° C. in a narrow temperature range. OSC
values were measured by the difference in oxygen content
between the stoichiometric P6; cm phase observed above
400° C. (6=0) and the final oxygen content after cooling
(8=0.01-0.29), which yielded a large range of values,
54-1200 umol-O/g (TABLE 2). Comparing 0.1 versus 1.0°
C./min, resultant TGA curves and OSC values indicate that
oxygen absorption rates increase with increased Dy content.
Yet, samples (x=0.1, 0.3, 0.5) were able to achieve higher
oxygen content than the pure Dy sample on 0.1° C./min
cooling. Y-rich samples (x=0.7, 0.9, and 1) were also able to
yield larger OSC values than observed in TGA with long
isothermal steps with slow cooling and indicate, if given
enough time (>24 hours), would reach excesses in oxygen
content up to 8=0.25. Four different temperatures were also
identified from TGA runs in O,, which are plotted in FIG. 5:
the average temperature of maximum oxygen absorption on
heating and cooling

( d(0Ox.Cont.)

——— =local maximum),
d(Temp.)

maximum oxygen desorption

( d(0Ox.Cont.)

——— =local maximum),
d(Temp.)

transition temperature from oxygen absorption to desorp-
tion, and the temperature where samples return to the
stoichiometric P6; cm phase

d(0Ox.Cont.) _
( d(Temp) ]

(these can be approximately identified on FIGS. 4A and 4B
by inspection). A thermal swing absorption process for air
separation for each of these samples can involve cycling in
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between their respective temperatures slightly above
“Ox=3.0" and slightly below “Ave. Max. Absorption” in air.
These resulting cycling ranges are approximately 220-300°
C. (x=1) 10 310-390° C. (x=0) and produce large amounts of
O, over these narrow temperature ranges.

Samples were also annealed at 250 bars of O, at 400° C.
followed by 0.1° C. cooling. The oxygen content of these
samples after annealing were determined in TGA by the
difference in weight between their starting weight and their
weight at 375° C. (1° C./min heating) in 21% O, normalized
to 0=0 (FIG. 6). All samples showed significant increase in
OSC (particularly with samples rich in Y content) under high
pressure versus identical cooling in 1 bar of O, (TABLE 2).
FIG. 6 also shows increased stability of oxygen content on
reduction at ~300° C. for all samples, which shows Dy,_,
Y Mn**, ;Mn™, .0, s (Hex,) is a stable phase and another
stable phase at or above an oxygen content of 3.35 may
exist. XRD data of these phases for DyMnO;, 4 have been
previously reported and indicate the formation of super
structures at 3=0.25 (Hex,) and 8=0.40 (Hex;). Though
these samples show increased oxygen content from atmo-
spheric pressure oxygenations, the Mn>* cation is still not
completely oxidized to the Mn** state, which is ideal for
maximum OSC values. TABLE 2 also includes these theo-
retical values of OSC for a reversible Mn®>*—Mn**(3=0-
8=0.5) transition. The significant increase of calculated OSC
values with increased Y content in TABLE 2 is due to the
smaller molar weight of Y cation and is one of the reasons
why the Dy,_ Y, MnO,, system was chosen for study after

- x

work with hexagonal

DyMnOs, 5.

