wo 2017/017943 A1 I} ] 0P 0000 O N O R

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/017943 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72
74

2 February 2017 (02.02.2017) WIPOIPCT
International Patent Classification: (81)
C01G 53/00 (2006.01)
International Application Number:

PCT/JP2016/003434

International Filing Date:
22 July 2016 (22.07.2016)

Filing Language: English
Publication Language: English
Priority Data:

1513117.0 24 July 2015 (24.07.2015) GB

Applicants: SHARP KABUSHIKI KAISHA [JP/JP]; 1,
Takumi-cho, Sakai-ku, Sakai City, Osaka, 5908522 (JP).
FARADION LIMITED [GB/GB]; The Innovation Centre,
217 Portobello, Shetfield, South Yorkshire, S14DP (GB).

Inventors: KENDRICK, Emma. GRUAR, Robert.

Agent: HARAKENZO WORLD PATENT & TRADE-
MARK; Daiwa Minamimorimachi Building, 2-6, Tenjin-
bashi 2-chome Kita, Kita-ku, Osaka-shi, Osaka, 5300041
(JP).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: TIN-CONTAINING COMPOUNDS

FIGURE 21

{mAh/g)

/ 7 7 7 e
0.000 0.117 0.233 0.350 0.467

Mn

0.583

0.5830bserved Specific Capacity

118.0
121.0
136.0
145.0

(57) Abstract: A composition comprises the gen-
eral formula X, Ni, Z, Mn, Ti, Sn. O, wherein: X
consists of sodium or a mixture of group 1 metals
having sodium as the major constituent; Z is one
or more alkali metals selected from the group
consisting of lithium and sodium; the X constitu-
ent and the Z constituent are present at crystallo-
graphically distinct sites when the compound is in
a solid phase; 0 <u0<b<0.27;0.1<v<1/2;0
<wE412;3/12Ex;andw+x+y=1 - (b+
v). It has been found that such materials may be
charged to a capacity that is greater than the the-
oretical charging capacity of the material, as de-

154. 0 termined from the content of redox active ele-
163.0 ments in the material.

172.0

181.0

190.0



WO 2017/017943 PCT/JP2016/003434

[0001]

[0002]

[0003]

[0004]

Description

Title of Invention: TIN-CONTAINING COMPOUNDS
Technical Field

The present invention relates to compounds containing tin and transition metals ,
their method of preparation, to novel electrodes which utilise an active material that
comprises said tin and other transition metal-containing compounds, and to the use of
these electrodes, for example in rechargeable batteries and other energy storage

devices.

Background Art

Sodium-ion batteries are similar in many ways to lithium-ion batteries which have
found wide spread application in energy storage devices and systems; they are reusable
secondary batteries that comprise an anode (negative electrode), a cathode (positive
electrode) and an electrolyte material. Lithium and Sodium ion batteries are both
capable of storing energy, and they both charge and discharge via a similar reaction
mechanism. When a sodium-ion (or lithium-ion battery) is charging, Na* (or Li*) ions
de-intercalate from the cathode and insert into the anode. Consequently, charge
balancing electrons pass from the cathode through the external circuit and into the
anode of the battery. During discharge the same process occurs but in the opposite
direction.

Lithium-ion battery technology has been the subject of intensive research and
provides the preferred portable battery technology for most electronic devices in use
today; however lithium is not an abundant metal and is becoming more costly to
source. In contrast sodium-ion battery technology is still in its relative infancy but is
seen as advantageous; as sodium is much more abundant than lithium which some re-
searchers predict will provide a cheaper and more sustainable technology by which to
store energy into the future, particularly for large scale applications such as storing
energy on the electrical grid or domestic energy storage. Nevertheless significant de-
velopments are required in terms of materials, operating voltage, specific capacity,
material stability and energy efficiency before sodium-ion batteries become com-
petitive with existing energy storage technologies.

Work is now being undertaken to find even more efficient electrochemically active
materials, which have large charge capacity, are capable of good cycling performance,
highly stable, are of low toxicity and high purity. This long list of requirements is
difficult to fulfil but it is understood from the literature that the active materials which
are most likely to succeed are those with small particle size and narrow size dis-

tribution, with an optimum degree of crystallinity, a high specific surface area, and
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[0005]

[0006]

with uniform morphology.

From the academic literature there are a number of know material compositions
which can be used as electrochemically active materials for sodium ion batteries that
belong to the class of materials known as the layered oxides. NaNiysMng 50, is an
example of a known Na-ion material in which the nickel is present as Ni** while the
manganese 1s present as Mn*. The material is ordered with the Na and Ni atoms
residing in discrete sites within the structure. The nickel ions (Ni**) are a redox element
which contributes to the reversible specific capacity and the manganese ions (Mn**)
play the role of a structure stabiliser. Similarly, NaNigsTiysO- is analogous to NaNiy s
Mn, 5O, in that the Ni** ions provide the active redox centre and the Ti* ions are
present for structure stabilisation. There are a number of publications describing the
preparation of NaNij sMn, 5O, (and to a lesser extent NaNi, sTiysO,) as the precursor for
making LiNiy sMn, 5O, and LiNi, sTiysO, by Na — Li ion exchange for Li-ion ap-
plications. However, recent electrochemical studies reported by Komaba et al Adv.
Funct. Mater. 2011, 21, 3859 describe the sodium intercalation performance of hard-
carbon and layered NaNi, sMn,sO, electrodes in propylene carbonate electrolyte
solutions. The results obtained show that NaNi,sMn,sO, exhibits some reversible
charging and discharging ability approximately 140 mAh/g in an optimum potential
window of 3.8-2.2 V Vs Na/Na*, however the capacity of the material fades by 25% or
more, after only 40 cycles which makes the use of this material extremely disad-
vantageous for rechargeable energy storage applications. Further to this common
knowledge there are a number of patent applications which detail improvements of
electro active material performance. For example PCT/GB2013/051822 and PCT/
GB2013/050736, describe that electrochemical activity is substantially improved in in
terms of specific capacity and cathode material stability, for active materials with metal
constituents of certain defined oxidation states and further particularly for active
materials with an O3 layered oxide crystal structure. However, from the current state
of the art it is clear that significant improvements are required in terms of electro-
active material characteristics including; specific capacity, operating voltage and
stability before Na-ion technology becomes competitive with existing energy storage
technologies. Specifically, this application addresses the requirement for improvements
in cathode materials for sodium ion batteries by disclosing materials which show
improved stability, intercalation voltage and specific capacity.

As detailed below, this application discloses a series of material compositions
suitable for application as cathode materials in an energy storage application. The
Applicant has designed a novel series of compounds which are straightforward to man-
ufacture, easy to handle and store, show high specific capacities and high stability.

Further the invention provides cost effective electrode materials, particularly cathode
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[0007]

[0008]

[0009]

[0010]

materials, for use in a sodium ion battery or a sodium and lithium-ion battery.

The applicant has also shown that the as made Sodium layered oxides of the ra-
tionalised formula ABO, which crystallises in an O3 layered form are a preferred em-
bodiment of the invention. It is known from the academic literature that layered oxides
of the form ABO, can exist as several structural polymorphs, where layers of edge
sharing octahedrally coordinated B cations (BOg) are stacked perpendicular to layers of
Prismatic or octahedrally coordinated “A” cations. A is generally an alkali metal atom
and B is generally a transition metal atom. These compounds can be classified into two
major groups, P2 type and O3 type, according to Delmas’ notation (Delmas, et al.
Physica B+C, 1980). The O or P designation refers to the local structure around Na* as
either an octahedral or prismatic oxygen co-ordination, while the numerical des-
ignations refer to the repeat period of the transition metal stacking perpendicular to Na
layers in a unit cell of the material. Further, the coordination of the A cation can also
be describe as a ‘Partial co-ordination’ this has the notation of P’ in a partial prismatic
coordination and O’ in a partial octahedral coordination.

Therefore, a first aspect of the present invention provides a compound having the
general formula:

X, Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having sodium as the
major constituent;

wherein Z is one or more alkali metals selected from the group consisting of lithium
and sodium;

wherein the X constituent and the Z constituent are present at crystallographically
distinct sites when the compound is in a solid phase; and

wherein:

O<u

0<b<0.27;

0.1<v<1/2;

O<w£4/12;

3/12 £ x; and

w+x+y=1—(b+v);

but not including Na Ni;, Na;s Mny,;» Snsyj, O, and Na Nijy Nays Mngs g Snypg Os.

The compound may have a layered oxide structure of the formula ABO, in the solid
phase; and the X constituent may be predominantly on the A site and the Ni, Z, Mn, Ti
and Sn constituents may be predominantly on the B site.

The compound may have an O3 layered oxide structure.

The values of u, v, b, x, y and w may be such as to maintain charge neutrality.

Optionally 0 <w < 3/12or 0 <w £ 2/12..
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[0011]

[0012]

[0013]
[0014]

[0015]

[0016]

Optionally 1/24 < w.

Optionally y < 4/12.

Optionally O <y, or 1/24 < y.

Optionally w + x + y < 0.64. Optionally w + x + y = 7/12.
Optionally b = 1/6.

Optionally v = 1/4.

Optionally the compound can be charged beyond the theoretical capacity determined
from the content of redox active elements. The theoretical capacity may be determined
using equation (1) set out below.

The compound may have the formula:

Na Niyy Nays Mny 5 Tiy, Snyin O,

Na Niys Nays Mns 12 Tipin Snyi O,

Na Niy Nays Mng, Snyj, O,

Na Niy Nays My, Snyi O,

Na Nij Nays Tiyo Mngo Snyjn O,

Na Niju Nays Tiyio Mnyp4 814 O,

Na Niys Nayg Tirps Mg Snips O,

Na Niju Nays Tiips Mnyp4Snyn O,

Na Niyy Nayjg Tisns MngpaSnyn O,

Na Niys Nayg Tizne Mngps Snyg O,

Na Niyy Nayi; Liyi, Tig, Mg, Sny, O,

Na Niyy Nay; Liyi, Tiips Mg Snyps O,

Na Niyyy Nayp Liyjie Tiges Mngps Snpps O,

Na Niyy Nay; Liyi, Mg Snypg O,

Preferably the sum of the average oxidation state of (A + B + M+ M? + M?) is equal
to the oxygen charge; i.e. it achieves charge neutrality with the oxygen content.

