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(57) ABSTRACT

A positive electrode active material for a sodium ion battery
includes a sodium complex oxide of the formula Na,
(M*',M?,_),0; having an orthorhombic crystal structure,
wherein M' and M? are each independently Ti, Cr, Fe, Co,
Ni, Mn, V, or a combination there of provided that M* and
M? are different from each other; and O=a=<I.
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HIGH CAPACITY SODIUM-ION BATTERY
POSITIVE ELECTRODE MATERIAL

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit, under 35 U.S.
C. § 119(e), of U.S. Provisional Patent Application Ser. No.
62/482,037, filed on Apr. 5, 2017, which is incorporated
herein by reference in its entirety.

BACKGROUND

[0002] Lithium (Li) ion batteries, while being the most
prominent type of rechargeable battery for portable elec-
tronics applications, have limited applicability because of
the high cost of lithium and their safety. Sodium (Na) ion
batteries on the other hand, although not as developed as
lithium-ion batteries, present numerous unsolved chal-
lenges. For example, sodium-ion batteries currently provide
significantly less capacity than lithium-ion batteries.
[0003] Therefore, in order to overcome the technical chal-
lenges associated with Na-ion batteries, there remains a need
for electrode materials which provide improved capacity, in
particular, an improved sodium-ion positive electrode active
material.

BRIEF DESCRIPTION

[0004] A positive electrode active material for a sodium
ion battery includes a sodium complex oxide of the formula
Na,(M' M?,_),O having an orthorhombic crystal struc-
ture, wherein M' and M? are each independently Ti, Cr, Fe,
Co, Ni, Mn, V, or a combination thereof, provided that M"
and M2 are different from each other; and O=a=<1.

[0005] A sodium ion battery including the positive elec-
trode active material is also described.

[0006] A sodium ion battery includes a positive electrode
including the positive electrode active material; a negative
electrode; and an electrolyte between the positive electrode
and negative electrode.

[0007] Also disclosed is a method of manufacturing the
positive electrode active material for a sodium-ion battery,
the method including: heat treating a sodium source and a
material comprising M' and M?, wherein M* and M? are
each independently Ti, Cr, Fe, Co, Ni, Mn, V, or a combi-
nation thereof, provided that M* and M? are different from
each other, to manufacture the positive electrode active
material.

[0008] Also disclosed is a method of manufacturing a
sodium-ion battery, the method including: providing the
positive electrode active material; providing a negative
electrode; and disposing an electrolyte between the positive
electrode and negative electrode to manufacture the sodium-
ion battery.

[0009] The above described and other features are exem-
plified by the following figures and detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The following figures are exemplary embodiments
wherein the like elements are numbered alike;

[0011] FIG. 1 is a schematic view of an exemplary
embodiment of a sodium ion battery.

[0012] FIG. 2A is graph of energy per atom (millielec-
tronvolts, meV) versus the transition metal atomic ratio and
is a stability chart of Co—Cr mixtures in a charged state;
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[0013] FIG. 2B is graph of energy per atom (millielec-
tronvolts, meV) versus the transition metal atomic ratio and
is a stability chart of Co—Cr mixtures in a discharged state;
[0014] FIG. 3 is a graph of voltage (volts versus Na/Na™)
versus the transition metal ratio which shows the stability of
Co—Cr mixtures;

[0015] FIG. 4 is a graph of diffusion constant (D, cm?/s)
versus inverse temperature (1000/T, K™) which shows the
diffusion constant for several calculated structures;

[0016] FIG. 5 shows the coordination geometry of an
exemplary structure of a sodium complex oxide wherein M*
is Fe and a is 1;

[0017] FIG. 6 shows an embodiment of the crystal struc-
ture of Na,M',O5 when viewed from the be plane;

[0018] FIG. 7 shows an embodiment of a crystal structure
of Na,M',0, when viewed from the ac plane;

[0019] FIG. 8 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,Fe,Os;

[0020] FIG. 9 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,Co,Os;

[0021] FIG. 10 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of NagFe,CoO,;
[0022] FIG. 11 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na, Fe;NisO,;
[0023] FIG. 12 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,sFesNi;O,;
[0024] FIG. 13 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,Cr;Co50,,;
[0025] FIG. 14 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,CrCoOy;

[0026] FIG. 15 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na, FeNi,O,;
[0027] FIG. 16 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of NagTiCo;0,;
[0028] FIG. 17 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,Cr,Os; and
[0029] FIG. 18 is a graph of intensity (relative counts)
versus diffraction angle (degrees 2-theta) and shows the
results of X-ray diffraction analysis of Na,Ni,Os.

