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NANOCOMPOSITE, ELECTRODE CONTAINING THE NANOCOMPOSITE, AND
METHOD OF MAKING THE NANOCOMPOSITE

CROSS-REFERENCE TO RELATED APPLICATION
[0001] . This application claims the benefit of priority of US provisional application No.
61/927,248 filed on 14 January 2014, the content of which is incorporated herein by reference

in its entirety for all purposes.

TECHNICAL FIELD
[0002] The invention relates to a nanocomposite, electrode containing the nanocomposite,

and method of making the nanocomposite. : ,

BACKGROUND
[0003] Transition metal fluorides have been gaining interest as reversible positive
electrodes for rechargeable lithium batteries in recent years due to their high theoretical
electromotive force (e.m.f) values and ability to transfer more than 1 electron per formula
unit. The intrinsically poor electronic transport properties due to the large band gap of
transition metal fluorides, however, have ifnpeded use of these materials in commercial cells.

In addition, a reaction product of the conversion reaction, lithium fluoride (LiF), is highly

insulating. This has prevented use of metal fluorides in their macro crystalline state.

[0004] In view of the above, there exists a need for an imprbved material suitable as
electrodes for use in batteries such as lithium batteries that overcomes or at least alleviates

one or more of the above-mentioned problems.

SUMMARY
[0005] ° Ina first aspect, a nanocomposite is provided. The nanocomposite compfises
a) an electrically conductive nanostructijred material; and
b) metal fluoride nanostructures having the generai formula M‘D,‘M‘H)l.szﬂ,'_Zn
arranged on the electrically conductive nanostructured material, -
wherein M® and M™ are independently.transition metals, nis a stoichiometric
coefficient, and wherein |

1) x=0,0<y<2,and z=0; or



10

15

20

25

30

WO 2015/108486 PCT/SG2015/000008

2

i1) 0<x<1,0<y<2,z =0, and M(D and MV are different transition |
metals. -
[0006] In a second aspect, an electrode is provided. The electrode comprises a
nanocomposite according to the first aspect. 7 ' ' |
[0007] - In a third aspect, a method of preparing a nanocomposite is provided. The method
comprises
a) providing metal fluoride nanostructures having the general formula M(I)XM(.H)I_
- xF2+y.zn, Wherein MP and M"Y are independently transition metals, n is a
stoichiometric coefficient, and wherein
1) X=0,0<y£2,andz=0;or ,
i)  0<x <1,0=<y<2, Z >0, and M® and M® are different transition
metals; ' -
- and |
b) arranging the metal fluoride nanbstructures on an electrically conductive
nanostructured material to obtain the nanocomposite.
[0008] In a fourth aspect, use of a nanocomposite according to the first aspect in a
electrochemical cell, a symmetric supercapacitor, an asymmetric supercapacitor, a primary

baftery, or a rechargeable battery is provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009]  The invention will be better understoodeith reference to the detailed description
when considered in conjunction with the non-limiting 'examples and the accompanying
drawings, in which: |

[0010] FIG. 1 shows transmission electron mlcroscopy (TEM) characterization of NiF,,
Where (A) is the selected area electron diffraction (SAED) image taken fgr as synthesized
NiF,. The respective d-spacings (as meésured in the SAED image) are listed in A, where
values (from top to bottom) are 3.515, 2.745, 2.406, 2.232, 1_.844; 1.760, 1.656, 1.481, and
1.203, | | | | o
[0011] FIG. 2 shows field emission scanning electron microscopy (FESEM)

7 characterlzatlon of NiF,, where (A) is the FESEM image for as synthesized NiF, at 300 K

magmﬁcatlon and (B) is the FESEM image for as synthemzed N1F2 at 150 K magnlﬁcatlon
Scale bar in (A) and (B) denotes 50 nm and 100 nm respectlvely
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[0012] FIG. 3 shows FESEM characterizatioﬁ of CoF,, where (A) is the FESEM image |
for as synthesized CoF; at 300 K magnification; (B) is the FESEM image for as synthesized
CoF; at 150 K magnification; and (C) is the FESEM iinage for as synthesized CoF; at 40 K
magnification. Scale bar in (A), (B) and (C) denotes 50 nm, 100 nm, and 200 nm respectivély.
[0013] FIG. 4 shows TEM characterization ‘of CoF,, where (A) is the high resolution
transmission electron microscopy (HRTEM) image for as synthesized éarbon coated CoF,.
Measured d-spacing is 0.336 nm, which coincides with d-spacing of (110). Scale Bar denc_)teé
10 nm. | |

[0014] FIG. 5 shows TEM characterization of Nig75Cog25F,, where (A) is the SAED
image taken for as synthesized Nig 75C0g2sF>. ,The respedtiVe d-spacings (as measured in the
SAED image) are listed in A, where Yalues (from top to bottom) are 3.509, 2.750, 2;403,
2.228, 1.850, 1.754, 1.632, 1.475, and 1.202. _ ‘ o v
[0015] FIG. 6 shows TEM-EDX mapping of Nig75Cog25F2, where (A) is- the EDX
spectrum obtained in the TEM; (B) is thé secondary electron image obtained in the TEM; (C)
is the fluorine element map; (D) is the cobalt element map; and (E) is the nickel element map.
Scale bar in (B) to (E) denotes 200 nm.

[0016] FIG. 7 shows SEM characterization of Nig75Cog2s5F2, where (A) is the FESEM
image for as synthesized Nio_75C00_25F2 at 300 K magnification; (B) is the FESEM image for
as synthesized Nio;75Coo,25F2 at 150 K magnification; and (C) is a- table showing weight %
and atomic % of F, Co, and Ni. Scale bar in (A) and (B) denbtes 50 nm and 100 nm
respectively. | o

[0017] - FIG. 8 shows TEM characterization of Nig sCog sF, where (A) is the SAED image
taken for as synthesized NigsCogsF,. The respectivé d-spacings (as measured in the SAED

image) are listed in A, where values (from top to bottom) are 3.452‘,‘2.641, 2.319, 2.124,

- 1.776, 1.678, 1:590, and 1.419.

[0018] FIG. 9 shows TEM image for as éynthesized carbbn coated Nig 5Cog sF2. Scale bar
in the bottom left hand corner denotes 10 nm. »

[0019] FIG. 10 shows transmission electron microscopy-energy—djspersive X-ray
spectroscopy (TEM-EDX) mapping of Nio.;5Coof5F2,f where (A) is the EDX spectrum obtained
in the .TEM; (B) is the secondary electron image obfa_ined iﬁ'the TEM; (C) is the nickel
element .mab; (D) is the cobalt element map; and (E) is the fluorine element map. Scale bar'in

(B) to (E) denotes 200 nm.
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[0020] FIG. 11 shows SEM characterization of Nig.sCogsF,, where (A) is the FESEM
image for asr synthesized Nip sCog sFyat 300 K maglliﬁcation' ‘(Bj is the FESEM image for as
synthe51zed Nig5CogsF, at 150 K magnification; and (C) is a table showing weight% and
atomic % of F, Co and Ni. Scale bar in (A) and (B) denotes 50 nm and 100 nm respectlvely
[0021] 'FIG. 12 shows TEM characterization of Nig25C0¢.75F2, where (A) is the SAED
fmage taken for as synthesized Nig25Coq75F2. The respective d-spacings (as measured in the
SAED image) are listed in A,~where values (from top to bottom) are 3.552, 2.787, 2.4_52,
2.261, 1.870, 1.788, 1.666, 1.498, 1.220, 1.180, and 1.140. |
[0022] FIG 13 shows transmission electron mlcroscopy-energy—dlsperswe X-ray

spectroscopy (TEM EDX) mapping of Nig,5Cop75F2, where (A) is the EDX spectrum

- obtained in the TEM; (B) is the secondary electron image obtained in the TEM; (C) is the

nickel element map; (D) is the cobalt-element map; and (E) is the fluorine element map.
Scale bar in (B) to (E) denotes 100 nm. .

[0()23] FIG. 14 shows SEM images of Nig,5Coq75F», where (A) is the FESEM image for
as synthesized NigpsCog7s5F, at 300 K magnification; (B) is the FESEM image for as
synthesized Nig2sCog75sF2 at 150 K magnification; and (C) is a table showing weight% and
atomic % of F, Co énd Ni. Scale bar in (A) and (B) denotes 50 nm and 100 nm respectively.
[0024] FIG. 15 is a X-ray diffraction (XRD) chart for CoF,, Nio,25Q00_75F2,’Nio_5Coo_5F2,
Nig.75C0025F2, and NiF. o

[0025]  FIG. 16 depicts COE_Z grown on nc3100 (CNT), where (A) is the FESEM image for
CoF; grown on hc3100 at 120 K magnification; and (B) is the transmission electron detector
(TED) image for Con grown on nc3100 at 160 K magnification. CoF; was grown on nc3100
to improve electronlc conduct1v1ty as CoF, is electromcally 1nsu1at1ng Scale bar in (A) and
(B) denotes 100 nm..

[0026] = FIG.17 depicts CoF;, grown on PR24 LHT (CNF) where (A) is the FESEM image
for CoF, grown on PR24 LHT at 120 K magnification; and (B) is the TED 1mage for CoF,
grown on PR24 LHT at 130 K magnification. C0F2 was ‘grown on PR 24 LHT to improve

electronic conductivity since CoF, is electronically insulating; Scale bar in (A) and (B)

- denotes 100 nm.

130

[0027] FIG. 18 depicts CoFs, where (A) is the FESEM 1mage for CoF; at 5 K

magnification; and (B) is the FESEM image for CoF3 at 150 K magnification. Particle size of
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CoF; is about 30 nm to 50 nm. Scale bar in -(A) and (B) den_ote_s 1 pm and 100 nm
respecﬁvely. ‘ |

[0028] - FIG. 19 is a XRD chart of (i) CoF3, and (ii) CoF,.

[0029] | FIG. 20 shows (A) cyclic voltammogram (CV) at 0.1 mVs™ for (i) first cycle, (ii)
second cycle, (iii) third cycle, (iv) fourth cycle, and (v) fifth cycle; and (B) galvanostatic
discharge-charge for operation of Li/LiPF¢/NiF,.

[0030] FIG. 21 shows (A) cycﬁc voltammogram at 0.1 mVs™ for (i) first cycle, _(ii)
second cycle,. (iii) third cycle, (iv) fourth cycle, and (v) fifth cycle; and (B) galvanostatic
discharge-charge for operation of Li/LiPF¢/CoF,. ‘ ]

[0031] FIG. 22 showsﬂ (A) cyclic voltammogram at 0.1 mVs' for (i) first cyble, (11)
second cycle, (iii) third cycle, (iv) fourth cycle, and (v) fifth cycle; and'(B) galvanoétatic

- discharge-charge for—'operation of ‘Li/LiPFG/Nio,75C00.25F2.

[0032] FIG. 23 shows (A) cyclic _voltammogram' at 0.1 mVs™! for (i) first cycle, (ii)
second cycle, (iii) third cycle, (iv) fourth cycle, and (v) fifth cycle; and (B) galvanostatic
discharge-charge for operation of Li/LiPF¢/Nij sCog sFa. |

[0033] FIG. 24 shows (A) cyclic voltammogram at 0.1 mVs™ for (i) first cycle, (ii)
second cycle, (iii) third cycle, (iv) fourth cycle, and (v) fifth cycle; and (B) galvanostatic
discharge-pharge for operation of Li/LiPF¢/Nig25C0g 75F2.

[0034]  FIG. 25 shows 1* cycle comparison of MF, with M(I)XM(")O -xF2, where (A) is the
1* cycle galvanostatic discharge-charge profile for (i) CoF,, (i) Cog7sNigasFa, (iii)
Coyg.sNig.sF2, (iv) Cop2sNig.75F2, and (v) NiF,; (B) 1 bycle galvanostatic discharge profile for
(i) CoF,, (i) Coo7sNig 2sF5, (iif) CoosNiosFs, (iv) Coo2sNissFs, and (v) NiF, and (C) cyclic
voltammogram at 0.1 mVs for (1) NiEz, (i1) Nig75Cog25F2, (iii)) NigsCopsFa2, (iv)
Ni0.25€o§.75F2, la,nd (v) CoFs. |

[0035] FIG. 26 shows long tefm ¢ycling of CoF,-CNT/CNF nanostructured 'composite,
where (A) is the discharge-charge speciﬁc capacity of the CoF, ‘nanopart_icle aggregates
deposited on (i) NC3100 (CNT) and (i1)) PR24 LHT (CNF); aﬁd (B) is the % capacity
retention of the CoF; naﬁdparticle aggregates deposited on ‘(i). PR24LHT (CNF), and (ii)
nc3100 (CNT). o . |

[0036]  FIG. 27 shpws galvainostatié intermittent titration technique (GITT)-effect of
growing CoF, on CNT,'where (A) is the c’omp-arison of the 1™ cycle galvanostatic intermittent‘

titration curves for (i) CoF;, nanoparticle aggregates deposited on nc3100 (CNT), and (ii)
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CoF, nanoparticle aggregates hand mixed with nc3100 (CNT); and (B) is the comparison of
the 2™ cycle galvellnostaticgintermittent titration curves for (i) CoF, nanoparticle aggregates
deposited on nc3100 (CNT), and (ii) CoF; nanoparticle aggregates hand mixed with nc3100
(CNT). . ' ' '

[0037] FIC. 28 shows GITT-effect of surface area, where (A) shows (i) 1* cycle; and (ii)

2nd cycle galvanostatic intermittent titration curves for the CoF, nanoparticle aggregates

" deposited on nc3100 (CNT); (B) shows (i) 1% cycle, and (ii) 2" cycle galvanostatic

intermittent titration curves for the CoF, nanoparticle aggregates deposited on PR24 LHT
(CNF) ; and (C) is the comparison of the 1% cycle galvanostatic intermittent titration curves

between (i) CoF; nanoparticle aggfegates deposited on 1nc3100 (CNT), and (ii)) CoF,

- nanoparticle aggregates deposited on PR24 LHT (CNF), =

[0038] FIG. 29 shows effect of ionic liquid electrolyte as compared to conventional
electrolyte, where A) is the galvanostatic discharge-charge profile in convéntiorial IM LiPFs
(EC:DEC) (1: 1 by volume) electrolyte; and (B) is the galvanostatic discharge-charge profile
in 0.1M LiTFSI in PYR 4TFSI electrolyte.