Preferably, M1 comprises Ni with an average oxidation state of 2+ to 4+.

Further the oxidation states may or may not be integers i.e. they may be whole
numbers or fractions or a combination of whole numbers and fractions.

Preferably, when solid, the material forms an O3 layered oxide structure of the form
ABO; in which the A atoms are octahedrally co-ordinated with oxygen and the B
atoms are also octahedrally co-ordinated to oxygen.

Preferred compounds of the present invention include, for example:

Na Niyy Nay; Liyp Tiyis Moy Sny, O,

Na Niyy Nay; Liyis Tiyps Mgy, Snypg O,

Na Niyy Nayp Liyyn Tispsa Mngps Snpps O,

Na Niyy Nay; Liye Mngsp, Snips O,

In these compounds, the “Nay,;, Liy,” corresponds to the constituent Z. That is, the
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last formula may alternatively be written as: Na Ni,,, (Na;» Lijn) s Mngspg Snypy Oy and
the previous three formulae may also be written in corresponding ways.

[0017]  Especially preferred compounds of the present invention include:

Na Ni,;u Najs Mny 1, Tis;io Snyypn O,
Na Ni,;u Nayjs My, Ty, Snyi, O,
Na Nij; Najs Mny,;Tiz Snypn O,
Na Nij;u Najs Mny 1, Tigo Snypp O,
Na Nij; Najs My, Tz Snypn O,
Na Nij;u Najs Mng ;T Sy O,
Na Ni, ;s Najs Mny 15Tz Snyp, O,
Na Nij;u Najjs My, Ty Snypp O,
Na Ni, ;4 Nay6 Tigno Snijm O,
Na Nijy Nayje Tigyn Snsps O,
Na Niyy Najs Mng2 Snijs O,
Na Niyy Najs Mng2 Sny O,
Na Niys Nay Tiiji Mng2 Snyj, O,
Na Niyy Nays Tiijio My Snips O,
Na Niys Nayg Tirps Mg Snips O,
Na Niyy NayeMnysp. Snypg O,
Na Niyy Nays Tiipa Mz Snij O,
Na Nijy Nayjs Tigns MngpaSnyn O,
Na Nij; Nayjs Tiz, MngpsSnypg O,
A second aspect of the invention provides an electrode comprising a compound of
the first aspect.

[0018] A third aspect of the invention provides an electrochemical cell comprising an
electrode of the second aspect.

[0019] A fourth aspect of the invention provides an energy storage device comprising a
compound of the first aspect.

[0020]  The energy storage device may be suitable for use as one or more of the following: a
sodium ion cell; a sodium and lithium ion cell; a sodium metal cell; a sodium and
lithium metal cell; a non-aqueous electrolyte sodium ion cell; a non-aqueous
electrolyte sodium and lithium ion cell.

[0021] A fifth aspect of the invention provides a rechargeable battery comprising a
compound of the first aspect.

[0022] A sixth aspect of the invention provides an electrochemical device comprising an
compound of the first aspect.

[0023] A seventh aspect of the invention provides an electrochromic device comprising an

active compound of the first aspect.
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[0024]

[0025]

[0026]

An eighth aspect of the invention provides a method of preparing a compound of the
first aspect, the method comprising the steps of:

a) mixing precursor materials together,

b) heating the mixed precursor materials in a furnace at a temperature of between
400°C and 1000°C, for between 2 and 24 hours; and

c¢) allowing the reaction product to cool.

A ninth aspect of the invention provides a method comprising charging a material
having the composition X, Ni, Z, Mn, Ti, Sn,, O, to a capacity greater than a the-
oretical charging capacity determined from the content of redox active elements in the
material;

wherein X consists of sodium or a mixture of group 1 metals having sodium as the
major constituent;

wherein Z is one or more alkali metals selected from the group consisting of lithium
and sodium;

wherein; the X constituent and the Z constituent are present at crystallographically
distinct sites when the compound is in a solid phase; and

wherein:

O<u;

O<b;

0.1<v<1/2;

O<w£4/12;

at least one of x and y is non-zero; and

w+x+y=1—(b+v).

A tenth aspect of the invention provides a use of a material having the composition X
« Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having sodium as the
major constituent;

wherein Z is one or more alkali metals selected from the group consisting of lithium
and sodium;

wherein; the X constituent and the Z constituent are present at crystallographically
distinct sites when the compound is in a solid phase; and

wherein:

O<u;

O<b;

0.1<v<1/2;

O<w£4/12;

at least one of x and y is non-zero; and

w+x+y=1—(b+v);
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[0027]

[0028]

[0029]

[0030]

the use comprising charging the material to a capacity greater than a theoretical
charging capacity determined from the content of redox active elements in the
material.

In a method of the ninth aspect or a use of the tenth aspect the theoretical capacity

may be determined according to:

(¥ XN, X Q)/M,))

Specific Capacity {mdh g~ 1) = —

where:

Y is the number of electrons transferred per formula unit based on the content of
redox active transition metals;

N, is Avogadro’s number;

Q. is Faraday’s constant;

M,, is the molecular weight of the compound.

In the ninth or tenth aspect, the material may be charged to a specific capacity
(expressed as charge stored per unit mass of material) that is at least 5% greater than
the theoretical charging capacity, where the percentage increase is defined as 100 x (O
— T)/T where O is the observed specific charging capacity and T is the theoretical
specific charging capacity.

Alternatively, the material may be charged to a specific capacity that is at least 10%
greater than the theoretical charging capacity, or that is at least 15% greater than the
theoretical charging capacity, or that is at least 20% greater than the theoretical
charging capacity, or that is at least 30% greater than the theoretical charging capacity,
or that is at least 40% greater than the theoretical charging capacity, or that is at least
50% greater than the theoretical charging capacity.

An eleventh aspect of the invention provides acompound having the general formula:

X, Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having sodium as the
major constituent;

wherein Z is one or more alkali metals selected from the group consisting of lithium
and sodium;

wherein the X constituent and the Z constituent are present at crystallographically
distinct sites when the compound is in a solid phase; and

wherein:

O<u

0<b<0.27;

0.1<v<1/2;
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[0031]

[0032]

[0033]

[0034]

O<w<£4/12;
at least one of x and y is non-zero; and
wH+x+y=1—(b+v)

A twelfth aspect of the invention provides compound having the general formula:

X, Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having sodium as the
major constituent;

wherein Z is one or more alkali metals selected from the group consisting of lithium
and sodium;

wherein the X constituent and the Z constituent are present at crystallographically
distinct sites when the compound is in a solid phase; and

wherein:

O<u

0<b<0.27;

0.1<v<1/2;

O<w;

0<y<4/12; and

w+x+y=1—(b+v).

In the ninth, tenth, eleventh or twelfth aspect, the composition may have any optional
feature that is specified for the first aspect and that is not already present in the ninth,
tenth, eleventh or twelfth aspect respectively.

In the ninth, tenth or eleventh aspect, the composition may exclude Na Ni,;, Naj s Mn
4129M312 02, Na Niju Nays Mnysp4 Snipns O,, Na Niyy Nays Mnyj; Tisps Snyp, O, and Na Ni
114 Nays My, Tigio Snyis Os.

The Applicant has found that, in the voltage ranges they have investigated, tin is
itself mostly electrochemically inactive. Nevertheless, the Applicants have found that
the presence of tin has no adverse effects of the specific energy density of the active
compounds of the present invention, and moreover the addition of tin is found to have
a stabilising effect on the structure of these active materials when used in the
electrodes of the present invention. The presence of tin is found to be highly ad-
vantageous because it promotes higher than expected specific capacities than have
been observed previously for other layered oxide materials. Such a result is extremely
surprising, especially in respect of the sodium/tin-containing compounds of the present
invention; in the case of such sodium/tin-containing compounds one would expect that
the high atomic weight of sodium and tin would reduce the specific capacity but as
demonstrated below this is not what is observed in practice. The presence of tin is
further advantageous because it improves the electrochemical stability on cycling and

produces active materials which are capable of being charged and recharged with only
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a moderate reduction in cycling capacity. Moreover, all of these advantages are
obtained when only fractional amounts of tin are present in the active compounds.
[0035]  Preferred electrodes of the present invention comprise compounds selected from one

or more of the following:

Na Ni, 4 Nays Mn,,Tis;, Snyyp O,

Na Ni, 4 Naye My, Tis, Snyypp O,

Na Ni, 4 Najs Mgy, Tiy, Sy, O,

Na Ni, 4 Naye Mny,Tig, Snyypp O,

Na Ni, 4 Nays Mny 5 Tiz, Snyp, O,

Na Ni, 4 Nays Mns,Tisy i, Snyypn O,

Na Ni, 4 Naye Mny, i3, Snypn O,

Na Ni, 4 Nays Mny,, iy, Snypp O,

Na Ni, 4 Nayjs Tig o Sny, O,

Na Niys Nay Tigz Snsp O

Na Niy Nays Mng > Snyji O,

Na Niy Nays Mnyi Snyi O,

Na Niys Nay Tiy Mns, Snyjn O,

Na Nijs Nay Tiyn M4 51104 Oz

Na Niys Nayg Tirps Mg Snips O,

Na Niyy NayeMnysp. Snypg O,

Na Ni, 4 Nays Tijps Mnyy 4 Sny 0, O,

Na Nijy Nayjs Tigns MngpaSnyn O,

Na Nij; Nayjs Tiz, MngpsSnypg O,

Further, extremely preferred electrodes of the present invention comprise compounds
selected from one or more of the following:

Na Nijjs Naye Mnyi5Tis Snin O,

Na Ni, 4 Najs Mgy, Tiy, Sy, O,

Na Ni, 4 Naye Mny,Tig, Snyypp O,

Na Ni, 4 Nayjs Tig o Sny, O,

Na Ni, 4 Nays Mng,y, Snyypn O,

Na Ni, ;4 Nays Tiy 1 Mg, Snyjp, O,

Na Ni, 4 Naye Tiyyo Mnyy 4 Sny54, O,

Na Ni,; Nays Tijng Mg, Snypns O,

Na Nijs Nays Mnys04 514 Oz

Na Niyy Nayjg Tisns MngpaSnyn O,

Na Niys Nayg Tizne Mngps Snyg O,

Advantageously, the electrodes according to the invention are used in conjunction

with a counter electrode and one or more electrolyte materials. The electrolyte
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[0036]

[0037]

[0038]

[0039]

materials may be any conventional or known materials and may comprise non-aqueous
electrolyte(s) or mixtures thereof.