DETAILED DESCRIPTION

[0030] The present inventors have discovered that a
sodium metal oxide can form an orthorhombic structure, and
that such orthorhombic materials provide unexpectedly
improved electrochemical properties relative to materials
having a similar chemical composition and a distinct, e.g.,
monoclinic, structure. The disclosed sodium metal oxide
provides a voltage and a capacity suitable to power modern
devices, and thus could be used to provide a sodium-ion
battery suitable for a portable electronics application. Spe-
cifically, disclosed herein are a class of sodium oxides
including binary metals and advantageously having a unique
structure, which, while not wanting to be bound by theory,
is understood to provide advantageous properties.
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[0031] Disclosed is a positive electrode active material for
a sodium ion battery. The positive electrode active material
comprises a sodium complex oxide of the formula Na,
(M! ,M?_),0s. In the foregoing formula, M' and M? are
each independently Ti (titanium), Cr (Chromium), Fe (iron),
Co (cobalt), Ni (nickel), Mn (manganese), V (vanadium), or
a combination thereof, provided that M* and M? are different
from each other; and O=a<1. In some embodiments, M* and
M? comprise Fe, Co, or a combination thereof. For example,
M’ can be Fe, and in some embodiments, M"' can be Fe and
M? can be Co or Ni. In an embodiment, M! can be Co, and
in some embodiments when M' is Co, M? can be Cr or Ti.
In some embodiments, M' and M? can be present in a molar
ratio of 7:1 to 1:7, for example 6:1 to 1:6, or 5:1 to 1:5, or
3:1 to 1:3.

[0032] The sodium complex oxide advantageously has an
orthorhombic crystal structure. In some embodiments, in the
crystal structure of the sodium complex oxide, sodium and
M! are each independently coordinated by oxygen in a
square pyramidal or trigonal pyramidal geometry. FIG. 5
shows an exemplary structure of a sodium complex oxide
wherein M' is Fe and a is 1. In FIG. 5, sodium is labelled
“1”, M" (e.g., iron) is labelled “2”, and oxygen is labelled “3.
” As can be seen FIG. 5, the Na and Fe of the exemplary
structure each has a coordination number of 5 with oxygen,
wherein the both of Na and Fe are coordinated by oxygen in
a square pyramidal or trigonal pyramidal geometry.

[0033] In some embodiments, the sodium complex oxide
can have a structure which belongs to an Fddd space group.
[0034] In some embodiments, the sodium complex oxide
preferably comprises

[0035] Na,Fe,O5, Na,Co,05, Na,Fe, ;Co, 05, Na,Fe,
75Ni; 5505, Na,Fe, ,5Ni, 7505, Na,Cr, ;5Co; ,50s,
Na,CrCoOs, Na,Fe, 55Ni; 5505, Na,Ti, sCo, 505,

Na,Cr,0O5, Na,Ni,O,, or a combination thereof.

[0036] The positive electrode active material described
herein can advantageously exhibit one or more of the
following properties.

[0037] Insome embodiments, the electrode active material
can exhibit an average voltage of 2.6 to 3.3 volts versus
Na/Na™.

[0038] Insome embodiments, the electrode active material
exhibits a capacity of greater than 360 mAh/g, for example
greater than 360 to 400 mAh/g, or 365 to 390 mAh/g.
[0039] X-ray diffraction patterns can be useful in charac-
terizing compounds such as those described herein. In some
embodiments, the sodium complex oxide has an orthorhom-
bic structure. In an embodiment, the sodium complex oxide
has an X-ray diffraction pattern which can be indexed to an
orthorhombic symmetry. Also, in an embodiment, the
sodium complex oxide has a peak, e.g., a reflection, at 19 to
22 degrees 26, or 19.5 to 21.5 degrees 26, or 19.75 to 21.25
degrees 20, or 20 to 21 degrees 26, when analyzed by
powder X-ray diffraction using Cu Ko radiation. In some
embodiments, the sodium complex oxide has a peak at 32 to
35 degrees 20, or 32.5 to 34.5 degrees 26, or 32.75 to 34.25
degrees 20, or 33 to 34 degrees 26, when analyzed by
powder X-ray diffraction using Cu Ko radiation. In some
embodiments, the sodium complex oxide has a peak at 36 to
39 degrees 26, or 36.5 to 38.5 degrees 26, or 36.75 to 38.25
degrees 20, or 37 to 38 degrees 26, when analyzed by
powder X-ray diffraction using Cu Ko radiation. In some
embodiments, the sodium complex oxide has a peak at 40 to
43 degrees 20, or 40.5 to 42.5 degrees 26, or 40.75 to 42.25