[0039] FIG. 30 shows effect of ionic liquid electrolyte as comparéd to conventional
electrolyte, where (A) is a comparison of the % capacity retention between (i) cells that use
IM LiPF¢ (EC:DEC) (1: 1 by volume), -an'd (ii) cells that use 0.1M LiTFSI in PYR4TFSI ;
and (B) shows the discharge-charge specific capacity of cells that use (i) 1M LiPF¢ (EC:DEC)
(1: 1 by volume), and (ii) cells that use 0.1M LiTFSIin PYR4TFSL | —
[0040] FIG. 31 shows 1% cycle comparison of (i) CoFs, with (ii) CoF,. Electrolyte used
for CoF3 is IM LiPFs (FEC:EMC), and electrolyte used for CoF, is 1M LiPFs (DEC:EC).
C0F3 is cycled at 69.4 mAg”, and CoF; is cycled at 50 mAg™.

[0041] FIG. 32 shows CV Ist cycle comparison of (i) CoF; with (ii) CoF,. Electrolyte

used for CoF; is 1M LiPFg V(FEC:EMC)V, and electrolyte used for CoF, is 1M LiPF6
(DEC:EC). CoF; is cycled at 69.4 mAg”, and CoF, is cycled at 50 mAg'vl.

[0042] FIG. 33 shows operation of Li/LiPF¢/CoF; in LiPFg (FEC:EMC) (1:1) by weight.. ‘

DETAILED DESCRIPTION

[0043]  In various embodiments disclosed herein, new nanostructured materials based on °

metal fluorides are provided. The nanostructured materials are Suitable for use in cells or

‘batteries. Advantageously, the materials have demonsirated outstanding electrochemical
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performances in lithium primary (disposal) and sééondary (fechargeable) cells, with at least
two times higher c'apacity‘ than other fluorinated metal materials and metal oxide materials.
[0044] With the abovev in mind, various embodiments refer in a first aspect to a
nanocomposite. The naﬁocomposite comprises an electrically conductive nanostructured
material; and metal fluoride nanostructures having the general formula M(I)XM(ll)l_xF2+y_zn »
arranged on the electrically conductive nanostructured material, wherein M® and M are
independently transition metals, n is a stoichiometric coefficient, and wherein x =0, 0 < y< 2,
andz=0;0r0<x<1,0<y<2,z =0,and M® and M are different transition metals.
[0045] As used herein, the term “nanocomposite” refers generally to a mixture of

materials, where each material in the mixture has at least one dimension in the nanometer

- range. For example, a nanocomposite may comprise a mixture of zero dimensional materials

such'as nanoparticles; one dimensionai materials such as nanorods, nanowires and nanotubes; .
and/or two dimensional materials such as nanoflakes, nanoflowers, nanodiscs and nanofilms.
[0046] The nanocomposite comprises an electrically conductive nanostructured material.
In various embodiments, the eléctrically conductive nanostructured material is selected from
the group consisting of carbon nanotubes, carbon nanofibers, and mixtures thereof. The
carbon nanotubes and/or carbon nanofibers may form a highly efficient electron transport
network in the nanocomposite, and may accordingly be used to improve electron transfer
efficiency of electrodes formed using the nanocomposite. Further, fhe carbon nanotubes
and/or carbon nanofibers may enhance mechanical strength ‘and ‘stability of the
nanocomposite. ' ' ‘ _ | '

[0047] A carbon nanotube refers generally to a cylinder of rolled up graphitic sheets, and -
may exist in different forms, such as single-walled carbon nanotubes (SWNT), double-walled
carbon fnahotubes (DWNT), multi-walled carbon nanotubes (MWNT), or modified multi-
walled carbon nanotubes. A carbon nanoﬁberf on the other hand, refers generally to solid or
hollow fibers forméd of carbon, apart from carbon nanotubes. |

[0048]  Single-walled carbon nanotubes refer generally to seamless cylinders formed from
one graphite layer. For example, carbon nanotﬁbcs may be descﬁbed as a graphite plane (so

called graphene) sheet rolled into a hollow cylindrfcal shape so that the structure is one- -

* dimensional with axial symmetry, and in general exhibiting a‘_spiral conformation, called

chirality. A single-wall nanotube may be defined by a cylindrical sheet with a diaméter of

about 0.7 nm to about 20 nm, such as about 1 nm to about 20 nm.
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[0049] Double—walled carbon nanotubes consiet of two layers of graphite sheets rolled in
on to form a tube shape. The two layers'of graphite sheets méy form a concentric cylinder.
The nanotubes are considered as a cross between SWNT and MWNT, as they may have the
electronic properties of the SWNT and the mechamcal strength of MWNT.

[0050] Multi-walled carbon nanotubes consist of multiple layers of graphite rolled in on to

form a tube shape. The nanotubes m.ﬁy also exist in forms in which they have hydrophilic

groups such as hydroxyl group, pyrenes, esters, thiols, amines, a carboxyl group and mixtures
thereof on their surface.
[0051] Single-, double- and multi-walled carbon nanotubes may equally be used in a

nanocomposite disclosed herein. In various embodiments, the carbon nanotubes are single-

- walled carbon nanotubes.

[0052]  Size of the carbon nanotubes and/or carbon nanofibers niay be characterized by

their diameter and/or their length. The term “diameter” as used herein refers to the maximal
length of a stretight line segment, when applied to a cross-section of the figure, which passes
through the center of the figure and terminating at the periphery. Average diameter of the -
carbon nanotubes and/or nanofibers may be calculated by dividing the sum of the diameter of
each nanotube and/or nanofiber by the total number of nanotubes and/or nanofibers.

[0053] In various embodiments, the carbon nanotubes and/or carbon nanofibers have an
average diameter in the range of about 50 nm to about 100 nm, such as about 50 nm to about

80 nm, about 50 nm to 'about_ 70 nm, about 50 nm to about 60 nm, about 60 nm to about 100

‘nm, about 70 nm to about 100 nm, about 80 nm to about 100 nm, about 90 nm to about 100

nm, about 55 nm, about 65 nm, about 75 nm, about 85 nm or about 95 nm,
[0054] The carbon nanotubes may be of any desired length, such as in the range from

about 0.1 nm to about 10 pm, about 1 nm to about 5 um, or 10 nm to about_ 1 pm. In some

.embodiments, the carbon nanotubes may be at least 1 pm or at least 2 um, or between about

., 0.5 pm anti about 1.5 pm, or between about 1 pum and about 5 pm.

[0055] In. addition to the electrically conductive nanostructured material; the

nanoconiposite also comprises metal fluoride nanostructures having the gerieral formula

'M(I)XM(H)l_szty;zn arranged on the electrically conductive nanostructured material. The metal .

fluoride nanostructures may be arranged on the electrically conductive nanostructured
material to confer or to improve electronic conductivity of the metal fluroride nanostructures,

as they may be electrically insulating,
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[0056] In various embodiments, the metal fluoride nanostructures are chemically bonded
to the electrically conductive nanostructured material. For .example, the metal fluoride
nanostructures may be covalently bonded to the electrically conductive nanostructured

material.

[0057] M® and M™ are independently transition metals. By the term “independently”, it

is meant that the transition metal of M® and M™ respectively is independently selected.
[0045] The term “transition metal” as used herein may ret‘er to a metal in Group 3 to 12 of
the Periodic Table of Elements, such as titanium (Ti), vanadium (V), niobium (Nb), tantaltlm
(Ta), chromium (Cr), molybdemim (Mo), tungsten (W), manganese (Mn), iron (Fe),
ruthenium (Ru), osmium (Os), iridium (Ir), nickel (Ni), copper (Cu), technetium (To),

- thenium (Ré), cobalt (Co), rhodium (Rh), iridium (Ir), palladium (Pd), platinum (Pt), silver

(Ag), gold (Au), or zinc (Zn); 'arlaﬁthanide such as europium (Eu), gadolinium_ (Gd),
lanthanum (La), ytterbium (Yb), or erbium (Er); or a post-transition metal such as aluminum
(Al), gallium (Ga), indium (In), tin (Sn), or leod (PYb).

[0058] In various embodiments, M and MV are independently selected from the group
consisting of Ti, V, Fe, Ni, Co, Mn, Cr, Cu, W, Mo, Nb, and Ta. In some embodiments, M®P

is Ni and M is Co.

[0059] nis a stoichiometric coefficient, which may depend on oxidation state of M® and
M, In various embodimonts n is in the range of about 0 to about 1, such as about 0 to about
0.8, about 0 to about 0.5, about 0 to about 0.3, about 0.25 to about 1, about 0.5 to about 1,
about 0.8 to about 1, about 0.3 to about 0. 6, or about 0.2 to about 0.8.

[0060] x may be 0, or may have a value that is greater than 0 but less than 1.

[0061] In embodiments where 0 <y<2andz=0,x1s0.

[0062] In embodiments where 0 < y < 2,z =0, and M and M™ are different transition

metals, x.is greater than 0 but less than 1. For example, x may be in the range of about 0.01 to

| about 0.99, about 0.05 to about 0.99, about 0.1 to about 0.99, about 0.3 to about 0.99, about

0.5 to about 0.99, about 0.7 to about 0.99, about 0.01 to about 0. 9 about 0.01 to about 0.7,
about 0.01 to about 0.5, about 0.01 to about 0.3, about 0.1 to about 0. 9, about 0.2 to about 0.8,
about 0.3 to about 0. 7, or about 04 to about 0.6.

[0063] ymay be greater than or equal to 0, and less than or equal to 2.

[0064] * In embodtments where x = 0 and z = 0, y is greater than 0 but less than or equal to

2. For example, y may be in the range of about 0.01 to about 2, such as about 0.05 to about 2,
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about 0.1 to about 2, about 0.5 to about 2, about 0.8 to about 2, about 1 to about 2, about 1.2
to about 2, about 1.4 to about 2, about 0.2 to about 1.8, about 0.5 to about 1.5, or about 0.8 to
about 1.2.

- [0065] In embodiments where 0 <x < 1, z '20, and M® and M are different transition

metals, y is greater than or equal to 0 and less than or equal to 2. For example, in addition to

the above stated ranges, y may also be in the range of about 0 to about 2, such as about 0 to
about 1.8, about 0 to about 1.5, about 0 to about 1.2, about 0 to about 1, or about 0 to about
0.5. |
[0066] =z is greater than or equal to 0.

[0067] In embodiments where x =0and 0 <y <2, zis equal to 0.

- [0068] In embodiments where 0 < x < 1,0 <y <2, and M® and MY are different

transition metals, z is greater than or equal'to 0. For example, z may be in the range of about

- 0 to about 10, such as about 0 to about 8, about 0 to about 5, about 0 to about 2, about 0 to

about 1, about 2 to about 10, about 5 to about 10, about 7 to about 10, about 2 to about 8, or
about 4 to about 6.

[0069] In specific embodiments, x = 0, y = 1, and z and/or n = 0. Accordingly, the metal
fluoride nanostructures may comprise or consist of CoFs. It has been surprisingly found by
the inventors that nanobomposites comprising CoF; provide a much better performance as
compared to nanocomposites comprising CoF,, for example. These cdmparisons are shown,
for example in FIG. 31, where first cycle performance of CoF, with C0F3' is plotted.

[0(;70] | In further embodiments, 0 <x <1,0<y S 2,z =0, and M® and M® are different
transition metals. Accordingly, the metal fluoride nanostructures may éomprise or consist of
Ni,Co14F2, 0 < x < 1. It has been surpris_ingly found by the inventors that metal fluoride
nanostructures containing two or more transition metals as disclosed herein is a single phase,
and not a two-phase system in the form of (x(NiFy) + (I—X)Con). Advantageously,
nanocomposites comprising the single phase metal fluoride nanostructures provide a decrease
in the voltage delay veffect, as well as a higher discharge specific capacity (700 mAh/g as
compared to 550 mAh/g) and a higher discharge energy densify (1050 Wh/kg). In various
embodiments, the metal fluoride nanostructures comprise or consist of single phase metal

fluoride nanostructures.
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[0071] . Apart from transition metals, the metal fluoride nanostructures may also contain
other elements, for example, metalloids such as carbon (C), silicon (Si), and germanium (Ge),

and/or alkaline metals such as magnesium (Mg) and calcium (Ca).

[0072]  The metal fluoride nanostructures may have a size of less than 200 nm. Size of the

‘metal fluoride nanostructures may be expressed in terms of an average value of the maximal

dimension, wherein the term “maximal dimension” refers to the maximal length of a straight
line segment passing through the center of a ﬁgure and terminating at the periphery. For
example, maximal dimension of the metal fluoride nanostructures may be less than 200 nm,
such as less than 150 nm, less than 100 nin, less than 50 nm, or less than 20 nm. In some

embodiments, maximal dimension of the metal fluoride nanostructures is in the range of

- about 10 nm to about 200 nm, such as about 50 nm to about 200 nm, about 100 nm to 'about

200 nm, about 80 nm to about 150 nm, about 30 nm to about 50 nin, or about 20 nm to about

60 nm. .

[0073] In various embodiments, each metal fluoride nanostructure has a maximal

dimension of less than 200 nm, such as less than 150 nm, less than 100 nm, less than 50 nm,

or less than 20 nm. | |

[0074] The metal fluoride nanostructures may comprise an outer layer of carbon: Each of
the metal fluoride nanostructures may contain a layer of carbon coated thereon. In various

embodiments, the layer of carbon on each metal fluoride nanostructure has a thickness in the

range of about 1 nm to about 30 nm, such as'about'l nm to about 20 nm, about 1 nm to about

10 nm, about 5 nm to about 30 nm, about 10 nm to about 30 nm, about 20 nm to about 30 nm,
about 10 nm to about 20 nm, or about 15 nm to about 25 nm.

[0075]  The metal fluoride nanostructures may be arranged on an outer surface of the

electrically conductive nanostructured material. For example, in embodiments where carbon

nanotubes or hollow carbon nanofibers are used, the metal fluoride nanostructures may only

be arranged on the outer surface or.ablumen of the carbon nanotubes or nanofibers, and not
be present in the inner surface or lumen of the carbon nanotubes or nanofibers.

[0076] The metal fluoride nanostructures may be present in an amount in the range of
about 5 wt % to about 90 wt % of the nanocomposite. For example, the metal ﬂuoride

nanostructures may be present in an amount in the range of about 10 wt % to about 80 wt %,

about 25 wt % to about 80 wt %, about 40 wt % to about 80 wt %, about 60 wt % to about 80



10

15

 20

25

30

WO 2015/108486 v PCT/SG2015/000008

12

wt %, about 5 wt % to about 60 wt %, about 5 wt % to about 40 wt %, about 5 wt % to about
30 wt %, about 25 wt % to about 65 wt %, or about 40 wt % to about 60 wt %. |
[0077] As mentioned above, the nanocomposite materials disclosed herein have
demonstrated outstanding electrochemical performances in lithium primary (disposal) and
secondary (rechargeable) cells, with at least two times higher capacity than other fluorinated
metal materials and metal oxide materials. '

[0078] Various embodiments refer accordingly ih a second aspect to an electere
comprising a nanocomposite according to the first aspect. 7
[0079] The term “electrode” may refer té a “cathode” or an “anode”. The terms “cathode”

and “positive electrode” are used interchangeably, and refer to the electrode having the higher

- of electrode potential in an electrochemical cell (i.e. higher than the negative electrode).

