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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
21 March 2019 (21.03.2019)

(10) International Publication Number

WO 2019/051534 Al

WIPO I PCT

(51) International Patent Classification:
HOIM 10/052 (2010.01) CO01G 23/00 (2006.01)
CO01D 15/00 (2006.01) B82Y 40/00 (2011.01)

(21) International Application Number:
PCT/AU2018/050899

(22) International Filing Date:

HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,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.

(84) Designated States (unless otherwise indicated, for every
23 August 2018 (23.08.2018) kind of regional protection available): ARIPO (BW, GH,
(25) Filing Language: English GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
.. . UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(26) Publication Language: English TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(30) Priority Data: EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
2017903743 14 September 2017 (14.09.2017) AU 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,
(71) Applicant: NEOMATERIALS PTY LTD [AU/AUJ, KM, ML, MR, NE, SN, TD, TG).
Level 3, 1292 Hay Street, West Perth, Western Australia
6005 (AU). Published:
(72) Inventor: REED, Christopher John; 6B Myera Street, —  with international search report (Art. 21(3))
Swanbourne, Western Australia 6010 (AU).
(74) Agent: WRAYS; Level 7, 863 Hay Street, Perth, Western
Australia 6000 (AU).
(81) Designated States (unless 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, DJ, DK, DM, DO,
Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

(54) Title: SYNTHESIS OF LITHIUM TITANATE

Figure 1

wo 2019/051534 A1 |0 0000000000000 0 000

(57) Abstract: A method for the synthesis of lithium titanate, the method comprising the method steps of; (i) reacting a source of
titanium ions with a source of lithium ions at increased temperature in one or more reaction vessels for a period of time; and (ii) calcining
the product of step (i) to produce a lithium titanate product having a nano-tube type crystal structure. An electrode material produced
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“Synthesis of Lithium Titanate”

Field of the Invention

[0001] The present invention relates to a method for the synthesis of lithium

titanate having a nano-tube type crystal structure.

[0002]  More particularly, the lithium titanate produced is intended for use, in one

form, in lithium ion batteries.

[0003] The present invention further relates to a lithium ion battery utilising lithium
titanate produced in accordance with the present invention. More particularly, the

lithium titanate is utilised as an anode material in such a lithium ion battery.

Background Art

[0004] Most current methods employed to produce lithium titanate (Li4TisO12)
produce lithium titanate (Li4TisO12) having an amorphous micro-grained structure
with poor electrochemical performance. This type of crystal structure has poor cyclic
capacity for lithium ion batteries during high drain. Consequently, lithium titanate
(Li4TisO12) has not been considered a good anode material.

[0005] Nano-scale materials with nano-particles, such as nanocrystals, spinel
nanocrystals, nanowires, nano-sheets, together with their composites with
conductive additives, have consequently been considered as anode materials for
lithium-ion batteries (LIBs). Nanostructured electrode materials may have an
increased effective surface area and a shortened path for lithium-ion migration.
Further, nanostructured electrode materials may show better rate capability than

their micro-grained counterparts.

[0006] Despite the above, disadvantages of known lithium titanate materials as
electrode materials, particularly anode materials, are considered to include a low
intrinsic ionic conductivity and low electronic conductivity, poor rate performance,

and a low theoretical capacity.
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[0007] The method and product of the present invention have as one object
thereof to overcome substantially one or more of the above mentioned problems
associated with the methods and products of the prior art, or to at least provide

useful alternatives thereto.

[0008] The preceding discussion of the background art is intended to facilitate an
understanding of the present invention only. This discussion is not an
acknowledgement or admission that any of the material referred to is or was part of

the common general knowledge as at the priority date of the application.

[0009] Throughout the specification and claims, unless the context requires
otherwise, the word “comprise” or variations such as “comprises” or “comprising”, will
be understood to imply the inclusion of a stated integer or group of integers but not
the exclusion of any other integer or group of integers.

[0010] Throughout the specification and claims, unless the context requires
otherwise, the term “lithium titanate” is to be understood to refer to LiaTisO12.
Similarly, the abbreviation LTO is to be understood to refer to “lithium titanate” or
LiaTisO12.