Oct. 11, 2018

degrees 20, or 41 to 42 degrees 20, when analyzed by
powder X-ray diffraction using Cu Ko radiation. In some
embodiments, the sodium complex oxide can be character-
ized by having one or more of the foregoing major peaks
when analyzed by powder X-ray diffraction using Cu Ka
radiation. As noted above, and while not wanting to be
bound by theory, it is understood that the sodium complex
oxide has an orthorhombic structure, and can have at least
one of the foregoing peaks, when analyzed by powder X-ray
diffraction using Cu Ka radiation. For example, the sodium
complex oxide can have one, two, three, of four of the
foregoing major peaks when analyzed by powder X-ray
diffraction using Cu Ko radiation.

[0040] Sodium complex oxides can exhibit a variety of
crystallographic symmetries. A sodium complex oxide hav-
ing orthorhombic structure has been discovered, and in an
embodiment has an Fddd space group. Surprisingly, sodium
metal oxide materials having this symmetry advantageously
exhibit the improved properties which are desirable for
providing improved sodium ion batteries. Furthermore, use
of the materials having the orthorhombic symmetry can
avoid some of the technical limitations associated with the
use of similar materials having a different crystal structure
(e.g., materials having a monoclinic crystal structure).

[0041] Another aspect of the present disclosure is a
method for the manufacture of the positive electrode active
material for use in a sodium-ion battery. The method
includes heat treating a sodium source and a material
comprising M' and optionally M?, wherein M* and M? are
each independently Ti, Cr, Fe, Co, Ni, Mn, V, or a combi-
nation thereof, provided that M' and M? are different from
each other, to manufacture the positive electrode active
material.

[0042] Another aspect of the present disclosure is a
sodium ion battery. The sodium ion battery comprises the
positive electrode active material described above. The
sodium ion battery can have any suitable shape, can be
prismatic or cylindrical, and can be fabricated in a shape
such as a cylinder, a prism, a disk, or a sheet. The shape of
sodium ion battery is not limited to the above mentioned
shapes, and can be shaped in various forms other than the
foregoing. The sodium ion battery can include a positive
electrode including the positive electrode active material, a
negative electrode, and an electrolyte between the positive
electrode and the negative electrode. The sodium ion battery
can further include a separator disposed between the positive
electrode and the negative electrode.

[0043] Referring to FIG. 1, a sodium battery 1 according
to an embodiment can include a cathode 3, an anode 2, and
a separator 4. In some embodiments, the cathode 3, the
anode 2, and the separator 4 may be wound or folded, and
then sealed in a battery case 5. In some embodiments, the
battery case 5 may be filled with an organic electrolyte
solution and sealed with a cap assembly 6, thereby com-
pleting the manufacture of the sodium battery 1. In some
embodiments, the battery case 5 may have a cylindrical,
rectangular, or thin-film shape. For example, the sodium
battery 1 may be a large-sized thin-film-type battery.

[0044] In some embodiments, the separator 4 may be
disposed between the cathode 3 and the anode 2 to form a
battery assembly. In some embodiments, the battery assem-
bly may be stacked in a bi-cell structure and impregnated
with the electrolyte solution. In some embodiments, the
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resultant assembly may be put into a pouch and hermetically
sealed, thereby completing the manufacture of a sodium ion
polymer battery.

[0045] In some embodiments, a plurality of battery assem-
blies may be stacked to form a battery pack, which may be
used in any device that requires high capacity and high
output, for example, in a laptop computer, a smartphone, or
an electric vehicle.