As well as in electrodes, an active material according to the present invention is
suitable for use in many different applications, for example in energy storage devices
such as rechargeable batteries and other electrochemical devices. An active material
according to the present invention may be used as part of an electrode in these energy
storage devices.

In another aspect, the present invention provides an energy storage device that
utilises one or more active materials according to the present invention as described
above, and particularly an energy storage device for use as one or more of the
following: a non-aqueous sodium and/or lithium ion cell; a non-aqueous sodium and/or
lithium metal cell.

In a further aspect, the present invention provides cathode materials for sodium ion
batteries which are capable of being charged beyond their theoretical capacity as de-
termined by conventional calculation (Equation 1). Materials of the present invention
are capable of being charged beyond their theoretical capacity many times without sig-

nificant deterioration in observed capacity.

Y = LV wtig w @)/ M, 00

Equation 1! Specific Capacity (mah g™* —

Where,

Y is the number of electrons transferred per formula unit based on the content of
redox active transition metals

N, is Avogadro’s number

Q. is Faraday’s constant

M,, is the molecular weight of the compound

The novel compounds of the present invention may be prepared using any known
and/or convenient method. For example, the precursor materials may be heated in a
furnace so as to facilitate a solid state reaction process.
A further aspect of the present invention provides a particularly advantageous
method for the preparation of the compounds described above comprising the steps of:
a) mixing the starting materials together, preferably intimately mixing the starting
materials together and further preferably pressing the mixed starting materials into a
pellet;

b) heating the mixed starting materials for example in a furnace, at a preferred tem-
perature of between 400°C and 1500°C, further preferably at a temperature of between
500°C and 900°C, for between 0.1 and 20 hours; and
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[0040]

[0041]

c¢) allowing the reaction product to cool.
Preferably the reaction is conducted under an atmosphere comprising one or more

selected from ambient air and any other gaseous medium. Examples of a suitable
gaseous medium include one or more selected from an inert gas, nitrogen and oxygen.
Where two or more gases are used, they may be combined to produce a mixture, or al-
ternatively, the two or more gases may be used sequentially either singly or in any
combination, and in any order. Preferably an ambient air atmosphere is used.
Brief Description of Drawings

The present invention will now be described with reference to the following figures
in which:
[fig.1(A)]JFIGURE 1(A) shows the Powder X-ray diffraction pattern for Na Ni,, Nay,
Mny;,Tis Snyypn Os, prepared according to Example 1;
[fig. 1(B)]JFIGURE 1(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 1;
[fig. 1(C)]Figure 1(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
14 Nays Mny 5 Tiy, Snyypn O, cathode in accordance with Example 1.
[fig.2(A)]JFIGURE 2(A) shows the Powder X-ray diffraction pattern for Na Ni,, Nay,
Mng1, Snyjp5 O,, prepared according to Example 2;
[fig.2(B)]JFIGURE 2(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 2;
[fig.2(C)]Figure 2(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
1 Naye Mngy, Snyn O, cathode in accordance with Example 2.
[fig.3(A)]JFIGURE 3(A) shows the Powder X-ray diffraction pattern for Na Ni,, Nay
Tiy12 Mns; 1o Snyyp O,, prepared according to Example 3;
[fig.3(B)]JFIGURE 3(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 3;
[fig.3(C)]Figure 3(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
i Nays Tiyn Mng; Snyyp, O, cathode in accordance with Example 3.
[fig.4(A)]JFIGURE 4(A) shows the Powder X-ray diffraction pattern for Na Ni;, Nay,
Tiy1o Mny 04 Snypg O,, prepared according to Example 4;
[fig.4(B)]JFIGURE 4(B) shows the Charge-Discharge Voltage Profiles for the first five
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cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 4;
[fig.4(C)]Figure 4(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
s Naye Tiyn Mnyyp Snypy O, cathode in accordance with Example 4.

[fig.5(A)JFIGURE 5(A) shows the Powder X-ray diffraction pattern for Na Ni;, Nay,
Tiyp4 Mg 12 Snypg O,, prepared according to Example 5;

[fig.5(B)]JFIGURE 5(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 5;
[fig.5(C)]Figure 5(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
4 Nays Tiypg Mg, Snypy O, cathode in accordance with Example 5.

[fig.6(A)]JFIGURE 6(A) shows the Powder X-ray diffraction pattern for Na Ni,, Nay
Mn 304 Sty s Oy, prepared according to Example 6;

[fig.6(B)]JFIGURE 6(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 6;
[fig.6(C)]Figure 6(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
4 Nays Mny3p4 Snypny O, cathode in accordance with Example 6.

[fig.7(A)JFIGURE 7(A) shows the Powder X-ray diffraction pattern for Na Ni,, Nay,
Tigns Mngp,Sny,p, O, prepared according to Example 7;

[fig.7(B)]JFIGURE 7(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 7;
[fig.7(C)]Figure 7(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
a Nays Tigpngs Mngp,Snyyp, O, cathode in accordance with Example 7.

[fig.8(A)JFIGURE 8(A) shows the Powder X-ray diffraction pattern for Na Ni,, Nay,
Tis1o Mnyp, Snypy O, prepared according to Example §;

[fig.8(B)]FIGURE 8(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example §;
[fig.8(C)]Figure 8(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
s Naye Tz Mngps Snypng O, cathode in accordance with Example 8.

[fig.9(A)]JFIGURE 9(A) shows the Powder X-ray diffraction pattern for Na Ni, Nay»
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Liy Mnyspg Snypy O, prepared according to Example 9;

[fig.9(B)]JFIGURE 9(B) shows the Charge-Discharge Voltage Profiles for the first five
cycles (Na-ion half cell Voltage [V Vs Na/Na*] versus Cumulative Cathode Specific
Capacity [mAh/g]) for the cathode material prepared according to Example 9;
[fig.9(C)]Figure 9(C) shows the constant current cycle life profile (i.e. the relationship
between cathode specific capacity for discharge [mAh/g] and cycle number for a Na Ni
s Nayps Liyp Mngpg Snypg O, cathode in accordance with Example 9.

[fig.10]FIGURE 10 shows the Powder X-ray diffraction pattern for Na Ni;, Na;s Mn,/;,
Tig1 Snyy, O,, prepared according to Example 10;

[fig. 11]FIGURE 11 shows the Powder X-ray diffraction pattern for Na Ni;, Na;s Mn;,
Tiy1o Sy, O,, prepared according to Example 11;

[fig.12]FIGURE 12 shows the Powder X-ray diffraction pattern for Na Ni,, Na;s Mn
212 T3 Snyypo O, prepared according to Example 12;

[fig.13]FIGURE 13 shows the Powder X-ray diffraction pattern for Na Ni,, Na;s Mny/ 1,
Tiz12 Snya Oy, prepared according to Example 13;

[fig.14]FIGURE 14 shows the Powder X-ray diffraction pattern for Na Ni;; Nays Tig12
Snyp O,, prepared according to Example 14;

[fig. 15]FIGURE 15 shows the Powder X-ray diffraction pattern for Na Ni;s Nay Tigyn
Snypp O,, prepared according to Example 15;

[fig. 16]FIGURE 16 shows the Powder X-ray diffraction pattern for Na Niju Nayss Tl
Mn ;4 Sny, O,, prepared according to Example 16;

[fig.17]FIGURE 17 shows the Powder X-ray diffraction pattern for Na Ni,, Na;s Mn
412 dNy15 Os, prepared according to Example 17;

[fig. 18]FIGURE 18 shows the Powder X-ray diffraction pattern for Na Ni;, Nay,;» Liy
Tiy, My, Snyyps Os, prepared according to Example 18;

[fig. 19]FIGURE 19 shows the Powder X-ray diffraction pattern for Na Ni;, Nay,;» Liy
Tiyp4 Mg > Snypy Os, prepared according to Example 19;

[fig.20]FIGURE 20 shows the Powder X-ray diffraction pattern for Na Ni;, Nay,;» Liy
Tigns Mngp, Snopg O,, prepared according to Example 20;

[fig.21]FIGURE 21 shows specific capacity of compounds according to the present
invention;

[fig.22]FIGURE 22 shows average discharge voltage of compounds according to the
present invention;

[fig.23]FIGURE 23 shows cathode specific energy density of compounds according to
the present invention;

[fig.24]FIGURE 24 shows estimated material cost of compounds according to the

present invention.
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Description of Embodiments

The materials according to the present invention are prepared using the following
typical generic method:

[Typical Generic Synthesis Method]

The required amounts of the precursor materials are intimately mixed together and
retained as a free flowing powder. The resulting mixture is then heated, for example in
a tube furnace or a chamber furnace, under atmospheric conditions comprising one or
more selected from ambient air, nitrogen, oxygen and an inert gas (e.g. argon). Where
two or more gases are used, they may be combined to produce a mixture, or alter-
natively, the two or more gases may be used sequentially, either singly or in any com-
bination, and in any order. Preferably an air atmosphere is used followed by an at-
mosphere of nitrogen. The gases may be static or flowing. The heating temperature
may be a single or a range of temperatures, ideally from 400°C to 1500°C and heating
is continued until reaction product forms; for some materials a single heating step may
be used and for others (as indicated below in Table 1) more than one heating step may
be used. For ease of handling, the reaction product is allowed to cool and then removed
from the furnace and then ground into a powder prior to characterisation.