Oxygen partial-pressure dependence of oxygen content of
Dy,_.Y.MnO,,, and absorption/desorption reversibility
were demonstrated with TGA measurements at isotherm in
cycling O, and Ar atmospheres every ~12 hours (FIG. 7).
Samples were held at temperatures near their respective
“transition temperatures” defined from FIG. 5 (for x=0, 0.3,
0.5, 0.7, and 1; T=330, 300, 280, 250, and 230° C., respec-
tively) and yielded OSC values of 95-1149 pmol-O/g
(TABLE 2). Besides DyMnO;, 5, which clearly comes to
equilibrium in O,, these OSC values are comparisons of
absorption after 12 hours. Given more time, these samples
can achieve higher oxygen content, for example 8=0.28 was
obtained for Dy, ;Y ,MnO;, , after ~60 hours. Isothermal
measurements also show oxygen content to have asymptotic
behavior significantly lower than achieved upon cooling
(most noticeably for x=1 and 0). Further isothermal TGA
measurements at various temperatures have also shown this
kinetically oxygen-content limiting behavior, which
increases equilibration time at lower temperatures (this
limiting behavior accounts for the significant differences in
absorption rates of FIGS. 4 and 7). Therefore, the OSC of
samples (x=0 and 1) increase at lower isothermal tempera-
tures and the desorption rate of x=0.7 increases at slightly
higher temperatures. The nature of these transitions from the
P65 cm phase (8=0) to the Hex, phase (6=0.25) and from the
Hex, phase to the Hex; phase (8=0.40) appears to easily
equilibrate to intermediate oxygen content values. As a
result, a mixture of several phases will occur in various
oxygen partial-pressures and temperatures, where low-tem-
peratures, 150-200° C., can favor the Hex; phase; interme-
diate-temperatures, 230-330° C., favor the Hex, phase; and
high-temperatures, above ~275-375° C., favor the stoichio-
metric P6; cm phase (these ranges are dependent on oxygen
partial-pressure and Dy/Y content). The slope of oxygen
content versus temperature during the P6; cm-Hex, phase
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transition at constant temperature (as well as on cooling in
FIG. 4) decreases with increased Y content, which again
indicates slower absorption rates of Y-rich samples. Direct
comparisons of these absorption rates are, however, com-
plicated by slower oxygen ion kinetics at lower tempera-
tures, which can approximated by

s
D =DyeRT .

The lower temperatures at which the Hex,-P6; cm phase
transition occurs for Y rich samples prevents absorption
comparisons at similar temperatures; thus, the differences in
absorption observed in FIG. 7 are due to both differences in
activation energy and temperature. This increased rate of
transition from the P6, cm phase to the Hex, phase may also
be due to increased distortion to the P65 cm structure caused
by larger average R-site anions. On the other hand, the
transition from the Hex, to Hex, phase (0=~0.25) appears to
favor Y doped DyMnO; ,5 samples (x=0.1, 0.3, 0.5) over
pure DyMnO, ,, as seen on cooling in FIG. 4.

Hydrogen reductions in TGA for DyMnO,,, and
YMnO,, ,, which were initially done to determine oxygen
content, showed to have increased stability on reduction at
0=-0.12 and -0.20, respectively (as seen in FIG. 3 for
DyMnO;). To test for recoverability of the P6; cm
DyMnO;, , and YMnOj;, ; phases, materials were heated to
and held at 400° C. in 42% H2/Ar in TGA until these
respective values of § were reached. These samples were
then cooled in Ar to 330 and 230° C., respectively, and held
at these temperatures under O,. Samples quickly returned to
stoichiometric oxygen content (>1 hour) and continued to
absorb oxygen as seen during oxygen cycles in FIG. 7. XRD
measurements after this process confirmed that samples did
not decompose to simple oxides. Thus, the addition of
cycling to 400° C. in hydrogen to either thermal or oxygen
partial-pressure cycling would yield an additional ~450-
1050 pmol-O/g (for x=0-1) and would place these materials
up to near record levels of OSC, ranging from 1150-2650
umol-0/g (TABLE 2, where calculated values assume the
stabilities seen at 8=-0.12 to 6=-0.20 changes proportion-
ally with x for intermediate samples).

While the values measured here do not surpass the best
observed OSC in the literature and the slow oxygen kinetics
of Y-rich samples (x=0.7, 0.9, 1) may be a limiting factor for
their potential use for OSC application, the Dy, . Y . MnO, 4
system does have the several key advantages for application
over these other candidates. First and foremost, the Dy,
Y. MnO,,, system has the lowest reported reduction tem-
perature, being approximately 25-125° C. lower than the
record reduction temperature of YBaCo, ,AlLO,, s
(with significant OSC values). On further comparison to
YBaCo,_,Al O,,s, which decomposes at 550-700° C.,
Dy,_.Y.MnO,, has far superior stability, remaining stable
up to 1100-1400° C. Additionally, from a hazardous waste
and cost standpoint, mass-production of manganese oxides
is much preferable to that of cobalt or chromium oxides.
Finally, there is great potential for the Mn cation in hex-
agonal RMnO, , to have large changes in oxidation state
because, unlike the majority of OSC materials, which
depend on the creation of oxygen ion vacancies or interstitial
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sites at high-temperatures, the hexagonal Dy, Y, MnO;,,
(as seen also with YBaCo,_,Al O, ;) relies on reversible
phase transitions between several structures containing tran-
sition metal ions in variable coordination. The potential OSC
of related hexagonal manganites could easily surpass the
current highest reported values, if they can be modified to
easily and reversibly transition in between phases with large
amounts of Mn** and Mn** at low-temperatures.