Conversely, the terms “anode” and “negative electrode”, which are used interchangeably,
refer to the electrode having the lower of electrode potential in an electrochemical cell (i.e.
lower than the positive electrode). Cathodic reduction refers to a gain of electron(s) of a
chemical species, and anodic oxidation refefs to a loss of electron(s) of a chemical species.
[0080]  The terms “chargé” and “charging” refer to process of increasing electrochemical
potential energy of an electrochemical cell, which may take place by replacement of or
addition of depleted active electrochemical materials with new active compouﬁds. The term
“electrical charging” refers to process of increasing. electrochemical potential energy of an
electrochemical cell by providing electrical energy to the electrochemical cell.

[0081]  “Electrode potential” refers to a voltage, usually measured against a reference
electrode, due to the presence within or in contact with the electrode of chemical species at
different oxidation (valence) states. | |

[0082] The ‘;erm “electrochemical cell” or “cell”'r'efers to a device that converts chemical -
energy iﬁto electrical energy, or electrical eﬁérgy into - chémical energy. Generally,
electrochemical cells have two or mote electrodes and an electrolyte, wherein ‘electrode
reactions occurring at the electrode surfaces result in charge transfer processes. The term
“clectrolyte” refers to an ionic conductor which may be in a solid state, including in a éel
form, or a liquid state. Generally, electrolytes are present in the liquid state. Examples of

electrochemical cells include, but are not limited to, batteries and electrolysis systems.

[0083]  As disclosed herein, the nanocomposite comprises an electrically conductive

nanostructured material, and metal fluoride nanostructures having the general formula
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' M(I),‘M(H)].XFH),.Zn arranged on the electrically conductive nanostructured material, wherein

M® and M™ are independently transition metals, n is a stoichiometric éoefﬁcieht, and
wherein 1) x=0,0<y<2,andz=0;0rii)) 0<x<1,0<y<2,z =0, and M® and M are

different transition metals. Examples of electrically conductive nanostructured material and

thetal fluoride naantructui‘es have already been provided above. -

[0084] In various embodiments, the electrically conductive nanostructured material is
selected from the group consisting of carbon nénotubes, carbon nanofibers, and mixtui‘es
thereof. |

[0085] Amount of the electrically conductive nanostructured material in the electrode may
be in the fange of about 20 wt% to about 45 wt%. For example, amount of the electrically
conductive nanostructured material may be in the range of about 25 wt%'to about 45 wt%,
about 30 Wt% to about 45 wt%, about 35 wt% to abouf 45 wt%, about 40 wt% to about 45
wt%, about 20 wt% to about 40 wt%, about 20 wt% to about 35 wt%, about 20 wt% to about
30 wt%, about 25 wt% to about 40 wt%, or about 30 wt% to about 40 wt%.

[0086] The metal fluoride nanostructures may comprise an outer layer of carbon. When
present, amount of carbon in the electrode may be in‘the range of about 20 wt% to about 45
wt%, such as about 25 wt% to abouf 45 wt%, about 30 wt% to about 45 wt%, about 35 wt%
to about 45 wt%, ébout 40 wt% to about 45 wt%, about 20 wt% to about 40 wt%, about 20
wt% to about 35 wt%, about 20 wt% to about >30 wt%, about 25 wt% to about 40 wt%, or
about 30 wt% to about 40 wt%. '

[0087] The electréde may further comprise é binder. As used herein, the term "binder"
refers to a substance that is capable of holding or attaching two or more materials together. A
binder may be used in the electrode to hold the nanocomposite together. In various
embodiments, the binder is selected from the. group consisting of polyvinylidene fluoride
(PVDF), polyacrylonitrile, = poly(acrylic - | acid),  poly(vinylidene ﬂi}f)ride-co-
hexafluoropropylene), copolymers théreof, and mixtures therebf. |

[0088] In various embodiments; the bindér comprises or cbnsists of polyvinylidene.
fluoride. Advantageoﬁsly, polyvinylidene fluoride provides godd binding properties as well
as good electrochemical stability. ) '

[0089] Am_bunt of binder in the electrode may be in the range of about 10 wt% to-abdﬁt 20

- wt%, such as about 12 wt% to about 20 wt%, ai)out 15'wt% to-about 20 wt%, about 18 wt%
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to about 20 wt%, about 10 wt% to about 18 wt%, about 10 wt% to about 15 wt%, about 10
wt% to about 12 wt%, about 12 wt% tb about 18 wt%,‘ or about 14 wt% to about 16 wt%.
[0090] The electrode may be ra cathode of a lithium battery. It will be understood that the
terms “battery” and “cell” may berused interchangeable herein. A “battery” may consist ofa
single cell or of cells arrangement in series and iﬁ parallel to form' a battery module or a
battery pack. For the purposes of illustration and brevify, it is alsb to be understood that while
present disclosure has been described in detail With respect to lithium batteries, the scope of
the invention is not limited as such. |
[0091] Various embodiments refer in a third aspect to a method of prepariﬁg a

nanocomposite according to the first aspect. The method comprises providing metal fluoride

- nanostructures having the general formula M(I)XM(H)l_szJ,y_m, wherein M and MY are

independently transition metals, n is a stoichiometric coefficient, and whereini) x = 0,70 <
y<2,andz=0;0rii) 0 <x<1,0<y <2 z =0, and M® and M(m are different transition.
metals; and arranging the metal fluoride nanostructures on an electriéally conductive
nanostructured material to obtain the nanocomposite. | _

[0092] Examples of metal fluoride nanostructures and electrically conductive
nanostructured material have already been discussed above.

[0093] In various embodiments, providing the metal fluoride nanostructures comprises
fluorinating a metal salt with fluorine gas and/or a fluorination agent. Examples of
fluorination agent include ammonium fluoride, hydrogen fluoride, ammonium bifluoride,
fluorine, potassium fluoride, sodium fluoride, cesium fluoride, tetramethylammonium
fluoride, tetra-n-butylammonium fluoride, and/or trifluoroacetic acid.

[0094] For example, fluorinating the metal salt with fluorine gas and/or a fluorination

- agent is- carried out by thermogravimetric means in a fluorine gas environment and/or in

presence of a fluorination agent. For example, the metal salt may be fluorinated by heating at .-
a temperature in the range of about 400 °C to about 450°Cin a ﬂuorlne gas environment
and/or in the presence of a fluorination agent. |

[0095] Temperature and time duratlon for ﬂuormatmg the metal salt with fluorine gas
and/or a fluorination agent may vary depending on, for example, whether a fluorine gas
and/or fluorination agent is used, and the type of fluorination agent used.

[0096]‘ In some embodiments, fluorinating the metal salt with fluorine gas and/or a

fluorination agent is carried out at a temperature in the range of about 15 °C to about 600 °C.
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For example, fluorinating the metal salt with fluorine gas and/or a fluorination agent may be
carried out at a temperature in the range of about 50 °C to aboﬁt 600 °C, such as about 100 °C
to about 600 °C, about 150 °C to about 600 °C, about 200 °C to about 600 °C, about 300 °C
to about 600 °C, about 450 °C to about 600 °C, about 15 °C to about 500 °C, about 15 °C to

“about 400 °C, about 15 °C to about 300 °C, about 15 °C to about 200 °C, about 15 °C to

about 100 °C, about 15 °C to about 40 °C, or about 25 °C to about 80 °C. Advantageously,

fluorinating of the metal salt with fluorine gas and/or a fluorination agent may be carried out

at ambient temperature, and energy or heat input is not required.

'[0097]  Fluorinating the metal salt with fluorine gas and/or a fluorination agent may be

carried out for a time period of about 120 hours or less. In various embodiments, fluorinating

- the metal salt with fluorine gas and/or a fluorination agent is carried out for a time period of

-about 100 hours or less, about 80 hours or less, about 60 hours or less, about 48 hours or less,

about 36 hours or less, about 24 hours or less, about 12 hours or less, or about 6 hours or less.

In specific embodiments, fluorinating the metal salt with fluorine gas and/or a fluorination

-agent is carried out for a time period of about 72 hours or less."

[0098]  Providing the metal  fluoride nanostructures may further include chemically
reducing the metal fluoride nanostructures. In various embodiments, chemically reducing the
metal fluoride nanostructures is darried out using a ré(iucing agent selected from the group
consisting of alkali metals, alkali earth metals, lanthanides, hydrogen,' hydrazine, ammonia,
amines, and combinations thereof, In some embodiments, chemicaIly reducing the. metal

fluoride nanostructures is carried out using a reducing agent selected from the group

~consisting of Li-ﬁaphtalenide, Na-naphtalenide, Li-biphenyl, Na-biphenyl, butyl-lithium,

butyl-sodium, and combinations thereof. Chemical reduction of the metal fluoride
nanostructures may be used as a means to pre-lithiate or pre-sodiate the metal fluoride
nanostructures. In some insta'nces, chemical. reduction of thé metal fluoride nanostructures
serves to insert ions of other metals, different from the metal of the metal fluoride, into the
metal fluoride crystal er alternative ions battéry. ‘ -

[0099] Providing the metal fluoride nanostructures niay include adding a carbon precursor
to metal fluoride nanostructures to form a mixture; and calcining the mixture in an inert
environment to form an outer layer of vcarbonb on the metal fluoride narostructures. In various
embodiments, the carbon precursér is selected from the group consisting of sucrose, oleic

acid, propanol, polyethylene glycol, glucose, octane, and mixtures thereof.
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[00100] VCalcining the mixture in an inert environment to form an outer layer of carbon on
the metal fluoride nanostructures may be carried out for a suitable time and at a temperature
sufficient to form the outer layer of carbon. The inert environment may be one that contains
an inert gas such as argon and/or helium.
[00101] In various embodiments, calcining the mixture in an inert environment is carried
out at a temperature in the range of about 180 °C to about 300 °C, such as_about 200 °C to
about 300 °C, about 250 °C to about 300 °C, about 180 °C to about 250 °C, or about 200_°C
to about 350 °C.

[00102] In various embodiments, providing the metal fluoride nanostructures may include

adding the metal fluoride nanostructures to a carbon material such as carbon black to form a

- mixture, and physically or mechanically working the mixture, such as by ball milling, in an

inert environment to form an outer layer of carbon on the metal fluoride nanostructures.
[00103] The metal fluoride nanostructures may be arranged on an electrically conductive
nanostructured material to obtain the nanocomposite. Prior to arranging the metal fluoride
structures on the electrically conductive nanostructured material, the electrically conductive
nanostructured material may be functionalized. For example, electrically conductive
nanostructured material of carbon nanotubes may be functionalized by reacting them with an
acid, such as nitric acid and/or sulfuric acid, which may be carried out at a temperature up to
about 80 °C and for a time period in the range of between about 8 hours to about ‘24 hours.

[00104] ’Y‘Arrang'ing the metal fluoride nanostructures on’an electrically conductive

“nanostructured material may include forming the metal fluoride nanostructures in the

presence of the electrically conductive nanostructured material and depositing the metal
fluoride nanostructures on the electrically conductive nanostructured material.

[00105] * In various embodiments, the electrically conductive nanostructured material is
dispersed in a solvent to. fill an interior volume of the electrically conductive nanostrﬁctured'
material with the solvent prior to arranging the metal fluoride -nanostructures on the

electrically conductive nanostructured material.

[00106] As mentioned above, the electrically conductivenanost'ru'c‘:tured material comprised - -

in the nanocomposite may be selected from the group consisting of carbon nanotubes, carbon
nano/ﬁbers, and mixtures thereof. In disperSi-ﬁg the electrically conductive nanostructured
material such as carbon nanotubes and/or hollow carbotf nanofibers in a solvent, an interior

volume or lumen of the electrically conductive nanostructured material may be filléd with the
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solvent, which may be subsequently removed after the metal fluoride nanostructures have
been arranged on the electrically conductive nanostructured material. By forming the metal
fluoride nanostructures in the presence of the solvent-filled electrically conductive
nanostructured material, the metal fluoride nanostructures may be arranged only on an outer
surface of the electrically conductive nanostructured material, such as ablumen of carbon
nanotubes and/or hollow carbon nanofibers. /
[00107] In various embodiments, the solvent comprises or consists of a Cg¢-Cip alkahe,
which may be linear or brénched. Examples of suitable solvents include hexane, heptane,

octane, nonane, and decane. In specific embodiments, the solvent comprises or consists of

octane.

- [00108] In a further aspect, use of a nanocomposite according to the first aspect i.‘n an

electrochemical cell, a symmetric supercapacitof, an asymmetric supercapacitor, a primary
battery, or a rechargeable battery is provided.

[00109] In various embodiments,' the nanocomposite is comprised in an electrode for use in
a symmetric supercapacitor and/or an asymmetric supercapacitor. Advantageously, the

inherently high surface area of the nanocomposite renders its suitability for use as an

electrode material in a symmetric supercapacitor and/or an asymmetric supercapacitor.

[00110] The nanocomposite may also be comprised in an electrode for use in a primary
battery, including but not limited to, a primary lithium battery. For éxample, the electrode
comprising the nanocomposite may be used in a 1.5V battery  compatible with alkaline
batteries of similar voltage, and opposed to 3V primary batteries such as Li/MnO, and Li/CFx
cells. ' T - '

[00111] In addition to the above, the nanocomposite may be comprised in an electrode for
use in a second_ary battery, otherwise termed herein as a rechargeable battery. For example,
the nanocomposite may be used to form a cathode in the rechargeable battery. Alternatively,
the nanocomposite may be used to form an anode in the rechargeable battery, for use against
a high Voltagé cathode sﬁch as 5V céthodesv or lithium manganése nickel oxide (LMNO)
spinel cathodes, for example. 7 "

[00112] Hereinafter, the present invention will be descr_ib,ed more fully with referencc to
the accompanying drawings, in which exemplary embodiments of the invention are shown.
This invention ‘may, howevér, be embodied in many different forms and should not be

construed as limited to the exemplary embodiments set forth herein. Rather, these
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embodiments are provided so that this disQlosuré will be thorough and complete, and will
fully convey the scope of the invention to those skilled in the art. In the drawings, lengths and
sizes of layers and regions may be exaggerated for clarity.

[00113] As used herein, the term "and/or" includes any and all éombinations of one or more
of the associated listed items. The terminology used herein is for the purpose of describing
particular embodiments only and is not intended to be limiting of the invention. As used

herein, the singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the terms
"comprises”" and/or "comprising," when used in this specification, specify the presence of

stated features, integers, steps, operations, elements, and/or components, but do not preclude

- the presence or addition of one or more other features, integers, steps, operations, elements,

components, and/or groups thereof.