Using the above typical generic method, active materials were prepared according to,
Examples 1 to 20, as summarised below in Table 1:

Table 1: Summary of reactions which can be used to produce target materials
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EXAMPLE TARGET COMPOUND STARTING FURNACE
MATERIALS CONDITION
S
Na Niys Nave Mnuaz Tionz Na2C0s 900°C, 10h,
Sninz Oz Mn CO3 Air
SnO:
1
TiO2
NiCOs3
Na Niys Nays Mnsnz Sniiz Na2COs 900°C, 10h,
Oz Mn COs Air
SnOq
2
TiO2
NiCOs
Na Niws Nas Tiviz Mnsns Naz2CO03 900°C, 10h,
Sninz Os Mn CO3 Air
SnOq
3. .
TiOz
NiCOs
Na Niva Naws Tinz Mnivea Na2C0s 900°C, 10h,
Snise4 O2 Mn COs Air
SnOq
4
TiOz
NiCOs
Na Niva Nas Tives Mnenz Na2COs 900°C, 10h,
Snie4 Os Mn COs3 Air
SnOsz
5
TiO2
NiCOs
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Na Niys Nays MniseaSnies | NazCOs 900°C, 10h,
02 Mn COs Air '
Sn02
6
TiOz
NiCOs
Na Nivs4Naws Tivzse NazCOs3 900°C, 10h,
MnsmaSnviz Oz Mn COs Air
SnOz
7
TiOz
NiCOs
Na Niy4 Naes Tisriz Mnrrza Na200s 900°C, 10h,
Snipeq O2 Mn COs Air
SnO2
8 .
TiO2
NiCOs
Na Niys Nayiz LizizMnises | LizCOz (600°C,  8h,
Snisza O2 Na2C0s Air)  milled
Mn COs (900°C, 10h,
9 Sn0s Air)
TiOz
NiCOs
Na Niv4 Navs MnzneTiaiz NazCOs 900°C, 10k,
Sniz Oz Mn COs Air
Sn02
10
TiO2
NiCOs
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Na Niys Naye MniaeTivie NaszCOs 900°C, 10h,
Sngnz Oz Mn COs Air

SnOz
TiOs
NiCOs

11

Na Niya Naye MnensTisne | Na2:COs 900°C, 10h,
Snenz Oz Mn COs Air

SnOsg
TiOg
NiCOs

12

Na Nivs Nae MnanzTizne NazCOs 900°C, 10h,
Snariz Oz Mn COs Air

SnOg
TiOz
NiCOs

13

Na Nivs Nays Tisnz Sninz Na2C0s 900°C, 10h,
Oz Mn COs Air

SnOs2
TiO2
NiCOs

14

Na Niva Navs Tigie Snaie NazCO0s 900°C, 10h,
Oq Mn COs Air

Sn0Os
TiOsz
NiCOs

15

Na Niva Nave Tivza Mnigea | NasCOs 900°C, 10h,
Sninz Oz Mn COs Air

Sn0z
TiOs
NiCOs

16
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Na Niwvs4 Nays Mgz Sngiiz | Na:COs 900°C, 10h,
02 Mn CO3 Air
17 SnO2
TiOz
NiCOs
Na Niya Nayiz Liinz Tisne Li2COs3 (600°C, 8h,
Mnanz Sninz Oz Na:2C03 Air)  milled
Mn COs (900°C, 10h,
18 SnO; Air)
TiOz
NiCQOsz
Na Niys Nainz Liinz Tives | Li2zCOs (600°C, . 8h,
Mnesiz Snaes Oz NazCOs Air)  milled
Mn COs (900°C, 10h,
19 SnOg Air)
TiO2
NiCOs
Na Niys Navie Livig Tigze | Li2COs (600°C,  8h,
Mnagr4 Snazize Og NazCOs Air)  milled
Mn COs3 (900°C, 10h,
20 SnOz Air)
TiO2
NiCOs

All of the product materials were analysed by X-ray diffraction techniques using a
Bruker D2 phaser powder diffractometer (fitted with a Lynxeye (trademark) detector)
to confirm that the desired target materials had been prepared, and also to establish the
phase purity of the products and to determine the types of impurities present. From this
information it is possible to determine the unit cell lattice parameters. It is also possible
to determine the average position of different elements within the materials structure.
[0044]  The operating conditions used to obtain the powder diffraction patterns illustrated in
the Figures are as follows:
Range: 20=10°-70°
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[0046]

[0047]

X-ray Wavelength = 1.5418 A (Angstroms) (Cu Ka)

Step size: 20 =0.04
Speed: 0.1 seconds/step

[Typical Generic Procedure to Make a Sodium Metal Electrochemical Test Cell:]
The positive electrode is prepared by solvent-casting a slurry containing the active
material as described in Table 1, conductive carbon, binder and solvent. The
conductive carbon used is Super P C65 (Timcal). PVdF is used as the binder, and NMP
(N-Methyl-2-pyrrolidone, Anhydrous, Sigma, UK) is employed as the solvent. The
slurry is then cast onto an aluminium current collector using the Doctor-blade
technique. The electrode is then dried under Vacuum at about 80°C for between 2 and
24 h. The electrode film contains the following components, expressed in percent by
weight: 75% active material, 18% Super P carbon, and 7% binder. Optionally, this
ratio can be varied to optimise the electrode properties such as, adhesion, resistivity
and porosity. The electrolyte comprises a 0.5 or 1.0 M solution of NaClOy, in propylene
carbonate (PC), mostly a 0.5 M solution of NaClO, in propylene carbonate. A glass
fibre separator (e.g. Whatman, GF/A) wetted by the electrolyte is interposed between
the positive and negative electrodes forming the electrochemical test cell. Typically,
cells are symmetrically charged and discharged galvanostatically at a rate of 10 mA/g.

(Cell Testing:]

Electrochemical cells of materials prepared according to the procedures outlined in
Table 1 were tested as follows using Constant Current Cycling Techniques and the
results are presented in Table 2.

The cell was cycled at a given current density (ca. 10 mA/g) between pre-set voltage
limits. A commercial battery cycler from Maccor Inc. (Tulsa, OK, USA) was used.
Cells were charged symmetrically between the upper and lower voltage limits at a
constant current density as defined in Table 2 for each of the target material described
in Table 1. On charge, sodium ions are extracted from the cathode and migrate to the
anode. On discharge, the reverse process occurs and Sodium ions are re-inserted into
the cathode material.

TABLE 2: Electrochemistry Results
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Electrochemistry
Maximum !
Redox . Exp. Potential
ity capacity Observed indow (V' | Material ”
capaci average | window ate: omposition
EXAMPLE P (mAk/g) Capacity i ’
(mAh/g) per Theoretical 2 Voltage Vs
eore (mAR/;
mol Na . A7) Na/Na)
(Ni basis)
1 _ Na Niys Nays
244 122 190 3.25 4.3-1.5
MnanaTizns Snyiz Oz
P Na Niw Nayg Mngne
242 121 190 3.17 4.3-1.5
Sniiz Oz
Na Nivse Naye Tiviz
|3 243 122 186 3.26 43-15 | oo vaaue i
Mnsnz Sniie Oz
1 Na Niws Nave Tiviz
249 125 180 3.26 43-15
Mnazs Snyas 02
5 Na Niyg Nays Tives
248 124 200 3.22 43-15
Mnsnz Snies O
8 Na Niys Nays Mniges
248 124 200 3.22 4.3-15
Snyzs Oz
7 Na Niis Nas Tivea
244 122 208 3.26 43-1.5
Mns24Snin2 Oz
8 Na Niys Naye Tiznz
262 126 190 3.23 43-1.5
Mnim4Snims Oz
9 Na Niws Nayis Liviz
251 125 191 3.10 4.3-1.5 | Mnasms Snyes O
10 Na Niys Nauyg
247 124 158 3.20 4.3-15 ]
. MnzneTivie Snyiz O2
1 Na Niys Nays
235 118 150 3.23 43-15 )
Mnin2Tisne Snane Oz
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12 i
234 117 148 3.16 4315 | e NivaNas
_ Mnen2Tiens Snernz Os
223 111 152 3.00 4315 | e NNav
b ; Mng12Tizn2 Snaiz Oz
250 125 142 3.21 4315 | e NeNaveTiars
_ Sni12 02
225 12 118 3.19 43-15 | 02N NaveTisas
y Snaz Oz
242 121 175 3.19 a3-15 | o N NaveTivz
- Mnisma Snine Oz
221 110 151 3.15 s3-15 | e NivNave Mase
Snanz Oz
18
Na Nivs Nayie Livie
247 124 158 3.10 4.3-15 Tisnz Mnaiz Sninz O
19 .
Na Nivs Nayie Liye
251 126 178 3.20 4.3-1.5 | Tives Mnenz Snies Oz
20 .
Na Nivs Nayz Liviz
247 124 168 3.10 4.3-1.5 | TiyzsMnaes Snoms Oz

Detailed description of Results:

The present Applicant has found that not only are the oxidation states of the metal con-
stituents in the compounds of the present invention a critical feature to the production
of highly electrochemically active compounds but they have also confirmed that
having metal constituents with these particular oxidation states will determine the
overall crystalline structure of the compound. It is known that there are several
possible layered structural forms which alkali metal/metal/oxides may adopt, including
03, P3 and P2 crystal structures as defined by the notation reported by Delmas
(Delmas, et al. Physica B+C, 1980). The Applicant has shown that the oxidation states
for the metal constituents cause a particular structure to be adopted and has determined
that alkali metal/metal/oxide compounds with a metal in +4 oxidation state and with a
sodium content >1 (where the sodium content includes sodium at both the A and B
sites — ie, also includes the Z constituent), will adopt an O3 crystalline structure. The
applicant has also demonstrated that appropriate choice of transition metal and alkali
metal constituents can control occupancy by certain elements on certain crystal-
lographic sites within the material. Moreover, the Applicant has demonstrated that
alkali metal/metal/oxides with the metal in oxidation state +4 and with an O3
crystalline structure exhibit a much higher electrochemical activity than similar
compounds that do not contain a metal in +4 oxidation state such as tin. Although, tin

is itself electrochemically inactive at the operation voltages disclosed in the invention
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(~ +4 oxidation state), it has been demonstrated by the applicant to have a stabilising
effect on the structure of the active materials used in the electrodes of the present
invention. Further, the presence of tin is particularly advantageous to improve the elec-
trochemical stability upon cycling; resulting in the active materials which are capable
of being charged and recharged numerous times.