Disclosure of the Invention

[0011] In accordance with the present invention there is provided a method for the
synthesis of lithium titanate, the method comprising the method steps of:

(i) reacting a source of titanium ions with a source of lithium ions at increased

temperature in one or more reaction vessels for a period of time; and

(i) calcining the product of step (i) to produce a lithium titanate product having

a nano-tube type crystal structure.

[0012] The source of titanium ions used in step (i) is preferably one of the group of

titanium dioxide (TiOz), titanic acid (H4TisO12), and sodium titanate (Na4TisO12).

[0013] In one preferred form, the source of titanium ions used in step (i) is titanium

dioxide (TiOz2). The TiO2 used in step (i) is preferably in the anatase form.
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[0014] The source of lithium ions used in step (i) is preferably one of the group of
LiOH.H20 or Li2COs or LiCl or Li2SOa.

[0015] In one preferred form, the source of lithium ions used in step (i) is
LiOH.H20.

[0016] Preferably, the one or more reaction vessels of step (i) are provided in the

form of one or more autoclaves, optionally one or more zirconium autoclaves.

[0017]  Sitill preferably, the increased temperature of the reaction of step (i) is in the
range of about 135°C to 180°C.

[0018]  Sitill further preferably, the period of time of the reaction of step (i) is a
period of at least several hours. Yet still further preferably, the period of time of the
reaction of step (i) is a period of greater than 12 hours, preferably about 24 hours.

[0019] Preferably, the calcining of step (ii) takes place at a temperature of at least
650°C. Still preferably, the calcining of step (ii) takes place at a temperature of about
700°C.

[0020] The calcining of step (ii) preferably takes place over a period of greater
than 1 hour. Still preferably, the calcining of step (ii) takes place for a period of

about 2 hours.

[0021] In accordance with the present invention there is further provided an
electrode material for use in lithium ion batteries, the electrode material comprising
lithium titanate produced by the method described hereinabove.

[0022] Preferably, the electrode material is provided in the form of an anode.

[0023]  Still preferably, the capacity of the lithium titanate electrode material is in
the range of 150~170 mAh/g against lithium electrode potential. The charge
capacity of greater than or equal to 150 mAh/g against lithium electrode potential is

preferably able to be maintained over at least 40 cycles.
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[0024] In accordance with the present invention there is still further provided a
lithium ion battery comprising electrode material as described hereinabove.

[0025] In a preferred form of the invention the lithium ion battery comprises an

anode comprising lithium titanate produced by the method described hereinabove.

[0026] In accordance with the present invention there is yet still further provided a
lithium titanate in nano-tube type crystal form prepared by the method described

hereinabove.

Brief Description of the Drawings

[0027] The present invention will now be described, by way of example only, with
reference to the accompanying drawings, in which:-

Figure 1 is a first transmission electron microscopy (TEM) image of lithium
titanate having a nano-tube type crystal structure having been synthesised

in accordance with the method of the present invention;

Figure 2 is a second transmission electron microscopy (TEM) image of
lithium titanate having a nano-tube type crystal structure having been

synthesised in accordance with the method of the present invention; and

Figure 3 is a plot of discrete XRD peaks (each marked X) for the high purity
lithium titanate (Li4TisO12) produced by way of the experimental method of
the present invention shown relative to the profile for a reference LTO
(profile curve marked Y).

Best Mode(s) for Carrying Out the Invention

[0028] The present invention provides a method for the synthesis of lithium
titanate, the method comprising the method steps of:

(i) reacting a source of titanium ions with a source of lithium ions at increased

temperature in one or more reaction vessels for a period of time; and



WO 2019/051534 PCT/AU2018/050899
-5-

(i) calcining the product of step (i) to produce a lithium titanate product.

[0029] The lithium titanate product of step (ii} advantageously is produced having

a nano-tube type crystal structure.

[0030] The source of titanium ions used in step (i) is one of the group of titanium
dioxide (TiOg2), titanic acid (H4TisO12), and sodium titanate (Na4TisO12), for example
in a preferred form, titanium dioxide (TiOz) in its anatase form.