Finally, apart from any possible OSC application, it
should be noted that hexagonal manganites have been
largely believed to remain stoichiometric in oxygen content
at elevated-temperatures. In situ structural measurements at
high-temperatures have reported a displacement of the
MnO;, bipyramids and a transition to the P6,/mmc structure,
which occur for YMnO,; at ~650° C. and ~950° C., respec-
tively. Slight excesses of oxygen content (8=0.01) have been
reported at 1200° C. for YMnO,, 5 and ErMnO; ; but have
not observed the non-stoichiometric oxygen content behav-
ior or the associated structural changes at lower tempera-
tures as have been observed with thermogravimetric and
XRD measurements. This behavior may not have been
previously observed in other hexagonal manganites due to
the narrow range of temperature (~200-350° C.) these new
phases exist on heating before returning back to 8=0 above
~350° C. and the slow cooling or high oxygen partial-
pressures they require. As discussed above, this temperature
range has not been of particular interest for structural studies
of RMnQOj;, as most of this work has been done at either
low-temperature to study magnetic ordering (<200 K) or
high-temperature to measure the rattling behavior of the
MnO; bipyramids or structural transitions (=500° C.). The
results herein indicate that the hexagonal RMnO; , , family is
most likely prone to considerable oxygen non-stoichiometry
and also show a direct relation between reduction tempera-
ture and sorption rates of oxygen to the average ionic size of
R. If this is the case, other hexagonal RMnO;, ; materials
with rare-earths that are close in ionic size to that of Y (e.g.
Ho and Er) can have similar non-stoichiometric behavior. It
should be noted that the synthesis of YMnO,, 5 under fast
cooling to room temperature yielded small, but measurable,
excesses in oxygen content (8=0.004). Many studies of
RMnOs,,, use samples prepared at elevated-temperature
followed by various cooling rates, which would yield
slightly non-stoichiometric samples for low-temperature
measurements. Properties associated with excess oxygen
content (e.g. disruptions to the exchange interaction or the
presence of Mn**) may very well have had a significant
impact on the multiferroic properties of these samples, as it
has been observed that even slight oxygen and cation
non-stoichiometry can have profound effects on magnetic
and transport properties of perovskite manganites.

Crystal Structure

XRD measurements were made to verify the hexagonal
P65 cm structure of DyMnO, o5 and DyMnO, , (samples 1
and 2) and to obtain a preliminary structural understanding
of annealed samples. FIGS. 12A-12F are a compilation of
XRD patterns collected for samples 1-4, 6 and 7 listed in
TABLE 3. Peak positions and intensities of DyMnO, 445 and
DyMnO; , were found to be in good agreement with previ-
ously reported XRD patterns of P6; cm DyMnO;. Further-
more, XRD data of the quenched sample (sample 2) con-
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firmed that stoichiometric samples are indeed the hexagonal
P6, cm phase after quenching from above 400° C. as
observed with TGA data. XRD patterns of annealed samples
(samples 3, 4, and 6) in the 6 range 0f 0.18-0.24 clearly show
growth of a second phase (Hex,) and a disappearance of the
P6; cm phase (where arrows indicate the growth and
decrease of selected peaks for the P6; cm and the Hex,
phase, respectively). The diffraction pattern of sample 6
(8=0.24) is nearly single phase for this new set of peaks and
is in agreement with the stability seen in TGA at 6 ~0.25
(FIG. 13). Finally, the XRD pattern of the high-pressure
annealed sample (sample 7, 6=0.35) shows a decrease of
peak intensity for the Hex, phase and the presence of
additional peaks (third phase, Hex,), which is again in
agreement with TGA observations. The relative intensities
of'the Hex, and Hex; phases suggest that the Hex, phase can
have an oxygen content of 8=0.40, though this is difficult to
approximate due to the high degree of peak position over-
lapping. To help clarify the development of new peaks and
peak overlap, FIG. 14 shows an overlay of XRD patterns of
samples 2, 6, and 7 (6=0.0, 0.24, and 0.35) in the 20 range
of 26-35°. FIGS. 13 and 14 show similarities of the diffrac-
tion patterns of the Hex,, Hex;, and P65 cm phases, which
show that the Hex, and Hex, phases are structurally related
to the P65 cm phase. The increased number of peaks seen in
the Hex, and Hex; phases versus the P6; cm phase also
shows a general lowering of symmetry or the formation of
a super-structure. Finally, it should also be noted, though
these transformations are unlikely at these low-temperatures
under O,, that the Hex, and Hex; phases were compared to
patterns of other known R Mn, **Mn,_,**O, ,, systems (e.g.
pyrochlore R,Mn,O,, perovskite R-3c, R,MnO, and
RMn,O; phases) and oxides (Mn,O;, MnQO,), which can
account for the increase in oxygen content. No traces of
these structures were observed.