[0046] The positive electrode can be produced by provid-
ing a positive electrode active material composition includ-
ing the positive electrode active material which can be
manufactured as described above, and optionally, a conduc-
tive agent, and a binder.

[0047] The binder can facilitate adherence between com-
ponents of the positive electrode, such as the positive active
material and the conductor, and adherence of the positive
electrode to a current collector. Examples of the binder can
include polyacrylic acid (PAA), polyvinylidene fluoride,
polyvinyl alcohol, carboxymethyl cellulose (CMC), starch,
hydroxypropyl cellulose, regenerated cellulose, polyvi-
nylpyrrolidone, tetrafluoroethylene, polyethylene, polypro-
pylene, ethylene-propylene-diene monomer (EPDM), sul-
fonated EPDM, styrene-butadiene-rubber, fluorinated
rubber, a copolymer thereof, or a combination thereof. The
amount of the binder can be in a range of about 1 part by
weight to about 10 parts by weight, for example, in a range
of about 2 parts by weight to about 7 parts by weight, based
on a total weight of the positive active material. When the
amount of the binder is in the range above, e.g., about 1 part
by weight to about 10 parts by weight, the adherence of the
positive electrode to the current collector may be suitably
strong.

[0048] The conductive agent can include, for example,
carbon black, carbon fiber, graphite, or a combination
thereof. The carbon black can be, for example, acetylene
black, Ketjen black, Super P carbon, channel black, furnace
black, lamp black, thermal black, or a combination thereof.
The graphite can be a natural graphite or an artificial
graphite. A combination comprising at least one of the
foregoing can be used. The positive electrode can addition-
ally include an additional conductor other than the carbo-
naceous conductor described above. The additional conduc-
tor can be an electrically conductive fiber, such as a metal
fiber; a metal powder such as a fluorinated carbon powder,
an aluminum powder, or a nickel powder; a conductive
whisker such as a zinc oxide or a potassium titanate; or a
polyphenylene derivative. A combination comprising at least
one of the foregoing can be used.

[0049] The negative electrode can be produced from a
negative active material composition including a negative
active material, and optionally, a conductive agent, and a
binder. The negative active materials that can be used in the
sodium ion battery include materials capable of storing and
releasing sodium ions electrochemically. Such negative
electrode active material can be a well-known negative
electrode active material for sodium ion batteries such as
hard carbon, soft carbon, carbon black, ketjen black, acety-
lene black, activated carbon, carbon nanotubes, carbon fiber,
amorphous carbon, and other carbon materials. Also usable
are sodium containing metals and alloys, wherein the metal
can be any suitable metal, e.g., Sn, Sb, Ge. Sodium con-
taining metal oxides, metal nitrides, and metal sulfides are
also useful, in particular wherein metal can be Ti, Mo, Sn,
Fe, Sb, Co, V. Also useable are phosphorous (P) or metal
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doped phosphorous (e.g., NiP;). The negative active mate-
rial is not limited to the foregoing and any suitable negative
active material can be used.

[0050] As the separator, a porous olefin film such as
polyethylene and polypropylene, and polymer electrolyte
can be used. The separator can be porous, and a diameter of
a pore of the separator can be in a range of about 0.01 um
to about 10 um, and a thickness of the separator can be in a
range of about 5 um to about 300 um. In greater detail, the
separator can be a woven or a non-woven fabric comprising
an olefin-based polymer such as polypropylene or polyeth-
ylene; or a glass fiber.