[0031] The source of lithium ions used in step (i) is one of the group of LIOH.H20
or Li2COs or LiCl or Li2SO4, for example in a preferred form, LiOH.H20.

[0032] The one or more reaction vessels of step (i) are provided in the form of one

or more autoclaves, for example a single zirconium autoclave.

[0033] The increased temperature of the reaction of step (i) is in the range of
between about 120 °C to 220°C, and preferably about 135°C to 180°C. The period
of time of the reaction of step (i) is a period of at least several hours, for example
greater than about 12 hours, and preferably about 24 hours.

[0034] The calcining of step (ii) takes place at a temperature of at least 650°C, for
example about 700°C. Further, the calcining of step (ii) takes place over a period of
greater than 1 hour, for example between about 1 to 4 hours, and more particularly
about 2 hours.

[0035] The present invention further provides an electrode material for use in
lithium ion batteries, the electrode material comprising lithium titanate produced by
the method described hereinabove. In one form of the invention, the electrode
material is provided in the form of an anode.

[0036] The present invention still further provides a lithium ion battery comprising

electrode material as described hereinabove.
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EXAMPLE 1

[0037] The reagents used for preparation of LTO by this example of the method of
the present invention were LiOH.H20 and anatase TiOo.

[0038] First, a LiOH solution was prepared by dissolving 44.1 g LIOH.H20 in

350 mL water in a plastic beaker. An amount of anatase TiOz2 powder (~105 g,
Sigma-Aldrich, USA), calculated on a stoichiometric basis, was added slowly to LiOH
solution to prepare a homogeneous slurry under agitation. The prepared slurry was
transferred (along with the washings of the beaker) to a Teflon lined autoclave
container and the autoclave heated to the test temperatures. Once the set test
temperatures (eg. 135°C and 180°C) were reached (after a period of less than 30
minutes), the reaction was continued for a further 24 hours. At the end of the test
the autoclave was cooled and the slurry was transterred to a plastic container. As
noted above, it is envisaged that a broad temperature range of about 120 °C to
220°C is applicable.

[0039] The final cooled autoclave slurry was split into two halves. The first half of
the slurry was centrifuged and the resulting solid was repulped once with deionised
(DI) water. The repulped slurry was centrifuged and the solid obtained after
decanting the wash liquor was dried in an oven, for example at 80°C. The dried
solid was named as ‘VWashed’ solid to differentiate from the solid from other half of

the slurry. The centrifuged liquor was analysed for Li and Ti content.

[0040] The second half of the slurry was transferred to four Teflon beakers and
dried at ~110°C in the presence of nitrogen gas. The solid obtained from the second

half of the slurry was named “Unwashed” solid.

[0041] The Washed and Unwashed solids were further processed separately but
in an otherwise identical way. Both the dried solids were ground in a mortar/pestle
to achieve the following particle size distribution:

d10 = 0.407 microns
d50 = 0.86 micron
d80 = 1.602 micron
d9o0 = 2.659 micron
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[0042]

at 700°C for 2 h. The calcined/sintered solids were ground using mortar/pestle and

submitted for characterisation study.

[0043]

is understood in the context of the lithium ion battery market as 99% lithium titanate

-7 -
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The final product was a high purity lithium titanate (Li4TisO12). High purity

The ground and dried solids were then calcined/sintered in a muffle furnace

by wt%. It is evident from the data presented in Table 2 that the Washed solids have

provided a product with a smaller d50 and a greater surface area.

[0044]

the nano-tube type crystal structure of the lithium titanate formed in accordance with
the method of the present invention and having a nano-tube type crystal structure,
using JOEL 2100 TEM. The legends of Figures 1 and 2 denote 0.2 um and 0.5 um,

respectively.