TABLE 3

List of annealed DyMnQO; - samples

Sample Conditions after

no. synthesis of P65 cm in Ar Sample type o
1 None Small pellets —0.037
2 Quenched from 420° C. air Small pellets 0.00
3 Cooled from 500° at 1.0° C./min in Small pellets 0.18
21% O, at standard pressure
4 Cooled from 500° at 1.0° C./min in Small pellets 0.21
O, at standard pressure
5 Cooled from 500° at 0.1° C./min in Small pellets 0.24
O, at standard pressure
6 Cooled from 500° at 0.1° C./min in Small pellets 0.35

0, at ~250 bars

Guided by the initial XRD investigation, NPD measure-
ments were conducted for selected samples. High-resolu-
tion, backscattering data (20=144°, Bank 1 of SEPD) were
used for DyMnO, 445, DyMnOj; ,, and DyMnO, ,, (samples
1, 2, and 4, respectively) at room temperature. Low-angle
scattering data (20=44°, bank 3) were also used for
DyMnO; ,, at room temperature. High resolution synchro-
tron x-ray data were also collected for DyMnO; ,, at room
temperature.

Raw data for samples 1 and 2 were analyzed with the
Rietveld method in the space group P6, cm based on
previous reports for the hexagonal RMnO; system and the
XRD measurements (FIG. 15). Structural sites of this refine-
ment were 2a for Dyl and O3; 4b for Dy2 and O4; and 6¢
for Mn1, O1, and O2. Cations occupancies were fixed at one
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and the site occupancies of oxygen ions were allowed to
vary. Initial refinements of the DyMnO, , sample’s occu-
pancies varied less than one standard deviation from fully
stoichiometric oxygen content and were fixed to one for its
final fitting. For DyMnO, 45 occupancies of the O1 and O2
sites were also fixed to one as refinements yielded values
slightly greater than one. Oxygen ion vacancies were found
to prefer the O3 and O4 sites nearly equally. The resulting
oxygen content of this sample calculated from these refined
occupancies (8=-0.045) is in reasonable agreement with the
value obtained from TGA (8=-0.037). For both these
samples (1 and 2), the calculated diffraction pattern of P6,
cm is in good match with the observed data for both samples
and their lattice parameters are in agreement with a previous
XRD report for DyMnO;. Bond lengths were calculated
using the geometric average by assuming full site occu-
pancy. The average (Mn—O) bond length clearly increases
from the stoichiometric to the reduced state, while the
average (Dy—O) bond length remains, relatively,
unchanged. Again, this is due to the enlargement of the
Mn®+2%+ cation with increasing oxygen deficiency. These
results are in agreement with the oxygen vacancy depen-
dence of the tolerance factor and support the synthesis
arguments of forming the hexagonal phase by reduction of
the perovskite RMnOj;, 4 phase.