[0051] In some embodiments, the electrolyte can be a
liquid electrolyte and can include a polar aprotic solvent and
a sodium salt in the solvent. The polar aprotic solvent can be
dimethylether, diethylether, dimethyl carbonate, diethyl car-
bonate, ethylmethyl carbonate, dipropyl carbonate, methyl-
propyl carbonate, ethylpropyl carbonate, ethylene carbon-
ate, propylene carbonate, butylene carbonate, fluoroethylene
carbonate, methyl acetate, ethyl acetate, n-propyl acetate,
dimethylacetate, methyl propionate, ethyl propionate, y-bu-
tyrolactone, decanolide, valerolactone, mevalonolactone,
caprolactone, dibutyl ether, tetraglyme, diglyme, polyethyl-
ene glycol dimethylether, dimethoxy ethane, 2-methyl tet-
rahydrofuran, 2,2-dimethyl tetrahydrofuran, 2,5-dimethyl
tetrahydrofuran, cyclohexanone, ftricthylamine, triph-
enylamine, triether phosphine oxide, acetonitrile, dimethyl
formamide, 1,3-dioxolane, and sulfolane, but the organic
solvent is not limited thereto and any solvent that can be
used as an organic solvent in the art can be used. In some
embodiments, the solvent preferably comprises a carbonate
ester, and more preferably comprises propylene carbonate.
[0052] The sodium salt used as the electrolyte can com-
prise, for example, NaClO,, NaPF,, NaBF,, NaCF;SO;,
NaN(CF;S0,),, NaN(C,FS0,),, NaC(CF;S0,); and the
like. In some embodiment, the liquid electrolyte preferably
comprises NaClO,, NaPF, or a combination thereof. The
sodium salt is not limited to the foregoing and any salt that
can be used as the sodium salt in the art can be used. For
example, the salt used as the lithium salt in the lithium
battery can have lithium substituted with sodium.

[0053] No particular limitation is imposed on the concen-
tration of the sodium salt in the electrolyte solution.
[0054] In some embodiments, the battery can be a solid
sodium battery which comprises a solid-state electrolyte.
For example, the solid-state electrolyte can be an inorganic
solid electrolyte, such as an oxide-type (e.g., NASICON or
Na,,  7Zr,81P; O, 0<x<3) or a sulfide type (e.g.,
Na,PS,); or a polymer electrolyte, such as poly(ethylene
oxide)g: NaAsF,. The solid-state electrolyte is not limited
thereto, and any salt that can be used as the solid state
sodium salt in the art can be used in the battery of the present
disclosure.

[0055] The sodium ion battery can be manufactured by
providing the positive electrode active material described
above, providing a negative electrode, and disposing an
electrolyte between the positive electrode and negative
electrode to manufacture the sodium-ion battery. In some
embodiment, the method can further comprise disposing a
separator between the positive electrode and the negative
electrode. For example, the sodium ion battery can be
manufactured by sequentially laminating the negative elec-
trode, the separator, and the positive electrode; winding or
folding the laminated structures, then enclosing the wound
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or folded structure in a cylindrical or rectangular battery
case or pouch, and subsequently disposing the liquid elec-
trolyte into the battery case or pouch to provide the sodium
ion battery. Disposing the liquid electrolyte into the case or
pouch can be by, for example, injecting the liquid electro-
Iyte.

[0056] This disclosure is further illustrated by the follow-
ing examples, which are non-limiting.

EXAMPLES

[0057] The compounds shown in Table 1 are representa-
tive sodium complex oxide materials screened in the fol-
lowing Examples. Each of the compounds correspond to the
Fddd space group. Each of the compounds in Table 1 were
selected based on a computational models, and the proper-
ties discussed below were calculated using computational
chemistry methods.

[0058] The compounds shown in Table 1 can be prepared
by various methods including a solid state reaction method,
a co-precipitation method, or a combustion method. Spe-
cifically, a prophetic procedure for the preparation of
Na,Fe,O5 of Table 1 is as follows. An aqueous solution of
Fe(COOCH;) (0.2 molar concentration, 50 milliliters) is
mixed with an aqueous solution of Na,CO; (0.2 molar
concentration, 50 milliliters). To the mixture, an aqueous
solution of citric acid (0.3 molar concentration, 100 milli-
liters) and ethylene glycol (12 grams) is added. Subse-
quently, water is evaporated at a temperature of 80° C. The
dried material is then subjected to a first heat treatment at a
temperature of about 500° C. in air, and a second heat
treatment at a temperature of about 700° C. in air to provide
the desired compound. The same general procedure can be
used to similarly obtain the additional compounds shown in
Table 1.