Also, it will be seen that the compositions listed in Table 2 may be charged to a
specific capacity (expressed in charge per unit mass of material) that is greater than the
theoretical specific charging capacity as calculated from the content of redox active
transition metals in the material according to equation 1 above. The theoretical specific
charging capacity is listed in the second column of Table 2 above (as “Maximum
capacity (mAh/g) Theoretical basis”) and the observed charging capacity is listed in
column 3 of Table 2. It will be seen that the lowest percentage increase in specific
charging capacity, defined as 100 x (O — T)/T where O is the observed specific
charging capacity of column 3 and T is the theoretical specific charging capacity of
column 2, is approximately 5% (for Example 15). Apart from Example 15, all other
examples in Table 2 provide an increase of approximately 15% or greater, with the
greatest observed increase being approximately 70% for Example 7. (The first column
in Table 2 shows the theoretical molar charging capacity - “Redox capacity (mAh/g)
per mol Na”. In all the examples the Ni content is 0.25, so it is possible to remove
0.5mol of Na when the Ni undergoes a Ni2+ — Nid+ redox reaction. The theoretical
specific charging capacity listed in the second column of Table 2 is therefore half the
theoretical molar capacity.)

These observations will now be explained with reference to Examples 1-20.

The Electrochemical properties of Na Ni;,y Nays Mny, Ty, Snyn O, prepared in

Example 1.
Figure 1(A) shows the powder X-ray diffraction pattern of the target compound from

Example 1 of Table 1, Na Ni;, Na,;s Mny»Tiy5 Sny, O, having an O3 layered oxide
phase. The target compound of Example 1 was analysed using the X-ray diffraction
technique described above. Figure 1(A) shows the intensity (counts) versus the range
of 10 °-70 ° 20.

The data shown in Figures 1(B) and 1(C) are derived from the constant current
cycling data for a Na Ni;,, Na;s Mny» Ty, Snyy» O, cathode active material in a Na
metal half cell where this cathode material was cycled against a thin film of Na metal.
The electrolyte used was a 0.5 M solution of NaClO, in propylene carbonate (PC). The
constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na* and the testing was undertaken at room
temperature (i.e., 22 °C). During the cell charging process, sodium ions are extracted

from the cathode active material, and plated/deposited onto the Na metal anode.
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During the subsequent discharge process, sodium ions are stripped from the sodium
metal anode and re-intercalate into the cathode active material. Figure 1(B) shows the
cell voltage profile (Cell Voltage [V] versus Cumulative Cathode Specific Capacity
(milliamp hours per gram [mAh/g])) for the first five charge/discharge cycles of Na Ni
4 Nays My 5 Tiy, Snyps O, cycled in a sodium metal cell. Figure 1(C) shows the
constant current cycle life profile (i.e. the relationship between cathode specific
capacity for discharge [mAh/g] and cycle number for a Na Ni,, Na;s Mny, Ty Snyps
O, cathode).

When the characteristics of the invented material Na Ni, Na s Mny 2 Tiy 0 Snym O,
are compared to recent electrochemical studies reported by Komaba et al Adv. Funct.
Mater. 2011, 21, 3859 which describe the sodium insertion performance of hard-
carbon and layered NaNi, sMn, sO, electrodes in propylene carbonate electrolyte
solutions. The results obtained for Na Ni;, Na, s Mnu;»Tiy:, Sny, O, show that the
invented material exhibits a significantly larger reversible capacity. An improvement in
material stability is also observed when compared to NaNi, sMng 50, described in
Komaba et al Adv. Funct. Mater. 2011, 21, 3859. Typically, NaNijsMn, 5O, shows a
reversible capacity of 140 mAh/g. In comparison, Na Ni;y Nas Mgy 2 Tiy, Snypn O,
demonstrates a reversible capacity of 190 mAh/g. It can be seen that appropriate atomic
substitution as disclosed in this invention yields materials which demonstrate sig-
nificant increases in reversible capacity. It can also be seen from Figure 1(B) that the
invented material Na Ni;,, Na;s Mny, 5 Tiyo Sny, O, demonstrates higher reversible
capacity and stability over a larger potential window than the prior art material NaNiy 5
Mn, sO,. As can be seen in Figure 1(B) the invented material Na Ni;, Najs My, Tion
Sny, O, demonstrates significant reversible capacity and stability in the potential
window 1.5 to 4.3 V Vs Na/Na+. This stability range is significantly wider than that
observed for the prior art material NaNi, sMn, O, that demonstrates optimum reversible
capacity in the potential window 2.2 to 3.8 V Vs Na/Na*. This yields a higher average
intercalation potential in the invented material over the prior art material which
increases further the utility of these compounds for application in rechargeable
batteries. In Figure 1(C) it can also be seen that the invented material Na Ni,,, Na;s Mn
42Ty Sny i, O, demonstrates reasonable capacity retention over the first ten electro-
chemical cycles.

The Electrochemical properties of Na Niy, Nays Mng, Snyip O, prepared in Example
2.

Figure 2(A) shows the powder X-ray diffraction pattern of the target compound from

Example 2 of Table 1, Na Ni,4 Nays Mng 1 Snyp, O, having an O3 layered oxide phase.
The target compound of Example 2 was analysed using the X-ray diffraction technique

described above. Figure 2(A) shows the intensity (counts) versus the range of 10 ° - 70
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© 20 for Na Ni, 4 Na; s Mng» Snyn Os.

The data shown in Figures 2(B) and 2(C) are derived from constant current cycling
data for a Na Ni Na,s Mng Sny, 1 O, cathode active material in a Na metal half cell
where this cathode material was cycled against a thin film of Na metal. The electrolyte
used was a 0.5 M solution of NaClO, in propylene carbonate (PC). The constant
current data was collected at an approximate current of 10 mA/g between voltage
limits of 1.50 and 4.30 V Vs Na/Na* and the testing was undertaken at room tem-
perature (i.e., 22 °C). The testing was carried out in an analogous manner to that
reported for Example 1. Figure 2(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Niy,; Na;s Mngy, Sny, O,cycled in a
sodium metal cell. Figure 2(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Ni; Najs Mng» Snyi. O, cathode).

When the characteristics of the invented material Na Ni; 4 Nay Mng;, Sny . O, are
compared to recent electrochemical studies reported by Komaba et al Adv. Funct.
Mater. 2011, 21, 3859 which describe the sodium insertion performance of hard-
carbon and layered NaNi, sMn,sO, electrodes in propylene carbonate electrolyte
solutions. The results obtained for Na Ni;. Na; s Mng, Sniie O, show that the invented
material exhibits a significantly larger reversible capacity. An improvement in material
stability is also observed when compared to NaNi,sMn, 50, described in Komaba et al
Adv. Funct. Mater. 2011, 21, 3859. Typically, NaNij sMn, sO, shows a reversible
capacity of 140 mAh/g. In comparison, Na Ni, Na;s Mng,;» Sny;» O, has a reversible
capacity of 190 mAh/g. It can also be seen from Figure 2B that the invented material
Na Niy Najs Mng» Sny, O, demonstrates higher reversible capacity and stability over
a larger potential window than the prior art material NaNij sMn, sO,. As can be seen in
Figure 2(B) the invented Na Ni,, Najs Mng» Sny, o O, demonstrates significant re-
versible capacity and stability in the potential window 1.5 to 4.3 V Vs Na/Na+. This
stability range is significantly wider than that observed for the prior art material NaNi
0sMn, 5O, that demonstrates optimum reversible capacity in the potential window 2.2 to
3.8 V Vs Na/Na*. This yields a higher average intercalation potential in the invented
material over the prior art material which increases the utility of these compounds for
application in rechargeable batteries. In Figure 2(C) it can also be seen that the
invented material Na Ni; .y Nay6 Mny2Tiz10 Sny2 O, demonstrates reasonable capacity

retention over the first ten electrochemical cycles.

The Electrochemical properties of Na Niju Najss Ti;,10 Mns;» Snyi. O, prepared in

Example 3.
Figure 3(A) shows the powder X-ray diffraction pattern of the target compound from
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Example 3 of Table 1, Na Ni,, Na,; Tiy;» Mns;» Snypn O, having an O3 layered oxide
phase. The target compound of Example 3 was analysed using the X-ray diffraction
technique described above. Figure 3(A) shows the intensity (counts) versus the range
of 10 °-70 ° 20.

The data shown in Figures 3(B) and 3(C) are derived from constant current cycling
data for a Na Ni Na, s Tiy Mns;» Sny, O, cathode active material in a Na metal half
cell where this cathode material was cycled against a thin film of Na metal. The
electrolyte used was a 0.5 M solution of NaClO, in propylene carbonate (PC). The
constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was undertaken at room
temperature (i.e., 22 °C). The testing was carried out in an analogous manner to that
reported for Example 1 and Example 2. Figure 3(B) shows the cell voltage profile
(Cell Voltage [V] versus Cumulative Cathode Specific Capacity (milliamp hours per
gram [mAh/g])) for the first five charge/discharge cycles of Na Ni.u Nay Tiy, Mns,
Sny Oy cycled in a sodium metal cell. Figure 3(C) shows the constant current cycle
life profile (i.e. the relationship between cathode specific capacity for discharge
[mAh/g] and cycle number for a Na Ni;s Nay Tiy Mns;» Sny . O, cathode).

As can be seen in Figure 3(B) the invented material Na Niy ;s Nays Tiy2 Mns; o Snyj O,
demonstrates significant reversible capacity and stability in the potential window 1.5 to
4.3 V Vs Na/Na+ consistent with the characterisation presented for Example 1 and
Example 2. This stability range is significantly wider than that observed for the prior
art material NaNiysMn,sO, which demonstrates optimum reversible capacity in the
potential window 2.2 to 3.8 V Vs Na/Na+. This yields a higher average intercalation
potential in the invented material over the prior art material which increases the utility
of these compounds for application in rechargeable batteries. In Figure 3(C) it can also
be seen that the invented material Na Ni;,u Na, 6 Tiy, 1 Mns, 1, Sny, 1, O, demonstrates
reasonable capacity retention over the first ten electrochemical cycles.

The Electrochemical properties of Na Nij, Nay Tijo Mny 04 Sn; 4 O, prepared in

Example 4.
Figure 4(A) shows the powder X-ray diffraction pattern of the target compound from

Example 4 of Table 1, Na Ni;,, Na Tij;1» Mnyy54 Snypy Or having an O3 layered oxide
phase. The target compound of Example 4 was analysed using the X-ray diffraction
technique described above. Figure 4(A) shows the intensity (counts) versus the range
of 10 °-70 ° 20.