Analysis of neutron and synchrotron diffraction data for
sample 4 (DyMnQO, ,,) revealed the formation of a large
superstructure constructed by tripling the c-axis of the P6,
cm phase (c>33 A). Several other superstructure models and
combinations of possible phase mixtures were also exam-
ined but they all failed to index the large number of extra
peaks. Analysis of the superstructure’s structural symmetry
led to the identification of R3 as the space group that could
successfully index all peaks including the tiny ones. We note
here that there is no direct relationship between the two P6,
cm and R3 space groups. Such a group/subgroup relation-
ship is not required for two samples that are not chemically
the same. A group/subgroup relationship is required when
dealing with a unique sample in which structural phase
transitions occur at various temperatures or pressures. In the
present case, the R3 structure of the oxygen loaded
DyMnO, ,, sample was determined as the space group of the
highest symmetry that can be successfully used to index all
Bragg reflections and refine the positions of the Dy and Mn
cations. Determination of the exact locations and site occu-
pancies of the diverse oxygen atoms remain challenging due
to the complexity of the superstructure and the nature of
synchrotron x-rays that are inherently much less sensitive to
oxygen than neutrons, especially in the presence of Mn and
the heavy Dy rare-earth. Rietveld refinements using syn-
chrotron data are presented in FIGS. 16A and 16B. In the
refinements, the cation positions and thermal factors were all
refined whereas the oxygen atoms were kept fixed at posi-
tions derived from the tripled structure. As shown in FIGS.
16A and 16B, two phases were included in the final refine-
ments: the small parent P6, cm hexagonal structure (lower
tick marks) and the larger R3 superstructure (upper tick
marks). Fractional percentages by weight for the two phases
refined to 14% and 86%, respectively. It’s obvious that the
parent phase fails to index the observed extra peaks that
refine with R3. The superstructure’s lattice parameters are
listed in TABLE 4 together with the positions of the Dy and
Mn cations in which we have high confidence. The exact
determination of the oxygen atoms in such a small molecule-
like superstructure would necessitate further collection of
high quality neutron diffraction data preferably using new
RMnO;, ; samples in which the highly neutron absorbing Dy
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would be replaced by Y or other trivalent rare-earth elements
with significantly smaller neutron absorption cross sections
such as Ho and Er.

TABLE 4 5

Structural parameters for the R3 superstructure of DyMnOs 5.

R3 DyMnO,,,

Atom X Y z BA%Y 10
Dyl 0 0 -0.06995(5) 0.30(4)

Dy2 0 0 0.07041(5) 0.04(4)

Dy3 0 0 0.25180(11) 0.19(3)

Dy4 0 0 0.43022(6) 0.97(5)

Dy5 0 0 0.57090(6) 0.50(4) 5
Dy6 0 0 0.74966(11) 0.32(3)

Mnl 0.4261(5) 0.0019(9) 2.8(1)7
Mn2 0.3672(7) 0.6254(6) 0.50109(21) 0.47(6)*
Lattice parameters a=6.231(4) and ¢ = 33.346(3)

&)

Reliability factors R,,= 13.7%, R = 9.8%, R = 4.4%, =114

20

“These values clearly correlate with the undetermined distorted oxygen environment
around Mn as expected from the insertion of fractional amounts of additional oxygen.
Please see the text for more details.

Thermal and Chemical Expansion

Expansion of the crystal lattice can occur through two
mechanisms: thermal and chemical expansion. Thermal
expansion (TE), as discussed in tolerance factor arguments,
is caused by expansion of the (R—O) and (Mn—O) bond
lengths due to increased thermal energy at elevated tem-
perature. Chemical expansion (CE) is caused by expansion
of the lattice due to changes in oxygen stoichiometry. The
TGA measurements of Dy, .Y MnO,,, materials, dis-
cussed above, have shown large changes in oxygen stoichi-
ometry between two stable oxygen content regions, which
occur on heating over a relatively short time scale (=2 hours)
and narrow range of temperatures (~100° C.). These char-
acteristics allowed for the measurement of the effective CE
over a narrow range of temperatures by simply subtracting
the relatively small value of TE from the observed value of
CE. Similarly precise measurements of TE, without the any
effect from CE, were possible in temperature regions of
stable oxygen content. It should also be noted that in some
cases the thermal expansion coefficient (TEC) is considered
to be the net result of both CE and TE; here these are
considered to be separate effects, thus TEC herein is only
attributed to TE. The following equations were used to
calculate TE and CE:

35

ALy - AL

5
Titl — T

50

11 &
Lon—m;

measured in K™, where L,, AL, and T are the sample
starting length, the change in length, and temperature,
respectively, and m-n are the sets from the measured tem-
perature ranges and
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o
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CE= —(— —(TEC)AT), 60
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measured in (moles of O)~*, where Ad is the absolute change
in oxygen content from stoichiometric 3.0 and <TEC> is the
average TEC of the two oxygen content stable regions.