- [00114] The invention illustratively described herein may suitably be practiced in the

absence of any element or elements, limitation or 1ifhitations not specifically disclosed

herein. Thus, for example, the terms "comprising”, "mcludlng containing”, etc. shall be
read expansively and without limitation. Additionally, the terms and expressions employed
herein have been used as terms of description and not of limitation, and there is no intention
in the use of such terms and expreésions of excludihg any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible
within the scope of the invention claimed. Thus, it should be understood that although the
presént invention has been specifically disclosed by preferred embodiments and optional

features, modification and variation of the inventions embodied therein herein disclosed may

be resorted to by those skilled in the art, and that such modifications and variations are

7c0n31dered to be within the scope of this invention.

[00115] The 1nvent10n has been described broadly and generlcally herein. Each of the
narrower__specws and subgeneric groupings falling within the generic disclosure also form
part of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus; regardless of whether or not
the excised material isr‘ specifically recited herein.

[00116] Other embodiments areiw_ithin the f;(;llowing claims and non- limiting examples. In

addition, where features or aspects of the invention are described in terms of Markush-groups,
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those skilled in the art will recognize that the invention is also thereby described in terms of

'any individual member or subgroup of members of the Markush group.

EXPERIMENTAL SECTION

- [00117] Example 1: Preparation of MF,, carbon coated MF,, and _their

characterization

[00118] 1.1 Preparation of MF,

[00119] Metal nitrates were dissolved in ethanol. Ammonium fluoride solution was added
in drop by drop, and the mixture was stirred for 2 hours. The materials obtained were washed

and centrifuged with ethanol 3 times. The materials were then dried at 80 °C overnight, and

- calcined at 400 °C in argon gas for 2 hours at a flow rate of 150 ml/min to form MF,.

[00120] 1.2 Preparation of carbon coated MF,

[00121] Metal nitrates Vwe_re dissolved in ethanol to fonné metal nitrate solution. A carbon
precursor such és sucrose, oleic acid, propanol, polyethylene glycol, octané, or glucose was
added to the metal nitrate solution. Ammonium fluoride solution was added in drop by drop,
and the mixture was stirred for 2 hours. The materials obtained were washed and centrifuged
with ethanol 3 times. The materials were then dried at 80 °C overnight, and calcined at 400
°C in argon gas for 2 hours at a flow rate of 150 ml/min to form carbon coated MFn.‘

[00122] = 1.3_Characterization of MF, and carbon coated MF,

[00123] FIG. 1 showsrtranémission electron microscopy (TEM) characteﬁzation of Ninv-,b
where (A) is the SAED image taken for as synthesized NiF,. The respective d-spaqings (as
measured in the SAED image) are listed in A. | ‘
[00124] FIG. 2 shows field emission scanning electron microscopy (FESEM)
characterization of NiF,, where (A) is the FESEM image for as synthesized NiF; at 300 K
magnification; élnd' (B) is the FESEM image for éé synthesized NiF, at 150 K magnification.
[00125] FIG. 3 shows FESEM characterization of CoF,, where (A) is thé FESEM image
for as synthesized CoF, at 300 K magniﬁcatioﬁ; (B) is the FESEM image for as synthesized
CoF, at 150 K magnification; and (C) is the FESEM 'imég’e for as synthesized CoF, at 40'K
fﬁagniﬁcation'. ) ' '
[00126] FIG. 4 shows TEM characterization of CoF, where (A) is t}}e high resolution
transmission electron microscopy (HRTEM) image for as syntheéized carbon coatedr CoFi.

Measured d-spacing is 0.336 nm, which coincides with d-spacing of (110).
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[00127] Example 2: Preparation of carbon coated M®,M“%; 4F, (0 <x <1) and
characterization - :

[00128] 2.1 Preparation of carbon coated MO M"Y  F, (0 <x <I)

[00129] Nitrates of two different metals MY and M"Y were dissolved in efhanol to form a
nitrate solution. A carbon precursor, such as sucrose, oleic acid, propanol, polyethjléne
glycol, octane, or glucose, was added to the metal nitrate solution. Ammonium fluoride
solution was added in drop by drop, and the mixture was stirred for 2 hours. The materiéls
obtained were washed and centrifuged with ethanol 3 times. The materials were then dried at
80 °C overnight, and calcined at 400 °C in argon gas for 2 hours at a flow rate of 150 ml/min

to form the carbon coated M® M F, 0 <x <1.

| [00130] 2.2 Characterlzatlon of M®, M( D4 -xf2, 0 =x <1

7[00131] FIG. 5 shows TEM characterlzatlon of Nig 75C0025F,, where (A) is the SAED

image taken for as synthesized N10,75C00,25F2. The respective d-spacings (as measured in the
SAED image) are listed in A.

[00132] FIG. 6 shows transmission electron microscopy-energy-dispersive X-ray
spéctroscopy '(TEM - EDX) mapping of Nig75C0¢2sF2, where (A) is the EDX spectrum
obtained in thc TEM; (B) is the secondary electron image obtained in the TEM; (C) is the

fluorine element map; (D) is the cobalt element map; and (E) is the nickel element map.

[00133] FIG. 7 shows SEM \characte‘rizatiop of Nig75C0g25F2, where (A) is the FESEM

image for aS'Synthesized Nig.75C0g25F> at 300 K magnification; (B) is the FESEM image for
as synthesized Nig 75C0g25F2 at 150K maghnification; and (C) is a table showing weight% and
atomic % of F, Co and Ni.

[00134] FIG. 8 shows TEM characterization of Ni sCoqsF», where (A) is the SAED image

_ taken for as synthesized ‘Ni'o,_5Coo.5F'2. The respective d-spacings (as measured in the SAED

image) are listed in A. _

[00135] FIG.9 shows TEM image for as synthesized carbon coated Nig sCog sF».

[00136] FIG. 10 shows transmission electron’ microscopy-energy-dispersive  X-ray
spectroscopy (TEM - EDX) mapping of NigsCogsF2, where (A) is the EDX spectrum
obtained in the TEM; (B) is the secondary electron image obtained in vtrhe TEM,; (C) is the

nickel element map; (D) is the cobalt element map; and (E) is the fluorine element map.
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[00137]' FIG. 11 shows SEM characterization of NigsCogsF,, where (A) is the FESEM
image for as synthesized Nip sCog sF2 at 300 K magniﬁcation' '(B) is the FESEM image for as
synthesized NigsCopsF, at 150 K magmﬁcatlon and (C) is a table showing weight% and
atomic % of F, Co and Ni.

[00138] FIG. 12 shows TEM characterization of Nig25C0g75F2, Where (A) is the SAED
image taken for as synthesized N10 25C0¢.75F>. The respective d- spacmgs (as measured in the
SAED image) are listed in A.

[00139] FIG. 13 shows transmission electron microscopy - energy-dispersive X-fay
spectroscopy (TEM - EDX) mapping of Nig2sCoq7sF2, where (A) is the EDX spectrum
obtained in the TEM; (B) is the secondary electron image obtained in the TEM; (C) is the

- nickel element map; (D) is the cobalt element map; and (E) is the fluorine element map.

[00140] FIG. 14 shows SEM images of Ni0,25C00_75F2, where (A) is the FESEM image for
as synthesized Nig25Coq 75F, at 300 K magnification; (B) is the FESEM image for as
syntheeized Nig 25C0g.75F2 at 150 K magniﬁcation; and (C) is a table showing weight% and
atomic % of F, Co and Ni. :

[00141] FIG. 15 is a X-ray diffraction (XRD) chart for CoF,, Ni0,25C00.75F2, Nig5Cog sF»,
Nig 75C0g 25F2, and NiEz.

[00142] Example 3: Preparation of carbon coated MF, grown on carbon nanotubes or

carbon nanofibers

[00143] = Carbon nanotubes (CNT) (nc3100) or carbon nanofibers (CNF) (PR24 LHT) were -

functionalized by boiling them in acids,'such as nitric acid and/or sulphuric acid, at 800 °C
for 8 to 24 hours. The acid-CNT mixture was neutralized, and centrifuged or filtered to obtain -
the CNT or CNF. The CNT or CNF were dried at 80 °C in an oven overnight, and

subsequently dispersed in an appropriate amount of octane. An appropriate amount of ethanol

‘was added. Generally, 100 mg of CNT or CNF requires about 50 ml of octaine and 50 ml of

ethanol.
[00144] Metal nitrates were dissolved in ethanol to form a metal nitrate solution. A carbon
precursor such as sucrose, oleic acid, propanol, polyethylene 'glyeol,' glueose, and octane was

added to the metal nitrate solution. Ammonium fluoride solution was added in drop by drop,

~ and the mixture was stlrred for 2 hours. The materlals obtained weré washed and centrlﬁaged

with ethanol 3 t1mes The materials were then dried at 80 °C overmght and calcined at 400
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°C in argon gas for 2 hours at a flow rate of 150 ml/min to form carbonA coated MF, grown on
carbon nanotubes-or carbon nanofibers.

[00145] FIG. 16 depicts CoF; grown on nc3100 (CNT), where (A) is the FESEM image for
CoF, grown on nc3100 at 120 K magnification; and (B) is the transmission electron detector
(TED) image for CoF; grown on nc3100 at 160 K magnification. C(_)'?z was grown on nc3100
to improve electronic conductivity as CoF; is electroﬁically instlating; ’

[00146] FIG. 17 depicts CoF, grown on PR24 LHT (CNF), where (A) is the FESEM image
for CoF, grown on PR24 LHT at 120 K magnification; and (B) is the TED image for CbFz
grown on PR24 LHT at 130 K magmﬁcatlon Con was grown on PR24 LHT to 1mprove

electronic conductivity since CoF is electronically insulating.

- [00147] Example 4: Preparation of non-carbon coated MF;;,, 0 <y <2

[00148]" MF,., was prepared via fluorination by thermogravimetric means in a fluorine gas
environment, or by treatment under fluorine gas or a fluorination agent between ambient
temperature and 600 °C for up to 120 hours.

[00149] TABLE 1: Percent of welght uptake upon fluorination to MF,,y from MF,

- [001 50]
MF,| MF, +y Percent of Weight uptake from MF,| vy
NiF,| NiF, 19.65% 1
NiF,| NiF, 39.30% 2
CoF,| CoF, v 19.60% 1
CoF,| CoF, 39.20% 2

[00151] FIG. 18 depicts CoFs;, where (A) is the FESEM image for CoF; at 5 K
magnification; and (B) is the FESEM image for CoF; at 150 K magnification. Particle size of
CoF; i about 30 nm to 50 nm. o " '
[00152] FIG. 19 is a XRD chart of (i) CoF3, and (ii) CoF,.

[00153] Example 5: Preparation of carbon coated MF;.y, 0 <y <2

[00154] MF»4, were prepared via fluorination by thermo gravirrietric means in a fluorine gas
environment or by treatment under fluorine gas or a ﬂuormatlon agent between ambient
temperature and 600 °C for up to 120 hours. _ o

[00155] Carbon coating was achieved by either dry method or wet method Dry method

involved ball mllhng MF,4y with carbon black in a helium or argon environment. Wet
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method involved coating MF»,y, with a-carbon precursor, such as sucrose, polyethylene
glycol, and glucose. Thereafter, the pdeers were annealed in an argon environment between
180 °C to 300 °C.

[00156] TABLE 2: Percent of weight uptake upon fluorination to MF,, from MF,
[00157] |

MF2 MF,, v Percent of Weight uptake from MF, | vy
NiF,[ NiF, , 19.65% 1
NiF,| NiF, 39.30% 2
CoF,| CoF, 19.60% 1
CoF,| CoF, 39.20% 2

- [00158] Example 6: Preparation of non-carbon coated MO MY, . )Fzﬂ!, 0=<x=<1.0<

y <2 |

[00159] M(I)XM(")(I -x)F2+y were prepared via fluorination by thérmogravimetric means in a
fluorine gas environment or by treatment under fluorine gas or a fluorination agent between
ambient temperature and up to 600°C for ﬁp to 120 hours.

[00160] TABLE 3: Percent of weight uptake upon fluorination to MO M a-x) Faiy

from M® M axF2

[00161]
(l)xM(m F, M_(DXM(") (1-,‘)F2+y. ' Percegt ofl\\zlviidg?:;:)take'from | « ly
Ni,,.Co,.F, |  Ni,Co,,F, 19.64% | o075 |1
Ny :C0y,F, ) 39.27% - 075 |2
N COo 5on4 Ni,o.socoo.soFs : - 19}'62%' ’ £ 0:50 1
Ni, . CoyioF, Nio'socOosoF; | 2925% 050 . |2
N10.25C00.75F2 Co075 s ' 19.61% _ 0.25 1
NiCoE, | Ni_,Co, F, O 3022% 025 |2

[00162] Example 7: Preparation of carbon coated M('),M(")q -x§F2+v, 0 <x Sll, 0 <y <2 .
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[00163] M(I)XM(")U ] x)F.2+y were prepared via fluorination by thermogravimetric means in a
fluorine gas environment or by treétment under fluorine gés or a fluorination agent between
ambient temperature and up to 600 °C for up to 120 hours.

[00164] Carbon coating was achieved by either dry method or wet method. Dry methbd

involves ball milling M(I)XM(.H)(I -x)F2+y with carbon black in a helium or argon environment. -

~ Wet method involves coating M(DXM(“)U -xF2+y with a carbon precursor such as sucrose,

polyethylene glycol, and glucose. Thereafter, the powders were annealed in an argon

environment between 180 °C to 300 °C

|  Example 8: Chemical reduction o X | (l-x).-2+yq <x £1,0 <y
00165] Example 8: Chemical red fMOMD oFriy, 0 1,0 <y <2

[00166] Chemical reduction involved reacting M(I)XM(")(I -xF2+y with a reducing chemical

R using the following scheme:

[00167] MOM® Fauy+ 2R = MOM® g Fsyom+ 2z R, , wheréin 0 <x <1,0 <y
< é, andn= stoichidmetric coefficient. ’

[00168] R was based on alkali metals, alkali earth metals, lanthanides, hydrogen,
hydrazine, amrhonia, and/or amines. Preferred R included Li-naphtalenide, Na-naphtalenide,
Li-biphenyl, Na-biphenyl, butyl-lithium, and/or butyl-sodium.

[00169] The reduced materials>M(I)xM(H)(1 “xF2+yzn may be used as'electrode material in a

battery.