The data shown in Figures 4(B) and 4(C) are derived from constant current cycling
data for a Na Ni;u Na; ;s Mng, Snyse O, cathode active material in a Na metal half cell
where this cathode material was cycled against a thin film of Na metal. The electrolyte

used was a 0.5 M solution of NaClO, in propylene carbonate (PC). The constant
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current data was collected at an approximate current of 10 mA/g between voltage
limits of 1.50 and 4.30 V Vs Na/Na* and the testing was undertaken at room tem-
perature (i.e., 22 °C ). The testing was carried out in an analogous manner to that
reported for Example 1. Figure 4(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Niy,; Na;s Mngy, Sny, O,cycled in a
sodium metal cell. Figure 4(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Ni,; Na,s Mng,» Sn;;, O, cathode).

It can be seen from Figure 4(B) and Figure 4(C) that the material Na Ni;,, Na;s Mng
Sny;, Oshas a reversible capacity of 190 mAh/g. The material shows similar electro-
chemical properties to those described for Example 1, Example 2 and Example 3 of
this application. It is also clear from Figure 4 (C) that the example material Na Ni;,s Na
116 Mng12 Sny; O, demonstrates reasonable capacity retention when charge and
discharged between 1.50 and 4.30 V Vs Na/Na*.

The Electrochemical properties of Na Niju Naye Tijp4 Mnei» Snins O, prepared in

Example 5.
Figure 5(A) shows the powder X-ray diffraction pattern of the target compound from

Example 5 of Table 1, Na Nijy Nay6 Tij00 Mng2 Snypns O, having an O3 layered oxide
phase. The target compound of Example 5 was analysed using the X-ray diffraction
technique described above. Figure 5(A) shows the intensity (counts) versus the range
of 10 °-70 ° 20.

The data shown in Figures 5(B) and 5(C) are derived from constant current cycling
data for a Na Ni, Na,s Mng,» Sny, 1, O, cathode active material in a Na metal half cell.
This data was collected as described for Example 1 to Example 4 inclusive. The
constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was undertaken at room
temperature (i.e., 22 °C). Figure 5(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Nij,y Nayss Tijns Mngys Snypn, O, cycled in a
sodium metal cell. Figure 5(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Ni,; Na,s Mng,» Sn;;, O, cathode).

It can be seen from Figure 5(B) and Figure 5(C) that the material Na Ni, Nay6 Ti;4
Mng1» Snyps O, has a reversible capacity of 200 mAh/g. The material shows similar
electrochemical properties to those described for Example 1, Example 2 and Example
3 of this application. It is also clear from Figure 6 (C) that the example material Na Ni

114 Nays Tiipa Mng 2 Snipns O, demonstrates reasonable capacity retention when charge
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and discharged between 1.50 and 4.30 V Vs Na/Na*. Observation of the properties of
the material Na Ni;, Na, 6 Tijne Mng s Snypg O, are consistent with those made for
previous examples used in this application,

The Electrochemical properties of Na Ni;, Najs Mn;s, 50,4 O, prepared in Example
6.

Figure 6(A) shows the powder X-ray diffraction pattern of the target compound from
Example 6 of Table 1, Na Ni;,, Na;s Mn;3,, Snyny O, having an O3 layered oxide phase.
The target compound of Example 6 was analysed using the X-ray diffraction technique
described above. Figure 6(A) shows the intensity (counts) versus the range of 10 ° - 70
©20.

The data shown in Figures 6(B) and 6(C) are derived from constant current cycling
data for a Na Ni; Najs Mns04 51,4 O, cathode active material in a Na metal half cell.
This data was collected as described for Example 1 to Example 5 inclusive. The
constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na* and the testing was undertaken at room
temperature (i.e., 22 °C). Figure 6(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Niys NajsMnjs0. Snypg Oz cycled in a
sodium metal cell. Figure 6(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Ni;;; NaMn 304 Snyne O, cathode).

It can be seen from Figure 6(B) and Figure 6(C) that the material Na Ni;, Na;s Mn
13049054 O, has a reversible capacity of ca. 200 mAh/g. The material shows similar
electrochemical properties to those described for Example 1, Example 2 and Example
3 of this application. It is also clear from Figure 6 (C) that the example material Na Ni
4 Naye Mnys3p4 Snypny O, demonstrates reasonable capacity retention when charge and
discharged between 1.50 and 4.30 V Vs Na/Na+ . Observation of the properties of the
material Na Nij,; Nays Mnyspn, Snypny O, are consistent with those made for previous
examples used in this application.

The Electrochemical properties of Na Nij, Nas Tiyps MngpiSny o O, prepared in

Example 7.
Figure 7(A) shows the powder X-ray diffraction pattern of the target compound from

Example 7 of Table 1, Na Ni;, Na5 Tiyng Mng4Sn;, O, having an O3 layered oxide
phase. The target compound of Example 7 was analysed using the X-ray diffraction
technique described above. Figure 7(A) shows the intensity (counts) versus the range
of 10 °-70 ° 20.

The data shown in Figures 7(B) and 7(C) are derived from constant current cycling

data for a Na Ni;u Nayg Tiyne Mng»sSn; i, O, cathode active material in a Na metal half
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cell. This data was collected as described for Example 1 to Example 6 inclusive. The
constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was undertaken at room
temperature (i.e., 22 °C). Figure 7(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Niy,y Nayjs Tisng MngpaSnyn Oscycled in a
sodium metal cell. Figure 7(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Ni; Naye Tisna MnguSny, 1, O, cathode).

It can be seen from Figure 7(B) and Figure 7(C) that the material Na Ni;, Na Tigpg
Mnyg»4Sny,, O, has a reversible capacity of ca. 208 mAh/g. The material shows similar
electrochemical properties to those described for Example 3, Example 4 and Example
5 of this application. It is also clear from Figure 7 (C) that the example material Na Ni
114 Nays Tisna MngnaSnyn O, demonstrates reasonable capacity retention when charge
and discharged between 1.50 and 4.30 V Vs Na/Na*. Observation of the properties of
the material Na Ni; s Nays Tisns Mng.Sny i, O, are consistent with those made for

previous examples used in this application.

The Electrochemical properties of Na Niju Najje Tiyi> Mnyps Snipngs O, prepared in

Example 8.
Figure 8(A) shows the powder X-ray diffraction pattern of the target compound from

Example 8 of Table 1, Na Ni,, Nas Tiy, Mny,eSnypy O, having an O3 layered oxide
phase. The target compound of Example 8 was analysed using the X-ray diffraction
technique described above. Figure 8(A) shows the intensity (counts) versus the range
of 10 °-70 ° 20.

The data shown in Figures 8(B) and 8(C) are derived from constant current cycling
data for a Na Ni; Nays Tizn Mngs. Snype O, cathode active material in a Na metal half
cell. This data was collected as described for Example 1 to Example 7 inclusive. The
constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was undertaken at room
temperature (i.e., 22 °C). Figure 8(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Ni;,s Nay Tisn My Snypny O, cycled in a
sodium metal cell. Figure 8(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Niz; Nays Tizne Mngs Snipng O, cathode).

It can be seen from Figure 8(B) and Figure 8(C) that the material Na Ni; Nay6 Tis o
Mny,4Snyps O, has a reversible capacity of ca. 190 mAh/g. The material shows similar

electrochemical properties to those described for Example 5, Example 6 and Example
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7 of this application. It is also clear from Figure 8 (C) that the example material Na Ni
i Nays Tizn Mngp, Snypny O, demonstrates reasonable capacity retention when charge
and discharged between 1.50 and 4.30 V Vs Na/Na* . Observation of the properties of
the material Na Ni; ;s Na, 6 Tisy MnoseSnpe O, are consistent with those made for

previous examples used in this application.

The Electrochemical properties of Na Ni;,y Nay» Lijo Mnjspg Snypg Osprepared in

Example 9.
Figure 9(A) shows the powder X-ray diffraction pattern of the target compound from

Example 9 of Table 1, Na Ni,, Nay» Lij ;o Mnyspg Snypg O, having an O3 layered oxide
phase. The target compound of Example 9 was analysed using the X-ray diffraction
technique described above. This material demonstrates that partial substitution of Li
for Sodium in the material leads to the formation of an O3 layered oxide phase. Figure
9(A) shows the intensity (counts) versus the range of 10 ° - 70 ° 20.

The data shown in Figures 9(B) and 9(C) are derived from constant current cycling
data for a Na Ni;u Nayjin Liyis Mnysps Snipne Oocathode active material in a Na metal
half cell. This data was collected as described for Example 1 to Example 8 inclusive.
The constant current data was collected at an approximate current of 10 mA/g between
voltage limits of 1.50 and 4.30 V Vs Na/Na* and the testing was undertaken at room
temperature (i.e., 22 °C). Figure 9(B) shows the cell voltage profile (Cell Voltage [V]
versus Cumulative Cathode Specific Capacity (milliamp hours per gram [mAh/g])) for
the first five charge/discharge cycles of Na Niy,y Nayj» Liyyo Mngspg Snypy Oy cycled in a
sodium metal cell. Figure 9(C) shows the constant current cycle life profile (i.e. the re-
lationship between cathode specific capacity for discharge [mAh/g] and cycle number
for a Na Ni;;, Nayy» Lijjin Mnysps Snypnge O, cathode).

It can be seen from Figure 9(B) and Figure 9(C) that the material Na Ni,, Nay;» Li»
Mn;4 Snypy Oshas a reversible capacity of ca. 191 mAh/g. The material shows similar
electrochemical properties to those described for Example 6, Example 7 and Example
8 of this application even with partial substitution of Li into the materials structure. It
is also clear from Figure 9 (C) that the example material Na Ni;;, Nay;;» Lij, Mnygspn, Sn
124 O, demonstrates reasonable capacity retention when charge and discharged between
1.50 and 4.30 V Vs Na/Na*. Observation of the properties of the material Na Ni,, Na
12 iy Mnyspg Snypy O, are consistent with those made for previous examples used in
this application even upon partial substitution of Li for Na in the structure.

The Electrochemical properties of Na Niju Naje Mn,/»Tis1 Snyin O, prepared in

Example 10
Na Niyy Naye Mny1nTisn Snyjn O, was prepared according to Example 10 by a solid

state reaction. The material has an O3 type layered oxide structure as indicated by the

obtained powder X-ray diffraction pattern shown in Figure 10. When Na Ni, ;s Na,;s Mn
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212 Ty Snyyp, O, was tested in a sodium metal anode cell an initial discharge capacity of
158 mAh/g at an average potential of 3.20 V Vs Na/Na* was observed as summarised
in Table 2. This is a higher than expected capacity based on conventional calculation.
The constant current data shown in Table 2 was collected at an approximate current of
10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na* and the testing was un-
dertaken at room temperature (i.e., 22 °C) consistent with the characterisation of all
other materials of the present invention.