A perovskite sample of DyMnO; for dilatometry was cut
from a dense pellet after initial synthesis in air (~5x3x2 mm
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in shape) and was measured in 21% O,/Ar atmosphere with
heating rates of 0.5° C./min to 900° C. (FIG. 11). Previous
studies of the perovskite DyMnOj;, 5 phase have shown that
it remains stoichiometric in 21% O,/Ar up to ~1000° C.,
thus the expansion seen in FIG. 8 is solely due to TE. The
TEC was measured from 50-850° C. and was found to be
7.3%107% K~!, which is in good agreement with a previous
report.

Pellets for dilatometry measurements were cut from dense
samples (x=0, 0.3, 0.5, 0.7, 1) after synthesis of the hex-
agonal material (~5x3x2 mm in shape) and were then
annealed at 400° C. with 0.1° C./min cooling in O,. The
oxygen contents of these dense samples were also measured
with identical conditions on TGA to determine the appro-
priate temperature ranges to separately extract TE and CE
coeflicients (the structural phases present and after dilatom-
etry measurements were also confirmed with XRD). TE
values were measured for these samples in their respective
temperature regions of stable oxygen content observed in
TGA for 8=0.22-0.29 (~50-300° C.) and for d=0 (~600-850°
C.). CE values were measured during the reduction between
these stable oxygen contents over approximate temperature
gradient of ~100° C. in the range of 240-390° C., where
approximately 90% of the total oxygen reduction occurs.
FIGS. 9A-9B show these measurements for DyMnO; and
illustrates how the combination of dilatometry and TGA
measurements was used in to determine TE and CE for all
Dy, .Y MnO, 4 samples. The lower starting oxygen con-
tents after annealing in oxygen and the slower reduction of
dense pellets (as seen for DyMnO,  , in FIG. 9A) versus the
small chucks of material observed in FIG. 4 during TGA
measurement are due to the differences in the samples’
density, surface area, and diffusion distances. The TEC of
the hexagonal phases in these two temperature regions of
stable oxygen content were found to be quite different,
8.2-10.2%¥107° K~' (8=0.22-0.29) and 2.1-5.6/107° K~!
(6=0), which indicates the TEC of the stoichiometric Hex,
(8=0.25) and P6, cm phase are approximately 8.4-11.6%107°
K™ and 2.1-5.6*10%° K7, respectively (FIG. 10a). The
values of chemical expansion during loss of oxygen content
are 0.82-3.48%1072 mol~! (FIG. 10B), which increase sig-
nificantly with Dy content.

Previous reports of single crystal hexagonal RMnOj,
materials (R=Y, Ho, Sc, and Lu) have shown to have lattice
parameters that linearly increase in-plane and decrease along
¢ with increasing temperature. The contraction of the c-axis
has also been shown to increase for larger R ions. Thus, the
effect of substantial contraction of the c-axis is responsible
for the observed small change of volume of the unit cell and
significantly lowers TE of the polycrystalline P6; cm mate-
rial when compared to their Hex, or perovskite phases
(7.3*%107% K~ and 6*10-® K~! for the perovskite phase of
DyMnO; and YMnO;, respectively). It is also in agreement
with the decrease of the net TE with increased Dy content for
P65 cm materials as seen in FIG. 10A. This tendency is,
however, reversed for the Hex, phase, which shows to have
increased TEC with increased Dy content. Finally, an
increased rate of contraction along the c-axis at the Curie
temperature, ~650° C., was reported previously for YMnO,
and HoMnO; in one study, but was also not observed in
another report. No anomalous behavior near this tempera-
ture was observed; however, this effect can be beyond the
sensitivity range of the dilatometer for a polycrystalline
sample, where anisotropic effects are averaged out. On the
other hand, if dense hexagonal RMnO; materials are also
prone to small non-stoichiometric behavior on heating, as
seen here for the temperature range of 400-600° C.