[0059] The calculated voltage (V) and capacity (mAh/g)
for each material are also listed in Table 1.
TABLE 1
Formula Voltage (V) Capacity (mAh/g)
Na,Fe,0s5 3.3 377.96
Na,Co,05 3.2 369.9
NagFe;Co0) 2.9 375.91
Na, ¢Fe3NisOs0 2.9 373.27
Na, FesNiz050 2.8 375.13
Na, (Cr;3C0505 2.7 376.67
Na,CrCoOs 2.7 378.98
Na, FeNi, O, 2.7 371.43
NagTiCo30,0 2.7 377.1
Na,Cr,0s5 2.6 388.5
Na,Ni,Os 2.6 370.52
[0060] As shown in Table 1, the voltage values for the

materials tested range from 2.6 to 3.3 V. The energy capacity
of the materials was at least 370 to 388 mAh/g. Such energy
capacities are 54 to 62% greater than the capacity of known
layered oxides (e.g., having a capacity of about 240 mAl/g).
[0061] The stability of various compounds was analyzed
computationally. FIG. 2 shows the resulting stability charts
for a sample compound Na,Cr,Co,_,Os, where x=0, 0.125,
0.25, 0.375, 0.5, 0.625, 0.75, 0.875, and 1.0. Two states of
fully charged and fully discharged were calculated for all
possible atomic configurations or arrangements for a model
containing 8 formula units. The reference for relative sta-
bility screening are the end points corresponding to x=0 and
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x=1. From the charged plot (FIG. 2, left), the compound
including Cr 4,5Co, 5,5 emerges as one of the stable com-
pounds whose mixture structure may be unstable under
cycling. Mixture ratio of Cr/Co of 0.5 is not only seen to be
stable with respect to x=0 and x=1, but also remains stable
during cycling. That is, this compound passes the Mixture-
Charging-Stability (MSC) criterion, as shown in FIG. 3.
[0062] FIG. 4 shows the calculated ionic diffusion of
suggested compounds at slightly de-sodiated conditions.
The calculation was performed using highly accurate
molecular dynamics simulations at various temperatures. At
room temperature (1000/T=3.3), the minimum value of Na
diffusion is between 10~® and 107S.

[0063] FIGS. 5 and 6 are exemplary crystallographic
views of a sodium complex oxide having the formula
Na,M',0;. FIG. 5 shows the view from the be plane, and
FIG. 6 shows the view from the ac plane. Na is indicated as
“17, M! as “27, and O as “3”.

[0064] The X-ray diffraction plots for each of the com-
pounds listed in Table 1 are shown in FIG. 19-29. From these
plots, it can be seen that each of the Table 1 compounds
exhibit a major peak (i.e., a peak having an intensity of at
least 50%) at one or more of 19 to 22 degrees 20, 32 to 35
degrees 20, 36 to 39 degrees 20, and 40 to 43 degrees 260
when analyzed by powder X-ray diffraction using Cu Ka
radiation, characteristic of having an orthorhombic crystal
structure.

[0065] This disclosure further encompasses the following
embodiments.
[0066] Embodiment 1: A positive electrode active material

for a sodium-ion battery, the positive electrode active mate-
rial comprising: a sodium complex oxide of the formula
Na,(M! M?,_),0, having an orthorhombic crystal struc-
ture; wherein M* and M? are each independently Ti, Cr, Fe,
Co, Ni, Mn, V, or a combination thereof, provided that M*
and M? are different from each other; and O<a=<l.

[0067] Embodiment 2: The positive electrode active mate-
rial of embodiment 1, wherein M* and M? comprise Fe, Co,
or a combination thereof.

[0068] Embodiment 3: The positive electrode active mate-
rial of embodiment 2, wherein M' is Fe.

[0069] Embodiment 4: The positive electrode active mate-
rial of embodiment 3, wherein M is Fe and M? is Co or Ni.
[0070] Embodiment 5: The positive electrode active mate-
rial of embodiment 2, wherein M* is Co and M? is Cr or Ti.
[0071] Embodiment 6: The positive electrode active mate-
rial of any of embodiments 1 to 5, wherein O<axl.

[0072] Embodiment 7: The positive electrode active mate-
rial of any of embodiments 1 to 6, wherein a molar ratio of
M to M?is 7:1 to 1:7.

[0073] Embodiment 8: The positive electrode active mate-
rial of embodiment 1, wherein the sodium complex oxide
comprises Na,Fe,O,, Na,Co,0,, Na,Fe, ;Co, sO5, Na,Fe,
75Ni; 5505, Na,Fe, 55Ni; 750s. Na,Crg 75C0; 5505,
Na,CrCoOy, Na,Fe, ,sNi, 50, Na,Ti, sCo, 5O,
Na,Cr,0s, Na,Ni,Os, or a combination thereof.