[00170] Example 9: Cell fabrication of carbon coated MF,

[00171] MF, was mixed with CNT or CNF. Amount of CNT or CNF added ranged from 20
to 45 weight %. A bihder, such as PVDF (polyvinylidene ﬂuoride), PAN (polyacrylonitrile),

- PAA  (poly(acrylic acid)), and/or PVDF-HFP  (poly(vinylidene fluoride-co-

hexafluoropropylene)), premixed with a solvent such as acetone, isopropanol, N-methyl-2-
pyrroh'di‘none, énd/or_ethanol, was added to the carbon and MFz mixture. Amount of binder
added ranged from 10 to 20 %. | - o
[00172] Composition of electrode in weight percent was as follows:
«  Active material 70 to 45%
- ® Conductive carbon 20 t045%
"  Binder 7 106020 %
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[00173] The electrode was coated onto a curr_ént collector. Choice of current collectors

included aluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and their

respective alloys. The electrode was dried at 80 °C on a heater, and subsequently roll pressed.

[00174] The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.

[00175] Li-salts used or 'Which may be used included lithium hexafluorophosphate (LiPFg),
lithium perchlorate (LiClO,), lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) and/or
lithium tetrafluoroborate (LiBF,). ‘ ' |

[00176] Solvent for the electrolyte used or which may be used included propylene
carbonate (PC) diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:

- diethyl carbonate (EC.DEC), ethylene carbonate: d1methy1 carbonate (EC: DMC), d1methy1

ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bis(triﬂuoyomethanesulfonyl)imide (PYR3TFSI), PYR14TFSI, 1-butyl-3-methylimidazolium
tetrafluoroborate  (BMIMBFy), 1-butyl-3 -methylinﬁd azolium  hexafluorophosphate
(BMIMPF), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3-

methylimidazolium hexafluorophesphate (EMIMPF).

[00177] Anodes used or which may be used included lithium, carbon, lithium
titanate, silicon, tin, and/or antimony. '

[00178] Example 10: Electrochemical test

[00179] MF; and M’F»., materials were used in different types of battery cells, such as
[00180] 1. A/Electrolyte 1/MF,
[00181] A = alkali metal such as Li, Na, and/or K, and/or alkali-earth metal such as Mg

and/or Ca. Electrolyte 1 contained A™ cations (when n = 1, A = alkali metal; whenn=2, A =

alkaline-earth metal)

[00182] 2. MF,/ Electrolvte2/ M Fs4y

[00183] Electrolyte 2 contained F~ anions.
[00184] Cell 1: Li/Electrolyte/MF,

[00185] First operation: discharge:

4+ - E
[00186]-- € Li— € Li + € e (anode)

. ,
‘ R -
ME +5Li® 450” (1 ~S)ME, + cLiF + oM (cathode)

[00188] Recharge:
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[00189] BM ¥ aliF - ali* + ae” + MpF, (cathode)

[00190] @Li* +ae” — @ Lj (anode)

[00191] Subsequent discharge operations
[00192] '

_ Y Y
MgF LI+ Y & = Y LiF+(1-0) MgFy + M

[00193] where 0<Y <2,0<a@<2,0<B<l. ,
[00194] FIG. 20 shows (A) cyclic voltammogram at 0.1 mVs?; and (B) galvanostatic
discharge-charge I;roﬁle for operation of Li/LiPF¢/NiF,.

[00195] FIG. 21 shows (A) cyclic voltammogram at 0.1 mVs'; and (B) galvanostatic

' discharge-chargg proﬁle for operation of Li/LiPF¢/CoFs.

[00196] = Example 11: Cell fabrication of carbon coated MO MDY oF,

[00197] M(')XM(H)(I -xF2 were handmixed with CNT or CNF. Amount of CNT or CNF
added were in the range from 20 to 45 weight %. A binder was added to the carbon and

'M(I)XM(H)(I_X)FZ mixture The binder, such as PVDF (polyvinylidene fluoride), PAN

(polyacrylonitrile), PAA (poly(acrylic acid)), and/or PVDF-HFP (poly(vinylidene fluoride-
co-hexafluoropropylene)), premixed with a solvent such as acetone, isopropanol, N-methyl-2-

pyrrolidinone, and/or ethanol, was added to the carbon and M(I)XM(II)(I - xF2 mixture. The

‘amount of binder added ranged from 10 to0 20 %.

[00198] Composition of electrode in Weight percent was as follows:

- Active material 70 to 45%
= Conductive carbon .20 to 45%
= Binder ~ 10t020%

[00199] The electrode was coated 'ontb a purrént collector. Choice of current COlleétors
included éluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and their
respective alloys. The electrode was dried at 80 °C on a heater, and subsequently roll pressed.
[00200] - The electrode was formed into desirablé geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00201] Li-salts used or which fnay be used in_cluded'llithium hexafluorophosphate (LiPFg),
lithium perchlorate (LiClOy), lithium bis(tfiﬂuoromethanesulfonyl)imide) (LiTFSI) and/or
lithium tetrafluoroborate (LiBFy). . | '
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[00202] Solvent for the electrolyte used or which may be used included propylene
carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carboﬂate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidiniﬁm
bis(triﬂuoromethanesulfonyl)imide (PYR3TFSI), PYR4TFSI, 1-butyl-3-methylimidazolium
tetrafluoroborate ~ (BMIMBE,), 1-butyl-3-methylimidazolium  hexafluorophosphate
(BMIMPF), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3-
methylimidazolium hexafluorophosphate (EMIMPFg). | |

[00203] Anodes used or which may be used included lithium, carbon, lithium titanate,

silicon, tin, and/or antimony.

- [00204] Cell 2: Li/ Electrolyte / M® M™; . 4F,

[00205]

First Operation: Discharge
e Li= g Li*+ g e (anode)

MOMI 6= F, + Li* + e~ - (1= Z) MO th(1 oFz + ELIF + ZM0 4
e(l—x) =——M{cathode) |

[00206]

Recharge:

BMY + qLiF +yM - aLit + ae™ + MW M(") v (Cathode)
B

aLi* + ae~= a Li (anode) . .

~ [00207] Subsequent Discharge operations

M 8 M(")Y Fa+¢LI“+.¢ e - ol F+(1-%) Mmﬁ M(")y F, + % M 4 % M

[00208] where0<Y <2,0<a<2,0<B<1.

[00209] FIG. 22 shows (A) cychc voltammogram at 0.1 mVs ; and (B) galvanostatic
discharge-charge profile for operatlon of Li/LiPF¢/Nig 75Cog 25F2. ' T »
[00210] FIG. 23 shows (A) cyclic voltammogram at 0.1 mVs™; and (B) galvanostatic |
discharge—charge proﬁle for operation of Li/LiPF¢/Nig:sCog sF2. .
[00211] FIG. 24 shows (A) cyclic voltammogram at 0.1 mVs"; and (B) galvanostaﬁc
dlscharge charge profile for operat1on of Li/LiPF¢/Nig25Cog. 75F2 o

' [00212] FIG 25 shows 1™ cycle comparison of MF, with M" MU )(1 xF2, where (A) is the

1* cycle galvanostatlc discharge-charge proﬁle, B) 1* cycle galvanostatic discharge proﬁle

and (C) cyclic voltammogram at 0.1 mVs™.
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[00213] Example 12: Cell fabrication of carbon coated MF, grown on carben
nanotubes or carbon nanofibers =

[00214] A binder, such as PVDF (i)olyvinylidene fluoride), PAN (polyacrylonitrile), PAA

(poly(aerylic acid)), and/or PVDF-HFP (poly(vinylidene ﬂuoride—co-hexaﬂuoropropylene)),
premixed with a solvent such as acetone, isopropanol, N—methy1-27pyrrolidinone, and/or
ethanol, was added to the MF,-CNT/CNF nanostructure cofnposite mixture. Amount of '
bihder added ranged from 10 to 20 %.
[00215] Composition of electrode in weight percent was as follows:

»  MF,-CNT/CNF nanostructure composite 70 to 90%

= Binder 10t0 30 %

- [00216] The electrode was coated onto a current collector. Choice of ‘current collectors

included aluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and their
respective alloys. The electrode was dried at 80 °C on a heater, and subsequently roll pressed.
[00217] The electrode was formed info desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00218] Li-salts used or which may be used included lithium hexafluorophosphate (LiPF),
lithium perchlorate (LiClOy), lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) and/or
lithium tetrafluoroborate (LiBF4).

[00219] Solvent for the electrolyte used or which may be used included propylene
carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate: :
diethyl carbonate (EC:DEC), ethylene carbonate: dlmethyl carbonate (EC:DMC), dlmethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic 11qu1ds such as N-methyl pyrrolidinium
bis(tr-iﬂuorofnethanesulfonyl)imide (PYR5TFSI), PYR4TFSI, 1-butyl-3-methylimidazolium
tetraﬂuoroberate (BMIMBEF,), 1-butyl-3-methylimidazolium  hexafluorophosphate

- (BMIMPFg), 1-ethy1-3-methylimidazolium tetrafluoroborate (EMIMBE,), and/or 1-ethyl-3-

m'ethylimidazolium' hexaﬂuorophosphate (EMIMPF6‘). ,

[00220] Anodes used or which may be used included lithium, carbon, lithium titanate,
silicon, tin, and/or antimony. | o

[00221] Cell 3: L]/Electrolvte/MFz-CNT/CN F nanostructured compos1te

[00222] ‘

First Operation: Discharge
€ Li-» g Li*+ € e (anode)

MF, + eLi+ +ee™ - (1 ~ 5) MFy + eLiF + M (cathode)
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[00223]

Recharge: o - : -
BM + aLiF - ali* + ae™ + MgF; (Cathode)
aLit + ae~-> a Li (anode)

[00224] Subsequent Discharge operations

vt TS Y
MgFot YU+ Y & = Y LiFs{1-0) MaFy + o M

[0001] where0<Y <2,0<a<2,0<@<1. _
[0002] FIG. 26 shows long term cycling of CoF,-CNT/CNF nanostructured composite,

~ where (A) is the discharge-charge specific capacity of the CoF, nanoparticle aggregates

deposited on CNT and CNF; and (B) is the % capacity retention of the CoF, nanoparticle

- aggregates deposited on CNT and CNF.

[0003] FIG. 27 shows GITT-effect of growing- CoF, on CN"I;,V where (A) is the
comparison of the 1% cycle galvanostatic intermittent titration curves for the CoF,

nanoparticle aggregates deposited on CNT and CoF, ndndparticle aggregates hand mixed

" with CNT; and (B) is the comparison of the ond cycle galvanostatic intermittent titration

" curves for the CoF, nanoparticle aggregates deposited on CNT and CoF, nanoparticle

aggregates hand mixed with CNT.

[00225] FIG. 28 shows GITT-effect of surface area, where (A) shows the 1% and 2™ cycles
galvanostatic intermittent titration curves for the CoF, nanoparticle aggregates deposited on
CNT; (B) shows the 1% and 2nd cycles galyanostatic intermittent titration. curves for the CoF,
nanoparticlei aggregates deposited oﬂ CNF; and (C) is the comparison of the 1° cycle

galvanbst'atic intermittent titration curves between the CoF, nanoparticle aggregates

~deposited on CNT and CoF, nanoparticle aggregates deposited on CNF.

[00226] Example 13: Electrolyte development

[00227] The electrolyte comprised of a solute and a solvent. The syolvent may be a pure
jonic liquid electrolyte, a blend of ionic liquid electrolytes, or a blend of organiév solvents.
The ionic liquid electrolyte used or in consideration may contain one or more of the ;
following: BMIMBF4, BMIMPFs, EMIMBF;, EMIMPFs, PYRy;TFSI, PYR;3TFSIL
EMIMTFSI, BMIMTEFS]I, [Et3S][NT£], 11-methyl-3-octylimidazolium tetrafluoroborate, 1-
butyl-1-methylpyrrolidinium bis(triﬂuoromethylsulfonyl)imide, 1-hexyl-3-

methylimidazoliﬁm hexafluorophosphate, 1-Butyl-3-methylpyridinium
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bis(trifluoromethylsulfonyl)imide, me‘thyl-tri.octylammonium bis(trifluoromethyl-8

sulfonyl)imide.

- [00228]  The organic solvents used or in consideration may contain one or more of the

following: solvent for the electrolyte may be propylene carbonate (PC), diethyl carbonate
(DEC), dimethyl . carbonate (DMC), ethylene carbonate: diethyl carbonate (EC:DEC),
ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl ether (DME), ethyl methyl

carbonate (EMC), fluorinated propylene carbonate (FPC), or fluorinated ethylene carbonate

| (FEC).

[00229] Li-salt used or which may be used include one or more of lithium

hexafluorophosphate (LiPFg),  lithium perchlerate (LiCl10y), lithium

- bis(trifluoromethanesulfonyl)imide (LiTFSI), or lithium tetrafluoroborate (LiBF4).

- [00230] FIG. 29 shows effect of ionic liquid electrolyte as compared to conventional

electrolyte, where (A) is the galvanostatic discharge-charge profile in conventional LiPFs

(EC:DEC) (1: 1 by volume) electrolyte; and (B) is the galvanostatic discharge-charge profile

in 0.1M LiTFSI in PYR4TFSI electrolyte.

- [00231] FIG. 30 shows effect of ionic liquid electrolyte as compared to conventional

" electrolyte, where (A) is a comparison of the % capacity retention between cells that use

LiPF¢ (EC:DEC) (1: 1 by volume) and cells that use 0.1M LiTFSI in PYR4TFSI ; and (B)
shows the discharge—charge.speciﬁc capacity of cells that use LiPFg (EC:DEC) (1: 1 by
volume) and cells that use 0.1M LiTFSI in PYR,(TESL

[00232] Example 14: Cell fabrication of non carbon coated MF,,,

[00233] MF,iy were ball-milled with conductive carbon. Amount of conductive carbon
added ranged from 20 to 45 weight %. Conductive carbon used or which may be used
included graphite, acetylene black, compressed acetylene black, super P, multiwall carbon
nanotube; single wall carberi nanotube, carbon nanofiber, aﬁd/or blackpearl 2000.

[00234] A 'binder; such as PVDF (polyvinylidene fluoride), PAN (polyacrylonitrile), PAA
(poly(acrylic acid)), and/or PVDF-HFP (poly(vinylidene_ﬂuoride-'co-hexaﬂuoropropylene)),

premixed with a solvent such as acetone, isopropanol,‘ N-mefhjl-%pyrrolidinone, and/or

ethanol, or polytetrafluoroethylene (PTFE), was added to the carbon and MF,+y mixture.
Amount of binder added ranges from 10 to 20 %.