Figures 1 and 2 show transmission electron microscopy (TEM) images of

[0045] The product has properties set out in Table 1 below.
Table 1
| Test Details Calcined/Sintered sample (700°C, 2 h)
Surtace
Hydrothermal Reagents Particle size area . . Na
Test no used Sample & ID XRD phase um (BET) Li% | Ti% %
m3/g
Unwashed i} Lig TisO12 d50 = 0.833 6.56
. (Sample ID - i) TIO: (anatase)” | d80 =1.337 ’ 581 | 554
F('g’ggi'g)q o & LTO-2DJ) | iii) TiO, (rutile)* | d90 = 1.681 0014
Washed i} LisTisO12 d50 = 0.451 10.22
(Sample ID — iy TiO; (anatase)* d80 =0.875 +0 '211 555 | 56.5
1W) i} TiOp (rutile)* do0 = 1.402 e
i) LigTisO42 d50 = 0.458 8.89
Hydrom-2 LiOH & Unwashed !!) 'I_'IECC))Z (antalltas*e) ggg = ?Sg; +0.043 599 | 56.4
(135°C) Anatase i) TiO (rutile) e
Washed I) L|4T|5012 d50 = 0.415 10.92
(Sample ID - ii} TiO; (anatase)* | d80 =0.816 +0 299 5.57 | 56.9
2W) i} TiO, (rutile)* do0 =1.294 0
NaOH &
Hydrom-4 Anatase — Washed i} LisTisOs2 d50 = 4.019
(1)/5000) followed by (Sample ID - iijUn-identified ds0 =12.335 21.85 443 | 478 | 21
LiOH 4w) minor peaks dg90 =19.124
treatment

Note: * designates minor phase

[0046]

prepared under the same conditions but by the combination of NaOH and anatase

For comparison purposes, Table 1 also provides results for an LTO

TiO2, followed by treatment with LIOH.  Such a process is more complicated/difficult

than the method of the present invention and would require significantly greater

capital and operating expenditure.
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EXAMPLE 2

[0047]

PCT/AU2018/050899

A larger sample of high purity lithium titanate (LiaTisO12) was first prepared

by the method described above in Example 1, with weights adjusted to suit. The

characterisation of the 750 g of high purity lithium titanate (Li4TisO12) so produced is

set out in Table 2 below.

Table 2
Autoclave . Sintering -
conditions Li . conditions Characterisation data
analysis
Sample (autpclave Surface
Temp. | Time final Temp. Time XRD Particle size area Li Ti
°C h liquor) C h phase um (BET) % %
m2/g
d10 = 0.407
911 mg/L
750 g Only LTO | d50 = 0.86 13.17
tto | 19 | 240 ) 9% 0520 peaks | ds0-1602 | 0.253 | >0 | 4980
o do0 = 2.659
[0048] Figure 3 provides the discrete XRD peaks (each marked X) for the high

purity lithium titanate (LisTisO12) produced by way of the experimental method

described immediately above relative to the profile for a reference LTO (profile curve

marked Y). Only LTO peaks are evident.

Half-cell battery testing

[0049]

Lithium titanate synthesised in accordance with the method of the present

invention has been tested electrochemically by fabricating half cells. The

synthesised lithium titanate, having the formula LisTisO12 and being in nano-tube

type crystal structure, was used as one electrode and lithium metal as the counter

electrode in the fabrication of half-cells. The tests have been run at room

temperature (22°C) as well as at high temperature (55°C) to determine initial

capacity, as well as the ability of the material to handle high current densities. The

tests have been compared with standard Li4TisO12 anode material produced in

accordance with the prior art and currently available in the market. The tests have
shown that LisTisO12 formed using the process of the present invention shows far
superior electrochemical performance than the standard LisTisO12 available

commercially at present.




WO 2019/051534 PCT/AU2018/050899
-9-
[0050] The results are summarised in Table 3 below, wherein ‘Standard’ refers to
prior art lithium titanate and ‘2W’ designates lithium titanate synthesised in

accordance with the method of the present invention:

Table 3
Comparison of Cyclic Data
Cell Identity: 2W Synthesised by Applicant in accordance with invention
Standard Standard from the market E.g. TRONOX TR-LTO-100™