[0074] Embodiment 9: The positive electrode active mate-
rial of any of embodiments 1 to 8, wherein in the crystal
structure of the sodium complex oxide, sodium and M" are
each independently coordinated by oxygen in a square
pyramidal or trigonal pyramidal geometry.

[0075] Embodiment 10: The positive electrode active
material of any of embodiments 1 to 9, wherein the sodium
complex oxide has an Fddd space group.
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[0076] Embodiment 11: The positive electrode active
material of any of embodiments 1 to 10, wherein the
electrode material exhibits an average voltage of 2.6 to 3.3
volts versus Na/Na™.

[0077] Embodiment 12: The positive electrode active
material of any of embodiments 1 to 11, wherein the
electrode material exhibits a specific capacity of greater than
360 milliampere-hours per gram.

[0078] Embodiment 13: The positive electrode active
material of any of embodiments 1 to 12, having a major peak
at a diffraction angle of 19 to 22 degrees 260 when analyzed
by powder X-ray diffraction using Cu Ka radiation.
[0079] Embodiment 14: The positive electrode active
material of any of embodiments 1 to 13, having a major peak
at a diffraction angle of 32 to 35 degrees 260 when analyzed
by powder X-ray diffraction using Cu Ka radiation.
[0080] Embodiment 15: The positive electrode active
material of any of embodiments 1 to 14, having a major peak
at a diffraction angle of 36 to 39 degrees 260 when analyzed
by powder X-ray diffraction using Cu Ka radiation.
[0081] Embodiment 16: The positive electrode active
material of any of embodiments 1 to 15, having a major peak
at a diffraction angle of 40 to 43 degrees 260 when analyzed
by powder X-ray diffraction using Cu Ka radiation.
[0082] Embodiment 17: A sodium ion battery comprising
the positive electrode active material of any of embodiments
1to 16.

[0083] Embodiment 18: A sodium ion battery comprising:
a positive electrode comprising the positive electrode active
material of any of embodiments 1 to 16; a negative elec-
trode; and an electrolyte between the positive electrode and
negative electrode.

[0084] Embodiment 19: The sodium ion battery of
embodiment 18, further comprising a separator disposed
between the positive electrode and the negative electrode.
[0085] Embodiment 20: A method of manufacturing the
positive electrode active material for a sodium-ion battery of
any of embodiments 1 to 16, the method comprising: heat
treating a sodium source and a material comprising M* and
optionally M?, wherein M' and M? are each independently
Ti, Cr, Fe, Co, Ni, Mn, or V, provided that M' and M? are
different from each other, to manufacture the positive elec-
trode active material.

[0086] Embodiment 21: A method of manufacturing a
sodium-ion battery, the method comprising: providing the
positive electrode active material of any of embodiments 1
to 16; providing a negative electrode; and disposing an
electrolyte between the positive electrode and negative
electrode to manufacture the sodium-ion battery.

[0087] The compositions, methods, and articles can alter-
natively comprise, consist of, or consist essentially of, any
appropriate components or steps herein disclosed. The com-
positions, methods, and articles can additionally, or alterna-
tively, be formulated so as to be devoid, or substantially free,
of any steps, components, materials, ingredients, adjuvants,
or species that are otherwise not necessary to the achieve-
ment of the function or objectives of the compositions,
methods, and articles.

[0088] All ranges disclosed herein are inclusive of the
endpoints, and the endpoints are independently combinable
with each other. “Combinations” is inclusive of blends,
mixtures, alloys, reaction products, and the like. The terms
“first,” “second,” and the like, do not denote any order,
quantity, or importance, but rather are used to distinguish
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one element from another. The terms “a” and “an” and “the”
do not denote a limitation of quantity, and are to be con-
strued to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. “Or” means “and/or” unless clearly stated otherwise.
Reference throughout the specification to “some embodi-
ments”, “an embodiment”, and so forth, means that a par-
ticular element described in connection with the embodi-
ment is included in at least one embodiment described
herein, and may or may not be present in other embodi-
ments. In addition, it is to be understood that the described
elements may be combined in any suitable manner in the
various embodiments.
[0089] Unless defined otherwise, technical and scientific
terms used herein have the same meaning as is commonly
understood by one of skill in the art to which this application
belongs. All cited patents, patent applications, and other
references are incorporated herein by reference in their
entirety. However, if a term in the present application
contradicts or conflicts with a term in the incorporated
reference, the term from the present application takes pre-
cedence over the conflicting term from the incorporated
reference.
[0090] While particular embodiments have been
described, alternatives, modifications, variations, improve-
ments, and substantial equivalents that are or may be pres-
ently unforeseen may arise to applicants or others skilled in
the art. Accordingly, the appended claims as filed and as they
may be amended are intended to embrace all such alterna-
tives, modifications variations, improvements, and substan-
tial equivalents.