US 9,764,985 B2

21

(0<8<0.015), this effect can be due to the CE associated with
the reduction of a slightly oxygenated sample to stoichio-
metric oxygen content. The measurements herein show the
importance of understanding oxygen content behavior, as
slight changes in oxygen content can have similar effects on
the net expansion as structural changes, which are not
associated with changes in oxygen content (e.g., the P6; cm
to P6;/mme phase transition).

The CE during transition from the mixed state Hex,/P6,
cm (~85-100%, 6=0.22-0.25) materials to nearly single
phase P6; cm has a much larger effect on total expansion
than TE. The primary cause of the CE seen during the P6,
cm/Hex, transition is due to the change in ionic radius of the
Mn®*+2®* cation. Finally, for comparison, the CE values
reported here are of the same order of magnitude as the CE
associated with the absorption and desorption of oxygen in
perovskite LaMnO; or similar substituted perovskite man-
ganites (~2.4*107> mol™! and ~1-4*1072 mol™). However,
the effect of CE for the hexagonal structure is much more
prominent than in the perovskite phase, due to the larger
change in oxygen content occurring over a much narrower
temperature range.

CONCLUSIONS

The results and previous work with perovskite manganites
show that the increasingly stronger reducing conditions are
needed to form hexagonal Dy, . Y MnO,, , with decreasing
x (for x=<0.7). Previous reports of synthesis of the perovskite
phase from the hexagonal phase with smaller rare-earths
(Ho, Er, and Y) under high-pressure, support the argument
that transformations occur at specific values of the tolerance
factor due to the temperature, oxygen non-stoichiometry,
and compressibility dependence of the (R—O) and (Mn—
O) bonds lengths. Hexagonal Dy, .Y MnO,,, materials
were observed to reversibly absorb large amounts of oxygen
at ~200-300° C. and to sharply desorb this uptake of oxygen
during transition back to the stoichiometric P6, cm phase
above ~275-375° C. or lower temperatures in lower partial-
pressures of oxygen. Increased reversible changes in oxygen
content were achieved by annealing at high-pressures
(8=0.25-0.35) and with hydrogen reduction at 400° C.
(8=-0.12--0.20), which, if combined, can yield reversible
oxygen storage capacities up to ~2650 pmol-O/g. Rates of
oxygen absorption were also observed to significantly
decrease with increasing yttrium content. The non-stoichio-
metric oxygen content of these hexagonal manganites no
doubt has profound influence on their multiferroic proper-
ties.
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What is claimed is:

1. A method of preparing oxygen, comprising:

separating oxygen from a mixture of gases containing the

oxygen, by conducting the oxygen through a manga-
nese oxide, or absorbing and releasing the oxygen from
the manganese oxide,
wherein the manganese oxide comprises M1, option-
ally M2, Mn and O, and
wherein
M1 is selected from the group consisting of In, Sc, Y,
Dy, Ho, Er, Tm, Yb and Lu,
M2 is different from M1, and M2 is selected from the
group consisting of Bi, In, Sc, Y, La, Ce, Pr, Nd,
Sm, FEu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, Mn
and O are present in an atomic ratio of 1:z, and z
is at least 3.15, and
the separating is carried out at a temperature of at most
400° C.

2. The method of claim 1, wherein z is at least 3.2.

3. The method of claim 1, wherein z is 3.15 to 3.4.

4. The method of claim 1, wherein M1 and M2 are present
in an atomic ratio of x:1-x, and x =0.1 to 1.
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5. The method of claim 4, wherein x =0.3 to 1.

6. The method of claim 1, wherein M1 is selected from the
group consisting of Y and Ho.

7. The method of claim 1, wherein M1 is Y and M2 is
selected from the group consisting of La, Ce, Pr, Nd, Sm, Fu,
Gd, Tb and Dy.