= Active material 70t045 %
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=  Conductive carbon 20t0 45 %
=  Binder "10 to 20 %

[00236] The electrode was coated onto a current collector. Choice of current collectors
included aluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and ‘théir
respective alloys. The electrode was dried at 80 °C dn a heater, and subsequently roll pressed.
[00237] The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00238] Li-Salts used or which may be used included lithium hexafluorophosphate (LiPF6),
lithium perchlorate (LiClOy), lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) _and/or
lithium tetrafluoroborate (LiBFa). | ’

-[00239] Solvent for the electrolyte used or which may be used included propy1ene

carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidiniuin
bis(trifluoromethanesulfonyl)imide (PYR;3TFSI), PYR4TFSI, 1-butyl-3-méthylimidazolium
tetrafluoroborate ~ (BMIMBF,), 1-butyl-3-methylimidazolium  hexafluorophosphate
(BMIMPFy), l-ethy1-3-methylimidazoiium tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3-
methylimidazolium hexafluorophosphate (EMIMPFg).

[00240] Anodes used or which may be used included lithium, cafbon, lithium titanate,
silicon, ‘ti-n, and/or antimony.

[00241] Cell 4: Li/Electrolyte/MF,,, (non carbon coated MF2+V)

[00242] o
First Operation: Discharge

. € Li=> € Li*+ £ e (anode)
MFy,, + €Li* + g™ = LizMF,,(cathode)

. - ’ B, B\, .. .
+ b — - —
Li:MF,,, + th +fe” = Li e _%.)M(i _g;)F @) %) + 2 M +« ﬂ + 3 LiF(cathode)
Assuming 2+y=3, £ =1 :
[00243]

" Recharge:

Em+(p+ )LLF—raLi++ae +(ﬁ+3-a)LzF+M ot (E-y)M (Caihode)

elLi* + ae™ - aLi (anode)
- ' Assuming 2+y=3, x=1

[00244] FIG.731 shows 1* cycle comparison of (i) CoF; with (ii) CoF,.
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[00245] FIG. 32 shows. CV 1* cycle companson of (1) CoF; with (ii) CoF».

[00246] FIG. 33 shows operation of Li/LiPF¢/CoF3 in LiPF¢ (FEC:EMC) (1: 1) by welght
[00247] Cell 5: Li/Electrolyte/MF,., (non carbon coated MF,.,)

[00248] | |

First Operation: Discharge
e Li= £ Li*+ £ e (anode)

MF,,, + eLi* + e~ = LiMF,, (cathade)

LigMF,,, + BLi* + Be™ - Li _&) (1 _E) @ _ﬁ) E-M + = ‘BM + ZBLLF(cathode)

Assuming 2+y=4, x=2

[00249]
Recharge:
' Bx B, . onoi
—2-M +EM + 2fLIiF =

ali* + ae™ + (28 - @)LiF + MyE, + (E—y) M (cathode)
aLi* + ae™ - ali (anode)
Assuming 2+y=4, x=2

[00250] Cell 6: Li/Electrolyte/MF,., (non carbon coated MF>.y)
[00251]
First Operation: Discharge

€ Li= ¢ Li*+xe" (anode)
MF,y + Li* + xe™ = Li;MF,, (cathode)

[00252]

Recharge:
Li;MF,, = MFy,, + gLi* + xe™~ (cathode)
 eLit 4 ge~ - Li (anode)

[00253] where4 > 2+y>2.
[00254] Cell7: .Anode/Electrolvte/Li,(MF'zJ,y (noh carbon coated MF,.,)

[00255] MF2+y' may be prelithiate either."in a solvated lithium solution or in an
electrochemical lithium half cell. The prelithiation in a solvated lithium solution may take- :

place in the following manner:

[00256] . ..

[00257] where R = bi-phenyl, naphthalene or butyl-lithium. - ‘
[00258] Alternatlvely, MF,., may also be prehthlated in an electrochemlcal half cell in a

hthlum-salt contammg electrolyte where the anode may be 11th1um Li-salt for the
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prelithiation may include lithium hexafluorophosphate (LiPF), lithium perchlorate (LiClO4),
lithium  bis(trifluoromethanesulfonyl)imide) (LiTFSI) and/or lithium tetrafluoroborate

. (LiBFy).

[00259] Solvent for the electrolyte ﬁsed or which may be used included propylene
carbonate (PC), diethyl carbonate'(DEC),_ dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC); ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMCQ), or ionic liquids such as N-methyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR;3TFSI), PYR14TFSI, 1-butyl-3-methylimfdazoliﬁm
tetrafluoroborate (BMIMBE,), 1-butyl-3 -methylimidazoliuin hexafluorophosphate
(BMIMPFy), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBFy), and/or 1-ethyl-3-

. methylimidazolium hexaﬂuorophosphate (EMIMPFg).

[00260]

eLi-> & Li*+ee” (anode)
MFy,y + €Li* + e~ — Li,MF,,, (cathode)

[00261]

Recharge:
LI.EMFZ.H, +A-> M Fz.,.y + Li A

Where A=anode, and can be carbon, lithium titanate, silicon, tin, antimony
[00262] where 4> 2+y>2.
[00263] Example 15 Cell fabrication of carbon coated MF,,,
[00264] Carbon coated MF,,, were ball-milled with conductlve carbon. Amount. of

conductive carbon added ranged from 20 to 45 welght %. Conductive carbon used or which

may be used included graphite, acetylene black, compressed acetylene black, super P,

multiwall carbon nanotube, single wall carbon nanotube, carbon nanofiber, and/or blackpearl

2000. v
[00265] A binder, such as PVDF (polyvinylidene fluoride), PAN (polyac-rylonitrile), PAA
(poly(acrylic. acid)), and/or PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene)),
premixed with a solvent such as acetone, isopropanol, N-methyl-2-pyrrolidinone, and/or
ethanol; or polytetrafluoroethylene (PTFE), was added to the carbdn and MF.y mixt_ufe.
Amount of binder ad_ded ranged from 10 to 20 %. 7 »
[00266] Composition of electrode in weight percent was as follows:

»  Active niateria_l 70 to 45 % 7

»  Conductive carbon 20t0 45 %
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* Binder . 10 to 20 % | ,

[00267] The electrode was coated onto a current collector. Choice of current colleetors
included aluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and their
respective alloys. The electrode was dried at 80 °C on a heater, and subsequently roll preSsed.
[00268] The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00269] Li-salts used or which may be used included lithium hexafluorophosphate (L1PF6),
lithium perchlorate (LiClOy), lithium -bis(triﬂuoromethaneeulfonyl)imide) (LiTFSI) and/or
lithium tetrafluoroborate (LiBF,). | '

[00270] Solvent for the electrolyte used or which may be used included 'pro'pylene

- carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carb‘enate:

diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bis(triﬂuoromethanesulfonyl)imide (PYR3TFSI), PYR4TFSI, 1-butyl-3-methylimidazolium
tetreﬂuoroborate (BMIMBE,), 1-butyl-3-methylimidazolium  hexafluorophosphate
(BMIMPFy), 1-ethy1-3-methylimidazolium tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3- |
methylimidazolium hexafluorophosphate (EMIMPF).

[00271] Anodes used or which may be used included lithium, carbon, lithium titanate,
silicon, tin, and/or antimony. o o '
[00272] Cell 8: Li/Ele'ctrolytre/MFzﬂLv (carbon coated MF2+V)

[00273] '

First Operation: Discharge

‘& Li-> g Li*+ £ e (anode)
MPF,,, + eLi* + g™ - LieMFz,,y(cathode)
B B\, ..
LigMF,,, + BLi* + Be - Li _p_) ( _ﬁ)F 2+ _E) += M +1{f + LiF(cathode)
Assuming 2+y=3, £ =1 ’ '
[00274]

Recharge: : |
Pm+(p+L ") LIF > ali* +ae” + (B +2 +E- @) LiF + My, + (8~ y) M (cathode)
aLi* +ae" -) aLi (anode)
~ Assuming 2+y=3, x=1 |

[00275] Cell 9: Li/Electrolyte/MF,., (carbon coated MF2+V)"
[00276] .
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First Operation: Discharge
g Li= € Li*+ £ e (anode)
MFy,, + eLi* + e~ LzeMFzﬂ,(cathode)

Bx B
Li MF,,, + BLi* + Be~ = Li (s _%) (1 _g) S _E) +—M += 5 =M + 2fLiF(cathode)
Assuming 2+y=4, x=2

[00277]
" Recharge:
ﬁ—z"M +gM+2{3LiF S5

ali* +ae™ + (28 — @)LIF + My Fy + (E—y) M (Cathode)

aLit + ae~ - ali (anode)
Assuming 2+y=4, x=2

| [00278] Cell 10: Li/Electrolyte/MF,,, (carbon coated MF,.,)

[00279]

£ Li-> £ Li*+xe" (anode)
MF,,, + eLi™ 4 xe™ = Li;MF,,{(cathode)
[00280] |

Recharge: ,
Li MF,, - MF,,, + gLi* + xe™~ (cathode)
eLit 4 ee~ - Li (anode)

[00281] where4>2+y>2.
[00282] Cell 11: An(v)de/Electrolvte/Li,KMFuv (carbon coated MF>.,)

[00283] MF,,, may be prelithiate either in a solvated lithium solution or in an
electrochemical lithium half cell. The prelithiation in a solvated lithium solution may take

place in the following manner:

- [00284]

MFy,, + st R = eMF3,y + R,
[00285] where R = bi-phenyl, naphthalene, or butyl-lithium.

[00286] Alternatively, MFj4y mayr also be prelithiated in an eiectrochcmical half cell in' a

lithium-salt containing electrOljrte where the anode may be lithium. Li-salt for the

prelithiation may include lithium hexafluorophosphate (LiPFg), lithium perchlorate (LiClb4),

lithium , bis(triﬂuorome_thanesulfdnyl)imide) (LiTFSI) and/or lithium . tetrafluoroborate

(LiBF,).
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[00287] Solvent for the electrolyte used or Which may be used included propylene
carbonate (PC), diethyl carbonate '(DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylehé carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinilim

: bis(triﬂuorometha_nesulfon_yl)imide (PYR53TFSI), PYR4TFSI, 1-butyl-3-methylimidazolium

tetrafluoroborate =~ (BMIMBF,), 1-butyl-3-methylimidazolium | hexafluorophosphate
(BMIMPFg), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBEF,), and/or 1-ethylf3-
methylimidazolium hexafluorophosphate (EMIMPFg).

[00288]

eLl-» e Li*+ece (anode) ,
MFy.y + €Li* + €€™ - LicMF3,y (cathode)
[00289] ' |

Recharge:
Where A=anode, and can be carbon, lithium titanate, silicon, tin, antimony.

[00290] where 4 >2+y > 2.

[00291] Example 16: Cell fabrication of non carbon coated M(D,M("’q -0 F 24y

[00292] M(I),(M(l 1)(1 _‘x)F2+y were ball-milled with conductive carbon. Amount of conductive

| carbon added ranged from 20 to 45 weight %.

[00293] - Conductive parbbn used or which may be used included graphite, acetylene black,

~compressed acetylene black, super P, multiwall carbon nanotube, sihgle wall carbon

nanotube, carbon nanofiber, and/or blackpearl 2000.

[00294] A binder, such as PVDF (polyvinylidene fluoride), PAN (polyacrylonitrile), PAA

(poly(acrylic acid)), and/or PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene)),

~ premixed with',a solvent such as acetone, isoptopanol, N-methyl-2-pyrrolidinone, and/or

ethanol, or polytetrafluoroethylene (PTFE), was added to the carbon and M(I)XM(“)(I N .
mixture. Amount of binder added ranged from 10 to 20 %.
[00295]  Composition of electrode in weight percent was as follows:
.= Active material 70 to 45 %
= Conductive carbon 20 t0 45 %
‘= Binder 101020 %
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[00296] The electrode was coated onto a currént collector. Choice of current collectors
included alumimim, titanium; ni_l:kel, stainless steel, tantalum, carbon, graphite, and their
respective alloys. The electrode was dried at 80 °C on a heater, and subsequently roll pressed.
[00297] - The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 houts. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00298] Li-salts used or which may be used included lithium hexafluorophosphate (LiPFs),
lithium perchlorate (LiClO,), lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) and_/or
lithium tetrafluoroborate (LiBFy).

[00299] Solvent for the electrolyte used or which may be used included propylene
carbohate (PC), diethyl carbdnate (DEC), dimethyl carbonate (DMC), ethylene carbonate:

- diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), diméthyl

ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bls(tnﬂuoromethanesulfonyl)lmlde (PYR3TFSI), PYR4TFSI, 1-butyl- 3—methyhm1dazohum
tetrafluoroborate =  (BMIMBE,), 1-butyl-3-methylimidazolium  hexafluorophosphate
(BMIMPFg), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBE,), and/or 1-ethyl-3-
methylimidazolium hexafluorophosphate (EMIMPFg). |

[00300] Anodes used or which may be used included lithium, carbon, lithium titanate,

silicon, tin, and/or antimony.

[00301] Cell 12: Li/Electrolyte/M®M™,, . \F;., (non carbon coated MO,M™ . F,.)
[00302]

First Operation: Discharge
glieli+ee (anode)

MO MOy Foy + eLit + ge™ - LigM®, M“"u.,‘,Fm(cathode)
ngM(t) Ml )(1 x)F2+y+ BL + ﬁe

MO a Bx oy B %)
"’I“c—@-‘-’ (2" a-ba-n"emad T MO+ = —ME
(ﬁ + g) LiF(cathode)

Assuming 2+y=3, £ =1 .
[00303] | , -
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B(l—-=x)
- all* +ae” +
(B +£-a)LiF + MO, MOE, + (& - y) MO + (B2 _ 5) MW (Cathode)

aLi* + ae™ = aLi (anode)
Assuming 2+y=3, x=1

[00304] Cell 13: Li/Electrolyte/ MOMD o Fary (non carbon coated M®, M, - Fa+y)

[00305] |
First Operation: Discharge RN

g Li-> g Li*+ £ e (anode)
MO MO o Foyy + ELET + g7 = LiMO,MW 1.,,F2+y(cathode)
Li; MO M, F,ey + BLz +pe”

ﬁ( x) MW + 2BLiF(cathode) |
: | ,

-Assuming 2+y=4, x=2

[00306]

B

= MO+ 2BLiF -

aLi* + ae” + (2B — @)LIF + MO, MO, + (2 - y)mo 4+ (EC=2 6) M) (Cathode)

aLit + ae~ - ali (anode)
Assuming 2+y=4, x=2

[00307] Cell 14: Ll/Electrolvte/M(') M );1 0F2+y (non carbon coated M(I)ZM(")( oF21)

~ [00308]

First Operation: Discharge _
g Li= e Li*+xe" (anode)
Mm M (1 ) Fz.,y + eLit + xe” > Li, M(l) M (1-x) Fz.,.y
(cathode) .

[00309]

Recharge: .
' LleM(" M ) Fagy = MU, M(‘) (1) Fasy + €LIY + xe™ (cathode)
SLL +cse” - Ll (anode)

[00310] where4 >2+y> 2.