Tester NEI CORPORATION, USA

C Rate 0.001

Ch. max. V 5.00V

DisCh. min. V -5.00V

Ch. max. | 5.000 A

DisCh. max. | 5.000 A

Cycle Number Charge Cap mAh Disch Cap mAh

Standard 1 175.665 178.59
2w 1 159.03 169.8
Standard 10 175.442 175.587
2W 10 159.056 158.927
Standard 20 175.283 175.492
2w 20 158.9 158.752
Standard 30 174.773 174.767
2W 30 154.383 154.202
Standard 40 156.013 155.736
2W 40 150.598 150.599
Standard 41 1.6395 156.012
2W 41 147.549 150.612
Standard 50 0.6004 0.6612
2W 50 148.105 147.892

[0051] The standard LTO failed after 40 cycles where Applicant’s 2W continued to
show strong electrochemical performance up to the 50 cycles tested.

[0052] As can be seen with reference to the above description, the lithium titanate
(LiaTisO12) synthesised in accordance with the method of the present invention,
having nano-tube type crystal structure, shows high battery cycle performance,
stable discharge voltage, larger capacity relative to the prior art and is an inert
material in terms of reaction with electrolyte. Though the theoretical capacity of
lithium titanate (Li4TisO12) is 180 mAh/g, the range of 150~170mAh/g can readily be
achieved, against the lithium electrode potential. The voltage of lithium titanate
(Li4TisO12) anode batteries against lithium metal is 1.55V (that is Li / Li +). During
the lithium ion insertion and de-embedding process, the material structure of the
electrode remains almost unchanged, consequently demonstrating excellent cycle
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performance relative to the prior art. It also demonstrates superior battery cycle
performance, again relative to the prior art, across the temperature range of minus
30 to 60°C.

[0053] Modifications and variations such as would be apparent to the skilled

addressee are considered to fall within the scope of the present invention.
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CLAIMS

1. A method for the synthesis of lithium titanate, the method comprising the method

steps of:

(i) reacting a source of titanium ions with a source of lithium ions at increased

temperature in one or more reaction vessels for a period of time; and

(i) calcining the product of step (i) to produce a lithium titanate product having

a nano-tube type crystal structure.

2. The method of claim 1, wherein the source of titanium ions used in step (i) is one
of the group of titanium dioxide (TiO2), titanic acid (H4TisO12), and sodium titanate
(Na4TisO12).

3. The method of claim 2, wherein the source of titanium ions used in step (i) is
titanium dioxide (TiOz2) in the anatase form.

4. The method of any one of claims 1 to 3, wherein the source of lithium ions used in
step (i) is one of the group of LiOH.H20 or Li2COs or LiCl or Li2SOx.

5. The method of claim 4, wherein the source of lithium ions used in step (i) is
LiOH.H20.

6. The method of any one of the preceding claims, wherein the one or more reaction
vessels of step (i) are provided in the form of one or more autoclaves, optionally

one or more zirconium autoclaves.

7. The method of any one of the preceding claims, wherein the increased
temperature of the reaction of step (i) is in the range of about 135°C to 180°C.

8. The method of any one of the preceding claims, wherein the period of time of the

reaction of step (i) is a period of:

(i) at least several hours;
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(i) greater than 12 hours; or

(iii) about 24 hours.

9. The method of any one of the preceding claims, wherein the calcining of step (ii)

takes place at a temperature of:

(i) at least 650°C; or

(if) about 700°C.

10. The method of any one of the preceding claims, wherein the calcining of step (ii)
takes place over a period of:

(i) greater than 1 hour; or

(if) about 2 hours.

11. An electrode material for use in lithium ion batteries, the electrode material
comprising lithium titanate produced by the method of any one of the preceding

claims.

12. The electrode material of claim 11, wherein the electrode material is provided in

the form of an anode.

13. The electrode material of claim 11 or 12, wherein the capacity of the lithium
titanate electrode material is in the range of 150~170 mAh/g against lithium
electrode potential.

14. The electrode material of claim 13, wherein the charge capacity of greater than or
equal to 150 mAh/g against lithium electrode potential is maintained over at least
40 cycles.

15. A lithium ion battery comprising electrode material according to any one of claims
11 to 14.
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16. A lithium titanate in nano-tube type crystal form prepared by the method of any
one of claims 1 to 10.
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