8. The method of claim 1, wherein M1 is Y and M2 is Dy.

9. The method of claim 5, wherein M1 and Mn are present
in an atomic ratio of 1 :y, and 0 <y =<10.

10. The method of claim 1, wherein the separating is
carried out at a temperature of at most 300° C.

11. The method of claim 1, wherein the separating is
carried out at a temperature of at most 250° C.

12. The method of claim 1 wherein the formal oxidation
state of Mn is between 3 and 4.

13. The method of claim 12, wherein the formal oxidation
state of Mn is 3.3 to 3. 8.

14. The method of claim 1, wherein the method is thermal
swing absorption or ceramic autothermal recovery.

15. The method of claim 1, wherein z is 3.15 to 3.4,

M1 and M2 are present in an atomic ratio of x:1-x, and

x =0.3 to 1, and
M1 and Mn are present in an atomic ratio of 1:y, and
O<y=10.

16. A method of generating electricity, comprising:

(1) preparing oxygen by the method of claims 1, and

(2) burning a carbon-containing fuel with the oxygen, in

a generator or power plant.

17. A method of preparing oxygen, comprising separating
oxygen from a mixture of gases containing the oxygen, by
conducting the oxygen through a manganese oxide, or
absorbing and releasing the oxygen from the manganese
oxide,

wherein the manganese oxide comprises M1, M2, Mn and

O, and

wherein:

M1 is selected from the group consisting of In, Sc, Y,
Dy, Ho, Er, Tm, Yb and Lu,

M2 is different from M1, and M2 is selected from the
group consisting of Bi, In, Sc, Y, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu,

M1 and M2 are present in an atomic ratio of x:1-x, and
x =0.1 to 0.9,

Mn and O are present in an atomic ratio of 1:z, and z
>3, and

the separating is carried out at a temperature of at most

400° C.

18. The method of claim 17, wherein z is at least 3.15.

19. The method of claim 18, wherein z is at least 3.25.

20. The method of claim 18, wherein z is 3.15 to 3.4.

21. The method of claim 17, wherein x =0.3 to 0.9.

22. The method of claim 17, wherein M2 is selected from

the group consisting of La, Ce, Pr, Nd, Sm, Fu, Gd, Tb and

Dy.
23. The method of claim 17, wherein M1 is Y and M2 is
Thb.
24. The method of claim 17, wherein z is 3.15 to 3.4,
x=0.3 to 0.9, and
M1 and Mn are present in an atomic ratio of 1:y, and
O<y=10.
25. A method of generating electricity, comprising:
(1) preparing oxygen by the method of claims 17, and
(2) burning a carbon-containing fuel with the oxygen, in
a generator or power plant.
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26. A method of preparing oxygen, comprising:

separating oxygen from a mixture of gases containing the

oxygen, by conducting the oxygen through an oxygen

conducting membrane,

wherein the oxygen conducting membrane comprises
(1) a rare earth manganese oxide, and
(2) a support material,

the membrane has first and second opposing surfaces,

the membrane is not permeable to nitrogen gas,

the rare earth manganese oxide forms a contiguous
structure exposed on both the first and second oppos-
ing surfaces, and

the rare earth manganese oxide has an average tem-
perature of maximum oxygen absorption upon heat-
ing and cooling, T,,,.,, of at most 400° C., and a
temperature of maximum oxygen desorption, T
of at most 400° C.

27. The method of claim 26, wherein the support material
comprises at least one member selected from the group
consisting of an organic polymer, a silicone rubber, and
glass.

28. The method of claim 26, wherein the support material
is electrically conductive, and forms a contiguous structure
exposed on both the first and second opposing surfaces.

maxD»?
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29. The method of claim 28, wherein the support material
comprises at least one member selected from the group
consisting of graphite, carbon black, aluminum, copper,
iron, nickel, steel, zinc, tin, lead and alloys thereof.

30. The method of claim 26, wherein the average tem-
perature of maximum oxygen absorption upon heating and
cooling, T,,,..4 18 at most 300° C.

31. The method of claim 26, wherein the temperature of
maximum oxygen desorption, T is at most 300° C.

32. The method of claim 26, wherein the support material
decomposes when exposed to air at a temperature of 500° C.,
or has a glass transition temperature or a melting point of at
most 500° C.

33. The method of claim 26, wherein the manganese oxide
comprises Mn and O in an atomic ratio of 1:z, and z is 3.15
to 3.4.

34. A method of generating electricity, comprising:

maxD»

(1) preparing oxygen by the method of claims 26, and

(2) burning a carbon-containing fuel with the oxygen, in
a generator or power plant.
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