The Electrochemical properties of Na Ni,,, Na;s Mny,,Tiy0 Sny» Osprepared in

Example 11
Na Niy,y NaysMny, 5 Tiy 0 Snyn O, was prepared according to Example 11 by a solid

state reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 11. When Na Ni,,; Na;s Mn
12 T1y1o Sy O, was tested in a sodium metal anode cell an initial discharge capacity of
150 mAh/g at an average potential of 3.23 V Vs Na/Na+* was observed as summarised
in Table 2. This is a higher than expected capacity based on conventional calculation.
The constant current data shown in Table 2 was collected at an approximate current of
10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na* and the testing was un-
dertaken at room temperature (i.e., 22 °C) consistent with the characterisation of all

other materials of the present invention.

The Flectrochemical properties of Na Niju Nays MnyioTiy1, Snys O, prepared in

Example 12
Na Niyy Nay Mny»Tis, Snyypn O, was prepared according to Example 12 by a solid

state reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 12. When Na Ni,,, Na;s Mn
212 Tl Snyypn O, was tested in a sodium metal anode cell an initial discharge capacity
of 148 mAh/g at an average potential of 3.16 V Vs Na/Na* was observed as
summarised in Table 2. This is a higher than expected capacity based on conventional
calculation. The constant current data shown in Table 2 was collected at an ap-
proximate current of 10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+
and the testing was undertaken at room temperature (i.e., 22 °C) consistent with the
characterisation of all other materials of the present invention.

The Electrochemical properties of Na Nij, Na;s Mn, Ty, Snsy/p O, prepared in

Example 13
Na Niyy Naye MnynTiz Snyn O, was prepared according to Example 13 by a solid

state reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 13. When Na Ni, ;s Na,;s Mn
212 T1a12 Snypn O, was tested in a sodium metal anode cell an initial discharge capacity of

152 mAh/g at an average potential of 3.00 V Vs Na/Na* was observed as summarised
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in Table 2. This is a higher than expected capacity based on conventional calculation.
The constant current data shown in Table 2 was collected at an approximate current of
10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na* and the testing was un-
dertaken at room temperature (i.e., 22 °C) consistent with the characterisation of all
other materials of the present invention.

The Electrochemical properties Na Ni;, Na;s Tig o Snyp, O, prepared in Example 14

Na Niy,y Nayjs Tig Snyn O, was prepared according to Example 14 by a solid state
reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 14. When Na Ni,,; Na,s Ti
12 SNy Oy was tested in a sodium metal anode cell an initial discharge capacity of 142
mAh/g at an average potential of 3.21 V Vs Na/Na+* was observed as summarised in
Table 2. This is a higher than expected capacity based on conventional calculation. The
constant current data shown in Table 2 was collected at an approximate current of 10
mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was un-
dertaken at room temperature (i.e., 22 °C) consistent with the characterisation of all
other materials of the present invention.

The Electrochemical properties Na Niju Nays Tiyin Snyin O, prepared in Example 15

Na Niyy Nay Tisn Snsjn O, was prepared according to Example 15 by a solid state
reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 15. When Na Ni, s Na,s Ti
412 3Ny, O, was tested in a sodium metal anode cell an initial discharge capacity of 118
mAh/g at an average potential of 3.19 V Vs Na/Na+* was observed as summarised in
Table 2. This is a higher than expected capacity based on conventional calculation. The
constant current data shown in Table 2 was collected at an approximate current of 10
mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was un-
dertaken at room temperature (i.e., 22 °C) consistent with the characterisation of all
other materials of the present invention.

The Electrochemical properties Na Nij, Na Ti;, Mn 54 Snypp O, prepared in

Example 16
Na Niyy Nayss Tiyng My g Snyyn O, was prepared according to Example 16 by a solid

state reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 16. When Na Ni,,; Na,s Ti
14 M54 Snyy5 O, was tested in a sodium metal anode cell an initial discharge capacity
of 175 mAh/g at an average potential of 3.19 V Vs Na/Na* was observed as
summarised in Table 2. This is a higher than expected capacity based on conventional
calculation. The constant current data shown in Table 2 was collected at an ap-
proximate current of 10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na*

and the testing was undertaken at room temperature (i.e., 22 °C) consistent with the
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characterisation of all other materials of the present invention.

The Electrochemical properties Na Ni;, Naj Mny, Sny, O, prepared in Example 17

Na Niy,y Nas Mny, Snypn O, was prepared according to Example 17 by a solid state
reaction. The material has an O3 type layered oxide structure as indicated by the
obtained powder X-ray diffraction pattern shown in Figure 17. When Na Ni,,, Na;,s Mn
412 3Ny O, was tested in a sodium metal anode cell an initial discharge capacity of 151
mAh/g at an average potential of 3.15 V Vs Na/Na+* was observed as summarised in
Table 2. This is a higher than expected capacity based on conventional calculation. The
constant current data shown in Table 2 was collected at an approximate current of 10
mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+ and the testing was un-
dertaken at room temperature (i.e., 22 °C) consistent with the characterisation of all
other materials of the present invention.

The Electrochemical properties Na Nij, Nay» Lijjo Tis, Mny, Snyyn O, prepared in

Example 18
Na Niyy Nayp Liyyn Tize Mg, Snyje O, was prepared according to Example 18 by a

solid state reaction. The material has an O3 type layered oxide structure as indicated by
the obtained powder X-ray diffraction pattern shown in Figure 18. When Na Ni,; Nayi»
Liyin Tizne Mng, Snyjn O, was tested in a sodium metal anode cell an initial discharge
capacity of 158 mAh/g at an average potential of 3.10 V Vs Na/Na* was observed as
summarised in Table 2. This is a higher than expected capacity based on conventional
calculation. The constant current data shown in Table 2 was collected at an ap-
proximate current of 10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+
and the testing was undertaken at room temperature (i.e., 22 °C) consistent with the

characterisation of all other materials of the present invention.

The Electrochemical [er[zeI’tieS Na Ni1/4 Nal/12 Li1/12 Ti1/24 Mn6/12 Sn1/24 02 [zl‘epal‘ed in

Example 19
Na Niyyy Nayj» Liyyn Tigng Mg Snypngy O, was prepared according to Example 19 by a

solid state reaction. The material has an O3 type layered oxide structure as indicated by
the obtained powder X-ray diffraction pattern shown in Figure 19. When Na Ni,;, Nay,;»
Liys Tiypg Mngn Snypg O, was tested in a sodium metal anode cell an initial discharge
capacity of 178 mAh/g at an average potential of 3.20 V Vs Na/Na+* was observed as
summarised in Table 2. This is a higher than expected capacity based on conventional
calculation. The constant current data shown in Table 2 was collected at an ap-
proximate current of 10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+
and the testing was undertaken at room temperature (i.e., 22 °C) consistent with the
characterisation of all other materials of the present invention.

The Electrochemical properties Na Niju Nayi» Liyio Tispa Migps Snopa O, prepared in
Example 20
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Na Niyyy Nayp Liys Tigns Mgy, Snopy O, was prepared according to Example 20 by a
solid state reaction. The material has an O3 type layered oxide structure as indicated by
the obtained powder X-ray diffraction pattern shown in Figure 20. When Na Ni,;, Nay,;»
Liyn Tigpg Mgy Snypy O, was tested in a sodium metal anode cell an initial discharge
capacity of 168 mAh/g at an average potential of 3.10 V Vs Na/Na+* was observed as
summarised in Table 2. This is a higher than expected capacity based on conventional
calculation. The constant current data shown in Table 2 was collected at an ap-
proximate current of 10 mA/g between voltage limits of 1.50 and 4.30 V Vs Na/Na+
and the testing was undertaken at room temperature (i.e., 22 °C) consistent with the
characterisation of all other materials of the present invention.

Further description of the invention with reference to Examples 1-20

Further to the general description of materials described by this disclosure above. A
number of other unique features of the invention will now be described with reference
to figures 21 to 24 which could largely influence the commercial utility of the
invention. This discussion will be based on the commercial relevant factors of Cost,
capacity and intercalation potential. In the overall scope of the invention all disclosed
material compositions and compositional ranges show a clear benefit over known
materials in at least one of the dominant commercial factors noted above.

Each of figures 21 to 24 shows values for a property of materials of the present
invention against the material composition, for those compositions synthesised and
characterised by the applicant. The material composition is plotted as a ternary plot of
material in which the horizontal axis indicates the Mn content, the axis running from
bottom right to top centre indicates the Ti content, and the axis running from top centre
to bottom right indicates the Sn content. Each axis runs from zero to 7/12 (0.583). The
value of the property (eg the value of specific capacity of the material in figure 21) is
indicated by shading, according to the key in each figure.

Figure 21 compares the observed reversible capacity of the material properties
defined in the examples and summarised in Table 2. This figure demonstrates the range
of specific capacities observed for materials described by the present invention and
serves to highlight that there are certain preferred embodiments of the invention. The
information summarised in Figure 21 shows a ternary plot of material composition
based on varying degrees of substitution for Mn, Ti and Sn in the material structure.

The material compositions described by Figure 21 are easiest interpreted by the
following compositional form;

Na Niys Nay Mny Tiy Sn7/12—x—y 0,

Wherein, the content of sodium on the A site of these materials, the content of the
redox active element Ni and the content of sodium on the B site remained unchanged,

only the transition metal content was varied so that Sn > 0 in all cases. This description
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is an equivalent form of the composition described by Claim 1 of this application.

Further to the information provided in Figure 21 a number of other useful features of
the invention can be highlighted across the compositional ranges of the invention rep-
resented in Figure 21. The commercial utility of a material in an energy storage device
is not only driven by the materials specific capacity as depicted in figure 21 but also
the potential (V) at which electrons are delivered to an external circuit. Figure 22
shows the variation in the average discharge voltage (V Vs Na/Na+) for the preferred
embodiments of the invention. As initially disclosed it can be seen that fractional sub-
stitution of Sn within the materials is shown to have a large positive effect on the
average discharge potential of the materials described by the invention.