' [00311] Cell 15: Anode/ElectrolvtelLleM(D M( );1 x)F2+y (non carbon coated M(D M(")

~

-X | ¥
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[00312] M(DXM(H)(I -x)F2+y may be prelithiate either in a solvated lithium solution or in an
electrochemical lithium half cell. The prelithiation in a solvated lithium solution may take

place in the following manner:

[00313]
UM 4 Fory + LE = R = LigMOMO0 Fm +R

[00314] whereR = b1-phenyl naphthalene or butyl-lithium.
[00315] Alternatively, MOM™,; . yF2:, may also be prelithiated in an electrochemical half
: -0k

cell in a lithium-salt containing electrolyte where the anode may be lithium. Li-salt for the

prelithiation may include lithium hexafluorophosphate (LiPFg), lithium perchlorate (LiClOy),

~lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) and/or lithium - tetrafluoroborate

(LiBFa).

[00316] Solvent for the electrolyte used or which may be used 1ncluded propylene
carbonate (PC), d1ethy1 carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR;3TFSI), PYR4TFSI, l-butyl-3-methylimidazolium’
tetrafluoroborate (BMIMBl74) 1 -butyl-3-methylimidazolium hexaﬂuorophosphate
(BMIMPF), 1-ethyl- 3-methyl1m1dazohum tetrafluoroborate (EMIMBF4) and/or 1-ethyl-3-
methyl1m1dazol1um hexafluorophosphate (EMIMPFé).

1 [00317]

xLi=> x Li*+xe" (anade)
MM o o Fop + eL1* + xe™ = LI, MI" Mt Fm(cathode)

[00318]

Recharge: L o
L MUMO P+ A= MM, Fauy + LigA
Where A=anode, and can be carbon, lithium titanate, silicon, tin, antimony.

[00319] where 4 >2+y>2.
[00320] Example 17: Cell fabrication of carbon coated M® M(")(l X)Ezﬂ

[00321] Carbon coated MOME Da- X)F2+y were ball—mllled with conductive carbon. Amount

of conductive carbon added ranged from 2_0 to 45 weight %. Conduct1ve carbon used or

which may be used included graphite, acetylene black, compressed acetylene black, super P,
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multiwall carbon nanotube, single wall carbon naﬁotube, carbon nanofiber, and/or blackpearl
2000. ‘ o |

[00322] A binder, such as PVDF (polyvinylidene fluoride), PAN (polyacrylonitrile), PAA
(poly(acrylic acid)), and/or PVDF-HFP (poly(vinylidene ﬂuoride-co-hexaﬂuoropropylené)),
premixed with a solvent such as acetone, isopropanol, N-methyl-2-pyrrolidinone, and/or
ethanol, or polytetrafluoroethylene (PTFE), was added to the carbon and M(DXM(")(I. -x)Fa+y
mixture. Amount of binder added ranged from 10 to 20 %. '

[00323] Composition of electrode in weight percent was as follows:

= Active material 701045 %
= Conductive carbon 20t045 %
» Binder "~ 10t020 %

[00324] The eléctrode was coated onto a current collector. Choice of cﬁrrcnt collectors
included aluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and their
respective alloys. The electrode was dried at 80 °C on a heater, and subsequently roll pressed.'
[00325] The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electfolyte and an anode.
[00326] Li-salts used or which may be used included lithium hexafluorophosphate (LiPFg),
lithium perchlorate (LiClOy), lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) and/or
lithium tetrafluoroborate (LiBFy). |

[00327] Solvent for the electrolyte used or which may be used included propylene
carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethy1
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bi_s(triﬂuoromet_hanesulfonyl)irfﬁde (PYR3TFSI), PYR4TFS], 1-butyl-3-methylimidazolium -
tetraﬂuo.roborate (BMIMBE,), 1-Butyl-3-methylimidazolium hexaﬂuorophosphate '
(BMIMPF6),’ 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBEF,), and/or 1-ethyl-3-
methylimidazolium hexafluorophosphate (EMIMPFj). |

-[00328] Anodes used or which may be used included lithium, carbon, lithium titanate,

silicon, tin, and/or antimony.

[00329] Cell 16: Li/Electrolyte/M® M .  F,., (carbon coated MO M . Fy.,)
[00330] o | |



10

WO 2015/108486 PCT/SG2015/000008

41

First Operation: Di

g Li-> g Li*+ £ e" (anode) '

MO MO o+ eLE + g™ - Li MO, M"“u.,,FW(cathode)
LIEM() M(u)(i-u)FI-l-y + BLl + ﬁe

® (i +Ew0 LDy
, ” L;(!_%)M (F%)M a-8a-») F(Z+y)(1-ﬁ) z" —z

+ (ﬁ + %) LiF(cathode)
Assuming 2+y=3, £ =1
Recharge: , _ .
1-
| ﬁz_xm(t) + uM(ti) + (p + g) LIF
~» a'Li+ +ae” +
(B+E- a:) LiF + M(‘) MO sF, + (Z—y) MO + (M —~ 8)M® (cathode)

ali* + ae™ = ali (anode)
- Assuming 2+y=3, x=1

[00331]  Cell 17: Li/Electrolyte/M® M"™; . wFa., (carbon coated MO M™ ;. . F,.,)

[00332]

First Operation: Discharge
elinelit+tee (anode)

MM o Fayy + ELLT 4+ g€~ = LigMO,MW 1_,‘,F2,,y(cathode)
Lle M(l) M( )(l-X)FZ"' + BLl + ﬂe

= Li 0] {n {1} {n i
- Ll(e Ezg)M ( Ez )M a E) 1= (2+y) a E) M +—M +ZBLLF‘cathodE)

Assuming 2+y=4, x=2

[00333]
. Recharge:
%M(" + 2fLIF -

ali* +ae™ + (28 - a)LzF + MO, MOGE + (B -y ) mo 4 (H2 - 6) M1 (Cathode)

aLi* + ae™ - ali (anode)
Assuming 2+y=4, x=2

[00334] Cell 18: Li/Electrolvte/M( ) MU )(1 -9F24+y (carbon coated M(I)XM(")(I -0F24y)

[00335] ,
~ First Operation: Discharge

£ Ll-) € Lit+xe (anode)
M(') M {1-x) FZ*V + eLit 4+ xe™ - Li; M(') M (1-x) F2+y ‘
(cathode) :
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[00336]

Recharge: : ,
. Lie M(“XM(“) (1-%) FZ*Y - meM(") (1%) F2+y + 8Li+ 4+ xe” (CatthE)
- eLit + ge~ - Li (anode)

[00337] where. 4 > 2+y > 2.
[00338] Cell 19 Anode/Electrolvte/LneM“) M( );1 OE2+y (carbon ‘coated M“) M(“)
X F2+

[00339]‘ MU)XM(H)U -x)F2+y were prelithiated either in a solvated lithium solution or in' an
electrochemical lithium half cell. The prelithiation in a solvated lithium solution may take

place in the following'rhanner:

- [00340] |
MM Fo + eLi — R Li MM o Fo + R

[00341] where R = bi-phenyl, naphthalene, or butyl-lithium.

[00342] Alternatively, M(DXM(H)(I .X)Fz;y may also be prelithiated in an electrochemical half
cell in a lithium-salt containing electrolyte where the anode may be lithium. Li-salt for the
prelithiation may include lithium hexafluorophosphate (LiPF6), lithium perchlorate (LiClOy),
lithium  bis(trifluoromethanesulfonyl)imide) (LiTFSI) and/or lithium tetrafluoroborate
(LiBF,). | |
[00343] Solvent for the electrolyte used or which may be used included propylene
éérb_onate (PC)',-ﬂdie_tlilvylﬂrcarbona.té (DEC), dimethyl carbonate (DMC), ethylene carbonate: 7
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium -
bis(trifluoromethanesulfonyl)imide (PYR3TFSI), PYR14TFSI, 1-buty1-3-methylimidazolium
tetrafluoroborate . (BMIMBF,), 1-butyl- 3-methy1imidﬁzolium hexafluorophosphate
(BMIMPFg), 1-ethyl- 3—methy11m1dazohum tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3-
methylimidazolium hexaﬂuorophosphate (EMIMPFs)

[00344]

xLI-> x Li%+xe’ (anodé) ‘

MIOM® o Fap + ELE* + xe™ - Li,MOM L F,, (cathode)

' [00345]

Rechargk e: o ' ' ' :
LiMOMOY P+ A = MOMOY L Fo + LiA
Where A—anode and can be carbon, lithium titanate, silicon, tin, antimony



10

15

20

25

30

WO 2015/108486 PCT/SG2015/000008

43

[00346] where 4 > 2+y > 2.~
[00347] Example 18: Cell fabrication of non carbon coated blended cathode
[00348] Blended cathode may contain MFzJ_,y, MF,, M(DXM(I_I)(I -x)F2+y, OF M(I)XM(H)Q -xF2

with a metal oxide or metal phosphate compound.

[00349] The metal oxide or metal phosphate may be lithium iron phosphate, lithium cobalt
oxide, lithium manganese oxide, and/or lithiﬁm nickel manganese cobalt oxide. The
composition of the metal oxide may range from 10 to 90 weight % out of the total weight of
the active material. .

[00350] The blended cathode may be ball-milled with conductive carbon. Amount of

conductive carbon added ranged from 20 to 45 weight %. Conductive carbon used or which

" may be used included graphite, acetylene black, compreésed acetylene’ black, super P,

multiwall carbon nanotube, single Wall carbon nanotube, carbon nanofiber, and/or blackpearl
2000. | | |

[00351] A binder, sﬁch as PVDF (polyvinylidene fluoride), PAN (polyacrylonitrile), PAA
(poly(acrylic acid)), and/or PVDF-HFP (poly(vinylidene ﬂuoride-co-hexaﬂuorepropylene)),
premixed with a solvent such as acetone, isopropanol, N-methyl-2-pyrrolidinone, and/or
ethanol, or polytetrafluoroethylene (PTFE), was added to the carbon and blended cathode
mixture. Amount of binder added ranged from 10 to 20 %.

[00352] .Composition of electrode in weight percent was as‘ follows: |

= Active ma_terial (containing blended metal fluoride with metal oxide or metal

phosphate) 70t045%
»  Conductive carbon 20to 45 % §
] Binder 10 to 20 %

[00353] The electrode was coated onto a current collector. Cheice of current collectors
inelﬁded aluminum, titanium, nickel, stainless steel, tantalum; carbon, graphite, and their
respective alloys. The electrode was dried at 80 °Cona heater, aﬁd subsequently roll pressed.
[00354] The electrode was formed into desirable geometry, and Qacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte aﬁd an anode.

[00355] Li-salts used or which may be used included lithium hexaﬂuorophosphate (LiPFe),

lithium perchlorate (LiClOy), lithium bis(trifluoromethanesulfonyl)imide) ..(LiTFSI) and/or
lithium tetrafluoroborate (LiBF,). ‘ .
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[00356] Solvent for the electrolyte used or which may be used included propylene
carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bis(triﬂuoromethanesulfonyl)irhide (PYR3TFSI), PYR4TFSI, 1 -butyl-3-methylimidazolium
tetrafluoroborate | (BMIMBE,), 1-butyl-3-methylimidazolium  hexafluorophosphate
(BMIMPFy), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3-
methylimidazolium hexafluorophosphate (EMIMPFy). |

[00357] Anodes used or which may be used_ included lithium, carbon, lithium titanate,

silicon, tin, and/or antimony.

- [00358] Example 19: Cell fabrication of carbon coated blended cathode

[00359] Blended cathode may contain carbon coated MFa.y, carbon coated MF,, carbon -
coated MO,M™; . Fasy, or carbon coated MOM™ -xF2 with a metal oxide or metal
phosphate compound '

[00360] The metal oxide or metal phosphate may be lithium iron phosphate, lithium cobalt
oxide, lithium manganese oxide, and/or lithium nickel manganese cobalt oxide. The
composition of the metal oxide may range from 10 to 90 weight % out of the total weight of

the active material.

- [00361] The blended cathode may be ball-milled or manually mixed with extra conductive

carbon. Amount of extra conductive carbon added tanged from 20 to 45 weight %.
Conductive carbon | used or which may be used included graphite, acetylene black,
compressed acetylen_e black, super P, multiwall carbon nanotube, single wall carhon
nanotube, carbon nanofiber, and/or blackpearl 2000.
[00362] " A binder, sﬁch as PVDF (polyvinylidene fluoride), PAN (polyacrylonitrile), PAA
(poly(acrylic acid)), and/or PVDF-H‘FP (poly(vinylidene ﬂuoride-co-heX'aﬂuoropropylene))',
premixed with a solvent such as acetone, isopropanol, N-methyl-2-pyrrolldinone, and/or
ethanol, or polytetrafluoroethylene (PTFE), was added to the carhon and blended cathode
mixture. Amount of binder added ranged from 10 to 20 %. A |
[003 63] Compos1t1on of electrode in weight percent was as follows

= Active matenal (containing blended metal fluoride with anode mater1a1)

7 70 to 45 %
= Conductive carbon 20t0 45 %
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* Binder \ 10t020% v
[00364] The electrode was coated onto a current collector. Choice of current collectors
included aluminum, titanium, nickel, stainless steel, tantalum, carbon, graphite, and their
respective alloys. The electrode was dried at 80 °C on a heater, and subsequenﬂ_y roll presse'd.r
[00365] The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled witﬁ a Li-salt contaihing electrolyte"and ah anode.
[00366]‘ Li-salts used or which may be used included lithium hexafluorophosphate (LiPFs), -
lithium perchlorate (LiClOg), lithium bis(trifluoromethanesulfonyl)imide) (LiTFSI) ianci/or-
lithium tetraﬂuoroboréte (LiBF,). _
[00367] Solvent for the electrolyte used or which may be used included propylene
carbona';e (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylené carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N-methyl pyrrolidinium
bis(triﬂuoromethanesuifonyl)imide (PYR5TFSI), PYR\4TF SI, 1-buty1—3-methyliinidaZoﬁum
tetrafluoroborate =~ (BMIMBF,), 1-butyl-3-methylimidazolium hexaﬂuorophosphate '
(BMIMPFg), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF,), and/or 1-ethyl-3- 7

- methylimidazolium hexafluorophosphate (EMIMPFs).