What is claimed is:

1. A positive electrode active material for a sodium-ion
battery, the positive electrode active material comprising:

a sodium complex oxide of the formula

Na4(MlaM21ﬂz)205

having an orthorhombic crystal structure;
wherein
M* and M? are each independently Ti, Cr, Fe, Co, Ni, Mn,
V, or a combination thereof, provided that M* and M?
are different from each other; and

O=axl.

2. The positive electrode active material of claim 1,
wherein M* and M? comprise Fe, Co, or a combination
thereof.

3. The positive electrode active material of claim 2,
wherein M' is Fe.

4. The positive electrode active material of claim 3,
wherein M! is Fe and M? is Co or Ni.

5. The positive electrode active material of claim 2,
wherein M' is Co and M? is Cr or Ti.

6. The positive electrode active material of claim 1,
wherein O<asl.

7. The positive electrode active material of claim 4,
wherein a molar ratio of M' to M? is 7:1 to 1:7.

8. The positive electrode active material of claim 1,
wherein the sodium complex oxide comprises Na,Fe,O,,
Na,Co,0s5, Na,Fe, ;Co, 05, Na,Fe, sNi; ,505, Na,Fe,
25Ni, 505, Na,Cr, ,5Co; ,505, Na,CrCoOs, Na,Fe, ,sNi;
7505, Na,Ti, sCo, 505, Na,Cr,05, Na,Ni,Os, or a combi-
nation thereof.

9. The positive electrode active material of claim 1,
wherein in the crystal structure of the sodium complex
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oxide, sodium and M' are each independently coordinated
by oxygen in a square pyramidal or trigonal pyramidal
geometry.

10. The positive electrode active material of claim 1,
wherein the sodium complex oxide has an Fddd space group.

11. The positive electrode active material of claim 1,
wherein the electrode material exhibits an average voltage of
2.6 to 3.3 volts versus Na/Na*.

12. The positive electrode active material of claim 1,
wherein the electrode material exhibits a specific capacity of
greater than 360 milliampere-hours per gram.

13. The positive electrode active material of claim 1,
having a major peak at a diffraction angle of 19 to 22 degrees
20 when analyzed by powder X-ray diffraction using Cu Ko
radiation.

14. The positive electrode active material of claim 1,
having a major peak at a diffraction angle of 32 to 35 degrees
20 when analyzed by powder X-ray diffraction using Cu Ko
radiation.

15. The positive electrode active material of claim 1,
having a major peak at a diffraction angle of 36 to 39 degrees
20 when analyzed by powder X-ray diffraction using Cu Ko
radiation.

16. The positive electrode active material of claim 1,
having a major peak at a diffraction angle of 40 to 43 degrees
20 when analyzed by powder X-ray diffraction using Cu Ko
radiation.
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17. A sodium ion battery comprising the positive elec-
trode active material of claim 1.

18. A sodium ion battery comprising:

a positive electrode comprising the positive electrode

active material of claim 1;

a negative electrode; and

an electrolyte between the positive electrode and negative

electrode.

19. The sodium ion battery of claim 18, further compris-
ing a separator disposed between the positive electrode and
the negative electrode.

20. A method of manufacturing the positive electrode
active material for a sodium-ion battery of claim 1, the
method comprising:

heat treating a sodium source and a material comprising

M' and optionally M?, wherein M* and M? are each
independently Ti, Cr, Fe, Co, Ni, Mn, or V, provided
that M' and M? are different from each other, to
manufacture the positive electrode active material.

21. A method of manufacturing a sodium-ion battery, the
method comprising:

providing the positive electrode active material of claim

providing a negative electrode;

and disposing an electrolyte between the positive elec-

trode and negative eclectrode to manufacture the
sodium-ion battery.
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