In addition, Figure 23 helps to further define the preferred embodiments of the
invention. Figure 23 shows the specific energy density in Wh/kg (Specific capacity
[Ah/kg] x Average discharge voltage [V]) determined for each of the compositions
defined in Table 2 and represented in Figure 21 and Figure 22. It can be seen across the
range of compositions that specific material compositions yield large gains in specific
energy due to the increased reversible capacity of the disclosed invention alongside
increases in average discharge potential.

Further to the data and presentation of the compounds described in Table 2 the
invention also yields very useful materials with respect to cost per unit energy. This is
achieved in the present invention by exploiting the increased discharge voltage of the
compounds described in Table 2 alongside the high reversible capacity. From this in-
formation it is possible to estimate a material production cost based on a known
processing method and the approximate raw material costs of the elements used.
Figure 24 shows the estimated cost per kWh determined for the materials disclosed in
the invention.

Further discussion of Crystal Structure and position of substituents in the ABO,
structure produced by the invention:

To further define the unique structural features of the invention a structural analysis
of the products produced by example products 1-20 was undertaken.

Electrochemically active materials of an aspect of the described invention are char-
acterised as having Alkali Metals substituted into the transition metal layer (or B site in
the ABO, classification of these structures) alongside a proportion of Sn and other
transition metals residing on this structural site. In this position the alkali metals are
considered electrochemically inactive and predominantly remain in the structure
during electrochemical reaction as determined by the electrochemical cycling data
reported for each of the example materials. The addition of these elements (specifically
an Alkali metal and Tin) to the transition metal layer (Site B) has a stabilising effect on

the structure of the active materials used in the electrodes of an aspect of the present
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invention. This yields higher than expected reversible capacities.

Example 7 has the composition Na Ni;,y Nay Tisns Mng,4Snyy» O, in which ap-
proximately 1 Na atom is located in the A site of the material and in which ap-
proximately 0.1667 Na atoms are located in the B site per formula unit. In the material
the remainder of the occupancy of this site is filled by other substituents as identified
in the claims. In Example 7 approximately 0.8333 transition metal or other atoms
occupy the remainder of the B site per formula unit as defined in the Claims. This
composition and distribution of atoms within the ABO, structure can be confirmed ex-
perimentally from the X-ray diffraction data. Table 3 provides a summary of the
structural parameters obtained from the material by structure determination using the
Rietveld method fitting to the space group R-3m. The R-3m space-group is more
commonly known as a O3 layered oxide structure in the notation defined by Delmas
(Delmas, et al. Physica B+C, 1980). Further to the data provided in Table 3 it is also
possible to determine the position of atoms and their approximate abundance in each
site of the material. Table 4 provides a summary of the occupancy of atoms in the
different crystallographic sites of Na Nijs Nay Tisns MngpaSnyn O, in the space group
R-3m determined by modelling the experimentally observed data using the Rietveld
method. From this data it is possible to conclude that Na resides on two discrete sites
in the crystal structure of Na Niyy Nays Tisns MngpaSny, O,. It is also clear from the
presented data that transition metals are predominantly found on the B site of the
material.

Table 3: Summary of the structural parameters obtained for Na Ni;, Nays Tiyn, Mngpg

Sny;, O, (Example 7) by structure determination using the Rietveld method

Unit cell parameters Quality of Fit
a (@A) b (A) b (A) wRp Rp Xz
2.9928 2.9928 16.0258 0.0304 0.0215 4.5050

Table 4: Summary of the refined atomic positions of Na Niuu Nays Tisns MngpaSnypn
O, (Example 7) by structure determination using the Rietveld method (Quality of fit =
wRp=0.0304 and Rp=0.0215)
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Site (x,y, ) Atom Occupancy
A Na 1.00
(0.0 0.00.0)
B Ni 0.250
(0.00.00.5) Mn 0.333
Ti 0.1667
Sn 0.0830
Na 0.1667
0(002) 0 (02) 1
7=0.2364(2)
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Claims

A compound having the general formula:

X, Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having
sodium as the major constituent;

wherein Z is one or more alkali metals selected from the group
consisting of lithium and sodium;

wherein the X constituent and the Z constituent are present at crystallo-
graphically distinct sites when the compound is in a solid phase; and
wherein:

O<u

0<b<0.27;

0.1<v<1/2;

O<w<£4/12;

3/12 £ x; and

wH+x+y=1—(b+v)

but not including Na Ni,, Na;s Mng, Sns O, and Na Nij, Najs Mnysn4
Snyps O,

A compound according to claim 1 wherein the compound has a layered
oxide structure of the formula ABO, in the solid phase; and wherein the
X constituent is predominantly on the A site and the Ni, Z, Mn, Ti and
Sn constituents are predominantly on the B site.

A compound according to claim 2 wherein the compound has an O3
layered oxide structure.

A compound according to claim 1, 2 or 3 wherein the values of u, v, b,
X, y and w are such as to maintain charge neutrality.

A compound according to any preceding claim wherein 0 < w < 3/12.
A compound according to any preceding claim wherein 0 < w < 2/12.
A compound according to any preceding claim wherein 1/24 < w.

A compound according to any preceding claim wherein y < 4/12.

A compound according to any preceding claim wherein 0 <'y.

A compound according to any preceding claim wherein 1/24 <y.

A compound according to any preceding claim wherein w + X +y <
0.64.

A compound according to any preceding claim wherein b = 1/6.

A compound according to any preceding claim wherein v = 1/4.

A compound according to any preceding claim which can be charged
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[Claim 20]

[Claim 21]

[Claim 22]
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38
PCT/JP2016/003434

beyond the theoretical capacity determined from the content of redox
active elements.

A compound according to any preceding claim and having the formula:
Na Ni,;, Nay s My, Tizn, Snypn O,

Na Ni,; Najjs Mns; 5 Tig i Snypn O,

Na Ni,,, Na, s Mng, Snyi, O,

Na Ni;, Nays Mny, Snsyjpp O,

Na Ni,; Nays Tijj Mns;, Snyjin O,

Na Nij, Nays Tijo Mny 4 Sniyng O,

Na Nijy Nays Tijps Mngn Snypg O,

Na Nij Nays Tiina Mny 04 Sy O,

Na Nij, Nays Tisyns MngpaSnyn O,

Na Niy,y Nays Tiyn Mngp, Snypg O,

Na Niyy Najyjiz Liyiz Tizne Mngz Snijs O,

Na Niyy Najjiz Liyin Tiinps Mgz Snypg O,

Na Niys Nayp Liyia Tiapa Mngns Snops O,

Na Niyy Najjiz Liyio Mnysp Snipg O,

An electrode comprising a compound as defined in any one of claims 1
to 15.

An electrochemical cell comprising an electrode as defined in claim 16.
An energy storage device comprising a compound as defined in any
one of claims 1 to 15.

An energy storage device according to claim 18 and suitable for use as
one or more of the following: a sodium ion cell; a sodium and lithium
ion cell; a sodium metal cell; a sodium and lithium metal cell; a non-
aqueous electrolyte sodium ion cell; a non-aqueous electrolyte sodium
and lithium ion cell.

A rechargeable battery comprising a compound as defined in any one
of claims 1 to 15.

An electrochemical device comprising an active compound as defined
in any one of claims 1 to 15.

An electrochromic device comprising an active compound as defined in
any one of claims 1 to 15.

A method of preparing a compound as defined in any one of claims 1 to
15, the method comprising the steps of:

a) mixing precursor materials together,

b) heating the mixed precursor materials in a furnace at a temperature
of between 400°C and 1000°C, for between 2 and 24 hours; and
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c¢) allowing the reaction product to cool.

A method comprising charging a material having the composition X,
Ni, Z, Mn, Ti, Sn,, O, to a capacity greater than a theoretical charging
capacity determined from the content of redox active elements in the
material;

wherein X consists of sodium or a mixture of group 1 metals having
sodium as the major constituent;

wherein Z is one or more alkali metals selected from the group
consisting of lithium and sodium;

wherein; the X constituent and the Z constituent are present at crystal-
lographically distinct sites when the compound is in a solid phase; and
wherein:

O<u;

0<b;

0.1<v<1/2;

O<w<£4/12;

at least one of x and y is non-zero; and

wH+x+y=1—(b+v)

Use of a material having the composition X, Ni, Z, Mn, Ti, Sn,, O,
wherein X consists of sodium or a mixture of group 1 metals having
sodium as the major constituent;

wherein Z is one or more alkali metals selected from the group
consisting of lithium and sodium;

wherein; the X constituent and the Z constituent are present at crystal-
lographically distinct sites when the compound is in a solid phase; and
wherein:

O<u;

0<b;

0.1<v<1/2;

O<w<£4/12;

at least one of x and y is non-zero; and

wH+x+y=1—(b+v)

the use comprising charging the material to a capacity greater than a
theoretical charging capacity determined from the content of redox
active elements in the material.

A method as claimed in claim 24 or a use as claimed in claim 25

wherein the theoretical capacity is determined according to:
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(¥ XN, XQ,)/M)
3.6

Specific Capacity {mdh g~ 1)

where:

Y is the number of electrons transferred per formula unit based on the
content of redox active transition metals;

N, is Avogadro’s number;

Q. is Faraday’s constant;

M, is the molecular weight of the compound.

A compound having the general formula:

X, Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having
sodium as the major constituent;

wherein Z is one or more alkali metals selected from the group
consisting of lithium and sodium;

wherein the X constituent and the Z constituent are present at crystallo-
graphically distinct sites when the compound is in a solid phase; and
wherein:

O<u

0<b<0.27;

0.1<v<1/2;

O<w<£4/12;

at least one of x and y is non-zero; and

wH+x+y=1—(b+v)

A compound having the general formula:

X, Ni, Z, Mn, Ti, Sn,, O,

wherein X consists of sodium or a mixture of group 1 metals having
sodium as the major constituent;

wherein Z is one or more alkali metals selected from the group
consisting of lithium and sodium;

wherein the X constituent and the Z constituent are present at crystallo-
graphically distinct sites when the compound is in a solid phase; and
wherein:

O<u

0<b<0.27;

0.1<v<1/2;

0<w;

0<y<4/12; and
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wH+x+y=1—(b+v)
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[Fig. 1(C)]
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[Fig. 21]
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