[00368] Anodes used or which may be used included lithium, carbon, lithium titanate,
silicon, tin, and/or antimony. , |
[00369] Example 20: Cell fabrication of non carbon coated blended anode _
[00370] Blended anode may contain MF».,, MF,, M(I)XM(H)('I -x)F2+y, OF M(I)XM(H)(I -xF2 with

an anode material such as graphite, carbon nanotube, carbon nanofiber, CFy, lithium titanate,
silicon, antimony, tin. The composition of the anode material may range from 10 to 90 weight
percenf out of total weight of the active material. |

[00371] The blended anode may be ball-milled with conductive carbon. Amount of
conductive carbon added ranged from 20 to 45 weight %. Conductive cérbon used of which-

may be used included graphite, acetylene black, compressed acetylene black, super P,

" multiwall carbon nanotube, single wall carbon nanotube, carbon hanoﬁber, and/or blackpearl
2000 |

[00372] A binder, such as PVDF (polyvinylidene fluoride), PAN (polyacrylonitrile), PAA

| (poly(acrylic acid)), and/or PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene)),

premixed with a solvent such as acetone, isopropanol,' N-methy1-2-pyrfolidinohé, and/or
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ethanol, or polytetrafluoroethylene (PTFE), was added to the carbon and blended anode
mixture. Amofmt»o"f binder added ranged from 10 to 20 %.
[00373] Composition of electrode in weight percent was as follows:

" Active material (containing blended metal fluoride with anode material)

o 70 to 45 %
= Conductive carbon 20t0 45 %
= Binder ' 10 t0 20 %

[00374]‘ The electrode was coated onto a current collector. Choice of current collectors
included copper, stainless steel, carbon, graphite, and mixtures thereof. The electrode was

dried at 80 °C on a heater, and subsequently roll pressed.

- [00375] = The electrode was formed into desirable geométry, and vacuum dried at 90 °C for

12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00376]  Li-salts used or which may be used included lithium hexafluorophosphate (LiPFy),
lithium p‘erchlorate (LiCl0y), lithium bis(triﬂuoromethanesulfonyl)imide) (LiTFSI) and/or
lithium tetrafluoroborate (LiBF,).

[00377] Solvent for the electrolyte used or which may be used included propylene
carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N;methyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR3TFSI), PYR,4TF SI, 1-butyl-3-methylimidazolium
tetraﬂuoroboraté (BMIMBE,), 1-bufy1-3-niethylimidazolium hexaﬂuorophosphate |
(BMIMPF), 1-ethyl-3-methylimidazolium tetraﬂuorobor'dte (EMIMBF,), and/or 1-ethyl-3-
methylimidazolium hexafluorophosphate (EMIMPFg). |

[00378] Cathodes used or which may be used included lithium iron phosphate, lithium 7
cobalt OXide, litilium manganese oxide, and/or lithium nickel manganese cobalt oxide.

[00379] Example 21: Cell fabrication of carbon coated blended anode

[00380] Blended anode may contain carbon coated MF.,, carbon coated MF,, carbon
coated M(')XM(H)(l -x)F24y, OF carbon coated M(I)XM(H)‘(I -2 with an anode material such as
graphite, carbon nanotube, carbon nanofiber, CFyx, lithium titanate, silicon, antimony, and/or
tin. The composition of the anode'material may rangé from 10 to 90 Weight percent out of

total weight of the active material.
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[00381] The,blepded anode may be ball-milled or manually mixed with extra conductive
carbon. Amount of extra conductivé carbon ranged from 20 to 45 weight %. Conductive
carbon used or which may be used included graphite, acetylene black, compressed acetylene
black, super P, multiwall carbon nariotub'e, single wall carbon nanotube, carbon nanofiber,
and/or blackpearl 2000. 7

[00382] A binder, such as PVDF (polyvinylidene fluoride), PAN (polyacrylomtrlle), PAA
(poly(acrylic a01d)), and/or PVDF-HFP (poly(vinylidene fluoride-co-hexafluoropropylene)),

premixed with a solvent such as acetone, isopropanol, N-methyl-2-pyrrolidinone, and/or

" ethanol, or polytetrafluoroethylene (PTFE), was added to. the carbon and blended anode

mixture. Amount of binder added ranged from 10 to 20 %. -

- [00383] Composition of electrode in weight percent was as follows:

- Active material (containing blended metal fluoride with anode material)

, 70 to 45 %
» Conductive carbon 20t0 45 %
= Binder - 10 to 20 %

[00384] The electrode was coated onto a current collector. Choice of current collectors
included copper, stainless steel, carbon, graphite, and mixtures thereof. The electrode was
dried at 80 °C on a heater, and subsequently roll pressed. ’

[00385] The electrode was formed into desirable geometry, and vacuum dried at 90 °C for
12 hours. The electrodes were assembled with a Li-salt containing electrolyte and an anode.
[00386] Li-salts used or which may be used included lithium hexafluorophosphate (LiPFg),
lithium pefchlorate (LiClO4), lithium  bis(trifluoromethanesulfonyl)imide) (LiTF SI) and/or
lithium tetrafluoroborate (LiBF4).

 [00387] Solvent for the electrolyte used or which may be used included propylene

carbonate (PC), diethyl carbonate (DEC), dimethyl carbonate (DMC), ethylene carbonate:
diethyl carbonate (EC:DEC), ethylene carbonate: dimethyl carbonate (EC:DMC), dimethyl
ether (DME), ethyl methyl carbonate (EMC), or ionic liquids such as N—methyi pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR;3TFSI), PYR4TFSI, 1-butyl-3-methylimidazolium
tetrafluoroborate =~ (BMIMBEF,), 1-butyl-3-methylimidazoiium hexafluorophosphate
(BMIMPF6) 1-ethyl-3-methylimidazolium tetraﬂuoroborate (EMIMBF4) and/or 1-ethyl-3- -
methyhmldazohum hexafluorophosphate (EMIMPFG) ' '
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[00388] Cathodes used or which may be used included lithium iron phosphate, lithium
cobalt oxide, lithium manganese oxide, and/or lithium nickel manganese cobalt oxide.

[00389] Example 22: Fluoride ion battery (FIB) based on MF, and M’F,., electrodes

(at least one of M and M’ comprises a transition metal)

[00390] An electrochemical cell was made using MF, and M’F,4y electrodes as follows:
= Electrode 1: uses cérbon coated“ or carbon uncoated MF,
* Electrode 2: uses carbon coated or carbon uncoated M’Fa4y (0, y <2)
= Electrolyte contains fluoride ions (F). The cell structure is: MF/(F’) containing
electrolyte/ M’Fauy. '
[00391]  The cell schematic reaction during first charge is:
* Electrode 1: MF + ze » MF,,+zF (0<z<2)
* Electrode 2: M’Fp4y + zF — M’Fz+y+z +ze 7
[003 92] The cell schematic reaction during first discharge is:
= Electrode 1: My, + uF = MFy.p0,+ue’ (0 <u<2)
= Electrode 2: M Foiyi, T ue’ — M’Foiyizy + Ul
[00393] The full FIB cell reaction in the following cycles is:
= MF,, +M’ F2+y+z < MF;_ iy + M Fotytzu

[00394] Example 23: Selective deposition of metal fluorides on exterior of carbon

nanotube or carbonvnanqﬁber

[00395] The first step 1s the acid treatment of the carbon nanotube (CNT) or carbon
nanofiber (CNF). First, the MWCNT or CNF were refluxed in concentrated nitric acid
(65.6% HNOs) for 16 hours at 100°C. The CNT or CNF were neutralized with ammonium
hydroxide after refluxing, and filtered using a vacuum purhp. The coilected CNT or CNF
were left to dry in vacuum at 70 °C for 12 hours. The MWCNT or CNF were dispersed in
octane. . ! '

[00396] The second step is blocking of thé CNT or CNF interior using a suitable
temperature solvent, followed by the precipitation of the metal fluorides on the exterior.
Octane is used as the solvent for blocking the interior of the CNT or CNF to ensure that
deposition of the CoF, nanoparticle aggregates are on the exterior of the CNT or CNF. 100
mg of the CNT or CNF were dispersed in 50 ml of octane using an ult}ésénicator at 0.5
cycles, 50 % amplitude for 3 minutes. Thereafter, 50 ml of ethanol is added into thé MWCNT
or CNF suspension. Typically, 1.446 millimoles of Co(NO3)2'6H20 (Sigma Aldrich, ACS
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reagent, =>98%) was dissolved in 2.9 ml of ethanol while 5.235 millimoles of NH4F was
dissolved in 2.6 ml of water. 2.610 millimoles of oleic acid was added to the Co(NO3),- 6H,0O
solution as surfactant. Thereafter, the solutions were precipitated with slow rate to the
MWCNT or CNF and stirred for 2 hours at 350 rpm. The samples were centrifuged and
washed with ethanol several times. Collected samples were dried in vacuum at 70 °C for 12
hours. The samples were eventually heat treated in argon for about 2 hours at 400 °C.

[00397] While the present invention has been particularly shown and described with

~ reference to exemplary embodiments thereof, it will be understood by those of ordinary skill

in the art that various changes in form and details may be made therein without departing

from the spirit and scope of the present invention as déﬁned by the following claims.
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CLAIMS

A nahoconiposite comprising /

a) an electrically conductive nanostructured material; and

b) metal fluoride nanostructures having 'ghg general formula MO M 1-xF2+yzn
arranged on the electrically conductivé ﬁaﬁostructured m‘aterial,
wherein M® and M"Y are independently transition metals, n is a stoichiometric

_coefficient, and wherein . |

1) x=0,0<y<2 and z=0; or ’
ii) 0<x<1,0<Ly<2,z =0, and M® and M" are different transition

metals.
The nanocomposite according to claim 1, wherein M® and M™ are independently
selected from the group consisting of Ti, V, Fe, Ni, Co, Mn, Cr, Cu, W, Mo, Nb, and
Ta.

The nanocomposite according to claim 1 or 2, wherein M® is Ni and M™ is Co.

The nanocomposite according to any one of claims 1 to 3, wherein the metal fluoride

nanostructures comprise or consist of CoFs.

The nanocomposite according to any one of claims 1 to 4, wherein the metal fluoride

nanostructures comprise or consist of Ni,Co;4F;, 0 <x < 1.

The nanocomposite according to any one of claims 1 to 5, wherein the metal fluoride

nanostructures comprise or consist of single phase metal fluoride nanostructures.

The nanocomposite according to any one of claims 1 to 6, wherein the metal fluoride

nanostructures comprise an outer layer of carbon.

The nanocomposite according to any one of claims 1 to 7, wherein the metal fluoride

nanostructures have a size of less than 200 nm.
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" The nanocomp'osite according to any one of claims 1 to 8, wherein the electrically

conductive nanostructured material is selected from the group consisting of carbon

nanotubes, carbon nanofibers, and mixtuies thereof.

The nanocomposite according to any one of claims 1 to 9, wherein the metal fluoride
nanostructures are arranged on an outer surface of the electrically conductive

nanostructured material.
An electrode comprising a nanocomposite according to any one of claims 1 to 10.

The electrode according to claim 11, wherein amount of the electrically conductive
nanostructured material in the electrode is in the range of about 20 wt% to about 45

wt%.

The electrode according to claim 11 or 12, further comprising a binder selected from
the group consisting of polyvinylidene fluoride, polyacrylonitrile, poly(acrylic acid),
poly(vinylidene fluoride-co-hexafluoropropylene), édpolymers thereof, and mixtures

thereof.

The electrode according to claim 13, wherein amount of binder in the electrode is in

the range of about 10 wt% to about 20 wt%.

The electrode ,accolrding to any one of claims 11 to 14, wherein the electrode is a

cathode 'of a lithium battery.

A method of preparing a nanocomposite according to any one of claims 1 to 10, the

method comprising | 7 | '

a) providihg metal fluoride nanostructures having the general formula M® MM,
xF24y-zns wherein MY and M are independently transition metals, n is a
stoichiometric coefficient, and whérein v - -

1) x=0,0<y<2, and z=0; or
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ii) 0<x<1,0<y<2,z 20, and M and M™ are different transition
'metals; '
and
b) arranging the metal fluoride nanostructures on an electrically conductive

nanostructured material to obtain the nanocomposite.

The method according to claim 16, wherein providing the metal fluoride
nanostructures comprises fluorinating a metal salt with fluorine gas and/or a

fluorination agent.
The method according to claim 17, wherein fluorinating the metal salt with fluorine
gas and/or a fluorination agent is carried out by'thermogravimetri‘c means in a fluorine

gas environment.

The method according to claim 17 or 18, wherein fluorinating the metal salt with

- fluorine gas and/or a fluorination agent is carried out at a temperature in the range of

about 15 °C to about 600 °C.

The method according to any one of claims 17 to 19, wherein fluorinating the metal
salt with fluorine gas and/or a fluorination agent is carried out for a time period of

about 120 Hours or less.

The method according to any one of claims 17 to 20, wherein prbviding‘ the metal
fluoride nanostructures further comprises chemically reducing the metal fluoride

nanostructures.

The method according to claim 21, wherein chemically reducing the metal fluoride
nanostructures is carried out using a reducing agent selected from the group consisting
of alkali metals, ’alk(alir eérth metals, lanthanides, hydrogen, hydrazine, ammonia,

amines, and combinations thereof.
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The method according to claim 21 or 22 wherein chemlcally reducing the metal
fluoride nanostructures is carried out using a reducing agent selected from the group
consisting of Li-naphtalenide, Na-naphtalenlde Li-biphenyl, Na-blphenyl butyl-

lithium, butyl-sodium, and combmatlons thereof.

The method according to any one of claims 16 to 23, wherein providing the metal
fluoride nanostructures comprises

a) adding a carbon precursor to. metal fluoride nanostructures to form a mixture; and
b) calcining the mixture in an inert environment to form an outer layer of carbon on

the metal fluoride nanostructures.

The method according to claim 24, wherein the carbon precursor is selected from the
group consisting of sucrose, oleic acid, propanol, polyethylene glycol, glucose, octane,

and mixtures thereof.

‘The method according to any one of claims 16 to 25, wherein arranging the metal

fluoride nanostructures on an electrically conductive nanostructured material
comprises forming the metal fluoride nanostructures in the presence of the electrically
conductive nanostructured material and depositing the metal fluoride nanostructures

on the electrically conductive nanostructured material.

The method according to any one of claims 16 to 26, wherein the electrically
conductive nanostructured material is selected frprﬁ the group consisting of carbon

nanotubes, carbon nanofibers, and mixtures thereof.

The method according to claim 27, wherein the electrically conductive nanostructured
material is dispersed in a solvent to fill an interior volume of the electrically
conductive nanostructured material with the solvent prior to arranging the metal

fluoride nanostructures on the electrically conductive nanostructured material.

The method according to claim 28, wherein the solvent comprises or consists of a Ce-

Cuo aikane.
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The method according to claim 28 or 29, wherein the solvent comprises or consists of

octane.

Use of a nanocomposite according to any one of claims 1 to 10 in an electrochemical
cell, a symmetric supercapacitor, an asymmetric supercapacitor, a primary battery, or

-a rechargeable battery.
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